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Abstract: Stem cell-based technologies have the potential to help cure a number of cell degenerative diseases. Combinatorial and high throughput screening techniques could provide tools to control and manipulate the self-renewal and differentiation of stem cells. This review chronicles historic and recent progress in the stem cell field involving both pluripotent
and multipotent cells, and it highlights relevant cellular signal transduction pathways. This review further describes
screens using libraries of soluble, small-molecule ligands, and arrays of molecules immobilized onto surfaces while proposing future trends in similar studies. It is hoped that by reviewing both the stem cell and the relevant high throughput
screening literature, this paper can act as a resource to the combinatorial science community.
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INTRODUCTION
It is thought that stem cells could provide an unlimited
source of feed stock for cell-based therapies to reverse diseases caused by cellular degeneration. Work on stem cellfocused technology may eventually, through the development of robust ex vivo techniques, solve the problem of the
limited supply of tissue for organ transplants. Additionally,
stem cell research could provide a valuable window into the
forces triggering the development of organisms from a single
cell into an adult. This insight could, in the future, result in
technologies and clinical applications not only currently unforeseen but also unfathomable.
At the moment, however, multiple challenges exist before the potential of stem cell research is to be realized. First,
conditions are required that allow these cells to grow and
divide in vitro and thereby permit the production of cellular
precursors for various technologies. These conditions must
be both cost effective and safe for future transplantation and
clinical applications. Therefore these conditions should be
completely defined and should have no components derived
from any non-human sources (vide infra). Second, conditions need to be developed that allow these precursor cells to
differentiate into desired cell types. These conditions not
only need to be cheap, defined, and humanized, they also
need to provide the required cells in a high yield with few
other types of cells as “impurities”. Efficient differentiation
is essential so that few costly and time-consuming isolation
techniques are necessary to obtain the desired differentiated
cells. Third, it is necessary to identify and characterize undifferentiated, partially differentiated, and fully differentiated
cells. Characterization methods are essential to monitor the
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process of differentiation and to ensure quality control of any
developed technology.
Small molecules could aid in overcoming these challenges. Stem cells within their natural niche receive signals
from their environment from a number of sources. These
signals initiate when the cell binds to soluble protein factors,
to the extra-cellular matrix, or to other cells. Small molecules could functionally mimic these signaling niches to
cause stem cells either to differentiate or to self-renew in an
undifferentiated state. Moreover, small molecules could act
to inhibit or activate key enzymes in a differentiation pathway to provide a non-biomimetic niche. Additionally, these
molecules, using a chemical genetic approach, could provide
valuable insight into the mechanism of cellular differentiation. A strength of small molecule-based approaches is that
they could be directly applicable to drug therapies or drugsupported cell-based therapies. Proteins are readily denatured, are expensive to produce in a purified form, and are
not easily transported across membranes by passive mechanisms. Beyond this, specific small molecule binders of
unique cell-surface proteins could be part of affinity labels to
identify key stepping stone cell types in a differentiation
pathway, as well as to better characterize the undifferentiated
state.
Combinatorial science sets out to search libraries of
molecules for those possessing a desired activity. It is
thought that through the exploration of directed or random
swaths of diversity space, an active molecule can be discovered more efficiently than through more “rational” or iterative methods. Combinatorial techniques are beginning to be
unleashed on stem cell science to provide small molecules
that either direct differentiation or promote undifferentiated
self-renewal. Moreover, combinatorial arraying technology
has been applied to find materials and combinations of
molecules to which stem cells adhere, and either proliferate
or differentiate. This review sets out to chronicle current
advances in how combinatorial science has been applied to
© 2007 Bentham Science Publishers Ltd.
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the stem cell field. This topic has been reviewed previously
[1-3], however, in this case, along with providing an update
on the recent literature, it expands the scope to include arraying-based research and provides an historical context to stem
cell literature. It is hoped that this review can act as a resource for the combinatorial community interested in conducting high throughput screens involving stem cells.

formed. These cells have been thought to be permanently
committed to a specific function and unable to give rise to
any other cell types. This long-held belief has also been
brought into question. Recently it has been shown that differentiated skin cells can be dedifferentiated, employing surprisingly simple techniques, to generate cells that exhibit a
high degree of pluripotency [7-9].

Stem cells are found in most tissues throughout the body
of an adult organism. These cells are referred to as “adult
stem cells” and help maintain homeostasis by replenishing
old cells and playing a role in tissue repair. Additionally,
stem cells are involved in the development of an organism
from a small collection of cells (morula) into an adult. Stem
cells, to different degrees, have the power to differentiate
into other cell types. This transformation can involve the
formation of fully differentiated adult cells or partially differentiated precursors to these adult cells. The differentiation
power possessed by a stem cell can be described as “totipotent”, “pluripotent”, and “multipotent”. Multipotent describes the potential of adult stem cells that can differentiate
into a limited number of cell types and precursors. Multipotent stem cells are usually thought to be restricted to differentiation within a single developmental germ layer (ectoderm, endoderm, mesoderm) in an organism. “Pluripotent”
describes cells that can differentiate into most cell types
from all three germ layers. Embryonic stem cells are thought
to be pluripotent and their differentiation power seems to be
limited only by their inability to produce cells that make up
extra-embryonic tissue found in the placenta during embryonic development. The only known totipotent cells are the
cells that make up the morula. Totipotent stem cells have the
power to differentiate into all the cell types necessary to generate an adult organism. They can differentiate into placental
tissue along with the three germ layers. In addition to differentiation potential, most stem cells have the ability to selfrenew. This power allows the production of more undifferentiated stem cells.

PLURIPOTENT STEM CELLS

Near the sixteen cell stage, the developing embryo begins
to differentiate into the blastocyst which is composed of the
inner cell mass (ICM) and the surrounding trophoblast. The
cells making up the ICM maintain pluripotency whereas the
trophoblast can only form placental tissue. Embryonic stem
(ES) cells are undifferentiated pluripotent cells that can be
isolated from ICM of the blastocyst, and can be maintained
in culture in a self-renewing state under suitable conditions
[4]. ES cells can be used to generate chimeric organisms
which, in turn, develop into normal, fertile adults. Currently,
chimeras have been developed only from mouse ES cells [5].
As embryonic development continues from the blastocyst
stage, multipotent progenitors are formed. Multipotent cells
lose some of their differentiation potential and are committed
to a specific lineage. Therefore they can only give rise to a
limited number of specific cell types. For example, hematopoietic stem cells can develop into several types of blood
cells and are multipotent. It was therefore thought that hematopoietic stem cells should not be able to form cells of other
lineages. However, recent studies [6] have challenged this
tenet by demonstrating that hematopoietic stem cells can
form neuron-like cells, suggesting that cells that were
thought to be lineage-committed can be reprogrammed. After a series of cell divisions terminally differentiated cells are

Historically, three types of pluripotent cell lines have
been established from mouse embryos: embryonic stem (ES)
cells, embryonic carcinoma (EC) cells, and embryonic germ
(EG) cells. EC cells are cultivated from teratocarcinomas,
which either arise spontaneously or through experimental
induction, or are produced when the ICM of the blastocyst is
transferred to extrauterine sites of the organism. EG cells are
derived from primordial germ cells isolated from the genital
ridge of embryos. Only ES and EG cells are able to give rise
to all somatic and germ line cell types [10, 11]. Permanent
lines of murine ES cells were first established in 1981 by the
cultivation of ICM material from early embryos [5, 12].
Pluripotent EG cells were isolated from primordial germ
cells in 1994 [13].
Research into pluripotent cell lines, however was precipitated by work involving teratomas, teratocarcinomas, and
ECs which began more than fifty years ago, and many innovations and themes persist from this work into the modern
day. Teratomas and teratocarcinomas are benign and malignant tumors, respectively, found in the gonad and occasionally at extragonadal sites. Historically they were considered a
simple medical oddity in that these tumors consist of a menagerie of cell types, lineages, differentiated adult tissues,
and strangely shaped partially defined organs such as teeth,
bone, and muscle within the tumor itself [14, 15]. Following
their malignant nature, teratocarcinomas, when transplanted
either subcutaneously or intraperitoneally, demonstrate the
ability to grow rapidly. Naturally occurring teratomas/teratocarcinomas are quite rare and are therefore difficult to study
experimentally. In the 1950’s, mice strain 129 was developed, exhibiting a 1% incidence of spontaneous testicular
carcinoma. This discovery provided a source of cells and
allowed their eventual study [16]. In 1964 it was found that
grafted fetal genital ridges result in a higher tumor incidence,
suggesting that tumor formation arises from a nest of cells
within the fetal testes; this led to the conclusion that these
cells resemble stem cells [17]. Furthermore, it was found that
intraperitoneal injection of a single teratocarcinoma cell from
this nest can form multiple cell types in a resulting tumor
[18]. Taken together, these data indicate that teratocarcinomas possess a unique type of stem cell that has a wide degree
of differentiation power giving rise to multiple adult cell
types and has the ability to self-renew as is exhibited by the
tumor malignancy.
Parallels between teratocarcinomas and embryos were
established in 1970, when it was demonstrated that retransplantable teratocarcinomas could be obtained when early
mouse embryos were subjected to extrauterine transplantation [19, 20]. Further research into embryonic carcinomas
was accelerated when it was found that mouse chimeras
could be established by injecting embryonic carcinoma cells
into the blastocyst cavity [21]. With the discovery that these
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tumors could be grown ex vivo on feeder cells, mass cultures
of these pluripotent teratocarcinomas could be sub-cloned,
thereby establishing EC cell lines [1,2]. These stem cells can
proliferate indefinitely and give rise to teratocarcinomas
upon subcutaneous injection. Human EC lines were established in the late 1970’s [24]. To characterize and identify
mouse and human EC cells, monoclonal antibodies that recognize unique antigens were established. Stage-specific embryonic antigen 1 (SSEA1), which is a Lex-like (1-3 fucosylated N-acetyllactosamine) carbohydrate antigenic determinant, is expressed on the surface of EC cells and has been
shown to be useful in the monitoring of cell differentiation in
these cell lines and in the isolation of primordial germ cells
[25, 26]. As early as 1978 it was demonstrated that pluripotent cells can be differentiated chemically when it was
shown that mouse and human EC cells can be induced to
differentiate in culture upon the addition of retinoic acid [2729].
Mouse ES cell lines were derived in 1981 by growing
cells from blastocysts on a feeder layer of mouse fibroblasts
[5, 30]. Although the feeder layer is important for the isolation of the ES cells, the soluble leukemia inhibitory factor
(LIF) is also required for the maintenance of the established
culture in its undifferentiated state [31, 32]. These mouse ES
cells were shown to produce chimeras more efficiently than
EC cells [10, 33]. In the mid-1980’s technological advancements allowed mouse ES cells to be employed in transgenesis [34], and gene targeting and homologous recombination
using these cells were developed to study gene function [35].
The first genetically modified mouse was generated in 1989
using homologous recombination in ES cells [36].
Many properties of EG cells are similar to ES cells. In
1992, mouse EG cell lines were obtained from primordial
germ cells [37]. Mouse ES cells were derived from blastocysts using somatic nuclei transfer into enucleated oocytes
[38]. The first human ES cell [39] and EG cell [40] lines
were derived in 1998 and 2001 respectively, using similar
strategies to those that were employed in mice. The establishment of human cell lines using nuclear transfer has yet to
be successful.
Markers of Pluripotency in Human and Mouse Cells
Despite the parallels and similarities between mouse and
human pluripotent cell lines, they do exhibit some significant
differences in culturing conditions and markers for characterization. Alkaline phosphatase was one of the first pluripotency markers identified. It is not unique to ES cells, however. Mouse and human EC cells, cells in the ICM in the
mouse blastocyst, and cells of the ectoderm and primordial
germ cells express alkaline phosphatase activity [41, 42].
Anti-SSEA1 monoclonal antibodies recognize a specific
carbohydrate on the surface of the mouse EC cells and have
been used to monitor EC cell differentiation (vide supra).
However, anti-SSEA1 antibodies do not react with human
ES cells. Interestingly, some cells differentiated from human
ES cells do express anti-SSEA1 antigens. Other differences
between mouse and human pluripotency markers involve the
expression of the SSEA3 and SSEA4 antigens [43]. Both
SSEA3 and SSEA4 are expressed on mouse embryos and on
mouse EC cells that have been differentiated, whereas in
human cells they are expressed on undifferentiated EC and

ES cells [44]. Taken together these data suggest: that human
ES cell lines are somehow more primitive than mouse ES
cell lines, that current markers for pluripotency are inadequate, or that early development in the murine model system
is not as similar to that in humans as was once thought. This
latter possibility may explain the seemingly different differentiation and self-renewal properties exhibited between
pluripotent cells of mouse and human origin (vide infra).
Other markers that have gained popularity are TRA1-60 and
TRA1-81. They seem to be able to identify human pluripotency in that they react with human EC and ES cells as well
as with early human embryos [45].
Growth Conditions to Promote Self-Renewal in ES Cells
All with the ability to differentiate, stem cells also have
the property of undifferentiated propagation, i.e. selfrenewal. Progeny can be produced that possess all the differentiation ability of the parent cell. This self-renewal can take
place through symmetric cell division where both daughter
cells retain the same differentiation potency and self-renewal
ability of the parent, or through asymmetric division where
one of the two daughters is differentiated and has a limited
capacity for cell division.
Being able to expand stem cell lines in culture is necessary for the easy laboratory production of cells for study and
is essential for the advancement of the field. The first mouse
ES cell line was derived by expanding blastocyst ICM on
fibroblast feeder cells (either embryonic fibroblasts or STO
cells) (vide supra) [11]. The presence of feeder cells is important for the in vitro growth and maintenance of the undifferentiated state as the cells are otherwise prone to spontaneous differentiation. The inclusion of LIF in the culture medium is also important for the inhibition of differentiation
(vide supra) [46]. Recently, feeder cell-free conditions have
been established that use LIF along with bone morphogenetic proteins (BMPs) to derive ES lines and to achieve selfrenewal in culture [47].
Human ES cell lines were originally derived by culturing
human blastocysts formed from in vitro fertilized eggs on
mouse embryonic fibroblast feeder cells in medium conditioned by feeder cells [48]. In contrast to mouse ES cells and
emphasizing the possible differences between mouse and
human early development (vide supra), the feeder layer cannot be replaced by LIF and BMP alone [49, 50]. Therefore
the critical factors that help to maintain the human ES cells
in the pluripotent state remain unknown. Genetic and proteomic tools that provide insight into these processes may
prove helpful to gain a better molecular understanding and to
design better self-renewal culture conditions. Recently,
RNAi has emerged as a powerful technology to perform
loss-of-function studies in mammalian cells. This technology
should be ideal for identifying and studying genes required
for ES cell self-renewal and differentiation [51]. It is not
inconceivable that high throughput studies involving smallor bio-molecules could complement these studies.
Human ES cells that were derived on mouse feeder cells
may be compromised for clinical applications. Not only do
they run the risk of cross-transfer of animal pathogens from
the feeder layer, matrix, or conditioned medium, their use
also results in the expression of animal antigens on the surfaces of the cells. Presumably these antigens would then be
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carried through to any ES cell-derived tissue resulting in an
immune response when used in the clinic. For example, it
has been found that when grown in animal-derived conditions, human ES cells will metabolically incorporate the
nonhuman sialic acid, Neu5Gc [52]. A solution to this problem could be to employ human feeder cells and culture conditions that are completely humanized. A new ES cell line
has recently been derived using serum- and feeder cell-free
conditions. Characterization of these cells confirms that they
are pluripotent and would be safe for clinical applications in
that they express the markers of pluripotency, can generate
teratomas, differentiate into all three germ layers, and have
the correct number of chromosomes exhibiting the proper
phenotype [53]. All of the cell lines available to researchers
in the U.S. who receive federal funds have been derived using the animalized conditions. Although humanized human
ES cell lines have been established, their use is restricted and
U.S. researchers are limited to the use of potentially contaminated cells. This may slow the progress of transitioning
ES cell technology to actual therapies [6, 54].
Differentiation Conditions for ES Cells
Human ES cells will grow as compact, flattened colonies
with distinct cell borders; express SSEA3, SSEA4, TRA160, TRA1-81, and alkaline phosphatase; and express SSEA1
upon differentiation (vide supra). When the human ES cells
are removed from the feeder layer cells and grown in suspension, they begin the differentiation process, in a manner
similar to that of mouse ES cells, by first forming groups of
aggregated cells or embryoid bodies (EBs). Once EB formation occurs, the cells begin to follow the normal embryonic
development and differentiate to form the three germ layers.
EBs have been shown to express markers specific to neuronal, hematopoietic and cardiac lineages [55, 56], and EB
formation is the first step in a number of differentiation procedures in culture. The aggregation event is dependent on a
number of factors including culture conditions, cell density,
time, stirring, and the ES cell line itself and therefore tends
to be inconsistent [57]. The formation of EBs may not be
necessary for the establishment of differentiation conditions,
however. It has recently been demonstrated that it is possible
to directly transition ES cells grown in a monolayer to neural
stem cells with the application of appropriate growth factors
[58].
Differentiation of ES cells can be partially directed by
manipulation of the culture conditions and addition of exogenous factors to EBs. For example, mesodermal differentiation can be induced by the addition of activin-A and transforming growth factor–1 (TGF-1). Retinoic acid, epidermal growth factor (EGF), BMP-4 and basic fibroblast
growth factor (bFGF) will elicit ectodermal and mesodermal
differentiation. Heart muscle cell formation can be promoted
by culturing with a mixture of hepatocyte growth factor,
EGF, bFGF, and retinoic acid. It should be noted that none
of these conditions can promote ES cells to differentiate exclusively, to a single cell type, nor are these conditions high
yielding and often methods coupling cell sorting techniques
with expansion are employed [55].
ADULT STEM CELLS
In the 1960’s, it was shown that the transplantation of
mouse bone marrow cells into irradiated mice gives rise to

Fang et al.

spleen colonies, each of which can be proven to arise from
an individual cell (vide infra) [59]. This experiment suggested the existence of multipotent cells that exist in the
bone marrow and gave birth to the study of adult stem cells.
Adult precursor cells are found in specific organs or tissue types. Like ES cells, they are defined by two distinct
properties: the ability to self-renew, and the capacity for differentiation into mature cells that can perform specialized
functions [60]. As an embryo develops, its cells gradually
lose the power to form all cell types and become more limited in differentiation potential. However, clusters of adult
stem cells remain in specific body tissues. These stem cells
reside in niches or micro-environments in their respective
tissues. They are subjected to extrinsic cues, in the form of
secreted or surface immobilized factors present within the
niche [61], which trigger differentiation or self-renewal in
order to maintain homeostasis of the cell population and create vital stores for the replacement of cell populations in the
event of tissue injury or degeneration.
The conventional distinction between embryonic and
adult stem cells has been made in terms of their differentiation potential. ES cells are pluripotent and can differentiate
into any cell type except extra-embryonic tissue. Adult stem
cells, on the other hand, are multipotent. That is, they possess the capacity to give rise only to cell types of defined
lineages.
This traditional concept has recently been undermined by
studies showing a greater plasticity of adult stem cells, indicating that adult stem cells might have more pluripotent potential than was previously thought. There is increasing evidence that some adult stem cells, most notably bone marrow
and neural stem cells, can transdifferentiate to produce cells
across lineage barriers. For example, it has been shown that
bone marrow stem cells have the potential to develop into
muscle cells [62]. However, the concept of transdifferentiation itself has been challenged through experiments that
show that when either haematopoietic or neural stem cells
are fused to ES cells, the adult stem cells take on characteristics similar to those of ES cells [63, 64]. These data have led
to the theory that stem cells do not solely follow a preordained autonomous differentiation program, but also respond
to extrinsic differentiation cues from their environment.
Hence, when an adult stem cell is placed in an environment
other than its usual niche, it may be instructed by extrinsic
factors to follow an atypical differentiation pathway. This
suggests that these cells might be ripe for extensive manipulation in culture through the manipulation of “artificial differentiation niches” by the application of novel, synthetic
molecules.
Hematopoietic stem cells (HSCs), which differentiate
into blood lineages are the best-characterized of the many
different adult stem cells. Others under intensive research
include neural, mesenchymal, and epidermal stem cells.
Hematopoietic Stem Cells
HSCs are stem cells residing in the bone marrow, placenta or umbilical cord blood that can give rise to all blood
cells of the myeloid and lymphoid lineages. Early evidence
of the existence of HSCs in the bone marrow was demonstrated by experiments involving bone marrow transplantations into irradiated mice [65, 66] in the 1950’s and 1960’s.
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However, the first mouse HSCs were not isolated from bone
marrow until 1988 [67]. This isolation was accomplished by
negatively selecting cells that did not express the surface
markers that characterize differentiated hematolymphoid
cells (B220 for B cells, Gr-1 for granulocytes, Mac-1 for
myelomonocytic cells and CD4 and CD8 for T cells). The
collective absence of these and other mature blood lineage
markers, is described as “Lin-”. Other markers of HSCs include Thy-1+/low, Sca-1+, CD34low/-, CD38+ and c-kit+. Such
cell surface markers are essential to recognizing and isolating HSCs due to the fact that HSCs strongly resemble other
blood cells morphologically.
Markers for human HSCs have also been successfully
employed in their isolation, although these markers differ
somewhat from those used for murine HSCs. A human HSC
population was first isolated in 1992 by screening for Thy-1 +
Lin- CD34+ bone marrow cells [68]. Other markers include
CD59+, CD38low/- and c-kitlow/-. There is still ongoing debate
concerning the most definitive set of stem cell markers expressed on human HSCs [69, 70] and there are no known
stem cell markers that can be used to obtain a pure population of HSCs. No doubt, more complete sets of markers need
to be established for human HSCs.
Of all the adult stem cell lineages, the clearest understanding exists of HSCs, and they are the only adult stem
cells that have been used in transplantation therapy. Despite
this, problems still exist with culturing HSCs ex vivo. Proliferating or differentiating HSCs outside the body has proven
difficult, thereby impeding steps to expand their therapeutic
potential. It has been proposed that culturing problems are
associated with the properties of the cells themselves as they
inherently undergo asymmetric cell division to generate a
multipotent daughter cell and a lineage progenitor that will
be differentiated. This situation will result in the continuous
generation of terminally differentiated cells [71].
Despite the challenges some inroads have been made in
culturing these cells ex vivo. It has been demonstrated that
the murine bone marrow stromal cell line (MSCs-vide infra),
HESS-5, can sustain the proliferation of co-cultured human
CD34+CD38- cells with the addition of cytokines like interleukin-3 (IL-3), thrombopoietin (TPO) and flk-2/flt-3 ligand
[72]. The cell-cell interaction of HSCs with bone marrow
stromal cells is so crucial because the stromal cells serve a
supportive role physiologically and provide soluble factors
that could enhance stem cell proliferation [73, 74]. Thus, the
co-culturing condition effectively reconstitutes the hematopoietic microenvironment in vivo. The requirement for
large quantities of cytokines limits the practicality of these
techniques and the dependence of non-humanized conditions
could pose problems with mouse antigen expression similar
to that seen with human ES cells (vide supra).
Mesenchymal Stem Cells
In the 1970’s it was found that another class of stem
cells, mesenchymal stem cells (MSCs), resides in the bone
marrow, along with HSCs [75-77]. MSCs are also known as
bone marrow stromal cells and have the potential to differentiate into a wide range of cell types, like chondroblasts
(which form cartilage cells), adipocytes (which form fat
cells), and osteoblasts (which form bone). MSCs are not exclusively located in the bone marrow. They can also be iso-

lated from tissues like peripheral blood [78, 79], adipose
tissue [80], synovial tissue [81], and heart tissue [82], among
many others. It is currently unknown how MSCs isolated
from different tissues differ.
The ability of MSCs to differentiate into many different
cell types and support the growth of HSCs (vide supra) confers on them a high clinical importance. However, knowledge in this area is currently too limited to make medical use
of MSCs. A major constraint is the lack of specific cell surface markers to identify and isolate MSCs. Other than identifying MSCs by recognizing their ability to form fibroblast
colony forming units (F-CFU), some rather ambiguous
markers of human bone marrow-derived MSCs exist: STRO1, HOP-26 (CD63), CD49a and SB-10 (CD166) [83], SH2+,
SH3+, CD29+, CD44+, CD71+, CD90+, CD106+, CD120a+,
CD124+, CD14–, CD34–, and CD45- [84]. Of this extensive
list, STRO-1 is the most widely used although its expression
gradually decreases in culture [85], and some bone marrowderived MSCs are negative for STRO-1 [86]. As with HSCs,
additional, more robust markers need to be established. Murine MSC markers differ somewhat from human markers:
Sca-1+, CD29+, CD44+, CD81+, CD106+, Nucleostemin+,
CD116–, CD34–, CD45–, CD48–, CD117–, and CD135– [87].
Unlike HSCs, bone marrow-derived MSCs have been
shown to possess a high rate of proliferation in vitro [88].
Studies have indicated that the fibroblast growth factor
(FGF) family, notably FGF-2, is involved in maintaining the
self-renewal ability of human MSCs [87]. Other growth factors shown to cause human MSC expansion include plateletderived growth factor (PDGF) and epidermal growth factor
(EGF) [89]. It has also been reported that dickkopf-1 (Dkk1), an inhibitor of the Wnt signaling pathway, increases proliferation of MSCs [90].
Conditions required for controlled MSC differentiation
are not completely established. Establishing these conditions
is complicated by the many lineages that MSCs can follow.
Culturing in the presence of added bone morphogenetic proteins (BMPs) has been shown to enhance osteoblast formation [91], whereas, differentiation of bone marrow-derived
MSCs to chondroblasts is mediated by TGF [92]. Recent
findings have also indicated that BMP-2 induces in vitro
cartilage formation [93].
Neural Stem Cells
Until recently it was thought that neurogenesis occurs
only during embryo formation and early childhood. Although this belief was questioned as early as the 1960s [9496], it was not until the 1990s that it lost widespread acceptance when it was demonstrated that cells isolated from the
adult rodent forebrain could generate new neurons and astrocytes [97]. Isolation of neural stem cells from the adult human brain was also carried out in 1999 [98].
Neural stem cells are multipotent adult stem cells that are
able to differentiate into neurons, astrocytes (glial cells that
form the blood-brain barrier), and oligodendrocytes (glial
cells that myelinate neuronal axons). Neural stem cells can
be isolated from the subventricular zone (SVZ) of the lateral
ventricles, the subgranular zone (SGZ) of the hippocampus
and also the spinal cord. There is also evidence that ependymal cells (cells that form the membrane surrounding the
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brain and the spinal chord) from the adult brain and spinal
chord are actually neural stem cells [99].
Because adult neurogenesis had not been widely recognized until recently, few markers have yet been identified for
neural stem cells. Notch 1 has been commonly used as a neural stem cell marker. More specifically, Notch 1 expression
identifies ependymal cells of which at least a portion represents neural stem cells [99]. Neural crest stem cells (NCSCs)
were isolated by enriching for cells expressing the low affinity neurotrophin receptor, p75, but not a peripheral myelin
protein, P0 (p75+ P0-) [100]. Although little work has been
published on the culture and differentiation of neural stem
cells, it has been established that their proliferation requires
the addition of FGF-2 [101] and EGF [97]. The limited
knowledge we have about neuronal stem cells must be
greatly expanded before we can use them to aid diseases like
Parkinson’s and Alzheimer’s.
Cardiac Stem Cells
Until the mid-1980’s, the heart, like the brain (vide supra), was widely thought of as a static organ that does not
undergo regeneration [102]. More recently, cardiac cell progenitors have been isolated, debunking this. These cells can
generate all three differentiated cardiogenic lineages, endothelial, cardiac, and smooth muscle cells [103]. These stem
cells were characterized as being Isl1+, Nkx2.5+, and flk1 +
cells, suggesting possible use of these markers in the future.
Cardiac stem cells could eventually play a role in tissue
regeneration after heart muscle death due to heart attack.
Research in this area is still in its infancy however, controlled conditions for cardiac stem cell proliferation and differentiation have yet to be firmly established [104].
Epidermal Stem Cells
The epidermis is mainly made up of keratinocytes, which
populate different epidermal layers depending on their developmental stage. The keratinocyte stem cells are located at
the deepest layer, the stratum basale, and eventually undergo
terminal differentiation as they gradually move upwards to
the outermost epidermal layer, the stratum corneum. The
stem cells will form transit amplifying cells, keratinocytes
with a more limited self-renewal potential, after about three
rounds of division before further differentiation.
Human epidermal basal cells are enriched in 1 integrins,
prompting their use as human epidermal stem cell markers
[105]. Murine keratinocyte stem cells can be isolated using
their high expression of 6 integrin and low expression of
transferrin receptor CD71 (6briCD71dim) [106]. When grown
in culture, epidermal stem cell populations expand rapidly
but eventually lose their self-renewal potential. It has been
shown that this self-renewal loss could be inhibited by the
addition of EGF, but this treatment slows proliferation [107].
It has been shown that 1 integrins and mitogen-activated
protein kinase (MAPK) may work together in maintaining
the self-renewal potential of epidermal stem cells and in preventing differentiation, suggesting an eventual dual-target
for future studies [108].
Differentiation of epidermal stem cells involves the
Notch-Delta signaling pathway. Cells with a high expression
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of Delta induce the differentiation of adjacent cells via Notch
signaling but do not differentiate themselves [109]. Furthermore, it was reported that the activation of c-Myc in epidermal stem cells stimulates terminal differentiation and enhances movement of the stem cells to the transit amplifying
region [110]. While not providing exact recipes for controlling differentiation, these data hint at possible fertile ground.
SIGNAL TRANSDUCTION IN STEM CELLS
The self-renewal and differentiation properties of stem
cells are specifically and tightly regulated. This regulation
derives from extrinsic niche-related factors, and is transduced by complex networks of signaling pathways. Though
intense research has been undertaken, the mechanisms for
signal transduction in mouse and human stem cells are still
not very clear. Generally, it seems that self-renewal is maintained by repression of cell type-specific genes, activation of
progenitor cell-specific genes, and regulation of cell cycle
and cell death. Meanwhile, differentiation is initiated by activation of cell type-specific pathways, repression of selfrenewal signals and regulation of the cell cycle [111]. Often,
many pathways may be activated in concert, and tipping
their delicate balance may result in radically different cell
fate outcomes.
The Smad Pathway
In mammals, the family of Smad proteins includes
Smad1, 2, 3, 5 and 8. All these proteins possess an SXS motif at their C-terminus that is phosphorylated by ligandactivated TGF- receptor kinases, therefore they are sometimes referred to as R-Smads (Receptor activated Smads).
The different Smad proteins are activated by specific factors.
For example, Smad2 and Smad3 specifically act downstream
of only the TGF- family, while Smad1, 5 and 8 are activated by BMPs (Bone Morphogenetic Proteins) [112, 113].
Upon ligand stimulation, the cytoplasmic Smads are phosphorylated and then translocate to the nucleus to regulate the
expression of target genes [114].
It has been demonstrated that the balance between RSmad/TIF1- and R-Smad/Smad4-mediated TGF- signaling
in hematopoietic stem cells is critical for controlling cell fate
decisions [115]. TIF1 acts as a transcriptional partner of
activated R-Smads in competition with Smad4. While the RSmad/TIF1complex stimulates erythrocyte differentiation,
the R-Smad/Smad4 complex inhibits hematopoietic stem cell
proliferation [116].
Stem Cell Factor
Stem cell factor (SCF, also known as MGF, KL and SLF)
is an acidic glycoprotein secreted by stromal cells in the
bone marrow niche. It is an important haematopoietic factor,
which has a significant regulatory effect on normal haematopoietic cells, mast cells, and melanoma cells among others.
Its receptor, c-Kit, is a transmembrane protein with tyrosine
kinase activity. The specific interaction with SCF may induce the homodimerization of c-Kit and therefore initiate a
phosphorylation cascade. Downstream SCF/c-Kit signaling
is complicated in that several pathways are activated. Therefore, SCF/c-Kit has become the focus of much current research [117].
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Jak/STAT Signaling Pathway

JAK-1, JAK-2, and TYK-2 which subsequently activate specific STAT proteins.

The protein tyrosine kinases in the Janus family (Jaks)
are activated in a ligand dependent manner by members of
the cytokine receptor superfamily [118]. The Jak family consists of four members, Jak1-4, which are activated specifically in response to various cytokines and subsequently activate the specific signal transducer and activator of transcription (STAT) protein family [119]. It has been demonstrated
that SCF can induce Jak2 activation by c-Kit, thereby inducing cell proliferation, while Jak2-deficient mice exhibit embryonic lethality due to the absence of erythropoiesis (red
blood cell formation). This phenotype is identical to that
exhibited by c-Kit or SCF knock-outs, suggesting that Jak2
lies in the same signaling pathway [120].
Ras/Raf/MEK/ERK Signaling Pathway
The activation of the Ras pathway has been implicated in
the cell proliferation activity exhibited by SCF/c-Kit. It has
been found that the GTPase activating protein nuclear factor
(NF1) is involved in regulating the SCF-triggering of the Ras
pathway. It has also been found that Raf-1 is involved in the
SCF-initiated phosphorylation of casein threonine kinase, the
activity of which is increased dramatically with SCF induction. In addition, SCF can turn on the MAP kinase cascade
[121].
The PI3K Pathway
In stimulating certain target cells, SCF and other cytokines can directly activate and increase the activity of phosphatidylinositol 3-kinase (PI3K) through c-Kit, Shc, Rac,
Ras or Rho. PI3K is a heterodimer of a regulative subunit,
p85 and a catalytic subunit, p110. There are three isomers of
p110, , , and , with only the  subunit expressed in hematopoietic cells. Interestingly, the tyrosine of c-Kit that is important for interacting with the p85 subunit of PI3K is distinct from the tyrosine that is activated upon autophosphorylation [122]. The activated PI3K can, in turn, activate downstream signaling factors such as p70 ribosomal S6 kinase
(p70S6K), protein kinase B (PKB), and NF- B [123]. When
a mouse mutant of the key tyrosine is constructed, which
effectively blocks PI3K activation by SCF, all male mice are
infertile due to sperm cell disruption suggesting that the
SCF/c-Kit signaling transduction pathway has a significant
effect on spermatogenesis during development [124].
Negative Regulators of SCF Signaling
There are a number of negative regulators of SCF signaling. Among these are SHP1 and SHP2. SHP1 is a tyrosine
phosphatase that is widely expressed in hematopoietic cells
and causes the negative regulation of a variety of growth
factors and cytokines that induce mitotic signaling. SHP-1
causes an intracellular dephosphorylation after the initial
activation induced by the SCF/c-Kit interaction [125].
Leukemia Inhibitory Factor (LIF)
Leukemia inhibitory factor (LIF) is a member of the superfamily of interleukin 6 (IL-6)-type cytokines. All IL-6
type cytokines stimulate target cells through the shared
membrane receptor protein gp130, which acts as a heterodimer in conjunction with a ligand-specific LIF receptor
(LIFR) [126]. Activation of gp130 leads to the activation of

LIF is critical for the self-renewal of mouse ES cells under feeder-free conditions. It has been known for some years
that murine ES cells can be maintained in a completely undifferentiated state when they are treated with LIF [127].
It has also been shown that LIF can prevent the differentiation of MESCs and that this response is dependent upon
the activation of STAT3. Interestingly, STAT3 activation
through other means can also propagate the cells in the absence of LIF. LIF has further been shown to induce additional signals including the activation of ERKs (extracellular
receptor kinases), which promote differentiation. Thus, the
balance between the activation of STAT3 and the activation
of ERK signals determines the fate of mouse ES cells [128].
Members of the LIF pathway show divergent expression
profiles across species. It is observed that LIF signaling is
critical for murine ES cells but has no function in human ES
cells [129, 130]. This difference may exist partly due to the
altered regulation of LIFR transcription. The promoter structure of the gene encoding the receptor is not conserved between human and mice [131].
The Wnt Pathway
In the past 20 years since its initial discovery [132], more
than 2000 papers have been published about the Wnt signaling pathway due to the fact that it plays a central role in both
disease and development. The majority of these reports concern the canonical Wnt pathway, which results in the stabilization of the transcriptional co-activator, -catenin. Noncanonical Wnt pathways that can also affect cell development and differentiation involve the planar cell polarity
(PCP) pathway and the Ca2+ pathway which are -catenin
independent.
The canonical Wnt signaling pathway has emerged as a
critical regulator of stem cells [133]. Wnt ligands interact
with the cognate receptor complex, which is made up of the
Frizzled receptor and the LDL receptor family member,
Lrp5/6. -catenin is a cytoplasmic protein, whose stability is
regulated by a destruction complex consisting of axin, APC
and GSK-. In the absence of the Wnt signal, -catenin is
bound to the complex, which induces its phosphorylation
and subsequent targeting for degradation. Upon Wnt activation, -catenin translocates to the nucleus, where it binds the
Lef/Tcf transcription factors and activates specific target
genes [134].
In the non-canonical Wnt/Ca2+ signaling pathway [135,
136], Frizzled acts through heterotrimeric guanine nucleotide-binding proteins (G proteins) [137] to activate phosphodiesterase (PDE) [138], leading to increased concentrations of free intracellular calcium which decrease intracellular cGMP.
Notch Signaling Pathway
Notch controls a highly conserved pathway implicated in
cell-cell communication, and has been shown to be involved
in the regulation of cellular differentiation, proliferation and
specification [139]. The Notch pathway is highly expressed
in the precursor cells of the developing central nervous system [140].
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Notch encodes transmembrane receptors that are cleaved
upon ligand binding to release an intracellular domain (Nicd)
that translocates to the nucleus and is directly involved in
transcription. Four Notch receptors have been identified in
mammals, Notch1-4, and five structurally related Notch
ligands, Delta-like1, Delta-like3, Delta-like4, Jagged1 and
Jagged2, have been found [141]. They undergo extracellular
cleavage of the precursor protein to form heterodimers,
which consist of a totally extracellular subunit and a transmembrane one, on the plasma membrane [142].
Studies using gene-modified animals have demonstrated
the essential role of Notch in stem cell signaling. For example Notch1 [143] or Notch2 homozygous knock-out mice
exhibit lethality near embryonic day 11. In Notch1-null mutant mouse embryos hematogenic endothelial cells are
formed. They do not develop into HSCs, however, indicating
that Notch1 has an indispensable role at the point of development right before HSCs are generated [144, 145]. Notch3null and Notch4-null mice survive, but with abnormal vascular development [146-148]. And in the central nervous system during embryogenesis, Notch signaling has been shown
to promote glial cell fate [149, 150].
COMBINATORIAL SCIENCE APPLIED TO STEM
CELL MANIPULATION
In countless studies, it has been shown that high throughput screening and combinatorial methods provide powerful
techniques to discover novel ways to manipulate cellular
signal transduction pathways. A developing trend is to apply
these techniques to more complex cellular outcomes. Recently, in a growing number of, but not yet widespread, studies combinatorial science has been applied to the manipulation of stem cells. Traditional small soluble ligand-based
phenotypic screens have been performed, and new techniques using arrayed, immobilized molecules have been recently developed.
Small Molecule Screening Techniques Applied to Stem
Cells
One of the first applications of combinatorial and high
throughput screening techniques to the stem cell field was
performed by Schultz and co-workers to discover small
molecules that can control differentiation [151]. Certain
skeletal muscle precursor cells, or myoblasts, differentiate by
fusing into multinucleated assemblies called myotubes. The
dividing and mononuclear myoblasts go into cell cycle arrest
once differentiated. Some organisms have the ability to regenerate limbs. Commonly, as part of this process, the myotubes in the limb stump disassemble and dedifferentiate into
individually dividing myoblasts, a defined precursor cell
type that can perform undifferentiated self-renewal. Being
able to induce similar dedifferentiation could aid in the development of regeneration therapies. With the goal of finding compounds with this ability, a library of several hundred
2,6,9-trisubstututed purines [152] was screened against myotubes that were formed from the mouse myoblast cell line,
C2C12. Upon treatment with the library and manual morphological scoring, one molecule, myoseverin, appeared
phenotypically to reverse differentiation. This hit molecule
presents an isopropyl and two methoxyphenyl substitutents
at the 2-, 6-, and 9-positions on the purine scaffold respectively. Application of myoseverin causes the elongated myo-
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tubes to reversibly break into spherical, adherent, mononuclear cells which were initially thought to be precursor
myoblasts. Through immunostaining and microscopy it was
determined that the compound’s activity is a result of simple
cytoskeletal disruption and therefore the perceived morphological change is due to the simple disruption of adherence
between the cells in the myotube. A derivative with a biotin
affinity tag at the 9-position allowed a pull-down-type experiment that demonstrated, via Western blot, that tubulin is
a binding partner of myoseverin. Tubulin polymerization in
vitro experiments supported this mechanism and provided a
readout for SAR studies. Viability assays demonstrated that
myoseverin is less toxic than other drugs that interact with
microtubules. It was also determined, that the compound
assists in reentry into the cell cycle and cell proliferation
which follows a mechanism of tubulin disruption. Supporting this mode of action, an mRNA transcript profile indicated that it does not cause the upregulation of many genes
associated with the cell cycle, or muscle-specific genes, but
that expression of genes associated with extra-cellular matrix
remodeling and growth factor signaling are induced which is
inconsistent with the formation of myoblast precursor cells.
This result suggests that myoseverin does not actually induce
dedifferentiation per se, but that it more simply allows the
mechanical clipping apart of myotubes into individual cells
that are still at the myotube differentiation stage. These individualized cells can form myotubes again after the compound is removed. However, due to the fact that myoseverin
causes muscle cells to proliferate and reenter the cell cycle it
may still be useful in muscle regeneration applications.
Because it was determined that myoseverin was not dedifferentiating myotube cells to upstream myoblast precursor
cells, a primary screen that was not dependent on myotube
disruption was established [153]. As opposed to simply
screening for phenotypes that match a dedifferentiated cell
type, a screen was set up for multipotency by identifying
alternative redifferentiated cell types that should arise if dedifferentiation had taken place. The logic of this is that if a
differentiated cell type is identified that differs from the
original, then the cells must have dedifferentiated and passed
through a multipotent progenitor cell stage. In this study, a
library of about 50,000 members was screened for the ability
to transdifferentiate C2C12 myoblasts into osteoblasts (boneforming cells) presumably through a multipotent mesenchymal progenitor cell type. The cells were incubated with the
molecules as discrete preparations and then subjected to established osteogenic culturing conditions. The bone-specific
marker alkaline phosphatase was used to identify the osteoblast lineage. Through this screen reversine, a disubstituted purine that projects both a benzylmorpholine and a
cyclohexane from the 2- and 6-positions respectively, was
obtained. This molecule caused a significant decrease in
muscle cell markers during differentiation. Control experiments confirmed that no significant cell death was detected
and that no transdifferentiation was observed. A secondary
screen involved the exposure of the dedifferentiated progenitors to media known to cause adipogenic differentiation and
assayed for characteristic adipocyte phenotype. Cells induced to dedifferentiate by reversine treatment were able to
differentiate into adipocytes under these conditions. Together these data confirm that reversine acts as a true dedifferentiation agent.
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Recently, it has been reported that reversine has been
applied to studies involving primary dermal cells [154]. The
authors of the report note that the C2C12 cell line is an immortalized cell line and possesses chromosomal abnormalities. They imply, therefore, that results based on C2C12 cells
may be artifactual or not be applicable to clinical usage.
Treatment of skin fibroblasts isolated from transgenic mice
expressing green fluorescent protein (GFP) with reversine
resulted in cells with altered morphology that expressed little
to no HSP47, a fibroblast marker. Exposure of these cells to
established conditions shown to produce either osteocytes or
smooth muscle cells produced cells that expressed alkaline
phosphatase or smooth muscle actin indicative of differentiation to the proper cell type. Myogenesis proved to be more
difficult. Simple exposure of the reversine-exposed cells to
skeletal muscle differentiation conditions was unsuccessful
in producing muscle cells. However, co-culturing of these
cells with C2C12 cells resulted in expression of myocyte
markers (MHC, MyoD) in the reversine-treated cells and
incorporation of GFP-expressing cells into myotubes. These
results suggest that communication between the C2C12
myoblasts and the reversine-treated cells was occurring and
that this communication is necessary for myogenesis. Similar
differentiation studies with human dermal cells gave results
similar to those obtained with the mouse-derived cells.
Impressively, injection of reversine-dedifferentiated cells
into damaged muscle resulted in uptake of the cells into the
tissue (as indicated by GFP incorporation), suggesting that
this method may be part of a future application in muscle
regeneration.
To begin to establish the mechanism of reversineinduced, dermal cell transdifferentiation and the nature of the
dedifferentiated cells, characterization of the reversinetreated cells was attempted. The cells were probed by flow
cytometric analysis using hemopoietic (CD34, CD45) and
mesenchymal stem cell markers (CD73, CD105). Neither set
of these markers was detected. Interestingly, overall proliferation and cyclin B transcription was reduced in these cells.
Furthermore, the reversine-treated cells exhibited a binuclear, tetraploid phenotype which was reversed upon differentiation. It was noted that polyploidy of some cell types is
sometimes observed as part of normal development. These
results, while not conclusive, largely suggest that the reversine-treated cells do not dedifferentiate fully to a stem
cell, and that the formation of some sort of multinuclear progenitor could play a role. While there is still much work to
be done to obtain a clear picture, this study suggests an unexpected and alternative mechanism for dedifferentiation.
A very recent paper [155] sheds further light on the
mechanism of reversine activity. Again using C2C12 cells,
media components were removed to isolate individual signal
transduction pathways. Removal of insulin resulted in the
nullification of reversine activity. Because insulin acts
through the PI3K pathway, it was hypothesized that this
pathway is necessary for reversine-mediated dedifferentiation. Treatment with a PI3K inhibitor confirmed this hypothesis by desensitizing cells to reversine. Affinity pulldown experiments using reversine immobilized to an insoluble matrix through the 6-position found three binding targets.
FAK (focal adhesion kinase), MEK1 (mitogen activated extracellular signal regulated kinase), and NMMII (nonmuscle
myosin II heavy chain) were identified by Western blot and

shown to be direct binding partners. Upon overexpression,
only the latter two reversed reversine activity. Biochemical
enzyme inhibition assays demonstrated that reversine had
activity against both enzymes. An siRNA knockdown of
NMMII in conjunction with chemical inhibition of MEK
resulted in cells with similar transdifferentiation abilities to
reversine. However, blocking the activities of these enzymes
alone did not reproduce the phenotype suggesting that they
need to be knocked down together. NMMII is a cytoskeletal
protein that plays a role in the transmission of force from the
extracellular matrix, through focal adhesions, and into the
cell. This process has previously been demonstrated to influence cell fate and differentiation outcomes [156, 157]. Additionally, NMMII is involved in cell cycle regulation and inhibitors of this protein block the G2/M transition. Supporting
a mechanism involving a reversine interaction with NMMII,
treatment with the compound causes accumulation of cells at
the G2/M checkpoint. The other pulled-down protein, MEK1
is part of the evolutionally conserved MEK/ERK pathway
which has been implicated in many cellular processes including those involved in differentiation and stem cell proliferation. One of its specific roles is in the regulation of histone
acetylation by phosphorylating histone acyltransferase. Supporting a mechanism where reversine also interacts with
MEK1, treatment with the compound causes a decrease in
histone H3 acylation. In addition, inhibitors of histone deacetylase block reversine activity. Taken together these data
suggest that reversine’s activity is due to direct binding and
inhibition of both NMMII and MEK in concert.
A model system for osteoblast differentiation is the embryonic fibroblast cell line, C3H10T1/2. These cells are
mesodermal precursors and have been shown to differentiate
into mineralizing osteoblasts much like mesenchymal stem
cells. Upon induction with the growth factor BMP-4, the
resulting osteoblasts express alkaline phosphatase which
catalyzes the hydrolysis of pyrophosphates to phosphates
and therefore plays an essential role in bone mineralization.
The production of alkaline phosphatase activity can act as an
output in screens for osteoblast differentiation due to the
availability of colorigenic substrates. An alkaline phosphatase assay was used to screen a library of more than 45,000
members for the induction of differentiation of C3H10T1/2
cells into osteoblasts. This library was based on a diversity
of heterocyclic scaffolds including purines, pyrimidines,
quinazolines, pyrazines, phthalazines, pyridazines, and quinoxalines [158]. Of this large library, only one compound
was discovered to induce differentiation [159]. This compound, a 2,6,9-trisubstituted purine, which presents cyclohexane, naphthaline, and morpholine substitutents around the
heterocyclic scaffold, was dubbed purmorphamine. Purmorphamine was demonstrated to induce the production of alkaline phosphatase in, and the implied differentiation of, the
cells in a dose- and time-dependent manner. This activity of
the molecule operates synergistically with BMP-4 suggesting
that purmorphamine does not act as a functional mimic of
BMP-4. Supporting the assumption that purmorphamine
induces differentiation of the cells, the cells treated with the
molecule change from the spindle shape of a typical fibroblast to a more rounded morphology resembling osteoblasts.
A secondary screen involved the construction of a reporter
cell line which links luciferase activity to the expression of
Cbfa1/Runx2 which is a transcription factor specific to bone
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formation and has been shown to be essential for skeletal
mineralization and osteogenesis [160, 161]. Purmorphamine
induced the expression of Cbfa1/Runx2 in this cell line further supporting the previous results. Interestingly, purmorphamine was able to transdifferentiate subtly an adipose precursor cell line to an osteoblast-like cell lineage. Also, transdifferentiation was observed for a skeletal muscle progenitor
cell line but, in this case, although Cbfa1/Runx2 was expressed, some morphological features of muscle cells remained, either confirming that Cbfa1/Runx2 is not sufficient
for the transdifferentiation of these cells, or that purmorphamine cannot differentiate these cells completely to an
osteoblast lineage [162].
Microarray studies have indicated that, unlike signaling
induced by BMP-4 which activates the SMAD proteins,
purmorphamine acts to agonize the hedgehog pathway. This
was confirmed by the use of hedgehog antagonists which
obliterate purmorphamine activity [163]. Through genetictype studies it was determined that purmorphamine operates
at the level of the seven transmembrane receptor smoothened
(Smo) which activates a series of transcription factors which
in turn target key hedgehog genes. Further studies involving
displacement of fluorescent antagonists that make direct interactions with Smo demonstrate that purmorphamine agonizes the hedgehog pathway by binding directly to Smo
[164]. These results not only establish a mechanism, but also
suggest potential targets for future small molecule effector
development. Because purmorphamine’s Smo agonist activity is unique, it has been used to understand the signaling
mechanism of Smo itself. It has recently been shown that
Smo has two distinct signaling activities localized in two
separate domains of the protein [165].
Small-molecule neurogenesis promoters have also been
discovered through the high throughput screening of heterocycle libraries [166]. A primary screen of a large (>10,000
members) library was screened against the pluripotent murine EC cell line, P19, which was engineered to express firefly luceriferase upon activation of a neuron-specific gene,
T1 tubulin. If a hit molecule is detected that can induce
differentiation of the cells to a neuronal lineage, the T1
tubulin promoter is activated, and the resulting luciferase
expression can be read out by its luminescence. The initial
screen was carried out using cellular monolayers ensuring
that hits could be established that bypass the need to form
EBs to achieve differentiation. Secondary screens used immunochemistry to demonstrate the expression level of IIItubulin/TuJ1, another neuronal marker, and microscopy to
confirm the development of neuronal morphologies which
consist of rounded bodies surrounded by extensive cellular
processes. Through these screens, the compound TWS119,
which projects phenolic and analenic functionality from the
respective 4- and 6-positions of a pyrrolopyrimidine scaffold, was discovered. Most of the cells treated with TWS119
immunostained positively for other neuronal markers such as
nestin, neurofilament-M, Map2a, Map2b, NeuN, synapsisn
and also the glutamate production. The compound has also
been shown to work with mouse ES cells, demonstrating that
its activity is not restricted to EC cells. To determine the
target of TWS119, the molecule was linked to a solid support through the 6-position of the core heterocycle. Gel electrophoresis and subsequent mass spectroscopic analysis determined that TWS119 binds GSK-3, a serine/threonine
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kinase. This interaction was further confirmed by Western
blot, and the disassociation constant was determined using a
surface plasmon resonance biosensor (~130nM). It has been
shown previously that upon Wnt activation, GSK-3 is inhibited from phosphorylating -catenin. The phosphorylation
of -catenin activates it for ubiquitin-mediated proteolysis.
In the absence of GSK-3-induced degradation, -catenin
migrates to the nucleus to regulate transcription through interaction with TCF/LEF. Using an engineered P19-based cell
line transformed with a construct containing multiple
TCF/LEF DNA binding sites upstream to a luciferase reporter gene, it was determined that addition of TWS119 can
induce -catenin downstream signaling. These results taken
together suggest that the compound’s binding to GSK-3
inhibits the protein’s direct interaction with -catenin,
thereby turning on downstream signaling events.
This same murine EC cell line from the previous study,
P19, was also used in a primary screen to discover small
molecules that can differentiate pluripotent cells into cardiomyocytes from a heterocycle library of ~100,000 without
the requirement of forming EBs [167]. A luciferase reporter
construct was developed using the promoter of atrial natriuretic factor, a downstream gene product of heart muscle
cell-specific transcription factors. The resulting hits were
subjected to a secondary screen against murine ES cells. The
most active hit molecule was cardiogenol C which projects
para-methoxyaniline and 2-hydroxylamino groups from the
C-2 and C-4 of a pyrimidine scaffold respectively. The compound-differentiated cells exhibited a cardiomyocyte phenotype in that they expressed the markers myosin heavy chain,
MEF2, Mkx2.5, GATA-4, and also began to beat. An impressive 50-90% of the cells differentiated, a marked improvement over traditional differentiation techniques where
only 5% of the cells formed heart muscle cells.
High throughput screening has also been used to find a
compound that induces differentiation to mature neurons
from neural progenitor cells [168]. A 50,000 compound heterocycle library was screened against HCN rat hippocampal
primary neuronal progenitor cells. In any neuronal differentiation endeavor, a possible pitfall is the differentiation into
glial cell types. For example, the small molecule nuclear
receptor ligand, retinoic acid, differentiates neuronal progenitor cells into both neurons and cells of a glial lineage.
With this in mind, the primary screen used a microscopy/phenotype-based assay using dual immunostaining for
-tubulinIII, a neuronal marker, and glial fibrillary acidic
protein, which is an astroglial marker using monolayer
screening. After the primary screen it was determined that
the resulting hits were all 4-aminothiazoles. A directed library was therefore synthesized and screened based on this
core. The most active molecule, neuropathiazol, was then
used for long-term culturing studies. Treatment with the
compound resulted in the downregulation of the neural progenitor marker, Sox2, and upregulation of the neuronal
markers NeuroD1, neurofilament H, and Map2, indicating
that the cells differentiated to mature neurons. Further work
demonstrated that cells cultured in LIF, BMP, and serum,
which are astroglial selective differentiation conditions,
could be inhibited from differentiation through treatment
with neuropathiazol. Retinoic acid did not share this activity.
These data demonstrate that neuropathiazol is a more selective differentiation agent than retinoic acid and that it pushes
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cells to a more mature and defined state. Moreover, the
mechanism of neuropathiazol may be inhibition of glial formation rather than direction toward a neuronal lineage. This
suggests a possible activity to be targeted in the development
of future compounds.
High throughput screening has also been used to find
small molecules that promote self-renewal of ES cells lines
[169]. A heterocycle library made up of 50,000 members
was screened against a mouse ES cell line engineered with
an Oct4-GFP reporter. These cells were derived from the
OG2 murine ES cell line which does not self-renew in
feeder-free conditions. However, the screen was conducted
in the absence of feeder cells to ensure that hit molecules
could induce feeder-free self-renewal. A 3,4-dihydropyrimido[4,5-d]pyrimidine named SC1, was found to have the
greatest activity. Cells treated with SC1 proliferated and
stained positive for SSEA-1, Oct4, and alkaline phosphatase,
markers for pluripotency even after repeated passaging. They
possess typical ES cell morphology and were shown, by RT
PCR, to express Oct4, Nanog, and Sox2. The SC1-treated
cells could form EBs and could be differentiated into neuronal, cardiac muscle, and endodermal lineages as evidenced
by expression of the appropriate markers (II tubulin/NeuroD1, myosin heavy chain/NKX2.5, and Sox17/
FOXA2 respectively). The fact that these three cell types
belong to the three developmental germ layers suggests that
the SC1-treated cells retain pluripotency. As additional confirmation, the cells were used to generate chimeric mice. In
an effort to trace down the mechanism of SC1’s activity, the
usual pathways of controlling self-renewal were investigated. LIF activates STAT3 phosphorylation at Tyr705,
however Western blot indicates that SC1 does not. In addition, knocking down STAT3 or the treatment with the JAK2
inhibitor, AG490, also has no effect on SC1 activity. Together these suggest that SC1 acts in a manner independent
of the JAK/STAT pathway. Id1 expression is linked to the
BMP pathway. Investigations using RT PCR indicate that
SC1 treatment has no effect on Id1 expression, suggesting
that SC1 activity is also independent of the BMP pathway.
Moreover, SC1 has no effect on the expression of GSK-3,
implying that it does not interact with the Wnt pathway. Further expression studies shed some light on the mechanism by
indicating that SC1 activates Nanog expression by inhibiting
the phosphorylation of p53. To find the direct binding target,
the pyrazole N1 of the compound was linked to an affinity
matrix which was able to pull out two proteins from cell
lysates. These two proteins were identified as ERK1 and
RasGAP (Ras GTP binding protein) by Western blot. These
interactions were confirmed to be significant by the demonstration that SC1 can inhibit LIF-stimulated ERK phosphorylation and increases the expression levels of Ras most likely
through the inhibition of RasGAP. Overexpression of ERK 1
or RasGAP results in differentiation which can be partially
rescued by SC1. Knockdowns of RasGAP with RNAi in
conjunction with treatment with an inhibitor of ERK1 phosphorylation results in cells with a similar phenotype to SC1treated cells, further confirming this dual target mechanism.
ERK has been implicated in various differentiation outcomes
and Ras has been shown to be involved in both differentiation and proliferation. Self-renewal can be considered to be
the combination of increased proliferation and inhibition of
both differentiation and cell death. The fact that a molecule

with self-renewal activity hits both these targets emphasizes
the possible need for a dual phenotype for manipulation of
complex cell functions. These results not only suggest a
novel and possibly useful mechanism for the development of
future stem cell self-renewal activators, but they also imply
that it might be wise to screen for multiple, simultaneous
molecular targets, or to perform phenotypic screens with
cocktails of single-activity molecules.
Pluripotent
eg ES Cells

Multipotent
eg Adult Stem Cells

Differentiated

Transdifferentiation

Dedifferentiation

Fig. (1). The loss of differentiation power as the lineage of cells
becomes defined.

A very recent report demonstrates how high throughput
screens of small molecules can be used to find differentiation
agents of skin cells [170]. Keratinocyte cells are progenitor
cells that make up the epidermal skin layer. Primary normal
human epidermal keratinocytes were transfected with a
lucerifase reporter of infolucrin, a keratinocyte differentiation marker. A library of 13,000 compounds composed of
known drugs, natural products, and heterocycles with known
and suspected activity against kinases, was screened against
this cell line as part of a primary screen for differentiation. A
pyrrolopyrimidine was found that causes the cells to change
morphology to resemble flattened, differentiated skin cells.
This compound elicited production of the early differentiation markers keratin 1 and 10 in the first 48 hours, and the
markers for late-stage differentiation, IVL, TGM, loricrin,
and flilligrin within 96 hours. A global transcriptional analysis indicated that treatment with this compound alters the
p38 MAPK signaling pathway. Additionally, integrin signaling is downregulated. The molecule was immobilized to an
affinity matrix, and TANK-binding kinase 1, NIM-related
kinase9, casein kinase2 -subunit, and casein kinase2 ’-
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subunit were pulled out of cell lysates. The compound inhibits the casein kinase’s ability to bind ATP, however they
have not been previously demonstrated to play a role in
keratinocyte differentiation. Moreover, RNAi knock-down
experiments of these kinases only affect expression of some
of the keratinocyte markers and therefore don’t completely
reproduce the phenotype induced by treatment with the small
molecule. This suggests that if interaction with these proteins
is significant it is not the sole mechanism of activity. While
this is a first step toward the establishment of a small molecule that can differentiate keratinocytes, and suggests a possible novel target, much work needs to be done until a complete mechanistic picture can be established.
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Array-Based Screening Techniques Applied to Stem
Cells
While screening soluble, small-molecule libraries has
been shown to be effective in discovering agents for progenitor cell self-renewal and differentiation, an alternative strategy has been explored within a parallel chronology. Based
on the knowledge that cell signaling is the result of a combination of pathways resulting from cellular interactions with
soluble factors, the extracellular matrix, and other cells, array-based strategies have been developed to explore how
various immobilized materials including small peptides, proteins, and polymers presented on a surface can induce cellular differentiation or self-renewal. Although much work in
the materials field has been applied to stem cells [171, 172],
high throughput approaches remain rare. Additionally, high
throughput small molecule screening research, which relies
on previously established technology, is much more mature
than its array-based counterpart. Surface-based arraying of
materials for controlling stem cell fate, on the other hand,
has required initial technological development and proof of
principle studies. However, one of the potential advantages
of arraying molecules is that it can increase the throughput of
a screen. Arraying technology can provide features down to
the cell colony size limit. The practical throughput of a soluble small-molecule screen is limited by the size of a standard
384-well plate whereas arraying technology can realistically

Inspection of the set of soluble small molecules discovered by high throughput screening to influence differentiation outcomes of stem cells (Fig. 2) demonstrates a commonality of structure in that all the hit compounds are based
on nitrogen-containing heterocycles. Although, these are
undoubtedly privileged structures, only a relatively small
corner of structure space has been yet explored as few research groups have undertaken screens of this nature. It is
highly likely that other structural classes of compounds remain to be discovered, and screening small molecule libraries based on other structural classes for complex cellular
activities should prove to be a fertile endeavor.
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Fig. (3). Cells receive signals from the niche in which they reside by binding to soluble factors, the extracellular matrix, and other cells (left).
Array-based strategies to screen libraries of natural and synthetic ligands that induce these signals (center) could discover new preparations
for the manipulation of stem cells. Controlled presentation of these ligands could also allow the screening for density and synergistic effects
(right).

screen 1,500 samples on a standard microscope slide,
thereby increasing throughput while decreasing the amount
of compound required to conduct the screen. Moreover,
small molecule and array-based formats could be combined
into one technology. Screening small molecule libraries simultaneously with an array-based, surface-presented library
might prove more productive even than a very diverse library. It is conceivable that a “library vs library” strategy
might help discover pairs of molecules whose activities act
in concert to manipulate complex cellular phenotypes (vide
supra).
In one of the first array-based screens for stem cells, a
library of close to 600 different polymers was arrayed on a
surface to determine how they affect stem cell growth, attachment, and differentiation [173]. These polyacrylate
polymers were combinations of 25 different acrylate monomers and were polymerized on the chip itself. Although only
600 polymers were screened, the authors of the study note
that up to 1,700 could conceivably be screened using a standard 25mm x 75mm microscope slide format. About twenty
of these chips can be fabricated in one day. For cell arraying
techniques, the area in between the array features must prevent cell attachment, otherwise the spatial information, and
hence the utility, of arraying different materials on different
places of the chip would be lost. Polyether and hydroxidepresenting materials have been widely used to prevent cell
attachment. In this study, poly(hydroxyehtyl methacrylate)
was employed as a background for the polymer arrays. To
perform this screen, the human embryonic stem cell line, H9,
was grown under standard EB forming conditions for six
days, after which the cells were plated on the array and
treated with retinoic acid for another six days. The cells were
stained for cytokeratin 7, a filament protein found in epithe-

lium and vimentin, itself a filament protein expressed in
mesenchymal cells. Many of the polymers bound the cells,
and permitted cell division to various degrees. A majority of
the cells grown on the polymers differentiated into epithelial
cells. Further studies with C2C12 myoblasts showed differences between attachment profiles for the two cell types. In a
follow-up paper, polymers were screened against additional
cell types [174]. In this case, ~1000 mixtures, or blends, of
24 different polyesters, which were synthesized through offchip polymerization, were screened for attachment of human
mesenchymal stem cells, differentiation of neural stem cells,
and dedifferentiation of bovine chondrocytes. The majority
of the polymers permitted the attachment of mesenchymal
stem cells, dedifferentiation of the chondrocytes as exhibited
by positive collagen I staining, and differentiation of the neuronal stem cells to astrocytes as exhibited by staining for
glial fibrillary acidic protein. Due to the less defined nature
of these polymers and polymer blends, the exact biological
mechanism of these materials is unknown, and much work is
left to be done to unravel the complete story or to establish
the utility of these studies.
In an approach based more on established cell biology
experience, 32 combinations of five extracellular matrix proteins were screened for their ability to control the fate of
cells related to liver function [175]. The proteins collagen I,
collagen III, collagen IV, laminin, and fibronectin were arrayed, using standard DNA-chip spotting techniques, on a
polyacrylamide hydrogel chip in different combinations. The
spot size was ~120um which can hold about twenty cells.
Initially, mature primary rat hepatocytes were plated on the
array and the protein combinations were assessed by their
ability to induce liver-specific function as identified by albumin immunostaining. The array was also screened against
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murine embryonic stem cells engineered to produce galactosidase upon the expression of the liver-specific gene
ankrd17, in order to determine the ability of the various
ECM mixtures to differentiate the cells to a hepatic lineage.
Mixtures containing collagen IV were shown to be important
for providing hepatocyte function. A powerful analysis technique was able to determine additional meaning from the
data and demonstrated that fibronectin, laminin, and collagen
III also play a role. The importance of presenting these proteins as mixtures was exemplified by the fact that collagen I,
collagen III, and laminin together provide positive activity
but alone exhibit negative effects. Conversely, non-additivity
is demonstrated by collagen IV and fibronection which are
negative in combination but positive alone. For stem cell
differentiation, collagen I, collagen III, laminin, and fibronectin in combination had the highest activity with fibronectin and collagen I playing the largest roles. These results suggest multiple signaling pathways are being affected,
again emphasizing the potential wisdom in screening for
multiple and complementary targets and activities (vide supra).
Recently, small libraries of peptides based on extracellular matrix proteins have been displayed using an array format for the purpose of establishing more chemically defined
conditions to proliferate human ES cells [176]. These arrays
were formed by assembling monolayers of alkane thiols
(ATs) on gold-coated glass chips. These monolayers were
used because they provide reproducibly flat and uniform
surfaces. The fabrication of these arrays is initiated by the
formation of perfluorous self-assembled monolayers
(SAMs). This surface acts as the background between the
elements of the array. Areas within this background were
removed by photolithography, the patterning of which solely
defines the shape and size of the individual spots (vide infra), and individual ATs were spotted to fill in the photoetched monolayers. These ATs were pre-attached to the
peptides in the library and were also mixed with other ATs
to explore not only the effect of the array elements themselves but also the effect of mixtures and epitope density.
Because the library members were pre-attached to the ATs,
orientation effects of the library molecules could also be
probed with this technique. The flourous monolayer was
used as the background due to its dual cytophobic and solvophobic properties [177]. The cytophobicity prevents cells
from binding, and the solvophobicity facilitates the beading
of most solvents. The beading of solvents provides flexibility
in the type of molecules that can be arrayed and ensures that
the size and shape of the array spot can be controlled by the
photolithography step and not be influenced by the individual properties of the solvents used or the irregularities of the
spotting process. This allows the total control and uniformity
of colony shape and size. Moreover, the beading selfcorrects the spotting process by aligning the solvent droplet
on the area of removed SAM. The arrays employed 500μm x
500μm squares. This array element size was larger than the
smallest possible size available through fabrication technology. The spot size lower limit is restricted by the fact that
current human embryonic stem cell culturing conditions require colony formation. The authors of this study note that as
clonal culturing techniques develop, the possible spot size
will decrease and the throughput of this technology will increase. However, the current format still allows the screening
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of hundreds of compounds in a square inch. Eighteen different peptides based on active elements of large extracellular
matrix proteins were screened for attachment and selfrenewal of the human embryonic stem cell lines H9 and H1.
The peptides were assessed by their ability to induce the
production of Oct4 and alkaline phosphatase activity, both
markers of pluripotency. The hit peptide KGRGDS was subjected to a secondary screen using flow cytometry and the
pluripotency markers Oct4 and SSEA-4. The mechanism of
action was explored by the employ of various cancer cell
lines which have been previously shown to express different
levels of the v integrin. The expression level of the integrin
correlated to the cell adherence at different densities of the
peptide, suggesting that the peptide’s activity is due to interaction with this protein. Hits obtained through this technology were shown to be easily expanded from the microscale
to the macroscale. Hit peptides were appended to lipids that
readily self-assemble into hydrogel-forming organic nanotubes. These lipids were used to coat tissue culture flasks
which in turn were used to propagate the stem cells. The
success of these hydrogels showed that the successful library
members could be transferred rationally from the microarrays directly to a technology that could be adopted with
standard cell biological procedures. Presumably a similar
strategy could be used discover new conditions for other
stem cells and for other differentiation outcomes.
In another recent paper [178], various combinations of
growth factors, extracellular matrix proteins, and celladherent polymers commonly used in tissue culturing were
screened in an array format for their ability to differentiate or
promote undifferentiated proliferation. A SAM array composed of carboxylic acid-presenting ATs amongst a background of hydrocarbon ATs was fabricated by first activating
the acids as succinate esters. The combinations of extracellular matrix proteins (collagen I, collagen IV, laminin, fibronectin), artificial cell-attachment polymers (polyethylimine and polylysine-two cationic polymers and pronectinan engineered protein made up of repeats of the cell-binding
region of fibronectin and the -sheet stabilizing portion of
silk fibroin), and growth factors (epidermal growth factor
(EGF), fibroblast growth factor (FGF-2), nerve growth factor
(NGF), neutrophin-3 (NT-3), cilliary neurotrophic factor
(CNTF)) were linked to the array through amide bond formation with random orientations. The goal of this study was
to discover synergies between these materials. After attachment of the proteins, the background was blocked with albumin to make it cytophobic. Primary rat neuronal stem cells
were plated on the array and stained for nestin, a marker for
undifferentiated neuronal stem cells. To screen for differentiation, either -tubulin III, a marker for mature neurons, or
GFAP, a marker for astrocyte glial cell lineages, was used. It
was determined that neuronal stem cell proliferation was
promoted equally well by all adherence polymers and extracellular matrix proteins if they were immobilized with
EGF. Differentiation to astroglial lineages was promoted
most strongly by either fibronectin or pronectin in combination with CNTF, a growth factor that modulates the STAT
pathway by signaling through the LIF receptor and gp130.
Furthermore, neuronal differentiation was favored by combinations using fibronectin, pronectin, or polyethyleneimine
along with NGF, or NT-3. The authors note that due to thick
growth of cells, microscopy-based assay techniques can gen-

Stem Cells and Combinatorial Science

Combinatorial Chemistry & High Throughput Screening, 2007, Vol. 10, No. 8 649
[16]

erate false negative results, emphasizing that these types of
screens should use low cell densities or employ high
throughput flow cytometric screens. These results demonstrate that crosstalk between cell attachment- and growth
factor-induced pathways play an important role in selfrenewal or differentiation. More generally this work again
reinforces the potential utility of screening either for synergies due to combinations of active molecules, or for molecules with multiple activities to find effectors of complex
cellular processes.

[17]
[18]
[19]
[20]
[21]
[22]
[23]
[24]

CONCLUSION

[26]

The screening of soluble and arrayed compounds can
provide tools to help advance stem cell research by establishing new conditions for differentiation and self-renewal or by
providing new avenues for expanding the understanding of
the fundamentals of mammalian development. Similar studies may also allow for the establishment of niches that the
cell would not receive naturally to push them to generate
cells that they normally would not [179]. These artificial
niches along with recent advances in trans- and dedifferentiation, might allow the application of new techniques to help
circumvent the political constraints that still restrict the embryonic stem cell field [180, 181]. This review has attempted
to describe recent advances in the application of combinatorial sciences to stem cells while providing an historical context and an explanation of the state of the art of the field itself. It is hoped that researchers can use this review as a resource to predict fertile protein or signal transduction targets,
to anticipate amenable cell types and conditions, or to design
new scaffolds based on previously determined privileged
structures in the development of new high throughput
screens.

[27]
[28]
[29]

ACKNOWLEDGEMENTS
The authors acknowledge financial support from a
CBC/SPMS start-up grant and Tier 1 MOE Academic Research Fund grant (RG53/06). YQF acknowledges
CBC/SPMS for a teaching assistanceship. WQW and YWY
thank NTU’s Undergraduate Research Experience on Campus (URECA) program. We thank Mark W. Peczuh, Alison
J. Lester, and Aimee L. Boyle for helpful discussions and for
editing the manuscript.
REFERENCES
[1]
[2]
[3]
[4]
[5]
[6]
[7]
[8]
[9]
[10]
[11]
[12]
[13]
[14]
[15]

Ding, S.; Schultz, P.G. Nat. Biotech., 2004, 22, 833-840.
Ding, S.; Schultz, P.G. Curr. Top. Med. Chem., 2005, 5, 383-295.
Chen, S.; Hilcove, S.; Ding, S. Mol. BioSyst., 2006, 2, 18-24.
Wobus, A.M. Mol. Aspects Med., 2001, 22, 149-164.
Evans, M.J.; Kaufman, M.H. Nature, 1981, 291, 154-156.
Hao, H.N.; Zhao, J.; Thomas, R.L.; Parker; G.C.; Lyman, W.D. J.
Hematother. Stem Cell Res., 2003, 12, 23-32.
Takahashi, K.; Yamanaka, S. Cell, 2006, 126, 6663-6676.
Fang, Y.Q.; Orner, B.P. ACS Chem. Biol., 2006, 1, 557-558.
Maherali, N.; Sridharan, R.; Xie, W.; Utikal, J.; Eminli, S.; Arnold,
K.; Stadtfeld, M.; Yachechko, R.; Tchieu, J.; Jaenisch, R.; Plath,
K.; Hochedlinger, K. Cell Stem Cell, 2007, 1, 55-70.
Bradley, A.; Evans, M.; Kaufman, M.H.; Robertson, E. Nature,
1984, 309, 255-256.
Labosky, P.A.; Barlow, D.P.; Hogan, B.L.M. Development, 1994,
120, 3197-3204.
Martin, G.R. Proc. Natl. Acad. Sci. USA, 1981, 78, 7634-7638.
Stewart, C.; Gadi, I.; Bhatt, H. Dev. Biol., 1994, 161, 626-628.
Andrews, P.W. Biochem. Biophys. Acta, 1988, 948, 17-36.
Solter. D. Nat. Rev. Genet., 2006, 7, 319-327.

[25]

[30]
[31]

[32]
[33]
[34]
[35]
[36]
[37]
[38]
[39]

[40]
[41]
[42]
[43]
[44]
[45]
[46]
[47]
[48]
[49]
[50]
[51]
[52]
[53]
[54]
[55]
[56]
[57]
[58]

Stevens, L.C.; Little, C.C. Proc. Natl. Acad. Sci. USA, 1954, 40,
1080-1087.
Stevens, L.C. Proc. Natl. Acad. Sci. USA, 1964, 52, 654-661.
Kleinsmith, L.J.; Pierce, G.B. Cancer Res., 1964, 24, 1544-1551.
Sol D.; Skreb, N.; Damjanov, I. Nature, 1970, 227, 503-504.
Stevens, L.C. Dev. Biol., 1970, 21, 364-382.
Brinster, R.L. J. Exp. Med., 1974, 140, 1049-1056.
Martin, G.R.; Evans, M.J. Cell, 1974, 2, 163-172.
Martin, G.R.; Evans, M.J. Cell, 1975, 6, 467-474.
Andrews, P.W.; Bronson, D.L.; Benham, F.; Strickland, S.;
Knowles, B.B. Int. J. Cancer, 1980, 26, 269-280.
Solter, D.; Knowlers, B.B. Proc. Natl. Acad. Sci. USA, 1978, 758,
5565-5569.
Gooi, H.C.; Feizi, T.; Kapadia, A.; Knowles, B.B.; Solter, D.;
Evans, M.J. Nature, 1982, 292, 156-705.
Strickland, S.; Mahdavi, V. Cell, 1978, 15, 393-403.
Andrews, P.W. Dev. Biol., 1984, 103, 285-293.
Simeone, A.; Acampora, D.; Arcioni, L; Andrews, P.W.; Boncinelli, E; Mavilio, F. Nature, 1990, 346, 763-766.
Martin, G.R. Proc. Natl. Acad. Sci. USA, 1981, 78, 7634-7638.
Williams, R.L.; Hilton, D.J.; Pease, S.; Willson, T.A.; Stwart, C.L.;
Gearing, D.P.; Wagner, E.F.; Metcalf, D.; Nicola, N.A.; Gough,
C.M. Nature, 1988, 336, 684-687.
Smith, A.G.; Heath, J.K.; Donaldson, D.D.; Wong, G.G.; Moreau,
J.; Stahl, M.; Rogers, D. Nature, 1988, 336, 668-690.
Bradley, A.; Evans, M.; Kaufman, M.H.; Robertson, E. Nature,
1984, 309, 255-256.
Gossier, A.; Doetschman, T.; Korn, R.; Serfling, E.; Kemier, R.
Proc. Natl. Acad. Sci. USA, 1986, 83, 9065-9069.
Thomas, K.R.; Capecchi, M.R. Nature, 1986, 324, 34-38.
Gordon J.W. Int. Rev. Cytol., 1989, 115, 171-229.
Matsui, Y.; Zsebo, K.; Hogan, B.L.M. Cell, 1992, 70, 841-847.
Wakayama, T.; Tabar, V.; Rodriguez, I.; Perry, A.C.F.; Studer, L.;
Mombaerts, P. Science, 2001, 292, 740-743.
Thomson, J.A.; Itskovitz-Eldor, J.; Shapiro, S.S.; Waknitz, M.A.;
Swiergiel, J.J.; Marshall, V.S.; Jones, J.M. Science, 1998, 282,
1145-1147.
Shamblott, M.J.; Axelman, J.; Wang, S.P.; Bugg, E.M.; Littlerfield,
J.W.; Donovan, P.J.; Blumenthal, P.D.; Huggins, G.R.; Gearhart,
J.D. Proc. Natl Acad. Sci. USA, 1998, 95, 13726-13731.
Bernstine, E.G.; Hooper, M.L.; Grandchamp, S.; Ephrussi, B. Proc.
Natl. Acad. Sci. USA, 1973, 70, 3899-3903.
Benham, F.J.; Andrews, P.W.; Knowles, B.B.; Bronson, D.L.;
Harris, H. Dev. Biol., 1981, 88, 279-289.
Kannagi, R.; Cochran, N.A.; Ishigami, F.; Hakomori, S.; Andrews,
P.W.; Knowles, B.B.; Solter, D. EMBO J., 1983, 2, 2355-2361.
Fenderson, B.A.; Andrews, P.W.; Nudelman, E.; Clausen, H.;
Hakomori, S.-I. Dev. Biol., 1987, 122, 21-34.
Henderson, J.K.; Draper, J.S.; Baillie, H.S.; Fishel, S.; Thomson,
J.A.; Moore, H.; Andrews, P.W. Stem Cells, 2002, 20, 329-337.
Burdon, T.; Chambers, I.; Stracey, C.; Niwa, H.; Smith, A. Cells
Tissues Organs, 1999, 165, 131-143.
Ying, Q. –L.; Nichols, J.; Chambers, I.; Smith, A. Cell, 2003, 115,
281-292.
Xu, C.; Inokuma, M.S.; Denham, J.; Golds, K.; Kunda, P.; Gold,
J.D.; Carpenter, M.K. Nat. Biotech., 2001, 19, 971-974.
Bongso, T.A.; Fong, C.Y.; Ng, C.Y.; Ratnam, S.S. Cell Biol. Int.,
1997, 18, 1181-1189.
Bongso, T.A.; Fong, C.Y.; Ng, S.C.; Ratnam, S Hum. Reprod.,
1994, 9, 2110-2117.
Richards, M.; Fong, C.Y.; Chan, W.K.; Bongso, A. Nat. Biotech.,
2002, 20, 933-936.
Martin, M.J.; Muotri, A; Gage, F.; Varki, V. Nat. Med., 2005, 11,
228-232.
Klimanskaya, I; Chung, Y.; Meisner, L.; Johnson, J; West, M.D.;
Lanza, R. Lancet, 2005, 365, 1636-1641.
http://stemcells.nih.gov/
Schuldiner, M; Yanuka, O.; Itskovitz-Eldor, J.; Melton, D.A.; Benvenisty, N. Proc. Natl. Acad. Sci. USA, 2000, 97, 11307-11312.
Reubinoff, B.E.; Pera, M.F.; Fong, C.Y.; Trounson, A.; Bongso, A.
Nat. Biotechnol., 2000, 18, 399-404.
Dang, S.M.; Kyba, M.; Perlingeiro, R.; Daley, G.Q.; Zandstra,
P.W. Biotech. Bioeng., 2002, 78, 442-453.
Conti, L.; Pollard, S.M.; Gorba, T.; Reitano, E.; Toselli, M.; Biella,
G.; Sun, Y.R.; Sanzone, S.; Ying, Q.L.; Cattaneo, E.; Smith, A.
PLoS Biol., 2005, 3, 1594-1606.

650
[59]
[60]
[61]
[62]
[63]
[64]
[65]
[66]
[67]
[68]
[69]
[70]
[71]
[72]

[73]
[74]
[75]
[76]
[77]
[78]
[79]
[80]
[81]
[82]
[83]
[84]
[85]

[86]
[87]
[88]
[89]
[90]
[91]
[92]
[93]
[94]
[95]
[96]
[97]
[98]

Combinatorial Chemistry & High Throughput Screening, 2007, Vol. 10, No. 8

Fang et al.

[99]

Johansson, C.B.; Momma, S.; Clarke, D.L.; Risling, M.; Lendahl,
U.; Frisén, J. Cell, 1999, 96, 25-34.
Morrison, S.J.; White, P.M.; Zock, C.; Anderson, D.J. Cell, 1999,
96, 737-749.
Richards, L.J.; Kilpatrick, T.J.; Bartlett, P.F. Proc. Natl. Acad. Sci.
USA, 1992, 89, 8591-8595.
McDonnell, T.J.; Oberpriller, J.O. Cell Tissue Res., 1984, 235, 583592.
Moretti, A.; Caron, L.; Nakano, A.; Lam, J.T.; Bernshausen, A.;
Chen, Y.; Qyang, Y.; Bu, L.; Sasaki, M.; Martin-Puig, S.; Sun, Y.;
Evans, S.M.; Laugwitz, K-L.; Chien, K.R. Cell, 2006, 127, 11511165.
Frangogiannis, N.G.; Perrard, J.L.; Mendoza, L.H.; Burns, A.R.;
Lindsey, M.L.; Ballantyne, C.M.; Michael, L.H.; Smith, C.W.;
Entman, M.L. Circulation, 1998, 98, 687–698.
Jones, P.H.; Harper, S.; Watt, F.M. Cell, 1995, 80, 83–93.
Tani, H.; Morris, R.J.; Kaur, P. Proc. Natl. Acad. Sci. USA, 2000,
97, 10960–10965.
Rheinwald, J.G.; Green, H. Nature, 1977, 265, 421-424.
Zhu, A.J.; Haase, I.; Watt, F.M. Proc. Natl. Acad. Sci. USA, 1999,
96, 6728–6733.
Lowell, S.; Jones, P.; Le Roux, I.; Dunne, J.; Watt, F.M. Curr.
Biol., 2000, 10, 491–500.
Gandarillas, A.; Watt, F.M. Genes Dev., 1997, 11, 2869–2882.
Sun, Y.; Li, H.; Yang, H.; Rao, M. S.; Zhan, M. Crit. Rev. Euk.
Gene Expr., 2006, 16, 211-231.
Derynck, R.; Zhang, Y.; Feng, X.H. Cell, 1998, 95, 737-740.
Massague, J.; Hata, A.; Liu, F. Trends Cell Biol., 1997, 7, 187-192.
Xu, L. Biochim. Biophys. Acta, 2006, 1759, 503-513.
Itoh, S.; ten Dijke, P. Curr. Opin. Cell Biol., 2007, 19, 176-184.
He, W.; Dorn, D.C.; Erdjument-Bromage, H.; Tempst, P.; Moore,
M.A.S; Massague, J. Cell, 2006, 125, 929-941.
Linnekin, D. Int. J. Biochem. Cell Biol., 1999, 31, 1053-1074.
Firmbach-Kraft, I.; Byers, M.; Shows, T.; Dalla-Favera, R.; Krolewski, J.J. Oncogene, 1990, 5, 1329-1336.
Ihle, J.N. Nature, 1995, 377, 591-594.
Parganas, E.; Wang, D.; Stravopodis, D.; Topham, D.J.; Marine,
J.C.; Teglund, S.; Vanin, E.F.; Bodner, S.; Colamonici, O.R., van
Deursen, J.M.; Grosveld, G.; Ihle, J.N. Cell, 1998, 93, 385-395.
Sui, X.W.; Krantz, S.B.; You, M.; Zhao, Z.Z. Blood, 1998, 92,
1142-1149.
Duronio, V.; Scheid, M.P.; Ettinger, S. Cell Signal., 1998, 10, 233239.
Downward, J. Curr. Opin. Cell. Biol., 1998, 10, 262-267.
Blume-Jensen, P.; Jiang, G.Q.; Hyman, R.; Lee, K.F.; O-Gorman,
S.; Hunter, T. Nat. Genet., 2000, 24, 157-162.
Kozlowski, M.; Larose, L.; Lee, F.; Le, D.M.; Rottapel, R.; Siminovitch, K.A. Mol. Cell. Biol., 1998, 18, 2089-2099.
Taga, T.; Kishimoto, T. Annu. Rev. Immunol., 1997, 15, 797-819.
Smith, A.G.; Annu. Rev. Cell. Dev. Biol., 2001, 17, 435-462.
Smith, A.G.; Heath, J.K.; Donaldson, D.D.; Wong, G.G.; Moreau,
J.; Stahl, M.; Rogers, D. Nature, 1988, 336, 688-690.
Humphrey, R.K.; Beattie, G.M.; Lopez, A.D.; Bucay, N.; King,
C.C.; Pirpo, M.T.; Rose-John, S.; Hayek, A. Stem Cells, 2004, 22,
522-530.
Daheron, L.; Opitz, S.L.; Zaehres, H., Lensch, W.M.; Andrews,
P.W.; Itskovitz-Eldor, J.; Daley, G.Q. Stem Cells, 2004, 22, 770778.
Zhan, M.; Miura, T.; Xu, X.R.; Rao, M.S. Cell Biochem. Biophys.,
2005, 43, 379-406.
Logan, C.Y.; Nusse, R. Annu. Rev. Cell. Dev. Biol., 2004, 20, 781810.
Reya, T.; Clevers, H. Nature, 2005, 434, 843-850.
Giles, R.H.; van Es, J.H.; Clevers, H. Biochim. Biophys. Acta,
2003, 1653, 1-24 .
Wang, H.Y.; Malbon, C.C. Science, 2003, 300, 1529-1530.
Kuhl, M.; Sheldahl, L.C.; Park, M.; Miller, J.R.; Moon, R.T.
Trends Genet., 2000, 16, 279-283.
Slusarski, D.C.; Corces, V.G.; Moon, R.T. Nature, 1997, 390, 410413.
Ahumada, A.; Slusarski, D.C.; Liu, X.X.; Moon, R.T.; Malbon,
C.C.; Wang, H.Y. Science, 2002, 298, 2006-2010.
Chiba, S. Stem Cells, 2006, 24, 2437-2447.
Androutsellis-Theotokis, A.; Leker, R.R.; Soldner, F.; Hoeppner,
D.J.; Ravin, R.; Poser, S.W.; Rueger, M.A.; Bae, S.K.; Kittappa,
R.; McKay, R.D.G. Nature, 2006, 442, 823-826.

Becker, A.J.; McCulloch, E.A.; Till, J.E. Nature, 1963, 197, 452454.
Siminovitch, L.; McCulloch, E.A.,; Till, J.E. J. Cell. Comp.
Physiol., 1963, 62, 327-336.
Watt, F.M.; Hogan, B.L.M. Science, 2000, 287, 1427-1430.
Ferrari, G.; De Angelis, G.C.; Coletta, M.; Paolucci, E.; Stornaiuolo, A.; Cossu, G.; Mavilio, F. Science, 1998, 279, 1528-1530.
Ying, Q.-L.; Nichols, J.; Evans, E.P.; Smith, A.G. Nature, 2002,
416, 545-548.
Terada, N.; Hamazaki, T.; Oka, M.; Hoki, M.; Mastalerz, D.M.;
Nakano, Y.; Meyer, E.M.; Morel, L.; Petersen, B.E.; Scott, E.W.
Nature, 2002, 416, 542-545.
Ford, C.E.; Hamerton, J.L.; Barnes, D.W.H.; Loutit, J.F. Nature,
1956, 177, 452-454.
Till, J.E.; McCulloch, E.A. Rad. Res., 1961, 14, 213-222.
Spangrude, G.J.; Heimfeld, S.; Weissman, I.L. Science, 1988, 241,
58-62.
Baum, C.M.; Weissman, I.L.; Tsukamoto, A.S.; Buckle, A.-M.;
Peault, B. Proc. Natl. Acad. Sci. USA, 1992, 89, 2804-2808.
Bhatia, M.; Bonnet, D.; Murdoch, B.; Gan, O.I.; Dick, J.E. Nat.
Med., 1998, 4, 1038-1045.
Kiel, M.J.; Yilmaz, Ö.H.; Iwashita, T.; Yilmaz, O.H.; Terhorst, C.;
Morrison, S.J. Cell, 2005, 121, 1109-1121.
Merok, J.R.; Sherley, J.L. J. Biomed. Biotechnol., 2001, 1, 25-27.
Kawada, H.; Ando, K.; Tsuji, T.; Shimakura, Y.; Nakamura, Y.;
Chargui, J.; Hagihara, M.; Itagaki, H.; Shimizu, T.; Inokuchi, S.;
Kato, S.; Hotta, T. Exp. Hematol., 1999, 27, 904-915.
Breems, D.A.; Blokland, E.A.W.; Siebel, K.E.; Mayen, A.E.M.;
Engels, L.J.A.; Ploemacher, R.E. Blood, 1998, 91, 111-117.
Sitnicka, E.; Buza-Vidas, N.; Larsson, S.; Nygren, J.M.; Liuba, K.;
Jacobsen, S.E.W. Blood, 2003, 102, 881-886.
Friedenstein, A.J.; Piatetzky-Shapiro, I.I.; Petrakova, K.V. J.
Embryol. Exp. Morphol., 1996, 3, 381-390.
Friedenstein, A.J.; Petrakova, K.V.; Kurolesova, A.I.; Frolova, G.P.
Transplantation, 1968, 2, 230-247.
Friedenstein, A.J.; Chailakhjan, R.K.; Lalykina, K.S. Cell Tissue
Kinet., 1970, 4, 393-403.
Luria, E.A.; Panasvuk, A.F.; Friedenstein, AY. Transfusion, 1971,
11, 345-349.
Kuznetsov, S.A.; Mankani, M.H.; Gronthos, S.; Satomura, K.;
Bianco, P.; Robey, P.G. J. Cell. Biol., 2001, 153, 1133-1140.
Katz, A.J.; Tholpady, A.; Tholpady, S.S.; Shang, H. Ogle, R.C.
Stem Cells, 2005, 23, 412-423.
Fickert, S.; Fiedler, J.; Brenner, R.E. Osteoarthritis Cartilage,
2003, 11, 790-800.
Warejcka, D.J.; Harvey, R.; Taylor, B.J.; Young, H.E.; Lucas, P.A.
J. Surg. Res., 1996, 62, 233-242.
Stewart, K.; Monk, P.; Walsh, S.; Jefferiss, C.M.; Letchford, J.;
Beresford, J.N. Cell Tissue Res., 2003, 313, 281-290.
Pittenger, M.F.; Mackay, A.M.; Beck, S.C.; Jaiswal, R.K.; Douglas, R.; Mosca, J.D.; Moorman, M.A.; Simonetti, D.W.; Craig, S.;
Marshak, D.R. Science, 1999, 284, 143-147.
Stewart, K.; Walsh, S.; Screen, J.; Jefferiss, C.M.; Chainey, J.;
Jordan, G.R.; Beresford, J.N. J. Bone Miner. Res., 1999, 14, 13451356.
Hung, S.C.; Chen, N.J.; Hsieh, S.L.; Li, H.; Ma, H.L.; Lo W.H.
Stem Cells, 2002, 20, 249-258.
Baddoo, M.; Hill, K.; Wilkinson, R.; Gaupp, D.; Hughes, C.; Kopen, G.C.; Phinney, D.G. J. Cell. Biochem., 2003, 89, 1235-1249.
Colter, D.C.; Class, R.; DiGirolamo, C.M.; Prockop, D.J. Proc.
Natl. Acad. Sci. USA, 2000, 97, 3213-3218.
Gronthos, S.; Simmons, P.J. Blood, 1995, 85, 929-940.
Gregory, C.A.; Singh, H.; Perry, A.S.; Prockop, D.J. J. Biol.
Chem., 2003, 278, 28067-28078.
Urist, M.R.; Strates, B.S. J. Dent. Res., 1971, 50, 1392-1406.
Palmer, G.D.; Steinert, A.; Pascher, A.; Gouze, E.; Gouze, J.N.;
Betz, O.; Johnstone, B.; Evans, C.H.; Ghivizzani, S.C. Mol. Ther.,
2005, 12, 219-228.
Sekiya, I.; Larson, B.L.; Vuoristo, J.T.; Reger, R.L.; Prockop, D.J.
Cell Tissue Res., 2005, 320, 269-276.
Altman, J. Science, 1962, 135, 1127-1128.
Altman, J. Anat. Rec., 1963, 145, 573-591.
Altman, J.; Das, G.D. J. Comp. Neurol., 1965, 124, 319-335.
Reynolds, B.A.; Weiss, S. Science, 1992, 255, 1707-1710.
Johansson, C.B.; Svensson, M.; Wallstedt, L.; Janson, A.M.;
Frisén, J. Exp. Cell. Res., 1999, 253, 733-736.

[100]
[101]
[102]
[103]

[104]

[105]
[106]
[107]
[108]
[109]
[110]
[111]
[112]
[113]
[114]
[115]
[116]
[117]
[118]
[119]
[120]

[121]
[122]
[123]
[124]
[125]
[126]
[127]
[128]
[129]

[130]
[131]
[132]
[133]
[134]
[135]
[136]
[137]
[138]
[139]
[140]

Stem Cells and Combinatorial Science
[141]

[142]
[143]
[144]

[145]
[146]
[147]
[148]

[149]
[150]
[151]
[152]

[153]
[154]
[155]

[156]
[157]
[158]
[159]
[160]

Combinatorial Chemistry & High Throughput Screening, 2007, Vol. 10, No. 8 651

Ladi, E; Nichols, J.T.; Ge, W.H.; Miyamoto, A.; Yao, C.; Yang,
L.T.; Boulter, J.; Sun, Y.E.; Kintner, C.; Weinmaster, G. J. Cell
Biol., 2005, 170, 983-992.
Brou, C.; Logeat, F.; Gupta, N.; Bessia, C.; LeBail, O.; Doedens,
J.R.; Cumano, A.; Roux, P.; Black, R.A.; Israel, A. Mol. Cell,
2000, 5, 207-216.
Conlon, R.A.; Reaume, A.G.; Rossant, J. Devel., 1995, 121, 15331545.
Hadland, B.K.; Huppert, S.S.; Kanungo, J.; Xue, Y.Z.; Jiang, R.L.;
Gridley, T.; Conlon, R.A.; Cheng, A.M.; Kopan, R.; Longmore,
G.D. Blood, 2004, 104, 3097-3105.
Robert-Moreno, A.; Espinosa, L.; de la Pompa, J.L.; Bigas, A.
Development, 2005, 132, 1117-1126.
Hamada, Y.; Kadokawa, Y.; Okabe, M.; Ikawa, M.; Coleman, J.R.;
Tsujimoto, Y. Development, 1999, 126, 3415-3424.
Krebs, L.T.; Xue, Y. Z.; Norton, C.R.; Sundberg, J. P.; Beatus, P.;
Lendahl, U.; Joutel, A.; Gridley, T. Genesis, 2003, 37, 139-143.
Domenga, V.; Fardoux, P.; Lacombe, P.; Monet, M.; Maciazek, J.;
Krebs, L.T.; Klonjkowski, B.; Berrou, E.; Mericskay, M.; Li, Z.;
Tournier-Lasserve, E.; Gridley, T.; Joutel, A. Genes Dev., 2004,
18, 2730-2735.
Lundkvist, J.; Lendahl, U. Trends Neurosci., 2001, 24, 492-494.
Grandbarbe, L.; Bouissac, J.; Rand, M.; de Angelis, M.H.; Artavanis-Tsakonas, S.; Mohier, E. Development, 2003,130, 1391-1402.
Rosania, G.R.; Chang, Y.-T.; Perez, O.; Sutherlin, D.; Dong, H.;
Lockhart, D.J.; Schultz, P. G. Nat. Biotech., 2000, 18, 304-308.
Chang, Y.-T.; Gray, N.S.; Rosania, G.R.; Sutherlin, D.P.; Kwon,
S.; Norman, T.C.; Sarohia, R.; Leost, M.; Meijer, L.; Schultz, P.G.
Chem. Biol., 1999, 6, 361-375.
Chen, S.; Zhang, Q.; Wu, X.; Schultz, P.G.; Ding, S. J. Am. Chem.
Soc., 2003, 126, 410-411.
Anastasia, L.; Samaolesi, M.; Papini, N.; Oleari, D.; Lamorte, G.;
Tringali, C.; Monti, E.; Galli, D.; Tettamanti, G.; Cossu, G.; Venerando, V. Cell Death Differ., 2006, 13, 2042-2051.
Chen, S.; Takanashi, S.; Zhang, Q.; Xiong, W.; Zhu, S.; Peters,
E.C.; Ding, S.; Schultz, P.G. Proc. Natl. Acad. Sci. USA, 2007,
104, 10482-10487.
McBeath, R.; Pirone, D.M.; Nelson, C.M.; Bhadriraju, K.; Chen,
C.S. Dev. Cell, 2004, 6, 483-496.
Engler, A.J.; Sen, S.; Sweeney, H.L.; Discher, D.E. Cell, 2006,
126, 677-689.
Ding, S.; Gray, N.S.; Wu, X.; Ding, Q.; Schultz, P.G. J. Am. Chem.
Soc., 2002, 124, 1594-1596.
Wu, X.; Ding, S.; Ding, Q.; Gray, N.S.; Schultz, P.G. J. Am. Chem.
Soc., 2002, 124, 14520-14521.
Komori, T.; Yagi, H.; Nomura, S.; Yamaguchi, A.; Sasaki, K.;
Deguchi, K.; Shimizu, T.; Bronson, R.T.; Gao, T.-H.; Inada, M.;

Received: July 15, 2007

[161]
[162]

[163]
[164]
[165]
[166]

[167]
[168]
[169]
[170]
[171]
[172]
[173]
[174]
[175]
[176]
[177]
[178]
[179]
[180]
[181]

Sato, M.; Okamoto, R.; Kitamura, Y.; Yushiki, S.; Kinshimoto, T.
Cell, 1997, 89, 755-764.
Ducy, P.; Zhang, R.; Geoffroy, V.; Ridall, A. L.; Karsenty, G. Cell,
1997, 89, 747-754.
Lee, M.-H.; Javed, A.; Kim, H.-J.; Gutierrez, S.; Choi, J.Y.; Rosen,
V.; Stein, J.L.; van Wijnen, A.J.; Stein, G.S.; Lian, J.B.; Ryoo, H.M. J. Cell. Biochem., 1999, 73, 114-125.
Wu, X.; Walker, J.; Zhang, J.; Ding, S.; Schultz, P.G. Chem. Biol.,
2004, 11, 1229-1238.
Sinha, S.; Chen, J.K. Nat. Chem. Biol., 2006, 2, 29-30.
Riobo, N.; Saucy, B.; DiLizio, C.; Manning, D.R. Proc. Natl. Acad.
Sci. USA, 2006, 103, 12607-12612.
Ding, S.; Wu, T.Y.H.; Brinker, A.; Peters, E.C.; Hur, W.; Gray,
N.S.; Schultz, P.G. Proc. Natl. Acad. Sci. USA, 2003, 100, 76327637.
Wu, X.; Ding, S.; Ding, Q.; Gray, N.S.; Schultz, P.G. J. Am. Chem.
Soc., 2004, 126, 1590-1591.
Warashina, M.; Min, K.H.; Kuwabara, T.; Huynh, A.; Gage, F.H.;
Schultz, P.G. Ding, S. Angew. Chem. Int. Ed., 2006, 45, 591-593.
Chen, S.; Do, J.T.; Zhang, Q.; Yao, S.; Yan, F.; Peters, E.C.; Scholer, H R.; Schultz, P.G.; Ding, S. Proc. Natl. Acad. Sci. USA, 2006,
103, 17266-17271.
Hong, J.; Lee, J.; Min, K.H.; Walker, J.R.; Peters, E.C.; Gray, N.S.;
Cho, C.Y.; Scultz, P.G. ACS Chem. Biol., 2007, 2, 171-175.
Chai, C.; Leong, K.W. Mol. Ther., 2007, 15, 467-480.
Metallo, C.M.; Mohr, J.C.; Detzel, C.J.; dePablo, J.J.; Van Wie,
B.J.; Palecek, S.P. Biotechnol. Prog., 2007, 23, 18-23.
Anderson, D.G.; Levenberg, S.; Langer, R. Nat. Biotech., 2004, 22,
863-866.
Anderson, D.G.; Putnam, D.; Lavik, E.B.; Mahmood, T.A.; Langer,
R. Biomaterials, 2005, 26, 4892-4897.
Flaim, C.J.; Chien, S.; Bhatia, S.N. Nat. Methods, 2005, 2, 119125.
Derda, R.; Li, L.; Orner, B.P.; Lewis, R.L.; Thomson, J.A.; Kiessling, L. L. ACS Chem. Biol., 2007, 2, 347-355.
Orner, B.P.; Derda, R.; Lewis, R.L.; Thomson, J.A.; Kiessling, L.L.
J. Am. Chem. Soc., 2004, 126, 10808-10809.
Nakajima, M.; Ishimuro, T.; Kato, K.; Ko, I.-K.; Hirata, I.; Arima,
Y.; Iwata, H. Biomaterials, 2007, 28, 1048-1060.
Clarke, D.; Frisen, J. Curr. Opin. Gen. Dev., 2001, 11, 575-580.
Luo, M. “Stem Cell Bill Clears Senate, and Bush Promises a Veto”
April 11, 2007, The New York Times.
Bush, G.W., “Statement By the President on Stem Cell Research”
April 11, 2007 available at: http://www.whitehouse.gov/news/releases/2007/04/20070411-8.html.

Revised: August 18, 2007

Accepted: August 20, 2007

