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Preface

Scientific research using human embryonic stem (hES) cells is one of the
most controversial topics to come out of academic circles for some time. In
fact, political and ethical controversies surrounding the study of hES cells have
diverted many scientists from the field, thereby slowing its progress. Never-
theless, interest in understanding the regulation of their self-renewal capacity,
commitment and differentiation along various lineages, as well as their poten-
tial utility in regenerative medicine applications, remains high. To facilitate
the latter, there is a great need for the isolation of additional hES lines as well
as the development of improved culture conditions to counter the view and
practice that hES cells are difficult to maintain and use. I would therefore like
to take this opportunity to thank all the contributors of this volume who have
so generously shared their expertise and hard-won protocols.

I am grateful to Dr. John Walker for his support and encouragement during
the process of compiling this protocol book. In addition, I would like to thank
several others at the Humana Press for their support: initially Elyse O’ Grady
and Craig Adams and more recently Damien DeFrances. Also, I am grateful to
Jennifer Hackworth for her wonderful support during the production of this
volume.

I also thank Jane Aubin and N. Urfe for their continuous support and
encouragement.

The tireless and always cheerful Tammy Troy has again been fantastic in
helping to put together this volume.

Kursad Turksen
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Human Embryonic Stem Cells
Isolation, Maintenance, and Differentiation

Kursad Turksen and Tammy-Claire Troy

Summary

The isolation of pluripotent human embryonic stem (hES) cells having the capacity to
differentiate in vitro to numerous cell types generated much excitement and promise in the
field of regenerative medicine. However, along with great enthusiasm came hot contro-
versy for stem cell research and researchers alike because available hES cell lines were
isolated from “excess” embryos from in vitro fertilization clinics. Despite ethical and
political debates, the methods and protocols to study diverse lineages are developing.
Furthermore, strategies using specific growth factor combinations, cell-cell and
cell-extracellular matrix induction systems are being explored for directed differentiation
along a desired lineage. However, there is a great need to characterize the mechanisms that
control self-renewal and differentiation and a necessity to improve methodologies and
develop new purification protocols for the potential future clinical application of hES
cells. After the scientific and political obstacles are overcome, it is anticipated that the
hES cell field will make a tremendous difference in conditions, such as burn traumas and
diabetic foot ulcers, as well a number of degenerative diseases such as Parkinson’s disease,
type 1 diabetes, rheumatoid arthritis, and myocardial infarction. In this introductory
chapter, we will summarize and review recent progress in the field of hES cell differenti-
ation protocols and discuss some of the current issues surrounding hES cell research.

Key Words: Embryonic stem (ES) cells; human embryonic stem (hES) cells;
embryoid bodies (EBs); pluripotent; differentiation; in vitro differentiation; cell therapy;
derivation; self-renewal; pluripotency.

1. Introduction

Embryonic stem (ES) cells possess two very important characteristics that
have recently placed them at center stage for regenerative medicine: (1) the
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ability to proliferate without differentiation by a process of self-renewal and
(2) the potential to form specialized cell types when induced to differentiation
(1). It has been a long-term objective of stem cell biologists to have a culture
system whereby the ability to generate differentiated progeny from a contin-
uously growing stem cell population in vitro would provide an arena for the
study of stem cell/very early progenitor potential (2,3). It would also make
possible a comprehensive analysis of the underlying molecular mechanisms
for the onset of cell lineage commitment and differentiation. With the increas-
ing availability and utility of ES cells, some ground has been gained in this
respect.

More than 20 yr ago, the first ES cells were derived from the inner cell mass
(ICM) of 3.5-d-old mouse blastocysts (4,5). When placed on a suitable fibro-
blast feeder layer in the presence of leukemia inhibitory factor (LIF), ES cells
proliferate and remain pluripotent indefinitely (4,5). It was also demonstrated
that immortal stem cells could be manipulated in vitro, providing the oppor-
tunity to study early development as well as lineage potential of derived
progenitors in vivo (6,7). Since these pioneering studies, mouse ES cells have
proved to be an excellent model system in which to study lineage commitment
and progression in vitro (8). Removal of ES cells from their feeder layer induces
aggregation and differentiation into simple or cystic embryoid bodies (EBs).
Simple EBs consist of ES cells surrounded by a layer of endodermal cells,
whereas cystic EBs develop an additional layer of columnar ectoderm-like cells
around a fluid-filled cavity, morphologically similar to embryos at the 6- to 8-d
egg cylinder stage. The expression of markers for mesoderm (brachyury, activin),
endoderm (collagen type IV), and ectoderm (ci-fetoprotein) indicate that cells
derived from all three germ layers occur in cystic EBs. At this stage, differen-
tiation along several lineage pathways is possible with the appropriate inducing
agents. Depending on culturing conditions, mouse ES cells have been shown to
differentiate along a myriad of pathways including epidermal cells, type II alve-
olar epithelial cells, telencephalic precursors, osteoblasts, and cardiomyocytes,
to name only a few (9-14).

The very first established human ES (hES) cell culture was successfully iso-
lated in 1998 from “unused” zygotes from an in vitro fertilization (IVF) clinic
(15). These and subsequent studies demonstrated that, as with mouse ES cells,
hES cells have the capacity to self-renew without differentiation and are
pluripotent in nature (16—18). These characteristics impart great promise for
tremendous impact on the future of regenerative medicine and medical research
in general. In this overview chapter, we will provide a brief prelude to recent
progress in the field of hES cell research before delving into the detailed
protocol chapters within this volume.
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2. Frontiers in hES Cell Derivation

IVF clinics assisting the reproduction of infertile couples have provided
a source for the generation of several hES cell lines. In such clinics, it is common
practice that cultured zygotes that are not transferred for pregnancy are either
frozen for transfer at a later date or simply discarded at the request of the
patients. Initial hES cells were derived by immunosurgery of 6-d-old blastocytes
by complement-mediated removal of the outer trophectoderm of a blastocyst
stage embryo leaving an intact ICM. The ICM was then plated on y-irradiated or
mitomycin C-treated mouse embryonic fibroblasts (MEFs) and cultured in high
serum concentrations where ES cell colonies formed after several days in culture
(15,18). Since then, a number of other variations have been explored, including
hES cell isolation from 8-d-old human blastocysts (19) or the feasibility of
obtaining ES cell lines from human morule (20).

To date, there are approx 19 “normal” hES cell lines in the National Institutes
of Health (NIH) registry available to investigators ( see http://stemcells.nih.gov/
research/registry/). In addition, a repository of hES cell lines with various
genetic abnormalities has been established from privately sponsored funding
providing an unlimited source of “diseased cells” for research into the primary
disturbances of cellular processes in genetic abnormalities. The hES cell lines
of genetic disorders were derived from embryos unusable for transfer, deemed
to be “mutant” by preimplantation genetic diagnosis; a common practice for
IVE. There are 18 hES cell lines with genetic disorders including
adrenoleukodystrophy, Duchenne and Becker muscular dystrophy, Fanconi
anaemia, complementation group A, fragile-X syndrome, Huntington’s disease
(three lines), Marfan syndrome, myotonic dystrophy (two lines), neurofibro-
matosis type I (five lines), and thalassemia (two lines) (21).

Another frontier in hES cell isolation for the study of disease and devel-
opment was achieved by Hwang et al. (22), who isolated the very first
patient-specific, immune-matched hES cell line. It is anticipated that these
ground-breaking studies will be important in the advancement of clinical
deliberations for stem cell transplantation. Using this approach, Hwang et al.
(22) generated 11 human embryonic stem cell (hESC) lines by nuclear transfer
(NT) of skin cells from patients with disease or injury into donated oocytes.
These lines (NT-hESCs) were grown on human feeders from the same NT
donor or genetically unrelated individuals and were established at high rates,
regardless of NT donor sex or age. NT-hESCs are pluripotent, chromosomally
normal, and, most important, are an exact match to the NT patient’s DNA.
Furthermore, major histocompatibility complex identity showed immunological
compatibility, an important milestone for their eventual transplantation and
clinical application (22).
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3. Challenges in hES Cell Cultivation

Traditionally, the establishment and maintenance of hES cells has been
finicky and arduous at best. Today, the manipulation of hES cells remains
challenging, requiring intricate culturing skills; however, emerging protocols
are more convenient and achievable. For instance, although both mechanical
and enzymatic transfer methods for hESCs are being used, initially the mechan-
ical transfer method for the maintenance of hES cells was thought to be funda-
mental. Mechanical transfer, a laborious and time-consuming procedure, was the
method of choice primarily because of difficulties observed through enzymatic
(e.g., trypsin) transfer where seeding hES cells in single-cell suspension was
deemed problematic, in striking contrast to mouse ES cells. The infeasibility of
hES cell passage in single-cell suspension suggests that undifferentiated hES
cells are sensitive to cell density changes; implying that cell—cell interaction
either between hES-hES, hES-ECM (extracellular matrix), or hES-feeder cells
may be critical to hES cell signaling and survival. However, without generating
a single-cell suspension, a successful enzymatic transfer technique using type IV
collagenase was more recently shown to permit the efficient transfer of undif-
ferentiated dissociated hESCs in similar clump sizes to a new feeder layer
(18,23), as opposed to mechanical transfer, in which a drawn micropipet is used
to transfer hES cell clumps varying in size (15,18). The beauty of having simi-
larly sized clusters of hES cells obtained enzymatically ensures that individual
colonies are derived from undifferentiated cells, whereas seeding larger hES cell
clumps mechanically leads to the probability that both differentiated and undif-
ferentiated hES cells are passaged. A combination technique for the passage of
hES cells therefore allows for mass production by excluding differentiated
colonies from passage by manual selection before enzyme treatment (24,25).

3.1. Feeder Layer and Alternatives for hES Cells

Early successful derivation and maintenance protocols for hES cells were
based on years of research using mouse ES cells, which have been shown to
remain pluripotent when cultured on mitotically inactivated MEF:s in the presence
of LIF (I). As with their mouse counterparts, hES cells exhibit a general require-
ment for MEFs to maintain their undifferentiated pluripotent state; however, they
are LIF-independent (26). The requirement of a feeder layer, either directly or
indirectly as a source of conditioned medium in feeder-free culture systems, has
posed serious limitations for the clinical use of hES cells because mice are known
to harbor a variety of pathogens. Among these pathogens, endogenous retrovirus-
es, including murine leukemia viruses, are of special importance. It is well known
that some strains cause pathogenic (e.g., leukemic) effects and that xenotropic,
polytropic, and amphotropic murine leukemia viruses are able to infect human
cells. However, recent studies suggest that such infection of hES cells was not
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observed in vitro (27). On the other hand, the practice of using an MEF feeder
layer contaminates the hES cells with N-glycolylneuraminic acid (Neu5Gc);
a nonhuman cell surface sialic acid for which humans have naturally occurring
antibodies. It was observed that hES cells contaminated with Neu5Gc were
recognized as foreign and were attacked by human antibodies. Therefore, it is
anticipated that any hES cells derived or maintained on MEFs would likely
be rejected on therapeutic transplantation (28). To circumvent this obstacle, the
necessity to eliminate all nonhuman products is paramount.

In the very recent past a great undertaking has been embraced to establish
human-derived feeder cells in order to circumvent this clinical roadblock. For
instance, mitotically inactivated human bone marrow stromal cells (29) and human
foreskin cells obtained from newborns after circumcision (30) have been described
for use as hES cell feeder layers. An innovative approach using fibroblast-like
cells derived from the spontaneous differentiation of hES cells has also been
reported (31), providing a novel feeder cell system. Isogenicity of the hES cells
and their derived fibroblasts was confirmed by microsatellite analysis and the
nature of the hES cell-derived fibroblasts was identified by the expression of
specific markers. This resourceful feeder system permits for the continuous growth
of undifferentiated pluripotent hES cells as demonstrated by the expression of
specific markers, the formation of teratomas after injection into severely
combined immunodeficient (SCID) mice, as well as by in vitro differentiation into
the differentiated cells of ectodermal, endodermal, and mesodermal origin (31).

Further efforts have been put forth to eliminate all together the feeder layer
requirement of hES cells. The realization that MEF-derived matrix materials
may have a role in the maintenance of undifferentiated hES cells has encour-
aged study into the effects of ECM such as Matrigel- or laminin-coated plates
(30), which can be readily sterilized. However, Matrigel itself is an animal
product and therefore also presents complications. It is unknown specifically
which factors produced by the MEFs are required for hES cell maintenance.
However, in the absence of a feeder layer, or at least MEF conditioned media,
there is spontaneous and random differentiation, with heterogeneous popula-
tions of differentiated cells appearing throughout hES cell colonies. Initial
experiments indicate that an undefined soluble factor(s) released from the
MEF feeder layer is an important element in maintaining an undifferentiated
state in hES cells. Analysis of conditioned media of human neonatal fibrob-
lasts using two-dimensional liquid chromatography-tandem mass spectrometry
and two-dimensional electrophoresis followed by matrix-assisted laser desorption/
ionization time of flight tandem mass spectrometry provided insights into the
maintenance requirements of hES cells. A total of 102 proteins were identi-
fied using these approaches and were classified into 15 functional groups,
including proteins involved in a variety of events such as cell adhesion, cell
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proliferation, Wnt signaling, and inhibition of bone morphogenetic proteins
(BMPs) (32); however, these factors remain to be analyzed.

3.2. Serum Components and Replacement

To further the elimination of MEFs in hES cell maintenance, there is a require-
ment to remove nonhuman serum products and to find serum replacements.
Human serum has been demonstrated to maintain undifferentiated hES cells in
the absence of MEFs (33). In efforts to define serum-free conditions, more
recent protocols employ a serum-free alternative using serum replacement (SR)
(34); several new lines have been successfully isolated with SR (35,36). The
combination of noggin and basic fibroblast growth factor (37), basic fibroblast
growth factor alone, or in combination with other factors (38,39) (e.g., activin A)
are capable of maintaining undifferentiated hES cells for an extensive number
of passages without the need for feeder layers or conditioned media from MEFs
(40). In addition, it has been shown that hES cell lines can be successfully
derived using SR medium and postnatal human fibroblasts as feeder cells.
Inzunza et al. (36) derived two recent hES cell lines (HS293 and HS306) and
10 early cell lines using human neonatal fibroblasts as feeder cells as well as
SR medium as an alternative to conventional fetal calf serum. The pluripotency
of HS293 has been shown in vivo by teratoma formation in SCID mice and the
karyotype is 46 XY: that of HS306 is 46 XX. This is a step toward xeno-free
conditions and facilitates the use of these cells in transplantation. However,
despite great efforts, the modified protocols for the routine maintenance of hES
cells are suboptimal, with spontaneous differentiation regularly observed.

4. Characteristics of hES Cells

After injection into blastocysts, mouse ES cells are able to integrate into all
embryonic germ layers, including the germ line. Their pluripotency is most
evident through the generation of chimeric mice with ES cell contribution in all
observable tissues, as well as the production of viable embryos derived entire-
ly from ES cells (6). Because such experiments are impossible for the hES cell
model system, hES cell pluripotency is demonstrated as described previously
by teratoma formation after injection into SCID mice (15,18). Teratomas form
cellular regions representative of all three germ layers including endoderm (gut
and glandular epithelium), mesoderm (bone, smooth and striated muscle), and
ectoderm (neural epithelium and stratified squamous epithelium) (15,18).

As with mouse ES cells, hES cells exhibit two unique properties: self-renewal
capacity and the ability to differentiate via precursor cells into terminally differ-
entiated somatic cells. Morphologically, hES cells are distinctive, characterized
by a high nuclear-to-cytoplasmic ratio with each cell typically having one or more
prominent nucleoli; these characteristics have been ultrastructurally described.
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Several studies have evaluated the undifferentiated state of hES cell cultures
using variables such as normal karyotype and markers of pluripotency and they
have been shown to express high levels of telomerase, a ribonucleoprotein
responsible for maintaining the length of chromosomes. It has been reported that
they express distinct markers including high levels of SSEA-3, SSEA-4, TRA-1-60,
TRA-1-81, and alkaline phosphatase, but do not express SSEA-1.

Several genes have been shown in hES cells indicating their pluripotent phe-
notype. For instance, as in mouse ES cells, hES cells express Oct-4 (a germ-line
transcription factor) at high levels; expression is downregulated in the majority
of murine adult tissues excluding the germ line. Although the role of Oct-4 in
the maintenance of an undifferentiated fate appears to be conserved in hES
cells, knockdown of Oct-4 by RNAi-based targeting forced differentiation of
hES cells into cells including trophoblasts (41). Other genes having high levels
of expression in undifferentiated mouse ES cells that are typically downregu-
lated or lineage-restricted on differentiation appear to be conserved in hES
cells, including Nanog (a recently identified homeobox containing transcription
factor), Sox-2 (a transcription factor containing a SRY-related HMG box),
FGF-4, and Rex-1 (a zinc finger transcription factor). Despite their similarities,
accumulating data indicate that there are indeed differences between mouse and
hES cells, suggesting the existence of alternate signaling pathways for self-
renewal and pluripotency in human cells (26).

5. Transcriptome Profiling of hES Cells

Emerging studies are directed toward a complete transcriptomic profile
of hES cells and their derivatives as compared with mouse ES cells (42,43).
Wei et al. (43) used one murine and two hES cell lines to delineate their
molecular characteristics using massively parallel signature sequencing
(MPSS) technology. More than 2 million tags from each line were sequenced
and validated by reverse transcription polymerase chain reaction and microar-
rays; results indicate that mouse and human ES cells share a small set of con-
served genes. However, differences were shown in the LIF, transforming
growth factor-B, Wnt, and FGF signaling pathways. Emphasizing the
important transcriptional differences between the species implies that mouse
ES cell developments regarding the role of various signaling pathways during
very early development may not necessarily be directly translatable to hES
cells.

Transcriptomic profiling of undifferentiated as compared to differentiated
hES cells is of great interest and importance to the understanding of the signal-
ing pathways involved in the differentiation process of hES cells. Miura et al.
(26) performed gene profiling by expressed sequenced tag enumeration and
MPSS using RNA samples from feeder-free cultures of undifferentiated (pas-
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sages 40-50) hES cells (H1, H7, and H9) as compared with differentiated cells
(d 14) of the same lines. MPSS and expressed sequenced tag scan analysis
showed concordance and identified a large number of genes that changed rapidly
as cultures transition from a pluripotent to a differentiated state. A subset of
genes that were either up- or downregulated were selected and their differential
expression confirmed by a variety of independent methods, including comparison
of expression after further differentiation by reverse transcription polymerase
chain reaction and immunocytochemistry. The analysis identified markers
unique to the ES and EB stages as well as signaling pathways that likely
regulate differentiation (26).

6. Differentiation of hES Cells

The general curiosity vis-a-vis hES cell research surrounds their potential to
differentiate into a diverse range of lineages. The conception is that hES cells
will provide the fundamental building blocks for the purification of populations
of specific cell types for direct transplantation-based clinical therapies. Further,
the apparently unlimited proliferation capacity of hES cells make them a more
viable source of large-scale specific cell type production when compared with
adult stem cell types, which frequently show limited proliferation in vitro. As
with mouse ES cells, the first step in the differentiation process of hES cells is
the formation of EBs. Mouse EBs form spontaneously under specific condi-
tions in suspension culture and comprise multiple lineages, rather similar to that
of the early embryo. However, differentiation is “chaotic,” often resembling a
teratoma rather than precisely controlled as in the embryo. Despite the ease of
murine EB formation, hEBs have proven to be much more difficult to culture
with varying degrees of success amongst researchers. Nonetheless, hEBs may
recapitulate certain aspects of early embryonic development (44). One successful
method involves hES cell disaggregation by collagenase or trypsin treatment
and growth in suspension culture (44). In addition, the use of specific growth
factors has been shown to direct differentiation of hEBs toward defined germ
layer representatives (45). Furthermore EGF, FGF, retinoic acid, BMP-4, and
transforming growth factor-f3 treatment induce hEBs to express both mesodermal
and ectodermal markers, whereas activin-A treatment favors the expression of
mesodermal derivatives (45).

7. Summary

The number of laboratories worldwide using hES cells as a research tool is
rapidly expanding, and numerous protocols have been developed for the differ-
entiation of hES cells into various lineages. Yet, there are number of challenges
to be resolved including elemental questions regarding basic concepts of hES
cell biology before any of the astonishing potentialities of hES cells may come
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to fruition. The “shopping list” of prerequisite issues to be resolved include
(1) the definition of specific culture conditions for the differentiation of hES
cells into defined lineages; (2) the elimination of the teratoma-forming potential
of undifferentiated hES; and (3) the resolution of immune tolerance concerns.
There is great optimism that these challenges will be resolved and that the
potential of hES cells will be realized in the near future.

The overall intent of this introductory chapter was to highlight a number of
controversial and practicable issues in the application of hES cells as a powerful
in vitro model system for the delineation of differentiation mechanisms to
specific cell lineages, a priori to their remarkable clinical potentials. Significant
advancement in our understanding of the molecular mechanisms governing
the maintenance of pluripotent hES cells and their directed differentiation must
be achieved for their ultimate use as therapeutic agents. The scientific commu-
nity is closely pursuing publications of several hES cell investigators, includ-
ing the esteemed contributors of this volume to whom we are grateful to for
sharing their hard-earned protocols. The world anxiously awaits the unfolding
of hES cell developments that will have striking consequences on our tradi-
tional concept and practice of medicine.
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Blastocyst Culture for Deriving Human
Embryonic Stem Cells

Ariff Bongso

Summary

Success in producing a human embryonic stem cell line depends largely on the quality of
the 5-d-old embryo (blastocyst) used. Such blastocysts are grown from frozen-thawed d 1-3
surplus embryos left over from infertility clinics and donated for stem cell research with
informed patient consent. Knowledge, therefore, of the culture conditions and embryo scoring
systems that are used to generate high-quality blastocysts are crucial. This chapter describes
an extended microdroplet culture protocol using two-stage sequential culture media with mor-
phological and polarized optical parameters for embryo scoring for each day of embryonic
growth to help produce high-quality blastocysts.

Key Words: Blastocyst culture; embryo scoring systems; human embryonic stem cell
lines.

1. Introduction

The chances of success of producing a human embryonic stem (hES) cell line
depends largely on the quality of 5-d-old embryos (blastocysts) used. Embryos
provided for this purpose are usually surplus embryos left over from in vitro
fertilization clinics and frozen at cleavage stages (two pronuclear, four-cell and
eight-cell stages) on d 1-3 postinsemination. Institutional Review Board
approval and informed patient consent must be sought before such donated
embryos are used for hES cell derivation. There also appears to be a strong
correlation between the stability of the ensuing hES cell line and the quality of
the embryo used to derive it. Knowledge, therefore, of the various markers used
for the daily scoring of embryos from fertilization to blastocyst formation is cru-
cial to select the best quality embryo with the highest cumulative score for hES
cell derivation. Morphological characteristics using polarized parameters (1) and
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Table 1
Embryonic Stages With Highest Scores Observed d 2-62
Day Embryonic stage Description
2 (aM) Cleavage stage 4-6 cells, regular blastomeres, no fragments
3 (am) Cleavage stage 8 cells, regular blastomeres, no fragments
Compacting Blastomeres fusing
4 (AM) Compacting Blastomeres fusing
Compacted Blastomeres fused
Early cavitating First signs of blastocoele
Late cavitating Distinct blastocoele
ICM and TE not laid down
5 (AM) Early blastocyst Distinct ICM, TE, and blastocoele
Embryo diameter same as d 4 or slightly larger
5 (Pm) Fully expanded Distinct ICM, TE, blastocoele. Thin zona pellucida
blastocyst Fully expanded diameter (~ 215 pum)

6 (AM) Hatching blastocyst ICM and TE completely hatched out from zona
pellucida. Empty zona pellucida

“ICM, inner cell mass; TE, trophectoderm.

cleavage speed are the best markers correlating with quality of embryos (2,3).
The following are the most reliable descriptions of markers used for each day of
human embryonic growth in vitro (Table 1).

1.1. Day 1 (Two Pronuclear and First Cleavage)

Hoffman’s inverted optics are used to determine that normal fertilization
has taken place by visualizing the presence of two distinct pronuclei; mono-
or multipronuclear embryos also divide to the blastocyst stage and may thus
have the potential of producing hES cell lines (parthenogenotes and
polyploids). There is a strong correlation between two pronuclear (2PN)
scoring and blastocyst development (4,5). The markers for the best embryos
on d 1 include (1) the abutment and proximity of the two pronuclei, (2) the
alignment in vertical rows of the nucleoli of each pronucleus, (3) the appear-
ance of a cytoplasmic clear halo around the pronuclei, and (4) the early
appearance of the first cleavage (two-cell stage) (6) usually at 24-25h
postinsemination (Fig. 1A).

1.2. Day 2 (Four-Six Cell Stage)

Day 2 cleavage stage embryos (four- to six-cell stage) are usually scored
according to three grades (grades 1, 2, and 3) based on (1) the size and regularity
of the blastomeres and (2) the presence or absence of cytoplasmic fragments
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Fig. 1. Post-thawed d 1-3 human embryos. (A) 2PN (d 1, AM) embryo showing
pronuclear abutment and nucleoli aligned in vertical rows. (B) Five-cell Grade 1 (d 2, Am)
embryo with five regular-size blastomeres and no fragments. (C) Eight-cell (d 3, Am)
embryo with eight regular-size blastomeres and no fragments. (D) Good-quality d
3 (AM) embryo showing compacting blastomeres and no fragments (x200). (Please see
the companion CD for the color version of this figure.)

(Fig. 1B). Grade 1 embryos have regular size blastomeres, no cytoplasmic
fragments, and receive the highest score. Grade 2 embryos have regular size
blastomeres and a moderate number of cytoplasmic fragments, whereas grade
3 embryos have irregular blastomeres and many cytoplasmic fragments.

1.3. Day 3 (Eight Cell to Compacting Stages)

On the morning of d 3, embryos are observed for compaction as evidence of
activation of the genome and the bypassing of the in vitro embryonic block
between d 2 and 3. Embryos that have commenced compacting and have no
cytoplasmic fragments (Figs. 1D and 2A) receive the highest scores, whereas
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Fig. 2. Post-thawed d 3—5 human embryos. (A) Compacting embryo (d 3, AM).
(B) Fully compacted embryo (d 4, AM). (C) Early cavitating embryo (d 4, AM). (D) Late
cavitating embryo (d 4, am). (E) Early blastocyst (d 5, AM) showing peripheral tro-
phectoderm and inner ICM. Note increase in embryo diameter from cavitating stage in D.
(F) Fully expanded blastocyst (d 5, PM). Note further increase in embryo diameter from
early blastocyst stage in E (x200). (Please see the companion CD for the color version
of this figure.)
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embryos with eight equal-size blastomeres and no cytoplasmic fragments
(Fig. 1C) receive the second highest scores. Poor-quality embryos have many
fragments and lesser blastomeres.

1.4. Day 4 (Compacted to Cavitating Stages)

On the morning of d 4, embryos are scored for complete compaction and the
appearance of an early blastocoele (early cavitation). Fully compacted (Fig. 2B)
and early and late cavitating (Fig. 2C,D) embryos receive the highest scores,
whereas those embryos with slow cleavage, no compaction, and no signs of a
blastocoelic cavity receive low scores.

1.5. Day 5 (Blastocyst Stages)

On the morning of d 5, embryos are expected to have reached the blastocyst
stage. An embryo is defined as a blastocyst if it has a clearly laid down inner cell
mass (ICM), a trophectoderm, and a single blastocoelic cavity. Three categories
of blastocyst can be recognized: (1) early (Fig. 2E), (2) expanding, and (3) fully
expanded (Fig. 2F). The main differences between the three categories are
increases in diameter and thinning of the zona pellucida. Usually on the morn-
ing of d 5, only early blastocysts and late cavitating stages are observed, and
these receive high scores. Expanding and fully expanded blastocysts are com-
monly seen on the afternoon of d 5 or morning of d 6. The graduated embryo
score (7) or highest cumulative score from 2PN to blastocyst stage is used to
select the best blastocyst for hES cell derivation with a high hit rate. The reliable
markers for good quality expanded blastocysts that are used for hES cell deriva-
tion are shown in Table 2. Approximately 70-75% of high-quality blastocysts
are usually obtained when good-quality sequential culture media are used.

2. Materials
2.1. Thawing Materials for Frozen Cleavage Stage Embryos (Days 1-3)

1. THAW-KIT 1 (Vitrolife, Goteburg, Sweden; cat. no. 10067). Thaw solution 1
(TS1): 1.0 M PrOH and 0.2 M sucrose in Cryo-phosphate buffer solution (PBS
containing 25 mg/mL human serum albumin [HSA]). Thaw solution 2 (TS2);
0.5 M PrOH and 0.2 M sucrose in Cryo-PBS. Thaw solution 3 (TS3): 0.2 M
sucrose in Cryo-PBS.

2. GIII series medium (Vitrolife G-1 version 3; cat. no. 10091 and G-2 version 3;
cat. no. 10092).

3. HSA solution (Vitrolife; cat. no. 10064).

2.2. Thawing Materials for Frozen Blastocysts (Days 5 and 6)

1. G-ThawKit Blast (Vitrolife; cat. no. 10076).
2. 8,6,5,4,3,2, 1% glycerol. Incubation medium (G-2 version 3 and HSA medium,
Vitrolife; cat. no. 10092).
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Table 2
Markers for Good-Quality, Expanded Blastocysts?

Morphological characteristics
Large ICM
Thin zona pellucida
Single, large blastocoele
“Sickle-shape” cells in TE
Cleavage speed
Cavitated, expanding —d 5 (AM)
Fully expanded—d 5 (pPm)
Hatching/hatched —d 6 (AM)

“JCM, inner cell mass; TE, trophectoderm.

Four-well sterile plastic dishes (Nunclon, Roskilde, Denmark; cat. no. 176740).

2.3. Embryo Culture (Days 1-6)

1
2
3.
4
5

G-1 version 3 medium (Vitrolife; cat. no. 10091).

G-2 version 3 medium (Vitrolife; cat. no. 10092).

HSA solution (Vitrolife; cat. no. 10064).

Ovoil (Vitrolife; cat. no. 10029).

Four-well sterile plastic dishes (Nunclon; cat. no. 176740).

3. Methods
3.1. Thawing Protocol for Frozen Cleavage Stage Embryos (Days 1-3)

1.

R NS

Prepare all paperwork. Identify name of patient and location of straw in liquid
nitrogen (LN,) Dewar. Keep the straws immersed in LN, until actual thawing.
Label dishes for thaw solutions and pipette appropriate amounts of TS1, TS2, TS3,
and Cryo-PBS. Thaw straws containing embryos one at a time. Perform all steps
at room temperature.

Remove straw and air thaw for 30 s (see Note 1).

Place straw in a 37°C water bath for 30 s. Remove and carefully wipe. Cut the
plug end of the straw with sterile scissors and attach it to a 1-mL syringe. Then cut
the other end carefully without shaking straw or making air bubbles.

Gently expel the embryos into TS1. Observe the embryos coming out of the straw;
if you do not see them all, quickly refill the straw and gently flush, because
occasionally the embryos will stick to the sides of the straw.

Incubate the embryos for 5 min in TS1.

Gently transfer the embryos to TS2 for 5 min (see Note 2).

Transfer the embryos to TS3 for 5-10 min (see Note 3).

Transfer the embryos to Cryo-PBS for 5-10 min (see Note 4).

Place embryos into G-1 version 3 and HSA medium if embryos were cryopreserved
ond 1 or 2 and in G-2 version 3 and HSA medium if cryopreserved at the eight-cell
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10.

stage on d 3, and incubate at 37°C in a 5% CO, in air atmosphere (see Note 5).
Assess and record survival and morphology compared to prefreeze. Score embryos
according to markers described earlier for d 1-3 (see Subheadings 1.1.-1.3.).
Human embryos are cultured in G-1 version 3 and HSA medium on d 1 and 2 and
in G-2 version 3 and HSA medium on d 3—6. The medium is changed every 48 h.
Each embryo is monitored and scored daily in the morning. See embryo culture
protocol described in Subheading 3.3.

3.2. Thawing Protocol for Frozen Blastocysts (Days 5 and 6)

1.

10.

11.

12.

13.

14.
15.

16.

Label each well of four-well dishes as 8, 6, 5, 4, 3, 2, 1% glycerol, and two wells
as incubation medium.

Pipet appropriate volumes (0.5 mL) of the thawing solutions into each well.
Prepare also a separate dish with incubation medium.

Equilibrate the dishes at 37°C in a 5% CO, in air atmosphere for 1 h.

Fill a large beaker with warm water (37°C). Identify name of patient and location
of straw in LN, Dewar. Prepare all paperwork. Keep the straws immersed in LN,,
until actual thawing. Thaw straws containing blastocysts one at a time and
perform all steps at 37°C.

Remove straws from LN, and wipe the straw quickly with a clean tissue. Air-thaw
straw for 30 s and watch the straw for leaks.

Gently plunge the straw into the beaker of water (37°C) for 40-50 s.

Remove and gently dry the straw with tissue. Cut off the heat-sealed end with
scissors and attach to a 1-mL syringe. Cut the cotton-plug end with a sterile
scissors and expel the blastocysts into the 8% glycerol solution. If the embryos
are not seen, flush the straw a few times. Leave the embryos in the 8% dish for
5 min.

Transfer the embryos to the 6% glycerol solution for 10 min at 37°C in 5% CO,
in air.

Transfer the embryos to the 5% glycerol solution for 12 min at 37°C in 5% CO,
in air.

Transfer the embryos to the 4% glycerol solution for 12 min at 37°C in 5% CO,
in air.

Transfer the embryos to the 3% glycerol solution for 14 min at 37°C in 5% CO,
in air.

Transfer the embryos to the 2% glycerol solution for 14 min at 37°C in 5% CO,
in air.

Transfer the embryos to the 1% glycerol solution for 16 min at 37°C in 5% CO,
in air.

Rinse the embryos twice in incubation medium.

Transfer the embryos to the dish with fresh equilibrated incubation medium (0.5 mL)
and incubate at 37°C in 5% CO, in air.

Assess each embryo under the microscope. Compare the blastocyst quality with
appearance at the time of freezing. Score the blastocyst according to the markers
described earlier (see Subheading 1.5. and Tables 1 and 2).
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3.3. Embryo Culture (Days 1-6)
3.3.1. Microdroplets Under Oil

Culture of human embryos in microdroplets of medium (20-100 uL) under
oil can save on costs, help to maintain optimum osmolarity and pH, and control
fluctuations in temperature. Daily monitoring and scoring of individual
embryos are also easy, quick, and reliable. In vivo in the human fallopian tube,
embryos grow in microdroplets of fallopian tubal fluid and because such in
vivo conditions are simulated in vitro by using microdroplets of culture
medium containing the optimal metabolic requirements for the embryo, high-
quality blastocysts are generated (8).

3.3.2. Sequential Culture Media

Knowledge of how coculture systems work by positive and negative condi-
tioning (9) led to the evolution of sequential culture media. Human embryos are
metabolically dynamic and their nutritional requirements change from day to day
and from stage to stage. For example, early cleavage embryos require minimal
glucose, whereas late blastocysts require plenty of glucose; for pyruvate, the
requirements are the other way around. The antioxidant taurine is beneficial for
blastocyst development, whereas hypoxanthine is detrimental. Late morula and
blastocyst stage embryos require essential and nonessential amino acids, because
transcription has commenced after genomic activation around d 3; these will be
the building blocks for further protein synthesis. As such, to obtain optimal blas-
tocyst development, early cleavage-stage embryos (2PN to four-cell stage) are
grown in the first medium (G-1 version 3 and HSA), and from d 3 onward, when
the genome is being activated, the embryos are grown in a more complex second
medium (G-2 version 3 and HSA) that contain salts, energy substrates, proteins,
amino acids, vitamins, and hormones (10). It is crucial when transferring embryos
from new to fresh or from G-1 to G-2 version 3 and HSA medium that drawn-out
pipets are used to avoid the dilution of the second medium with the first.

3.3.3. Methods for Embryo Culture (Days 1-6)

Day 0: Gl-version 3 and HSA dishes are made for thawed d 1 (2PN)
embryos. Microculture droplets (20 uL) of G1-version 3 and HSA are placed in
the wells of four-well or small Petri dishes and overlaid with sterile oil (Ovoil).
Two separate rinse drops of G1-version 3 and HSA are made in the center of the
same four-well dish or Petri dish. The dishes are incubated at 37°C in 5% of
CO, in air.

Day 1: The thawed 2PN embryos are washed in the two rinse drops, before
transfer to the microculture droplet. Each 2PN embryo is cultured individually
in each microculture droplet and the dishes incubated at 37°C in 5% CO, in air.
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Check the embryos once more at 24 to 25 h postinsemination to record the first
cleavage (two-cell stage). 2PN and first cleavage embryos are scored according
to the markers described earlier (see Subheading 1.1.).

Day 2: (1) Each embryo is assessed for cleavage on d 2 and scored further
according to the three grades (1, 2, and 3) based on fragmentation and regularity
of blastomeres. There is no change of medium and the embryos are grown in
the same G-1 version 3 and HSA medium. (2) G-2 version 3 and HSA dishes
are made up for the following day. Microculture droplets (20 uL) of G-2
version 3 and HSA are placed in each well of four-well dishes or in small Petri
dishes and overlaid with Ovoil. Two rinse drops of G-2 version 3 and HSA are
placed in the center of the same four-well or Petri dish. The dish is incubated
at 37°C in 5% CO, in air.

Day 3: On the morning of d 3, embryos are scored and transferred from G-1
version 3 and HSA medium into the G-2 version 3 and HSA culture dish pre-
pared the previous day. The embryos are rinsed in the two central drops of the
culture dish before transfer to the microculture droplet (see Note 6). The
embryos are incubated at 37°C in 5% CO, in air.

Day 4: (1) On the morning of d 4, embryos are scored. There is no change of
medium and the embryos are incubated in the same G-2 version 3 and HSA at
37°Cin 5% CO, in air. (2) Day 6 growth dishes containing fresh 20 pL micro-
culture droplets of G-2 version 3 and HSA medium are prepared and incubated
at 37°C in 5% CO, in air.

Day 5: (1) On the morning of d 5, embryos are scored using the blastocyst
markers described earlier (see Subheading 1.5. and Tables 1 and 2). Good-
quality expanded blastocysts with large ICMs generated from high 2PN scores
are given priority when selecting embryos for deriving hES cell lines (11,12).
(2) Remaining embryos that are slow in development are transferred to fresh
20 pL microculture droplets of G-2 version 3 and HSA medium made on d 4
and monitored until d 6 for further blastocyst development. Expanded blastocysts
with large ICMs generated on d 6 can also be used for hES cell line derivation.

4. Notes

1. During this time, handle the straws carefully and examine them for air bubbles,
cracks in the seal, and any leakage of LN,,.

2. Note that embryos are osmotically stressed and have to be handled very carefully.

Handle the embryos very gently because their membranes will be very fragile.

4. Do not place in the CO, incubator because the buffer capacity of Cryo-PBS is

inadequate for the 5% CO, atmosphere.

Human embryos are usually not frozen at compacted and cavitating stages.

6. Care must be taken not to dilute the G-2 version 3 and HSA medium with G-1
version HSA medium.

e

e
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Propagation of Human Embryonic Stem Cells
on Human Feeder Cells

Mark Richards and Ariff Bongso

1.

Summary

Human embryonic stem (hES) cell lines are usually derived and propagated on inacti-
vated murine embryonic fibroblast (MEF) feeders. The use of MEFs and culture ingredi-
ents of animal origin for hES cell support increases the risk of cross-contamination of the
hES cells with infectious animal agents from the MEFs and animal-based culture medium.
This thus makes such hES cells lines undesirable for clinical application. This chapter
describes several protocols used in the propagation of hES cells on human fibroblast feeder
cells. Two culture methods, the bulk enzymatic culture protocol and the microdissection
“cut and paste” protocol are described. Only certain human fetal and adult fibroblast feeders
support hES cell growth. Methods for the characterization of pluripotent undifferentiated
hES cells grown on human feeders including cell surface marker staining and real-time
polymerase chain reaction are also described.

Key Words: Bulk culture; “cut and paste” protocol; human adult fibroblasts; human
embryonic stem cells; human fetal fibroblasts; nonsupportive feeder; supportive feeder.

Introduction

Human embryonic stem (hES) cell lines were first derived and serially prop-
agated on inactivated murine embryonic fibroblast (MEF) feeder layers (1,2).
The use of MEFs and other components of animal origin in the culture media
for hES cell support substantially increases the risk of contaminating these lines
with infectious animal agents such as retroviruses and severely limits the poten-
tial of these lines for clinical usage as well. All National Institutes of Health
registered hES cell lines approved for US federal government research funding
have been derived on MEF feeder layers and have also been exposed to xeno-
proteins. This makes these hES lines undesirable for clinical application

From: Methods in Molecular Biology, vol. 331: Human Embryonic Stem Cell Protocols
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although they may suffice for most basic research studies. Therefore, many
more new hES cell lines derived in “xeno-free” conditions need to be estab-
lished for clinical investigation and application.

Several groups have shown it possible to derive and propagate hES cell lines
on a variety of human feeder layers (3-7). hES cells supported on human feeder
layers form colonies that have angular and straight edges as opposed to hES
colonies on MEF feeders, which appear circular. hES cell lines derived and
serially propagated on human feeder layers remain pluripotent over extended
passage; express Oct-4, Nanog, and telomerase; maintain stable karyotypes;
individual cells retain a high nucleus to cytoplasm ratio, test positive for all
molecular and cell surface markers associated with the pluripotent phenotype,
form teratomas in severe combined immunodeficiency SCID mice; and are
capable of multilineage in vitro differentiation (8). Apart from differences in
gross colony appearance, all other characteristics of MEF and human feeder
supported hES cell lines appear to be similar.

In our laboratory, we have found that some human fibroblast feeders are an
excellent substitute for MEFs, and we propagate our hES cell lines exclusively
on human feeders. We have also been able to derive and maintain a human ES
cell line in “xeno-free” conditions on human fetal muscle fibroblasts in culture
media containing human based ingredients for more than 20 serial passages
without recourse to any animal-based ingredients (3).

Although many labs prefer using MEFs instead human feeder layers for hES
support because of convenience, it is likely that the propagation of hES cells on
human feeder layers will gain popularity especially with the push to transfer the
science to a clinical setting. The production of a supportive human feeder line
immortalized with telomerase is technically possible. If such a line were made
widely available, this would certainly lead to the widespread use of human
feeders for hES cell support.

2. Materials

1. High-glucose Dulbecco’s modified Eagle’s medium (DMEM) without sodium
pyruvate, without L-glutamine 1X (GIBCO, Carlsbad, CA; cat. no. 11960-044),
store at 4°C.

2. L-glutamine 200 mM, 100X liquid (GIBCO; cat. no. 25030-081), aliquot and store
at —20°C (see Note 1).

3. Penicillin-streptomycin liquid containing 5000 U of penicillin and 5000 mg of
streptomycin/mL (GIBCO; cat. no. 15070-63) aliquot and store at —20°C.

4. MEM nonessential amino acids 10 mM, (100X) (GIBCO; cat. no. 11140-050),
wrap in foil to protect from light and store at 4°C.

5. Defined fetal bovine serum (Hyclone, Logan, UT; cat. no. SH30070-03) aliquot
and store at —20°C.

6. Qualified fetal calf serum (GIBCO; cat. no. 10099) aliquot and store at —20°C.
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7.

8.

9.
10.
11.

12.

13.
14.
15.
16.
17.
18.
19.
20.
21.

22.
23.

24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.

38.

39.
40.

Dulbecco’s phosphate-buffered saline (PBS) (+) (GIBCO; cat. no. 14040-133),
store at 4°C.

Dulbecco’s PBS, Ca?*, Mg?* free, PBS(-) (GIBCO; cat. no. 14190-144), store at
4°C.

Sterile water, tissue culture grade (GIBCO; cat. no. 15230-162), store at 4°C.
Porcine gelatin (Sigma, St. Louis, MO; cat. no. G1890), store at 4°C.
Insulin-transferrin-selenium growth supplement (GIBCO; cat. no. 41400-045),
store at 4°C.

0.05% Trypsin-EDTA (1X) (GIBCO; cat. no. 25300-062), aliquot and store at
-20°C.

B-Mercaptoethanol (GIBCO; cat. no. 21985-023), store at 4°C.

Dispase (GIBCO; cat. no. 17105-041), store at 4°C.

Collagenase IV (GIBCO; cat. no. 17104-019).

F12/DMEM, HEPES buffered (GIBCO; cat. no. 11330-057).

KnockOut Serum Replacement (GIBCO; cat. no. 10828-028).

Basic fibroblast growth factor, human recombinant (GIBCO; cat. no. 13256-029).
1 M HEPES solution (GIBCO; cat. no. 15630-080), store at 4°C.

Ethylene glycol (Sigma; cat. no. E9129), store at room temperature.

Dimethyl sulfoxide, hybridoma tested, 5 x 10 mL in flamed sealed ampules
(Sigma; cat. no. D2650), store at room temperature and protect from light.
Mitomycin C, cell culture grade (Sigma; cat. no. M4287), store at 4°C (see Note 2).
One-well dish, 60-mm diameter, well area: 2.89 cm? (BD, Franklin Lakes, NJ;
cat. no. 353652).

Four-well plate, well area: 1.39 cm? (BD; cat. no. 353653).

Four-well culture slides, well area: 1.7 cm? (BD; cat. no. 354114).

75 cm? canted neck, vented tissue culture flask (BD; cat. no. 353136).

175 cm? canted neck, vented tissue culture flask (BD; cat. no. 353112).

15-mL conical centrifuge tubes, high-clarity polypropylene (BD; cat. no. 352196).
50-mL conical centrifuge tubes, high-clarity polypropylene (BD; cat. no. 352070).
1-mL individually wrapped serological pipet (BD; cat. no. 357522).

5-mL individually wrapped serological pipet (BD; cat. no. 357543).

10-mL individually wrapped serological pipet (BD; cat. no. 357551).

25-mL individually wrapped serological pipet (BD; cat. no. 357525).

500-mL Stericup-GP filter unit (Millipore, Billerica, MA; cat. no. SCGP UOS5 RE).
Sterivex-GP 2000 filling bell filter unit (Millipore; cat. no. SVGP B10 10).
33-mm Millex-GP filter unit (Millipore; cat. no. SLGP 033 RS).

Nunc System 100 cryogenic vials with silicon gasket (Nalgene, Rochester, NY;
cat. no. 5000-1012).

Glass capillaries, 1.0-mm OD (Clark Electromedical Industries, Kent, UK; cat. no.
GCI100T-15).

Sterile 30-G hypodermic needles (BD; cat. no. 511252/511256).

Media for hES cells (hES media). hES cells are maintained in cell culture media
comprising 80% high-glucose DMEM (v/v), 20% defined fetal bovine serum (v/v),
2 mmol/L L-glutamine, 50 IU/mL penicillin and 50 pg/mL streptomycin, 1X
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nonessential amino acids, 1X insulin-transferrin-selenium G supplement, and 0.1
mmol/l B-mercaptoethanol. To prepare 400 mL media, combine 320 mL DMEM,
80 mL defined FBS, 4 mL L-glutamine, 2 mL penicillin-streptomycin, 4 mL
nonessential amino acids, 4 mL ITS-G supplement, and 720 pL 3-mercaptoethanol.
Filter-sterilize before use. Wrap bottle with aluminium foil to protect from light and
store at 4°C for up to 3 wk. The addition of antibiotics to culture media is optional
(see Note 3).

Media for human feeder expansion (human fibroblast maintenance medium).
Human fibroblast feeders are maintained in culture media comprising 90% high-
glucose DMEM (v/v), 10% qualified fetal bovine serum (v/v), 2 mmol/L
L-glutamine, 50 IU/mL penicillin, and 50 pg/mL streptomycin. To prepare 400
mL media: add together 360 mL DMEM, 40 mL qualified FBS, 4 mL L-glutamine,
and 2 mL penicillin-streptomycin. Filter-sterilize media before use and store at
4°C for up to 3 wk. The addition of antibiotics is optional (see Note 3).
Mitomycin C solution (see Note 4). Use a 26-G sterile needle to vent the 2 mg
mitomycin C ampoule. With an 18-G needle affixed to a 1-mL syringe, add 1 mL
sterile PBS (-) to the ampoule, swirl ampoule gently until all powder is dissolved.
Remove mitomycin C solution with the syringe and aliquot into sterile micro-
centrifuge tubes, wrap each tube with aluminium foil to protect from light, and
immediately store at 4°C for up to 2 wk (see Note 5).

Gelatin solutions (see Note 6). To prepare 1% (w/v) gelatin stock solution: weigh
0.4 g of gelatin powder into a 50-mL conical tube and add 30 mL sterile tissue
culture grade water, warm at 37°C for 1-2 h with intermittent pipetting to aid dis-
solution. After the gelatin has dissolved, top up to the 40-mL mark with sterile
water. The 1% stock gelatin solution can be either autoclaved or sterile filtered with
a Sterivex-GP 2000 filter bell before use. Stock solutions should be stored at —20°C
and can be kept for 6 mo. To prepare 200 mL of 0.1% gelatin working solution:
thaw and dilute 20 mL of 1% gelatin stock solution in 180 mL tissue culture-grade
water. Aliquots of working solution can be stored at 4°C for up to 2 wk.

Dispase solution: dissolve 0.1 g of Dispase in 10 mL of hES media to give a final
working concentration of 10 mg/mL of Dispase solution. Filter, sterilize, then
warm to 37°C before use.

The sources of the monoclonal antibodies for the detection of the cell surface
markers are as follows: SSEA-3 (MC-631), SSEA-4 (MC-813-70), Development
Studies Hybridoma Bank (Iowa City, IA); Tra-1-60 (MAB-4360) and Tra-1-81
(MAB-4381) Chemicon; Oct-4 (SC-5279) Santa Cruz.

The sources of the secondary antibodies for the detection of the primary antibod-
ies are as follows: rabbit anti-mouse immunoglobulin secondary antibody conju-
gated to fluorescein isothiocyanate (Sigma F2883) and anti-goat immunoglobulin
secondary antibody conjugated to fluorescein isothiocyanate (Sigma F7367).
Vector Red Alkaline Phosphatase Substrate Kit I, SK-5100 (Vector Labs, Inc.,
Burlingame, CA; cat. no. SK-5100).

KaryoMAX Colcemid solution, liquid (10 pg/mL) in PBS (Invitrogen; cat. no.
15212-012).



hES Cells on Human Feeders 27

49. TRIzol reagent (Invitrogen; cat. no. 15596-026).

50. Ambion DNA-free reagent (Ambion; cat no. 1906).

51. SuperScript III first-strand synthesis system for reverse transcription polymerase
chain reaction (RT-PCR) (Invitrogen; cat. no. 18680051).

52. TagMan probes were purchased from Applied BioSystems (ABI) Assay on
Demand and Assay by Design service.

3. Methods
3.1. General Note on hES Culture Methodology

The most critical factor that is essential for success in culturing hES cells is
the complete attention to detail in all preparative steps and in cell handling.
Good aseptic technique is essential and some prior tissue culture experience
will be helpful. The extensive daily observation of cells is important and may
be particularly mandatory in the first few weeks of setting up stock cultures. In
addition, the use of commercial high-quality reagents and disposable plastic
ware in all procedures is highly recommended.

The techniques in this chapter incorporate a labor intensive, specialized
subculture routine requiring manual colony manipulation, slicing, and micro-
dissection under stereo optics. The key objective of this subculture routine is
the passage of cells in clusters of approx 400-500 cells and the elimination of
differentiated cells from the subculture. An obvious drawback of this method is
the difficulty in generating sufficient numbers of cells for clinical application
and some large-scale experiments.

Nevertheless, we feel that this technique will be particularly useful for the
expansion of critical very early passage hES cell stock and for propagating hES
cell lines that are not amenable to bulk culture protocols. In addition, manual
colony slicing results in the growth of larger colonies, thus making colony
selection and harvesting for experiments easier. It is also possible when har-
vesting hES cells for experiments to slice into the peripheral regions of the hES
colony to avoid harvesting feeder cells and degenerating cells at the core.

Enzymatic dispersion and the bulk-culture of hES lines on human feeders is
also possible (see Subheading 3.5.2.). Interestingly, this often leads to an accel-
eration of growth and an overall decrease in colony differentiation. A recent
study has reported karyotypic instabilities in mid to late passage hES cell lines
subcultured in this manner on MEFs (9). It remains to be seen to what extent cul-
ture conditions can influence and affect the karyotypic stability of these lines.

The procedures for the handling and subculturing of hES cells described in
this chapter are conservative and it is likely that with future refinements, a less
labor-intensive approach enabling the routine and massive scale-up of cells in
defined culture conditions as well as the low-density clonal growth of cells
will be possible.
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3.2. hES Colony Morphology and Grading

hES colonies on human feeder layers are spindle-shaped with straight edges
and appear to be thinner than the rounder hES colonies, which typically form
on MEF feeders (Fig. 1A-F) (3). Mature 6- to 8-d-old hES colonies approx
1-2 mm in diameter are serially passaged by slicing and microdissection.
Colonies passaged by manual slicing are considerably larger than bulk cultured,
enzymatically passaged colonies and often appear to contain a central darker
“blob” of cells (Fig. 1A,C,E). This darker central region of the colony repre-
sents piled up differentiating hES cells and should be avoided during serial pas-
sage. Good undifferentiated regions of the hES colony are generally found at
the colony periphery adjacent to the colony-feeder layer boundary (Fig. 1G).

With a little practice, it is easy to differentiate between morphologically dif-
ferentiated and undifferentiated regions of the hES colony. Undifferentiated
individual hES cells have a high nucleus:cytoplasm ratio (Fig. 1H), which is vis-
ible under high magnification. Undifferentiated cells are tightly packed together
with very little intercellular space between cells (Fig. 1H). Differentiating cells
are morphologically diverse, but in culture conditions containing serum, an
epithelioid cell type appears rapidly during hES cell differentiation (Fig. 2A,B).

Good undifferentiated hES colonies have sharp defined colony boundaries
(Fig. 1G), whereas colonies on the onset of differentiation have diffused and
“fuzzy” colony boundaries (Fig. 2C). For serial passage harvest, the outer
perimeter of colonies that appear at least 50% undifferentiated. A small amount
of spontaneous differentiation approx 5-10% is usually present even in well-
maintained hES cultures.

3.3. Serial Passaging and Transfer of hES Colonies
on Human Feeder Layers

3.3.1. Microdissection and Slicing of hES Colonies Under Stereo Optics

1. Asterile 30-G hypodermic needle affixed to a 1-mL syringe is used for slicing hES
colonies. Work with x2.0-3.0 magnification under a stereomicroscope. Because
colony slicing takes time, work on a 37°C warmed surface in a laminar flow hood
to keep cells warm (see Note 8).

2. Remove hES media from organ culture dish and wash cells twice with warm
PBS (+) solution.

3. Perform colony microdissection/slicing with 30-G needle under microscope control
with the left hand holding the dish. It helps to support the wrist of the right hand
with the needle on the bench top.

4. Avoid harvesting morphologically differentiated colony sections and the central
region of the colony that contains piled up cells. As a rule of thumb, harvest only
colony edges with good undifferentiated hES cell outgrowths. See Fig. 1 for exam-
ples of undifferentiated and Fig. 2 for examples of differentiated hES colonies.
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Fig. 1. Undifferentiated hES colonies on human and MEF feeder layers. (A) x5
phase contrast image of a hES cell colony on a Detroit 551 human fetal feeder layer.
(B) x5 phase contrast image of a hES cell colony on a MEF feeder layer. (C) Bright
field image of a hES cell colony on Detroit 551. (D) Bright field image of a hES cell
colony on a MEF feeder layer. (E) Five 6-d-old hES cell colonies growing on Detroit
551. (F) Six 6-d-old hES cell colonies growing on MEFs. (G) x20 phase contrast image
of an undifferentiated well-defined hES cell colony edge on Detroit 551. (H) x40 phase
contrast image of individual undifferentiated hES cells in a colony on D551. Scale bars:
A-D, 500 pum; G, 100 pum; H, 50 pm.
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Fig. 2. Differentiating hES colonies on human fibroblast feeder layers. (A) %10
phase contrast image of differentiated cells in a partially differentiated hES cell colony
on Detroit 551. (B) x20 phase contrast high magnification image of a common differ-
entiated cell type. (C) x5 phase contrast image of a whole partially differentiated hES
cell colony on Detroit 551. Arrow indicates colony region that is differentiated; this
area lacks a well-defined colony-feeder layer boundary. (D) x10 phase contrast image
of a hES cell colony showing extensive differentiation. More than two differentiated
cell types are visible, and all cells have lost the high nucleus to cytoplasm ratio that is
typical of hES cells. Scale bars: A,D, 250 um; B, 100 um; C, 500 pum.

5. Make cuts along the perimeter of undifferentiated colony edges well into the feeder
layer then slice inwards into the colony.

6. After slicing is completed, aspirate off PBS (+) and add 1 mL of warm Dispase
solution.

7. Incubate for approx 2—5 min at 37°C. Observe the dish carefully.

8. During the incubation period, you should be able to see the feeder layer disinte-
grating and retreating away from the hES colony fragments. After the feeder cells
have detached from the colony, the sliced hES fragments also begin to round up
and detach from the plastic; you will be able to see the hES fragments curl
up slightly at the edges and begin to lift off from the dish. At this point, use a
Gilson P20 to blow gently at the edge of a hES colony fragment. The fragment
should lift off the dish very easily.
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9.

10.

11.

12.

13.

Dislodge all sliced fragments this way. As a rule of thumb, try minimizing the
incubation period with Dispase.

Wash sliced colony fragments twice by picking up all colony fragments from the
Dispase treated plate and transferring them to two new one-well dishes filled with
warm PBS (+) sequentially.

Place four to five sliced fragments on a new human fibroblast feeder dish (Fig. 1E).
After fragments have settled on the feeder layer, transfer dish very carefully to a
humidified incubator at equilibrated at 37°C and 5% CO.,,.

hES cells should be transferred to fresh feeder layers every 6-8 d; this is the
duration of one serial passage.

Feeder layers perform optimally 24-48 h after mitomycin C treatment, so hES
cells should be subcultured onto freshly inactivated feeders within this period.

3.3.2. Enzymatic Serial Bulk Culture of hES Cells on Human Feeder Layers

For bulk culture of hES colonies, cells are cultured in six-well dishes in a medi-

um containing 20% knockout serum replacement, 80% knockout DMEM, 1X
nonessential amino acids, 1 mM L-glutamine, 1X insulin-transferrin-selenium, and
0.1 mM B-mercaptoethanol supplemented with 6 ng/mL basic fibroblast factor.

3.3.2.1. INITIATION OF BuLk CULTURED hES CULTURES

1.

A o

o

10.

11.

Choose 10 colonies from dishes with microdissected colonies that are at least 85%
undifferentiated.

Dissect colony peripheries; exclude harvesting the central colony core.

Detach sliced colony fragments from human feeder layer with Dispase treatment.
Wash hES colony fragments once in PBS (+).

Transfer fragment to a sterile 1.5-mL Eppendorf tube taking as little PBS (+)
as possible.

Add 1 mL of warm Collagenase IV solution (1 mg/mL prepared in serum-free
media-F12 DMEM).

Incubate Eppendorf tube at 37°C for 5 min.

After 5 min, dissociate colony slices into fragments of approx 30—60 cells with
a 1-mL Gilson pipet. Triturate collagenase solution five times to aid fragment
dissociation.

To dilute and inactivate collagenase enzymic activity, transfer cell suspension to
6 mL of bulk culture media.

Centrifuge at 170g (1000 rpm), remove supernatant, and resuspend pellet in 2 mL
media.

Before plating hES suspension, aspirate media from feeders and seed entire 2 mL
into one well of a six-well dish.

3.3.2.2. hES BuLk CULTURE SUBCULTURE PROTOCOL

1.
2.

Bulk cultured cells grown in six-well dishes.

Human feeders are seeded at 180,000 mitomycin C treated cells per well of a
six-well dish or 18,750 cells/cm?.

Six-well dishes are coated with 0.5% gelatin before plating feeders.
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Wash cells 1X with 2 mL PBS (+).

Add 1 mL of warm collagenase IV per well (1 mg/mL in serum-free F12 media,
filtered sterile), return to incubator for 5—6 min.

Feeders may be detached from plastic and in cell suspension after incubation period.
Scrape with 5-mL serological pipet in a grid-like pattern.

Scrape monolayer with a cell scraper. Pay attention to edges of the well, colonies
in this area are hard to remove.

Triturate large cell clumps with 1-mL Gilson set at 900 UL with a filtered tip and
pipet up and down no more than five times.

Add 2 mL KO media per well to wash well and transfer cell clumps to a 15-mL
Falcon. Add 1 mL more of KO media per well’s worth of cells to effectively dilute
collagenase activity.

Centrifuge at 170g (1000 rpm), remove supernatant, and resuspend pellet in
appropriate volume of media. The optimal split ratio is usually 1:2 or 1:3.

Before plating hES-feeder suspension on fresh feeders, wash feeder layer 1X with
KO and aspirate.

Resuspend pellet in appropriate volume (e.g., if pellet splits into four wells, resus-
pend in 8 mL KO).

Cells should be split every 5-7 d.

3.4. Characterization of hES Colonies

hES cells should be tested for markers of pluripotency, the ability to form
teratomas, and karyotyped regularly.

3.4.1. Immunohistochemical Characterization of hES Cell Colonies
With SSEA-3, SSEA-4, Tra-1-60, Tra-1-81, and Oct-4 Cell Surface
Pluripotency Markers

1.

For demonstration of stem cell surface markers, Tra-1-60, Tra-1-81, SSEA-3, and
SSEA-4 hES colonies in four-well slide flasks are fixed with 4% paraformalde-
hyde in PBS for 15-20 min.

Wash three times with PBS (+) and let the slide dry.

For intracellular antigens, fixed cells can be permeabilized with 0.1% Triton
X-100/PBS (+) for 15 min at room temperature. Wash three times with PBS (+).
Fixed cells are blocked with 5% normal goat serum in PBS (+) for 20 min on an
orbital shaker or nutator.

Primary antibodies (MC-631, MC-813-70, MAB-4360, MAB-4381, and SC-5279)
are diluted in PBS (+) according to manufacturer’s instructions and incubated
overnight or 2 h (minimum) on an orbital shaker or nutator.

Wash three times with PBS (+).

Antibody localization is performed using rabbit anti-mouse immunoglobulin
secondary antibody conjugated to fluorescein isothiocyanate for Oct-4, SSEA-4
(Fig. 3A-C), Tra-1-60 (Fig. 3F,H), and Tra-1-81 (Fig. 3E,G).

SSEA-3 antibody localization is performed with anti-goat immunoglobulin
secondary antibody conjugated to fluorescein isothiocyanate.



Fig. 3. Immunohistochemical cell surface marker detection of hES colonies on human
fibroblast feeders. (A) High magnification picture of SSEA-4 cell surface antigen stain-
ing localized with FITC labelled secondary antibody. (B) DAPI counter stain of A. (C)
Two SSEA-4-stained hES colonies. (D) Alkaline phosphatase activity visualized with
rhodamine filters. (E) Tra-1-81 cell surface antigen staining localized with FITC-labeled
secondary antibody. (F) Tra-1-60 cell surface antigen staining localized with FITC
labeled secondary antibody. (G) High magnification picture of E. (H) High magnification
picture of F. Scale bars: A,B, 250 um; C,E,F, 1000 um; D, 500 um; G,H, 250 pum.
(Please see the companion CD for the color version of this figure.)
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9. Dilute secondary antibody according to manufacturer’s specifications in PBS (+)
and incubate for 30-60 min at room temperature in the dark on an orbital shaker
or nutator.

10. Remove secondary antibody and wash once with PBS (+).

11. Cells can be counterstained with DAPI or Hoechst dye at this point if desired.

12. Wash three times with PBS (+).

13. Cells should be covered in PBS (+) for visualization or mounted on a slide with
an anti-fade mountant if cells are stained on a cover slip.

3.4.2. Alkaline Phosphatase Activity Detection

Alkaline phosphatase activity is easily detected with the Vector Red Alkaline
Phosphatase Substrate Kit I using the manufacturer’s recommended protocol
and viewed under bright field optics or with thodamine excitation and emis-
sion filters (Fig. 3D).

3.4.3. Teratoma Formation in SCID Mice

Morphologically undifferentiated regions of postwarmed HES-2, HES-3,
and HES-4 colonies grown on D551/CCL110 were sliced into clumps of approx
300400 cells each. About 1 x 10° cells are injected with a sterile 27-G needle
into the thigh muscle of anesthetized SCID mice (see Note 9). Tumors usually
become palpable or visible by the 6th week and mice are sacrificed at the 8th
or 12th week. Mice are sacrificed by cervical dislocation, tumors dissected and
fixed overnight in 4% paraformaldehyde, then embedded in paraffin and
examined histologically after hematoxylin and eosin staining (Fig. 4).

3.4.4. Karyotyping

Although general karyotyping protocols are straightforward, getting suffi-
cient numbers of good metaphase spreads with hES cells is not easy. This is
partly because hES cells have a low mitotic index. Thus metaphase spread
preparation and karyotype interpretation is best done by a qualified cytogeneti-
cist. To reduce ambiguity in interpreting karyotype data, it is best to karyotype
a male hES cell line supported on a female human fibroblast feeder.

1. In general, hES colonies are incubated with 50 pug/mL Colcemid solution for
0.5-2.5 hr at 37°C and in a 5% CO, in air atmosphere.

2. Cells are removed from the feeder layer, trypsinized, washed with PBS, and pel-
lets resuspended and incubated with 0.075 M KCI for 30 min at 37°C.

3. After treatment with hypotonic solution, cells are fixed with freshly prepared 3:1
methanol:glacial acetic acid three times and dropped onto precleaned chilled
glass slides.

4. Chromosome spreads are digested with bacto-trypsin and banded with
Leishman’s or Giemsa stain and photographed digitally under X100 magnification
(see Note 10).
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Fig. 4. Ectodermal, endodermal, and mesodermal components of teratomas derived
from SCID mice injected with hES cells grown on human fibroblast feeders. (A) x20
magnification of developing bone. (B) x10 magnification of cartilage and glandular
structures. (C) x5 magnification showing developing gut and intestines. (D) X10 mag-
nification of hyaline cartilage. (E) x10 magnification of a cluster of neural rosettes.
(F) x20 magnification of a cluster of pigmented epithelial cells. Scale bars: A,F,
100 um; B,D, 250 um; C, 1000 um; E, 1000 wm.

5. At least 20 metaphase spreads and 5 banded karyotypes at 200-band resolution
should be evaluated for chromosomal rearrangements (Fig. 5).

3.4.5. Semiquantitative RT-PCR Detection of Pluripotent Markers

hES cells can be tested with semiquantitative RT-PCR for several molecular
markers of the pluripotent phenotype. This is in contrast to the limited array of
antibodies against immunochemical cell surface markers.
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Fig. 5. Normal 46, XY karyotype of a mid-passage hES cell line grown on human

fibroblast feeder layers.

Total RNA is routinely extracted from hES cells with TRIzol reagent following the
manufacturer’s protocol and treated with DNAse I using the DNA-free reagent
from Ambion.

First-strand synthesis is performed using the SuperScript II first-strand synthesis
system for RT-PCR. One microliter of first-strand reaction was used for each
50 uL PCR reaction together with 50 pmol of forward and reverse primers.
Initial denaturation was carried out at 94°C for 2 min, and followed by 35 cycles
of PCR (94°C for 30 s, 55°C for 30 s, 72°C for 1 min) and a final extension cycle
at 72°C for 5 min.

One-tenth of each PCR reaction was loaded on a 1.5% 1X TAE agarose gel and
size fractionated (Fig. 6).

Primers used:

Gene Forward primer Reverse primer Band size (bp)
ACTB 5’-tggcaccacacctttctacaat-  5’-gcacagcttctccttaatgt- 400
gagc-3’ cacge-3’

NANOG 5’-ggcaaacaacccacttetge-3” 5'-tgttccaggectgattgtte-3 493
DNMT3B 5’-ctcttaccttaccatcgacc-3”  5'-ctccagagcatggtacatgg-3" 433
REXI 5’-tctagtagtgctcacagtce-3”  5'-tctttaggtattccaaggact-3” 418
SOX2 5’-ccgcatgtacaacatgatgg-3” 5’-cttcttcatgagegtettgg-3” 370
OCT4 5’-cgrgaagctggagaagga-  5'-caagggccgcagcttaca- 247

gaagctg-3’ catgttc-3’
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500 bp

Fig. 6. Semiquantitative RT-PCR analysis for markers of pluripotency. Lane 1 = 100
bp DNA ladder, lane 2 = ACTB, lane 3 = NANOG, lane 4 = DNMT3B, lane 5 = REX],
lane 6 = SOX2, and lane 7 = OCT4. One-tenth of the PCR mix was loaded into each
lane of a 1.2% 1 X TAE agarose gel and run at 100 V for 1 h.

3.4.6. Real-Time Quantitative RT-PCR Detection of Pluripotent Markers

Quantitative real-time PCR can be performed using TagMan (see Note 11).

1. Total RNA is extracted from hES colonies using TRIzol reagent and first-strand
synthesis performed using the SuperScript III first-strand synthesis system for
RT-PCR.

2. Primer-probe sets for these target genes can be obtained from ABI’s Assay on
Demand service. Gene expression is usually normalized to endogenous house-
keeping genes such as 18S rRNA, GAPDH, or ACTB levels (see Note 12).

3. Equal amounts of input cDNA (25 ng) must be used per reaction and all PCR
reactions performed in triplicate (see Note 13).

4. Real-time PCR analysis is conducted using the ABI PRISM 7000 Sequence
Detection System (ABI).

5. After an initial denaturation for 10 min at 95°C, real-time PCR was carried out
using 40 cycles of PCR (95°C for 15 s, 60°C for 1 min).

6. Changes in gene expression levels are calculated using the AAC,. method (10).

3.5. Classification of Human Feeder Layers
3.5.1. Supportive Human Feeder Layers

In a ranking study, we found that human fetal muscle fibroblasts derived
from 14-wk human abortuses were the best supportive human feeders (4). The
human fetal muscle feeder layer was capable of supporting both the prolonged
undifferentiated growth of existing hES cell lines for more than 60 weekly seri-
al passages and the derivation of a new hES line as well (4). A commercially
available fetal skin fibroblast cell line Detroit 551 (CCL-110) from ATCC
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(American Type Culture Collection, Manassas, VA) also performed very well
as a supportive human feeder and was ranked second. Human fibroblast feed-
ers derived from two adult skin biopsy samples from different patients also sup-
ported undifferentiated hES growth and were ranked third (4). Other groups
have reported that various isolates of human foreskin fibroblasts (5,7) and even
human adult marrow cells (6) are capable of supporting undifferentiated hES
cell growth.

3.5.2. Nonsupportive Human Feeder Layers

Not all human fibroblasts support the growth of hES cells. In particular,
two widely used and well characterized human fetal lung fibroblast cell lines
MRC-5 and WI-38 performed dismally (4). The BJ foreskin fibroblast line also
did not perform optimally (4). Interestingly, data from our group and other pub-
lished reports suggest that supportive human fibroblast feeders may be obtained
from various isolates of fetal, neonatal, or adult skin.

It is important to note that not all human fibroblasts survive mitomycin C
treatment well; this could be a chief consideration in evaluating the efficacy of
a particular human fibroblast feeder for hES support. We have noticed that the
plating efficiencies of some fibroblasts are dramatically decreased after mito-
mycin C treatment; this is often accompanied by extensive cell death. It is
strongly recommended that different batches of human fibroblast feeder cells
be tested for hES cell support before use.

3.5.3. Factors Secreted by Human Feeder Cells

An exogenous supply of the cytokine leukemia inhibitory factor (LIF) is suf-
ficient to keep many mouse ES cell lines undifferentiated in culture (11,12).
hES cells, on the other hand, appear not to have a perceivable response to LIF
(1,2). Indeed, LIF appears not to elicit the same response of self-renewal in hES
cells as it does in mouse ES cells (I-3). Many hES cell lines have been derived
and propagated without LIF supplementation as well (3). Some recent reports
also indicate that the LIF receptor and its cognate receptor, GP130 are
expressed at very low levels in hES cells, suggesting that the LIF pathway may
be inactive in hES cells (13-15).

The identity of the growth factor or group of growth factors secreted by sup-
portive human feeder layers or MEFs, which promotes the self-renewal and
undifferentiated expansion of hES cells, is still unknown. Several transcription
profiling studies have suggested that members of the Wnt, BMP4/transforming
growth factor-3, and FGF family may act synergistically in providing the extra-
cellular cues necessary for hES cells to divide and self-renew (13-17). The role
of direct hES cell and feeder contact though clearly of importance is also not
well understood and warrants further study.



hES Cells on Human Feeders 39

3.5.4. Thawing and Expansion of Human Fibroblast Feeders

1.

2.

Remove a vial from liquid nitrogen storage and let nitrogen vapor disperse for
30 s before performing a quick thaw in a 37°C water bath (see Note 7).
Carefully swirl the vial in a 37°C water bath, being careful not to immerse vial
above the level of the cap.

When ice crystals have thawed, swab vial with 70% isopropanol, remove cells,
and transfer to a 15-mL conical tube.

Add 10 mL human feeder media slowly dropwise to reduce osmotic shock.
Centrifuge cells at 250g for 5 min.

Remove supernatant and resuspend cell pellet in 5 mL media, transfer to a T75
flask with warm 15 mL media, and place in an incubator calibrated at 37°C,
5% CO,,.

Change media the next day and split cells in approx 2 or 3 d, when they become
90% confluent.

4. Notes

1.

11.

Make sure white precipitate visible when L-glutamine is thawed is completely
dissolved before use. To do this warm L-glutamine for about 5—10 min in a 37°C
water bath.

Mitomycin C solid is not light sensitive. Mitomycin C solution, on the other hand,
is extremely light sensitive and aliquots should be wrapped in aluminum foil and
stored at 4°C.

All stock solutions should be aliquoted and stored in the appropriate conditions as
listed in Subheading 2.

Gloves and safety glasses should be worn when handling mitomycin C; it is car-
cinogenic and highly cytotoxic. Appropriate procedures for the disposal of this
hazardous compound should be strictly followed.

If a black precipitate develops, discard the stock solution and prepare a fresh batch;
the precipitate is toxic to cells. Mitomycin C solutions need not be sterile filtered.
Gelatin is used to coat one-well organ culture dishes before plating feeder cells to
aid feeder cell and hES cell attachment.

Always wear protective face shield and cryogloves when handling liquid nitrogen.
Nitrogen vapors escaping from cryovials at high pressure may cause occasional
cryovial explosions. It is recommended that cryovial caps be loosened immedi-
ately to release pressure after removal from N, storage then screwed tight again.
Alternatively, wait 5 min for N, vapors to disperse before plunging into 37°C
water bath.

All laminar flow cabinets in our laboratory have a heated base and a mounted
stereomicroscope with a small footprint.

It is best to inject at least two SCID mice per cell line per experiment.
Karyotyping protocols need to be optimized for different hES cell lines at different
passages.

We favor the use of robust TagMan chemistry together with predesigned primer-
probe sets from ABI, which are guaranteed to be optimally efficient (18). This
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12.

13.

Richards and Bongso

saves time in designing PCR amplicons and optimizing reaction conditions. First-
strand synthesis should be performed with random hexamers if using ABI
designed TagMan probes because most ABI TagMan probes are designed to
anneal in the 59 UTR of target genes.

Examples of markers of pluripotency include OCT4, SOX2, NANOG, and REX1I;
examples of early markers of differentiation include AFP, NDI, and BMP4.
Accurate pipetting is crucial to the success of the experiment and it is recom-
mended that a dedicated set of pipets be reserved for quantitative PCR.
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Derivation and Maintenance of Human
Embryonic Stem Cells

Michal Amit and Joseph Itskovitz-Eldor

Summary

Since their derivation in 1998, human embryonic stem cells (hESCs) have been the
center of tremendous scientific efforts in improve the existing methodologies for their iso-
lation and maintenance to exhaust the potential use of these unique cells in cell-based ther-
apy and developmental research. To date, there are more than 50 reported
well-characterized hESC lines worldwide. hESCs are traditionally isolated from the blas-
tocysts on mouse embryonic fibroblasts. The most used method for isolating the inner cell
mass from the human blastocyst is immunosurgery. This chapter focuses on the basic
methods for the derivation and maintenance of hESC lines.

Key Words: Embryonic stem cells; teratomas; embryoid bodies; immunosurgery.

1. Introduction

Human embryonic stem cell (hESC) lines, as ESC lines from other species,
are pluripotent cell lines derived from the inner cell mass (ICM) of the develop-
ing embryo. In addition to their ability to differentiate into any cell type of the
adult body, hESCs are capable, in proper conditions, to proliferate indefinitely
as undifferentiated cells, express high telomerase activity and typical markers
sustain normal karyotype. Because of their unique features hESCs may have
broad applications, both for developmental research including differentiation
processes, lineage commitment, self-maintenance, and for clinical purposes,
namely cell-based therapy.

ESC lines are traditionally isolated from blastocysts using immunosurgery.
This process, developed by Solter and Knowles during the 1970s, initially served
as a method for the research on early embryonic development (). The derivation
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Fig. 1. Immunosurgery of a human blastocyst for the derivation of human embry-
onic stem cells lines. (A) Exposed human blastocyst after zona pellucida removal by
Tyrode’s solution during exposure to rabbit anti-human whole antiserum. (B) Embryo
after exposure to guinea pig complement. (C) Intact inner cell mass immediately after
immunosurgery on mitotically inactivated mouse embryonic fibroblast feeder layer.
Bar = 50 um. (Reproduced with permission from ref. 31.)

and culture methods developed for embryonal carcinoma cells (ECCs) lay the
base methodology for the first ESC line derivation from mouse (2,3). The aim
of immunosurgery is to selectively remove the trophoblast layer of the blasto-
cyst, leaving an intact ICM, which will be further cultured on mitotically inacti-
vated mouse embryonic fibroblasts (MEFs). The main steps of the
immunosurgery process are illustrated in Fig. 1.

The goal of isolating the ICM can also be reached mechanically by removal
of the trophoblast layer with 27-G needles or pulled pipets under a stereoscope.
As with immunosurgery, the isolated ICM is then cultured with MEFs. ESC
lines may also be derived without the removal of the trophoblast. The blastocyst
is placed in whole within the MEFs, it attaches to the MEFs and continues to
grow with the surrounding trophoblast. When the ICM reaches sufficient size, it
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Fig. 2. Human embryo cultured as a whole embryo with mouse embryonic fibro-
blasts. The growing inner cell mass is marked with an arrow. Bar = 25 um.

is selectively removed and propagated. An example of a proliferating ICM after
plating an embryo in whole with MEFs is illustrated in Fig. 2.

The first ESC lines were derived from mouse blastocysts in 1981 (2,3). Since
these pioneering studies, ESC lines and ESC-like lines have been derived from
other species including additional rodents, such as golden hamsters (4), rats (5),
and rabbits (6-8), domestic animals (9—12), and three nonhuman primates
(13-15).

The first five hESC lines were reported by Thomson and colleagues in 1998
(16). Despite their short life span, numerous studies have been published
describing either additional culture methods developed for hESC such as feeder
layer free and alternative feeder layers (17-22) or directed differentiation cul-
ture systems into specific cell types (23-28). According to a list published by
the National Institutes of Health in August 2001 there were 22 derived hESC
lines (29). Since then, other line derivations were reported independently of the
National Institutes of Health registry. The increasing number of hESC lines
indicate that the isolation of hESC lines is a reproducible procedure with
reasonable success rates.

The main source of human embryos for the derivation of hESC lines is
surplus in vitro fertilization embryos. Additional sources are discarded low-
quality embryos, abnormally fertilized zygotes, and discarded genetically abnormal
embryos that underwent preimplantation genetic diagnosis. The latter may
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enable the isolation of hESC lines harboring specific genetic defects, leading to
the development of culture systems designed to study the mechanisms of these
genetic diseases and for drug screening.

2. Materials

2.1.

1.

MEFs

0.1% Gelatin (type A of porcine) (Sigma-Aldrich, St. Louis, MO; cat. no.
G-1890). All culture dishes should be covered with 0.1% gelatin at least 1 h before
the plating of MEFs (see Note 1).

Freezing medium: 60% Dulbecco’s modified Eagle’s medium (DMEM)
(Invitrogen, Carlsbad, CA; cat. no. 11995-065), 20% dimethyl sulfoxide (Sigma-
Aldrich; cat. no. D-2650) and 20% fetal bovine serum (FBS) (HyCloce, Logan,
UT; cat. no. SH30070.03) (see Note 2).

Splitting medium: trypsin/EDTA (0.05% trypsin, 0.2 g EDTA) (Invitrogen; cat.
no. 17104019) (see Note 3).

Culture medium: 90% DMEM and 10% fetal calf serum (GibcoBRL Grand
Island, NY; cat. no. 16170-078) (see Note 4). For MEF derivation, add penicillin-
streptomycin (20 mL) (Sigma-Aldrich; cat. no. P-3539). For the preparation of
100 mL of MEF culture medium: add 87.5 mL DMEM into a filter unit, add
10 mL fetal calf serum and 2.5 mL penicillin-streptomycin and filter.

Mitomycin C: 8 pg/mL mitomycin C (Sigma-Aldrich; cat. no. M-4287) diluted in
DMEM.

Watchmakers’ forceps (Fine Science Tools Inc., Vancouver, Canada; cat. no.
Dumont 5).

Iris scissors (Fine Science Tools Inc.; cat. no. 14060-09).

Nalgene freezing box (Nalge Nunc, Rochester, NY; cat. no. 5100-0001).

. hESC Derivation

Tyrode’s solution, acidic (Sigma-Aldrich; cat. no. T-1788) (see Note 5).
Antibodies: anti-human whole antiserum (Sigma-Aldrich; cat. no. H-8765)
recommended dilution 1:30 in DMEM (see Note 6).

Complement proteins: guinea pig complement diluted 1:10 in DMEM or the solvent
provided by the supplier (GibcoBRL; cat. no. 10723-013) (see Notes 6 and 7).

. hESC Maintenance

Freezing medium (see Subheading 2.1., item 2).

Splitting medium: 1 mg/mL collagenase type IV (Invitrogen; cat. no. 17104019)
in DMEM. For the preparation of 100 mL of splitting medium: add 100 mL
DMEM into a filter unit, add 100 mg collagenase type 1V, let set for 2 min for the
powder to resolve and filter (see Note 8).

hESC-medium: 80% DMEM or knockout DMEM (Invitrogen; cat. no. 10829018),
20% FBS (HyClone; cat. no. SH30070.03), 1% nonessential amino acids
(Invitrogen; cat. no. 11140-035), 1 mM L-glutamine (Invitrogen; cat. no. 25030-024),
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0.1 mM B-mercaptoethanol (Invitrogen; cat. no. 31350-010). For the preparation of
500 mL culture medium: add 100 mL FBS, 5 mL nonessential amino acids, 2.5 mL
L-glutamine, 1 mL B-mercaptoethanol, and 391.5 mL knockout-DMEM into a filter
unit and filter (see Note 8).

hESC serum-free medium: 85% knockout-DMEM, 15% knockout serum replace-
ment SR (Invitrogen; cat. no. 10828028), 1% nonessential amino acids, 1 mM
L-glutamine, 0.1 mM B-mercaptoethanol, and 4 ng/mL bFGF (Invitrogen; cat. no.
13256-029). For the preparation of 500 mL culture medium: add 75 mL serum
replacement SR, 5 mL nonessential amino acids, 2.5 mL L-glutamine, 1 mL
[B-mercaptoethanol, 2000 ng bFGF, and 416.5 mL knockout-DMEM into a filter
unit and filter (see Note 3).

3. Methods
3.1. MEF Culture Methods

3.1.1. Derivation of MEFs From Pregnant Mice

1.

2.

10.
11.
12.

13.

Sacrifice one pregnant ICR mouse (see Note 9) on the 13th day of conception by
brief exposure to CO, (see Note 10).

Wash abdomen with 70% ethanol and dissect the abdominal cavity to expose the
uterine horns.

Remove the uterine horns into a 10-cm Petri dish and wash three times with phos-
phate-buffered saline (PBS).

Using two pairs of watchmakers’ forceps, open each uterine wall and release all
embryos carefully without touching the fur.

Wash retrieved embryos three times with PBS.

Use the same tools to dissect each embryo from the placenta and membranes and
discard soft tissues as much as possible.

Transfer clean embryos into a new Petri dish and mince thoroughly using sharp
Iris scissors.

Add 6 mL trypsin/EDTA and incubate for at least 20 min.

Neutralize trypsin using at least 6 mL MEF culture medium and transfer the cells
into conical tubes. Use MEF culture medium to wash the plate.

Centrifuge 5 min at 300g (see Note 11).

Divide evenly into T-75 culture flasks (see Note 12).

Add 20 mL MEF culture medium to each flask (see Subheading 2.1., item 4, with
the addition of antibiotics). Grow the MEFs up to 3 d or until confluent, changing
the medium at least once during culture (do not vacuum the lumps).

Freeze the resulting MEFs (see Subheading 3.1.3.).

3.1.2. Splitting MEFs

1.
2.
3.

Add 2 mL trypsin/EDTA and cover the entire culture-flask surface.

Incubate for 6 min.

Tap the side of the flask to loosen the cells and add 4 mL culture medium to neu-
tralize the trypsin.
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Remove cell suspension into a conical tube and centrifuge for 5 min at 300g (see
Note 11).

Remove suspension, resuspend in 2 mL culture medium, and pipet to fracture the
pellet.

Distribute cell suspension to desired number of culture flasks.

Add MEF culture medium to a final volume of 10 mL.

3.1.3. Freezing MEFs

Eall e

9.
10.
11.

Remove all lumps possible.

Add 2 mL trypsin/EDTA and cover the entire culture-flask surface.

Incubate for 6 min.

Tap side of the flask to loosen the cells. Add 4 mL culture medium to neutralize
the trypsin.

Remove cell suspension into conical tube. Let remaining lumps sink and remove
cell suspension into a clean conical tube.

Centrifuge for 5 min at 300g (see Note 11).

Remove suspension, resuspend in 2 mL culture medium, and pipet to fracture the
pellet.

Drop by drop, add an equivalent volume of freezing medium and mix gently (see
Note 13).

Place 1 mL into 2-mL cryogenic vials (see Notes 14 and 15).

Freeze vials overnight at —80°C in Nalgene freezing box (see Note 16).

Transfer vials into a liquid nitrogen container.

3.1.4. Thawing MEFs

Nk wd =

Remove vial from liquid nitrogen and thaw briefly in a 37°C water bath.
When a small pellet of frozen cell remains, clean the vial using 70% ethanol.
Pipet the contents of the vial once, and transfer the cells into a conical tube.
Drop by drop, add 2 mL of MEF culture medium (see Note 17).

Centrifuge for 5 min at 300g.

Resuspend the pellet in culture medium.

Remove cell suspension into culture flasks and add 10 mL of culture medium.

3.1.5. Preparation of MEF-Covered Plates

Al

—

Add 8 pug/mL mitomycin C into culture flask and incubate for 2 h (see Note 18).
Wash four times with PBS.

Add 2 mL trypsin/EDTA and cover the entire culture-flask surface.

Incubate for 6 min.

Tap the side of the flask to loosen cells and add 4 mL. MEF culture medium to neu-
tralize the trypsin.

Remove cell suspension into a conical tube.

Centrifuge for 5 min at 300g.

Remove suspension, resuspend in 10 mL culture medium, and pipet to fracture the
pellet.
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9.
10.
11.

3.2.

Count cells and resuspend in desired medium volume.
Add cell suspension into culture dishes (see Note 19).
Let MEFs set for at least 2 h before plating hESCs.

Isolation of hESCs

3.2.1. Immunosurgical Isolation

1.

2.

Culture donated surplus embryos according to standard in vitro fertilization pro-
tocols to the blastocyst stage.

Incubate the embryo for approx 30-60 s in previously heated Tyrode’s solution
under the scope (to 37°C). When the zona pellucida starts to dissolve, remove the
embryo and wash three times in fresh ESC medium (an example of exposed blas-
tocyst is illustrated in Fig. 1A).

Incubate the embryo in anti-human whole serum antibodies for 30 min.
Immediately afterwards, wash three times in fresh ESC medium.

Incubate the embryo for up to 20 min in guinea pig complement (see Note 20).
The intact ICM surrounded with lysed trophoblasts is demonstrated in Fig. 1B.
Wash the intact ICM three times in fresh ESC medium using a pulled pasture pipet
to remove the lysed trophoblasts.

Plate the intact ICM on a fresh MEF-covered culture dish (see Subheading 3.1.5,
illustrated in Fig. 1C) in ESC medium (see Subheading 2.3., items 3 or 4).

3.2.2. Mechanical Isolation

Expose the embryo from zona pellucida as described in Subheading 3.2.1., step 2.
If the ICM is clearly noticeable, remove as much trophoblast as possible using
either a 27-G syringe needle or a blank pulled pasture pipet under a stereoscope.
If the ICM is unrecognizable, plate the embryo in whole.

Plate the embryo on a fresh MEF-covered culture dish (see Subheading 3.1.5.) in
ESC medium (see Subheading 2.3., items 3 or 4).

3.2.3. Culture of Recently Derived hESCs

—

3.3.
3.3.
1.

2.

Change half of the medium in the well on a daily basis.

Passage hESCs mechanically every 5-10 d directly onto fresh MEF-covered
plates.

After five to seven passages, the newly isolated line can be treated as described in
Subheading 3.3.

hESC Culture
1. Splitting hESCs

Remove medium and add hESC-splitting medium to cover the well. Incubate for
1 h (most colonies will float).

Add 1 mL culture medium (see Subheading 2.3., items 3 or 4) and gently collect
cells.
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Collect cell suspension and place into a conical tube.
Centrifuge for 3 min at 90g at a recommended temperature of 4°C.
Resuspend cells in media and plate directly on fresh MEF-covered plates.

3.3.2. Freezing hESCs

SANNANE I e

o N

Add splitting medium and incubate for 1 h.

Add 1 mL culture medium, gently scrape the cells, and transfer into a conical tube.
Do not fracture the cells into small clumps.

Centrifuge 3 min at 90g at a recommended temperature of 4°C.

Resuspend cells in culture medium (see Subheading 2.3., items 3 or 4).

Drop by drop, add an equivalent volume of freezing medium and mix gently (see
Note 13).

Transfer 0.5 mL into 1-mL cryogenic vials.

Freeze overnight at —80°C in a Nalgene freezing box (see Note 16).

Transfer to liquid nitrogen on the following day (see Notes 21 and 22).

3.3.3. Thawing hESCs

Nk e =

N

Remove a vial from the liquid nitrogen.

Gently swirl the vial in a 37°C water bath.

When a small pellet of frozen cell remains, wash the vial in 70% ethanol.

Pipet the content of the vial up and down once to mix.

Place the content of the vial into a conical tube and add, drop by drop, 2 mL cul-
ture medium (see Subheading 2.3., items 3 or 4, and Note 17).

Centrifuge for 3 min at 90g at 4°C.

Remove the supernatant and resuspend the cells in 2 mL medium.

Place the cell suspension on one well of a six-well plate, or on a four-well plate,
covered with MEFs.

3.3.4. Routine Culture of hESCs

1. Change the medium on a daily basis (see Note 23).

2. Passage hESCs (see Subheading 3.3.1.) every 4-6 d directly onto fresh MEF-
covered plates (see Subheading 3.1.5.).

3. Scrape differentiating colonies every five to seven passages.

4. Notes

1. Gelatin-coated plates can be prepared in advance, stored in a clean place at room
temperature or in a 37°C incubator.

2. The freezing medium should be kept at 4-8°C for no more than 5 d. It is recom-
mended to use high-quality serum, such as FBS from Hyclone.

3. All types of trypsin-EDTA will do.

4. FBS or heat inactivated newborn calf serum is also suitable. It should be kept at
4-8°C and should be used within 2 wk of preparation.

5. 0.5% pronase may be used instead of the Tyrode’s solution.
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6. There may be differences between batches; therefore, it is recommended to prepare
a 10X stock solution and dilute to the appropriate working concentration before use.
7. The guinea pig complement may become toxic if stored longer than 8 mo.
8. All culture media but those mentioned should be kept at 4-8°C for no more than
2 wk.
9. Additional suitable mice strains are CD1 and C56J6. The time frame of 12-14 d
of conception is acceptable.
10. Any other sacrifice method approved by your animal care committee including the
use of Avertin can be used.
11. The centrifugation step is optional; the serum-containing medium can be used to
neutralize the Trypsin.
12. 'We recommend a ratio of three embryos per flask.
13.  Adding the freezing medium drop by drop is crucial for cell recovery.
14. Tt is recommended to freeze four vials from one confluent flask.
15. The cells can be counted and frozen at a recommended volume of 10° cells per vial.
16. The use of Nalgene freezing box increases the survivability rates.
17. Adding the medium drop by drop is crucial for cell recovery.
18. The MEFs can be mitotically inactivated by exposure to 3500 Ci gamma irradiation;
the duration of the exposure should be calculated according to the source in use.
19. We recommend on 4 X 10° cells per well in six-well plates. The MEF number can
also be calculated as 4 x 10 cells/cm?. MEFs numbers can vary between 1.5 x 10*
and 5 x 10* cells/cm?,
20. It is recommended to monitor the procedure; if trophoblasts are lysed before the
end of the incubation time, stop the incubation.
21. It is not recommended to leave the vials at —80°C for less than 24 h or more than
a few days.
22. The recommended freezing ratio is 10 cm? per vial (one well in six-well plates).
23. For the cells to maintain their features, hESCs can be cultured and derived suc-
cessfully using medium supplemented with either serum or serum replacement
(for additional information, see ref. 30).
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Isolation and Characterization of Human
Embryonic Stem Cells

Maisam Mitalipova and Gail Palmarini

Summary

The derivation of human embryonic stem (hES) cells is a challenging procedure. The
isolation and maintenance of hES is visually and manually complicated, involving
mechanical or enzymatic passaging using either collagenase or trypsin. This chapter
describes detailed protocols that have been used for the derivation, maintenance, and
characterization of hES cells in vitro along with protocols to test their differentiation
potential in vivo. When used as a guideline, these protocols will assist researchers in
setting up a hES cell laboratory.

Key Words: Human embryonic stem cells; embryo; pluripotency; karyotype.

1. Introduction

Embryonic stem (ES) cells are pluripotent cells derived from the inner cell
mass (ICM) of the preimplantation stage embryo, with the potential to develop
to all three embryonic germ layers: mesoderm, ectoderm, and endoderm. Human
ES (hES) cells were first derived by Thomson and co-workers in 1998 (1) and
offer great potential for the treatment of diseases such as diabetes, Parkinson’s,
and Alzheimer’s. hES cells can be maintained in vitro as undifferentiated
cell lines when propagated on feeder layers. Under these conditions, they retain
normal euploid karyotype and the capacity to be differentiated into multiple
cell types in vitro and in teratomas in vivo. Their differentiation potential
cannot, however, be tested in vivo in chimeras for ethical reasons. Derivation
of hES cells is similar to that for primate ES cells (2,3). Commonly, mouse
embryonic fibroblasts have been used as a feeder layer to support the isolation
and proliferation of hES cells in an undifferentiated state; also, there have been
reports on isolation of hES cells using human cells as feeder source (4).
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At BresaGen, Inc., in 2001, we isolated four hES cell lines (BGO1, BG02,
BGO03, and BG04) (5). These cell lines have been extensively characterized in
vitro and in vivo in teratomas (unpublished data). hES cell lines cultured con-
tinuously by enzymatic treatment gain karyotypic abnormalities in vitro (6,7).
hES cell lines BGO1 and BG02 were propagated by manual dissection of the
hES cell colonies and have normal karyotypes at passages 105 and more (8).
These results confirm previous observations from Buzzard and colleagues (7),
indicating that the difficult and laborious manual passaging of hES cells will
retain a stable karyotype even after 100 passages. Faster and easier means of
passaging hES cells are available, but we found that they can promote chromo-
somal aneuploidy, especially trisomy 12 or 17 (8). Abnormal karyotype was
also associated with significant changes in expression of candidate genes impli-
cated in maintaining pluripotency. We also found that, in addition to increased
expression of pluripotent genes, abnormal cell lines also exhibit increased
expression of early differentiation genes, implying that bulk passaging com-
promises the normal gene expression profile of undifferentiated hES cells. Our
data suggest that the bulk passage methods that we describe in this chapter can
perpetuate aneuploid cell populations after extended passage in culture, but
may be used for shorter periods (at least 15 passages) without compromising
the karyotypes. Our data, combined with other reports of karyotypic instability
(6,7) in hES cells, suggest that bulk passaging can lead not only to abnormal
karyotypes, but also to quantitative differences in gene expression. However, it
may be possible to maintain a normal karyotype in hES cells under long-term
manual propagation conditions followed by limited bulk passaging in experi-
ments requiring greater quantities of hES cells than manual passage methods
alone can provide. Additionally, our data underscore the need for simultaneous
karyotypic and quantitative gene expression analyses for preserving the genetic
integrity of hES cells in continuous culture (§).

Techniques for derivation and characterization of hES cells have been
described by many authors (10,11). This chapter describes the derivation and
maintenance and characterization of hES cells in detailed protocols. We also
respond to questions about setting up the hES laboratory, preparation, and
quality controls of reagents, passaging techniques, and help with defining
morphologies of undifferentiated hES cells.

2. Materials
2.1. Tissue Culture

1. Acetic acid, glacial (Fisher Scientific, Pittsburgh, PA; cat. no. A-38-212).

2. 0.5% agarose in Dulbecco’s modified Eagle’s medium (DMEM)/F12: weigh 0.5
g agarose into a sterile glass bottle. Add 100 mL DMEM/F12 and replace the cap
on the bottle, but do not tighten. Microwave and bring to boil. Confirm that all
the agarose is in solution by swirling. Repeat microwaving until all the agarose
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22.
23.
24,
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26.

is in solution, then allow to boil for a further 15 s to ensure sterility. Allow to cool
to room temperature before use. The solution can be stored at 4°C for 4 wk. Melt
in the microwave and cool before each use.

Basic fibroblast growth factor (bFGF or FGF2) (1 mg; Sigma, St. Louis, MO;
cat. no. F-0291).

Cell dissociation buffer (CDB), phosphate buffered saline (PBS)-based (100 mL;
Gibco, Carlsbad, CA; cat. no. 13151-014).

Collagenase, type IV (Gibco; cat. no. 17104-019). To prepare a 1 mg/mL solution
for manually passaged cells: dissolve 10 mg in 10 mL 15/5 hES medium (see
Subheading 2.1.1., item 2) at 37°C. For trypsin passaged cells (and embryoid
bodies [EBs]), prepare a 1 mg/mL solution in 10 mL of 20% KSR hES medium
(see Subheading 2.1.1., item 3) at 37°C. Filter-sterilize and use within 1 wk; store
at 4°C.

Distilled water (1 L; Gibco; cat. no. 15230-162).

Dissecting scissors, curved surgical (Fisher; cat. no. 08-935).

DMEM high glucose (500 mL; HyClone, Logan, UT; cat. no. SH30081.02).
DMEM/F12 (500 mL; Gibco; cat. no. 11320-033).

DMSO (100 mL; Sigma; cat. no. D-2650).

Dumont no. 55 forceps (Fisher; cat. no. NC9655963).

Dumont no. 3 forceps (Fisher; cat. no. NC9839169).

Ethidium bromide (EtBr), 10 pg/mL stock solution (Sigma; cat. no. E-1510). For
a working concentration of 1 pg/mL: add 10 mL EtBr stock solution to 90 mL
sterile distilled water. Filter with a 2.0-um filter and store in dark bottles at —20°C.
A 5-mL aliquot can be stored at 4°C for 1 mo.

Fetal bovine serum (FBS) characterized and screened for ES cell growth
(HyClone; cat. no. SH30071.03) (see Note 1).

Fixative: 3:1 ratio of methanol: acetic acid. Combine 30 mL methanol with 10 mL
acetic acid. Prepare fresh before use.

Guinea pig complement (Sigma; cat. no. S-1639).

Hanks balanced salt solution 1X without calcium and magnesium (Gibco; cat. no.
14170-112).

Human leukemia inhibitory factor (Chemicon, Temecula, CA; cat. no. LIF1010).
Hypotonic solution (0.075 M KCL). To prepare: dissolve 5.6 g KCL in a total
volume of 1 L with distilled water.

Jewelers forceps, curved (Fisher Scientific; cat. no. 08-953F).

KaryoMax Colcemid solution (Gibco; cat. no. 15210-040). Working concentration:
10 pg/mL.

Knockout serum replacement (KSR) (Gibco; cat. no. 10828-028).

L-glutamine (Gibco; cat. no. 25030-081).

Methyl alcohol, anhydrous (Fisher Scientific; cat. no. A412-4, 4L).

Mitomycin C (2 mg; Sigma; cat. no. M4287). To make a stock solution 10 pg/mL:
dissolve the content of a premeasured 2-mg vial in 200 mL complete MEF medium
(see Subheading 2.1.1., item 1) (see Notes 2 and 3).

Monoclonal mouse anti-human placental alkaline phosphatase antibody (Dako,
Glostrup, Denmark; cat. no. M7191).
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Nalgene cryo 1°C freezing container (VWR, West Chester, PA; cat. no. 5100-0001).
Nonessential amino acids (Gibco; cat. no. 11140-050).

1X phosphate-buffered saline (PBS—/—) without Ca?* or Mg?* (HyClone; cat. no.
SH30028.02).

1X phosphate-buffered saline (PBS+/+) with Ca?>* and Mg?* (HyClone, cat. no.
SH30264.02).

Penicillin/streptomycin (Gibco; cat. no. 15070-063).

Pronase (Sigma; cat. no. P-8811).

Trypan blue solution, 0.4% (Sigma; cat. no. T8154).

Trypsin 0.05%/EDTA (Gibco; cat. no. 25300-054).

Trypsin 0.25%/EDTA (Gibco; cat. no. 25200-056).

-mercaptoethanol (Sigma; cat. no. M7522).

2.1.1. Media

1.

Medium for mouse embryonic fibroblast cells (MEF media): high-glucose
DMEM supplemented with 10% FBS, 1% penicillin-streptomycin and 2 mM
L-glutamine. To prepare 100 mL of MEF media: combine 10 mL FBS, 1 mL
L-glutamine, 1 mL penicillin-streptomycin, and 88 mL high-glucose DMEM.

15/5 hES media: hES cells are maintained in DMEM/F12 supplemented with
15% FBS, 5% KSR, 1% NEAA, 1% penicillin-streptomycin, 2 mM L-glutamine,
1000 TU recombinant human leukemia inhibitory factor, 0.1 mM B-mercaptoethanol,
and 4 ng/mL bFGF. To prepare 100 mL hES media: combine 10 mL FBS, 5 mL.
KSR, 1 mL penicillin-streptomycin, 1 mL L-glutamine, 100 uL hLIF, 1 mL NEAA,
16 UL bFGF, 10 UL B-mercaptoethanol, and 77 mL DMEM/F12.

20% KSR medium for hES cells. 77% DMEM/F12, 20% KSR, 1% nonessential
amino acids, 1% penicillin/streptomycin, 2 mM L-glutamine, 0.1 mM [-mercap-
toethanol, 4 ng/mL basic fibroblast growth factor (from 25 pg/mL stock), and 10
m g/mL human leukemia inhibitory factor (from 10 pg/mL stock). For 50 mL: mix
38.5 mL DMEM/F12, 7.5 mL FBS, 2.5 mL KSR, 0.5 mL penicillin/streptomycin,
0.5 mL L-glutamine, 0.5 mL nonessential amino acids, 8 uL bFGE, 5uL [-
mercaptoethanol, and 50 UL leukemia inhibitory factor. Filter sterilize through a 0.22-
pm filter to ensure sterility. Medium should be stored at 4°C and used within 1 wk.
Media for freezing human ES cells. Solution A: combine 50% medium (15% FBS,
5% KSR) and 50% FBS. Solution B: mix 80% medium (15% FBS, 5% KSR) and
20% DMSO. Filter-sterilize each solution. Make fresh each use.

2.1.2. General Comments and Required Equipment for Tissue Culture

As a general rule, all tissue culture protocols must be performed using
sterile techniques with great attention given to using sterile disposable plastic
ware and all media and solutions must be warmed to 37°C before use. The
tissue culture facility for hES cell culture requires the following:

1.
2.
3.

37°C water bath.
Hemacytometer.
Pipets designated for tissue culture only (1, 2, 5, 10, 25, and 50 mL).
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Humidified incubator at 37°C and 5% CO,,.

Inverted microscope with a range of phase contrast objectives (34, 3 10, 320, and
340) equipped with digital camera and fluorescent attachments.

Biosafety and laminar flow cabinet.

Liquid nitrogen storage tank.

Pipet aid.

Paster pipets.

Pipetmen (2, 10, 20, 100, 200, and 1000 pL).

Bunsen burner.

Dissection scope with high resolution (Nikon, Tokyo, Japan; model no. SMZ-1500
with the magnification range x7.5 — x12.5).

Aspirator assembly tube.

Tabletop centrifuge.

Immunocytochemistry

PBS +/+ (see Subheading 2.1., item 30).

1 M sodium hydroxide: weight 40 g of sodium hydroxide (NaOH) and dissolve in
1 L distilled water.

Paraformaldehyde (PFA) solution. To prepare 4% PFA/4% sucrose in PBS: com-
bine 4 g PFA and 4 g sucrose in a glass beaker. Add 75 mL distilled water and
place on a heated stirrer to dissolve at a temperature of 56°C. Add two drops of
1 M sodium hydroxide; after all powder has gone into solution, add 10 mL 10X
PBS (+/+). Using a pH meter (or paper), check that pH is between 7.2 and 7.4.
Adjust accordingly. Make up volume to 100 mL with distilled water. Store at 4°C
and use within 1 wk (see Note 4).

Blocking solution (for cell surface markers). For 10 mL: mix 9.7 mL PBS (+/+)
and 0.3 mL goat serum in a 15-mL tube. Store at 4°C and use within 48 h.
Mounting media, ready to use Vectashield (Vector Labs, Burlingame, CA; cat. no.
H-1000) or Aqua Polymount (Polysciences, Warrington, PA; cat. no. 18606).
High salt buffer (for intracellular markers). For 1 L: mix 14.61 g sodium chloride
(250 mM), 50 mL 1 M Tris-HC1 pH 7.4 (50 mM), and distilled water to 1 L. Store
at room temperature for several weeks.

Blocking solution (for intracellular markers). For 50 mL: weigh 0.5 g polyvinyl-
pyrrolidone (1%) into a 50-mL tube and add 48 mL high salt buffer (see
Subheading 2.2., item 6), 1.5 mL goat serum (3%), and 150 uL Triton X-100
(0.1%). Mix by inversion until completely in solution and store at 4°C. Use within
48 h.

Washing buffer (for intracellular markers). For 50 mL: mix 50 mL high salt buffer
(see Subheading 2.2., item 6) and 25 puL Tween-20 (0.05%) in a 50-mL tube. Mix
by inversion until completely in solution.

DAPI, dihydrochloride (VWR,; cat. no. 80051-386).

Mouse 0.-OCT 4 IgG (Chemicon; cat. no. MAB4305).

Mouse o-OCT 4 IgG (Santa Cruz Technologies, Santa Cruz, CA; cat. no.
SC-5270).

Mouse o.-SSEA-1 IgM (Chemicon; cat. no. MAB4301).



60 Mitalipova and Palmarini

13. Mouse a-SSEA-4 IgG (Chemicon; cat. no. MAB4304).

14. Mouse 0-TRA-1-60 IgM (Chemicon; cat. no. MAB4360).

15. Mouse 0-TRA-1-81 IgM (Chemicon; cat. no. MAB4381).

16. Goat anti-mouse Alexa Fluor 488 IgG (Molecular Probes, Eugene, OR; cat. no.
A-11029).

17. Goat anti-mouse Alexa Fluor 488 IgM (Molecular Probes; cat. no. A-21042).

18. Rat a-SSEA-3 (Chemicon; cat. no. MAB4303).

3. Methods
3.1. Immunosurgical Isolation of Inner Cell Mass

Donated human embryos are cultured according to standard IVF proto-
cols to the blastocyst stage. The method of immunosurgery is performed as
described by Solter and Knowles (9). It involves the removal of the zona
pellucida followed by incubation of the embryo in antibody solution that binds
to the proteins of trophectoderm cells but not to the inner cell mass cells; then
lysing trophectoderm cells with guinea pig compliment.

1. Remove the zona pellucida by incubation in 0.5% pronase solution in embryo
culture medium (see Note 5) for 30-40 s under microscope observation. When
zona pellucida start to dissolve, remove embryos from the pronase solution and
wash at least 7-10 times in embryo culture media.

2. Incubate the embryos in human anti-placental alkaline phosphatase antibody
diluted 1:10 in embryo culture medium for 40 min. After incubation, wash the
embryos five to seven times in embryo culture medium.

3. Incubate the embryos in guinea pig complement diluted 1:4 in embryo culture
medium (embryos may collapse during this procedure).

4. Wash the collapsed embryos five to seven times in embryo culture medium using
a pulled Pasteur pipet with a fire polished 100- to 120-um diameter until lysing
trophoblast cells are removed.

5. Plate the intact ICM onto an inactivated mouse embryonic fibroblast (MEF)
monolayer in hES medium (for MEF monolayer preparation see Subheading 3.2.).

6. Change 50% hES medium every other day in ICM cultures. Start passaging
7-10 d after ICM growth will be observed (for further passaging of ICM, see
Subheading 3.4.2.).

3.2. Isolation of MEF Cells

hES cells, as mouse ES cells, require a feeder layer of mitotically
inactivated fibroblast cells or other cell types in order to remain pluripotent in
culture. The hES cells that we routinely use, BGO1 and BGO2 cell lines (5,8),
were established on a MEF feeder layer. The MEF cells are made by standard
procedures using 13.5-d post coitus mouse embryos and are frozen immedi-
ately after monolayer formation (see Note 6). The MEF cells are
frozen immediately after they form a monolayer at passage one or two. The
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performance of MEF as feeders will be compromised by multiple passage, so
it is advisable not to expand MEF before use as feeders.

3.2.1. Removal of Uterus

1.

Sacrifice pregnant mice by asphyxiation with CO,. Place the mouse on its back.
Pin the animal down onto a covered Styrofoam box lid by inserting needles
through its legs.

Spray with 70% ethanol and swab with sterile gauze. Using scissors make a cut
through the belly skin (at the median line just over the diaphragm).

Grasping the skin on both sides of the incision, pull in opposite directions to
expose the untouched ventral surface of the abdominal wall (see Note 7).

Cut longitudinally along the median line of the exposed abdominal wall with
sterile scissors, revealing the viscera. The uteri filled with embryos should be
seen in the posterior abdominal cavity.

Dissect out the uterus with sterile forceps and scissors and place into a 50-mL
screw-capped tube containing 20 mL sterile PBS +/+.

If more than one animal is being used, place the tube containing the uterus in the
refrigerator or on ice until all uteri have been removed.

After the uterus has been isolated, place the dissected female carcass into an
autoclave bag for proper disposal. Take the intact uteri to the tissue culture
laboratory, and transfer them to a fresh dish of sterile PBS.

3.2.2. Dissection of Embryos

1.

2.

Place uterus in a 100-mm polystyrene Petri dish containing 10 mL PBS (+/+) (see
Note 8).

Using watchmaker forceps and working under a dissection scope, tear the uterus
with two pairs of sterile forceps, keeping the points of the forceps close together
to avoid distorting the uterus and bringing too much pressure to bear on the
embryos.

Release embryos from embryonic sacs and transfer to a new Petri dish containing
fresh PBS (+/+) (see Note 9).

Under a dissecting microscope, remove the embryo heads and livers, intestines,
heart, and all viscera using two watchmaker forceps.

3.2.3. Trypsinization of Cells

1.

2.
3.

4.

Transfer the embryo carcasses to a fresh Petri dish (no PBS). Carefully mince the
embryos with a curved surgical scissors.

Add 5 mL 0.25% trypsin/EDTA per 10 fetuses and triturate through a 10-mL pipet.
Transfer the embryo/trypsin solution from the Petri dish with a 10-mL pipet to
the barrel of a 10-mL syringe with an attached 18-G needle. Replace the syringe
plunger and slowly and gently push the embryo/trypsin solution through the
needle. Collect in a 50-mL conical tube.

Gently pass the embryo/trypsin suspension through the needle a second time.
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Incubate the tissue suspension for 15 min at 37°C, triturating briefly every 5 min
in a biosafety cabinet through a 10-mL pipet to dissociate the tissue.

Add an equal volume of MEF medium. Triturate the suspension vigorously with
a pipet.

Plate one embryo equivalent per 175-cm? flask and add complete medium to make
up a final volume of 30 mL per flask (see Note 10).

Incubate at 37°C with 5% CO, (see Note 11).

The next day, change the medium with an equal volume of fresh complete medium.
On d 3-4, when the cells are 90% confluent, the MEF pOs are ready to be frozen.

3.2.4. Harvesting and Freezing of MEFs

Nk w D=

=

11.

3.3.
3.3.
1.

2.

Rinse the 90% confluent cells once with 20 mL PBS (—/-).

Detach cells using 3 mL 0.05% trypsin/EDTA solution per flask.

Tap the flask after 1 min to detach cells.

Inactivate the trypsin solution by adding 5 mL complete medium.

Pool cells from all flasks into 50-mL tubes ensuring even distribution among
various tubes.

Count the number of viable cells using trypan blue and a hemacytometer (see
Note 12).

Centrifuge the cell suspension at room temperature for 4 min at 200g.
Resuspend the cells in complete medium at two times the desired final freezing
concentration (see Note 13).

Slowly and drop-wise, add an equal volume of 20% DMSO in FBS (see Note 14).
Dispense 1 mL cell mixture into prelabeled cryovials and place cryovials into a
freezing container (which is prefilled with 250 mL room temperature isopropanol)
and freeze at —80°C overnight (see Note 15).

After overnight incubation, rapidly remove the cryovials from the freezing
container and place in liquid nitrogen (—196°C) for long-term storage.

Fibroblast Feeder Layer
1. Thawing MEFs

Remove vial of MEF p0 from the liquid nitrogen and briefly open the lid under a
biosafety cabinet to release pressure. Close tightly again.

Thaw cells rapidly by hand, rotating the cryovial in a 37°C water bath and spray
the vial with 70% ethanol and dry with a Kimwipe.

Working in a biological safety cabinet, transfer the thawed MEF cells to a sterile
50-mL conical centrifuge tube.

Swirling slowly, drop-wise add 10 mL. MEF medium to the cell suspension. Add
an additional 10 mL complete medium.

Centrifuge at room temperature at 200g for 4 min.

Resuspend the cells in 40 mL medium. Pipet well before removing aliquot for
counting.

Count the viable cell number using trypan blue (see Note 16).
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8.

9.

Seed T-175 flasks at approx 3 x 10° cells (see Note 17) per flask. Use 30 mL
MEF medium per flask and swirl to ensure even distribution.

Incubate flasks at 37°C in a 5% CO, environment. MEFs should be 90-95%
confluent, in the T175 flasks, 3 d after the initial thawing of the cells.

3.3.2. Inactivation and Plating of MEFs

1.
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10.
11.

12.
13.
14.

15.
16.

17.
18.

19.
20.

21.

After 3 d of incubation, check each flask individually by observing under a
microscope to ensure cell growth and culture sterility (see Note 18).

In a biosafety cabinet, aspirate medium from T-175 flasks and add 16 mL mito-
mycin C solution (10 pg/mL).

Incubate treated flasks for 2 h at 37°C, 5% CO, (see Note 19).

After a 2 h inactivation of cells, aspirate off the mitomycin C solution (see Note 20).
Wash each flask five times with 20 mL PBS (+/4).

Aspirate the PBS (+/+) and wash the cells with 20 mL PBS (—/—) per flask.

Add 3 mL 0.05% trypsin/EDTA solution per flask.

Monitor, at room temperature, the degree of cell detachment. Rock and gently tap
the flask (approx 1 min) (see Note 21).

When the cells are sufficiently detached from the flask (normally 1-2 min), add
5 mL MEF medium to each flask to inactivate the trypsin and rock to disperse.
Pool the cell suspensions from one to six flasks into 2X 50-mL conical tubes.
Add 15 mL MEF medium to the first flask and rinse out cells. Transfer this same
15 mL to the subsequent flasks and pool with cell suspension. Discard flasks.
Adjust the volume in each tube to 50 mL with MEF medium.

Centrifuge cells at 200g for 4 min at room temperature.

Resuspend cell pellets with MEF medium and pool into 1X 50-mL tube (see
Note 22).

Centrifuge cells at 200g for 4 min at room temperature.

Resuspend cell pellet in 40 mL MEF medium. Use a 10-mL pipet and ensure to
resuspend fully and adjust the volume to 50 mL with MEF medium.

Centrifuge cells at 200g for 4 min at room temperature (see Note 23).

Suspend the cell pellet first in 10 mL of complete medium and then add medium
to final volume of 40 mL, mixing again vigorously before counting.

Count cells with trypan blue (see Note 24).

Centrifuge again if necessary to resuspend in a set volume to enable easier
calculations for plating (see Note 25).

Plate MEF cells at the density described in Table 1.

3.3.3. Gelatin Coating for Staining

If plating MEFs on dishes or wells that will be used to stain ES cell colonies,

it is advisable to gelatin coat before plating. This will enhance attachment of
MEF:s to the plastic during staining procedure.

1.
2.

Make a 0.2% gelatin solution in dH,O.
Use 0.8 mL to cover a well on a four-chamber slide, or 2 mL for a 35-mm dish.
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Table 1
MEF Plating Density

Culture MEFs to seed Optimum

Culture container area cm? for hES cell volume (mL)
Dishes
35-mm 10 1.2 x 10° 2
60-mm 20 2.4 x10° 5
100-mm 60 7.2 x 100 10
Flasks
T-25 25 3.0 x 108 5
Multiwells
96well- 0.3 3.6 x 10* 0.2
24-well 2 2.4 %103 1
6-well 10 1.2 x 10°
Chamber slides
4 1.8 2.1 x 103 0.8

3. Incubate at room temperature for 1 h.

4. Wash once with PBS (+/+) before plating MEFs.
3.4. Culturing hES Cells

3.4.1. Thawing Manually Passaged hES Cells

L.

2.
3.

S

Pre-equilibrate aged MEFs. Using at least 3-d-old MEF plates, aspirate off the
medium, and replace with 2 mL 15/5 hES medium.

Place dish at 37°C until ready to plate out cells.

Wearing a protective face visor and cryo gloves, remove cryovials from liquid
nitrogen. Briefly open the lid under a biosafety cabinet to release pressure and
close tightly again.

Thaw the cells rapidly by hand by rotating the cryovial in a 37°C water bath until
only small ice pieces remain. Spray vial with 70% ethanol and dry with a
Kimwipe.

Working in a biological safety cabinet, transfer the thawed cells to a sterile 15-mL
conical centrifuge tube.

Swirling slowly, dropwise add 10 mL of 15/5 hES cell medium to the cell
suspension.

Centrifuge at room temperature at 200g for 4 min.

Resuspend pellet in 2 mL 15/5 hES medium.

Aspirate medium from the pre-equilibrated dishes and plate-thawed cells.

Check daily for colony formation. Colonies may take as long as 10-14 d to appear.
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3.4.2. Manually Passaging hES Cells by Mouth Aspirator
3.4.2.1. PIPET PREPARATION

1. Prepare Pasteur pipets. This is done by heating a glass pipet on a low flame and
pulling out the glass to the desired diameter (see Note 26).

2. Loop back the pulled glass, rub onto itself, and tap to break. The glass will break
at the point of friction giving a straight edge.

3. Polish the end to remove ragged edges, by passing tip gently over a low flame.

4. Place pipet in the biosafety cabinet, ready to use (see Note 27).

3.4.2.2. ASSEMBLE MOUTH ASPIRATOR

1. Take two pieces of rubber tubing; join with a 13-mm sterile filter.

2. Attach a red mouthpiece to the tubing on the clear end of the filter.

3. Attach an aerosol barrier 1-mL tip to the other end of the tubing and insert a pre-
pulled glass pipet.

3.4.2.3. MANUAL PASSAGING BY MOUTH ASPIRATOR

1. Using at least 3-d-old MEF plates, aspirate off the medium and replace with 2 mL
of 15/5 hES medium. Place dish at 37°C until ready to plate out cells.

2. Carefully cut hES colonies into pieces of 10-100 cells. Avoid any “bad” areas of
differentiated cells and leave them attached to the dish.

3. After the colony has been cut into the desired pieces, transfer by mouth aspira-
tor to a pre-equilibrated dish. Aim to have a minimum of 20 pieces per 35-mm
dish.

4. Place the dish in 37°C, 5% CO,. Once on the shelf move the dish up and down
and sideways twice to evenly distribute colony pieces.

5. Change the medium daily with a 50% medium change.

3.4.3. Manual Passage of hES Cells by Hook
3.4.3.1. PIPET PREPARATION

1. Prepare Pasteur pipets. This is done by heating a glass pipet on a low flame and
pulling out the glass, stretching it by 2 in.

2. Place the thinned area of the pipet above the flame and pull glass apart rapidly,
forming a needle-like edge.

3. Quickly touch the needle end of the Pasteur into the flame allowing the glass tip
to curve back on itself to form a hook.

4. Place pipet in biosafety cabinet, ready to use (see Note 27).

3.4.3.2. MANUAL PAssAGE OF COLONIES BY HOOK

1. Using at least 3-d-old MEF plates, aspirate off the medium and replace with 2 mL
of 15/5 hES medium. Place the dish at 37°C until ready to plate out cells.

2. Using a prepared hook, carefully cut colonies into pieces of 10-100 cells. Avoid
any “bad” areas of differentiated cells and leave them attached to the dish.
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After the colony has been cut into the desired pieces, transfer by pipet to a pre-
equilibrated dish. Aim to have a minimum of 20 pieces per 35-mm dish.

Place the dish at 37°C, 5% CO,. Once on the shelf move the dish up and down
and sideways twice to evenly distribute colony pieces.

Feed cells daily with a 50% medium change.

3.4.4. Manual Passage of hES Cells by Chopping

3.4.4.1. PIPET PREPARATION

1.

2.

Prepare Pasteur pipet. This is done by heating glass pipet on a low flame and
pulling out glass by 2 in.

Place the thinned area of pipet back above the flame and pull glass apart rapidly,
forming a short flexible needle-like edge.

Place the pipet into a biosafety cabinet, ready to use (see Note 27).

3.4.4.2. MANUAL PASSAGE OF COLONIES

1.

6.

Using at least 3-d-old MEF plates, aspirate off the medium and replace with 2 mL
15/5 hES medium (see Subheading 2.1.1., item 2). Place the dish at 37°C until
ready to plate out cells.

Carefully cut colonies using a hook into pieces of 10-100 cells. Avoid any “bad”
areas of differentiated cells and leave them attached to the dish. This is easiest
achieved if done methodically. Make four to eight parallel cuts; rotate dish 90° and
make another set of cuts.

Gently slide a glass needle under the colony and lift up the pieces.

Transfer by pipet to a pre-equilibrated dish. Aim to have a minimum of 20 pieces
per 35-mm dish.

Place dish at 37°C, 5% CO,. Once on shelf, move the dish up and down and
sideways twice to evenly distribute the colony pieces.

Feed cells daily with a 50% medium change.

3.4.5. Freezing Manually Passaged hES Cells

Use plates of 3-d-old “good” undifferentiated colonies for freezing. If unde-
sirable colonies are present remove these from the plate before proceeding.

AR

S

Aspirate off the medium and wash the plate with 2 mL PBS (-/-).

Aspirate off the PBS and add 1 mL 1 mg/mL collagenase.

Incubate at 37°C for 3 min.

Aspirate off collagenase and add 1 mL 15/5 hES medium.

Under dissection scope, immediately use a cell scraper and gently scrape the
bottom of the dish to break the feeder layer with colonies into pieces.

Remove cell suspension to a 15-mL tube.

Repeat the above steps with subsequent plates until all cells have been harvested.
Spin cells at 140g for 4 min.
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9.
10.
11.
12.

13.

Aspirate the supernatant and gently resuspend cell pellet in solution A at half the
desired volume (see Note 28).

Slowly add an equal volume of solution B over 2 min, with occasional swirling.
Dispense 1 mL of cell mixture into prelabeled cryovials.

Place cryovials into a freezing container prefilled with 250 mL room temperature
isopropanol and freeze at —80°C overnight (see Note 29).

After overnight incubation, rapidly remove the cryovials from the freezing con-
tainer and transfer to liquid nitrogen (—196°C) for long-term storage.

3.4.6. Thawing Manually Passaged hES Cells

I.

9.
10.
11.

12.

Pre-equilibrate aged MEFs. Using at least 3-d-old MEF plates, aspirate off
medium, and replace with 2 mL of 15/5 hES medium for CDB or 2 mL 20%
KSR medium for trypsinized cells.

Place dish at 37°C until ready to plate out cells.

Wearing protective face visor and cryo gloves, remove cryovials from the liquid
nitrogen.

Briefly open the lid under a biosafety cabinet to release pressure. Close tightly
again.

Rapidly thaw cells by hand by rotating the cryovial in a 37°C water bath until only
small ice pieces remain.

Spray vial with 70% ethanol and dry with a Kimwipe.

Working in a biological safety cabinet, transfer the thawed cells to a sterile 15-mL
conical centrifuge tube.

Swirling slowly, dropwise add 10 mL 15/5 hES medium to manually and CDB-
passaged cells or 20% KSR medium to the trypsinized cell suspension.
Centrifuge at room temperature at 200g for 4 min.

Resuspend pellet in 2 mL medium and count.

Aspirate medium from pre-equilibrated dishes and plate-thawed cells at 150,000
per 35-mm dish.

Check daily for colony formation. Colonies may take as long as 3—5 d to appear
(see Note 30).

3.4.7. Passage of hES Cells With CDB

1.

»

Pre-equilibrate aged MEF feeder plates by aspirating off MEF medium and
replacing it with 2 mL per 35-mm dish of 15/5 hES medium. Replace plates at
37°C 5% CO, until hES cells are ready for plating.

Aspirate the medium from hES cells and wash the dish with PBS (—/-).

Repeat wash step with PBS (-/-).

Aspirate off the PBS and add CDB to the cells. For a 35-mm dish, use 1.5 mL
of CDB.

Over 1.5 min, using a 1-mL Eppendorf-style pipet and tip, gently pipet the cell
aggregates up and down several times until most of the hES cells become detached
from the MEFs, leaving the hES cells in suspension.
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Transfer the supernatant containing the hES cells to a 15-mL sterile centrifuge
tube containing 10 mL of 15/5 hES medium.

Using a bench top centrifuge, pellet the cells by centrifugation at 200g for 4 min
at room temperature.

Discard the supernatant and resuspend the cell pellet in fresh 15/5 hES medium,
1 mL per 35-mm dish harvested.

Count cells (see Note 31).

Aspirate medium from pre-equilibrated dishes and plate cells at 150,000 cells per
35-mm dish in 2 mL medium.

Replace plates at 37°C, 5% CO,. Move plates crosswise once placed on the shelf
to ensure even distribution.

Change the media every day. Aspirate 50% medium and replace daily until ready
to passage again around d 4.

3.4.8. Trypsin Passage of hES Cells

1.

> w

10.
11.

12.

Using at least 3-d-old MEF plates, aspirate off medium and replace with 2 mL
20% KSR hES medium. Place dish at 37°C until ready to plate out cells.

Add 1 mL collagenase per 35-mm dish. Place on a 37°C stage for 2-3 min.
Colonies can be observed rounding under the dissection scope.

Aspirate off the collagenase and add 1 mL 0.05% trypsin solution.

Allow trypsin to contact cells for no more than 40 s, aspirate off.

Add 1 mL 15/5 hES medium to the dish. Under the scope, begin to gently pipet to
knock off and break up cell clumps.

Place harvested cells in a 15-mL tube containing 8 mL of 20% KSR medium.
Add fresh medium to the dish and wash off any remaining trypsinized cells, add
to the 15-mL tube (see Note 32).

Spin harvested cells for 4 min at 200g at room temperature.

Resuspend the pellet in 20% KSR medium (2 mL per 35-mm plate trypsinized).
Count the cells (see Note 33).

Aspirate the medium from the pre-equilibrated dishes and plate cells at 150,000
cells per 35-mm dish in 2 mL medium. Place at 37°C, 5% CO,. Move the plate
crosswise on the shelf to evenly distribute the cells.

Change the media everyday with a 50% medium change until ready to passage
again in 3—4 d.

3.5. Characterization of hES Cells
3.5.1. Agarose Plates for Embryoid Body Culture

3.5.1.1. PREPARATION OF AGAROSE PLATES

1.

2.

Working in a biosafety or laminar flow cabinet, cool the agarose solution and lay
out 100-mm Petri dishes (see Note 34).

Using a 25-mL pipet, cover the bottom of one Petri dish at a time. Swirling the
agarose to evenly distribute, then pipet up excess agarose. Continue onto subsequent
Petri dishes.
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3.

Allow dishes to set for 10 min at room temperature. Replace dishes into plastic
sleeve and store at 4°C until ready to use.

3.5.1.2. EQUILIBRATING AGAROSE PLATES

When EBs are ready to be grown in suspension, prepare and equilibrate

agarose plates.

1.

2.
3.

Remove desired number of plates from plastic sleeve at 4°C and add to each plate
10 mL DMEM/F12.

Place plates at 37°C and allow at least 40 min to warm.

Aspirate off DMEM/F12 and replace with prewarmed medium of choice for EB
culture.

3.5.2. Formation of EBs

3.5.2.1. FORMATION OF EBs BY HANGING DROPS

1.

DA o

o

7.

Prepare 100-mm Petri dishes by adding 10 mL sterile PBS (+/4) and prewarming
at 37°C.

After you have desired colonies to convert to EBs, dissociate cells as if passaging.
After cells have been centrifuged after wash, count cells.

Resuspend at 2.5 x 10° cells/mL in 15/5 hES medium (see Note 35).

Open the lid of the Petri dish and place on a level surface. Onto the inner side of
the 1id pipet drops of 5000 cells in 20 pL.

Carefully replace the lid onto the Petri dish containing PBS (+/+). Do not allow
drops to roll together (see Note 36).

After 2 d of culturing hanging drops, follow protocols for desired the pathway of EBs.

3.5.2.2. FORMATION OF EBs BY CUTTING COLONIES

1.

2.

After you have desired colonies to convert to EBs, equilibrate 100-mm 0.5%
agarose-coated plates at 37°C.

Prepare a glass cutter by melting a Pasteur pipet under a small flame. Before the
glass cools, pull to stretch about 2 in. Allow the glass to cool. Placing this
stretched portion of the glass pipet into a flame, again melt and sharply pull apart
to give a sealed and tapering glass tip. This tip should be no more than 1 in. long
and extremely fine.

Work with one plate of ES colonies at a time under a dissection scope in a
biosafety cabinet and aspirate the medium and rinse with PBS (+/+). Add 1 mL
of chosen medium for EB culture.

Carefully use a glass cutter to chop each colony into 16-30 pieces, depending on
colony size. This is easiest if done methodically, make four or five parallel cuts
then rotate dish 90° and perform another four or five cuts perpendicular to the
previous ones.

Transfer chopped colony pieces by pipet to pre-equilibrated 100-mm agarose
dishes containing prewarmed medium of choice (see Note 37).
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Place cells at 37°C with 5% CO,. Move the plates in a crosswise manner to dis-
tribute evenly and prevent mass aggregation. EBs will grow in suspension.
Change the media every 3 d or as required per protocol.

3.5.2.3. FORMATION OF EBs BY COLLAGENASE AND SCRAPING

1.

2.

10.

11.

12.

After you have desired colonies to convert to EBs equilibrate 100-mm 0.5%
agarose plates at 37°C.

Prepare glass scrapers by melting a Pasteur pipet under a small flame. Before glass
cools, pull to stretch about 2 in. Allow the glass to cool and placing this stretched
portion of glass pipet into flame, again melt and sharply pull apart to give a sealed
and tapering glass tip. This tip should be no more than 2 in. and extremely fine
and flexible.

Working with one plate of ES colonies at a time, under a dissection scope in a
biosafety cabinet, aspirate medium and rinse with PBS (+/+).

Add 1 mL of 1 mg/mL collagenase, place on a heated stage (37°C) and observe
colonies for 4 min (colonies should be seen to round and curl at the edges).
Aspirate collagenase and rinse with 1 mL PBS (+/+).

Aspirate PBS and gently add medium of choice for culturing EBs (see Note 38).
Delicately rub glass scraper over the colonies, trying not to tear up the feeder
layer. The colonies should break into clumps and readily detach.

After scraping is complete, pipet colonies into a 15-mL tube containing 10 mL
medium of choice and centrifuge at 140g for 4 min at room temperature.
Aspirate supernatant and gently resuspend the colony pieces in chosen
medium.

Transfer cell clumps into a prewarmed 100-mm agarose Petri dishes containing
medium of choice.

Place cells at 37°C with 5% CO,. Move plate in a crosswise manner to distribute
evenly and prevent mass aggregation. EBs will grow in suspension.

Change the media every 3 d or as required per protocol.

3.5.3. Preparation of hES Cells for Karyotype Analysis

1.
2.

et

Change medium in hES cultures 24 h before karyotyping.

Incubate hES cells with 12 pg/mL EtBr for 40 min at 37°C, 5% CO, followed by
treatment with 120 ng/mL of Colcemid for 20 min.

Wash cells with PBS (—/—) or Hank’s solution.

Incubate hES cells with 0.25% trypsin-EDTA solution for 2 min at 37°C and
dislodge hES cells to single cells.

Harvest hES cells into the same tube that has washed supernatant and add 2—-5 mL
of serum to inactivate trypsin. Centrifuge hES cells at 200g for 8 min.

Carefully aspirate the supernatant off and discard without disturbing the cell pellet.
Gently break up the cell pellet by flicking the tube with your finger.

Resuspend the cell pellet in 4-6 mL hypotonic solution (0.075 M KCl) prewarmed
to 37°C. Incubate the tube at 37°C for 20 min.
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8.

9.

10.
11.

12.

Add six to eight drops of freshly prepared fixative and incubate for additional
10 min. Centrifuge the cells at 200g for 8 min.

Remove supernatant and add fresh fixative, gently resuspend the cell pellet and
incubate at room temperature for 30 min.

Repeat step 9 twice without incubation.

To ensure the presence of metaphase plates, drop one to two drops of the fixed
pellet to wet slides, air-dry, and observe under inverted microscope (see Note 39).
Before shipment to cytogenetic laboratory, the cell pellet can be stored at 4°C for
short-term and at —20°C for long-term storage.

Send the fixed pellet of cells to cytogenetic laboratory for further analysis (see
Note 40).

3.5.4. Formation of Teratomas

1.

2.

3.6.

Scrape hES cells from three to five 35-mm plates using a cell scraper and centrifuge
cells for 3—5 min at 140g.

Leave as little medium as possible and inject the cells into the rear leg muscle or
peritoneum of 4-wk-old male SCID, beige mice using 18- to 21-G needle.
Teratomas will appear after 6 wk and can be dissected for analysis 8—10 wk after
injection (see Note 41).

Immunostaining of hES Cells

3.6.1. Fixing Cells With Paraformaldehyde

1.
2.

Working in a fume hood, wash cells once in PBS (+/4) (see Note 42).

Add PFA solution to just more than cover the bottom of the well or dish and incubate
at room temperature for 15-20 min.

Wash cells three times in PBS (+/+) and store fixed cells at 4°C until ready to stain
with chosen markers.

3.6.2. Immunocytochemistry—Cell Surface Markers

p—

Wash wells one at a time in PBS (+/+) (see Note 42).

Add 0.8 mL block solution for cell surface markers to each well. Incubate at room
temperature for 45 min.

Prepare cell surface marker (1° Ab) in block solution at the dilution recom-
mended in Table 2.

Aspirate block solution from wells and add 300 uL of 1° Ab solution. Cover and
incubate 1 h at room temperature (see Note 43).

Wash cells four times in PBS (+/+) for 5 min each wash.

While completing washes in step S, prepare 2° Ab in block solution at the dilution
recommended in Table 2.

Aspirate off the last wash from the wells and add 300 uL of 2° Ab solution. Cover
and incubate 1 h at room temperature. During incubation, cover sample with foil
to prevent fluorescence bleaching.
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1°Ab Dilution 2°Ab Dilution

Rat-a-SSEA-3 IgM 1:500 Goat-o-rat Alexa 1:1000
Fluor 594 1gM

Mouse-o0.-SSEA-4 1¢G 1:1000 Goat-a-mouse Alexa 1:1000
Fluor 488 1gG

Mouse-0-SSEA-1 IgM 1:1000 Goat-0a-mouse Alexa 1:1000
Fluor 488 IgM

Mouse-o-TRA-1-60 IgM 1:1000 Goat-0a-mouse Alexa 1:1000
Fluor 488 IgM

Mouse-o-TRA-1-81 IgM 1:1500 Goat-0a-mouse Alexa 1:1000
Fluor 488 IgM

Table 3

Intracellular Markers

1°Ab Dilution 2°Ab Dilution

Mouse-0-OCT 4 IgG 1:500 Goat-o-mouse Alexa 1:1000

Santa Cruz Fluor 488 IgG

Mouse-0-OCT 4 IgG 1:50 Goat-o-mouse Alexa 1:1000

Chemicon

Fluor 488 1gG

8. Wash the wells four times in PBS (+/+) for 5 min each wash.

10.

11.

12.

13.

14.

Add 0.8 mL of a 1:10,000 dilution of DAPT in distilled H,O to each well. Incubate
for 5 min at room temperature. Cover with foil during incubation.

Wash cells three times in PBS (+/+) and verify staining has taken place under
ultraviolet microscope before mounting.

Gently remove sides of the chamber and aspirate excess surrounding PBS. Place
one drop of mounting media directly in center of each well area.

Place one drop of mounting media directly in center of each well area and at an angle
gently lower a cover slip onto the slide trying to avoid air bubbles where possible.
Remove excess mounting media from the slide and seal with nail varnish on all
four sides. Keep in dark storage until results are observed or documented.
Compare the staining results according to Table 4.

3.6.3. Immunocytochemistry—Intracellular Markers

1.
2.

Wash wells one at a time in PBS (+/+) (see Note 42).
Add 0.8 mL block solution to each well and incubate at room temperature for
45 min.
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Table 4
Antibody Specificity?

SSEA-1 SSEA-3 SSEA-4 TRA-1-60 TRA-1-81 OCT-4

Human ES cell - + + + + +

Murine ES cell + - - - - +

“ES, Embryonic stem; -, undifferentiated ES cells show negative immunostaining for this

antibody; +, undifferentiated ES cells show positive immunostaining for this antibody.

3. Prepare intracellular marker (1° Ab) in block solution at the dilution recom-
mended in Table 3.

4. Wash the wells two times with high-salt buffer.

5. Add 300 pL of 1° Ab solution. Cover and incubate 1 h at room temperature
(see Note 43).

6. Wash wells three times in washing buffer for 5 min each wash. Meanwhile,
prepare 2° Ab in block solution at the dilution recommended in Table 3.

7. Wash wells one at a time in high-salt buffer.

8. Aspirate off the last wash from the wells and add 300 UL of 2° Ab solution. Cover
and incubate 1 h at room temperature. During incubation, cover the sample with
foil to prevent fluorescence bleaching.

9. Wash cells three times in wash buffer for 5 min each wash. While completing
washes, prepare DAPI solution by diluting 1:10,000 in distilled H,O. Store at 4°C.

10. Wash wells one at a time in high-salt buffer.

11. Add 0.8 mL DAPI solution to each well. Incubate for 5 min at room temperature.
Cover with foil during incubation.

12. Wash cells three times in PBS (+/+) and verify staining has taken place under
ultraviolet microscope before mounting.

13. Gently remove sides of chamber and aspirate excess surrounding PBS. Place one
drop of mounting media directly in center of each well area.

14. Atan angle gently lower a cover slip onto the slide trying to avoid air bubbles where
possible. Remove excess mounting media from slide and seal with nail varnish on
all four sides. Keep in dark storage until results are observed or documented.

15. Compare the staining results according to Table 4.

4. Notes

1. FBS (or fetal calf serum) for hES cell growth varies from lot number to lot
number, so we advise performing a test before purchasing the particular lot of
serum.

2. Store in the dark at 4°C for up to 6 wk or at —20°C for long-term storage.
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11.
13.
14.
15.
16.

17.
18.

19.
20.
21.
22.
23.

24.
25.

26.

27.

28.
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Mitomycin C is highly toxic. We purchase premeasured mitomycin C in glass
vials. Read and understand the material safety data sheet and handle accordingly.
Used mitomycin C must be neutralized by the addition of 15 mL Clorox per
500 mL mitomycin C solution. Swirl the waste solution and incubate 15 min
before discarding.

Work in a fume hood and wear gloves; PFA is toxic, see material safety data sheet.
Embryo culture media used here as a base medium for dilution of primary and
secondary antibodies during isolation of inner cell mass can vary from one in
vitro fertilization laboratory to another. This is a reason we did not provide the
catalog number for embryo culture medium.

Because of the limited lifespan of MEF cells, we recommend preparing in advance
a stock of frozen vials that are capable of supporting hES cells.

This can be assisted with rat tooth forceps.

Work with one litter at a time.

Remove the entire litter before proceeding.

This density allows the cells to adhere but not become overly confluent before
harvest at d 3—4.

MEFs will attach to the flask and begin to divide overnight.

Make a note of the dead cells for future reference.

For example: 2 x 107/mL.

The final cell concentration is 1 x 107.

This procedure ensures that a —1°C/min rate of cooling is achieved, a step critical
to cell viability.

Record dead cell number for reference of freeze/thaw procedures. Viability is
usually greater than 95%.

Depending on the doubling time of the cell stock.

MEFs should be at 90-95% confluency in the T-175 flasks 3 d after the initial
thawing of the cells.

Work in sets of no more than six flasks at a time.

Neutralize waste with Clorox.

MEFs are trypsin sensitive; do not overexpose.

A maximum of 12 x T175 flasks of cells per 50-mL tube.

This has given a total of nine washes for cells: six before trypsin, one at trypsiniza-
tion, and two after trypsinization in MEF medium.

Mixing is critical to get an accurate cell count.

For example: 2 x 10° then calculate required volume to add to medium for plating
requirements.

This will involve pulling the glass about 24 cm. The diameter of the pipet must be
in relation to the colony size; this should be no larger than one-third or half of the
colony size.

At no point should the center of the pulled glass be touched by anything. After
flaming and pulling, the pipet is considered sterile.

Generally aim for approx 100 colonies per cryovial (i.e., if one plate had approx
50 colonies, resuspend cells from two plates in 0.5 mL solution A).
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29. This procedure ensures that a —1°C/min rate of cooling is achieved, a step critical
to cell viability.

30. Change the media daily. Always pass colonies at least once before setting up
experiments.

31. Note this method of passaging will result in clumps of about 3—10 cells. This is
normal; count accordingly.

32. After the feeder layer begins to roll or break, it is time to stop. The best cells seem
to be those that come off first, so do not try hard to collect everything on the feeder
layer or those that remain attached to plate.

33. Take 10 pL of the cell suspension and mix it with 10 puL trypan blue. Fill one
chamber of a 0.1-mm deep hemacytometer. Count four corner boxes on the grid.
Ensure minimum of 100 events counted. Divide the total by the number of boxes
counted. Take this number to x10%, then multiply by 2 for trypan dilution and
finally by the total volume of cells in the 15-mL tube. This will give the total
cell count—i.e., 200 cells counted over four boxes from a 12-mL starting cell
volume = — (200/4) x 10* x 2 (dilution) x 12 mL.

34. Keep plastic sleeve to store prepared dishes.

35. This will allow for good quality EB formation. Depending on the pathway chosen
for EBs to follow, this number may be altered.

36. The cells will now grow in suspension in hanging drops. Less than 50% will
aggregate successfully.

37. Medium of choice depends on pathway you want EBs to follow.

38. EBs can be used for producing the three germ layers or for differentiation along
many pathways. Each process requires different medium and culture conditions.

39. Make sure to see at least 5-10 metaphase plates per slide before sending the
pellet of fixed cells to cytogenetic laboratory.

40. To avoid misinterpretation of karyotype data, it is not advisable to do G-banding
in your laboratory. This requires professional analysis and needs to be done by
cytogenetic labs with clinical diagnosis experience.

41. Greater amount of cells injected will ensure formation of teratomas, but will
compromise the health of the mice. Injection into one leg is advisable to avoid
unnecessary suffering.

42. Use an aspirator to remove and a transfer pipet to add PBS. Be very gentle; cells
will dislodge easily.

43. This can be extended to overnight at 4°C if necessary.
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Routine Culture and Differentiation
of Human Embryonic Stem Cells

Jim McWhir, Davina Wojtacha, and Alison Thomson

Summary

Human embryonic stem cells provide both an in vitro model of human development
and a potential source of cells for treatment of degenerative, metabolic, or traumatic
disorders. This chapter describes techniques for routine maintenance and differentiation of
human embryonic stem cells in culture.

Key Words: Human embryonic stem cells; hES cells; feeder-free culture; karyotype;
embryoid bodies.

1. Introduction

The first human embryonic stem (hES) cells were only isolated some 6 yr
ago (1,2). Although we have learned much about these cells in the intervening
period, the key molecules that control their self-renewal remain unidentified
and present culture systems are almost certainly suboptimal. As a consequence,
there are a variety of protocols available for the routine culture of hES cells that
variously require feeder layers, conditioned medium, disaggregation by several
enzymatic regimes, or mechanical dissociation. It seems likely that the various
lines isolated under different conditions have adapted to those conditions and
the best advice to those who are new to hES culture is to begin with the precise
protocols provided at source. But this is not to say that any single protocol is
in a general sense “best.” This chapter provides the protocols presently used in
our laboratory to culture the hES lines H1 and H9 that are available through
the University of Wisconsin (Wi-cell). They are not the protocols provided by
Wi-cell, and the H1 and H9 cell lines have required a period of adaptation.

To date, hES lines have been established by mechanical dissociation of
explanted inner cell masses or blastocysts on a fibroblast feed layer. At least in
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their early passages, hES cells are highly sensitive to the method of disaggre-
gation and some lines are maintained routinely by mechanical dissociation.
However, this is a very cumbersome method of handling hES cells and
precludes many large-scale culture experiments. Other lines have traditionally
been passaged using collagenase treatment, which leads to the release of cell
clumps from the culture surface, but not to a single-cell suspension, and in our
hands is associated with poor plating efficiency. We have therefore set out to
develop passage procedures that provide for the simplified expansion of hES
cell numbers within a shorter period. In doing so, we have benefited from the
underpinning work of others in developing a conditioned medium system that
allows culture of hES cells without direct contact with feeders (3). In our hands,
hES cells passaged with collagenase frequently do not recover well and cultures
frequently contain a second, fibroblast-like, population (Fig. 1A). We have
found this problem greatly reduced when using a disaggregation regime
comprising trypsin and ethyleneglycol tetraacetate (EGTA) (Fig. 1B).

There must be an accompanying warning that goes along with these and all
other hES protocols—we have no standard assay of normality for hES cells.
Protocols optimized for experimental convenience are not necessarily those that
best retain the pluripotential, wild-type nature of the cells. In this respect, hES
cells are at a disadvantage to their murine counterparts where germ line
transmission provides a convincing indicator of normality. Nevertheless, our
presently favored protocol for routine hES maintenance has been shown to
sustain normal karyotype at extended passage (Fig. 1C) and to sustain the
potential to differentiate widely when hES cells are injected into severe
combined immunodeficiency mice (data not shown).

This is not necessarily true of all passage regimes, and we urge caution in
introducing modifications to culture conditions without careful characterization
of the cells over time. Figure 1C reveals the appearance of the translocation
(iso7q) when cells were disaggregated for 10 passages using ethylenediamine-
tetraacetic acid (EDTA) alone. This translocation had overtaken the population
within 10 passages. The repeatability of this result is under investigation and it
is premature to draw conclusions about the effect of EDTA. However, others
have reported recurrent gain of chromosomes 17q and 12 (4), suggesting that
under certain conditions, there can be strong selection pressure for chromoso-
mal abnormalities. Whether these phenomena arise as a result of enzymatic
disaggregation or as a consequence of culture to high cell density has been the
subject of some debate (5). It is intriguing that different results appear recur-
rently in different labs such that Buzzard et al. (5) report no abnormalities over
80 passages, Thomson and Andrews (4) report different recurrent duplications in
their respective laboratories while using the same cells and culture systems, and
we, using the same line but disaggregating in EDTA alone see yet a third
duplication. On balance, the advantages of enzymatic disaggregation make it
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Fig. 1. Human embryonic stem cells 72 h after passage in (A) collagenase (B)
trypsin/ethyleneglycol tetraacetate (EGTA), revealing the greater plating efficiency,
growth rate, and reduced differentiation we observe with trypsin/EGTA. Cells maintain
a stable karyotype for up to 54 passages with trypsin/EGTA (C, left karyotype), but
abnormalities are observed when using ethylenediaminetetraacetic acid alone (C, right
karyotype) (Please see the companion CD for the color versions of this figure.)

difficult to justify mechanical disaggregation for large-scale experiments, but the
prudent researcher will avoid culturing hES cells to too high a density and will
periodically assess the karyotypic stability of the cells.

Data are now accumulating regarding the patterns of gene expression that
characterize hES cells (6,7). Encouragingly, hES lines of differing origins do
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show common expression patterns, suggesting that it may soon be possible to
develop an expression “fingerprint” of normality for hES cells and this will go
some way toward the further optimization of these protocols.

Experimental differentiation of hES cells often begins with the formation of
embryoid bodies (EBs), structures that mimic the cellular interactions during
embryogenesis and generate inductive signals. EBs are generated by partial
disaggregation of hES cells and by plating onto nonadherent plastic in non-
conditioned medium and in the absence of supplementary basic fibroblast growth
factor (bFGF) (Fig. 2). For our own work with bone-forming cells, we have found
that the prior formation of embryoid bodies is unnecessary for hES cells to
respond to osteogenic-inducing agents. However, this method may be essential
for other lineages and is a useful way of verifying the potentiality of cultures.

Finally, as an example of directed differentiation, we also include our protocol
for osteogenic induction of hES cells (8). Human ES cells enter the osteogenic
pathway within a similar time scale to human mesenchymal stem cells, suggest-
ing that the commitment of hES cells to something similar to a mesenchymal
stem cell may occur rapidly. Figure 3 shows the accumulation of alizarin red-
stained areas of the culture well over time when hES cells are exposed to
osteogenic factors (dexamethasone, b-glycerophosphate, and ascorbic acid).

2. Materials
2.1. Mouse Embryonic Fibroblast Reagents

1. Mouse embryonic fibroblast (MEF) medium: to 450 mL Dulbecco’s modified
Eagle’s medium (DMEM) (Sigma-Aldrich, Poole, England; cat. no. D-5796), add
50 mL fetal calf serum (FCS) (Globepharm, University of Surrey, Guildford, UK)
and 5 mL 100X L-Glutamine (Invitrogen Life Technologies, Paisley, UK; cat. no.
25030-024). Filter-sterilize and store at 4°C for up to 4 wk.

2. MEF freezing mix: to 3 mL MEF medium, add 1 mL FCS and 1 mL dimethylsul-
foxide (Sigma-Aldrich; cat. no. D-2650). Filter-sterilize (see Note 1).

3. Penicillin/streptomycin: a 2X solution is made by the addition of 2 mL peni-
cillin/streptomycin (Invitrogen Life Technologies; cat. no. 15140-122) to 10 mL
of phosphate-buffered saline (PBS) (see Subheading 2.3., item 6).

2.2. hES Culture Reagents

1. Gelatin: add 0.4 g of porcine skin type A gelatin (Sigma-Aldrich; cat. no. G-2500)
to 400 mL H, 0O, autoclave, and store at room temperature.

2. bFGF: for 100 mL of bovine serum albumin-supplemented PBS, add 1.3 mL 7.5%
bovine serum albumin solution (Invitrogen Life Technologies; cat. no. 15260-037)
to 98.7 mL PBS (see Subheading 2.3., item 6). Resuspend lyophilized bFGF
(Sigma-Aldrich; cat. no. F 0291) at 1 pg/mL in PBS supplemented with bovine
serum albumin. Filter-sterilize using a 0.2-um syringe filter and store in 1-mL
aliquots at —20°C.
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Embroid Body Preparation
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Fig. 2. Schematic showing production of human embryonic stem cell-derived embry-
oid bodies (A), typical embryoid body morphology after 2 d of suspension culture (B)
and after 5 d (C).

3. hES medium: to 400 mL knockout (KO) DMEM (Invitrogen Life Technologies;
cat. no. 10829-018), add 100 mL KO serum replacement (Invitrogen Life
Technologies; cat. no. 10828-028), 5 mL 200 mM L-glutamine (Invitrogen Life
Technologies; cat. no. 25030-024), 5 mL 100X nonessential amino acids (Invitrogen
Life Technologies; cat. no. 11140-035), and 1 mL 50 mM B-mercaptoethanol
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H9 EB’s

Fig. 3. Alizarin red staining for mineralisation in differentiating hES-derived embryoid
body cultures in the presence (left panels) and absence (right panels) of osteogenic factors
(dexamethazone, b-glycerophosphate and ascorbic acid) at 0, 3, 7, and 10 d of culture.
(Please see the companion CD for the color version of this figure.)
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2.3.

2.4.

(Invitrogen Life Technologies; cat. no. 31350-010). Filter-sterilize and store at
4°C for up to 4 wk.

hES freezing mix: to 7 mL hES medium, add 3 mL KO serum replacement and 2 mL
dimethylsulfoxide (Sigma-Aldrich; cat. no. D-2650). Filter-sterilize (see Note 1).
Human EB medium: to 450 mL KO DMEM, add 50 mL FCS, 5 mL 100X
L-glutamine, 5 mL 100X nonessential amino acids, and 1.1 mL -mercaptoethanol.
Matrigel: thaw a 10-mL bottle of growth factor reduced Matrigel (Biotrace Fred
Baker Ltd., Bridgend, UK; cat. no. 35-4230) at 4°C overnight on ice (see Note 2).
Aliquot 0.5-mL amounts in prechilled tubes with a prechilled pipet. Store at —20°C.
Trypsin-EGTA (TEG) solution: weigh 0.90 g glucose (VWR International Itd.,
Lutterworth, England; cat. no. 101174Y), 0.12 g disodium hydrogen phosphate
(VWR International Ltd.; cat. no. 444425M), 0.33 g potassium chloride (VWR
International Ltd.; cat. no. 101984L), 0.22 g potassium dihydrogen phosphate
(VWR International Ltd.; cat. no. 102032W), 6.30 g sodium chloride (VWR
International Itd.; cat. no. 102415K), 2.70 g Tris (VWR International Ltd.; cat. no.
103156X). Make up to 800 mL with double distilled water and then add 0.40 g
EGTA (Sigma-Aldrich; cat. no. E-4378), 0.10 g polyvinyl alcohol (Sigma-
Aldrich; cat. no. P-8136), 100 mL 2.5% (10X) trypsin solution in saline
(Invitrogen Life Technologies; cat. no. 15090-046), and 0.90 mL 1% Phenol red
(Sigma-Aldrich; cat. no. P-3532). Adjust pH to 7.6 and make up to 1 L with double
distilled water. Filter sterilize, aliquot, and store at —20°C.

Karyotyping Reagents

Bacto trypsin: add 500 uL Bacto trypsin (Biotrace Fred Baker Ltd.; cat. no.
215310) to 50 mL sterile distilled H,O.

Gurr’s buffer: add 1 Gurr’s buffer tablet pH 6.8 (Invitrogen Life Technologies;
cat. no. 10582-013) to 1 L distilled H,O. Autoclave and store at room temperature.
5% Giemsa solution: add 2 mL Gurr’s R66 Giemsa (VWR International Ltd.; cat.
no. 350864X) to 40 mL Gurr’s buffer pH 6.8.

Hypotonic solution: dissolve 0.56 g KCL in double distilled water and make up to
100 mL. This solution should be made fresh on the day of use.

Karyotype fixative solution: add 3 vol of methanol to 1 vol of acetic acid. This
should be made up immediately before use.

PBS: add 4 Dulbecco “A” PBS tablets (Mg?* and Ca?* free) (Oxoid Ltd., Basingstoke,
England; cat. no. BRO014G) to 400 mL double distilled water. Autoclave and store at
room temperature.

2X sodium chloride/sodium citrate solution (SSC): dissolve 17.53 g sodium chloride
(VWR International Ltd.; cat. no. 102415K) and 8.82 g trisodium citrate (VWR
International Ltd.; cat. no. 102425M) in 800 mL distilled water. Adjust pH to 7.0
and make volume upto 1 L.

Depex mounting medium.

Osteogenesis Reagents

OS-supplemented human EB medium (OS+): to 100 mL human EB medium, add
294 uL 0.017 M ascorbic acid (50 uM final concentration) (Sigma-Aldrich; cat. no.
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A-8960), 1 mL 1 M B-glycerophosphate (10 mM final concentration) (Sigma-
Aldrich; cat. no. G-9891), and 100 puL 0.1 mM dexamethasone (0.1 pwm final con-
centration) (Sigma-Aldrich; cat. no. D-4902). A 0.1 mM dexamethasone stock
solution is prepared by addition of 0.004 g dexamethasone to 95% ethanol and
stored at —20°C.

2. Control human EB medium (OS-): to 100 mL human EB medium add 1 mL 1 M
B-glycerophosphate (10 mM final concentration).

3. Alizarin red stain: for a 1% solution add 1.0 g alizarin red (Sigma-Aldrich; cat. no.
A-5533) to 100 mL distilled water, allow to dissolve, and filter through Whatman
3M filter paper.

4. Calcium colorimetric kit (Randox Laboratories Ltd., Ardmore Antrim, UK; cat.
no. CA590).

3. Methods

3.1. Isolation of MEFs

1.
2.

&

10.
11.

12.
13.
14.

15.
16.

17.

Sacrifice a pregnant mouse at d 13.5 of pregnancy by cervical dislocation.

Swab the abdomen with 70% alcohol, dissect out uterine horns, dip them briefly
in 70% ethanol, and transfer into a bacterial Petri dish containing PBS and 2X
penicillin/streptomycin solution.

Remove the embryos and place in a dish of PBS containing 2X penicillin/
streptomycin solution.

Decapitate the embryos and transfer the bodies to a sterile capped tube for
transport to a tissue culture hood.

Dissect and discard the soft tissues (liver, heart, and other viscera).

Wash each embryo carcass through three fresh Petri dishes of PBS (containing
2X penicillin/streptomycin solution).

Incubate each embryo in 2 mL TEG solution at 37°C for 5 min.

Vortex the embryo/TEG mix and return to 37°C for a further 5 min.

Repeat the vortex and incubation step sufficient times for the production of a
cloudy cell suspension.

Add 3 mL. MEF medium, vortex, and let larger clumps of debris settle.

For each embryo, remove the top 3.5 mL of cell suspension and transfer to a
75-cm? tissue culture flask with a further 15 mL MEF medium.

Incubate in a humidified 37°C incubator with 5% CO,.

Change the medium daily until the cells are approaching confluency.

When the cells approach confluence, wash with PBS, aspirate, and incubate with
3 mL TEG until the MEFs can be easily knocked off the plastic.

Transfer cells into a 150-cm? tissue culture flask and add 30 mL MEF medium.
Incubate until almost confluent, wash with PBS, and treat with 5 mL TEG as
before.

Centrifuge cells at 200g for 5 min. Resuspend in 1.5 mL MEF medium and add an
equal volume of chilled MEF freezing mix, mix gently and place 1-mL aliquots in
prechilled cryovials.
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18.

Place at —80°C overnight and then store under liquid nitrogen or at —150°C.

3.2. Generation of Conditioned Medium for hES Cells

1.
2.

3.3.

Rapidly thaw a cryovial of MEFs by placing in a 37°C water bath.

Immediately after thawing, transfer the cells into 10 mL of prewarmed MEF medi-
um and centrifuge at 200g for 5 min.

Resuspend the MEFs in 1 mL MEF medium, triturate a couple of times to break
up any clumps, and then add 14 mL MEF medium. Transfer cell suspension to a
75-cm? tissue culture flask and incubate.

MEFs can be passaged or expanded with TEG as described in Subheading 3.1.,
steps 14-15 and are used up to passage four for conditioning of medium.

Grow MEFs in MEF medium in an appropriately sized flask to approx 80%
confluence. A 75-cm? flask of MEFs is used to condition 20 mL medium, and a
150-cm? flask of MEFs is used to condition 40 mL medium.

After the cells are approx 80% confluent, aspirate the medium and replace with
hES medium supplemented with 4 ng/mL bFGF.

Leave the medium in the flask for approx 24 h for conditioning to take place, then
harvest the medium and replace with fresh hES medium plus bFGF to be harvest-
ed the following day. This can be repeated up to four times (i.e., each flask of
MEFs can be used to condition medium for 4 d).

Add another 4 ng/mL bFGF stock to the harvested medium and filter-sterilize
through a low protein-binding filter unit. This medium can be used directly for the
culture of hES cells. The conditioned medium can also be stored at —20°C for
several months. In this case, neither add the second aliquot of bFGF nor filter
sterilize until after thawing.

Growing hES Cells on Matrigel Matrix

Thaw an aliquot of Matrigel on ice.

Add to 50 mL cold KO-DMEM with a prechilled pipet and mix immediately by
inverting.

Coat tissue culture plates or dishes by adding the diluted Matrigel at approx 0.2
ml/cm?. Leave on a level surface at 4°C overnight or room temperature for 1 h.
Coated plates and flasks can be sealed with Parafilm and stored at 4°C up to 1 mo.
Before plating hES cells, aspirate the Matrige]l/KO DMEM and rinse with pre-
warmed KO-DMEM.

Rapidly thaw a cryovial of human embryonic stem cells by placing in a 37°C
water bath.

Once thawed, immediately transfer the cells into 10 mL of prewarmed
KO-DMEM medium and centrifuge at 200g for 2 min.

Resuspend the cell pellet in 1 mL conditioned medium and triturate a couple of
times to break up clumps.

Add an appropriate amount of conditioned medium for the size of flask or dish
(see Note 3).
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Transfer the cell suspension to the Matrigel-coated tissue culture flask or dish and
place in incubator. Incubate at 37°C in a humidified incubator with 5% CO,.
Change the medium daily (see Note 4).

Trypsin-Based Passaging of hES Cells

Aspirate the medium and rinse with prewarmed KO-DMEM.

Incubate the cells in TEG, approx 0.04 mL/cm?, at 37°C until all cells have rounded,
then knock the flask to release the cells into suspension.

Add KO-DMEM to the flask and transfer cell suspension to a centrifuge tube.
Pellet the hES cells by centrifugation at 200g for 2 min.

While the cells are being centrifuged, prepare the new flask/dish. Remove the
matrigel and rinse with prewarmed KO-DMEM. Replace the KO-DMEM with
conditioned medium (see Note 3).

Resuspend the cells in 1 mL of conditioned hES medium. Gently triturate the sus-
pension to ensure a single cell suspension. We usually passage a confluent culture
1:3 (see Note 5). Add 2 mL conditioned medium to the cell suspension, mix, and
then transfer 1 mL to the new flask/dish.

Ensure the cells are well mixed in the fresh conditioned medium and return to the
humidified incubator with 5% CO,.

Cryopreservation of Human ES Cells

Incubate until almost confluent, wash with prewarmed KO-DMEM, and treat with
TEG as in Subheading 3.4., steps 2-3.

Centrifuge cells at 200g for 2 min. Resuspend in KO-DMEM + 30% KO serum
replacement at approx 0.02 mL/cm? of culture surface. Triturate gently to ensure
there are no clumps.

Slowly add an equal volume of chilled hES freezing mix, mixing gently as you
do so.

Place 1-mL aliquots into prechilled cryovials, place at —80°C overnight, and then
store under liquid nitrogen or at —150°C.

Karyotype Analysis of hES Cells

Passage a confluent 75-cm? flask into 4 x 25-cm? flasks.

Exactly 25 h later, add Colcemid at 50 uL per 5 mL conditioned hES medium.

A further 2 h later, remove medium and store in a centrifuge tube.

Wash the flask with 2-3 mL PBS and add to the centrifuge tube.

Add 1 mL TEG to the cells and incubate until cells are ready to come off the flask.
Add the medium/PBS stored in the centrifuge tube and transfer the cell suspension
to a centrifuge tube.

Centrifuge cells at 300g for 5 min.

Discard the supernatant and disrupt the cell pellet using a vortex mixer.

Add 8-10 mL of hypotonic solution using a vortex mixer at a low-medium setting.
Incubate at room temperature for 10 min (see Note 6).

Centrifuge at 300g for 5 min and decant the supernatant as before.
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11.

12.

13.
14.

15.

16.

Resuspend the cell pellet in FIX 3:1 methanol: acetic acid to a final volume of
8—10 mL (see Note 7).

Centrifuge at 300g for 5 min and then resuspend the pellet in fix to a final volume
of 8-10 mL.

Repeat step 12 a further two times.

Following the third centrifugation, remove the supernatant, carefully tap the
cells into suspension, and add fresh fix until the suspension looks slightly
cloudy.

Clean and polish a slide that has been previously washed with 95% ethanol and
5% HCI. Add one drop of suspension onto the slide from a fine-tipped pipet,
allowing it to spread and air-dry (see Note 8). If required, the suspension can be
stored indefinitely at —20°C. Transfer the suspension to an Eppendorf tube and fill
the tube with fresh karyotype fixative solution. If making slides after storing at
—20°C, the suspension should be allowed to warm up to room temperature and
then centrifuged at 300g for 5 min and given two washes in fresh fixative solution
before it is used to make slides.

View under phase contrast to check for number and quality of divisions present.

3.6.1. G-Banding

1.

NN kW

3.7.

AN

Store slides at room temperature for at least 3-5 d.

Incubate slides in 2X sodium chloride/sodium citrate solution (SSC) at 60°C for
24 h (minimum 2 h).

Remove slides and wash briefly in H,O.

Place slides, one at a time, in 1% Bacto-trypsin solution for 30 s (see Note 9).
Wash slides individually in water.

Place slides in 5% Giemsa solution for 10 min.

Wash briefly in H,O.

Blot dry between two sheets of filter paper, check for spreads, then leave to dry
overnight at room temperature.

Place slides in xylene for 2-3 min.

Mount with Depex mounting medium and examine slides on a microscope at
100-fold magnification.

Generation of EBs

Trypsinize an almost confluent or confluent 75-cm? flask of hES cells as described
in Subheading 3.4.

Resuspend the cell pellet in 1 mL conditioned medium. Triturate gently.

Add 39 mL conditioned medium and plate over two Petri dishes (see Note 10).
Incubate in a humidified incubator with 5% CO, overnight.

The following day, there should be clumps of cells floating in the medium.
Forty-eight hours after transferring to the Petri dishes, transfer the cells/medium
to a 50-mL tube. Let the cell aggregates settle (approx 10 min) and then discard
the medium and replace with hEB medium.

Plate the cell suspension out in new Petri dishes.
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Forty-eight hours later, gelatin coat the wells/dishes that the hEBs are to be plat-
ed out on. Add sufficient gelatin solution to cover the plastic surface and leave at
room temperature for at least 1 h. Immediately before use, aspirate the gelatin
solution (leaving a thin film of gelatin) and replace with medium (see Note 11).
Collect the hEBs and transfer to a 50-mL tube and let settle (approx 10 min).
Discard the medium and wash the hEBs in 10 mL PBS. Let the hEBs settle and
then remove the PBS.

Add 0.5 mL prewarmed TEG and leave at room temperature for approx 5 min.
Triturate the hEBs until they are disaggregated.

Resuspend in hEB medium and then seed on gelatin-coated plastic at approx
1 X 10° cells/mL. If the hEBs do not look big and mature enough on d 4, then,
rather than disaggregating them, they can have the medium changed and left for a
further 24 h before they are disaggregated.

3.8. Osteogenic Differentiation of hES Cells

1.

Precoat the required number of plates with gelatin solution (see Subheading 3.7.,
step 8). A 96-well plate will be required for the calcium assay and 2 x 48-well
plates for the Von Kossa and Alizarin red staining, respectively.

Plate out cells from dissociated hEBS at 1 x 10° cells/mL (see Subheading 3.7.,
step 11) as follows: for a 96-well plate, 100 UL cell suspension/well and for the
48-well plates, 250 uL cell suspension/well.

Incubate overnight in a humidified incubator with 5% CO, at 37°C.

Remove medium and replace with OS-supplemented hEB medium for test wells
(OS+) and normal medium (OS-) for control wells. For a 96-well plate, add 200
UL /well, for a 48-well plate add 400 pL/well. Do not add OS-supplemented
medium to the d O time points. Instead, these wells are fixed as described in
Subheading 3.8.1., steps 1-5.

Replace medium every 3 d.

At each time point, fix three wells for OS+ and OS- treatments as outlined in
Subheading 3.8.1., steps 1-5. Suggested time points are 0, 2, 4, 7, 10, 15, and 20 d.

3.8.1. Von Kossa Staining

A S

——
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Remove medium from the designated wells at each time point.

Wash twice with calcium and magnesium free PBS.

Fix with 200 uL. 95% methanol for 15 min at room temperature.

Remove methanol and add 400 pL PBS.

Leave at 37°C until final time point.

After fixing the final time point, all time points are stained together (steps 6-11;
see Note 12). Remove PBS and wash once with H,O.

Add 200 uL 2% silver nitrate.

Leave under 70-W lamp for 1 h.

Wash once with H,O.

Stop with 200 puL 5% Na thiosulphate for 5 min.

Wash with H,O. Photograph before removing H,O. Scan whole plate after wells
have been allowed to dry.
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3.8.2. Alizarin Red Staining

-

Fix as described in Subheading 3.8.1., steps 1-6.

Add 200 pL Alizarin red solution and leave for 5 min at room temperature.
Wash carefully three times with dH,O.

Photograph soon after staining because color will fade with time. Plate can be
scanned after wells have been allowed to dry.

3.8.3. Calcium Assay (see Note 13)

1. Remove medium.

2. Wash wells three times with 0.9% NaCl.

3. Leave wells to dry out at 37°C.

4. To lyse cells add 50 uL 0.1 M NaOH and leave for 2-3 h.

5. After cells are lysed, neutralize with 20 uL 2 N HCI.

6. Dry plates in incubator at 60°C.

7. After plates are dried, they can be stored at room temperature until ready to per-
form calcium assay.

8. Perform analysis by the calcium colorimetric kit as per the manufacturer’s
instructions.

9. Prepare the calcium standard curve and optimize. Analyze wells in triplicate. The
kit requires optimization for this protocol.

10. Read resulting color end point at 575 nm on a plate reader and calculate values
using a standard curve.
4. Notes

1. Freezing solutions should be made fresh whenever possible. If necessary, they
may be aliquoted and frozen at —20°C, but must be thawed only once.

2. Matrigel matrix will gel rapidly above 20°C and may occasionally gel in the fridge
if the temperature is raised slightly. Keep on ice during preparation and use pre-
cooled pipets.

3. For a 25-cm? flask of hES cells, add approx 6 mL conditioned medium; a 75-cm?
flask approx 20 mL; and a 150-cm? flask approx 35 mL. For a well of a 6-well
plate use 3 mL and for a 10-cm plate approx 10 mL.

4. Human ES cells require passaging at (or just before) confluence and must be fed
daily.

5. Human ES cell seeding rates are approx 2.5-5 x 10* cells per cm?.

6. Incubation of hES cells in hypotonic solution longer than 10 min is not
advised.

7. Itis very important that addition of fixative is done carefully and slowly. The cells
should be agitated gently on a vortex mixer while the first 2-3 mL of fixative is
added slowly, dropwise, down the side of the tube. Adding the first fix is the single
most important step.

8. Hold the slide at an angle as you drop the suspension onto it.

9. The time of exposure to trypsin is important. If left too long, the trypsin will

overdigest the preps, and it is best to assess slides one at a time until the optimal
period of exposure can be determined.
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10. Tissue culture plastic must not be used for EBs because aggregates will attach to
the surface and fail to form a suspension culture.

11. If embryoid bodies are small on d 4, they may be left a further 24 h before
disaggregation.

12. Steps 6-11 must be done very gently to prevent loss of cells, which are easily
dislodged.

13. The purpose of the calcium assay is to determine the extent of matrix-associated
mineralization after osteogenic treatment.
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Culture of Human Embryonic Stem Cells
on Human and Mouse Feeder Cells

Gautam Dravid, Holly Hammond, and Linzhao Cheng

1.

Summary

This chapter describes the methods we use to maintain and expand undifferentiated
human embryonic stem (hES) cells on human and mouse feeder cells. All of the available
hES cells have been derived and propagated on primary mouse embryonic fibroblasts as
feeder cells that have been mitotically inactivated. We found that hES cells can be suc-
cessfully cultured on selected human feeder cells, such as marrow stromal cells derived
from adult bone marrow and breast skin fibroblasts. Detailed protocols to use human and
mouse feeder cells are described here, together with our method to split hES cells by
trypsin/ethylenediaminetetraacetic acid-mediated dissociation. We also describe methods
we use to characterize hES cells expanded on either human or mouse feeder cells, includ-
ing alkaline phosphatase staining, immunostaining for cell-surface markers associated
with undifferentiated hES cells, and teratoma formation in mice.

Key Words: Embryonic stem cells; human stem cells; mesenchymal stem cells; marrow
stromal cells; MSCs; feeder cells; fibroblasts; immortalization; self-renewal; pluripotency;
teratoma.

Introduction

All of the available human embryonic stem (hES) cells at this time have been
derived and propagated on primary mouse embryonic fibroblasts (pMEFs) as
feeder cells that have been mitotically inactivated (1,2). Preparation of pMEFs
from embryos is relatively easy; however, it must be done often because
pMEFs after three to five passages display a reduction in proliferative rate and
hES cell supportive activity. An additional disadvantage is that pMEFs may
transmit known and unknown rodent pathogens to hES cells in coculture. We
have shown that hES cells can be successfully cultured on selected human feed-
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er cells, such as marrow stromal cells (MSCs) derived from adult bone marrow
(3). Other studies showed that selected human feeders derived from tissues such
as fallopian tubes, fetal muscle or fetal skin (4), newborn foreskin (5,6), and
other cell types (7) can also maintain hES cells in an undifferentiated state.
More recently, we identified a panel of postnatal human fibroblasts that are
either capable or incapable of supporting undifferentiated hES cells over many
passages (8). In addition to MSCs, we found that normal fibroblasts from breast
skin (ccd-1087sk) can also maintain the growth and pluripotency of hES cells
in culture. The ccd-1087sk cells were subsequently immortalized by enforced
expression of the human telomerase reverse transcriptase (h"TERT') gene to pro-
duce a sustainable supply of feeder cells. The untransduced parental cells start
to senesce at about passage 31, whereas the hTERT-transduced cells retained the
same growth rate beyond 42 passages. We call the immortalized ccd-1087sk
cells human adult fibroblasts, immortalized (HAFi). The HAFi cells are kary-
otypically normal and nontransformed. More important, the HAFi cells support
the growth of hES cells at least as efficiently as pMEFs. In comparison, hTERT-
transduced MSCs often grew faster, became sensitive to radiation (used to
make mitotically arrested cells), and appeared transformed (thus discontinued).

In this chapter, we describe the routine culture of MSCs and HAFi cells and
the culture of hES cells on human feeder cells in comparison with pMEFs. This
system will be useful in maintaining hES cells more reliably by reducing vari-
ation from feeders and in determining the factors produced by the feeder cells
and their interaction with hES cells.

2. Materials
2.1. Tissue Culture

1. Dulbecco’s modified Eagle’s medium (DMEM), high glucose (Invitrogen, Grand
Island, NY; cat. no. 11995-065).

Minimum essential media with Earle’s salts (Invitrogen; cat. no. 11095-080).
DMEM, low glucose (Invitrogen; cat. no. 11885-084) for MSCs.

Knockout D-MEM: optimized D-MEM for ES cells (Invitrogen; cat. no. 10829-018).
Fetal bovine serum, heat inactivated (Gemini Bioproducts, Woodland, CA; cat.
no. 100-106) or (Hyclone, Logan, UT; cat. no. SH30071.03).

Na-pyruvate 100 mM (100X) in MEM (Invitrogen; cat. no. 11360-070).
Knockout serum replacement (Invitrogen; cat. no. 10828-028).

L-glutamine (200 mM) (Invitrogen; cat. no. 25030-081).

MEM nonessential amino acids (10 mM) (100X) (Invitrogen; cat. no. 11140-050).
1X phosphate-buffered saline (PBS) Ca™ and Mg*2 free (Invitrogen; cat. no.
14190-144).

11. B-mercaptoethanol (EM Science, Gibbstown, NJ; cat. no. EM-6010).

12. Penicillin-streptomycin (100X) (Invitrogen; cat. no. 15140-122).

13. Antibiotic-antimycotic solution (100X) (Invitrogen; cat. no. 15240-062) for MSCs.
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39.

Basic fibroblast growth factor (bFGF) (Peprotech, Rocky Hill, NJ; cat. no.
100-18B).

0.05% trypsin-ethylenediaminetetraacetic acid (EDTA) (Invitrogen; cat. no.
25300-054).

Trypsin inhibitor type I-S from soybean (Sigma, St. Louis, MO; cat. no. T-6522):
used at 0.5 mg/mL in hES medium, filter-sterilized with Steriflip (Millipore,
Billerica, MA; cat. no. SCGP00525).

Stericup (Millipore; cat. no. SCGPU11RE).

Trypan blue 0.4% solution (Invitrogen; cat. no. 15250-061).

Sigma FAST 5-bromo-4-chloro-3-indolyl phosphate/nitro blue tetrazolium
(BCIP/NBT) (Sigma; cat. no. B-5655).

Mouse anti-human stage-specific mouse embryonic antigen (SSEA)-4 (mIgG3)
antibody (Developmental Studies Hybridoma Bank, Iowa City, IA; Clone: MC-
813-70).

Mouse anti-human TRA-1-60 (mIgM) antibody (Chemicon; cat. no. MAB4360).
Mouse anti-human TRA-1-81 (mIgM) antibody (Chemicon; cat. no. MAB4381).
Matrigel™ matrix (Becton Dickinson [BD], Bedford, MA; cat. no. 354234).
Polybrene (Sigma, cat. no. S2667).

Hygromycin B (Roche Diagnostics Corporation, Indianapolis, IN; cat. no. 843 555).
15-mL (Sarstedt Inc., Newton, NC; cat. no. 62.554.002) and 50-mL (Sarstedt; cat.
no. 62.547.004) centrifuge tubes.

10% buffered formalin (Fischer Scientific, Fairlawn, NJ; cat. no. SF 100-4).
Trizma (Tris[hydroxymethyl]Jaminomethane) (Sigma; cat. no. T-6066).
Magnesium chloride hexahydrate (EM Science; cat. no. MX0045-2).

Bovine serum albumin (Fraction V) (Rockland Immunochemicals Inc., Gilbertsville,
PA; cat. no. BSA-50).

Human immunoglobulin (Ig)G (to block nonspecific binding of IgG): Gamunex
(10% human IgG) solution purchased from a pharmacy; made by Bayer Corpor-
ation (Pittsburgh, PA). Dilute 50 times to reach a working concentration 2 mg/mL.
Six-well tissue culture plate (BD; cat. no. 353046).

24-well tissue culture plate (BD; cat. no. 353047).

Sterile Hank’s balanced salt solution (HBSS) without phenol red (Invitrogen; cat.
no. 14025-092).

25-cm cell scrapers (Sarstedt; cat. no. 83-1830).

1-mL sterile syringes (BD; cat. no. 309628).

Sterile 25-gage needle (BD; cat. no. 305122).

Gelatin (Sigma; cat. no. G-2500). Prepare 0.1% gelatin solution: add 1 g of gelatin
to a 1-L capacity sterile glass bottle. Make up to 1 L with deionized water. Sterilize
by autoclave solution at 20 psi for 15 min or using the liquid cycle of the auto-
clave. Allow to cool before using to gelatinize plates (see Note 1).

Medium for undifferentiated hES cells. For 1 L: 800 mL Knockout DMEM, 200
mL knockout serum replacement, 10 mL 100X MEM nonessential amino acids,
10 mL 200 mM L-glutamine, 0.1 mM [B-mercaptoethanol (see Note 2), and
4 ng/mL of bFGF (see Notes 3 and 4).
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Medium for mouse embryonic fibroblast (MEF) cells. For 1 L: 900 mL DMEM,
high glucose, 100 mL fetal bovine serum (FBS), 10 mL 100X nonessential amino
acids.

Media for human MSCs. For 1 L: 900 mL DMEM low glucose, 100 mL FBS,
10 mL 100X antibiotic-antimycotic solution, and 1 ng/mL bFGF (see Note 3).
Medium for CCD-1087sk cells and HAFi cells. For 1 L: 900 mL minimum essen-
tial medium with Earle’s salts, 100 mL FBS, 10 mL 200 mM L-glutamine, 10 mL
100X Na-Pyruvate, 10 mL of 100X nonessential amino acids, and 10 mL 100X
penicillin-streptomycin.

Cells
hES cells: hES cell line H1 (Wi-Cell, Madison, WI; NIH code WAO1).

2. pMEF feeder cells: untreated Hygromycin resistant (Specialty Media, Inc.,
Phillipsburg, NJ; cat. no. PMEF-HL) or mitomycin C-treated (Speciality Media;
cat. no. PMEF-CF [mitomycin-treated]) (see Note 5).

3. Normal breast feeder cells: CCD-1087sk (American Type Culture Collection,
Manassas, VA; cat. no. CRL-2104).

4. Bone marrow mononuclear cells (AllCells; LLC, Berkeley California; cat. no.
ABMO10F). MSCs were derived from adult bone marrow as given below (see
Subheading 3.2.).

2.3. Retroviral Vector

1. pBabe-hTERT-hygro: the retroviral vector was generously provided by Dr. Robert
Weinberg at Whitehead Institute, MIT. The retroviruses were generated from
PG13 packaging cells.

2.4. Immunocompromised Mice

1. Non-obese diabetic-severe combined immunodeficient (NOD-SCID) mice (Taconic,
Germantown, NY; cat. no. NODSC-M) or the SCID-beige mouse (Taconic, cat. no.
CBSCBG-MM).

3. Methods
3.1. Preparation of pMEF Feeder Layers

1. Thaw a frozen vial of MEF cells quickly in a 37°C water bath (see Note 6).

2. Transfer the cells into a 15-mL centrifuge tube. Add 10 mL of MEF media slow-
ly and dropwise to minimize osmotic shock. Intermittently, shake the tube while
adding media. Resuspend the cells gently in 10 mL MEF medium by pipetting up
and down.

3. Centrifuge at 230g to pellet the cells. Aspirate out the supernatant.

4. Tap the tube on the palm of your hand to disperse the cells in the residual media

left behind in the tube.
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In the case of untreated pMEFs, add 5 mL MEF media to the tube and resuspend
the cells gently by pipetting up and down.

Irradiate the cells at 50 Gy using y-irradiation. After irradiation, centrifuge the
cells, aspirate supernatant, and resuspend in 12 mL MEF medium for plating. In
case of mitomycin C-treated cells, steps 5 and 6 are not necessary; directly resus-
pend cells in 12 mL. MEF media after performing step 4.

Plate the cells in six-well gelatinized plates (see Note 7). Place the plates in a 37°C
incubator with 5% CO, (in air) and relative humidity set to 90%.

Observe the plates the next day for proper adherence of the pMEFs.

The cells can be used to plate the hES cells in the next 7 d. It is preferable that cul-
ture medium is changed to serum-free hES media (after 1X PBS wash), 1 d before
plating the hES cells.

One day before seeding hES cells, add 2 mL fresh hES media/well and incubate
overnight. On the next day, seed with hES cells directly into conditioned medium.

Human MSCs as Feeder Cells

Suspend bone marrow mononuclear cells in the MSC medium.

Plate the cells in 175-cm? flasks at a density of 6 x 107 cells/flask and culture in
a 37°C incubator with 5% CO,, and with relative humidity set to 90%.

Change the medium after 48 h and every 3—4 d thereafter. The cultures will reach
90% confluence in 10-14 d.

Once confluent, aspirate out the medium and wash once with PBS.

Add 3 mL 0.05% trypsin EDTA, and incubate at 37°C until the cells detach. Then
stop trypsin action by adding the FBS-containing MSC media.

Collect the cells in a tube and centrifuge at 230g for 5 min.

Aspirate supernatant and resuspend cells in 10 mL of medium.

Irradiate cells at 50 Gy and resuspend in 10 mL of medium.

Perform a cell count using a hemocytometer and 0.4% trypan blue.

Plate 0.2 x 10° viable cells/well of a gelatinized six-well plate.

Allow cells to adhere overnight. The feeders are now ready for seeding with hES
cells.

Culture of Feeder Cells Derived From Normal Breast Tissue

The ccd-1087Sk cells are cultured in appropriate media (see Subheading
2.1.) and maintained in 75-cm? or 175-cm? flasks.

1.

Cells grow as a monolayer and show contact inhibition. Cells are passaged once per
week at a 1:3 to 1:4 split ratio. For passing, cells are trypsinized with 0.05% trypsin
EDTA. Stop trypsin action by adding complete medium containing 10% FBS.
Harvest cells, centrifuge at 230g, and discard supernatant. Resuspend in 5 mL of
medium.

Perform a cell count using a hemocytometer and 0.4% trypan blue. We ideally
seed 0.35 x 10° cells/75-cm? flask or 0.8 x 106 cells/175-cm? flask. Change media
on d 4 and passage on d 7.
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Immortalizing Feeder Cells

We use a retroviral vector encoding the catalytic domain of hTERT (see
Subheading 2.3.) to immortalize the ccd-1087 Sk cells. The vector has a
Hygromycin selection gene, which enables the selection of stably transduced
cells based on resistance to Hygromycin B.

1.

3.5.

3.6.

The viral vector is harvested as a supernatant from PG13 cells, stably producing
the vector. The ccd-1087sk cells are transduced in a 75-cm? flask, with the vector,
in presence of 8 pg/mL polybrene overnight. Cells should be 40-50% confluent
for transduction.

The next day, aspirate the media and add fresh medium.

After 48 h, add 50 pg/mL Hygromycin B. Continue the Hygromycin B selection
for three more days.

Passage the selected cells for a second round in the presence of Hygromycin B to
select for stable Hygromycin B-resistant clones (see Note 8). These cells are the
immortalized cells termed HAFi (Fig. 1) and are used to support the growth of
undifferentiated H1 hES cells (Fig. 2).

Preparation of HAFi Feeder Layers

HAFi cells are cultured in 175-cm? flasks. Seed at a density of 0.8 x 10¢ cells/
175-cm? flask.

Change media on d 4. At d 7, the cells are confluent and can be passaged and are
used for making feeder cells.

Remove the medium from the confluent flasks and add 10 mL PBS to wash the cells.
Add 3 mL 0.05% trypsin EDTA and place the flask in the incubator until the
monolayer detaches.

Add 6 mL complete MEM media to the flask and gently pipet the cells up and
down.

Centrifuge, aspirate supernatant, and resuspend cells in 5 mL of medium.
Perform a cell count using a hemocytometer and 0.4% trypan blue.

Irradiate and plate cells at a density of 0.2 X 10° cells/well of a gelatinized six-well
plate.

Allow cells to adhere overnight. The feeders are now ready for seeding with hES
cells. Follow same protocol as described for hES cells plating on PMEFs.

Splitting hES Cells

Remove the medium from the plate containing confluent hES cells colonies and
wash once with PBS (see Note 9).

Add 1 mL of 0.05% Trypsin/EDTA to each well of the six-well plate. Place the plate
in the incubator for 3—-5 min. Pipet the cells up and down with a 1-mL micropipet
and 1-mL microtip to break up the cells into small clumps (see Note 10).

Add 1 mL soybean trypsin inhibitor (0.5 mg/mL) to each well. Pipet the cells
again using a 10-mL pipet. Strain the cells through a 100-um strainer into a
50-mL sterile collection tube (see Note 11).
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Fig 1. The cumulative fold expression of immortalized human adult fibroblasts,
immortalized (HAFi) cells is shown as compared with the untransduced parental
ccd-1087sk cells. The HAFi cells grow well beyond (42 passages) the untransduced
cells, which senesced at passage 31.

4. Pellet cells at 230g; aspirate supernatant. Resuspend cells in hES medium and
plate onto PMEF feeders already prepared preferably a day before.

3.7. Characterization of Undifferentiated hES Cells on HAFi Feeder Cells

hES and human embryonal carcinoma cells, which share a distinctive
expression of cells surface antigens that are different from mouse ES and EC
cells (11-15). We typically characterize the growth of undifferentiated hES on
HAFi feeder cells by; their ability to form compact colonies (Fig. 2), surface
alkaline phosphatase staining (Fig. 2) (9,10), and the expression of typical sur-
face markers like SSEA-4, TRA-1-60, and TRA-1-81, known to be associated
with undifferentiated hES cells (Fig. 3).

3.7.1. Alkaline Phosphatase Staining

1. Start with the plates containing compact colonies of hES cells on top of the HAFi
feeder cells.

2. Aspirate out the medium from the wells and wash once with PBS.

Fix the cells with 10% buffered formalin at room temperature for 30 min.

4. Aspirate out the formalin and wash once with PBS.

et
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Fig 2. Compact human embryonic stem cell colonies growing on human adult
fibroblasts, immortalized (HAFi) feeder layers (A). Cells were fixed and surface alka-
line phosphatase activity assessed using a substrate for the enzyme. Bright-field image
shows surface alkaline phosphatase activity (B). Bar represents 200 um. (Please see the
companion CD for the color version of this figure.)

SSEA-4 TRA-1-60 TRA-1-81

Fig 3. Human embryonic stem (hES) cells on human adult fibroblasts, immortalized
(HAFi) feeders were fixed and stained for surface markers associated with undifferen-
tiated hES cells. The illustration shows expression of stage-specific mouse embryonic
antigen (SSEA)-4, TRA-1-60, and TRA-1-81 on the surface of hES cells. For SSEA-4,
the nuclear staining was done using the Hoechst dye. Bar represents 200 um. (Please
see the companion CD for the color version of this figure.)

5. Wash the wells three times with Tris buffer solution (see Note 12).

6. Remove the Tris solution and add 1 mL/well of a six-well plate of alkaline phos-
phatase substrate BCIP/NBT (see Note 13). Incubate at room temperature and
slowly rock the plate on a shaker (see Note 14).

7. Stop the reaction by aspirating the substrate solution and rinsing with PBS.

3.7.2. Immunostaining of Surface Antigens

1. Grow the hES cells on the HAFi feeders in 24-well plates (see Note 15). Aspirate
medium and wash once with PBS at the end of the culture period.
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®

Fix the cells with 4% paraformaldehyde (PFA) (see Note 16) at 4°C for
30 min.

Add 250 pL/well staining buffer (see Note 17) supplemented with 0.4% human
IgG for 15 min to block nonspecific binding.

Add the SSEA-4 antibody (mIgG) (1:100 dilution) or TRA-1-60 (mIgG) (1:20
dilution or TRA-1-81 (mIgG) (1:20 dilution). Incubate at 4°C for 1 h.

Aspirate the antibody solution and wash three to five times with the same buffer.
Add 300 pL buffer to each well after the last wash.

Add secondary antibodies conjugated with different fluorochromes. We have used
goat anti-mouse IgG Alexa 546 (for SSEA-4) and goat anti-mouse IgM Alexa 488
(for TRA-1-60 and TRA-1-81) (see Note 18).

Incubate at 4°C for 1 h. Wash three to five times with buffer.

Observe under a fluorescence microscope using the appropriate filters.

Optional: we also stain cells with Hoechst 33358 (blue emission) to visualize the
nucleus; it also gives a better contrast with the surface staining (see Fig. 3).

3.8. Culture of Cells on Matrigel (see Note 19)

Coat six-well plates with Matrigel before seeding the hES cells (see Note 20).
Make 1:30 dilution (in cold ES medium) and coat the plates (1 mL/well for six-
well plates). Incubate at room temperature for 1 h, aspirate diluted Matrigel, and
wash once with PBS.

Suspend the hES cells to be plated in conditioned media (CM) from the feeder
cells (mouse or human) (see Note 21).

Plate hES cells at the same split ratio (1:3 to 1:5) used for regular passage.

Plate hES cells in a volume of 2.5 mL/well (see Note 22). Replace CM every day.
The hES cells, once confluent (4-5 d), can be used for injecting into mice for
teratoma formation.

3.9. Teratoma Formation

The pluripotency of hES cells can be estimated by testing their ability to

form teratomas in immunocompromised mouse models like the NOD-SCID or
the SCID-beige mouse (see Note 23).

1.

2.

o

Cells to be used for teratoma formation should be passaged once onto Matrigel
before harvesting (see Note 24).

Allow cells to grow to 80-90% confluence. At least 1 x 10° cells or more are
necessary for injection to form a teratoma (see Note 25).

Do not remove media from well and scrape cells on the bottom of each well and
gently pipet cells up and down to reduce large clumps (see Note 26).

Transfer cells to conical centrifuge tube, but do not pass through a strainer. You
may pool wells/plates together in the same tube.

Spin cells at 230g for 5 min at 4°C.

Remove supernatant and resuspend cells in sterile HBSS (see Note 27).

Load resuspended cells into syringes and keep on ice until ready to inject (see
Note 28).
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8. Clean injection sites with alcohol. If necessary, remove some fur to expose site
(see Note 29).

9. Examine injection site at least once per week. Teratoma may develop as quickly
as 3—4 wk or it may take as long as 3—4 mo.

10. After palpable teratoma has been detected, euthanize animal for excision.
Teratomas are usually quite intact and removal of outer layer of skin/fat is sufficient
to expose and excise tumors. Tumors may be kept in sterile PBS for a few hours
until processing.

11. Weight, size, and morphology can be noted at this time. Tumors should be placed
in 4-10% formalin for 24 h before embedding and sectioning and for long-term
storage (see Note 30).

4. Notes

1. Feeder cells adhere to gelatin-coated plates more efficiently. Gelatin will not
dissolve in deionized water at room temperature, but will dissolve only on auto-
claving. To gelatinize six-well plates, add 2 mL 0.1% gelatin solution per well,
keep for 1 h at room temperature in the laminar hood, aspirate, and allow to air
dry with lids open. The plates can now be seeded with feeders. They can be
wrapped (in plastic wrap) and stored at 4°C for future use. We do not use gela-
tinized plates that are more than 4 d old.

2. Add 7 pL of B-mercaptoethanol to 10 mL PBS and add this 10 mL/L of hES
medium. Make this working solution fresh each time while making the medium.

3. We make a stock of 10 pg/mL bFGF as per the manufacturer’s recommendation
and aliquot and store stock solution at —20°C. From this add 100 pL/1 L (final
concentration 1 ng/mL) for MSC medium and 400 pL/1 L hES medium (final
concentration 4 ng/mL.).

4. For making the hES medium, add all the requisite volumes including bFGF into
the funnel of the Stericup and filter before use.

5. The mitomycin C-treated cells are mitotically inactive and can be used directly.
For the untreated cells we mitotically inactivate them by g-irradiating at
50 Gy.

6. This will minimize the time for the cells to thaw and prevent the prolonged expo-
sure of cells to DMSO (used in the cryopreservation, which is toxic to cells at
room temperature). Follow recommended protocol for thawing. Transfer the cells
to a 15-mL tube.

7. For a vial containing 5 x 10¢ cells, usually four six-well plates can be made.
Add 2 mL/well of MEF media to the plate. For seeding cells add 0.5 mL of
cell suspension per well already containing 2 mL. MEF medium. After adding
cells to the wells, evenly disperse the cells by moving the plate forward,
backwards, and sideways. Do not swirl the plate because this will cause the
cells to accumulate and subsequently concentrate more toward the center of the
plate.

8. We have compared the growth of these transduced 1087SK cells with the
untransduced parental line. Although the untransduced cells undergo senescence
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10.

11.

12.

13.

14.

15.

16.

after 31 passages, the hTERT transduced cells continue to proliferate far beyond
42 passages.

Add the PBS to the wells slowly by touching the pipet tip to the side walls of the
well. Do not allow the PBS to stay on the cells for more than 5 min (work gently,
but quickly). Aspirate the PBS and proceed for trypsinization.

Check cell dissociation under a microscope after 3—5 min of trypsinization. The
cells should be detached. While pipetting, be gentle. The purpose is to break up
the colonies into small clusters and not to obtain a single cell suspension. The
human ES cells like to grow from small clumps. The cloning efficiency from sin-
gle cells is extremely poor (<1%).

We found that straining through 100-pum strainers efficiently removes the strands
of feeder cells that remain after trypsin digestion and minimizes carryover of the
feeder cells. We also tried 70-pum strainers but recommend the 100-pm strainers
work the best probably because they allow small clumps of hES cells to pass
through, but eliminate the strands of feeders that form after trypsinization.

Do not use PBS. The phosphate group in PBS will inhibit alkaline phosphatase
activity. Dissolve 100 mM Tris and 5 mM MgCl, in deionized water. Use this for
washing, before adding the substrate.

The BCIP/NBT substrate is in form of preweighed tablets. Powder the contents of
a single tablet and put in a 15-mL tube. Add 10 mL of deionized water to dissolve
the contents by vortexing to give a straw yellow solution. Powdering the tablet
helps in quick dissolving of the substrate.

The blue-colored reaction develops within 10-20 min. Observe the plate under
microscope to check the intensity of the blue color developing. The color devel-
oping should be dark (Fig. 2), but not saturating. Do not allow the reaction to
proceed for very long because the saturation will mask the surface staining and the
colonies will appear to have a more diffused appearance. To stop the reaction,
aspirate out the substrate solution completely and add PBS to the wells. You can
count the numbers of alkaline phosphatase colonies or photograph them. Use
bright-field (and not phase contrast) microscopy because this gives the best
results.

In this case, we generally seed 4.5 X 10* HAFi feeders per well. For hES cells a split
ratio of 1:3 to 1:5 is preferable. When colonies develop by d 3—4, proceed with fixing
and staining.

4% PFA should be prepared fresh or stored at —20°C. Wear a proper face mask
while weighing PFA. Weigh 2 g in a 50-mL flask. Add 40 mL PBS (pH 7.4). Cover
the flask and keep it on a stirrer (in a fume hood) with a magnetic needle in the
flask. Turn on the heating on the stirrer to facilitate the dissolution (do not boil the
solution) of PFA. You may add 0.1% phenol red as pH indicator to the PBS. The
solution should be orange red in color (phenol red has a pH range of 6.8-8.4). We
add few drops of 0.1 N NaOH to further facilitate the dissolution. The solution will
turn dark pink in color. After traces of PFA have completely dissolved, add 0.1 N
HCI to bring the pH to 7.4. The presence of phenol red indicator will help the
process. Add 0.1 N HCI drop wise until the dark pink color changes back to the
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17.

18.

19.

20.

21.

22.

23.

24.

25.
26.
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orange red color. In case phenol red is not added, you can adjust the pH back to
7.4 with 0.1 N HCI using a pH meter. Make up the volume to 50 mL. We aliquot
the PFA and freeze it at —20°C. Do not store at 4°C or room temperature. Use
within 15 d to 1 mo.

Dissolve 2.5 g bovine serum albumin in 250 mL PBS; add sodium azide
(NaN,) at a final concentration of 0.09%. Make up volume to 500 mL. Store
buffer at 4°C.

To check for background staining, the primary antibody is excluded. For a more
specific control, you can use an isotype control antibody. An isotype control anti-
body is raised in the same animal as the primary antibody has the same isotype as
the primary but is raised against either a nonbiological antigen or an antigen never
found on the target cells. This gives you the nonspecific background binding of
the antibody to your target cells.

Cells can be cultured in the absence of feeder cells on Matrigel (which is an extra-
cellular matrix from mouse sarcoma). This eliminates most of the feeder cells
from the previous passage, which we find to be better when hES cells are to be
used for teratoma formation. We followed the protocol described by Xu et al. (16),
with necessary modifications.

Avoid exposure of Matrigel to room temperature (keep on ice). Matrigel is
stored regularly at —20°C. For use, transfer to 4°C to allow complete thawing.
Extreme care has to be taken to work with Matrigel because it forms a gel
very rapidly at room temperature. Always keep on ice during the coating proce-
dures. To have even coating, we usually cool six-well plates (individually
wrapped) in a refrigerator for 10 min before coating with Matrigel. We dilute
Matrigel (1:30) in complete hES medium, instead of 1:20 as described in the
original article (16).

The CM is collected from the irradiated or mitomycin C-treated feeders. For col-
lecting CM, remove the medium (the original medium in which the feeders were
seeded) from the feeder wells. Wash with PBS once and add 2 mL of complete
hES medium/well of a six-well plate. Collect the CM the next day and replace
wells with fresh medium. The CM can be collected daily for 1 wk. We discard the
feeders after collecting CM for 1 wk. We add bFGF at 4 ng/mL to the collected
CM, and filter-sterilize using Steriflip before use.

Move the plate sideways and back and forth and place in the incubator. Do not
swirl the plate because the cells will gather to the center of the well.

We used both SCID-beige and NOD-SCID mice for teratoma formation as report-
ed previously (1,2). We found that SCID-beige strain offers a higher rate and
quicker formation of teratomas, although NOD/SCID also gave rise to teratomas.
Although good teratoma formation has been seen with cells harvested from both
PMEEF feeders and Matrigel, the latter is preferred.

Cells from a six-well plate per injection are usually sufficient for teratoma formation.
Smaller clumps are preferred as compared with a single cell suspension for
injection. On the other hand, the clumps should not be very large or they will
clog the needle.
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Fig 4. Teratoma obtained in SCID-beige mice from hES cells grown on human adult
fibroblasts, immortalized (HAFi) feeders (A—C) or primary mouse embryonic fibroblasts
feeders (D-F). Representative sections after hematoxylin and eosin staining are shown in
(A) connective tissue, adipose tissue, endothelium; (B) epithelial, gland, endothelial, and
neural tissue; (C) connective tissue and cartilage; (D) smooth muscle and neural tissue;
(E) adipose, connective, neural, and gland; and (F) epithelium with melanin deposition
and glandular development. Bar represents 50 pum in original scale. (Please see the
companion CD for the color version of this figure.)

27. The amount of HBSS is dependent on cell number, number of injections, and injec-
tion site. For example: six wells in 250 UL for one intramuscular injection. Usually,
250 uL per injection is good for intramuscular and testicular injection; more may
be used for intraperitoneal sites.

28. Because hES cells are very sticky and likely to aggregate and precipitate, it is nec-
essary to load each injection into a separate syringe to prevent unequal distribu-
tion of cells through multiple injections.

29. Use accepted techniques for safe injection of an animal.

30. We usually have the hematoxylin and eosin stained slides analyzed by a patholo-
gist for identifying the different tissue types that might be present in the formed
teratomas. Representative section slides after hematoxylin and eosin staining are
also shown in Fig. 4 as a reference.
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Maintenance of Human Embryonic Stem Cells in Animal
Serum- and Feeder Layer-Free Culture Conditions

Michal Amit and Joseph Itskovitz-Eldor

Summary

The availability of human embryonic stem cells (hESCs) reflects their outstanding
potential for research areas such as human developmental biology, teratology, and cell-
based therapies. To allow their continuous growth as undifferentiated cells, isolation and
culturing were traditionally conducted on mouse embryonic fibroblast feeder layers, using
medium supplemented with fetal bovine serum. However, these conditions allow possible
exposure of the cells to animal pathogens. Because both research and future clinical
application require an animal-free and well-defined culture system for hESCs, these
conventional conditions would prevent the use of hESCs in human therapy. This chapter
describes optional culture conditions based on either animal-free or feeder-free culture
methods for hESCs.

Key Words: Embryonic stem cells; foreskin fibroblasts; transforming growth factor-31;
basic fibroblast growth factor; leukemia inhibitory factor; fibronectin.

1. Introduction

When human embryonic stem cells (hESCs) were isolated for the first time by
Thomson and colleagues, the culture methods used were similar to the procedures
developed earlier for embryonal carcinoma cell lines or mouse ESCs (1), i.e.,
coculture with mitotically inactivated mouse embryonic fibroblasts (MEFs) using
medium supplemented with 20% fetal bovine serum (FBS). However, the poten-
tial use of hESCs for clinical purposes such as cell-based therapy requires their
isolation and culture in an entirely animal-free environment. This will prevent
their exposure to retroviruses or other pathogens potentially present in the mouse
feeder layer or FBS. Additionally, for developing therapies based on hESCs
and for using the cells as research models, a well-defined and reproducible
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system is required. The use of FBS or mouse feeder layer prevents establishing
such a culture system for hESCs.

To promote the development of animal-free and well-defined culture systems
for hESCs, one can culture the cells either with or without human feeder layers.
Both options require animal serum substitute. The simplest alternative to FBS is
human serum (2), though it is not well defined and batch variation cannot be
avoided. Another alternative is serum replacement when supplemented with basic
fibroblast growth factor (bFGF) (3). The drawback here is that it contains
“Albumax,” which is a lipid-enriched bovine serum albumin mixed with addi-
tional animal products and, therefore, although relatively defined, it is not animal-
free.

The first animal-free culture system for hESCs was published by Richards
and colleagues based on coculture with human fetal-derived feeder layers or
human adult Fallopian tube-epithelial feeder layers and medium supplement
with 20% human serum (2). Using this culture system, hESCs can be cultured
for prolonged periods while maintaining hESC features, and new hESC lines
can be isolated. Foreskin fibroblasts were also found to support both the culture
and derivation of hESCs using medium supplemented with either human serum
or serum replacement (4,5).

Foreskin fibroblast has several advantages. Unlike fetal fibroblast, which can
be grown to reach a certain limited passage, foreskin fibroblast can be grown
continuously for at least 6 mo while maintaining the ability to support hESCs
as undifferentiated cells. Their long lifespan enables their comprehensive
characterization, which is essential for hESCs’ future clinical use. These feed-
ers may therefore have an advantage when large-scale growth of hESCs is
concerned. Because of their importance, great effort is being invested in the
optimization of hESC culture methods and in developing alternative systems
based on coculture with human feeder layers (6).

In view of the large-scale and well-defined culture system required for hRESC
growth for clinical uses, the ideal method for growing these cells would be on
matrix using serum and animal-free medium. Xu et al. were the first to demon-
strate a culture system in which hESCs were cultured without direct contact
with MEFs, using Matrigel matrix and 100% MEF-conditioned medium
supplemented with serum replacement and bFGF (7). Using this culture system,
hESCs cells may still be exposed to animal pathogens through the MEF-
conditioned medium. Later, Amit et al. suggested a feeder-free culture system
in which no conditioned medium is used (8), which is based on human
fibronectin matrix and medium supplemented with serum replacement, bFGF,
and transforming growth factor-f1 (TGFg,). The hESCs cultured in these
conditions maintained all ESCs characteristics for more than 1 yr. Colonies of
hESCs cultured under animal or feeder layer free conditions are illustrated in
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Fig. 1. Human embryonic stem cells colonies of cell line I3 cultured (A) with mouse
embryonic fibroblasts, (B) with human fibronectin and medium supplemented with
growth factors, (C,D) with foreskin fibroblasts. Bar: A—C = 50 uM; D = 38 uM.

Fig. 1. The existing feeder-free culture systems for hESCs are based on medium
supplemented with serum replacement, a component that is not regarded as ani-
mal free. Whether these systems are able to support the derivation of hESC
lines is yet to be seen.

2. Materials
2.1. Routine Tissue Culture

1. Freezing medium for both hESCs and foreskin fibroblasts: 60% Dulbecco’s modi-
fied Eagle’s medium (DMEM) (Invitrogen, Carlsbad, CA; cat. no. 41965039),
20% dimethylsulfoxide (Sigma-Aldrich Inc., St. Louis, MO; cat. no. D-2650), and
20% human serum (Chemicon International, Temecula, CA; cat. no. SILITER)
(see Notes 1 and 2).

2. Serum-free freezing medium for both hESCs and foreskin fibroblasts: 50%
DMEM, 20% dimethylsulfoxide, 30% serum replacement (knockout serum
replacement, SR) (Invitrogen; cat. no. 10828028) (see Note 1).

3. Splitting medium. DMEM supplemented with 1 mg/mL collagenase type IV
(Invitrogen, cat. no. 17104019). For the preparation of 100 mL splitting medium:
add 100 mL DMEM into a filter unit, add 100 mg collagen type IV, let set for 2
min for the powder to resolve, and filter (see Note 3).
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4. Freezing box (Nalge Nunc, Rochester, NY; cat. no. 5100-0001).

2.2. Animal-Free Culturing of hESCs

1. 0.1% gelatin (type A, from porcine) (Sigma-Aldrich Inc.; cat. no. G-1890). All
culture dishes should be covered with 0.1% gelatin at least 1 h before plating fore-
skin fibroblasts (see Note 4).

2. Foreskin fibroblast culture medium: 80% DMEM, 20% human serum, 2 mM
L-glutamine (Invitrogen Corporation; cat. no. 25030-024) (see Notes 3 and 5). For
the derivation of foreskin fibroblasts, supplement media with the addition of
penicillin-streptomycin (Sigma-Aldrich Inc.; cat. no. P-3539) and kanamycin
(Amresco, Solon, OH; cat. no. 0408-106).

3. hESC-medium: 80% DMEM or knockout DMEM (ko-DMEM; Invitrogen; cat.
no. 10829018), 20% human serum (Sera Care Life Sciences, Inc., Oceanside, CA;
cat. no. CC-5520), 1% nonessential amino acids (Invitrogen; cat. no. 11140-035),
1 mM L-glutamine, and 0.1 mM B-mercaptoethanol (Invitrogen; cat. no. 31350-
010) (see Note 3).

4. hESCs serum-free medium: 85% ko-DMEM, 15% SR, 1% nonessential amino
acids, 1 mM L-glutamine, 0.1 mM B-mercaptoethanol, 4 ng/mL human recombi-
nant bFGF (Invitrogen; cat. no. 13256-029). For the preparation of 500 mL of cul-
ture medium: add 75 mL SR, 5 mL nonessential amino acids, 2.5 mL L-glutamine,
1 mL B-mercaptoethanol, 2000 ng bFGF, and 416.5 mL ko-DMEM into a filter
unit and filter (see Note 3).

2.3. Feeder-Free Culturing of hESCs

1. Fibronectin (human): human foreskins fibroblast cellular fibronectin (Sigma-
Aldrich Inc.; cat. no. F6277); human plasma fibronectin (Sigma-Aldrich Inc.; cat.
no. F2006 or Chemicon; cat. no. FC010-10) (see Note 6). Dilute 1 mg human
fibronectin in 10 mL of sterile water (Sigma-Aldrich Inc.; cat. no. W1503). Coat
plates (50 pg/10-cm dish) at room temperature for at least 1 h before plating of
hESCs (see Note 7).

2. Feeder-free culture medium: 85% ko-DMEM, 15% SR, 1% nonessential amino
acids, 2 mM L-glutamine, 0.1 mM B-mercaptoethanol, 4 ng/mL bFGF, 0.12 ng/mL
TGFB1 (R&D Systems, Minneapolis, MN; cat. no. 240-B). For the preparation of
500 mL of culture medium: add 75 mL SR, 5 mL nonessential amino acids,
2.5 mL L-glutamine, 1 mL B-mercaptoethanol, 2000 ng bFGF, 60 ng TGFBI, and
416.5 mL ko-DMEM into a filter unit and filter (see Notes 3 and 8).

3. Methods
3.1. Routine Culturing

3.1.1. Splitting hESCs

The following protocol is suitable for hESCs cultured either with foreskin
fibroblasts or in feeder-free conditions using fibronectin-covered plates.
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1.
2.
3.

4.
5.

Remove medium from well. Add 0.5 mL (for six-well plates) splitting medium
(see Subheading 2.1., item 3) and incubate for 1 h (most colonies will float).
Add 1 mL of culture medium and gently collect cells with a 5-mL pipet (differen-
tiated cells will remain on the plate).

Collect cell suspension and place into a conical tube.

Centrifuge 3 min at 90g at a recommended temperature of 4°C.

Resuspend cells in media and plate directly on a ready-to-use culture plate.

3.1.2. Freezing hESCs

The following protocol can be used for hESCs cultured either with foreskin
fibroblasts or in feeder-free conditions using fibronectin-covered plates. The
recommended freezing ratio is 10 cm? per vial (one well in six-well plates).

1.
2.

>

6.
7.
8.

Add splitting medium to plate and incubate for 1 h.

Add 1 mL culture medium, gently scrape the cells using a 5S-mL pipet and trans-
fer into a conical tube (see Note 9).

Centrifuge 3 min at 90g at 4°C.

Resuspend cells in a culture medium (see Subheading 2.2., items 3 or 4).

Drop by drop, add an equivalent volume of freezing medium (either Subheading
2.1., items 1 or 2) and mix gently (see Note 10).

Pour 0.5 mL into 1-mL cryogenic vials.

Freeze overnight at —80°C in a freezing box (see Note 11).

Transfer to liquid nitrogen on the following day (see Note 12).

3.1.3. Thawing hESCs

This method can be used for hESCs culture with either foreskin fibroblasts
or in a feeder-free environment.

Al

—

3.2.
3.2.
1.

2.

Remove a vial from the liquid nitrogen.

Gently swirl the vial in a 37°C water bath.

When a small pellet of frozen cell remains, wash the vial in 70% ethanol.

Pipet the content of the vial up and down once to mix.

Place the content of the vial into a conical tube and add, drop by drop, 2 mL of
culture medium (see Note 10).

Centrifuge 3 min at 90g at 4°C.

Remove the supernatant and resuspend the cells in 2 mL of medium.

Place the cell suspension on one well of a six-well plate (or on a four-well plate)
precovered with fibronectin (see Subheading 2.3., item 1) or foreskin fibroblasts.

Animal-Free Culturing
1. Derivation of Foreskin Fibroblast Lines (see Note 13)

Place a human foreskin in PBS supplemented with penicillin-streptomycin (see
Note 14).
Unfold the foreskin and wash three times with PBS.
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Cut into small pieces using sharp Iris scissors (approximately eight pieces per
foreskin).

Transfer the clean pieces into a new Petri dish and mince thoroughly using sharp
Iris scissors.

Add 6 mL trypsin/ethylenediaminetetraacetic acid (EDTA) and incubate for at
least 30 min.

Neutralize the trypsin using at least 6 mL of foreskin fibroblasts culture medium
(see Subheading 2.2., item 2). Transfer the foreskin fibroblasts into conical tubes
and use foreskin fibroblast culture medium to wash the plate.

Divide evenly into T-25 culture flasks at a recommended ratio of three pieces per
flask.

Add 6 mL foreskin fibroblast culture medium.

Grow the foreskin fibroblasts until confluent culture is achieved. Change the
medium as needed (do not vacuum the lumps).

Freeze the resultant foreskin fibroblasts to create a vial bank of the line (see
Subheading 3.4.).

3.2.2. Splitting Foreskin Fibroblasts

1.

7.

Split foreskin fibroblasts every 5-7 d (see Note 15) by adding 2 mL trypsin/EDTA
to cover the entire culture-flask surface.

Incubate for 6 min.

Tap the side of the flask to loosen the cells and add 4 mL of culture medium (see
Subheading 2.2., item 2) to neutralize the trypsin.

Remove the cell suspension into a conical tube and centrifuge for 5 min at 300g.
Remove the suspension, resuspend in culture medium, and pipet to fracture the
pellet.

Distribute the cell suspension to a desired number of culture flasks (recommended
splitting ratio is 1:3).

Add 6 mL of foreskins fibroblast culture medium (see Subheading 2.2., item 2).

3.2.3. Freezing Foreskin Fibroblasts

Rl S e

Remove all lumps as much as possible.

Add 2 mL trypsin EDTA and cover the entire culture-flask surface.

Incubate for 6 min.

Tap the side of the flask to loosen the cells and add 4 mL of culture medium (see
Subheading 2.2., item 2) to neutralize the trypsin.

Remove the cell suspension into a conical tube. Let the remaining lumps sink and
remove the cell suspension into a clean conical tube.

Centrifuge for 5 min at 300g.

Add culture medium and pipet up and down to break the cell pellet.

Drop by drop, add an equivalent volume of freezing medium (see Subheading
2.1., items 1 or 2) and mix gently (see Note 10).

Place 1 mL into 2-mL cryogenic vials (a recommended freezing ratio of one or
two vials per confluent flask).
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10.
11.

Freeze the vials overnight at —80°C in a Nalgene freezing box (see Note 11).
Transfer the vials into a liquid nitrogen container (see Note 12).

3.2.4. Thawing Foreskin Fibroblasts

1.
2.
3.

AN

Remove the vial from the liquid nitrogen and quickly thaw it in a 37°C water bath.
When a small pellet of frozen cells remains, clean the vial using 70% ethanol.
Pipet the content of the vial up and down once and transfer the cells into a conical
tube.

Drop by drop, add 2 mL of culture medium (see Subheading 2.2., item 2, and
Note 9).

Centrifuge for 5 min at 300g.

Resuspend the pellet in culture medium.

Remove the cell suspension into culture flasks and add 6 mL culture medium.

3.2.5. Preparation of Foreskin Fibroblast-Covered Plates

Nk L=

o

9.
10.

11.

Add 8 pg/mL mitomycin C into a culture flask and incubate for 2 h.

Wash four times with PBS.

Add 2 mL of trypsin EDTA and cover the entire culture-flask surface.

Incubate for 6 min.

Tap the side of the flask to loosen the cells and add 4 mL of culture medium (see
Subheading 2.2., items 3 or 4) to neutralize the trypsin.

Remove the cell suspension into a conical tube.

Centrifuge for 5 min at 300g.

Add 10 mL of culture medium (see Subheading 2.2., items 3 or 4) and pipet up
and down to break the cell pellet.

Count the cells and resuspend them in the desired medium volume.

Add the cell suspension into the culture dishes at a plating density of 4 x 10 cells
per well in six-well plates (10 cm?).

Let set for at least 3 h before plating the hESCs.

3.2.6. Routine Culture of hESCs With Foreskin Fibroblasts

1.

2.
3.
4.

3.3.
3.3.
1.

2.

Passage hESCs (see Subheading 3.1.1.) every 4-6 d directly on foreskin fibroblast-
covered plates (see Subheading 3.2.5.).

Change the medium (see Subheading 2.2., items 3 or 4) on a daily basis.

Scrape differentiating colonies every five to seven passages.

Freeze the cells and thaw as described in Subheadings 3.1.2. and 3.1.3.,
respectively.

Feeder-Free Culturing
1. Routine Culture of hESCs in Feeder-Free Conditions

Passage hESCs (see Subheading 3.1.1.) every 4-6 d directly on fibronectin-
covered plates (see Subheading 2.3., item 1).
Change the medium (see Subheading 2.3., item 2) on a daily basis.
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3. Scrape differentiating colonies every five to seven passages.

4. Freeze the cells and thaw as described in Subheadings 3.1.2. and 3.1.3.,
respectively.

4. Notes

1. The freezing medium should be kept at 4-8°C for no more than 5 d.

2. If the cells are cultured for research purposes only, FBS can be used instead of
human serum or serum replacement in order to reduce the costs.

3. All culture media (but those mentioned) should be kept at 4-8°C for no more than
2 wk.

4. Gelatin-coated plates can be prepared in advance and stored in a clean place at
room temperature or in a 37°C incubator.

5. If a serum-free culture system is desired, human serum can be replaced with
30% SR.

6. If desirable, bovine fibronectin can be used. In this case it is highly recommended
to add 1000 U/mL leukemia inhibitory factor to the culture medium (see
Subheading 2.3., item 2).

7. TItis recommended to leave the fibronectin in the culture plate and not to collect it
before plating the hESCs. Our experience shows that this improves the plating
efficiency.

8. We recommend using human recombinant growth factor as medium supplement.

9. Do not fracture the cells into small clumps.

10. Adding the medium in this stage drop by drop is highly important. If the medium
is added all at once, the survival rates decrease dramatically.

11. In our experience, the use of Nalgene special freezing boxes increases cell
survivability.

12. It is not recommended to leave the vials at —80°C for less than 24 h or more than
a few days.

13. Foreskin fibroblasts are also commercially available (ATCC collection, for exam-
ple); the commercial lines were found suitable for supporting hESC culture (5).

14. Foreskin donated from adults can also be used. The tissue can be kept at 2—8°C
for up to 48 h before deriving the line.

15. The crowding of the culture influences fibroblasts. The first passage after the
derivation of foreskin fibroblast is done after about 20 d of culture. Well-
established lines are split every 5-7 d. If the growth rate is decreased, uniting
two culture flasks into one may recover the culture.
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Manipulation of Self-Renewal in Human Embryonic
Stem Cells Through a Novel Pharmacological
GSK-3 Inhibitor

Noboru Sato and Ali H. Brivanlou

Summary

This chapter introduces a new method of maintaining human embryonic stem cells
(hESCs) in the undifferentiated state through treatment with a GSK-3 inhibitor, BIO, under
a feeder-free condition. Additionally, methods are introduced that determine multidiffer-
entiation potential of hESCs by differentiating into a specific type or random heterogenous
cell populations in vitro. These approaches will become a fundamental platform to identify
molecular networks regulating cell fate determination in hESCs and mouse embryonic
stem cells.

Key Words: GSK-3 inhibitor; human embryonic stem cells; pluripotency; BIO.

1. Introduction

Signaling molecules providing unique spatial and temporal cues to individual
cells are thought to regulate organized intercellular cooperation seen in the
multicellular organism. Essential roles of specific signaling pathways during
embryonic development have been demonstrated in a number of animal model
systems (1-3). In mammals, a gene targeting approach through the generation
of mutant mice has become a powerful method to understand a specific molec-
ular function or signaling pathway regulating embryogenesis. This approach
relies entirely on mouse embryonic stem cells (mESCs) derived from the inner
cell mass of the blastocyst that can constitute complete individuals (pluripo-
tency) when injected into the host blastocyst (4-6). Although substantial
progress has been made in understanding the role of molecular pathways reg-
ulating postimplantation development, much less attention has been paid to
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the elucidation of pluripotency unique in preimplantation embryos, mostly
because of the technical difficulty. Because mESCs retain the ability to give
rise to all three germ layer derivatives and germ cells in not only in vivo but
also in vitro environments (7-10), mESCs can be considered as an in vitro
functional equivalent to the inner cell mass of the embryos. It is therefore quite
relevant to investigate the genetic mechanisms underlying pluripotency by
direct evaluation of mESCs as an in vitro model system. Moreover, the recent
derivation of human embryonic stem cells (hESCs) now provides a window
into early human embryogenesis (11,12).

The determination of specific signaling pathways that regulate pluripotency
during early embryogenesis particularly focusing on hESCs and mESCs has
been under intense scrutiny. The leukemia inhibitory factor (LIF)/Stat3 sig-
naling pathway is one of a few known pathways involved in self-renewal of
mESCs (7). However, recent studies of mutant mice in which specific components
of this pathway are disrupted indicate that the LIF/Stat3 pathway is dispensable
for pluripotent state early embryos (13). Moreover, several studies demonstrate
that LIF treatment has no or little effect on maintaining self-renewal of hESCs
(11). The bone morphogenic protein signaling pathway was recently reported
to be sufficient to support self-renewal of mESCs through upregulation of Id
genes, although this activity requires the collaboration with the LIF/Stat3 path-
way (14). Mutant mice or mESCs lacking both alleles of Grb2 demonstrate
impairment of differentiation into the visceral endoderm lineage, whereas
blastocyst stage embryos appear to be intact, suggesting an essential role of the
extracellular signal-regulated kinase signaling pathway in differentiation but
not for maintenance of the pluripotent state (15). These studies together raise
the intriguing possibility that a presently unknown signaling pathway is criti-
cally regulating self-renewal of pluripotent stem cells.

A group of genes that is specifically enriched in the undifferentiated state of
hESC:s has recently been determined using the Affymetrix microarray approach
(16). Molecular components specific for several signal transduction pathways
are included in the enriched gene group. When molecular components of each
signaling pathway are searched in the array data, major molecules that constitute
the canonical Wnt signaling pathway are all present in the undifferentiated
hESCs. Based on this result, evaluating the role of the Wnt signaling pathway in
self-renewal of hESCs and mESCs became a primary focus. This lead to the
discovery of a dramatic effect of a novel pharmacological GSK-3 inhibitor,
6-bromoindirubin-3"-oxime (BIO) on hESCs and mESCs, that is derived from
the Mollusk’s Tyrian purple (17). This chemical inhibitor inactivates GSK-3
function at a micromolar level, thereby efficiently stimulating the canonical Wnt
pathway while avoiding substantial inhibition of other kinases, such as CDKs.
Stimulation of the canonical Wnt signaling pathway using this GSK-3 inhibitor
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is sufficient to maintain self-renewal of hESCs in the feeder-free condition (18).
This work also suggests the possible application of small chemical compounds
to regulate self-renewal of hESCs that would ultimately contribute to tissue
replacement therapy.

This chapter introduces a new method of maintaining hESCs in the undiffer-
entiated state through treatment with a GSK-3 inhibitor, BIO, under a feeder-free
condition. Additionally, methods are introduced that determine multidiffer-
entiation potential of hESCs by differentiating into a specific type or random
heterogenous cell populations in vitro. These approaches will become a funda-
mental platform to identify molecular networks regulating cell fate determination
in hESCs and mESCs.

2. Materials
2.1. Tissue Culture

1. Dulbecco’s modified Eagle’s medium (DMEM)/F-12 (Gibco, Carlsbad, CA; cat.

no. 11320-032).

DMEM with D-glucose and L-glutamine, and pyridoxine hydrochloride, but no

sodium pyruvate nor sodium bicarbonate (Gibco; cat. no. 12100-046).

o-minimum essential medium («cMEM) (Gibco; cat. no. 11900-024).

Knockout-DMEM medium (Gibco; cat. no. 10892-018).

Knockout serum replacement (Gibco; cat. no. 10828-028).

Fetal bovine serum (FBS) (HyClone, Logan, UT; cat. no. SH30070.03).

2.0 mM L-glutamine (Gibco; cat. no. 25030-081).

0.1 mM nonessential amino acids (Gibco; cat. no. 11140-050).

9. Human recombinant basic fibroblast growth factor (Gibco; cat. no. 13256-029).

10. 0.05% trypsin-ethylenediaminetetraacetic acid (Gibco; cat. no. 25300-054).

11. Dispase, lyophilized (Gibco; cat. no. 17105-041).

12. Cell dissociation buffer (Sigma, St. Louis, MO; cat. no. G5914).

13. 55 mM (1000X) 2-mercaptoethanol (Gibco; cat. no. 21985-023).

14. Penicillin/streptomycin (Gibco; cat. no. 15070-063).

15. Dulbecco’s phosphate-buffered saline (1X) without calcium/magnesium (Gibco;
cat. no. 14190-14).

16. Gelatin, Type A (Sigma; cat. no. G-1890).

17. Matrigel (BD Biosciences, San Jose, CA; cat. no. 354234).

18. NYL Filter Unit, 500-mL (Nalgene, Rochester, NY; cat. no. 151-4020).

19. 0.2-um syringe filter (Gelman, East Hills, NY; cat. no. 4612).

20. Falcon multiwell six-well tissue culture-treated plate (BD Biosciences, San Jose,
CA; cat. no. 353046).

21. 10 X% 20-mm cell culture dish (Corning, Corning, NY; cat. no. 430167).

22. Falcon 14-mL polypropylene round-bottom tube (BD Biosciences; cat. no.
352059).

23. Falcon 50-mL polypropylene conical tube (BD Biosciences; cat. no. 352098).
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1. Cell Lines

We use CJ7 and E14 mESC:s lines, both of which were derived from the 129 strain
of mice. Because these lines are generally used for gene targeting, they should be
available from the transgenic facility in each institute.

Mouse stromal cells for stromal-derived induction activity (SDIA): PA6 cells
(MC3T3-G2/PA6, RCB1127) can be obtained from Riken Cell Bank (Tokyo,
Japan; cellbank @rtc.riken.go.jp).

2.1.2. Media

1.

Mouse embryonic stem cell medium: we grow mESCs on MEFs-feeder cells
or 0.1% gelatin-coated plates in knockout DMEM supplemented with 15% FBS,
100 mM MEM nonessential amino acids, 0.55 mM 2-mercaptoethanol, 1 mM
L-glutamine, and 100 U/mL of penicillin/streptomycin. When mESCs are grown
on 0.1% gelatin-coated plates, a final concentration of 1400 U/mL LIF is added to
the culture medium. For 1 L: mix 820 mL knockout DMEM, 150 mL FBS, 10 mL
nonessential amino acids, 100 pL 2-mercaptoethanol, 10 mL L-glutamine, 10 mL
penicillin/streptomycin, and 1.4 mL LIF (if required).

Medium for PA6 stromal cells: aMEM supplemented with 10% FBS and 50 U/mL
of penicillin/streptomycin is used for the cultivation of PA6 cells. For 1 L: mix
895 mL oMEM, 100 mL FBS, and 5 mL penicillin/streptomycin.
SDIA-differentiation medium: knockout-DMEM supplemented with 10% KSR,
1 mM L-glutamine, 1% nonessential amino acids, and 0.1 mM 2-mercaptoethanol
is used for differentiation of hESCs on PA6 feeder cells. For 1 L: mix 880 mL
knockout DMEM, 100 mL KSR, 10 mL L-glutamine, 10 mL nonessential amino
acids, and 100 pL 2-mercaptoethanol.

2.1.3. Establishment of mESC Reporter Lines

1.
2.
3.

Lipofectamine 2000 (1.5-mL; Invitrogen, Carlsbad, CA; cat. no. 11668-019).
OptiMEM (500-mL; Invitrogen; cat. no. 31985-070).
G418 (50-mg/mL; Sigma; cat. no. G8168).

2.1.4. Treatment of hESCs or mESCs With GSK-3 Inhibitors

1.

2.

2.2,

6-bromoindirubin-3"-oxime (BIO) (1 mg; Calbiochem, San Diego, CA; cat. no.
361551).

1-methyl-6-bromoindirubin-3"-oxime (MeBIO, a kinase inactive analog of BIO)
(1 mg, Calbiochem; cat. no. 361551).

Immunocytochemistry

4% paraformaldehyde (Poly Scientific, Bay Shore, NY; cat. no. s2303-320z).
Wash buffer: phosphate-buffered saline (PBS) (Gibco; cat. no. 14040-133) with
0.1% bovine serum albumin (BSA) (Sigma; cat. no. B4287). For 1 L: mix 1 L PBS
and 1.0 g BSA.

Primary antibody against Oct-4 (BD Biosciences; cat. no. 611202).
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4. Primary antibody against Tuj-1 (BAbCO, Berkeley, CA; cat. no. MMS-435P).

5. Primary antibody against cytokeratin (Chemicon, San Diego, CA; cat. no.
MABI1611).

6. Primary antibody against glial fibrillary acidic protein (Dako, Carpenteria, CA;
cat. no. HO083).

7. Primary antibody against smooth muscle actin (Dako; cat. no. M 0851).

8. Primary antibody against o-fetoprotein (Cell Sciences, Canton, MA; cat. no. PS
076).

9. Primary antibody against Troma-1 (Developmental Studies Hybridoma Bank,
Towa City, IA).

10. Goat anti-mouse immunoglobulin G conjugated to Cy3 (Zymed Laboratories,
South San Francisco, CA; cat. no. 115-166-062).

11. Goat anti-rabbit immunoglobulin G conjugated to Cy2 (Zymed Laboratories;
cat. no. 111-226-045).

2.3. Luciferase Reporter Assay

—

Dual-luciferase reporter assay system (Promega, Madison, WI; cat. no. E1920).
2. Lipofectamine 2000 (Invitrogen; cat. no. 11668-027).

3. Luminometer (Berthold Technologies, Bad Wildbad, Germany; model no. Lumat
LB9507).

3. Methods
3.1. Self-Renewal Monitoring Systems for hESCs and mESCs

To dissect the molecular mechanism underlying pluripotency in hESCs and
mESCs, it is quite valuable to establish the in vitro system in which the self-
renewing state is monitored and manipulated by exogenous factors. This is
known as the hESCs feeder-free culture method, in which self-renewal of
hESCs can be easily manipulated and their undifferentiated state can be briefly
monitored by evaluating their morphological changes. Using this system, self-
renewal of hESCs is sustained by treatment with a novel pharmacological
GSK-3 inhibitor through activation of Wnt signaling. Additionally, a protocol
will be introduced that establishes a mESCs reporter line used to monitor the
undifferentiated state in a real-time manner.

3.1.1. Passive Differentiation of Self-Renewing hESCs
Under the Feeder-Free Condition

There are numerous ways to differentiate hESCs into specific types or hetero-
geneous populations of cells such as retinoic acid treatment and embryoid body
formation. One of the most passive and gentle methods to differentiate hESCs
involves conditioned medium (CM) simply switched to non-CM (hESCs medium
not exposed to MEFs) under the feeder-free condition (19). Because this method
does not require extra passaging to grow hESCs under the nonadherent condition
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(for embryoid body formation) or treatment of exogenous factors (e.g., retinoic
acid), it is suitable to directly evaluate differentially regulated genes between
undifferentiated and differentiated hESCs without considering any environmen-
tal effects or exogenous signaling mediated transcriptional modulations.
Moreover, as this system makes possible an evaluation of the undifferentiated
state of hESCs through monitoring morphological changes on differentiation, fac-
tors that prevent hESCs from differentiation can be easily screened in a large-scale
manner. This chapter describes the general protocol of the feeder-free culture
method and gene chip analysis of human embryonic stem cells.

3.1.2. Treatment of hESCs With GSK-3 Inhibitors

Several signaling pathways, based on microarray analysis, indicate possible
involvement in the support of pluripotency in hESCs (16). A focus on the Wnt
signaling pathway has been retained in this chapter given that all major signal
transducers in this pathway are present in the self-renewing hESCs. There are
several different ways to positively manipulate the canonical Wnt signaling
pathway. Overexpression of positive regulators (e.g., Wnt ligands, Dishevelled,
[-catenin) by plasmid transfection would be one of the most convenient meth-
ods. It may not however be the best way to activate the Wnt pathway in hESCs
because of their relatively low transfection efficiency. Alternatively, the Wnt
signaling pathway can be stimulated through inhibition of GSK-3 that nega-
tively regulates [3-catenin, a major signal transducer in the Wnt pathway. BIO,
a novel GSK-3 inhibitor found in Tyrian purple, was recently discovered
through a screening of a number of kinase inhibitors. BIO efficiently inactivates
GSK-3 function at a micromolar level while its affinity to other kinases remains
minimum (Table 1) (20). BIO activates Wnt signaling in hESCs in the feeder-
free system as described previously. hESCs treated with BIO have been found
to self-renew even in the absence of CM (18).

To use BIO for supporting self-renewal of hESCs under the feeder-free
condition:

1. Plate hESCs on Matrigel-coated 6- or 12-well plates in CM. Approximately 20
(for a 12-well plate) or 40 (for a 6-well plate) hESCs colonies per each well are
enough to evaluate hESCs differentiation (see Note 1).

2. Incubate them in a humidified CO, incubator more than 12 h to allow them to
adhere to Matrigel substrate.

3. 24 h after plating, CM is switched to non-CM containing GSK-3 inhibitors at
appropriate concentrations (see Note 2). Medium containing BIO should be
replaced every other day.

The effect of BIO can be briefly monitored by the morphological change of
hESCs. Usually 1-2 d after BIO treatment, hESCs show slightly flattened
morphology as compared with hESCs in CM, although they are less flattened
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Table 1
Selectivity of Indirubin Derivatives

GSK-30/B CDK1/CyclinB CDKS5/p25
Indirubin 1.000 10.000 10.000
6-bromoindirubin-3’-oxime 0.005 0.320 0.083
(BIO)
1-methyl-6-bromoindirubin- 44.000 55.000 >100.000
3’-oxime (MeBIO) IC,, (M)

than hESCs grown in non-CM. About 3-4 d after BIO treatment, hESC
colonies clearly demonstrate compact and tight morphology similar to that
observed in undifferentiated hESCs. During this time, majority of hESCs
colonies grown in non-CM show prominently flattened and large cell shape
typical for differentiated hESCs (see Note 3). The differentiated state of hESCs
can be further determined by immunocytochemistry using Oct-3/4-specific
antibody, or reverse transcription polymerase chain reaction with primers for
pluripotent state-specific genes (Oct-3/4, Rex-1, Nanog).

We usually grow hESCs in non-CM containing BIO for 5 d or up to 7 d
(Fig. 1). Beyond this period, hESCs treated with BIO start showing the sign of
differentiation as hESCs grown in CM cultured for a long period. In some
cases, a small population of hESCs colonies demonstrates fatigue or apoptotic
features probably from BIO-mediated nonspecific CDKs inhibition, although
using the lowest effective concentration of BIO can minimize it. BIO-treated
hESCs can be passaged for several times under the feeder-free condition using
the regular passaging procedure described in the chapter, Gene Chip Analysis
of Human Embryonic Stem Cells (see Note 4).

3.1.3. Establishment of mESC Reporter Lines

Although we primarily focus on hESCs as a model system to investigate the
molecular mechanism of pluripotency, we also work on mESCs to understand
the genetic networks conserved or distinctive between the two species. In addi-
tion, it should be noted that maintenance of mESCs is less labor intensive than
that of hESCs, and the genetic manipulation is relatively easier in mESCs.
More importantly, because pluripotency can be only tested in the in vivo sys-
tem through generation of a complete individual, mESCs are the best model
system for this rigorous experiment while hESCs are not applicable. We here
describe a protocol to establish a mESCs reporter line that expresses a marker
gene (GFP) driven by a pluripotent-specific gene (Rex-1) promoter/enhancer
(18,21). Using the mESCs reporter line is one of the powerful approaches to
monitor the undifferentiated state of mESCs in a real-time manner.
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Fig. 1. Human embryonic stem cells (hESCs) (H1 line) are treated with 2 uM
6-bromoindirubin-3’-oxime (BIO) or 1-methyl-6-bromoindirubin-3’"-oxime (MeBIO) in
nonconditioned medium for 5 d under the feeder-fr