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Abstract

Head and neck squamous cell carcinoma (HNSCC) is a major public health concern. Recent data 

indicate the presence of cancer stem cells (CSC) in many solid tumors, including HNSCC. Here, 

we assessed the stem cell (SC) characteristics, including cell surface markers, radioresistance, 

chromosomal instability, and in vivo tumorigenic capacity of CSC isolated from HNSCC patient 

specimens. We show that spheroid enrichment of CSC from early and short-term HNSCC cell 

cultures was associated with increased expression of CD44, CD133, SOX2 and BMI1 compared 

with normal oral epithelial cells. On immunophenotyping, five of 12 SC/CSC markers were 

homogenously expressed in all tumor cultures, while one of 12 was negative, four of 12 showed 

variable expression, and two of the 12 were expressed heterogeneously. We showed that irradiated 

CSCs survived and retained their self-renewal capacity across different ionizing radiation (IR) 

regimens. Fluorescence in situ hybridization (FISH) analyses of parental and clonally-derived 

tumor cells revealed different chromosome copy numbers from cell to cell, suggesting the 

presence of chromosomal instability in HNSCC CSC. Further, our in vitro and in vivo mouse 

engraftment studies suggest that CD44+/CD66− is a promising, consistent biomarker combination 
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for HNSCC CSC. Overall, our findings add further evidence to the proposed role of HNSCC CSCs 

in therapeutic resistance.

Keywords

Cancer stem cells; cell surface markers; chromosomal instability; head and neck squamous cell 
carcinoma; radioresistance

Introduction

Head and neck squamous cell carcinoma (HNSCC) is an epithelial tumor caused by multiple 

genetic alterations. Risk factors for HNSCC include tobacco smoking, alcohol consumption, 

and/or human papillomavirus infection [1, 2]. The number of new cases of HNSCC in the 

USA in 2016 is estimated to be more than 61,000 and HNSCC is estimated to result in 3,000 

deaths [3]. Prognosis remains poor, with approximately a 50% 5-year overall survival (OS) 

rate [4, 5]. This low survival rate is due to a number of factors, including local recurrence, 

distant metastasis, and therapeutic resistance [2, 6].

The cancer stem cell theory suggests that a subpopulation of cells in the tumor possesses 

stem cell properties with the potential to self-renew and generate the entire heterogeneous 

tumor bulk in a unique ‘hierarchic’ pattern [7, 8]. The ‘hierarchic’ model of CSC suggests 

that CSCs are a distinct subpopulation of cells that drive the tumor. These cells reside on the 

top of the tumor cell hierarchy and divide symmetrically and asymmetrically in a similar 

pattern to normal stem cells (SC) [8, 9]. However, another model, the stochastic model, has 

been proposed to explain how cancer drives tumor development. This model proposes that a 

tumor forms as a result of random oncogenic mutations [8, 10]. We and others believe that 

the hierarchic and stochastic models of cancer are not mutually exclusive, adding another 

level of complexity to our understanding of the biology of cancer [11]. CSCs were shown 

first in hematopoietic cancers [12] and later in solid tumors, such as glioma [13], lung cancer 

[14], breast cancer [15], colon cancer [11, 16] and HNSCC [6, 17, 18]. Various terms have 

been used to describe cancer stem cells, including cancer initiating cells, functional tumor 

stem cells, tumor initiating cells, and cancer stem-like cells.

The literature reveals that several different markers have been used to identify CSC in 

HNSCC. No single cell surface marker or approach has been shown to be optimal for 

identifying CSC in HNSCC. However, a number of markers have been applied by multiple 

research groups, including CD133 [19-23], CD44 [6, 17, 24-27] and ALDH1 enzymatic 

activity [18, 20, 28, 29]. CD44 has been the most common marker used to identify HNSCC 

CSC [17, 27]. CD133 has been shown by some researchers to be a consistent marker [19, 

20]. ALDH1 is a promising marker verified by a number of groups [18, 20, 28-30]. Overall, 

the variability of cell surface markers used in CSC research has led many researchers to 

focus on the identification of other antigens and antibodies that might be more reliable and 

consistent biomarkers of CSC.

Radiotherapy is currently an important treatment modality for HNSCC, used either alone or 

in combination with chemotherapy for primary and recurrent cancers [31]. Radiotherapy will 
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remain a crucial component of therapy for HNSCC because these tumors tend to locally 

infiltrate important surrounding structures. Surgery is often difficult due to the anatomical 

location. We and others have shown that the markers, CD133, CD44, and SOX2 are 

biomarkers of radioresistance in tumors [32-34]. Breast CSC have been shown to survive 

various radiation therapy protocols, and subsequent to some protocols, show higher self-

renewal [35]. The side population (SP) cells from breast cancer cell lines were found to be 

more resistant to radiation than the non-SP cells [36]. SP isolation depends on the 

characteristic property of CSC of Hoechst dye efflux by multidrug resistance transporters 

[36, 37]. Bao et al. showed that CD133-positive glioma CSCs repaired radiation-induced 

DNA damage more efficiently than CD133-negative cells, and might be the source of tumor 

recurrence after radiation therapy [13]. CD133-positive non-small cell lung carcinoma 

(NSCLC) CSCs are also radioresistant, due to DNA repair defects manifested as increased 

basal γH2AX staining and decreased phosphorylation of various protein kinases, including 

ATM and KAP1/TRIM28 [38]. In prostate cancer, CD44-positive CSCs are radioresistant 

compared to parental cancer cells [39]. CD44 knockdown enhances radiosensitivity [34]. 

Furthermore, Ghisolfi et al. showed that irradiation enriched CSCs in hepatocellular 

carcinoma cell lines [40]. A few groups have begun to examine radioresistance in HNSCC 

CSC, showing radioresistance using a number of different markers. Chen et al. found 

evidence that an ALDH1-positive subpopulation exhibited increased radioresistance 

compared to ALDH1-negative cells [30]. On the other hand, Wilson et al. showed no 

significant differences in radiosensitivity between CSC isolated from HNSCC cell lines 

using several different CSC isolation techniques [17]. We have recently demonstrated that 

CSCs (SOX2+) showed fewer and different types of chromosomal segregation defects after 

ionizing radiation treatment than non-CSCs (SOX2−), suggesting that CSCs may undergo 

altered behavior, including therapeutic resistance as a result of chromosomal instability [32]. 

Overall, radioresistance in HNSCC CSCs is a promising field of research that we chose to 

explore.

To characterize CSC from primary tumors, we enriched CSC sequentially on stromal feeder 

layers and later on Matrigel™-coated culture dishes or ultra-low attachment plates. The 

stromal feeder layer provides cellular interaction for CSC and promotes epithelial cell 

growth. This system has been previously used by our group to isolate and expand CSC from 

human metastatic colon cancer for at least five passages [11]. To understand and characterize 

CSC populations within HNSCC, we examined cells derived from five HNSCC. We 

examined the expression of 21 different cell surface markers, assessed self-renewal, 

chromosomal instability (CIN), radioresistance of CSC in vitro, and confirmed the 

tumorigenicity of HNSCC CSC in vivo.

Materials and Methods

Tumor cell acquisition, preparation and establishment of short-term cell strains

This study was approved by the University of Pittsburgh Institutional Review Board and the 

University of Pittsburgh Animal Care and Use Committee. Following informed consent, 

HNSCC were collected after surgical removal from five different patients. Tumor specimens 

were minced into multiple small fragments with scalpels and digested using a two-step 
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collagenase dissociation method. Tissues were further dissociated with a 20 min trypsin 

incubation, followed by tumor cell collection. Four specimens were analyzed by flow 

cytometry. Later, tumor cells were cultured on stromal monolayers of previously irradiated 

(80 Gy) rodent epithelial feeder layer cells in SC medium composed of serum-free 

Dulbecco's minimum essential (DMEM/F12) medium supplemented with N2, B27, L-

glutamine, Gentamicin (20 mg/ml) (all from Thermo Fisher Scientific, Pittsburgh, PA), 

human recombinant epidermal growth factor (EGF; 20 ng/ml, Sigma-Aldrich), and human 

basic fibroblast growth factor (bFGF; 20 ng/ml, Sigma-Aldrich). TERT-transfected human 

oral keratinocytes (OKF6/TERT-1), were kindly provided by Dr. James Rheinwald, Brigham 

and Women's Hospital, Harvard Institutes of Medicine [41] and were cultured in 

Keratinocyte-SFM supplemented with 25 μg/ml bovine pituitary extract, 0.2 ng/ml EGF, 0.3 

mM CaCl2, and penicillin-streptomycin (Thermo Fisher Scientific).

Spheroid self-renewal assessment

Primary/secondary spheroid enrichment analysis was done to compare the frequencies of 

primary spheroids formed from short-term cell tumor cultures compared to secondary 

spheroids formed from dissociated primary spheroids in order to assess the self-renewal 

capacity of the enriched CSC. Equal numbers of cells derived from short-term HNSCC CSC 

cultures (primary) and cells derived from primary enriched spheroids (secondary) were 

suspended in SC medium on ultra-low attachment six-well plates (Corning, New York). To 

form secondary spheroids, primary non-adherent spheroids were selected using a 37 μm 

Reversible Strainer (STEMCELL Technologies Inc., Vancouver, British Columbia, Canada), 

centrifuged at 800×g for 4 min, and then mechanically dissociated and re-plated. Large 

spheroids (more than 100 cells) from primary and secondary cultures were counted and 

photographed using a phase contrast photomicroscope (Leica Microsystems, Wetzlar, 

Germany).

Extreme limiting dilution analyses of CSC

To determine the frequency of CSCs capable of colony formation in vitro, we used extreme 

limiting dilution analysis as described previously [11]. Tumor cells were stained with HLA-

ABC and distributed by flow cytometry to 96-well plates starting at one cell per well to 1000 

cells per well in 100 μl of medium and cultured on irradiated stromal cells. After three to 

four weeks of culture, micro-cultures were scored for the presence of colonies by direct 

microscopic examination. Determination of the frequency of colony-forming CSCs was 

obtained by the minimum Chi square method derived from the Poisson distribution 

relationship between the colony-positive CSC wells and the logarithm of the percentage of 

the colony-negative CSC wells. The L-Calc statistical software program from STEMCELL 

Technologies Inc. (http://www.stemcell.com/technical/28425_L-Calc.pdf) was used to 

calculate the frequency of colony forming tumor cells.

Immunostaining and Imaging

Suspension immunofluorescence (IF) was used to assess CSC in non-adherent spheroids. 

Spheroids were enriched in SC medium on ultra-low attachment six-well plates. The 

spheroid suspension was transferred to a microcentrifuge tube and centrifuged at 800×g for 

3 min and re-suspended in 1 ml PBS. The spheroid suspension was centrifuged at 800×g for 
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3 min, and the supernatant was then discarded. The spheroid pellets were re-suspended in 

160 μl Phosphate-buffered saline (PBS)/20 μl 37% Paraformaldehyde (PF) for 10 min. 

Spheroid suspensions were centrifuged, PF was then discarded, and the pellet was re-

suspended in 1 ml PBS. The spheroid pellet was permeabilized with 0.3% Triton X-100/1x 

PBS for 10 min, centrifuged at 800×g for 3 min, and the supernatant was then discarded. 

The spheroid pellet was treated with blocking buffer (1% Bovine serum albumin (BSA) or 

3% rabbit serum, 0.2 M glycine or Image iT FX Signal Enhancer (Life Technologies) for 30 

- 60 min at RT. The spheroid suspension was centrifuged at 800×g, the supernatant was 

discarded, and the pellet was mixed with 100 μl primary antibody: CD44 (1:100, 550392, 

BD), CD133 (1:200, 19898, Abcam), BMI1 (1:400, 6362A, Imgenex) or SOX2 (1:400, 

6507A, Imgenex), thermo-mixed for 30 sec, and then incubated at room temperature (RT) 

for 1 hr. The spheroid suspension was centrifuged at 800×g, the supernatant was discarded, 

and the pellet was washed three times with PBS. 100 μl secondary antibody, goat anti-mouse 

Alexa Fluor 488 (1:500, A-11001, Life Technologies) or goat anti-rabbit Alexa Fluor 546 

(1:500, A-11010, Life Technologies) was added to the spheroid pellet, thermo-mixed for 30 

sec and then incubated at RT for 1 hr. The spheroid suspension was centrifuged at 800×g, 

the supernatant was discarded, and the pellet was washed three times with PBS. Cells were 

counterstained with 4',6-diamidino-2-phenylindole (DAPI) for 5 min at RT. The spheroid 

suspension was centrifuged at 800×g, the supernatant was then discarded, and the pellet was 

mounted using ProLong Gold Antifade Reagent (P10144, Life Technologies). Slides were 

examined and photographed using a fluorescence photomicroscope (Leica DM5000B; Leica 

Microsystems, Richmond, IL, USA).

Flow cytometry for cell surface markers

Flow cytometry was used to study CSC markers in HNSCC cultures. Cells were harvested, 

counted and suspended in ice cold PBS, 10% fetal calf serum, 1% sodium azide at 106 cells 

per tube and incubated with monoclonal antibodies prepared in ice cold reagents/sodium 

azide at the appropriate dilution for 30 min. Unstained controls were prepared by omitting 

the staining step. CD antibodies, primary and secondary, were obtained from BD 

Biosciences, except for CD133 (Miltenyi Biotec, San Diego, CA) and HLA-ABC (Ancell, 

Bayport, MN). Dead cells were detected with propidium iodide (10 μg/ml). Post-acquisition 

analysis of the fluorescence-activated cell sorting data and desktop publishing were 

accomplished using the third-party flow cytometry software FlowJo (Tree star, Ashland, 

Oregon). The cells were kept in the dark on ice or at 4°C in a refrigerator until analysis. For 

extended storage, cells without PI were fixed in 4% PF to prevent deterioration.

Clonal expansion

HNSCC tumor cells from HN-SCC#13 were stained with cell surface markers and sorted for 

the desired phenotype utilizing flow cytometry. The sorted populations were resuspended in 

2 mL of medium and deposited at different concentrations in a six-well plate. Clonogenic 

expansion was observed using an inverted microscope at 100× magnification. Single cells 

were individually aspirated using a micropipette and manually deposited individually into a 

96-well plate lined previously with a stromal monolayer of irradiated (80 Gy) rodent 

epithelial feeder cells. Three to four weeks later, plates were screened for colonies.
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Fluorescence in situ hybridization (FISH) to assess chromosomal instability in CSC

To study chromosome copy number variation, chromosome enumeration probes hybridizing 

to the centromeric region of six different chromosomes were prepared and fluorescence in 

situ hybridization carried out as described previously [42]. Plasmid DNA containing 

chromosome-specific DNA segments were obtained as a generous gift from Dr. Mariano 

Rocchi, Bari, Italy. Probes for the centromeric region of chromosomes 4 (p4n1/4), 17 

(pZ17-14), and 20 (pZ20) were labeled with Spectrum Orange®, and chromosomes 6 

(pEDZ6), 7 (pZ7.5), and 9 (pMR9A) were labeled with Spectrum Green® using a nick 

translation kit (Abbott Molecular Inc., Des Plaines, IL). Probe specificity was tested by 

FISH of normal lymphocyte metaphase chromosomes. FISH was done on CSC isolated from 

HNSCC#13 (non-clonal) and HNSCC#13 (clonal, clone E8). One Spectrum Orange® probe 

and one Spectrum Green® probe were co-hybridized in each area of the slide. All FISH 

analyses and imaging were carried out using an Olympus BX61 epifluorescence microscope 

(Olympus Microscopes, Melville, NY) and CytoVision Genus v3.6 software (Leica 

Microsystems, San Jose, CA).

Spheroid survival assay

To assess the radioresistance of HNSCC CSC, spheroid survival was examined. 5×104 cells 

were plated in triplicate in ultra-low attachment six-well plates in SC media. After 7–11 

days in culture, colonies with >50 cells were counted. To determine the spheroid survival of 

CSC in response to ionizing irradiation (IR), cells were treated with 2.5 Gy IR every other 

day (EOD) ×3 and 2.5 Gy IR EOD ×6 of γ-irradiation from a Gammacell 1,000 Elite 

Irradiator (Nordion International, Ottawa, Canada) with a 137Cs source at a dose rate of 2.83 

Gy/min. Results were reported as ‘Surviving Fraction,’ which is the ratio of the number of 

spheroids observed at a particular dose to that observed in the untreated control, represented 

as a percentage. It is calculated using the following formula:

Surviving Fraction, SF = (spheroids counted in treated / spheroids counted in untreated) × 

100.

Cell viability assay

Cell viability assays were used to assess the survival of CSC post-irradiation at 2.5 and 5 Gy. 

Equal volumes of cell suspension and 0.4% trypan blue (Life Technologies) were thoroughly 

mixed and assessed using a hemocytometer. Cell viability was calculated as the number of 

viable cells divided by the total number of cells within the grids on the hemocytometer. If 

cells stained blue due to uptake of trypan blue dye, they were considered non-viable.

Spheroid migration zone assessment

To assess the effect of IR on spheroids, the spheroid migration zone was measured. Spheroid 

migration zone assessment was modified as previously described by Vinci et al. [43]. A 

fixed endpoint (96 hrs post-plating) was utilized. Plates were coated with Matrigel™ (BD, 

Franklin Lakes, NJ) for at least 2 hr before use. The spheroids were grown in SC medium on 

ultra-low attachment plates; centrifuged at 800×g for 30 min and allowed to attach on 

Matrigel™-coated plates overnight, followed by the IR treatment the following morning. 

Four days post-treatment, plates were fixed with 70% ethanol and stained with Giemsa 
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(Sigma, St. Louis, MO). Plates were then photographed (Leica Microsystems, Germany) and 

the spheroid migration measurement were carried out using ImageJ (NIH, Bethesda, MD). 

The area covered by the spheroids at t = 0 hr and the area covered by the cells that have 

migrated from the spheroids at t = 96 hr was determined. Data were normalized to the 

original spheroid recorded using the following formula:

% migration = (migrated area (t = 96 hr) / original spheroid (t = 0 hr)) × 100.

Xenografting in mice

Six- to 8-wk-old Rag-2/γc−/− mice were anesthetized and injected subcutaneously into the 

neck region with CSC. CSC directly isolated from primary tissue or after short-term culture 

expansion were mixed with medium/Matrigel™ at a ratio of 1:1 and injected. The CSC 

tumorigenicity was determined by transplanting tumor cells (106); specific tumorigenicity of 

sorted CD44 (CSC marker) and CD66 (non-CSC/mature cancer cell marker) was done to 

assess differences in tumorigenicity. Injected mice were followed for up to several months 

and sacrificed by CO2 euthanasia when tumors reached a diameter of 15 mm. The tumors 

removed at that time were subjected to immunohistochemical analyses. Samples were 

embedded in Tissue-Tek optimum cutting temperature (OCT) compound (Tissue-Tek, VW 

International) and frozen. All experiments involving the use of animals were performed in 

accordance with the University of Pittsburgh Institutional animal welfare guidelines after 

Institutional Animal Care and Use Committee approval.

Immunohistochemistry and confocal microscopy of xenografts

Primary antibodies, CD66 (BD Biosciences), CK5/14 (Santa Cruz Biotechnology), 

Involucrin (Santa Cruz Biotechnology), transglutaminase (Santa Cruz Biotechnology) and 

filagrin (Santa Cruz Biotechnology) were incubated for an hour followed by chicken anti-

mouse Alexa Fluor (488 or 594, Invitrogen). HLA-biotin (Ancell) was followed by 

streptavidin-FITC (PharMingen). Specimens were examined and photographed using a 

fluorescence photomicroscope (Leica DM5000B; Leica Microsystems, Richmond, IL, 

USA).

Statistical methods

All studies were done in triplicate and the results compared by the most appropriate 

statistical methods. Most data are presented as the mean ± SEM, unless otherwise specified. 

Any p value < 0.05 was considered statistically significant.

Results

HNSCC CSC self-renewal and clonogenic potential

Most human epithelial CSCs can form spheroids in vitro in enriched SC culture medium. All 

five specimens were successfully cultured on mouse feeder layers utilizing enriched SC 

culture medium (Figures 1A, B) Four CSC cultures were further examined for spheroid 

forming capacity in ultra-low attachment plates. The CSC formed sphere-like or grape-like 

spheroids in enriched SC media within 7–14 days (Figure 1C). The self-renewal capacity of 

two of the HNSCC CSC cultures was assessed further by primary/secondary spheroid 
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forming capacity. The two primary CSC cultures showed a statistically significant increase 

in secondary spheroid formation when compared to primary spheroid formation, confirming 

that the CSC enhanced self-renewal capacity (Figures 1C, D).

To investigate the tumorigenic potential of single CSCs from HNSCCs, we performed 

extreme limiting dilution assessment (ELDA) (Figure 1E), an in vitro SC method described 

by our group and others to assess presence of SCs in cultures or sorted cell populations [11]. 

The four primary CSC cultures showed colony formation at extreme dilutions ≈2-3 weeks 

post-plating. The estimation of colony forming efficiency (CFE) through extreme limiting 

dilution ranged from 1/5 for HN-SCC#2 to 1/52 for HN-SCC#13 (Figure 1E). Overall, our 

results suggest that we cultured cells with self-renewal and colony forming capacity at 

extremely low dilutions, both unique characteristics of SC. Furthermore, our unique cell 

culture enrichment approach successfully maintained this CSC population for as many as 8 

passages in culture.

Staining of the spheroids using stem cell markers (CD44, CD133, SOX2 and BMI1) showed 

heterogeneous expression. However, dispersed cell sheets were largely negative (Figure 2A). 

These results further confirm the observations that our cell culture system enriches for CSC. 

Assessing CSC markers in a normal oral epithelial cell line (OKF6/TERT-1) [41] showed 

that CD133, SOX2 and BMI1 were not expressed; but CD44 was expressed rarely (Figure 

2B). These results suggest that these markers may be rare or absent in normal epithelial cell 

cultures and relatively expanded in cancerous tissues. Further studies are warranted to 

confirm our observations.

CSC expanded in vitro are enriched for cells expressing SC markers

Although several markers have been used to identify CSC in HNSCC tumors, no single cell 

surface has been shown to be optimal. We analyzed 21 cell surface markers selected to 

identify stem cell/cancer stem cell (SC/CSC) or to distinguish epithelial or mesenchymal 

lineages in primary/expanded CSC cultures. Flow cytometric analyses of primary and 

expanded HNSCC cells at first expansion (passage 0) showed that the feeder cell culturing 

approach enriches for cells with an epithelial phenotype; non-epithelial lineage markers 

were largely absent (Table 1). Furthermore, analyses of short-term cultures (passages 2-7) 

showed stable expression of these different cell surface markers among the cultured CSC 

populations. The cell surface markers, CD26, CD29, CD44, CD54, CD49b, CD49f CD133, 

CD90 and CD326 (EpCam) have been reported to be present on human SC and CSC in 

various solid tumors [44-51]. CD24 and CD66 have been shown to identify mature/

differentiated cells in normal and cancer tissues, including breast cancer [52, 53]. CD49c, 

CD81, CD104 and EGFR have been considered to be cancer or epithelial cancer cell 

markers [54-57]. CD34, CD49d and CD56 have been shown to identify non-epithelial 

lineage cells [58-60].

Five of twelve SC/CSC markers were expressed homogenously in all tumor specimens, 

while one of twelve was largely negative, four of twelve showed variability and two of the 

twelve were heterogeneous (Table 1). The expression of CD44 and CD227 were consistently 

heterogeneously expressed in the primary cultured HNSCC epithelial cells. We found CD66 

to be a consistent differentiation marker when compared to CD24. Most cancer/epithelial 
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markers were positive and most lineage/non-epithelial cell markers were negative (Table 1). 

Overall, based on our flow cytometric results, many cell surface markers identified on 

SC/CSC were expressed on the CSCs that we propagated in vitro. Based on our results and a 

review of the literature, we chose to focus on CD44, as this marker is the most consistent 

marker used for HNSCC CSC identification to date.

Chromosomal instability is present in HNSCC CSC

To assess chromosomal instability in CSC, centromeric FISH analysis was performed to 

enumerate copy number alterations in the short-term HN-SCC#13 and a clonally-derived 

CSC culture HN-SCC#13(clone E8). Our group has previously shown that chromosomal 

instability is present in metastatic colorectal carcinoma cells [11]. We observed variability in 

the number of chromosomes in CSC from the parental HNSCC#13 and cloned HN-

SCC#13(clone E8) (Figure 3), suggesting the presence of chromosomal instability in CSC 

from which tumors develop in vitro. As a control, we cultured normal human fetal liver cells 

under similar conditions. After several passages in culture, no chromosomal abnormalities 

were detected in the ‘normal’ human fetal liver cell cultures. Overall, our results confirm 

that the in vitro culture conditions do not cause chromosomal instability in the CSC cultures.

Radioresistance of HNSCC CSC

Few studies have addressed how CSC contribute to radioresistance in HNSCC. Therefore, 

we analyzed the response of HNSCC CSC cells to IR by viability, spheroid survival and 

spheroid migration (Figure 4). Cells were treated with doses of 2.5 Gy or 5 Gy IR, based on 

previous studies in our lab [61, 62]. For the spheroid survival assay, results were reported as 

‘Surviving Fraction’ at each IR dose after normalization against the untreated cells (0 Gy). 

We observed high survival of the CSC by cell viability assays in response to 2.5 or 5 Gy IR 

(Figure 4A). In an effort to replicate standard radiation therapy in which patients receive 

multiple doses of IR (2.5 Gy) over a period of weeks, we irradiated CSC with 2.5 Gy EOD 

for 1 or 2 weeks [35]. There was no significant difference in the surviving fraction of 

spheroids at the different total IR doses (2.5 Gy x3 vs. 2.5 Gy x6), suggesting a possible 

contributory role of CSC to radioresistance (Figure 4B). Next, we assessed spheroid 

migration, a standardized approach that tests the therapeutic response of CSC and mimics 

the initiation of spread of metastases occurs in vivo [43]. The spheroids from HN-SCC#13, 

21 and 22 did not migrate on Matrigel™ or poly-L-lysine-coated plates; only HN-SCC#15 

formed a migration zone and therefore, was used for our experiments. The assay showed 

mild to moderate reduction in spheroid migration in response to 2.5 Gy, 5 Gy and 10 Gy 

compared to the untreated control (0 Gy). Interestingly, there were no statistically significant 

changes in migration zone based on the different IR doses (up to 10 Gy), confirming that 

CSC are extremely radioresistant (Figures 4C,D). Spheroid CSC treated with one (2.5 Gy 

x3/EOD) or two (2.5 Gy x6/EOD) week long IR regimens also showed similar trends, 

confirming our prior observations (Figures 4C,D). Overall, our results from several 

experimental approaches suggest that HNSCC CSC play a role in radioresistance (Figure 4).

The tumorigenic potential of HNSCC CSC after in vivo engraftment

One of the characteristics of CSC is the ability to initiate tumors in mouse xenografts. We 

studied the potential of expanded CSCs derived from HNSCCs to initiate tumors after 
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primary and serial transplantation. CSC isolated from fresh HNSCC specimens were 

transplanted under the skin of the neck region of immunodeficient Rag-2/γc−/− mice 

(Figures 1, 5). The mice were sacrificed and found to carry human tumors except for HN-

SCC#13 that did not grow (Figure 5A). All other xenografts were morphologically similar to 

the patients’ original tumors. Histopathologic analysis of the xenografts demonstrated 

moderately differentiated squamous cell carcinoma tissue morphology without evidence of 

local infiltration (Figure 5A). The isolated CSC from primary xenografts were serially 

transplanted and shown to be tumorigenic upon secondary transplantation (Figure 5A). 

Xenografts derived from CSC were analyzed further for lineage differentiation markers 

including, basal epithelial layer (CK 5/14), epithelial differentiation (involucrin), keratin 

fibers (filaggrin), epithelial tumor progression (CD66), and foreign tissue reaction 

(transglutaminase) [63-66]. The xenografts showed markers of squamous cell tissue 

differentiation CK 5/14, involucrin, and filaggrin as shown in Figure 5B, suggesting that 

they resemble the original human tumors [6]. Further, the xenografts expressed CD66, a 

marker of epithelial tumor progression, as well as transglutaminase, a marker of foreign 

tissue growth of human tissue in the mouse (Figure 5B). Overall, our results show clearly 

that CSC express in vivo tumorigenic potential, a unique characteristic of CSC.

CD44+/CD66− CSCs possess tumorigenic potential upon in vivo and in vitro engraftment

The hierarchic CSC theory states that only a subset of tumor cells has the ability to initiate 

tumors [6, 15]. To determine if our in vitro culture expansion system could generate similar 

results to those reported previously for HNSCC CSC, we flow sorted CSC based on CD44 (a 

CSC marker) and CD66 (a differentiation marker). Further, based on our extensive flow 

cytometric results and the literature, we decided to investigate whether CD44+/CD66− is a 

useful antibody combination to identify CSC. To this end, we sorted CSC for CD44 and 

CD66 and transplanted these cells into immunodeficient Rag-2/γc−/− mice. The CD44+, 

CD44−, CD66+ or CD66− CSC were transplanted to the neck region of immunodeficient 

mice. Six to twelve weeks after transplantation, only the site injected with CD44+ cells 

developed tumors, confirming previous reports that CD44+ HNSCC CSC can grow tumors 

after xenograft transplantation (Figure 5C). On the other hand, the CD66+ cells did not 

initiate tumors, while the CD66− cells developed tumors (Figure 5C). Furthermore, dual 

staining of CD44/CD66 showed that these markers do not co-localize in xenografts (Figure 

5D). Instead, CD66/involucrin dual staining showed co-localization in the center of the 

squamous tumor islands, confirming that CD66 is associated with cellular differentiation in 

HNSCC (Figure 5E). Our flow cytometric results showed that a CD44+/CD66− 

subpopulation exists in all of our HNSCC cultures (Figure 5F). Furthermore, our in vitro 

ELDA showed that CD44+ and CD66− populations show higher tumorigenic capacity when 

compared to CD44− and CD66+, thereby confirming our in vivo results (Figure 5G). 

Overall, our results suggest that CD44+/CD66− is a promising marker combination for CSC 

in HNSCC.

Discussion

CSCs contribute to therapeutic resistance, recurrence and metastasis. If the CSCs in tumors 

can be targeted, then the mortality rates of patients may decrease. For a cell subpopulation to 
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be defined as CSCs, it should show certain characteristics. First, it should possess specific 

cell surface markers. Second, the CSC population should be able to give rise to 

phenotypically diverse tumor cells. Third, CSC should be tumorigenic, that is, able to 

generate tumors in immunodeficient mice [67, 68]. Last, serial transplantation through 

multiple generations should be proven, thereby showing that these cells possess the ability to 

self-renew [11]. This study reports the identification, isolation and expansion of tumor cells 

from human HNSCC with properties of CSCs including in vivo tumor initiation. We have 

also demonstrated that HNSCC CSC exhibit all of the criteria of CSC [7], including the 

expression of the SC/CSC markers, CD44, SOX2, BMI1 and others (Figures 1,2); self-

renewal as assessed by primary/secondary spheroid formation (Figure 1) and in vivo tumor 

formation in mice after primary or serial transplantation (Figure 5). We also showed that 

CSC can be isolated by flow sorting utilizing the dual markers CD44+/CD66− (Figure 5); 

show high radioresistance (Figure 4); and chromosomal instability after cloning (Figure 3).

To study the properties of CSC, we isolated and enriched these cells by culturing them on 

feeder layers and later in ultra-low attachment condition or Matrigel™-coated plates [11, 43, 

69]. We used low passage CSC cultures isolated from primary tumors to recapitulate the 

original tumor characteristics. Spheroid enrichment for CSC is an efficient, economic, and 

reliable approach for studying CSC, including the examination of therapeutic response. 

Spheroid enrichment conditions have been standardized, facilitating reproducibility [43, 

70-72]. The three-dimensional (3D) culture of spheroids mimics the behavior of growing 

and metastatic cancer colonies when treated with various chemotherapeutic agents, adding 

another advantage to this approach. The 3D spheroid culture model can also be used to 

investigate CSC invasion and migration, properties associated with tumor initiation and 

subsequent relapse or recurrence [43]. Based on the current literature and the lack of a clear 

cut CSC marker for sorting these cells, spheroid enrichment emerges as a more suitable 

approach to study CSC [73, 74]. Culture of CSC on a mouse stromal monolayer, in 

suspension, or adherently on Matrigel™-coated plates were utilized in our study. This 

provided us the versatility of studying and assessing the properties of CSC under various 

conditions. Morphologically, the spheroids were either spherical or grape-like in shape. Both 

morphological types have been described previously in the literature [69, 75]. In gliomas, 

spherical vs grape-like morphologies were associated with different genetic signatures and 

functional capacities; the typical spherical spheroid morphology being associated with 

embryonic SC origin and the grape-like morphology being associated predominantly with 

mesenchymal SC [76]. Whether this finding is also a feature of HNSCC CSC merits further 

investigation.

Many markers have been used to identify CSC in epithelial tumors. No single cell surface 

marker has been shown to be optimal in identifying CSC in HNSCC. However, a number of 

markers have been replicated, including CD133, CD44 and ALDH1 enzymatic activity [6, 

77, 78]. The most well-studied cell surface marker used for isolation and characterization of 

CSC from HNSCC is CD44 [6, 17, 24-27]. Wilson et al. compared the most common 

isolation techniques, such as SP, ALDH1, and CD44 expression for HNSCC, and concluded 

that CD44 was the most promising marker for flow-sorting CSC from HNSCC [17]. Despite 

the marked heterogeneity of HNSCC in tissue morphology and somatic mutations [2], 

evidence for the cellular origin of HNSCC is consistent with a common origin as shown here 
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and in the literature [6]. Prince et al. were the first to isolate a CSC subpopulation from 

HNSCC specimens using fluorescence-activated cell sorting (FACS) analysis using an 

antibody against CD44; further analysis showed that the CD44-positive cells highly co-

expressed BMI1, another important marker of CSC [6]. Identifying CSC through cell surface 

markers will aid in quantifying these cells in tumors. Our data from the four HNSCC 

samples analyzed showed a consistent staining pattern for multiple SC/CSC markers. Our 

results suggest that CD9, CD29, CD44, CD49b, CD49f, CD227 and CD326 are consistent 

CSC markers in HNSCCs that warrant further assessment by functional assays. Our results 

also suggest that CD44+/CD66− is a promising consistent marker of HNSCC CSC, based on 

our flow sorting, in vitro and in vivo mouse engraftment studies (Figure 5C-G). The 

pioneering work by Al-Hajj et al. in breast tumors clearly demonstrated that CD44 alone 

may not be a suitable marker of CSC, and that the addition of a differentiation marker, such 

as CD24 is important to identify cells with robust tumorigenic potential [15]. Furthermore, 

IF staining of the control cell line, OKF6/TERT-1, showed CD44 in ≈5% of cells, 

confirming that CD44 is not cancer-specific (Figure 2). In HNSCC, we observed CD24 to be 

an inconsistent marker; which may explain why the marker has not been used widely for 

dual staining of CSC in HNSCC, resulting in reliance on CD44 as a single CSC 

identification marker. However, despite the observation by Prince et al. that CD44 is 

heterogeneous and consistent with the basal origin layer of tumors, isolated CSC may not 

always reflect all biological features of primary CSC, mainly as a result of loss the niche 

interaction that plays a role in regulating properties of CSC, such as self-renewal and/or 

differentiation regulation [14]. In addition, culture adaptation and genetic alterations that 

might occur after long-term culture under hypoxic conditions may be lead to predominance 

of CSC markers in even low passage cell lines [14]. Therefore, adding a second 

differentiation marker seems essential. Our current work demonstrates that CD66 is 

expressed consistently and heterogeneously in tumors and might be a suitable partner for 

CD44 in identifying cells with CSC properties. Overall, further research on CD44+/CD66− 

and other SC identification markers is warranted in HNSCC.

The copy number variation observed within the CSC clones suggests that CSC may show 

different therapeutic resistance properties, a ‘Qualitative trait’ and that the frequency of stem 

cells, a ‘Quantitative trait’ might not be the only driving force behind CSC therapeutic 

resistance. Our current results showing copy number alterations in CSC may provide an 

explanation as to why CSC markers are not consistent prognostic markers across HNSCC 

because copy number alterations can change the behavior of CSC. Recently, chromosomal 

instability has been shown to be an important factor driving radioresistance in cancer cells 

[79]. Further assessment of the possible role of chromosomal instability in CSC seems 

crucial. Our results confirm the proposal that CSC show dynamic rather than fixed 

therapeutic resistance [80]. Enhanced therapeutic resistance occurs as a result of complex 

interaction of stemness factors, driver mutations and copy number alterations, and may 

contribute to the unique evolutionary survival capacity of these cells [80]. Understanding the 

mechanisms of chromosomal instability in HNSCC CSC will aid in devising approaches to 

determine which patients are more prone to therapeutic resistance and to target this 

resistance [79]. Overall, the genetic heterogeneity in CSC necessitates using multiple 
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targeted therapeutic approaches as well as reassessing the genetic alterations in metastatic/

recurrent tumors [80].

To assess the radiosensitivity of HNSCC CSC, we tested the effect of various IR doses on 

colony forming capacity, cell viability, and cell migration (Figure 4). The CSC therapeutic 

radioresistance that we observed seem to coincide with the patterns observed by Chen et al. 

[30], who showed that different IR dose regimens (up to 10 Gy) did not lead to a statistically 

significant reduction in OSCC CSC survival. In contrast, they showed that parental cancer 

cells showed an IR dose-dependent reduction in survival [30]. The results of Lagadec et al. 

and Ghisolfi et al. [35, 40] demonstrate that IR regimens enrich the cell cultures for CSC. 

Our results suggest that IR may not be a suitable CSC enrichment tool in all tumor types. 

This could possibly be due to the heterogeneity of solid tumors and different genetic 

signatures in different tumor types.

One of the limitations of the spheroid survival assay is that spheroids are motile and they 

might merge, leading to inaccuracies in clonal estimation [81]. To overcome this limitation, 

we used appropriately low clonal density for these experiments [73]. In addition, other 

approaches, such as cell viability and migration assays were utilized to substantiate our 

findings. Unlike the early days of CSC culture [81], many labs are currently using 

standardized spheroid culturing approaches, decreasing experimental variability. The 

radioresistance of CSC might be explained by different gene expression patterns in CSC 

compared to parental cell lines, as shown previously by Wilson et al. [17]. The high 

radioresistance of CSC that we and others have observed necessitates the exploration of 

novel strategies to inhibit CSCs [13].

Recent CSC studies have added further evidence to support the role CSCs in therapeutic 

resistance. The characterization of CSC in HNSCC greatly advances our understanding of 

these tumors. In the current study, we demonstrate that CSCs isolated from primary tumors 

possess the characteristics of stemness and display enhanced radioresistance, clonogenicity 

and tumorigenicity. Our results suggest that double marker identification, such as CD44+/

CD66− might be a useful combination for identifying CSC in HNSCC. Overall, our findings 

add more evidence to the proposed role of HNSCC CSCs in therapeutic resistance; further 

characterization of CSC will provide better understanding of these cells to aid in more 

effective therapeutic targeting.
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CIN chromosomal instability
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ELDA extreme limiting dilution assessment

FISH fluorescence in situ hybridization

HNSCC head and neck squamous cell carcinoma

IR ionizing radiation

NSCLC non-small cell lung carcinoma

OS overall survival

SC stem cell

SP side population
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Highlights

• Spheroid enrichment selects cancer stem cells (CSC) from head & neck 

tumors (HNSCC).

• Compared to normal epithelial cells, isolated CSC express increased 

SC/CSC markers.

• Isolated CSC display enhanced radioresistance, clonogenicity and 

tumorigenicity.

• HNSCC CSC express chromosomal instability.

• CD44+/CD66− is a promising, consistent biomarker for HNSCC CSC.
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FIGURE 1. CSC were enriched and cultured in SC enrichment medium on mouse stromal layers 
or ultra-low attachment plates
1A. Epidemiological, clinical and histopathological characteristics of HNSCC specimens.

1B. CSC from the same patient were grown and expanded on mouse feeder layers for more 

than 5 months without any alterations in morphology (scale, 200 μm).
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1C. Representative images of spheroids derived from HNSCC after culture on ultra-low 

attachment plates in CSC enrichment medium.

1D. Primary and secondary spheroid-forming capacity of HN-SCC#13 and HN-SCC#21. 

The two primary CSC cultures both showed statistically significant increases in secondary 

spheroid formation compared to primary spheroid formation, confirming that the conditions 

favored CSC selection.

1E. CSC frequency as assessed in vitro by extreme limiting dilution analysis in vitro (+/

−1SE). The values represent the estimation of CSC frequency with upper limit (UL) and 

lower limit (LL) values setting the range.
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FIGURE 2. Immunofluorescence (IF) staining for selected SC/CSC markers in enriched CSCs 
and the control cell line, OKF6/TERT-1
2A. HN-SCC#13 showed a heterogeneous pattern for SC/CSC markers CD44, CD133, 

BMI1 and SOX2.

2B. OKF6/TERT-1 expressed the SC/CSC marker, CD44 in a rare population of cells, and 

did not stain with the other three SC/CSC markers, CD133, SOX2, and BMI1.
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FIGURE 3. 
Chromosomal instability in enriched CSC using multi-color FISH analysis of HN-SCC#13 

and HN-SCC#13 (clone E8). FISH analysis of CSC isolated from HN-SCC#13 and HN-

SCC#13 (clone E8) showed variability in the number of chromosomes in both the parental 

and cloned CSC cultures, suggesting the presence of chromosomal instability in CSCs.

Kaseb et al. Page 23

Exp Cell Res. Author manuscript; available in PMC 2017 October 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Kaseb et al. Page 24

Exp Cell Res. Author manuscript; available in PMC 2017 October 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIGURE 4. Radioresistance of CSCs in HNSCC
4A. Cell viability post-IR in HN-SCC#13 and HN-SCC#21, showing relatively high survival 

in response to 2.5 Gy and 5 Gy IR compared to untreated cells (0 Gy).

4B. Spheroid survival assay post-IR in HN-SCC#13 and HN-SCC#21 showing relatively 

high survival in response to 2.5 Gy x3 and 2.5 Gy x6 compared to untreated cells (0 Gy).

4C. Images showing migration of HN-SCC#15 spheroids in response to radiation treatment: 

0 Gy (untreated), 2.5 Gy, 5 Gy, 10 Gy , 2.5 Gy x3 and 2.5 Gy x6 (stained with Giemsa 

stain). Images showing spheroid-based cell migration marked as S (Spheroid Zone) and M 

(Migration Zone) (scale, 500 μm).

4D. Line graphs showing quantification of HN-SCC#15 CSC migration on Matrigel™-

coated plates 96 hr after IR treatment. Data are mean ± SEM of replicate spheroids.
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FIGURE 5. Tumorigenicity of CSC in HNSCC
5A. 106 tumor cells were injected subcutaneously into the neck region of immunodeficient 

mice. Tumors were harvested and stained by immunohistochemistry. HLA-ABC (green) 

staining specifically identified the human tumor cells in the mouse. The Figure represents 

two distinct tumors, each showing different architecture, similar to the original tumors.

5B. IHC showing reconstitution of the original heterogeneity in HN-SCC#2. The xenograft 

was stained with antibodies against CD66, CK5/14, involucrin, transglutaminase and 

filagrin. Histopathologic analysis of the xenografts demonstrated moderately differentiated 

squamous cell carcinoma-like tissue morphology without evidence of invasion.

5C. CD44 and CD66 subpopulations were sorted and injected into immunodeficient mice. 

CD44 sorted cells show tumorigenicity when compared to CD66 cells.

5D. Double immunostaining of xenografts derived from HN-SCC#2 (CD44, CD66). The 

staining shows distinct areas of CD44+ and CD66+, suggesting that CSC and differentiating 

cells are mutually exclusive.

5E. Double immunostaining of xenografts, derived from HN-SCC#2 (CD66, involucrin). 

The staining shows co-localization of CD66+ and involucrin+ in the center of the squamous 

tumor islands, confirming that CD66 is a differentiation marker in HNSCC.

5F. Flow cytometric analyses of CD44 and CD66 staining in four early passage HNSCC 

cultures. The results suggest that our culture approach selects for a CD44+/CD66− 

subpopulation of cells.

5G. CD44 subpopulations or CD66 subpopulations were sorted, plated on 96-well plates, 

and assessed for CSC frequency by limiting dilution analysis. The results show higher 

colony forming units (CFU) for both the CD44+ and CD66− sorted populations compared to 

the CD44− and CD66+ sorted populations.
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Table 1

Flow cytometric results of HNSCC CSC isolated from primary cultures grown on irradiated mouse feeder 

layers.

HN-SCC#2 HN-SCC#13 HN-SCC#15 HN-SCC#21

STEM CELL/CANCER STEM CELL MARKER

CD9 (p24) POSITIVE POSITIVE POSITIVE POSITIVE

CD26 (DPPIV) NEGATIVE HETERO NO DATA HETERO

CD29 (β1 integrin) POSITIVE POSITIVE POSITIVE POSITIVE

CD44 (H-CAM) HETERO HETERO HETERO HETERO

CD49b (α2
integrin) POSITIVE POSITIVE POSITIVE POSITIVE

CD49f (α6 integrin) POSITIVE POSITIVE POSITIVE POSITIVE

CD54 (ICAM) POSITIVE HETERO POSITIVE POSITIVE

CD90 (Thy1) NEGATIVE HETERO NEGATIVE NEGATIVE

CD133/1
(prominin1) NEGATIVE NEGATIVE NEGATIVE NEGATIVE

CD133/2
(prominin1) NEGATIVE HETERO (few) NEGATIVE NEGATIVE

CD227 (Muc1) HETERO HETERO (few) HETERO HETERO

CD326 (EpCAM) POSITIVE POSITIVE POSITIVE POSITIVE

DIFFERENTIATION MARKER

CD24 (HSA) POSITIVE HETERO POSITIVE HETERO

CD66 (CEACAM) HETERO HETERO HETERO HETERO

CANCER/EPITHELIAL MARKER

CD49c (α3 integrin) POSITIVE POSITIVE POSITIVE POSITIVE

CD81 (TAPA1) POSITIVE POSITIVE NO DATA POSITIVE

CD104 (β4
integrin) POSITIVE POSITIVE POSITIVE POSITIVE

EGFR POSITIVE POSITIVE NO DATA NO DATA

NON-EPITHELIAL LINEAGE CELLS

CD34 (Anti-HPCA) NEGATIVE NEGATIVE NEGATIVE NEGATIVE

CD49d (α4
integrin) NEGATIVE NEGATIVE NEGATIVE NEGATIVE

CD56 (NCAM) NEGATIVE NEGATIVE HETERO NEGATIVE

Samples were cultured on stroma and were stained with markers specific for SC/CSCs. Samples show substantial similarity. The Table summarizes 
flow cytometric results for a panel of 21 cell surface markers. The cells expressed CSC markers including CD44, CD133.2, CD90, CD29 and CD56 
in variable forms.
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