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Introduction: Stem Cells and Regenerative Medicine

Regenerative Medicine and the Promise of Stem Cells. The
ability to control the regeneration of tissues or organs that do
not normally regenerate in humans would have an enormous
impact onmedical practice aswell as on the general quality of
human life. The goal of regenerative medicine is to repair or
replace damaged or diseased adult tissues or organs. Three
general strategies are being investigated for regenerative
therapies: (1) cell based, (2) engineered bioscaffolds seeded
with selected cells prior to engraftment, and (3) boosting
endogenous repair mechanisms. Small molecule agents can
potentially play critical roles as part of all three approaches.

The cell-based approach has grown largely from the success-
ful use of hematopoietic stem cell (HSCa) transplants (bone
marrow transplants) for more than 50 years now, primarily to
treat blood disorders (for review, see ref 1). Recently, the
potential to significantly expand the scope of this approach
has gained momentum from the ability to isolate adult multi-
potent stem cells from virtually all organs as well as fromnewly
discovered capabilities to direct the differentiation of embryo-
nic stem cells (ES) to multiple lineages. The recent advent to
derive patient specific induced pluripotent cells (iPS) has
further enhanced the potential of this approach by removing
both ethical barriers and barriers to immunohistocompatibi-
lity. The third approach has to this point relied heavily on the
hope of recapitulating in mammals/humans some of the ex-
tremely impressive regenerative capacity of lower species (e.g.,
reptiles, amphibians, fish, and birds). However, the potential
success of this approach is evidenced by the use of agents such
as erythropoietin (EPO) and filgastrim (G-CSF) to boost
hematopoietic recovery. These represent important clinically
validated applicationsof this typeof approach.Thepotential to
expand this strategy and develop pharmacologic therapies to
boost endogenous repairmechanisms for awidearrayof tissues
by overcoming the intrinsic barriers to regeneration in mam-
mals remains an enormously exciting possibility.

In this review, we will discuss the significant potential role
that small molecules have to play in gaining a better under-
standing of stem cell biology, enabling regenerative thera-
pies, and treating stem cell based diseases.

Stem Cells.What is a stem cell? In the popular press, they
are characterized as cells with a tremendous potential to cure
a wide range of diseases or produce new organs for replace-
ment after damage via disease or injury. However, the term
stem cell is in fact extremely broad and covers a diverse array
of cell types. By definition, a stem cell is a cell that has the
capacity to self-renew (make at least one identical copy of
itself at each division) and also has the capacity to differ-
entiate into more mature, differentiated (and less potent)
specialized cells. Stem cells can be embryonic, if derived from
an embryo, or adult/somatic if derived from tissue. The
enormous interest elicited by embryonic stem (ES) cells is
based on their key property of pluripotency. Indeed, ES cells
possess the rare and precious capacity of generating all the
cell types found in embryos, as well as adult developed
organisms. This unique property has been lost in other
somatic stem cells (SSCs). SSCs are therefore described
as being multipotent, i.e., capable of generating multiple
differentiated cell types but generally restricted to that of a
particular tissue, organ, or physiological system (e.g., hema-
topoietic stem cells, neural stem cells, etc.) in which they
reside, as opposed to pluripotent.

Today, the basic molecular pharmacology/signaling net-
works in ES cells are coming into focus. Considerable effort
has been devoted to understanding the maintenance of the
pluripotent state. It is believed to rely heavily on the expres-
sion of a relatively few transcription factors, such as Oct4
and Nanog.2-7 Oct4 appears to be the most specific and
critical gene for the maintenance of pluripotency, as its
expression is mandatory for this purpose. However, expand-
ing our knowledge of the biology of ES cell pluripotency,
SSC multipotency, and the differentiation programs imple-
mented during development is critical. The potential appli-
cations of this expanded knowledge, however, are immense.
If, as hypothesized, similar signaling pathways could be
harnessed to produce specific cell types on demand (from
either pluripotent ES cells ormultipotent somatic/adult stem
cells), the potential benefits to regenerative medicine would
be enormous. Furthermore, these same pathways appear to
be corrupted in cancer (and in particular cancer stem cells/
tumor initiating cells) to drive malignancies. Understanding
how to correct these aberrantly utilized pathways in cancer

*To whom correspondence should be addressed. Address: Eli and
Edythe Broad Center for Regenerative Medicine and Stem Cell Research
at USC, University of Southern California, 1501 San Pablo Street, Los
Angeles, CA 90033. Phone: 1-323-442-2063. Fax: 1-323-442-4040. E-mail:
michael.kahn@keck.usc.edu.

aAbbreviations: iPS, induced pluripotent stem; HSC, hematopoietic
stem cell; ES, embryonic stem; SSC, somatic stem cell; MSC, mesenchy-
mal stem cell/multipotent stromal cell; CSC, cancer stem cell; TIC,
tumor initiating cell; LIF, leukemia inhibitory factor; NSC, neural stem
cell; MEF, mouse embryonic fibroblast.



3440 Journal of Medicinal Chemistry, 2010, Vol. 53, No. 9 Lukaszewicz et al.

stem cells will be critical to the effective treatment of malign-
ancies.

Stem Cells Come in Various Flavors

HumanEmbryonic StemCells. In the past decade, since the
first human embryonic stem (hES) cells were described,8 a
number of additional lines have been derived. These lines,
which are derived from the inner cell mass (ICM) of blasto-
cyst-stage embryos, can be cultured on feeder layers of
mouse embryonic fibroblasts (MEFs) in the presence of
serum and/or basic fibroblast growth factors (bFGF), where
they maintain self-renewal and pluripotent capacity9 (for a
recent review, see ref 10). However, protocols to cleanly and
completely differentiate hES cells into specific cell types have
not been successfully developed, thereby hindering the use of
these derivatives in transplantation therapies. A better un-
derstanding of the molecular programs governing lineage
commitment is desperately needed to achieve homogeneous
enrichment for cell types of interest. Furthermore, in addi-
tion to important ethical issues, many anticipated pitfalls in
the use of hES cells remain to be addressed, including
concerns regarding rejection of the transplanted cells, as well
as the possibility of ES cell-derived tumor formation.
Although hES cells are relatively immunologically inert
compared to normal somatic cells, blocking natural rejec-
tion is still required. Currently available immunosuppressive
drugs are far from ideal for long-term use and have been
associated with numerous complications, making the deve-
lopment of alternative solutions mandatory. One potential
solution to the rejection problem would be the creation of
individualized patient on demand specific “self” ES cells.
Nuclear transfer technology, involving the fusion of the
nucleus from a patient’s somatic cell with an enucleated
oocyte,11 is one method to achieve this strategy. Although
such patient-derived hES cells could provide a valuable
resource to better understand diseases and for drug testing,
this expensive and time-consuming technique is undermined
by its requirement for the destruction of an oocyte and
additionally brings us one step closer to human cloning.

Induced Pluripotent Stem (iPS) Cells. One way to circum-
vent some of the ethical and technical issues discussed above
is to generate ES-like cells directly from somatic cells. As
demonstrated by nuclear reprogramming technology, the
somatic cell nucleus, when exposed to the correct cellular
environment, can be reprogrammed to provide pluripotent
cells. Several years ago, Yamanaka and colleagues screened
for combinations of factors that could induce the reprogram-
ming of somatic cells (for recent reviews, see refs 12 and 13).
This groundbreaking study led to a potential major break-
through for cell therapy. They demonstrated that the forced
expression of only four transcription factors (i.e., Oct4,
Sox2, Kfl4, and c-Myc) is sufficient to dedifferentiate mouse
embryonic and adult tail-tip fibroblasts into pluripotent
stemlike cells14 (referred to as iPS; for a recent review, see
ref 13). Oct415 and Sox216 are known to be key representa-
tives of the core transcriptional apparatus, which synergis-
tically up-regulate “stemness genes” while repressing dif-
ferentiation pathways. However, Oct4 and Sox2 appear to
operate only in a permissive environment, i.e., an environ-
ment that is not provided in differentiated cells such as
fibroblasts but is created by epigenetic modifications by
the transcription factors Klf4 and c-Myc,14 or Lin28 and
Nanog.17 In conclusion, iPS derivation may provide an

appropriate method to generate both patient and disease
specific pluripotent cell lines, without raising ethical barriers.

Despite these advances, major limitations remained, as
initially iPS derivation was based on retroviral infections to
maintain the expression of the four key factors. This protocol
raised concerns for increased risk of tumorigenicity due to
multiple viral integration events and the overexpression of
c-Myc, a well-known proto-oncogene (for review, see ref 13).
To address this first point, alternative methods have
already been developed, using nonintegrating adenovirus,18

repeated transfection of plasmids,19 nonintegrating episomal
vectors,20 or protein expression,21 providing integration-free
and/or xeno-free conditions. However, these methods re-
main relatively inefficient. Most recently, the use of the
piggyBac transposon/transposase22,23 or Cre/LoxP24 sys-
tems have been reported to efficiently induce pluripotency
in bothmouse and human embryonic fibroblasts while being
virtually traceless.With regard to the second point, omission
of c-Myc in reprogramming protocols has been reported,
albeit with decreased efficiency, thereby considerably redu-
cing the risk of tumorigenicity.25 For example, the absence of
c-Myc can be compensated for by Wnt3a treatment.26

In conclusion, although tremendous progress has already
been made, the direct reprogramming process is still rela-
tively inefficient and slow, as well as based on a genetic
selection, thereby limiting its use for patient specific purposes
at present. However, this is an extremely active area of
research. Ultimately, the goal is to identify combinations
of transient cues to replace retroviral infection and the
genetic selection strategies used to establish iPS cell lines,
as well as to develop serum-free chemically defined media to
culture pluripotent cells and specifically trigger a given line-
age commitment pathway.

Somatic Stem Cells (SSCs). Another option worthy of
significant consideration is the use of endogenous SSCs via
isolation/amplification or alternatively via endogenous sti-
mulation. The first type of SSC to be isolated and utilized
therapeutically was the HSC in the form of bone marrow for
transplantation therapy.More than a half century later, their
self-renewal and multilineage differentiation capacity have
been fully demonstrated.More precisely, an entire hierarchy
of progenitors has been identified and isolated (for review,
see ref 1). These studies have been the template for the
isolation of a number of other SSC populations (e.g., Neural
Crest SC27). Adult SSCs, although frequently present in only
limited numbers, are believed to be the source for naturally
occurring tissue regeneration and repair in adult tissues, as
already demonstrated in the lung (for review, see ref 28), in
the heart after myocardial infarction (for review, see ref 29),
or in the adult CNS for therapeutic approaches to stroke and
neurodegenerative disorders (for review, see ref 30). Never-
theless, a great deal of work remains to isolate factors that
can mobilize and/or modulate endogenous stem cell popula-
tions to efficiently regenerate damaged tissue or that can
allow for the routine expansion in vitro, without differentia-
tion, of the SSC populations for cell therapy.

One caveat to this approach is that although many tissues
appear to have SSCs, to date, not all tissues have been proven
to contain adult SSC populations.31 Fortunately, in the past
decade, reports have indicated that some populations of
adult SSCs may possess greater plasticity than originally
believed. This has led to the concept that these adult SSC
populations could be utilized as multipotent progenitors,
which could be directed to a diverse array of lineages.
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Subsequently, significant effort has been devoted to deci-
phering the molecular mechanisms that regulate such plasti-
city and to developing ways to exploit it for therapeutic
purposes. Mesenchymal stem cells/multipotent stromal cells
(MSCs) are one of the most widely studied adult stem cell.
They can be readily derived from many adult tissues and
have been shown to give rise to many cell types (for review,
see ref 32). However, such transdifferentiation has been
controversial and has not been consistently reproduced
in vitro or in vivo, pointing out that significantly more work
will be required to understand and control this process. One
point of consternation with the introduction of ex vivo
cultured stem cells is their ability to home to and engraft in
the correct site and subsequently incorporate properly into
their new environment, as this has been proven to be
generally not a very efficient process. For example, MSCs
have been shown to have the capacity of promoting endo-
genous myelin repair and modulating the immune response
(for short review, see ref 33), despite a low level of engraft-
ment and/or transdifferentiation. Since MSCs are known to
produce a variety of cytokines and adhesion molecules that
regulate various aspects of hematopoiesis and the immune
response,34 it has been suggested that alterations in the tissue
microenvironment (more than transdifferentiation) may be
responsible for the positive outcome.35 This modulation
could enhance the proliferation and the differentiation of
endogenous stemlike progenitors found in many tissues and
decrease the inflammatory, immune, and fibrotic response,
which often limits endogenous regeneration. Furthermore,
the complexity and heterogeneity of MSC populations leave
room for the possibility that only a minority subpopulation
is actually responsible for the therapeutic effect of MSCs.
Identification, isolation, and optimization of factors capable
of positively altering the tissue microenvironment are of
primary importance to understand the underlying mechan-
ism and increase its efficiency. Further knowledge of how to
enhance engraftment and subsequent differentiation of in-
jected stem/progenitor cells is also essential.

Cancer Stem Cells (CSCs). The term cancer stem cell
(CSC) or tumor initiating cell (TIC) refers to cells that
propagate the tumor phenotype, hence their name. Like their
normal counterparts (SSCs), CSCs exhibit self-renewal
capacity and differentiation potential, albeit an aberrant
and incomplete differentiation potential. Since the initial
isolation of CSCs in leukemia, their existence in a wide
variety of other cancers has been successfully demonstrated
(for review, see ref 36). It is worth noting that the term CSCs
does not necessarily imply that these cells were directly
derived from mutations to normal tissue SSCs. Alterna-
tively, CSC/TIC may be derived from progenitor popula-
tions that have acquired mutations that have essentially
reprogrammed the cell to a “stemlike” status.37 Therefore,
the term TIC may be generically more appropriate. Tradi-
tional therapies, targeting rapidly proliferating cell popula-
tions, often with cytotoxic agents, may kill the bulk of the
tumor, yet are inefficient at targeting the CSC/TICs. For this
reason, alternative therapies, which directly target CSCs, are
needed to complement classic approaches. A significant
caveat to this approach is that given the similarities between
endogenous SSC and CSC/TIC, the potential to damage the
endogenous normal population is ever present. To success-
fully accomplish this approach, we will need to improve our
understanding of stem cell biology: understanding the mole-
cular pathways that regulate normal SSC versus CSC

activation versus quiescence in tissues. This may be the key
to successful cancer chemotherapy, as most cancers pro-
bably originate from an inappropriate perturbation of the
finely tuned balance of stem cell quiescence versus activa-
tion and subsequent terminal differentiation. Normal and
cancer somatic stem cell biology and the mechanisms that
govern their maintenance and differentiation are undoubt-
edly closely entwined.

Small Molecule Phenotypic Screening, Chemical Genomics,

and Regenerative Medicine

The promise of small molecules for use in regenerative
medicine depends on identifying small molecules, which
activate, synergize, inhibit, or modulate complex natural
pathways required for self-renewal and/or differentiation
while havingminimal side effects. This Perspective will briefly
review recent developments in the use of small molecules to
(a) control self-renewal of embryonic and adult stem cells,
(b) control the balance between pluripotency/multipotency
and lineage commitment, (c) enhance the derivation of iPS
cells, and (d) pharmacologically enhance endogenous repair
mechanisms to enable the goals of regenerative medicine.

As described below, the majority of studies published to
date have focused the selection process for candidate small
molecules on phenotypic screening. However these studies
often omit the identification and validation of the molecular
target(s) or pathway(s) responsible for the activity of the
identified hits. From our perspective, this is how we defini-
tionally distinguish “small molecule phenotypic screening”
from “chemical genomics”. While inherently not problematic
froma process perspective, small molecule phenotypic screen-
ing alone limits the ability to enhance our knowledge con-
cerning the fundamental networks that control “stemness”
and lineage commitment.

Maintenance of Embryonic Stem Cell Pluripotency.

Although embryonic stem cells can be grown in culture
essentially indefinitely, this has traditionally required the
use of fibroblast feeders and serum. Current conditions
result not only in suboptimal maintenance of pluripotency
and proliferation, thereby increasing the complexity of bio-
logical studies, but also in prohibiting those cells from being
utilized in patient cell replacement therapy for safety rea-
sons.However, to be readily translated clinically for therapy/
transplantation, there exists a need to develop feeder-free,
chemically defined media to culture embryonic stem cells.

Mouse ES Cells.Mouse ES (mES) cells have been derived
and maintained for decades often by coculture on a feeder
layer of mitotically inactivated MEFs, in the presence of
leukemia inhibitory factor (LIF) and serum. Such a complex
and only partially defined environment provides a “cocktail”
of signaling molecules synergistically sustaining pluripo-
tency and proliferation of mES cells. Smith and collabora-
tors demonstrated that mES cell self-renewal capacity,
which is generally enabled by activation of the LIF/STAT3
pathway, can also be maintained solely by stimulation of
BMP signaling.5 The presence of BMPs in the media triggers
the synthesis of inhibitors of differentiation (Id) transcrip-
tion factors, thereby blocking differentiation programs, act-
ing in synergy with the stimulation of pluripotency and
self-renewal activity sustained by LIF signaling. The main-
tenance of pluripotency of mES cells by LIF has been further
distilled down to (i) activation of the STAT3 pathway to
maintain self-renewal and (ii) inhibition of ERK signaling to
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suppress differentiation.6,38 Taken together, this simple dis-
tillation of the biology of mouse ES cells allowed for a direct
search for specific regulators of “stemness” and laid the
groundwork for development of chemically defined media
sustaining mES cell pluripotency and proliferation. Inhibi-
tors of MEK, such as PD98059 (Figure 1, structure 1), and
of p38 MAPK, such as SB203580 (Figure 1, structure 2) or
PD169316 (Figure 1, structure 3), have also been shown
to enhance self-renewal and decrease LIF withdrawal trig-
gered apoptosis, thereby potentially improving ES cell main-
tenance.39,40 Recently, combinations of LIF with MEK

inhibitor, LIF with GSK3 inhibitor, or inhibitors of MEK/
GSK3/FGFR have been used to sustain self-renewal and the
derivation of variousmES cell lines under chemically defined
conditions.41

The use of small molecules with known molecular targets
highlights the significant role that smallmolecules can play in
controlling the complex regulatory circuits involved in stem
cell biology. However, a limitation of this target-based
method is the need a priori for reasonable knowledge of
the molecular pathways involved in stem cell biology and
ready access to specific inhibitors of the molecular pathways

Figure 1. Structures and described modes of action of small molecules that have been shown to regulate stem cell biology and are potentially
useful for regenerative medicine.
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that one is attempting to manipulate. This is particularly
problematic in stem cell biologywheremanyof the biological
mechanisms are still not completely understood. Given our
current partial understanding about the control of stem cell
fate, unbiased phenotypic screens of chemical libraries hold
great promise for the generation of desired cell types in a
controlled manner as well as for providing useful tools to
study the underlying mechanisms involved in stem cell
regulation. A number of high throughput, cell based screens
of chemical libraries have been performed on mES cells (for
review, see ref 42). Assessment of “stemness” is usually based
on GFP expression as a readout based upon Oct4-promoter
activity (lost after only 4-6 days in vitro without feeders
and/or LIF) or simply on alkaline phosphatase (AP) activity,
a marker of ES cell pluripotency. Using this type of ap-
proach, Ding and collaborators demonstrated that the small
molecule SC1 (pluripotin; Figure 1, structure 4) is sufficient
to replace both feeder cells and LIF by apparently inhibiting
both ERK1 and Ras-GAP-dependent signaling, thereby
promoting self-renewal.43

Human ES Cells. hES cells appear, at least at first blush, to
share very few characteristics with their mouse counterparts,44

besides the key “pluripotency transcription factors”, i.e., Oct4,
Nanog, and Sox2, which they have in common.45-47 The
extrinsic factors regulating hES cell maintenance and early
differentiation events seem to differ from mES cells and, to
date, are poorly understood. It is clear that LIF signaling does
not play a significant role in maintaining hES cell self-renewal
capacity, despite the ability of LIF to similarly activate the
STAT pathway in hES cells as it does in mES.48 Furthermore,
BMP signaling seems to increase the differentiation of hES
cells49 as opposed to maintaining pluripotency as previously
described in mES cells. Wnt signaling, which in some reports
has been demonstrated to have positive effects on the main-
tenance ofmES cells, appears to also facilitate themaintenance
of the undifferentiated phenotype and maintain expression of
critical “pluripotency” transcription factors in hES cells.48

More precisely, Brivanolou and colleagues described the posi-
tive, although limited time frame effects of BIO (Figure 1,
structure 5), a known small molecule inhibitor of the Ser/Thr
kinaseGSK-3, on bothmouse and humanES cell maintenance
while preserving a normal differentiation program capacity
after withdrawal. However, there is some controversy regard-
ing this report.50 In an unbiased high throughput screen,
Desbordes and colleagues identified four small molecules cap-
able of replacing bFGF signaling in maintaining hES cells,
based on Oct4 expression. A more detailed analysis showed
that theanine (THEA, Figure 1, structure 6), sinomenine
(SNM, Figure 1, structure 7), gatifloxacin (GTFX, Figure 1,
structure 8), and flurbiprofen (FBP, Figure 1, structure 9)
sustain both Oct4 and Nanog expression in at least two
different hES cell lines (H1 and H9).51 Although these com-
pounds all appear to aid in the maintenance of pluripotency,
they are used at extremely high concentrations (approximately
100 μM) and their lack of structural similarities leads one to
conclude that they may act through various targets/pathways.

Lastly, hES cells are known to be relatively difficult to
culture because of slow growth and hypersensitivity to
stresses such as detachment and complete dissociation.
Screening for caspase inhibitors, growth factors, or kinase
inhibitors, which could potentially improve the yield of
survival upon hES cell manipulation, Watanabe and col-
leagues isolated the Rho-kinase/ROCK inhibitor (Y-27633,
Figure 1, structure 10), which could significantly decrease

dissociation and detachment-triggered apoptosis.52 This was
an important discovery to aid in single cell passaging (hence,
clonal isolation) as well as suspension culture (hence, EB
differentiation). This result has been recently confirmed and
extended in a study that also suggested a positive role of PKC
inhibitors on hES cell survival.53

InVivoModulation/Activation of StemCells.The ability to
modulate/activate endogenous somatic stem cells to repair
damaged tissues or organs would overcome many of the
limitations previously outlined for the use of ex vivo cultured
stem cells. However, with the exception of the remarkable
regenerative capacity of the adult liver,54 adult stem cells
have an apparently limited replacement capacity. Unques-
tionably, there is an overall decline in tissue regenerative
capacity with age. However, these changes apparently are
not due to gradual depletion of the stem cells (for example,
with HSC, see ref 55) as in fact there is an apparent increase
in SSC number with age. Therefore, finding molecules cap-
able of increasing the regenerative capacity of SSCswould be
of significant value for therapeutic protocols. As an example,
promising studies have already reported molecules capable
of endogenously stimulating self-renewal of HSC. Bug
and collaborators56 have shown that valproic acid (VPA,
Figure 1, structure 11), a nonselective HDAC inhibitor
previously known to contribute to inducing differentiation
or apoptosis of leukemic blasts, also stimulates prolifera-
tion and self-renewal of normal HSC. More recently, North
and colleagues57 performed a small molecule screen for
molecules modulating SC content in the zebrafish aorta-
gonad-mesonephros region. Many chemicals that affected
HSC numbers in this screen54 were modulators of prosta-
glandin (PG) E2 synthesis, the main effector prostanoid
produced in zebrafish. The authors demonstrated a con-
served role of PGE2 in the regulation of vertebrate HSC
homeostasis, concluding thatmodulation of the PGpathway
may facilitate the expansion of HSC number for therapeutic
purpose. It is interesting to note that PGE2 through the EP2
and EP4 receptors can also activate the Wnt signaling
cascade.58 In general, better characterization of the stem cell
niche and mechanisms by which SSC can be activated would
improve our understanding of stem cell homeostasis and our
capacity to appropriately stimulate it when needed.

Reprogramming: Generation of iPS Cells. As described
earlier, direct reprogramming of somatic cells is a slow and
inefficient process, the molecular mechanism of which remains
poorly understood. Recently, Mikkelsen and colleagues59 sys-
tematically compared the genetic and epigenetic profile of ES
cells, iPS, and partially reprogrammed cell lines in order to
better understand the key elements underlying the establish-
ment of pluripotency. This study offered important insights for
the development of safer and more efficient reprogramming
strategies. They concluded that establishment of a pluripotent
state requires (i) repression of lineage-specific genes, (ii) estab-
lishment of an “open” chromatin stage, and (iii) reactivation of
endogenous pluripotency-related genes. These three elements
are limiting factors for direct reprogramming; hence, a direct
approach to each of these elements is required for improving
the efficiency of iPS derivation.

In their study,Mikkelsenandcolleagues59 first demonstrated
that chromatin demethylation can lower the kinetic barrier to
direct reprogramming.When they inhibited endogenousDNA
methyltransferase activity either by treatment with a specific
inhibitor, 5-aza-cytidine (AZA, Figure 1, structure 12), or by
RNA interference of Dnmt1, both methods led to a significant
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increase in reprogrammingefficiency.This improvement canbe
further enhanced by repressing the expression of endogenous
lineage specific transcription factors. The importance of epige-
netic modulation for the control of cellular potential was
further demonstrated using 11, which improves the efficiency
of mouse fibroblast reprogramming with the four required
transcription factors bymore than 100-fold. It also allowed for
the abandonment of c-Myc in the reprogramming cocktail.60

Melton and collaborators60 demonstrated that 11 also im-
proves reprogramming of human fibroblasts and enables
reprogramming to take place with only exogenous Sox2 and
Oct4 expression. Similarly, a 2000 compound screen identified
BIX (Figure 1, structure 13), an inhibitor of the G9aHMTase,
for its positive impact on MEF reprogramming efficiency. 13
allows reprogramming under Oct4 and Klf4 forced expression
only, although efficiency is greatly affected.61 Taken together,
these studies shed light on the importance of epigenetic modifi-
cations for the control of cellular potential and its key role in
cellular reprogramming.

However, these treatments only render cells more permis-
sive to reprogramming and cannot in any way be considered
as having a specific impact on the regulation of gene expres-
sion. As described by Mikkelsen and colleagues,59 lineage-
specific transcription factors need to be down-regulated,
whereas pluripotency genes need to be up-regulated to
achieve complete reprogramming. Obviously, such genetic
reorganization can be triggered by the forced expression
of the four reprogramming factors: Oct4, Sox2, Klf4, and
c-Myc. It is of primary importance to find ways to recapitu-
late this effect while avoiding the use of oncogenes and viral
vectors. One promising approach is to reprogram cells that
already express high endogenous levels of some of those
genes. Neural stem cells (NSCs), for example, which are
potentially available from human biopsies, are known to
express high levels of Sox2. Recently, Schoeler and collabo-
rators have shown that NSCs also express c-Myc, Klf-4, as
well as AP and SSEA-1, twomarkers of ES cell pluripotency.
Starting from this population, pluripotency has been
achieved merely by overexpressing Oct4 and Klf-462,63 or
even more recently by overexpressing Oct4 alone.64 Never-
theless, despite the fact that such alternative reprogramming
protocols rely on less genetic manipulations, they are also
less efficient and NSCs are not nearly as readily obtainable
as fibroblasts. Ideally, one would like to identify small
molecules capable of triggering or replacing Oct4 and Sox2
up-regulation in fibroblasts. BayK8644 (Bayk, Figure 1,
structure 14) appears to possess some of these characteris-
tics.6114, an L-channel calcium agonist, was isolated in a
small molecule screen of 2000 compounds to improve repro-
gramming efficiency. 14 treated MEFs also treated with 13

after Oct4 andKlf4 overexpression could be reprogrammed.
Since 14 does not show any effects on its own, it is believed
that 14 could actually impact more specifically at the cell
signaling/transduction level in the permissive cellular envir-
onment created by 13 treatment and Oct4 and Klf4 over-
expression. Despite the importance of this finding, Oct4
appears strictly necessary for reprogramming. Isolating a
small molecule sufficient to replace Oct4 overexpression
remains an important challenge in this field.

iPS Selection. Finally, another major limitation to repro-
gramming protocols developed so far is the fact that they rely
on genetic selection to unveil the iPS colonies. This cannot
lead in any case to applicable cell therapeutic strategies for
obvious reasons. In that regard,Ding and collaborators have

described a chemical selection technique for iPS colonies.62

The MEK inhibitor PD0325901 (Figure 1, structure 15), when
applied at the later stages of reprogramming, inhibits the growth
of non-iPS colonies and promotes the growth of reprogrammed
iPS colonies. MEK is believed to be necessary for cell cycle
progression in somatic cells, whereas mouse ES cells are insensi-
tive.MEKinhibition alsopreventsmouseEScell differentiation.
As a consequence, the cultures contain larger and more homo-
geneous Oct4-GFPþ colonies, expressing higher levels of Oct4.
Use of a small molecule, such as 15, to select and also maintain
iPS colonies in culturemaybe important in achieving a safer and
more efficient reprogramming strategy.

Control of Lineage Commitment. As described above,
pluripotent and multipotent cells have been isolated and
cultured (ES, iPS cells, MSC, etc.), raising the hope that they
can be specifically differentiated into any cell type required
for cell therapy as well as basic biologic and pharmacologic
studies. To date, conventional methods for cellular differ-
entiation of ES and iPS cells (EB formation, coculture with
feeders) are neither efficient nor specific and thus require an
appropriate selection of the cell type needed. Efforts have
been made to improve these protocols. For example, Smith
and collaborators achieved up to 60% neuronal differentia-
tion, exploiting the default choice of mES cells.65 Jessell and
collaborators obtained motor neurons (MNs) by the addi-
tion of multiple sequential or combinatorial signals to pro-
gressively drive the cells toward this phenotype.66 Never-
theless, even considering one of the most efficient protocols
to date,65 still “a minority of cells” differentiate into non-
neural cell types and 10-15% persist as clusters of undiffer-
entiated ES cells”, this represents a major risk for cellular
therapy. The in vitro differentiation process needs to become
much more efficient and specific to be viable for clinical
utilization. Again, small molecules offer great promise in this
regard. Recently, a small molecule, stauprimide (Figure 1,
structure 16) has been isolated froma high-content screen for
its capacity to direct mouse and human ES cells toward
differentiation process.67 16 could “prime” pluripotent cells
for differentiation, which in combination with the appro-
priate extracellular cues could significantly reduce some of
the inherent risks associated with currently available proto-
cols.

Over 2 decades ago, 12 was shown to induce muscle cell
differentiation from mesenchymal cells by inducing MyoD
expression.68 This could be considered among the earliest
evidence that small molecules could have a major impact on
cellular differentiation. Recently, a great deal of effort has
been focused on the neuronal differentiation process, with
the hope to potentially “prime” transplantable cells such as
iPS or ES cells to cure degenerative neurological diseases or
injuries. Although retinoic acid (RA, Figure 1, structure 17)
has proven to induce differentiation from multiple cell lines,
its effects are pleiotropic, so the need for more specific and
efficient molecules remains. Adopting a candidate-based
strategy, Chambers and colleagues have recently developed
a very efficient method to derive neurons.69 The critical role
of SMAD signaling in preventing neural induction has been
previously demonstrated. Starting with adherent cultures of
human ES or iPS cells, the authors described the synergistic
effect of two upstream inhibitors of SMAD dependent
transcription, i.e., the protein noggin and the small molecule
ALK5 (TGFβ receptor 1) inhibitor SB431542 (Figure 1,
structure 18), which enables an almost complete (>80%)
neuronal induction.
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In parallel, high throughput phenotypic screens have been
performed, leading to the isolation of molecules specifically
directing precursors toward a defined phenotype. For example,
TWS119 (Figure 1, structure 19) has been shown to induce
neuronal differentiation of mouse P19 EC and ES cells by
inhibiting GSK-3β activity and thereby stabilizing β-catenin.70

More recently, phosphoserine (p-Ser, Figure 1, structure 20)
has been found to induce neuronal differentiation of primary
NSC and hES cells.71 Also, neuropathiazol (Figure 1, structure
21) was identified for its capacity to inhibit the proliferation of
adult hippocampal NSC and induce neuronal differentiation
and survival at the expense of astroglial differentiation.72

Interestingly, similar results have been previously found for
11, both in vitro and in vivo.73 These are just a few examples
amongmany studies aimed at the discovery of small molecules
capable of influencing the fate of pluripotent progenitors (for a
recent excellent review, see ref 42). Neurons are obviously not
the only cell type of interest. Better control over the production
of HSCs, cardiomyocytes, myoblasts, pancreatic islets, etc. is
necessary to enable cell based therapies for numerous diseases
and injuries.

Chemical Genomics

Chemical genomics is a powerful method to complement
more traditional genetic techniques (i.e., knockout mice,
siRNA) for the dissection of complex signaling networks.
Small organic molecules that selectively modulate cellular
networks that are composed of complex protein/protein
interactions and control cellular/organismal phenotypes re-
present powerful tools to study complex cellular processes.
Large-scale forward chemical genomic screens do not bias the
choice of molecular target but rather seek to find any relevant
target(s) in a pathway and, as such, are well adapted to study
complex signaling networks, where all the components and
interactions might not be known. The ability to selectively
block a subset of protein/protein interactions provides the
unique ability to modulate signaling networks without com-
pletely ablating potentially critical components that partici-
pate in multiple signaling networks.

The phenotypes of self-renewal and differentiation depend
upon specific, coordinated, and only partially understood
patterns of gene expression, which are defined by both cell
type and functionality. The ultimate goal of chemical geno-
mics to enhance regenerative medicine is to understand the
mechanism of reagents/drugs in terms of the transcriptional
and regulatory machinery, which they affect. Hence, mole-
cular targets, whether on the cell membrane or in the cyto-
plasmor nucleus, become “validated targets” once they canbe
correlated with the complex pattern of gene expression asso-
ciated with the phenotypic outcome of treatment with the
compound. The complexity of signal transduction pathways
and the ubiquitous crosstalk between pathways, however, can
substantially complicate this correlation. One has to also be
always cognizant of the fact that even an extremely specific
perturbation of a particular pathway will undoubtedly cause
compensatory responses in the system (be it cell or organism).
Furthermore, it is doubtful that in vitro studies alone will
suffice to adequately address these complex questions, as the
cellular pathways that control self-renewal and differentiation
are features of living systems that need to be addressed within
the context of these intact systems (i.e., combination of cell
intrinsic and cell extrinsic events or, alternatively stated, the
interactions between a stem cell and its niche).

Methodology. Understanding the cellular machinery that
regulates self-renewal and differentiation requires techni-
ques that perturb specific molecular interactions (or targets)
while not directly affecting other molecular interactions in a
living cell. Knockouts or siRNAknockdowns, by removal of
a molecular target, essentially block all of the interactions of
the specific gene/protein that is being targeted. Small mole-
cule pharmacologic tools/drugs, by virtue of their generally
small surface area or contact/binding surface relative to their
protein molecular target, have the potential to specifically
block a subset of protein/protein interactions while leaving
others unaffected. This is especially important when con-
sidering large scaffolding proteins, which generally have
multiple interactions under differing sets of conditions and
are often responsible for the integration of multiple signal
transduction pathways.

The choice or design of the chemical libraries used for
chemical genomic screening, however, is critical. Although
not biased by restriction to known molecular targets, in
order to achieve success, the compounds in the library may
need to interact with large biomolecules that constitute the
potential molecular targets. Although via synthetic organic
chemistry one can potentially synthesize an extraordinarily
large array of stable molecules, only a small portion of this
random chemical space is probably relevant to interaction
with “biochemical” space. Nature utilizes a very simple set of
building blocks, i.e., essentially 20 amino acids to synthesize
all of the proteins, which serve as components of the cel-
lular machinery that are sufficient to orchestrate the net-
work specificity and fidelity required for life. Nature also
effectively utilizes “optimized protein-structural motifs/
domains” (i.e., PDZ, SH2, etc.) time and time again; there-
fore, many macromolecules can be grouped into related
“superfamilies” based upon similar 3D architectures. There-
fore, targeting “superfamilies” with chemical libraries that
contain privileged scaffolds or motifs that recognize nature’s
proprietary set of architectures would seem to represent a
rational basis for chemical genomic approaches.74-77

Following this line of thought a bit further, one can utilize
“templated” chemical libraries, where diversity elements are
presented around a basic frame or template that is known to
interact with relevant “biochemical space”(Figure 2).78-81

This allows for specifically identifying target molecules with-
in relevant “biochemical space” with distinct diversity ele-
ments (hence specificity). This approach also provides
fundamental structure-activity relationship (SAR) infor-
mation from high throughput screens, as each member of
the library is related to all the other members of the library
through the basic core template. By changing the diversity
elements on the same core template, one can readily screen
and identify “hits” for a range of structurally related mem-
bers of a superfamily. Additionally, by changing the temp-
late slightly, yetmaintaining the same diversity elements, one
can potentially optimize interactions. Furthermore, high
throughput combinatorial synthesis of templated libraries
allows for relatively facile optimization of identified leads.

Target identification, the key bottleneck in chemical geno-
mics, represents more than simple physical demonstration of a
binding interaction between a small molecule and a potential
“target”.For example, almost all smallmoleculeswill “bind” to
serum albumin to some extent, yet this does not mean that
serum albumin is the molecular target responsible for the
relevant biological activity of the compound. Experimental
methods in molecular biology (i.e., gain of function/loss of
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function type experiments) allow for the demonstration of
the target-dependent mode of action of a small molecule and
hence the “validation”of thedrugsmolecular target.Hence, the
concepts of “target identification/validation” and “specificity
of action” rest on the cumulative consistency of all the experi-
mental evidence within the proposed model.

WNT Signaling in Stem Cell and Cancer Stem Cells: A

ComplexCascadeDissected viaChemical Genomics.TheWnt
signaling cascade is an extremely complex signal transduction
system involving 19 extracellular mammalian glycoprotein
Wnt ligands, 10 Fzd family 7-TM spanning receptors, and

the coreceptorsLRP5, 6, aswell as additional nonclassicalWnt
receptors (e.g., Ryk, Ror). Wnt ligands trigger a variety of
intracellular responses broadly associated with canonical
(increase in nuclear β-catenin) and noncanonical (planar cell
polarity, Ca2þ/PKC activation). In a gross oversimplification,
the former is often associated with proliferation and lack of
differentiation (for example, as a hallmark of dysregulatedWnt
signaling in cancer), whereas the latter is often associated with
cell and organismal differentiation. Beyond classical Wnt
activated translocation of β-catenin to the nucleus, a number
of other factors (growth factors, prostaglandins, etc.) can

Figure 2. Templated library approach (reverse turn/helix template and extended strand template) and published examples therof.
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induce the nuclear localization of β-catenin. β-Catenin plays a
key role in both aspects of the Wnt signaling cascade (cano-
nical and noncanonical) through both its nuclear functions
and cytoskeletal/cytoplasmic membrane interactions. Nuclear
β-catenin drives the expression of a Wnt/catenin regulated-
cassette of genes, whereas outside of the nucleus, β-catenin
plays a critical role in cell-cell interactions and cellular polar-
ization. Rather than being thought of as distinct signal trans-
duction systems, we believe that the balance and coordination
between nuclear/transcriptionally active β-catenin and cyto-
plasmic/cytoskeletal β-catenin couple canonical with noncano-
nical Wnt signaling.

Wnt signaling plays important roles throughout develop-
ment.82 Although most would agree that Wnt signaling is
important in stem cell biology, there is no consensus as to
whether Wnt signaling is important for proliferation and
maintenance of potency (pluri- or multipotency) (e.g., see
refs 48, 46, and 83) or differentiation of stem/progenitor
cells.50,84 Wnt/β-catenin signaling has been demonstrated to
maintain pluripotency in ES cells48 and is critical for the
expansion of neural progenitors, thereby increasing brain
size.85 However, Wnt/β-catenin signaling is also required for
neural differentiation of ES cells,86 fate decision in neural
crest stem cells,87 and Wnt3a has been reported to promote
differentiation into the neural and astrocytic lineages by
inhibiting neural stem cell maintenance.88 Clearly, Wnt/
β-catenin signaling also plays a critical role in lineage deci-
sion/commitment. These dramatically different outcomes
upon activation of the Wnt signaling cascade have fueled
enormous controversy concerning the role of Wnt signaling
in maintenance of potency and induction of differentiation.

Until recently, a rationale for the dichotomous behavior
of Wnt/β-catenin signaling in controlling both prolifera-
tion and differentiation has been unclear. Recently, using a
selective antagonist of the CBP/β-catenin interaction ICG-
00189 (Figure 1, structure 22) that we identified utilizing a

chemical genomic approach,81 we have developed amodel to
explain the divergent activities of Wnt/β-catenin signaling
(Figure 3). Our model highlights the distinct roles of the
coactivators CBP and p300 in the Wnt/β-catenin signaling
cascade.90 The critical feature of the model is that CBP/β-
catenin mediated transcription is critical for stem cell/pro-
genitor cell maintenance and proliferation, whereas a switch to
p300/β-catenin mediated transcription is the initial critical
step to initiate differentiation and a decrease in cellular
potency.Again, this represents anoversimplification. In reality,
although a subset of the gene expression cassette that is
regulated by the CBP/β-catenin arm is critical for the main-
tenance of potency and proliferation (e.g., Oct4, survivin, etc.),
other genes that are regulated in this manner (e.g., hNkd and
axin2) are in fact negative regulators of the CBP/β-catenin arm
of the cascade (Figure 4).91,92 This inherently makes perfect
sense. Assuming potency and activation of the CBP/β-catenin
arm are the default pathway, at some point, in order for
development to proceed, one must stop proliferation, exit cell
cycle, and initiate the process of differentiation (Figure 4).

Identification of the small molecule IQ-1 (Figure 1, struc-
ture 23; Figure 4) that allows for the Wnt/β-catenin-driven
long-term expansion ofmouse ES cells by blocking the p300/
β-catenin interaction and thereby prevents spontaneous
differentiation in the absence of LIF is consistent and lends
further credence to our model.93 This study demonstrated
that 23, in combination with Wnt3a to stimulate nuclear
translocation of β-catenin, is sufficient to sustain pluripo-
tency by decreasing the interaction of β-catenin with p300
and consequently increasing its interaction with CBP. Re-
moval of 23 from the mES cultures rapidly leads to loss of
pluripotency, even in the presence of Wnt3a. The switch to
p300/β-catenin mediated transcription, whether induced
pharmacologically (Figure 4) by removal of 23 or addition
of 22 or naturally (e.g., LIF withdrawal), is critical to initiate
a differentiative program with a more limited proliferative

Figure 3. A negative feedback normally turns off the CBP/β-catenin arm of the pathway and initiates differentiation via the p300/β-catenin arm.
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capacity.90,93 Importantly, the β-catenin coactivator switch-
ing mechanism is also critical in the maintenance of hES cell
pluripotency and bothmouse and human SSC populations94

(and Kahn et al., unpublished results). These studies repre-
sent additional “proof-of-principle” that complex pheno-
types can be controlled by a single small molecule, isolated
for its desirable and specific pharmacologic activity.

Translation to Cancer and Other Diseases of Somatic Stem

Cells. The similarities between normal adult stem cells and
cancer stem cells (CSC) suggest that the signaling pathways
(e.g., Wnt, Hedgehog, and Notch) involved in regulating SSC
maintenance are also involved in the regulation of CSC.
Aberrant regulation of these same pathways leads to neoplastic
proliferation in the same tissues.95,96 Interestingly, progression
of chronic myelogenous leukemia from chronic phase to blast
crisis and imatinib resistance was correlated with increased
nuclear β-catenin levels, a hallmark of increased Wnt/TCF/
β-catenin transcription.97 Recent studies have revealed that
multidrug resistance genes, including MDR-1, ABCG2,
ABCA3, and BRCP1, are also intrinsically expressed in stem/
progenitor cells from multiple adult tissues and that they may
contribute to the side population (SP) phenotype of malignant
cells.98-100. Wnt/β-catenin signaling appears to play an im-
portant role in ABCB1/MDR-1 transcription. This observa-
tion was initially based upon the increased expression of
MDR-1 associated with intestinal crypt cells, which carry a

defective APC tumor suppressor gene in both the Min mouse
and FAP patients.101,102 Putative TCF binding elements were
also identified in theABCB1 promoter (-1813 to-275 bp).101

Canonical Wnt signaling is believed to play an important role
in the maintenance of hematopoietic progenitors and also in
the lineage commitment of progenitors during hematopoiesis.
Expression of survivin, which we have demonstrated is a Wnt/
CBP/β-catenin regulated gene,103 is important during hema-
topoeisis,104 and it is prominently up-regulated in CD34þ

hematopoietic stem/progenitor cells upon growth factor treat-
ment. Survivin-deficient hematopoietic progenitors show de-
fects in erythroid and megakaryocytic formation.105 Recently,
continued expression of survivin upon differentiation has
been associatedwith teratoma formation by hES cells.106How-
ever, it is worth noting that β-catenin-deficient107 and even
β,γ-double deficient108 mice maintain apparently normal
hematopoiesis through the Wnt signaling cascade,109 pointing
to yet uncharacterized catenin-like molecule(s) that can com-
pensate for the loss of both β and γ catenins.

Given the fact that multiple mutations can lead to the
aberrant activation of nuclear β-catenin signaling, there is a
clear need for drugs that attenuate the nuclear functions of
β-catenin. The smallmolecule antagonist that our laboratory
developed, 22, by binding to the coactivator CBP and not to
its highly homologous relative p300, specifically down-regu-
lates a subset of Wnt/β-catenin-driven genes including

Figure 4. Wnt signaling is a complex pathway, believed to be involved in the regulation of divergent processes, including the maintenance of
pluripotency and commitment to differentiation. To resolve these divergent responses to activation of Wnt/β-catenin signaling, we have
developed a model in which β-catenin/CBP-mediated transcription is critical for the maintenance of potency, whereas a switch to β-catenin/
p300-mediated transcription is the first critical step to initiate differentiation. Hence, the balance between CBP and p300-mediated β-catenin
transcription regulates the balance between maintenance of potency and the initiation of commitment to differentiate. The interaction of
β-catenin with either CBP or p300 can bemodulated by two small molecules, respectively, ICG-001 and IQ-1, identified in our laboratory. As a
consequence, these small molecules regulate Wnt signaling pathway outcomes.
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S100A4 and survivin, the number 1 and 4 transcriptomes up-
regulated in cancer.89 22 has proven to be an invaluable tool
in helping us to dissect the complex signal transduction
pathways and interactions involved in the regulation of
“stemness”.

An Integrated View of “Stemness”

Even from the abbreviated review above, certain character-
istics about “stemness” in a variety of systems, i.e., embryonic
stem cells, iPS cells, SSCs, and CSCs, appear to be conserved.
For example, althoughnot identical inmESandhES (possibly
because of the status of the ES cell in these two species (i.e.,
stem versus epistem cell110), there are a number of critical
pathways that are involved in the maintenance or loss of
potency in all of these cell types (i.e., Wnt, Notch, Hedeghog,
TGFβ/BMP, JAK/Stat, FGF/MAPK/PI3K). Another con-
clusion that one can draw from the studies described above,
which again only represent a small fraction of the work
already published (please see reviews listed above in the text),
is that there are many potential points of intersection along
these critical signaling networks where one can utilize small
molecules to modulate “stemness” and the maintenance or
loss of potency (i.e., initiation of differentiation). Finally, we
believe that the ultimate decision for a cell to retain potency or
initiate differentiation, although enormously complex, taking
in hundreds if not thousands of inputs (e.g., concentrations of
different growth factors, cytokines, and hormones and the
subsequent activation of different signal transduction com-
plexes and kinase cascades, ionic concentrations (e.g. Ca2þ),
nutrient levels, oxygen levels, genetic mutations, adhesion to
substratum, etc.), in the end must be integrated and funneled
down into a simple decision point, i.e., a yes/no binary
decision (Figure 5). That is, after reading all of this input
information, the cell must decide either tomaintain its level of
potency (be that ES or somatic stem cell) or to go on to

differentiate and lose a level of potency. More recently, it has
become clear that this decision process/point is also reversible
(iPS cells demonstrating this most clearly, as well as much
earlier work on transformation/immortalization of cells).26

On the basis of our own investigations, we propose that this
simple decision point that all of this information is funneled
down into involves a change in coactivators (CBP versus
p300) interacting with β-catenin (or catenin-like molecules
in the absence of β-catenin) and more generally the basal
transcriptional apparatus.111 A model incorporating and
summarizing this concept is depicted in Figure 5. We have
specifically not specified the transcription factor TCF as the
binding partner for β-catenin in this model, although in
classical Wnt signaling (e.g., in the intestinal stem cells)
partnering with the TCF family of transcription factors is
critical. In reality, this may represent only a fraction of the
roles played bynuclearβ-catenin in transcription, asβ-catenin
is known to interact with a much broader array of potential
transcriptionpartners (including the orphannuclear receptors
LRH-1 and Nurr1, nuclear receptors ER, AR, RAR, and
VDR, Sox and Smad family members, and Oct4 itself to list
but a few).112 We believe that this is an extremely fundamental
switching mechanism that is present in mouse and human ES
cells and that is conserved throughout essentially all stem/
progenitor cell lineages. For example, we have found that the
earliest and perhaps most important cellular decision point,
i.e., at the embryonic 8 cell stage, is governed by differential
coactivator usage by catenin (i.e., CBP/catenin is required for
maintenance of inner cell mass and expression of Oct4,
whereas a switch to p300/catenin initiates the formation of
cdx2 positive trophectoderm.113 Additionally, this switching
mechanism appears to be important in a wide variety of
somatic stem/progenitors (e.g., neural, cardiac, myogenic,
hematopoietic, etc.) as well as transformed somatic stem/
progenitors (e.g., leukemic stem cells); (Kahn et al., unpub-
lished results). It is also clear that there are numerous ways to
perturb/modulate this coactivator decision process. For ex-
ample, in a siRNA screen of the human kinome in HEK293
cells, we found that almost 25% of the kinases screened
had significant effects on Wnt signaling (Kahn, Ma, and
Nakanishi; unpublished results). Therefore, we do not find
it surprising that many small molecule kinase inhibitors
modulate the “stemness” or potency of ES and somatic stem
cells. We are presently studying the effects of some of these
kinase cascades on differential coactivator usage and have
already demonstrated that activation of PKC93 and the
MAPK cascade (Kahn, Ma; unpublished results) can differ-
entially affect the interactions of β-catenin with CBP and
p300. The ability to switch coactivators within the Wnt/
catenin signaling cascade thereby changes a gene expression
cassette, including a change in miRNA expression (Kahn,
Teo, Manegold; manuscript in preparation). We believe that
this “regulation of expression cassettes” is critical to the
proper control, maintenance, and initiation of differentiation
of both embryonic and somatic stem cells. Furthermore, we
believe that the inability to properly initiate differentiation of
somatic stem cells may underlie a wide range of diseases
including fibrosis and Alzheimer’s disease.90 Moreover, we
believe that this is the underlyingmalfunction in essentially all
cancers. Therefore, wewould propose that cancer, rather than
being 10 000 different diseases (i.e., breast cancer is different
fromcolon cancer, is different from leukemia, etc.), is a disease
in which 10000 different mutations (some of which are tissue
specific) (e.g., bcr/abl, K-Ras, Her2, etc.) can lead to aberrant

Figure 5. The ultimate decision for a cell to retain potency or initiate
differentiation is dependent upon numerous inputs some of which are
presented here, e.g., concentration of different growth factors, cyto-
kines, and hormones and the subsequent activation of different signal
transduction complexes and kinase cascades, ionic concentrations
(e.g., Ca2þ), nutrient levels, oxygen levels, genetic mutations, adhesion
to substratum. In the end those multiple pathways must be integrated
and funneled down into a simple decision point, i.e., a yes/no binary
decision. We believe that Wnt signaling and the equilibrium between
CBP-mediated and p300-mediated transcription play a central role in
integrating these signals.
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regulation of the underlying equilibrium between catenin/
CBP and catenin/p300, i.e., between proliferation and main-
tenance of potency and the initiation of differentiation
(Figure 5), thereby aberrantly increasing the CBP/catenin
interaction at the expense of the p300/catenin interaction.
Finally, in regard to recent publications concerned with the
increase inWnt signalingwith aging114,115 and the importance
of stemcell homeostasis in aging anddisease, it is interesting to
speculate as to whether a progressive imbalance in this
coactivator equilibrium is associated with the aging process
more generally. Thiswould alsomake sense, since for themost
part, cancer, fibrosis, and neurodegeneration are diseases
where risk increases substantially with aging.

Concluding Remarks

As described above, there is a great expectation that small
molecules will provide very useful tools for understanding the
basic biology of stem cells as well as aiding the enablement of
regenerative medicine. Concerns about specificity will always
exist in regard to a smallmolecule and itsmolecular target and
the problem that a specific phenotype, or lack thereof, could
be the result of an off-target effect not characterized in the
initial elucidation of the mechanism(s) of action of the small
molecule regulator. For example, targeting highly conserved
motifs that are commonly utilized, for example, the ATP
binding motif, has demonstrated that the majority of the
structures that target this motif fall within the π-heterocycle
category that mimics ATP.81 This makes it quite difficult to
definitively assign the mechanism of action of these com-
pounds to one molecular target, as there are often multiple
members of the superfamily that are targeted with relatively
similar efficiency. Yet this should not deter us from seeking
specific small molecules to use as pharmacologic tools to
better understand the complex networks that control main-
tenance and activation of stem cells or as therapeutic agents.
We believe that the future of medicine clearly lies in achieving
a better understanding about somatic stem cell homeostasis,
as it is clear that the major limitations to increased life
expectancy going forward (outside of threats from infectious
agents) lie in being able to treat diseases of SSCs.

Finally, although we still have much to learn about the
enormous complexities of this relatively simple yes/no deci-
sion process, i.e., tomaintain the current level of potency or to
initiate differentiation, an evenmore dauntingquestionawaits
us, that is, attempting to accurately control lineage decision/
commitment with small molecules. This decision process
undoubtedly requires both the turning on, via combinatorial
activation, of a number of transcription factors and genes, as
well as the simultaneous turning off in the same cell of a
number of competing lineage programs and transcription
factors. Specific small molecule pharmacologic agents un-
questionably will play a critical role in helping us to unlock
the keys to amore complete understanding of the complexities
of “stemness” and lineage commitment.

As Henrik Ibsen wrote, “It is not only what we have
inherited from our father and mother that haunts us. It is all
sorts of dead ideas, and lifeless old beliefs, and so forth. They
have no vitality, but they cling to us all the same, and we
cannot get rid of them.”
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