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The existence of cancer stem cells (CSCs) or stem-like cancer
cells (SLCCs) is regarded as the cause of tumor formation and
recurrence.However, theoriginof suchcells remains controversial
with twocompetinghypotheses:CSCsareeither transformed from
tissue adult stem cells or dedifferentiated from transformed pro-
genitor cells. Compelling evidence has determined the chromo-
somal aneuploidy to be one of the hallmarks of cancer cells, indi-
catinggenome instabilityplaysan important role in tumorigenesis,
for which CSCs are believed to be the initiator. To gain direct evi-
dence that genomic instability is involved in the induction of
SLCCs,weutilizedmultiple approaches to enhancegenomic insta-
bility and monitored the percentage of SLCC in cultured cancer
cells. Using side population (SP) cells as a marker for SLCC in
human nasopharyngeal carcinoma (NPC) and CD133 for human
neuroblastomacells,we foundthatDNAdamage inducers,UVand
mitomycinCwerecapableof increasingSPcells inNPCCNE-2and
neuroblastoma SKN-SH cells. Likewise, either overexpression of a
key regulator of cell cycle, Mad2, or knock down of Aurora B, an
important kinase in mitosis, or Cdh1, a key E3 ligase in cell cycle,
resulted in a significant increase of SP cells in CNE-2. More inter-
estingly, enrichment of SP cells was observed in recurrent tumor
tissues as compared with the primary tumor in the same NPC
patients. Our study thus suggested that, beside transformation of
tissue stem cells leading to CSC generation, genomic instability
could be another potential mechanism resulting in SLCC forma-
tion, especially at tumor recurrence stage.

Current evidence suggests that only a small fraction of cells
within a tumor are responsible for the initiation, growth, and
development of tumor pending on the animal model (1, 2), and
such cells have been designated to be “cancer stem cells”
(CSCs)4 (3, 4), or “stem-like cancer cells” (SLCCs) (2). Indeed,

such tumor-maintaining or -initiating stem cells have been iso-
lated from hematological malignancies (5, 6) and from a num-
ber of solid tumors, including breast (7), brain (8), prostate (9),
and colon cancer (10, 11). However, the origin of CSCs or
SLCCs has been little explored, although there are two contro-
versial hypotheses in the literature. One is that adult stem cells
in various tissues could be transformed into malignancies
through multiple steps, during which multiple genes are
involved in. Another one is that dedifferentiation of trans-
formedmalignant cells results in production of CSCs or SLCCs
(2). In fact, both hypotheses have been challenged to be firmly
supported by empirical evidence. Recent reports have demon-
strated that the pluripotent stem cells could be generated from
somatic cells by defined factors, including Oct4, Sox2, c-Myc,
Klf4, Nanog, and Lin28 (12–14), and that the cells with epithe-
lial-mesenchymal transition also have the characteristics of
stem cells (15, 16). Collectively, stem cells or stem-like cells,
including CSCs or SLCCs, may be inducible under certain cir-
cumstances, such as genetic or epigenetic alteration in somatic
cells.
Recently, a correlation between CSCs and genomic instabil-

ity has been suggested (17, 18). Cancer is considered to be a
genetic disease with multiple genetic mutations or epigenetic
changes, including chromosome deletion and amplification,
gene mutation and DNA hypermethylation, which may even-
tually cause genomic instability (19). Two critical physiological
mechanisms, DNA repair and apoptosis, play critical roles in
preventing such alternation and even cancer occurrence (19).
Subsequently, any particular tumor cells are highly heterogene-
ous. For instance, the number of chromosomes varies from 17
to 107, and the size of nuclei differs from 5 to 58 �m in naso-
pharyngeal carcinoma (NPC) cells (20). Cancer cells, therefore,
could be considered as a highly heterogenetic population at
both genomic and phenotype levels, whereas certain cells may
possess growth advantage over other cancer cells owing to their
specific genotypes and stronger survival capacity. Based on
these observations, we hypothesized that genomic instability
could be a potential mechanism for SLCC formation, especially
at the tumor recurrence stage after chemotherapy with geno-
toxic agents.
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EXPERIMENTAL PROCEDURES

Cell Culture and Clone Selection—A human NPC cell line
CNE-2 and a humanneuroblastoma cell line SKN-SH (from the
ATCC and stored in our laboratory) and their clones were
maintained in Dulbecco’s modified Eagle’s medium or RPMI
1640medium (Invitrogen) supplemented with 10% fetal bovine
serum, 100 units/ml penicillin G, and 100 �g/ml streptomycin
at 37 °C in 5% CO2. The individual clones derived from CNE-2
or SKN-SH cells were isolated from a single cell by limited dilu-
tion methods.
Flow Cytometry—The CNE-2 cells and its single clone were

harvested and resuspended at a concentration of 1 � 106 cells/
ml. TheDNAbinding dye,Hoechst 33342 (Sigma-Aldrich), was
then added to a final concentration of 5 �g/ml and incubated
for 90 min in the dark with interval mixing. After washed twice
with PBS, the cells were kept at 4 °C in the dark before flow
cytometry (EPICS ALTRA Flow Cytosorter, Beckman Coulter)
using dual-wavelength analysis. On the other hand, a subset of
the cells was incubated with 5 �M fumitremorgin C (FTC, a
specific inhibitor of ABCG2, Sigma-Aldrich) for 5 min at 37 °C
prior to adding Hoechst 33342 to determine whether this
would block the fluorescent efflux of SP cells in CNE-2. We
selected two single cell clones (SP) cells, CNE-2-S22 and CNE-
2-S26 (a kind gift from Dr. Chao-Nan Qian, China) (21), for
further experiments. Similarly, each clone from SKN-SH was
harvested and added with CD133-PE monoclonal antibody
(Miltenyi Biotec) at 4 °C in the dark before flow cytometric
analysis. We selected a single cell clone, SKN-SH-C8, for fur-
ther experiments.
UV Light and Mitomycin C Treatment—Before treatment

withUV light, themediumwas changed for PBS. The cells were
under UV light irradiation for 15 s, and then PBS was removed
and replaced with culture medium. After 24–48 h, the cells
were harvested for flow cytometry analysis. For mitomycin C
treatment, mitomycin C was added to the medium at the final
concentration of 2.5�g/ml for 24–48 h, and then the cells were
harvested for flow cytometry analysis and immunocytochemis-
try staining.
Transfection of Mad2, Aurora Kinase B, and Cdh1—The

plasmids of 6�Myc-Mad2 (a kind gift from Dr. Sasakawa,
Japan) (22) and HA-Aurora kinase B (a kind gift from Dr. Jun
Zhou, China) (23) were used previously as indicated. The plas-
mid of Myc-Cdh1 was constructed in our laboratory. Lipo-
fectamine 2000 (Invitrogen) was used for transfecting these
plasmids into CNE-2-S22 (forMad2 stable transfection) or S26
cells (forAurora B andCdh1 rescue experiment) as described in
the manufacturer’s protocol. After 24 h, the transfected CNE-
2-S22 cells were transferred into p100 dishes, and G418 (Cal-
biochem) was added at the final concentration of 600 �g/ml.
After selection for 2 weeks, multiple clones were picked up and
transferred into 24-well plates, and thenWestern blot was per-
formed to check the expression of exogenous genes in the stable
CNE-2-S22-Mad2 cell clone.
Suspension Culture and Colony Formation Assay—CNE-2-

S22 and CNE-2-S22-Mad2 cells were counted, plated in trip-
licate at 300 cells per well in ultra-low attachment 6-well
plates (Corning), and cultured with Dulbecco’s modified

Eagle’s medium/F-12 medium mixed with 20 ng/ml epider-
mal growth factor (R&D Systems), 20 ng/ml basic fibroblast
growth factor (R&D Systems), and B-27 supplement
(Invitrogen) for �2 weeks. The spheroids, also named naso-
spheres, were counted withmicroscope. The nasosphere for-
mation efficiency was the ratio of the nasosphere number to
the planted cell number.
For colony formation assays, CNE-2-S22 and CNE-2-S22-

Mad2 cells were counted and plated in triplicate at 100 cells per
well in 6-well plates, and cultured with Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal bovine serum for
�10 days. After most cell clones had expanded to �50 cells,
they were washed twice with PBS, fixed inmethanol for 15min,
and dyed with crystal violet for 15 min at room temperature.
After washing out the dye, we counted the colony number that
contained �50 cells and compared the results. The colony for-
mation efficiency was the radio of the colony number to the
planted cell number.
Spectral Karyotyping—Metaphase chromosome spreads

were prepared according to the methods reported (24). For
spectral karyotyping (SKY), the slide was treated with DNase-
free RNase solution (0.1 mg/ml) at 37 °C for 1 h, washed in 2 �
SSC (sodium chloride and sodium citrate) for 10 min at room
temperature, dehydrated in 70%, 85, and 95% ethanol at room
temperature for 2min, and air dried. Next, the slide was treated
with proteinase K (0.05 g/ml) at 37 °C, washed in 2 � SSC at
room temperature, fixed in 1% paraformaldehyde, and
washed in 2 � SSC at room temperature, for 10 min each,
followed by dehydration in ethanol as above. The slide was
placed in 70% formamide/2 � SSC at 70 °C for 4 min and
dehydrated in ethanol. Four microliters of SKY probe from
Applied Spectral Imaging (Migdal Ha’Emek, Israel) was
denatured at 80 °C for 7 min. The denatured probe was incu-
bated at 37 °C for 1 h. The timing was controlled such that
the incubated SKY probe was added onto the slide right after
the denatured slide was dehydrated. The probed slide was
incubated in a humidified chamber at 37 °C for over 36 h.
The procedures for detection followed the recommenda-
tions of Applied Spectral Imaging. SKY images were cap-
tured using the SkyVision Imaging System equipped with a
Zeiss Axioplan 2 fluorescence microscope. Karyotyping was
performed using the special software provided by Applied
Spectral Imaging (SKY View 2.0).
RNA Interference ofMad2, Aurora B Kinase, and Cdh1—The

siRNA targeting Mad2 (5�-AAGAGUCGGGACCACAGU-
UUA-3�) (25), Aurora B (ON-TARGETplus SMARTpool, Dhar-
macon), and Cdh1 (5�-UGAGAAGUCUCCCAGUCAGUU-3�,
Dharmacon) at the final concentration of 50 nMwas transfected
into CNE-2-S22 or CNE-2-S26 at 30–50% confluence using
Lipofectamine 2000 (Invitrogen). Cells were harvested after
siRNA transfection for 96 h.
Western Blotting—Cells were lysed in the presence of 50 mM

Tris, pH 7.5, 150 mMNaCl, and 0.5% Nonidet P-40 on ice. Fifty
micrograms of total protein from each sample was resolved on
a 12%Bis-Tris gel withMOPS running buffer and transferred to
nitrocellulose membranes. The blots were then incubated with
various antibodies, including anti-glyceraldehyde-3-phosphate
dehydrogenase (Abcam), anti-Myc (Santa Cruz Biotechnol-
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ogy), anti-Cdh1 (Abcam), and anti-Aurora B and anti-Sox2
(Cell Signaling Technology).
Immunocytochemistry Staining of ABCG2andCD133 inCul-

tured Cells—All the cells after UV or mitomycin C treatment
were span down on slides and fixed with cold acetone. The
slides were immersed in 3% H2O2 for 10 min and washed with
PBS for three times. The tissue sections were then blocked
with goat serum for 20 min, and the primary antibody, anti-
ABCG2 (Novus) and anti-CD133 (Abcam), diluted in pri-
mary antibody diluting buffer (Dako) at 1:50 was added and
incubated at 4 °C overnight in a wet container. After washed
with PBS for three times, the tissue slides were treated with
non-biotin horseradish peroxidase detection system (Dako)
and washed with PBS for three times. Afterward, the tissue
sections were stained with 3,3-diaminobenzidine and hema-
toxylin was applied for counterstaining.
Immunohistochemistry Staining of ABCG2 in NPC Tumor

Tissues—The tissue sections of NPC were paraffin-embedded.
After deparaffinization and rehydration, the tissue sections
were processed with antigen retrieval by boiling the slides in
sodium citrate buffer (10 mM, pH 6.0). Other steps followed
standard immunocytochemistry staining.
Copy Number Variation Analysis—Two recurrent NPC tis-

sues aswell asmatched primary tissueswere formalin-fixed and
paraffin-embedded. Those four tissues were dewaxed in xylene,
and DNAwas isolated by using a NucleoSpin Tissue kit (Mach-
erey-Nagel) according to themanufacturer’s instructions. After
amplification, extracted DNA was hybridized on Affymetrix
Genome-Wide Human SNP 6.0 array following the manufac-
turer’s protocol. The data of hybridization was analyzed by a
Segmentation algorithmof PartekGenomics Suite. Experiment
process and data analysis were performed by CapitalBio Corp.
in Beijing, China.

RESULTS

SLCCs Were Induced by DNA Damage—The SP cells, as
observed in several normal tissues and tumors, including glio-
blastoma (26) and gastrointestinal system tumor (27), have
been showed to have the characteristics of stem cells (28, 29). In
a previous study, we tested whether there were SP cells in NPC
cell lines, and five such cell lines were examined using Hoechst
33342, a DNA binding dye, which effluxes DNA out of mem-
brane. The results showed that the SP cell populations differed
from 0.1% to 6.8% in the cell lines. Furthermore, we demon-
strated that these SP cells had stem cell characteristics, such as
self-renewal, differentiation, strong tumorigenesis ability in
vivo, and resistance to chemotherapy or radiotherapy (30).
Thus, we considered these SP cells as SLCCs for NPC cells, and
CD133 was regarded as a marker for SLCCs for neuroblastoma
cells in this study.
We used a single cell clone CNE-2-S26, which was derived

from a commonly usedNPC cell lineCNE-2, to test the hypoth-
esis that genomic instability may contribute to generation of
SLCCs. The CNE-2 cells, as we detected in our previous study,
had 2.6% of SP cells (30). By limited dilution method, a single
cell clone, CNE-2-S26, was established (21). We detected the
cells with 3.0% for positive staining by Hoechst 33342 dye (Fig.
1A, panel a). This result suggests that, even a single cancer cell,

at in vitro culture condition, may develop into either SP or
non-SP cells. Then, CNE-2-S26 cells were treatedwithUV light
for 15 s, the time to effectively induce DNA damage, and cul-
tured for 24 h. As a result, a remarkably increased percentage of
SP cells (9.2%, Fig. 1A, panel b) were observed in these treated
cells. Likewise, 8.7% of SP cells were also detected when CNE-
2-S26 cells were treated with mitomycin C, a chemical reagent
that caused DNA damage, at a final concentration of 2.5 �g/ml
for 24 h (Fig. 1A, panel c). Collectively, the results demonstrate
that DNA damage could significantly enhance the formation of
SP cells in CNE-2. Importantly, both UV light and mitomycin
C-induced SP cells were blocked by FTC at a final concentra-
tion of 5 �M, an specific inhibitor of ATP-binding cassette
transporter member 2 of G protein family (ABCG2, Fig. 1A,
panels d–f), indicating that the induction of SP cells was medi-
ated by ABCG2.
To further confirm this notion, we also used a human neuro-

blastoma cell line, SKN-SH, and from which a single cell lone,
called SKN-SH-C8 negative for CD133, was generated based
upon CD133, which is considered to be one of the specific
markers for SLCCs in brain tumors (8). Using the same strate-
gies to induceDNAdamage, 5.0% and 2.5% of SKN-SH-C8 cells
were positive for CD133 after UV light or mitomycin C treat-
ment as described for the NPC cell line CNE-2-S26, respec-
tively (Fig. 1B).
Furthermore, we performed other typical assays used for

SLCCs evaluation, including colony formation assay and the
expression of Oct4 and Sox2, to check the self-renewal capabil-
ity of SLCCs induced by UV light. After UV light treatment, the
colony formation efficiency of CNE-2-S26 cells was signifi-
cantly increased from �25% to 32% (Fig. 1C, panels a and b).
Likewise, the colony-formation ability of SKN-SH-C8 cells was
similarly dramatically enhanced by UV light (Fig. 1C, panels c
and d). In addition, both cell clones were observed with up-reg-
ulation of Sox2 protein expression after UV light treatment
(Fig. 1C, panel e). However, we could not detect any expression
ofOct4 in the cells with orwithoutUV light treatment (data not
shown).
We also used immunocytochemistry assay to check the

amount of SLCCs after DNA damage. As expected, the expres-
sion ofABCG2 inCNE-2-S26 cells was enhanced byDNAdam-
age induced by UV light or mitomycin C treatment (Fig. 2,
A–C). Likewise, the expression of CD133 of SKN-SH-C8 cells
was similarly increased after UV light or mitomycin C treat-
ment (Fig. 2, D–F).
Genomic Instability, Induced by Overexpression of Mad2 or

Knockdown of Aurora B or Cdh1, Led to Generation of
SLCCs—Based on the results above, and DNA damage might
eventually cause genomic instability, we sought to check if
inducement of genomic instability could produce SLCCs.Mad2
is a key regulator of cell cycle, and overexpression of Mad2 was
reported to generate aneuploidy (31). To induce genomic insta-
bility, a stable transfection of Mad2, CNE-2-S22-Mad2, was
generated using the single cell cloneCNE-2-S22. This cell clone
was also derived from the NPC CNE-2 cell line but had a rela-
tively higher basal level of SP cells (Fig. 3A, panel a), as com-
paredwithCNE-2-S26 (Fig. 1A, panel a). Interestingly, increase
of SP cells (up to 25.5%, Fig. 3A, panel b) was evident in the
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CNE-2-S22-Mad2 cells stably over-
expressing 6�Myc-Mad2 (Fig. 3D)
compared with the parental cells
(5.2%, Fig. 3A,panel a), and those SP
cells were completely blocked by
FTC at a final concentration of 5�M

(Fig. 3A, panels e and f). To further
validate the role of Mad2 in induc-
tion of SP cells, we did a loss-of-
function assay to check its contribu-
tion to SP phenotype. We used
siRNA to knock down Mad2 in the
CNE-2-S22-Mad2 stable cell line
and found that the percentage of SP
cells decreased evidently from
28.0% to 11.0% (Fig. 3A, panels c and
d), whereas the protein level of
Mad2 was obviously decreased
accordingly (Fig. 3E), suggesting
that the induction of SP cells was
specifically caused by overexpres-
sion of Mad2. The results of spher-
oid and colony formation, which
were performed in suspension cul-
ture circumstance and in adherent
culture circumstance, respectively,
demonstrated that the self-renewal
capability in vitro of S22-Mad2 was
significantly stronger than that of
parental S22 cells (Fig. 3, B and C).
Moreover, the expression of Sox2 in
CNE-2-S22-Mad2 cells was higher
than that in parental CNE-2-S22
cells (Fig. 3D). To detect genomic
instability of CNE-2-S22-Mad2
cells, we performed SKY (Fig. 4, A
and B) and counted the cells with
premature chromatid separation,
which was a sign of chromosomal
instability. As expected, CNE-2-
S22-Mad2 cells appeared to bemore
unstable than parental CNE-2-S22
cells, evidenced by the variation in
chromosome numbers and addi-
tional structural aberrations (data
not shown). In addition, 34%ofmet-
aphases of CNE-2-S22-Mad2 had
premature chromatid separation,
whereas only 5% of CNE-2-S22 had
similar phenotype (Fig. 4C).

Another way to induce genomic
instability is to knock down the key
regulators for mitosis, such as
Aurora kinases and Cdh1. We
attempted to transiently knock
downAuroraBorCdh1by siRNA in
CNE-2-S26 cells with a relatively
low percentage of SP cells. The
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siRNA efficiently down-regulated expression level of Aurora B
andCdh1 (Fig. 5C). Accordingly, an obvious increase of SP cells
was detected from 0.6% to 2.9% for Aurora B and from 0.6% to
3.6% for Cdh1, respectively (Fig. 5A, panels a–d). The increase
of SP cells was further evidenced by an enhanced efficiency of
colony formation in CNE-2-S26 cells after knockdown of
Aurora B or Cdh1, indicating an induction of SLCC formation
(Fig. 5B). Rescue experiments were performed to reintroduce
the expression of Aurora B or Cdh1 into Aurora B or Cdh1
knockdown cells. By cotransfection of their siRNA and rescue
plasmids, we observed a decreased percentage of SP cells: from
2.9% to 0.8% for Aurora B and from 3.6% to 0.9% for Cdh1,
respectively (Fig. 5A, panels c and e). This result suggested that
the induction of SP cells was specifically caused by knockdown
of Aurora B or Cdh1.
Recurrence Correlates with Enrichment of SLCCs in Vivo—It

is well documented that genomic instability is one of the char-
acteristics that cancer cells possess in vivo (32). Therefore, it is
plausible that non-SLCCs might become SLCCs if genomic
instability occurs in vivo. If this is the case, we speculated that
the amount of SLCCsmay vary in human tumor tissues. There-
fore, two pairs of NPC primary and recurrent tumor tissues
were collected, and the percentage of SLCCs was checked by
immunostaining ABCG2. As shown in Fig. 6, the expression of
ABCG2was significantly higher in recurrent tissues than that in
the matched primary tissues, indicating that SLCCs may be
enriched in the recurrent tissues.

To compare the genomic insta-
bility in the matched primary NPC
tumor tissues and recurrent tissues,
we checked the genome-wide copy
number variation of the two NPC
cases, which were immunostained
for ABCG2 expression (Fig. 6). The
result in Fig. 7 showed that, com-
pared with the primary tumor tis-
sues, both amplification and dele-
tion were detected in the recurrent
tissues, indicating that genomic
instability more frequently occurs
in recurrent tissues than in primary
cancer cells.

DISCUSSION

In this report, we provide direct
evidence that genomic instability is
involved in the induction of SLCCs.
By increasing genomic instability
through inducing DNA damage,

overexpressing of Mad2, or knockdown of aurora B or Cdh1,
the cultured cancer cells producemore SLCCs, which is depen-
dent onABCG2.More interestingly, recurrence correlates with
the enrichment of SLCCs in clinical NPC tissues.
Early studies on acutemyelogenous leukemia have suggested

that one probable origin of CSCs was the transformation of
normal tissue stem cells because of geneticmutation (33), espe-
cially in the process of tumor formation. Recently, more and
more studies have provided evidence supporting such a
hypothesis in solid tumors, including cutaneous and intestinal
cancer (34, 35), indicating that the transformation of tissue
stem cells may be a key event in the early stage of carcinogene-
sis. Due to abnormal activation of oncogenes and/or dysfunc-
tion of tumor suppressor genes, normal tissue stem cells obtain
the capability of unlimited proliferation, transforming them-
selves to CSCs and resulting in tumorigenesis.
Recently, the correlation between CSCs and genomic insta-

bility has been suggested (17, 18). Ionizing radiation and/or
chemotherapy are still the main tools for cancer patient treat-
ment, especially for later stage patients. Amajormechanism for
both treatments is extensive DNA damage even at clinical
doses, although radiation is basically focused on the tumor site
and some chemotherapy drugs are much milder in terms of
causing DNA damage. Heterogeneity is a characteristic of can-
cer cells that is manifest as different chromosome numbers,
various chromosome deletions or amplifications at genetic

FIGURE 1. SLCC induction in human NPC cells with DNA damage treatment. A, SP cells were induced by UV light or mitomycin C in human NPC cells. a–f, NPC
CNE-2 cells were single cell cloned, and a single cell clone CNE-2-S26 was selected and expanded for UV light or mitomycin C treatment and Hoechst 33342
staining. a, without treatment; b, treated with UV light for 15 s and cultured for 24 h; c, treated with 2.5 �g/ml mitomycin C for 24 h; d–f, the same as a– c, except
that FTC at a final concentration of 5 �M was added for 5 min before Hoechst 33342 staining. The percentage of SP cells is indicated. B, CD133-positive cells were
induced with UV light or mitomycin C in human neuroblastoma cells. a– c, human neuroblastoma SKN-SH cells were single cell cloned, and a single cell clone
SKN-SH-C8 was selected for treatment and CD133-positive cell counting. a, without treatment; b, treated with UV radiation for 15 s and cultured for 24 h;
c, treated with 2.5 �g/ml mitomycin C for 24 h. The percentage of CD133-positive cells was indicated in the figures. C, the properties of SLCCs was enhanced
by UV treatment in both NPC cells and neuroblastoma cells. a and b, colony formation assay of CNE-2-S26 cells before/after UV treatment. a, colony formation
results; b, statistical analysis. c to d: Colony formation assay of SKN-SH-C8 cells before/after UV treatment. c, colony formation results; d, statistical analysis. The
p value was indicated in the figures. e, the protein level of Sox2 in both CNE-2-S26 cells and SKN-SH-C8 cells before/after UV treatment.

FIGURE 2. The expression of ABCG2 or CD133 was induced by DNA damage treatment. A–C, the expression
of ABCG2 of CNE-2-S26 was enhanced after UV light or mitomycin C treatment. A, without treatment; B, treated
with UV radiation for 15 s and cultured for 24 h; C, treated with 2.5 �g/ml mitomycin C for 24 h. D–F, the
expression of CD133 of SKN-SH-C8 was enhanced after UV light or mitomycin C treatment. D, without treat-
ment; E, treated with UV radiation for 15 s and cultured for 24 h; F, treated with 2.5 �g/ml mitomycin C for 24 h.
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level, and correspondingly as different biological behaviors at
phenotype level, such as growth advantage, self-renewal capac-
ity, drug or radiation resistance. Themolecular basis to support
such phenomenon has been widely considered to be genomic
instability, and an example is the high frequency of loss of func-
tion mutation of p53, the genome guardian, in various types of
clinical tumor tissues. Theoretically, cancer cells possess a
potential to develop into any kind of genotypes because of
genomic instability. Under the selection pressure of human
body, certain types of cancer cells with growth advantage are

eventually expanded, and this might be one of the origins of
cancer cells with stem cell properties (for those cells, we would
prefer to call them stem-like cancer cells (SLCCs)). If this is the
case, any DNA damage inducers, through enhancement of the
existing genomic instability, may further promote the forma-
tion of SLCCs.
In fact, our results obtained from this study provided evi-

dence that physical, UV lighting, and chemical DNA damage
andmitomycin C treatment could induce a significant increase
of SLCCs in two types of tumor cells, namely, NPC CNE-2 and

FIGURE 3. SP cells induction with stable transfection of Mad2 in human NPC cells. A, Hoechst 33342 staining was performed in human NPC CNE-2-S22-
Mad2 cells. a, parental CNE-2-S22 cells; b, Mad2-transfected CNE-2-S22 cells; c, CNE-2-S22-Mad2 cells transfected with scrambled siRNA; d, CNE-2-S22-Mad2
cells transfected with siMad2. e– h, the same as a– d, except that FTC at a final concentration of 5 �M was added before Hoechst 33342 staining. The percentage
of SP cells is indicated. B, spheroid (nasosphere) formation assay of CNE-2-S22 and CNE-2-S22-Mad2 in suspension culture circumstance. C, colony formation
assay of CNE-2-S22 and CNE-2-S22-Mad2 in adherent culture circumstance. The p value was indicated in the figures. D, Western blot analysis of exogenous
Mad2 tagged with Myc and endogenous Sox2 in CNE-2-S22 and CNE-2-S22-Mad2 stable cell lines. E, Western blot analysis of endogenous Mad2. Glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) was used as a loading control.
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neuroblastoma SKN-SH. Not surprisingly, our results also
showed that DNA damage-induced SLCCs were abrogated by
FTC, a specific inhibitor of ABCG2. One could argue that UV
light or mitomycin C might simply up-regulate the expression
of ABCG2 and result in a drug resistance phenotype. However,
a more probable explanation is that a defined genotype for
SLCCs consists of many necessary factors, and high level of
ABCG2 expression is one of them. In other words, highABCG2
expression is required for SLCC formation at least in some can-
cer types, but highABCG2 expression alonemay not be enough
to define an SLCC phenotype. Therefore, we could consider
ABCG2 high expression (SP cells by flow cytometry analysis) as
a marker for SLCCs. Certainly, more specific markers like
CD133 (10) will further facilitate cancer stem research.

A number of documents have showed that many oncogenes
or tumor suppressors are overexpressed or down-regulated in
tumor tissues (19, 36). Among those genes, many of them are
actually involved in maintaining genomic stability. We tested a
couple of such genes, and found that overexpression ofMad2 or
knockdown of Aurora B or Cdh1 were able to induce SLCCs,
which also depended on the ABCG2 expression level, because
FTC could completely block the increase of SP cells (Figs. 3A
and 5A). This result actually provided additional evidence that
genomic instability was an important cause of SLCC formation.
To obtain in vivo evidence, we collected paired primary and

recurrent NPC tumor tissues. By immunostaining, we found an
obvious stronger staining of ABCG2 in recurrent NPC tissues
(Fig. 6). Although we could not conclude that genotoxic thera-

FIGURE 4. Genomic instability induced by stable overexpression of Mad2 in human NPC cells. A and B, SKY of human NPC CNE-2-S22 cells before/after
stable overexpression of Mad2. A, parental CNE-2-S22 cells; B, CNE-2-S22-Mad2 cells. C, the frequency of premature chromatid separation of CNE-2-S22 cells
and CNE-2-S22-Mad2 cells.
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peutics, radiation therapy, and
chemotherapy, and spontaneous
gene mutations in the tumor tissues
under circumstantial pressure may
also lead toABCG2high expression,
a marker for SLCCs, our observa-
tion still showed that SLCCs could
originate from genomic instability,
either by treatment of DNA damage
or spontaneous DNA mutation.
Similarly, a recent study revealed
that stresses like hypoxia in tumor
microenvironment enriched SP
cells in cancer cell lines (37).
One could argue that the ob-

served increases in the SP percent-
ages of NPC cells, either cultivated

FIGURE 5. Transient RNA interference of Aurora B or Cdh1 increased the percentage of SP cells in human NPC cells. A, Hoechst 33342 staining was performed
in human NPC CNE-2-S26 cells after cotransfection of Aurora B/Cdh1 siRNA and rescue plasmids. a, scrambled siRNA and vector plasmids; b, Aurora B siRNA and vector
plasmid; c, Aurora B siRNA and HA-Aurora B rescue plasmid; d, Cdh1 siRNA and vector plasmid; e, Cdh1 siRNA and Myc-Cdh1 rescue plasmid. f–j, the same as a– e, except
that FTC at a final concentration of 5 �M was added before Hoechst 33342 staining. The percentage of SP cells is indicated. B, the colony formation efficiency after
Aurora B/Cdh1 siRNA was transfected, compared with the scrambled siRNA. The p values are indicated. C, Western blot analysis of Aurora B, Cdh1, and Sox2 after
Aurora B or Cdh1 was knocked down. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as a loading control.

FIGURE 6. Spontaneous emergence of ABCG2-positive cells in recurrent NPC tissues. A, C, E, and G, represent-
ative immunohistochemistry staining of ABCG2 in primary tumors of two NPC patients. A, Case 1; C, Case 2; E and G,
the magnification of A and C, respectively. B, D, F, and H, representative immunohistochemistry staining of ABCG2 in
recurrent tumors of the same patients. B, Case 1; D, Case 2; F and H, the magnification of B and D, respectively.
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in vitro or within patients’ samples after the indicated treat-
ments, could be derived from a possible sparing effect of these
treatments on SP cell survival and/or proliferation, or from a
mechanism independent of DNA damage. Indeed, a sparing
effect of treatment (chemotherapy or radiation therapy) on a
tumor mass could eventually enrich SP cells. This mechanism
could partially explain the observed increase of SP cells in
recurrent NPC tissues as compared with the matched primary
NPC tissues (Fig. 6). However, this mechanism could not
explain our findingswith the singleNPC cell clone, CNE-2-S26.
Wedetected 3.0% cells positive for SP in the expanded singe cell
clone (Fig. 1A, panel a) and a remarkable increase to 9.2% and
8.7% for SP after UV or mitomycin C treatment, respectively
(Fig. 1A, panels b and c). This result indicates that a single can-
cer cell (with genomic instability already present) could spon-
taneously develop into either SP or non-SP phenotypes without
any treatment, and, importantly, DNAdamage treatment could
enhance such a transition.
To address the question of whether UV or mitomycin C

treatment induced SP phenotype independent ofDNAdamage,
we attempted to knock down the key regulators for cell mitosis,
namelyAurora B andCdh1, in theNPC cell line, CNE-2-S26, by
siRNA strategy, and a significant increase of SP cells was
observed (Fig. 5A). A similar result was also detected when
Mad2 was overexpressed in the NPC cell line (Fig. 3A). To fur-
ther confirm the genomic instability induced by Mad2 overex-

pression, we performed spectral karyotyping (Fig. 4) and
counted the cells with premature chromatid separation, which
is a sign of chromosomal instability. As expected, CNE-2-S22-
Mad2 cells appeared to be more unstable than parental CNE-
2-S22 cells, evidenced by the variation in chromosome num-
bers and additional structural aberrations. These findings
strongly support a change in SP cell percentage closely related
to genomic instability.
In summary, our findings, for the first time, provided direct

evidence that genomic instability could be an important cause
for SLCC formation and those SLCCs were derived from the
“common” cancer cells. This could be a different mechanism
from transformation of tissue stem cells into cancerous stem
cells, whichmay bemore suitably termed as CSCs andmay play
a more important role in cancer initiation. Our results also
imply that future cancer therapy should not only target the
common cancer cells, but also prevent SLCC formation by
maintaining genome stability and/or restoring DNA repair
machinery.
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