As stated in the first chapter, an embryonic stem cell
(ES cell) is defined by its origin. It is derived from the
blastocyst stage of the embryo. The blastocyst is the
stage of embryonic development prior o implanta-
fion in the uterine wall. At this stage, the preimplan-
tation embryo of the mouse is made up of 150 cells
and consists of a sphere made up of an outer layer
of cells (the frophectoderm), a fluid-filled cavity

(the blastocoel), and a cluster of cells on the interior
(the inner cell mass).

Studies of ES cells derived from mouse blastocysts
became possible 20 years ago with the discovery of
techniques that allowed the cells 1o be grown in the
laboratory. Embryonic—like stem cells, called embry-
onic germ (EG) cells, can also be derived from
primordial germ (PG) cells (the cells of the developing
fetus from which eggs and sperm are formed) of the
mouse [20] and human fetus [30].

In this chapter the discussion will be limited to mouse
embryonic stem cells, Chapter 3 describes the
human embryonic stem cell.

DO EMBRYONIC STEM CELLS
ACTUALLY OCCUR IN THE EMBRYO?

Some scientists argue that ES cells do not occur in
the embryo as such. ES cells closely resemble the
cells of the preimplantation emibryo [3], but are not in
fact the same [32]. An altermnative perspective is that
the embryos of many animal species contain stem
cells. These cells proliferate extensively in the embryo,
are capable of differentiating into all the types of
cells that occur in the adult, and can be isolated and
grown ex vivo (outside the organism), where they
continue tfo replicate and show the potential to
differentiate [18].

For research purposes, the definition of an ES cell is
more than a self-replicating stem cell derived from
the embryo that can differentiate into almost all of
the cells of the body. Scientists have found it neces-
sary to develop specific criteria that help them better
define the ES cell. Austin Smith, whose studies of
mouse ES cells have confributed significantly to the
field, has offered a list of essential characteristics that
define ES cells [18, 32].

DEFINING PROPERTIES OF AN
EMBRYONIC STEM CELL

* aDerived from the inner cell mass/epiblast of the
blastocyst.

* 9Capable of undergoing an unlimited number
of symmetrical divisions without differentiating
(long-term self-renewal).

Exhibit and maintain a stable, full (diploid), nor-
mal complement of chromosomes (karyotype).

Pluripotent ES cells can give rise to differentiated
cell types that are derived from all three primary
germ layers of the embryo (endoderm, meso-
derm, and ectoderm).

abCapable of integrating into all fetal fissues
during development. (Mouse ES cells maintained
in culture for long periods can still generate any
fissue when they are reintroduced into an
emibryo to generate a chimeric animal.)

abCapable of colonizing the germ line and
giving rise to egg or sperm cells.

aClonogenic, that is a single ES cell can give
rise to a colony of genetically identical cells, or
clones, which have the same properties as the
original cell.
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* Expresses the transcription factor Oct-4, which
then activates or inhibits a host of target genes
and maintains ES cells in a proliferative, non-
differentiating state.

* Can be induced fo continue proliferating or to
differentiate.

Lacks the G1 checkpoint in the cell cycle. ES
cells spend most of their fime in the S phase of
the cell cycle, during which they synthesize DNA.
Unlike differentiated somatic cells, ES cells do not
require any external stimulus to initiate DNA
replication.

* Do not show X inactivation. In every somatic cell
of a female mammal, one of the two X chromo-
somes becomes permanently inactivated. X
inactivation does not occur in undifferentiated
ES cells.

[e Not shown in human EG cells. ® Not shown in human ES
cells. All of the criteria have been met by mouse ES cells.]

ARE EMBRYONIC STEM CELLS
TRULY PLURIPOTENT?

Pluripotency—that is the ability to give rise 1o differen-
fiated cell types that are derived from all three
primary germ layers of the embryo, endoderm,
mesoderm, and ectoderm—is what makes ES cells
unique. How do we know that these cells are, indeed,
pluripotent? Laboratory-based criteria for testing the
pluripotent nature of ES cells derived from mice
include three kinds of experiments [19]. One test is
conducted by injecting ES cells derived from the
inner cell mass of one blastocyst info the cavity of
another blastocyst. The “combination” embryos are
then transferred to the uterus of a pseudopregnant
female mouse, and the progeny that result are
chimeras. Chimeras are a mixture of tissues and
organs of cells derived from both donor ES cells and
the recipient blastocyst.

This test has been extended in studies designed to
test whether cultured ES cells can be used to replace
the inner cell mass of a mouse blastocyst and pro-
duce a normal embryo. They can, but the process is
far less efficient than that of using cells faken directly
from the inner cell mass. Apparently, the ability of ES
cells to generate a complete embryo depends on
the number of times they have been passaged

in vifro [21, 22]. A passage is the process of removing

cells from one culture dish and replating them info
fresh culture dishes. Whether the number of passages
affects the differentiation potential of human ES cells
remains to be determined. (For a detailed discussion
of the techniques for maintaining mouse ES cells in
culture, see Appendix B. Mouse Embryonic Stem Cells.)

A second method for determining the pluripotency of
mouse ES cells is to inject the cells info adult mice
(under the skin or the kidney capsule) that are either
genetically identical or are immune-deficient, so the
tissue will not be rejected. In the host animal, the
injected ES cells develop into benign tumors called
teratomas. When examined under a microscope, it
was noted that these tumors contain cell types
derived from all three primary germ layers of the
embryo—endoderm, mesoderm, and ectoderm.
Teratomas typically contain gut-like structures such as
layers of epithelial cells and smooth muscle; skeletal
or cardiac muscle (which may contract sponta-
neously); neuradl tissue; cartilage or bone; and some-
fimes hair. Thus, ES cells that have been maintained
for a long period in vifro can behave as pluripotent
cells in vivo. They can participate in normal embryo-
genesis by differentiating into any cell type in the
body, and they can also differentiate into a wide
range of cell types in an adult animal. However,
normal mouse ES cells do not generate trophoblast
fissues in vivo [32].

A third technique for demonstrating pluripotency is

to allow mouse ES cells in vifro to differentiate sponta-
neously or fo direct their differentiation along specific
pathways. The former is usually accomplished by
removing feeder layers and adding leukemia inhibi-
tory factor (LIF) to the growth medium. Within a few
days after changing the culture conditions, ES cells
aggregate and may form embryoid bodies (EBs).

In many ways, EBs in the culture dish resemble
feratomas that are observed in the animal. EBs con-
sist of a disorganized array of differentiated or partially
differentiated cell types that are derived from the
three primary germ layers of the embryo—the endo-
derm, mesoderm, and ectoderm [32].

The techniques for culturing mouse ES cells from the
inner cell mass of the preimplantation blastocyst were
first reported 20 years ago [92, 19], and versions of
these standard procedures are used today in
laboratories throughout the world. It is striking that, to
date, only three species of mammals have vyielded
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long-term cultures of self-renewing ES cells: mice,
monkeys, and humans [27, 34, 35, 36] (see Appendix
B. Mouse Embryonic Stem Cells).

HOW DOES A MOUSE EMBRYONIC
STEM CELL STAY UNDIFFERENTIATED?

As stated earlier, a true stem cell is capable of main-
taining itself in a self-renewing, undifferentiated state
indefinitely. The undifferentiated state of the emlbry-
onic stem cell is characterized by specific cell mark-
ers that have helped scientists better understand how
embryonic stem cells—under the right culture condi-
tions—replicate for hundreds of population doublings
and do not differentiate. To date, two major areas

of investigation have provided some clues. One
includes aftempts o understand the effects of
secreted factors such as the cytokine leukemia
inhibitory factor on mouse ES cells in vifro. The sec-
ond area of study involves transcription factors such
as Oct-4. Oct-4 is a protein expressed by mouse and
human ES cells in vifro, and also by mouse inner cell
mass cells in vivo. The cell cycle of the ES also seems
to play a role in preventing differentiation. From stud-
ies of these various signaling pathways, it is clear that
many factors must be balanced in a particular way
for ES cells o remain in a self-renewing state. If the
balance shifts, ES cells begin fo differentiate [18, 31].
(For a detailed discussion of how emibryonic stem
cells maintain their pluripotency, see Appendix B.
Mouse Embryonic Stem Cells.)

CAN A MOUSE EMBRYONIC STEM CELL
BE DIRECTED TO DIFFERENTIATE
INTO A PARTICULAR CELL TYPE

IN VITRO?

One goal for embryonic stem cell research is the
development of specialized cells such as neurons,
heart muscle cells, endothelial cells of blood vessels,
and insulin secreting cells similar to those found in the
pancreas. The directed derivation of embryonic stem
cells is then vital to the ultimate use of such cells in
the development of new therapies.

By far the most common approach to directing
differentiation is to change the growth conditions of
the ES cells in specific ways, such as by adding
growth factors fo the culture medium or changing
the chemical composition of the surface on which

the ES cells are growing. For example, the plastic
culture dishes used to grow both mouse and human
ES cells can be treated with a variety of substances
that allow the cells either 1o adhere to the surface of
the dish or o avoid adhering and instead float in the
culture medium. In general, an adherent substrate
helps prevent them from interacting and differentiat-
ing. In contrast, a nonadherent substrate allows the ES
cells to aggregate and thereby interact with each
other. Cell-cell interactions are critical to normal
embryonic development, so allowing some of these
“natural” in vivo interactions to occur in the culture
dish is a fundamental strategy for inducing mouse or
human ES cell differentiation in vifro. In addition,
adding specific growth factors to the culture medium
friggers the activation (or inactivation) of specific
genes in ES cells. This initiates a series of molecular
events that induces the cells to differentiate along a
particular pathway.

Another way to direct differentiation of ES cells is to
infroduce foreign genes into the cells via transfection
or other methods [6, 39]. The result of these strategies
is to add an active gene to the ES cell genome,
which then triggers the cells to differentiate along a
particular pathway. The approach appears to be a
precise way of regulating ES cell differentiation, but it
will work only if it is possible to identify which gene
must be active at which particular stage of differen-
fiation. Then, the gene must be activated at the
right time—meaning during the correct stage of
differentiation—and it must be inserted into the
genome at the proper location.

Another approach to generate mouse ES cells uses
cloning technology. In theory, the nucleus of a
differentiated mouse somatic cell might be repro-
grammed by injecting it info an oocyte. The resultant
pluripotent cell would be immunologically com-
patible because it would be genetically identical to
the donor cell [25].

All of the techniques just described are sfill highly
experimental. Nevertheless, within the past several
years, it has become possible to generate specific,
differentiated, functional cell types by manipulating
the growth conditions of mouse ES cells in vifro. It is
not possible 1o explain how the directed differentia-
fion occurs, however. No one knows how or when
gene expression is changed, what signal-tfransduction
systems are triggered, or what cell-cell interactions




The Embryonic Stem Cell

must occur to convert undifferentiated ES cells into
precursor cells and, finally, intfo differentiated cells
that look and function like their in vivo counterparts.

Embryonic stem cells have been shown to differen-
fiate into a variety of cell types. For example, mouse
ES cells can be directed in vitro to yield vascular
structures [40], neurons that release dopamine and
serotonin [14], and endocrine pancreatic islet cells
[16]. In all three cases, proliferating, undifferentiated
mouse ES cells provide the starting material and
functional, differentiated cells were the result. Also,
the onset of mouse ES cell differentiation can be
friggered by withdrawing the cytokine LIF, which pro-
motes the division of undifferentiated mouse ES cells.
In addition, when directed to differentiate, ES cells
aggregate, a change in their three-dimensional
environment that presumably allowed some of the
cell-cell interactions to occur in vifro that would occur
in vivo during normal embryonic development.
Collectively, these three studies provide some of the
best examples of directed differentiation of ES cells.
Two of them showed that a single precursor cell can
give rise to multiple, differentiated cell types [16, 40],
and all three studies demonstrated that the resulting
differentiated cells function as their in vivo counter-
parts do. These two criterio—demonstrating that a sin-
gle cell can give rise to multiple cells types and the
functional properties of the differentiated cells—form
the basis of an acid test for all claims of directed
differentiation of either ES cells or adult stem cells.
Unfortunately, very few experiments meet these
criteria, which too often makes it impossible to assess
whether a differentiated cell type resulted from the
experimental manipulation that was reported. (For a
detailed discussion of the methods used to differen-
fiate mouse embryonic stem cells, see Appendix B.
Mouse Embryonic Stem Cells.)

Table 2.1 provides a summary of what is known today
about the types of cells that can be differentiated
from mouse embryonic stem cells.

REFERENCES

1. Bagutti, C., Wobus, A.M., Fassler, R., and Watt, EM. (1996).
Differentiation of emibryonal stem cells into keratinocytes:
comparison of wild-type and B(1) integrin-deficient cells.
Dev. Biol. 179, 184-196.

2. Bain, G., Kitchens, D., Yao, M., Huettner, J.E., and Gottlieb,
D.I. (1995). Embryonic stem cells express neuronal
properties in vifro. Dev. Biol. 168, 342-357.

Table 2.1. Reported differentiated cell types
from mouse embryonic stem cells in vitro*

Cell Type Reference
Adipocyte [7]
Astrocyte [11]
Cardiomyocyte [8. 17]
Chondrocyte [13]
Definitive hematopoietic [23, 24, 38]
Dendritic cell [10]
Endothelial cell [28, 40]
Keratinocyte [1, 40]
Lymphoid precursor [26]

Mast cell [37]
Neuron [2, 33]
Oligodendrocyte [4, 15]
Osteoblast [5]
Pancreatic islets [16]
Primitive haematopoietic [8, 23]
Smooth muscle [40]
Striated muscle [29]

Yolk sac endoderm [8]

Yolk sac mesoderm [8]

*Adapted with permission from reference [32].

3. Brook, FA. and Gardner, R.L. (1997). The origin and efficient
derivation of embryonic stem cells in the mouse. Proc. Natl.
Acad. Sci. U. S. A. 94, 5709-5712.

4. Brustle, O., Jones, K.N., Learish, R.D., Karram, K., Choudhary,
K., Wiestler, O.D., Duncan, I.D., and McKay, R.D. (1999).
Embryonic stem cell-derived glial precursors: a source of
myelinating fransplants. Science. 285, 754-756.

5. Buttery, L.D., Bourne, S., Xynos, J.D., Wood, H., Hughes, F.J.,
Hughes, S.P, Episkopou, V., and Polak, J.M. (2001).
Differentiation of osteoblasts and in vifro bone formation
from murine embryonic stem cells. Tissue Eng. 7, 89-99.

6. Call, L.M., Moore, C.S., Stetten, G., and Gearhart, J.D.
(2000). A cre-lox recombination system for the targeted
infegration of circular yeast artificial chromosomes info
embryonic stem cells. Hum. Mol. Genet. 9, 1745-1751.

7. Dani, C., Smith, A.G., Dessolin, S., Leroy, P, Staccini, L.,
Villageois, P, Darimont, C., and Ailhaud, G. (1997).
Differentiation of embryonic stem cells into adipocytes in
vitro. J. Cel. Sci. 110, 1279-1285.




The Embryonic Stem Cell

. Doetschman, T., Eistetter, H., Katz, M., Schmit, W., and

Kemler, R. (1985). The in vitro development of blastocyst-
derived embryonic stem cell lines: formation of visceral
yolk sac, blood islands and myocardium. J. Embryol. Exp.
Morph. 87, 27-45.

. Evans, M.J. and Kaufman, M.H. (1981). Establishment in

culture of pluripotential cells fromn mouse embryos. Nature.
292, 154-156.

. Fairchild, PJ., Brook, FA., Gardner, R.L., Graca, L., Strong, V.,

Tone, Y., Tone, M., Nolan, K.F., and Waldmann, H. (2000).
Directed differentiation of dendritic cells from mouse
embryonic stem cells. Curr. Biol. 10, 1515-1518.

. Fraichard, A., Chassande, O., Bilbaut, G., Dehay, C.,

Savatier, P, and Samarut, J. (1995). In vitro differentiation
of embryonic stem cells into glial cells and functional
neurons. J. Cell Sci. 108, 3181-3188.

. ltskovitz-Eldor, J., Schuldiner, M., Karsenti, D., Eden, A.,

Yanuka, O., Amit, M., Soreq, H., and Benvenisty, N. (2000).
Differentiation of human embryonic stem cells into embry-
oid bodies comprising the three embryonic germ layers.
Mol. Med. 6, 88-95.

. Kramer, J., Hegert, C., Guan, K., Wobus, A.M., Muller, PK.,

and Rohwedel, J. (2000). Embryonic stem cell-derived
chondrogenic differentiation in vifro: activation by BMP-2
and BMP-4. Mech. Dev. 92, 193-205.

. Lee, S.H., Lumelsky, N., Studer, L., Auerbach, J.M., and

McKay, R.D. (2000). Efficient generation of midbrain and
hindbrain neurons from mouse embryonic stem cells. Nat.
Biotechnol. 18, 675-679.

. Liu, S., Qu, Y., Stewart, T.J., Howard, M.J., Chakrabortty, S.,

Holekamp, T.F., and McDonald, J.W. (2000). Embryonic
stem cells differentiate into oligodendrocytes and myeli-
nate in culture and after spinal cord fransplantation. Proc.
Natl. Acad. Sci. U. S. A. 97, 6126-6131.

. Lumelsky, N., Blondel, O., Laeng, P, Velasco, I., Ravin, R.,

and McKay, R. (2001). Differentiation of Embryonic Stem
Cells to Insulin-Secreting Structures Similiar to Pancreatic
Islets. Science. 292, 1389-1394.

. Maltsev, V.A., Rohwedel, J., Hescheler, J., and Wobus, A.M.

(1993). Embryonic stem cells differentiate in vifro into car-
diomyocytes representing sinusnodal, atrial and ventricular
cell types. Mech. Dev. 44, 41-50.

. Marshak, D.R., Gotlieb, D., Kiger, A.A., Fuller, M.T., Kunath, T.,

Hogan, B., Gardner, R.L., Smith, A., Klar, A.J.S., Henrique, D.,
D'Urso, G., Datta, S., Holliday, R., Astle, C.M., Chen, J.,
Harison, D.E., Xie, T., Spradling, A., Andrews, PW., Przyborski,
S.A., Thomson, J.A., Kunath, T., Strumpf, D., Rossant, J.,
Tanaka, S., Orkin, S.H., Melchers, F., Rolink, A., Keller, G.,
Pittenger, M.F., Marshak, D.R., Flake, A.W., Panicker, M.M.,

Rao, M., Watt, EM., Grompe, M., Finegold, M.J., Kritzik, M.R.,

Sarvetnick, N., and Winton, D.J. (2001). Stem cell biology,
Marshak, D.R., Gardner, R.L., and Gottlieb, D. eds. (Cold
Spring Harbor, New York: Cold Spring Harbor Laboratory
Press).

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.
32.

. Martin, G.R. (1981). Isolation of a pluripotent cell line from

early mouse embryos cultured in medium conditioned by
teratocarcinoma stem cells. Proc. Natl. Acad. Sci. U. S. A,
78, 7634-7638.

Matsui, Y., Zsebo, K., and Hogan, B.L. (1992). Derivation of
pluripotential emibryonic stem cells from murine primordial
germ cells in culture. Cell. 70, 841-847.

Nagy, A., Gocza, E., Diaz, E.M., Prideaux, V.R., Ivanyi, E.,
Markkula, M., and Rossant, J. (1990). Embryonic stem cells
alone are able to support fetal development in the mouse.
Development. 110, 815-821.

Nagy, A., Rossant, J., Nagy, R., Abramow-Newerly, W., and
Roder, J.C. (1993). Derivation of completely cell culture-
derived mice from early-passage embryonic stem cells.
Proc. Natl. Acad. Sci. U. S. A. 90, 8424-8428.

Nakano, T., Kodama, H., and Honjo, T. (1996). In vifro
development of primitive and definitive erythrocytes from
different precursors. Science. 272, 722-724.

Nishikawa, S.I., Nishikawa, S., Hirashima, M., Matsuyoshi, N.,
and Kodama, H. (1998). Progressive lineage analysis by cell
sorfing and culture identifies FLK1(+)VE-cadherin(+) cells af
a diverging point of endothelial and hemopoietic lineages.
Development. 125, 1747-1757.

Odorico, J.S., Kaufman, D.S., and Thomson, J.A. (2001).
Multiineage differentiation from human embryonic stem
cell lines. Stem Cells. 19, 193-204,

Potocnik, A.J., Nielsen, PJ., and Eichmann, K. (1994). In vifro
generation of lymphoid precursors from embryonic stem
cells. EMBO. J. 13, 5274-5283.

Reubinoff, B.E., Pera, M.F., Fong, C.Y., Trounson, A., and
Bongso, A. (2000). Embryonic stem cell lines from human
blastocysts: somatic differentiation in vifro. Nat. Biotechnol.
18, 399-404.

Risau, W., Sariola, H., Zerwes, H.G., Sasse, J., Ekblom, P,
Kemler, R., and Doetschman, T. (1988). Vasculogenesis and
angiogenesis in embryonic-stem-cell-derived emibryoid
bodies. Development. 102, 471-478.

Rohwedel, J., Maltsey, V., Bober, E., Amold, H.H., Hescheler,
J., and Wobus, A.M. (1994). Muscle cell differentiation of
embryonic stem cells reflects myogenesis in vivo: develop-
mentally regulated expression of myogenic determination
genes and functional expression of ionic currents. Dev. Biol.
164, 87-101.

Shamblott, M.J., Axelman, J., Wang, S., Bugg, E.M.,
Littlefield, J.W., Donovan, PJ., Blumenthal, PD., Huggins,
G.R., and Gearhart, J.D. (1998). Derivation of pluripotent
stem cells from cultured human primordial germ cells.
Proc. Natl. Acad. Sci. U. S. A. 95, 13726-13731.

Smith, A., personal communication.

Smith, A.G. (2001). Origins and properties of mouse
embryonic stem cells. Annu. Rev. Cell. Dev. Biol.




The Embryonic Stem Cell

33.

34,

35.

36.

37.

Strubing, C., Ahnert-Hilger, G., Shan, J., Wiedenmann, B.,
Hescheler, J., and Wobus, A.M. (1995). Differentiation of
pluripotent embryonic stem cells info the neuronal lineage
in vifro gives rise 1o mature inhibitory and excitatory
neurons. Mech. Dev. 53, 275-287.

Thomson, J.A., Kalishman, J., Golos, T.G., Duming, M., Harris,
C.P, Becker, RA., and Heamn, J.P. (19995). Isolation of a pri-
mate embryonic stem cell line. Proc. Natil. Acad. Sci. U. S.
A 92, 7844-7848.

Thomson, J.A. and Marshall, V.S. (1998). Primate embryonic
stem cells. Curr. Top. Dev. Biol. 38, 133-165.

Thomson, J.A., Itskovitz-Eldor, J., Shapiro, S.S., Waknitz, M.A.,
Swiergiel, J.J., Marshall, V.S., and Jones, J.M. (1998).
Embryonic stem cell lines derived from human blastocysts.
Science. 282, 1145-1147.

Tsai, M., Wedemeyer, J., Ganiatsas, S., Tam, S.Y., Zon, L.,
and Galli, S.J. (2000). /In vivo immunological function of
mast cells derived from embryonic stem cells: an
approach for the rapid analysis of even embryonic lethal
mutations in adult mice in vivo. Proc. Natl. Acad. Sci. U. S. A
97, 9186-9190.

38.

39.

40.

Wiles, M.V. and Keller, G. (1991). Multiple hematopoietic
lineages develop from embryonic stem (ES) cells in culture.
Development. 111, 259-267.

Wiles, M.V., Vauti, F., Otte, J., Fuchtbauer, E.M., Ruiz, P,
Fuchtbauer, A., Arnold, H.H., Lehrach, H., Metz, T., von
Melchner, H., and Wurst, W. (2000). Establishment of a
gene-trap sequence tag library to generate mutant mice
from embryonic stem cells. Nat. Genet. 24, 13-14.

Yamashita, J., Itoh, H., Hirashima, M., Ogawa, M.,
Nishikawa, S., Yurugi, T., Naito, M., Nakao, K., and Nishikawa,
S. (2000). FIk1-positive cells derived from embryonic stem
cells serve as vascular progenitors. Nature. 408, 92-96.

10



