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Somatic cells can be reprogrammed into induced pluripotent stem cells (iPSCs) by the transient expres-
sion of reprogramming factors. During the reprogramming process, somatic cells acquire the ability to
undergo unlimited proliferation, which is also an important characteristic of cancer cells, while their
underlying DNA sequence remains unchanged. Based on the characteristics shared between pluripotent
stem cells and cancer cells, the potential involvement of the factors leading to reprogramming toward
pluripotency in cancer development has been discussed. Recent in vivo reprogramming studies provided
some clues to understanding the role of reprogramming-related epigenetic regulation in cancer develop-
ment. It was shown that premature termination of the in vivo reprogramming result in the development
of tumors that resemble pediatric cancers. Given that epigenetic modifications play a central role during
reprogramming, failed reprogramming-associated cancer development may have provided a proof of
concept for epigenetics-driven cancer development in vivo.
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1. Introduction

During cellular reprogramming, multiple cellular processes act
synergistically in a sequential manner [1–3]. However, the precise
mechanism underlying the process of somatic cell reprogramming
toward pluripotent stem cells remains unclear [4]. The dynamic
reorganization of epigenetic modifications is considered to play a
fundamental role in inducing pluripotency, leading to iPSC deriva-
tion [5]. Indeed, the functional importance of epigenetic regulation
during the reprogramming process has been highlighted by recent
studies showing that epigenetic modifications represented a bot-
tleneck for iPSC derivation in both the early and late stages of cel-
lular reprogramming [6,7]. The fact that the DNA methylation
status at imprinted loci is associated with the quality of iPSCs sup-
ports the notion that proper remodeling of epigenetic modifica-
tions is essential to achieve successful reprogramming [8].

The efficiency of iPSC derivation is generally low, and only
limited populations of intermediate cells give rise to iPSCs, which
hampers the complete understanding of the reprogramming
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process [9]. It is known that non-iPSC like colonies often appear in
culture dishes at the intermediate stage of cellular reprogramming
in vitro. Although cells deviated from successful reprogramming
contain metastable cells [10–12], the nature of such failed repro-
gramming state is unclear. Considering the fundamental role
of epigenetic regulation in cell fate maintenance and conversion,
it is expected that the failed reprogramming is attributable to
the incomplete/unsuccessful reorganization of the epigenetic
modifications.

It is noteworthy that the process of cell reprogramming toward
a pluripotent state shares many characteristics with cancer devel-
opment, although the process is not accompanied by the genetic
alterations that are believed to be the causative abnormalities in
most cancers. Somatic differentiated cells acquire self-renewing
activities with unlimited proliferation properties during iPSC deri-
vation, which is also a critical event during carcinogenesis. The
metabolic switch to glycolysis that occurs during somatic cell
reprogramming is similarly observed during cancer development
[13,14]. Furthermore, Ben-Porath et al. demonstrated that a sub-
group of transcriptional regulators that are highly expressed in
embryonic stem cells (ESCs) are preferentially expressed in poorly
differentiated aggressive tumors, suggesting that pluripotency-
related transcriptional activity contributed to the development of
particular types of cancer [15]. Such similarities suggest that the
reprogramming process and cancer development may be at least
partly promoted by overlapping mechanisms.

Indeed, previous studies demonstrated that a loss of tumor sup-
pressor function is associated with the efficient induction of pluri-
potency [16,17]. Additionally, the currently used reprogramming
factors generally include Myc and Klf4, both of which act as onco-
genes in particular somatic cells. Oct3/4, a critical factor for somatic
cell reprogramming, is overexpressed in germ cell tumors (GCTs)
[18], and it is functionally involved in the self-renewal of GCT cells,
possibly through the maintenance of an undifferentiated state [19].
Together, these findings may provide a link between transcription
factor-mediated reprogramming and cancer development.

To investigate the relationship between cellular reprogramming
and cancer development, it would be useful to analyze the repro-
gramming process in the in vivo environment. However, most of
the previous studies investigating cellular reprogramming have
been performed in vitro, and it has been difficult to adapt the
in vitro phenotypes to uncover the association of reprogramming
with cancer development in vivo.
2. In vivo expression of Oct3/4 results in the expansion of
dysplastic cells

Oct3/4 is highly expressed in pluripotent stem cells and is one of
the essential transcription factors required for cellular reprogram-
ming [1,2]. Hochedlinger et al. previously induced Oct3/4 in various
cell types in living mice in vivo [20]. Transgenic mice with a reverse
tetracycline transactivator at Rosa26, together with a doxycycline
(Dox)-responsive element, followed by the Pou5f1 (Oct3/4) gene
at Collagen 1a1 were used in their study. The Dox-treated Oct3/
4-induced mice developed dysplasia in many epithelial tissues,
including the intestine, skin and forestomach [20]. Importantly,
the dysplastic growth was dependent on transgenic Oct3/4 expres-
sion, since withdrawal of Dox treatment resulted in a reversion of
the dysplastic cells into normal-looking cells. These dysplastic cells
revealed similar properties to tissue stem/progenitor cells, suggest-
ing that the maintenance of the proliferating tissue stem/progenitor
state caused the expansion of the dysplastic cells. The dysplastic
cell expansion was accompanied by the upregulation of b-catenin,
which is observed in a wide variety of cancers [21–23]. However,
such dysplastic lesions did not show any evidence of metastasis,
which is one of the hallmarks of cancer. Considering the critical role
of Oct3/4 in cellular reprogramming, this dysplasia model implied a
possible association of reprogramming with cancer development.
However, it should be noted that Oct3/4 alone is not sufficient to
reprogram most somatic cells. Therefore, the results did not provide
direct evidence that somatic cells are reprogrammed toward a
pluripotent state in vivo, nor that reprogramming itself is involved
in cancer development.
3. In vivo reprogramming

In contrast to the results in Oct3/4 single-induced mice, a later
study by the Hochedlinger group using four reprogramming factors
(Oct3/4, Klf4, c-Myc, and Sox2)-inducible mice suggested the
possibility that somatic cells can be reprogrammed in vivo [24].
The reprogrammable mice frequently developed spontaneous
teratomas, presumably because of leaky expression of the repro-
gramming factors. Given that pluripotent stem cells can form
teratomas when inoculated into immunocompromised mice, the
teratoma formation in the reprogrammable mice suggested that
iPSCs arose in vivo, and these could give rise to teratomas. This
notion has been further proven by recent studies with the
controlled expression of reprogramming factors in vivo [25,26].
For example, Abad et al. showed that circulating cells in the four
reprogramming factors-induced mice contain pluripotent cells
capable of contributing to chimeric mice. We also demonstrated
that iPSC-like cells could be established from teratomas in the four
factors-induced mice, and such iPSC-like cells may indeed have
pluripotency, with the ability to robustly contribute to chimeric
mice. Collectively, these studies revealed that somatic cells can be
reprogrammed by the transduction of four factors in vivo, and
suggested that the in vivo reprogramming system could be a unique
and powerful tool to study the in vivo behavior of failed repro-
grammed cells, as well as fully reprogrammed cells. It is important
that teratomas are benign tumors. Therefore, while these results
demonstrated that in vivo reprogramming induces benign teratoma
formation, they did not connect cellular reprogramming with
malignant tumor development.
4. Premature termination of in vivo reprogramming causes
malignant tumor development

Notably, a phenotype distinct from the teratoma formation was
observed in mice with transient expression of the four reprogram-
ming factors [26]. It was shown that the initial histological change
after the induction of reprogramming factors in vivo is the expan-
sion of dysplastic cells in many organs. Interestingly, the early
dysplastic cells were able to revert to a non-dysplastic phenotype
upon the withdrawal of reprogramming factor expression, which
was similarly observed in the single Oct3/4-induced mice (Fig. 1).
This is not surprising, because Oct3/4 was one of the factors induced
in these mice. However, in sharp contrast to the Oct3/4-induced
dysplastic cells or the four factors-induced early dysplastic cells,
the four factors-induced late dysplastic cells (Dox treatment for
longer than 7 days) often did not revert to a non-dysplastic state,
and many of these cells continued to grow even after the with-
drawal of the transgene expression (Fig. 1). Tumor formation was
also observed in some organs, such as the intestine, kidneys and
pancreas. These tumors were able to form secondary tumors in
the subcutaneous tissues of immunocompromised mice. Further-
more, the tumor cells revealed invasive growth into surrounding
tissue and metastasis into lymph nodes, both of which are known
to be a hallmarks of cancer [27]. Similar transgene-independent
tumors were induced by three factors lacking the Myc transgene,
but not by three factors without the Oct3/4 transgene, a critical
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Fig. 1. In vivo induction of four reprogramming factors. Somatic cells can be
reprogrammed into pluripotent stem cells in vivo, which is accompanied by
teratoma formation. Dysplastic cell growth in somatic cells can be detectable in the
intermediate stage of in vivo reprogramming. The early dysplastic cells revert to a
non-dysplastic cells upon the withdrawal of the reprogramming factor expression.
In contrast, the late dysplastic cells do not revert to a non-dysplastic state, and they
continue to grow even after the withdrawal of the transgene expression, resulting
in development of cancer, which resembles pediatric cancers, such as Wilms’
tumors.
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factor for reprogramming, demonstrating a tight connection
between cancer development and reprogramming. Taken together,
these findings indicated that premature termination of in vivo
reprogramming results in cancer development, providing in vivo
experimental evidence that failure in reprogramming into PSCs
can drive cancer development.
5. Epigenetic regulation in failed reprogramming-associated
cancer cells

The previous study dissected the ESC transcriptional program
into three distinct modules; the Core, Myc, and Polycomb repres-
sive complex (PRC) modules [28]. The ESC-Core module often
Fig. 2. Epigenetic regulation in failed reprogramming-associated cancer cells. The fai
epigenetic modifications from pluripotent stem cells or adult cancer cells. They show t
alterations.
includes genes related to the maintenance of pluripotency, while
the ESC-Myc module contains a group of Myc target genes in ESCs.
The ESC-PRC module is generally repressed in ESCs, and includes
the genes that are bound by the Polycomb repressive complex in
pluripotent stem cells. Of note, it was shown that the ESC-Core
module and ESC-Myc module are similarly activated in both failed
reprogramming-associated cancer cells and pluripotent stem cells
when compared with those in normal kidney cells, indicating that
there are shared characteristics between failed and successful
reprogramming processes (Fig. 2). In contrast, many ESC-PRC mod-
ule genes are aberrantly activated exclusively in failed reprogram-
ming-associated cancer cells (Fig. 2). Since partially reprogrammed
cells generated in vitro also reveal the failed repression of ESC-PRC
module genes [12], the cancer cells in this model possess similar
characteristics to the partially reprogrammed cells, suggesting that
the partial reprogramming is associated with the failed reprogram-
ming-associated cancer development.

However, aberrant activation of ESC-PRC target genes in cancer
cells appears to contradict the current understanding of cancer epi-
genetics (Fig. 2). Previous studies found that ESC-PRC target genes
are preferential targets for aberrant DNA hypermethylation in can-
cers [29–31]. Considering the repressive role of DNA hypermethy-
lation at gene promoters, it would be expected that ESC-PRC
targets are silenced in these cancers. Indeed, the previous study
demonstrated that PRC2 target genes tend to be repressed in
poorly differentiated cancers [15].

Altered DNA methylation patterns are the most extensively
analyzed epigenetic abnormality in cancer cells [32]. Site-specific
DNA hypermethylation and global DNA hypomethylation are
shared alterations in the vast majority of cancers [33,34]. Indeed,
in failed reprogramming-related cancers, a reduced representative
bisulfite sequencing [35] analysis revealed global changes in the
DNA methylation patterns (Fig. 2). However, in these failed repro-
gramming-related cancers, DNA hypermethylation at the proximal
promoter regions was not evident, and the global DNA methylation
level was comparable to that of normal cells, indicating a lack of
both site-specific DNA hypermethylation and global DNA hypome-
thylation. Collectively, failed reprogramming-associated cancers
showed distinguishable epigenetic properties from general
cancers.
led reprogramming-associated cancer cells reveal the different characteristics in
he activation of ESC-PRC module and the lack of cancer-specific DNA methylation
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These discrepancies in epigenetic regulation raise an important
concern regarding the application of this cancer model to investi-
gate human cancer development. Given that failed reprogram-
ming-associated cancers were induced through ectopic expression
of four reprogramming factors that are not simultaneously
expressed in somatic cells, these cancers are artificial, making the
model less useful to uncover the mechanisms of human cancer
development. However, it is noteworthy that failed reprogram-
ming-associated cancers have a number of shared characteristics
with pediatric cancers. Intriguingly, failed reprogramming-associ-
ated cancers in the kidney resembled Wilms’ tumors, the most
common pediatric kidney cancer. Additionally, the histology of liver
tumors and pancreatic tumors showed similarities to those of
hepatoblastomas and pancreatoblastomas, respectively. Of particu-
lar note, the ESC module activation in human Wilms’ tumors shows
a different pattern from that of adult cancers [26]. Wilms’ tumors
show the activation of all three modules (Core, Myc and PRC), reca-
pitulating the findings in the mouse model. The failed reprogram-
ming-associated cancer model could therefore be a model for
pediatric cancers.
6. Genetic and epigenetic abnormalities in pediatric cancers

Cancer is considered to progress through multistep processes,
which are associated with both genetic mutations and epigenetic
abnormalities [27,32,36]. However, much attention has been paid
to the role of epigenetic abnormalities in Wilms’ tumors. Although
some genetic abnormalities, such as WT1, WTX and TP53 gene
mutations [37,38] have been reported in Wilms’ tumors, the inci-
dence of these mutations is relatively low. In contrast, seminal
studies identified that there are frequent epigenetic alterations in
Wilms’ tumors [39,40]. For example, the aberrant expression of
IGF2 with loss of imprinting, which is accompanied by increased
DNA methylation at IGF2/H19 locus, was identified in the majority
of Wilms’ tumors [40]. It is interesting to note that failed repro-
gramming-associated cancers in mice also showed abnormal DNA
methylation at the IGF2/H19 locus, with a number of shared molec-
ular characteristics with Wilms’ tumor. Similar types of epigenetic
regulation between induced pluripotent cells and Wilms’ tumor
were further indicated by the previous findings that the chromatin
profiles of Wilms’ tumors resembled those of human ESCs [41].
Together, these findings indicated that Wilms’ tumors harbor sim-
ilar epigenetic changes as failed reprogramming-associated cancers
induced by the transient expression of reprogramming factors. It is
also noteworthy that some of epigenetics-related diseases such as
imprinting disorders, Beckwith–Wiedemann syndrome and Angel-
man syndrome, are associated with pediatric blastomas [42,43]. Of
note, the failed reprogramming-associated cancers in the liver and
pancreas resembled hepatoblastomas and pancreatoblastomas, and
the liver cancers were accompanied by the alteration of imprinting
gene expressions. These findings provided a further connection
between failed reprogramming-induced epigenetic regulations
and pediatric blastoma development.

Recently, genome-wide sequencing studies have been per-
formed in many types of cancers. These studies revealed that the
rate of mutation is relatively low in most of the cancer-related
genes [44]. A surprisingly low rate of genomic mutations was
observed in pediatric cancers. Together with a previous finding
regarding the close association between altered epigenetic modifi-
cations and the poor prognosis of pediatric cancers [45], the epige-
netic changes associated with failed reprogramming might drive
the development of particular types of pediatric cancers. Whole
genome sequencing studies in ependymomas suggested that some
ependymomas could occur without detectable driver mutations
[46,47]. Notably, the rate of single nucleotide variants was very
low in the ependymomas that occurred in the posterior fossa,
while DNA hypermethylation was observed in progressive epend-
ymomas, which support the notion that specific types of tumors
might arise depending on the specific alterations in the epigenetic
information.

7. Epigenetic reorganization toward pluripotency drives cancer
development

Although altered epigenetic regulation can be detected in most
cancer types, such epigenetic alterations may be attributable to the
genetic mutations as a secondary effect. Consistent with this
notion, somatic mutations at genes known to regulate the epige-
netics have been often identified in a wide range of cancer types.
For example, some glioblastomas harbor mutations in the H3.3-
ATRX-DAXX pathway [48,49]. A mutation was detected in H3F3A,
and was located at or just near the amino-terminal tail of the pro-
tein, which leads to post-transcriptional repression or activation.

It is of particular interest that failed reprogramming-associated
cancer cells could be reprogrammed into iPSCs by the additional
expression of reprogramming factors [26]. Notably, kidney can-
cer-derived iPSCs could contribute to adult chimeric mice that
had normal-looking kidney tissues. Furthermore, tumor formation
was not observed even in the elderly chimeric mice. Given that the
DNA sequence remains unchanged during the reprogramming and
re-differentiation of the reprogrammed cells, these findings indi-
cated that the failed reprogramming-associated cancer genome is
competent for normal development, and that genetic transforma-
tion is not a determinant of cancer development in this model. This
further highlighted the primary and causative role of epigenetic
regulations associated with induced pluripotency in the develop-
ment of particular types of cancer.

However, it should be stressed that these findings do not pro-
vide evidence that the dedifferentiation process itself is involved
in the development of human cancers, including Wilms’ tumors.
Further studies will be needed to identify the cancer types that
are promoted by reprogramming-associated epigenetic changes.
A better understanding would provide novel insights into effective
cancer treatment targeting epigenetic regulation.
8. Conclusion

iPSC induction is accompanied by the acquisition of unlimited
proliferative activity in somatic cells. Since epigenetic regulation
plays a central role in the reprogramming process, it is suggested
that epigenetic regulation leading to induced pluripotency confers
self-renewing activity on somatic cells. Indeed, transient expression
of reprogramming factors in vivo resulted in the development of can-
cer, independent of genetic transformation. A better understanding
of the epigenetic regulation involved in induced pluripotency should
be applicable to dissect the role of epigenetic regulation in cancer
development, which eventually may contribute to the discovery of
novel preventive or therapeutic strategies for cancers.
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