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Abstract

Background—The cancer stem cell (CSC) hypothesis concludes that a subpopulation of tumor

cells can self-renew, causing tumor growth, treatment failure, and recurrence. Several tumor

studies have identified cells able to efflux Hoechst 33342 dye; the side population (SP). SP cells

and CSCs share many characteristics, suggesting the SP isolated from malignant tumors contains

CSCs.

Methods—The SP was isolated from a head and neck cancer cell line and analyzed for CSC-like

characteristics.

Results—The SP demonstrated the ability to reproduce both SP and non-side population (NSP)

cells from as few as one cell. The SP had lower expression of active β-catenin and more resistance

to 5-Fluorouracil; the SP also demonstrated greater expression of BMI-1 (4.3-fold) and ABCG2

(1.4-fold). SPs were identified in 2 primary human tumors.

Conclusions—The SP in head and neck cancer cell lines may serve as a valuable in-vitro model

for CSCs leading to the development of novel treatment strategies.
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Introduction

Head and neck cancer is a common malignancy that affects approximately 40,000 new

patients in the United States each year(1). Despite advances in therapy, which have improved

quality of life, survival rates have remained static for many years. It is essential that we

develop a deeper understanding of the biology of this disease in order to develop more

effective therapies.

A cancer stem cell (CSC) is a cell within a tumor that possesses the capability to self-renew

along with the ability to generate the heterogeneous lineages of cancer cells that comprise
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the tumor(2, 3). Evidence has been accumulating that supports the validity of the CSC theory

in a number of human malignancies(2),(4, 5),(6),(7),(8),(9),(10),(11). Recent studies of solid

tumors have isolated tumorigenic subpopulations of cancer cells based on their expression of

various cell surface markers. Breast cancer cells that were CD44+/CD24− and central

nervous system cancer cells that expressed CD133 were able to initiate tumors in NOD/

SCID mice from as few as one hundred cells, as opposed to tens of thousands of cells with

different markers(12),(13, 14).

Recently the cell surface marker CD44 was shown to select a tumorigenic subpopulation of

cells in head and neck squamous cell carcinoma (HNSCC). As few as 5000 CD44+ tumor

cells gave rise to xenograft tumors in NOD/SCID mice, while up to 5×105 CD44− tumor

cells did not. Tumors resulting from injection of CD44+ cells reproduced the original tumor

heterogeneity, even after serial passages in the animal model, suggesting that the CD44+

population contains the CSC(15).

Goodell et al, reported that a small population of bone marrow cells with an elevated

capacity to efflux the vital DNA binding dye Hoechst 33342, could be isolated by flow

cytometry. This ability has been attributed to the increased expression of multiple drug

resistance transporter proteins such as ABCG2. These cells were termed side population

(SP) cells and found to have stem cell-like characteristics such as a 1,000-fold increase in

hematopoietic stem cell (HSC) activity following transplantation into lethally irradiated

hosts(16). SP cells have now been identified in many normal tissues such as muscle, liver,

lung, retina, testes, pancreas, heart, epithelium, and breast, leading many to suggest that the

SP phenotype may represent a universal stem cell marker(17–28).

SP cells isolated from cancer cells lines often have stem cell-like characteristics(29–35).

Chiba et al, found that as few as 1000 SP cells from a hepatocellular carcinoma cell line

could initiate a tumor, as compared to non-SP (NSP) cells, which had at least 1000-fold

reduced tumorgenicity. Szotec et al, identified a SP in a murine ovarian cancer cell line, that

was resistant to doxorubicin and in G1 arrest(35). The SP component of the rat C6 glioma

cell line was found to be largely responsible for its in vivo malignancy(29).

Cell lines can provide an essentially unlimited supply of cancer cells, whereas primary

cancer cells obtained from patients represent a very limited resource. The ability to identify

CSC in HNSCC cell lines will greatly enhance our ability to study this critical population of

cells. The aim of this study was to identify SP cells in an established HNSCC cell line, and

determine if these cells had cancer stem cell-like properties.

Materials and Methods

Cell Culture

UM-SCC-10B is a HNSCC cell line derived from a local recurrence of a true vocal fold

cancer that developed one year after radiation therapy. Cells were grown in Dulbecco’s

modified Eagle’s medium (DMEM, Invitrogen, Carlsbad, CA) containing 2 mmol/L L-

glutamine, 1% nonessential amino acids, 1% penicillin-streptomycin (Invitrogen), and 10%

fetal bovine serum (FBS) in a humidified atmosphere of 5% CO2 at 37°C.
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Hoechst 33342 Dye exclusion assay

Cells were detached from the culture flask with Trypsin-EDTA (Invitrogen), washed with

culture media, and then suspended in DMEM-2% heat inactivated calf serum (HICS) at a

concentration of 1 ×106/mL at 37° C. Verapamil hydrochloride (Sigma-Aldrich, St. Louis,

MO) was added to control samples at a concentration of 50mM. Samples were then

incubated with Hoechst 33342 (Sigma-Aldrich) at a concentration of 5μg/mL for 1 hour at

37° C. Following incubation, cells were washed, suspended in Hank’s Balanced Salt

Solution (HBSS, Invitrogen) with 2% HICS at 1 × 106 cells/mL and kept at 4° C.

Propridium iodide (BD Biosciences, San Diego, CA) was added at a concentration of

2μg/mL to exclude dead cells during flow cytometry. Cells were filtered with a 40 μm cell

strainer (BD Biosciences) to ensure a single cell suspension. Cells were analyzed and sorted

using the fluorescence-activated cell sorting (FACS)-Vantage SE (BD Biosciences).

Hoechst 33342 was excited with the UV laser at 350 nm, and fluorescence emission was

measured with DF424/44 (Hoechst blue) and DF630/22 (Hoechst red) optical filters.

Serum Free Culture

Cells were cultured in 6-well ultra-low attachment plates (Corning 3471, Corning, NY) at a

concentration of 10,000 cells/mL in DMEM/F12 supplemented with B27 (Invitrogen,

Carlsbad, CA), 20 ng/mL EGF (BD Biosciences), antibiotic-antimycotic (100 unit/ml

penicillin G sodium, 100 ug/ml streptomycin sulfate and 0.25 ug/ml amphotericin B)

(Invitrogen), 20 ug/ml Gentamycin, 1 ng/ml Hydrocortisone, 5 ug/ml Insulin and 100 μM 2-

mercaptoethanol in a humidified incubator (5% CO2: 95% air, 37°C). Spherical clusters of

cells were dissociated with Trypsin-EDTA (Invitogen), and washed with HBSS-2% HICS

before undergoing the Hoechst dye exclusion protocol described above.

Chemosensitivity [3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide] (MTT)
Assay

Following FACS, cells were washed, counted, and plated at 7,000 cells per well in triplicate

wells of 96-well plates and incubated in DMEM-10% FBS at 37°C overnight. The next

morning, cells were incubated with 5-fluorouracil (5-FU, Sigma-Aldrich) at increasing

concentrations (0, 10, 30, 100, and 1000 μg/mL) for 2 hours, washed twice with culture

media, then incubated in 300 μL DMEM-10% FBS for 6 days. The media was removed

from the wells, and 100 μL DMEM along with 10 μL MTT labeling reagent was added to

each well. After a 4-hour incubation, 100 μL of solubilization buffer was added, and the

plates were incubated at 37°C overnight. The absorbance (OD) of each well was determined

with a spectrophotometer at a wavelength of 590 nm. Absorbance at 590 nm is directly

proportional to viable cell number. The absorbance was plotted on a logarithmic graph of

absorbance (y-axis) against drug concentration (x-axis). The 50% inhibitory concentrations

(IC50) were identified as the concentration of 5-FU required to achieve 50% growth

inhibition (i.e., 50% reduction in absorbance relative to no 5-FU control).

Quantitative real-time polymerase chain reaction (PCR)

Following FACS, cells were washed twice with phosphate buffered saline (PBS, GIBCO)

before RNA was extracted and purified using the RNeasy Mini kit (Qiagen, Valencia, CA),
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according to the manufacturer’s protocol. The concentration and purity of RNA were

determined by a NanoDrop ND-1000 (NanoDrop Technologies, Wilmington, DE)

spectrophotometer and Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA).

cDNA was reverse transcribed with the Promega Reverse Transcription System (Promega,

Madison, WI) using random hexamers. The in-vitro transcription product was purified using

the QIAquick PCR Purification Kit (Qiagen) and concentration was determined with the

NanoDrop ND-1000 spectrophotometer. Quantitative real-time PCR was carried out on an

ABI Prism 7900HT Sequence Detection System (Applied Biosytems, Foster City, CA).

Primers sets purchased from SuperArray (SuperArray Bioscience Corporation, Frederick,

MD) included those for the quantification of Bmi-1, ABCG2 and Glyceraldehyde-3-

phosphate dehydrogenase (GAPDH) (SuperArray, PPH57778A, PPH01526A and

PPH00150A). PCR was performed with 12.5 μL RT² Real-Time™ SYBR Green PCR

Master Mix (SuperArray), 1 μL primer set, 1 μL cDNA template, and 10.5 μL H2O.

Thermocycling was performed as follows: 95°C for 15 minutes, 40 cycles of 95°C for 30

seconds, 55°C for 30 seconds and 72°C for 30 seconds. Relative quantification (fold-

difference) of the expression levels of mRNA in each group was calculated by the 2−ΔΔCT

method(36). Gene expression data was normalized to GAPDH.

Immunoflouresence Microscopy

Immediately following FACS, 10,000 cells from each group were suspended in 200 μL

DMEM and cytospun onto slides. Cells were fixed in 95% methanol for 15 minutes at −20

degrees Celsius, washed with PBS and permeabilized with 0.1% Triton x-100 in PBS for 5

minutes. Non-specific binding was blocked with a 30-minute incubation with PBS-1%

bovine serum albumin (BSA). Cells were incubated with primary mouse monoclonal

antibodies to active-β-catenin (anti-ABC, clone 8E7, Upstate, Lake Placid, NY) or Bmi-1

(anti-BMI-1, clone F6, Upstate) at 1:200 and 1:300 dilutions in PBS-1% BSA for 1 hour at

room temperature. Cells were washed with PBS and then incubated with goat anti-mouse

Alexa Fluor 488 (Invitrogen) secondary antibody at a 1:2000 dilution in PBS-1% BSA for 1

hour at room temperature. Cells were then washed with PBS and incubated with 4′,6-

diamidino-2-phenylindole (DAPI) at a 1:5000 dilution for 1 minute at room temperature.

Coverslips were mounted on slides using ProLong Gold antifade reagent (Invitrogen). Cells

were examined and photographed using a Carl Zeiss confocal laser scanning microscope.

Protein Extraction and Western Blot Analysis

Following FACS, protein extracts were prepared by lysing cells in a solution of PBS

containing 1% NP-40 (Sigma; St. Louis, MO), 1 mmol/L phenylmethylsulfonyl fluoride

(Sigma), and a cocktail of protease inhibitors (Boehringer Mannheim, Germany). Total

protein from cell extracts was quantified using a colorimetric assay (Bradford Reagent; Bio-

Rad, Hercules, CA). For Western blotting, protein (25 μg) was electrophoresed on 12% Tris-

glycine SDS-polyacrylamide gels under denaturing conditions, and transferred to Hybond-P

polyvinylidene difluoride membranes (Amersham Pharmacia Biotech, Buckinghamshire,

England). Membranes were blocked in Tris-buffered saline plus 0.05% Tween containing

5% nonfat dry milk at room temperature for 1 hour followed by incubation for 3 hours with

primary mouse monoclonal antibodies to active-β-catenin (anti-ABC, clone 8E7, Upstate)

(1μg/ml), Bmi-1 (anti-BMI-1, clone F6, Upstate) (1μg/ml) or GAPDH (Chemicon
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International, Temecula, CA) (1:10,000 dilution). Membranes were then incubated for 1

hour with a secondary horseradish peroxidase-conjugated sheep anti-mouse antibody

(Amersham) and analyzed using the Enhanced Chemiluminescence Plus reagent

(Amersham) by exposing membranes to chemiluminescence film (Biomax Light Film,

Kodak, Rochester, NY).

Primary Tumor Digestion

Informed consent was obtained from patients undergoing surgical resection of their head and

neck tumors. Immediately following resection, tumors were cut into small fragments with

sterile scissors and minced with a sterile scalpel. The tumor pieces were rinsed with

HBSS-2% HICS and centrifuged for 5 min at 1000 rpm. The tissue was placed in a solution

of DMEM/F-12 containing 300U/mL collagenase and 100U/mL hyaluronidase (Stem Cell

Technologies, Vancouver, Canada). The mixture was incubated at 37°C and gently agitated

to dissociate the cells. The digestion was arrested with the addition of FBS and cells were

filtered through a 40 μm cell strainer to allow the passage of only single cells. The cells were

washed twice with HBSS-2% HICS and stained for flow cytometry as described above.

Results

Hoechst 33342 dye exclusion assay

Using the methods described above we were able to consistently identify a SP in the cell line

UM-SCC-10B comprising 2.46% ± 1.87% of the total cell population. The SP’s ability to

exclude the dye was inhibited by verapamil hydrochloride and this was used to differentiate

the SP from the non-side population (NSP). SP and NSP gates were created and used for

FACS (Figure 1).

Ability of the SP to reproduce the entire cell line phenotype

SP cells were sorted, collected and transferred to tissue culture flasks. The cells were

expanded until approximately 1 × 106 cells were obtained. Analysis by flow cytometry

demonstrated that the SP was able to reproduce the entire cell line phenotype including both

SP and NSP cells. When single SP cells were sorted into 96-well plates and allowed to

expand from these clones they were also found to be capable of reproducing the original cell

line heterogeneity.

Growth in a serum-free, non adherent environment

Cells cultured in serum-free media in ultra-low attachment plates formed multiple spherical

colonies. Analysis after Hoechst staining revealed that the SP increased to 28.3%, a 5.8-fold

enrichment when compared to a SP of 4.9% in a group of cells growing in a parallel flask in

a traditional adherent environment, with standard, serum containing, media (Figure 2).

Chemosensitivity Assay

The SP was more resistant to 5-FU than the NSP or unsorted cells. The SP had an IC50 of

26.1 μg/ml, almost twice that of the NSP, 13.1 μg/ml or unsorted cells, 15.8 μg/ml (Figure

3).
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Protein Expression

Western blot and immunocytochemistry demonstrated that the SP had lower levels of active

β-catenin as compared to the NSP (Figure 4). Immunocytochemisty also showed higher

levels of Bmi-1 in the SP as compared to the NSP.

Gene Expression

The SP expressed higher levels of the genes Bmi-1 and ABCG2 relative to the NSP by real-

time quantitative PCR (Figure 5).

Identification of side populations in fresh human head and neck tumors

Tissue was collected from two patients undergoing tumor resection. Following digestion and

creation of a single cell suspension, the cells were stained with Hoechst dye and FACS

analysis performed. A SP was found in both tumors, comprising 0.54% and 0.59% of the

total cell population (Figure 6).

Discussion

The cancer stem cell theory has important implications to our understanding of cancer

biology. Understanding the molecular mechanisms responsible for CSC behavior is crucial

to the development of novel treatment strategies. CSC have been identified and isolated

from primary human tumors, but to our knowledge there have not been any reports of

culturing these cells and keeping them in an undifferentiated state. The relatively small size

of head and neck tumors, along with the small percentage of CSC within a tumor, makes

CSC from primary tumors a precious and limited experimental resource. An in vitro model

for HNSCC CSC is desperately needed to further study the biology and role of CSC in this

devastating disease. We have identified and consistently isolated a small subpopulation of

cells from a well established HNSCC cell line that has stem cell-like properties. We believe

that the SP will prove to be a useful model for in-vivo and in-vitro studies of head and neck

CSC.

The SP we identified was able to reproduce the entire cancer cell line FACS phenotype from

as few a one cell. When expanded and re-analyzed, the SP fraction was enriched but

continued to make up only a small population of the entire cell line, suggesting that the SP

cell represents a multipotent cell with the potential to undergo asymmetrical cell division.

This behavior is consistent with the hierarchical CSC model in which a multipotent cell

gives rise to both copies of itself, and to more differentiated progenitors.

Serum-free growth environments have been used to culture neural and mammary stem cells,

grown as spheres and termed “neurospheres” or “mammospheres”(37–42). Epithelial cells are

typically dependent upon substrate attachment for survival. The ability to survive in

suspension and avoid anoikis and differentiation is thought to be a characteristic of stem

cells. We placed single cell suspensions of UM-SCC-10B in serum-free media in non-

adherent plates, specifically designed to inhibit attachment, and observed the cells growing

in spheres which we termed “squamospheres”. We saw a 5.8-fold increase in the fraction of

cells comprising the SP when using this method of culture. We hypothesize that deficiency
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of serum growth factors and inhibition of attachment encourages the growth of SP cells with

their stem-cell like phenotype.

The SP was more resistant to the chemotherapeutic agent 5-FU, a drug important in head

and neck cancer treatment regimens. 5-FU exerts its anticancer effects through inhibition of

thymidylate synthase and incorporation of its metabolites into RNA and DNA, inhibiting

DNA synthesis and inducing cell death(43). The drug targets cycling cells that are actively

synthesizing DNA, cells that make up the bulk of a tumor. A CSC on the other hand, should

be relatively quiescent when compared to a rapidly proliferating progenitor cell. Similar

findings have been seen in Zebrafish kidney marrow SP cells exhibiting HSC properties,

where the SP was more resistant to 5-FU(44). Wang et al, were able to show that 5FU

resistant cell lines had down-regulation of cell cycle related genes and delayed passage

through S-phase. A greater proportion of 5FU resistant cells were found in G1 or at the G1-S

boundary and exhibited slower growth rates(45), as would be expected of stem cells.

β-catenin is a central component of the canonical Wnt signaling pathway, wherein Wnt

ligands bind to the Frizzled receptor, eventually leading to nuclear translocation of active β-

catenin and expression of downstream targets. Such targets include, c-myc, cyclin D, VEGF

and FGF, genes that drive cell differentiation and division. Our results indicate that the SP

expresses lower levels of active β-catenin compared to the NSP This data is consistent with

our finding of greater sensitivity of the NSP to 5-FU, where increased nuclear translocation

of acitve β-catenin drives DNA synthesis and cell proliferation, exposing the cell to the toxic

effects of a drug such as 5-FU.

Bmi-1 functions as a transcriptional repressor of the senescence inducing gene, p16Ink4a, and

has been implicated in the self-renewal of stem cells(46, 47). Molofsky et al, was able to show

that in the absence of Bmi-1, p16Ink4a is up-regulated in neural stem cells, reducing their rate

of proliferation(48). Park et al, showed that in Bmi-1 deficient mice, the number of HSCs

was markedly reduced(49). Our lab previously isolated a tumorigenic subpopulation from

primary head and neck tumors that were selected based on expression of CD44. This

population over-expressed Bmi-1 and is thought to contain the cancer CSC(15). These data

led us to believe that potential candidates for HNSCC cancer stem cells should have higher

expression of Bmi-1. Our results demonstrated a 4.3-fold increase in Bmi-1 within the SP,

lending support to the conclusion that the SP shares cancer-stem cell-like properties.

ABCG2 or breast cancer resistance protein-1 (BCRP1) is a 70 kDa ATP-Binding Cassette

membrane transport protein, involved in multiple drug resistance by its ability to pump out

various drugs. This pump can also actively pump out the DNA binding dye Hoechst 33342,

giving cells with higher expression a lower fluorescence profile and therefore the

characteristic SP phenotype(16). It may be advantageous for a long-lived cell such as a stem

cell to have higher expression of ABCG2. Cytotoxic agents could be transported out of the

cell before causing DNA damage that would be detrimental to a stem cell, as opposed to a

more differentiated cell with limited proliferative potential. We have demonstrated a 1.4-

fold increase in expression of ABCG2 in the SP, a characteristic expected of CSC. We

suspect that other, yet unidentified, drug transporters may also be involved in generating the
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SP phenotype of this cell line, as the observed over-expression of ABCG2 is somewhat less

than expected.

In preliminary work, we have identified SPs in two primary HNSCC tumor specimens.

Further characterization of these cells is underway in our laboratory to determine if the SP in

primary tumors is enriched for CSC activity. We have established a xenograft model(15) that

will be the basis for future investigations of the tumoriginicity of these SP cells. The cell line

UM-SCC-10B has a SP with characteristics in common with those expected of CSC;

therefore, we hypothesize that the SP in primary tumors will share those characteristics.

Currently, there are no methods for culturing head and neck CSC and maintaining them in

an undifferentiated state, which seriously limits our ability to study these cells and develop

new treatments targeting CSC. The SP in head and neck cancer cell lines may serve as a

useful method for studying the biology of CSC, and lead the way to more effective therapy

for this devastating disease.
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Figure 1.
Flow cytogram of UM-SCC-10B following Hoechst 33342 staining. A: No side population

is seen when dye efflux is inhibited with verapamil. B: In the absence of the inhibitor, a side

population with low Hoechst 33342 staining is resolved, comprising 2.6% of the cell line

(large arrow). The small arrow points to the NSP.
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Figure 2.
Cells formed spheres when grown in serum-free, non-adherent culture (A). The SP increased

to 28.3%, a 5.8-fold enrichment when grown in this environment (B).
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Figure 3.
The SP was more resistant to 5-FU than the NSP or unsorted cells. The SP had an IC50 of

26.1 μg/ml which was almost twice that of the NSP, 13.1 μg/ml or unsorted cells, 15.8

μg/ml.
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Figure 4.
Confocal laser scanning microscopy demonstrating that the SP (A) has lower levels of active

β-catenin (green - Alexa Fluor 488) than the NSP (B). Blue color represents DAPI nuclear

stain.
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Figure 5.
Relative expression of Bmi-1(4.32) and ABCG2 (1.41) in the SP compared to the NSP
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Figure 6.
A SP was identified in two primary head and neck squamous cell carcinoma specimens. The

SP (arrows) made up (A) 0.54% and (B) 0.49% of the total cell population.
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