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Abstract

Regenerative medicine aims to replace the lost or damaged cells in
the human body through a new source of healthy transplanted
cells or by endogenous repair. Although human embryonic stem
cells were first thought to be the ideal source for cell therapy and
tissue repair in humans, the discovery by Yamanaka and colleagues
revolutionized the field. Almost any differentiated cell can be sent
back in time to a pluripotency state by expressing the appropriate
transcription factors. The process of somatic reprogramming using
Yamanaka factors, many of which are oncogenes, offers a glimpse
into how cancer stem cells may originate. In this review we discuss
the similarities between tumor dedifferentiation and somatic cell
reprogramming and how this may pose a risk to the application of
this new technology in regenerative medicine.
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Introduction

A new branch of medicine will develop that attempts to change the

course of chronic disease and in many instances will regenerate

tired and failing organ systems [1,2].

Many human diseases are caused by deficits in the quantity or

functionality of particular cells. These diseases include neurodegen-

erative disorders, certain types of blindness and deafness, diabetes,

and some types of liver and heart disease. The idea that degenera-

tive as well as genetic diseases can be treated by regenerating the

diseased organ or replacing the “damaged” cells with “healthy” new

cells is fast becoming a reality since the first isolation of human

embryonic stem cells (ESCs) and generation of induced pluripotent

stem cells (iPSCs) from terminally differentiated somatic cells [3,4].

Remarkably, the process of dedifferentiation or reprogramming of

the somatic cells by Yamanaka factors, many of which are oncoge-

nes, offers a new insight into cancer stem cells (CSCs). They may be

the product of dedifferentiation of somatic cells following oncogenic

insult. Cancer cells are the ultimate survivors and will exploit and

subvert the cellular machinery to achieve that goal, by proliferation,

dedifferentiation, and even transdifferentiation. Here, we will high-

light some human cancers that may be the product of somatic cell

reprogramming and as such may even pose some risk to the applica-

tion of iPSCs in regenerative medicine.

From ESC to iPSC

Embryonic stem cells have attracted special attention by virtue of

their pluripotent nature, that is, the ability to self-renew indefinitely

in culture while retaining the capacity to differentiate into nearly all

cell types in the body. Since their isolation, ESCs have been

regarded as gold standard for their unique properties and extraordi-

nary potential in regenerative medicine. Despite these important

properties and remarkable qualities, ESC-based therapy has many

limitations in treating human diseases. ESCs are derived from the

inner cell mass of pre-implantation embryos, and hence patient-

specific, and cannot be used as a general cell source for transplantation

to other patients in need due to the risk of immune rejection. Histor-

ically, the solution to overcome this obstacle comes from seminal

frog studies when Briggs and King [5] demonstrated the reversal of

cell differentiation by transplantation of a viable cell nucleus into an

enucleated frog egg. They succeeded in producing normal swim-

ming tadpoles of Rana pipiens by transplanting the nuclei of embryo

(blastula) cells. Later, similar experiments were carried out with

eggs of the South African frog Xenopus laevis using nuclei from fully

differentiated cells [6]. Collectively, these results challenged the uni-

directional developmental model: Cells now can go back in time,

dedifferentiate by changes in nuclear gene expression while main-

taining their genome intact. Somatic cell nuclear transfer (SCNT), or

nuclear reprogramming, is the technology by which the nucleus of

the donor somatic cell is removed and transferred into an enucle-

ated oocyte, where undefined factors in the cytoplasm of this oocyte

are able to reprogram the somatic donor nucleus to a pluripotent

state.

In a remarkable experiment, Takahashi and Yamanaka [3]

demonstrated that introduction of mere four genes (Oct-3/4, Sox2,

c-Myc, and KLF4) into an adult mouse fibroblast population can

generate colonies with the characteristics of ESCs. These colonies

were capable of differentiation to endodermal, ectodermal, and
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mesodermal lineages upon transplantation in immunodeficient

mice. The authors termed them as induced pluripotent cells, or

iPSCs. In the subsequent years, a variety of approaches and a

very wide variety of differentiated cells have now been used to

generate iPSCs [7–9].

The accumulated knowledge in the mechanisms and pathways

involved in cellular reprogramming and induced pluripotency

clearly shows the important connections between protein and tran-

scriptional networks and how these factors affect the chromatin

landscape. Changes in chromatin structure clearly affect global gene

expression directly contributing to cell fate transitions. The key plu-

ripotency transcription factors described before are intertwined with

chromatin-associated factors to form sophisticated networks with

complex regulatory interactions responsible for the maintenance of

stemness and differentiation states. Chromatin marks linked to gene

activation, particularly HK4me3, are highly enriched in genes

expressed in ESCs. Conversely, upon differentiation, cells acquire

chromatin marks associated with transcriptional repression such as

H3K27me3 [10]. Not surprisingly, chromatin markers of iPSCs

resemble those found in ESCs [11]. Chromatin changes in both

promoters and enhancers are early events in response to the core

transcription factors during the reprogramming process [12]. We

are still learning how the epigenetic landscape is reset during

reprogramming of somatic cells to iPSC and how these modifi-

cations determine the cell fate.

Interestingly, the acquisition of stem cell properties has also been

reported in the case of normal differentiated cells in certain organs.

The non-stem cell compartment seems to be the source of a new

pool of cells with stem-like characteristics very similar to the endog-

enous stem cell counterparts in the organ.

Examples of this interconversion between stem and non-stem

cell compartments have been shown in a subpopulation of basal-

like human mammary epithelial cells [13], a rare subpopulation of

somatic cells from breast tissue [14]. Differentiated airway epithe-

lial cells have also been reported to dedifferentiate to a stem-like

state [15], and upon tissue damage, Dll1+ intestinal secretory pro-

genitor cells can also acquire cell plasticity and regain stemness

[16]. If terminally differentiated cells can regain stem cell traits to

maintain a balanced equilibrium between non-stem and stem cell

compartments or to be able to regenerate damage tissue, it is fair

to assume that this process can be adopted in disease states like

cancer.

Dedifferentiation in cancer cells

There are multiple levels of heterogeneity associated with cancer,

and this heterogeneity is one of the hallmarks of cancers arising

in several organs. Genetic heterogeneity in the majority of the

cancers is reflected by genome instability, and in addition to

these genetic alterations, the state of the cell may be changed epi-

genetically. Phenotypic heterogeneity refers to the diverse func-

tional properties and expression of different lineage markers that

tumor cells can adopt along cancer progression. Based on cell

surface markers, we can identify distinct subpopulations of neo-

plastic cells within the same tumors, suggesting that irrespective

of their genetic alterations, cancer cells may exist in different

states of differentiation [17]. The latest has been defined as intra-

tumor heterogeneity, to explain the variations found within indi-

vidual tumors, and intertumoral heterogeneity refers to the

molecular differences that occur between tumors initiated in the

same organ, which allows the classification of these tumors in

different subtypes and may even represent biologically distinct

disease entities [18].

Cancer stem cell can be defined as the cells within a tumor that

possess the capacity to self-renew and to cause the heterogeneous

lineages of cancer cells that comprise the tumor. CSCs are thus a

biologically unique subpopulation of cells that can perpetuate indef-

initely as oppose to the bulk of cells that reside in the tumor, and

are mostly insensitive to currently used cancer therapies. The CSC

model assumes that this unique subpopulation of cells sustain

malignant growth by means of their ability to self-renew and the

possibility to give rise to progeny with self-limited proliferative

capacity. This suggests a hierarchical organization where CSCs are

responsible for the generation of the heterogeneity found within

tumors. Although CSCs exhibit the stem cell properties of self-

renewal and differentiation, they do not necessarily originate from

the transformation of normal tissue stem cells [18].

Several recent studies now suggest that not all cancers strictly

conform to the unidirectional hierarchical CSC model, and enter-

tain the possibility of “tumor cell plasticity”, where non-CSC can

dedifferentiate and acquire CSC-like properties under certain

conditions as demonstrated by examples below:

Glossary

Bmi1 B-lymphoma Mo-MLV insertion region 1 homolog
CNS central nervous system
Cre Cre recombinase
CSC cancer stem cell
Dll1 Delta-like gene 1
Dot1l DOT1-like, histone H3 methyltransferase
EGFR epidermal growth factor receptor
EMT epithelial–mesenchymal transition
ESC embryonic stem cell
GBM glioblastoma
H3K27me3 histone H3 trimethyl Lys27
H3K9me2 histone H3 dimethyl Lys9
H3K9me3 histone H3 trimethyl Lys9
iPSC induced pluripotent stem cell
Klf4 Kruppel-like factor 4
Kras Ki-ras2 Kirsten rat sarcoma viral oncogene
LTR long terminal repeat
MET mesenchymal–epithelial transition
Nanog Nanog homeobox
NF-jB nuclear factor kappa-light-chain-enhancer of activated

B cells
NSC neural stem cell
Oct-3/4 octamer-binding transcription factor 3/4
Ras rat sarcoma
Setdb1 Set domain, bifurcated 1 methyltransferase
Sox2 sex-determining region Y-related box2
Suv39h1 suppressor of variegation 3–9 homolog 1
TDEC tumor-derived endothelial cell
Tet1 Ten-eleven translocation methylcytosine dioxygenase 1
TGF-b transforming growth factor beta
TNF-a tumor necrosis factor alpha
TUJ1 neuron-specific class III beta-tubulin
Wnt Wingless integrase-1
ZEB1 zinc finger E-box-binding homeobox 1
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Glioblastoma (GBM), the most common and aggressive subtype

of the malignant gliomas, is characterized by intense proliferation,

invasion, and intratumor heterogeneity. A decade ago, Ronald

DePinho’s group demonstrated that the combined loss of p16INK4a

and p19ARF enables mature astrocyte dedifferentiation in response

to EGFR activation [19]. Moreover, transduction of Ink4a/Arf(�/�)

neural stem cells (NSCs) or astrocytes with constitutively active

EGFR induces a common high-grade glioma phenotype. These find-

ings identify neural stem cells and astrocytes as equally permissive

compartments for gliomagenesis. The identification of TUJ1-positive

neurons in the tumors originating from the transformed astrocytes

suggested that dedifferentiation may be so complete as to generate a

pluripotent cell with the potential to make neurons as well as glia.

More recently, our group showed that GBM can originate from a

variety of cells in the brain, including terminally differentiated

cortical astrocytes and neurons [20]. Transduction by oncogenic

Cre-inducible lentiviruses in the cortex of synapsinI-Cre or GFAP-

Cre transgenic mice, which drive the expression of Cre specifically

in neurons and glial cells, respectively, induced the formation of

gliomas. Interestingly, these tumors mostly expressed markers of

progenitor/neural stem cells, nestin and Sox2. In a study aimed to

follow the kinetic expression of some of these markers during tumor

development, we observed that at early stages, differentiation mark-

ers are progressively diminished, while nestin, a marker of NSC,

undetectable a few days after transduction, increased significantly

with tumor progression (Fig 1). We proposed that oncogenic-

induced dedifferentiation of mature cells in the brain to a stem-/

progenitor-like state leads to heterogeneous glioma tumors (Fig 2).

The genetically acquired plasticity of these cells allows progression

and maintenance of this aggressive tumor and even formation of its

own blood vessels by transdifferentiation [21]. These data also

supported the view originally proposed by Ronald DePinho and his

group [19] that dysregulation of specific genetic pathways, rather

than cell of origin, dictates the emergence and phenotype of high-

grade gliomas.

The bidirectional conversion between CSCs and non-CSCs was

also found in intestinal tumors, where an inflammatory stroma,

through NF-jB activation, enhances Wnt signaling and leads to the

reprogramming process. If any differentiated cell can be repro-

grammed to a pluripotent state through the right combination of

transcriptions factors [3], then, following the same line of reasoning

and in theory, intestinal epithelial cells (IEC) can dedifferentiate to a

progenitor/stem cell state given an appropriate transcription factor,

for example Wnt signaling, is strongly activated. In the study of

Florian Greten’s group, the combination of an oncogenic hit like Kras

and the activation of NF-jB induces the stabilization of b-catenin
and thereof the activation of the b-catenin/tcf transcription complex,

leading to the conversion of non-stem IEC into IEC with stem cell

properties [22]. The implication of NF-jB activation in the context

of inflammation and cancer has already been shown previously

[23]. But in this study, both Kras and TNF-a-dependent NF-jB acti-

vation enhances b-catenin/Tcf-mediated transcriptional activity and

induces dedifferentiation of non-stem IEC into tumor-initiating cells,

supporting a model of bidirectional interconvertibility rather than

the strict unidirectional model of the stem differentiation hierarchy

(reviewed by [24]). It remains unclear whether this plasticity of

tumor cells is specific to certain types of cancer, how frequently this

process of interconversion occurs in vivo, and what is the mecha-

nism that regulates the dynamic equilibrium that exists between

non-CSC and CSC. Recently, Robert Weinberg’s group addressed

some of these questions and found that the switch between non-

CSC to CSC state is frequently common in certain types of breast

cancer, and proposed a mechanism responsible for this transition.

Based on the notion that the epithelial–mesenchymal transition

(EMT) generates cells with stem cell properties [25], they found

ZEB1, a transcription factor known to be involved in the EMT pro-

gram, to be required for the conversion from non-CSC to CSC and

also for the maintenance of the CSC-like activity [26]. More specifi-

cally, the chromatin configuration in a bivalent/poised state associ-

ated with the ZEB1 promoter enables de novo generation of CSCs

from non-CSC populations. Not surprisingly, the tumor microenvi-

ronment provides the stimuli, in this case by the secretion of TGF-b
that enhances the rate of transition from non-CSC to CSC by induc-

ing ZEB1 expression. The implications of tumor plasticity can

go beyond the primary tumor and play an important role in tumor

metastasis. It has been suggested that CSCs are endowed with

multiple traits that are required for most of the steps related to the

invasion–metastasis cascade [27] and therefore might be key players

in metastatic tumors. Although it still needs to be proven, non-CSC

too may leave a primary tumor and, upon arrival to the secondary

Tumor progression

Differentiation markers

Progenitor/stem cell markers

Fig 1. Kinetic expression of differentiation markers along tumor progression.
Glioblastoma tumors induced by oncogenic lentivirus either in neurons or in glia in the cortex initially express differentiationmarkers (e.g., Tuj1 and GFAP, respectively), but as
tumor progresses, these markers decrease and stem/progenitor markers become predominantly expressed (like nestin and Sox2) [20].
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site, dedifferentiate and create a new pool of CSCs, hence becoming

founders of new metastatic colonies.

The study from Oleksi Petrenko’s laboratory used a model of

conditional expression of oncogenic KrasG12D in mice to show the

phenotypic changes at the molecular and cellular level required in

the process of transformation. Their results support the concept of

tumor plasticity and the existence of a controlled balance between

differentiated tumor cells and tumor cells in a stem-like state [28].

The acquisition of CSC characteristics induced by oncogenic Ras

and one of its downstream targets, Myc, is essential to initiate the

malignant transformation. According to their results, genome repro-

gramming and dedifferentiation are important early steps in pancre-

atic tumor initiation, progression, and even predispose early-stage

pancreatic tumor cells to metastatic spread. Activating Kras muta-

tion occurs at a frequency of 90% in pancreatic cancer and is the

most frequent mutation among all cancers [29–32]. Kras signals via

downstream effector pathways, and in their study, the transcription

factor Myc is implicated in the regulation of self-renewal and devel-

opment of metastatic pancreatic cancer cells. Collectively, their data

support the studies described before in this section, wherein any cell

in the tumor, regardless of its differentiation state, has the potential

to become a CSC given that an appropriate oncogenic insult induces

this plasticity. The big challenge in the field now will be to elucidate

the mechanism responsible for this process.

Although we have focused so far on tumor reprogramming as a

consequence mostly of cell-intrinsic changes, the tumor microenvi-

ronment plays a very important role in this process. To this extent,

two independent studies showed that cancer stemness can be regu-

lated by extrinsic factors generated in the tumor microenvironment.

The study of Jean Paul Medema’s group suggested that colorectal

stroma cells surrounding the tumor, specifically myofibroblasts, by

secreting hepatocyte growth factor can induce nuclear b-catenin
localization, Wnt signaling activity, and the generation of stem cell

features in more differentiated tumor cells [33]. In this scenario,

myofibroblasts create a niche that support dedifferentiation of colon

cancer cells to a CSC phenotype, and this dynamic conversion

toward stemness is regulated by the intensity of Wnt activity. As we

discussed previously, Wnt activity was an important cell-intrinsic

feature responsible for the reprogramming of IEC into CSC. But the

results of Medema’s group suggest that stroma cells can not only

sustain high Wnt activity in the surrounding CSC but can also

induce reprogramming of differentiated tumor cells into CSC by

secreting extrinsic factors and activating their Wnt signaling path-

way. An inflammatory tumor microenvironment can also shape the

response of the tumor cells to adoptive cell transfer therapy (ACT).

TNF-a secreted by macrophages and T cells in the tumor microenvi-

ronment can induce an interconversion between differentiated and

dedifferentiated melanoma tumor cells [34]. This induced inflamma-

tion plasticity allows the tumor cells to escape immune surveillance

and in the context of ACT explains relapse of the tumors after the

initial remission. Changes in the differentiation state of the tumor

cells also change the lineage markers expressed on the surface of

these tumor cells, generating a mechanism of resistance and escape

from cytotoxic T-cell recognition.

Versatility of cancer stem cells: transdifferentiation

Stem cells have acquired the plasticity of not only self-sustenance

and differentiation into expected lineages, but can also transdiffer-

entiate into other lineages and cell types. Despite the fact that GBMs

are highly vascularized, inhibitors of angiogenesis, like avastin, are

not very effective [35,36]. Several laboratories have discovered that

in GBMs, the cancer cells can transdifferentiate to endothelial cells

(TDECs), leading to the formation of blood vessels, which are

functional [21,37,38]. In some human GBMs, over 70% of the

endothelial cells forming the blood vessels were derived from cancer

cells [37]. More recently, it has been shown that in human GBMs,

the cancer cells can transdifferentiate to pericytes [39]. In some

ways, it is not surprising, because in mice, NSCs have been shown

to differentiate into endothelial cells which then presumably provide

the niche for NSCs to differentiate to various cells of CNS lineage

[40]. In the context of glioma tumors, the transdifferentiation pro-

cess seems to be reversible, with tumor endothelial cells being able

to reverse to a CSC state (Yasushi Soda and Amy Rommel, personal

communication; Fig 3). Clearly, the emphasis will now be to under-

stand the molecular mechanisms of transdifferentiation. Although

there is not as yet evidence of transdifferentiation of CSCs to other

cell types, it may be prudent to further analyze other cell types,

especially the stromal cells surrounding the tumors, some of which

may actually be of tumor origin.

Parallels between reprogramming of somatic cells and
dedifferentiation in cancer

The concept that differentiated cells become “dedifferentiated” in

cancer has been controversial, but the latest studies described above

have provided sufficient data supporting the existence of this pro-

cess and even the requirement of this transition for tumorigenesis.

In this context, dedifferentiation should apply only to a situation

Lenti-OKSM

iPS colonies

Tumorspheres

Lenti-Hras-shp53

Astrocytes

Teratomas

Gliomas

Fig 2. Parallel between glioma cancer stem cells and induced
pluripotent stem cell.
An astrocyte transduced with LV-Hras-shp53 dedifferentiates/reprograms to a
progenitor/stem cell state, leading to tumorsphere formation. These
tumorspheres when transplanted orthotopically in the brain of mice lead to
glioma tumors. The same astrocytes transduced with a lentivector carrying the
four transcription factors (Oct-4, Klf-4, Sox2, and myc) reprogram and form iPS
colonies than when transplanted s.c. into mice develop teratomas.
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where a more specialized cell type looses expression of lineage-

specific genes of specialized tissue function, in favor of expression

of the more primitive signature of the related tissue development.

Indeed, in some types of cancer, the alterations in differentiated

cells result in reversion to a stem cell phenotype. The process of iPS

generation also implies a reversion from a differentiated state to a

pluripotent state, and following this reprogramming, the differenti-

ated somatic cells acquire unlimited proliferating properties and

self-renewal capacity. As discussed below, this is only one of the

many characteristics that iPSCs share with cancer development.

Oligodendrocyte

Astrocyte

Progenitor cell

Neural stem cell

Self-
renewing

Neuron
Endothelial cell

Normal

Transformed
oligodendrocytes Transformed

astrocytes

Transformed
neurons

Cancer stem cell

Self-
renewing

TDEC

GBM

?

Fig 3. A model for the generation of malignant gliomas.
Normal mechanism of neuronal differentiation: Neural stem cell can self-renew, go through an intermediate progenitor cell, and differentiate into oligodendrocytes,
astrocytes, neurons, and endothelial cells. In the formation of glioblastoma, the transformed neurons, astrocytes, and possibly oligodendrocytes can dedifferentiate/
reprogram to become cancer stem cells (CSCs), which can then continue to self-proliferate and differentiate to more transformed neurons and astrocytes. The transformed
neurons and astrocytes can also transdifferentiate into endothelial cells (TDECs), which can again dedifferentiate to CSCs.
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Oncogenic transformation frequently involves de novo acquisi-

tion of developmental programs, analogous to cellular reprogram-

ming, and yields cells with unlimited self-renewal potential, a

feature shared with iPSCs. This implies that similar pathways can

be associated with both the induction of pluripotency and oncogene-

sis. The appropriation of specific ESC-associated regulators and gene

expression pathways by poorly differentiated solid tumors has been

described [30]. Indeed, molecular analysis of gene sets associated

with ESC identity in various human tumor types highlights the fact

that tumorigenesis can hijack embryonic pathways of tissue devel-

opment. Another program that is being replayed in the evolution of

primary tumors toward metastatic phenotypes and, as previously

discussed, shared common transcription players in tumor dediffer-

entiation is the EMT. The EMT and the reverse process, termed the

mesenchymal–epithelial transition (MET), play central roles in

embryogenesis [25]. Some of the transcription factors orchestrating

EMTs have been found to confer malignant traits. Furthermore, it

has been shown previously that EMT can reprogram differentiated

mammary epithelial cells into a less differentiated epithelial stem

cell with mesenchymal traits, establishing a link between EMT and

the acquisition of stem cell properties [25].

When focusing on dedifferentiation processes and comparing

those with dedifferentiation leading to tumor cells, and the relevant

role that CSCs play in tumor malignancy and growth, it is inescap-

able to appreciate the similarities between somatic cell reprogram-

ming and tumorigenesis. Each of the iPSC reprogramming factors

has established roles in oncogenesis. Oct-4 plays a driving role in

initiating germ cell tumors and has been proposed to be a useful

marker for germ cell tumors such as seminomas and embryonal

carcinomas [41]. Although Oct-4 is highly expressed in seminomas,

other non-germ-cell-originated tumors show detectable levels com-

pared to their normal cell counterparts, like breast carcinomas and

papillary carcinomas of the thyroid [42], as well as esophageal cell

carcinoma [43] and prostate cancer [44]. The notion that Oct-4

induction affects epigenetic regulations and contributes to the main-

tenance of undifferentiated proliferating cells [45] may provide a

possible link between transcription factor-mediated reprogramming

and oncogenesis. Sox2 is amplified in lung and esophagus cancer

and is an essential driver of CSCs subpopulations in GBM, breast

cancer, and Ewing sarcoma [46,47]. A large variety of human malig-

nancies express high levels of MYC. Its expression may explain the

observation that most of the mice generated with iPSC clones spon-

taneously developed tumors [48]. Myc is an important transcrip-

tional regulator in ESC, and it significantly promotes the process of

iPSC derivation. Its role as a global amplifier of gene expression not

surprisingly also drives a wide range of malignant programs [49].

The list can go on including KLF4, Nanog, Lin28, and other pluripo-

tency factors and transcription factors that mediate direct lineage

conversion, emphasizing the link between reprogramming and

oncogenesis [50,51].

Changes in the epigenetic landscape have also been implicated

in both reprogramming and oncogenic transformation. Epigenetics

can be defined as the external modifications to DNA that regulate

gene expression without changes in the underlying DNA sequence.

Two major epigenetic regulations are DNA methylation and histone

modifications. DNA methylation is a relatively stable epigenetic

modification that mediates silencing of repetitive elements and

certain gene promoters [52]. Changes in DNA methylation are

required to achieve nuclear reprogramming, evidenced by the loss

of promoter methylation in key pluripotency genes during iPSC

generation [3]. Several studies have reported de novo DNA methyla-

tion during reprogramming of differentiated cells to iPSC. DNA

methyltransferases (DNMTs) are involved in the establishment and

maintenance of DNA methylation, and high expression of DNMTs

has been reported during the induction of reprogramming as well

as in ESCs [53]. Tet1 proteins facilitate the hydroxylation of 5-meth-

ylcytosine (5mC) to 5-hydroxymethylcytosine (5hmC), and this

modification in DNA methylation plays an important role during

the reprogramming process. The enrichment of 5hmC in the Oct-4

loci facilitates DNA demethylation and the transcriptional reactiva-

tion required for the induction of reprogramming by the core tran-

scription factors (OKSM) [54]. Abnormal patterns of genomic

methylation in cancer are characterized by global losses of genomic

methylation and hypermethylation, predominantly in CpG islands,

a well-recognized epigenetic event in cancer [52]. Both inactivation

and higher expression of DNMTs have been reported in cancer, and

previous studies have suggested that such altered expressions of

DNMTs could partly explain the abnormal methylation patterns

observed in cancer cells [55]. Chromatin regulators (CRs) have also

been involved both in cellular reprogramming and in oncogenesis.

Like the transcription factors described before, CRs have also been

implicated in tumorigenesis, either acting as oncogenes or as tumor

suppressor genes. CRs are associated with both repressive and

active chromatin states. Epigenetic silencing is associated with the

following histone modifications: H3K27me3, H3K9me2, and

H3K9me3. As an example, inhibition of CRs that catalyze H3K9

methylation, including Suv39h1, Setdb1, and G9a, leads to a higher

reprogramming efficiency [56,57] and all three have established

roles in different malignancies [58,59]. There are also several exam-

ples of CRs involved in active chromatin states that play important

roles both in reprogramming and in cancer (e.g., MLL and Dot1l

[60]). In our GBM model system, another common feature between

our dedifferentiated tumorspheres and iPSCs is their chromatin

state. It is well accepted that ESCs as well as iPSC have an “open”

chromatin, while differentiated cells have a “close” chromatin [10].

Using a qRT-PCR designed in our laboratory to detect highly repeti-

tive DNA elements in the murine pericentric heterochromatin (e.g.,

minor and major satellites [61]), we showed that both dedifferenti-

ated tumorspheres and NSCs have a relaxed chromatin that resulted

in derepression of normally silenced genes in the heterochromatin

regions [20].

There are many parallels between reprogramming and cancer.

The similarities between the process of reprogramming cells to iPCS

and differentiated tumor cells to CSCs suggest that some of these

mechanisms, like epigenetic resetting, can render cells in a suscepti-

ble state where genetic alterations are only the next step toward

transformation and tumor progression. Understanding the mecha-

nisms governing cellular reprogramming and induced pluripotency

may shed light into deciphering the processes involved in

tumorigenesis.

Prospects of eliminating cancer stem cells

Treatments of tumors, which have resident stem cells, will not be

very effective, leading to recurrence, unless the stem cells are also
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eliminated. Because stem cells have unique expression of genes

required for self-perpetuation, like chromatin remodelers, perhaps

they could be the targets of drug therapy. In preliminary experi-

ments, we have shown that if GBM cells are transduced with an

shRNA targeting Bmi1, an essential gene for self-replication, upon

transplantation, these cells are unable to form tumors. In GBMs,

additional molecules that prevent differentiation to various CNS

lineages can also be targets of therapy, though blocking normal

differentiation process in the brain may also have deleterious side

effects. In case of GBMs, approaches to block transdifferentiation to

endothelial cells may also be another avenue to explore as a thera-

peutic agent. In other CSCs, it will be very beneficial to find specific

cell surface proteins/receptors which can serve as therapeutic

targets. Identification of unique drugable targets (like kinases, tran-

scription factors) in CSC will be very helpful in eliminating them

from the tumors. In addition to interfering with the proliferation of

CSCs, alteration of microenvironment should also be considered to

prevent both formation and proliferation of CSC. Because many of

these interfering strategies will also have an impact on normal stem

cells, it will be important to ensure relative safety of the treated

patients.

The risks and limitations of iPS-based cell therapy

The first therapeutic success using iPSCs was reported for the mouse

model of sickle cell anemia, a blood disorder disease [62]. The

defective b-globin gene was corrected by homologous recombina-

tion in a mutant iPSC line and the transplantation of these cells into

the mutant mice cured the disease. This is a very good example and

model of iPSC-mediated regenerative medicine: a genetic disorder

disease caused by a single defective gene that can be corrected by

replacement in autologous cells. The first limitation that comes to

mind when thinking of autologous iPSC for individualized medicine

is the associated high medical costs, the lack of large-scale culture

technologies, and the timeframe needed to prepare the cells for

transplantation (crucial, for example, for spinal cord injuries).

Another important aspect when considering using iPSC in the clinics

is the quality of these cells, mostly derived from somatic cells of

aged individuals. The risk that comes with this source of cells is the

incidence of spontaneously occurring tumors, which commonly

increases exponentially with aging. Although it has been reported

that epigenetic changes and telomerase activity in cells of aging indi-

viduals can be reversed during the reprogramming process [63],

somatic mutations and chromosomal aberrations acquired by these

cells are not corrected in the reprogramming process. These abnor-

malities may lead to iPSCs with reduced functionality and higher

risk of developing cancer.

Other problems, mostly associated with the first generation of

human iPSCs, were the integration site of retroviral vectors, the risk

of insertional mutagenesis and hence the risk of tumorigenicity, and

the use of undefined serum-containing media to support iPSC gener-

ation. In addition, the use of oncogenic transgenes, such as MYC,

can also increase the risk of tumor development. As mentioned

above, new and safer technologies for the generation of iPSCs have

emerged in the past few years that diminished these risks.

Although it is well accepted today that iPSCs are pluripotent, the

findings in the past few years have been controversial in regard to

whether ESCs and iPSCs are distinct cell types. Some groups argued

that these two populations are undistinguishable [64–66]; others

have reported that they differ in their molecular signature [67–70],

DNA methylation [51,70–72], and their potential for differentiation

[73]. Yamanaka’s group recently reported a subset of iPSC lines that

have aberrant gene expression and defective potential in neural dif-

ferentiation [74]. They performed a large-scale analysis of human

iPSCs and ESCs and found that although they have overlapping vari-

ations in gene expression and DNA methylation, some iPSC clones

retained a significant number of undifferentiated cells, even after

neural differentiation, and formed teratomas when transplanted in

vivo. These differentiation-defective iPSC clones express high levels

of LTRs of endogenous retroviruses and retain a substantial number

of undifferentiated cells after in vitro directed neural differentiation.

Clearly, prior to applications in regenerative medicine, these defec-

tive iPSC clones need to be identified and eliminated.

Concluding remarks

It has long been known that many cancer cells show markers and

properties of ESCs, and some of these have often been targets of

therapy. The discovery of CSCs further points to this notion. In

organismal development, events are deterministic and move for-

ward in one direction, without ability to reverse the process. The

famous Waddington‘s landscape for development visualizes the

developmental history of a cell in an embryo, “by a ball rolling

down the ‘landscape’ making several ‘choices’ as to which way to

go—just as the developing embryo is influenced down certain

‘paths’ by various genetic and environmental factors—and by the

time it reaches the bottom of the landscape, it will have made sev-

eral such choices”. The ball eventually lands at the bottom, signal-

ing that being pushed upward will be difficult, thereby hinting that

the process is essentially one directional. The discovery of Yama-

naka and colleagues, however, shows that terminally differentiated

cells can be pushed upwards, going back to the original pluripo-

tent cell, a situation created by oncogenic insult to terminally dif-

ferentiated cells like glia or neuron in the case of GBM (Fig 3).

The convergence and commonality of CSCs and iPSCs opens a

new avenue to develop therapeutic approaches to combat recur-

ring cancers.
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