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Directed differentiation of embryonic stem cells: Genetic
and epigenetic methods

K. SUE O’SHEA, PhD

Embryonic stem cells are derived from the inner cell mass of the pre-implantation blastocyst, and can both self-renew
and differentiate into all the cells and fissues of the body. The embryonic stem cell is an unsurpassed starting material
to begin to understand a critical, largely inaccessible, period of development, as well as an important source of cells
for fransplantation and gene therapy. Despite their potential, attempts to obtain specific cell types from embryonic
stem cells have been only partially successful because many of the growth factor combinations and developmental
control genes involved in cell type restricted differentiation are unknown. This article sumnmarizes some of the recent
advances in promoting lineage restricted differentiation of embryonic stem cells, focusing on growth factor manipulo-
fion, or genetically altering embryonic stem cells to produce a desired phenotype. The two approaches epitomize
current scientific concerns regarding the therapeutic use of these cells; genetic alterations will produce more pure
cells with the risk of increasing the likelihood of malignant transformation; epigenetic methods for the manipulation
of stem cell phenotype are often incomplete and remaining pluripotent cells are likely to form teratomas. As more is
known about lineage specification during development, it will be possible to more precisely control cell type specifica-
fion. (WOUND REP REG 2001;9:443-459)
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Pluripotent cell lines have been defined by their origin;
embryonal carcinoma (EC) cells are derived from sponta-
neous teratocarcinomas (testicular and ovarian). Terato-
carcinoma cell lines have also been produced by grafting
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normal blastocysts or fetal gonadal ridges into adult
mice, dissociation of the malignant teratocarcinomas,
and passage of resulting cell lines.! EC cells are pluripo-
tent and have been shown to integrate into the mouse
germ line, albeit with low frequency.? Many of the lines
have restricted developmental potential and can form
only one or two differentiated derivatives,** while others,
interestingly, are nullipotent and form only teratomas.?
EC cells have been widely employed as important models
of lineage segregation during differentiation and in the
study of growth factor-mediated differentiation.® Unlike
ES cells (below) that must be constantly passaged to
inhibit differentiation, EC cells typically must be stimu-
lated to differentiate.

Embryonic germ cells

A second class of pluripotent cell has been developed
by “reprogramming” primordial germ cells, which are
destined to form egg and sperm, into pluripotent embry-
onic germ (EG) cells by culture in medium containing
leukemia inhibitory factor (LIF), stem cell factor, and
fibroblast growth factor-2 (FGF-2).”® These cells have
been shown to contribute to the germ line in transgenic
animals,? but appear to have limited growth and differen-
tiation capabilities. Both mouse®!° and human''-'2 EG cell
lines have been developed and have been differentiated
as embryoid bodies into many cell types.'?

Like tissue stem cells, it is likely that each will be use-
ful in addressing specific questions regarding embryonic
development; for example, EG cells may be particularly
useful in studying the loss/maintenance of methylation
marks during differentiation.®

Embryonic stem cells

In the early 1980s, several laboratories derived cells from
the 3.5 day mouse blastocyst inner cell mass (~50 cells)
into tissue culture (Figure 1) by growing them on feeder

Figure 1. Schematic view of day 4 blastocyst. ICM = Inner cell
mass; T = Trophoblast; PE = Primitive endoderm.
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cell layers or in conditioned medium that we now know
contained the inhibitor of differentiation, LIF.}4-16 Since
that time, ES cells have been derived from a number of
other species!'”including the human blastocyst.!*'* Mouse
ES cells have been most extensively studied. They were
initially used primarily to create null mutations in mouse
embryos via gene targeting and homologous recombina-
tion, and more recently have also been employed as a
model system to understand lineage differentiation and
as a source of cells for transplantation.

ES cells exhibit all of the characteristics of a “stem
cell,” including long-term self-renewal. Unlike most tis-
sue stem cells, but see®® when combined with normal
blastocysts, ES cells can differentiate into all cell types
in vivo and into many derivatives in vitro.2! ES cells have
high levels of telomerase activity,?? have a very short
G1 cell cycle checkpoint, and initiate DNA replication
without external stimulation.?® Because they are widely
available and because technologies have been developed
to delete, replace, or overexpress genes of interest, ES
cells provide a very powerful means to study an other-
wise largely inaccessible period of development.

ES cells are also a tremendous source of cells for
gene and cell replacement therapies, particularly if the
differentiation of the ES cell can be precisely controlled.
While the three-dimensional changes that shape the early
embryo from blastocyst to muscle cell are relatively well
defined, surprisingly little is known about the molecular
genetic events that occur as the blastocyst differentiates.
Although it makes no cellular contribution to the embryo
proper, the transient primitive endoderm, which sepa-
rates the epiblast from the blastocoele, produces factors
which may control both survival** and differentiation of
the inner cell mass and epiblast.?> Among those genes
expressed in the primitive endoderm that have a critical
function in differentiation are members of the GATA fam-
ily of transcription factors, particularly GATA-4 and GATA-
6,%627 Stat3,?® and many genes which play a role in axis for-
mation and gastrulation, including bone morphogenetic
proteins (BMPs), fibroblast growth factors (FGFs), cer-
berus, cripto, and members of the forkhead and Hex gene
families.

DIFFERENTIATION PARADIGMS

Aggregation mediated differentiation (embryoid
bodies)

Because mutation of many of these early genes results
in a lethal phenotype (at or before gastrulation), gene
targeted ES (—/-) have been differentiated in vitro, to
determine if the mutated gene is required for the forma-
tion of a particular tissue type. Many studies that have
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examined the role of factors produced by the primitive
endoderm have therefore relied on the differentiation of
ES cells in suspension culture, where an outer layer of
mixed visceral and parietal endoderm surrounds a large
aggregate of differentiating cells.'*?* After several days
in vitro, these aggregates (termed embryoid bodies [EBs]
because of the presence of many early embryonic deriva-
tives, [Figure 2]) are surrounded by a layer of endoderm
which expresses markers of the visceral endoderm (-
fetoprotein, apical localization of villin, dolichos biflorus
lectin binding) and with additional time in vitro, a lumen
reminiscent of the pro-amniotic cavity forms within the
aggregate (cystic embryoid body). In some ways EBs do
resemble the early egg cylinder staged embryo, with an
outer endoderm layer and an inner primitive ectoderm,
which differentiates to mesenchyme and other deriva-
tives. Within the aggregate, a variety of cell types can be
identified histologically or using cell type-specific anti-
bodies.

EBs form in confluent cultures by overgrowth of ES
cells following removal of LIF from the culture medium,
when ES cells are cultured in untreated tissue culture
dishes (Petri dishes), or in conditions of low substrate
interaction (e.g., methylcellulose culture). These culture
conditions typically produce relatively large, uneven ag-
gregates of cells. More precise control can be obtained
by placing known numbers of cells (typically 500-1000)
in hanging drop cultures. We have grown ES on tissue
culture plastic that has been rendered low adhesive by
exposure to UV light to cross link the proprietary protein
coatings on the tissue culture dish surface. After 18-24
hours of culture on UV cross-linked dishes, uniform EBs
lift from the surface of the dish. This technique can also
be used to create patterned substrates with regions of
high and low adhesivity.*

EBs have been cultured in the presence/absence of
retinoic acid (RA), in defined medium or medium also
containing serum, or with additional growth factors to
promote differentiation. After various times in vitro, EBs
can be examined to determine the types of cells present
or they can be dissociated and cultured further to in-
crease the purity of derived cells. EB formation has been
particularly useful in studying the process of apoptosis
and cavitation,®® in epithelial morphogenesis,®> and in
studying the role of endoderm specific genes. When a
null mutation has resulted in a prenatal lethal condition
due to pleiotrophic effects of the gene, EB have shown
that the gene is or is not critical for the differentiation
of a particular lineage.

The pattern of gene expression in differentiating EBs
generally recapitulates that seen in vivo in the early post-
implantation period,*3* with sequential expression of
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germ layer specific genes.”> However, differentiation in
the center of a conglomerate of cell types—some differ-
entiating, some undergoing apoptosis, all secreting sig-
naling molecules—bears little similarity to the precise
waves of differentiation that shape the intact embryo.
Despite the mixture of growth and death factors, normal
and atypical cell contacts, the interior of the aggregate is
apparently well oxygenated.?¢ However, in another study,
simply dissociating the EBs produced a 3.5—fold increase
in the number of differentiated derivatives (nestin +
CNS progenitors).*”

When differentiated cells were removed from EBs
by growing ES cells transfected to express the neomycin
phosphotransferase gene under the control of the stem
cell-restricted Oct-3/4 promoter in high levels of antibi-
otic, the outer layer of visceral endoderm and differenti-
ating cells within the EB were removed, and there was
an expansion of pluripotent stem cells in conditions that
would otherwise have promoted their differentiation
(LIF-). These results suggest that differentiating cells,
particularly the visceral endoderm, may be responsible
for initiating differentiation within the EB.%

Although EBs have been a useful model of develop-
ment, a test of differentiation potential following muta-
tion of a critical gene, and have produced populations
of cells “enriched” for a particular lineage, differentiated
cells must somehow be separated prior to studies of gene
expression from pooled RNAs, and prior to implantation
since continued proliferation of stem cells present at the
center of the aggregate® may result in tumor formation.

Nonspecific differentiating agents

Despite its widespread use in ES cell differentiation para-
digms, relatively little is known regarding the molecular
basis of the teratogenic/morphogenetic effects of retinoic
acid (RA), although it has been assumed that its pleio-
trophic effects are determined by combinations of RA
receptor (RAR) and retinoid X receptor (RXR) receptors
expressed by differentiating cells.* Based on the expres-
sion of RA in signaling regions in the early embryo*' and
its ability to pattern tissues in a gradient,*? it has been
suggested that gradients of RA present in the early em-
bryo may control gene expression patterns during mor-
phogenesis. Thus, RA concentration has been shown to
determine which cell types differentiate in vitro from EC
cells,*> with higher levels (107 M) producing neurons and
glia and lower levels (10-° M) stimulating the differentia-
tion of cardiac muscle. In embryos, RA causes skeletal du-
plications and defects, and it has recently been shown that
3" HOX genes (many contain RA-responsive elements) are
activated at lower concentrations compared with those
located more 5'.444
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Figure 2. Embryoid bodies formed by suspension culture in defined medium. (A-C) Phase-contrast micrographs illustrating the increas-
ing complexity of the EB, from a simple aggregate of cells at 24 hours (A), formation of an outer endoderm layer and beginnings
of alumen at 48 hours (B), fo aggregates with fluid-filled centers (cystic embryoid bodies) after 72 hours (C) in N2 medium. Embryoid
bodies were embedded in resin and 1 wm sections cut and stained to illustrate the cellular reorganization within the EB over the 72-
hours culture period. (D) After 24 hours, endoderm is just beginning to cover the aggregate. (E) After 48 hours in vitro, endoderm
surrounds the aggregated cells, and cells undergoing apoptosis are present at the center. (F) After 72 hours in vitro there is an
“epithelial”” organization to the EB, a fluid-filled lumen, and an outer layer of endoderm-like cells. Immunohistochemical localization
of cell type-specific antibodies indicates that many of the aggregated ES cells contfinue to express the stem cell marker SSEA-1 after
24 hours in suspension (G). E-Cadherin is expressed by cells outlining the forming lumen at 48 hours (H), and a well-formed basement
membrane containing laminin is present after 72 hours in vitro (I). Secondary antibodies - FITC.
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In a careful study of the differentiation of ES cells
in response to RA, Rohwedel et al.*¢ showed that both
the concentration of RA and stage of differentiation at
the time of exposure determine the cell types derived
from EBs. Early exposure (days 1-2) produced neurons
and inhibited the formation of cardiomyocytes; exposure
on days 2 to 5 produced skeletal muscle cells, neurons,
and adipocytes;*” while exposure after 5 days in vitro
induced cardiac and vascular smooth muscle at the ex-
pense of skeletal muscle differentiation. These authors
suggest that the effects of RA could result from its ability
to alter positional fate.

These observations are consistent with those of
Fraichard et al*®* who obtained neurons following expo-
sure on days 1-2 of EB formation, as well as those of
van Inzen et al.,* who reported that exposure of ES
cells to RA without aggregation is sufficient to induce
expression of the neuronal markers, neurofilament-me-
dium, and GAP-43. However, the most widely employed
paradigm to obtain neurons from ES cells relies on 4-
day aggregation without stimulation, followed by an addi-
tional 4 days in suspension in the presence of RA
(4-,4+) followed by plating. Neurons also form from
human ES cells aggregated for 5 days followed by dissoci-
ation and 10-day exposure to RA.5!52

Dimethyl sulfoxide (DMSO) has also been employed
to induce differentiation of ES cells. The addition of
0.1% DMSO to EBs cultures enhanced skeletal muscle
differentiation,® while Lako et al>* have shown that expo-
sure of EB to 1% DMSO significantly enhanced the com-
mitment of ES cells to the hematopoietic pathway, with
80% of DMSO-exposed EBs containing hematopoietic
foci compared with 42% of controls. RA (10-® M), on the
other hand, reduced hematopoietic commitment to 18%.5
RA and DMSO are most commonly used to stimulate
ES cell differentiation, although compounds such as 5-
azacytidine, which demethylates CpG islands and acti-
vates gene expression, have been used to promote differ-
entiation of other cell lines such as fibroblasts.5

GENETIC MANIPULATION OF ES CELLS

Gene targeting has been used extensively in the mouse,
most typically to introduce null mutations into a particu-
lar gene using homologous recombination in ES cells,*®
to determine the role of that gene in development, or
to create mouse models of human disease. Transgenic
animals in which the gene of interest drives the expres-
sion of a tracer (typically beta-galactosidoase) have been
used extensively to monitor gene expression during de-
velopment, while overexpression of a gene (knock-in) to
create mice or embryos has not been as widely employed
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(but see overexpression of the insulin-like growth factor
L,°" production of models of neurological disease 3-amy-
loid,’® overexpression of the proto-oncogene v-src.”®) ES
cells have also been used to screen for stage-specific and
lineage-restricted genes using entrapment vector inser-
tion strategies,®® exon or promoter trap constructs,* or
secretory trap mutagenesis to identify cell signaling path-
ways in development.’! ES cells have also been used to
identify genes downstream of the stem cell-restricted
Oct-3/4 gene using suppression-subtractive hybridization
analysis® or genes expressed in response to specific
growth factors by mouse® or human®?> ES cells. Human
mini-chromosomes have also been successfully intro-
duced into mouse ES cells® as a prequel to engineering
artificial chromosomes into the mouse germline.

Differentiation of gene-targeted ES cells typically re-
quires conversion of the ES cells from +/— to a null
genotype® and has been employed to determine the ef-
fects of an embryo-lethal gene deletion on cell type-spe-
cific differentiation. For example, mutation of the
huntingtin gene is lethal at e7, well before neurogenesis,
but apparently normal neurons differentiate from null
ES cells.%® While these paradigms offer the potential to
determine if a targeted gene is critical to the development
of aparticular derivative, many null lines grow extremely
poorly in vitro, or not at all.

Another effective use of ES cells has been to
transfect cells to express a marker, such as the enhanced
green fluorescent protein (EGFP), either constituitively®
or under the control of a lineage-restricted gene. As ES
cells differentiate in vitro and the lineage-specific gene
is expressed, so is the EGFP, and differentiated cells of
the desired lineage can be identified. This technique can
be quite effective when the selected gene is expressed
at relatively high levels in all differentiated progeny. Car-
diac myocytes were isolated using the cardiac « actin
promoter to express EGFP,% while Pratt et al.* produced
ES cells that express EGFP via the tau promoter, a re-
source for neuronal transplantation and study of axonal
outgrowth and regeneration. Eiges et al.*® developed a
human ES line in which the stem cell-restricted gene
Rex-1 drives expression of EGFP. Thus, as stem cells
differentiate and down-regulate Rex-1 expression, EGFP
expression is lost from the cells, creating a system to
identify and sort pluripotent cells.

Lineage selection

Lineage selection has also been employed to develop
highly purified populations of cells. Lineage selection, or
selective ablation of cells not expressing a lineage re-
stricted gene, produces a very pure population (98-99%)
of cells, but relies on continued expression by the cells of
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the particular promoter construct, or transient selection
during its window of expression.”” McWhir et al.”™* used
this selection method to develop a line of ES cells from
the nonpermissive CBA mouse strain. The stem cell-
restricted gene Oct-3/4 was used to express the antibiotic
resistance gene neomycin phosphotransferase. When
blastocysts expressing this vector were grown in antibi-
otic containing medium, only ES cells (Oct-3/4 +) sur-
vived. Mountford et al.?® expressed a similar construct
in ES cells to demonstrate that selective ablation of dif-
ferentiated cells in EBs produce aggregates composed
of proliferating ES cells, even in conditions that promote
their differentiation (see discussion above).

Lineage selection has also been employed to produce
nearly homogeneous populations of cardiac muscle cells
by transfecting ES cells with the cardiac « myosin heavy
chain promoter fused to the neomycin phosphotransfer-
ase gene. When stably transfected cells were differenti-
ated as EBs, then selected in antibiotic, 99.6% of the
surviving cells were cardiomyocytes, which were func-
tional based on their successful integration into the ven-
tricular myocardium of mdx mice.”? Using a similar
approach, Li et al.” placed a neomycin resistance cas-
sette in the Sox2 gene locus (Sox1,2 are expressed in
the early neuroepithelium).”™ ES cells were differentiated
using conditions that promote development of neurons,
then exposed to G418 to select for neuroepithelial pro-
genitors expressing Sox2 (and neo), producing cultures
highly enriched in neuronal cells.

While lineage selection techniques are very efficient
in obtaining purified cell types, differentiation as aggre-
gates is heterogeneous, with some cells differentiating
more rapidly than others. The concern, then, is that the
selection gene (particularly one expressed in “progeni-
tors” rather than differentiated derivatives) will be tran-
siently expressed by the cells so that the selection
window becomes very narrow. Lineage selection is an
excellent approach to deriving cells of a particular phe-
notype, but if the goal is to examine, for example, growth
factor responsiveness of the cells, differentiation as an
aggregate will expose ES cells to multiple (uncontrolled,
in fact unknown) growth and differentiation signals. Be-
cause many cells will not express neo, selection will
expose the ES cells to additional cytokines, caspases,
etc., released by apoptotic cells.

When the culture conditions (or growth factors) that
will induce the expression of a particular lineage selec-
tion gene are known, transfection of ES cells with pro-
moters/enhancers to express an antibiotic resistance
gene can produce lines of progenitor cells for additional
studies of growth factor-, substrate-, etc., mediated differ-
entiation. We have used this technique to develop neuro-
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epithelial progenitor cells by using the second exon (CNS
specific) of the nestin gene to express neo in ES cells.”™
Nestin is an intermediate filament protein expressed in
the developing nervous system and in neural stem cells,
which is down-regulated with differentiation.” It is re-
expressed following injury, and is widely used as a
marker for neural stem cells. We transfected ES cells
with this expression vector, selected lines in G418 (300
U/ml), and expanded and characterized over 40 resulting
clones. Because it is known that culture of ES cells in
defined medium induces the expression of nestin,” it
has been possible to develop “lines” of nestin-expressing
ES cells by growing them in defined medium in the pres-
ence of LIF and G418 antibiotic. Thus, differentiating
cells are removed by the G418, and nestin-expressing,
mitotically active cells survive. These cells can be re-
moved from G418 selection and the effects of growth
factors on cell type-specific differentiation (particular
neurotransmitter expressing, or glial lineages) can be
determined (Figure 3). These cell lines cannot be differ-
entiated and then selected (as in the Klug™ and Li”® exam-
ples), because the nestin gene is down-regulated with
differentiation of neuronal cells, so these cells are killed
in G418. Growth factor-mediated differentiation of nestin-
neo cells progresses over 3 to 4 days in vitro; consider-
ably more rapid than other differentiation techniques
which rely on selection of nestin + cells in defined me-
dium after 12 days in vitro.

Soria et al.”® used a similar transfection/selection
process that they refer to as “cell trapping.” They first
transfected ES cells with the human insulin gene pro-
moter driving hygromycin expression. Cells were se-
lected and differentiated, producing insulin-secreting cell
lines. When clusters of these cells were implanted into
the spleen of mice with induced diabetes, they corrected
both the hyperglycemia and body weights (below).

Lineage selection approaches are generally appro-
priate if the goal is to obtain large numbers of highly
purified cells for example, for transplantation to dam-
aged tissues. However, if the goal is to develop “cell lines”
to study growth factor effects on lineage segregation,
because many of the genes that have been chosen are
expressed in mature rather than transient populations,
the resulting cells have already completed their lineage
choices and typically are post-mitotic.

Forced differentiation of ES cells

Another method to obtain cells of a particular lineage
is to overexpress a gene believed to be critical to the
development of a specific cell type (typically without
antibiotic selection, constituitive expression). For exam-
ple, overexpression of the muscle-specific bHLH factor
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Figure 3. Neuronal differentiation of the nestin-neo cell lines. Expression of the nestin enhancer driving expression of the neomycin
phosphotransferase gene allowed us to select a number of ES cell lines that resemble neural progenitors. (A) After 72 hours in vitro,
there is extensive neuronal differentiation of these cells as indicated by their morphological appearance, (A) by phase contrast, or
(B) by their expression of neuronal markers (anti-TUJ1 antibody, Cy3 secondary). When exposed to FGF-8b, there was widespread
neuronal differentiation in these cultures (C). (D, E) High-magnification images of these cells. Because the parent line was derived
from the B5 EGFP mouse,®” ES cells contfinue to express EGFP as they differentiate, e.g., D (no stain), so they can be easily traced
for transplantation studies. Immunohistochemical localization of neuronal tubulin (anti-TUJ1 antfibody, Cy3 secondary) illustrates the
extensive neuronal differentiation of an aggregate of nestin-neo ES cells exposed to FGF-8b. (F) Differentiation of the nestin-neo
progenitors is much more rapid and more complete than that of the B5 or D3 parental lines. Exposure to FGF-8b also caused some
fasciculation of neuronal processes, as illustrated here.
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MyoD in ES cells produced widespread differentiation
of skeletal muscle cells, which fused to form contractile
myotubes.”™ Alternatively, constituitive expression of the
m-twist gene, which codes for a bHLH protein that medi-
ates binding to the E-box present in many muscle-
restricted genes, in ES cells differentiated as EBs, inhib-
ited the formation of myogenic cells in a dose-dependent
manner,* demonstrating that myogenesis is regulated by
both muscle determination genes, myf5,6, myogenin, and
MyoD, as well as inhibitory factors.

Overexpression in P19 EC cells of the GATA-4 zinc
finger transcription factor thought to be a transcriptional
activator of several cardiomyocyte-specific genes signifi-
cantly increased (over 10X) cardiac muscle differentia-
tion in resulting aggregates.’! In GATA-4-deficient EC
cells, however, differentiation of “cardioblasts,” but not
endoderm or mesodermal derivatives, was inhibited, sug-
gesting that GATA-4 may both initiate cardiac muscle
differentiation and be a target of survival factors for
precardiac cells.$?

ES cells have also been employed to examine the
maintenance of the methylation imprint during develop-
ment,® i.e., androgenetic ES cells are predicted to over-
express maternally imprinted genes while paternally
imprinted genes are expected to be eliminated.® Interest-
ingly, differentiation of uniparental ES cells in vitro indi-
cated that there was an overabundance of muscle cells.
When ES cells were transfected to overexpress insulin-
like growth factor-II, an autocrine growth factor for my-
oblasts and a gene expressed via the paternal allele, dif-
ferentiating EB cells contained more myogenic cells than
controls.®® Forced expression of the X-linked Pem gene
resulted in ES cells that were unable to differentiate in
EBs,?" suggesting a role for Pem in the transition between
undifferentiated and differentiated cells in the embryo.

In one of the more elegant studies of this type, Niwa
et al.® used a conditional system to express varying levels
of the gene Pou5f, which encodes the stem cell factor
Oct-3/4, in ES cells. A less than twofold increase in Oct-3/
4 produced endoderm and mesoderm, while trophoblast
cells formed when Oct-3/4 expression was repressed.
This is consistent with the normal embryonic expres-
sion of Oct-3/4 throughout the early preimplantation
embryo, becoming restricted to the inner cell mass
and its derivatives.®

Growth factor overexpression in ES cells is a hybrid
between genetic and epigenetic manipulation, and given
the need for repair, insulin, and neurotransmitter expres-
sion, it is surprising that more studies of this type have
not yet been carried out. There is, however, the real
possibility of autocrine differentiation of these cells, pre-
cluding the derivation of cell lines.
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GROWTH FACTOR-DIRECTED
DIFFERENTIATION

Because most differentiation protocols begin with an
aggregation step, often in complete medium (serum +)
with RA or DMSO, the growth- and differentiation-pro-
moting factors critical to very early steps in differentia-
tion are unknown. Following aggregation (24 hours to
20 days), EBs are either plated directly or disaggregated
and then plated in growth factor-enriched medium.
Using these techniques, investigators have successfully
produced a range of tissue types, including:

1. mesodermal derivatives (adipocytes,*” osteo-
blasts,”! chondrocytes,”?> smooth muscle,” skeletal
muscle,? cardiomyocytes,? hematopoietic cells,”*7
mast cells,”® osteoclasts,”” and endothelial
cells,?3.100.101),

2. ectodermal derivatives (keratinocytes,'°>1°> mela-
nocytes,'® dendritic cells,'®> neurons,>*5-196.107 glig]
cells both astrocytes* and oligodendrocytes;!°51%);
and more recently

3. endodermal derivatives (liver,''° intestine,!112
pancreatic islets™!13).

Although differentiation of ES cells into three primary
germ layers has been reported since their derivation'*
and remains the gold standard of pluripotentiality,'181°
there seems to be a propensity of ES cells to form ecto-
dermal derivatives, particularly neurons. Whether this
reflects lineage segregation within the epiblast,'® or
whether culture conditions/growth factor combinations
for neuronal differentiation are better defined!'* than for
other tissue types is not clear. Because of the very rapid
developments in this field, an update regarding cell type
differentiation not previously obtained (e.g., hepato-
cytes, islet-like cells), coderivation of tissues, or classical
approaches, has been included here. There are many
additional recent reviews of ES differentiation.!!>-118

EMBRYONIC LINEAGE SEGREGATION:
GENES EXPRESSED DURING GASTRULATION
AND NEURAL INDUCTION

Because they express genes typical of the primitive ecto-
derm, ! ES cells are increasingly being employed to study
lineage choice in early development, and have been sug-
gested to be the mammalian equivalent of the amphibian
animal cap system employed so successfully to study
neural induction.!® ES cells have been transfected to
express cDNAs for noggin and chordin,'?° or have been
exposed to recombinant human noggin protein'?! or
mouse chordin.’?? Expression of these secreted signaling
molecules by ES cells themselves has been most efficient
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in promoting their neuronal differentiation, with > 90%
ES cells transfected with pCS2-noggin attaining a primi-
tive neuronal phenotype after even brief (72-hour) culture
periods.’?® Stem cell marker genes are rapidly down-
regulated and pan-neuroepithelial markers and neurode-
termination genes up-regulated. Exposure to human
recombinant proteins was less efficient in promoting
neuronal differentiation,'?! which may be due to the sur-
prisingly low homology between human and mouse pro-
teins or the amount of protein present in these cultures.
In all cases, addition of BMP4 (the extracellular target
of these proteins) efficiently inhibited neuronal differen-
tiation with formation of ectoderm-like cells.!?>!2 That
this signaling pathway functions in ES cells as in am-
phibia is clear from the differentiation of gene-deleted
ES cells, e.g., Smad 4 null cells (Smads transduce the
inhibitory BMP signal to nucleus) differentiated into
more neuronal cells.’?! In 1 integrin null ES cells, reduc-
tion in BMP4 expression has been suggested to be the
basis for the widespread neuronal differentiation of the
B1 null cells.!*

Hollnagel et al.%® have used differential display re-
verse transcriptase-polymerase chain reaction (RT-PCR)
techniques to examine gene expression induced by
BMP2/4 and identified a number of early target genes
Msx-1,-2 as well as several Id genes (Inhibitors of differ-
entiation; negative regulators of bHLH transcription fac-
tors) that are direct targets of BMP2/4. Interestingly,
1d1,2,3 are up-regulated, but the nervous system-specific
Id4 was not present in ES cells, nor was it expressed
following BMP treatment. Claudin-6, one of the earliest
epithelial restricted genes to be expressed in differentiat-
ing EB, is inhibited by noggin protein.’*> These results
further support a role for the BMP4 signaling pathway
in stimulating epidermal ectodermal differentiation and
inhibiting neural differentiation.

Endoderm

Endoderm (villin +, GATA-4 + )—visceral (and some pa-
rietal)—forms rapidly in suspension culture to cover the
surface of aggregated cells, and some markers of early-
to mid-differentiation such as a-fetoprotein and albumen
are expressed in these cultures. However, rarely have
more differentiated endodermal derivatives been identi-
fied. Recently, however, several groups have shown that
ES cells produce insulin—both human ES cells,?¢ and
mouse cells!®>—after extended time in vitro. Soria et al.™
transfected mouse ES cells with the human insulin gene
promoter driving expression of the hygromycin gene,
then selected cells in antibiotic. After differentiation as
EBs, cells were dissociated, resuspended, and differenti-
ated in the presence of nicotinamide and high glucose;
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then clusters of cells were implanted into the spleen of
diabetic mice. Transplanted animals corrected the strep-
totocin-induced hyperglycemia and restored body
weights without forming tumors after as long as 16
weeks.

Lumelskey et al.'*® used a five-step program of aggre-
gation, nestin-selection followed by growth factor (FGF-
2) expansion with the addition of nicotinamide, then
differentiation. These cells released insulin in response
to glucose stimulation and associated with neuronal cells
into islet like clusters in vitro. Insulin secretion by these
cells was low compared with beta cells, however. When
implanted into rats with streptotocin-induced diabetes,
ES-derived “islets” were unable to reverse the induced hy-
perglycemia, although implants were vascularized, and
implanted animals survived longer than controls.

Hepatocytes have also recently been derived from
ES cells'’ by an 18-day culture paradigm in which ES
are aggregated and then exposed sequentially to acidic-
FGF (hepatic maturation, 3 days), hepatocyte growth
factor (midstage, 7 days), followed by late stage matura-
tion stimulated by 4-day growth in oncostatin M, dexa-
methasone, with insulin, transferrin, and selenium.
Although this study shows that ES cells can express
genes typical of differentiated hepatocytes, there is no
evidence that ES cell marker genes were down-regulated
nor data on what other cell types are present in these
cultures. In a forced differentiation approach to promote
hepatocyte differentiation, the transcription factor HNF3
(o, B subunits) was overexpressed in ES cells. With differ-
entiation as EB, both induced expression of genes typical
of early, but not late, endoderm.'2”

Mesoderm

Bone

To obtain bone-forming cells from ESs, a number of “os-
teogenic” supplements were applied to EB cells, includ-
ing ascorbic acid, beta-glycerophosphate, BMP-2 and
compactin, which increased the number of bone nodules
formed compared with untreated EB cells.”” Another
group applied the same cocktail of growth factors to
ES cells or cocultured them with murine osteoblasts,
resulting in the formation of bone nodules that expressed
type-I collagen and osteocalcin. When added to cultures
after 14 days of differentiation, dexamethasone, ascorbic
acid and beta-glycerophosphate induced a fivefold in-
crease in the number of bone nodules, coculture with
osteoblasts a 14-fold increase compared with untreated
ES cells.

Co-derivation of tissues
Clearly, a goal for transplantation studies is to produce
tissues that are appropriately innervated and vascu-
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larized. To attain that goal, either differentiated cell types
are implanted together, or immature cells are codifferen-
tiated. (The assumption when immature cells are im-
planted is that growth factors in the environment will
stimulate differentiation into region-specific, appropriate
cell types, as has been shown for neural stem cells).
To develop functional motor units, skeletal muscle and
neurons were coderived in hanging drop cultures of ES
cells, followed by growth on tissue culture plates. There
was extensive colocalization of nicotinic acetylcholine
receptor clusters with agrin and synaptophysin (markers
of neuromuscular junction) in differentiating skeletal
muscle myotubes. Neuromuscular junctions formed in
close association with neuronal processes and were func-
tional as assessed by patch clamping.!

Hematopoietic differentiation of ES cells is perhaps
the most well defined lineage to form from ES
cells.2%120-131 Differentiation in methylcellulose culture
has been widely employed to obtain neutrophil, ery-
throid, mast cell, and macrophage lineages from ES
cells.’®? Transfer to animals genetically deficient in lym-
phocytes has shown their ability to reconstitute lympho-
cyte populations,'®® and contrary to early results, ES-
derived cells do have multilineage hematopoietic recon-
stitution potential.’** ES cell differentiation has been
widely employed to tease out the cascades of gene ex-
pression and growth factor requirements for these cells,
although ES cells themselves contain RNAs for many
known hematopoietic cytokines.!°

It has recently been shown that overexpression of
the LIM homeobox gene LH2 promotes the very early
stages of hematopoiesis,'” and deletion of the marker
CD34 gene in ES cells delays both erythroid and myeloid
commitment.'?® Exposure to Wnt3 protein was shown to
increase in the number of EBs containing hematopoietic
foci,* suggesting new signaling pathways which may be
involved in early lineage segregation of hematopoietic
progenitors. Other mesodermal derivatives, particularly
muscle cells, are described in the forced differentiation
section above.

Ectoderm

Keratinocytes form in 1 integrin null ES cultures,'*? and
basal keratinocytes are reported to be present in EBs
developed by 20 days in suspension.!® In a combined
approach, a keratinocyte-specific enhancer from the lam-
inin 3 o gene was ligated upstream of the keratin 5 pro-
moter and EGFP; then the construct was electroporated
into ES cells. Neo-resistant clones were selected and
cells differentiated as EBs, resulting in the formation of
foci containing labeled keratinocytes.'®® This approach
should expedite determination of the tissue culture con-

WOUND REPAIR AND REGENERATION
NOVEMBER-DECEMBER 2001

ditions and growth factor requirements for keratinocyte
differentiation, with obvious clinical applications.

Neurons, like hematopoietic cells, differentiate
readily from mouse ES cells. Most differentiation proto-
cols employ a 4-day aggregation step, followed by 4-day
exposure to RA as aggregates (4 —,4 +),%° although others
have used growth factor-mediated differentiation, 13137138
growth at clonal densities,'?! and culture on the surface
of a stromal cell line PA6'??> to promote neuronal differen-
tiation. Measurement of action potentials generated by
resulting cells has confirmed that differentiating neurons
are functional. Neurons of GABAergic, dopaminergic,
and serotonergic neurotransmitter phenotypes have
been developed from ES cells using growth factor pro-
moted differentiation.

With the goal of manipulating culture conditions and
growth factor exposure to generate neuronal cells from
ES cells, the McKay group has produced neurons charac-
teristic of hindbrain (serotonergic) or midbrain (dopa-
minergic) regions.’” After aggregation, they selected
nestin + progenitor cells by growth in defined medium
(lineage selection), expanded the progenitors using FGF-
2, and exposed them to FGF-8b either alone or with Shh
protein (based on the pattern of expression of these
signaling molecules in developing brain)!* and ascorbic
acid. Using this culture paradigm, over 71.9% of the differ-
entiated cells stained with antibodies to neuronal tubulin,
TUJ1. Addition of ascorbic acid, Shh, and FGF-8b in-
creased the number of dopaminergic neurons to 33.9%
of all neurons, or 20% of the total number of cells present
in the cultures. Under normal culture conditions, 0.8%
of the derived neurons express serotonin. Exposure to
Shh (with or without FGF8b) increased that number 14-
fold.

One concern with these approaches is that it is un-
clear what the remaining cell types are, because authors
present RT-PCR data to show expression of targeted
genes, but not of stem cell markers (to address culture
purity) or markers of other phenotypes. In a study unique
inthat it combines RT-PCR and in situ hybridization analy-
sis (so that the percentage and location of differentiated
neurons can be ascertained), Renoncourt et al.'** demon-
strate that RA treatment of EBs produces nestin-positive
progenitors at the center of the aggregate, as well as neu-
rons typical of ventral CNS, including both motoneurons
and interneurons.

Grafting of ES-derived neuronal cells

When transplanted to the nervous system of normal or
neurological mutants, ES cell-derived neuronal and glial
cells incorporate well, although teratomas!®®13%141 con-
taining other cell types, including muscle and cartilage,
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form when EB rather than disaggregated cells are im-
planted. Deacon et al'% implanted ES cells differentiated
with RA into adult mouse and rat striatum and into mouse
kidney capsule. After 2 to 4 weeks, regardless of place-
ment, grafts contained mixed populations of cells; most,
however, had a dopaminergic or serotonergic phenotype.
Interestingly, RA pretreatment had no effect on the lin-
eages present in the graft. There was no regional specific-
ity in which cell types were present in the graft, indicating
that differentiation was cell autonomous rather than
driven by local growth factors. This is not surprising
considering that adult brain is largely growth factor poor,
and EBs may produce sufficient growth and differentia-
tion factors themselves to promote differentiation.

Benninger et al.'*! demonstrated there was no effect
of exposing EBs to growth factors (nerve growth factor,
BDNEF, or NT3) on in vivo differentiation of transplants.
However, derivation of EBs in serum-free medium greatly
decreased the number of non-neural cells after trans-
plantation.

Oligodendrocytes (> 92%) have also been produced
using the 4-, 4 + method followed by growth in medium
developed for glial cell differentiation, which contains
NT3 and CNTFE.'*? There is an additional step in which
loosely adherent cells (oligos) are separated from adher-
ent astrocytes by shaking. Resulting cells are cultured
as “oligospheres” followed by plating. Oligodendrocytes
formed in this manner are able to myelinate axons in
vitro, producing myelin sheathes with 10 to 15 layers
after 9 days in vitro. Oligospheres were transplanted into
the rat spinal cord that had been chemically lesioned
(ethidium bromide or lysolecithin), or into shiverer mu-
tant mice, which lack myelin basic protein (shi/shi). Al-
though other cell types were apparently present, there
were no tumors, and after 2 and 4 weeks in vivo, myelina-
tion of axon tracts was present for a distance of 0.5 mm,
with scattered foci as far as 2-3 mm from the injection
site.!” While this study did not show recovery of function,
a previous study by this group showed that transplanta-
tion of EBs formed by the 4—, 4+ method (without an
oligosphere stage) into cord injured by contusion signifi-
cantly improved locomotor function.'*> However, the
long-term survival of oligosphere implants and their ef-
fect on functional recovery remain to be determined.

Because neurodevelopmental and neurodegenera-
tive disease may share common pathogenetic bases,'*
ES cell differentiation may identify genes or susceptible
cell types. These authors have examined lineage-specific
expression of neural disease proteins in ES cells and
EBs, and surprisingly, many neurological disease genes
are expressed. For example, a-synuclein (expressed in
rare Parkinson’s) is expressed in undifferentiated ES
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cells, then down-regulated. Other proteins associated
with neurological disease such as frataxin (Frederich
ataxia), ataxin 1 (spinocerebellar ataxia), and presenillin
2 (Alzheimer’s disease) are expressed in differentiating
EBs (but not undifferentiated ES cells), and are present
in 04 + (oligodendrocytes) progeny. Neuronal differenti-
ation of ES cells has shown that the widely expressed,
developmentally important gene huntingtin is not essen-
tial for the differentiation of functional neurons,® sug-
gesting that loss of functional huntingtin is not likely to
produce the neurodegenerative changes in Huntington’s
disease. In our lab, Matt Lorincz!#> has demonstrated that
knock-in of trinucleotide repeats (CAG) into the HPRT
locus of ES cells as a model of Huntington’s disease
results in a dose-dependent impairment in process out-
growth from differentiated neuronal cells. This paradigm
provides an important model to study not only the patho-
genesis of the neuronal changes in Huntington’s, but also
possible pharmacological amelioration, as well as the
opportunity to identify downstream genes.

SEARCH FOR ADDITIONAL DIFFERENTIATION
MEDIATING FACTORS

In addition to gene trap studies and comparison of differ-
entially expressed RNAs, two “new” approaches are
being employed to identify differentiation factors. The
first relies on recapitulating the pattern of growth factor
expression during development. For example, during he-
patocyte differentiation, FGFs from the cardiac meso-
derm induce liver primordium from foregut endoderm.
These cells proliferate and migrate into the collagen-rich
mesenchyme of the septum transversum, which secretes
hepatocyte growth factor (HGF) to support primitive
hepatocytes. During late fetal development the hemato-
poietic cells present in this region secrete oncostatin M
(OSM) which induces hepatocyte maturation. This pat-
tern—growth of EBs, plating on collagen I, followed by
sequential exposure to acidic FGF, HGF, and OSM—
induced genes typical of late differentiation of liver.'®
Differentiation of hindbrain- and midbrain-specific neu-
rons was similarly based on regional patterns of growth
factor expression during normal differentiation.!*”

A number of investigators have rediscovered the
stromal cell as a source of growth factors to stimulate cell
type-specific differentiation.’® Interestingly, in defined
medium, the PA6 stromal cell line promotes differentia-
tion of neuronal cells,'* while another line, ST2, specifi-
cally produced osteoclast differentiation.” In this study,
the authors took the requisite step of identifying the cell
surface bound and secreted growth factors required
for osteoclast differentiation as macrophage colony-
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stimulating factor and the osteoprotegerin-ligand. When
added directly to cultures, this combination induced
widespread differentiation of osteoclasts.” In a fusion
of these two approaches, coculture of visceral endoderm
with epiblast elicited hematopoiesis in the epiblast.!
These studies are reminiscent of the early derivation of
ES cells in medium conditioned by fetal fibroblasts' or
Buffalo rat liver cells.!48

MARKERS

Embryonic stem cells express a number of genes, which
although not restricted to ES cells, are expressed only
by undifferentiated ES cells and are useful to assess
commitment to differentiation in a mixed population.
These include the stage-specific embryonic antigen-1
(SSEA1),* the transcription factor Oct-3/4 encoded by
the Pou5f gene,' Rex-1,'"! and the neuronal restricted
silencing factor (nrsf/REST).'”> Many of the genes ex-
pressed by the inner cell mass or by the primitive ecto-
derm?62>133 could also be examined. In any differentiation
paradigm, it is critical to show that stem cell markers
are expressed at high levels in the starting population and
are down-regulated with differentiation. This is critical to
determine if there is a residual stem cell population that
could either be unintentionally implanted, or via differen-
tial cell survival could selectively skew the results of
differentiation experiments. Because culture of ES cells
on gelatin induces the expression of some markers of
differentiation, use of RNAs from blastocysts is an addi-
tional important control. Good markers of differentiated
progeny must also be employed, as well as a panel of
genes typical of multiple differentiated cell types, not
only genes expected to be expressed by a single lineage.

Unfortunately, a universal marker of stem cells does
not exist. CD34 class antigens have been useful to flow
sort many types of hematopoietic stem cells, and factors
that “license” cells to undergo replication may mark stem
cells. Alternatively, many stem cells exclude Hoechst
33324. Unfortunately, none of these markers identifies
all stem cell classes.

DIFFERENTIATION OF HUMAN ES CELLS

Mouse and human ES (hES) and EG cells share many
similarities and important differences.!’> Mouse ES and
hEG cells grow as aggregates, while hES cells grow in
a more dispersed fashion. All express high levels of te-
lomerase activity,?? although mouse ES cells divide much
more rapidly than hES (8 hour vs. 36 hour cell cycle).?

Mouse ES cells require addition of LIF to the culture
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medium to maintain their undifferentiated state, while
hES must be grown on mouse embryonic fibroblasts
(MEF) in the presence of bFGF, although some investiga-
tors believe that LIF helps maintain the hES cells undif-
ferentiated as well.’”> Recently, it has been possible to
grow hES on matrigel-coated substrates rather than on
MEFs, but medium conditioned by MEFs is required.'>*
Once the factor(s) produced by the MEFs have been
identified, it will be possible to develop chemically de-
fined media and potentially to derive hES cells without
contact with mouse cells/products.

To date, few studies using the hES cell lines have
produced purified populations® or have been differenti-
ated other than as aggregates. In benign teratomas
formed by transplantation of EBs to nude mice or in EB,
many differentiating cell types and tissues have been
identified. These include hair, keratinizing epithelium,
respiratory epithelium, cuboidal epithelium, and well-
organized gut and glomeruli, as well as smooth muscle,
bone, cartilage and neuronal cells.!t121819.112 Tt js likely
that additional cell types are present but are not orga-
nized into histologically identifiable tissues.

Odorico et al''2 recently reported hematopoietic dif-
erentiation of hES using a two-step differentiation proto-
col in which hES are initially cultured on the irradiated
human bone marrow stromal cell line S17 in medium
with fetal bovine serum but no additional growth factors.
This was followed by methylcellulose culture, producing
erythrocytes, macrophages, granulocytes and megakary-
ocytes. Interestingly, hES can also differentiate into tro-
phoblast cells,’'? making them a useful model of
placentation and cell invasion.

In the most systematic approach, Schuldiner et al.>?
applied a single concentration of each of eight growth
factors—FGF-2, BMP4, epidermal growth factor, RA,
transforming growth factor -1, activin A, HGF and nerve
growth factor—to H9 hES cells previously induced to
begin differentiation by 5 day culture in suspension to
produce EBs. EBs were disaggregated and the cells ex-
posed to single growth factors for an additional 10 days.
Lineage-specific differentiation resulted: FGF-2, BMP4,
epidermal growth factor, RA-treated cultures contained
ectoderm and mesoderm with FGF-2 promoting differen-
tiation of keratin + epidermal ectoderm. Transforming
growth factor-B1 and activin A cultures contained meso-
derm, activin A producing syncytia of muscle cells. HGF
and nerve growth factor exposure resulted in gene ex-
pression patterns typical of all three cell layers. There
are several questions regarding these results. First, what
would happen if growth factor exposure had occurred
before/during differentiation induced by growth as EBs?
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Second, the authors equate the presence of a particular
derivative with inhibition of the development of other
tissues. While that might be the case, it is equally possible
that the particular factor was sufficiently potent to direct
lineage differentiation preferentially into the observed
lineage at the expense of (but not actively inhibiting
development of) another lineage. These early results sug-
gest that many of the pathways identified in other species
appear to operate during these early inaccessible stages
of human embryonic development. They may also sug-
gest new pathways for development of a particular tissue
type; i.e., both nerve growth factor and RA induced neu-
ronal markers, but only RA caused expression of adrenal
markers. A number of additional unpublished studies
regarding the differentiation of hES are described in the
recent NIH publication on stem cells.!!®

CONCLUSIONS/FUTURE CHALLENGES

Although there has been considerable progress in ob-
taining specific cell types from ES cells in the past few
years, several basic concerns remain. The first is that
while differentiated derivatives are more consistently ob-
tained, and at higher frequencies than previously, few
growth factor-mediated differentiation protocols pro-
mote the level of cell type restricted differentiation
(>90%) required for safe transplantation. Although it has
been argued that genetic manipulation of ES cells in-
creases the chance of malignant transformation and
tumor formation, the chance of tumor formation follow-
ing implantation of undifferentiated stem cells is perhaps
even more significant. This is, in fact, the basic scientific
divide between the use of epigenetic versus genetic meth-
ods to produce lineage-enriched cells for transplantation.
If good growth factor selection methods could be estab-
lished, they might be preferable to genetic approaches.
However, although ES cells can be manipulated to se-
crete insulin, they produced significantly lower levels of
insulin!®® than those produced by genetically alterating
ES cells.™

Because ES cells are easily transfected and selected,
it would be possible to express a cell suicide gene under
the control of, for example, a cyclin gene, so that if an
implanted cell enters cycle, it is removed. Alternatively,
an inducible promoter (e.g., tetracycline) could be used
to express a lethal gene so that if implanted cells overex-
press a particular growth factor or neurotransmitter they
could be ablated.

Transplantation will also require either undesirable
long-term immunosuppression, the development of
“banks” of ES cells with differing population characteris-
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tics, or the deletion of MHC class I and II genes.!12117.155
While the latter approach has been widely touted to cre-
ate “universal donor” ES cells, mice lacking MHC class
I and IT genes are able to mount a rejection response.'*®

It has also been suggested that replacement of an ES
cell nucleus with a nucleus from a somatic cell (including
fetal neurons)® from a future recipient could create
donor-matched ES cells for transplantation.’®® While a
similar approach was successful in producing Dolly,*®
more than 90% of embryos produced by somatic cell
nuclear transplantation are not viable. It appears that
the genome-wide demethylation that occurs during early
development to remove parental methylation marks may
be incomplete in cloned cells, resulting in incomplete
epigenetic reprogramming of donor DNA and abnormal
methylation patterns.!¢

As our understanding of molecular embryology prog-
resses, it should be increasingly possible to direct differ-
entiation of pluripotent cells to a desired lineage. While
there have been important advances in our understand-
ing of lineage segregation during early development, the
criteria by which a differentiated ES cell is labeled (e.g., a
hepatocyte) must be more rigorous. Markers of terminal
differentiation in RNAs extracted from a population of
105 cells may well be present, but must be combined
with analysis of other terminal markers, down-regulation
of ES cell genes, and lack of expression of other lineage
markers. Ultimately, analysis must be conducted at the
single cell level using combinations of morphology, im-
munohistochemistry, and in situ hybridization localiza-
tion analysis of cell type-restricted markers. Integration
and region- and cell type-specific markers must be em-
ployed to assess integration of transplanted cells in com-
bination with functional measurements.

When the particular combinations of growth factors,
extracellular matrix, ions, signaling molecules and prote-
ases that characterize individual tissue stem cell
niches!51%2 are identified, it should be possible to employ
for example, biosynthetic “neo-tissues”!% to create region
specific combinations of cells and requisite growth fac-
tors, proteases, and antibodies to promote successful
integration of these amazing cells.
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