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Out of Eden: Stem Cells and Their Niches

Fiona M. Watt" and Brigid L. M. Hogan?

Stem cells are currently in the news for two reasons: the successful
cultivation of human embryonic stem cell lines and reports that adult
stem cells can differentiate into developmentally unrelated cell types,
such as nerve cells into blood cells. Both intrinsic and extrinsic signals
regulate stem cell fate and some of these signals have now been identified.
Certain aspects of the stem cell microenvironment, or niche, are conserved
between tissues, and this can be exploited in the application of stem cells

to tissue replacement therapy.

Introduction

Stem cells are very much in the news. The
announcement that pluripotent stem cells can
be cultured from aborted human fetuses or
from spare embryos from in vitro fertilization
procedures (/) has been greeted with both
enthusiasm and opprobrium. The potential
medical use for tissue replacement therapy is
very exciting, but commentators are under-
standably cautious given the unresolved eth-
ical questions. Less controversial, but equally
newsworthy, is the spate of reports that stem
cells derived from adult tissues have much
wider differentiation potential than was pre-
viously thought (2). The hope is that this
hitherto unrecognized plasticity can be ex-
ploited to generate cells for autologous tissue
grafts.

The spotlight on stem cells has revealed
gaps in our knowledge that must be filled if
we are to take advantage of their full potential
for treating devastating degenerative diseases
such as Parkinson’s disease and muscular
dystrophy. We need to know more about the
intrinsic controls that keep stem cells as stem
cells or direct them along particular differen-
tiation pathways. Such intrinsic regulators
are, in turn, sensitive to the influences of the
microenvironment, or niche, where stem cells
normally reside: What is this Garden of Eden
from which stem cell descendants are evicted
to face differentiation and death?

What Exactly Is a Stem Cell?

Although this question remains contentious
after 30 years of debate (3) the prevailing
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view is that stem cells are cells with the
capacity for unlimited or prolonged self-re-
newal that can produce at least one type of
highly differentiated descendant. Usually, be-
tween the stem cell and its terminally differ-
entiated progeny there is an intermediate pop-
ulation of committed progenitors with limited
proliferative capacity and restricted differen-
tiation potential, sometimes known as transit
amplifying cells (Fig. 1). In situations that
involve a single differentiation pathway, such
as interfollicular epidermis, the primary func-
tion of this transit population is to increase
the number of differentiated cells produced
by each stem cell division. This means that,
although a stem cell has high self-renewal
capacity, it may actually divide relatively
infrequently.

Classically, mammalian stem cells have
been studied in tissues such as blood and
epidermis, where the differentiated cells do
not divide and have a short life-span. How-
ever, stem cells are also present in tissues that
normally undergo very limited regeneration
or turnover, such as the brain and liver. In
early embryos, stem cell self-renewal is less
important than the ability to found specific
lineages and, paradoxically, it is as a result of
differentiation that embryonic stem (ES) cells
give rise to the stem cells of adult tissues.

Stem cells can sometimes be identified
quite precisely by their morphology or loca-
tion. In the Drosophila gonad and peripheral
nervous system (PNS), for example, stem and
nonstem daughters have a well-defined ori-
entation with respect to the surrounding cells
(4) (Fig. 2). However, in many other tissues,
the position of the stem cells is known only
approximately, and panels of molecular
markers have been developed to define the
stem cell compartment or pool. Such markers
may provide important clues about how the

stem cell phenotype is controlled. Epidermal
stem cells, for example, express high levels
of Bl integrins, and PB1 integrin-mediated
adhesion to extracellular matrix suppresses
the onset of terminal differentiation (5, 6)

(Fig. 3).

Strategies for Stem Cell Self-Renewal
and Differentiation

There are two general strategies by which
stem cells generate differentiated progeny
(3). At one extreme, there are mechanisms
that might be described as invariant, in which
a stem cell gives rise, through an asymmetric
cell division, to one stem daughter and one
daughter that undergoes differentiation (Fig.
1A). Examples abound in unicellular organ-
isms and invertebrates (for example, Dro-
sophila ovary) (Fig. 2).

At the other extreme (Fig. 1B; Fig. 3) are
highly regulative mechanisms in which a
stem cell gives rise to daughter cells that have
a finite probability of being either stem cells
or committed progenitors. Most mammalian
self-renewing tissues fall into this category.
At steady state, each stem cell division gives
rise, on average, to one stem and one com-
mitted daughter, but asymmetry is achieved
on a population basis rather than at the level
of individual cell divisions. Furthermore, in
some tissues there may be a continuum of cell
behavior, with stem and progenitor cells at
opposite ends of a spectrum, instead of dis-
crete stem and progenitor populations (5, 6).

Although the two strategies are mechanis-
tically very different, both involve multiple
feedback controls and reciprocal intercellular
interactions. Populational asymmetry facili-
tates the response to variable physiological
need, as when increased production of blood
or epidermal cells is required after an injury.
Nevertheless, potential flexibility in the in-
variant strategy has been revealed experimen-
tally by ectopically expressing regulatory fac-
tors in non—stem cell daughters (4).

Intrinsic Controls of Stem Cell Fate

Maintenance of the stem cell compartment
ultimately depends on cell autonomous regu-
lators modulated by external signals. Such
intrinsic regulators include the proteins re-
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sponsible for setting up asymmetric cell di-
visions, nuclear factors controlling gene ex-
pression and chromosomal modifications in
stem and nonstem daughters, and clocks that
may set the number of rounds of division
within the transit amplifying population.

Asymmetric Partitioning of Cellular
Determinants

During asymmetric cell division the two
daughters may acquire different developmen-
tal potentials, either by unequal segregation
of cell fate determinants or because of differ-
ential influences from their surroundings.
Structural proteins, in particular cytoskeletal
components, are important for partitioning of
cell fate determinants.

In the Drosophila PNS, asymmetric di-
visions of the sensory organ precursor cell
are controlled by a hierarchy of genes, one
of which is inscuteable (insc) (4). The Insc
protein coordinates at least three aspects of
asymmetric division: asymmetric localiza-

differentiated
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Fig. 1. Alternative models for stem cell deploy-
ment. (A) Invariant asymmetry. A stem cell (S)
gives rise by asymmetric division to a progen-
itor (P) with a more restricted proliferation
potential, which differentiates in response to
extrinsic cues. The stem cell phenotype is reg-
ulated by reciprocal short- and/or long-range
signaling (thick colored arrows). (B) Population-
al asymmetry. Stem cells give rise to daughter
cells that can be either stem cells or else pro-
genitors that differentiate along different path-
ways (1, 2, and 3) depending on the combina-
tion of extrinsic factors to which they are ex-
posed. ECM, extracellular matrix.
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tion of membrane-associated cell fate de-
terminants, including Numb, asymmetric
mRNA localization, and orientation of
mitotic spindles. The central region of the
Insc protein has some homology to ankyrin
repeats and is required to orient the mitotic
spindle and to localize Numb. Asymmetric
localization of Insc in dividing neural pre-
cursors depends on the microfilament
cytoskeleton.

In the Drosophila ovary, each stem cell
undergoes asymmetric divisions to produce
a stem cell that remains associated with the
somatic cells of the basal terminal filament
and a differentiated daughter that becomes
displaced from its niche and eventually de-
velops into a mature egg (Fig. 2). The
intracellular mechanism for controlling the
orientation of the asymmetric stem cell di-
vision involves a cytoplasmic organelle
called the spectrosome, which contains a
variety of membrane skeletal and regulato-
ry proteins, such as spectrins and cyclin A,
respectively. The spectrosome anchors the
mitotic spindle to define the orientation of
each stem cell division with respect to the
position of the terminal filament and may
also localize molecules that are important
for stem cell fate to selectively retain them
in the stem daughter (4).

Transcription factors. Although verte-
brate homologs of genes regulating asymmet-

Fig. 2. Invariant asymmetric division in the
anterior part of the Drosophila germarium, the
niche for germ line stem cells (GSC) in the
ovary. Ovary is stained with anti-Hulitashao
(green) and anti-Vasa (red) antibodies. The ger-
marium is wrapped by outside sheath cells
(OSC, green). Two GSCs are identified by the
round spectrosome at their anterior (white ar-
rowheads, yellow) and also express the Vasa
protein (red). GSCs are surrounded by three
groups of differentiated somatic cells—namely,
terminal filament (TF, green), cap cells (CPC,
green), and inner germarial sheath cells (IGC,
green). The differentiated GSC daughter, called
a cystoblast (CB), is located posterior to the
GSCs and also contains a round spectrosome
(upper black arrowhead, yellow). A cystoblast
further develops into a cyst (CG), which con-
tains a branched fusome (lower black arrow-
head, yellow) (4).

ric stem cell divisions in Drosophila have
been identified, it is unclear whether they
have similar roles in controlling stem cell
fate. However, there is abundant evidence
that transcription factors control stem cell
fate. In hematopoiesis, for example, a large
number of evolutionarily conserved tran-
scription factors have been implicated (7).
One of these is SCL/Tal-1, which is ectopi-
cally activated in many acute T cell lympho-
blastic leukemias and is essential for forma-
tion of all the blood cell lineages in the
mouse. Other transcription factors have been
identified with functions restricted to partic-
ular differentiated lineages. Every lineage is
controlled by unique combinations of tran-
scription factors, each of which may be ex-
pressed individually in several lineages; in
some cases these combinations involve for-
mation of physical complexes (7).

In epidermis and intestinal epithelium,
recent data highlight the importance of the
Tcf/Lef family of transcription factors. Ho-
mozygous null T¢f4 mice lack stem cells in
the small intestine, whereas Lef! homozy-
gous mutants have defects in hair and whis-
ker formation (8). B-Catenin activates Tcf/
Lef-mediated transcription and is more
abundant in epidermal stem cells than in
transit amplifying cells; overexpression of
a stabilized form of the protein increases
the proportion of stem cells in vitro, and in
vivo it causes keratinocytes to revert to a
pluripotent state in which they can differ-
entiate into hair follicles or interfollicular
epidermis, with some of the follicles going
on to develop tumors (9). By contrast, over-
expression of B-catenin in the intestinal
epithelium of transgenic mice stimulates
proliferation but there is no net increase in

Fig. 3. Populational asymmetry in human epi-
dermis. Epidermal whole mount stained for 31
integrins (green). Stem cells are enriched in the
clusters of cells with the highest integrin levels
(some of which are delineated in white); these
clusters are separated by actively proliferating
(Ki67-positive nuclei in red), transit amplifying
cells with lower integrin levels. Scale bar, 100
wm. [From U. B. Jensen et al. (5)]
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cell number, because there is a correspond-
ing increase in apoptosis (10).

Clocks. Once a cell has left the stem com-
partment, what determines the number of
rounds of division that it undergoes before
terminal differentiation? Interest has: focused
on the possible role of intracellular clocks
that control changes in the level of cell cycle
promoters or inhibitors (/7). An example of
the first is the cul-1 protein in Caenorhabditis
elegans, which is involved in destruction of
cell cycle proteins such as G1 cyclins. An
example of the second is the CDK inhibitor
p27/Kipl (p27), which accumulates as part of
a timing mechanism that limits proliferation
and promotes differentiation of rat oligoden-
drocyte precursor cells.

A third potential clock mechanism is
telomere length. In most human tissues,
telomerase activity is low or undetectable;
progressive shortening of telomeres could
act as a mitotic clock, counting off divi-
sions before senescence. Stem cells may
not be subject to senescence because of
constitutive telomerase activity (/2). Elder-
ly first-generation telomerase null mice
have normal hematopoiesis and no detect-
able abnormalities in the testis, intestine, or
epidermis. However, by the sixth genera-
tion, long-term renewal of hematopoietic
stem cells is compromised, male mice are
infertile, and there is hair loss and delayed
reepithelialization of skin wounds (/2).
Thus, although a telomerase-based clock
may not control progenitor populations dur-
ing the normal life span of the mouse, such a
role may be important in longer-living mam-
mals such as humans.

External Controls:
The Stem Cell Niche

The external signals that control stem cell
fate collectively make up the stem cell mi-
croenvironment, or niche (3). This niche is
important both in tissues with populational
asymmetry and in those with invariant asym-
metry, involving a complex interplay of
short- and long-range signals between stem
cells, their differentiating daughters, and
neighboring cells (Fig. 1).

Secreted factors. The concept of the
niche was first developed in hematopoiesis,
where in vitro systems that support prolif-
eration, differentiation, and survival of dis-
tinct progenitor populations were found to
depend on factors secreted by other cell
types (3, 13). In this system, the primary
function of secreted factors appears to be
selective—to prevent the death of lineage-
committed progenitors that have been gen-
erated stochastically (3, 7, 14). By contrast,
secreted factors play an instructive role in
the differentiation of neural crest stem cells
(15).

A wide range of secreted factors regulate
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stem cell proliferation and fate. Two families,
the TGF@s and Wnts, show remarkable func-
tional conservation between species and be-
tween tissues that self-renew through asym-
metric divisions or populational asymmetry.
Wnats activate transcription by a complex
pathway involving -catenin (/6); although,
as described above, the importance of this
pathway has been established in mammalian
epidermis and intestinal epithelium, the
source of Wnts in these tissues remains large-
ly obscure (9, 10). In C. elegans the asym-
metric division of the EMS blastomere re-
quires an inductive Wnt signal from its sister
cell, which controls both spindle orientation
and endoderm specification (4). At least two
members of the TGFRB family of signaling
proteins are important in regulating differen-
tiation of neural crest stem cells (15); in
Drosophila, the Bmp2/4 homolog Decapenta-
plegic (Dpp) is required to maintain female
germ line stem cells and promote their division
).

Cell-cell interactions mediated by integral
membrane proteins. Although secreted fac-
tors can potentially act over many cell diam-
eters, other signals that control stem cell fate
require direct cell-cell contact. Even though
B-catenin is a structural component of adhe-
rens junctions (9, 10, 16), surprisingly little is
known about intercellular adhesion as a stem
cell regulatory mechanism. However, an ex-
cellent example of local signaling that re-
quires cell-cell contact is provided by the
receptor Notch and its ligand Delta, both of
which are transmembrane proteins (/7). In
Drosophila, Notch activity is required for the
progeny of the sensory organ precursor cell to
assume their correct fate. During each cell
division within the sensory organ lineage,
Numb appears to bias Notch-mediated cell-
cell interaction by inhibiting Notch activity
so that the cell-cell interaction becomes
asymmetric. Thus, an intrinsic mechanism
(involving Numb) and an extrinsic mecha-
nism (involving Notch) are integrated to con-
trol cell fate (4). Notch signaling also turns
out to be important in embryonic and adult
tissues of vertebrates; examples include reti-
nal neuroepithelium, skeletal muscle, and
blood (17).

Integrins and extracellular matrix. Ad-
hesion to the extracellular matrix is medi-
ated by several classes of receptor, the most
extensively characterized being integrins.
High expression of B1 integrins is required
for maintenance of epidermal stem cells,
and B1 integrins regulate differentiation of
keratinocytes and other cell types through
MAP kinase signaling (5, 6). Integrins hold
cells in the right place in a tissue, and loss
or alteration of integrin expression ensures
departure from the stem cell niche through
differentiation or apoptosis (3, 6, 13). They
are also signaling receptors in their own

right and can directly activate growth factor
receptors (/8). Extracellular matrix pro-
teins can modulate expression and activa-
tion of B1 integrins, and local variation in
the composition of the basement membrane
could play a role in establishing and main-
taining the distribution of epithelial stem
cells, as in the crypt villus axis of the small
intestine (/9). Finally, the extracellular ma-
trix can potentially sequester and modulate
the local concentration of secreted factors
available within the stem cell niche (3, /3,
16).

Homeostatic Controls

In its original formulation (3), the niche
model envisioned that when a stem cell
divides, only one daughter remains in the
niche and the other must differentiate un-
less another niche is available. In tissues
with invariant asymmetric divisions, it is
easy to see how departure from the niche is
engineered by the orientation of the mitotic
spindle. However, in stem cell populations
of the regulatory type, the idea of compe-
tition for the stem cell niche undoubtedly is
an oversimplification. For example, when
hematopoietic stem cells are transplanted
from one mouse to another the final en-
graftment phenotype is determined simply
by the ratio of host to donor stem cells,
which suggests that there is no need to
deplete the host stem compartment to make
space for the newly added stem cells (/3).

There are numerous examples of stem
cells or their differentiated progeny regulat-
ing stem cell number (3, 3, 6, 13) by mech-
anisms depending, at least in part, on positive
and negative feedback loops that have been
conserved during evolution (4, 20). Feedback
mechanisms can involve the specific tran-
scription factors induced in response to an
external signal or the antagonistic effects of
different external signals.

Plasticity

There is increasing evidence that some
stem cell populations isolated from adult
tissues can show remarkable plasticity
upon transplantation into recipients (2).
Quite often, the tissues to which the donor
cells contribute are embryologically related
to the tissues from which the cells were
derived. This result resembles the well-
documented, if rare, phenomenon known as
“transdifferentiation” or “transdetermina-
tion” (217). In some cases, however, such as
neuronal stem cells giving rise to blood
cells, this relationship does not hold. Cur-
rently, we can only speculate about the
mechanisms involved in such dramatic
changes in cell fate. One idea derives from
two observations in the hematopoietic sys-
tem. First, single-cell reverse transcription—
polymerase chain reaction studies show that
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individual stem and progenitor cells coex-
press different lineage-associated genes be-
fore commitment, which suggests that com-
mitment to a specific lineage is prefaced by
a promiscuous phase in which the cell is
activating genes associated with several
different lineages (7, /4). Second, when B
lymphoid differentiation is blocked by ab-
lation of Pax5, B cell progenitors are able
to differentiate into a wide range of other
hematopoietic cell types (22). Thus, after
stem cell transplantation, rare uncommitted
progenitors may be able to undergo trans-
differentiation or reprogramming if they
find themselves in a new stem cell niche.
Several factors might enhance this proba-
bility. For example, the ability of a cell to
respond to differentiation signals may be
stimulated by, and in some cases dependent
on, neighboring cells that are differentiat-
ing at the same time (23). In addition,
removing a stem cell or progenitor from the
community of neighbors that are telling it
what to do may lead to the up-regulation,
reexpression, or de novo activation of sur-
face receptors for a wide range of signaling
factors, some of which are present in the
new niche.

ES Cells: Present and Future

Pluripotential stem cell lines, also known
as ES cells, are routinely derived from
mouse blastocysts and, when reintroduced
into host blastocysts, contribute to all adult
tissues, including germ cells (24). In spite
of their widespread use, surprisingly little
is known about their origin—in particular,
whether all cells of the inner cell mass
(ICM) and/or epiblast have the potential to
found ES lines (25). Initial formation of the
ICM depends on asymmetric division of
polarized cells of the compacted morula
(25), but the genes that control these divi-
sions are unknown. It is clear, however,
that the POU domain transcription factor
Oct4 is essential for generation of ICM
cells. Oct4 null embryos develop only as
far as the blastocyst stage, and the inside
cells, instead of differentiating into ICM,
express trophoblast markers (26).

The in vivo niche of the pluripotent epi-
blast is provided by the enveloping extraem-
bryonic tissues—the trophoblast-derived ex-
traembryonic ectoderm and the primitive or
visceral endoderm (27). The anterior visceral
endoderm secretes a TGFR-related signal,
nodal, that controls differentiation of the
most anterior embryonic lineages, whereas
ventral mesodermal and primordial germ cell
lineages are induced by Bmp4, which is pro-
duced by the trophoblast. Such findings pro-
vide important clues about how to drive ES
cells down different lineage pathways in a
controlled way in culture, an essential ele-
ment in their therapeutic use (28).

Although the self-renewal of mouse ES
cells in culture is promoted by leukemia-
inhibiting factor or related cytokines (29),
self-renewal of human pluripotential stem
cells is not (), which illustrates just one of
the reasons why it is important to compare
the properties of human and mouse ES cells.
If relatively few signaling pathways regulate
the self-renewing, pluripotent phenotype,
could they be transiently activated in adult
stem cells with more restricted potential to
trigger pluripotency as a stable state? Fusion
of adult cells with cytoplasts of ICM or ES
cells might be another means to this end,
providing an alternative to making human
pluripotential stem cell lines from blastocysts
(30). Reactivation of the self-renewing, plu-
ripotent state is already possible in some
differentiated early embryo cells. For exam-
ple, endodermal cells of the rat and mouse
yolk sac can be induced to transdifferentiate
into pluripotential cells in vivo (37), and
mouse and human primordial germ cells give
rise to self-renewing pluripotential cells when
cultured with a cocktail of signaling factors
1, 32).

Pluripotential stem cells are not the only
cell lines that can be derived from early
mammalian embryos. Trophoblast stem cell
lines have been derived from early mouse
embryos, and their human counterparts
would provide invaluable information rele-
vant to implantation and maternal-fetal inter-
actions (33). Mesoderm of gastrulation stage
mouse embryos can give rise to long-term
cultures of intraembryonic endothelial pro-
genitor cells (34), a potentially important
finding because some major blood vessels are
sites of hematopoiesis in early human and
mouse embryos. Human embryos (3 to 8
weeks) have been used to identify and culture
hematopoietic cells associated with intraem-
bryonic blood vessels. The histological sim-
plicity of these regions compared with the
bone marrow makes them excellent models
for understanding the niche in which hema-
topoietic stem cells are engendered.

For some critics, acquiring such knowl-
edge and deriving human pluripotential stem
cells is tantamount to society leaving the
original Garden of Eden. For others, such
studies, carried out under appropriate guide-
lines, hold great promise not only for unex-
pected insights into biology but ultimately for
the alleviation of human suffering.

References and Notes

1. J. A. Thomson et al., Science 282, 1145 (1998); M. ).
Shamlott et al., Proc. Natl. Acad. Sci. U.S.A. 95,
13726 (1998).

2. C. B. Johansson et al., Cell 96, 25 (1999); F. Doetsch,
1. Caille, D. A. Lim, J. M. Garcia-Verdugo, A. Alvarez-
Buylla, Cell 97, 703 (1999); C. R. R. Bjornson, R. L.
Rietze, B. A. Reynolds, M. C. Magli, A. L. Vescovi,
Science 283, 534 (1999); M. A. Eglitis and E. Mezey,
Proc. Natl. Acad. Sci. U.S.A. 94, 4080 (1997); B. E.
Petersen et al., Science 284, 1168 (1999); G. Ferrari

STEM CELL RESEARCH AND ETHICS

10.

1.

13.

14.

16.
17.

18.
19.
20.

21.

22.
23.

24,

25.

26.

28.
29,

30.

31.

32.
33.

34,

35.

et al., Science 279, 1528 (1998); M. F. Pittenger et
al., Science 284, 143 (1999).

. C.S. Potten, Ed., Stem Cells (Academic Press, London,
1997); P. A. Hall and F. M. Watt, Development 106,
619 (1989); S. J. Morrison, N. M. Shah, D. J. Anderson,
Cell 88, 287 (1997).

. Y.N. Jan and L. Y. Jan, Nature 392, 775 (1998); B. Lu,
L. Y. Jan, Y. N. Jan, Curr. Opin. Genet. Dev. 8, 392
(1998); H. Lin, Curr. Opin. Cell Biol. 10, 687 (1998); T.
Xie and A. C. Spradling, Cell 94, 251 (1998).

. U. B. Jensen, S. Lowell, F. M. Watt, Development 126,
2409 (1999).

. A.J. Zhy, |. Haase, F. M. Watt, Proc. Natl. Acad. Sci.
U.S.A. 96, 6728 (1999); P. H. Jones and F. M. Watt,
Cell 73,713 (1993); P. H. Jones, S. Harper, F. M. Watt,
Cell 80, 83 (1995).

. M. A. Cross and T. Enver, Curr. Opin. Genet. Dev. 7,
609 (1997). '

. V. Korinek et al., Nature Genet. 19, 379 (1998); C.
van Genderen et al., Genes Dev. 8, 2691 (1994).

. U. Gat, R. DasGupta, L. Degenstein, E. Fuchs, Cell 95,

605 (1998); A. ). Zhu and F. M. Watt, Development

126, 2285 (1999).

M. H. Wong, B. Rubinfeld, J. I. Gordon, J. Cell Biol.

141, 765 (1998).

Clocks: I. Conlon and M. Raff, Cell 96, 235 (1999).

. Telomerase: M. Greaves, Trends Genet. 12, 127

(1996); H. W. Lee et al., Nature 392, 569 (1998); K. L.

Rudolph et al., Cell 96, 701 (1999).

P. J. Quesenberry and P. S. Becker, Proc. Natl. Acad.

Sci. U.S.A. 95, 15155 (1998).

T. Enver and M. Greaves, Cell 94, 9 (1998).

. N. M. Shah, A. K. Groves, D. ). Anderson, Cell 85, 331
(1996); L. Lo, L. Sommer, D. J. Anderson, Curr. Biol. 7,
440 (1997).

M. Peifer, Nature 400, 213 (1999).

S. Artavanis-Tsakonas, M. D. Rand, R. J. Lake, Science
284, 770 (1999); ). Lewis, Semin. Cell Dev. Biol. 9,
583 (1998).

L. Moro et al., EMBO J. 17, 6622 (1998).

M. Kedinger, O. Lefebvre, I. Duluc, J. N. Freund, P.

-Simon-Assmann, Philos. Trans. R. Soc. London Ser. B
353, 847 (1998).

N. Perrimon and A. P. McMahon, Cell 97, 13 (1999);
S. Dyson and J. B. Gurdon, Cell 93, 557 (1998).
Transdetermination: G. Eguchi and R. Kodama, Curr.
Opin. Cell Biol. 5, 1023 (1993); ). M. W. Slack, J.
Theor. Biol. 114, 463 (1985).

S. L. Nutt, B. Heavey, A. G. Rolink, M. Busslinger,
Nature 401, 556 (1999).

Community effect: J. B. Gurdon, Nature 336, 772
(1988).

A. Nagy, J. Rossant, R. Nagy, W. Abramow-Newerly,

J. C. Roder, Proc. Natl. Acad. Sci. U.S.A. 90, 8424
(1993); F. A. Brook and R. L. Gardner, Proc. Natl.
Acad. Sci. U.S.A. 94, 5709 (1997).

T. P. Fleming and M. H. Johnson, Annu. Rev. Cell Biol.
4, 459 (1988).
J. Nichols et al., Cell 95, 379 (1998).

. R. S. P. Beddington and E. ). Robertson, Cell 96, 195

(1999).

K. S. O'Shea, Anat. Record (New Anat.) 257, 32

(1999).

H. Niwa, T. Burdon, |. Chambers, A. Smith, Genes Dev.
12, 2048 (1998).

Pluripotent embryonic germ cells can reprogram so-

matic cells in hybrids: M. Tada, T. Tada, L. Lefebvre,

S. C. Barton, M. A. Surani, EMBO J. 16, 6510 (1997).

Transdifferentiation of embryonic cells into pluripo-

tent cells: H. Sobis and M. Vandeputte, Dev. Biol. 92,

553 (1982).

Y. Matsui, K. Zsebo, B. L. M. Hogan, Cell 70, 841

(1992). '

Trophoblast cell lines: S. Tanaka, Science 282, 2072

(1998).

Intraembryonic hematopoiesis: A. K. Hatzopoulos, J.

Folkman, E. Vasile, G. K. Eiselen, R. D. Rosenberg,

Development 125, 1457 (1998); T. North et al.,

Development 126, 2563 (1999); M. Tavian, Develop-

ment 126, 793 (1999).

We thank Y. Furuta for Fig. 1, T. Xie and A. Spradling

for Fig. 2, and everyone who commented on the

manuscript.

25 FEBRUARY 2000 VOL 287 SCIENCE www.sciencemag.org



