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Dedication

Professor Janis Klanis at the 7th Annual Meeting of IATMO in Kiev, Ukraine, 1990

Janis V. Klavins, mp, Professor Emeritus of Albert Einstein Medical College and former Chairman of
Pathology at Catholic Medical Center, Queens, New York.

Professor Klavins was born in Riga, Latvia in 1921. His medical education was interrupted by both
Nazi and Russia invasions during WWII and he had to flee Latvia to avoid deportation to Russia. He
completed both medical and musical degrees in Germany. After WWII he and his young wife Ilga moved
to Parkersburg, WV, where he worked as a physician’s assistant. He completed pathology training and
joined the pathology department of Tom Kinney at Western Reserve in Cleveland, OH. He moved with
Dr. Kinney to Duke University and then to New York, first at Brookland-Cumberland Medical Center and
then as Chairman of Pathology at Catholic Medical Center. He is known internationally for his vocal
interpretations of Shubert’s lieder.

Professor Klavins not only has been a long time champion of the stem cell concept, but also, along with
Georg D. Birkmayer of Vienna, Austria, is the founder of the International Academy of Tumor Marker
Oncology, an organization that encourages the application of the products of stem cells and their cancer-
ous progeny to the clinical diagnosis and prognosis of human cancer.



Preface

The power of stem cells for tissue development, regeneration, and renewal has been well known by embryologists
and developmental biologists for many years. Those presently active in research in the stem cell field owe much to
previous work by embryologists and cancer researchers for their insights into what stem cells can do. In the last 4—
5 years, the rapid expansion of the concept of adult tissue stem cells as pluripotent progenitors for various tissues
has led to an even greater appreciation of the power of stem cells. The demonstration that both embryonic and adult
tissue stem cells have the ability to produce progenitor cells for tissue renewal has opened vast possibilities for
treatment of congenital deficiency diseases as well as for regeneration of damaged tissues. Older concepts of
determination leading to loss of potential during differentiation of adult tissues are being replaced by newer ideas
that cells with multiple potential exist in different forms in various adult organs and that cells thought to be restricted
to differentiation to one cell type may be able to “transdifferentiate” into other tissue cell types. Thus, the concept
of “embryonic rests” in adult tissues, hypothesized to be the cellular origin of cancer by Durante and Conheim in
the 1870s, now can be expanded to include survival of pluripotential embryonic-like stem cells in adult tissues.

The goal of Stem Cells Handbook is to present in one resource both the background and the current understanding
of what stem cells are and what they can do. The authors of the various chapters were selected for their significant
contributions to and expertise in various aspects of stem cell biology. First, the function of embryonic stem cells
in early development and organogenesis, and germinal stem cells in reproduction are presented, followed by how
embryonic stem cells may be cloned and how they are programmed. The role of stem cells in amphibian regeneration
and mammalian wound healing shows the potential of these cells for tissue renewal. The participation of stem cells
in normal tissue renewal of various organ systems, including blood, nervous tissue, retina, blood vessels, heart,
kidney, skin, glandular organs, gastrointestinal tract, liver, pancreas, mammary gland, prostate, and lung are then
specifically adumbrated, including not only the role of stem cells in tissue renewal and carcinogenesis, but also the
isolation and characterization of various stem cell types, the potential for their manipulation, and the possibilities
for future therapeutic uses in experimental models and in human diseases. The remarkable properties of hemato-
poietic stem cells and the clinical results achieved by transplantation of bone marrow stem cells are documented in
several chapters. The potential future promise for clinical applications for regeneration of the cardiovascular and
nervous system as described in preclinical models is also emphasized. Of particular interest to the editor is the
potential for stem cell therapy for liver, not only because the liver has special problems and importance as the major
metabolic organ of the body, but also because of its potential as an objective for transplantation and gene therapy.

Finally, a codicil for a book such as this that tries to cover an active field of research is that by the time it is published
there will almost certainly be advances in understanding that have already made some of the material out of date. For
example, in the last few months, there have been a number of additional papers on the plasticity of adult tissue stem
cells as well as the observation that some effects believed to result from stem cell plasticity may be explained by cell
fusion. Only ongoing studies will resolve these questions and provide the approaches required for potential break-
throughs in application to human diseases. In the meantime, we hope that the expert chapters in Stem Cells Handbook
will provide useful and authoritative information to aid those who seek the answers to the unanswered questions.

The editor is indebted to G. Barry Pierce for his encouragement and insights into teratocarcinoma as a stem cell
tumor, to Gerri Abelev for discovering alphafetoprotein, to the late Hidematsu Hirai for his enthusiastic support of
international research in oncodevelopmental biology, to Fred Becker and Emmanuel Farber for their models and

vii
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concepts of chemical hepatocarcinogenesis, to Benito Lombardi and Hishasi Shinozuka for their early work on
models of oval cell proliferation, to Hyam Leffert for his encyclopedic knowledge of liver cell culture, to the many
postdoctoral fellows, graduate students, and technicians who did all of the real work in my laboratory, to Thomas
Lanigan and Humana Press for their encouragement and patience, and especially to the distinguished authors who
contributed chapters to Stem Cells Handbook.

Stewart Sell, Mmp
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1 Stem Cells

What Are They? Where Do They Come From?
Why Are They Here? When Do They Go Wrong?
Where Are They Going?

STEWART SELL, MD

The stem cell is the origin of life. At stated first by the great pathologist Rudolph Virchow, “All cells come from cells.”
The ultimate stem cell, the fertilized egg, is formed from fusion of the haploid progeny of germinal stem cells. The
fertilized egg is totipotent; from it forms all the tissues of the developing embryo. During development of the embryo,
germinal stem cells are formed, which persistin the adult to allow the cycle of life to continue. In the adult, tissue is renewed
by proliferation of specialized stem cells, which divide to form one cell that remains a stem cell and another cell that begins
the process of differentiation to the specialized function of a mature cell type. Normal tissue renewal is accomplished by
the differentiating progeny of the stem cells, the so-called transit-amplifying cells. For example, blood cells are mature
cells derived from hematopoietic stem cells in the bone marrow; the lining cells of the gastrointestinal tract are formed
from transit-amplifying cells, progeny of stem cells in the base of intestinal glands. Nineteenth-century pathologists first
hypothesized the presence of stem cells in the adult as “embryonal rests” to explain the cellular origin of cancer and more
recent studies indicate that most cancers arise from stem cells or their immediate progeny, the transit-amplifying cells.
Cancer results from an imbalance between the rate at which cells are produced and the rate at which they terminally
differentiate or die. Understanding how to control the proliferation and differentiation of stem cells and their progeny is
not only the key to controlling and treating cancer, but also to cell replacement and gene therapy for many metabolic,

degenerative, and immunological diseases.

1.1. WHAT ARE THEY?

In the beginning there is the stem cell; it the origin of an
organism’s life. Itis a single cell that can give rise to progeny that
differentiate into any of the specialized cells of embryonic or adult
tissues; that s, itis totipotent. The ultimate stem cell, the fertilized
egg, divides five or six times to give rise to branches (lines) of
cells that form various differentiated organs (Fig. 1). During these
early divisions, each daughter cell retains totipotency. Then,
through a series of divisions and differentiations, the embryonic
stem cells (ESCs) lose potential and gain differentiated function
(a process known as determination; see below). During normal
tissue renewal in adult organs, tissue stem cells give rise to prog-
eny that differentiate into mature functioning cells of that tissue.
Stem cells with less than totipotentiality are called “progenitor
cells”. Except for germinal cells, which retain totipotency, most
stem cells in adult tissues have reduced potential to produce cells
of different types (i.e., are determined). However, there is increas-
ing evidence for retention of some toti/multi-potent cells in the
tissues of adults, especially in the bone marrow.

From: Stem Cells Handbook
Edited by: S. Sell © Humana Press Inc., Totowa, NJ

1.2. WHERE DO THEY COME FROM?

According to Leslie Brainerd Arey, the father of modern embry-
ology (Arey, 1974), the first recorded attempt to understand the
origin of life and the early development of the human was most
likely made by Aristotle (384-322 Bc). He recognized the early
stages of development in the uterus and apparently was the first to
contemplate the basic conflict of whether or not a new individual
was formed de novo or was pre-formed in the mother and only
enlarged during development (Arey, 1974). Aristotle deduced that
the embryo was derived from the mother’s menstrual blood, a
conclusion that was based on the concept that living animals arose
from slime or decaying matter (a hypothesis known in the middle
ages as “spontaneous generation™). This concept was generally
accepted for more than 2000 yr, until its validity became the major
biological controversy of the 19th century. The hypothesis that life
did not arise spontaneously, but rather only from preexisting life
(omne vivum ex vivo) was pronounced by Leydig in 1855. Virchow
(1855) then extended this to postulate that all cells in an organism
are derived from preexisting cells (omnis cellula e cellula) (see
also Oberling, 1944); all the cells of the human body arise from a
preexisting stem cell, the fertilized egg. The counterhypothesis of
spontaneous generation was not formally disproved until 1864,
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Table 1.1
Terminology of Potential (Plasticity)

ECTODERM | [ENDODERM | [ MESODERM | Prefix Meaning Example
o e e S MEMBRANES Toti All Embryonal
‘ DETERMINATION } PLACENTA Multi Many/much Hematopoietic
— T T T T T | Pluri Several/many Hematopoietic
. . Oligo Few/little GI stem cell
\ Quadri Four GI stem cell
\. Tri Three Bronchial lining
Bi Two Bile duct
\ - Uni One Prostate
™ TOTIPOTENT Source: The Random House Dictionary of the English Language.

STEM CELL

Fig. 1. Embryonic stem (ES) cell and progeny. During embryonic
development, the ultimate stem cell, the fertilized egg, gives rise to
progeny that retain totipotentiality as the population expands. Then
determination occurs, and the cells begin to lose potential and to
gain the specialized functions required to form mature organs. Dur-
ing blastulation the cells in the outer cells of the blastocyst (blasto-
meaning embryo or germ; cyst - cavity) become determined for
extraembryonic structures (placenta and membranes), whereas the
ICM retains totipotentiality until the next stage of development,
gastrulation (invagination of the blastula, see Fig. 4. During gastru-
lation the cells become determined to form the primary germinal
layers: ectoderm, endoderm, and mesoderm. Ectoderm further dif-
ferentiates to skin and brain; endoderm to gastrointestinal (GI) tract
and internal organs; and mesoderm to connective tissue, bone, blood
vessels, and blood-forming tissue. The relationship of cancers to the
developing embryo is reflected in the use of the terms carcinoma for
cancer arising from ectoderm-derived cells; sarcoma for cancer
arising from mesoderm-derived cells.

when Louis Pasteur performed carefully controlled experiments
that demonstrated the failure of microorganisms to grow (corrup-
tion) in sterilized broth in vessels having long necks that prevented
ambient organisms from entering (Debre, 1998). At present, the
question is posed in the context of the conflict over abortion:
“When does life begin?” According to the principles derived from
Leydig, Virchow, and Pasteur, life as we know it neither ends nor
begins but is continuous (Fig. 2). The adult human, for example,
is only one stage in the cycle of human life.

Until the 1800s, the dominant hypothesis was that pre-formed
individuals resided in the egg or the sperm. This pre-formed indi-
vidual was called a homunculus. The homunculus in the egg was
activated to develop after stimulation with sperm, or, conversely,
the homunculus in the male sperm was activated to develop when
provided an appropriate environment in the uterus. By the early
1900s, this concept had been proven to be incorrect, the embryo
was shown to be formed by the fertilization of an egg, which
developed in the ovary of the female, by fusion with a sperm
provided by the male (see Needham, 1959). The product of the
union of a sperm with an egg is the primordial totipotent stem cell
(see the terminology in Table 1). How the cycle of life originally
began is a subject of controversy. The two major alternate hypoth-
eses are that human life was either created by Divine intervention
in 7 d or else it evolved from primordial chemical biosynthesis,
followed by natural selection from preceding life forms, over
millions of years.

Recent evidence indicates that some cells in the tissues used as examples
of determined potential may have more potential than previously
appreciated. For example, skin stem cells, believed to be uni- or bipotent,
may contain multipotent progenitor cells (Liang and Bickenbach, 2002).

1.3. WHY ARE THEY HERE?

Until recently, most of what we understood about how the
adult develops from the primordial stem cell was derived from
classic studies in developmental anatomy (Arey, 1974). Follow-
ing fertilization, the egg undergoes a process of cell divisions and
cell migrations known as cleavage. In this early process, each
daughter cell receives the full chromosome complement of the
original cell, and each daughter cell appears to be the same. This
is known as symmetric division, in contrast to the properties of
somatic stem cells, which exhibit asymmetric division (Thrasher,
1966; Merok and Sherley, 2001) (Fig. 3).

The daughter cells, called blastomeres, stick together to form a
cluster of cells known as a morula (from Morus, mulberry). At
each division the blastomeres are reduced in size, but transplanta-
tion studies indicate that each embryonic blastomere is able to
produce all differentiated cell types; that is, it is totipotent. Even-
tually, as the number of blastomeres approaches 32 or 64 cells, a
cell-free center appears in the expanding cluster of blastomeres,
and a hollow sphere of cells is formed (blastocyst). In mammals,
the outer cells form the embryonic membranes and the placenta,
whereas the mass of cells within the blastocyst, the inner cell mass
(ICM), forms the embryo. At this stage not all the cells are still
totipotent, as some of the outer cells become committed to mem-
branes or the placenta. As ICM develops, the daughter cells begin
to acquire properties different from one another, so that specific
regions are formed that are destined to become different compo-
nents of the developing embryo, a process known as gastrulation
(Fig. 4). During gastrulation, the totipotency of the cells of the
ICM is lost, and the blastula is rearranged by invagination of cells
from the outer blastocyst to form layered “germ” zones known as
ectoderm (outer skin), mesoderm (middle skin), and endoderm
(inner skin), which are destined to form the adult organs. Skin,
dermal appendages (including breast), and brain and neural tissue
are derived from ectoderm; connective tissue, muscle, bone, and
blood vessels from mesoderm; and the GI tract and internal glan-
dular organs from endoderm (Arey, 1974).

The process of the loss of potential and the gain of specialized
function is known as determination. In this process, the totipo-
tent stem cells of the blastomere give rise to multi/pluripotent
cells of the germ layers. These, in turn, give rise to progenitor
cells of the developing organs. Tissue determination is accom-
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Fig. 2. Cycle of life. Human life is continuous. The life of an individual begins with fertilization of the egg and formation of a fetus. Totipotent
cells in the developing fetus migrate to the genital ridge and in adults produce germinal stem cells in the gonads. Germinal cells give rise to
gametes (egg and sperm) by reduction division (meiosis), resulting in cells containing half the chromosomes of an adult. Genetic reconstitution
occurs when the sperm fertilizes the egg. In this process life is continuous; it is neither created nor destroyed.
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Fig. 3. Symmetric and asymmetric division. During early embryonic development, each cell divides and gives rise to two daughter cells with
the same potential: symmetric division. During normal tissue renewal in the adult, each progenitor cell gives rise to one daughter cell that
remains a progenitor cell, and one daughter cell that begins the process of determination to a terminally differentiated cell—asymmetric

division. The number of cells increases exponentially during early embryogenesis, but the cell number remains constant during normal tissue
renewal, as the number of new progenitor cells equals the number of cells destined to die.
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Fig. 4. Early development of embryo. Division of the fertilized egg results in the formation of a ball-like structure with a cavity on one end
(the blastula). Until this stage, the cells divide by symmetric division, and all cells produced are totipotent. Invagination of one pole of the
blastula leads to formation of the gastrula and establishment of the primitive germinal cell layers. During gastrulation and later formation of
the fetus, the daughter cells lose potential as they gain specialized function.
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Fig. 5. Levels of progenitor cells during differentiation of small intestine. The small intestinal epithelium develops from a series of determi-

nations from the embryonal stem cell (ESC), blastula, and endoderm.
may become mucous, absorptive, neuroendocrine, or Paneth cells. E

plished in progenitor cells through interaction with other cell
types. For example, determination of primitive gut cells to liver
(Matsumotoetal.,2001) or pancreas (Lammertetal.,2001) takes
place in association with developing endothelium of blood ves-
sels (Weinstein, 2002). As the cells become specialized into tis-
sue, their potential becomes more limited, and they finally
differentiate to terminally differentiated cells.

The terminology used regarding potential is listed in Table 1.
The term totipotent should be reserved for those stem cells that can
give rise to all of the differentiated tissues of the body as well as
the placenta and membranes (ES cells, germinal stem cells). The
terms multipotential and pluripotential are essentially synony-
mous: both refer to the ability of a given stem cell to form many

The intestinal progenitor is quadripotent; it can give rise to progeny that
ach of these becomes terminally differentiated in its fully mature form.

different cell types. In an official National Institutes of Health
primer released in 2000, pluripotent is defined as “capable of giv-
ing rise to most tissues of an organism,” and totipotent as “having
unlimited capacity” (www.nih.gov/news/stemcell/primer.htm).
As depicted in Fig. 5, the potential decreases with the progressive
development of the embryo.

The specialized cells in the adult that give rise to egg and
sperm are called germinal cells. Germinal cells retain totipoten-
tiality. Cancers derived from germinal cells may contain placen-
tal as well as adult tissues derived from more than one germ layer
(teratocarcinomas; see below). Egg and sperm are derived from
germinal cells by a special form of cell division called meiosis. As
a result of meiosis, the egg and sperm each contain half of the
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chromosomes of their respective parent cells. With the joining of
a sperm and an egg, a newly formed animal inherits its character-
istics from the genetic material provided by both parents.

In classic embryology, determination was understood as a one-
way process: once a cell is fully differentiated in the adult, it is
strikingly stable (Surani, 2001) and not able to “de-differentiate”.
On the other hand, under some circumstances, this differentiated
state does appear to be reversible. Transfer of nuclei from differ-
entiated adult organs into an oocyte can result in restoration of the
totipotency of the nucleus in the oocyte (Wilmutetal., 1997; Surani,
2001). This appears to be true even for mature T- and B-cells,
which have rearranged T-cell receptor and immunoglobulin genes,
respectively (Hochedlinger and Jaenisch, 2002); every tissue in
mice cloned from a B-cell has the same immunoglobulin sequence
as the original donor nucleus. It has even been reported that fibro-
blasts may be re-programmed to express T-cell or neuronal mark-
ers using cell extracts (Hakelien et al., 2002). However, others
have found more stringent restrictions for re-programming.

Nuclear transplantation was first carried out in Amoeba
(Comandonetal., 1930), and was extended to the frog Rana pipiens
in 1952 (Briggs and King, 1952).In 1962, it was demonstrated that
the nucleus from the intestine of a feeding tadpole could provide
all of the information required for an ovum to develop into an adult
frog (Gurdon, 1962). Later, nuclei from a number of organs were
used to reproduce this result, but the technique was successful only
if the donor cells were cultured for a few days in vitro before the
nuclei were obtained (Laskey and Gurdon, 1970). Thus, although
the proportion of successful transplants is small, <1-2%, at least
some of the cells of adult organs of vertebrates contain nuclei that
carry an entire set of the normal genes also found in the normal
fertilized ovum. The question then becomes: Which cells in adult
organs can supply nuclei that provide all of the information needed
to produce a complete individual when used for nuclear transplan-
tation into an anucleate ovum?

It appears that this may be the capability of tissue stem cells
in the adult. In experiments in which nuclei from the tadpole are
used, totipotentiality was progressively lost during gastrulation
(King and Briggs, 1955). It has been stated, “The first generali-
zation is that nuclei from more advanced developmental stages
and from more differentiated cells always promote less normal
nuclear-transplant embryo development (quantitatively and
qualitatively) than nuclei from early developmental stages or
undifferentiated cells” (Gurdon, 1974, p. 28). In the case of the
cloning of sheep, nuclei from a d-9 embryo, a 26-d fetus, and the
mammary gland of a 6-yr-old ewe in the last trimester of preg-
nancy were used (Wilmut et al., 1997), the latter implies that
nuclei from adult mammals retain all of the information of the
germ cells. However, the exact nature of the cells in the mixture
used for cloning that contributed the nuclei in the transplant from
the pregnant ewe is not defined. It is difficult to imagine that the
nucleus of a secretory glandular cell could be re-programmed in
such a manner. On the other hand, the mammary epithelium
during the third semester is actively proliferating, and the prolif-
erating gland contains active progenitor cells. Thus, it seems
likely that the nuclei from an adult tissue that are capable of
re-programming in an oocyte could actually be the tissue pro-
genitor cells, or even the putative circulating totipotent stem
cells of adults (Van der Kooy and Weiss, 2000). In the latter case,
re-programming may not even be necessary, as the nucleus of
this cell would already be totipotent.

1.3.1. EMBRYONIC STEM CELLS Under optimal condi-
tions, cells from the ICM of the preimplantation blastocyst are
able to proliferate indefinitely (Evans and Kaufman, 1981). As
well, under inducing conditions, they can undergo determination
and differentiate into other tissue types. In contrast, after forma-
tion of germ layers, most somatic progenitor cells have limited
life-spans, and they exhibit decreasing differentiation potential
as mature organs are formed (Merok and Sherley, 2001). Cole
and Edwards (1967) were able to isolate ESCs from pre-implan-
tation blastocysts of rabbits using feeder layers, and outgrowths
of these cells differentiated into blood islands, muscle, connec-
tive tissue, neurons, and macrophages. Gardner (1968) demon-
strated that, after injection of ESCs into a normal blastocyst, the
cells could cocolonize in the developing embryo and form a
chimeric individual. Essentially, Gardner demonstrated, that
prior to implantation, the cells of the ICM were pluripotent.
Edwards and his colleagues were able to obtain human oocytes
after gonadotropin stimulation, fertilize the eggs in vitro, and
grow the fertilized eggs in vitro to the blastocyst stage (Edwards
et al., 1980, Steptoe et al., 1980). Subsequent transfer of the in
vitro—fertilized embryos to the uteri of infertile patients supple-
mented with luteal support, eventually led to the successful clini-
cal application of in vitro fertilization.

The potential of the in vivo use of ESCs for therapy was dem-
onstrated when it was shown that injection of ESCs into lethally
irradiated mice could restore the lost bone marrow stem cells
(Hollands, 1987). In 1998, the in vitro culture of human ESCs that
could differentiate into gut epithelium, cartilage, bone, muscle,
neurons, and other cell types was reported (Thompson et al., 1998,
Shamblott et al., 1998). The potential for human ESCs to be cul-
tured in vitro, the possibility of producing human embryonic cell
lines (Schuldiner et al., 2001), and the likelihood that these cells
can be directed to differentiate into different cell types (Pittenger
etal., 1999), have sparked the tremendous contemporary interest
in ESC research for replacement of lost or damaged tissue cells
(Donovan and Gearhart, 2001). Because ESCs give rise to germ
cells, germ cells to egg and sperm, egg and sperm to a fertilized
egg, and a fertilized egg to embryonic cells (Fig. 2), it is expected
that any of the diploid cells in this cycle can give rise to any of the
cells of the adult individual.

A problem in using ESCs for replacement of adult tissues con-
cerns the low efficiency and long time required for ESCs to differ-
entiate into functional adult cells. These issues may be addressed
either by using adult precursor cells (see below) or by directing
ESCs to a specialized tissue pathway. ESCs require a series of
signals in order to produce progeny of a more highly differentiated
type. Forexample, specialized culture conditions, including expo-
sure to and withdrawal from fibroblast growth factor (FGF) (Zhang
et al., 2001a), or culture with FGF and other growth factors
(Reubinoffetal.,2001) allow generation of neural precursor cells,
which may subsequently be shown to incorporate into the devel-
oping brain, at least in the mouse. This requires identification of
in vitro conditions for different potential uses of ESCs.

1.3.2. GERMINAL STEM CELLS Early in embryogenesis,
a few cells are designated to become germinal cells (Meachem
etal., 2001). These cells migrate into the primitive gonad (geni-
tal ridge) and differentiate into female or male germ cell precur-
sors, depending on the presence of two X chromosomes (female)
orone X and one Y chromosome (male). They can be recognized
by expression of the transcription factor Oct4 and of alkaline



