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Introduction

DNA methylation is a stable epigenetic feature that is involved
in gene silencing and the maintenance of long-lasting cell
memories [1]. Dynamic regulation of the DNA methylation
pattern is crucial for mammalian development, as well as
differentiation and reprogramming [2,3]. In particular, the active
loss of 5-methylcytosine (5m(C) independent of cell division is
considered to be a major initial event in the epigenetic
reprogramming of early mammalian embryos [4]. It has been
demonstrated that the loss of 5mC at the paternal pronucleus of a
zygote is linked to the accumulation of 5-hydroxymethylcytosine
(5hmC) [5-7]. The 5hmC is converted from 5mC by the ten-
eleven translocation (Tet) family of proteins [8], and therefore
5hmC is considered to be an intermediate formed during the
active DNA demethylation process in early embryos.

A recent study proposed a novel model for the removal of
5hmC, wherein activation-induced cytidine deaminase (Aid)
induces the deamination of 5hmC, which is followed by base
excision repair (BER), resulting in the conversion of 5hmC into
unmethylated cytosine [9]. Based on this model for active DNA
demethylation, coordinated actions of both the production and
removal of 5hmC may regulate the conversion of 5mC into
unmethylated cytosine. However, little is known how these
proteins involved in the production and removal of 5hmC affect
each other.

Aid is a well-known enzyme that converts cytosine into uracil in
single-stranded DINA, causing somatic hypermutation and class
switch recornbination [10,11]. Aid is mainly localized in the
cytoplasm under steady state conditions, but has the ability to
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shuttle between the nucleus and the cytoplasm [12,13]. Previous
studies suggested that the changeable localization of Aid, which is
mediated by its shuttling, plays a role in controlling its activity as a
DNA modifier [14,15)]. Considering that 5hmC is localized at the
nucleus, the shuttling of Aid may also contribute to the modulation
of 5hmC removal. In addition, Tet family proteins show
translocation into the nucleus from the cytoplasm during the
early developmental stage, when the rapid generation of 5hmC is
observed [16]. Therefore, it is possible that distinct subcellular
localization of the Tet family and Aid controls the production and
removal of 5hmC, leading to the regulation of active DNA
demethylation. In the present study, we examined the relationship
between the Tet family and Aid from the view of théir subcellular
localization. We herein demonstrate that Aid has an effect on the
subcellular localization of the Tet family, and that this is associated
with Aid shuttling.

Materials and Methods

DNA constructs

Mouse Tetl (GU079948, DDBJ), Tet2 (GU079949, DDBE]J),
Aid (NM_009645.2, NCBI), Apobecl (NM_031159.3, NCBI) and
Apobec2 (NM_009694.3, NCBI) were cloned from mouse
embryonic stem cells, and Tet3 (NM_183138.2, NCBI) was
obtained from mouse embryonic fibroblasts by PCR amplification
with KOD plus Nec (TOYOBO) using primers as described in
Table S1. The Tet family fragments were subcloned into
pcDNA4HisMax (Life Technologies), and the Aid, Apobecl and
Apobec? fragments were subcloned into pcDNA4MycHis (Life
Technologies). Plasmids encoding the Xpress-tagged catalytic
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domain (CD) of Tetl (1367-2039 amino acids: aa), Tet2 (1044—
1921aa) and Tet3 (697-1668aa) were generated by subcloning of
the DNA fragments into BamHI and NotI sites for Tetl, EcoRI
and Xhol sites for Tet2 or EcoRI and Notl sites for Tet3 of
pcDNA4HisMax. Plasmids encoding Xpress-tagged mutants
deficient in the catalytic domain (ACD) of Tetl (1-1366aa),
Tet2 (1-1043aa) and Tet3 (1-696aa) were also generated. The Aid
mutants, AIJANES (1-187aa) and AidAN26 (27-198aa), were
subcloned into BamHI/Xhol-digested pcDNA4MycHis. We used
the KOD plus mutagenesis kit (TOYOBO) to generate a point
mutant for Aid (F193A) and mutants for the Tet family catalytic
domain, which include TetlCDm (D1652Y, D1654A), Tet2CDm
(H1304Y, D1306A) and Tet3CDm (H950Y, D952A).

Cell culture and cDNA transfection

Human embryonic kidney cells (HEK293FT) (Invitrogen) and
human colon cancer cells (DLD-1) (American Type Culture
Collection) were maintained in Dulbecco’s modified Eagle’s
medium with 10% heat-inactivated fetal bovine serum. Both of
them were transiently transfected with plasmid DNA by
FuGENEG6 (Promega) according to the manufacturer’s instruc-
tions, followed by immunofluorescence or co-immunoprecipitaion
48 h post-transfection, unless otherwise noted.

Immunofluorescence

The cells were fixed and permeabilized with cold 100%
methanol for 10 min on ice. For 5hmQC staining, permeabilized
cells were treated with 4 N HCI for 10 min, followed by 1.5 M
Tris-HC! (pH 8.8) treatment for 10 min, before being blocked
with 1% BSA. The cells were incubated with primary antibodies;
anti-Xpress mouse monoclonal antibody (mAb) (Life Technolo-
gies), anti-Myc rabbit polyclonal antibody (MBL), anti-5hmC
rabbit polyclonal antibody (Active Motif) or anti-Aicda rabbit
polyclonal antibody (Abcam) overnight at 4°C, followed by Alexa
Fluor-conjugated secondary antibodies (Life Technologies) for 1 h,
and DAPI staining for 5 min at room temperature. After washing
with PBS containing with 0.05% Tween 20, the samples were
mounted by using the Prolong Gold Antifade Reagent (Life
Technologies), followed by curing on a flat surface in the dark
overnight at 4°C. For four color staining, a Zenon Alexa Fluor
labeling kit (Life Technologies) was used. The images were
captured by a confocal laser microscope (OLYMPUS, FV1000).
To score the subcellular localization in DLD-1 cells, we counted
all of the fluorescence positive cells on 4-well chamber dishes (BD).
When using HEK293FT cells, we counted cells in randomly
acquired fields on the 4-well chamber dishes. In the case of co-
transfection, co-expressed cells were counted and scored according
to the Tet localization. Scoring of the subcellular localization was
performed as indicated in Fig. S1.

Immunoprecipitation and immunoblotting

Transfected HEK293FT cells were lysed in EBC buffer (50 mM
Tris-HCI pH 8.0, 120 mM NaCl and 0.5% NP40 for detecting
Kpress-tagged protein, or 1.0% NP40 for detecting Myc-tagged
protein) with a protease inhibitor cocktail (SIGMA). The cell
lysates were incubated for 3 h at 4°C with Dynabeads M280 sheep
anti-mouse IgG (VERITAS) which had been pre-treated with an
anti-Xpress mAb or an anti-Myc mAb (Enzo life science) for 1 h.
After washing the immunoprecipitates four times with EBG buffer,
the beads were boiled with Laemmli SDS-sample buffer. This
supernatant was separated by SDS-PAGE and transferred to a
PVDF membrane (Millipore). For immunoblotting of the Xpress-
tagged protein, after the membrane were blocked with 2% nonfat
dry milk in PBS containing 0.05% Tween20, they were incubated
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with an anti-Xpress mAb followed by anti-mouse IgG antibody
conjugated to HRP specific for naive IgG (Novagen). For Myc-
tagged protein blotting, after being blocked, the membrane was
incubated with anti-Myc antibody conjugated to HRP (MBL).
Each antibody was diluted in Can Get Signal for immunoblotting
(TOYOBO). Protein bands were visualized using the Pierce ECL
plus Western Blotting Substrate (Thermo), and detected with a
LAS4000 instrument (GE HealthCare).

Statistic analysis

The statistical significance of differences between two groups
was determined by the Mann-Whitney U test. A value of p<<0.05
was considered to be statistically significant. The numbers of

23N

samples are referred to as “n” in each graph.

Results

Aid alters the subcellular localization of Tet1 from the
nucleus to the cytoplasm

A previous study showed that Tet family proteins generate
5hmC, whereas Aid facilitates the conversion of 5hmC into
cytosine [9]. In this study, we investigated the effect of
simultaneous expression of Aid and Tet on their subcellular
localization. We transfected C-terminally Myc-tagged Aid or N-
terminally Xpress-tagged Tetl into HEK293FT or DLD-1 cells,
and examined the subcellular localization of ectopically expressed
proteins. Aid was observed mainly in the cytoplasm, whereas Tetl
was predominantly localized in the nucleus when the single
proteins were overexpressed. When cells were co-transfected with
expression plasmids for Aid and Tetl, the Tetl localization was
altered from the nucleus to the cytoplasm in the co-transfected
cells, whereas Aid remained in the cytoplasm (Fig. 1).

To determine the domain responsible for the altered localiza-
tion of Tetl, we performed a subcellular localization analysis using
a series of deletion constructs for Tetl, as previously reported [17];
full length (FL) (1-2039 amino acids: aa) which was used in the
experiment shown in Fig. 1, the catalytic domain (CD) (1367—
203%aa), and the N-terminal domain (ACD) (1-1366aa), which
lacks CD (Fig. 2A). The TetlFL plasmid and these mutants were
transfected individually with or without the plasmid for Aid. At
48 hrs after transfection, the subcellular localization of Tetl and
Aid was examined by confocal microscopy (Figs. 2B and 52). In
the case of single transfection, all Tetl mutants were predomi-
nantly localized in the nucleus, and Aid was mainly localized in the
cytoplasm. However, when TetlFL or TetlCD was co-expressed
with Aid, Tetl was translocated to the cytoplasm (N: 0%, N+C:
9%, C: 91% for FL, and N: 18%, N+C: 35%, C: 47% for CD,
respectively). In contrast, Tet] ACD remained in the nucleus even
when co-expressed with Aid (N: 75%, N+C: 19%, G: 6%),
suggesting that the catalytic domain of Tetl plays a role in the
altered localization of the protein (Figs. 2B and C). Since a
previous study indicated that the subcellular localization of Aid is
affected by the position of the tag [18], we also carried out co-
transfection experiments using untagged Aid protein. It was
confirmed that untagged Aid, as well as C-terminal-tagged Aid,
also affected the localization of Tet1CD (Fig. S3), supporting the
notion that Aid expression alters the subcellular localization of
Tetl.

Next, to examine whether this effect is specific to Aid, we
carried out the same experiments by using Apobecl and Apobec2,
instead of Aid, both of which show the similar enzymatic activity
to Aid [19,20]. In particular, Apobecl has been shown to shuttle
between the nucleus and the cytoplasm [21]. We observed that
overexpressed Apobecl and Apobec? were localized at both the
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Figure 1. Overexpressed Aid alters the subcellular localization of Tet1. Images of cells transiently expressing N-terminally Xpress-tagged
Tet1 or C-terminally Myc-tagged Aid. Tet1 was predominantly localized in the nucleus, whereas Aid was mainly localized in the cytoplasm 48 h after
transfection in both DLD-1 and HEK293FT cells. When cells were co-transfected with a plasmid expressing Aid, the Tet1 subcellular localization was

altered to the cytoplasm, where Aid was mainly localized. The scale bar is 10 um.

doi:10.1371/journalpone.0045031.g001

nucleus and the cytoplasm in DLD-1 cells regardless of the
presence or absence of TetlCD (Figs. S4). In contrast to the
translocation of TetlCD in the presence of Aid, TetlCD always
remained in the nucleus even when co-expressed with Apobecl or
Apobec2 (Figs. S4B and D, p=0.11, with vs without Apobecl,
p =0.38, with vs without Apobec2). These results suggest that the
altered subcellular localization of Tet1CD is not attributable to the
artificial effects due to Aid overexpression.

Tet1 translocation is independent of its enzymatic
activity

We observed that the subcellular localization of Tetl was
altered in the presence of Aid, but that Tet]1ACD remained in the
nucleus, implying that Tetl enzymatic activity for the conversion
of 5mC to 5hmC is associated with the translocation of Tetl. To
test this, a Tet] CD mutant construct (CDm), which has mutations
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in the catalytic domain (D1652Y and DI1654A) and lacks
enzymatic activity, was generated (Fig. 3A) [17]. When Tet!CDm
was solely transfected into DLD-1 cells, it was localized in the
nucleus. However, the enzyme activity, which was detected by
immunostaining for 5ShmC, was not observed at all in Tet]CDm-
expressing cells while it was evident in TetlCD- and Tetl FL-
expressing cells (Fig. 3B). We also confirmed that TetlACD and
Aid had no ability to produce 5hmC (Figs. 3B and S5A).

We next examined the subcellular localization of TetlCDm
when it was co-expressed with Aid in DID-1 cells. Despite the lack
of enzymatic activity in Tet1 CDm, simultaneous expression of Aid
and TetlCDm caused the altered localization of Tet1CDm, and
no significant difference in the localization of TetlCD and
TetlCDm was observed when they were co-expressed with Aid
(p=0.144, CD vs CDm) (Figs. 2C and 3C). We obtained the
similar observation using HEK293FT cells (Fig. S2). These results

Tet1 localization
21 12 50 34 24 16
x w

ac
EN+C
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Figure 2. Tet1 translocation requires its catalytic domain. (A) A schematic representation of the Tet1 structure and its mutants used in this
study. (aa=amino acid). (B) Confocal images of DLD-1 cells transiently expressing N-terminally Xpress-tagged Tet1 mutants with or without C-
terminally Myc-tagged Aid. Al Tet1 constructs (FL, CD and ACD) were localized in the nucleus when solely expressed in DLD-1 cells. When co-
expressed with Aid, Tet1FL and Tet1CD were translocated to the cytoplasm, whereas Tet1ACD remained in the nucleus. (C) Each bar represents the
proportion of cells with the different localizations of Tet1. The number (n) of cells indicated above each bar was scored according to their subcellular
localization. N (black); nuclear localization, N+C (gray); both nuclear and cytoplasmic localization, C (white); cytoplasmic localization in multiple
microscope fields. The scale bars in images are 10 um. *p<<0.01.

doi:10.1371/journal.pone.0045031.g002
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Figure 3. Tet1 translocation in the presence of Aid is independent of the Tet1 enzymatic activity. (A) A schematic representation of the
Tet1CD mutant (CDm) used in this study. Tet1CDm were tagged with N-terminal Xpress. (B) Tet1FL and CD had enzyme activity and produced 5hmC,
but TettACD and CDm did not. (C) C-terminally Myc-tagged Aid expression altered the subcellular localization of Tet1CDm, which lacks the
enzymatic activity. The upper panels are representative images of DLD-1 cells transiently expressing Tet1CDm with or without simultaneous
expression of Aid. The lower graph shows the percentage score of the examined transfected cells (indicated as a number). The scale bars are 10 um.

#p<0.01, N (black); nuclear localization, N+C (gray); both nuclear and cytoplasmic localization, C (white); cytoplasmic localization in multiple

microscope fields.
doi:10.1371/journal. pone.0045031.9003

indicate that, although the catalytic domain of Tetl is important
for the Aid-mediated translocation of Tetl, the translocation
occurs independently of its enzymatic activity.

Co-expression of Aid has similar effects on the subcellular
localization of other Tet family proteins

The Tet family proteins include Tetl, Tet2 and Tet3. We
therefore examined whether the effects of Aid co-expression were
also observed for other Tet family members. To perform these
studies, FL, CD, ACD and CDm constructs for both Tet2 and
Tet3 were generated (Fig. 4A) based on a previous report [17], and
their subcellular localization in the presence or absence of Aid was
examined. In both Tet2 and Tet3, the FL and CD proteins
exhibited enzymatic activity, whereas the ACD and CDm mutants
did not (Fig. S5B). Single expression of Tet2FL or its mutants led
to the localization of the proteins primarily in the nucleus (Figs. 4B
and C). However, in solely Tet3-expressing cells, Tet3ACD
showed cytoplasmic localization, even in the single transfectants,
although Tet3FL, Tet3CD and Tet3CDm were localized in both
the nucleus and the cytoplasm (Figs. 4D and E), indicating that the
catalytic domain of Tet3 is responsible for the nuclear localization
of Tet3. Simultaneous expression of Aid and either of Tet FL, CD
or CDm resulted in the altered subcellular localization of both
Tet2 and Tet3 into the cytoplasm (Figs. 4B-E). These findings
suggest that Aid alters the subcellular localization of all three Tet
family proteins, and that this occurs independently of enzyme
activity to produce 5hmC.

Translocation of Tet1 by Aid is associated with Aid
shuttling

We next addressed how nuclear Tetl is translocated into the
cytoplasm by Aid. To understand the mechanism, we first
examined the localization of both TetlCD and Aid at different
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time points (10 h, 24 h, 48 h) after simultaneous transfection into
HEK293FT cells. At 10 h after transfection, the subcellular
localization of TetlCD was mainly in the nucleus (N: 90%, N+C:
10%, C: 0%) while Aid was primarily expressed in the cytoplasm,
showing the same localization pattern in the single transfected
cells. At 24 h after transfection, the proportion of cells with
cytoplasmic TetlCD increased (N: 41%, N+C: 52%, C: 7%), and
at 48 h after transfection, most of the TetlCD were co-localized
with Aid in the cytoplasm (N: 3%, N+C: 30%, C: 67%) (Figs. 5A
and B). In contrast, Aid could be detected in the cytoplasm
throughout this experiment.

It is worth noting that Aid is a shuttling protein that is
translocating between the nucleus and the cytoplasm [12,13].
Since a gradual increase in the number of cells with cytoplasmic
Tet1CD was observed, we evaluated whether Tet! translocation is
associated with Aid shuttling. We performed immunofluorescence
experiment by using full length Aid (Aid FL) and its mutants which
are impaired in nuclear-cytoplasmic shuttling; Aid lacking NES
(AidANES_1-187aa), Aid having a single point mutation in the
NES (Aid F193A) [22] [23] or Aid lacking the N terminus of Aid,
which loses the important sequences for nuclear entry
{(AIdAN26_27-198a2) [12] (Fig. 6A). As expected, AidANES
transfected cells revealed an increased number of cells with
nuclear localization of Aid (ANES; N: 27%, N+C: 33%, C: 40%)
when compared with Aid FL- transfected cells (N: 3%, N+C: 28%,
C: 69%) (Figs. 6B and C). In addition, Aid F193A showed an
increased localization of Aid at the nucleus (N: 23%, N+C: 43%,
C: 34%) than Aid FL did. (Figs. 6B and D). Next, we co-
transfected these Aid mutants with TetlCD in DLD-1 cells and
examined the effect of the expressions of Aid mutants on the
TetlCD subcellular localization (Figs. 6E and F). Co-expression
with AidANES resulted in a decrease in the number of Tet1CD-
translocated cells (N: 55%, N+C: 20%, C: 25%) compared with
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doi:10.1371/journal.pone.0045031.g004

that induced by with Aid FL. (N: 18%, N+C: 35%, C: 47%)
(Figs. 2C and 6E). Similarly, when co-expressed with a single point
mutant AidF193A, the proportion of TetlCD-translocated cells
were decreased (N: 57%, N+C: 17%, C: 26%) in comparison to
those when co-transfected with Aid FL (Figs. 2C and 6F). In
addition, we performed the similar experiment using AidAN26,
which has defect in nuclear entry. AidAN26 was predominantly
localized at the cytoplasm in the case of single expression (N: 0%,
N+C: 5%, C: 95%) (Fig. 6G). When co-expressed with AidAN26,
TetlCD remained in the nucleus (N: 72%, N+C: 24%, C: 4%)
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(Figs. 2C and 6H). Taken together, these findings imply that Aid
shuttling, which is mediated by the N-terminus and C-terminus
domains of Aid, is associated with the Aid-mediated translocation
of Tetl, and suggest that Tetl translocation is dependent on the
subcellular localization of Aid.

Interaction between Aid and Tet1

In this study, we found that nuclear Tetl is translocated to the
cytoplasm by Aid, and that the translocated Tetl is co-localized
with Aid. We next examined whether Aid interacts with Tetl
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microscope fields.

doi:10.1371/journal.pone.0045031.g005

during this Aid-mediated translocation of Tetl. We carried out co-
immunoprecipitation  (co-IP) — immunoblotting (IB) using
HEK293FT cells transfected with either or both the Xpress-
TetlCD and Aid FL-Myc vectors. Empty vectors were used as a
negative control. Aid FL-Myc was co-precipitated with an anti-
Xpress mAbs for Xpress-TetlCD, and this association was
confirmed by reciprocal IP with anti-Myc mAbs (Fig. 7A).
Moreover, we observed a decreased interaction of AidANES with
TetlCD, although both AidANES and Tet]1CD were localized in
the nucleus (Fig. 7B). This result indicates that the NES domain of
Aid is associated with the interaction between Aid and Tetl.

Discussion

Aid shuttles between the nucleus and the cytoplasm, interacting
with several molecules, such as RNA polymerase II [24],
CTNNBL-1 [25] and GANP [26], in order to target the IgV
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region and/or the S region DNA. Previous studies proposed that
the shuttling of Aid plays a role in preventing excessive DNA
mutation in the nucleus [18,27]. In the present study, we showed
that the simultaneous expression of Aid and Tet family enzymes
causes the altered subcellular localization of the Tet family
proteins. Furthermore, the translocation of Tet was affected by
Aid shuttling between the nucleus and the cytoplasm. These results
suggest that Aid shuttling might have another function; altering
the subcellular localization of Tet family members. However, it
should be also noted that the level of Aid induced in this
experiments seems to be substantially higher than that of
physiological condition. Considering such artificial experimental
system, further analyses for endogenous proteins are required to
conclude the physiological function of Aid in the translocation of
Tet family enzymes.

Although the physiological relevance of our findings remains to
be established, it is important to note that the expression of both
Tet family proteins and Aid is restricted to specific cell types. It
was reported that Aid is highly expressed in oocytes [28], while
Tet3 is expressed at high levels in oocytes and zygotes [6], thus
indicating that both Tet3 and Aid are abundantly expressed in
oocytes. Of note, Tet3 is localized in the cytoplasm in cocytes, but
it translocates into the male pronucleus of zygotes shortly after
fertilization [16]. Therefore, it seems that there is dynamic
regulation of the subcellular localization of Tet family members
during the early stage of development. Considering that simulta-
neous expression of Aid and Tet family members caused the
translocalization of Tet proteins into the cytoplasm in this study, it
is possible that endogenously expressed Aid contributes to the
cytoplasmic localization of Tet3 in oocytes.

DNA methylation is critical for mammalian development and
cellular differentiation [29]. In mammals, active genomic
demethylation contributes to the genome-wide erasure of the
DNA methylation observed in preimplantation embryos and
primordial germ cells (PGCs) [30,31]. However, the mechanisms
underlying active DNA demethylation in mammals have been
highly controversial, although multiple mechanisms have been
proposed [32-34]. Recently, an additional model was reported,
wherein Aid facilitates the conversion of 5hmC into cytosine
[9,35], and forms several complexes with thymine DNA
glycosylase and GADDA45a, which are imvolved in active DNA
demethylation [36]. Our findings may also support the notion that
Aid plays a role in DNA demethylation while interacting with
several related factors.

To determine whether the altered subcellular localization of Tet
contributes to the altered production of 5hmGC, we performed
immunodetection for 5hmGC in dually-transfected cells (expressing
both Tetl and Aid), where Tetl was translocated into the
cytoplasm. Although Tetl CD had already been translocated into
the cytoplasm, 5hmGC was still detectable in the nucleus (Fig. S6).
Therefore, we could not conclude whether the translocation of Tet
can affect the production of 5hmC in cells expressing both
proteins. One of the possible explanations for our observation is
that 5hmC is, to some extent, stable after its production, which
made it difficult to detect an alteration in the 5hmGC levels under
our experimental conditions.

In summary, our present findings indicate that Aid regulates the
subcellular localization of Tet family proteins, and that this is
associated with Aid shuttling. The subcellular localization of
proteins is crucial for their functional activity and is associated with
their functional diversity [37,38]. Since both Aid and the Tet
family proteins are involved in the modification of 5hmC, the
coordinated action of these proteins might control epigenetic
modifications by affecting the subcellular localization of Tet family

September 2012 | Volume 7 | Issue 9 | e45031

— b67 —



Translocation of the Tet Family by Aid

A FL
< ANES
<1 Fr93A
AN26
Aid Aid
B Aid FL Merge ¢ ANES ~ Merge D Fig3a  Merge

_100% 100% 100%
S ac
§' 50% 50% 50% N+C
0% 0% 0% BN
AIdANES AidF193A

E Aid E ; Aid
DAPI  TetiCD  anpg  Merge DAPI  Tet1CD  pqg3a Merge

n=65
100%

50%

G,

Tet1CD Tet1CD
H

Aid
AIJANZE  Merge DAPI  TetCD  anpg  Merge

_100% 100%

B
2 50% 50%
©
()
0% 0%
AIdANZ6 Tet1CD

Figure 6. Aid shuttling is associated with Aid-mediating transcloation of Tet1. (A) A schematic representation of the Aid structure and its
mutants used in this study. All Aid constructs were tagged with C-terminal Myc. (B-D) The upper figures are representative confocal images of DLD-1
cells transiently expressing only Aid FL (B), ANES (C) or F193A (D). The lower figure represents the proportion of cells with different subcellular
localization of Aid. Aid mutants defect in NES showed the increased nuclear localization. *p<0.05 vs Aid FL. (E, F) The upper figures are representative
confocal images of DLD-1 cells transiently co-expressing AidANES and Tet1CD (E), or AidF193A and Tet1CD (F). Tet1CD were tagged, with N-terminal
Xpress. The lower figure shows the proportion of cells with different localizations of Tet1 (E; AIJANES and Tet1CD, F; AidF193A and Tet1CD). Aid
mutants, which exhibit impaired shuttling between the nucleus and the cytoplasm, failed to alter the subceltular localization of Tet1. #p<0.05 vs
with Aid FL. (G) The upper figures are representative confocal images of DLD-1 cells transiently expressing only AidAN26. The lower figure represents
the proportion of cells with different subcellular localization of AidAN26. *p<<0.05 vs Aid FL. (H) The upper figures are representative confocal images
of DLD-1 cells transiently co-expressing AidAN26 and Tet1CD. The lower figure shows the proportion of cells with different localizations of Tetl.
#p<0.05 vs with AidFL. The scale bars are 10 pm. N (black); nuclear localization, N+C (gray); both nuclear and cytoplasmic localization, C (white);
cytoplasmic localization in multiple microscope fields.
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Figure 7. Aid interacts with Tet1CD. (A) Tet1CD was co-immunoprecipitated with Aid FL. Lysates from HEK293FT cells transfected with N-
terminally Xpress-tagged Tet1CD, C-terminally Myc-tagged AidFL or both of them were immunoprecipitated (IP) by anti-Xpress mAbs or anti-Myc
mAbs. Immunoblotting (IB) was performed by using an anti-Xpress Abs or anti-Myc-HRP antibody. Lane nos. 1, 5 and 9 were single transfections of
Tet1CD. Lane nos. 2, 6 and 10 were single-transfections of Aid. Lane nos. 3, 7 and 11 were for mock transfection. Lane nos. 4, 8 and 12 shows the
results for the co-transfection of Tet1CD and Aid. (B) The Co-IP experiment was performed by using lysates from HEK293FT cells co-transfected with
N-terminally Xpress tagged-Tet1CD and C-terminally Myc-tagged Aid FL, or with N-terminally Xpress-tagged Tet1CD and C-terminally Myc-tagged
AIdANES. Despite the similar localization of AIdANES and Tet1CD in the nucleus, AiIdANES revealed a decreased association with Tet1CD compared to

Aid FL.
doi:10.1371/journal.pone.0045031.g007

proteins as we described in this study. Further studies are
warranted to uncover the functional and physiological significance
of the Aid-mediated translocation of Tet, which may eventually
extend our understanding of the regulation of 5hmC production
and active DNA demethylation.

Supporting Information

Figure §1 Representative images for each subcellular
localization. Representative images of each subcellular locali-
zation are shown. Dominant immunofluorescent signals in the
nucleus and cytoplasm were regarded as nuclear localization (IN)
and cytoplasmic localization (C), respectively. Similar signal
intensity in both the nucleus and the cytoplasm was regarded as
C+N. Scale bars are 10 pm.

(TIF)

Figure S2 Aid alters the subcellular localization of Tetl
in HEK293FT cells. HEK293FT cells expressing Aid also
revealed translocation of TetlCD and CDm. Consistent with the
results in DID-1 cells, TetlACD was retained in the nucleus even
in the presence of Aid. The scale bars are 10 pm.

(TIF)

Figure S3 Untagged Aid expression results in the
subcellular translocation of Tetl. Untagged Aid was
detected by an anti-Aid polyclonal antibody. Untagged Aid was
mainly localized in the cytoplasm, which was the same as Myc-
tagged Aid. Simultaneous expression of untagged Aid and
TetlCD caused the altered localization of TetlCD in the
cytoplasm. The scale bars are 10 gm.

(TTE)

PLOS ONE | www.plosone.org

Figure S4 Apobec family has not an effect on the
subcellular localization of Tetl. (A) The upper figures were
confocal images of DLD-1 cells transiently expressing C-terminally
Myc-tagged Apobecl. The lower graph represents the proportion
of cells with different subcellular localization of Apobecl. (B) The
upper figures were images of DLD-1 cells transiently co-expressing
C-terminally Myc-tagged Apobecl and N-terminally Xpress-
tagged TetlCD. The lower graph represents the percentage of
the different subcellular localization of TetlCD on the co-
expressing cells. (G) The upper was images of DLD-1 cells
transiently expressing C-terminally Myc-tagged Apobec2. The
lower represents the proportion of cells with different subcellular
localization of Apobec?. (D) The upper were images of DLD-1
cells transiently co-expressing C-terminally Myc-tagged Apobec2
and N-terminally Xpress-tagged TetlCD. The lower showed the
proportion of cells with different subcellular localization of
TetlCD on the co-expressing cells. The scale bars are 10 pm. N
(black); nuclear localization, N+C (gray); both nuclear and
cytoplasmic localization, C (white); cytoplasmic localization in
multiple microscope fields.

(TIF)

Figure 85 Detection of 5hmC by immunostaining using
in DLD-1 cells. (A) Aid alone could not produce 5hmC. (B) The
FL and CD had enzymatic activity, whereas the ACD and CDm
proteins did not in both Tet2 and Tet3. Aid was tagged with C-
terminal Myc and Tets were with N-terminal Xpress. The scale
bars are 10 pum.

(TIE)
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Figure S6 5hmC remains in the nucleus even after
TetlCD transfer to the cytoplasm in HEK293FT cells.
The 5hmGC could be still detected in the nucleus, even though
Tet1CD was translocated from the nucleus to the cytoplasm in the
presence of Aid. Aid was tagged with C-terminal Myc and Tets
were with N-terminal Xpress. The scale bars are 20 pm.

(TTE)
Table §1 Primer sets for cloning Tet family and Aid
used in this study. F: forward primer, R: reverse primer

(DOC)
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Epigenetic Modifications in Corclnegsnesis

Cancer development is caused by a series of genetic mutations
in cancer related genes, including oncogenes, tumor suppres-
sor genes and genes related to genome stability. However,
recent studies suggest that epigenetic modifications also play
critical roles in tumorigenesis.! “Epigenetics” is defined as
meiotically and mitotically inherited regulations of gene
expression that are not accompanied by alteration of the DNA
sequence. Two major epigenetic regulations observed in
mammals are DNA methylation and post-translational modifi-
cation of histone proteins. Accumulating evidence highlights
the significance of epigenetic dysregulation in tumorigenesis
and in the maintenance of cancer cells.””

Abnormal patterns of genomic methylation in cancer cells
are characterized by global losses of genomic methylation and
increased methylation at specific loci, predominantly CpG
islands that are often localized near transcription start sites.
DNA methylation is a type of covalent modification in which a
methyl group is added to a cytosine in the genome. In mamma-
lian cells, DNA methyltransferases (DNMTs) are involved in
the establishment and maintenance of DNA methylation.
DNMT1 has high catalytic activity and shows a preference for
hemimethylated DNA. It plays a role in maintaining the
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genomic methylation levels during DNA replication. In
contrast, DNMT3A and DNMT3B carry out de novo methyla-
tion at non-methylated CpG dinucleotides. Although DNMT3L
does not exhibit enzymatic activity, it participates in DNA
methylation by regulating other methyltransferase activities.
Human tumors often display an aberrant expression of
DNMTs. Higher levels of DNMT1 and DNMT3A/3B are fre-
quently observed in a wide variety of cancers. Previous studies
have suggested that such altered expressions of DNMTs could
partly explain the abnormal patterns of genomic methylation
observed in cancer cells.*

The functional significance of both global hypomethylation
and site-specific hypermethylation in cancer has been suggested
in previous studies® Global genomic hypomethylations are
frequently observed in both benign and malignant tumors.>®
The clinical outcomes observed in several malignancies indicate
that genomic hypomethylation is correlated with poor prognoses
in cancer patients, suggesting that loss of DNA methylation can
be a marker for tumor prognosis. It is noteworthy that global
DNA hypomethylation is associated with abnormal chromo-
somal structures, as observed in patients with ICF (Immuno-
deficiency, Centromeric instability and Facial abnormalities)
syndrome”™ who harbor mutations of DNMT3B. In addition,
embryonic stem (ES) cells lacking Dumtl with decreased
genomic methylation levels demonstrate increased mutation
rates, implying the importance of maintaining the genomic
methylation level for preserving genomic integrity.>'® Indeed,
DNA hypomethylated mice that harbor hypomorphic alleles of
the Dumitl consistently succumb to thymomas, indicating that
global DNA hypomethylation promotes carcinogenesis possibly
through the induction of chromosomal abnormalities.!® This
notion has been further supported by the results of experiments
using mice with heterozygous mutations in the twmor suppres-
sor gene NfI in conjunction with Dumit] hypomorphic alleles.
In these mice, global DNA hypomethylation promotes the loss
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of heterozygosity in the mutated gene, leading to tumor
formation.

Conversely, site-specific hypermethylation is associated with
the silencing of tumor suppressor genes.* For instance, treat-
ment of cancer cells with 5-aza-2-deoxycytidine (5-Azadc),
which blocks DNMTs activity, causes increased expression of
tumor suppressor genes and results in growth arrest, differen-
tiation and/or apoptosis both in vitro and in vivo." In addition,
Apc mutant mice heterozygous for Dumtl develop significantly
decreased numbers of intestinal tumors.**® Although the
opposing effects of the genomic methylation on tumor develop-
ment seem to be contradictory, these effects were demonstrated
in one experiment utilizing Apc mutant mice with global DNA
hypomethylation. In this study, the forced reduction of genomic
methylation resulted in the promotion of early lesions with
losses of Apc; however, the overall development of large lesions
was inhibited.'*"

Imprinted genes display a characteristic parent-of-origin-
specific DNA methylation pattern that results in the expression
of only a single allele. DNA methylation that maintains the
monoallelic expression of imprinted genes is established during
gametogenesis and is important for fetal growth regulation and
perinatal development.’®® Loss of imprinting (LOI) (either
biallelic expression or complete silencing of imprinted genes)
has been implicated in the progression of several tumors.”**"
For instance, the aberrant biallelic expression of the insulin-like
growth factor-2 (IGFZ) gene is thought to promote tumorigene-
sis through inhibition of apoptosis or expansion of undifferenti-
ated cells.” Indeed, LOI is a significant risk factor for human
colorectal carcinogenesis. In addition, LOI at PEG3, P57 and
IGF2R has been implicated in the development of oligodendro-
gliomas, breast cancer and hepatocellular carcinomas, respec-
tively.*?* Although there is reported evidence that LOI at the
IGF2 locus promotes tumorigenesis,®® it remains unclear if the
observed LOI is merely a consequence of altered epigenetic reg-
ulation in already transformed cells. Furthermore, the question
whether LOI at other various imprinted genes also plays a
causal role in cancer development is yet to be answered. Impor-
tantly, chimeric mice derived from imprinting-free ES cells
develop multiple tumors,”’ suggesting a causal link between
LOI and cancer development in mice. '

Histone is a structural unit of nucleosomes that is important
for packing of genomic DNA. Accumulating evidence suggests
that post-translational modification of histones (e.g, acetyla-
tion, methylation, ubiquitylation, phosphorylation, sumoylation
and ribosylation) controls the activity of transcription of sur-
rounding DNA. Epigenetic silencing is associated with at least
two distinct histone modifications: polycomb-based histone H3
lysine 27 trimethylation (H3K27me3) and H3K9 dimethylation
(H3K9me2).*® Polycomb group (PcG) proteins are components
of polycomb repressor complex 1 (PRC1) and PRC2. Enhancer
of zeste 2 (EZH2), a member of PRC2, exhibits histone methyl-
transferase activity with substrate specificity to H3K27.%
H3K27me3 serves as a signal for specific binding of the
chromodomain of the other PRC, PRCI, that includes BMI-1,
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RING1, HPC and HPH.” The binding of PRCI to the methyl-
ated histone hampers the recruitment of transcriptional
activation factors such as SWI/SNF to surrounding genomic
regions, resulting in the prevention of RNA polymerase II from
transcription initiation.>* Conversely, H3K9me2 primarily
plays a role in transcriptional control. G9a is a mammalian
H3K9 methyltransferase that can repress gene transcription
activity by inducing local H3K9me2 and H3K9me3 at target
promoters.”>**

Recent studies suggest that histone methyltransferases play
roles in the promotion and progression of human cancers. For
example, dysregulation of PcG proteins has been observed in a
variety of cancers. EZH2 is upregulated in several types of
cancer, including metastatic prostate cancer, lymphomas and
aggressive breast cancer.”® An increased expression of EZH2 is
correlated with a poor prognosis in patients with prostate and
breast cancer. In addition, frequent somatic mutations in EZH2
have been reported in hematopoietic malignancies, consistent
with the hypothesis that histone modifications are functionally
involved in cancer development.*® BMI-1, a member of PRCI,
is frequently overexpressed in human medulloblastoma cell
lines and primary tumors.®” In addition to the findings that
altered expressions of PcG proteins are closely related to tumor-
igenesis, the expression of G9a is also upregulated in cancers
such as hepatocellular carcinomas.” It has been shown that
G9a is associated with epigenetic silencing of tumor suppressor
genes and with the maintenance of malignant phenotypes,
providing additional evidence that the aberrant regulation of
histone modifications contributes to cancer development.

As described above, emerging evidence indicates that cancer
cells harbor altered epigenetic modifications correlated with
altered expressions of cancer-related genes. It is important to
note that DNA methylation, histone modification, chromatin
remodeling and transcriptional regulation are closely intercon-
nected in mammals.*** Several methyl-CpG-binding proteins
(e.g., MeCP2 and MBD2) interact with histone deacetylase and
recruit corepressor proteins. This evidence implies a mecha-
nism linking DNA methylation and histone modification.
Therefore, a comprehensive analysis of epigenetic modifica-
tions, including global analyses of DNA methylation, histone
modifications and miRNA expression, in conjunction with a
gene expression analysis is necessary to understand cancer
epigenetics. Reverse genetic approaches have enabled us to elu-
cidate the functional roles of specific “genetic” alterations in
cancer cells. However, to elucidate the functional roles of “epi-
genetic” alterations, there have not yet been available experi-
mental methods to efficiently control the coordinated epige-
netic modifications. Active modification of epigenetic
regulation would be a powerful tool to perform functional
analyses of epigenetic regulation in cancer cells. In this context,
it is noteworthy that technologies for cellular reprogramming
enable us to induce dynamic changes in epigenetic modifica-
tions. Application of the reprogramming technology to cancer
cells to actively alter their epigenetic status might eventually
enhance our understanding of cancer epigenomes.
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Epigenciic Regulations In Celluter Reprogramming
Global changes in epigenetic modifications can be observed
during mammalian embryogenesis and are directly linked to
the regulation of pluripotency and cellular differentiation.
Although the developmental process in mammals is considered
to be unidirectional, previous studies have demonstrated that
differentiated cells can be converted into undifferentiated stem
cells by artificial manipulation. For example, nuclear transplan-
tation (NT) can reprogram a terminally differentiated cell into
a pluripotent stem cell that can give rise to all types of cells in
the body.*™* Recent groundbreaking studies have demon-
strated that the overexpression of four transcription factors,
Oct4, Sox2, KIf4 and Myc, reprograms differentiated cells into
“induced pluripotent stem cells” (iPSCs).*** These studies
have extended our understanding of the mechanisms underly-
ing pluripotency acquisition, maintenance and differentiation.

Derivation of iPSCs from somatic differentiated cells is
accomplished by erasing the epigenetic modifications associated
with the maintenance of cellular identity and inducing epige-
netic modifications similar to those found in early embryos
while leaving genetic sequences unaltered. The earliest event in
iPSC derivation has been suggested to be genome-wide changes
in the histone modification H3K4me2 at more than a thousand
loci, including large subsets of pluripotency-related or develop-
mentally regulated gene promoters and enhancers. In contrast,
the patterns of repressive H3K27me3 modification remain
largely unchanged except for focused depletion occurring
specifically at positions where H3K4 methylation is gained.
Notably, these chromatin regulation events precede transcrip-
tional changes within corresponding loci.*® In addition, “par-
tially” (or “unsuccessfully”) reprogrammed cell lines display
incomplete repression of lineage-specifying transcription factors.
These observations suggest that changes in epigenetic modifica-
tions play critical roles in the early stages of cellular reprogram-
ming and that incomplete epigenetic repression of key genes
may be a bottleneck in the transition to pluripotent states.”
Several studies have demonstrated that treatment with DNMT
inhibitors and histone modifiers such as VPA can improve the
overall efficiency of the reprogramming process.*>* This
evidence emphasizes the importance of global changes in epige-
netic modifications for successful reprogramming.

Shmilaritics
Stem Cells
The process of iPSC derivation shares similar characteristics
with cancer development. During the reprogramming, somatic
differentiated cells acquire unlimited proliferation properties
and self-renewing activities.’® This is also one of the most im-
portant events in carcinogenesis. It has also been suggested
that iPSCs and cancer cells share similar characteristics of
cell metabolism.>® Metabolites involved in transmethylation,
cellular respiration and energy production functionally affect
cellular reprogramming.®® Changes in metabolic status which
occur during somatic cell reprogramming are largely similar to

s Between Cancer Calls znd Pluripetent
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those observed in cancer development.” This is in agreement
with the results of previous studies demonstrating that similar
pathways are associated with both oncogenesis and the induc-
tion of pluripotency.”® Such similarities between pluripotent
stem cells and cancer cells suggest that tumorigenesis and
reprogramming processes may be partly promoted by overlap-
ping mechanisms. Indeed, previous studies have suggested that
reprogramming factors are involved in the development of
various types of cancer.

Oct3/4 (also known as Pou5fl), a transcription factor that
has been recognized as a fundamental factor, maintains pluri-
potency in ES cells and primordial germ cells.>® Although
Oct3/4’s role during preimplantation development is to main-
tain embryonic cells in a pluripotent undifferentiated state,
previous studies have suggested that Oct3/4 expression may
possibly play a role in cancer development. OCT3/4 has been
proposed to be a useful marker for germ cell tumors (GCTs)
such as seminomas and embryonal carcinomas.”” OCT3/4 is
functionally involved in the self-renewal of GCT cells possi-
bly through the maintenance of undifferentiated states.
Importantly, the forced induction of Oct3/4 in adult somatic
cells results in dysplastic growth in epithelial tissues through
the inhibition of cellular differentiation in a manner similar
to that in embryonic cells.*® These findings suggest that
Oct3/4 expression affects epigenetic regulations and contrib-
utes to the maintenance of undifferentiated proliferating
states in somatic cells. The notion may provide a possible
link between transcription factor-mediated reprogramming
and carcinogenesis.

A wide variety of cancers express increased levels of MYC.
MYC oncogene is frequently translocated in multiple
myeloma and is one of the most highly amplified oncogenes
in many different human cancers. It should be noted that
Myc is an important transcriptional regulator in ES cells and
it significantly promotes the process of iPSC derivation. Myc
targets in ES cells are predominantly involved in cellular
metabolism, the cell cycle and protein synthesis pathways,
whereas the targets of core reprogramming factors such as
Oct3/4, Nanog and Sox2 are frequently related to develop-
mental processes. Interestingly, Myc preferentially binds to
promoters of actively transcribed genes with the histone H3
lysine 4 trimethylation (H3K4me3) signature and enhance
their transcriptions in both pluripotent stem cells and cancer
cells.®®® List of the genes activated under these promoters
might explain the background mechanism of the unlimited
proliferation of both pluripotent stem cells and cancer cells.

As described above, transcription factor-mediated reprog-
ramming of somatic cells might be also involved in cancer
development. Considering that epigenetic regulations are im-
portant during reprogramming, it is possible that epigenetic
regulations modulated by the reprogramming factors also
play a role in carcinogenesis. Therefore, uncovering the pro-
cess of cellular reprogramming might eventually provide a
better understanding of cancer epigenomes that are responsi-
ble for the unlimited growth properties of cancer cells.
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Risk of Tumer Bevelopment in the Clinical
Application of IPSCs to Call Transplantation Therapy
Pluripotent stem cells are expected to be a promising source
of cells for cell transplantation therapies. iPSCs have offered a
solution to the ethical objections of ESC usage and to possible
immune rejection against ESC-derived cells after transplanta-
tion into unmatched individuals. Therefore, iPSCs provide a
novel and efficient approach for patient-specific regenerative
therapy. One of the risks of using iPSCs in cell transplantation
therapy is cancer development from iPSC-derived cells. As
mentioned above, pluripotent stem cells share a number of
cellular and molecular properties with cancer cells. Both
divide rapidly with unlimited proliferative activity,* both lack
contact inhibition® and both exhibit high telomerase activ-
ity.% Similarities between iPSCs and cancer cells have also
been observed with respect to overall gene expression pat-
terns®~% and epigenetic status.*” Indeed, one of the impor-
tant characteristics of pluripotent stem cells is the ability to
form teratomas in immunocompromised mice.

For the safe application of iPSCs in regenerative medicine,
a number of possible mechanisms in which iPSC-derived cells
become cancerous should be considered to avoid such cancer
development. First, it is possible that contamination with
undifferentiated pluripotent stem cells may result in teratoma
formation when transplanted in patients. Given that an iPSC
line may consist of a heterogeneous rather than a homogene-
ous cell population, it is also possible that contamination with
unsuccessfully reprogrammed cells or mutated iPSCs might
lead to cancer development. Second, since the derivation
process of iPSCs requires a number of cell divisions, genetic
mutations may be accumulated during the establishment of
iPSCs in vitro, which may be a potential risk for cancer devel-
opment. In addition, the reprogramming process is likely to
participate in the activation of stress response pathways in the
cells, which might also cause the accumulation of genetic
mutations, regardless of the reprogramming method used.®®
Third, previous studies have demonstrated that epigenetic
modifications play a role in genomic integrity. Therefore,
dynamic changes in epigenetic modifications that occur during
iPSC generation might induce genomic instability, leading to
genetic alterations in cancer-related genes. Finally, based on
the proposed concept of “epigenetic field defect” which is
involved in the increased risk for cancer development,® it
should be also considered that altered epigenetic modifications
in iPSCs-derived cells might create cancer-susceptible popula-
tions after the integration of transplanted iPSC-derived cells.

Recent studies have described unique genetic and epigenetic
properties of iPSCs distinct from those of ESCs, which might
increase the risk of cancer development in iPSC-mediated
transplantation therapy. These studies have examined copy
number variations (CNVs)”® and point mutations of protein-
coding regions’* across the genome by utilizing next generation
sequencers. Additionally, genome-wide DNA methylation pat-
terns of ESCs and iPSCs have been analyzed at the single-base
level using whole genome bisulfite sequencing,” These studies,
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along with other investigations, have proposed that reprogram-
ming and the subsequent expansion of iPSCs in vitro may result
in the accumulation of various genetic and epigenetic abnor-
malities at the chromosomal, subchromosomal and single-base
levels.” Such chromosomal abnormalities appear soon after the
establishment of iPSCs,”* whereas chromosomal abnormalities
are not generally observed in ESCs. The frequency of mutations
in iPSCs has been estimated to be ten times higher than that in
fibroblasts.” In addition, there are greater number of subse-
quent CNVs in iPSCs, which are not found in the cells of origin
or in human genomes of comparable background, than in
ESCs.”%™ Similatly, epigenetic analyses of iPSCs feature
retained epigenetic marks of the cells of origin. Another poten-
tial difference between ESCs and iPSCs is the status of genomic
imprinting, Recent studies have found variety in the expression
of imprinted genes among different lines of both murine and
human iPSCs.>”® Considering the critical role of genomic
imprinting during the developmental process, aberrant silenc-
ing or the activation of imprinted genes during reprogramming
might affect the differentiation capacity of pluripotent stem
cells. Indeed, aberrant imprinting at a single imprinted gene
cluster in murine iPSCs results in an impaired developmental
potential, thus suggesting that epigenetic variations at imprinted
loci can affect the biological behaviors of iPSCs. It is important
to note that aberrant imprinting is evident in some types of
human cancers and it is also associated with cancer develop-
ment.”””® Therefore, an aberrant expression of imprinted genes
in iPSCs might also affect the tumorigenicity of iPSC-derived
cells after cell transplantation therapy.

In contrast, a particularly sensitive analysis for genetic
sequencing have subsequently demonstrated that a subset of
point mutations found in iPSC lines already exist in a small
minority of fibroblasts used for reprogramming, suggesting
that the reprogramming process itself may not induce genetic
instability.” In addition, large number of CNVs acquired
during early passages of iPSCs disappear after subsequent
growth in vifro, which implies that iPSCs with altered CNVs
are negatively selected during the maintenance of iPSCs in
vitro.”’ With regard to alterations in DNA methylation pat-
terns, it is also noteworthy that other studies examining a
large number of pluripotent stem cells have concluded that it
is difficult to distinguish iPSCs from ESCs by DNA methyla-
tion patterns. Furthermore, previous studies suggested that
the different induction and culture conditions in each labora-
tory can cause-the variable expression patterns.

Taken together, it is still controversial whether the fea-
tured genetic and/or epigenetic alterations are inevitable risks
of iPSCs for the future clinical therapies (Figure 1). As ESCs
also show considerable variation in terms of both genetic and
epigenetic contexts, the proposed alterations in iPSCs
reported in previous studies may simply represent heteroge-
neity among different pluripotent stem cell lines. In addition,
it has been demonstrated that iPSC lines, as well as ESC
lines, show huge variations in differentiation propensity,
which implies the presence of variation in tumorigenic risk

Int. J. Cancer: 000, 000-000 (2012) © 2012 UICC

— 574 —



Semi efal.

as well. Therefore, further studies using a large number of
different iPSC/ESC lines are required before we conclude the
stability of iPSCs in terms of genome/epigenome integrity.
The development of proper strategies to determine and select
better iPSCs will lead to the safe application of iPSCs in cell
transplantation therapy.

Attempts te Generste Safe IPSCs for Clinlcal
Application
As we described in the previous section, the potential obstacles
to the efforts to develop secure iPSCs for clinical application
are attributable to the lack of knowledge regarding the
mechanisms of tumor development from iPSC-derived cells.
In addition, it has not been determined if iPSC-derived cells
are actually associated with an increased risk of cancer devel-
opment. Yet several attempts have already been made to
decrease the risk of cancer development from iPSC-derived
cells. Based on the assumption that ¢-Myc plays a role in
iPSC-associated cancer development, previous studies have
been conducted to search for alternatives to replace c-Myc in
the induction of iPSCs. L-Myc and Glisl were found to exhibit
stronger and more specific activities in promoting iPSC gener-
ation in the absence of c-Myc.”*® L-Myc has shorter amino
acid sequences in the N-terminal region compared with the
other two Myc members, Glisl is a Gli-like transcription
factor that is enriched in unfertilized oocytes and embryos at
one cell stage. Notably, although both factors markedly
enhance the generation of iPSCs from both murine and
human fibroblasts, no increases in the number of tumor for-
mation events is observed in iPSC-derived chimeric mice,
suggesting that these factors might have advantages in the
establishment of secure iPSCs for clinical application.

iPSCs were initially derived by the trarsduction of reprog-
ramming factors in fibroblasts with integrating viruses
carrying transcription factors.® It should be noted that at least
one of these reprogramming factors are frequently expressed
in various types of cancer. It has also been suggested that
reactivation of reprogramming factors predisposes iPSCs to
genomic instability.®’ Because an ectopic expression of either
Oct3/4 or KlIf4 can induce dysplasia in vivo,”®® reactivation of
integrated transgene might cause cancer development from
iPSC-derived cells. Accordingly, various methods have been
developed to eliminate such safety concerns by means of elim-
ination of genome integrations. For example, transduction of
purified recombinant reprogramming proteins,*>** synthetic
RNA introduction,”® infection with nonintegrating Sendai
virus,% piggyBac transposon®”® and gene introduction using
episomal vectors® have been used to generate iPSCs free from
genomic integration of exogenous genes. However, the reprog-
ramming efficiency of these approaches is often substantially
lower than that of the methods using genome-integrating
approaches, and the quality of resultant iPSCs remains to be
scrutinized. Further studies will be required to determine the
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safe reprogramming method that is applicable to the future
cell-based regenerative medicine.

Application of IPSC Technology to Cancer Research
Reprogramming of cancer cells

Because cellular reprogramming actively modifies the epige-
netic state of a cellular genome without affecting its genetic
constitution, reprogramming technologies can be used as
tools to analyze the impact of epigenetic regulations on can-
cer cells. Historic experiments conducted in frogs have dem-
onstrated that kidney carcinoma nuclei can be reprogrammed
and that the resulting nuclei support the early development
of frog embryos to the tadpole stage”® It has also been
reported that by utilizing nuclear transfer into enucleated
oocytes, the nuclei of leukemia, lymphoma and breast cancer
cells are able to support normal preimplantation development
to the blastocyst stage, although they fail to give rise to ES
cells. However, interestingly, under the absence of key onco-
gene expression, the nuclei from cancer cells show the poten-
tial to give rise to ES cells. Namely, murine blastocysts cloned
from melanoma cells with doxycycline-dependent RAS-induc-
ible system give rise to ES cells in the absence of RAS expres-
sion with the potential to differentiate into multiple cell
types, including melanocytes, lymphocytes and fibroblasts.”*
Chimeric mice produced from these ES cells develop melano-
mas with higher penetrance, shorter latency and expanded
tumor spectrums after retransduction of RAS in the melano-
cyte lineage in comparison to that observed in donor mouse
models. Importantly, the chimeric mice produced from mela-
noma nuclear-transferved ES cells have nontumorigenic mela-
nocytes, even after retransduction of RAS. This observation
suggests that epigenetic reprogramming can revert melanoma
cells to non-neoplastic melanocytes, highlighting the impact
of epigenetic regulations in cancer cells.

Reprogranuming by means of nuclear transfer requires spe-
cial equipment and a high skill. In contrast, the discovery of
iPSC generation technology provides a simple and reproducible
method to reprogram differentiated cells into pluripotent stem
cells.***> Taking advantage of the transcription factor-mediated
reprogramming method, a number of studies have been con-
ducted to reprogram cancer cells. However, these experiments
have revealed that cancer cells are resistant to reprogramming.
Recently, several groups have succeeded in reprogramming can-
cer cells into an iPSC-like state. iPSC-like cells have been gener-
ated from chronic myeloid leukemia cells,”** melanoma cells™
and gastrointestinal cancer cells.” Although these studies have
demonstrated that particular cancer cell genomes can be reprog-
rammed into iPSC-like states, reprogramming efficiency seems
to be extremely low in cancer cells, suggesting that some proper-
ties of cancer cells strongly hamper cellular reprogramming.
Considering that cellular reprogramming is a process in which
dynamic epigenetic changes are required, the fact that cancer
cells are resistant to cellular reprogramming raises the possibil-
ity that cancer cells have stable epigenetic regulations that com-
pete with the exogenous reprogramming forces derived from
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Figure 1. Potential risk of tumor development in the clinical application of iPSCs. Cancer development is a potential risk of using iPSCs in
cell transplantation therapy. The genomic and epigenomic instability of iPSCs may cause tumor development from iPSC-derived cells, yet

the instability has not been fully elucidated.

induced reprogramming factors. Uncovering the underlying
mechanisms that explain the resistance of cancer cells to epige-
netic reprogramming may be of great help in advancing under-
standing of the epigenetic stability of cancer cells, which may
eventually contribute to the development of efficient therapeutic
strategies targeting epigenetic modifications in cancer cells. In
addition, understanding the molecular basis for the reprogram-
ming resistance in cancer cells may further reveal a mechanism
for the low efficiency of normal somatic cell reprogramming,

Concept of cell type-specific carcinegenesis

Tumors develop through the accumulation of multiple muta-
tions in oncogenes and tumor suppressor genes. Oncogenic
mutations are often observed in a tissue- or cell type-specific
manner.”® Similarly, the cancer mutation spectrum is differ-
ent between cancers arising from different organs. In heredi-
tary cancer syndromes, patients are predisposed to tumor
development in specific tissues despite the presence of
mutated cancer-related genes in all somatic cells. This sug-
gests that the effects of cancer-relevant mutations are highly
influenced by cell type-specific contexts in different environ-
ments. As cellular reprogramming enables us to erase the
cellular identity of original cell types without altering the
genomic sequences including genetic abnormalities in cancer
cells, redifferentiation of cancer cells into cells of other tissue
types should be useful method to directly demonstrate the
concept of cell type-specific carcinogenesis. Actually, rediffer-
entiation of reprogrammed cancer cells has been demon-
strated in leukemia cell model. However, CML-derived iP$S
cells failed to recapitulate cancer phenotypes, even after the
differentiation into hematopoietic cell lineages.”® Although
the concept of cell-type specific carcinogenesis has not yet
been proven, application of the iPSC technology to cancer
cell reprogramming would be a useful tool for the future
achievement of demonstrating this concept (Figure 2a).
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Disease modeling using reprogramming technologies
Cancer-derived iPSCs are also expected to provide a novel
experimental opportunity to establish disease models. It is
interesting to note that iPSCs generated from a blood sample
obtained from an imatinib-sensitive CML patient were found
to be resistant to imatinib although the CML-derived iPSCs
consistently expressed BCR-ABL oncoproteins.” Although
imatinib treatment is a highly effective therapy for CML” a
minority of patients either fail to respond to imatinib. The
altered response to imatinib in CML-iPSC suggests that
cancer-derived iPSCs could be a novel platform to investigate
the effect of the differentiation status on the response of
cancer cells to external signals such as therapeutic agents,
which could contribute to the development of effective thera-
peutic strategies. In this context, cancer cell reprogramming
may be useful for understanding cancer cell behaviors that
are related to distinct differentiation status.

Forced modifications of differentiation states in cancer cells
may further lead to increasing understanding of the hierarchi-
cal control of differentiation in cancer cells. Such hierarchical
control might be associated with the concept of cancer stem
cells. Given that epigenetic regulations determine the heteroge-
neity underlying the concept of cancer stem cells, it might be
possible that reprogramming technology could be applicable
to modeling cancer stem cells through active modification of
both epigenetic regulations and cell differentiation status.

iPSC technology might be also available to examine whether
dedifferentiation process occurs during cancer development,
Cancer cells frequently express progenitor-related genes that
are exclusively expressed in the tissue-specific stem/progenitor
cells of the originated tissue.”® The hypothesis that cancer arises
from tissue-specific stem/progenitor cells suggests that the un-
differentiated properties of cancer cells may be consequence of
the expansion of original undifferentiated cells. Therefore, it
remains to be determined whether a dedifferentiation process is
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Figure 2. Application of iPSC technology for cancer research.
Reprogramming technology is considered to be a useful tool to
induce global epigenetic changes and to alter differentiation status
of cancer cells. {a) Reprogramming of cancer cells and
differentiation of the cancer cell-derived iPSCs. Cellular
reprogramming actively modifies the epigenetic/differentiation
state of cancer cells without affecting its genetic constitution. The
reprogrammed cancer cells may provide a novel platform to
demonstrate the concept of cell type-specific carcinogenesis and
to identify the cancer cell origin. (b) Cancer modeling. Expression
of Yamanaka 4 factors can reprogram somatic differentiated cells
into undifferentiated stem cells with unlimited proliferation
properties. Reprogramming technology might be available to model
reprogramming-associated cancers, which is accompanied by
dedifferentiation process with altered epigenetic regulations.

actually involved in the oncogenic process. Somatic cell reprog-
ramming entails the erasure of gene expression programs char-
acteristic of differentiated somatic cells and the reactivation of
embryonic patterns of gene expression characteristic of the plu-
ripotent state.”>'% Importantly, it has been shown that, not
only stem/progenitor cells, but also somatic differentiated cells,
can be reprogrammed into pluripotent stem cells, suggesting
that differentiated cells can actually acquire self-renewing activ-
ities during the process.'® As an increased expression of pluri-
potency-related factors is frequently detectable in poorly differ-
entiated cancers,” the dedifferentiation process may actively
promote the development of certain types of cancers with tran-
scriptional networks similar to those of pluripotent stem cells.
Together with the fact that the factors that drive reprogram-
ming are oncogenes or have been linked to cellular transforma-
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tion, reprogramming technology might be useful to model
reprogramming-associated cancers that are accompanied by de-
differentiation (Figure 2b).

Identification of cancer cell origin
In many types of cancers, the cell of origin remains unknown.
The identification of the origin of cancer cells enables us to
expand our knowledge of cancer development, which facili-
tates the discovery of more effective chemopreventive
approaches. For instance, comparative studies of the cell of or-
igin and the resultant cancer cells may reveal the key events
that are directly involved in cancer development. Additionally,
recent studies have suggested that the characteristics of the
cell of origin often persist in the consequent tumor cells and
may play critical roles in the propagation of tumor cells in
vivo. Therefore, identification of the cell of origin should be
beneficial to understand biological properties of cancer cells.
Based on the concept of cell type-specific carcinogenesis,
it is expected that the reprogrammed cancer genome can
exert their cancerous properties only when cancer genomes
are matching with a particular cell type. In this context,
reprogrammed cancer cells that harbor genetic mutations
sufficient for cancer development but still retain multidiffer-
entiation properties may be available for identifying cell types
that give rise to cancer cells. In addition, recent studies have
proposed that solid cancers arise from relatively undifferenti-
ated cells such as tissue-specific stem cells. For instance, the
conditional knock out of the Apc tumor suppressor gene in
tissue-specific stem cells specifically results in the frequent
development of intestinal tumors,'® while only a few tumors
develop when Apc is depleted in progenitor/differentiated
cells in crypts. The hypothesis of cancer stem cells also holds
that cancer emerges from primitive tissue stem cells, yet it
remains to be determined whether the concept can be applied
for a wide variety of cancers. Cancer-derived iPSCs may also
provide a platform for determining the particular differentia-
tion status permissive for cancer development.

Conclusion

Technologies that induce pluripotent stem cells confer unlim-
ited growth ability on somatic differentiated cells, a hallmark
of cancer cells. It is important to note that the reprogramming
process does not require changes in genomic sequences, thus
indicating that changes in epigenetic modifications play a cen-
tral role in this process. Application of reprogramming tech-
nologies for cancer cells might therefore be useful for uncover-
ing the role of epigenetic regulations in cancer cells. Moreover,
cancer development caused by the introduction of reprogram-
ming factors might be applicable to cancer modeling that is
predominantly dependent on epigenetic dysregulation with
impaired gene expressions and altered differentiation status.

Ackrewledgement

We would like to thank the members of Yamada laboratory for critical read-
ing of the manuscript.

— 577 —




References

6.

12,

14

16.

18.

Feinberg AP, Tycko B. The history of
cancer epigenetics. Nat Rev Cancer 2004;4:
143-153.

Jones PA, Baylin SB. The fundamental role of
epigenetic events in cancer. Nat Rev Genet 2002;
3:415-428.

Jaenisch R, Bird A. Epigenetic regulation of gene
expression: how the genome integrates intrinsic
and environmental signals. Nat Genet 2003;33
(Suppl):245-254.

Linhart HG, Lin H, Yamada Y, et al. Dumt3b
promotes tumorigenesis in vivo by gene-specific
de novo methylation and transcriptional
silencing. Genes Dey 2007;21:

3110-3122.

Feinberg AP, Vogelstein B. Hypomethylation
distinguishes genes of some human cancers
from their normal counterparts. Nature 1983;
301:89-92.

Gama-Sosa MA, Slagel VA, Trewyn RW, et al.
The 5-methyleytosine content of DNA from
human tumors. Nucleic Acids Res 1983;11:
6883-6894.

Jeanpierre M, Turleau C, Aurias A, et al. An
embryonic-like methylation pattern of classical
satellite DNA is observed in ICF syndrome.
Human Mol Genet 1993;2:731-735.

Ji W, Hernandez R, Zhang XY, et al. DNA
demethylation and pericentromeric
rearrangements of chromosome 1. Mut Res
1997;379:33-41.

Chen RZ, Pettersson U, Beard C, et al. DNA
hypomethylation leads to elevated mutation
rates. Nature 1998;395:89-93,

Eden A, Gaudet F, Waghmare A, et al.
Chromosomal instability and tumors promoted
by DNA hypomethylation. Science 2003;300:
455.

Gaudet F, Hodgson JG, Eden A, et al. Induction
of twmors in mice by genomic hypomethylation.
Science 2003;300:489-492.

Brueckner B, Lyko F. DNA methyltransferase
inhibitors: old and new drugs for an epigenetic
cancer therapy. Trends Pharmacol Sci 2004;25:
551-554.

Laird PW, Jackson-Grusby L, Fazeli A, et al.
Suppression of intestinal neoplasia by DNA
hypomethylation. Cell 1995;81:197-205.
Cormier RT, Dove WF. DnmtIN/+- reduces the
net growth rate and multiplicity of intestinal
adenomas in C57BL/6-muiltiple intestinal
neoplasia (Min)/+ mice independently of p53
but demonstrates strong synergy with the

modifier of Min 1{AKR) resistance allele. Carncer

Res 2000,60:3965-3970.

Eads CA, Nickel AE, Laird PW. Complete
genetic suppression of polyp formation and
reduction of CpG-island hypermethylation in
Apc(Min/+) Dnmtl-hypomorphic Mice. Cancer
Res 2002;62:1296-1299.

Yamada Y, Jackson-Grusby L, Linhart H, et al.
Opposing effects of DNA hypomethylation on
intestinal and liver carcinogenesis. Proc Natl
Acad Sci USA 2005;102:

13580-13585.

Lin H, Yamada ¥, Nguyen S, et al. Suppression
of intestinal neoplasia by deletion of Dnmt3b.
Mol Cell Biol 2006;26:2976~2983.

Bartolomei MS. Epigenetics: role of germ cell
imprinting. Adv Exp Med Biol 2003;518:
239-245.

19.

37,

Cellular reprogramming and cancer development

Reik W, Walter ]. Genomic imprinting: parental
influence on the genome. Nat Rev Genet 2001;2:
21-32.

Ogawa O, Eccles MR, Szeto ], et al. Relaxation
of insulin-like growth factor II gene imprinting
implicated in Wilms’ tumour. Nafure 1993;362:
749-751.

Rainier S, Johnson LA, Dobry CJ, et al.
Relaxation of imprinted genes in human cancer.
Nature 1993;362:747-749.

Sakatani T, Kaneda A, lacobuzio-Donahue CA,
et al. Loss of imprinting of Igf2 alters intestinal
maturation and twmorigenesis in mice. Science
2005;307:1976-1978.

De Souza AT, Yamada T, Mills JJ, et al.
Imprinted genes in liver carcinogenesis, FASEB J
1997;11:60-67.

Kobatake T, Yano M, Toyooka S, et al. Aberrant
methylation of p57KIP2 gene in lung and breast
cancers and malignant mesotheliomas. Oncol
Rep 200412:1087-1092.

Trouillard O, Aguirre-Cruz L, Hoang-Xuan K,
et al. Parental 19q loss and PEG3 expression in
oligodendrogliomas. Cancer Genet Cytogenet
2004;151:182-183.

DeBaun MR, Niemitz EL, McNeil DE, et al.
Epigenetic alterations of HI9 and LIT1
distinguish patients with Beckwith-Wiedemann
syndrome with cancer and birth defects. Am ]
Hum Genet 2002;70:604-611.

Holm TM, Jackson-Grusby L, Brambrink T,

et al. Global loss of imprinting leads to
widespread tumorigenesis in adult mice. Cancer
Cell 2005;8:275-285.

Jenuwein T, Allis CD. Translating the histone
code, Science 2001;293:1074-1080.

Cao R, Zhang Y. The functions of E(Z)/EZH2-
mediated methylation of lysine 27 in histone
H3. Curr Opin Genet Dey 200414:155-164.
Levine S8, Weiss A, Erdjument-Bromage H,

et al. The core of the polycomb repressive
complex is compositionally and functionally
conserved in flies and humans. Mol Cell Biol
2002;22:6070-6078.

Shao Z, Raible F, Mollaaghababa R, et al.
Stabilization of chromatin structure by PRCI, a
Polycomb complex. Cell 1999;98:37-46.

Dellino GI, Schwartz YB, Farkas G, et al.
Polycomb silencing blocks transcription
initiation. Mol Cell 2004;13:887-893.

Tachibana M, Sugimoto K, Fukushima T, et al.
Set domain-containing protein, G9a, is a novel
lysine-preferring mammalian histone
methyltransferase with hyperactivity and specific
selectivity to lysines 9 and 27 of histone H3. J
Biol Chem 20015276:25309-25317.

Rice JC, Briggs 8D, Ueberheide B, et al. Histone
methyltransferases direct different degrees of
methylation to define distinct chromatin
domains. Mol Cell 2003;12:1591~1598.

Simon JA, Lange CA. Roles of the EZH2 histone
methyltransferase in cancer epigenetics. Mut Res
2008;647:21-29.

Varambally §, Dhanasekaran SM, Zhou M, et al.
The polycomb group protein EZH2 is involved
in progression of prostate cancer. Nature 2002;
419:624-629.

Leung C, Lingbeek M, Shakhova O, et al. Bmil
is essential for cerebellar development and is
overexpressed in human medulloblastomas.
Nature 2004;428:337-341.

i)
N

47,

49.

52

Kondo Y, Shen L, Suzuki S, et al. Alterations of
DNA methylation and histone modifications
contribute to gene silencing in hepatocellular
carcinomas. Hepatol Res 2007;37:

974-983.

Fuks F. DNA methylation and histone
modifications: teaming up to silence genes. Curr
Opin Genet Dev 2005;15:490~-495.

Klose RJ, Bird AP. Genomic DNA methylation:
the mark and its mediators. Treids Biochem Sci
2006;31:89~-97.

Gurdon JB. The developmental capacity of
nuclei taken from intestinal epithelium cells of
feeding tadpoles. ] Embryol Exp Morphol 1962;
10:622~640.

Wilmut 1, Schnieke AR, McWhir J, et al. Viable
offspring derived from fetal and adult
mammalian cells. Nature 1997;385:810-813.
Wakayama T, Perry AC, Zuccotti M, et al. Full-
term development of mice from enucleated
oocytes injected with cumulus cell nuclel.
Nature 1998;394:369-374.

Takahashi K, Tanabe K, Ohnuki M, et al.
Induction of pluripotent stem cells from adult
human fibroblasts by defined factors. Cell 2007;
131:861-872.

Takahashi K, Yamanaka S. Induction of
pluripotent stem cells from mouse embryonic
and adult fibroblast cultures by defined factors.
Cell 2006;126:663-676.

Koche RP, Smith ZD, Adli M, et al.
Reprogramming factor expression initiates
widespread targeted chromatin remodeling. Cell
Stem Cell 2011;8:96-105.

Mikkelsen TS, Hanna J, Zhang X, et al.
Dissecting direct reprogramming through
integrative genomic analysis. Nature 2008;454;
49-55.

Huangfu D, Maehr R, Guo W, et al. Induction
of pluripotent stem cells by defined factors is
greatly improved by small-molecule compounds.
Nat Biotechnol 2008;26:795-797.

Huangfu D, Osafune K, Maehr R, et al.
Induction of pluripotent stem cells from
primary human fibroblasts with only Oct4 and
Sox2. Nat Biotechnol 2008;26:1269~1275.
Yamanaka S. A fresh look at iPS cells. Cell 2009;
137:13-17.

Varum S, Rodrigues AS, Moura MB, et al.
Energy metabolism in human pluripotent stem
cells and their differentiated counterparts. PloS
One 2011;6:e20914.

Panopoulos AD, Yanes O, Ruiz S, et al. The
metabolome of induced pluripotent stem cells
reveals metabolic changes occurring in somatic
cell reprogramming. Cell Res 2012;22:

168-177.

Vander Heiden MG, Cantley LC, Thompson
CB. Understanding the Warburg effect: the
metabolic requirements of cell proliferation.
Science 2009;324:1029-1033.

Krizhanovsky V, Lowe SW. Stem cells: the
promises and perils of p53. Neture 2009;460:
1085-1086.

Nichols ], Zevnik B, Anastassiadis K, et al.
Formation of pluripotent stem cells in the
mammalian embryo depends on the POU
transcription factor Oct4. Cell 1998;95:
379-391.

Donovan PJ. High Oct-ane fuel powers the stem
cell. Nat Genet 2001;29:246--247.

Int. J. Cancer: 000, 000-000 (2012) © 2012 UICC

— 578 —



