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A Step Closer to Complete Chemical Reprogramming for
Generating iPS Cells
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Stem-cell-based regenerative medicine, especially in the last
decade, has offered great opportunities for investigating fundamental biological processes and treating devastating diseases and injuries. In particular, human embryonic stem cells
(hESCs) have two distinctive abilities: to self-renew for an unlimited number of generations and to differentiate into all cell
types found in the three layers of embryo (endoderm, mesoderm, and ectoderm). Two major obstacles associated with
hESCs, however, still need to be overcome: 1) ethical issues
concerning the use of human embryos, and 2) immune rejection following transplantation.[1]
The advent of induced pluripotent stem cells (iPSCs) can
overcome some of the current limitations of hESC-based cell
therapy. For instance, using genetic engineering, the Yamanaka
group manipulated murine somatic cells through the expression of four transcription factors (TFs) Oct4, Klf4, Sox2, and cMyc, and reprogrammed the cells to a pluripotent state.[2] Similar genetic manipulations subsequently resulted in the generation of human iPSCs.[3] Efforts in many labs are now concentrated on applying the iPSC technology to tissue-replacement
therapies as well as on modeling diseases in vitro.[4] Other advances include generating iPSCs from patients with different
diseases in an effort to cause the in vitro differentiation of
these iPSCs into the cell types affected by the disease.[5] The
use of iPSCs also helps in gaining significant insights into
understanding the mechanisms underlying pluripotency and
differentiation.
However, before iPSCs can be clinically relevant, several limitations, including the use of viral vectors and the slow kinetics
and low efficiency of induction, need to be addressed.[6] One
of the most critical issues is the presence of transgenes in the
iPSCs. Typically, iPSCs are generated by transducing somatic
cells with transgenes, which are integrated within the cell’s
genome, by using retroviruses or lentiviruses. The integrated
transgenes are silenced, and the endogenous genes encoding
the TFs are activated. However, transgene reactivation (especially c-Myc) poses a significant threat as it can lead to tumorigenesis.[7] Furthermore, the erroneous expression of these
transgenes can lead to inhibition of complete iPSC differentiation and maturation, thereby increasing the chances of forming immature teratomas.
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To address the aforementioned problems associated with
conventional viral vectors, many groups have tried to generate
iPSCs by using nonviral methods. In a recent study,[8] Yamanaka’s group successfully generated iPSCs by repeatedly transfecting mouse embryonic fibroblasts with a reprogramming
plasmid containing self-cleavage sequences for expressing
Oct4, Sox2, and Klf4 and another plasmid carrying the cDNA for
c-Myc. Other attractive recent advances for reprogramming somatic cells include the use of Cre-excisable viruses,[9] a piggybac transposition system,[10] and an oriP/EBNA1-based expression system.[11] Yet, all these methods make use of genetic
materials, and this could lead to unexpected genetic modifications by the exogenous genes present within target cells.
Thus, many labs are now developing ways of reprogramming
somatic cells to generate iPSCs that avoid genetic modifications. For instance, in a recent study,[12] recombinant reprogramming proteins from E. coli were used to efficiently generate
iPSCs from mouse embryonic fibroblasts (mEFs). In order to
generate recombinant proteins that could penetrate the
plasma membrane of the somatic cells, a poly-arginine (R11)
domain was fused to the C terminus of the four reprogramming factors to obtain efficient recombinant reprogramming
proteins (i.e., Oct4-11R, Sox2-11R, Klf4-11R, and c-Myc-11R). This
method of using recombinant proteins offers a safer mode of
generating iPSCs than the previously mentioned methods as it
eliminates any risk of modifying the target cell genome with
exogenous genetic material (Figure 1).
Another effort to avoid viral vector-based genetic manipulation is to develop a chemical platform for generating iPSCs.
Several groups have already identified certain small molecules
or a combination of small molecules that can replace one or
more of the reprogramming factors (TFs) involved in generating iPSCs.[13] These small molecules not only reduce the risk of
oncogene transduction, but also significantly improve the reprogramming efficiency.[6] In a recent study,[14] neural progenitor cells (NPCs), retrovirally transduced with only two TFs, Oct4
and Klf4, were reprogrammed by using the small molecule BIX,
which is an inhibitor of G9a methyltransferase. The reprogramming efficiency was comparable to transduction with all four
factors. As NPCs endogenously express significant levels of
Sox2, which might have caused the cells to be more susceptible to reprogramming with BIX, the group went on to identify
small molecules that reprogrammed mEFs, which do not
express any of the TFs necessary for reprogramming.[15] They
identified the small molecule BayK, a specific L-type calcium
channel agonist, which, in the presence of BIX, successfully replaced Sox2 and c-Myc by reprogramming mEFs transduced
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creases the reprogramming efficiency, although its reactivation can lead to tumorigenesis.[7] Hence, the
elimination of c-Myc is an important step towards significantly reducing the risk of forming tumors. It was
observed that RepSox generated iPSCs in cells transduced with only two TFs, Oct4 and Klf4, thus successfully replacing both Sox2 and c-Myc. Furthermore,
RepSox induced the appearance of iPSCs with an efficiency similar to viral Sox2, thus suggesting that the
reprogramming efficiency was not compromised
when the transgene, Sox2, was replaced with the
small molecule. In addition, the RepSox-generated
iPSCs successfully responded to directed differentiation signals in vitro; one example being their robust
differentiation into motor neurons. The pluripotency
of the cells reprogrammed by using RepSox was further confirmed by their ability to contribute to forming chimeric embryos in vivo when injected into blastocysts.
Figure 1. The figure illustrates the manner in which a patient’s somatic cells can be reprogrammed to iPSCs and then differentiated into the desired cell type for regenerative
RepSox was found to be most efficient at generatmedicine. The reprogramming of somatic cells into iPSCs can be carried out by using
ing iPSCs when treating cultures containing stable
conventional or newer approaches.
intermediates that were trapped in a partially reprogrammed state (RepSox-responsive cell lines), characterized by the overexpression of Oct4, Klf4, and cMyc. These cellular intermediates were trapped in an unprowith only two TFs, Oct4 and Klf4. Although small molecules
ductive state in the absence of RepSox treatment. The authors
seem safer than transgene integrations, most of the small molconfirmed that RepSox did not replace Sox2 by directly activatecules involved in the replacement of one or more TFs tend to
ing endogenous Sox2, or a Sox family member, as no signifiimpact the cells directly at the epigenetic level, and this could
cant increase in the endogenous expression of Sox1, Sox2,
potentially lead to chemically induced mutations. In the previSox3, or the remaining Sox family transcription factors was obous study, BayK itself did not affect the cells at the epigenetic
served within the first two days of RepSox treatment. Morelevel, but caused mEF reprogramming only in the presence of
over, depleting Sox1, the most potent Sox family member after
BIX, which caused epigenetic modifications. There is a clear
Sox2, by using shRNA did not affect the reprogramming rate in
need to discover small molecules that can replace the TFs in
presence of RepSox. On further investigation, Nanog was
reprogramming and, at the same time, do not impact the cells
found to be among the most increased transcription factors
at the epigenetic level. To this end, research by Ichida et al.,
after RepSox treatment. Nanog expression levels, as compared
has led to the discovery of a small molecule, RepSox, that sucto untreated controls, increased fourfold within 24 h and tencessfully replaces Sox2 in reprogramming (hence the name
fold within 48 h. The researchers thus hypothesized that
RepSox) by inhibiting transforming growth factor-b (Tgf-b) sigRepSox replaced Sox2 in reprogramming through the inducnaling, which in turn induces Nanog expression.[16]
tion of Nanog transcription in the absence of Sox2.
The researchers discovered RepSox by first screening a liTo test if the inhibition of the Tgf-b signaling pathway inbrary of 800 distinct compounds, with known pharmacological
duced Nanog expression, RepSox-responsive cell lines were
targets, that could potentially replace Sox2. Oct4-GFP reporter
treated with alternative inhibitors of the Tgf-b signaling pathmouse embryonic and adult fibroblasts, virally transduced with
way such as SB43152- and Tgf-b-neutralizing antibodies. In all
Oct4, Klf4, and c-Myc, were treated with these compounds. This
cases (including treatment with RepSox), an increase in the exwas the preferred approach as it was unbiased with respect to
pression of Nanog was observed, thus confirming that RepSox
the mechanism of action of the different compounds. In the
replaced Sox2 by inhibiting the Tgf-b signaling pathway, which
hope of distinguishing the compounds that required chromatin remodeling from those that did not, the wells containing
in turn led to the sustained transcription of Nanog. Furtherthe compounds were treated with the HDAC inhibitor, valproic
more, a RepSox-responsive cell line, transduced with a lentiviacid (VPA). Of the 800 compounds in the initial screen, only
rus encoding the shRNA specific for Nanog, was treated with
three compounds successfully generated iPSCs. Of those three,
RepSox. It was observed that the Nanog knockdown cells
RepSox was the only compound found to successfully replace
reprogrammed at an efficiency that was 50 times lower than
Sox2 in the absence of VPA. Interestingly, RepSox was identithat of the empty vector control, thus confirming that RepSox
fied as a Tgf-b1 kinase inhibitor and did not require chromatin
replaces Sox2 by inducing Nanog expression. The fact that
remodeling to induce reprogramming.
Nanog compensated for the absence of Sox2 led the researchAnother important concern when generating iPSCs has
ers to reprogram mEFs retrovirally, transducing them with
always been the presence of the transgene c-Myc, which inOct4, Klf4, c-Myc, and Nanog (instead of Sox2). These cells gen-
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Generating iPS Cells
erated Oct4-GFP+ colonies as efficiently as those reprogrammed with Oct4, Klf4, c-Myc, and Sox2. Nevertheless, a definite
proof of pluripotency of these cells is still required to confirm
the replacement of Sox2 with Nanog as transcription factor in
reprogramming.
According to findings in the paper, a one-day treatment
with RepSox is sufficient to replace transgenic Sox2. This is in
stark contrast to the reprogramming achieved by transgenic
Oct4, Klf4, and Sox2, in which each transgene must be expressed for several days. The researchers believe that small
molecules such as RepSox can act as switches that induce
gene-expression changes that lead to the completion of reprogramming. Results such as these demonstrate the feasibility
and advantages of replacing the central reprogramming transgenes with small molecules. In addition, molecules such as
RepSox modulate discrete cellular pathways or processes
rather than modifying the chromatin structure; this makes
reprogramming significantly safer. The mechanism by which
RepSox replaces Sox2 without compromising the efficiency of
reprogramming clearly shows that small molecules can contribute to reprogramming in a very distinct manner when compared to the mechanisms of the factors that they replace.
The application of the chemical approach in stem-cell biology has advanced significantly over the last decade. Small molecules, in combination with known proteins have been used to
induce the robust differentiation of embryonic and adult stem
cells into specific cell types. For instance, neuropathiazol was
identified as a small molecule that could differentiate multipotent neural progenitor cells into mature neurons even under
gliogenic conditions.[17] Chemical libraries of pharmacologically
active compounds are regularly being screened to identify
small molecules that could potentially contribute to promoting
the differentiation or survival of stem cells in vitro.[13] Furthermore, advances in stem-cell biology have led to the reprogramming of somatic cells into pluripotent stem cells (iPSCs).
The small-molecule approach in this regard might be one of
the most efficient, safe, and cost-effective ways of generating
iPSCs. In the past couple of years, many research labs have
identified novel small molecules that can either replace certain
transgenes in reprogramming or improve the efficiency of
reprogramming. It is only a matter of time before a cocktail of
such small molecules will replace all reprogramming genes,
opening avenues to purely chemical reprogramming.
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The chemical approach: To overcome
the problems involved in using viral
vectors and transgenes to generate induced pluripotent stem cells, Ichida et
al., have discovered a small molecule,
RepSox, that successfully replaces the
transcription factor Sox2 in reprogramming somatic cells into iPSCs by inhibiting transforming growth factor-b signaling.
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