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Cell reprogramming: expectations and challenges for
chemistry in stem cell biology and regenerative
medicine

L Anastasia*,1,2, G Pelissero2, B Venerando1,2 and G Tettamanti2

The possibility of reprogramming adult somatic cells into pluripotent stem cells (iPSCs) has generated a renewed interest into
stem cell research and promises to overcome several key issues, including the ethical concerns of using human embryonic stem
cells and the difficulty of obtaining large numbers of adult stem cells (Belmonte et al., Nat Rev Genet, 2009). This approach is also
not free from challenges like the mechanism of the reprogramming process, which has yet to be elucidated, and the warranties
for safety of generated pluripotent cells, especially in view of their possible therapeutic use. Very recently, several new
reprogramming methods have surfaced, which seem to be more appropriate than genetic reprogramming. Particularly,
chemically induced pluripotent cells (CiPSs), obtained with recombinant proteins or small synthetic molecules, may represent a
valid approach, simpler and possibly safer than the other ones.
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Stem cells and cell reprogramming have generated an
enormous interest in the past 2 years, since the generation
of induced pluripotent stem cells (iPSCs) from mouse
embryonic fibroblasts was first reported by Yamanaka and
coworkers in 2006.1,2 In fact, it was shown that the forced
expression of four defined factors (Oct3/4, Sox2, Klf4, and
c-Myc) is able to reprogram a fraction of mouse embryonic
fibroblasts into pluripotent cells, almost indistinguishable from
bona fide embryonic stem cells (ESCs). Successively, human
adult fibroblasts have also been reprogrammed to iPSCs by
the same four factors,3–8 or by combinations of other factors,
which included Nanog and Lin 28.9 Moreover, iPSCs cells
have been generated also from other cell types including adult
hepatocytes, gastric epithelial cells, and mesenchymal
cells.4,10 However, it has been reported that iPSCs obtained
from different adult cells possess a different teratoma-forming
propensity in a cell transplantation therapy model using
mouse secondary neurospheres differentiated from iPSCs,
suggesting that it will be extremely important to elucidate this
issue before future clinical applications.11 Nonetheless, these
discoveries have generated an unprecedented deal of interest
toward stem cell research, mostly for these reasons:
(1) iPSCs generation does not require the use (and disruption)
of embryos, thus it completely overcomes the ethical draw-
backs associated to the use of human ESCs, (2) although
iPSCs generation is technically still somewhat inefficient,
once iPSCs colonies are formed, they can be expanded in

vitro to large numbers, in contrast to adult stem cells, that
normally possess very low self-renewal in vitro, and (3) iPSCs
can be patient customized, because they can be generated
from an easily accessible source, that is fibroblasts, obtain-
able from any individual (Figure 1). Therefore, it is not
surprising that many leading research groups, which for many
years have contributed to ES cells research, have now turned
their attention to iPSCs, and some doubts have been posed
about the future of ‘normal’ ES cell research.6,12,13

Although iPSCs opened up a new era in stem cell research,
this breakthrough discovery is accompanied by new chal-
lenges that need to be overcome to turn a ‘proof of concept ’
into a new possible therapeutic tool. At this stage, there are
several problems to be addressed: (1) the safety of the
reprogramming process,11 that so far has been done mainly
through a genetic manipulation of the cell; (2) the possible
incomplete reprogramming, raising questions about
the effective equivalence between iPS and ES cells; (3) the
epigenetic differences between ES and iPS cells, which may
cause, among other consequences, a different differentiation
potential; and (4) the need of efficient methods to induce the
differentiation of iPS (or ES) cells into the desired cell type,
without undesired turnings, often leading into cancer. These
major problems have been tackled in several ways, which will
be outlined in this review. Actually, the primary concern about
iPSCs is that they have been generated by transduction of
somatic cells with retroviruses or lentiviruses, thus the
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transgenes used are integrated into the cell genome. Very
recently, several approaches have been proposed to over-
come this issue. In fact, iPSCs have been generated by
transient expression of single nonviral polycistronic
vectors,14,15 by a Cre/loxP recombination system,16 by the
piggyBac (PB) transposon system,17,18 by nonintegrating
episomal vectors,19 and by recombinant proteins.20 However,
the possibility of reprogramming cells by a chemical approach,
that is by treating them with appropriate de-differentiating
drugs, has been auspicated by many authors.21,22 In fact,
chemical induction/reprogramming has several intrinsic ad-
vantages over genetic manipulation: (1) timing, as drugs can
usually reach their target(s) very quickly and selectively;
(2) control, as the concentration of the drug can be easily
varied to reach the desired effect in the most efficient way;
(3) simplicity, as chemical treatments will allow a very simple
tool, as compared with the use of retro- or lenti-vital systems;
and (4) low cost, as new drugs, once identified, can be easily
synthesized in large scale by consolidated methods. Actually,
chemical modulation of differentiation is not a new approach.
In fact, many synthetic and natural products have been
extensively used over the past decades, long before the
development of combinatorial chemistry and high-throughput
screening. Among others, it was shown over a decade ago
that retinoic acid and its derivatives could be used to induce
mouse ES cells to express multiple phenotypes normally
associated with neurons.23 Another molecule, 5-azacytidine,
a potent DNA methylation inhibitor, was first synthesized over

40 years ago,24 and it was shown to have a wide range of anti-
metabolic activities when tested against cultured cancer cells
and to be an effective chemotherapeutic agent for acute
myelogenous leukemia.25 More recently, it has been shown
that in vitro treatment with 5-azacytidine, even if not enough to
generate mature cardiomyocytes, promotes the in vivo and
in vitro commitment of bone marrow cells into cells that
expressmuscle-specific proteins and genes and, at a very low
rate, show spontaneous contractions.26

A Chemical Boost to Stem Cell Research and
Regenerative Medicine

Organic chemistry and cell biology have been working
together as a single discipline for centuries, giving rise to
many discoveries that greatly contributed to the progress of
scientific research. Then, at the beginning of the past century,
they split-up and started to grow on separate tracks, as they
developed into independent sciences. However, in the past
few years, many organic chemists are turning their attention
to biological systems, including stem cell biology.21,27 In
particular, new tools developed in organic chemistry, as
combinatorial synthesis and high-throughput screening have
been extensively used in both basic biology and drug
discovery.28 This approach, which was originated by the
solid-phase synthesis of peptides introduced by Merrifield
in 1963,29 was greatly developed in the 1990s. Modern
combinatorial synthesis allows the generation of so-called

Figure 1 Cell reprogramming: a new source of patient-specific pluripotent cells for regenerative medicine and drug discovery.
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‘libraries’ of compounds, each containing an average of
40–100 thousands compounds. In the last decade, almost all
pharmaceutical companies have been screening libraries to
find new drug candidates, many of which are currently under
advanced clinical trials, or have been already released like
sorafenib, a multikinase inhibitor for the treatment of
advanced renal cancer, approved for clinical use by FDA.30

In any case, as documented in this review, high-throughput
screening has allowed the identification of several new
compounds, which appear to possess a remarkable potential
for stem cell biology.27

Chemistry and Cell Reprogramming

The intricate process of cell differentiation, from ES cells to
terminally differentiated somatic cells, has been depicted for
years as a one-way multistep process. In fact, even in the
case of tissue regeneration on damage, adult mammals can
only use pre-existing progenitor cells, which are activated to
proliferate and differentiate to replace the lost cells. On the
other hand, a few examples coming from nature have puzzled
scientists for several decades. For instance, amphibians like
the salamander use a different mechanism for regeneration,
because the stem cells used to repair the damage are
generated in situ through the de-differentiation of adult cells.31

In fact, the salamander can fully regenerate its limbs by
forming a so-called blastema, a mass of de-differentiated
cells, which can proliferate and differentiate to regenerate the
injured or even completely amputated body part. Several
attempts have beenmade over the years to unleash the same
de-differentiation process in mammalians, with the ultimate
goal of generating stem cells from adult cells in vitro.32 These
approaches include somatic cell nuclear transfer (SCNT,
often referred to as somatic cloning),33–36 which not only
raised numerous ethical debates, but so far has been shown
to be too inefficient to be practicable.37 Other techniques
include fusion of adult cells to ES cells38–40 and treatment of
differentiated cells with newt blastema extracts,41 but they
have yet to be further developed. At the same time, a different
strategy has been quite successful, the so-called trans-
differentiation process, which consist of the direct reprogram-
ming of a somatic cell into a different cell type, possibly without
going back and forth in the differentiation hierarchy. For
example, pancreatic cells have been successfully converted
into hepatocytes by treatment with a synthetic glucocorticoid,
dexamethasone,42 or oligodendrocyte precursor cells could
be reverted to multipotential neural stem cells, which
could give rise to neurons and astrocytes, as well as to
oligodendrocytes.43

Finally, a new chemical approach, which was pioneered by
Schultz and coworkers,44 and further developed by Ding and
coworkers,45,46 is the screening of combinatorial libraries of
small molecules, with the ultimate goal of identifying target
compounds that can induce the de-differentiation process.21

This method requires the design of very specific and quick
screening assays that allow the identification of active
compounds (see Figure 2 for a list of several small molecules
successfully used in stem cell biology) from a pool of several
thousands of random compounds. One initial screening by
Schultz’s group led to the identification of myoseverin, a

synthetic purine that has been shown to induce the
quantitative and reversible fission of multinucleated myotubes
into mononucleated fragments.47 Myoseverin, together with
other structurally related compounds, inhibited the polymeri-
zation of purified bovine tubuline in vitro. Both microtubule
depolymerization activity and myotube disassembly were
dependant on the presence of methoxy groups at the para-
position of both benzyl rings, whereas methylation at the N6
position abolished activity (Figure 2). Myoblasts, derived from
myotubes by myoseverin addition, could proliferate and
redifferentiate into myotubes, although the molecule irrever-
sibly binds to cells. Moreover, it was shown that the molecule
affects gene expression, as myogenic differentiation markers
were downregulated, whereas genes associated with cell
proliferation were upregulated. However, in histone H1
phosphorylation assays, it was found that myoseverin did
not inhibit CDK1 activity, indicating a different mechanism of
action from other bioactive 2,6,9-trisubstituted purines.48

Although the obtained myoblasts could not be further
de-differentiated into stem cells (thus did not acquire
pluripotency), this is, to the best of our knowledge, the first
example of the reprogramming of a terminally differentiated
cell by a synthetic small molecule. Successively, the same
group designed a new high-throughput screen, and identified
a new synthetic purine, which they named reversine, that
could revert mouse proliferating myoblasts (C2C12) to a more
undifferentiated state, as they could be converted into
adipocytes and osteoblasts when treated with appropriate
differentiating media.44 These results, came out 2 years
before the report of iPSCs and generated mixed reactions
from the scientific community, which at that time was posing
questions about the feasibility of the de-differentiation
process. Nevertheless, several successive independent
studies showed the potential of reversine, even on an easily
accessible cell source as dermal fibroblasts.49 In particular,
our group reported that primary cultures of murine and human
dermal fibroblasts, after reversine treatment, could be
efficiently induced to differentiate into myocytes both in vitro
and in vivo, in a mouse regeneration model. Moreover,
reversine-treated fibroblasts could be induced to differentiate
into smooth muscle and bone cells in vitro49 (Figure 3). These
results showed the soundness of a chemical approach toward
cell reprogramming, and stimulated further developments. In
fact, it has been recently shown that reversine-treated
myoblasts, even at submicromolar concentrations, can be
induced to differentiate toward the neuroectodermal
lineage.50 Although reversine mechanism of action is still not
fully understood, evidence seems to point to interactions with
key proteins involved in cytoskeletal and cell shape remodeling,
RNA export, degradation, folding, stress control, and ATP
production.51 Moreover, reversine has been shown to inhibit
MEK1, the nonmuscular myosin heavy chain (NMMII) and
some Aurora kinases,52–54 leading some research groups to
propose the use of the molecule as a new anti-cancer
agent.55,56 As reversine seems to be a nonspecific kinase
inhibitor (due to its core structure, amodified purine), it may be
argued that unpredictable or undesirable off-target effects
may be expected.57 This concern may be real, and it is safe to
say that reversine can be considered a tool to understand the
reprogramming mechanism. In fact, it has also been shown
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that, at least in the case of C2C12 cells, specific inhibition of
both MEK1 and NMMII by other means, is sufficient to mimic
reversine reprogramming.52

More recently, the discovery of iPSCs has shown that adult
cells can be induced to go back all the way to a pluripotent ES-
like state. Although a ‘genetically driven’ reprogramming
process has been reproduced in several laboratories, little is
known about the mechanisms involved in the induction.1,58,59

However, very recent data obtained by several laboratories
established a link between the reprogramming process and
p53 pathway, showing that disabling p53, an essential tumor-
suppressor protein, improves the efficiency of stem cell
production.60–66 Moreover, as already pointed out, there are
at least two major safety problems that need to be solved:
(1) the process is very slow, thus culturing cells in vitro for
several weeks may result in genetic alterations; (2) iPS are

mostly generated by exogenous genetic manipulations, as the
master genes are introduced by viral infection. Although a
very recent report shows that iPSCs can be generated by
transient technologies, without evidence of genomic integra-
tion, this possibility cannot be completely ruled out.67 It is in
this scenario that a chemical approach may become crucial,
and some initial results seem to suggest that we are quickly
moving fromwhat wemay propose to call ‘genetically induced’
pluripotent cells (GiPS) to a new generation of ‘chemically
induced’ pluripotent cells (CiPS). In fact, very recent studies
reported the generation of iPS by combining genetic
reprogramming and small molecules.46,68,69 In particular, it
has been shown that the combination of two small molecules,
BIX-01294, a known G9a histone methyltransferase inhibi-
tor,70,71 and BayK8644, a L-channel calcium agonist,72

together with the transduction with Oct3/4 and Klf4, allows

Figure 2 Examples of small molecules used in stem cell biology for de-differentiation of adult cells or to pilot stem cell differentiation toward desired cell phenotypes.
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the reprogramming of mouse embryonic fibroblasts to
iPSCs,68 although with a lower efficiency (50% lower) as
compared with transfection with the four factors OCT4/SOX2/
Klf4/c-Myc. It is interesting to point out that BayK8644 does
not directly modify the epigenetic status of the cell, in contrast

to BIX and other small molecules known to affect cell
reprogramming like valproic acid73 and 5-azacytidine,74 which
are known epigenetic drugs. This feature is very desirable for
a candidate molecule to become a safe therapeutic drug.
However, 5-azacytidine improves reprogramming efficiency
by 10-fold, whereas valproic acid by 4100-fold.73 Further-
more, valproic acid can substitute for oncogene c-Myc in the
reprogramming process, with an efficiency that is superior to
that achieved with infection all four factors.73 More recently,
iPSCs from adult rat cells were also generated by genetic
reprogramming with lentivirus containing a cocktail of repro-
gramming factors,75 and concomitantly it was also reported
that rat iPSCs could be obtained with small molecules, in
combination with genetic reprogramming.46 These results are
of great interest, as bona fide rat ES cells have been so far
isolated with great difficulty, and they do not show true
pluripotency.76–79 In fact, when rat iPSCs are generated by
viral transfection with the four factors OCT4/SOX2/Klf4/
c-Myc, they quickly differentiate and lose ESC morphology,
suggesting that conventional mESC medium conditions
cannot maintain the pluripotent state.46 On the other hand,
when rat iPSCs were cultured in the presence of a cocktail
containing LIF, PD0325901 (a MEK inhibitor), A-83-01 (an
inhibitor of the type 1 TGFb receptor), and CHIR99021 (a
GSK3b inhibitor), they could bemaintained for430 passages
without differentiation or decreased proliferation.46 In a
different study, it has been reported that the combination of
other chemical inhibitors targeting FGF receptor, MEK and
GSK3 enables efficient derivation and propagation of germ-
line-competent ES cells from the rat.80 Very recently, another
small molecule was identified by a combinatorial screening,
kenpaullone, which could be used instead of Klf4 to generate
iPSCs that are indistinguishable from murine ESCs.69

However, it has been shown that kenpaullone’s activity does
not result from its known role as a GSK-3b inhibitor,
suggesting that the molecules function through a novel
unknown mechanism.69

Taken together, all these results support the idea that small
molecules are a crucial tool for the understanding of the
intricate mechanisms that lead to cell reprogramming. More-
over, small drugs have already shown their potential to
effectively replace viral transduction of key transcription
factors such as SOX2, and KLF4, suggesting that we may
not be that far from generating iPSCs by chemical induction
alone.

A Chemical Approach to Cell Differentiation
ESCs differentiation. Finding a safe and efficient way of
generating stem cells is only half way through solving the
problem. In fact, once progenitors cells are generated, it is
crucial to have very selective and high-yielding methods to
pilot their differentiation toward the desired cell phenotype.
ES cells can be arguably considered the best starting point,
because they possess pluripotency, as compared with adult
stem cells that are only multipotent, because they normally
have limited potential. However, ES cells, because of
their tremendous potency, are difficult to control, as they
spontaneously tend to differentiate into several cell types.
Nevertheless, a number of successful differentiation
approaches have been developed over the years, with

Figure 3 Reversine-treated human fibroblasts can be induced to differentiate
into skeletal muscle (a) by co-culture with myoblasts, immunofluorescence reveals
MHC positive myotubes in green, bone (b), alkaline phosphatase expressing cells
stained in violet, and (c) smooth muscle, immunofluorescence reveals a-actin
positive cells in green by treatment with the appropriate differentiating media.
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increasingly successful results, as thoroughly summarized
recently.81 One of the main problems, which has yet to be
fully solved, is that even when induced to differentiate, some
ES cells remain undifferentiated and may result in the
formation of teratomas. Thus, ES cells cannot be directly
used for therapy, but they need to be pre-induced to
differentiate in vitro, making sure to leave undifferentiated
cells behind. In fact, to date, no human clinical trials have
been approved yet, due to safety concerns, including the
widely announced multicenter clinical trial by Geron (http://
www.geron.com) for grade A subacute thoracic spinal cord
injuries, which has been put on hold by the FDA. Moreover,
ES cells need to be grown in the presence of feeder cells
and/or extremely expensive cocktails of cytokines and
growth factors. To further complicate the picture, it has
been shown that human ES cells respond to extrinsic signals
differently from mouse ES cell,82,83 and are more similar to
mouse epiSC (post-implantation epiblast-derived stem cells)
than mouse ES cells.84 Thus, some differentiation strategies
developed for mouse ES cells may not be directly extendable
to human ES cells. At this stage, small molecules may have a
primary function in the development of new strategies for
human ES determination and differentiation. Undoubtedly, it
would be really desirable to find small molecules that will
replace or increase the efficacy of known key factors,
including growth factors, cytokines, and WNT signaling
pathway85 proteins. Several successful examples have
already been reported. For instance, mouse ES cells have
been induced to differentiate into spinal progenitor cells, and
subsequently into motor neurons, with retinoic acid and the
small molecule Hh-Ag1.3, agonist of Shh signaling.86 In a
different study, a phenotypic cell-based screen of a
combinatorial chemical library for the activation of the rat
atrial natriuretic factor led to the identification of a class of
diaminopyrimidine compounds, cardiogenol A–D, which
could selectively induce mouse ES cells to differentiate into
cardiomyocytes,87 although the mechanism of action is
still unknown, and no further studies have been reported on
this molecule. Nevertheless, it was reported that when
mouse embryonic carcinoma cells (P19) were treated with
Cardiogenol C, they differentiated into beating cardiomyocytes
in vitro, with B90% of cells staining positive for MEF2
and Nkx2.5.87 More recently, it was shown that human
ESC-derived embryoid bodies, which after induction with
combinations of activin A, bone morphogenetic protein 4,
basic fibroblast growth factor, vascular endothelial growth
factor, and dickkopf homolog 1 in serum-free media, generate
a KDR(low)/C-KIT(CD117)(neg) population that displays
cardiac, endothelial, and vascular smooth muscle potential
in vitro and, after transplantation, in vivo.88 Very recently,
mouse cardiac progenitor cells could be derived from ES cells
with high efficiency by addition of cyclosporin A to embryoid
bodies.89 Moreover, these cardiac progenitors, transplanted in
a chronic myocardial infarction model of rat, successfully
differentiated into cardiomyocytes and integrated in the
infarcted heart. Recently, in a screen of 4000 compounds,
two cell-permeable small molecules were identified that direct
differentiation of ESCs into the endodermal lineage.90 These
compounds induce nearly 80% of ESCs to form definitive
endoderm, a higher efficiency than that achieved by Activin A

or Nodal, commonly used protein inducers of endoderm.
Altogether, these results show that a chemical approach to
stem cell differentiation has started to become very effective,
as many chemicals are emerging as potentially good (and
cheaper) alternatives to growth factors.
Adult stem cells differentiation. Adult stem cells, differently
than ES cells, are only multipotent, because they can
normally be differentiated into a limited number of cell
types, usually inherent to the tissue where they reside.
Therefore, they are considered a safer starting point as
compared with ES cells, particularly because they are not
prone to form teratomas as in the case of ES cells. Moreover,
adult stem cells do not encounter the same ethical obstacles
of ES cells, thus explaining their faster development, as
confirmed by NIH database (http://www.clinicaltrial.gov),
which lists over a thousand adult stem cells-connected
ongoing clinical trials. Indeed, although thousands of
successful differentiations have been reported in the
literature, especially in the case of mesenchymal stem
cells,91 we are still far from highly efficient differentiation
methods, as it would be required for an effective therapeutic
tool.92,93 In fact, although each different type of adult stem
cell should be considered alone, there are some general
problems associated to their use: (1) they usually can be
obtained in very small numbers from adult individuals;
(2) they can only be grown for a limited number of passages
in vitro before losing their differentiation potential; and (3) the
yields of differentiation are often too low to be practical for a
therapeutic use. As in the case of ES cells, differentiation of
adult stem cells is obtained ex vivo with cocktails of growth
factors and signaling molecules. Furthermore, some recently
discovered adult stem cells, like neural stem cells94 or
cardiac progenitor cells,95 possess a very limited turnover,
thus new chemically defined growth conditions have been
recently developed.96 To give a very interesting recent
example of chemically induced differentiation of adult stem
cells, it has been reported that a synthetic sulfonylhydrazone
(Shz1), found in a combinatorial library screen for the
activation of NKX2.5, can trigger cardiac differentiation of
human mobilized peripheral blood mononuclear cells, and
these in vitro generated human cardiac cells can engraft into
a rat heart in proximity to an experimental injury, improving
cardiac function.97 The improvement of current differentiation
methods is mandatory, and cell-based phenotypic assays
and/or pathway screens of synthetic molecules promise to
provide new possibilities for more selective and efficient
differentiations.21,27,96

Conclusions and Perspectives

The generation of pluripotent cells from adult cells is
undoubtedly a keystone achievement in stem cell biology.
This discovery has allowed the scientific community to
overcome one of the most debated ethical issues of our
times, the disruption of embryos for the generation of human
ES cells. This new fascinating path has already shown its
potential, but at the same time, it already posed new
challenges to scientist around the world. A chemical approach
for the generation of stem cells from adult cells has been
invoked as a safer and more convenient alternative to genetic
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manipulation, which is widely used to generate iPSCs today.
Very recent advances have already shown that the goal is
getting closer,71 and we may envision the possibility of easily
generating stem cells customized to the patient, which will
open new perspective in both regenerative medicine and drug
discovery. In fact, the ‘short-term’ application of iPSCsmay be
to use them for drug discovery or toxicology screens in vitro.
Moreover, they can allow the generation of disease models in
culture, starting from patient cells, which would allow to test
patient-specific therapies. We are at the beginning of a new
exciting era in stem cell biology, there are great expectations
and a remarkable potential ahead of us, and the best has yet
to come.
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