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and as a platform for drug development. We discuss their
suitability as models for the study of a plethora of different types of diseases — for example, monogenic disorders
and complex disorders, and early-onset and late-onset diseases. 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.

Introducción

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 achieving the crucial first step of generating disease-specific
PSC lines and highlight the unprecedented contribution
of cellular reprogramming.
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Strategies to generate disease-specific human PSC lines.
Models for human genetic disorders can be generated
using different types of PSCs and various methodologies
(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 chromosomal 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 chromosomal 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 limitation has been overcome by the ability to reprogramme
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No todo es ADN

Changes to the genom e that don’t affect DNA sequence m ay help to explain
differences betw een genetically identical tw ins. M ight these ‘epigenetic’
phenom ena also underlie com m on diseases? Carina Dennis investigates.

arie and Jo — not their real names
— are twins, genetically identical
and raised in a happy home. Growing up, both enjoyed sport and art, were
equally good at school, and appeared similar 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 geneticists. Despite sharing the same DNA and
often the same environment, ‘identical’
twins can sometimes show striking differences. 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 common 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
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Spot the difference: colour-coded epigenetic microarrays could show why ‘identical’ twins aren’t the same.

important epigenetic mechanism. Inside the
nucleus, strands of DNA wrap around proteins 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 influences 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
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stumbled into the subject from conventional
genetics, discovering that the mutated gene
for a rare condition exerts its effect by
influencing epigenetic modifications elsewhere 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 chromatin structure and DNA methylation 3.
Among oncologists, the idea that epigenetic 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 University 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 methylation4. Since then, similar reports of epigenetic
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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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steric activation of PRC2 set the precedent

otal, as inheritance of a heterochromatic state
depends on the maintenance of H3K9me
at the site and requires both Clr4 H3K9me
binding (chromodomain) and methyltransferase activity (3). The artificial recruitment
of a Clr4 chromodomain mutant to an ac-

for the write-and-read mechanism that, in
this case, specifies the epigenetic character
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wise H3K27me3 is diluted during subsequent
rounds of cell division (12, 13). Yet, remarkably, 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 protein (L3MBTL1), leading to chromatin compaction (14). Interestingly, methylation of
H4K20 is antagonistic with H4K16ac (15). Although potentially epigenetic, a corresponding write-and-read function for methylated
H4K20 has yet to be demonstrated.
Although many other writers and readers of histone PTMs exist, for example, proteins 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. Nonetheless, 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 inherited? We propose that restraining improper
activation of genes might be an evolutionary
requirement of multicellularity. Positive feedReingberg and Vales et al., Science. 361: 33-34
back loops for gene activation could carry
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In Brief
Cellular reprogramming by transient
expression of Yamanaka factors
ameliorates age-associated symptoms,
prolongs lifespan in progeroid mice, and
improves tissue homeostasis in older
mice.

Revir,endo el reloj biológico

Figure 6. Amelioration of Aging Hallmarks in Wild-Type Mice and Human Cells by Short-Term In Vitro Induction of Oct4, 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 from WT 4F mice. Scale bar, 10 mm. ****p < 0.0001 according to one-way ANOVA
with Bonferroni correction.
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PSCs. Availability of PSC-derived cell populations 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 interventional radiologists—and between academia
and industry will be critical to overcoming
challenges and to bringing new therapies to
patients in need.

Problemática: Es como convertir células
troncales o iPSCs en células relevantes?
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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 dealing with disruption of the extracellular matrix in treating degenerative diseases, such as
chronic liver and heart disease. Finally, when
the pathologic process is diffuse and migration of transplanted cells is limited, as is the
case with Alzheimer’s disease, amyotrophic
lateral sclerosis, and the muscular dystrophies, identifying the best means and location
for cell delivery will require further study.
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clinical investigation
have led to successful therapies using
hematopoietic stem
CI
AL
S E R I E S : S T E M cells (HSCs), but few
other cell therapies have
transitioned from experimental to standard clinical care. Providing patients with
autologous rather than allogeneic HSCs reduces morbidity and mortality, and in some
circumstances broader use could expand
the range of conditions amenable to HSC
transplantation. The availability of a homogeneous 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
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this Review, we discuss
past experience and
challenges ahead and examine the extent
to which hematopoietic stem cell transplantation and cell therapy for diabetes,
liver disease, muscular dystrophies, neurodegenerative disorders, and heart disease
would be affected by the availability of precisely differentiated PSCs.

RESOURCE

STEM CELLS

s.d. (percentage)

9
88
87

Unlimited populations of differentiated PSCs should facilitate blood therapies and
hematopoietic stem cell transplantation, as well
as the treatment of heart, pancreas,
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liver, muscle, and neurologic disorders. However, successful cell transplantation will require
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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.
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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
mesenchymal progenitor cells
(MPCs), which are adipocyte precursors, from human ES and iPS
cells. ES and iPS cell lines were differentiated 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 osteoblasts, chondrocytes and adipocytes.
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to differentiate PSCs to cells with characteristics 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 therapies, both in the laboratory and the clinic,
however, indicate that many challenges remain for treatment of diseases other than
those involving the hematopoietic system.
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significantly
affect the growth and maintenance of the iPS colonies,
15
indicating a better safety profile than the original 90-D3 (Figure 1E).
CYT296 also facilitated reprogramming mediated by reduced number10
of factors in combination with chemicals. In 2F (OK), CHIR99021
412 | Wei et al.
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 reprogram5
ming, CYT296 (125 nM) further enhanced the generation of GFP+
iPS colonies by 6 folds at Day 20 (Figure 1F).
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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
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Figure 2 Pluripotency of iPSCs generated with CYT296. (A) PCR analysis of viral gene integration in iPSC clones. (B) Alkaline phosphatase (AP)

6(5), 409–420 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
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generation efficacy, while the introduction of various substitute
groups at 5′ - or 7′ - position resulted in complete loss of function.
Among all the analogs synthesized, compound CYT296 (Figure 1A)
turned out to be the best in enhancing 4F-mediated reprogramming
with the most effective concentration at 250 nM. At Day 15, .70
GFP+ colonies could be observed in CYT296 treated wells. In contrast, 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 significantly 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
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Hacia donde vamos
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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
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pigenetics 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 modiﬁcation. 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,
155,156
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 aminoacid 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.
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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 methyltransferases (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 5 mC to 5-hydroxymethylcytosine (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 reversible demethylation of methylated lysines in histones. It will be
interesting to study why mammalian cells adopt a more
complicated reactive pathway for 5 mC 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
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with single-chain variable fragment antibodies28. Another activation 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 transcriptional effectors, this synergistic activation mediator (SAM)
complex could robustly and reliably drive transcriptional upregu-

Células de la pulpa
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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.

questions. As a proof of principle to demonstrate the CRISPRCas9 system’s utility for screening, we constructed genome-scale
CRISPR-Cas9 knockout (GeCKO) and SAM libraries to identify genes that, upon knockout or activation, confer resistance
to the BRAF inhibitor vemurafenib in a melanoma cell line 30,37.
In addition to vemurafenib resistance, CRISPR-Cas9 screens
have provided insight into the molecular basis of gene essentiality, drug and toxin resistance, the hypoxia response, and the
role of flavivirus host factors in infection28,30,37–52. Although

AXIN2

GATA3
GATA3

WNT10A

WNT10B
WNT10A

WNT6

WNT6

WNT1
IGF1
IGF1
IGF1

IGF1

IGF1

KLF5

KLF5

KLF5

PPARG

BMP4

BMP4
BMP4
PPARG

PPARG
PPARG

PPARG

Type

-8.01

RefSeq genes

Assay

mRNA

Sample

siRNA

Diferenciación celular

Indel
mutation

Reprogramación epigenética
Int. J. Mol. Sci. 2019, 20, 3918

13 of 2

in the presence of the same inhibitor resulted in inhibited adipogenesis. These findings sugge
that KDM6A enhances adipogenesis in mESCs by inhibiting c-Myc and suppressing adipogenesis i
preadipocytes by activating c-Myc, supporting the idea that KDM6A may modulate c-Myc expressio
during adipocyte di↵erentiation in a stage-dependent manner [104].
Another demethylase that catalyzes the demethylation of H3K27me3 is KDM6B. Similar to KDM4
KDM6B plays an essential role in osteogenic commitment. However, in MSCs, depletion of KDM6
promotes adipogenesis in vitro as well as reduction in bone formation in vivo after subcutaneou
transplantation onto a bone sca↵old [99]. Interestingly, it has been found that KDM6B facilitate
the browning of inguinal WAT (iWAT) by resolving the bivalent domains of H3K27me3 and H3K4me
to activate BAT genes. For instance, compared with mature BAT adipocytes, mature iWAT adipocyte
retain a large portion of H3K27me3 in BAT genes. However, the treatment of primary iWAT adipocyte
with forskolin or the induction of KDM6B overexpression led to a strong reduction in H3K27me
J. Mol. Sci. 2019, 20, x FOR PEER REVIEW
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BAT
genes such as Ucp1. These data suggest that BAT-selective genes in iWAT are epigeneticall
poised for activation, a finding that is in step with that indicating that KDM6B mediates the transitio
iWAT are epigenetically poised for activation, a finding that is in step with that indicating that
of white fat with high plasticity into brown adipocytes [105].
KDM6B mediates the transition of white fat with high plasticity into brown adipocytes [105].

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
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desdiferenciación y rediferenciación celular.
Adipose tissue plays an essential role in energy metabolism and glucose homeostasi

Adipose tissue plays an essential role in energy metabolism and glucose homeostasis. However,
However, increased fat deposition during obesity is a major health concern that has reached alarmin
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 lysin
proportions worldwide. Recent advances in genome reorganization highlight the role of lysine
demethylases to shape permissive chromatin states during adipogenic commitment and adipocyt
demethylases to shape permissive chromatin states during adipogenic commitment and adipocyte
di↵erentiation
differentiation(Figure
(Figure3).
3).

¿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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