Transcriptional changes in 4F-introduced mouse fibro-
blasts revealed three phases of reprogramming process
termed initiation, maturation and stabilization.* The initiation
phase is marked by the expression of genes that are involved
in the mesenchymal-to-epithelial transition (MET), which is a
critical event during reprogramming. In the maturation phase,
the cells become independent of exogenous 4Fs and a
subset of pluripotency-associated genes (e.g. Nanog and
Sall4) are induced. In the stabilization phase, refinement of
the cellular signature and the expressions of other pluripotent
markers occur. Although these three phases had been
revealed based on the transcriptional changes, each phase
is accompanied by epigenetic changes as well. Events that
occur during the initiation phase are so far well studied. The
initiation phase involves MET via silencing of Snail genes,
suppression of TGFp signalling, and upregulation of Cdh1
gene.*® Demethylation of histone H3K79 is probably a nec-
essary step for this phase because H3K79me2 modifications
at mesenchymal marker genes, such as SNAIT, SNAI2

and TGFB2 are observed in human fibroblasts, but not in

ES cells. Indeed, 4F-introduced fibroblasts decrease the
H3K79me2 marks in the mesenchymal marker genes. Since
methylated histone H3K79 indicates active transcriptional
elongation, decreased level of H3K79me2 at mesenchymal
genesimplies suppression of mesenchymal property through
transcriptional repressions. In agreement with this, inhibition
of DOT1L, which is a methyltransferase for H3K79, enhances
- the reprogramming efficiency both in mouse and in human
cells.®® Maturation phase is characterized by high expression
of a series of genes including Nanog, Sall4 and Esrrb. Pre-
ceding the transcriptional induction of endogenous Nanog
and Esrrb, Poly [ADP-ribose] polymerase 1 (Parp-1) and Tet2
are recruited to these pluripotency loci. Here, Parp-1 and
Tet2 are involved in the histone modifications that typify an
activated chromatin state, suggesting that Parp1 and Tet2
contribute to an epigenetic program that directs the transition
into the maturation phase during the reprogramming
process.*® Towards the stabilization phase, genes including
Utf1, Lin28 and Dppa4 gradually elevate their expression.®
Throughout the maturation and stabilization phases, epigen-
etic alterations such as silencing of the transgenes and chro-
mosome organization/segregation also proceed, resulting in
the complete resetting of epigenome.®
At all events, successful establishment of the core tran-
scriptional circuitry for pluripotency by the transient
overexpression of 4Fs is accompanied by reorganization of
epigenetic modifications. As mentioned, we might be able to
utilize this novel reprogramming technology to understand
the cellular behavior that is governed by epigenetic regula-
tions. Given that epigenome plays an important role in alter-
ing cancer cell status, the iPSC technology can be applicable
to understanding the nature of cancer cells by introducing
epigenetic changes into cancer cells.
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APPLICATION OF iPSC TECHNOLOGY TO
CANCER RESEARCH

Cellular reprogramming technology is applicable to alter
coordinated epigenetic modifications in somatic cells, and
therefore it is useful to understand the mechanisms that
maintain the epigenetic homeostasis. This approach might
be the most promising in cancer research field, since epigen-
etic fluctuation is implied to contribute to the CSC emer-
gence. Indeed, many groups have tried to reprogram cancer
cells. Before the discovery of the transcription factor (TF)-
mediated reprogramming method, experiments attempted to
reprogram cancer cell nuclei were conducted with the nuclear
transplantation (NT) method. NT is a method to reprogram
nuclei of terminally differentiated cells into those of pluripo-
tent embryonic cells that can direct development of organ-
isms.*®3 The first conclusive success of NT reprogramming
was reported by J. B. Gurdon and coworkers in 1962. They
successfully cloned a frog using intact nuclei from the intes-
tinal epithelium cells of a Xenopus tadpole.®2 For his pio-
neering work, Gurdon was awarded a Nobel Prize in 2012,
NT reprogramming of cancer cell nuclei was demonstrated
several years after Gurdon’s first cloning experiment. In
1969, one study using a frog model demonstrated that kidney
carcinoma nuclei can be reprogrammed and that the result-
ing nuclei support the early development of frog embryos to
the tadpole stage.*® However, more recent study using a
mouse model showed that the oocytes transplanted with the
nuclei of leukemia, lymphoma and breast cancer cells did not
give rise to ES cells, although they were able to support
normal preimplantation development to the blastocyte
stage.* One exception in this study is cocytes transplanted
with nuclei of mouse melanoma cells that gave rise to ES
cells capable of contributing to adult chimeric mice. However,
it should be noted that the donor cells used here express
oncogenic RAS only under a certain condition, namely the
oncogenic RAS had not been expressed during the repro-
gramming process and the following embryonic developmen-
tal process* (Fig. 2a). Collectively; the study suggested that
cancer cell nuclei are refractory to cellular reprogramming.
As soon as OCT3/4, SOX2, KLF4 and MYC were discov-
ered as reprogramming factors, several groups tried to repro-
gram cancer cells by 4F introduction. Here again researchers
faced difficulties. Although they have succeeded in generat-
ing iPSC-like cells from cancer cells including chronic
myeloid leukemia (CML) cells***® and gastrointestinal cancer
cells,* the reprogramming efficiency was considerably lower.
For example, reprogramming of human CML cell line shows
the reprogramming efficiency of around 0.0002%,* which is
about 100 times lower compared to non-cancer somatic cell
reprogramming.?* The oncogenic RAS-inducible melanoma
cells which were the same cells as were used in above-
mentioned NT experiment were also reprogrammed by 4F
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introduction, but here again, the oncogene was not
expressed during the reprogramming process (Fig. 2a).4®

These studies give us some hints to understanding the
epigenetic status of cancer cells. Cancer cell nuclei seem to
be refractory against reprogramming regardless. of the
methods taken. Furthermore, the successful reprogramming
of oncogenic RAS-inducible melanoma cells under the
absence of the oncogene expression***® raises the possibility
that attenuation or blockade of oncogenic signalling enables
cancer cell reprogramming. The reason why cancer celis are
refractory to reprogramming is yet to be clarified, but one
might be able to speculate that the epigenetic status that is
unique to cancer cells competes with the reprogramming
pressure, as successful reprogramming requires orches-
trated changes in transcriptional and epigenetic signatures
(Fig. 2b).

Recent studies have suggested that not only genetic altera-
tions, but also epigenetic modifications play important roles in
tumorigenesis. Abnormal patterns of genomic methylation in
cancer cells are quite often observed. They are characterized
by global losses of genomic methylation and increased meth-
ylation at specific loci, predominantly at CpG islands, that are
often localized near transcription start sites.*® DNA methyla-
tion is generally catalyzed by a family of enzymes called DNA
methyltransferases (DNMTs). Human tumors often display an

competing signating?

Figure 2 Cancer cells are resistant to be
reprogrammed. (a) Although accumulating
number of trials have succeeded in repro-
gramming of somatic cells, very few groups
have succeeded in cancer cell reprogramming
either by nuclear transfer (NT) method or by
4F introduction: Interestingly, reprogramming
of oncogenic RAS-derived melanoma cells
have been successfully performed under the
condition that RAS was not expressed during
the course of the reprogramming process.
(b) Hypothesis to explain the mechanism of
reprogramming resistance in cancer cells.
Upon being exposed to external pressure
which push the cells to reorganize their chro-
matin. structure into the pro-reprogrammed
composition, non-cancer cells rather easily
change their epigenetic states, whereas
cancer cells lack epigenetic flexibility possibly
because of the abnormal accumulation of
oncogenic transcription factors in the nuclei as
well as aberrant chromatin modifications
which affect the transcriptional profile, result-
ing in the reprogramming resistance.

aberrant expression of DNMTs. Higher levels of DNMT1 and
DNMT3A/3B are frequently observed in a wide variety of
cancers.’52 On the other hand, DNA demethylation is sug-
gested to be conducted, at least partially, by members
of the ten—eleven translocation (TET) family. TET oxidizes
5-methylcytosine  (5mC) into  5-hydroxymethyleytosine
(5hmC), and further oxidizes into 5-formylcytosine (5fC) and
5-carboxylcytosine (5caC).5® Although there has not yet been
direct proof of the DNA demethylation function of TET family
proteins, their contribution to the DNA demethylation is widely
accepted based on the increasing amount of circumstantial
evidence.® It is proposed that ‘active’ DNA demethylation is
completed by the base excision repair (BER) following the
elimination of the oxidation derivatives of 5mC that have been
created by TET.%® Besides the active demethylation mecha-
nisms, TET is involved in the DNA demethylation process by
‘passive’ mechanisms as well. The oxidation derivatives of
5mC are not properly recogriized by the methylation mainte-
nance machinery, leading to the replication-dependent cyto-
sine demethylation.®®%7 In tumor cells, TET functions are often
aberrated. Levels of 5hmC are dramatically reduced in human
breast, liver, lung, pancreatic and prostate cancers when
compared- with the maiched surrounding normal tissues,
being associated with the substantial reduction of the
expression of all three TET-coding genes.® Since DNA
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demethylation is assumedly carried out, at least in part, via
5hmC production by TET proteins, aberrant methylation in
cancer cells are possibly caused not only via overexpression
of DNMTs, but also via suppression of TET expressions. In
glioma, glioma-CpG island methylator phenotype (G-CIMP)
has been identified with distinct molecular and clinical char-
acteristics.® Interestingly, G-CIMP is associated with somatic
mutation of isocitrate dehydrogenase-1 gene (IDHT) and
mutated IDH1 eventually inhibits TET activity by catalyzing the
production of 2-hydroxyglutarate (2-HG).*® IDH mutations are
also found in acute myeloid leukemias (AML).®* In a mouse
model, conditional knock-in of mutated /DHT results in an
increased number of early hematopoietic progenitors and
causes splenomegaly and anemia, indicating that TET inacti-
vation via IDHT mutation leads to leukemic DNA methylation
signature by affecting the hematopoistic cell development.®

Deacetylation of histone protein is also involved in cancer
development. Numerous clinical studies in cancer patients
have shown that overexpression of HDAC is prevalent in
tumor lesions. Increased expression levels of different HDAC
family members have been reported for a wide variety of
human malignancies including hematological malignancies,
breast cancer, ovarian cancer, cancers of the digestive
system, neuroblastoma, prostate cancer, and lung cancer.”
Altogether, this evidence suggests that increased DNA meth-
ylating activity and increased histone deacetylating activity
are closely associated with cancer development. Indeed,
DNMT inhibitors and HDAC inhibitors are the first launched
epigenetic targeted anti-cancer drugs. -

Given that cellular reprogramming requires remodeling of
epigenetic modifications, these epigenetic properties unique
to cancer cells might be associated with refractoriness of
cancer cells to successful reprogramming. TET proteins are
suggested to play an important role in maintaining cellular
pluripotency in ES/iPS cells by regulating the expression of
pluripotency-related genes such as Esrrb and Oct4 via inter-
action with NANOG protein.® Decreased expression of TET
and/or inhibited TET function in cancer cells might impair the
maintenance of pluripotency and hamper the reprogram-
ming. Furthermore, in the case of non-cancer cell reprogram-
ming, treatment with a HDAC inhibitor, trichostatin A
(TSA)® and attenuation of DNMT1 activity by using hypo-
morphic allele®” improve the reprogramming efficiency medi-
ated by somatic cell nuclear transfer (SCNC). Similar
improvements of reprogramming efficiency have also been
demonstrated when cells are introduced with 4Fs, namely,
treatment with a DNMT inhibitor, 5'-azacytidine (5™-azaC), as
well as HDAC inhibitors, such as suberoylanilide hydroxamic
acid (SAHA), valproic. acid (VPA) and TSA, improve repro-
gramming efficiency by 4Fs introduction.®® This evidence
implies the possibility that the epigenetic properties of cancer
cells, i.e., overexpression of DNMTs, low expression level of
TETs and overexpression of HDACs, interfere with success-
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ful reprogramming processes. We might be able to perform
successful reprogramming of cancer cells by precisely regu-
lating the activity of such altered epigenetic modulators
(Fig. 2b).

The difficulty of cancer cell reprogramming could be also
attributable to the lack of epigenétic flexibility. Nuclear struc-
ture in cancer cell is quite different from that in normal cell.
Cancer cells frequently display irregular chromatin morphol-
ogy such as coarse heterochromatin aggregation and
enlarged nucleoli,’® possibly associated with dysregulated
DNA methylation and histone modifications including H3K9
methylation in heterochromatin. Considering that epigenetic
modifications are stably'maintained over cell replications, it is
expected that the abnormal nuclear structure is also stably
maintained in cancer cells. Since the space coordinate of
each gene in nucleus, i.e., chromosomal territory (CT), is
critical for the transcriptional regulation,”®”" aberrant nuclear
structure with altered epigenetic regulations in cancer cells
could affect the transcriptional profile via impeded accessi-
bility of transcription factors to the target loci. This hypotheti-
cal inaccessibility of transcription factors leads to restricted
response of cancer cells to transcription factors including the
reprogramming 4Fs, which might render cancer cells tran-
scriptionally inflexible, namely, state of ‘lack of epigenetic
flexibility’, resulting in the refractory against reprogramming
(Fig. 2b).

The fact that RAS-inducible melanoma cells were success-
fully reprogrammed under the absence of RAS expres-
sion'*® might be explained by the cancelation of the
epigenetic stabilization brought by oncogene expressions. It
has been suggested that transcriptional regulation of certain
genes by a specific TF is involved in the maintenance of
somatic cell identity which is related to the stable epigenetic
modifications and that activation of such transcriptional
machinery hampers somatic cell reprogramming.’? This
indicates that strong transcriptional activations caused
by oncogenic signals might also maintain epigenetic stability
in cancer cells, which eventually brings refractoriness to
reprogramming.

The concept of epigenetic stability in cancer cells projects
an important aspect of anti-cancer treatment, namely, there is
a possibility that attenuation of oncogenic signals by anti-
cancer drugs could increase the epigenetic flexibility in
cancer cells, leading to the cell-state transition and eventually
to the emergence of drug resistant cells and/or CSCs (Fig. 3).
At the bedside, it is often observed that treatment of cancer
patients with molecularly-targeted drugs that block oncogenic
signals decrease the tumor cell mass shortly after the initia-
tion of the treatment. However, in a long term; it is hardly
possible to evade the tumor recurrence in most of the cases
especially in solid tumor patients. Based on the hypothesis
that oncogenic signal stabilizes epigenetic modifications, it is
possible that blockade of oncogenic signal by molecularly-
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Figure 3 Possible strategy of cancer treatment to evade CSC and/or DRC emergence. (a) Cancer cells in tumor lesion are heterogeneous
and their status is fluctuating possibly via epigenetic changes, which could lead to the emergence of cancer stem cells (CSCs) and/or drug
resistant cells (DRCs). (b) Treatment with molecularly-targeted agent kills a large volume of tumor cell mass. Yet at the same time, blockade
of the oncogenic signaling might increase the epigenetic flexibility in cancer cells, resulting in the promotion of CSC and/or DRC emergence.
(c) Combination therapy with molecularly-targeted agent and epigenetic-modifying agent might yield better outcome in cancer therapy. In the
presence of epigenetic-modifying agent that prevents cancer cells from obtaining epigenetic flexibility, the emergence of CSCs and/or DRCs
might be diminished, which maximizes the efficacy of molecularly-targeted agent.

targeted drugs destabilizes the cancer cell epigenome,
resulting in cell state conversion into drug resistant cancer
cells. If this is the case, the underlying mechanisms for the
recovery of the epigenetic flexibility in cancer cells triggered
by the blockade of oncogenic signals could be a therapeutic
target aiming for the prevention from the drug resistant cell
emergence. Combination therapy of molecularly-targeted
agents and chromatin-modifying agents (i.e., epigenetic-
modifying agents) that block the conversion of epigenetic
states in tumor cells might be one of the possible strategies
to prevent the emergence of drug resistant cancer cells
during the course of cancer therapies (Fig. 3).

It is noteworthy that the atiempt to reprogram the cancer
cell has already provided us a useful platform to uncover the
epigenetic mechanisms for the emergence of drug resistant
cancer cells. Successfully reprogrammed human chronic
myeloid leukemia (CML) cells have lost their dependency on
the signaling of BCR-ABL oncogene and become resistant to
BCR-ABL inhibitor imatinib although they consistently
express BCR-ABL,% indicating that epigenetic changes
occurred during the reprogramming process endowed the
CML cells drug resistance. Uncovering the epigenetic events
that have altered drug sensitivity of the CML celis during the
reprogramming process should provide us useful information
to make strategy of curable cancer treatment. Application. of
the reprogramming technology to cancer research possibly
broadens our understanding of the epigenetic status of
cancer cells. Further accumulation of evidence might direct
us to successful development of recurrence-free cancer
therapies.

CONCLUSION

Reprogramming technology using defined transcription
factors has brought a big impact on researchers in a wide
variety of fields. Scientists have expected a great perspective
with iPSCs. Functional somatic cells derived from iPSCs can
be used for cell transplantation therapy in regenerative medi-
cine, and patient-specific iPSCs are expected to be a pow-
erful tool to understand pathogenesis and to discover drugs
for many diseases such as diabetes and neurodegenerative
diseases. These expectations will probably come true in near
future. For example, research of retinal regeneration from
iPSCs is being conducted intensively to put the clinical appli-
cations into practice.

Apart from these ‘straightforward’ applications of iPSC
technology, we have presented here the idea of applying the
reprogramming technology to cancer research. Accumulating
evidence indicates the existence of epigenetic fluctuation in
cancer cells. Depending on the epigenetic flexibility, a single
cancer cell can give rise to various cells with different prop-
erties over the course of time. This epigenetic fluctuation
might render cancer cells convert themselves from drug sen-
sitive state to drug resistant state, which is closely related to
the emergence of CSCs. By utilizing the reprogramming
technology as a tool to introduce the ‘pressure’ to alter epi-
genetic regulations, we might be able to elucidate the epi-
genetic behavior that is unique to cancer cells. Eventually,
cancer research field may get a lot of fruit from this new
blanch of technology from the aspect of epigenetic regula-
tions involving -CSC emergence. Further studies will be
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needed to broaden the possible applications of this novel
technology and finally to develop novel cancer treatments
that can evade tumor recurrence by targeting the drug resis-
tant cancer stem cells.
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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

Keywords: . stem cells and cancer cells, the potential involvement of the factors leading to reprogramming toward
?era"f”mmmg pluripotency in cancer development has been discussed. Recent in vivo reprogramming studies provided
; Pasnszils 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
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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 [&].

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 KIf4, 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 1al 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 reprogramrming, 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, KIf4, 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 reprogtamming 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.

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

Failed reprogramming

omatic cells :
s cancer cells.

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.

Pluripotent stem cells Adult cancer cells

CORE PRC rgyc

CORE PRC Myc  CORE PRC

‘DNA methy]éﬁoh

Fig. 2. Epigenetic regulation in failed reprogramming-associated cancer cells. The failed reprogramming-associated cancer cells reveal the different characteristics in
epigenetic modifications from pluripotent stem cells or adult cancer cells. They show the activation of ESC-PRC module and the lack of cancer-specific DNA methylation

alterations.
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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, WIX 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 ininduced 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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8 : ntESHNE) OB SEETHD L mESRT
Wa, Thbh, FAMBOIES ) MRBREEN
CHEEEN, WERBETHLZ EARBEIR L
L, $YRAAT ) —<HIRETE, PAREFTHS
RASHEETIEBVT ntESHROBIB L * 2 5
T ADERIZREILTWBE I 5, FAMROD
OREFEHZIEY  LAREER, PABREBEFREHICLD
HERENTWAIERRBINTVED, ZDXIHI,
2 AT BV TIEREBRIC X 5 B AMROMEHLIT
bRTELY, ¢ AR ODNEEAMTbhz0l,
PSHIBEBRLETH S, SHTIPSHIBAEBR L
_BELFEHTH B EPFKRE V. TYABLTL P
BT, BH4EFOEACI B HEAMBOY T
FII VT OHERIVLOPBERTVRR I~ 7
DEIFIES R, TR ABERIPSHE OB IEHE
PMEVWZ EHFREENTWE., Z0—FT, V7 uy
FIVIFTHRY LR TR, EREWHES SN
Twa, PABETTHHBCR-ABLBERIETESH

Bt 2 BEHEHEBMAR (chronic myelogenous leu-
kemia : CML) BEA O B & hi- B fRiia & 905
L L7- CML-iPS#ifE, B X U'CML-iPSHiRED &4k
S 7kao{b i mEkRMMIE, BCR-ABL @& 8{ET
EFRBELTWARZ32PD5T, HFAFTH 5 ima
tinib 20T B BEEWEZ K9 A%, HiPSHEILHES
SN ERRAAIE, imatinib o T2 RSN EE
UEERT 5. ohid, FHREFHCELT, PAME
DIEY ) AREPREBEELTWAZLERLTS
D, TEFLAHEIC X BFABRBOTEERERL
T3 (E1A).
@UINISIVIILLBNATEH—ENER
NTays I v IERMESARBIC BT AR
(heterogeneity) OERIZLIBHEShTWw3 (B1B).
PAMBIT - MBERTELEL, FADREB X
CEDEBRDBETHEOR L 25 KM~ L EL
LWL ZeFmbRATVS. TheORE—HE,
AERERCTORERTEROER, F-UEBRESEEGY
FEEM, FRBEROR P LA, RERELLEOR
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UIOYSEVIERERBWERAIES ) LIRR

WEIC Lo THEShL EEILRTWE, T
T, TREORY—WNY ) LREILLHLO), T
Va7 AIIZELIZ X B D OOV TO B0 AR
B ST EL. PARMIIBIE, — BRI HERHR
R L il e SRR o X hbok L
TRZLNTHEY, HOPEMEB LUESLEEAL,
BRIZ 2 ORI G BRI E DO TR P TH H Z &
Mo Twh, OO, BAOTRY—H% 4
BT E o Twd E &b, (bR iu#
HHCHT AR EREOFHROFREZY 9
BT EMWRENTE ., PAMBICIEERT % —Bt
IZRBESE, VP AELRFRTHILT, PA
BB OFEA T o LWME L DR IR TWE,

b MR () =) i3, B FRIEN
LENTWLERIEEO 12TH Y, iSRRI E
TS X U oMbk 2 95 7 ) 4 — < iMoo
FEIMR ST 5, Bernstein 507 — 73, &
MRS AR T B LD R L B 2 0 DMk
M4 FHEHE~ — A — (CD133) =k b HEEL, High-
throughput sequencer & W72t b, 74 —<
BRI RN RR T 2 BETHEREL, Thoo
BAMANO— BB R LT o2, ZOKE,
OLIG2, POU3F1, SALL2, S0X2® 4R % sl
BB LT, PABRMBKOMEEEZETSHITPCs
(induced tumor-propagating cells) DFFEIIR I L7220
BB, ThB4RFD/ v 2 ¥y 24k, CD133
B TPCs # BRI Ly ADAEFRNFEMITE
BT EwRL, B MY —<HBIZBI B 0ARM
T DHE % b TPCs DHIBICIE, 40DEERTF &
ZOFEBIE) T ) AELSEETH L Z LY
Lk Bolk., S5, AEFOFET CERAVHE
ENB e R b H3KL DA FIV{LEEE TaH 5 LSD1,
BIULSD] L &EEERT 5 RCOR22S, KLIE
BREDS—7y PR ATREEZRLLY. 20k
B, EBEARTCEET 2 ARMBOHBRIC T E
77 ABEAREBRECEE L Tw AR RRT 2 &
LT, BPABRMBORILA h =X L 0OFHP, BlI%E
Ay =yt UCEMRRY) e YT 3 v IE
VERE Y-V THII L ERLE.
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O EAMIBIIMIL Y X7 LA O

WD L 512, VPARBERFEROERIC L > Tk
Uh, @, F-—-fEcsdsnsiacd, Ll
AR OBETLERP Y 7 DREVBRB SR, Tho
WS A N—BEFTH L EBMShs, LIALED
=T, HNRA AN B TR TS R A
B, HBOBERPEATELVPADHFETHI L
WL EL - TE. bilbhiZZoMIZER L,
LV ) AOREERTELFERETEVAPHEET O
THBVREH L BB L AR
BOFPHCEE L, MRMLceEs =¥y ) 5%
T X ) FEPADTEZ SR DWW TR 2T o 72
T AR IR b 2 2 ¥ r ) AR
Bl B0, FE A 7)) EEECHRLE
FrmflREH S AR L oy A
FEIHAL 20 025 L5, ERROSTE
F oM CHIB LR FORBBRO LR, 861,
EMMOMIMEETRIIC LY, #ESC SERE~D
SRS SN BB HREORENHRIN. O
L, EERTHERRY Ta s I v rNBEsh
ZEERLTWD. BE, FEE»SHBENICBY
T iPSHIBEMIT A A TE LEX D AEFA
TR Z ML TH S 2 LR E NI
O THRELMPLHIrZFETIIES /LREL

B A

YRR U 7 e RPIRIIE 0L Y 2 7 2 2 FIVT, Wi
{EEFRIBICHT 2 EMIEORS 5V 2 AR R
L7z DTPEBEOWELEFERFBEIL D EK
PR % T A AT BB L A BERE o (B AT
Bobhiz, L LR OREMILORE T O
LHEFORBIEELTEY, WMLEFOREE S
Wi s 2 & X ) BB o B~ L BEMET 3
ZeWbdrol ZOERNS, FHROTA T4
F A4 —RMEBETAEIE IR T A 97 A —DFLE
THZEAGREEINS LALENS, DHEEFO
FARH 1 BEFET L, BUBICREHELRY
BEBMREOBIEIRESNL. L OEEIEIHE
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AL UTeRERICH U CHEMERFORBE —BECITS CET, TS/ LAOELERETHILNFRTCHSH. TS/

LELERITICMEE, SAMREEROEEZELTND (BIERE,
PARBRRERSR P SHRRRIE, JEEBUOEMBENELT ST ENTE

L. ZEUELZEFETHCETIPSHEESTILR.

BHEE). CNSHAMBBICUTDI ST ERE

fo. TOTER, 7/ LRBICISEVWERADTIEEEERB L TWS.

BERRLY, ®ROMLRBEIMRCIIER S, &
b ARG~ OBEECEL R AEREYY XK
THELCOREBEREEZRLZLY S, PFALR
BHOBBEEELTVAI PRSPk,
Wiz, RSB L Y ERICER S EE
WEBLTEBAA I LADERE2T- 7. BEA
BMOBEFRE NS — Y ZESHBOZRIETED
25 bOD, Nanog % Oct3/4 L\ o7-ESHIfaD~—
H—E A BETOFERIISERBMR L KEL UK
, FMEEAR T4 ChH LI LIREBEE N HFNT,
DNA AFMEIcEE L, BEMRICBSTZZEY ) A
71k % RRBS* (Reduced representation of bisulfite
sequence) HEIC L DIRIT LAz 20EE, EEMEO
DNA *F MALiREEE, ESHIIEIC B 5 DNA # 511t
KEBICHAMIZELNLTWwA Z b o, iz,
ESHIIL THEEIZ DNA @ X F it % i T\ 5 BT
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BIZOWTIE, BEHERIZBVTHTTICIDNA XS
MEPEB BN Twi, —F, EEHEIRTEEICA
FLE N TV R BETFEESHRICBNTS AFN
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RWZEPHELPE R DERE, TOEFTNIC
B BEENR AL AP ) B S/
LABENFEINTWAZEREL SN
RIZZDEBABLYE T ) AEMIEFEL T D
RET A, BREEMREEEL, 20U
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