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Abstract
Malignant tumors comprise a small proportion of cancer-initiating cells (CIC), capable of sustaining
tumor formation and growth. CIC are the main potential target for anticancer therapy. However, the
identification of molecular therapeutic targets in CIC isolated from primary tumors is an extremely
difficult task. Here, we show that after years of passaging under differentiating conditions,
glioblastoma, mammary carcinoma, and melanoma cell lines contained a fraction of cells capable of
forming spheroids upon in vitro growth under stem cell-like conditions. We found an increased
expression of surface markers associated with the stem cell phenotype and of oncogenes in cell lines
and clones cultured as spheroids vs. adherent cultures. Also, spheroid-forming cells displayed
increased tumorigenicity and an altered pattern of chemosensitivity. Interestingly, also from single
retrovirally marked clones, it was possible to isolate cells able to grow as spheroids and associated
with increased tumorigenicity. Our findings indicate that short-term selection and propagation of
CIC as spheroid cultures from established cancer cell lines, coupled with gene expression profiling,
represents a suitable tool to study and therapeutically target CIC: the notion of which genes have
been down-regulated during growth under differentiating conditions will help find CIC-associated
therapeutic targets.
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INTRODUCTION
Conventional anticancer therapies may decrease the bulk of the tumor mass, mainly comprised
of differentiated cancer cells, but are unlikely to result in long-term remissions if the minority
of cancer-initiating cells (CIC), also named cancer stem cells, that feed tumor growth, are not
targeted. CIC have been identified in leukemia [1,2], as well as in solid malignancies, including
brain, breast, prostate, and lung cancer, and malignant melanoma [3–10]. In most cases,
changes in expression of surface markers, such as CD133, CD24, CD44, Sca1 have allowed
the identification of CIC. Also, the ability of some types of CIC to efflux the fluorescent dye
Hoechst 33342 has been instrumental to CIC isolation, although the potential toxicity of the
dye during fluorescence-based cell sorting has raised some concerns [11]. The tumorigenic
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potential of CIC is generally assessed in xenograft models [4,7,12] or, when available, in
syngeneic models [13,14], whose immune-competent microenvironment better mimics the
clinical situation. CIC are potential targets for the development of molecular and
pharmaceutical therapies to treat and prevent human cancer. The recent finding that targeting
of the stem cell-associated protein CD44 eradicates human AML CIC [15] demonstrates that
it is possible to target CIC by focusing on their stem cell properties rather than proliferation
per se. However, technical issues, including tumor cell dissociation and sorting, hinder the
process of isolating, expanding and analyzing CIC from human solid tumors [11].

Somatic stem cells in serum-free medium (SFM) form 3D-floating spheroid cell clusters,
named neurospheres, mammospheres, oligospheres, mesospheres and others; spheroid
structures with a stem cell-like phenotype have also been recently characterized from malignant
tissues and cancer cell lines, and are increasingly used to study stem cell-like behavior [7,10,
14,16]. Here, we report that spheroid-forming cells, derived from established glioblastoma,
mammary carcinoma and melanoma cell lines, display increased tumorigenicity, a gene
expression profile consistent with CIC, and can be instrumental to the identification of cancer
therapeutic targets.

MATERIALS AND METHODS
Cell culture

Murine GL-261 were cultured in Dulbecco’s modified essential medium; human U87Mg
glioblastoma; murine EMT6 and 4T1 mammary carcinomas; human MCF-7, MDA-MB-231,
and MA-11 breast carcinomas; murine B16 and human FEMX-1 melanomas were cultured in
RPMI-1640. For all the cell lines, medium was additioned with 10% fetal bovine serum. For
spheroid formation, cells were enzymatically detached and plated at clonal density (300–500/
cm2) in serum-free medium (SFM), consisting of Neurobasal-A medium (for GL-261, GL-261/
DsRed2, U87Mg, and U87Mg/DsRed2) or D-MEM/F12 low osmolality medium for all the
other cell lines (both from Gibco, Grand Island, NY) in the presence of B-27 supplement
(Gibco, Grand Island, NY) and growth factors (1000 I.U./ml LIF for GL-261 and GL-261/
DsRed2-cl.1, LIF + 10 ng/ml bFGF and 20 ng/ml EGF for U87Mg, U87Mg/DS-Red2-cl.1,
MA-11, FEMX-1 and FEMX-1/eGFP-cl.1, bFGF and EGF for the others); in contrast to
spheroid cultures derived from untransformed neural stem cells, the growth rate for all spheroid
cultures derived from cancer cell lines was constant for over 6 months.

Retroviral Vectors
pSF91-eGFP and pSF91-DsRed2 have a FMEV backbone [17]. To generate retroviral
producers, the Phoenix-gp packaging cell line was transfected by the calcium phosphate/
chloroquine method with the retroviral plasmid and a plasmid expressing the ecotropic or
GALV glycoprotein as previously described [17]. In all the experiments, a MOI of 0.3 to 2
was used, to limit the expected integration frequency per cell to one or two. After transduction,
the most fluorescent cells were sorted by flow cytometry, expanded in vitro, and cloned by
limiting dilution. The growth rate and morphology of the clones selected were indistinguishable
from those of their respective parental cell lines.

Immunocytochemistry and flow cytometric analysis
For immunocytochemistry, cells were plated onto poly-L-lysine coated chamber slides, fixed
in 4% paraformaldehyde, washed with PBS, permeabilized in 0.2% NP-40 and blocked with
goat serum. The primary antibodies were obtained from Chemicon (Hofheim, Germany).

To analyze tumor cells ex-vivo without interference from normal contaminating cells, we
employed the supravital DNA stain Hoechst 33342. All tumor cells investigated in the present
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study have an hyperdiploid DNA content, which allows to exclude the diploid normal cell
population of the host from the analysis. Hoechst 33342 (Calbiochem, La Jolla, CA) was
prepared by dissolving into distilled water at a concentration of 1 mg/ml, sterilized by 0.22
μM filtration, and stored at 4°C. After mechanical dissociation of the excised tumors and
passage through a 70-μm filter, cells were subsequently stained with 5 μg/ml Hoechst 33342,
and with fluorescently conjugated monoclonal antibodies. Cells were analyzed using a 3-laser
FACSVantage. 5 min before analysis, 5 μg/ml 7-AAD was added to each sample to exclude
non-viable cells (7-AAD-positive).

After sterile sorting of cell sub-populations labeled with fluorescent antibodies, an aliquot of
cells was routinely re-analyzed by flow cytometry to check for purity.

To compare the level of c-kit expression in GL-261 in vitro and ex-vivo, antibody
concentration, cell concentration and flow cytometric parameters were maintained constant.

Drug Sensitivity Assay
The drug sensitivity patterns of GL-261/adh and GL-261/sph were determined using the MTS/
PMS microtiter plate assay, as previously described [18]. To avoid bias related to the different
culture medium employed for GL-261/adh and GL-261/sph, both cell populations were plated
in serum-additioned medium for the duration of the cytotoxicity experiment.

Gene Expression Profiling
CodeLink Mouse Whole Genome Bioarray (Amersham Biosciences, Chandler, AZ) was used
to generate gene expression profiles. A pool of 4 different cell preparations was used to extract
RNA. To avoid bias related to the different culture medium employed for GL-261/adh and
GL-261/sph, both cell populations were plated in serum-additioned medium for 24h before
harvesting.

Total mRNAs were isolated using Trizol Reagent (Invitrogen, CA). cRNA synthesis was
performed as per manufacturer’s instructions. The fragmented cRNA was hybridized overnight
at 37 °C in a shaking incubator at 300 rpm. After washings, and incubation with Cy5-
streptavidin at room temperature for 30 minutes in the dark, arrays were washed, dried by
centrifugation and kept in the dark until scanning. Images were captured on a GenePix 4200A
scanner (Axon Instrument). The resulting image was quantified and the intensity of each spot
divided by the median spot intensity to provide a scaled and comparable number across multiple
arrays. After dot grid and QC, Codelink software generated export files for analysis by
Genespring software, version 7.2. Normalization was applied in two steps: (a) “per chip
normalization” in which each measurement was divided by the 50th percentile of all
measurements in its array; and (b) “per gene normalization” in which all the samples were
normalized against the specific samples (controls). Then data were filtered by flags with 4-fold
cut-off. The expression profiles of the different groups were compared using one-way ANOVA
with cut-off p<0.05. Of the total 35,290 genes present in the array, 10,371 were found
expressed. We identified 266 significantly modulated genes (4-fold cut-off), with at least some
annotated function. The down-regulated genes dominated, constituting 78 % of the modulated
genes.

Real-time PCR
To verify microarray data, TaqMan real-time PCR was performed for the selected genes,
according to standard techniques. Gene expression relative to the endogenous control gene
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was calculated as 2−ΔΔCt, where
ΔΔCt = ΔCt (GL261/sph) − ΔCt (GL261/adh). The ΔCt values of GL-261/sph and the calibrator
sample (GL261/adh) were determined by subtracting the average Ct value of the analyzed gene
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from the average Ct value of the endogenous control gene GAPDH for each sample. The
expression level of the analysed gene in the calibrator sample is equal 1. Relative quantification
values RQ=2−ΔΔCt were plotted as a mean ± sd from three real-time PCR runs performed in
duplicate.

Tumor implantation
Animal studies were done under a protocol approved by the Institutional Animal Care and Use
Committee. To establish i.c. tumors, GL-261 cells in 2 μL of medium were implanted
stereotactically using a head frame (David Kopf Instruments, Tujunga, CA) in the brains of 6-
to 8-week-old female C57BL/6 mice at the following coordinates: 1 mm anterior to the bregma,
2 mm lateral to the midline to a depth of 2 mm from the brain surface. After euthanasia, brains
were removed and placed in cold 4% paraformaldehyde overnight, then sliced into 2 mm
coronal sections prior to processing and embedding in paraffin. The tumors derived from Ds-
Red2-tagged GL261 clones showed areas of necrosis, vascularity, nuclear pleomorphism, and
mitotic figures, all features indistinguishable from the histopathology of parental GL-261
tumors as well as of human glioblastomas. For s.c. injection, cells were resuspended in 100
μl PBS, and injected into the right flank of the animals. 4T1/Ds-Red2, EMT6/Ds-Red2,
GL-261/Ds-Red2 and FEMX-1/eGFP were all capable of growing in syngeneic mice with
growth rates similar to the parental cell lines.

RESULTS
Cancer cell lines and clones contain a minor fraction of spheroid-forming cells

Upon 5 to 7-days culture in SFM, five human and four murine cancer cell lines, namely GL-261,
U87Mg glioblastomas; EMT6, 4T1, MCF-7, MDA-MB-231, MA-11 mammary carcinomas;
and B16 and FEMX-1 melanomas, formed non-adherent spheroids (Fig. 1A). Optimal growth
as spheroids required leukemia inhibitory factor (LIF) and/or epidermal growth factor (EGF)
plus basic fibroblast growth factor (bFGF) (Fig. 1B). LIF alone was more effective than EGF
plus bFGF on GL-261 cells (Fig. 1B). The combination of LIF, EGF and bFGF was less
effective than LIF alone, while stem cell factor alone was not able to support GL-261 growth
as spheroids (Fig. 1B). For U87Mg, FEMX-1 and MA-11, optimal growth as spheroids in SFM
was achieved in the presence of a combination of EGF, bFGF and LIF (Fig. 1B and data not
shown), while optimal growth of EMT6, 4T1, MCF-7, MDA-MB-231 and B-16 in SFM was
obtained in the presence of EGF and bFGF (not shown).

We then transduced GL-261, U87Mg and 4T1 cells with a Ds-Red2-expressing retroviral
vector, and MCF-7 and FEMX-1 with an eGFP-expressing retroviral vector. Single-cell clones
were isolated from each transduced cell culture by limiting dilution and expanded in vitro.
After growth in SFM for 5–7 days, all clones formed spheroids, with efficiency analogous to
those of their parental cell lines; the percentage of spheroid-forming cells for the different cell
lines and their fluorescent clones ranged from 0.2 to 3.5% (Fig. 1A). After dissociation of
spheroids and plating at clonal density in SFM, the percentage of spheroid-forming cells
increased for all cell lines. Thus, for GL-261, 9.6% ± 0.76 of total cells (mean ± sd) formed
secondary neurospheres. Subsequently, the spheroid-forming efficiency remained constant for
at least three months. To further establish the stem cell model, we measured the colony-forming
efficiency of these cell lines in serum-containing medium. In all cases, colony efficiency was
much higher than spheroid-forming efficiency. We reasoned that if most of the colonies formed
in serum were not derived from a “stem cell”, they should not be capable of forming sph
colonies. In fact, after dissociation of the colonies grown in serum-supplemented medium into
single cells and plating in SFM, the spheroid-forming efficiency was similar to that of the mass
culture for each cell respective line; table 1 illustrates the results for a representative experiment
for U87Mg, MA-11 and FEMX-1 cells. After 5 days of culture in SFM, the adherent cell
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fraction (adh) and the non-adherent spheroid fraction (sph) of each of the 9 cancer cell lines
were respectively detached or dissociated, and separately plated in standard serum-additioned
medium for 5 additional days. All cultures resumed exponential growth. However, when re-
plated in SFM, only the sph fractions reformed spheroids. The results of a representative
experiment on MCF-7/eGFP cells are shown in Fig. 2A.

Spheroid-forming cells express stem cell-associated surface markers
We found a differential expression of some surface markers associated with the stem cell
phenotype in GL-261, U87Mg, 4T1, and MA-11 cultured in SFM as spheroids vs. adherent
cultures. Immunocytochemistry revealed a significant increase (Student’s t test, p<0.05) in the
percentage of GL-261 cells expressing the neural stem cell-associated markers, nestin and
A2B5, in spheroid cultures. Thus, nestin-positive cells increased from 19.3 ± 0.7 (SD) to 65.7
± 16.2 (SD) and A2B5 increased from 38.9 ± 7.8 (SD) to 82.1 ± 12 (SD). No expression of the
oligodendrocyte precursor marker, O4 was detected in any of the two cell types (not shown).
The percentage of CD24− cells increased from 13.7 ± 2.5 (SD) to 87.9 ± 10 (SD) after culture
of MA-11 in SFM for 7 days (Fig. 2B). Since 100% of MA-11 cells express CD44 (not shown),
our data are in agreement with the recent identification of a CD44+CD24− breast CIC
population [4]. Analogously, the percentage of CD44+CD24− cells increased from 73.9 ± 7
(SD) for U87Mg/adh to 98.7 ± 7 (SD) for U87Mg/sph. The percentage of cells expressing
Sca1, a marker of mouse hematopoietic stem cells [19], was higher in 4T1/sph and in cells
dissociated from s.c. tumors than in 4T1/adh; upon re-growth in adherent culture, the
percentage of Sca1+ cells decreased (Fig. 2C).

To exclude that the heterogeneous expression of surface markers was due to the presence of
multiple sub-populations in the cancer cell lines, we: (i) analyzed the expression of CD44 and
CD24 in the clonal cell line U87Mg/Ds-Red-cl.1, and (ii) sorted by flow cytometry single Sca1-
positive 4T1 cells based on their fluorescence and expanded them in culture. We found that (i)
similarly to what found in parental U87Mg cells, the percentage of CD44+CD24− cells
increased from 72 ± 6 (SD) for U87Mg/Ds-Red-cl.1/adh to 96.9 ± 5 (SD) for U87Mg/Ds-Red-
cl.1/sph; (ii) after in vitro expansion, the clonal cell lines derived from Sca1-positive 4T1 cells
had a heterogeneous expression of Sca1, including many Sca1-negative cells (Fig. 2C).

Gene expression profiling of GL-261 spheroid-forming cells
To confirm that growth as spheroids resulted in selection of CIC, we searched for differential
expression of genes associated with the stem cell phenotype in GL-261/sph and GL-261/adh.
The global gene expression analysis of each sample was performed on a single microarray slide
each with pooled quadruplicate samples, followed for representative genes by three real-time
RT-PCR runs performed in duplicate. By whole genome microarray profiling, we found that
only 56 genes with at least some annotated function were up-regulated in GL-261/sph
(Supplementary Table 1). Among these was the c-kit gene, coding for the stem cell factor
receptor. Up-regulation of c-kit in GL-261/sph was confirmed by flow cytometric analysis and
real-time PCR (Fig. 3 and Suppl. Fig. 1). By simultaneous staining with the supravital DNA
stain Hoechst 33342 and a c-kit antibody, we observed that the increase in c-kit expression was
independent of the position of the tumor cells in the cell cycle (Fig. 3). Thus, c-kit was expressed
in 72, 75 and 78% of GL-261/sph cells in G0/G1, S and G2M phase of the cell cycle vs. 11,
19 and 27% of GL-261/adh. We then analyzed c-kit expression in GL-261 cells dissociated
from brain tumors of mice that had been implanted orthotopically with GL-261/adh or GL-261/
sph. Based on the hyperdiploid DNA content of GL-261 cells, we removed all normal brain
cells from the analysis. We observed that most cells from both GL-261/adh and GL-261/sph
tumors expressed c-kit, at levels comparable with those of GL-261/sph cultured in vitro. Also
for the ex-vivo cells, the expression of c-kit was independent of the position of the tumor cells
in the cell cycle. Thus, c-kit was expressed in 93.9, 94.3 and 96.1% of ex-vivo GL-261/sph
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cells in G0/G1, S and G2M phase of the cell cycle vs. 80.5, 81 and 85.3% of ex-vivo GL-261/
adh. Additional oncogenes and stem cell-associated genes were found up-regulated, such as
nabc1 and brca1, reportedly expressed in NSC [20, 21], trps-1 [22], three members of the
ras oncogene family, enpp2, coding for autotaxin, a protein that reportedly contributes to
glioblastoma cell motility and invasiveness [23], sema3c, implicated in tumorigenesis and
tumor progression [24], the protein tyrosine phosphatase, receptor type, S (ptprs) gene, which
is associated with neural stem cells [25], and the microtubule-associated protein tau (mapt), a
marker of paclitaxel sensitivity [26]. Among the down-regulated genes was numb, implicated
in the asymmetric division of stem cells, whose absence results in a rapid amplification of the
stem cell pool, timp3, whose expression is inversely correlated with an aggressive cancer
phenotype [27], socs2, reportedly not expressed in NSC [28], and the ephrin receptor ephA2,
implicated in the differentiation of NSC [29]. Up- or down-regulation of several of these genes
was confirmed by real-time PCR (Suppl. Fig. 1).

Increased tumorigenic potential of spheroid-forming cells
We then compared the tumorigenic potential of GL-261/sph and GL-261/Ds-red2-clone1/sph
with their respective adherent counterparts by orthotopic implantation of various cell inocula
(Fig. 4). The intracerebral growth rate of 103 enzymatically dissociated GL-261/sph or GL-261/
DsRed2/sph was comparable with the growth rate of 105 GL-261/adh. Immunostaining and
morphometric quantification for the vascular marker CD31 revealed that both GL-261/sph-
and GL-261/adh-derived tumors had a high microvessel density, with 26.8 ± 4.5 (SD) and 31.1
± 5.6 (SD) microvessels/mm2, respectively (Student’s t test, not significant). Hematoxylin-
eosin stained sections of brain tumors derived from adherent or spheroid GL-261 cultures
showed highly infiltrating GL-261/sph tumors, compared with the more circumscribed tumors
derived from GL-261/adh (Fig. 4A). Also U87Mg and FEMX-1 grown in SFM acquired
increased tumorigenic potential compared with U87Mg/adh and FEMX-1/adh, respectively.
Thus, the orthotopic implantation of 104 U87Mg/sph or 105 U87Mg/adh resulted after 20 days
in a comparable intracerebral growth rate, while no tumor growth was observed after
implantation of 104 U87Mg/adh cells (Fig. 4B). Increased tumorigenicity for cells grown as
spheroids was also observed for human FEMX-1 melanoma and MA-11 breast carcinoma cells.
For both cell lines, after s.c. implant, the percentage of mice that developed a subcutaneous
tumor >500 mm3 was greater for cells grown as spheroid cultures (Fig. 4B).

Spheroid-forming cells display an altered pattern of drug sensitivity
We then investigated whether the different gene expression profile resulted in a different
pattern of chemosensitivity, as measured by an MTS/PMS microtiter plate assay after
continuous exposure to the investigational drugs for 72h. Cells were exposed to the
investigational drugs for 72 h. Consistent with Mapt overexpression, GL-261/sph cells showed
a decrease in sensitivity to paclitaxel toxicity compared with GL-261/adh (Fig. 5e). The
decreased sensitivity of GL-261/sph to paclitaxel was then confirmed by a clonogenic assay
(Fig. 6). Contrary to what frequently reported for CIC, no over-expression of ABC transporters,
including ABCG2, was detected in GL-261/sph (Suppl. Fig. 1 and Suppl. Table 1). Also, no
side population (SP) was detected by flow cytometric analyses of Hoechst 33432-stained cells
(not shown). Consistent with these findings, GL-261/sph did not display a multidrug resistance
phenotype; rather, increased sensitivity to etoposide, melphalan and chlorambucil, and no
change in sensitivity to the cytotoxic activity of doxorubicin (Fig. 5a–d). Fig. 5f shows that,
presumably due to c-kit overexpression, GL-261/sph were less sensitive than GL-261/adh to
imatinib mesylate (imatinib), a tyrosine kinase inhibitor in current clinical use [30–32]. No
difference in sensitivity to imatinib was observed between U87Mg/adh and U87Mg/sph, which
have a similar expression level of c-kit (not shown). Since imatinib does not penetrate the
blood-brain barrier effectively [33], to assess the antitumor effect of imatinib in vivo, we
implanted GL-261/adh and GL-261/sph s.c. instead of orthotopically. Imatinib was delivered
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intraperitoneally once a day for 14 days at a dose of 50 mg/Kg. Consistent with the observation
that c-kit expression is similar in tumors derived from GL-261/adh and GL-261/sph, we found
that treatment with imatinib resulted in a similar growth delay on both tumors derived from
GL-261/adh and from GL-261/sph (Fig. 5g).

DISCUSSION
In the present paper, we provide evidence that after years of passaging under differentiating
conditions, a fraction of each of nine tumor cell lines presents at least some of the original CIC
properties. Our model of short-term selection and propagation of CIC as spheroid cultures in
SFM from established cancer cell lines, coupled with gene expression profiling, represents a
suitable tool to study and therapeutically target CIC: the notion of which genes have been
down-regulated during growth under differentiating conditions may help find CIC-associated
therapeutic targets. There are two possible interpretations of our results: (i) a complex
phenomenon of “dedifferentiation” is stochastically triggered by a change in culture conditions,
i.e. growth as spheroids in SFM in the presence of specific growth factors; this
“dedifferentiation” process consists of activation of selected pathways and oncogenes and
down-regulation of others, and results in ability to grow as non-adherent spheroids and
increased tumorigenicity; (ii) the change in culture conditions selects a minor fraction of CIC,
normally present in each cancer cell line. Our finding that the adherent cell fraction of cancer
cell lines cultured under stem cell-like conditions is permanently unable to form spheroids in
SFM strongly supports the second interpretation.

Interestingly, also from single retrovirally marked clones, it was possible to isolate cells able
to grow as non-adherent spheroids in SFM and associated with increased tumorigenicity,
suggesting that even a clonal tumor cell population is heterogeneous, with cells arrested at
various stages of differentiation; presumably, only the least differentiated cells, or CIC, are
then able to grow as non-adherent spheroids in vitro and give rise to tumors when transplanted
in vivo.

The growth factor requirement for optimal growth as spheroids in SFM was different among
the various cancer cell lines. LIF, known to maintain primitive mouse embryonic stem cells in
an undifferentiated state [34], and to prevent senescence of human neural stem cells [35], was
critical for spheroidal growth of several cell lines, including GL-261. It is intriguing that
interleukin-6 and -11, and cardiotrophin-1, that have in common with LIF the gp130 receptor
chain [36], were also able to promote GL-261 spheroidal growth. Although in our study in the
presence of LIF and/or EGF and bFGF, the various tumor cell lines formed spheroids, displayed
a gene expression profile consistent with CIC, and, in the case of GL-261, U87Mg, FEMX-1,
and MA-11 increased tumorigenicity, the growth factor combinations employed were
optimized for maximal spheroid formation, not maximal tumorigenicity. As all tumor cell lines
employed in the present study are capable of forming tumors in syngeneic or immunodeficient
mice, it will be possible to search for the growth factor combinations required for maximal
tumorigenicity of each individual tumor cell line.

The isolation and expansion of CIC from human solid tumors to identify selectively expressed
genes or pathways is an extremely difficult task [11]. Besides, it is conceivable that the process
of isolation from the tumor stroma, sorting of the CIC population and their subsequent in
vitro expansion result in profound changes in their expression profile. In the present study, we
observed under spheroid culture an increased expression of genes which are well recognized
potential targets of cancer therapy, such as c-kit [30] and CD44 [15], or genes associated with
chemotherapy resistance, such as MAPT, as well as of many stem cell-associated genes, which
are potential candidates as cancer therapy targets. c-kit is reportedly the most important marker
of undifferentiated embryonic stem cells [37], and its gain-of-function mutations are associated
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with several human neoplasms. Overexpression of c-kit in GL-261 spheroids was also reported
in a recent study, that employed EGF and b-FGF instead of LIF to sustain serum-free growth
[14]. Imatinib binds to an inactive conformation of c-kit, and competes with ATP for binding.
Thus, imatinib resistance of GL-261/sph is presumably due to the increased expression of c-
kit. It is conceivable that, as observed in vitro, also in vivo higher concentrations of imatinib
or more potent inhibitors of c-kit would result in a greater antitumor activity than the modest
effect observed in our experiments. However, imatinib displayed an equal antitumor potency
in vivo on GL-261/sph and GL-261/adh tumors. We attribute this lack of differential effect to
the equally high level of c-kit expression observed in both types of tumors. Our finding that
GL-261/sph tumors have the same level of c-kit expression as GL-261/adh also suggests that
c-kit expression is not associated with the infiltrative capacity. It should be stressed that c-kit
is not uniquely associated with the CIC phenotype. In fact, for all the cell lines analyzed, the
percentage of functionally-defined CIC within the bulk cell line population was in the range
of approximately 0.2–3.5 percent (Figure 1A), while the fraction of cells that expressed stem
cell-associated markers like c-kit (Figure 3) was over 50%.

The following observations exclude the possibility that our findings derive from an artificial
in vitro phenomenon: (a) GL-261/sph and GL-261/Ds-red2-clone1/sph displayed a similar
increase in tumorigenic potential. This finding excludes that the difference in tumorigenicity
might be due to heterogeneity of the cancer cell line, for accumulations of mutations in long-
term culture; (b) changes in expression profile and tumorigenic capacity normally occurred
after a short time in culture (5–7 days); (c) before in vivo implantation, the spheroids were
enzymatically dissociated into single cells; thus, the increased tumorigenicity of GL-261,
U87Mg, FEMX-1, and MA-11 in SFM can not be attributed to their 3-D structure, but rather
to their intrinsic cell properties; (d) the in vitro growth conditions and manipulations utilized
in the present study for tumor spheroids are similar to those used for somatic stem cells in
clinical protocols.

The clinical relevance of our findings is supported by the following observations: (a) In our
study, we have found that human and murine spheroid-forming cells are very similar in their
frequency and in their tumorigenic capacity; (b) GL-261, as well as most of the tumor cell lines
employed in the present study, form tumors in vivo which are infiltrating and vascularized,
and resemble human primary cancers; (c) formation of spheroids in serum-free medium by
CIC isolated from patient’s glioblastomas [7], medulloblastomas [10], and breast carcinomas
[16,38] have recently been reported; (d) recent data demonstrate that CD44 can be effectively
targeted by monoclonal antibodies in leukemic CIC [15].

Our data, together with the recent finding that GL-261 spheroids are better immunogens than
the parental cell line for brain cancer immunotherapy [14], suggest that growth of cancer cell
lines as spheroid-forming CIC can be efficiently used to investigate the antitumor effects of
different therapeutic modalities, including chemotherapy, immunotherapy, gene therapy,
radiotherapy, and anti-angiogenic therapy, and to develop drug screening strategies to
selectively target CIC.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Growth of cancer cell lines and fluorescent clones as spheroids in serum-free medium
(SFM)
A. Left panel: Phase contrast and fluorescence micrographs of spheroids after 7 day-culture of
cancer cells in SFM. GL-261, EMT6, 4T1 and FEMX-1 cancer cell lines were transduced with
SF91/DsRed2 or SF91/eGFP retroviral vectors and cloned by limiting dilution before being
cultured in SFM. Micrographs were obtained with a Zeiss Axiovert 200 M microscope and
Axiovision software (10x objective for 4T1/Ds-red2 and FEMX-1/eGFP, 40X objective for
EMT6 and B16; 20x objective for all the others); right panel: Percentage of spheroid-forming
cells in cancer cell lines and their fluorescent clones. B. The effect of various growth factors
on the formation of spheroids by GL-261, U87Mg and FEMX-1 cells. LIF, leukemia inhibitory
factor; IL-6, interleukin 6; IL-11, interleukin 11; CT-1, cardiotrophin 1; SCF, stem cell factor;
EGF, epidermal growth factor; bFGF, basic fibroblast growth factor. Results were reproduced
in at least three independent experiments. Results from typical experiments performed in
triplicate are shown; bars, SD.
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Figure 2. Characteristics of spheroid-forming cells
A. After 5 days of culture in SFM, the adherent cell fraction and the dissociated spheroids of
MCF-7/eGFP cells were separately plated in standard serum-additioned medium for 5
additional days. Both cultures resumed exponential growth. However, when re-plated in SFM,
the sph fraction (right panel), but not the adh fraction (left panel) re-formed spheroids (100X
magnification); B. CD24-positivity by flow cytometry of human MA-11 cells grown in serum-
supplemented medium (MA-11/adh) or in serum-free medium (MA-11/sph); P2, gate for CD24
+ cells; A.U., arbitrary units; 10,000 events were analyzed for each sample; C. Left panel:
Sca1-positivity by flow cytometry of 4T1/adh, 4T1/sph and 4T1 cells from s.c. tumors
immediately after enzymatic dissociation of the cells (4T1/in vivo) or ex-vivo culture for one
week (4T1/ex-vivo). Results were reproduced in at least three independent experiments.
Results from a typical experiment performed in triplicate are shown; bars, SD; right panel:
Sca1-FITC-positive 4T1 cells were single-cell sorted and cloned. The clones were expanded
in culture and analyzed ten days later by immunofluorescence. The resulting clones had a
heterogeneous expression of Sca1 (magnification, 200X).
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Figure 3. Flow cytometric analysis of c-kit in the different phases of the cell cycle of GL-261/adh,
GL-261/sph and of ex-vivo GL-261, dissociated from brain tumors of mice derived from GL-261/
adh or GL-261/sph cells
The supravital DNA stain Hoechst 33342 was employed for cell cycle analysis and to
distinguish normal diploid brain cells from hyperdiploid GL-261 cells. P3–P5 and P6–P8
represent gates for c-kit-positive cells and c-kit-negative cells, respectively, compared with
their isotypic control. P3 and P6, cells in G0/G1; P4 and P7, cells in S; P5 and P8, cells in G2-
M phases of the cell cycle. N, normal brain cells.
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Figure 4. In vivo studies
(A) Representative H&E-stained sections of brain tumors derived from orthotopic implantation
of GL-261 glioma cells in adherence (right panels) or as spheroids in serum-free medium (left
panels). Arrows, areas of tumor infiltration into the brain parenchyma. (B) In vivo growth of
GL-261, U87Mg, FEMX-1 and MA-11 cells in adherence (adh) or as spheroids (sph). GL-261
and U87Mg cells were orthotopically implanted into C57Bl/6 and nu/nu mice, respectively;
the percentage of mice (6/cohort) developing an intracranial tumor > 1mm3 after 20 days was
calculated. Human FEMX-1 melanoma and MA-11 breast carcinoma cells were implanted s.c.
into the right flank of nu/nu mice; the percentage of mice (6/cohort) developing a tumor > 500
mm3 after 30 days (FEMX-1) and 70 days (MA-11) was calculated.
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Figure 5. Differential sensitivity of GL-261 grown in adherence (○) or as spheroids (□) to the
cytotoxic activity of anticancer compounds in vitro and in vivo
A–F: After 3 days of continuous exposure, the sensitivity of cells to the various drugs was
measured by the MTS/PMS assay and expressed as a percent of the absorbance value of cells
treated with the solvent alone (ranging from 1.0 to 1.5 ΔA490nm). Results were reproduced in
at least three independent experiments. Results from a typical experiment performed in
triplicate are shown; bars, SD (shown only when they are larger than the points). *, p<0.05,
significant difference from control. G: Subcutaneous tumor growth under imatinib therapy in
GL-261/adh (left panel) and GL-261/sph (right panel) tumor-bearing mice. Mice (6/group)
were treated i.p. once a day for 14 days. Treatment was initiated when the tumors reached a
size of approximately 25 mm3. (□), PBS control; (○) 50 mg/Kg imatinib. *, P<0.05,
significantly different compared with the control group.
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Figure 6. Clonogenic assay for GL-261 cells grown in adherence (○) or as spheroids (□) exposed to
the cytotoxic activity of taxol
After 7 days of continuous exposure, the sensitivity of cells to taxol was measured by a
clonogenic assay and expressed as a percent of cells treated with the solvent alone. Points
represent the mean of three experiments performed in duplicate; bars, SE (shown only when
they are larger than the points). *, p<0.05, significant difference from control.
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Table 1
Cells were plated in serum-supplemented medium at clonal density (100/cm2), and their clonogenic (plating) efficiency
determined by counting the number of colonies containing more than 50 cells after 7 days of culture. The adherent
colonies (adh) were then dissociated by trypsin-EDTA, and plated in serum-free medium. Sphere formation was
quantitated after 7 days. Data are the mean ± SD of three separate experiments.

Cell line Plating efficiency Sphere formation from adh colonies

U87MG 19.0 ± 0.5 2.5 ± 1

MA-11 32.6 ± 4.5 0.4 ± 0.2

FEMX-1 56.3 ± 9.9 3.2 ± 1.1
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