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Abstract

Objectives: Cancer stem cells (CSCs) compose a
subpopulation of cells within a tumour that can
self-renew and proliferate. Growth factors such as
epidermal growth factor (EGF) and basic fibroblast
growth factor (b-FGF) promote cancer stem cell
proliferation in many solid tumours. This study
assesses whether EGF, bFGF and IGF signalling
pathways are essential for colon CSC proliferation
and self-renewal.

Material and methods: Colon CSCs were cultured in
serum-free medium (SFM) with one of the following
growth factors: EGF, bFGF or IGF. Characteristics of
CSC gene expression were evaluated by real time
PCR. Tumourigenicity of CSCs was determined using
a xenograft model in vivo. Effects of EGF receptor
inhibitors, Gefitinib and PD153035, on CSC
proliferation, apoptosis and signalling were evaluated
using fluorescence-activated cell sorting and western
blotting.

Results: Colon cancer cell HCT116 transformed to
CSCs in SFM. Compared to other growth factors,
EGF was essential to support proliferation of CSCs
that expressed higher levels of progenitor genes (Mus-
ashi-1, LGR5) and lower levels of differential genes
(CK20). CSCs promoted more rapid tumour growth
than regular cancer cells in xenografts. EGFR inhibi-
tors suppressed proliferation and induced apoptosis of
CSCs by inhibiting autophosphorylation of EGFR and
downstream signalling proteins, such as Akt kinase,
extracellular signal-regulated kinase 1/2 (ERK 1/2).
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Conclusions: This study indicates that EGF signalling
was essential for formation and maintenance of colon
CSCs. Inhibition of the EGF signalling pathway may
provide a useful strategy for treatment of colon cancer.

Introduction

Despite overall reduced cancer incidence in men (of
1.3% per year from 2000 to 2006) and women (of 0.5%
per year from 1998 to 2006), colorectal cancer remains
the second leading cause of cancer death among men
ages 40-79 years (1). Although most newly diagnosed
colorectal cancers compose a resectable localized
disease, many patients die from advanced metastatic or
recurrent disease within 5 years, with limited effective-
ness of surgery and adjuvant chemotherapy. Colorectal
cancers are thought to originate from a group of stem
cells that have acquired a series of mutations leading to
aberrant activation of the Wnt/B-catenin pathway (2). In
contrast to the conventional stochastic model, a new
hierarchical tumour model indicates that a small fraction
of so called cancer stem cells (CSCs) [also referred to as
tumour-initiating cells (TICs)], are capable of initiating
and maintaining tumour growth. CSCs distinguish them-
selves from the other heterogeneous tumour cells by
their self-renewing capability, and perpetuate long-term
tumour growth by providing more differentiated cancer
cells (3). Meanwhile, there is increasing evidence to
suggest that CSCs are responsible for cancer metastasis
and therapy resistance. Most patients with metastatic dis-
ease relapse after chemotherapy, probably due to CSC
resistance to chemotherapeutic agents (4,5).

Proliferation and differentiation of normal intestinal
cells from stem/progenitor cells is modulated in a
specific microenvironment, termed ‘the stem-cell niche’
which provides self-renewing undifferentiated stem
cells (6). Presence of extracellular matrix (ECM),
cell-to-cell direct contact and humoural factors, are
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essential for the niche (7) to support stem cells in nor-
mal tissues as well as in cancer (8). Humoural factors,
including epidermal growth factor (EGF) and basic
fibroblast growth factor (b-FGF) are essential for activa-
tion of proliferation and to inhibit apoptosis of intestinal
stem/progenitor cells (9,10). EGF and b-FGF have rou-
tinely been used as supplements in serum-free medium
to culture CSCs of many solid tumours (11,12). How-
ever, there is little knowledge concerning the role of
EGF and b-FGF signalling in colon CSC formation and
proliferation. In this study, we have examined the role
of EGF and b-FGF, and their downstream signalling
pathways, on proliferation of colon CSCs.

Materials and methods

Cell culture and sphere formation assay

Adherent HCT116 colon cancer cells were dissociated
into single cell suspension, and then were cultured in
serum-free medium (SFM) consisting of DMEM/F12
(1:1) (Invitrogen, Carlsbad, CA, USA), 10% BSA, 2%
B27 supplement (Gibco, Grand Island, CA, USA),
20 ng/ml of EGF and b-FGF (PeproTech, Princeton, NJ,
USA) in ultralow attachment T25 slide flasks or dishes
(Greiner Bio-one, Frickenhausen, Germany). A quantity
of at least 1000 cells/ml was established for forming tu-
mourospheres/colonospheres (in vitro model of cancer
stem cells). In all experiments, cells were maintained at
37 °C in a humidified 5% CO, 95% air atmosphere.
Subsequently, primary tumourospheres were collected
by gentle centrifugation after 7-10 days and digested with
0.05% trypsin-EDTA, dissociated into single cell suspen-
sion, then transferred to 96-well polystyrene suspension
culture, F-bottom microplates (Greiner Bio-one, Fricken-
hausen, Germany) at 200 cells/well density, with 200 pl
SFM, containing 20 ng/ml of single growth factor (EGF,
b-FGF, or IGF) respectively for 7-10 days, until formation
of spheres. Sphere numbers of each well were calculated.

Real time PCR assay

Expression of progenitor and differentiation genes in
tumourospheres and the cell line was determined by real
time PCR. Adherent cells and suspension tumouro-
spheres were harvested, and total RNA was purified
with TRIzol reagent (Invitrogen). cDNA was synthe-
sized using oligo(dT) primer and amplified with Taq
DNA polymerase. Real time PCR was performed on an
ABI Prism 7900HT detection system (Applied Biosystems,
Foster City, CA, USA) using SYBR green primescript
RT-PCR kit (TaKaRa, Shiga, Japan), according to the
manufacturer’s instructions. Primers for targeted genes are
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listed in Table 1. Negative controls were performed without
cDNA in the reaction mixture. Results were normalized
against glyceraldehyde-3-phosphate dehydrogenase gene
expression. Relative quantification of target genes was
performed using a standard curve or comparative cycle
threshold (Cr) method.

Animal experimentation

Tumourigenicity was determined by injecting 2 x 10°
colon cancer cell line cells, and colon tumourospheres,
subcutaneously into 5-week-old nude mice (BALB/c, nu/
nu); cells dissociated from the colon cancer cell line or tu-
mourospheres were injected. Tumour growth was mea-
sured (width, length) on alternate days after diameter of
tumours reached 5 mm, and up to 18 days after injection.
Tumour size (mm>) was calculated using the formula:
length x width?/2. All mice were maintained in a patho-
gen-free, temperature and light-controlled facility at the
animal experiment centre of Fudan Medical University.
All animal experiments fulfilled the criteria for humane
treatment of laboratory animals, and were approved by
Shanghai Medical Center of Fudan University.

Cell proliferation, viability and apoptosis assay

HCT116 tumourospheres were digested and dissociated
into single cell suspension with SFM, which contained
10 ng/ml EGF only. Cells were plated in 96-well
polystyrene suspension culture microplates at 200 cells/
well in the SFM containing Gefitinib (Tocris Bioscience,
Bristol, UK) or PD153035 (Merck, Whitehouse Station,
NJ, USA), synthetic EGFR inhibitors at 0-20 pm for
72 h. Numbers of newly formed tumourospheres were
then counted.

To determine cell viability, cells were incubated with
MTT (3-(4,5-dimethylthiazol-e-yl)- 2,5-diphenyltetrazo-
liumbromide) at final concentration of 5 mg/ml for 4 h.
After MTT removal, 150 pl dimethyl sulphoxide (DMSO)
was added to each well, and absorbance was determined
at 570 nm wavelength, using a spectra microplate reader
(Beckman Coulter, Brea, CA, USA). Apoptosis assays

Table 1. Primers of target genes

Gene Primer sequence

LGR-5 F: CTCCCAGGTCTGGTGTGTTG

R: GTGAAGACGCTGAGGTTGGA

Musashi-1 F: GGACTCAGTTGGCAGACTACG
R: CTGGTCCATGAAAGTGACGAA
CK20 F: ATGGATTTCAGTCGCAGAAGC

R: CTCCCATAGTTCACCGTGTGT

Cell Proliferation, 45, 413-419



were performed using annexin V- FITC staining and con-
current incubation with propidium iodide (PI). Apoptotic
cells are annexin-V+/PI—. Data were collected using
FACS Aria (BD Biosciences, Franklin Lakes, NJ, USA)
equipment and analysed with Win MDI versions 2.9.

Western blot analysis

To analyze EGFR downstream signals, the inhibitor of
the ERK pathway, PD98059 (10 um; Merck) and inhibi-
tor for the phosphatidylinosito-l, 3-kinase(PI3K)/Akt
pathway, L1Y294002 (10 pMm; Beyotime, Shanghai,
China) were added to cell cultures as described above.
Tumourospheres were collected and washed in PBS
before lysis in RAPI buffer containing a cocktail of pro-
tease inhibitors. Whole protein extracts of tumouro-
spheres (15-30 pg protein/sample) were separated using
7.5-10% SDS-polyacrylamide gel electrophoresis
(PAGE) and transferred to nitrocellulose membranes
(Whatman, Kent, UK). Membranes were first blocked
with 5% non-fat dried milk for 1 h at room temperature,
then incubated overnight at 4 °C with antibodies against
EGFR, phospho-EGFR, Akt, phospho-Akt, ERK and
phosphor-ERK  (Cell Signaling Technology, Danvers,
MA) respectively. After extensive washing in TBS-T,
membranes were further incubated with horseradish per-
oxidase-conjugated anti-rabbit or anti-mouse secondary
antibodies (1:1000) for 1 h at room temperature. Detec-
tion was performed using enhanced chemiluminescence
reagent according the manufacturer’s protocol. Chemilu-
minescent signals were quantified by density measure-
ment using Image J software (NIH, USA).

Statistical analysis

Data are reported as means = SE of triplicate
experiments. Statistical analysis (analysis of variance)
was performed using spss 13.0 (IBM, NY, USA) and
P < 0.05 was considered statistically significant.

Results

EGF stimulated tumourosphere formation

HCT116 colon cancer cells grown in SFM formed
tumourospheres (Fig. 1a). Ttumourospheres can be
expanded for several months in this medium as described
previously in neural and breast cancer stem cells
(13, 14). We then investigated ability of different growth
factors (EGF, IGF and b-FGF) to stimulate colon cancer
cell tumourosphere formation in serum-free media. Only
EGF was able to stimulate more tumourosphere forma-
tion by HCT116 cells (Fig. 1b). Efficiency of sphere for-
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mation by EGF was dose-dependent up to 10 ng/ml
(Fig. 1c). These findings indicated that EGF signalling
promotes tumour sphere formation.

Gene expression and tumourigenicity
of the tumourospheres

To confirm that cells in a tumourosphere maintain
stem-cell characteristics, gene expression profile of the
progenitor genes Musashi-1 (15) and LGR5 (16,17), and
of the differentiation gene CK20 (18) were evaluated.
Expressions of LGRS and Musashi-1 were higher in
tumourospheres than in cell lines, while CK20
expression was lower (Fig. 2a), indicating that the
tumourospheres were indeed are aggregations of cancer
stem cells.

To determine whether tumourospheres were tumo-
urigenic, we injected 2 x 10° of either colon cancer
cell line or tumourosphere cells subcutaneously into
mice to evaluate their ability to form subcutaneous xe-
notransplanted tumours (Fig. 2b). Spheroid cells were
significantly more tumourigenic and formed larger and
faster growing tumours than did cell line cells. This
indicated that spheroid cells, representing cancer stem
cells, were more tumourigenic compared to cell line
cells.

EGFR inhibitor reduced colon CSC proliferation

To further evaluate the role of EGF signalling pathways
on CSC formation and proliferation, we applied EGFR
inhibitors (Gefitinib and PD153035) to CSC cultures.
Effects of EGFR inhibitors on cell viability and tumour-
osphere formation were measured, and were found to
reduced CSC viability (Fig. 3a) and tumourospheres
formation (Fig.3b,c) in a dose-dependent manner. IC50
of Gefitinib was in the region of 12.5 pm. At 15 pm,
Gefitinib and PDI153035  effectively  inhibited
tumourosphere formation (Fig. 3d).

Gefitinib-induced apoptosis

EGFR inhibitors not only inhibited tumourosphere
formation, but also greatly reduced tumourosphere number,
to levels even below those of the control group (Fig. 3b,c
and Fig. 1b,c). To further examine the mechanism by which
EGFR inhibitors inhibit colon CSCs, we examined CSC
survival by evaluating their apoptosis. We treated spheroid
cultures with Gefitinib, in a variety of concentrations from
1 to 15 pum, and determined the level of apoptosis after
72 h. Gefitinib caused significantly higher apoptosis of
colon CSCs, specially when at 15 pm concentration
(Fig. 4).

Cell Proliferation, 45, 413-419
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Figure 1. Tumorosphere formation in colon cancer. (a) Tumorosphere derived from HCT116 cell lines cultured in SFM condition (x200); (b)
Compared with other growth factors, EGF was more effective stimulating tumorosphere formation in HCT116; (c) Concentration-dependent effect
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Figure 2. The characteristics of colon
tumorosphere. (a) The expression of progen-
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Effects of Gefitinib on EGFR signalling pathways of
tumourospheres

To evaluate EGFR signalling pathways in colon CSCs,
we evaluated the ratios of EGFR/p-EGFR, ERK/p-ERK,
Akt/p-Akt by western Dblotting. Gefitinib inhibits
EGF-induced phosphorylation of EGFR and its
downstream signalling molecules (19), such as ERK1/2
and Akt, in a dose-dependent manner (Fig. 5a). A selective
inhibitor of the PI3K/Akt pathway (LY294002) and an
inhibitor of the ERK pathway (PD98509) also significantly
inhibited tumourosphere formation (Fig. 5b). These results
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ferentiation gene, CK20 as determined by
real-time PCR; (b) 2 x 10° cells from either
HCT116 cell line or tumorospheres were
injected i.p. into 5-week-old male nude mice.
Growth curves of xenograft tumors were
measured.

further support the notion that colon tumourosphere for-
mation is dependent on EGF signalling.

Discussion

The discovery that there are cancer stem cells in many
solid tumours, including colon cancer (20), demonstrates
the heterogeneity of cancer cells and has resulted in new
concepts for therapeutic approaches to cancer (21,22).
CSCs show pluripotential differentiation, self-renewal
and tumourigenic properties when transplanted into

Cell Proliferation, 45, 413419
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Figure 5. The effects of ERFR, ERK and PI3K inhibitors on the EGF signaling pathway. (a) The effects of gefitinib on EGFR, ERK1/2, and
Akt phosphorylation. Colon CSCs were incubated with different concentrations of gefitinib for 72 h. The total and phosphorylated EGFR, ERK1/2,
and Akt levels were determined by Western blot analysis; (b) Colon CSCs were cultured in the absence or presence of ERK inhibitor, PD98059
(10 um) and/or the PI3K inhibitor, LY294002 (10 pm). The number of formed spheres was determined. Mean + SE of three independant experi-
ments were graphed. There was a significant difference between the independent or combination LY294002 with PD98059 treatment versus the
control (in the absence of an inhibitor) P < 0.05, but the combination treatment was the most efficient in inhibiting sphere formation

immunodeficient mice (23). Therefore, colon CSCs are useful information for diagnostic and therapeutic
likely to be important for development, relapses and approaches. Recent studies show that CSCs derived from
metastasis of colon cancer. Moreover, they may provide colon cancer and cultured in SFM supplemented with

© 2012 Blackwell Publishing Ltd Cell Proliferation, 45, 413-419
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EGF and b-FGF are capable of tumour spheroid growth,
which was originally observed during isolation and
maintenance of neural stem cells. These tumourospheres,
enriched with tumour stem cells, more closely resemble
primary tumours in their phenotype and genotype than
cells of lines cultured in serum media (24). In the current
study, we generated human colonospheres that could be
maintained in SFM for several months. The spheroid for-
mation assay is typical for enrichment of cancer cells
with stem cell-like properties. In our study, we assessed
‘stemness’ of tumourospheres cultured by spheroid for-
mation assay; progenitor gene (Musashi-1, LGRS5), and
differentiation gene (CK20) expression were evaluated.
One key method to investigate ‘stemness’ of CSCs is the
capacity for tumourigenicity in SICD mice. Our results
demonstrated the stem-cell characteristics and tumourige-
nicity of colon CSCs, to prove their tumour-initiating
and growth potential.

Recently, studies have shown that growth factors
produced by a microenvironment can revert differenti-
ated cells to a more stem cell-like state (25). Many stud-
ies have suggested that the EGF signalling pathway
regulates intestinal epithelial cell and stem/progenitor
cell growth and differentiation (9,26). The EGF-EGFR
signalling pathway could provide critical function for
self-renewal of prostate cancer stem-like cells (27). In
many other solid tumours, EGFR plays critical roles in
maintenance, proliferation and self-renewal of cancer
stem cells (28,29). However, there is little knowledge
concerning the role of growth factors in mediating pro-
liferation and self-renewal of colon CSCs. In our study,
we examined the effect of growth factors in formation
and proliferation of colon CSCs. We have shown that
EGF signalling was necessary to promote formation and
self-renewal of colon CSCs, with EGF signalling being
crucial to maintaining both normal and malignant epithe-
lial cells. In normal intestinal epithelia, EGFR activation
drives cell cycle progression, supports migration and dif-
ferentiation, and inhibits apoptosis. In cancer cells,
EGFR activation is believed to promote cancer cell
growth, differentiation and survival (19). Following
EGFR activation, three major intracellular signalling
pathways are activated, including the Ras-ERK cascade
(30,31), PI3K/Akt kinase pathway (31) and STAT3-
dependent signalling events (19,32). In our current
study, EGFR inhibitor, Gefitinib, inhibited both ERK
and PI3K/Akt pathways and reduced colon CSC sur-
vival (Figs 4 and 5a). Independent inhibition of ERK
and PI3K/Akt (Fig. 5b) further illustrated importance of
these signalling pathways for maintenance of colon CSC
(19,33). Understanding the mechanisms of these signal-
ling pathways may open new approaches for diagnosis
and treatment of colon cancer.

© 2012 Blackwell Publishing Ltd

In summary, we have demonstrated that EGF
signalling, and less likely IGF and b-FGF, is important
to maintain colon CSC self-renewal and proliferation.
These results do not exclude that other signalling
pathways may also be essential to maintain CSCs.
Further studies of EGFR activation in relation to other
stem cell-related signalling molecules (e.g. Notch, Shh,
Oct3/4, and Wnt) will provide additional useful informa-
tion. It is also possible that CSCs reprogram and dedif-
ferentiate in vitro from a more differentiated cell type in
response to signal transduction cascade(s) (34). Further
studies, especially in vivo, are needed to better under-
stand colon CSCs biology, and also to evaluate
implications for diagnostic and therapeutic approaches
to colon cancer.
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