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Background: Cancer stem cells are responsible for tumorigenesis; however, the developmental process is poorly
understood.
Results: Differentiating stem cells in aberrant environments are subjected to carcinogenic stress, leading to genomic instabili-
zation, mutation inductions, and cellular transformation with stemness characteristics.
Conclusion: Aberrant environment for differentiation risks cancerous stem cell development.
Significance: This is the first report showing normal stem cell transformation into malignant counterparts and their process.

Stem cell maintenance depends on their surrounding micro-
environment, and aberrancies in the environment have been
associated with tumorigenesis. However, it remains to be eluci-
dated whether an environmental aberrancy can act as a carcino-
genic stress for cellular transformation of differentiating stem
cells into cancer stem cells. Here, utilizing mouse embryonic
stem cells as a model, it was illustrated that environmental
aberrancy during differentiation leads to the emergence of plu-
ripotent cells showing cancerous characteristics. Analogous to
precancerous stages, DNA lesions were spontaneously accumu-
lated during embryonic stem cell differentiation under aberra-
tional environments, which activates barrier responses such as
senescence and apoptosis. However, overwhelming such barrier
responses, piled-up spheres were subsequently induced from
the previously senescent cells. The sphere cells exhibit aneup-
loidy anddysfunction of theArf-p53module aswell as enhanced
tumorigenicity and a strong self-renewal capacity, suggesting
development of cancerous stem cells. Our current study sug-
gests that stem cells differentiating in an aberrational environ-
ment are at risk of cellular transformation into malignant
counterparts.

A tumor consists of a heterogeneous cell mass in which only
a small portion of the malignant cells, i.e. cancer stem cells
(CSCs),2 are responsible for tumor initiation and propagation
(1). In fact, CSCs identified in a variety of tumors demonstrate a

capacity for self-renewal and differentiation, which is shared by
normal stem cells (2). Although cancer stem-like cells can be
induced from stem/progenitor as well as differentiated cells by
oncogene overexpression (3, 4), it remains unclear how CSCs
spontaneously develop.
In the initial stages of carcinogenesis cells accumulate DNA

replication stress-associated lesions that are induced by aber-
rant growth acceleration or oncogene activation, resulting in
the activation of barrier reactions for carcinogenesis such as cell
cycle arrest, senescence, and apoptosis (5, 6). These cellular
responses illustrate the competing forces of cancer progression
and prevention. Genomic instability is invariably accompanied
with these stages of cancer development (6, 7). Analogously,
mouse embryonic fibroblasts (MEFs) can escape senescence
and exhibit immortality through accumulation of DNA repli-
cation stress-associated lesions under continuous growth
acceleration, which accompanies genomic instability (8) and
Arf/p53 mutations (9). However, unlike CSCs, immortalized
MEFs show neither tumorigenicity nor stemness characteris-
tics (10).
The difference between immortal MEFs and CSCs underlies

the properties of stemness characteristics. In addition to the
expression of undifferentiated marker genes, both somatic
stem cells and CSCs show sphere-formation abilities and
heightened expression of the ATP binding cassette transporter
and glycolysis dependence (11, 12). Importantly, whereas these
properties are widely observed in stem cells, including embry-
onic stem cells (ESCs) (13–16), immortal MEFs do not acquire
such properties during immortalization. Unlike immortal
MEFs, CSCs share specific profiles of cell-surface antigens with
somatic stem cells (11). However, like immortal MEFs, CSCs
also show genomic instability and mutations, which are
unshared characteristics with normal stem cells (17).
The existing body of literature on stem cells suggests that

carcinogenesis can be initiated in somatic stem cells when the
cells are subjected to the same conditions of stress that induce
MEF immortalization. However, this challenges the idea of
stem cell homeostasis, which is strongly protected by niche
environments from the induction of genomic instability and
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transformation (18). In agreement with this argument, stem
cells injected into heterotropic sites are strongly implicated in
tumorigenesis, in association with environmental aberrancies
for stem cell maintenance (19). Further supporting the notion
of stem cell tumorigenicity in aberrant environments, embryo-
nal carcinomas were developed from xenografts of inner cell
masses from mouse blastocyst and derailed primordial germ
cells from themigration track (20, 21).Moreover, a recent study
suggested that oncogenesis could be triggered by a niche dis-
ruption, resulting in disordered differentiation (22).
Taken together with a report showing stem cell niche dys-

function as a result of aging (23), these studies motivated the
hypothesis that differentiating stem cells can become CSCs
upon exposure to carcinogenic stress in a process analogous to
MEF immortalization.

MATERIALS AND METHODS

Cell Culture—Culture of mouse ESCs and embryoid body
(EB) formation assays were performed as previously described
(24). For differentiation, cloned ESCs maintained with Knock-
Out Serum Replacement (Invitrogen) and ESGRO (mouse leu-
kemia inhibitory factor (LIF); Millipore, Billerica, MA) were
cultured in three kinds of medium consisting of Iscove’s mod-
ified Dulbecco’s medium (Invitrogen) supplemented with FBS
(Invitrogen), newborn bovine serum (NBS; Sigma), or adult
bovine serum (ABS; Invitrogen) at 20%. The piled-up spheres
were stained by crystal violet (Sigma), and the number of
spheres was counted. Populations at P6 � 14 days were har-
vested by employing 0.25% trypsin-EDTA (Invitrogen) and
then cultured in each medium for further experiments. All the
following experiments were performed using bulk populations
without cloning. Primary MEF immortalization assays were
performed as previously described (8). For detection of the phe-
notype with an abnormal p53 pathway, each population was
cultured in medium containing hydroxyurea (HU) as previ-
ously described (25). Sphere formation assay was performed as
previously described (26) with a little modification. Briefly,
CD133-positive and -negative populations were seeded to
NBS-med containing methylcellulose 4000 (Wako, Tokyo,
Japan) for 4 days. For detection, spheres were attached to cul-
ture dishes and were stained by crystal violet after 2 days of
attachment (Sigma).

�-Galactosidase Activity Detection—�-Galactosidase activ-
ity was detected as previously described (27). Briefly, cultured
cells were fixed with 4% formaldehyde and then incubated in
staining buffer (1 mg/ml 5-bromo-4-chloro-3-indolyl-�-D-ga-
lactopyranoside (X-gal), 5 mM K3Fe(CN)6, 5 mM K4Fe (CN)6,
and 2 mM MgCl2 in PBS).
Reverse Transcription-Polymerase Chain Reaction—RT-PCR

and quantified RT-PCR were performed as described (24).
Briefly, total RNA was extracted from cultured cells with an
RNeasy kit (Qiagen, Tokyo, Japan) and treated with DNase I
(Promega, Tokyo, Japan). cDNAswere synthesized from1�g of
total RNA using Super Script III first-strand synthesis system
(Invitrogen). Ampli Taq Gold PCRMaster Mix (Invitrogen) or
Power SYBR Green PCR Master Mix (Invitrogen) was
employed for PCR reaction. The primer list is described in sup-
plemental Table 1.

Antibodies, Immunostaining and Western Blotting—The
antibodies used are listed in supplemental Table 2. Immuno-
staining and Western blot analysis were performed as previ-
ously described (8). Briefly, forWestern blotting, proteins were
transferred onto a nitrocellulose membrane and probed with
appropriate primary antibodies. The membrane was incubated
with corresponding secondary antibodies conjugated with
horseradish peroxidase, and the antigen-antibody complex was
visualized by Immobilon Western (Millipore). For immuno-
staining, cells were fixed with formalin and then treated with
Triton X-100. After blocking with serum, they were incubated
with each primary antibody and then detected with fluorescent
secondary antibodies.
Chromosomal Instability Detection—Giemsa staining and

flow cytometric analysis were performed as previously de-
scribed (8). Briefly, mitotic cells prepared by nocodazole treat-
ment were hypotonically swollen with 75 mM KCl and then
fixed with Carnoy’s solution (75% methanol, 25% acetic acid).
They were stained with 4% Giemsa (Merck) solution.
Apoptosis Detection Assay—Terminal deoxynucleotidyl-

transferase-mediated dUTP-biotin nick-end labeling (TUNEL)
was performedwith the in situApoptosis Detection kit (Takara
Bio, Otsu, Japan). The TUNEL-positive cells were detected by
FACSCalibur HG (BD Biosciences). The sub-G1 population
was quantified as previously described (28).
Detection of p53 Mutation—The p53 transcripts from each

population were amplified from the cDNA from each popula-
tion and cloned using the pGEM-Easy vector system (Pro-
mega), and then the clones were sequenced by an ABI PRISM
3700 DNA analyzer (Invitrogen).
Tumor Formation Assay—For the tumor formation assay,

106 cells suspended in 100 �l of serum-free medium were
mixedwith an equal-volume of growth factor-reducedMatrigel
(BD Biosciences) and injected subcutaneously into NOD.
CB17-Prkdcscid/J (NOD-SCID) mice. Tumor weight was mea-
sured 4weeks after injection. Tumorswere dissolved by dispase
(Invitrogen) in part, and total RNA was extracted.
Isolation of CD133-positive Cells—CD133 positive fractions

of induced immortal-like cells (iICs) in NBS-med were isolated
by a magnetic bead cell sorting or fluorescence activated cell
sorting (FACS) technique as previously described (24, 29).
Briefly, for magnetic bead cell sorting, Dynabeads (Invitrogen)
were coated with CD133 antibody (eBioscience). The beads/
antibody complexes were incubated with cells, then the
CD133-positive fraction was collected by a magnetic particle
concentrator (Invitrogen). RNA was extracted from CD133-
positive and -negative populations and subjected to RT-PCR.
For FACS, cells incubated with CD133 antibody conjugated
with Alexa Fluor 488 were sorted by FACS Aria II system (BD
Biosciences). CD133-positive and negative fractions were sub-
jected to sphere formation assay. Details of employed antibod-
ies are described in supplemental Table 2.
Chemical Treatment of Differentiating Cells—The differenti-

ating cells 1 day after passage 3 in ABS medium were treated
with 25, 75, or 200 ng/ml neocarzinostatin (NCS). After 1 day,
cells were passaged with NCS(�) medium. After 3 days,
medium was changed to NCS(�) medium. This procedure is
illustrated in Fig. 4E.
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For Akt or PARP inhibition, differentiating cells on P2 or P1
cells in NBS-med were subjected to 0.25 �M Akt inhibitor IV
(Merck) for 4 days or 0.5 �M AZD2281 (Selleck Chemicals,
Houston, TX) for 6 days, respectively. These procedures are
illustrated in Fig. 8A. Cell numbers and the ratio of live/
dead cells were calculated by a TC10 automatic cell counter
(Bio-Rad).
Statistical Analysis—All statistical analyses were performed

using at least three independent measurements. All error bars
represent S.D. (n� 1). Analysis of variance followed by Bonfer-
ronimultiple comparison test (see Figs. 1F and 6A) or t test with
Welch correction (see Figs. 2G, 4D, 6C, 6Dc, 6F, 6G, and 7B and
supplemental Figs. S4D and S5) was performed for assessment.
p values �0.05 were considered to be significant. The green
asterisks on Fig. 6C and 6Dc and supplemental Figs. S4D and S5
indicate significant differences in value between each sample
and ESCs.

RESULTS

ESCs Differentiating in an Aberrant Environment Senesce
After Serial Proliferation, Leading to the Development of
Immortalized Sphere Colonies—To directly address whether
differentiating stem cells in aberrant environments are sub-
jected to stress for cellular transformation, the effects of
changes in the differentiation culture conditions of ESCs were
first assessed. Although ESC injection under a homotopic
implantation into blastocysts shows normal embryogenesis,
that under heterotopic transplantations leads to tumor
development (teratomas or teratocarcinomas) (20). Based on
this, we attempted to construct an in vitro model in which
ESCs maintained with KSR/LIF medium were subjected to
differentiation in the medium containing FBS-med, NBS-
med, or ABS-med (Fig. 1A). Differentiating cells were pas-
saged under unique ESC passage conditions to produce con-
sistent cellular environments. As shown in Fig. 1B, ESCs
differentiating under each condition initially grew but then
stopped proliferation, showing altered morphologies while
differentiating (Fig. 1B, P3 and P5 cells, arrows). Cells in
NBS-med typically become senescent, as demonstrated by
their flattened and enlarged morphology and senescence-
associated �-galactosidase activation (Fig. 1C). Such senes-
cent cells were first observed at P3 and became dominant in
the culture at P5 (Fig. 1B, P3 and P5, arrows).
Surprisingly, analogous toMEF immortalization, continuous

cultivation inNBS-med led to the emergence of re-proliferating
colonies in the previously senescent cells (Fig. 1, B (see panels
NBS at P6 � 14 days) andD). Because these proliferating cells
were able to continuously proliferate more than 40 passages
in an immortal manner (data not shown), we named them
“induced immortal-like cells” (iICs). Intriguingly, iICs
appeared with piled-up sphere morphology in LIF-free
medium containing NBS (Fig. 1D). Whereas cultivation in
FBS-med conditions also, subsequently, led to a small subset
of continuously growing cells (cGCs) without showing a
canonical senescent stage, piled-up colonies were rarely
observed in FBS-med and ABS-med (Fig. 1B; P6 � 14 days, E,
and F), suggesting that piled-up sphere development
through senescence is dependent on differentiation culture

conditions. Similar toMEF immortalization (Fig. 1G), differ-
entiating ESCs in NBS-med first senesced and then sponta-
neously developed re-proliferating cells. However, unlike
immortalizedMEFs, ESCs in NBS-med subsequently formed
piled-up spheres that are characteristic of stem cells, sug-
gesting that the induced colonies, in fact, are cancerous
transformants possessing stemness characteristics.
iICs in NBS-med Show Cancerous Characteristics—To

determine whether the iICs, appearing in aggregates of
sphere colonies, exhibited cancerous features, the cells were
first assessed for genomic instability, which is a characteris-
tic of cancer cells (30). As expected, the iICs showed aneup-
loidy, most of which is a common type of genomic instability
in cancer cells, at P6 � 14 days in Giemsa staining of spread
chromosomes (Fig. 2A) and in DNA content analysis using
flow cytometry (Fig. 2B). Thus, the development of genomic
instability accompanies immortal sphere formation in ESC-
derived differentiating cells in NBS-med in a process analo-
gous to carcinogenesis.
Because most cancer cells are mutated in eitherArf or p53 in

a mutually exclusive manner and lose the function of Arf-de-
pendent p53 activation (31), the mutation status of p53 in the
iICs in NBS-med was determined. In contrast to the original
ESCs, p53mutations were observed in the iICs in as many as
7 of 10 transcripts, including six independentmutations (Fig.
2C). Next, to determine the status of functional loss of the
Arf/p53 pathway, p53-mediated senescence-like arrest was
investigated using treatment with a low dose of HU, which
induces DNA replication stress but allows continuous pro-
liferation in p53-mutated populations (25). Although the
cGCs in FBS-med as well as primary MEFs were completely
arrested by HU treatment (supplemental Fig. S1C), the iICs
in NBS-med still proliferated under HU treatment condi-
tions (Fig. 2, D and E), suggesting p53 dysfunction. Taken
together, our results demonstrated that iICs in NBS-med
show genomic instability and functional loss of the p53 path-
way. However, such properties of genomic instability and
p53 dysfunction have been observed even in non-tumori-
genic immortal MEFs (9), posing a question on the tumori-
genicity of cancerous characteristics.
When iICs in NBS-med were injected into NOD-SCIDmice,

the resulting tumors were significantly larger compared with
the original ESCs (Fig. 2F), indicating increased tumorigenicity
of the iICs in NBS-med. Thus, our results together suggested
that the iICs inNBS-medwere indeed cancerous cells.Whereas
genomic instability and mutations in the Arf/p53module were
also observed in immortalized MEFs, further tumorigenicity is
a feature unique to CSCs. Therefore, unlike immortal MEFs,
the iICs in NBS-med derived from ESCs might accompany the
acquisition of stemness characteristics.
iICs in NBS-med Show Properties of Stem Cells—Stem cell

properties are represented by the expression of stemness
marker genes and the capacity for self-renewal and differentia-
tion, which are shared by somatic stem cells, ESCs and CSCs
(2). The iICs in NBS-med showed strong expression of the plu-
ripotent marker genes (Klf4, Nanog, and Oct3/4) and of the
differentiationmarker geneCD133 along with weak expression
of Cdx2 and T (Fig. 3A), indicating that the iICs in NBS-med
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still maintained a largely undifferentiated status even under LIF
withdrawal conditions. By contrast, the cGCs in FBS-med pro-
gressed through the steps of differentiation, lost Klf4 expres-
sion, and acquired high expression of Cdx2, Fgf5, and T (Fig.
3A). Because Klf4 expression is induced by LIF/Stat 3 signaling
and implicated in ESC self-renewal (32), these results suggest
that the acquisition of aberrant Klf4 expression in iICs under

NBS-med contributes to LIF-independent maintenance of an
undifferentiated cell population. Furthermore, recent report
showed that activated p53 promotes the differentiation of
human ESCs by repressing the stem cell factors including
Oct3/4 andKlf4 (33), implying that functional loss of p53-path-
way also contributes the undifferentiated status in iICs in
NBS-med.

FIGURE 1. ESCs differentiating in NBS-med undergo senescence and subsequently aggregate in piled-up spheres. A, an experimental design is shown.
ESCs maintained with passaging every 2 days were held under three serum conditions. Cells were passaged as per ESC cultivation in each medium condition
until passage 6 followed by continued maintenance with medium change. B–D, shown is piled-up sphere development via senescence. Representative images
during differentiation induction in each condition are shown. After serial cell proliferation, cells in NBS-med senesced as indicated by the flattened and
enlarged morphology (B; arrows) and �-galactosidase activity (C), which led to the development of piled-up colonies (representative image) (D). Cells in
FBS-med did not show massive senescence (B; arrows with dotted line). ABS conditions did not induce subsequent proliferating cells (B, P6 � 14 days). E and
F, piled-up sphere formation in each medium condition is shown. Although massive sphere development was observed in NBS-med, it was rarely observed in
the other conditions. G, shown are normal MEFs senesced after serial proliferation, similar to the process seen during the differentiation of ESCs. Scale bars, 50
�m (B–D and G) or 2 cm (E).

FIGURE 2. iICs in NBS-med show cancerous characteristics. A and B, aneuploidy is observed in iICs in NBS-med by Giemsa staining (A) and DNA content
analysis (B) of M-phase cells. C, mutated p53 is frequently detected in iICs in NBS-med. The asterisk (*) indicates the stop codon. R� indicates the resulting
frameshift. aa, amino acids. D and E, the iICs in NBS-med show defective p53-dependent growth repression after treatment with low dose HU (0.2 mM). Growth
curve (D) and morphology (E) are shown. F and G, enhanced tumorigenicity was observed in the iICs in NBS-med. Arrows indicate tumors (F) induced in
NOD-SCID mice after transplantation. Tumor weights were measured 4 weeks after transplantation (G). Scale bars, 50 �m (A and E).
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To further investigate stem cell characteristics, we per-
formed EB formation assays and examined self-renewal and
differentiation capacities that are conserved in stem cells

including CSCs (Fig. 3B). During adherent culture of the
induced EBs from iICs in NBS-med and cGCs in FBS-med,
cells in each condition were migrated, massively prolifer-

FIGURE 3. iICs in NBS-med show stemness characteristics. A, gene expression analysis is shown. Pluripotency and differentiation-associated gene expression
status were compared in the indicated cells. ES derived cells at 14 days indicated the expression of each genes after differentiation for 14 days in a manner with
Fig. 3B. B, experimental design is shown. Spontaneous differentiation was induced with EB formation by hanging-drop culture for 2 days and then seeded for
attached culture. Inserted images are representative EBs (left images), and the resulting differentiated cells with multiple morphologies (right images) are
indicated under each condition. Scale bars, 100 �m. C, gene expression analysis is shown. After differentiation induction, iICs in NBS-med still showed
expression of pluripotency marker genes as well as differentiation marker genes in all germ layers.
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ated, and developed into cells with different morphologies
(Fig. 3B, inserted images), implying differentiation of the iICs
in NBS-med and cGCs in FBS-med. Consistently, after
adherent culture for an additional 11 days after EB formation
(see the images in Fig. 3B), the resulting EB cells in each
condition showed expression of differentiation marker
genes in all three germ layers (Fig. 3C). Such three germ layer
differentiation was also shown in the tumors that developed
with the experiments as in Fig. 2 and (supplemental Figs. S1
and S2). Tumor formation assay in vivo also confirmed the
pluripotency of these cells (supplemental Fig. S2). Intrigu-
ingly, although the expression of pluripotency markers was
largely decreased in cultured EB derived from the cGCs in
FBS-med or ESCs, the iICs in NBS-med still showed high
expression of pluripotent marker genes even after the induc-
tion of differentiation. This indicates that the iICs in NBS-
med retain several stemness characteristics even under dif-
ferentiation conditions, a feature that may confer an
advantage in tumor formation. Indeed, pluripotent marker
genes are still highly expressed in tumors derived from iICs

in NBS-med associated with enhanced tumor volume (sup-
plemental Fig. S2 and Fig. 2). Taken together our results
indicate that the iICs in NBS-med are effectively cancerous
stem cells that show both cancer cell characteristics and
stemness properties.
CSC-related Markers Accumulated in the CD133-enriched

Fraction of iICs in NBS-med—CSCs are identified by several
markers in surface antigens, such as CD133 (34). To character-
ize the stem-like subpopulation in the iICs in NBS-med, as
shown in Fig. 4A, the CD133-positive fraction that is about 35%
of iICs in NBS-med (Fig. 4B) was separated from the CD133-
negative fraction. Although sphere formation efficiency on
methylcellulose (Fig. 4C) and the expression ofNanog,Klf4, and
Sox2 were shown without a major difference in both CD133-
positive and -negative fractions, Oct3/4 and c-Myc expressions
were significantly lower in the CD133-negative fraction (Fig. 4,
A and B). In addition, other CSC markers CD34 and CD44 was
also highly expressed in the CD133 enriched cells (Fig. 4D).
These results imply that, as a stem-like subpopulation, CD133-
positive fractions could contribute to the maintenance of iICs

FIGURE 4. CSC markers are enriched in CD133-positive fractions of iICs in NBS-med. A and B, FACS analysis identified CD133-positive cells in iICs in
NBS-med. The threshold discriminating CD133 positive/negative fractions was determined by negative control experiments using alternative IgG (A, upper).
The CD133 positive-fraction was about 35% of iICs in NBS-med (A, lower, and B). C, both CD133-positive and -negative fractions developed spheres on
methylcellulose. D, expression of ES-related and CSC-related marker genes was compared between CD133-positive and -negative fractions. Expression of
Oct3/4, c-Myc, and CSC-related marker genes is significantly high in CD133-positive fraction.
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in NBS-med even under differentiation stress due to LIF inde-
pendent expression of all Yamanaka factors (35). This identifi-
cation poses another question in the status of cGCs in
FBS-med.
cGCs in FBS-med Show Several Properties of Embryonal Car-

cinoma Cells—Similar to development of iICs under an aber-
rant serum environment, cGCs in FBS-med were also observed
as a result of ESC cultivation under an aberrant serum environ-
ment compared with native development. As described above,
the cGCs in FBS-med showneither the pile-upmorphology nor
major chromosomal instability and Arf-p53module dysregula-
tion (supplemental Fig. S1, A and B), suggesting that cGCs in
FBS-med are not malignant cancerous cells. However, they still
expressed some pluripotent marker genes and showed differ-
entiation capacities to three germ layers with slightly enhanced
tumorigenicity compared with ESCs (supplemental Fig. S1D
and Fig. 3). Intriguingly, the characteristics of cGCs in FBS-med
are shared with embryonal carcinoma cells that are developed
from primordial germ cells derailing from the migration track
as well as transplanted early stage embryos; embryonal carci-
noma cells are characterized with tumorigenicity, the abilities
of LIF-independent multipotency, and differentiation to three
germ layers (2, 36), analogous to stemness characteristics
shown in cGCs (supplemental Fig. S2 and Fig. 3). In addition,
embryonal carcinoma cells are the pluripotent stem cells of
teratocarcinomawithwild-type p53 and are quite responsive to
chemotherapeutic drug treatment, which is also analogous to
the features shown in cGCs (supplemental Fig. S2). Thus, a
resulting population derived from the differentiated ESCs
under an environmental aberrancy is analogous to that from
the heterotopic transplantation of blastocysts and primordial
germ cells.
Differentiation Environment in EBs Prevents Development of

cGCs in FBS-med—Whereas ESCs as well as induced pluripo-
tent stem cells possess the potential to enable regenerative
medicine, this study poses the risk of development of CSCs and
embryonal carcinoma cells under aberrant environments. This
led us to investigate the CSC-like properties of ESC-derived
cells that differentiated under several conditions in vitro.
Expression of pluripotent marker genes were significantly
reduced after differentiation by hanging drop culture in FBS-
med at day 21 (Fig. 5,A and B). Such differentiated cells further
underwent differentiation steps after disaggregating EBs and
the additional adherent culture (Fig. 5B, 28 days). Indeed, cells
at 28 daysmassively differentiated inmorphologically epithelial
and fiber-like cells without detectable genomic instability (Fig.
5, C and F, upper and middle). Because non-serum conditions
were also employed for ESC differentiation induction (37),
genome stability was also tested under the conditions using
KSR-med (Fig. 5D). ESCs in KSR/LIF(�) medium spontane-
ously led to EB-like structure formation and underwent differ-

entiation (Fig. 5, D and E). Culture of dissolved EB cells led to
some piled-up spheres in FBS-med (Fig. 5D); however, after
cloning these spheres, most of them did not actively grow (22/
24) (supplemental Fig. S3A) or show epithelial-likemorphology
(1/24) (supplemental Fig. S3B). Although a clone (1/24) could
reform piled-up morphologies (supplemental Fig. S3C), the
ability to form a piled-up sphere in such cells was much weaker
than that of iICs in NBS-med (supplemental Fig. S3C) and did
not accompany the chromosomal instability and Arf-p53mod-
ule dysregulation (Fig. 5F, lower and supplemental Fig. S3D).
Together these results suggest the importance of in vitro differ-
entiation conditions to reduce the risk of developing unex-
pected populations.
Differentiating ESCs Accumulate DNADamage and Activate

Anti-cancer Barrier Responses—Although this study illustrated
that ESCs can transform into cancerous stem cells during dif-
ferentiation in NBS-med, a question remains regarding the
mechanistic aspects of the inductions of genomic instability,
mutations, and the resulting transformation. Growth curves of
differentiating ESCs in aberrant conditions demonstrate initial
proliferation but then eventual cessation of growth in all three
culture conditions (Fig. 6A). Under these processes, it was
observed that some fraction of the cells naturally undergo apo-
ptosis at around P2-P3, as assessed by TUNEL staining (Fig. 6B
and supplemental Fig. S4A) and an increase of the sub-G1 pop-
ulation by flow cytometry (Fig. 6C and supplemental Fig. S4B).
�H2AX that appeared to reflect DNA damage started to be
detected at P1 by Western blotting before apoptosis induction
and by immunostained foci observed at P2 (Fig. 6D, a and b);
however, the increased �H2AX level was efficiently decreased
in P3 cells in FBS- and ABS-med, coincident with a decrease in
apoptotic events (Fig. 6, C and Db, and supplemental Fig. S4, C
and D). Together with the diminishment of H2AX in P3 cells
(Fig. 6Db, comparedwith�-Actin signals) (38, 39), these results
show that p53-dependent anti-cancer barrier reactions are acti-
vated in response to spontaneous DNA lesion formation, mir-
roring the initial stages of carcinogenesis.
ESCs Differentiating in NBS-med Undergo Senescence before

the Development of Cancerous Stem Cells—Although carcino-
genic stress and barrier responses were observed in differen-
tiating ESCs under all three medium conditions, cancerous
stem cells are only induced under NBS-med conditions.
What exactly produces the difference in the differentiating
ESCs? Unlike other conditions, damaged cells in NBS-med
were not efficiently eliminated (Fig. 6D, b and c), thereby
these cells with �H2AX but with diminished H2AX survived
with a senescent morphology at P3-P5 (Fig. 1B, also see sup-
plemental Fig. S4D), under which pile-up spheres were even-
tually developed. Together with the accelerated genomic
instability under H2AX haploinsufficiency by exogenous
DNA lesions (40), our observations imply that senescent

FIGURE 5. Differentiation environments affect the reduction of risks for cancerous stem cell development. A–C, differentiation of ESCs via EBs is shown.
The experimental scheme is shown (A). EB dissociation and the following culture further led to differentiation in accordance with the decreased expression of
ES-related and neural stem cell-related genes and enhanced expression of a premature neuron marker gene (Nestin) (B). At 28 days, ES-derived cells showed
epithelial-like (white arrows) and fiber (yellow arrows) morphology. D and E, differentiation of ESCs in KSR-med is shown. The experimental scheme is shown (D).
ESCs were also differentiated to three germ layers in KSR-med (E). Dissolved EBs were seeded in FBS-med condition or KSR condition, although dissolved EBs
seeded into KSR-med massively died (data not shown). F, DNA content analysis in each state of cells is shown. Differentiating ESCs under FBS-med or KSR-med
did not develop major genome instability. Scale bars, 50 �m.
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cells with irreparable DNA lesions undergo the carcinogenic
transformation. To test this argument directly, we examined
whether piled-up sphere formation was accelerated by the
exogenous DNA lesions in the cells that have escaped the
apoptotic event at P3. In ABS-med conditions, NCS treat-
ment at 5 and 6 days promptly induced senescence-like mor-
phology (Fig. 6, E and F, 3 days after NCS treatment). At 9
days after NCS treatment, even in ABS-med conditions, NCS
treatment induced piled-up sphere formation similar to the
differentiating cells in NBS-med (Fig. 6F). Damage level was
found to be critical to the frequency of pile-up sphere forma-
tion, which seemed to be optimumwith 25 ng/ml NCS in this
experiment (Fig. 6F). Thus, DNA lesions under down-regu-
lated H2AX contribute to senescence induction in the differ-
entiating ESCs and the resulting piled-up sphere formation.
Genomic instability development that is induced beforeMEF

immortalization is ascribed to the carryover of irreparable
DNA lesions to the M phase (8). In agreement with this, the
irreparable DNA lesions in NBS-med were often carried over
into theMphase of P3 cells before the development of iICs (Fig.
6G). Taken together, these results demonstrate that insufficient
barrier reactions against carcinogenic stress permit the accu-
mulation of aberrant DNA lesions in differentiating ESCs, lead-
ing into the development of induced cancerous stem cells.
A Condition with Lower FBS Concentration Leads to Accu-

mulation of Senescent Cells under ESC Differentiation—The
above results demonstrate that irreparable DNA lesions under
diminished H2AX lead to senescence induction and resulting
piled-up sphere formation during ESC differentiation. How-
ever, the question remains, Which factors in NBS-med condi-
tions allowdamaged cells to survivewith senescence induction?
To address this issue, we focused on the effect of growth accel-
eration that is produced by the different serum conditions and
determined the effect of the exogenous growth acceleration by
reducing the percentage of supplemented FBS (Fig. 7A) for the
following reasons. 1) In the process of immortality develop-
ment in MEFs, continuous growth acceleration by serum
induces DNA double strand breaks due to DNA replication
stress, which leads to the induction of senescence, genomic
instability, and p53-module dysregulation, similar to the effect
shown by oncogene acceleration (8, 38, 41, 42). 2) Temporary
serum deprivation protects MEFs from immortality develop-
ment under genome stability (38), suggesting that the level of
growth acceleration could affect the balance between carcino-
genic stress and an anti-cancer barrier. 3) During ESC differen-
tiation we observed higher levels of subG1 in FBS-med condi-

tions compared with others (Fig. 6, A and C, P2), potentially
suggesting that the difference in the enriched growth factors in
FBS gives the difference in the stress-barrier balance. ESCs dif-
ferentiated under 20, 10, and 5% FBS-med conditions initially
proliferated in proportion to the serum concentration (Fig. 7B,
3 days) and eventually stopped the growth (6–9 days). These
differentiating cells exhibited�H2AX signaling (Fig. 7C, 3 and 6
days) followed byH2AX diminishment (9 days).When �H2AX
was presented, these cells were also subjected to apoptosis
induction as shown by PARP1 cleavage (3 and 6 days) in all
conditions, suggesting the activation of carcinogenic stress and
the barrier responses. However, only in 10% FBS-med condi-
tions, senescent cells are massively developed at 9 days, which
was unexpectedly not shown either in higher or in lower serum
conditions but only in the intermediate (Fig. 7D). These results
illustrated that, for differentiating stem cells, a potential pitfall
leading to senescence inductionwas generated between growth
stimulation levels in the surrounding environment, probably
associated with the balance between the barrier responses and
cell maintenance.
Sufficient Barrier Reactions Prevent Senescence Induction in

Differentiating ESCs—To prevent cancer stem cell develop-
ment, the above results suggest that sufficient barrier activation
protects the damaged cells from senescence and the resulting
transformation. To confirm this issue, we treated P1 and P2
cells in NBS-med with Akt inhibitor IV and PARP inhibitor
AZD2281 (Fig. 8Aa) because Akt is a major target of several
anti-cancer drugs, such as sorafenib (43, 44) and PARP inhibi-
tors also act as an anti-cancer drug (45). As expected, treatment
of Akt inhibitor IV or AZD2281 significantly reduced the sur-
viving cells during differentiation of ESCs in NBS-med (Fig.
8Ab and supplemental Fig. S5), associating with the protection
from the accumulation of senescent cells (Fig. 8Ac). Because an
effect of PARP inhibition is partial DNA repair deficiency, the
effect of spontaneous DNA damage was further tested by with-
drawal of monothioglycerol that reduces reactive oxygen spe-
cies that lead to stress and contributes to the reduction of DNA
damage (46–48). Again, culture conditions withoutmonothio-
glycerol led neither to survival with a senescent state nor to
the development of piled-up spheres (Fig. 8B). This supports
that sufficient barrier activation prevents cancerous stem
cell development, in which appropriate treatment with an
anti-cancer drug might help. However, such an argument
might be carefully treated because the effects of DNA dam-
age could lead to different outputs which depend on cellular
conditions (Fig. 6, E and F).

FIGURE 6. Carcinogenic stress is induced during differentiation of ESCs in aberrant environments. A, cell growth in each medium condition is shown.
Unlike continuously growing ESCs in the KSR � LIF condition, differentiating cells under each condition were growth-arrested at P2-P3. B and C, massive
apoptosis induction was observed at P2-P3 with the TUNEL assay (B) and sub-G1 fractions (C). ES, embryonic stem. Sub-G1 fraction analysis revealed that
apoptosis is mainly induced at P2-P3, which coincides with growth suppression (A). D, the status of spontaneously accumulated DNA lesions was determined
by �H2AX foci formation (Da, also demonstrated in supplemental Fig. S3C) as well as �H2AX signal detection with Western blotting (Db). �H2AX signals were
diminished at P3 in the differentiating cells in FBS- and ABS-med but not significantly decreased in cells in NBS-med (see P2 and P3 and quantified Fig. 4Dc).
E and F, additional DNA damage accelerates the piled-up sphere formation. Experimental design is shown in E. ESCs were maintained and differentiated in
ABS-med as in Fig. 1A, but the P3 cells in P3 � 1 day were treated with NCS for 3 days. After NCS treatment, cells were maintained with medium change as cells
rapidly senesced (F, 3 days after NCS treatment). NCS treatment allows differentiating ESCs to form spheres in ABS-med. Images are representative, showing
senescent cells, and resulting sphere development was induced under ABS-med with 25 ng/ml NCS treatment (F). The frequency of piled-up sphere develop-
ment in ABS-med was also determined with different NCS doses (F, graph). Different than the Fig. 1 results, we observed piled-up colony formation in
non-NCS-treated conditions, implying that a decrease in the times of passage allowed remaining undifferentiated cell proliferation. Scale bars, 100 �m. G, the
status of DNA lesions in M-phase cells was determined by co-localized staining of �H2AX and phosphorylated histone H3 (pH3) (arrows). Images are repre-
sentative. The quantified results are also shown (graph), indicating DNA-lesion carryover into the M phase. Scale bars, 50 �m.
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FIGURE 7. Decreased intensity of growth acceleration could induce senescence-like morphology of differentiating ESCs in FBS-med. A, experimental
design is shown. ESCs maintained with passaging every 2 days were held under 20, 10. Cells were passaged every 3 days in each medium condition until 9 days.
B, shown is the growth curve of differentiating ESCs in the indicated conditions. A high concentration of FBS induced strong cell proliferation. C, DNA damage
response in differentiating ESCs is shown. Western blotting shows PARP1 cleavage (3 and 6 days), �H2AX up-regulation (3 and 6 days), and H2AX diminishment
(9 days) in differentiating ESCs. ES, ES, embryonic stem. D, cell morphologies in each medium at 9 days is shown. Senescence was not observed in 20 and 5%
FBS condition, but differentiating ESCs in 10% FBS condition showed flattened and enlarged morphology. Lower panels show expanded images of the squares
in the upper panels. Yellow arrows indicate the representative cells showing flattened and enlarged morphology. Scale bars, 50 �m.
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DISCUSSION

Our results illustrated that ESCs differentiating under aber-
rant conditions, such as cultivation in NBS-med, are subject to
carcinogenic stress, resulting in genomic instability, mutation
in the p53 locus, and the appearance of cancerous stem cells
(Fig. 9). Although senescing MEFs subjected to carcinogenic

stress develop immortality without accompanying stemness and
tumorigenicity (10), similar stresses in differentiating ESCs are
associated with the development of malignancy. Thus, unlike dif-
ferentiated cells, ESCs differentiating under environmental aber-
rancy suffer potentially from a risk of developing into cancerous
stem cells upon spontaneous exposure to carcinogenic stress.

FIGURE 8. Sufficient barrier response protects differentiating ESCs from senescence, preventing the development of cancerous stem cells. A, protec-
tion of differentiating ESCs from senescence by treatment with anti-cancer drugs is shown. The experimental scheme is shown (a). Akt inhibitor IV and PARP
inhibitor AZD2281 led to the reduction of surviving cells (b) and senescent cells (c). B, prevention of cancerous stem cell development in the presence of ROS
is shown. Development of cancerous stem cells under NBS-med was inhibited in the absence of monothioglycerol (MTG) as shown in the lower cell survival (a,
compared with Fig. 6A), inhibition of senescence (b, P3 cells), and no piled-up sphere development (b, P6 � 10 days). The arrow indicates the sphere develop-
ment in control conditions. Scale bars, 50 �m.
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Before their development into cancerous stem cells, ESCs
differentiating in aberrant serumenvironments emulate cells in
the initial stages of carcinogenesis, during which time they
accumulate DNA lesions and exhibit barrier reactions, such as
the induction of senescence and apoptosis. Genomic instability
and mutations are also induced during the initial stages, con-
tributing not only to the development of immortality but also to
the acquisition of aberrant stemness characteristics that
include the retention of stemness marker gene expression even
under differentiation conditions. Thus, cancerous stem cells
can propagate without losing stemness properties even in envi-
ronments in which normal stem cells cannot maintain their
undifferentiated status.
The development of CSCs is critical for carcinogenesis. In a

manner analogous to the transformation of ESCs into cancer-
ous stem cells, differentiating somatic stem cells can also be
transformed into CSCs in vivo due to aberrant niche environ-
ments. This is supported by several documented observations:
1) age is a risk factor for defective niche function (23), 2) hema-
topoietic stem cells spontaneously accumulate endogenous
DNA damage with age (49), and 3) disruption of the hemato-
poietic niche induces differentiation disorders in progenitor
cells and secondary oncogenesis (22). In addition, humoral fac-
tors could be involved in the balance between progression and
prevention of carcinogenic transformation; differentiating
ESCs under NBS-med override the anti-cancer barrier and
result in the development of cancerous stem cells, whereas
those under FBS- and ABS-med are blocked. Importantly, this
indicates that some conditions effectively induce anti-cancer
barriers, as observed in FBS- and ABS-med, although this bal-
ance can also be altered by exogenous DNA damage. Thus, our
results illustrate that normal stem cells can transform into
CSCs during differentiation in aberrant environments and sug-

gest that the development of CSCs is prevented by effective
induction of anti-cancer barrier responses, pointing to a poten-
tial target for cancer prevention.
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