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and as a platform for drug development. We discuss their 
suitability as models for the study of a plethora of differ-
ent types of diseases — for example, monogenic dis orders 
and complex disorders, and early-onset and late-onset dis-
eases. We also discuss advantages and disadvantages of 
the use of human embryonic stem cells (ES cells) and 
induced PSCs (iPSCs) in disease modelling and the 
challenges that lie ahead. Furthermore, we describe 
the different strategies by which PSC-based models are 

being used for drug screening and highlight current 
trends in drug discovery for neurological diseases using 
patient-derived iPSCs.

Generation of disease models in human PSCs
All studies utilizing human PSCs for disease modelling 
begin by establishing cell lines carrying the molecular 
defect(s) of interest. These cells are then used to identify 
a robust disease phenotype in either the undifferentiated 
or differentiated state, and various methodologies can 
be employed to elucidate disease aetiology and devise 
novel therapies (for example, through drug screening). 
In this section, we outline the main strategies for achiev-
ing the crucial first step of generating disease-specific 
PSC lines and highlight the unprecedented contribution 
of cellular reprogramming.

Strategies to generate disease-specific human PSC lines. 
Models for human genetic disorders can be generated 
using different types of PSCs and various method ologies 
(FIG. 1). The enormous potential of deriving human ES 
cells6  for disease modelling was quickly realized and 
utilized when normal ES cells were first used to target 
the hypoxanthine phosphoribosyltransferase 1 (HPRT1) 
gene7, the disruption of which causes Lesch–Nyhan 
syndrome, and to characterize the disease phenotype8. 
Normal human ES cells are also used to model chromo-
somal disorders by isolation of aneuploid cells that arise 
spontaneously in culture, as was shown for monosomy X, 
which is the cause of Turner syndrome9. Alternatively, 
human embryos carrying specific mutations or chromo-
somal aberrations can be identified by pre-implantation 
genetic diagnosis (PGD)10 ,11 or pre-implantation genetic 
screening (PGS)12, respectively. These embryos, which 
would otherwise be discarded, can be used as a source of 
ES cell models for monogenic or chromosomal disorders 
(see below). However, only a small range of disorders can 
be traced by PGD and PGS, limiting the potential to 
generate disease models in human ES cells. This limit-
ation has been overcome by the ability to reprogramme 
somatic patient-derived cells to pluripotency.

Reprogramming of somatic cells to a pluripotent 
state through the expression of a defined set of tran-
scription factors was first achieved with mouse cells13  
and later with human cells14 ,15 , and it has revolutionized 
studies of PSCs and their applications. The resulting 
reprogrammed cells are known as iPSCs13 –16. Soon after 
the first reports of iPSCs, human iPSCs were used to 
 generate models of human genetic disorders17 (FIG. 1).

Recently, a long-awaited success with human somatic 
cell nuclear transfer (SCNT), by which a somatic cell 
nucleus can be reprogrammed by placing it into an 
enucle ated oocyte, has led to the derivation of SCNT-ES 
cells from patient cells18 ,19  (FIG. 1).

Nuclease-based genome editing techniques20  have 
seen great improvements in recent years, becoming 
more versatile and thus making it popular again to use 
gene editing to generate disease models using human 
PSCs. These methodologies enable the introduction of 
site-specific genetic changes in PSCs, including gene 
knockout and gene correction in normal and disease 
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Figure 1 | Strategies for generating disease models using human pluripotent stem 
cells (PSCs). Human PSCs carrying a genetic disorder can be generated by utilizing 
healthy (left panel) or aberrant (right panel) cells. Isolated embryonic stem cells (ES cells) 
from healthy individuals can by genetically edited at a specific locus, generating de novo 
mutations. As ES cells acquire spontaneous chromosomal aberrations in culture, they can 
also be used to model chromosomal disorders such as Turner syndrome. Utilizing cells 
from a carrier of a genetic disorder provides other alternatives. Disease-specific 
ES cells can be identified during the in vitro fertilization (IVF) process by pre-implantation 
genetic diagnosis (PGD) or pre-implantation genetic screening (PGS). These cells can be 
readily cultured and can serve as models for monogenic or chromosomal disorders. 
Alternatively, somatic cells from patients can be reprogrammed into PSCs either by 
transferring their nucleus into an enucleated oocyte to generate nuclear transfer ES 
(SCNT-ES) cells or by the use of defined factors to generate induced PSCs (iPSCs). Each of 
these methods can be used to generate a platform to study and model genetic disorders.
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M arie and Jo — not their real names
— are twins, genetically identical
and raised in a happy home. Grow-

ing up, both enjoyed sport and art, were
equally good at school, and appeared simi-
lar in almost every respect. But as adults,
their lives and personalities diverged: in 
her early twenties, following episodes of
hallucinations and delusions, Marie was
diagnosed with schizophrenia. 

Such examples have long baffled geneti-
cists. Despite sharing the same DNA and
often the same environment, ‘identical’
twins can sometimes show striking differ-
ences. Now some researchers are beginning
to investigate whether subtle modifications
to the genome that don’t alter its DNA
sequence, known as epigenetic changes, may
provide the answer. In doing so, they hope to
shed light on the mysterious roots of com-
mon diseases — such as schizophrenia and
diabetes — that burden society as a whole. 

The idea that epigenetics underpins
many of the world’s health scourges is still
highly speculative. “Most geneticists believe
that the essence of all human disease is related
to DNA-sequence variation,” says Arturas
Petronis, a psychiatrist at the University of
Toronto in Canada. But with the genomics
revolution having yet to yield the hoped-for
avalanche of genes that confer susceptibility
to common diseases, Petronis is not alone in
believing that it’s time to revisit the problem
under the spotlight of epigenetics. 

Each of our cells carries the genes for
making all the building blocks of the body,
but only some of them are active. Epigenetic
modifications act like switches, helping to
control gene activity so that only those that
are required in a particular cell are actually
turned on. They constitute a ‘memory’ of
gene activity that can be passed on each time
a cell divides, ensuring that liver cells beget
more liver cells, and so on. 

The best-known epigenetic signal is DNA
methylation, which tags cytosine, one of the
four chemical bases that make up the genetic
code, with a methyl group. Although not 
a hard-and-fast rule, DNA methylation is 
generally associated with silencing of gene
expression, whereas active genes are usually
unmethylated. 

Chromatin remodelling is another 

important epigenetic mechanism. Inside the
nucleus, strands of DNA wrap around pro-
teins called histones, and then coil up 
again into a densely packed structure called
chromatin. Chemical modification of the
protruding histone tails — by the addition of
acetyl, methyl or phosphate groups — can
alter chromatin structure, which in turn influ-
ences the activity of adjacent genes. There are
some predictable patterns — for example,
genes associated with acetylated histones are
usually switched on. But the consequences of
the many different combinations of histone
modifications — known as the histone code
— have yet to be fully deciphered. 

Together, these mechanisms modulate
gene expression throughout the genome,
and underpin several unusual phenomena,
including the shutting down of one copy of
the X chromosome that occurs in female
mammals, and parental ‘imprinting’ — in
which a gene’s activity depends on whether it
is inherited from the mother or the father. 

Over the past few years, some researchers
studying rare diseases have found themselves
delving into epigenetics. In some cases, they

stumbled into the subject from conventional
genetics, discovering that the mutated gene
for a rare condition exerts its effect by 
influencing epigenetic modifications else-
where in the genome, for instance. Children
born with mutations in a gene called MECP2,
which influences chromatin remodelling,
gradually lose their ability to speak and walk1.
People with a mutant form of a gene for an
important DNA-methylating enzyme suffer
from immune-system deficiencies and facial
deformities2. And mutations in a gene called
ATRX cause mental retardation, urogenital
abnormalities and a form of anaemia —
apparently the result of changes in both chro-
matin structure and DNA methylation3. 

Among oncologists, the idea that epi-
genetic changes might be linked to disease is
already well established. “Epigenetic changes
are terribly important in cancer,” says Andrew
Feinberg, a geneticist at Johns Hopkins Uni-
versity in Baltimore, Maryland. Two decades
ago, Feinberg and his colleague Bert Vogelstein
were among the first to show that cancer cells
may exhibit unusual patterns of DNA methyl-
ation4. Since then, similar reports of epigenetic
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Spot the difference: colour-coded epigenetic microarrays could show why ‘identical’ twins aren’t the same.
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otal, as inheritance of a heterochromatic state 

depends on the maintenance of H3K9me 

at the site and requires both Clr4 H3K9me 

binding (chromodomain) and methyltrans-

ferase activity (3). The artificial recruitment 

of a Clr4 chromodomain mutant to an ac-

tive chromatin site is sufficient to establish 

an H3K9me domain and transcriptional re-

pression in the absence of endogenous Clr4. 

However, this Clr4 mutant cannot maintain 

H3K9me3 heterochromatin through subse-

quent cell generations (3). This points to the 

epigenetic relevance of the dual write-and-

read function. In vitro, Clr4 binds equally 

well to unmodified and H3K9me3-contain-

ing mononucleosomes; however, its binding 

to a dinucleosome comprising H3K9me3 in 

one nucleosome activates its methyltrans-

ferase activity in a nonallosteric manner (6). 

Such binding is proposed to optimally posi-

tion Clr4 for recognition of the neighboring 

naïve nucleosome, thereby increasing ca-

talysis. Similarly, the self-contained write-

and-read modules of SUV39H1 lead to 

propagation of H3K9me3 in vitro. In this 

case, the chromodomain of SUV39H1 binds 

to H3K9me3, resulting in allosteric activation 

of its SET (methyltransferase) domain (7). 

In the case of H3K27me3, PRC2 comprises 

four core subunits, including supressor of 

zeste homolog 12 (SUZ12), embryonic ec-

toderm development (EED), and enhancer 

of zeste homolog 2 (EZH2). EED binds 

H3K27me3, this binding allosterically ac-

tivates the SET domain of EZH2. This allo-

steric activation of PRC2 set the precedent 

for the write-and-read mechanism that, in 

this case, specifies the epigenetic character 

of H3K27me3 (8). After cells are depleted of 

EED and thus H3K27me2 or H3K27me3, EED 

expression can be restored either as wild type 

or mutant in the EED “read” function (9). 

Mammalian chromatin sites to which PRC2 

is initially recruited (nucleation sites) and es-

tablishes de novo H3K27me3 are similar in 

both cases; however, only wild-type EED es-

tablishes H3K27me2 or H3K27me3 through 

chromatin domains, highlighting the impor-

tance of the read function. Another study 

generated nematode worm (Caenorhabditis 

elegans) embryos containing some chro-

mosomes with H3K27me and some with-

out (10). In the absence of PRC2, H3K27me 

disappeared through several rounds of cell 

division, but, in its presence, H3K27me was 

transmitted epigenetically throughout em-

bryogenesis. Additionally, PRC2 in plants 

functions to maintain transcriptional repres-

sion not only during mitosis but also trans-

generationally (11). Recent studies in the 

fruitfly, Drosophila melanogaster, suggest 

that sites of PRC2 recruitment to chromatin 

(Polycomb response elements) are required 

for long-term H3K27me3 inheritance, other-

wise H3K27me3 is diluted during subsequent 

rounds of cell division (12, 13). Yet, remark-

ably, the remaining H3K27me3 is inherited 

at appropriate daughter chromatin domains, 

underscoring its epigenetic character and 

the pivotal role of the PRC2 write-and-read 

mechanism in restoring H3K27me3. Whether 

mammalian PRC2 nucleation sites are 

also integral to H3K27me3 inheritance is yet 

to be determined. 

Lastly, H4K20me is a repressive PTM 

bound by the malignant brain tumor (MBT) 

domain of histone methyl-lysine binding pro-

tein (L3MBTL1), leading to chromatin com-

paction (14). Interestingly, methylation of 

H4K20 is antagonistic with H4K16ac (15). Al-

though potentially epigenetic, a correspond-

ing write-and-read function for methylated 

H4K20 has yet to be demonstrated.�

Although many other writers and read-

ers of histone PTMs exist, for example, pro-

teins with bromodomains that recognize 

acetylated histones, they are distinct from 

epigenetic agents in that the reader does not 

stimulate the activity of the writer. There are 

some chromatin-modifying enzymes that do 

bind to their products (4), but whether their 

binding results in stimulation of enzymatic 

activity has not been determined. Nonethe-

less, these enzymes operate on euchromatic 

regions, where an initiator is required for 

continued activity.

Why should repressive histone PTMs, but 

not activating PTMs, be epigenetically inher-

ited? We propose that restraining improper 

activation of genes might be an evolutionary 

requirement of multicellularity. Positive feed-

back loops for gene activation could carry 

excessive risks as they might result in con-

verting variable stimuli into permanent mis-

takes in cell fate decisions, with potentially 

deleterious consequences for the organism. 

When in doubt, genomes should keep their 

transcriptome under wraps. j
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Inheritance of repressive histone PTMs 
Initiators must be present to establish and maintain histone PTMs that facilitate transcription on euchromatin. 
PRC2 and SUV39H1 trimethylate H3K27 and H3K9, respectively. These repressive histone PTMs are epigenetic 
owing to the distinct write-and-read mechanisms of PRC2 and SUV39H1.
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Figure 6. Amelioration of AgingHallmarks inWild-TypeMice andHumanCells by Short-Term In Vitro Induction ofOct4,Sox2,Klf4, and c-Myc
(A) Immunofluorescence of Oct4 and Sox2 in WT 4F TTFs. Scale bar, 5 mm.

(B) Immunofluorescence and quantification of gH2AX foci in late-passage cells fromWT 4F mice. Scale bar, 10 mm. ****p < 0.0001 according to one-way ANOVA

with Bonferroni correction.
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Problemática: Es como convertir  células 
troncales o iPSCs en células relevantes?
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BACKGROUND: Decades 

o f l a b o r a t o r y a n d 

clinical investigation

have led to success-

ful therapies using

hematopoietic stem

cells (HSCs), but few 

other cell therapies have 

transitioned from experimental to stan-

dard clinical care. Providing patients with 

autologous rather than allogeneic HSCs re-

duces morbidity and mortality, and in some 

circumstances broader use could expand 

the range of conditions amenable to HSC 

transplantation. The availability of a homo-

geneous supply of mature blood cells would 

also be advantageous. An unlimited supply 

of pluripotent stem cells (PSCs) directed 

to various cell fates holds great promise 

as source material for 

cell transplantation 

and minimally invasive 

therapies to treat a va-

riety of disorders. In 

this Review, we discuss 

past experience and 

challenges ahead and examine the extent 

to which hematopoietic stem cell trans-

plantation and cell therapy for diabetes, 

liver disease, muscular dystrophies, neuro-

degenerative disorders, and heart disease 

would be affected by the availability of pre-

cisely differentiated PSCs.

ADVANCES: Although it is not yet possible 

to differentiate PSCs to cells with character-

istics identical to those in the many organs 

that need replacement, it is likely a matter 

of time before these “engineering” problems 

can be overcome. Experience with cell ther-

apies, both in the laboratory and the clinic, 

however, indicate that many challenges re-

main for treatment of diseases other than 

those involving the hematopoietic system. 

Use of differentiated pluripotent 
stem cells _d replacement therapy for 
treating disease

 STEM CELL THERAPY

Ira J. Fox,* George Q. Daley, Steven A. Goldman, Johnny Huard, Timothy J. Kamp, 

Massimo Trucco

REVIEW SUMMARY

Unlimited populations of differentiated PSCs should facilitate blood therapies and 

hematopoietic stem cell transplantation, as well as the treatment of heart, pancreas, 

liver, muscle, and neurologic disorders. However, successful cell transplantation will require 

optimizing the best cell type and site for engraftment, overcoming limitations to cell migration 

and tissue integration, and possibly needing to control immunologic reactivity (challenges 

indicated in red). iPSC, induced PSC; ES cells, embryonic stem cells.

There are issues of immunity, separate from 

controlling graft rejection, and identify-

ing the optimal cell type for treatment in 

the case of muscular dystrophies and heart 

disease. Optimization is also needed for the 

transplant site, as in diabetes, or when deal-

ing with disruption of the extracellular ma-

trix in treating degenerative diseases, such as 

chronic liver and heart disease. Finally, when 

the pathologic process is diffuse and migra-

tion of transplanted cells is limited, as is the 

case with Alzheimer’s disease, amyotrophic 

lateral sclerosis, and the muscular dystro-

phies, identifying the best means and location 

for cell delivery will require further study.

OUTLOOK: Considering the pace of progress 

in generating transplantable cells with a ma-

ture phenotype, and the availability of PSC-

derived lineages in sufficient mass to treat 

some patients already, the challenges to scal-

ing up production and eliminating cells with 

tumor-forming potential are probably within 

reach. However, generation of enough cells to 

treat an individual patient requires time for 

expansion, differentiation, selection, and test-

ing to exclude contamination by tumorigenic 

precursors. Current methods are far too long 

and costly to address the treatment of acute 

organ injury or decompensated function. Im-

mune rejection of engrafted cells, however, is 

likely to be overcome through transplanta-

tion of autologous cells from patient-derived 

PSCs. Availability of PSC-derived cell popu-

lations will have a dramatic effect on blood 

cell transfusion and the use of hematopoietic 

stem cell transplantation, and it will likely 

facilitate treatment of diabetes, some forms 

of liver disease and neurologic disorders, 

retinal diseases, and possibly heart disease. 

Close collaboration between scientists and 

clinicians—including surgeons and interven-

tional radiologists—and between academia 

and industry will be critical to overcoming 

challenges and to bringing new therapies to 

patients in need. � 

The list of author affiliations is available in the full 

article online.
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embryos by retroviral transduction (Morita et al., 2000).
Transduced cells were then cultured on STO feeder cells
in ES cell medium containing G418 (0.3 mg/ml). We did
not, however, obtain drug-resistant colonies with any sin-
gle factor, indicating that no single candidate gene was
sufficient to activate the Fbx15 locus (Figure 1B; see
also Table S2, which summarizes all of the transduction
experiments in this study).
In contrast, transduction of all 24 candidates together

generated 22 G418-resistant colonies (Figure 1B). Of the
12 clones for which we continued cultivating under selec-
tion, 5 clones exhibited morphology similar to ES cells,
including a round shape, large nucleoli, and scant cyto-
plasm (Figure 1C). We repeated the experiments and ob-
served 29 G418-resistant colonies, from which we picked
6 colonies. Four of these clones possessed ES cell-like
morphology and proliferation properties (Figure 1D). The
doubling time of these cells (19.4, 17.5, 18.7, and 18.6
hr) was equivalent to that of ES cells (17.0 hr). We desig-

nated these cells iPS-MEF24 for ‘‘pluripotent stem cells in-
duced from MEFs by 24 factors.’’ Reverse transcription
PCR (RT-PCR) analysis revealed that the iPS-MEF24
clones expressed ES cell markers, including Oct3/4,
Nanog, E-Ras, Cripto, Dax1, and Zfp296 (Mitsui et al.,
2003) and Fgf4 (Yuan et al., 1995) (Figure 1E). Bisulfite
genomic sequencing demonstrated that the promoters
of Fbx15 and Nanog were demethylated in iPS cells
(Figure 1F). By contrast, the Oct3/4 promoter remained
methylated in these cells. These data indicate that some
combination of these 24 candidate factors induced the
expression of ES cell marker genes in MEF culture.

Next, to determine which of the 24 candidates were crit-
ical, we examined the effect of withdrawal of individual
factors from the pool of transduced candidate genes on
the formation of G418-resistant colonies (Figure 2A). We
identified 10 factors (3, 4, 5, 11, 14, 15, 18, 20, 21, and
22) whose individual withdrawal from the bulk transduc-
tion pool resulted in no colony formation 10 days after

Figure 2. Narrowing down the Candidate Factors
(A) Effect of the removal of individual factors from the pool of 24 transduced factors on the formation of G418-resistant colonies. Fbx15bgeo/bgeoMEFs

were transduced with the indicated factors and selected with G418 for 10 days (white columns) or 16 days (black columns).

(B) Effect of the removal of individual factors from the selected 10 factors on the formation of G418-resistant colonies 16 days after transduction.

(C) Effect of the transduction of pools of four, three, and two factors on the formation of G418-resistant colonies 16 days after transduction.

(D) Morphologies of iPS-MEF4 (clone 7), iPS-MEF10 (clone 6), and iPS-MEF3 (clone 3). Scale bars = 200 mm.
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Cardiomiocitos

In vivo
In vitro

Human embryonic stem (ES) cells 
and induced pluripotent stem (iPS) 
cells have the potential to produce 
patient-specific in vitro cell models to 
study disease. However, converting 
these cells into relevant adult cell 
types remains a challenge. Cowan 
and colleagues now report an 
efficient and consistent protocol for 
differentiating ES and iPS cells into 
white and brown adipocytes.

First, the authors generated 
mesen chymal progenitor cells 
(MPCs), which are adipocyte pre-
cursors, from human ES and iPS 
cells. ES and iPS cell lines were differ-
entiated into embryoid bodies, which 
were then plated on culture dishes to 
obtain replicative fibroblast-like cells 
that could be expanded for 10–12 
passages. These cells were termed 
fibroblast-like MPCs, owing to their 
transcription profiles and to their 
capacity to differentiate into osteo-
blasts, chondrocytes and adipocytes.

Next, the authors sought to pro-
gramme these MPCs into white and 
brown adipocytes. To obtain white 
adipocytes, MPCs were transduced 
with a lentiviral construct that 
enabled the inducible expression of 
the transcription factor peroxisome 
proliferator-activated receptor γ2 
(PPARγ2), a key regulator of adipo-
genesis. Approximately 88% of cells 
differentiated into white adipocytes 
after 16 days of PPARγ2-induced 
expression, whereas only 9% of 
non-transduced MPCs differentiated 
into white adipocytes when cultured 
in adipogenic media. Furthermore, 
PPARγ2-programmed cells main-
tained the features of mature white 
adipocytes when cultured for an 
addition al 4 weeks after PPARγ2 
expression had been switched 
off. Thus, exogenous expression 
of PPARγ2 is sufficient to initiate 
the fate switch of MPCs to white 
adipocytes, but it is not required to 
sustain white adipocytes. Similarly, 
MPCs were programmed to efficiently 
differentiate into brown adipocytes 
using two transcription factor 
combinations: PPARγ2–C/EBPβ 
(CCAAT/enhancer-binding protein-β) 
and PPARγ2–C/EBPβ–PRDM16 
(PR domain-containing 16).

To assess the similarity between 
programmed white adipocytes 
and primary white adipocytes, 
Cowan and colleagues generated 
and analysed transcript profiles for 
these cells using several methods. 
They found that these profiles were 

strikingly similar, indicating that 
PPARγ2-induced programming is a 
reliable method for the production 
of white adipocytes. In addition, 
programmed brown adipocytes 
expressed known brown adipose 
tissue markers and had transcript 
profiles that were distinct from those 
of white adipocytes.

White adipose tissue specializes in 
energy storage, whereas the primary 
function of brown adipose tissue is 
to produce heat. Importantly, both 
programmed cell types exhibited the 
functional properties of mature cells. 
For example, programmed white adi-
pocytes could carry out lipolysis and 
storage and synthesis of fatty acids, 
and they could respond to insulin. 
Programmed brown adipocytes 
could also carry out lipolysis and had 
significantly increased mitochondrial 
activity, which is characteristic of 
this cell type. Furthermore, trans-
plantation of programmed white and 
brown adipocytes into mice yielded 
tissues that were morphologically 
and functionally similar to the 
correspondin g primary tissues.

Together, these results show 
how human ES and iPS cells can 
be efficiently programmed into 
white and brown adipocytes, which 
could be used to model human 
adipose-related diseases.

Kim Baumann

ORIGINAL RESEARCH PAPER Ahfeldt, T. et al. 
Programming human pluripotent stem cells into 
white and brown adipocytes. Nature Cell Biol. 
15 Jan 2012 (doi:10.1038/ncb2411)
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Figure 2 Programming hPSC-derived MPCs with PPARG2, PPARG2–CEBPB
or PPARG2–CEBPB–PRDM16 generates white and brown adipocytes.
(a) Efficiency of white adipocyte differentiation. Top, table showing the
efficiency of white adipocyte formation from cells in adipogenic media alone
(untransduced) or PPARG2-programmed differentiated cells (PPARG2) as
determined by the ratio of Hoechst-positive and CEBPA-positive nuclei.
Bottom, representative images of Hoechst-stained (top left panel) and
CEBPA-stained (bottom left panel) nuclei from HUES 9 MPCs programmed
with PPARG2 (⇥100 magnification). The right panels illustrate the
threshold assignment of positive nuclei and counting carried out by the
ImageJ analysis software. (b) Programming hPSCs into white adipocytes.
HUES-8-derived MPCs were differentiated with adipogenic media alone
(top panels; untransduced) or in combination with exogenous PPARG2
expression (bottom panels; PPARG2). From left to right: bright-field
images illustrating the morphology of immature (top panel) and mature
(lower panel) white adipocytes; fluorescence micrographs of corresponding
immunostains with antibodies against the adipocyte marker protein

FABP4 (red) and the neutral lipid dye BODIPY (green); all cells were
co-stained with Hoechst (blue) to identify nuclei (⇥100 magnification).
(c) hPSC-derived white adipocytes express endogenous CEBPA and
PPARG2. BJ-RiPSC-derived MPCs were differentiated and programmed
with exogenous PPARG2 expression for 16 days and, 5 days after
withdrawal of doxycycline, stained with antibodies against CEBPA (red;
lower left panel) or PPARG2 (red; lower right panel). All cells were also
stained with the neutral lipid dye BODIPY (green, both lower panels, ⇥100
magnification). The upper panels show corresponding bright-field images.
(d) hPSC-derived brown adipocytes express UCP1 and can be efficiently
labelled with MitoTracker. BJ-RiPSC-derived MPCs were differentiated with
adipogenic media alone (top panels; untransduced) or programmed with
either exogenous PPARG2 + CEBPB (middle panel) or exogenous PPARG2
+ CEBPB + PRDM16 (lower panel) expression for 14 days and, 7 days
after withdrawal of doxycycline, labelled with MitoTracker (red) or stained
with antibodies against UCP1 (green). The left panels show corresponding
bright-field images (all images ⇥200 magnification).

indicate that a 16-day pulse of PPARG2 expression is sufficient to
permanently switch the fate ofMPCs to thewhite adipocyte lineage.

Programming MPCs into brown adipocytes
We extended our programming approach to achieve differentiation of
MPCs into brown adipocytes. PRDM16 has previously been shown to
convert murine myoblasts into brown adipocytes33, and a combination
of CEBPB and PRDM16 to convert mouse cells and human fibroblasts
into adipocytes with brown adipocyte characteristics15. Accordingly, to
generate brown adipocytes, we transducedMPCs with combinations of
doxycycline-inducible lentiviral constructs (Supplementary Fig. S5D)
encoding the transcription factors PPARG2, CEBPB and PRDM16 and
differentiated the cells in doxycyline-containing adipogenic medium.
Generally, doxycycline was removed from the media after 14 days

in culture and the cells were cultured for an additional 7 days
(Fig. 1a). Three transcription factor combinations showed a statistically
significant increase in the level of expression of uncoupling protein 1
(UCP1; n= 3; Supplementary Fig. S5E). This included the previously
reported transcription factor combination CEBPB–PRDM16 as well
as PPARG2–CEBPB and PPARG2–CEBPB–PRDM16. We noted
that combinations that included PPARG2 showed a much greater
induction of UCP1. We also found that the expression of ADIPOQ
and cell-death-inducing DFFA-like effector c (CIDEC) was similar
among the three transcription factor combinations and, notably, lower
than that seen in white adipocytes programmed with PPARG2 alone
(Supplementary Fig. S5E). On the basis of these observations, we chose
to focus further work on two of the transcription factor combinations,
PPARG2–CEBPB and PPARG2–CEBPB–PRDM16.
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Fig. 4. Stepwise establishment of the pluripo-
tency circuitry during chemical reprogramming.
(A and B) Numbers of GFP-positive (A) and CiPSC
(B) colonies induced by removing individual chem-
icals from VC6TFZ. The results of three independent
experiments are shown with different colors (white,
gray, and black). (C) Structures of the essential chem-
icals. (D and E) The expression of pluripotency-related
genes (D) and Gata6, Gata4, and Sox17 (E) as mea-
sured by real-time PCR. (F) Gene expression heat
map at the single colony level. The value indicates
the log2-transformed fold change (relative to Gapdh
and normalized to the highest value). (G and H) Oct4
activation (G) and numbers of GFP-positive and iPSC
colonies (H) induced by the overexpression of Sall4
and Sox2, with C6F removed from VC6TFZ. (I to K)
The expression of pluripotency-related genes (I), DNA
methylation (J), and H3K9 dimethylation (K) states
of the Oct4 promoter in the presence and absence
of DZNep on day 32. (L) Schematic diagram illus-
trating the stepwise establishment of the pluripotency
circuitry during chemical reprogramming. Error bars,
mean T SD (n ≥ 2 biological repeats).
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Fig. 4. Stepwise establishment of the pluripo-
tency circuitry during chemical reprogramming.
(A and B) Numbers of GFP-positive (A) and CiPSC
(B) colonies induced by removing individual chem-
icals from VC6TFZ. The results of three independent
experiments are shown with different colors (white,
gray, and black). (C) Structures of the essential chem-
icals. (D and E) The expression of pluripotency-related
genes (D) and Gata6, Gata4, and Sox17 (E) as mea-
sured by real-time PCR. (F) Gene expression heat
map at the single colony level. The value indicates
the log2-transformed fold change (relative to Gapdh
and normalized to the highest value). (G and H) Oct4
activation (G) and numbers of GFP-positive and iPSC
colonies (H) induced by the overexpression of Sall4
and Sox2, with C6F removed from VC6TFZ. (I to K)
The expression of pluripotency-related genes (I), DNA
methylation (J), and H3K9 dimethylation (K) states
of the Oct4 promoter in the presence and absence
of DZNep on day 32. (L) Schematic diagram illus-
trating the stepwise establishment of the pluripotency
circuitry during chemical reprogramming. Error bars,
mean T SD (n ≥ 2 biological repeats).
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initially platedMEFs (fig. S7). After an additional
screen, we identified some small-molecule boosters
of chemical reprogramming, among which, a syn-
thetic retinoic acid receptor ligand, TTNPB, en-
hanced chemical reprogramming efficiency up
to a factor of 40, to a frequency comparable to
transcription factor–induced reprogramming (up
to 0.2%) (fig. S8 and table S1B). Furthermore,

using the small-molecule combination VC6TFZ,
we obtained CiPSC lines from mouse neonatal
fibroblasts (MNFs),mouse adult fibroblasts (MAFs),
and adipose-derived stem cells (ADSCs) with
OG cassettes by an efficiency lower by a factor
of ~10 than that obtained from MEFs (fig. S9
and table S3). Moreover, we induced CiPSCs
from wild-type MEFs without OG cassettes or

any other genetic modifications by a comparable
efficiency to that achieved from MEFs with OG
cassettes (fig. S9). The CiPSCswere also confirmed
to be viral-vector free by genomic polymerase
chain reaction (PCR) and Southern blot analysis
(fig. S10).

The established CiPSC lines were then fur-
ther characterized. They grew with a doubling

Fig. 1. Generation of CiPSCs by small-molecule compounds.
(A and B) Numbers of iPSC colonies induced from MEFs infected
by SKM (A) or SK (B) plus chemicals or Oct4. Error bars, mean T
SD (n = 3 biological repeat wells). (C) Morphology of MEFs for
chemical reprogramming on day 0 (D0) and a GFP-positive
cluster generated using VC6TF on day 20 (D20) after chemical
treatment. (D) Numbers of GFP-positive colonies induced after
DZNep treatment on day 36. Error bars, mean T SD (n = 2
biological repeat wells). (E to G) Morphology of a compact,
epithelioid, GFP-positive colony on day 32 (D32) after treatment
(E), a primary CiPSC colony on day 40 (D40) after treatment (F),
and passaged CiPSC colonies (G). (H) Schematic diagram illustrat-
ing the process of CiPSC generation. Scale bars, 100 mm. For
(D), cells for reprogramming were replated on day 12.
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Fig. 2. Characterization of CiPSCs. (A and B)
Pluripotency marker expression as illustrated by im-
munofluorescence (A, clone CiPS-25) and RT-PCR (B).
Scale bars, 100 mm. (C) Hierarchical clustering of
global transcriptional profiles. 1-PCC, Pearson corre-
lation coefficient. (D) Bisulfite genomic sequencing of
the Oct4 and Nanog promoter regions. MNF-CiPS-7,
MNF-derived CiPSC line no. 7; MAF-CiPS-1, MAF-
derived CiPSC line no. 1.
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Hou et al., Science (2013) 341:650-654

generation efficacy, while the introduction of various substitute

groups at 5′- or 7′- position resulted in complete loss of function.

Amongall theanalogs synthesized, compoundCYT296 (Figure1A)

turnedout tobe thebest inenhancing4F-mediated reprogramming

with the most effective concentration at 250 nM. At Day 15, .70

GFP+ colonies could be observed in CYT296 treated wells. In con-

trast, only 2–3 colonies were observed in the control wells

(Figure 1B). Like 90-D3, CYT296 was most effective when added

at the early stage of reprogramming (Day 3–6). Adding after Day

6 showed no obvious effect (Figure 1C). A more detailed treatment

duration study from Day 3 to 6 indicated CYT296 could be signifi-

cantly effective even if it was only added for 1 day at the early

stage (Day 3–4, Figure 1D). Although prolonged CYT296 treatment

did not further increase the reprogramming efficiency, it did not

significantly affect thegrowthandmaintenanceof the iPS colonies,

indicatingabetter safetyprofile than theoriginal90-D3 (Figure1E).

CYT296 also facilitated reprogrammingmediated by reduced num-

berof factors in combinationwith chemicals. In2F (OK), CHIR99021

and RepSox induced reprogramming, CYT296 (125 nM) led to a

2-fold increase in the number of GFP+ colonies at Day 18. In 1F

(O), VPA, CHIR99021, parnate, and RepSox mediated reprogram-

ming, CYT296 (125 nM) further enhanced the generation of GFP+

iPS colonies by 6 folds at Day 20 (Figure 1F).

The iPSCs generated with CYT296 are pluripotent

PCR of genomic DNA of 4F-, 2F (Oct4 and Klf4)- and 1F (Oct4)-iPS

clones confirmed the integration of the indicated but not the other

retroviral factors (Figure 2A). Real-time PCR analysis confirmed the

Figure 1 CYT296 enhances transcription factor-mediated reprogramming of MEFs. (A) Chemical structure of CYT296. (B) Representative images

and corresponding statistical analysis show CYT296 promotes somatic cell reprogramming. 5000 4F-infected MEFs were seeded and iPS (GFP+)

colonieswere counted onDay15. (C)4F-infectedMEFswere treatedwith CYT296 (250 nM) for 3days starting fromDay3, 6, or 9post-infection and

GFP+ colonies were counted on Day 15. (D and E) 4F-infected MEFs were treated with CYT296 (250 nM) for various durations and GFP+ colonies

were counted at Day 15. (F) In 2F condition,MEFs infectedwith Oct4 and Klf4were treatedwith 3 mMCHIR99021 and 1 mMRepSox supplemented

withorwithout125 nMCYT296. In1F condition,MEFs infectedwithOct4were treatedwith3 mMCHIR99021,1 mMRepSox,0.5 mMVPA,and2 mM

parnatesupplementedwithorwithout125 nMCYT296. NumberofGFP+ colonieswascountedonDay18 for2FandDay20 for1F.Dataaremean+
SEM of a representative experiment with triplicates. *P, 0.05, **P, 0.01, ***P, 0.001, vs. control.
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reactivation of the endogenous Oct4, Sox2, Nanog, and Rex1 and

the silencing of viral genes in these iPS lines (Supplementary

Figure S2A). Bisulfite genomic sequencing analyses of the Oct4

and Nanog promoters revealed that both were demethylated in

iPSCs, similar to mESCs and in contrast to the parental MEFs

(Supplementary Figure S2B). These iPSCsmaintainGFPexpression

and ES likemorphology, and express typical pluripotencymarkers,

including alkaline phosphatase, SSEA1, and Nanog (Figure 2B).

Subcutaneous injection of the iPSCs into NOD-SCID mice led to

teratoma formation in 3–4 weeks, with tissues derived from all

three germ layers (Figure 2C). We also examined the ability of

CYT296-induced iPSCs to produce adult chimeras. Two iPSC lines

(clone 4F-1, 2F-1) were injected into ICR-derived blastocysts,

which were transplanted into the uteri of pseudopregnant mice.

Adult chimeras were successfully obtained from both lines as

determined by the coat color (Figure 2D); 6 out of 10 born mice

from clone 4F-1 and 9 out of 15 bornmice from clone 2F-1were chi-

meras. One of themale chimeras from clone 2F-1was crossed with

female ICR mice, and 20 out of 69 F1 offspring showed dark coat

color, confirming the germline transmission of iPSC clone 2F-1

(Figure 2E). This iPSC clone even passed the most stringent tetra-

ploid complementation assay and supported the generation of

two ‘all-iPSC’ mice, demonstrating that the iPSCs generated with

CYT296 are genuinely pluripotent (Figure 2F).

CYT296 induces chromatin de-condensation in MEFs

To investigate the mechanisms underlying the effect of CYT296

on reprogramming, gene expression in MEFs and MEFs treated

Figure 2 Pluripotency of iPSCs generated with CYT296. (A) PCR analysis of viral gene integration in iPSC clones. (B) Alkaline phosphatase (AP)

staining, GFP expression and immunofluorescent staining of pluripotent markers SSEA-1 and Nanog in 4F- and 2F (OK)-iPSC clones. Scale bar,

50 mm. (C) Hematoxylin and eosin-stained sections of teratomas generated from iPSCs. Scale bar, 100 mm. (D) Chimeric mice produced with

4F- and 2F-iPSC clones. (E) Agouti coat-colored offspring of the chimeras generated with 2F-iPSCs. (F) All-iPSC-mice generated by tetraploid com-

plementation with 2F-iPSCs.
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in chromatin remodeling have been found to be downregulated by

CYT296 (Supplementary Figure S3C). Among them, the hdac1,

hdac2, suv39h1, suv39h2,dnmt3, anddnmt3bhavebeen reported

to play a role in reprogramming. The functions of others genes (in-

cluding HP1a, smarca1, smarca5, cbx2, and cbx4) in reprogram-

ming have yet to be elucidated. To further support our

Figure 3 CYT296 induces chromatin decondensation in MEFs. (A) EM images of control MEF, MEF treated with CYT296 and mESC (E14). Boxed area in

the upper panel was enlarged and shown in the lower panel. Arrows indicate the electron-dense heterochromatin regions, whereas arrowheads indicate

the nuclear envelope. (B) Statistical analysis of the electron-dense area in the periphery of the nuclei. Data aremean+SEM;.10 cells from each group

were analyzed. (C) MNase digestion of chromatin isolated from MEFs treated with or without CYT296 (250 nM). DNA fragments were separated by 1%

agarose gel electrophoresis and visualized by ethidiumbromide staining. Boxed area emphasizes the accelerated appearance ofmono or di-nucleosomal

DNA fragmentsand thedisappearanceof longgenomic fragmentsafterCYT296 treatment. (D) Statistical analysisof theamountofmononucleosome in the

sample. The percentagewas calculated by dividing the intensity of the lowest band by the total intensity of all visible bands in the same sample. Data are

mean+SEM (n¼ 3). (E) Dot blot analysis of 5-mC in DNA extracted from MEFs treated with CYT296 (250 nM) or 5-Aza (10 mM). The level of 5-mC was

normalized to total amount of ssDNA. Data are mean+SEM (n¼ 3). (F) Representative western blot analysis of Nanog protein level during

4F-mediatedreprogrammingwithorwithoutCYT296 (250 nM) treatment.Dataaremean+SEM(n¼ 3). *P, 0.05, **P, 0.01, ***P, 0.001, vs. control.
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Nuestro modelo de estudio

Rodas et al.,  Frontiers in Physiology (2017) 8: 999

 Kerkis et al. Cells Tissues Organs 2006;184:105–116112

  Fig. 3.  IDPSC neuronal and chondrogenic differentiation.  a  The 
initial stage for both RA-induced and ‘spontaneous’ neuronal dif-
ferentiation was via SLS formation.  b–d  RA induction of differ-
entiation.  b  Adherent SLS express nestin (red).  c   ! -Tubulin III 
(green).  d  IDPSC differentiated into motor neuron-like cells pos-
itive for  ! -tubulin (green).  d ,  e  DAPI-stained nuclei.  e–h  IDPSC 
‘spontaneous’ neuronal differentiation that was also initiated in 
SLS as in  a .  e  Nestin-positive (green) rosette structure.  f  GFAP-
positive immunostaining of the nuclei (green) confirms glial na-
ture of the cells.  g  Differentiation into neuron/glial sandwich re-
sembling the primary culture of central nervous system.  h   ! -Tu-
bulin III-positive neurons from IDPSC (green). Insets show 
respective isotype controls for Cy3 (red) and FITC (green). 
 a ,  g  Phase contrast.  b–f ,  h  Epifluorescence. Scale bars:  a  300  " m; 
 b ,  c ,  g  50  " m;  d–f ,  h  20  " m.  i–n  IDPSC chondrogenic differentia-
tion.  i  First signs of chondrogenic differentiation can be seen 7 

days after SLS adherence.  j  ACSP antibody-positive staining. Ar-
rows show secretion of chondroitin sulfate proteoglycan granules 
(AG, green) from differentiating IDPSC.  k  Differentiated IDPSC, 
living culture. Anti-fetal cartilage proteoglycan antibody-posi-
tive immunostaining (green).  j ,  k  DAPI-stained nuclei (blue). 
 l–n  IDPSC highly differentiated cartilage ( l ) evidenced by meta-
chromasia with toluidine blue staining ( m ) and positive immu-
nostaining for AG granules (arrows, ACSP antibody) and a com-
plete disappearance of nuclei ( n ).  o  IDPSC osteogenic differenti-
ation. Positive AP staining observed 5 days after SLS adherence. 
 p  Bone-like structures (black arrow) stained by von Kossa silver 
method surrounded by toluidine blue counterstained for carti-
lage (metachromasia). Insets show respective isotype control for 
FITC.  i ,  l  = Phase contrast.  j ,  k ,  n  Epifluorescence. Scale bars:
 i ,  l–p  100  " m;  k  50  " m;  j  10  " m. 
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Woloszyk et al. Vessel Attraction Impact of hDPSCs

FIGURE 1 | Experimental setup and MRI analysis. (A,B) The scaffold is placed in the middle of a silicone ring on top of the CAM of a fertilized egg, which is

stabilized in a Petri dish and incubated for 1 week. (C) Top and (D) bottom views of the scaffold after 1 week of incubation in ovo. (E) Scheme showing the analyzed

parts of the samples. (F) Magnetic resonance image of the vascularized scaffold before and after the injection of the contrast agent Gd-DOTA. (G) Relaxation rate

change !R1 in the interface, middle, and surface region of the scaffolds. Values are given as mean ± standard deviation. No statistically significant differences were

found. (H) Percent change of the mean !R1 and slope of regression line between the interface and the surface layers within each group. CAM, chorioallantoic

membrane; sc, scaffold; sr, silicone ring; vs, vessel; hDPSCs, human dental pulp stem cells; hGFs, human gingival fibroblasts.

RESULTS

Macroscopic Analysis
In growing vessels were visible on the surfaces of the hDPSC- and
hGF-seeded silk fibroin scaffolds, both on the top (Figure 1C)
and on the bottom (Figure 1D) of the samples after their CAM
incubation for 1 week.

MRI Analysis
For a more precise analysis of the perfusion capacity of the
samples, the scaffolds were divided into three equally sized
regions, specified as “interface” (i.e., bottom of the scaffold
touching the CAM), “middle,” and “surface” (Figure 1E).
Thereafter, their perfusion capacity was determined by
calculating the change of R1 relaxation rates (!R1) measured
by MRI before and after contrast enhancement by injected
Gd-DOTA, a paramagnetic contrast agent (Figure 1F). The !R1

values within the three regions of the scaffolds showed a gradual
decrease of their perfusion capacity toward the surface region
(Figure 1G). A comparison of the perfusion capacity between
the hDPSC- and hGF-seeded silk fibroin scaffolds showed no

significant differences of !R1within any of the three scaffold
regions (Figure 1G). Both cell-seeded scaffolds showed only a
percent change from interface to surface of approximately−37%
(Figure 1H) resulting in much flatter slopes of −0.57 (hDPSCs)
and −0.50 (hGFs) when compared to a slope of −1.33 observed
in empty silk scaffolds (data not shown; Kivrak Pfiffner et al.,
2015).

Histological and Manual Vessel Analysis
Qualitative and quantitative analyses of the vascularized scaffolds
were performed using sections stained with Hematoxylin and
Eosin (H&E). These histological sections showed large areas of
tissue expansion (depicted by the blue dashed line) into the
scaffold (depicted by the red dotted line) (Figure 2A). While
in the samples seeded with hDPSCs the growing tissue filled
approximately half of the scaffold areas (Figure 2A1), the tissue
occupied roughly two-thirds of the scaffolds seeded with hGFs
(Figure 2A2). CAM-derived blood vessels have penetrated both
hDPSC- and hGF-seeded scaffolds (Figures 2A3–6). A manual
analysis was performed in order to determine the number and
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Identification of key hepatic lineage related proteins in stem cell secretome. The key proteins 
present in the secretome of different stem cells were identified by LC-MS/MS and we obtained a diverse protein 
profile pertaining to hepatic lineage development and differentiation. These involved hepatocyte growth factor 
receptor, oncostatin M, hepatocyte nuclear factor, growth arrest specific protein, LDL receptor family proteins 
etc. The detailed list of proteins associated with hepatic lineage alongwith their functions are provided in Table 1. 
A total of twenty proteins related to hepatic lineage were identified in secretome of four stem cell populations. 
Out of these, five proteins were identified in DFSC secretome which also included oncostatin M and hepatocyte 
growth factor receptor (the two main proteins used for in hepatic induction and maturation phase during in vitro 
culture). Twelve proteins were obtained in SCAP secretome while BMSC secretome showed six different proteins 
related to hepatic cell growth and export of drugs from hepatocytes. DPSC secretome showed five proteins one 
of which included Growth arrest specific protein 6 (GAS6) which is mainly associated with hepatic regenera-
tion. Interactome analysis of these proteins by STRING bioinformatics software (Fig. 7) revealed an interaction 
between secretome proteins of DPSCs and SCAP while no interaction was observed between BMSC and DFSC 
secretome proteins. Further Reactome analysis revealed the involvement of six biological pathways in DPSC 
secretome which involved LRP5/LRP6 complex (Table 3). Reactome analysis in SCAP demonstrated the presence 
of two pathways in SCAP secretome involving APOC3, LRP1 and LRP8.

Discussion
The advantage of using dental stem cells as a source of cells for clinical research lies in their ease of isolation, no 
ethical constrains since they are derived from a biological waste, minimally invasive when compared to other 
stem cells like embryonic stem cells (ethical constraints), umbilical cord stem cells (lost, if missed at birth) and 
BMSCs (low cell number and highly invasive procedure). According to the minimal criteria defined by the 
International Society for Cellular Therapy, a stem cell should show adherence to the plastic adherence and char-
acteristic expression of surface markers such as CD73, CD90, and CD105, they also display a negative expression 
of CD14, CD34, and CD45, and they should be capable of osteogenic, chondrogenic, and adipogenic differen-
tiation20,21. Cells obtained according to our culture protocol from BMSCs and DMSCs were positive for mesen-
chymal markers and did not show presence of any contaminants from endothelial and hematopoietic lineage as 
confirmed by flow cytometry analysis. Multilineage differentiation potential of these cells into cellular derivatives 
of three germ layers further confirmed that the isolated population comprised of mainly mesenchymal stem cells.

Hepatic differentiation of stem cells includes induction followed by cell maturation. Stem cells can be made to 
differentiate into hepatocytes by various chemicals like hepatocyte growth factor (HGF), Oncostatin M (OSM), 

Figure 3. Functional characterization of hepatic differentiation in different stem cells. Immunofluorescence 
analysis of LDL receptor antibody distribution (green-FITC labeled) and LDL uptake (LDL DyLight 
fluorochrome-red, PE) in differentiated hepatocytes at 28th day of hepatic differentiation. DAPI was used as 
nuclear stain. Scale bar-100 µm.
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Adipogenic Osteogenic Chondrogenic

(a1) (a2) (a3)

(b1)

(c1)

(b2)

(c2)

(b3)

(c3)

SHED

hNDP-MSCs

hDP-MSCs

Figure 4: In vitro differentiation potential of NDPSCs, SHED, and DPSCs. ((a1), (b1), and (c1)). Adipogenic differentiation is visually marked
by accumulation of neutral lipid vacuoles in cultures (Oil Red staining). Actin ((a1) and (b1)) and vimentin (c1) expression were shown in
green and nuclei in blue with DAPI. ((a2), (b2), and (c2)) Osteogenic differentiation was indicated by the formation of calcified nodule with
Alizarin Red S staining. ((a3), (b3), and (c3))The analyzed sections were positive for Safranin O staining after chondrogenic differentiation.

in our stem cell populations may indicate that certain sub-
populations of stem cells in our cultures might be committed
to vascular smooth muscle lineage. However, the expression
of actin interactin proteins may be due to well known motile
nature of MSCs. In addition, expression of caldesmon and
annexin A1 is proposed to be a marker for slow growth
rate [23]. Because our stem cells were in defined medium
their growth rates are expected to be slow and thus they
might have expressed these two proteins at a respectable level.
Zyxin binds alpha-actinin and the CRP protein and helps
cell adhesion [24] and the cells used in this study expressed
Zyxin. Zyxin was also determined to be expressed in hMSCs
and proposed to be involved in cell to matrix contacts
[25]. Previously, coactosin-like protein is shown to be highly
expressed in amniotic-fluid derived MSCs [26]. Coactosin-
like protein is involved in cytoskeletal organization and
movement by binding actin. Both Coactosin-like protein and
actin expression were identified in this study.

We have identified five proteins that have roles in redox
metabolism and detoxification of the cells. Among them,

glutathione S-transferase-P is known to function in detoxi-
fication of cells from xenobiotics and decrease susceptibility
to cancer. In a previous study, glutathione S-transferase-P is
used to distinguish multipotent MSCs isolated from bone
marrow [27]. Observation of expression of glutathione S-
transferase-P in our stem cells may indicate that our cells did
have multipotent MSC properties.

Increased generation of reactive oxygen species (ROS)
may be associated with differentiation process. On that line
of thought, Clair et al. (1994) demonstrated the expression of
MnSOD on cellular differentiation of fibroblasts [28]. They
found that MnSOD greatly enhanced fibroblast differenti-
ation into myoblasts. In addition, the protective effect of
SOD was demonstrated in bone marrow derived stem cells
and in hematopoietic stem cells [29, 30]. We also detected
SOD expression in our stem cells. In addition to SOD,
three other proteins that are involved in clearance of ROS
were detected in this study. These were peroxiredoxin-2,
thioredoxin domain-containing protein 12, and thioredoxin-
dependent peroxide reductase. Peroxiredoxin reduces per-
oxides with reducing equivalents provided through the
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¿Podemos regular el epigenoma?

Nic-Can et al., (2021) en proceso

	
	
	
Figura 1. Modelo propuesto para alcanzar la reprogramación celular utilizando células de la pulpa dental 
humana. DNMTs, SUV39H1 y EzH2 depositan la marcas epigenéticas represivas tales como la 5-metilcitosina( 
5mC), la trimetilación en la lisina 9 (H3K9me3) y la trimetilación en la lisina 27 (H3K27me3) respectivamente, 
los cuales actúan como factores limitantes de la reprogramación celular. La remoción de dicha barrera 
epigenética, ya sea por la inhibición transitoria  (Knockdown) de los genes que codifican para la deposición de 
las etiquetas represivas (imagen del centro) o la expresión exógena de las enzimas que se remueven dichas 
marcas represivas (imagen de la derecha, TETs, KDM4a y KDM6a),  podrían relajar la estructura de la 
cromatina y facilitar la reprogramación celular. 
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Hacia donde vamos
OPEN

EDITORIAL

Methylation and demethylation of DNA and histones
in chromatin: the most complicated epigenetic marker

Experimental & Molecular Medicine (2017) 49, e321; doi:10.1038/emm.2017.38; published online 28 April 2017

Epigenetics is defined as heritable changes in genomic
function that occur without changes in the DNA sequence.

Accumulating evidence has revealed that epigenetics is critical
in understanding the basic molecular mechanisms that take
place in chromatin (transcription, splicing, replication and
DNA repair), and epigenetics is ultimately expected to provide
insights into complicated biological processes such as stem cell
maintenance and development and be applied to human
diseases, including cancers.

Chromatin is bound by a diverse group of proteins that
dynamically regulate its structure by modifying, reading
and erasing its basic components—histones and DNA. In
particular, DNA and histones are primarily post translationally
modified through various enzymatic activities, such as
phosphorylation, acetylation, methylation, ubiquitination
and O-GlcNAcylation. Combinations of these epigenetic
modifications regulate chromatin dynamics by preparing
specific loci for activation or repression ultimately governing
the global chromatin architecture with regard to gene
expression during the cell cycle and development.

Methylation is the most complicated epigenetic modifica-
tion. Unlike other changes, methylation alone affects both
DNA and histones: methylation occurs primarily at the
C5-cytosine and N6-adenosine in DNA and at lysine and
arginine residues in histones and chromatin-binding proteins.
Further, there are three forms of methylation on lysine
residues—monomethyl, dimethyl, and trimethyl. For arginine,
monomethylated, symmetric and asymmetric dimethylated
forms appear. Each form has a specific function, rendering it
difficult to determine the purpose of their combinations. Also,
the position of the affected lysine (or arginine) in the amino-
acid sequence of histones influences its epigenetic function
because methylation at various positions is programmed to
recruit cognate reading proteins for repression or activation.
Thus, methylation of DNA and histones is the most advanced
epigenetic marker in the regulation of chromatin dynamics.

In this special issue of Experimental & Molecular Medicine,
we focus on the regulation of cytosine methylation on DNA

and lysine methylation of histones in stem cell pluripotency
and cancer development.

Mirang Kim (KRIBB, Korea) and Joseph Costello
(University of California, San Francisco, USA) review DNA
cytosine methylation as an epigenetic marker of cellular
memory. 5-Methylcytosine (5 mC) was initially discovered as
a minor base that was introduced into the progeny strand
during DNA replication. Later, a family of DNA methyltrans-
ferases (DNMT1, DNMT3a/b/l) was discovered to catalyze the
methylation of the 5-carbon of cytidine in CpG dinucleotides.
They also introduce an advanced method for analyzing DNA
cytosine methylation. By developing DNA methylation analysis
and genomewide sequencing tools, we now understand that
DNA cytosine methylation is dispersed throughout chromatin
and serves as an epigenetic marker of memory in the
development, differentiation and maintenance of cellular
identity. Further, they discuss the epigenetic function of
cytosine methylation in various types of stem cells and
cancer cells.

In the second issue, Myunggon Ko’s group (UNIST, Korea)
presents a comprehensive review on DNA demethylation
in stem cells and cancer. DNA cytosine methylation has
been considered a stable epigenetic modification, but the
pioneering discovery by Anjana Rao’s group (La Jolla
Institute for Allergy and Immunology, USA) that ten-eleven
translocation 1 (TET1) oxidizes 5mC to 5-hydroxy-
methylcytosine (5 hmC) confirms that cytosine methylation is
dynamically modulated during stem cell differentiation and
development. Notably, three isoforms of TET can catalyze the
successive oxidation of 5 mC to 5 hmC, 5-formylcytosine (5 fC)
and 5-carboxylcytosine (5 caC), which differs from the rever-
sible demethylation of methylated lysines in histones. It will be
interesting to study why mammalian cells adopt a more
complicated reactive pathway for 5mC demethylation. In
addition, the authors discuss the involvement of TET in
cancers. Loss of TET function is common in various cancers,
and thus the in-depth study of TET-mediated DNA cytosine
oxidation should increase our understanding of how epigenetic
dysregulation causes tumorigenesis.

Experimental & Molecular Medicine (2017) 49, e321; doi:10.1038/emm.2017.38
& 2017 KSBMB. All rights reserved 2092-6413/17
www.nature.com/emm
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Interestingly, DNA methylation patterns are not 
CpG-specific during de novo methylation; this non-
specific de novo methylation was initially considered 
to be a by-product of DNMT3 activity, which is not 
selective for CpG dinucleotides63,68,69. However, sev-
eral studies have suggested an independent epigenetic 
function of non-CpG methylation, particularly dur-
ing neuronal maturation70,71. Methylation at sites other 
than CpG dinucleotides can recruit methyl-CpG-
binding protein 2 (MECP2), which is an important 
transcriptional repressor, particularly for long genes 
with neuronal functions72,73. 

In the developing embryo, patterns are maintained 
by DNMT1 after the completion of embryonic cell fate 
specification. This process is based on the selectivity 
of DNMT1 for symmetrical CpG sites, which ensures 
the heritability of DNA methylation patterns74,75. As 
such, DNMT3 and DNMT1 constitute the mech-
anistic foundation for the establishment and post-
replicative maintenance of epigenetic information. 
The division of labour between de novo and main-
tenance methyltransferases has also been described in 
plants14, suggesting broad evolutionary conservation.

Although the ‘division of labour model’, which pro-
poses that DNMT3 establishes DNA methylation and 
that DNMT1 maintains it, is conserved, it is thought to 
be oversimplified76,77. For example, several studies have 
shown that DNMT3 enzymes also contribute to the 
maintenance and dynamic remodelling of DNA methy-
lation patterns in differentiated cells78–81. Additionally, 
recent studies have uncovered novel and more diverse 
functions for DNMTs, including a role of DNMT 
family members in transcriptional activation and 
post- transcriptional regulation. These findings have 
broadened our conceptual understanding of DNMTs.

Transcriptional silencing. Numerous analyses have 
supported a role of DNMT enzymes in transcriptional 
silencing, mostly through their ability to methylate 

promoters and change chromatin states82. More recently, 
these findings were complemented by single-guide RNA-
mediated targeting of Cas9–DNMT3A fusion proteins 
to specific promoters83–86. However, although the results 
confirmed a causal role of DNA methylation in tran-
scriptional repression, the effects of DNA methylation 
on gene expression were moderate. This moderate effect 
might be due to the fact that limiting factors, in addition 
to DNMT3A, are required for strong and persistent gene 
silencing in response to DNA methylation.

The role of DNMTs in transcriptional repres-
sion is arguably best understood with respect to their 
ability to silence transposons. Transposable ele-
ments are upregulated in DNMT1-deficient mice87 
and in DNMT1-deficient Arabidopsis thaliana88, and 
methylation- dependent transposon silencing seems 
to be conserved in many organisms with a methylated 
genome3. Recently, several studies further refined our 
understanding of transposon silencing mechanisms 
in the mouse testis (FIG. 3). DNMT3L is an essential 
cofactor for retrotransposon methylation in the male 
germ line89, which occurs during bulk de novo methy-
lation that is mediated by the DNMT3 enzymes (FIG. 3a). 
Subsequently, PIWI pathway proteins act as specificity 
determinants for the methylation of a subset of retro-
transposons that escape the initial wave of de novo 
methylation90–92 (FIG. 3b). Additional silencing capacity 
is also provided by DNMT3C, which selectively methy-
lates evolutionarily young transposons60. This complex 
interplay between methyltransferases and their cofactors 
illustrates the many forces that can recruit DNMTs for 
transposon silencing.

It is often assumed that DNMTs function in the 
transcriptional repression of developmental genes, but 
this is difficult to confirm experimentally. However, 
CRISPR-mediated inactivation of DNMTs in human 
ES cells uncovered a role for DNMT3A in de novo 
methylation during endodermal differentiation, par-
ticularly at promoters and gene bodies, supporting a 

Box 1 | The relationship between the DNA methyltransferases and the ten-eleven translocation enzymes

In mammals, the ten-eleven translocation (TET) family 
consists of three paralogues (TET1, TET2 and TET3), 
which are defined by a catalytic dioxygenase domain 
that oxidizes 5-methylcytosine (5mC) to promote the 
reversal of DNA methylation154. On the molecular level, 
TET-mediated oxidation functions to antagonize DNA 
methyltransferase (DNMT) family members and to 
prevent genome hypermethylation. The competition 
between DNMT3A and TET2 serves as an important 
paradigm for how the balance between DNMTs and TETs 
can define the methylation landscape of gene regulatory 
regions (see the figure). The analysis of methylation 
patterns from mice that lack both DNMT3A and TET2 
suggested that these enzymes act in both a 
counteractive and synergistic manner95. Furthermore, 
TET2-deficient mice have consistent DNA hypermethylation, particularly at enhancers155,156.  
Finally, the extensive characterization of mouse models has revealed various physiological functions for TET proteins in 
developmental canalization154. These functions are likely to also play a part in TET-related disease phenotypes. Indeed, 
TET2 is mutated in several haematological disorders and leukaemias, and decreased expression of TETs has been observed 
in a variety of cancer types154. 5hmC, 5-hydroxymethylcytosine.
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with single-chain variable fragment antibodies28. Another activa-
tion method, fuses three activation domains, VP64-p65-Rta (VPR), 
in tandem to dCas9 to enhance transcriptional activation27.

We devised an alternative approach to CRISPRa that involves 
incorporating MS2 binding loops into the sgRNA backbone to 
recruit two different activation domains, p65 and HSF1, to a 
dCas9-VP64 fusion (Fig. 1)30. By recruiting three distinct tran-
scriptional effectors, this synergistic activation mediator (SAM) 
complex could robustly and reliably drive transcriptional upregu-
lation. A comparison of SunTag, VPR, and SAM across various cell 
types and species suggested that SAM induced more potent acti-
vation in some contexts, but further analysis is needed to deter-
mine which approach is most effective for GOF screening36.

Applications of CRISPR-Cas9 screening
Together with large pooled single-guide RNA (sgRNA) libraries, 
Cas9 can mediate high-throughput LOF and GOF dissection of 
many selectable phenotypes and investigate complex biological 

questions. As a proof of principle to demonstrate the CRISPR-
Cas9 system’s utility for screening, we constructed genome-scale 
CRISPR-Cas9 knockout (GeCKO) and SAM libraries to iden-
tify genes that, upon knockout or activation, confer resistance 
to the BRAF inhibitor vemurafenib in a melanoma cell line30,37.  
In addition to vemurafenib resistance, CRISPR-Cas9 screens 
have provided insight into the molecular basis of gene essenti-
ality, drug and toxin resistance, the hypoxia response, and the 
role of flavivirus host factors in infection28,30,37–52. Although 
most screens have been performed in in vitro systems, the Cas9 
system has also been applied ex vivo in dendritic cells to study 
the bacterial lipopolysaccharides response and in vivo to identify 
key factors that allow a nonmetastatic lung cancer cell line to  
metastasize42,44. CRISPR-Cas9 screens have also been expanded 
to the noncoding genome through saturated mutagenesis by til-
ing sgRNAs across a noncoding locus to uncover functional ele-
ments in the BCL11A enhancer, POU5F1 locus, and CUL3 locus, 
as well as p53 and ESR1 transcription-factor-binding sites53–57. 
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Figure 1 | Approaches to genetic perturbation: shRNA knockdown, Cas9 knockout, and dCas9 transcriptional activation. Schematic of the mechanisms behind 
shRNA knockdown, Cas9 knockout, and dCas9 transcriptional activation. shRNA knockdown begins with processing of the shRNA by Drosha/Dicer machinery 
and results in degradation of an RNA transcript with a complementary target site by the RNA-induced silencing complex (RISC). Cas9 knockout is accomplished 
by targeted indel formation at a genomic site complementary to the sgRNA. An indel can result in a frameshift, causing early termination, and either 
production of nonfunctional protein or non-sense-mediated decay (NMD) of the mRNA transcript. Programmable transcriptional activation can be achieved 
by using dCas9 and activation domains (e.g., VP64/p65/HSF1) to recruit transcriptional machinery to the transcriptional start site of the desired gene target, 
resulting in upregulation of the target transcript. NHEJ, nonhomologous end joining; PAM, protospacer adjacent motif; Pol II, RNA polymerase II; shRNAmir, 
microRNA-adapted shRNA.

PluriSTEM Human 
ES/iPS (Millipore)

C MM GA
PD
H

OC
T4

NA
NO
G

KL
F4

C-
M
YC

SO
X2

BA

Embryoid Body Formation and in Vitro Differentiation—To
examine the differentiation potential of iPS cells, we performed
floating culture to demonstrate embryoid body formation.
After 8 days of floating culture, iPS cells formed embryoid bod-
ies seen as sphere structures (Fig. 3A). These embryoid bodies
were transferred onto gelatin-coated plates for another 8 days
to induce spontaneous differentiation. The cells attached to the
culture dish showed various types of cell morphologies; immu-
nocytochemistry demonstrated that the cells were positive for
SOX17 (marker for endoderm, Fig. 3B), !-fetoprotein (AFP,
endoderm; Fig. 3C, green), desmin (mesoderm; Fig. 3C, red),
!-smoothmuscle actin (!-SMA,mesoderm, Fig. 3D), and "III-
tubulin (ectoderm, Fig. 3E). For directed differentiation into
neural lineages, iPS cells were seeded onto PA6 cells and cul-
tured for 18 days in differentiationmedium (29). Immunocyto-
chemistry demonstrated the appearance of "III-tubulin (red)-
and tyrosine hydroxylase (green)-positive neural cells (Fig. 3F).
Therefore, iPS cells had successfully differentiated into differ-
ent types of cells.
RT-PCR analysis confirmed that these EB-derived various

types of cells expressed AFP, FOXA2 (markers for endoderm),
brachyury, TnTc (mesoderm), MAP2, and PAX6 (endoderm)
(Fig. 3G). These data indicate that iPS cells derived from
clonally expanded MSCs could differentiate into cell types of
three embryonic germ layers.
Teratoma Formation—To test for pluripotency, we injected

iPS cells into the testis of severe combined immunodeficient

mice. Nine weeks after injection, all showed tumor formation.
Histological examination of the tumor demonstrated repre-
sentative tissues of three embryonic germ layers, such as
gut-like epithelium (endoderm), cartilage (mesoderm), and
neuroepithelial rosettes (ectoderm) (Fig. 4, A–I). These find-
ings indicated that the tumor was teratoma. Thus, like ES
cells, iPS cells derived from clonally expanded MSCs have in
vivo capability of differentiation into the three embryonic
germ layers.
Karyotype Analysis—We also performed karyotype investiga-

tions by chromosomalG-bandanalysis (supplemental Fig. S3) and
multicolor FISH analysis (data not shown). Two lines of iPS
cells from 10F-101 showed an additional change in chromo-
some 16. However, the corresponding parental cell also showed
the addition at the same locus, suggesting that the chromo-
somal aberration was already present in the parental cell (data
not shown). Other iPS cells (10F-15 and HDF) showed normal
karyotypes (supplemental Fig. S3).
Global Gene Expression Profiles (Parental Cells versus iPS

Cells)—We explored global gene expression profiles of the
parental cells (10F-15, 10F-101, and HDF) and iPS cells. Previ-
ous studies reported that expression of reprogramming factors
(OCT3/4 , SOX2, KLF4 ,MYC, NANOG, LIN28 , and UTF1) and
inhibition of p53 expressionwere effective for the generation of
iPS cells (2, 3, 8). Microarray analysis showed that the mRNA
levels of reprogramming factors, including OCT3/4 , SOX2,
NANOG, LIN28 , and UTF1, were highly expressed in iPS cells
when compared with those of the parental cells (Fig. 5A). The
expression levels ofMYC and p53were similar in each parental
cell and iPS cells. However, KLF4 expression was significantly
lower (0.1-fold) in 10F-15 parental cells when compared with
that of other parental cells and iPS cells. In addition, KLF5
expression was slightly higher (3-fold) when compared with
that of the other cells (Fig. 5A).
Scatter plot analysis showed that ES cell marker genes, such

as OCT3/4 , NANOG, LIN28 , sal-like 4 (SALL4 ), and terato-
carcinoma-derived growth factor 1 (TDGF1), were highly
expressed in iPS cells (Fig. 5B). Heat map analysis showed that
gene expression profiles of each iPS cell were similar but differ-
ent from the corresponding parental cell. These profiles of iPS
cells were also similar to those of BG01 and H9 human ES cells
(Fig. 5C).
Global Gene Expression Profiles (High Reprogramming Cells

versus Low Reprogramming Cells)—To explore the reprogram-
mingmechanism(s)whose pathways and genes are significantly
different between parental cells of high and low reprogram-
ming cells, we examined global gene expression profiles of
microarray data using z-score transformation (30). First, we
analyzed previously reported reprogramming factors (2, 3, 8,
20, 31–35). Although expressions of KLF4 , KLF2, KLF5,MYC,
TP53,TBX3, andCHD1were detected in each parental cell, it is
hard to show statistical differences of these gene expressions
between the high and low reprogramming cells (supple-
mental Table S2). Expressions of other reprogramming fac-
tors (OCT3/4 , SOX family, KLF1, MYC family, NANOG,
LIN28 ,UTF1, ESRRB, SALL4 , andNR5A2) were not detected
in each parental cell (supplemental Table S2). Although sig-
nificant difference was not found, the KLF4 gene expressions

FIGURE 2. Characterization of iPS cells from clonally expanded MSCs and
HDF. A, immunocytochemistry of SSEA-3, SSEA-4, TRA-1– 60, TRA-1– 81,
OCT3/4, and NANOG for iPS cells. Scale bars ! 100 #m. B, DNA methylation
states of the OCT3/4 and NANOG promoter regions. Open circles indicate
unmethylated CpGs, and closed circles indicate methylated CpGs. C, RT-PCR
analysis of ES cell marker genes and retroviral Tgs for iPS cells from different
colonies (cl.58/cl.15 derived from 10F-15 clonal cells, cl.5/cl.8 derived from
10F-101 clonal cells, and cl.1/cl.8 derived from HDF). D, telomerase activity
detected by TRAP assay. ", heat-treated; #, non-treated samples; P, parental
cell. IC, internal control.
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number of colonies that resembled the ES cell-like morphology
and performed alkaline phosphatase (ALP) staining. Numerous
ALP-positive colonies were seen in 10F-5, 10F-8, and 10F-15;
however, a few colonies were seen in 10F-101 and HDF. The
colonies were not seen in 10F-107. Therefore, the rapid prolif-
eration clones were efficiently reprogrammed (Fig. 1, B, C, and
D). To check the viral transduction efficiency, we introduced
pMXs retrovirus vector containing DsRed-Express into each
parental cell. There was no significant difference of viral trans-

duction efficiency among these cells
(Fig. 1E). These colonies were
picked and expanded for several
passages and then checked for ALP
activity. All the colonies showed
high ALP activity (Fig. 1F). The data
in the following sections were
obtained from the putative iPS col-
onies derived from the clonally
expanded MSCs. Particularly, clones
of 10F-15 and 10F-101 were used.
Corresponding parental cells and
HDFwere also used as controls.
Characterization of iPS Cells from

Clonally ExpandedMSCs—To con-
firm that the cells from the putative
colonies were iPS cells, we exam-
ined the human ES cell markers by
immunocytochemistry, DNAmeth-
ylation states, RT-PCR, and telom-
erase activity. Immunocytochemis-
try showed that the iPS cells
expressed human ES cell-specific
surface antigens, such as SSEA-3,
SSEA-4, TRA-1–60, and TRA-1–
81. These cells also expressed the ES
cell-specific transcription factors,
OCT3/4, and NANOG (Fig. 2A and
supplemental Fig. S2).

The DNA methylation states of
CpG dinucleotides in the OCT3/4
and NANOG promoter regions were
evaluated by bisulfite genomic se-
quencing analysis. All The parental
cells were highly (OCT3/4) or par-
tially (NANOG) methylated, whereas
all of the iPS cells were highly
unmethylated (Fig. 2B). These data
suggested that these promoters were
active in these iPS cells.

All of the iPS cells expressed un-
differentiated ES cell maker genes,
such as OCT3/4, SOX2, NANOG,
reduced expression 1 (REX1), un-
differentiated embryonic cell trans-
cription factor 1 (UTF1), growth
and differentiation factor 3 (GDF3),
developmental pluripotency-asso-
ciated 2 (DPPA2), DPPA4, and

DPPA5. However, the cells did not express retroviral trans-
genes (Tgs), such as Tg-OCT3/4, Tg-SOX2, and Tg-KLF4, indi-
cating retroviral silencing. The cells before retroviral transduc-
tion (parental cell) expressed KLF4 and MYC but did not
express other markers (Fig. 2C).

We also examined telomerase activity, which is known to be
highly activated in cancer cells and ES cells. Each iPS cell
showed high telomerase activity, whereas parental cells as well
as heat-treated cells did not (Fig. 2D).

FIGURE 1. Generation of iPS cells from MSCs. A, reprogramming efficiency of non-cloned parental MSCs from
the third molars of 10-, 16-, and 13-year-old donors. The bars represent the S.D. (n ! 10). B, proliferation rate of
clonally expanded MSCs from 10-year-old donor and HDF at day 5. The bars indicate S.D. (n ! 3). C, Reprogram-
ming efficiency of clonally expanded MSCs and HDF cells. The closed circles represent average of two indepen-
dent experiments, and the bars indicate S.D. (n ! 8). D, ALP staining of three factors transduced cells at day 30.
E, viral transduction efficiency of the pMXs retroviral vector. The percentages indicate the ratio of DsRed-
Express-positive cells. F, parental cells of clonally expanded MSC and HDF cells (upper panel), iPS cells from the
parental cells (middle panel), and ALP staining of each iPS cell (lower panel). Scale bars ! 100 !m.

Generation of iPS Cells from Wisdom Teeth

SEPTEMBER 17, 2010 • VOLUME 285 • NUMBER 38 JOURNAL OF BIOLOGICAL CHEMISTRY 29273

 by guest on M
arch 7, 2014

http://w
w

w
.jbc.org/

D
ow

nloaded from
 

inducing hDPSCs to differentiate into IPCs, which laid the
foundation for subsequent research.

We physically encapsulated hDPSCs using Matrigel, a
basement membrane matrix rich in laminin and collagen IV,
to provide vectors and 3D culture conditions for hDPSCs. In
addition, culture and induction of the differentiation of hDPSCs
into insulin-secreting cells in Matrigel rich in laminin and
collagen IV has not been studied.

The 3D environment not only allows the connection between
the cell and the basement membrane, but also allows the cells to
acquire oxygen, hormones and nutrients, as well as to remove
waste. In a 3D environment of an organism, cell movement
usually follows a chemical signal or molecular gradient, which is
critical for the development of the organism. In 2D cultures
based on “culture dishes,” cells isolated directly from higher
organisms often alter their metabolism and gene expression

FIGURE 4 | Immunostaining of islet markers on day 19. (A) Immunostaining of islet cell markers Glucagon and Insulin on day 19. Cells in M 1 forming a cell
aggregate like islet-like cells in the differentiated culture were colocalized with Insulin and Glucagon expression, and cells in M 1 at the edge of the cell aggregate
were Glucagon positive. (B) Immunostaining of islet cell markers Somatostatin and Insulin on day 19 in M 1. Scale bars: 100 mm. Undifferentiated DPSCs were used
as controls.

Xu et al. Stem Cells for Regenerative Medicine
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combination was around 10%, 40%, and 25% in HDF0, HDF38, and HDF49 fibroblasts, respectively (Fig. 2e). 
Hereafter, we designated the brown adipocyte-like cells as ciBAs, chemical compound-induced brown adipocytes.

In order to clarify whether ciBAs are maintained for a long time without the chemical compounds, they con-
tinued to be cultured with the adipocyte medium only after treatment with 5CD-GM for the first 3 weeks. At Day 
60, the morphology of the adipocyte-like cells with lipid droplets was maintained in ciBAs derived from HDF38 
and HDF49 fibroblasts (Fig. S6a,b). Moreover, mature adipocyte-like cells appeared to be rather increased at 
Day 60 compared to the ones at Day 30. Immunocytochemical analysis in ciBAs at Day 60 indicated that UCP1 
expression was maintained and overlapped with elevated mitochondria signals, which is similar to the ones at 
Day 28 in Fig. 2c. These results suggest that ciBAs are stable and maintained over 2 months without the chemical 
compounds for the direct conversion in this study.

Induced expression of human brown adipocyte-specific genes in ciBAs. To characterize gene 
expression of ciBAs, several marker genes specific for human brown adipose tissue (BAT) were quantified by 

Figure 2. Chemically induced brown adipocyte-like cells exhibit a high abundance of lipid droplets and UCP1 
expression along with elevated level of cellular mitochondria. The cells were induced by treatment with the 
adipocyte medium and 5CD-GM for 3 weeks followed by cultivation with the adipocyte medium only for 1 
week. (a) Oil Red O staining of the adipocyte-like cells derived from the 3 lines of human fibroblasts, HDF0 
(left panel), HDF38 (middle panel), and HDF49 (right panel). Images of bright field, UCP1 protein expression 
(green), mitochondria labelling with MitoTracker (red), and merged image of UCP1 (green), MitoTracker (red) 
and DAPI (blue) to visualise nuclei in the fibroblasts of HDF0 (b), HDF38 (c), and HDF49 (d). (e) To evaluate 
the efficiency of direct conversion by 5CD-GM, the numbers of DAPI-positive cells, adipocyte-like cells with 
lipid droplets, and UCP1-positive cells were counted in the 3 lines of human fibroblasts, HDF0, HDF38, and 
HDF49 (n = 3). Data represent mean ± SD.
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investigated enhancer overlap with adipose-related SNPs
identified in genome-wide association studies (GWAS)
(26–29). Overall, 80 GWAS-associated SNPs resided within
enhancers active during adipogenesis, of which 26% (n =
21, Supplementary Table 5) were associated with traits that
could be related to adipogenesis/WAT tissue function such
as obesity, body shape, and components of the metabolic
syndrome. For example, an SNP (rs1451385) associated
with waist-to-hip ratio (a measure of fat distribution) (28)
overlapped with an enhancer expressed during adipogen-
esis (Fig. 3C). This enhancer is located in open chromatin
(DNase hypersensitive sites) and has conserved binding
sites for the TFs USF1, USF2, BHLHE40, MYC, MAX, and
ARNT (confirmed for all but ARNT by ChIP-seq data from
ENCODE) (35).

Genes With Transient or Induced Temporal Expression
Patterns in Adipogenesis Are Associated With Adipose
Morphology
The GO term enrichment analysis of temporal gene
clusters suggested that the different differentiation states
are associated to specific functions. To elucidate if these
gene groups had relevance in vivo, we reanalyzed previously

published gene expression data in WAT from a cohort of
lean and obese human subjects (32). Adipocyte cell size
had been recorded in this cohort and WAT classified as
hypertrophic or hyperplastic. Gene expression data for
each dynamic cluster from the WAT data set was subjected
to principal component analysis. We plotted the first two
principal components against each other and labeled sub-
jects according to weight status (obese/nonobese and BMI,
Fig. 4A) or weight status in combination with hyperplasia/
hypertrophy (Fig. 4B). Genes from all adipogenesis-based
expression clusters separated patients according to obesity
status, with transient and late upregulated or induced
genes showing stronger separation than genes downregu-
lated during adipogenesis (Fig. 4A). Furthermore, only
genes in the transient and late induced clusters separated
subjects based on morphology/obesity combined, with non-
obese hyperplastic subjects being most distant from obese
hypertrophic subjects (Fig. 4B and Supplementary Fig. 5).

We next reexamined an analysis from Gao et al. (36)
where the subset of nonobese subjects from a study by
Arner et al. (32) was analyzed for mRNA expression
changes between hypertrophic and hyperplastic scWAT.

Figure 1—Experimental set up and model system comparison. A: Model system and sampling schematic. B: Hierarchical clustering of the
100 promoters with the highest variance in all samples that passed quality control. C: Principal component (PC) analysis of promoters with at
least 10 tags per million (TPM) expression level in at least one sample. The two components capturing the highest variance are plotted.
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Reprogramación epigenética

El interés común de las personas en nuestro grupo de investigación es cómo las células 
adquieren un compromiso durante la diferenciación celular.

Entender el papel de la cromatina en la especificación de la decisión celular

Definir los mecanismos epigenéticos que controlan la expresión génica relacionados con la 
desdiferenciación y rediferenciación celular.
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in the presence of the same inhibitor resulted in inhibited adipogenesis. These findings suggest
that KDM6A enhances adipogenesis in mESCs by inhibiting c-Myc and suppressing adipogenesis in
preadipocytes by activating c-Myc, supporting the idea that KDM6A may modulate c-Myc expression
during adipocyte di↵erentiation in a stage-dependent manner [104].

Another demethylase that catalyzes the demethylation of H3K27me3 is KDM6B. Similar to KDM4B,
KDM6B plays an essential role in osteogenic commitment. However, in MSCs, depletion of KDM6B
promotes adipogenesis in vitro as well as reduction in bone formation in vivo after subcutaneous
transplantation onto a bone sca↵old [99]. Interestingly, it has been found that KDM6B facilitates
the browning of inguinal WAT (iWAT) by resolving the bivalent domains of H3K27me3 and H3K4me3
to activate BAT genes. For instance, compared with mature BAT adipocytes, mature iWAT adipocytes
retain a large portion of H3K27me3 in BAT genes. However, the treatment of primary iWAT adipocytes
with forskolin or the induction of KDM6B overexpression led to a strong reduction in H3K27me3
at BAT genes such as Ucp1. These data suggest that BAT-selective genes in iWAT are epigenetically
poised for activation, a finding that is in step with that indicating that KDM6B mediates the transition
of white fat with high plasticity into brown adipocytes [105].

6. Conclusions and Perspectives

Adipose tissue plays an essential role in energy metabolism and glucose homeostasis.
However, increased fat deposition during obesity is a major health concern that has reached alarming
proportions worldwide. Recent advances in genome reorganization highlight the role of lysine
demethylases to shape permissive chromatin states during adipogenic commitment and adipocyte
di↵erentiation (Figure 3).
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early adipogenic factors such as C/EBPβ, C/EBPδ as well other transcription regulators (STAT5A, GR) 
to regulatory elements (enhancers) is mediated by resolving bivalent H3K4me3 and H3K9me3 marks 
to a monovalent active mark, H3K4me3. The early transcription factor C/EBPβ stimulates the 
expression of KDM4B, which in turn serves as a cofactor of C/EBPβ to facilitate the transcriptional 
activation of cell cycle-related genes by removing H3K9me3 marks and recruiting MLL3/4 to establish 
active enhancers. In addition, KDM4B and LSD1 remove H3K9me2 and H3K9me3 (deposited by 
SETDB1 and G9a) on C/EBPα and PPARγ loci to promote their expression, whereas Nsd2 increases 
H3K36me2 to activate expression of C/EBPα and others adipogenic targets of PPARγ. In addition, the 
interaction of KDM7 with C/EBPα leads to the removal of H3K9me2 from the promoter of PPARγ to 
modulate its expression and that of other adipogenesis-related genes. Together, these mechanisms 
contribute to shaping the chromatin landscape to induce adipocyte-specific gene expression, thus 
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Figure 3. Epigenetic regulation of mesenchymal stem cells during adipocyte di↵erentiation.
The di↵erentiation of mesenchymal stem cells into adipocytes is driven by cooperative transcription
factors and epigenetic remodelers that act to modulate the chromatin landscape. The recruitment of
early adipogenic factors such as C/EBP�, C/EBP� as well other transcription regulators (STAT5A, GR) to
regulatory elements (enhancers) is mediated by resolving bivalent H3K4me3 and H3K9me3 marks to
a monovalent active mark, H3K4me3. The early transcription factor C/EBP� stimulates the expression
of KDM4B, which in turn serves as a cofactor of C/EBP� to facilitate the transcriptional activation of cell
cycle-related genes by removing H3K9me3 marks and recruiting MLL3/4 to establish active enhancers.
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¿Podemos reactivar el programa de pluripotencia endógena diluyendo las marcas 
epigenéticas de represión? 

¿Cómo son redistribuidas o diluidas las marcas 
epigenéticas de represión asociadas a las regiones 
resistentes a la reprogramación?
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