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Preface

Degenerative cartilage and bone diseases have challenged physicians for many decades
due to the inherent inability of the tissue to repair itself when ailing. Patients afflicted
not only suffer from physical pain, but their quality of life is decreased as these diseases
often progress, going hand in hand with physical disability. Although conventional
treatment regimens can ameliorate the condition, full recovery is never achieved. Here,
tissue engineering using stem cells has brought a promising new approach to the treatment
of such diseases.

Whereas adult stem cells, such as mesenchymal stem cells, are already tested in clinical
trials and have brought some success in spinal disc and cartilage regeneration, this particular
stem cell source may have some disadvantages in the context of certain other diseases.
Mesenchymal stem cells senesce in culture, which ultimately means that maximum cell
number reached after in vitro expansion might not suffice to fill and repair larger defects.

Embryonic stem cells (ESCs) on the other hand are stem cells of embryonic origin
with an unlimited self-renewing capacity. Therefore, these cells represent an almost
bottomless source for regenerative medicine and tissue engineering approaches. ESCs
have been first derived from mice and just celebrated their 29th birthday. We have an
adequate understanding of the processes that control pluripotency and are now diving
deeper into explaining epigenetics and reprogramming. Although many groups have been
studying their in vitro differentiation potential into cardiomyocytes and neurons, pancreatic
beta-cells, and hepatocytes, the study of osteogenesis and chondrogenesis using ESCs as a
model is a relatively young field. With the derivation of human and primate ESCs, however,
the potential of ESCs is more intriguing than ever and more and more researchers enter
this rising field.

With this textbook, I would like to set the ground stone on which those entering the
field — cell biologists, molecular biologists, bioengineers, and clinicians — can build their
mission to understand the mechanisms involved in differentiation of ESCs into skeletal
cell types. To bring ESCs to clinic, much of this is needed and will not be the single
undertaking of one laboratory. Embryonic Stem Cell Therapy for Osteo-Degenerative
Diseases: Methods and Protocols provides detailed descriptions on how to expand ESCs
from the most commonly used species ex vivo — mouse and human — in static culture as
well as in controllable bioreactor processes. It summarizes the methods that may be used
to differentiate the cells along the desired lineage of choice — be it osteoblasts, osteoclasts,
or chondrocytes — and consequentially also offers analysis tools for the characterization of
resulting cells and evaluation of differentiation effectiveness. Each chapter gives special
care to address possible pitfalls and provides a troubleshooting guide.

Embryonic Stem Cell Therapy for Osteo-Degenerative Diseases: Methods and Protocols
contains only protocols that are specific to ESCs and stem cell differentiation, and I refer
the reader to Bone Research Protocols, edited by Helfrich and Ralston (1), for a detailed
description for DNA /RNA isolation from bone tissue, specific considerations for embed-
ding and sectioning bone tissue, and other issues concerning characterization of bone
tissue the reader might want to refer to after using ESCs for in vivo transplantation.
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The contributors of this book were chosen because they represent the experts in the
field of stem cell self-renewal and the pioneers in skeletogenesis from ESCs. All have
published in reputable, peer-reviewed journals. I sincerely hope that the methodology
described in this book will be successtul in your hands and that it allows you to carry out
critical research needed in order to publish your own peer-reviewed articles and bring
the field closer to the clinic. Such protocols merit ongoing consideration to explore the
potential of progenitor cells for skeletal tissue repair within practical clinical guidelines
that would allow for the widespread application of a successful strategy. Ultimately, this
will advance the field and bring new knowledge on ESCs and skeletal development
in general.

Tremendous gratitude is owed to Prof. John Walker at Humana Press, who gave me
the opportunity to learn a great deal from my fellow authors and guided me through the
process of editing, for providing me with the opportunity to add a new volume focusing
on my personal scientific interest — pluripotent stem cells in skeletal regeneration — to the
series, Methods in Molecular Biology.

Riverside, CA, USA Nicole I. zur Nieden
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Chapter 1

Embryonic Stem Cells for Osteo-Degenerative Diseases

Nicole I. zur Nieden

Abstract

Current orthopedic practice to treat osteo-degenerative diseases, such as osteoporosis, calls for antire-
sorptive therapies and anabolic bone medications. In some cases, surgery, in which metal rods are inserted
into the bones, brings symptomatic relief. As these treatments may ameliorate the symptoms, but cannot
cure the underlying dysregulation of the bone, the orthopedic field seems ripe for regenerative therapies
using transplantation of stem cells. Stem cells bring with them the promise of completely curing a disease
state, as these are the cells that normally regenerate tissues in a healthy organism. This chapter assembles
reports that have successfully used stem cells to generate osteoblasts, osteoclasts, and chondrocytes — the
cells that can be found in healthy bone tissue — in culture, and review and collate studies about animal
models that were employed to test the function of these in vitro “made” cells. A particular emphasis is
placed on embryonic stem cells, the most versatile of all stem cells. Due to their pluripotency, embryonic
stem cells represent the probably most challenging stem cells to bring into the clinic, and therefore, the
associated problems are discussed to put into perspective where the field currently is and what we can
expect for the future.

Key words: Embryonic stem cell, Transplantation, Teratoma, Immunological rejection, Osteo-
degenerative disease, Skeletal injury

1. The Potential
for Stem Cells

in Therapeutic _ , .
Applications Degenerative bone diseases affect millions of people each year.

Osteoporosis is probably the most common of such degenerative
bone disorders and is particularly prevalent in the elderly popula-
tion. With ten million patients presently in the United States only
and increasing age of the world population, the overall numbers
are expected to rise, challenging the already burdened health-care
systems even more (1). The most common symptoms of not only
osteoporosis, but also other degenerative bone diseases like
Paget’s disease, familial expansile osteolysis, expansile skeletal
hyperphosphatasia, osteogenesis imperfecta, and osteopetrosis,

Nicole I. zur Nieden (ed.), Embryonic Stem Cell Therapy for Osteo-Degenerative Diseases, Methods in Molecular Biology, vol. 690,
DOI 10.1007/978-1-60761-962-8_1, © Springer Science+Business Media, LLC 2011
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are fractures, which either heal poorly by themselves or heal in a
way that alters the microarchitecture of the bones leading to
deformities and ultimately disability. Mostly, these symptoms are
caused by an impaired interplay between the chondrocytes, osteo-
blasts, and osteoclasts, the cells that usually build the bones and
take part in its continuous remodeling. In hard numbers, costs for
osteoporosis-related fractures alone run at about $19 billion per
year. Reason for even more concern is the life-threatening nature
of most of these diseases. The current treatments of choice are
antiresorptive medications, such as biphosphonates, or bone-
forming medications. Sadly, however, both types of current treat-
ments can ameliorate the symptoms, but they cannot cure the
underlying disease. This, in fact, is true for degenerative diseases
of other nature as well. Thus, novel therapeutic approaches, such
as stem cell-based therapies, are being developed, which have the
potential to completely cure the degenerative state as the stem
cells would build the lost tissue. To date, adult stem cells have
been successfully applied in clinical trials of ischemic heart disease
(2), spinal cord lesions (3), Parkinson’s disease (4), Huntington’s
disease (5), and diabetes (6). An overview of the degenerative
diseases that stem cell treatment has been suggested for, includ-
ing osteo-degenerative diseases, is given in Table 1.

In the case of joint injuries and diseases, adult stem cells with
the potential to regenerate bone and cartilage, the mesenchymal
stem cells (MSCs) cultured from human bone marrow, are already
used in preclinical trials for treatment of osteogenesis imperfecta
and nonunion bone fractures (7, 8).

Although these MSCs possess unique immunoregulatory fea-
tures that suppress rejection of the grafted cells and show some
success in treating osteoporosis, they are rarely found in adult tis-
sues. Additionally, the ability of harvested cells to proliferate and
secrete functional matrix diminishes with increasing age of the
donor. Moreover, cells harvested from patients with certain osteo-
degenerative deficiencies might harbor an overt or subtle genetic
defect that could impair the ability of autologous cells to aid in
tissue repair. Conversely, transplanting cells or tissues from
allogeneic donors heightens the risk of immune rejection.
Consequently, novel cell sources have to be identified. Therefore,
new approaches to repair involving embryonic stem cells (ESCs)
have emerged.

Embryonic stem cells, however, have not been used in clini-
cal therapies, but the first clinical trial for the treatment of spinal
cord lesions has just been approved. So far, ESCs have been suc-
cessfully transplanted only into animals (8), which is discussed in
more detail later in this chapter. The challenges that exist with
the use of ESCs in clinical therapies include ethical concerns sur-
rounding the derivation of the cells, tumorigenicity of the cells
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Collation of degenerative diseases suggested to be curable through the use

of stem cells

Disease

Phenotype

Alzheimer’s proteopathy, tauopathy

Amyotrophic lateral sclerosis

Arthritis, Osteoarthritis-after trauma

or aging, rheumatoid and
psoriatic-autoimmune,
septic-infection, gouty-uric
crystals inflammation

Atherosclerosis

Autoimmune hepatitis

Bovine spongiform encephalopathy,

transmissible spongiform
encephalopathies (TSEs)

Cancer

Charcot-Marie-Tooth disease

Diabetes

Friedrichs ataxia

Heart disease (cardiomyophatic/
cardiovascular, congenital /
hypertensive /inflammatory)

Huntingtons disease

Inflammatory bowel disease

Lewy body disease
(alpha-synucleinopathy)

Méniere’s disease

Multiple sclerosis

Muscular dystrophy

Myasthenia gravis

Norris disease

Loss of mental functions

Loss of motor functions (no motor signals)

Plugs in blood vessels

Demyelination of peripheral sensory paths due to
defective myelin production

Spinal cord degeneration, movement disorganization,
heart palpitations

Congenital, neurodegeneration, motor and mental
incapatitation

Accumulation in the nuclei of the neurons; elderly
dementia, muscle stiffness

Change in fluid volume within the labyrinth, loss of
hearing, tinnitus

Autoimmune demyelination of axons

Dystrophin deficiency in muscle fibers, muscle
deterioration

Autoimmune damage of acetylcholine receptors at the
neuromuscular junction, weakening of the muscle
tonus of neck, face

Sight/hearing loss, mental challenge

(continued)
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Table 1

(continued)

Disease Phenotype

Osteoporosis Reduction of bone mineral density and the amount of

Parkinson’s
Prostatitis

Scleroderma

Shy-Drager syndrome

Spinal muscular atrophy

collagenous proteins
Dopamine deficiency, loss of mental /motor functions
Inflammation of the prostate gland

Autoimmune thickening and tightening of the skin;
serious damage to internal organs including the lungs,
heart, kidneys, esophagus, and gastrointestinal tract

Multiple system atrophy due to orthostatic hypotension
(excessive drop in blood pressure when standing up)

Congenital, motor neurons in spinal cord, weakening of
the voluntary muscle movements, limp muscles

in vivo as well as the immune rejection of the cells following
transplantation. The latter has recently been examined in several
studies that have attempted to use somatic cell nuclear transfer
and various methods to reprogram mature, fully differentiated
cells to a pluripotent state. In the first method, a diploid nucleus
from a patient’s somatic cell is transferred into an enucleated
egg, which then gives rise to cells that would possess very low
host-graft rejection. In the second, pluripotency-associated genes
are shuttled into somatic cells, i.e. fibroblasts or keratinocytes
(9-11), and brought to expression before they are silenced,
which is just enough to turn the differentiated cells into ESC-
like cells with a pluripotent pheno- and genotype. Although
there are many potential clinical applications of both embryonic
and adult stem cells, this chapter discusses the usage of embry-
onic stem cells in skeletal tissue engineering in particular, briefly
comparing them to other stem cells.

2. An Overview
of Bone

and Cartilage
Tissue

2.1. Features
of Mature Bone
and Gartilage Tissue

In order to devise effective tissue engineering strategies, one must
understand the target tissue as well as possible — that is, its com-
position and microarchitecture, as well as its molecular blueprint
without which the particular function of the tissue would not be
properly executable. The skeleton in vertebrates is composed pri-
marily of bone and cartilage, which both secrete a characteristic
and unique extracellular matrix (ECM). It is the ECM that gives



Embryonic Stem Cells for Osteo-Degenerative Diseases 5

these tissues their characteristic mechanical properties and lets
them function as the scaffold for the body to give it strength,
holding it in an upright position as well as supporting its move-
ment. The ECM is full of collagens, which draw water into the
tissue and therefore provide certain flexibility to the tissue to pre-
vent breakage. Often, the presence or absence of specific colla-
gens is therefore used as an analysis tool to identify osteoblasts
and chondrocytes in culture. However, the type of collagen and
the integration of other additional proteins into the matrix make
for the specificity of cartilage and bone matrix.

The extracellular matrix of bone is inhabited by two main cell
populations — osteoblasts and osteoclasts. Osteoblasts stem from
the mesoderm or the neural crest of ectoderm; they are a source of
matrix, cytokines, and activation factors for the hematopoietic
osteoclasts. Both cell types interact and as a result of which bone
undergoes cyclic modifications — osteoclasts resorb and reshape
the deposited matrix that the osteoblasts produce. The bone ECM,
in contrast to the cartilage ECM, associates an organic phase
(noncollagen fibronectin, growth factors, and collagens) with a
mineral phase (hydroxyapatite crystals). As osteoclasts are stimu-
lated into resorption by the osteoblasts, this finely tuned perpetu-
ation allows an adaptive modification of bone ECM.

The chondrocytes mainly secrete type II collagen (COL),
particularly isoform COL IIB, which is the predominant collagen
in adult cartilage (12). The collagen fibrils are organized such
that a network is being established in which single fibrils are linked
to each other in secondary, tertiary, and supramolecular structures
(13). The orientation of the fibers and their thickness within
the network depend on the plane that the fibers are located in,
comparison to the articular surface (14). In addition to collagen,
the main component of the cartilaginous matrix is proteoglycans,
the most abundant being aggrecan with a percentile content of
80% (15).

In bone, collagen is prevalently represented by collagen type
I, which also serves as a marker for preosteoblasts (16). Additional
proteins that flag the osteoblastic character are osteopontin (17,
18), osteonectin, alkaline phosphatase, COL X (16), and the
transcription factors Core binding factor alpha 1 (Cbfal) and
osterix (osx), which are discussed in more detail later (19-22).
With increasing maturation, osteoblasts express bone sialoprotein
and osteocalcin, which are considered to be truly exclusive mark-
ers for fully functioning osteoblasts.

Created by monocytic precursors of hematopoietic origin,
the osteoclast is a bone-specific multinucleated specialized mac-
rophage, which lives near the bone surface. Main control factors
in osteoclastogenesis are colony-stimulating-factor 1 (CSF-1),
also called M-CSF, and receptor activator of nuclear factor
(NF)-kB ligand (RANKL), a cytokine from the tumor necrosis
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2.2. Embryological
Development of Bone
and Gartilage

factor family, which are both involved in expansion of osteoclastic
precursors and their maturation into osteoclasts (23-25). Markers
of mature osteoclasts are tartrate-resistant acid phosphatase
(TRAP), calcitonin receptor, vitronectin receptor, and cathepsin
K, whereas the capacity of cells to resorb mineralized matrix is
used as a functional marker.

Already in the very early days of ESC culture, it became evident
that their in vitro differentiation follows a timely coordinated suc-
cession of events (26). The sequence of genes expressed over time
patterns embryological development. It is, therefore, critical to
understand the embryological development of chondrocytes,
osteoblasts, and osteoclasts, if we want to stage ESC differentia-
tion in vitro. Osteoblasts and chondrocytes are nothing more
than specialized mesenchymal cells. During embryological devel-
opment, mesenchymal cells are located in the somites and the
lateral plate mesoderm (27). In contrast, the osteoclasts stem
from a myelomonocytic lineage and share a precursor with mac-
rophages. These cells are, therefore, derived from a hematopoi-
etic origin (28). The majority of bone tissue in the body is formed
through a process termed endochondral bone formation, in which
cartilage develops and is subsequently replaced by mineralized
bone. However, some bones, particularly in the craniofacial
region, are formed through intramembraneous ossification.

In endochondral ossification specifically, the chondrocytes
play a critical role. At approximately embryonic stage 9.5 (E9.5),
mesenchymal cells condense (29) into clusters of cells that subse-
quently differentiate into chondrocytes (E11.5), which in turn
secrete extracellular matrix. It is these cartilage elements that pro-
vide a sort of blueprint, termed an anlagen, for future bone devel-
opment. At approximately E13, the chondrocytes in the center
of' the condensations expand interstitially by continued matrix secre-
tion and by differentiation into hypertrophic chondrocytes. Up
to this point, COL IIB is excreted. Following differentiation of
the chondrocytes, the cells begin to produce COL X, which sub-
sequently calcifies into matrix that makes up the bone tissue.
Overall, mineralization is initiated in the center of the anlagen
and the periosteum, which is a thin layer of fibroblasts that coats
the surface of the bone and forms around these central areas that
contain the hypertrophic chondrocytes.

While undergoing apoptosis, the hypertrophic chondrocytes
secrete vascular endothelial growth factor (VEGF), which induces
vascularization of the bone matrix from the periosteum.
Chondroclasts are able to migrate through the small channels
that are formed during vascularization, and these cells digest the
chondrocytic matrix as well as the hypertrophic chondrocytes.
Ossification is then initiated by the osteoblast progenitors, which
also migrate into the bone from the periosteum (30). These
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osteoprogenitors mainly secrete COL I, the main component of
bone tissue (16), causing the composition of the extracellular
matrix to change dramatically.

In contrast to this endochondral ossification, intramembrane-
ous ossification is a much less complex process. Here, the mesen-
chymal tissue aggregates and condenses as it does in endochondral
ossification, but the mesenchymal cells then differentiate directly
into osteoblasts, omitting the development of cartilaginous anla-
gen. Interestingly, the majority of the mesenchymal cells in the
craniofacial region originate from the neural crest region during
early development and give rise to intramembraneous bone (27).

Cbfal, a member of the runt family of transcription factors,
also named runx2, is required for osteoblast differentiation, but is
also expressed in certain nonosteoblastic cells without activating
the differentiation process (19, 31). This may suggest that its
activity is suppressed through a lineage-specific mechanism by
cofactors, such as certain Smads (32). Cbfal was first identified as
Pebp20.A1 being a 513-amino acid protein that initiates in exon 2
of the Cbfal gene at the sequence MRIPV (33). Recent data,
however, suggest that several isoforms are transcribed from the
Cbfal gene. The expression is regulated by at least two distinct
promoters that generate two N-terminal isoforms (34-36).
Pebp20.Al is, therefore, now known as the type I isoform (20).
The second major isoform (type II) was initially identified as #7/-1
(37) and initiates in exon 1 at the sequence MASNS (34, 38).
Cbfal type II is only 15 amino acids longer than the type I iso-
form. Whereas the type I transcript is constitutively expressed in
nonosseous mesenchymal tissues and during osteoblast differen-
tiation, only the expression of the type II transcript is regulated
during osteoblast differentiation and can be induced by BMP-2
(39). Forced expression of both isoforms modulates transcription
of skeletal genes (20, 40, 41), indicating that both proteins are
functionally active in osteoblasts and hypertrophic chondrocytes.

It was suggested that Cbfal is somehow involved in osteo-
clastogenesis through regulation of osteoclast differentiation fac-
tor /osteoprotegerin ligand mRNA (42). Cbfal is also responsible
for the transcriptional induction of the second osteoblast-specific
transcription factor Osterix (osx) (22). Osx belongs to the Sp
subgroup of the Kriippel family of transcription factors, contain-
ing three zinc finger DNA binding domains (43—45). Its human
homologue has, therefore, been described as specificity protein 7
(Sp7) (46). In osx null mice, bone formation is completely absent;
however, Cbfal-expressing preosteoblasts can be found in the car-
tilaginous condensations of these mice during endochondral bone
formation, suggesting that osx acts downstream of Cbfal
(22, 47). In addition, evidence exists to suggest a negative
teedback-loop from osx back to Cbfal, since the level of Cbfal was
decreased by the expression of osterix in MG-63 osteoblast cells (48).
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Furthermore, the promoters of the bone-specific markers osteo-
calcin, osteopontin, bone sialoprotein, alkaline phosphatase, and
COLTI (19, 22, 49) contain binding sites for Cbfal and osx (46,
50), suggesting Cbfal and osx as the two essential regulators of
bone function.

BMP-2, BMP-4, BMP-6, and BMP-7 represent a family of
growth factors that have been found to be involved in skeletal
development; however, their exact role is not clear since most
evidence of BMP involvement in osteogenesis has been indirect
(28). Clinically, BMP-2 is mostly successfully used to enhance
lumbar spinal fusions although bone resorption and thinning of
the deposited bone has been described, as well as adverse side
effects on vertebral bone (51, 52). During cranial bone forma-
tion, FGF induces BMP-2, a process mediated by Cbfal (53).
BMP-2 is then able to upregulate Sox-9 expression in a dose-
dependent manner (54). In turn, Sox transcription factors are the
transcriptional regulators that appear to prepare mesenchymal tis-
sue to respond to BMP signaling (55). Sox transcription factors
are high-mobility-group (HMG) domain transcription factors of
which, Sox9, in particular, is involved in chondrocyte differentia-
tion and formation of the extracellular matrix (56, 57). During
embryogenesis, Sox9 is expressed in all cartilage primordia and
cartilages, coincident with the expression of the collagen alphal (I1I)
gene (Col2al). Sox9 as well as L-Sox5 and Sox6 bind to essential
sequences in the Col2al chondrocyte-specific enhancers and
cooperatively activate the aggrecan gene (58, 59). Furthermore,
the inactivation of Sox9 in limb buds before mesenchymal con-
densations resulted in a complete absence of both cartilage and
bone, due to inhibited cartilage proliferation and absence of
Cbfal expression (60). Moreover, Sox9 is also needed to prevent
conversion of proliferating chondrocytes into hypertrophic chon-
drocytes (58).

During osteoclastogenesis, as many as 20 precursor cells can
fuse into one such osteoclast (61). Two hematopoietic factors are
necessary and sufficient for osteoclastogenesis, RANKL and
M-CSF (24, 25). In addition to RANKL and M-CSF, 22 other
gene loci have been identified so far, which either positively or
negatively regulate osteoclastogenesis (61). The gene products
that these encode for have only been identified for some, for
example, the transcription factor microphthalmic, the growth fac-
tor toothless, and osteoprotegerin. The latter has been shown to
block the maturation of osteoclasts and is secreted by cells of the
osteoblast lineage (62). Some of these genes, like M-CSF and
PU.1 control the early stages of differentiation, more exactly the
formation and survival of the precursor cell, whereas RANK,
p50,/p52 rel, and fos regulate the ability of the precursor to dif-
ferentiate (63-66). Fetal liver kinase 1 (Flk-1) and SLC/tal-1, as
crucial genes in generation of hematopoietic cells, and GATA-2,
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important for the generation of osteoclastic precursors, are used
as additional osteoclastogenesis markers in the early stages of
development (67). Towards maturation, the osteoclasts then pro-
duce tartrate-resistant acid phosphatase (TRAP) and cathepsin K
in their activated state, which are both needed to digest the bone
matrix (68, 69).

3. On the Way

to the Clinic: ESCs,
Differentiation,
and Bone Tissue
Engineering

3.1. Features of ESCs
and Their Expansion
In Vitro

In vivo, the embryo and the osteoblasts, osteoclasts, and chon-
drocytes develop from the inner cell mass of the blastocyst. These
are the cells that are harvested and cultured in vitro as ESCs. As
this is their normal in vivo fate, in vitro, ESCs have been shown
to possess the ability to form any tissue type from all three germ
layers (70, 71) including osteoblasts, osteoclasts, and chondro-
cytes (72-75).

The first ESCs were isolated from blastocysts of mice (76, 77).
Since this first derivation, ESCs have also been isolated from vari-
ous other rodents, such as hamster (78), rat (79), and rabbit (80,
81), and also farm animals (82). It was only in the late 1990s that
the isolation of primate ESCs, including the rhesus and common
marmoset monkey (83-85) and finally human ESCs (hESCs),
was first described (86, 87).

ESCs can be propagated to an unlimited cell number, given
their indefinite self-renewing capacity in vitro (88). First and fore-
most, however, they can be distinguished from adult stem cells by
their capacity to differentiate into almost all of the cells of the
mature body, a property known as pluripotency. Because of this
particular feature, mouse ESCs (mESCs) have been successtully
differentiated in vitro into a variety of specialized cells types of
endodermal, mesodermal, and ectodermal origin (89-94), includ-
ing osteoblasts (72) and chondrocytes (73, 95). Similarly, human
ESCs have been used to generate insulin-producing cells (96),
cardiomyocytes (97), hematopoietic precursor cells (98), and
neuronal precursor cells (87).

Although there does not seem to be a difference in the dif-
ferentiation capability between ESCs from different species,
the signals required to maintain their undifferentiated state
and prevent spontaneous differentiation involves the activation
or inhibition of different signaling cascades in vitro. Initially,
cultivation of mESCs on mitotically inactivated mouse embry-
onic fibroblasts was required to maintain the undifferentiated,
pluripotent state of mESCs (99). Today, a similar result can be
achieved through supplementation of ESC cultures with a
cytokine called leukemia inhibitory factor (LIF) (100-103),
and in this case, the need to use feeder layers is avoided.
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Interestingly, LIF is not sufficient to maintain expanding
cultures of human or primate ESCs (86).

However, it seems to be the same transcription factor net-
work in all species that downstream of signaling cascade activa-
tion or inhibition plays a critical role in maintaining the ESC state;
one of these transcription factors is the POU-family transcription
factor Oct-3 /4 (104). Oct-3 /4 expression has also been observed
in oocytes, the inner cell mass, and the preimplantation embryo,
speaking for its role in controlling differentiation events (105-
108). However, changes in cell fate are not a yes or no response
to Oct-3 /4 expression. Rather, differentiation seems to be depen-
dent on the expression level of Oct-3/4 (109). For example,
while “normal” levels of Oct-3/4 maintain ESCs in a self-renew-
ing state, a less than a two-fold increase in expression causes dif-
ferentiation into endoderm and mesoderm. Likewise, a reduction
to less than half of the “normal” expression level triggers tro-
phoectoderm differentiation.

Regulation of the expression level of Oct-3 /4 is not yet com-
pletely understood, but it has recently become clear that Oct-3 /4
does not act alone. Expression of two other transcription factors,
Sox2 and nanog, has been found in the inner cell mass and ESCs,
suggesting that they may be essential for early embryonic develop-
ment and ESC maintenance (110-112). Sox2 was specifically
identified as a cooperative partner of Oct-3/4 in ESCs regulating
their own expression in a circulatory manner (113-115). The
Sox2-Oct-3 /4 dimer also controls the transcriptional activation of
their target nanog (116, 117) and together the Sox2—Oct-3/4—
nanog complex potentially occupies the promoter regions of 353
genes in human ESCs, some for the purpose of repressing their
transcription and some in order to activate their transcription (118).

Apart from transcriptional networks, higher-level transcrip-
tional regulators, such as chromatin modulators, also control
pluripotency. It has been suggested that ESCs are characterized
by a bivalent chromatin state, where target genes are simultane-
ously enriched for repressive and activating trimethylation marks,
making transcription permissive to the transcriptional machinery
(119). Specifically, some lineage-specific genes carry repressive
modifications on lysine 27 of histone 3 (H3K27me3) and two
activating marks at lysines 9 and 4 (H3K9ac3 and H3K4me3)
(120). The methyltransferase, which catalyzes the di- and trim-
ethylation of histone 3 at lysine 27 is the polycomb group (PcG)
protein PRC2 (121, 122). PRC2 promotes the recruitment of
PRCI, another PcG protein, which maintains repression by medi-
ating monoubiquitination of histone H2A at lysine 119, promot-
ing chromatin condensation (123).

As a result, the expression of specific genes is prepared but
halted by these opposing chromatin marks. This is critical in the
light of the fact that for ESCs to be able to enter down a specific
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differentiation path, they need to be able to activate specific genes
at a particular time of development. Differentiation is then accom-
panied by a loss of the bivalent state of these target genes (124).

For the study of bone development, homeostasis, and bone tissue
engineering, the ESC model has the advantage over other stem
cell models that all three cell types inhabiting the bone ECM, the
chondrocyte, osteoblast, and osteoclast, may be differentiated
from these cells in vitro. This model consequently allows studying
the interactions between these three cell types as well as matrix
remodeling in vitro. This paragraph specifically reviews the meth-
ods that have been employed to differentiate the three different
cell types from ESCs, some of which are presented in the later
chapters of this book.

As has been explained above, both M-CSF and RANKL con-
trol osteoclast differentiation in vivo. However, RANKL alone is
capable of inducing differentiation into osteoclasts from ESC cul-
ture (125), whereas M-CSF stimulates hematopoietic precursor
expansion when applied early but inhibits the formation of mature
osteoclasts later in culture (75). Osteoclasts can also be derived
from ESCs by directly cultivating on plates (126) or on a mono-
layer of feeder cells, which can be either M-CSF-secreting bone-
marrow-derived stromal cells (ST2) or new born calvaria stromal
cells (OP9) supplemented with M-CSF (67, 75, 127, 128).
Differentiation is performed in one step or stepwise — culturing
the cells until the hematopoietic precursors are formed, followed
by coculture. Cocultures vary in the differentiation stage of the
cells at the time of coculturing and the time of stimulation (127).
Here, dexamethasone and VD, are necessary cofactors for the
osteoclast differentiation from ESCs in culture (129). Addition of
ascorbic acid to the culture medium increases osteoclast precur-
sors and promotes osteoclastogenesis further (126).

Moreover, the basic helix-loop-helix transcription factor
SCL/tal-1 seems to be essential for osteoclastogenesis and pre-
ceding hematopoiesis. Mice lacking this transcription factor fail to
develop hematopoietic cells in vivo (130), and no cells of
hematopoietic origin can be detected in tal-17~ ESCs in vitro
(131). Forced expression of the transcription factor PU.1 in tal-
1-/- ESCs, however, may rescue the development of the multi-
nucleated osteoclasts. Nonetheless, the observed rescue is not
sufficient to restore wild-type levels, and other cell types of the
hematopoietic lineage are not generated (132). These results
suggest that tal-1 may lie upstream of PU.1 regulating hematopoi-
etic cell fate decisions in ESCs.

Aside from hematopoietic development, ESCs can be led to
differentiate from pluripotency into mesoderm, mesenchyme,
and subsequently cartilage, bone, or fatty tissue. The differentia-
tion initiating factors are provided by neighboring cells in vivo. In
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culture, appropriate factors have to be supplied. Here, timed
supplementation of the culture medium with growth factors and
additives largely regulate cell fate with main changes between the
carly and late stages of osteogenic differentiation.

In the last 8 years, protocols have been established that allow
ESC differentiation into bone and cartilage and their characteris-
tic cell types. Our group has pioneered this field by developing
methods to differentiate mESCs into osteoblasts and chondro-
cytes in culture (72, 73). Both methods involve removing pluri-
potency factors and allowing ESCs to form EBs as the first stage
of differentiation. For example, the static suspension method of
EB generation has been employed to differentiate osteoblasts
from hESCs (133). Differentiation might also be begun starting
from monolayer hESC colonies (134).

At differentiation day 3—4, ESCs express T-Brachyury, a gene
typically expressed in the primitive streak, which develops by day
6.75 p.c. in vivo (135). The primitive streak contains cells with
mesodermal character, a subpopulation of which will later become
osteoblasts, osteoclasts, and chondrocytes. T-Brachyury expres-
sion is, therefore, widely used to characterize the output of dif-
ferentiating mesendoderm (136, 137) and allows drawing
conclusions as to the early differentiation events of osteogenesis,
chondrogenesis, and osteoclastogenesis.

Then, specific differentiation factors are added to control dif-
ferentiation and to direct the formation of osteoblasts. Typically,
an alkaline environment is necessary to drive the cells to secrete a
mineralized matrix, which is provided by the medium supple-
ments beta-glycerophosphate and ascorbic acid (AA) (92, 138,
139). 1,25-OH, Vitamin D, (VD,) or dexamethasone acts as
additional triggers for ESCs to activate the transcription of osteo-
blast-specific genes, including Cbfal, COL I, osteocalcin, and
bone sialoprotein. Alternatively, coculture systems or conditioned
media can be employed to drive differentiation (140, 141). The
complete process of osteogenesis from a pluripotent ESC to a
mature osteoblast is quite similar between murine, human, and
nonhuman primate ESCs; it transverses through four distinct
osteogenic stages: proliferation (I), mesendoderm specification
(IT), matrix deposition and onset of alkaline phosphatase expres-
sion (III), and mineralization (IV) (142-145). The interrogation
of signaling pathways with the help of microarray gene expression
profiling has furthermore led to the conclusion that seven major
signaling molecules are involved in regulating ESC-osteogenesis,
such as retinoic acid, BMP-2, and Wnts (146).

The Wnt/beta-catenin canonical signaling pathway is thought
to play a central role in osteogenesis not only in ESCs (147).
Activation of this pathway promotes osteoblast differentiation
from mesenchyme in vitro (148, 149), which can be attributed
to the fact that beta-catenin (CatnB) is being stabilized and



Embryonic Stem Cells for Osteo-Degenerative Diseases 13

translocated to the nucleus, where it complexes with TCF and
LEF family transcription factors and/or other cofactors in its
function as a transcriptional activator and triggers transcription of
a specific set of target genes (150-153). In osteoblasts specifically,
CatnB and TCEF-1 co-occupy the promoter of Cbfal, potentially
regulating not only Cbfal transcription, but also osteocalcin
expression, which has known Cbfal binding sites in its enhancer
region (50, 154, 155).

The key role of CatnB becomes clear considering that
osteoblasts and osteoclasts interact through osteoprotegerin, an
osteoclast-inhibiting factor secreted by osteoblasts, whose pro-
duction is stimulated when the canonical Wnt/CatnB pathway
is inhibited (156). The classically perceived role for CatnB in
osteogenesis is currently being challenged by a number of pub-
lications. Whereas CatnB has been perceived as necessary for the
development of osteoblasts, it now becomes clear that there are
CatnB-dependent and independent phases of osteogenic devel-
opment (142). In ESC osteogenesis specifically, CatnB expres-
sion levels and nuclear activity are regulated in a biphasic
manner — it is decreased during early differentiation in vitro
once the primitive streak-like cells have formed (146) and
increased in the late stages of osteogenesis both in ESCs in vitro
and in differentiating osteoblasts in vivo (157). Ultimately, its
decrease at early differentiation stages is necessary for the osteo-
genic induction to occur.

The chondrogenic induction protocols differ either in the
choice of media supplements and growth factors or in cell types
used for cell culture, but generally employ external stimuli to acti-
vate chondrogenic gene sets (73, 158). For example, limb bud pro-
genitor cells seem suitable to induce Sox9 and COL II expression
as well as proteoglycan secretion in 60-80% of the cells (159).

Similar to the in vivo situation during embryonic develop-
ment, osteogenesis in vitro can be direct, or the future osteoblasts
can at first undergo a chondrocyte phase. An ESC-derived in vitro
equivalent of the embryonal intramembraneous ossification would
be the spontaneously differentiated mesenchymal precursors
being pushed directly into the osteoblastic fate (73). In turn,
the equivalent to embryonal endochondral ossification can also
be found in ESC differentiations when they differentiate into
mature chondrocytes, which undergo hypertrophy and still retain
certain plasticity to give rise to osteocytes (73). Direct ossification
seems to result in a higher degree of mineralization than the
indirect (chondrocyte-mediated) differentiation.

Direct chondrocytic differentiation is mediated by bone
morphogenic protein-2 (BMP-2) applied during day 3-5 of differ-
entiation (95). Sox9 and scleraxis, cartilage-specific transcription
factors, are upregulated at early stages of differentiation (60, 73,
160). Addition of BMP-2 increased the formation of cartilaginous
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matrix, indicated by gene expression of COL I, COL II, COL X
and deposition of collagen, proteoglycans, and ECM proteins that
correspond to the in vivo chondrocyte maturation (161). Such
ESC-derived chondrocytes are able to undergo hypertrophy and
calcity (162). In the ESC-derived chondrocytes that undergo
hypertrophy and mineralize in the later stages of differentiation,
osteoblast-specific genes are also upregulated towards the later
stages of differentiation. This overlap of the chondrocyte-specific
and osteoblast-specific gene expression suggests that ESC-derived
osteoblasts may previously have undergone a chondrocyte stage.
Even at the later stages (day 20) of the chondrocyte differentia-
tion, a rescue of osteoblasts is possible by treatment with VD, AA,
and B-glycerophosphate, and with a high degree of mineralization
and full-scale expression of osteoblast markers and phenotype.
These findings support the hypothesis that BMP-2 controls chon-
drogenesis and endochondral bone formation, whereas VD,
induces intramembraneous ossification from the same mesenchymal
progenitors.

The Sox triad (5, 6, 9) has been reported as inducers of a
dramatic increase in chondrocyte marker gene expression (163).
In an attempt to speed up the mESC differentiation into a chon-
drocytic phenotype, Kim and coworkers (164), have stably
overexpressed human Sox9, a gene present during mesenchymal
condensation and cartilage formation in embryos (165) and
considered required for chondrogenesis. Without affecting
the proportions of the cells in particular cell cycles, and without
any exogenous stimulation, a very early increase in COL IIB has
been reported over a modest level of COL IIA, suggesting an
carly shift between the splicing forms (73, 164). Sox9 acts in a
triad together with Sox5 and Sox6, and its single overexpression
resulted in very low levels of COL IIA, suggesting that addi-
tional cofactors are required for differentiation. Although still
suboptimal, these studies could represent a large step forward
in cartilage tissue engineering and will be elaborated further in
Chapter 14.

More recent efforts veer towards the identification of
progenitor populations with MSC character, which are minimally
capable of differentiating into both osteoblasts and chondrocytes,
if not also into adipocytes. Such MSC-like cells have been purified
after coculture on OP9 stromal cells and isolation of CD73* cells,
a marker typically found on adult MSCs (166-168). Likewise,
differentiating hESCs have been repeatedly passaged to isolate an
expanding cell population with MSC character (169). In a similar
approach, such cells were physically harvested as spontaneously
differentiating cells in expanding hESC cultures (170, 171).
A combination of both techniques, passaging and isolation, has
also been described (172). The various techniques to harvest such
progenitor cells are reviewed in more detail in Chapter 11.
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Pluripotency and self-renewal, the same two features that make
ESCs such promising cells for clinical applications, also largely
hinder their widespread use. Still problematic in transplantation
settings is their potential to induce teratomas and the insuffi-
cient control of their proliferation and differentiation once
transplanted.

It is likely that at least two factors influence the teratoma for-
mation capacity of the transplanted cells — their maturation status
as well as the microenvironment into which they are transplanted.
Indeed, Brederlau and colleagues concluded from their study
using hESCs differentiated into dopaminergic neurons and intra-
striatally microinjected into immunosuppressed rat brains that
ESCs lose their teratoma formation capacity with progressing
differentiation and maturation in vitro (173). While 16-day predif-
ferentiated hESCs formed teratomas in 100% of the cases (#=22),
none formed when the cells were left to differentiate in vitro for
only 1 week longer (z=8). We have been recently able to confirm
this finding for cells differentiated down the osteogenic lineage
and subcutaneously injected into SCID mice. Specifically, we
found that triggering a specific differentiation program decreased
their teratoma formation capacity even more. Whereas spontane-
ously differentiated control cells still formed teratomas in 16% of
the cases when taken from day-10-old cultures, vitamin D.-
induced osteogenic cultures did not show any sign of teratoma
formation at this point (174). By day 20 of differentiation, the
control cultures had also lost their teratoma formation capacity.

The influence of the microenvironment on cell fate upon
transplantation becomes clear when we consider the studies by
Wakitani et al. on transplantation of undifferentiated murine
ESCs into the knee joint with the purpose of treating articular
cartilage defects. As one would expect, unditferentiated murine
ESCs when injected into the knee joint of SCID mice form tera-
tomas. They also irreparably destroyed the joint, although the
incidence of newly formed cartilage was high in these teratomas
(175), the rate at which the teratomas grew in the knee joint,
however, was slower than upon subcutaneous injection, suggest-
ing that the microenvironment in the knee joint is not as favor-
able for ESC proliferation. Surprisingly, if cells were injected into
an inflammatory environment caused by a full-thickness osteo-
chondral defect, the cells integrated and repaired the defect even
in an allogeneic setting (176). Moreover, repair only occurs in
mice in which the joints were weight-bearing, suggesting a role
for mechanical loading during in vivo repair (177).

Transplantations with currently available human ESC lines,
however, could only be allogeneic, which bring with them prob-
lems surrounding immune rejection. In similar studies carried
out by two laboratories, undifferentiated murine ESCs unexpect-
edly did not form teratomas after injection into infarcted hearts
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(178, 179). However, more stringent analyses revealed that this
finding was only true for allogeneic transplantations and that
teratomas were formed in all cases in syngeneic transplantations.
It was furthermore confirmed that the rejection of the cells in the
allogeneic setting was due to a CD3* T lymphocyte infiltration
and invasion of CD4* and CD8* T cells (179). The immune
reaction was most likely caused by the upregulation of MHC
class I and II antigens on the surface of the cells, which were
starting to differentiate in vivo (178).

The hope is to widely use the technique of reprogramming to
dedifferentiate patient-specific somatic cells to a pluripotent state,
creating a nonimmunogenic source of pluripotent cells. Before
transplantation, these patient-specific induced pluripotent stem
cells (iPSCs) could then be differentiated according to the proto-
cols previously developed for the in vitro differentiation of ESCs,
and appropriate precursors could be isolated as a transplantable
source.

Bone tissue engineering, unlike stem cell transplantations
into the myocardium, liver, or brain, however, requires the use of
a scaffold to provide strength to the body while the cells are
repairing the underlying defect. In order to achieve FDA approval
for a tissue-engineered product, a shortcut would be to utilize
biomaterials that are currently on the market and have former
FDA approval. Not many scaffold materials have been character-
ized for their use with ESCs or iPSCs vet, but the few that have
are reviewed in the following section and summarized in
Table 2.

That hESCs are capable of forming new bone in vivo was first
shown by Bielby and coworkers. When steered into the osteo-
genic fate with dexamethasone for 24 h in vitro, seeded onto
Poly-(d, I)-lactic acid (PDLLA) scaffolds, and transplanted into
the skin fold of SCID mice, no signs of teratoma formation were
observed and neither was inflammation. However, new matrix
was laid down, and vasculature was formed in close proximity to
the bone front (144). In contrast, scaffolds seeded with cells that
had not received the osteogenic trigger only formed fibrous tis-
sue. Although it is known that subcutaneously injected ESCs
form confined and enclosed teratomas without migrating into adja-
cent tissue, stricter controls are needed to examine for tumors away
from the implant site. Furthermore, long-term follow-up analyses
are required to properly and rigidly evaluate the tumor formation
potential of transplanted cells and determine the risks associated
with stem cell transplantation.

When using scaffolds, the fate of the cells largely depends on
the material used. PDLLA was preferred in the presented study,
as it is biodegradable and a polyester made from cornstarch or
other renewable sources and has approval for use in humans as
stents, sutures, and many more applications. Although a better
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choice for fast FDA approval, existing biomaterials may not be
suitable for use with cells in general or ESCs in particular due to
their physical and structural configuration. Indeed, Collagraft, a
collagen—calcium phosphate ceramic graft material, and Poly(d, 1)-
lactide-co-glycolide (PLGA), that have both been used as scat-
tolds for bone tissue engineering, differ in their support of more
basic cellular function, such as viability and adhesion (180). Only
when mixed with a composite collagen isolated from bladder tis-
sue or hydroxyapatite, PGLA promoted hESC adhesion and
osteogenic differentiation, the latter also after subcutaneous
engraftment (180-182).

In contrast, Arpornmacklong proofed that the opposite is
true and that indeed existing biomaterials may be suitable for
ESC bone tissue engineering (169). They combined ALP* osteo-
genic progenitors flow isolated from hESC-derived MSCs with
Bio-Oss, a natural bone substitute made from bovine bone, that
has already been used clinically in periodontal and maxillofacial
surgery. The cell-granule mix was then inserted into a cranial
defect. This hallmark study showed for the first time that human
ESC-derived osteogenic progenitors can integrate and repair an
injured bone without forming teratomas.

The only study published so far on cartilage tissue engineer-
ing using hESCs also employed existing biomaterials. For carti-
lage engineering, the scatfolds show different properties than for
bone engineering and mostly are softer in nature. One such
material that provides these properties is PEG-hydrogel.
Poly(ethylene glycol)-diacrylate (PEGDA) or tyrosine—arginine—
glycine—aspartate—serine (YRGDS)-modified PEGDA hydrogels
(PEG-RGD) both supported cartilage formation, glycosamino-
glycan deposition, and collagen secretion in vivo (182). While in
this first study hESCs were predifferentiated into chondrogeni-
cally committed cells by coculture techniques with primarily iso-
lated chondrocytes, later studies by the same group proofed that
these materials can also help form cartilage when hESC-derived
MSCs are used (182).

As has been explained in Subheading 2.2, bone formation
occurs through two processes: intramembraneous ossification, in
which bone is laid down from neural crest progenitors (183), and
endochondral ossification, in which mesenchymal stem cells and
chondrocytes derived from the primitive streak play a huge part.
Indeed, ESCs have been shown to mineralize through both pro-
cesses. Recently, cranial neural crest (CNC)-like cells have been
derived from day-10-old differentiating human embryoid bodies
by flow-sorting a frizzled-3 (Fzd3) and cadherin-11 double posi-
tive population (184). These two markers were chosen as they are
expressed in the dorsal neural tube and in migrating neural crest
cells, respectively (185-187). Similarly, Lee and colleagues used
p75 and HNKI to isolate CNC-like cells from neurally induced
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hESCs (188). Both flow-sorted putative CNC-like cells were
responsive to dexamethasone. Additionally, they were capable of
differentiating not only into chondrocytes but also the glia, neu-
rons, and smooth muscles, cell fates typically associated with
neural crest. The occurrence of the Fzd3*/cad-11* CNC-like
cells in the differentiating cell population, however, was very rare
with 1.2%. Cad-11 single positive cells were more abundant (3%),
suggesting that Cad-11 may mark other cells of mesodermal ori-
gin. This hypothesis is underlined by the findings of Kimura and
colleagues, who have reported Cad-11 expression in the somites
and limb buds of early mouse embryos (189). Neither the cad-11*
the Fzd3*/cad-11* nor the p75*/HNKI* cells were transplanted
into a cranial defect or implanted subcutaneously to verify their
osteogenic potential in vivo.

Subcutaneous implantation of ceramic scaffolds seeded with
mESCs and pretreated in vitro with osteogenic supplements did
not show any formation of bone in vivo (190). The in vitro treat-
ment regimen, however, seems to favor the development of neu-
ral crest like cells, since ESCs were treated with retinoic acid
during early differentiation. Such treatment has previously been
shown to favor neural crest differentiation from mESCs (191).
When the cell-seeded scaffolds were, however, pretreated with a
chondro-conducive medium, cartilage and bone formation was
noted in subcutaneous implantation sites as well as in a cranial
defect (190). Based on these results, it was suggested that ESCs
effectively form bone through endochondral ossification.

It remains to be seen whether or not all progenitors with
osteogenic potential derived from ESCs, such as the MSCs or the
CNC-like cells, have the same repair potential in all possible treat-
ment sites, such as the cranium, mandibular defects, and long
bones, as well as in regenerating bones, which are injured or
exhibit properties of degenerative bone diseases.
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Chapter 2

Methods for Culturing Mouse and Human Embryonic
Stem Cells

Sabrina Lin and Prue Talbot

Abstract

Mouse embryonic stem cells (mESCs) were first derived and cultured almost 30 years ago and ever since
have been valuable tools for creating knockout mice and for studying early mammalian development.
More recently (1998), human embryonic stem cells (hESCs) have been derived from blastocysts, and
numerous methods have evolved to culture hESCs in vitro in both complex and defined media. hESCs
are especially important at this time as they could potentially be used to treat degenerative diseases and
to access the toxicity of new drugs and environmental chemicals. For both human and mouse ESCs,
fibroblast feeder layers are often used at some phase in the culturing protocol. The feeders — often mouse
embryonic fibroblasts (mEFs) — provide a substrate that increases plating efficiency, helps maintain pluri-
potency, and facilitates survival and growth of the stem cells. Various protocols for culturing embryonic
stem cells from both species are available with newer trends moving toward feeder-free and serum-free
culture. The purpose of this chapter is to provide basic protocol information on the isolation of mouse
embryonic fibroblasts and establishment of feeder layers, the culture of mESCs on both mEFs and on
gelatin in serum-containing medium, and the culture of hESCs in defined media on both mEFs (hESC
culture medium) and Matrigel (mTeSR). These basic protocols are intended for researchers wanting to
develop stem cell research in their labs. These protocols have been tested in our laboratory and work well.
They can be modified and adapted for any relevant user’s particular purpose.

Key words: Embryonic fibroblasts, Mouse embryonic stem cells, Human embryonic stem cells,
Culture methods, Feeder layer

1. Introduction

The first derivation of mouse embryonic stem cells (mESCs) was
reported independently in 1981 by laboratories in the USA (1)
and in England (2). Success in deriving and culturing mESCs
grew from prior experience with teratocarcinoma cells, which
required a feeder layer for survival and growth, and the use of
fibroblast feeder layers became a standard for the derivation and

Nicole I. zur Nieden (ed.), Embryonic Stem Cell Therapy for Osteo-Degenerative Diseases, Methods in Molecular Biology, vol. 690,
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growth of mESCs (3). Feeder layers, which are still often used
today with mESCs, have been valuable in providing conditions
that support survival, proliferation, and the maintenance of pluri-
potency in stem cell populations. Since their initial isolation in
1981, numerous labs derived new mESC lines and used them to
study mammalian development and to create knockout mice (4).
Various protocols are now available for culturing mESCs, and to
some extent, specific protocols work best with lines derived from
specific strains of mice (3).

In 1998, Dr. Thomson’s laboratory at the University of
Wisconsin reported, for the first time, that embryonic stem cells
can be derived from human blastocysts and propagated in vitro,
opening the possibility of creating pluripotent cell lines with the
potential to treat and cure numerous human diseases (5). Initially,
culturing protocols for human embryonic stem cells (hESCs)
involved the use of feeder layers as substrates and media contain-
ing serum and animal proteins. However, feeder layers add com-
plexity to stem cell cultures and have the potential to introduce
animal viruses and unwanted immunogens into the stem cell pop-
ulations, which would preclude the use of hRESCs grown on feed-
ers in therapeutic applications. Subsequently, various protocols
have been developed for feeder-free culturing of hESCs. The first
of these replaced the feeders with Matrigel (6) and replaced serum
with medium conditioned by murine embryonic fibroblasts
(mEFs) (7). While Matrigel is readily available and easy to use, it
is not strictly defined, may vary from lot to lot, and contains animal
proteins. There has, thus, been interest in refining the substrate,
and other options, such as laminin and fibronectin, have been
successful (7, 8).

Media conditioned by fibroblasts or media containing serum
have been valuable in initial work on embryonic stem cells, but
there is a trend to eliminate these undefined components, espe-
cially from hESC culture protocols. Serum is highly variable from
lot to lot and in some instances may promote differentiation
rather than pluripotency of embryonic stem cells. Likewise, media
conditioned by fibroblasts is not defined and contributes animal
proteins to the culture milieu. New defined media formulations
(containing some animal proteins) that work well with embryonic
stem cells, such as Knockout Serum Replacement (SR or KSR)
(Invitrogen) and mTeSR (StemCell Technologies), have been
developed recently (9, 10) and are commercially available at
affordable prices. More refined xeno-free media can also be pur-
chased at a higher cost for hESC work demanding animal-protein-
free media. Recently, three-dimensional culture systems, which
would be beneficial for differentiation of hESCs, have also been
introduced (11-13). Culture methods for ESCs are continually
evolving, and protocols can be expected to improve and become
more accessible in the future.
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While many different protocols have been developed for both
mESCs and hESCs and while the exact choice of media and cul-
ture conditions will be determined by the needs of individual
investigators and purpose of their work, we describe in this review
the fundamental methods needed for isolating mouse embryonic
fibroblasts (mEFs) that can be used as feeder layers for both
mouse and human ESCs. We also present a standard method for
culturing mESCs in a serum-containing medium. It is possible to
grow mESCs in serum-free knockout medium, and this would be
an alternative strategy that might be preferable depending on the
research goal. Finally, we present methods for growing hESCs on
both mEFs and Matrigel in defined conditions using hESC
medium in which serum is replaced with KSR or a new medium,
mTeSR, developed by Ludwig and Thomson (9). We have had
good success with hESC culture medium and mTeSR medium,
both of which can be used with induced pluripotent stem cells
(iPSCs) as well as hESCs. This set of protocols is intended for
those who have not worked with ESCs before and need a starting
point for accomplishing basic steps that would lead to setting up
embryonic stem cell experiments in their laboratory. We present
protocols as we often perform them in our laboratory. Amounts
and sizes of preparations can be scaled up or down as needed.
Once these methods have been mastered, numerous other tech-
niques can be used in conjunction with ESCs, or more advanced
methods of culturing can be added to this starting repertoire.

2. Materials

2.1. General
Considerations

All methods described in this chapter need to be done using strict
sterile technique. For more information on sterile technique, see
the reviews by Phelan and by Cote (14, 15). For more informa-
tion on contamination, how to prevent it, and how to deal with it
when it occurs, see the excellent technical bulletin by Ryan (16).
Testing for Mycoplasma infection of cultures should be done rou-
tinely (16). We recommend that all methods be done in a clean
room, which is accessed only by users of the room. Individuals
entering the clean room should step onto a sticky mat and then
put on lab coats, booties, and masks, all of which are always kept
in the clean room (disposable sticky mats, lab coats, latex gloves,
face masks, and booties can be purchased from internet sources at
considerable savings).

Floors should be cleaned at least once a week by users. Friday
is a good time for this so that the clean rooms are ready for use at
the beginning of the next week. All items that are removed from
the sterile hoods (e.g. centrifuge tubes) should be sprayed with
75% ethanol, which is allowed to evaporate before returning them
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2.2. Culturing Mouse
Embryonic Fibroblasts

2.2.1. Isolating mEFs

to the hood. Controlling contamination will be easier if air enter-
ing the rooms is HEPA-filtered. The need for fastidious sterile
technique is especially important for hESCs, which are usually
cultured without antibiotics.

1.

U1 W N

11.
12.

13.

14.

15.

16.

17.

18.

Ethanol spray bottle (75%). All items going into the sterile
hoods should be sprayed with ethanol, which will help kill
microorganisms upon evaporation.

. Stereoscopic (dissecting) microscope.

. Pipet-Aid (i.e. Drummond).

. Sterile plastic pipettes (10 and 25 mL, individually wrapped).
. Trypsin/Ethylenediaminetetraacetic acid (EDTA): 40 mL of

0.25% trypsin is used for isolating mEFs, while 0.05% trypsin/
EDTA solution is used for passaging cells.

. Sterile stir bar and stir plate. Sterilize by allowing 75% ethanol

to evaporate from their surfaces.

. Autoclaved 100-mL Erlenmeyer flask (for use with one to

two mice for isolating mEFs).

. Autoclaved aluminum foil (small piece to cover Erlenmeyer

flask).

. Sterile deionized water (dH,O).
10.

Phosphate-buffered saline (PBS) without Mg?* and Ca*
(2,600mLdH,0,8.3mgNaH,PO,-H,0,28.4 mg Na,HPO,,
pH=7.4). Autoclave and store at 4°C.

0.2% gelatin (i.e. Sigma, tissue culture grade) in PBS.

T75-cm? tissue culture flasks: When isolating mEFs, generally
4-5 T75-cm? flasks are needed for each pregnant mouse.
When passaging mEFs or mESCs, we normally use T25-cm?
flasks.

One or two pregnant female mice: for isolating mEFs, mice
should be used between day 12.5 and 13.5 of pregnancy (day
1 =first day after mating) (see Note 1).

Autoclaved paper towels.

Sterile dissecting tools (scissors, two pairs of forceps, scalpel).
Sterilize by autoclaving.

Sterile  60-mm diameter petri dishes (i.e. Falcon, Fisher
Scientific).

DNase (100 pg/mL) (i.e. Sigma, 10 mg/mL at 10,000 total
units).

Heat-inactivated and filtered fetal bovine serum (FBS): thaw
FBS in a 37°C water bath (if frozen) until serum is liquid.

Gently shake and then incubate at 56°C with whole volume of
serum immersed in water bath for 30 min (do not immerse cap).
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19.

20.

21.
22.
23.
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Swirl every 5-10 min and when done, cool in an ice bath. Do
not overheat. Serum should be filtered (0.2-um filter), ali-
quoted, and stored frozen at —20°C until needed.

Stericup filter flask (0.22 wm, 150 mL or larger depending on
volume of medium being made).

mEF medium: 500 mL of high-glucose Dulbecco’s Modified
Eagle’s Medium (DMEM), 6 mL of 200 mM L-glutamine
(Invitrogen), 6 mL of penicillin/streptomycin (5,000 units
of penicillin+5 mg/mL streptomycin), and 55 mL of heat-
inactivated FBS. After combining ingredients, sterilize using
a 0.22-um filter flask and store at 4°C for up to 2 weeks.
Medium can also be made in smaller batches.

100-um cell strainer (BD Falcon, 100 um nylon).
Sterile 50-mL conical tubes.

Inverted microscope (phase contrast or Hoffman modulation).

. Ethanol spray bottle (75%). All items going into the sterile

hoods should be sprayed with ethanol, which will help kill
microorganisms upon evaporation.

. Cryovials (1.8 mL).
. mEF freezing medium: 20% dimethyl sulfoxide (DMSO) and

80% mEF medium (see Note 2).

. 0.25% trypsin/EDTA (Invitrogen).

. mEF medium (see above).

. Sterile 50-mL conical tubes.

. T25-cm? Nunc flasks (Fisher).

. 0.2% Gelatin (i.e. Sigma, tissue culture grade) in PBS (see

Note 3).

. Sterile 15-mL conical tubes.
10.

Pipettes (P1000, P200, P20) and sterile tips appropriate for
each pipette.

. mEFs Isolated from these animals or mEFs purchased from

commercial sources (e.g. ATCC, StemCell Technologies)
which will be used to make feeder layers for mESCs and
hESCs.

2. 0.2% Gelatin (i.e. Sigma, tissue culture grade) in PBS.

. Ethanol spray bottle (75%). All items going into the sterile

hoods should be sprayed with ethanol, which will help kill
microorganisms upon evaporation.

4. mEF medium (see above).

. Sterile 50-mL conical tubes.

6. T25-cm? Nunc flasks (Fisher).



36 Lin and Talbot

2.3. Culturing Murine
Embryonic Stem GCells

12.

13.

14.
15.
16.

1.

N UL~ W

. Sterile 15-mL conical tubes.

. Pipettes (P1000, P200, P20) and sterile tips appropriate for

each pipette.

. Radiation source that can produce 8,000 rads.
10.
11.

Leukemia inhibitory factor (LIF, Millipore), see Note 4.

Low LIF mESC medium: 125 mLL DMEM, 22.5 mL FBS
(various sources), 1.5 mL of 100 mM sodium pyruvate
(Invitrogen), 1.5 mL of 100x nonessential amino acids
(ATCC, catalogno. 30-2116), 1.5 mL of 200 mM L-glutamine,
750 puL penicillin/streptomycin (5,000 units of penicil-
lin+5mg/mL streptomycin), 1 ul. of 2-mercaptoethanol
( 99%, tissue culture grade, Sigma, Catalog no. M7522), and
0.4 pL of LIF from the stock bottle (10° units/mL).

Mitomycin C: reconstitute mitomycin C in PBS (without Mg
and Ca) and 5% DMSO to reach a final concentration of
1 mg/mL (e.g. 0.1 mL DMSO+1.9 mL PBS+2 mg mito-
mycin C). Mix ingredients carefully until all of mitomycin C
powder has dissolved (see Notes 5 and 6).

mEF medium + mitomycin C: for each T25-cm? flask of mEFs,
4 mL of mitomycin C containing medium is used. The final
concentration of mitomycin C is 10 pg/mL (e.g. for every
10 mL of mEF medium, add 100 pL of aliquoted mitomycin
C solution).

Waste beaker (500 mL).
0.05% trypsin/EDTA solution.

Sterile 15-mL conical tubes.

Mitotically inactivated mEF feeder layers growing in T25-cm?
flasks.

. Murine embryonic stem cells (e.g. the D3 line from

ATCC).

. Low LIF mESC medium (see above).
. Ethanol spray bottle (75%).
. Sterile 15-mL conical tubes.

. Pipettes (P1000, P200, P20) and sterile tips appropriate for

each pipette.

. mESC freezing medium: mESC medium plus10% FBS, and

10% DMSO. For one T25-cm? flask, 4 mL of medium should
be sufficient. (The amount can be scaled up if more than one
flask is used or if a larger flask is used).

. 0.2% gelatin (i.e. Sigma, tissue culture grade) in PBS.
. PBS without Mg?* and Ca?* (see above).
10.

0.05% trypsin/EDTA solution.
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11.

N =
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11.
12.

High LIF mESC medium: as described above for low LIF
mESC medium, except for LIF, make a small amount of
working solution by diluting stock solution (10° units/mL)
tenfold, and add 1 pL of working solution for each mL of
high LIF mESC medium (e.g. use 10 pL of working solution
for 10 mL of mESC medium).

. 0.05% trypsin/EDTA solution.

. Gelatin-coated T25-cm? tissue culture flasks and six-well

plates (see Subheading 3.1.1, steps 5 and 23).

. hESCs (e.g. H9 line from WiCell). This could be a frozen vial

or live culture.

. Human basic fibroblast growth factor (hbFGFEF, i.e.

Peprotech): Stock solution is made by dissolving 10 ug of
hbFGF in 5 mL of PBS with 0.1% BSA (Fraction V). hbFGF
is very sticky, so when using, prewet all pipette tips, tubes,
and the filter with PBS + 0.1% BSA. Stock solution should be
aliquoted (250 pL) and stored at -20°C (short term) or at
-80°C (long term). Once thawed, aliquots can be stored at
4°C for a month.

. hESC medium: 400 mL DMEM /F-12, 100 mL Knockout

Serum Replacement (KSR, Invitrogen), 5 mL nonessential
amino acids (NEAA, Invitrogen, catalog no. 11140-050),
5 mL L-glutamine-2-mercaptoethanol mix (7 pl. 2-mercap-
toethanol plus 5 mL of 200 mM L-glutamine), and 1 mL of
hbFGF (10 pug/5 mL of PBS with 01% BSA) to a final con-
centration of 4 ng/mL. Filter through a 0.22-um filter and
store at 4°C (it is stable for 2 weeks). It can be made in
smaller batches.

. Ethanol spray bottle (75%).
. Sterile 15-mL conical tubes.
. Matrigel™.

. DMEM/F-12.

10.

mTeSR culture medium kit (includes basal medium plus
supplements) (StemCell Technologies). Medium is made
by combining 400 mL of mTeSR basal medium with
100 mL of mTeSR supplement. Complete medium can be
made in smaller aliquots. Complete medium is stable at 4°C
for 2 weeks.

PBS without Mg?* and Ca?* (see above).

Accutase (eBioscience) or collagenase IV or trypsin/EDTA
(0.05% trypsin, 0.53 mM EDTA): Collagenase 1V is made by
warming DMEM /F12 in a 37°C water bath, then dissolving
0.01 mg of collagenase per mL of DMEM /F12. The solu-
tion is passed through a 0.22-um filter before use.
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13.

14.

15.
16.

Glass beads (3 mm diameter, i.e. Fisher Scientific). To prepare
beads, place a bottle of glass beads in a beaker (beaker should
be 1/3 to 1/2 full). Rinse the beads three times with dH,O,
then cover the beads with 10 N HCI and soak overnight at
room temperature. Add an equal volume of 10 N NaOH
(carefully) to neutralize HCI and then run dH,O over the
beads overnight. The next day, remove all water from the
beaker and wash four times with dH,O. Dry off the glass
beads with an autoclaved paper towel or in a drying oven and
put the beads back in beaker and cover with aluminum foil.
Autoclave the beaker/beads and glass test tubes with plastic
snap on caps. Allow the beads to dry overnight and then ali-
quot the beads into the glass test tubes. Autoclave the test
tubes with the beads and allow them to dry overnight, after
which they will be ready for use in passaging hESCs.

Sterilized inverted light microscope: Sterilize with 75% etha-
nol and UV light in hood.

Sterile scalpel.

Sterile 10-mL Pasteur pipettes.

3. Methods

3.1. Gulturing mEFs 1.

3.1.1. Procedure
for Isolating mEFs

11.

Place 75% ethanol-sterilized dissection microscope in the
sterile hood.

. Wipe down all bench tops that will be used with 75%

ethanol.

. Place 40 mL of 0.25% trypsin and a sterile stir bar in the

Erlenmeyer flask, cap the flask with autoclaved aluminum foil,
and preheat trypsin solution in a 37°C water bath.

. Preheat 40 mL of mEF medium in a 50-mL conical tube in

the 37°C water bath.

. Coat T75-cm? culture flasks with 6 mL of 0.2% gelatin (see

Note 7) and incubate at 37°C for a minimum of 15 min or
until needed (see Note 3).

. Sacrifice female mice (one at a time) using CO, gas.

. Place sacrificed female mouse on her back on autoclaved

paper towels.

. Spray the mouse with 75% ethanol.
. Open the peritoneal cavity by making a Y-incision (Fig. 1).
10.

Dissect out embryos from the uterus and remove all tissue
surrounding each embryo using sterile forceps.

Carefully transfer dissected embryos into 60-mm petri dishes
containing sterile PBS.
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Fig. 1. Diagram showing where to make incisions on the ventral surface of a mouse
during isolation of mEFs.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Rinse embryos in clean PBS twice and place them in new dish
with fresh PBS for dissection.

Remove the head and internal organs from the embryos care-
fully with sterile forceps and scissors.

Place all dissected embryos in a fresh 60-mm dish of PBS and
cut tissue into approximately 1 mm pieces with the scalpel.

Transfer all tissue pieces into the sterile Erlenmeyer flask con-
taining 40 mL of preheated (37°C) 0.25% trypsin/EDTA
solution and sterile stir bar.

Stir cell solution for 40 min at room temperature on a stirring
plate.
Observe solution periodically. Add 200 pL of 100 pug/mL

DNase if solution appears viscous and clumpy (add additional
DNase in 200 uL increments if necessary).

After 40 min, add 40 mL of prewarmed (37°C) mEF medium
and swirl the solution gently.

Strain the solution through a 100 um cell strainer into a
50-mL conical tube in the sterile hood. Repeat this procedure
twice. Use a new strainer each time.

Centrifuge the cell suspension in the 50-mL conical tube at
270 x g for 4 min.
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21.

22.

23.

24.

25.

26.
27.

28.

3.1.2. Freezing and Storing 1
Passage 1 mEFs
2
3
4

a  —mEF (75% confluent)

Decant supernatant into a fresh sterile 50-mL conical tube (save
the supernatant in case there are not enough cells for plating).

Resuspend the pellet using fresh mEF medium (1 mL for
each T75-cm? flask, e.g. if using four flasks, break the pellet
with 4 mL of medium).

Aspirate excess gelatin out of T75-cm? flasks and replace it
with 8 mL /flask of mEF medium.

Add 1 mL of cell suspension to each T75-cm? flask and rock
the flask back and forth gently to distribute cells evenly across
the bottom of the flask.

Observe cells with the inverted microscope to make sure that
they look normal, for example, round with smooth surfaces
and not apoptotic (see Note 8).

Incubate cells in the 37°C incubator.

Change medium after 24 h of plating and thereafter on alter-
nate days.

Allow cells to reach 90-95% confluency (which should take
3—4 days) before passaging or freezing (Fig. 2b) (see Notes 9
and 10).

. Label cryovials with cell line, passage number, date, and ini-

tials (see Note 11).

. Aspirate mEF medium and wash the cells twice with 5 mL of

room temperature PBS.

. Aspirate PBS and add 5 mL of 0.05% trypsin/EDTA to each

T75-cm? flask and incubate at 37°C for 1 min.

. Remove flasks from incubator and gently tap the sides of each

flask. Do not leave cells in trypsin for more than 5 min (see
Note 12).

mEF (95% confluent)

Fig. 2. mEFs that have been plated and inactivated using mitomycin C at 75% confluency (a) and 95% confluency
(b). These cells are now ready to use as feeder layers for culturing mESCs (b) or hESCs, respectively (a). Note that the
density of the cells is greater when they are prepared for mESCs.
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10.
11.

10.

11.

. Add 10 mL of mEF medium to each flask and mix gently.

Amount of mEF medium added should be double the amount
of trypsin solution that is used.

. Aspirate the cell suspension from each flask and transfer it to

one sterile 50-mL conical tube.

. Centrifuge the cells at 270 x4 for 4 min and then decant off

the supernatant.

. Break the pellet with 5 mL of freezing medium and then add

the remaining 5 mL of the freezing medium and mix by gen-
tly inverting the tube (e.g. for five T75-cm? flasks, the total
volume of freezing medium will be 50 mL).

. Add 1 mL of the cell suspension in freezing medium to each

sterile cryovial.
Transfer the cryovials to a —80°C freezer and leave it overnight.

Remove cryovials from freezer, place on dry ice, and transfer
to liquid nitrogen for long-term storage (see Note 13).

. It is convenient to grow and freeze a number of passage 2

vials of mEFs for eventual use as feeder layers (see Notes 14

and 15).

. Coat 3—4 T25-cm? flasks with 0.2% gelatin and incubate for

at least 15 min.

. Get a passage 1 vial of mEFs from the liquid nitrogen stor-

age and bring the vial to a 37°C water bath on dry ice (see
Note 16).

. Thaw the cryovial in the water bath for no longer than 1.5 min

or until a small ice crystal is left (see Note 17).

. Spray the cryovial with 75% alcohol and transfer it to the ster-

ile hood. Allow the alcohol to evaporate off before opening
the vial.

. Place 5 mL of fresh mEF medium into a 15-mL conical

tube.

. Transfer thawed cells into the conical tube using the P1000

pipette.

. Rinse cryovial with 1 mL of mEF medium and transfer to the

conical vial.

. Cap the tube and centrifuge for 4 min at 270x4. Spray the

tube with 75% ethanol before transferring it to the sterile
hood.

Decant supernatant and break the pellet with 3—4 mL of fresh
mEF medium. Use 1 mL of mEF medium per T25-cm?
flask.

Aspirate gelatin from the T25-cm? flasks.
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12.
13.

14.

15.

3.1.4. Preparing mEF 1.

Feeder Layers
for Subsequent 2
Culture of mESCs

10.

11.

12.

3.1.5. Mitotic Inactivation 1.

of mEFs Using Irradiation

Add 3 mL of fresh mEF medium into each T25-cm? flask.

Plate 1 mL of mEFs into each T25-cm? flask, rock flasks gently
to distribute cells, and incubate at 37°C. Observe flasks after
20 min to verify that cells are attaching.

Change the medium 24 h after plating and then change the
medium on alternate days.

When 90-95% confluency is reached, a flask may be used to
prepare the feeder layer (Fig. 2b). Cells in the remaining
flasks can be frozen as has been done for passage 1 cells
(Subheading 3.1.2).

Coat T25-cm? flasks with 0.2% gelatin and incubate for at
least 15 min (use two flasks for each vial of mEFs).

. Get stock vial of passage 2 mEFs from liquid nitrogen storage

or use a T25-cm? flask containing a live culture of passage 2
mEFs (see Subheading 3.1.3 and Notes 14-16).

. If frozen, thaw cells in the 37°C water bath for 1.5 min or

until only a small crystal of ice remains. Keep cap above water
during thawing.

. Before transferring to the sterile hood, spray vial with 75%

ethanol.

. In a sterile hood, transfer thawed cells (1 mL) to a 15-mL

conical tube containing 5 mL of mEF medium using a P1000
pipette. Rinse cyrovial with 1 mL of mEF medium and add
this to the conical tube.

. Centrifuge at 270xy4 for 4 min to create a loose pellet of

cells.

. Decant supernatant from the conical tube and gently break

the pellet with 1-2 mL of mEF medium per pellet.

. Aspirate excess gelatin from the T25-cm? flasks.

. Pipette 0.5-1.0 mL of mEF medium containing the cell sus-

pension into each of two T25-cm? flasks containing 3 mL of
fresh medium and transfer flasks to the incubator.

After about 15-20 min, check to be sure that mEFs are
attaching to the bottom of the flasks, using an inverted micro-
scope. Then, observe the flasks daily for cell growth, normal
appearance, and absence of contamination.

Cells will double about every 24 h. For use with mESCs, let
mEFs grow until they are about 90-95% confluent.

mEF medium should be changed every other day.

To prevent mEFs from dividing when stem cells are plated on
them, they must be inactivated with either irradiation (for
example cesium exposure) or mitomycin C (see Note 18).
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2.

10.

11.

12.

13.

To irradiate mEFs, place flasks in a cesium source irradiator
and irradiate at 8,000 rads for approximately 2 h. It may be
necessary to empirically determine the length of exposure and
dosage for your particular instrument.

. Remove flasks promptly and return them to the cell culture

room.

. Upon return to the lab, immediately replace mEF medium

with 4 mL of room temperature low LIF mESC medium and
incubate at 37°C for 30-60 min, after which mEFs can be
used as feeder layers (see Notes 19 and 20).

. If an irradiator is not available, mEFs can be inactivated using

mitomycin C.

. Label a 50-mL conical vial to dispose of any waste containing

mitomycin C.

. Aspirate mEF medium out of T25-cm? flasks containing

mEFs, add 4 mL of mEF medium + mitomycin C into each
flask, and incubate at 37°C for 2-2.5 h.

. For each T25-cm? flask of mitomycin-treated mEFs, coat one

T25-cm? flask with gelatin and incubate for at least 15 min.

. After treatment, aspirate the mitomycin C-containing mEF

medium out of the T25-cm? flask (see Note 5).

. Wash mitomycin C-treated mEFs with 5 mL of PBS for three

times and discard the wash into the waste bottle containing
mitomycin C medium.

. Add 2 mL of 0.05% trypsin/EDTA to each T25-cm? flask

and incubate at 37°C for 1 min.

. Remove the flasks from the incubator and gently tap the sides

of the flasks to loosen the cells. Check the flasks using the
inverted microscope periodically to make sure that mEFs
detach from the bottom of the flask. Do not leave mEFs in
trypsin for more than 5 min (see Note 12).

. Add 4 mL of mEF medium to each flask to inactivate the

trypsin.

Transfer the 6 mL of cell solution from each flask into a single
sterile 15-mL conical tube and cap the tube.

Centrifuge the cell solution at 270 x g4 for 4 min. Spray conical
tube with 75% ethanol before returning it to the sterile

hood.

Decant the supernatant and gently break pellet with 1-2 mL
of fresh mEF medium by pipetting repeatedly with a P1000
pipette. Use 1 mL of mEF medium per flask being plated.

Aspirate excess gelatin in T25-cm? flasks and add 3 mL of
mEF medium to each flask.
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3.1.7. Schedule
for Preparing mEFs

3.2. Gulturing mESCs

3.2.1. Thawing
and Expanding
mESCs on mEFs

Table 1
Schedule for mEF preparation

Day of week Action

Monday Plate passage 2 mEFs on gelatin coated T25-cm? flasks
Tuesday Change medium for newly plated mEFs

Wednesday ~ Observe mEFs using a inverted light microscope for
confluency and contamination

Thursday Mitomycin C-treat or irradiate mEFs. Irradiated mEFs
can be used on Thursday for plating mESCs

Friday Mitomycin C-inactivated mEFs can be used for
plating ESCs; change medium if not used

14.

15.

16.

Plate mitomycin C-treated mEFs on two fresh 0.2% gelatin-
coated T25-cm? flasks. Observe plated cells after 20 min
(see Note 21).

mEFs freshly treated with mitomycin C can be used as feeders
after overnight incubation (see Note 22).

mEF medium should be changed 24 h after mitomycin C
treatment and every other day thereafter.

. It is a good idea to set up a schedule for harvesting mEFs so
that you will have them ready when needed for your stem
cells. An example of a possible schedule is given in Table 1.

. All mitotically inactivated mEFs should be fed on alternative
days, and they are good for 2 weeks.

. Prepare mEF feeder layer as described in Subheadings
3.1.4-3.1.6.

. Aspirate mEF medium off of mEFs and add fresh low LIF
mESC medium (4 mL to a T25-cm? flask) and then incubate
for at least 30—60 min (see Note 23).

. Get a vial of frozen mESCs from liquid nitrogen storage and
transport it on dry ice to the cell culture room.

. Immediately put the frozen vial in the 37°C water bath with-
out submerging the cap and thaw for no more than 90 s or
until a small ice crystal is left.

. Remove vial and spray down with 75% ethanol before placing
it in the sterile hood.

. Put 5 mL of fresh low LIF mESC medium in a 15-mL conical
tube.



3.2.2. Passaging
and Freezing mESCs
Using mEFs

Methods for Culturing Mouse and Human Embryonic Stem Cells 45

7.

10.

11.

12.

13.

14.

15.

16.

Transfer the mESCs into the conical tube using the P1000
pipette and then wash the vial with 1 mL of low LIF mESC
medium and add wash to the tube. Cap the tube before
removing it from the hood.

. Spin down cells in centrifuge at 270x 4 for 4 min and then

spray the conical tube with 75% ethanol before returning it to

the hood.

. Decant the supernatant into the waste beaker and add 1 mL

of low LIF mESC medium to the tube. Pipette gently with
the P1000 pipette to break the pellet. Be sure that the cells
are fully dispersed, but do not pipette too hard or else the
cells may be damaged.

Set the cells aside and aspirate the low LIF mESC medium
out of the T25-cm? flask and replace it with fresh low LIF
mESC medium (4 mL).

Add 1 mL of mESC suspension to the T25-cm? flask using a
P1000 and then rock the solution in the flask back and forth
gently to evenly distribute the cells. Observe using the
inverted microscope and be sure that the cells appear normal
and are not apoptotic.

Incubate at 37°C and check the next day for evidence of
mESC attachment.

Observe cultures every day to be sure that there is no evi-
dence of contamination or differentiation (see Note 24).

Change the mESC medium every day (replace 5 mL of old
medium with 5 mL of fresh low LIF mESC medium).

For vials that are freshly thawed, it will generally take 3—4
days for mESCs to become 50-60% confluent (adjacent colo-
nies should not be touching each other).

Figure 3a and b show examples of pluripotent mESCs grow-
ing in colonies. These colonies are round, three-dimensional,
and have defined edges. Colonies in Fig. 3b have been labeled
to show alkaline phosphatase activity, a marker for pluripo-
tency. Figure 3c and d, in contrast, show mESC colonies in
which differentiation has begun. Colonies are flatter, and cells
(arrow) have begun to migrate out of a colony.

. Aspirate mEF medium from a new flask of mitotically inacti-

vated mEFs, add 4 mL of low LIF mESC medium to the
flask, and incubate at 37°C for 30-60 min.

. Coat a 60-mm tissue culture dish with 0.2% gelatin for at

least 15 min and incubate at 37°C until ready for use.

. Aspirate the low LIF mESC medium out of the T25-cm? flask

containing mESCs.
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4. Add 5 mL of PBS to wash any serum out of the flask.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.
21.

22.

. Aspirate out PBS and add 2 mL of 0.05% trypsin/EDTA to

the flask with mESCs, then incubate for 1 min at 37°C (see
Note 12).

. Remove the flask from the incubator and gently tap its sides

to loosen the cells. Check using the inverted microscope to
be sure that the cells have detached.

. Add 4 mL of low LIF mESC medium to the flask with mESCs

and rock back and forth (flask contains a total of 6 mL).

. Aspirate out 1 mL of solution containing mESCs using a P1000

pipette and transfer to a 15-mL conical tube and cap tube.

. Aspirate out the remaining 5 mL of solution containing

mESCs and transfer to a second 15-mL conical tube and cap
tube.

Centrifuge the two conical tubes for 4 min at 270xyg. Spray
down with 75% ethanol before placing tubes back in the hood.

Decant medium from conical tube containing 5 mL and gently
break the pellet with 4 mL of freezing medium.

Add 1 mL of cell suspension in freezing medium per cyrovial
(four vials total for one T25-cm? flask).

Transfer to a —~80°C freezer for 24 h and then transfer to liquid
nitrogen (use dry ice to carry vials from freezer to liquid-
nitrogen tank).

Decant the medium from conical tube containing 1 mL of
solution.

Break the pellet gently with 1 mL of low LIF mESC medium
and set aside in the hood.

Aspirate out excess gelatin from a 60-mm culture dish and
add 3 mL of fresh low LIF mESC medium.

Add 1 mL of the mESC suspension to the 60-mm culture
dish using a P1000 pipette and mix solution carefully with
the pipette.

Place the 60-mm culture dish in the incubator and wait
20-30 min to allow mEFs to attach (see Note 25).

After 20-30 min, aspirate the cell suspension containing
mESCs from the 60-mm dish and transfer to a 15-mL conical
tube and cap tube (see Note 26).

Centrifuge the cell suspension for 4 min at 270 x 4.

While centrifuging, change the medium in the T25-cm? flask
containing mEFs by replacing 4 mL of mESC medium with
an equal amount of low LIF mESC medium. Spray the coni-
cal tube before returning it to the hood.

Decant the medium from the conical tube and break the
pellet using 1 mL of low LIF mESC medium.
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23.

24.
25.

10.

11.

12.
13.

14.

15.

Transfer all of the cell suspension to a T25-cm? flask containing
mEFs in fresh low LIF medium and rock the flask back and
forth to distribute the cells.

Incubate the flasks at 37°C.

Routinely check and change medium everyday as described in
Subheading 3.2.1.

. Add 3 mL of 0.2% gelatin to T25-cm? flasks and incubate at

37°C for at least 15 min (one T25-cm? flask of mESCs can be
passaged to three new flasks).

. Decant medium in the T25-cm? flask containing mESCs and

wash the flask using 5 mL of PBS.

. Aspirate PBS and add 2 mL of 0.05% trypsin/EDTA to the

T25-cm? flask and incubate for 1 min at 37°C.

. Remove the flask from the incubator and the tap sides of the

flask gently. Check cells with the inverted light microscope to
see if all mESCs have detached.

. Once all mESCs have detached (which should be no longer

than 5 min), add 4 mL of high LIF mESC medium to neu-
tralize the trypsin (see Notes 12 and 27).

. Aspirate cell suspension and transfer to a sterile 15-mL coni-

cal tube and cap tube.

. Centrifuge mESCs at 270 x g for 4 min.

. While centrifuging, remove gelatin-coated flasks from incu-

bator and decant excess gelatin in sterile hood.

. Add 3 mL of high LIF mESC medium to the flask and set in

hood (see Note 27).

Decant supernatant and break pellet gently with 3 mL of high
LIF mESC medium.

Add 1 mL of cell suspension to each flask and rock flasks back
and forth for even distribution. Observe cells using an inverted
light microscope for normal cell morphology (round, no
apoptosis).

Incubate mESCs at 37°C and change medium every day.

mESCs should be ready for passaging once the flask reaches
70-75% confluency (Fig. 2a).

Figure 3e shows pluripotent mESCs plated on gelatin. The
colony is flat and has the characteristic cobblestone appear-
ance of mESCs on gelatin. Figure 3f shows mESCs that are
starting to differentiate on gelatin. Cells have begun migrat-
ing out of the colony.

Once a frozen vial of mESCs has been expanded and passaged
to produce sufficient frozen stock, experiments can be set up
with the mESCs.
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Fig. 3. Well-formed colonies of mESCs (a, b) growing on mEFs. The edges of the colonies are sharp, and colonies are
round and three-dimensional, indicative of pluripotency. The colonies in (b) appear dark because they have been stained
for alkaline phosphatase activity which shows the sharply defined edges of the colonies and indicates their pluripotent
nature. mESC colonies that have begun differentiating on mEFs are shown in (¢) and (d). In (¢), the colonies have become
flat, an early indicator of differentiation, while in (d), the colony at the lower left has lost its sharp edges, and differentiat-
ing cells are moving away from the colony (arrow). mESC colonies appear cobblestoned when grown on gelatin (e). When
mESC differentiate on gelatin, they move away from the colony (f).
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3.3. Culturing Human 1. Plate a vial of frozen mEFs (passage 2) in a gelatin-coated
Embryonic Stem Cells T25-cm? flask (see Subheading 3.1.1 and Note 14).

3.3.1. Prepping mEFs 2. Allow the mEFs to grow to 95-100% confluency (Fig. 2b).
for hESC Culture Using 3. Mitomycin C-treat the T25-cm? flask of mEFs (see
Mitomycin C Subheading 3.1.6).

4. After treatment, wash the flask twice with PBS and then remove
the mEFs using trypsin/EDTA (see Subheading 3.1.6).

5. Centrifuge the cell suspension, remove the supernatant, and
break pellet with fresh mEF medium as described in
Subheading 3.1.6.

6. One T25-cm? flask of mitomycin C-treated mEFs can be
replated into four to five wells of a six-well plate (this will give
about 70% confluency in each well) (Fig. 2a).

7. Alternatively, the mitomycin C-treated mEFs can be placed
back into a T25-cm? flask if desired.

8. Put the plate or flask in the incubator for 24 h (check after
20 min to be sure that cells begin to attach).

9. After 24 h, the mEFs are ready to be used for plating

hESCs.
3.3.2. Prepping mEFs 1. Plate two vials of frozen passage 2 mEFs in a gelatin-coated
for hESC Culture Using six-well plate. Two vials contain enough cells for six wells.

Iradiation 2. Allow mEFs to grow to 70-75% confluency in the incubator

(Fig. 2a).
3. Irradiate as described in Subheading 3.1.5.

3.3.3. Thawing and Plating 1. For the mitomycin C-treated or the irradiated mEFs, replace

hESCs on mEFs mEF medium with hESC medium and incubate for 30—60 min
at 37°C. Use 1 mL for each well of a six-well plate or 3 mL
into a T25-cm? flask.

2. Obtain a frozen vial of hESCs from liquid-nitrogen storage
(see Notes 16 and 28). One frozen vial of hESCs is usually
plated in one well of a six-well plate or in one T25-cm? flask.

3. Thaw the vial in 37°C water bath for no more than 1.5 min
or until a small crystal is left (do not submerge the cap). Spray
vial with 75% ethanol before transferring to sterile hood.

4. Put 5 mL of fresh hESC medium into a 15-mL conical tube.

5. Add hESCs to the conical tube dropwise by running drops
down the sides of the tube.

6. Centrifuge the tube at 200 x4 for 3 min at room tempera-
ture. Spray the tube with 75% ethanol before returning it to
the sterile hood.

7. Decant the supernatant and gently break the pellet using
1 mL of hESC medium.
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hESC on mEFs hESC on Matrigel
& /“’ - PRl | . . TN

Fig. 4. Examples of hESCs growing on mEFs (a) and Matrigel (b). In both cases, colonies appear flatter than the mESC
colonies. hESCs grow between the mEFS, while mESCs grow on mEFs. Note that the edges of the colonies are sharply

defined.

10.
11.

3.3.4. Preparing Matrigel 1.

Plates for hESCs

—

3.3.5. Thawing and Plating
hESCs on Matrigel

. Replace the hESC medium in the six-well plate (1 mL) or

flask (3 mL) with fresh hESC medium.

. Add the 1 mL of hESC suspension dropwise into one well of

a six-well plate or one T25-cm? flask.
Routinely check and change medium every day.

Figure 4a shows hESCs growing on mEFs. The hESCs actually
grow in between the mEFs and form a colony. The colony is
flat and has a cobblestone appearance and well-defined edges.

Thaw a 5-mL bottle of stock Matrigel in the refrigerator
overnight. Do not thaw at room temperature because it may
clump and not be usable.

. Add 5 mL of DMEM/F12 (at 4°C) to the Matrigel bottle

and mix thoroughly by pipetting up and down gently (avoid
formation of bubbles at the surface of the solution).

. Aliquot 500 pL of Matrigel solution to twenty 15-mL conical

tubes. Aliquots that will not be used should be stored at
-20°C. When using a frozen aliquot, it should be thawed for
1-2 h in the refrigerator (4°C) before use.

. When making Matrigel plates, add 7 mL of DMEM /F12 (at

4°C) to a 500-pL aliquot of Matrigel prepared as described
above and pipette gently without making bubbles.

. Add 1 mL of Matrigel working solution to each well in a six-

well plate and rock to evenly distribute the solution.

. Leave the plate at room temperature for 1-2 h or leave it in

the refrigerator overnight (see Note 29).

. One frozen vial of hESCs is usually plated in one well of a six-

well plate or in one T25-cm? flask.

. Thaw a vial of hESCs at 37°C for 1.5 min in a water bath or

until a small ice crystal is left.

. Add 5 mL of mTeSR to a 15-mL conical tube.
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4.

10.

11.

Transfer the cells in the thawed vial to the conical tube by adding
cells dropwise to the sides of the tube and cap the tube.

. Centrifuge for 3 min at 200 x4 and spray the tube with 75%

ethanol before placing it in the sterile hood.

. Decant the supernatant from the tube and gently break the

pellet using 1 mL of mTeSR medium. Do not pipette too
many times; cells should remain in colonies.

. Aspirate out excess Matrigel from the six-well plate and add

1 mL of fresh mTeSR to each Matrigel-coated well.

. Add 1 mL of cell suspension to the Matrigel-coated well

dropwise, keeping drops near the surface of the well.

. Incubate the plate at 37°C overnight.
10.
11.
12.

Change the mTeSR medium every day.
Passage when hESCs are 70-75% confluent.
Figure 4b shows a hESC colony plated on Matrigel. The col-

ony is flat with a cobblestone appearance. The cells are tightly
joined to each other in a colony.

. If plating hESC on mEFs, remove mEF medium and replace

with 1 mL of hESC medium and incubate at 37°C for
30-60 min before using. If plating on Matrigel, prepare
Matrigel-coated dishes 1-2 h before they are needed.

. Wash hESCs with 1 mL of PBS per well and then aspirate out

PBS.

. Add 1 mL of Accutase or collagenase IV to each well and

incubate at 37°C for 1 min (see Note 30).

. Remove plate from incubator and observe with an inverted

microscope. Edges of the colonies will start to curl.

. Add 10-12 sterile glass beads to each well (see Notes 28

and 29).

. Rock plate back and forth gently. Observe the plate from the

bottom. hESC colonies should become detached and float in
solution.

. Do not leave hESC in Accutase or collagenase for more than

3 min.

. If plating on mEFs, add 2 mL of hESC medium to the well. If

plating on Matrigel, add 2 mL of mTeSR medium to the well.

. Aspirate the cell suspension and transfer to a 15-mL conical

tube and cap the tube.

Centrifuge the cell suspension at 200 x 4 for 3 min. Spray the
conical tube with 75% ethanol before placing in the hood.

Decant supernatant and gently break the pellet using either
hESC medium (for mEF plating) or mTeSR medium (for
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12.

13.

14.

15.

16.

17.
18.

3.3.7. “Cut and Paste” 1.

Passaging

Matrigel plating). If two wells of hESCs will be passaged into
six new wells, then break pellet with 3 mL of medium, or
500 puL per well.

Do not pipette too many times to prevent colonies from
breaking up (hESCs survive better in colonies and not as
single cells).

If plating onto mEFs, aspirate hESC medium from the wells
and add 1 mL of fresh medium. If plating on Matrigel, aspirate
out Matrigel from the wells and add 1 mL of mTeSR medium.

Replate hESCs by adding 500 pL of cell suspension dropwise
to each well. Add drops right above the surface of the solu-
tion. Rock the plate in all four directions gently.

Clumps of hESCs should be observed using the inverted
microscope.

Incubate the cells at 37°C overnight and change the medium
(hESC medium or mTeSR) every day.

Passage again when colonies reach 70-75% confluency.

Once a frozen vial of hESCs has been expanded and passaged
to produce sufficient frozen stock, experiments can be set up
with the hESCs.

Instead of using the beads, the “cut and paste” method of
passaging may be used. For this alternative, place a sterilized
inverted light microscope in the sterile culture hood.

. Place a six-well plate of hESCs on the stage of the microscope

and open the lid.

. Observe hESC colonies and choose those that look pluripo-

tent and healthy (Fig. 4a, b).

. Use a scalpel to gently cut the colonies into quadrants
(Fig. 5a).

Fig. 5. Diagrams showing how to score colonies for passaging with the cut-and-paste (a) and the mechanical (b) method.
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. Gently scrape off the desired portions of the colonies.

6. Once all the pieces have been mechanically removed from

the plate, transfer the solution in each well to a 15-mL
conical tube.

. Centrifuge the cell suspension and break pellet with appropri-

ate media (mTeSR if plating on Matrigel and hESC medium
if plating on mEFs).

. Replate hESC colonies as described in Subheading 3.3.6,

steps 8-18.

. Instead of using the beads, the mechanical method can also

be used to passage cells. For this alternative, place the hESC
plate in the sterile hood.

. Add 1 mL of Accutase or collagenase IV to each hESC well

and incubate for 1 min at 37°C.

. Return the plate to the sterile hood.
4. Unwrap a 10-mL Pasteur pipette in sterile hood. Do not

allow the tip to touch any surfaces.

. Scrape the colonies off from the bottom of the wells in the

directions shown in Fig. 5b. You should see colonies floating
in medium.

.Add 2 mL of hESC medium or mTeSR medium into

each well.

. Aspirate all cell suspensions into one 15 mL conical tube and

cap tube.

. Centrifuge the cell suspension at 200 x4 for 3 min.

. Break pellet and replate hESCs on Matrigel or mEFs as

described in Subheading 3.3.6, steps 8-18.

4. Notes

. Although mEFs from various strains of mice have been used

successfully in stem cell culture, we have found that mEFs from
NIH Swiss mice work very well with both mESCs and hESCs.

. Make 10 mL of freezing medium per T75-cm? flask of cells

that will be frozen (e.g. for five flasks, make 50 mL of freez-
ing medium).

. When plating mEFs or mESCs, T25-cm? and T75-cm? flasks

can be used with or without gelatin coating. We have found
that mEFs and mESCs stick better and are healthier with a
gelatin coating, and therefore we routinely coat flasks for
mEF isolation or passaging.
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10.

11.

12.

13.

14.

15.

16.

17.
18.

19.

. LIF is expensive. It can be made in small batches so as not to

waste it. The stock bottle is stored at 4°C. Check expiration
date of each bottle.

. Mitomycin C is a potent chemical that inhibits cell division.

It should be handled carefully under a hood while wearing
gloves. Be sure to discard mitomycin C waste in the appropri-
ate toxic waste bin.

. Aliquots of mitomycin C stock solution can be stored at

-20°C for 6 months. The unconstituted powder is stable
at =20°C for 1 year.

. Cells from about two to three embryos can be plated on one

T75-cm? flask.

. Observe cells with the inverted microscope at 20 min after

plating. If mEFs are healthy, they will have begun attaching
by this time.

. It normally takes the mEFs about 3—4 days to become 90%

confluent. If it takes longer than this, the cells may be
unhealthy.

We refer to these cells as passage 1 mEFs (some labs call this
stage passage 0).

One 90-95% confluent T75-cm? flask of passage 1 mEFs will
usually yield 10-12 frozen vials.

It is important not to overtrypsinize the cells. To determine
if cells have completely dislodged, you can examine the flask
carefully with naked eye or look at it with the inverted micro-
scope. Do not leave mESCs in trypsin for more than 4-5 min.
Staying in trypsin too long will reduce plating efficiency.

Although it is customary to store mEFs in liquid nitrogen, we
have also stored mEFs at -80°C for up to 6 months with
success.

Passages 3 or 4 are the best for use as feeder layers. We have
found that younger or older passages do not work well.

Our frozen vials of mEFs normally contain 3-5x 106cells/
vial.

It is important to keep cells frozen until you thaw them in the
water bath. If necessary, they can be transferred from the
liquid-nitrogen storage site to the water bath on dry ice.

Do not submerge the cap.

The use of a cesium source machine may require special train-
ing at your institution. Try to receive training and gain access
to the cesium source before beginning your work.

Irradiation can also be done when cells are in 15-mL conical
tubes before plating on flasks as feeders.
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20.

21.
22.

23.

24.

25.

26.

27.

28.

29.

30.

Once the mEFs have been mitotically inactivated, they are
only good for 10 days.

mEFs should begin to attach by 15 min after plating.

Irradiation of cells in flasks has the advantage that cells are
ready to use after the relatively short irradiation period.
Mitomycin C-treated cells have the disadvantage of needing
to be removed from their flasks and replated which requires
an extra night of culture before they can be used. We have
used both methods with success. If mitomycin C-treated
mEFs have less than 70% confluency when replated, the mito-
mycin C treatment may have damaged some of the mEFs.

FBS is highly variable from batch to batch. Even embryonic-
stem-cell-qualified batches may not support pluripotency well
in ESC populations. It is important to screen batches of FBS
to ascertain which are suitable for your work. Often compa-
nies will hold specific lots of FBS in reserve for you if you
commit to purchase them in the future.

Be sure to also observe the morphology of the mEFs. If mEFs
start to die or detach, mESCs will not be properly
supported.

Check dish after 15 min to see if most mEFs have already
attached; if so, the mEFs are healthy.

Do this step one time if passaging mESCs or two times if
preparing mESCs for an experiment.

High LIF medium should be used when plating mESC on
gelatin to keep them from differentiating.

A number of lines of hESCs are available for culture. Some
lines require their own particular protocols. The protocol
described here works well with the WiCell H9 line.

Matrigel plates are good for 2 weeks if refrigerated, although
fresh plates are preferable.

Accutase will give mainly single cells, while collagenase IV
will give mainly colonies.
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Chapter 3

Serum-Free and Feeder-Free Gulture Conditions
for Human Embryonic Stem Cells

Ludovic Vallier

Abstract

Human embryonic stem cells (hESCs) are pluripotent cells derived from the embryo at the blastocyst
stage. Their embryonic origin confers upon them the capacity to proliferate indefinitely in vitro while
maintaining the capacity to differentiate into a large variety of cell types. Based on these properties of
self-renewal and pluripotency, hESCs represent a unique source to generate a large quantity of certain
specialized cell types with clinical interest for transplantation-based therapy. However, hESCs are usually
grown in culture conditions using fetal bovine serum and mouse embryonic fibroblasts, two components
that are not compatible with clinical applications. Consequently, the possibility to expand hESCs in
serum-free and in feeder-free culture conditions is becoming a major challenge to deliver the clinical
promises of hESCs. Here, we describe the basic principles of growing hESCs in a chemically defined
medium (CDM) devoid of serum and feeders.

Key words: Human embryonic stem cells, Serum-free, Feeder-free, Pluripotency

1. Introduction

The pluripotent status of human embryonic stem cells (hESCs)
confers upon them the capacity to differentiate into a large variety
of cell types. This unique property also implies that hESCs have
an unstable phenotype and that their environment can easily
induce their differentiation. This phenotypic instability represents
a major challenge in maintaining hESCs in vitro, and a large num-
ber of culture systems have been developed to solve this issue.
The first hESC line derived in 1998 by J.A. Thomson and col-
leagues was initially grown on mouse embryonic fibroblasts and in
a medium containing serum (1). These cultures conditions have
been progressively improved by replacing FBS with an artificial
serum (serum replacement) (2), which decreased the problem of

Nicole I. zur Nieden (ed.), Embryonic Stem Cell Therapy for Osteo-Degenerative Diseases, Methods in Molecular Biology, vol. 690,
DOI 10.1007/978-1-60761-962-8_3, © Springer Science+Business Media, LLC 2011
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1.1. Growth Factors

1.2. Bovine Serum
Albumin

batch variations encountered with different lots of FBS. However,
the serum replacer formulation is not defined or publicly avail-
able, and it includes factors such as BMP, which can influence
hESC selt-renewal and differentiation (3). Another progress in
culture systems in growing hESCs was the use of conditioned
media by MEFs supplemented with basic fibroblast growth factor
(bEGF) (4, 5). Although this approach avoided a direct contact
between hESCs and the feeder cells and improved the phenotypic
stability of hESCs, it was based on media containing serum and
thus unknown factors.

The first attempt to develop chemically defined conditions to
grow hESCs were based on studies trying to uncover the signaling
pathways maintaining their pluripotency (3, 6-10). Indeed, these
studies demonstrated that Activin/Nodal/TGFf signaling and
FGF signaling pathways were respectively necessary for pluripotency
and self-renewal of hESCs. Later studies also showed that Activin A
and/or bFGF were sufficient to grow hESCs in the absence of
serum and/or feeder cells (10-12). Based on these observations,
several culture systems (Table 1) were developed to grow hESCs
over a prolonged period of time in defined conditions (11-16).

In this chapter, we describe a culture system (CDM A+F)
efficient for growing H9 (WiCell, Madison, WI) and hSF-6
(UCSF, San Francisco, CA) hESC lines (Fig. 1), two lines easily
available and commonly used for basic studies. This method pro-
vides the knowledge necessary to grow hESCs in the absence of
serum and feeder cells. However, different hESCs might have dit-
ferent requirements, and three key factors that might influence
behavior of hESCs grown in defined conditions need to be con-
sidered and are reviewed in the following sections.

Activin/TGFp and bFGF are necessary for pluripotency and self-
renewal of hESCs (8, 10). However, additional growth factors
can have a positive effect on hESCs including Wnt/beta-catenin,
which can easily be activated by adding lithium chloride to the
culture media as it inhibits the enzyme that usually tags beta-
catenin for proteasomal degradation. Nevertheless, the function
of Wnt signaling in hESC pluripotency remains controversial
(7,17, 18), and its positive effect on hESC growth might depend
on other factors provided in the culture medium.

All the media currently available to grow hESCs contain serum
albumin of animal or human origin. The latter source of serum
albumin is rarely used because of its cost and the important vari-
ability between different lots. Indeed, it is highly recommended
to batch-screen bovine serum albumin (BSA) since it can affect
the proliferation and the adhesion of hESCs. A BSA lot is usually
validated when it can be used to grow hESCs more than five pas-
sages without decrease in proliferation or adhesion.
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ct-4 Tra-1-60 SSEA-3 AP

H9

H1

hSF-6

Fig. 1. Human ESCs grown in CDM supplemented with Activin and FGF maintain their pluripotent status. H9, H1, and
hSF-6 hESCs were grown respectively for 35, 11, and 20 passages, and the expression of the pluripotency markers Oct-
4,Tra-1-60, SSEA-3, and alkaline phosphatase (AP) was analyzed using immunostaining.

1.3. Extracellular Problem of adhesion will immediately lead to cell death or dif-
Matrix ferentiation of hESCs, especially if colonies start to form three-
dimensional structures (or embryoid body-like structure). Human
ESCs need to be grown as flat and compact colonies. Indeed, single
hESCs excluded from the colonies differentiate into “stroma
cells.” This background of differentiation can produce growth
factors, such as FGF or insulin growth factor, that can strongly
interfere with the behavior of hESCs, especially during their dit-
ferentiation into specific cell types (19). Absence of feeder cells
increases this problem, since one of their key functions is to main-
tain hESC organization into compact colonies. Therefore, hESCs
need specific extracellular matrix, not only to attach properly on
plastic but also to maintain their pluripotent status. The usual
purified ECM proteins, such as laminin, give mixed results and
are consequently often replaced with Matrigel. However, Matrigel
is prepared from murine Engelbreth-Holm-Swarm tumor cells
and contains unknown factors capable of interfering with experi-
mental outcomes. Fibronectin and vitronectin give the best results
with the culture system described below (CDM A +F). However,
the cost of these proteins precludes their use for large-scale experi-
ments and routine cell culture. For these kinds of applications,
plastic plates precoated with medium containing FBS (see
Subheading 3.3) are recommended. This low-cost approach is very
robust with most of the hESC cell lines. Importantly, we never
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observed differences between FBS precoated plates and fibronectin
coated plate, suggesting that this method does not interfere with
pluripotency or differentiation of hESCs.

In summary, we present a simple and robust method to grow

hESCs in serum- and feeder-free conditions. Importantly, this
method can be easily adapted to different hESC lines, and it can
be modified to avoid any components of animal origin.

2. Materials

2.1. Precoating Plates

2.2. Human ESC
Culture Media
and Formulations

p—

. Plastic plates (Costar).
. Phosphate-buffered saline (PBS): Combine 137 mM NaCl,

2.7 mM KCl, and 10 mM sodium phosphate dibasic
(Na,HPO,) in ddH,O. Adjust pH to 7.4 and autoclave at
121°C for 60 min. Store at 4°C.

. Fibronectin (Chemicon) at a concentration of 10 mg/mL:

the liquid is sterile-filtered and should be maintained at 4°C
for up to 6 months from the date of receipt.

. Gelatin from porcine skin: dilute to 0.1% in embryo tested

water (Sigma).

. Serum-containing media: prepare serum-containing media

using 500 mL of Advanced Dulbecco’s Modified Eagle’s
Medium (DMEM, Invitrogen) and 10 mL of fetal bovine
serum (FBS, Biosera).

. Chemically defined hESC medium (CDM): Mix 50% Iscove’s

Modified Eagle’s Medium (IMDM) with 50% F12 medium.
Add BSA to a final concentration of 5 mg/mL, 1% (v/v) lipid
(100x, Invitrogen), 450 mM monothioglycerol, Insulin
(10 mg/mL stock solution, Roche) to a final concentration
of 7 ug/mlL, and transferrin (Roche, stock solution 30 mg/
mL) to a final concentration of 15 ug/mL (see Note 1).

. Collagenase solution: mix 500 mL of DMEM (Invitrogen)

with 0.5 g of collagenase IV. This makes a 1 mg/mL collage-

nase solution.

. Activin (RnD Systems): prepare a stock solution of 10 ug/

mL in 1x PBS with 0.1% BSA.

. Basic fibroblast growth factor (bFGF, RnD Systems): prepare

a4 pg/mlL stock solution in 10 mM Tris-HCL, pH 7.4 con-
taining 0.1% BSA. Store at -20°C.

. CDM A+F: CDM as above plus Activin A (10 ng/mL) and

bFGF (12 ng/mL).

. Dispase 1 mg/mL.
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2.3. Karyotyping

. Colcemid solution (i.e. Sigma) at a concentration of 0.1 mg/

mL in CDM.

2. Potassium chloride (KCI) at a concentration of 0.037 M.
. Trypsin, 0.25% (1x) with ethylenediaminetetraacetic acid

(EDTA) 4Na, liquid (Invitrogen).

. Methanol and acetic acid (3:1).

3. Methods

3.1. Precoating Plates

3.1.1. Precoating Plates
with Human Fibronectin

3.1.2. Precoating Plates
with Fetal Bovine
Serum-Containing Medium

3.2. Transferring
hESCs from Feeder
Layers

Day 1

There are a large number of methods currently available to grow
hESCs in the absence of serum and feeder cells (Table 1). The
diversity of these culture systems reflects on the variability between
different hESC lines (see Note 2) (20, 21).

1. Add 1.5 mL of PBS per well of a 6-well plate. Then, add

15 puL of fibronectin (10 mg/mL stock solution) per well.
For a 12-well plate, add 0.5 mL of PBS per well and 5 puL of
fibronectin.

. Incubate at 4°C overnight or 30 min to 1 h at 37°C. Then,

store the plates at 37°C for a week or more.

. Precoat plates with 0.1% gelatin for 15-60 min at room

temperature .

. Discard gelatin and add medium containing 10% FBS for

24 h to 7 days at 37°C (see Note 3).

1. Wash the cells once in PBS and then add 1.5 mL of collage-

nase IV 1 mg/mL per well of a 6-well plate (see Note 4).
Incubate for 15 min at 37°C. Scrape the colonies with a 5-mL
pipette and then dissociate them into clumps by pipetting
gently three to four times. Compared to passaging of hESCs
onto feeder layers, try to generate relatively big clumps
(Fig. 2) (see Note 5).

Day 2 Day 4 Ciumps after splitting

Fig. 2. Human ESC colony grown in defined culture conditions. H9 hESCs were grown for 4 days in COM A+F (Day1, Day
2, Day4) and then split using collagenase. The resulting clumps (left panel) were transferred in a new well for expansion.

Scale bar 200 um.
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3.3. Splitting

in Chemically Defined
Conditions Using
Collagenase

3.4. Splitting

in Chemically Defined
Conditions Using
Dispase

3.5. Karyotyping

. Wash the clumps in 3 mL of CDM (without Activin or bFGF).
. Wash the fibronectin/FBS-coated plate once with PBS.
. Plate the clumps at low density (100-300 clumps/well) on a

fibronectin-coated 6-well plate in CDM A +F (see Note 6).

. Leave 5-7 days in 5% CO, at 37°C until the colonies reach a

very large size (4-10 times bigger than colony grown on
feeder cells, see Notes 7 and 8).

. Wash colonies once with PBS and then incubate in 1.5 mL of

collagenase IV 1 mg/mL for 10 min at room temperature.

. Scrape the colonies with a 5-mL pipette and transfer into a

15-mL tube containing 3 mL of CDM.

. Dissociate the cells into clumps by pipetting gently 1-2 times

[big clumps are definitively better (Fig. 2)].

. Centrifuge the clumps at 200 x g for 3 min and then plate the

dissociated colonies on 3—4 new fibronectin/FBS-coated
plates. Low-density culture is better.

. Replace medium with fresh CDM containing 10 ng/mL

Activin A and 12 ng/mL bFGF (CDM A +F) 24 h after split-
ting. Change the medium every day until the cells reach con-
fluency (see Note 9).

. Wash colonies once with PBS and then incubate in 1.5 mL of

dispase 1 mg/mL for 30 min at 37°C.

. Scrape the colonies with a 5-mL pipette and transfer into a

15-mL tube containing 3 mL of CDM.

. Dissociate the cells into clumps by pipetting gently once (big

clumps are definitively better).

4. Centrifuge the clumps at 200 x g for 3 min.
. Add 3 mL of CDM medium and centrifuge the clumps at

200 x g for 3 min.

. Plate the dissociated colonies on 3—4 new fibronectin/FBS-

coated plates. Low-density culture is better.

. Replace medium with fresh CDM A+F 24 h after splitting.

Then, change the medium every day until the cells reach con-
fluency (see Notes 10 and 11).

. Incubate hESC in normal growth medium plus 0.1 mg/mL

Colcemid solution (Sigma) for 3.5 h at 37°C (Incubation in
Colcemid time might vary with cell lines and their prolifera-
tion rate).

2. Pour off supernatant and keep for step 5.
. Wash cells with PBS and then add 1 mL trypsin/EDTA

for 30 s.
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4
5

6
7
8

10.

11.
12.

. Dissociate the colonies until the cells are in single suspension.

. Wash with MEF medium to inhibit trypsin, add supernatant
from step 2, and centrifuge for 4 min at 1,500 x 4.

. Wash pellet twice with PBS, each spin for 4 min at 1,500 x g.
. Add 2 mL of KCl for 10 min at room temperature.

. Add 2.5 mL methanol and acetic acid mixture and then cen-
trifuge for 4 min at 1,500 x 4.

. Wash three times in methanol and acetic acid mixture, each
time spinning at 1,500 x g for 4 min.

Resuspend pellet in 0.5 mL of methanol and acetic acid mix-
ture (3:1).
Leave at -20°C for at least 2 h.

Drop onto slides and then stain for G banding analysis.

4. Notes

. Alternatively, human serum albumin (HSA, Sigma) may be
used at a final concentration of 1 mg/mL to substitute BSA.
BSA is a key component of the CDM, and it needs to be
batch-tested. We have now used around ten different batches
of BSA, and the behavior of the cells (meaning proliferation
and adhesion) has been slightly different for each batch. So
far, the best substitute for BSA is polyvinyl alcohol (PVA).
H9 grow well in CDM /PVA, and they stay undifferentiated
at least for 15 passages (85% Tra-1-60, 60% SSEA-3, 85%
SSEA-4).

. H9, H1, and hSF-6 hESC have been grown successfully in
CDM supplemented with Activin and bFGF (12). However,
cach of those lines shows some variability. H9 and hSF-6
cells have been grown respectively for 85 passages and 40
passages in CDM A+F without signs of differentiation
(Fig. 1). However, hSF-6 proliferate less quickly than H9
cells, and thus, they require more time to reach confluency.
In addition, hSF-6 need to form bigger colonies before
they are split, otherwise they lose their organization upon
adhesion and then differentiate into stroma cells. Finally,
HI1 cells have been grown for 15 passages in CDM A +F
on FBS-coated plates, but they produce stroma cells, and
they strongly differentiate on fibronectin-coated plates.
These observations underline the differences between

hESC lines and the necessity to adapt culture conditions to
each hESC line.
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3.

10.

11.

Use 0.5 mL serum-containing media per well of a 12-well
plate, 1.5 mL per well of a 6-well plate, and 6 mL per
100-mm dish.

. Transferring hESCs from feeder cell and serum-containing

culture condition into defined culture system does not erase
background of differentiation. Therefore, it is essential to
start with a homogeneous population of hESCs, which homo-
geneously express pluripotency markers (also Note 6).

. The method used to detach hESC colonies and to dissociate

the resulting clumps represents a key part of the culture sys-
tem described above. Indeed, small-size clumps will generate
colonies that lose their organization and thus generate stroma
cells, while large-size clumps will form colonies with three-
dimensional structure resulting in differentiation. Importantly,
the ideal clumps size (Fig. 2) might vary between different
hESC lines, and several assays might be required to find the
right level of dissociation. Collagenase IV is commonly used
to split hESCs in defined culture conditions. However, dis-
pase (1 mg/mL) can be used especially when important cell
death is observed after splitting with collagenase.

. We typically plate one confluent g 60-mm dish of hESCs

grown on feeder cells in 6-8 wells of a 6-well plate.

. The cells can have some problems to attach in CDM A+F

(especially with fribronectin-coated plates). So, if on the day
after passaging the colonies look like EBs, you have to wait an
additional day without changing the medium. Usually, the
colonies spread during the second night after passaging.

. Cells in CDM only grow at 5% CO, (so, do not put them in

a 10% CO, incubator).

. Human ESCs reach confluency when colonies are almost

touching each other and most importantly when the size of
the colonies is sufficient to avoid complete dissociation upon
collagenase or dispase treatment (Fig. 2).

In addition to hESCs, the CDM A+F can be used to grow
mouse epiblast stem cells, human induced pluripotent stem
cells (12), and Callsthrix jacchus ESCs (N. zur Nieden, per-
sonal communication).

Pluripotency of hESCs grown in CDM A +F can be checked
regularly by analyzing pluripotency markers, such Oct-4,
Nanog, and Sox-2, using immunostaining (Fig. 1).
Homogeneity of cell population can be validated using flow
cytometry to determine the fraction of cells expressing the
cell surface markers Tra-1-60, SSAEA-3, and SSEA-4. Finally,
karyotype analyses should be performed every 30 passages to
check for genomic instability.
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Chapter 4

Functional Assays for Human Embryonic Stem Cell
Pluripotency

Michael D. 0’CGonnor, Melanie D. Kardel, and Connie J. Eaves

Abstract

Realizing the potential that human embryonic stem cells (hESCs) hold, both for the advancement of
biomedical science and the development of new treatments for many human disorders, will be greatly
facilitated by the introduction of standardized methods for assessing and altering the biological proper-
ties of these cells. The 7-day in vitro alkaline phosphatase colony-forming cell (AP*-CFC) assay currently
offers the most sensitive and specific method to quantify the frequency of undifferentiated cells present
in a culture. In this regard, it is superior to any phenotypic assessment protocol. The AP*-CFC assay,
thus, provides a valuable tool for monitoring the quality of hESC cultures, and also for evaluating quan-
titative changes in pluripotent cell numbers following manipulations that may affect the self-renewal and
differentiation properties of the treated cells. Two other methods routinely used to evaluate hESC pluri-
potency involve either culturing the cells under conditions that promote the formation of nonadherent
differentiating cell aggregates (termed embryoid bodies), or transplanting the cells into immunodeficient
mice to obtain teratomas containing differentiated cells representative of endoderm, mesoderm, and
ectoderm lineages.

Key words: Human embryonic stem cell, Induced pluripotent stem cell, Functional assay,
Colony-forming cell, Embryoid body, Teratoma

1. Introduction

When kept under specific supportive conditions, human embryonic
stem cells (hESCs) can be expanded indefinitely in culture while
retaining the potential to give rise to all ditferentiated cell types
found in the adult (1-4). Recently, it has been reported that adult
human cells can be reprogrammed to a similar pluripotent state
through the use of specific sets of exogenously delivered genes
(5-7). Both sources of pluripotent human cells are of immense
interest to biomedicine as they offer tractable systems for elucidating

Nicole I. zur Nieden (ed.), Embryonic Stem Cell Therapy for Osteo-Degenerative Diseases, Methods in Molecular Biology, vol. 690,
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molecular events involved in normal and pathological developmental
processes, while also providing a resource for generating useful
cell types for transplantation or novel therapeutic screening and
toxicological studies (8—11).

Traditionally, hESCs have been maintained on mouse embry-
onic fibroblasts (MEFs) or in the presence of MEF-conditioned
medium (1, 2, 12). However, the quality of these cultures was often
highly unpredictable due to variations in the hESC-supportive abil-
ity of different batches of critical reagents, particularly the MEFs
and the serum or serum substitute used to supplement the growth
medium. Commercialization of recently reported, defined, feeder-
independent hESC media is helping circumvent the unpredictabil-
ity of MEF-based hESC culture protocols, enabling consistent
maintenance of karyotypically normal, undifferentiated hESCs over
long periods of time (3, 4), as is discussed in more detail in Chapters
2 and 3. A concurrent and equally important development has
been the standardization of methods to monitor the undifferenti-
ated cell content of hESC cultures (13), to facilitate data compari-
sons within and between experiments and laboratories, and in
particular during culture scale-up for clinical applications.

Assessment of hESC cultures historically relied on direct
visual assessment of their morphology by experienced observers.
Detection of pluripotency-associated antigens and genes via flow
cytometry or reverse transcriptase (RT)-PCR has become increas-
ingly popular due to the greater objectivity and quantifiability of
these methods relative to morphological analysis (14). Markers
routinely assessed through mRNA profiling are described in
Chapter 5. These methods also have the advantage of being rela-
tively rapid and uncomplicated to perform. However, even in the
murine (m) system, flow cytometry and RT-PCR are less sensitive
at detecting changes in ESC properties than are functional assays
of their pluripotency. For mESCs, the most stringent functional
assay involves determining the frequency of cells present that can
contribute to germ-line chimerism after their injection into
blastocysts — a property that was found to be lost more rapidly
than the expression of well-established pluripotency-associated
antigens (i.e. SSEA-1) or genes (e.g. Oct-4) tollowing exposure
of the cells to differentiation-inducing conditions (15). In addi-
tion to chimera formation, three other properties have been used
to assess retention of pluripotency by mESCs: (1) the formation
of colonies of alkaline phosphatase-positive (AP*) cells (15), (2)
the formation of embryoid bodies (EBs) from single cells plated
in semisolid medium (15, 16), and (3) the formation of teratomas
containing differentiated cells of multiple types following injec-
tion of the cells directly into adult hosts (17, 18). For hESCs,
obvious ethical constraints preclude the use of tests for chimera-
forming ability, but methods to assess the other three properties
have been developed and optimized (1, 2, 13, 19). Interestingly,
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as previously shown for mESCs, loss of AP* clonogenic activity
after exposure of hESCs to differentiation-inducing conditions
preceded loss of expression of standard pluripotency-related anti-
gens (13). Together, these findings point to the greater specificity
of functional assays, as compared to changes in currently used
phenotypic markers, to detect the earliest changes in the undif-
ferentiated status of variously manipulated ESCs.

In this chapter, we present detailed protocols for the detec-
tion of three functionally defined properties of undifferentiated
hESCs. The most powerful and sensitive of these detects the abil-
ity of hESCs to form AP* colonies and allows the composition
of test cell populations to be quantified at the single cell level.
The second protocol is used to determine whether the test cells
can generate multilineage EB structures, under conditions and in
a time frame optimized for unmanipulated hESCs. The third pro-
tocol is used to determine whether the cells have retained or lost
an ability to generate multilineage teratomas. Each protocol
includes details for appropriate cell harvesting, followed by all of
the subsequent steps required to complete the procedure. For the
AP*-colony-forming cell (AP+-CFC) assay, this involves culturing
appropriate numbers of single hESCs under defined conditions,
then fixing the resultant colonies and staining them for alkaline
phosphatase activity. For the EB assay, we describe culture condi-
tions optimized for EB formation from undifferentiated hESCs
and indicate how loss of pluripotent cells and gain of differenti-
ated cells in EBs can be detected. For the teratoma assay, we
describe transplantation and harvesting procedures using immu-
nocompromised mice as hosts, as well as a method for determin-
ing whether cell types representative of all three germ layers are
present. To help guide investigators in the best use of these pro-
tocols for different types of investigations, we include a summary
of advantages and limitations of each (Table 1).

2. Materials

2.1. Alkaline
Phosphatase Colony-
Forming Cell Assay

1. TrypLE Express (Invitrogen).

2. Y-27632 (Calbiochem): Powder is dissolved in sterile water
to make up a 1 mM stock solution (100x). Sterilize by pass-
ing the solution through a 0.2-um filter and store at -20°C.
This solution is light-sensitive.

3. mTeSR1™ hESC medium (StemCell Technologies).

4. Matrigel™ hESC-qualified Matrix (BD Biosciences): Thaw
stock solution at 4°C and dilute aliquots as needed using cold
Dulbecco’s Modified Eagle’s Medium (DMEM) to a final
concentration of ~83 ug/mL.
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Table 1
Comparison of methods for assessing undifferentiated hESC activity in test cell
suspensions
Detection
Method sensitivity Time of assay  Advantages Limitations
AP*-CFC ~102-10* cells 7 days Rapid Does not detect pluripo-
assay Sensitive tency or self-renewal
Enumerates directly but infers this
individual cells from AP* staining and
historical evidence that
these AP*-CFCs are
pluripotent and self-
renewing
EB ~10*-10° cells  ~15 days Relatively rapid Not quantitative (condi-
formation Relatively tions for clonal
sensitive generation of EBs from
hESCs have not yet
been determined)
Evidence for pluripotency
usually indirect (e.g.
RT-PCR) rather than
by demonstration of
generation of differen-
tiated cells
Efficiency of EB forma-
tion is highly sensitive
to medium
composition
Teratoma ~10°-10° cells  8-12 weeks Can demonstrate Not quantitative
formation a broad range Low detection sensitivity
of hESC Expensive
pluripotentiality Time-consuming
via the generation
of morphologically
recognizable
differentiated cell
types

O 0 N O Ul

. Hemocytometer (e.g. VWR).

. 40-um cell strainer.

. Phosphate-buffered saline (PBS, StemCell Technologies).

. Conical tubes, 15 mL, Falcon (BD Biosciences) or similar.

. Alkaline Phosphatase detection kit (Sigma-Aldrich): fixative

and diazonium salt staining solution are prepared as recom-
mended by the manufacturer (see Note 1).
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. PBS (StemCell Technologies).
. 0.05% trypsin/Ethylenediaminetetraacetic acid (EDTA)

(Invitrogen).

. Calcium chloride (CaCl,): Powder is dissolved in sterile water

to make up a 100 mM stock solution. Sterilize by passing solution
through a 0.2-um filter. Make up a calcium-supplemented
trypsin solution as follows: 1 mL of 0.05% trypsin/EDTA,
I mL of PBS, 10 uL. of 100 mM CacCl, for each 6-cm dish of
test cells to be assessed (scale all volumes accordingly for
other culture volumes).

4. 60-mm petri dish.

11.

. HES medium: DMEM/F12 with 20% Knockout Serum

Replacement (Invitrogen), 1 mM L-glutamine, 0.1 mM non-
essential amino acids, 0.1 mM 2-mercaptoethanol.

. Plastic serological pipettes (e.g. Falcon 2 mL).
. RNA purification kit, such as Absolutely RNA microprep kit

(Stratagene).

. Reverse transcriptase for cDNA synthesis, i.e. SuperScript 11

Reverse Transcriptase (Invitrogen).

. SYBR Green reagent for quantitative PCR (qPCR), such as

Power SYBR Green PCR Mix (Applied Biosystems).

. Applied Biosystems 7500 Real Time PCR System or

similar.

. PBS (StemCell Technologies).

. Dispase, 1 mg/mL in DMEM.

. Cell scrapers.

. TrypLE Express (Invitrogen).

. 60-mm culture dish (i.e. BD Biosciences).

. Matrigel™ (BD Biosciences): Thaw at 4°C and dilute to

1-2 mg/mL using cold DMEM. Keep on ice to avoid gel
formation prior to use.

. 1-mL syringes and 21-gauge needles.
. 6- to 12-week-old NOD/SCID mice or variant of NOD/

SCID mice (Jackson Labs).

. Anesthetic (e.g. IsoFlo; isoflurane).
10.

10% buftered formalin: dilute 100% formalin [also known as
~40% (m/v) formaldehyde solution] tenfold in PBS.

Access to histological services for preparation of paraffin
blocks and Hematoxylin- & Eosin-stained sections (see
Note 2).
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3. Methods

3.1. Matrigel™-
Coating of 6-Well
Plates

3.2. Alkaline
Phosphatase Colony-
Forming Cell Assay

The methods presented here assume a basic ability to maintain
undifferentiated hESCs. For protocols detailing the methods of
undifferentiated hESC culture, please refer to other chapters in
this collection. The methods are supplied in increasing order of
the time required to perform the assay, and also decreasing order
of assay detection sensitivity (see Table 1).

1. Add diluted Matrigel™ to 6-well plates at a volume of 1 mL
per well.

2. Incubate for 1-2 h at room temperature or 4°C for up to
1 week.

3. Excess Matrigel™ solution is removed immediately prior to
use, and the wells should not be rinsed.

This assay exploits the selective ability of single undifferentiated
hESCs, which are themselves AP+, to form colonies of AP* prog-
eny, to measure the frequency (and hence the total number) of
undifferentiated hESCs in a given culture (13). Previous studies
have validated the association of this ability with retained pluripo-
tency and self-renewal activity. This assay is useful for detecting the
first or subtle changes in the undifferentiated hESC content of vari-
ously manipulated cultures, since effects on AP* colony-forming
activity appear before changes in the expression of cell surface anti-
gens become apparent (13) (see also Fig. 1). Here, we describe a
feeder-free AP*-CFC assay protocol using mTeSR1™, since this is
more readily maintained as a reproducible method and also easier
to perform than when using MEF-based conditions (see Note 3).

1. Remove the medium from the hESCs and replace with fresh
mTeSR1™ containing 10 uM Y-27632 (1.5 mL for a culture
in a 60-mm dish; scale all volumes accordingly for other
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Fig. 1. Representative data from hESC CFC assays. (a) An alkaline phosphatase-stained H9 colony fixed and stained
7 days after plating on MEFs. (b) Following exposure to differentiation conditions, loss of CFCs occurs more rapidly and
more precipitously than loss of cells expressing pluripotency-related antigens (CA1 hESCs).
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culture dishes) and incubate at 37°C in 5% CO, for 1 h
(see Note 4).

2. Remove the Y-27632-containing medium and wash the cells
with 3 mL of PBS.

3. Remove the PBS and add 2 mL of TrypLE per dish. Incubate
at 37°C in 5% CO, for 7-10 min.

4. Wash the single cells off the culture dish and transfer to a
15-mL conical tube.

5. Wash the culture surface with 3 mL of PBS to remove resid-
ual cells and add this to the 15-mL tube. Gently triturate the
sample to break up remaining aggregates.

6. Centrifuge at 300xyg for 5 min and then remove the
supernatant.

7. Resuspend the cells in 1 mL of mTeSR1™ containing 10 uM
Y-27632, triturate gently and then filter cells through a 40-um
cell strainer to remove any residual cell aggregates.

8. Remove a small aliquot for cell counts in a hemocytometer
and determine the cell concentration (see Note 5).

9. Add between 10%-10* cells to each Matrigel™ coated well (see
Subheading 2.1, item 4) containing 1 mL of mTeSR1™ and
10 UM Y-27632 (see Note 6) and culture at 37°C in 5% CO,,.

10. Replace the culture medium after 24 h with mTeSR1™ that
does not contain Y-27632 and culture for an additional 6 days
(a total of 7 days).

11. Fix and stain colonies for alkaline phosphatase activity at the
end of the culture period using the AP detection Kkit.

12. Remove mTeSR1™ and wash once with 2 mL of PBS. Add
1 mL fixative per well for 30 s at room temperature.

13. Remove fixative and wash once with 2 mL of PBS. Add 1 mL
of diazonium salt staining solution and incubate at room
temperature in the dark for 15 min (see Note 7).

14. Remove the staining solution and wash once with 2 mL of
PBS, then store in 2 mL of PBS.

15. Count the number of colonies containing >30 AP+ cells.
Determine the frequency of CFCs present in the initial test cell
suspension (i.e. # AP* colonies/# cells plated; see Note 8).

This method of EB formation supports hESC differentiation into
cell types normally derived from all the three germ layers (ecto-
derm, mesoderm, and endoderm). This method provides a rela-
tively rapid and simple way of assessing whether a test culture
likely contains cells with pluripotent differentiation capacity,
although this is not stringently evaluated at a clonal level. Unlike
the murine EB assay where EBs are formed from single cells (15),
hESC-derived EBs are generated from aggregates of hESCs.
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10.

. Remove the medium from the test culture and wash with

3 mL of PBS.

. Remove the PBS and add the calcium-supplemented trypsin

solution. Incubate for 10 min at 37°C in 5% CO,, then care-

fully remove and discard the trypsin solution without disturb-
ing the hESCs.

. Add 2 mL of HES medium and gently scrape the plate with a

2-mL serological pipette to remove the cells.

. Transfer the hESC aggregates to a 15-mL conical tube. Rinse

the plate with 3 mL of PBS and add this to the 15-mL tube.
Centrifuge at 300 x4 for 5 min.

. Remove the supernatant and resuspend the aggregates in

1 mL of HES medium. Triturate gently, only enough to just
break up large aggregates (~3 times).

. Remove 100 pL (10%) of the aggregates and transfer to a

1.5-mL microfuge tube.

. Centrifuge at 300 x4 for 5 min, remove the supernatant, and

resuspend the cells in RNA lysis buffer. Store at —80°C for use
as the undifferentiated control in the RNA analyses to be per-
formed later.

. Transfer the remainder of the aggregate suspension to a 60-mm

petri dish containing 4 mL of HES medium (see Note 9) and
culture at 37°C under 5% CO,. This is day 0 of EB culture.

. Change the culture medium every 2-3 days by transferring

the EBs to a 15-mL conical tube and allowing the EBs to
settle to the bottom (~2-3 min). Remove most of the super-
natant, leaving ~0.5 mL so as not to disturb the EBs, and then
add 5 mL of fresh medium. Transfer the suspension back to
the petri dish and return it to the incubator (see Note 10).

On day 15 of EB culture, harvest the resulting EBs (see
Fig. 2a) for RNA analysis (see Note 11). Transfer the EBs to
a 15-mL conical tube, centrifuge at 300 x g for 5 min, remove
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Fig. 2. EB differentiation data from H9 hESCs. (a) EBs after 9 days of nonadherent culture in HES medium. (b) Gene
expression in 15-day EBs (relative to undifferentiated hESCs) shows evidence of pluripotent differentiation, i.e.
decreased pluripotency gene expression and increased expression of differentiation-related genes (see Table 2).
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Table 2
Primer sequences for EB analysis with quantitative PCR

Putative
Gene lineage Forward primer sequence Reverse primer sequence
GAPDH  Reference CCCATCACCATCTTCCAGGAG CTTCTCCATGGTGGTGAAGACG
OCT-4 hESCs GTGGAGGAAGCTGACAACAA  CTCCAGGTTGCCTCTCACTC
NANOG hESCs AACTGGCCGAAGAATAGCAA CATCCCTGGTGGTAGGAAGA
AFP Endoderm GTAGCGCTGCAAACAATGAA TCTGCAATGACAGCCTCAAG
MSX1 Mesoderm CGAGAAGCCCGAGAGGAC GGCTTACGGTTCGTCTTGTG
HANDI Mesoderm AACTCAAGAAGGCGGATGG CGGTGCGTCCTTTAATCCT
MSI1 Ectoderm CTTTGATTGCCACAGCCTTC  ACTCGTGGTCCTCAGTCAGC

3.4. Teratoma Assay

11.

12.

the supernatant, and resuspend in RNA lysis buffer. Store the
sample at -80°C.

Purify RNA from both the EB sample and the undifferenti-
ated control sample (step 7) according to the manufacturer’s
instructions. Synthesize ¢cDNA and perform qRT-PCR for
selected pluripotency-related genes and sufficient differentia-
tion-related genes to assess representation of all the three
germ layers (see Note 12). Examples of primer sequences to
detect evidence of pluripotent differentiation are shown in
Table 2 (14). Perform qRT-PCR using the following pro-
gram on an Applied Biosystems 7500 Real Time PCR System:
50°C for 2 min, 95°C for 10 min, followed by 40-50 two-
step cycles of 95°C for 15 s and 60°C for 1 min (14).

Normalize the expression level of each gene to an appropriate
housekeeping gene and then determine the relative normal-
ized expression of each gene between the undifferentiated
control and the EB samples. The levels of pluripotency-related
gene transcripts (e.g. for Oct-4 and Nanog) should decrease
in the EB samples, and the level of differentiation-related
gene transcripts (e.g. for AFP, MSX1, and MSII) should
increase if differentiation has occurred in the EB samples (see
Fig. 2b).

This assay is typically performed to establish whether a new hESC
line or hESCs grown under new conditions possess the ability to
generate differentiated cells from all the three germ layers (i.e.
endoderm, mesoderm, and ectoderm) (1-3, 12) (see Fig. 3).
While multiple engraftment sites are possible, such as intramuscu-
lar, kidney capsule, and subcutaneous, we find that subcutancous
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Fig. 3. Representative images of cell types found within teratomas after subcutaneous injection of hESCs in Matrigel™
into NOD/SCID mice. (a, b) CA1-derived teratoma (1 x 108 cells/graft, 7.5 weeks postengraftment): cartilage (friangle,
mesoderm); retinal pigment epithelium (asterisk, ectoderm). (b) is a higher magnification of the regions indicated in
(a). (c, d) CA2-derived teratoma (8 x 10° cells/graft, 12 weeks postengraftment): gut-like structures (asterisk, endoderm).
(d) is a higher magnification of the region indicated in (c).

injection of hESCs in Matrigel™ enables ~100% teratoma formation
with simple teratoma extraction (20). Since 10°-10° hESCs are
required per graft, it is necessary to expand the hESCs being ana-
lyzed to provide 5-10 million cells on the day that the teratoma
assay is to be performed. This number corresponds to approxi-
mately two to four 6-cm culture dishes using mTeSR1™-based
culture. Before attempting this assay, ensure that all steps comply
with the animal protocols permitted by your institution.

1. To harvest hESCs as aggregates, remove the culture medium
from a 60-mm dish, rinse with 5 mL of PBS and then discard
the PBS.

2. Add 3.5 mL of 1 mg/mL dispase and incubate at 37°C/5%
CO, for ~4 min, or until the edges of the hESC colonies
begin to detach from the culture dish (see Note 13).

3. Remove the dispase and rinse the plate three times, each time
with 5 mL of PBS.
4. After discarding the final PBS wash, add 3 mL of mTeSR1™

to each dish and gently scrape the cells oft the bottom of each
dish using a 16-cm cell scraper.
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5.

10.

11.
12.

13.

14.

15.

16.

Transfer the detached hESC aggregates into a 15-mL tube.
Rinse the dishes with 5 mL of mTeSR1™ and transfer the
cells to the 15-mL tube.

. Centrifuge the sample at 300 x4 for 5 min, then remove the

supernatant and gently resuspend the hESC aggregates in
2 mL of mTeSR1™ using a 2-mL plastic pipette, taking care
not to triturate to a single cell suspension.

. As it is often useful to know the average hESC number per

aggregate, take 5 UL of the hESC aggregates and place in one
well of a flat-bottom 96-well plate. Add 20 uL of PBS and
count the number of aggregates with length x width dimen-
sions >70x50 um (see Note 14). Determine the concentra-
tion of aggregates (# of aggregates/5 uL).

. Take ~10% of the hESC aggregate solution (equal to “x”

aggregates), centrifuge at 300 x4 for 5 min, and then remove
the supernatant. Add 1 mL of TrypLE and incubate at
37°C/5% CO, for 10 min. Triturate the cell sample to gener-
ate a single cell suspension and perform a cell count using a
hemocytometer to determine the total cell number obtained
(“c”). Use this to determine the average cell number per
aggregate (i.e. ¢/x; see Note 15).

. Aliquot the hESC aggregates into sterile 1.5-mL microfuge

tubes to give 10°~10° hESCs per tube.

Centrifuge the microfuge tubes at 300 x g for 5 min and place
on ice without removing the supernatant.

Anesthetize mice (e.g. inhalation of isoflurane).

With a P200 pipette and sterile tip, take one microfuge tube
and carefully remove and discard the supernatant covering
the hESC aggregates.

Using a 1-mL syringe and 21-gauge needle, aspirate 100 pL
to 200 pL of diluted Matrigel™ and gently resuspend the
hESC aggregates, then draw the solution into the syringe
ensuring that all air-bubbles are removed.

Use the thumb and forefinger of one hand to create a skin
fold in the back flank of an anesthetized mouse, and with the
other hand, carefully place onto this skin fold the needle/
syringe containing the Matrigel™ /hESC solution.

With EXTREME care, insert the needle into the skin without
piercing the muscle below so that the needle moves freely
under the skin. USE UTMOST CAUTION TO ENSURE
THAT THE NEEDLE DOES NOT EXIT THE SKIN AND
PIERCE ANY PART OF YOUR HANDS.

Slowly inject the solution beneath the skin and carefully remove
the needle so that none of the solution escapes. A bolus can be
felt under the skin once the injection is complete.
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17

18.

19.

20.

21.

. A maximum of one to four sites can be injected per animal, as
permitted by your institutional animal care protocols.

Return mice to their cages and monitor until the anesthetic
has worn off.

Assess the mice each week for 8-12 weeks to monitor for
appearance of teratomas; once an assay end point has been
reached (e.g. growth to a diameter of 2 ¢cm), euthanize the
mice, remove the teratomas, and place them in fixative (10%
buffered formalin).

Embed teratomas in paraffin wax, then cut 5-6 um sections
and stain with hematoxylin and eosin.

Analyze sections using a microscope to determine the range
of cell types present (endodermal, mesodermal, and ectoder-
mal), photographing representative cell types (see Note 16).
See also Fig. 3.

4. Notes

. Fixative can be stored at 4°C for up to 1 month but should be
warmed to room temperature before use. The diazonium salt
staining solution should always be made fresh immediately
before use.

. If you do not have access to such facilities, follow the meth-
ods described for sectioning paraffin-embedded specimen
and H&E staining in Chapter 21.

. The AP*-CFEC assay can be adapted to feeder-dependent con-
ditions with the following modifications: substitute plates
containing mitotically inactivated MEFs used for standard
hESC cultures (i.e. CFl or CD1) for Matrigel™-coated
dishes; substitute HES media (see Subheading 2.2, item 5)
containing 4 ng/ml bFGF (StemCell Technologies) for
mTeSR1™.

. Use of the Y-27632 inhibitor allows increased survival and
detection of AP+-CFCs in this assay (13, 21). Some cell lines
(e.g. trypsin-adapted lines) that survive well as single cells
may not require the use of this inhibitor.

. See Chapter 6 for a description on how to take hemocytom-
eter cell counts with trypan blue exclusion.

. The optimal number of cells for plating will depend on the
AP*-CEC content of a particular test cell suspension.
Therefore, plating at multiple cell concentrations may be
required to ensure that dishes with a suitable colony density
for counting are obtained.
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7.

10.

11.

12.

13.

14.

Colonies should be stained immediately after fixation, as
increasing the time interval between fixation and staining
decreases the strength of the alkaline phosphatase staining. If
colonies cannot be counted immediately, plates should be
stored in PBS at 4°C.

. From highly undifferentiated mTeSR1™-based H9 hESC

maintenance cultures, AP*-CFC frequencies range typically
from 5 to 15% when using Y-27632. Since the AP*-CFC fre-
quency is variable between different cell lines and is sensitive
to changes in culture conditions (e.g. time between passag-
ing, amount of spontancous hESC differentiation), the opti-
mal number of cells to be plated may vary accordingly and
will have to be empirically determined.

. Many different media formulations have been reported for

EB formation and culture. We recommend HES medium (see
Subheading 2.2, item 5) for the purpose of this assay as we
have found that this medium supports EB formation from
aggregates at relatively high efficiency and also allows the dif-
ferentiation of cells within the EBs into cell lineages derived
from all the three germ layers. Use of alternate media may
lead to decreased EB formation and/or survival, altered dif-
ferentiation kinetics, or skewing of differentiation towards a
particular cell type. For example, when serum-containing
medium is used instead of HES medium, we have found that
differentiation-related gene expression changes are seen faster,
but this is offset by a marked decrease in EB formation/
survival.

Very dense EB cultures may need more frequent media
changes or may require splitting into multiple petri dishes so
that the culture medium is depleted less rapidly of essential
components.

Changes in gene expression indicative of pluripotent differen-
tiation are reliably detected after 15 days of EB culture under
the conditions detailed here. However, it is possible that some
hESC lines may show different differentiation kinetics under
the same conditions.

While there are many genes that can be chosen to demonstrate
pluripotent differentiation via qRT-PCR, we have found that
this list of genes routinely shows changes consistent with pluri-
potent differentiation under the EB conditions described (14).

It is possible to substitute 1 mg/mL collagenase for 1 mg,/mL
dispase, in which case one PBS wash after incubation with
collagenase is sufficient.

We use an eyepiece graticule calibrated to our objective lenses
to calculate the length and width dimensions of hESC
aggregates.
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15. The hESCs remaining from the single cell suspension can be
collected in RNA lysis buffer and stored at -80°C for subse-

quent analyses.

16. Confirmation of cell type identifications should be made by a
trained pathologist.
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Chapter 5

Using Cadherin Expression to Assess Spontaneous
Differentiation of Embryonic Stem Cells

Helen Spencer, Maria Keramari, and Christopher M. Ward

Abstract

Embryonic stem cells (ESCs) are pluripotent cells derived from preimplantation embryos and can be
maintained in an undifferentiated state over prolonged periods in vitro. In addition, ESCs can be induced
to differentiate into cells representative of the three primary germ layers. As such, ESCs are a useful system
for studying early developmental events in vitro and have the potential to provide a ubiquitous supply of
somatic cells for use in regenerative medicine. However, significant differences in the expression pattern
of various cell surface markers between murine and human ESCs, e.g. the SSEA series, necessitate the
use of separate markers for determining the undifferentiated state of these cells. We have recently shown
that an E- to N-cadherin switch occurs during spontancous differentiation of both murine and human
ESCs. Here we describe the use of E-cadherin and N-cadherin proteins and transcript expression for
assessing the proportion of undifferentiated and spontanecously differentiated cells within ESC popula-
tions. In summary, loss of cell surface E-cadherin and/or gain of N-cadherin protein expression provides
a useful nondestructive assay for the determination of the proportion of spontancously differentiated cells
within an ESC population. In addition, presence of N-cadherin transcripts in an ESC population is
indicative of spontaneous differentiation of a proportion of the cells.

Key words: Embryonic stem cells, E-cadherin, N-cadherin, Pluripotency, Nanog, Oct-4, Differentiation

1. Introduction

1.1. Embryonic Stem Embryonic stem cells (ESCs) are pluripotent cells derived from
Cells preimplantation embryos that have the capacity for unlimited
self-renewal (1). Along with their unique ability for unditferenti-
ated proliferation in vitro, they are able to form all adult cell types.
The use of murine ESCs (mESCs) in the generation of knockout
and transgenic mice has contributed significantly to our under-
standing of gene function (2). In addition, mESCs have provided

Nicole I. zur Nieden (ed.), Embryonic Stem Cell Therapy for Osteo-Degenerative Diseases, Methods in Molecular Biology, vol. 690,
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1.2. Species-Specific
Variation in Cell
Surface Markers

of ESG Pluripotency
and Differentiation

a unique in vitro system with which to investigate pathways
involved in pluripotency, selt-renewal, and differentiation. Culture
conditions for the maintenance of undifferentiated ESCs vary
considerably, an example being the maintenance conditions for
human ESCs (hESCs) just described in the last three chapters,
with several proprietary media formulations available. In our lab-
oratory, we culture mESCs in the presence of fetal bovine serum
(FBS) and leukemia inhibitory factor (LIF) in the absence of a
fibroblast feeder layer.

ESC derivation from non-human primates such as rhesus
monkey and marmoset (3, 4) and parallel advances in human
in vitro fertilization embryo culture conditions (5) led to the der-
ivation of hESCs in 1998 (6). Human ESCs can be maintained in
an undifferentiated and karyotypically stable state for prolonged
periods and differentiate into cells representative of the three pri-
mary germ layers. These cells represent a valuable in vitro system
to study aspects of early embryogenesis; they also provide the
opportunity to treat a wide range of human disorders/diseases.
Though LIF supports the undifferentiated growth of mESCs, it
does not support growth in expanding cultures of hESCs (6, 7).
Therefore, hESCs are routinely cultured in the presence of basic
fibroblast growth factor (bFGF) and Knockout™ serum replace-
ment on fibroblast feeder layers (6).

Of critical importance in ESC studies is the ability to rapidly
assess the undifferentiated phenotype of the cells to ensure a rela-
tively homogenous pluripotent population for subsequent studies.
While the pluripotent markers Oct-4 and Nanog are routinely
used to assess the undifferentiated state of both murine and human
ESCs, methods for the analysis of these markers are destructive
to the cells. Furthermore, transcription of each of the pluripo-
tency transcription factor triad Oct-4, Nanog, and Sox-2 may be
enhanced as the result of the onset of differentiation (8-10),
before finally subsiding. Consequently, considerable research has
been performed to assess cell surface markers suitable for the non-
destructive analysis of ESC pluripotency (11).

Stage-specific embryonic antigen-1 (SSEA-1) is a cell surface lac-
toseries oligosaccharide antigen present in the mouse inner cell
mass in trophectoderm and in ESCs (11, 12). Unlike the assess-
ment of mESC pluripotency using transcript expression, which
utilizes destructive techniques, SSEA-1 can be determined on live
cell populations. Following induction of mESC differentiation,
SSEA-1 is downregulated and is commonly used as a pluripo-
tency marker (11). However, Cui et al. observed that mESCs
exhibit heterogeneous cell surface SSEA-1 expression and that a
proportion of undifferentiated ESCs can be SSEA-1 negative
(13). Using fluorescence-activated cell sorting (FACS) to sepa-
rate SSEA-1 positive and negative populations, they observed
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that both populations exhibited a mixed SSEA-1 phenotype (13).
Our lab has also shown that the expression of SSEA-1 does not
necessarily reflect the pluripotent state of mESCs (14). Therefore,
although SSEA-1 expression can provide some indication of the
undifferentiated state of a live mESC population, it should be
used in conjunction with other markers of pluripotency.

In mESCs, downregulation of SSEA-1 during differentiation
is associated with increased expression of other SSEA family mem-
bers such as SSEA-3 and SSEA-4. In contrast, hESCs exhibit high
expression levels of SSEA-3 and -4 in the undifferentiated state,
and these are decreased following induction of differentiation,
while SSEA-1 expression is increased (11). This suggests that
common cell surface antigen markers might not exist between
murine and human ESCs. However, we have assessed expression
of'various members of the cadherin family and have demonstrated
that E- and N-cadherin can be used as cross-species markers for
determining the undifferentiated status of ESCs (15, 16).

E-cadherin (E-cad) is a 120 kDa cell surface glycoprotein respon-
sible for calcium-dependent cell—cell adhesion in most epithelial
tissues and is expressed at high levels on ESCs (17). Abrogation
of E-cad in wild-type murine and human ESCs results in signifi-
cantly decreased cell—cell contact, although the cells maintain an
undifferentiated phenotype (15, 16). Loss of E-cad is a defining
characteristic of epithelial-mesenchymal transition (EMT), a pro-
cess essential for the ingression of epiblast cells within the primi-
tive streak during early embryogenesis and associated with tumor
cell metastasis (18). We have shown that spontaneous differentia-
tion of ESCs results in rapid loss of cell surface E-cad protein,
suggesting that differentiation induction is associated with an
EMT event (15, 16). As we show in Fig. 1a, E-cad is expressed on
the majority of the population of undifferentiated ESCs, whereas
expression is rapidly lost from a proportion of the population fol-
lowing differentiation (Fig. 1).

Loss of cell surface E-cad in early differentiating ESCs is not
associated with significant downregulation of SSEA-1. Similar to
what is observed in mESCs, hESCs also exhibit rapid loss of cell
surface E-cad protein upon spontancous differentiation and this
is associated with the absence of Oct-4 protein expression (15).
Therefore, cell surface E-cad expression is a very useful marker for
determining the proportion of spontaneously differentiated cells
within an ESC population using a nondestructive cell assay.

N-cadherin (N-cad) is a member of the cadherin glycoprotein
superfamily and is involved in calcium-dependent adhesion.
During tissue reorganization in embryonic development, cells
can undergo an EMT event where E-cad is downregulated at the
cell surface. For example, epiblast ingression within the primitive
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Fig. 1. Analysis of E-cadherin and N-cadherin proteins and transcripts in murine ESCs. (a) Mouse ESC line MESC20 was
cultured in ESC medium (day 0) or for 3 days in differentiation inducing medium. Cells were assessed for cell surface
expression of E-cadherin (E-cad) and N-cadherin (N-cad) using flow cytometry. The profiles for E- and N-cadherin at
day 3 demonstrate differentiation of a proportion of the cells within the population. (b) RT-PCR expression analysis for
E-cad, N-cad, Oct-4, and B-tubulin (3-fub) transcripts in cells treated as described in (a). Note that while E-cad and
Oct-4 transcripts remain unaltered, the level of N-cad transcripts is upregulated in the differentiation-induced popula-
tion. Therefore, detection of N-cad transcripts in an ESC population is a good indicator of the presence of spontane-
ously differentiated cells. (¢) An example of E-cad expression in an ESC population cultured in ESC medium. The arrow
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streak is not only associated with loss of E-cad, but also increased
expression of cell surface N-cad (18). Our studies have shown
that spontaneous ESC differentiation is associated with an E- to
N-cad switch (15, 16). In contrast to E-cad, N-cad expression is
very low in undifferentiated ESCs and upregulated in a propor-
tion of the population following differentiation, with N-cad
expressing cells exhibiting significantly decreased levels of Oct-4
protein and transcripts (Fig. 1).

These results demonstrate that determining the loss of cell
surface E-cad and/or gain of N-cad protein provides a rapid and
nondestructive technique for assessing the proportion of sponta-
neously differentiated cells within an ESC population. In addition,
presence of N-cad transcripts in an ESC population is indicative of
spontaneous differentiation of a proportion of the cells.

2. Materials

2.1. Mouse ESC
Culture Reagents
and Media

<

All reagents should be stored at room temperature unless other-
wise stated.

1. 1x Phosphate-buffered saline (PBS) at pH 7.4 (Invitrogen).

2. Gelatin from porcine skin, type A cell culture tested. Make a
0.1% (w/v) solution in ddH,O, autoclave to dissolve, and
store at 4°C (see Note 1). Use within 1 month.

3. Fetal bovine serum (FBS). FBS for use with ESCs must be
screened prior to use to ensure low toxicity and ability to main-
tain the undifferentiated state of the cells. Alternatively, serum
can be purchased prescreened from serum suppliers. We have
used Hyclone (Fisher Scientific) and Invitrogen ES screened
serum to successfully maintain germline competence in the
E14TG2a ESC line. FBS should be aliquoted into sterile con-
tainers under aseptic conditions. Store at ~20°C for future use.

4. ESC medium: mESCs are maintained in Knockout™
Dulbecco’s Modified Eagle’s Medium (K-DMEM, Invitrogen)
supplemented with heat-inactivated FBS, nonessential amino
acids (NEAA) solution (100x, 10 mM), and L-glutamine.

Fig. 1. (continued) indicates spontaneously differentiated cells within the population. (d) MESC20 murine ESCs were
cultured for 3 days in differentiation-inducing medium and cells were subsequently sorted by fluorescent-activated
cell sorting (FACS) based on the expression of the cell surface E-cad antigen. E-cad* and E-cad- cells were then
assessed for the expression of E-cad, N-cad, Oct-4, and -tub transcripts by RT-PCR. (e) E-cad* and E-cad- cells
isolated by FACS were plated into ESC media and assessed for formation of characteristic ESC colonies by phase
contrast microscopy. Note that E-cad* cells grew into characteristic ESC colonies, whereas E-cad- cells exhibited
significant cell death and differentiation. Images in these figures have been previously published in full or in part by
ASCB (http://www.molbiolcell.org/cgi/content/full/18/8/2838#F1).
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11.

12.

2.2. Human ESC 1.

Culture Reagents
and Media

4

5

6
2.3. Fluorescent Flow 1.
Cytometry

For example, to each 500 mL of K-DMEM add 50 mL
heat-inactivated FBS, 6 mLL NEAA (1% v/v), and 6 mL
L-glutamine to a final concentration of 1% (v/v). Add (v/v)

2-mercaptoethanol to a final concentration of 50 uM and
1,000 U/mL leukemia inhibitory factor (LIF) (see Note 2).

. Knockout Serum Replacement™ (KSR, 500 mL, Invitrogen).

KSR should be aliquoted into sterile containers under aseptic
conditions. Store at —20°C for future use.

. ESC differentiation medium: To provide a positive control

for spontaneously differentiated cells, mESCs should be cul-
tured for 1-3 days in K-DMEM (Invitrogen) supplemented
with 10% KSR, 1% (v/v) NEAA, 1% (v/v) L-glutamine, and
50 uM 2-mercaptoethanol (see Notes 3 and 4).

. Ix trypsin/ethylenediaminetetraacetic acid (EDTA): 0.05%

trypsin, 0.02% EDTA-4Na. Store at 4°C.

. Freezing medium: for 10 mL, mix 1 mL dimethyl sulfoxide

(DMSO) with 9 mL ESC medium.

. Disposable hemocytometer (i.e. Kova Ltd).
10.

Disposable 10- and 25-mL pipettes, 10-, 20-, 200-, and
1,000-puL filter tips, designated for tissue culture use only,
and 1.8 mL cryovials.

Inverted phase contrast microscope with 10x and 25x objec-
tives (i.e. Nikon Eclipse TS100).

Centrifuge suitable for 20 mL universal containers, for
example Star Labs.

Irradiated mouse embryonic fibroblast feeder cells (VH Bio).
Store in liquid nitrogen.

2. Cell dissociation buffer (Invitrogen). Store at 4°C.
. H1 (WiCell Research Institute, WI) hESCs are maintained in

DMEM /F12 supplemented with KSR (see above), 1% (v/v)
NEAA, 1% (v/v) L-glutamine, 50 uM 2-mercaptoethanol,
and 4 ng/mL (Invitrogen) on irradiated mouse embryonic
fibroblast feeder cells (see Notes 2 and 4).

. Freezing medium: For 10 mL of freezing medium, use 1 mL

of DMSO and 9 mL FBS.

. Disposable hemocytometer (i.e. Kova Ltd).

. Plastic ware as described above.

Fluorescent-activated cell sorting (FACS) buffer: For 500 mL
FACS buffer, add 1 g bovine serum albumin (BSA) (0.2%
w/v) and 0.5 g sodium azide (0.1% w/v) to 500 mL 1x PBS
at pH 7.4 (Invitrogen). Store at 4°C. This is used as the anti-
body diluent and for all washes.
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. Cell fixative solution: 1% (v/v) solution of formaldehyde in

1x PBS.

. 1.5 mL microcentrifuge tubes, such as Eppendorf.

. Flow cytometer, i.e. FACSCalibur (Becton Dickinson) or

similar.

. Primary antibodies: mouse anti-human E-cadherin clone

SHE78.7 (Invitrogen), rat anti-mouse E-cadherin clone
DECMA-1 (Sigma), and mouse anti-N-cadherin clone GC-4
(Sigma).

. Secondary antibodies: Goat anti-mouse conjugated to either

FITC or PE (i.e. Santa Cruz) and goat anti-rat conjugated to
either FITC or PE (i.e. Santa Cruz).

. FACS tubes (i.e. Becton Dickinson).

. Trizol® reagent (Invitrogen). Store at 4°C.

. DNasel and butffer (Invitrogen). Store at -20°C.
. RNasin (Promega). Store at -20°C.

. DNase /RNase-free water (Invitrogen).

. Termination mix, supplied with DNasel enzyme (Promega).

Store at -20°C.

. Chloroform and phenol solutions.
. 3 M sodium acetate (pH 4.8).

. Ethanol, 70 and 95%.

. Glycogen. Store at -20°C.

. Oligo dT primers. Store at —20°C.

. AMV reverse transcriptase and RT bufter. Store at -20°C.
. RNasin. Store at -20°C.

. DNase /RNase-free water.

. dNTP mix. Store at -20°C.

. ReddyMix (Abgene). Store at -20°C.
. Thin-walled 0.2 mL polymerase chain reaction (PCR) tubes,

i.e. GeneFlow Ltd.

. PCR thermal cycler (Jencons Plc or similar).

. Agarose.

. Ethidium bromide solution (10 mg/mL).

. Tris—borate—EDTA bufter (TBE).

. Molecular weight standard, for instance PCR 100 bp Low

Ladder (Sigma).

. 5x Loading buftfer (i.e. BioLine).
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9.
10.

Horizontal electrophoresis unit (Jencons Plc).

Gel documentation system, BioDoc-It, M-26X (Jencons Plc)
or similar.

3. Methods
3.1. Preparation 1.
of Gelatin-Treated
Tissue Culture Plates
2
3
4
3.2. Murine ESC 1.
Culture

3.2.1. Thawing Cells

3.2.2. Maintenance 1.
of mESCs
2
3
4
5

In a laminar flow cabinet, add enough of the 0.1% gelatin
solution to cover the bottom of the plate or flask (for a
g 100-mm dish, this is typically about 6-7 mL) (see
Note 5).

. Store dishes containing this solution overnight at 4 or 37°C

for 1 h (see Note 6).

. Remove the gelatin solution from the plates and air dry in a

laminar flow cabinet until all solution has evaporated (see
Note 7).

. Store the plates at 4°C for a maximum of 1 month.

Remove cryovial from liquid nitrogen and leave on ice for
1 min.

. Thaw vial at 37°C in a water bath. Only leave in for as short

as possible, but until completely thawed (see Note 8).

. Transfer the contents of the cryotube to 10 mL of medium in

a 20 mL screw-capped bottle and then pellet the cells by cen-
trifugation (1,000 x4, 3 min).

. Aspirate freezing media and gently resuspend the cell pellet in

the required volume of medium (9 mL for a 100-mm
diameter dish or three wells of a 6-well plate) and transfer to
a gelatin-treated tissue culture plate.

To subculture ESCs, aspirate the medium and gently wash
the cells twice with 1x PBS.

. Add 4 mL of trypsin/EDTA to a 100-mm dish, remove after

10's, and place in a tissue culture incubator (37°C and 5% CO,).

. After 60 s, remove the plate and gently tap to detach the

cells.

. Resuspend cells in 3 mLL medium and transfer 0.5 mL of this

to a fresh gelatin-treated tissue culture dish (approximately
3 x10° cells) containing 8 mL of medium,; this results in a 1:6
dilution of the original culture.

. Gently move the plate from side to side to ensure an even

distribution of the cells and place in a tissue culture incubator
at 37°C and 5% CO,.



3.2.3. Freezing mESCs

3.2.4. Induction
of Spontaneous
Differentiation in mESCs

3.3. Human ESC
Culture

3.3.1. Thawing Cells

3.3.2. Maintenance
of hESCs
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. Observe ESCs daily and passage at approximately 70-80%

confluency, typically every 2 days (see Note 9).

. Trypsinize cells from an approximately 70% confluent 100-mm

dish (see Subheading 3.2.2).

2. Pellet cells by centrifugation at 1,000 x g for 3 min.

. Resuspend cell pellet in 1 mL of freezing medium and aliquot

250 pL into individual cryotubes.

. To freeze cells slowly, wrap vials in several layers of paper towels,

taking care to keep the tubes upright (see Notes 10 and 11).

. The wrapped vials should be stored upright overnight at

-70°C and transferred to liquid nitrogen the following day
for long-term storage.

. Aspirate the medium and gently wash the cells twice with 1x

PBS.

. Add 4 mL of trypsin/EDTA to a 100-mm dish, remove after

10's, and place in a tissue culture incubator (37°C and 5% CO,).

. After 60 s, remove the plate and gently tap to detach the cells.

. Resuspend cells in 3 mL of medium and transfer 0.5 mL of

this to a fresh gelatin-coated tissue culture dish (approxi-
mately 3x10° cells) containing 8 mL of the same medium.
For alternative ways to induce differentiation in ESCs, see
Chapters 9, 10, and 14.

. Assess cell surface expression of E- and N-cadherin at days 1,

2, and 3 (see Subheading 3.5).

The procedure is the same as for mESCs except gently resuspend
the cell pellet in the required volume of medium (9 mL for three
wells of a 6-well plate). Transfer to a gelatin-treated tissue culture
plate (see Subheading 3.1) containing a fresh fibroblast feeder
layer (see Note 12).

1.

To subculture hESCs, aspirate the medium and gently wash
the cells twice with 1x PBS.

. Add fresh medium and, under an inverted phase contrast

microscope, gently scrape the undifferentiated colonies to
produce small clumps of cells.

. Transfer 200 pL of disaggregated cells to a fresh dish coated

with gelatin and mitotically inactivated fibroblast feeder cells.

. Gently place the culture dish in a tissue culture incubator at

37°C and 5% CO,,.

. Observe hESCs daily and passage approximately every

5-7 days. Add fresh medium every 2 days.
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3.3.3. Freezing hESCs

3.3.4. Induction
of Spontaneous
Differentiation of hESCs

3.4. Assaying Gell
Surface Marker
Expression Using
Fluorescent Flow
Cytometry

3.5. RT-PCR Analysis

3.5.1. Extraction,
Purification, and DNase
Treatment of RNA

The procedure is the same as for mESCs except that cells are
resuspended at 1.75x10° cells/mL freezing medium. Aliquot
1 mL into individual cryotubes (see Note 10).

Cells should be cultured as described in Subheading 3.3.2 except
that the hESCs are allowed to proliferate for between 8 and
12 days in the absence of subculturing.

FACS analysis is a quick and reliable method to detect cell surface
antigens expressed on individual cells. For the detection of cell
surface antigen expression in ESCs:

1.

10.
11.

12.

1.

Wash cells with 1x PBS twice and remove cells from plates by
covering with dissociation buffer and incubating at 37°C for
2 min (see Note 13).

. Once cells are detached, add 9 mL of medium and pellet by

centrifugation (see Note 14).

. Wash cells twice in 1x PBS and resuspend cells in FACS

buffer to give a final concentration of 1 x107 cells/mL.

. Aliquot 100 pL of the cell suspension into a 1.5 mL micro-

centrifuge tube.

. Pellet cells by centrifugation at 1,000 x 4 for 2 min and decant

the supernatant.

. Resuspend the pellet in 100 uL appropriate antibody diluted

at 1:100 in FACS buffer. Incubate on ice for 30 min (see
Note 15).

. Repeat step 5 and wash the cells once in 1 mL of FACS

buffer.

. Incubate the cells with 100 pL of fluorophore-conjugated

secondary antibody (diluted in FACS bufter) for 30 min on
ice and in the dark.

. Pellet cells by centrifugation at 1,000 x g for 2 min. Decant

the supernatant.
Wash the cells once with 1 mL of FACS buffer.

Resuspend the cell pellet in 500 pL of cell fixative solution
and transfer cells to a 5 mL FACS tube. Cells can be stored at
4°C in the dark for up to 1 week prior to analysis, although
rapid analysis is recommended.

Assess cell surface fluorescence using a Becton Dickinson
FACSCalibur (see Note 16).

Remove media from ESCs and follow manufacturer’s
instructions for extraction of RNA using Trizol.

. Resuspend RNA pellet in 50 pLL of DNase-free water.



3.5.2. Formation of cDNA
from RNA

12.

13.

14.
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. Treat RNA with DNasel using the following method: 50 ug

of total RNA, 10 puL of 10x DNasel buffer, 5 uL. of DNasel,
2 uL. of RNasin and bring to a total volume of 50 pL
using RNase-free water. Incubate for at least 1 h at 37°C (see
Note 17).

. Add 10 pL of 10x termination mix to stop the reaction (see

Note 18).

. Add 50 pL of phenol and 30 puL of chloroform to the solu-

tion and mix by vortexing for 5 s.

. Centrifuge at 16,300 x g for 10 min at 4°C.

. Transfer upper layer to a fresh microcentrifuge tube, add

55 uL of chloroform, vortex for 5 s, and centrifuge at
16,300 x4 for 10 min at 4°C.

. Transfer upper layer to a fresh microcentrifuge tube and add

10% (v/v) of 3 M sodium acetate (pH 4.8), 2.5 volumes of
95% ethanol, and 20 pg of glycogen (see Note 19).

. Vortex the solution and leave on ice for 1 h.
10.
11.

Centrifuge the sample at 16,300 x g for 15 min at 4°C.

Remove the supernatant, add 50 pL of 95% ethanol, and cen-
trifuge at 16,300 x4 for 15 min at 4°C.

Remove the supernatant, add 50 pL of 70% ethanol, and cen-
triftuge at 16,300 x4 for 15 min at 4°C.

Remove the supernatant, air dry the pellet, and resuspend in
50 uL of RNase-free water.

Use 1 uL of the RNA solution to carry out a PCR reaction
(see Subheading 3.5.3) using B-tubulin forward and reverse
primers. If a PCR band is evident, it demonstrates contamina-
tion by genomic DNA and the DNase treatment should be
repeated from step 3 onwards.

. Add 0.5 pg of total RNA to 5 puL of Oligo dT and bring vol-

ume to 40 pL using RNase-free water.

2. Mix well and incubate at 65°C for 10 min.

. Immediately place tubes on ice for 5 min.

4. Add 20 uL of 5x RT buffer, 1 ul. of RNasin, 10 puL of

(2.5 mM) dANTP, 2 uL. of AMV transcriptase enzyme, and
17 uL of RNase-free water to the solution.

. Incubate the solution at 42°C for 1 h.
. Inactivate AMV transcriptase by heating to 98°C for

5 min.

. Centrifuge the solution at 16,300 x4 for 1 min and transfer

supernatant to a fresh tube.

. Store the cDNA solution at -20°C until required.
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3.5.3. Polymerase Chain
Reaction and Gel
Electrophoresis

Table 1

1. To 5 uL. of ReddyMix in a 0.2 mL thin-walled PCR tube, add

0.5 uL of forward and reverse primers (50 pmol /UL stock
solution), 0.5 uL of cDNA, and 3.5 uL of ddH,O to provide
a final reaction volume of 10 puL (primer sequences are shown
in Tables 1 and 2).

. Program the PCR thermal cycler as follows: (1) 94°C for

3 min, (2) 60°C for 1 min, (3) 72°C for 1 min, (4) 94°C for
30, (5) 60°C for 30, (6) 72°C for 30 s, (7) repeat steps 4—6
another 34 times, (8) 72°C for 10 min, and (9) hold at 4°C.

. Separate PCR products by agarose gel electrophoresis: 2%

(w/v) agarose gel containing 0.16 ug/mL ethidium bromide
dissolved in TBE buffer (see Note 20). Leave gel to set at
room temperature. To each PCR reaction (10 pL), add 1 pL
loading bufter and then add this mix to a single well of the gel.
Separate products along with a DNA standard at 100 V for
1 h in TBE buffer using a horizontal gel electrophoresis unit.

4. View PCR products using a BioDoc-It, M-26X gel documen-

tation system.

Primer sequences for mouse undifferentiated and differentiated markers

Gene Forward primer sequence (5’ to 3')  Reverse primer sequence (5" to 3") Size (bp)

B-Tubulin ~ GGAACATAGCCGTAAACTGC CACTGTGCCTGAACTTACC 317
Oct-4 AGAAGGAGCTAGAACAGTTTGC CGGTTACAGAACCATACTCG 415
E-cadberin  CGAGAGAGTTACCCTACATA GTGTTGGGGGCATCATCATC 214
N-cadherin  CCCAAGTCCAACATTTCCATCC AAAGCCTCCAGCAAGCACG 781

Table 2

Primer sequences for human undifferentiated and differentiated markers

Gene Forward primer sequence (5’ to 3')  Reverse primer sequence (5" to 3°)  Size (bp)

B-Tubulin ~ GGAACATAGCCGTAAACTGC TCACTGTGCCTGAACTTACC 317
Oct-4 AGAAGGAGCTAGAACAGTTTGC CGGTTACAGAACCATACTCG 415
E-cadherin  TCGACACCCGATTCAAAGTGG  TTCCAGAAACGGAGGCCTGAT 194
N-cadherin  CCGACGAATGGATGAAAGACC  TTGCAGCCTATGCCAAAGC 438
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4. Notes

. The gelatin will not dissolve until the solution is autoclaved.

. All media should be warmed to 37°C prior to use, with the

exception of the trypsin/EDTA solution, which should be at
room temperature.

. This medium has been optimized in our lab to induce a rapid

E- to N-cadherin switch in mESCs.

4. Do not heat-inactivate KSR.

10.

11.

12.

13.

14.

15.

16.
17.

. All work should be carried out in a laminar flow class II cabi-

net using disposable sterile plastic ware.

. We find it better to incubate dishes overnight at 4°C.
. Gelatin solution can be left on plates for up to 7 days at 4°C

and removed prior to culture of ESCs.

. Cell thawing must be performed quickly to minimize cell

death. Care must be taken when removing vials from liquid
nitrogen as these can explode when exposed to temperature
changes. Always wear appropriate safety wear (including gog-
gles) when handling cryovials.

. It is possible to split ESCs grown in medium containing 10%

ESC screened FBS at less than 1:6. However, this is cell line
and serum dependent, so care must be taken when determining
the optimum dilution for subculture of the user’s own cell
line. Undifferentiated ESCs form three-dimensional colonies
with few spreading cells, although the exact morphology is
cell line and serum dependent.

To maintain cell integrity, cells should be frozen slowly in
medium containing a cryopreservant.

Alternatively, a Mr. Frosty cryocontainer (ThermoFisher)
may be used.

For more details on fibroblast feeder layers, see Chapters 2
and 16.

Dissociation buffer must be used for hESCs as trypsin will
remove the epitope recognized by Ab SHE78.7.

Addition of PBS directly to dissociated or trypsinized cells
can cause cell aggregation. Therefore, always resuspend cells
in medium.

If the protein of interest is not on the cell surface, e.g. Oct-4,
then it is necessary to include a permeabilization step (10 min
in 0.1% Triton X-100 diluted in FACS buftfer) prior to incu-
bation with primary antibody.

Not all fluorophores can be detected with the FACSCalibur.
We usually leave the incubation for between 1.5 and 2 h.
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18. Alternatively, stop the reaction by incubation of the solution
at 95°C for 5 min.

19. Addition of glycogen enhances the precipitation of low
amounts of RNA. In addition, it provides a visible pellet that
aids removal of the supernatant.

20.

Ethidium bromide is likely to be carcinogenic. Addition of

ethidium bromide to the molten gel should be performed in
a fume hood to prevent accidental inhalation.
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Chapter 6

Generation of Human Embryonic Stem Cells Carrying
Lineage Specific Reporters

Parinya Noisa, Alai Urrutikoetxea-Uriguen, and Wei Cui

Abstract

The distinctive properties of human embryonic stem cells (hESCs) enable them to provide unique models
to study the network of signaling pathways that regulate organogenesis, generate disease models, produce
cells and tissues for therapies, and identify new drugs for treatment. Genetic modification of hESCs is a
powerful tool to assist the above studies. Generation of lineage-specific fluorescent protein reporter hRESC
lines will greatly benefit investigators to monitor specific cell lineages in a live, easy, and timely manner.
This technique will facilitate high throughput screening to identify molecules important in regulating
specific cell fate commitment. In addition, such reporter cell lines enable researchers to enrich certain cell
populations by fluorescent activated cell sorting (FACS) for either downstream biological analysis or
in vivo applications. We have shown that hESCs can be stably transfected with a plasmid in which expres-
sion of the green fluorescent protein (GEP) is under the control of the Oct-4 promoter using chemical
transfection. The expression pattern of transgenic Oct-4-GFD reflects that of endogenous Oct-4.

Key words: Human embryonic stem cell, Reporter cell line, Stable transfection, Cell culture,
Differentiation

1. Introduction

Human embryonic stem cells (hESCs) are able to grow in culture
indefinitely while maintaining their pluripotency, and are able to
differentiate into most, if not all, cell types in the body (1, 2).
Therefore, hESCs have the potential to provide an unlimited
source of all human cell types. Given those unique properties of
hESCs, a considerable amount of studies have been done, and
range from basic developmental biology to potential cell thera-
peutic applications. However, since culture and differentiation of
hESCs are regulated by both intrinsic and extrinsic factors in a
complicated paracrine and autocrine signaling network (3, 4), the

Nicole I. zur Nieden (ed.), Embryonic Stem Cell Therapy for Osteo-Degenerative Diseases, Methods in Molecular Biology, vol. 690,
DOI 10.1007/978-1-60761-962-8_6, © Springer Science+Business Media, LLC 2011
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optimal conditions for culture and specific differentiation of
hESCs remain ambiguous, although progress is increasing rapidly
((5), see also Chapter 2). The generation of hESC reporter lines
that contain lineage-specific markers can provide invaluable tools
for investigating the factors that control self-renewal and lineage
specific differentiation. What is explained using the Oct-4 promoter
as an example in this chapter, finds applications in osteoblast and
chondrocyte differentiation through the use of osteoblast and
chondrocyte-specific promoters, i.e. for osteocalcin, Cbfal, and
aggrecan. In particular, introduction of fluorescent reporter genes
under the control of cell-type specific promoters offers several
advantages over other reporters as they enable investigators to
observe kinetic changes of marker gene expression without termi-
nating the culture. In addition, specialized cell types can be
enriched by fluorescence activated cell sorting (FACS) for fur-
ther analysis or applications.

Currently, three technical strategies have been applied for
genetic manipulation of embryonic stem cells: transgenic approach,
knock-in approach, and artificial chromosome approach, each of
which has advantages and limits (5). Here we will focus our dis-
cussion on the transgenic approach, the most common method
used for hESCs. The transgenic approach involves the random
genomic integration of a construct containing a cell or tissue-
specific promoter-driven fluorescent reporter gene, as well as a
selection marker gene under the control of a constitutive expres-
sion promoter, such as a viral promoter. The DNA delivery could
be achieved by plasmid transfection with electroporation (6),
nucleofection (7) or chemical-based transfection reagents (8), or
by viral transduction (9). Since the reporter gene construct is ran-
domly integrated into the host genome, the site of integration
could affect transgene expression (10). In addition, rearrangement
of the transgene could also change the transgene expression pat-
tern. Therefore, it is important to characterize the transfected
clones to confirm that reporter gene expression is correspondent
to the expression of the endogenous gene. We have previously
generated stably transfected Oct4-GFP hESC reporter lines with
chemical based transfection (8) and will use it as an example to
turther discuss in detail the generation of hESC reporter lines.

2. Materials

2.1. Preparation
of MEFs and MEF-CM

1. Dissecting scissors, sterile.
2. y-Irradiator, for instance IBL 637.
3. Phosphate-buffered saline (PBS) without Ca?* and Mg?*.
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2.2. Gulture of hESCs

4.

10.

11.

12.

13.

1.

2x P /S solution: Prepare PBS containing penicillin (50 U/
mL)/streptomycin (50 pg/mlL) (stock is 100x) to a final
concentration of 2x in 50 mL Falcon tubes, 30—40 mL per
tube. Store at 4°C.

. Plastic ware: 50 mL Falcon tubes, Bijou tubes and tissue cul-

ture treated plastic, such as six-well plates and 100-mm dishes.

. 0.05% trypsin/0.02% Ethylenediaminetetraacetic acid (EDTA,

Sigma).

. Mouse Embryonic Fibroblast (MEF) culture medium:

Dulbecco’s Modified Eagle’s Medium (DMEM), high glu-
cose without L-glutamine containing 10% fetal bovine serum
(FBS, Sigma) and 2 mM L-glutamine.

. Freezing medium: MEF medium containing 10% DMSO.
. T-flasks, T75, T150, T225-cm? (Corning, BD Biosciences,

or Nunc).

Gelatin solution, 2% in water, tissue culture grade (Sigma).
Store at 4°C upon arrival. Prepare 0.5% gelatin by diluting 2%
gelatin with embryo transfer water.

Human basic fibroblast growth factor recombinant (hbFGF)
(PeproTech). Prepare an hbFGF stock by dissolving it in PBS
containing 0.2% BSA (Fraction V) at 10 pg/mL. Store at
-20°C or at -80°C in 0.5-1 mL aliquots.

hESC culture medium (also called SR medium) contains
Knockout Dulbecco’s Modified Eagle’s Medium (K-DMEM,
Invitrogen) supplemented with 20% Knockout Serum
Replacement (KSR, Invitrogen), 0.1 mM nonessential amino
acids (NEAA, stock is 100x), 1 mM L-glutamine, and
0.1 mM 2-mercaptoethanol to final concentrations as indicated.

L-broth: 1% tryptone, 0.5% yeast extract, and 0.5% NaCl.

Matrigel™-growth factor reduced, a product of Becton
Dickinson, distributed by VWR. Matrigel™ stock solution:
Prepare by slowly thawing it overnight at 4°C to avoid gel
formation. Add equal volume of ice-cold K-DMEM and mix
well, then aliquot 1 mL into a prechilled 15-mL tube and
store at —20°C (see Note 2). Make a Matrigel working solu-
tion by slowly thawing an aliquot of Matrigel stock (1 mL) on
ice when needed. Dilute Matrigel stock 1:15 by adding 14 mL
cold K-DMEM into the tube to make a final dilution of 1:30.
Mix the solution thoroughly.

. Collagenase IV solution: dissolve collagenase in K-DMEM at

200 U/mlL, then filter through a 0.22-um filter. Store the
collagenase solution at —-20°C in 5-10 mL aliquots until use
(see Note 1).



98 Noisa, Urrutikoetxea-Uriguen, and Cui

2.3. Transfection
Reagents

3. 0.02% (0.5 mM) EDTA solution.

4. Differentiation medium: similar to SR medium except replacing
20% KSR with 20% FBS (Sigma).

5. Antibiotic agent as needed, i.e. G418 sulfate.

1. Lipofectamine 2000 (Invitrogen). Kit includes Optimem.
2. Qiagen plasmid maxi kit (Qiagen).
3. QiaEx II gel extraction kit (Qiagen).

3. Methods

3.1. Preparation
of MEF-CM for hESCs
Culture

3.1.1. Preparation of MEF

Similar to all the other cell types, transgene expression in hESCs
could be achieved by a number of methods, such as electropora-
tion, nucleofection, chemical transfection, and viral transduction.
The first two approaches normally require single-cell suspension,
which could affect the reattachment of hESCs after transfection
(11). Viral transduction is a commonly used approach to obtain
populational cells carrying transgenes as it is an efficient method
for introducing foreign genes into a host genome. However, a
good reporter cell line not only requires expression of the reporter
gene, but also requires a specific expression pattern which reflects
the endogenous promoter,/enhancer gene expression. Surrounding
DNA, structures of the transgene integration site have a significant
effect on transgene expression and transgene integration, with
most viral transduction being random. Therefore, individual clones
of transduced cells may not have the same expression pattern.
In our laboratory, chemical transfection is the commonly used
method, although it may not have very high efficiency.

In addition to various methods of introducing transgenes
into cells, several other factors could also affect efficiency of intro-
ducing transgenes into hESCs, such as culture of hESCs, propa-
gation approaches, and DNA /transfectant ratio. For example, we
routinely culture hESCs in feeder-free conditions with a mouse
embryonic fibroblasts-conditioned medium (MEF-CM) and
propagate the cells with collagenase IV treatment (12). However,
hESCs are treated with EDTA split if transfection is going to be
carried out. We will discuss these methods in more detail in the
following sections.

1. Terminate day 13-14 pregnant CD-1 mice according to animal
regulations. Dissect the uterus and put into a 100-mm dish,
then dissect and terminate each embryo and place them into
the 50-mL tubes containing P /S solution, one per tube (sece
Note 3).

2. Wash the embryos three times in P /S solution.
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3.1.2. Preparation
of MEF-CM

10.

11.

. Prepare Bijou tubes by adding 2 mL of trypsin/EDTA to

each tube.

. Remove viscera from the embryo, then cut carcass into small

pieces and transfer into the Bijou tubes containing trypsin/
EDTA (one to two embryos per tube depending on their size).

. Take the tubes to the cell culture room and incubate them in a

37°C incubator for 10 min, then vortex to break the clumps.

. Incubate the tubes again at 37°C for another 5 min.
. Add 3 mL of MEF medium to each Bijou tube to reach a

volume of 5 mL and mix.

. Leave the cell suspension to allow the bigger tissue lumps to

settle down at room temperature.

. Transfer about ~4 mL of supernatant (single cell suspension)

to a T75-cm? flask containing 10-15 mL of MEF medium.

Check all flasks in the next 1-2 days and make sure they have
not been contaminated. Trypsinize and combine all the cells,
then count the number in a hemocytometer. See Chapters 5
and 8 for details on hemocytometer counts.

Freeze cells in freezing medium, 1 x 107 cells/vial and label
them as PO (see Note 4).

. Resuscitate one vial of frozen MEF into a T75-cm? (or

T150-cm?) flask (P1) and replate into two T225-cm? flasks
(P2) when they are confluent.

. Once confluent, split again 1:4-6 depending on the status of

the cells up to passage four.

. Remove medium when most of the flasks are >90% confluent,

then wash with approximately 10 mL of PBS.

. Add 3 mL of trypsin/EDTA to each flask and incubate the cells

at 37°C for about 5 min. When the cells have rounded up, then
tap the flasks to loosen the cells. Top off with MEF medium to
7-10 mL once cells are detached. Collect all trypsinized cells
together into 50-mL tubes and count the cell number.

. Calculate the number of flasks required for seeding the cells

after irradiation (about 19 x10° cells/T225-cm?).

. Prepare flasks before irradiating the cells. Add 12 mL of gela-

tin to each T225-cm? flask. Place them in the 37°C incubator
for 5 min or leave them in the culture hood for 10-15 min.

. Meanwhile, take the 50-mL tube containing MEF cells to the

irradiator and irradiate the cells at 40 grays, then centrifuge
the cells in 50-mL Falcon tubes at 200 x4 for 5 min in a uni-
versal centrifuge.

. Resuspend the cells in an appropriate volume of MEF medium

to a cell concentration of about 4 x 10° cells/mL.
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3.2. Feeder-Free
Culture of hESCs

3.2.1. Preparation
of Matrigel-Coated
Plates

3.2.2. Routine Culture
and Propagation of hESCs
with Collagenase

9.

10.

11.

12.

13.

14.

15.

Remove the gelatin from the T225-cm? flasks and immediately
add 45 mL of MEF medium, then transfer ~19x10° cells to
each T225-cm? flask.

Label each flask with the number and date, and then place
them into a 37°C, 5% CO, incubator.

The next day, replace the MEF medium with 150 mL SR
medium supplemented with 4 ng/mL of hbFGF (equals
0.4 pul/mL of hbFGEF stock solution).

Collect medium from the flasks the following day into 150-mL
collection bottles, which have been labeled with the collec-
tion date and flask number, then add the same volume of
fresh SR medium containing 4 ng/mL of hbFGF to the flask
(see Note 5).

Freeze the MEF-CM immediately in a -80°C freezer until
use (see Note 6).

Repeat steps 12-13 for 7-8 days and check for contamination
in each flask one to two times during the collection period
(see below). If contamination is observed in a flask, discard
the flask and corresponding collected MEF-CM.

Prepare two sets of 30 mL universal tubes and label each set
with the same numbers as shown on the flasks. Add 3 mL of
L-broth solution to each tube and transfer 2 mL of collected
medium to the tube with the same number, 1 mL/tube.
Incubate one set of tubes in a 37°C shaker overnight for
bacterial contamination and incubate the other set of tubes
at 25-30°C overnight for yeast contamination (see Note 7).

. Place 1 mL of Matrigel working solution into each well of a

six-well plate.

. Incubate the plate at least overnight at 4°C or 1-2 h at room

temperature if in an emergency. The plate containing the
Matrigel solution can be kept at 4°C for up to 1 week.

. Remove the Matrigel working solution immediately before use.

. Thaw the MEF-CM. Aliquot the exact amount to be used

into a sterile tube. Add 4-8 ng/mL of fresh hbFGF (0.4—
0.8 uL./mL) into the MEF-CM (see Note 8) and warm it to
37°C. The MEF-CM containing freshly added hbFGF will be
called CM thereafter.

. Take Matrigel-coated plates from the fridge. Remove Matrigel

solution from the plates and immediately add 1-2 mL of CM.

. Aspirate the medium from the hESCs and add 1 mL/well of

collagenase IV stock (200 U/mL) to the cells in six-well plates.



Generation of Human Embryonic Stem Cells Carrying Lineage Specific Reporters 101

3.3. Transfection
of hESCs

3.3.1. Preparation
of hESCs with EDTA Split
for Transfection

3.3.2. Determine
the Working Concentration
for the Selection Drug

4.

10.

Incubate for 5-10 min in a 37°C incubator until the edge of
the hESC colonies become thick (see Note 9).

. Remove the collagenase and gently wash the cells once with

2 mL of PBS /well.

. Add 1 mL of CM into the well.

. Gently scrape cells with a cell scraper or a 5 mL pipette, then

add another 2 mL of CM. Dissociate the cells into small
clusters (50-500 cells) by gently pipetting up and down.

. Transfer the cells into the newly prepared Matrigel-coated

plates. The final volume of the medium should be 3 mL per
well (see Note 10).

. Return the plate to the incubator. Be sure to gently shake the

plates from left to right and back and forth to obtain an even
distribution of cells.

Feed the cells daily with CM.

. Prepare hESCs 24 h before transfection with EDTA split to

obtain better transfection efficiency (see Note 11, Fig. 1).

. Prepare Matrigel-coated plates as described before.

. Remove media from hESCs (90-100% confluent in six-well

plates), then wash with PBS.

. Add 1 mL per well of 0.5 mM EDTA and incubate at 37°C

for 6-10 min.

. Aspirate the EDTA and add 1 mL of CM, then pipette (using

a P-1000 pipette) a few times (about three to five times) to
get cluster cells containing five to ten cells per cluster (see
Note 12).

. Add another 2 mL of CM and transfer 1 mL to each well of

the new Matrigel-coated plate (1:3 split ratio).

. Transfer the plate (3 mL total volume /well) back to the incu-

bator, which will then be ready for transfection next day.

. Prepare hESCs as described above for transfection except

reduced in proportion to 12-well plates.

. Next day, prepare fresh CM containing a range of concentra-

tions of the selection drug (typically five concentrations).

. Replace the culture medium with above selection medium,

including controls. One concentration is normally tested in
duplicate wells.

. Change selection medium daily and record cell death. Continue

culturing cells for 2 weeks. The optimal concentration is the
lowest one that kills all cells within 10-14 days (see Note 13).
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Tranfection efficiency

Collagenase EDTA

Fig. 1. Transfection efficiency in collagenase and EDTA prepared hESCs. Collagenase split hESCs (a, b) showed more
compact morphology than EDTA split hESCs (¢, d), which affected transfection efficiency. EDTA split cells showed higher
transfection efficiency than collagenase split ones (e). Asterisk indicates P<0.001.

3.3.3. Preparation 1. Prepare plasmid DNA by maxi prep with a Qiagen plasmid
of Plasmid DNA maxi kit, following the manufacturer’s instructions.
for Transfection

2. Linearize the plasmid with the appropriate restriction enzyme
and clean the DNA with a QiaEx II gel extraction kit following
the manufacturer’s instructions.

3. OD to obtain DNA concentration.
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3.3.4. Transfection
of hESCs with
Lipofectamine 2000

3.3.5. Picking and
Expanding Transfected
Colonies

3.4. Characterization
of Stably Transfected
Colonies

. For each well of hESCs, mix 2 ug of linearized DNA and

125 uLL of Optimem in a clean tube; mix 6 pL of Lipofectamine
2000 with 125 pL of Optimem in another clean tube.

. Add the DNA mix to the Lipofectamine mix to make a total

volume of 250 pL of the transfection mix (see Note 14), then
incubate the tube at room temperature for 10-20 min.

. Replace the existing medium with 1 mL of fresh CM.
4. Add 250 pL of transfection mix drop-wise to the cells and

incubate them at 37°C, 5% CO, for 6 h.

. Replace the transfection mix with 3 mL of fresh CM and

return to the incubator.

. Feed the cells daily with fresh CM. Apply the selection drug

24-72 h later (see Note 15).

. Drug resistant colonies are visible 2—3 weeks after transfec-

tion. Count the number of colonies.

. Prepare a 24-well culture plate and coat the wells with

Matrigel overnight at 4°C as described above.

. Replace the Matrigel with 0.5 mL of CM.

4. Remove the culture medium from the transfected hESCs and

add 1 mL of collagenase, then incubate for 8-10 min similar
to the collagenase propagation.

. Aspirate the collagenase and wash cells with PBS.
6. Add 0.5 mL of CM, then using a P-1000 (set for 0.2-0.3 mL)

pick up a colony and transfer to the above 24-well plate, one
colony per well.

. Change the pipette tip for each colony and add more CM if

required, until all colonies have been transferred.

. Expand colony as routine hESC culture.

. Checking for reporter gene expression: since transgene expres-

sion may be affected by the integration site, not all drug-resistant
clones will express the reporter gene as expected. Select colo-
nies in which reporter gene expression exhibits the same pat-
tern as the endogenous gene whose promoter/enhancer is
used to drive reporter genes. This is normally performed by
differentiating the transfected hESCs through embryoid body
formation (see Chapter 4 for details).

. Stably transfected hESCs should also maintain the same char-

acteristics of parental cells. Check for expression of cell surface
specific antigens: SSEA-4 and Tra-1-60,/81 by immunostaining
and Fig. 2 for an example.

. Check for karyotype of transfected colonies as described in

Chapter 3.



104 Noisa, Urrutikoetxea-Uriguen, and Cui

a Oct4-GFP CAG-GFP

Neural diff

o

Fig. 2. Characterization of transfected reporter hESC lines. (a) Expression of green fluorescent protein (GFP) reporter gene
under the control of the Oct-4 promoter is restricted to undifferentiated hESCs, but is dramatically downregulated after
neural differentiation. In contrast, expression of GFP under the control of the constitutive CAG promoter exhibited consis-
tent expression independent of differentiation status. (b) Stably transfected hESC clones maintained characteristics of
parental hESCs, showing specific surface staining for SSEA-4 (a) and Tra-1-60 (b). (c) is the GFP staining of the same
cells as (b). (c) Furthermore, the transfected hESCs are able to differentiate into cells of the three germ layers after

embryoid body formation which are represented by positive staining of o-fetoprotein (AFP, (d)), muscle actin (mActin, (g))
and b-tublin Il (B-Tublll, (f)).

4, Notes

1. Defrost and warm the collagenase solution to 37°C before
use. If the solution is not finished, the remaining solution can
be stored at 4°C for up to 1 week.

2. Geltrex™ Reduced Growth Factor Basement Membrane
Matrix (Invitrogen) is an alternative product for Matrigel.

It is important to keep everything (tube, solution) cold during
the preparation of the Matrigel stock.

3. We noticed that it is difficult to obtain sufficient fibroblasts if
less than day-13 gestation fetuses are used.
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4.

10.

11.

12.

In our hands, the frozen MEF can be stored in liquid nitrogen
for a year, after which however they exhibit a significant decline
of proliferation in culture.

. Make sure each collection bottle has been labeled with the

corresponding flask number and collection date (or day).
For example, the bottle which contains medium collected from
flask 1 on the first day of collection will be labeled as flask 1 /day
1 (or actual date of collection). This will enable you to eliminate
a particular bottle of collection if any of the flasks have problems
after certain days of collection (e.g. contamination).

. MEF-CM can be stored at —-80°C for up to a year in our labo-

ratory with no effect on culturing hESCs.

. In our laboratory, MEF-CM is normally collected continu-

ously for 7-8 days and the contamination test is usually carried
out on day 4 and day 8 of collection. If any of the flasks are
found to be contaminated, the corresponding collection will
be discarded. For example, if the tests on day 4 of the collec-
tion are all negative but flask 6 is found contaminated on day
8 test, then the day 5-8 MEF-CM collected from flask 6 will
be removed and discarded from the freezer.

. If MEF-CM has been frozen for more than 1-2 weeks, it is

topped off with L-glutamine to a final concentration of 2 mM.

. Each cell line may have a different sensitivity to collagenase

treatment and also collagenase may vary slightly from batch to
batch. Therefore, please check the cells to determine incuba-
tion time. The ideal time is when hESC colonies still adhere to
the plate with a thickened edge but spontaneous differentiated
cells have rounded up and can be easily removed following
PBS washing.

When confluent, the optimal split ratio is usually 1:3.
However, if hESC colonies are too compact, the hESCs tend
to differentiate. It is necessary to separate the colonies before
cells reach maximum confluence. Therefore, split ratio should
be less than 1:3.

Routine culture of hESCs with collagenase usually produces
compact colonies in which each cell has a small surface area.
This will restrict the contact of foreign DNA with the cells
and affect transfection efficiency (Fig. la, b). Splitting cells
with 0.5 mM EDTA results in smaller and looser colonies
that permit better DNA penetration and more efficient trans-
fection (Fig. lc, e).

Similar to the collagenase split, each cell line may respond to
EDTA differently. Therefore, please check and determine the
incubation time. Stop the incubation before cells round up
and detached from the plates. Unlike splitting with collage-
nase, the cells treated with EDTA may readhere to the plate
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13.

14.

15.

after addition of CM. Therefore, do not treat more than two
wells at one time.

As hESCs grow into colonies, it is difficult to plate the exact
same number into each well. This is a simple way to deter-
mine optimal selection drug concentration. In our laboratory,
the optimal concentrations have been determined using this
method, 200-400 ng/mL for G418 and 0.75-1 pug/mL for
puromycin.

If more than one well of cells are to be transfected with the
same DNA, please multiply all reagents with the number
of wells.

Timing of selection depends on the drugs to be used. The
principle is to try to maintain cells in small clusters rather than
single cells because single hESCs tend to differentiate. G418
can be applied 24 h after transfection as it only kills proliferating
cells and the selection process takes longer. In contrast, puro-
mycin kills both dividing and nondividing cells. Its selection
is much quicker. Therefore, we normally apply puromycin

72 h after transfection.
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Chapter 7

Manipulations of MicroRNA in Human Pluripotent Stem
Cells and Their Derivatives

Stephanie N. Rushing, Anthony W. Herren, Deborah K. Lieu,
and Ronald A. Li

Abstract

Human embryonic stem cells (hESCs) and induced pluripotent stem cells (iPSCs) reprogrammed from
somatic cells can self-renew while maintaining their pluripotency to differentiate into virtually all cell
types. In addition to their potential for regenerative medicine, hESCs and iPSCs can also serve as excel-
lent #n vitro models for the study of human organogenesis and disecase models, as well as drug toxicity
screening. MicroRNAs (miRNAs) are nonencoding RNAs of ~22 nucleotides that function as negative
transcriptional regulators via degradation or inhibition by RNA interference (RNAi). MiRNAs play
essential roles in developmental pathways. This chapter provides a description of how miRNAs can be
introduced into hESCs/iPSCs or their derivatives for experiments via lentivirus-mediated gene transfer.

Key words: RNA interference, MicroRNA, Human embryonic stem cells, Directed differentiation

1. Introduction

Human embryonic stem cells (hESCs), isolated from the inner cell
mass of blastocysts, can self-renew while maintaining their pluripo-
tency to differentiate into virtually all cell types (1). More recently,
direct reprogramming of adult somatic cells to become pluripotent
hES-like cells (a.k.a. induced pluripotent stem cells or iPSCs) has
been achieved (2, 3). Maintenance of pluripotency and induction
of differentiation of hESC /iPSCs involve the complex interplay of
a range of extrinsic and intrinsic factors, such as microenvironmen-
tal cues, gene expression and regulation, trans-acting molecules,
such as transcription factors, microRNAs (miRNAs), and other
small molecules. While the topics of pluripotency and differentia-
tion have been extensively covered elsewhere, this chapter focuses

Nicole I. zur Nieden (ed.), Embryonic Stem Cell Therapy for Osteo-Degenerative Diseases, Methods in Molecular Biology, vol. 690,
DOI 10.1007/978-1-60761-962-8_7, © Springer Science+Business Media, LLC 2011
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on the use of miRNAs and RNA interference (RNAi) for studying
hESC/iPSCs and their derivatives. MiRNAs are noncoding RNAs
of ~22 nucleotides that mediate gene expression by functioning as
negative transcriptional regulators via degradation or inhibition by
RNAI (4, 5). While RNAi was initially discovered in Caenorbabditis
elegans in the form of small-interfering (si) RNA-mediated silenc-
ing of viruses and other foreign DNA sources, many aspects of the
pathway are conserved in miRNA-mediated gene silencing. Primary
miRNA (pri-miRNA) sequences located within the genome resem-
ble those of genes and are thought to undergo similar regulation,
transcription, and posttranscriptional modification (6, 7). The tran-
scribed precursor miRNA (pre-miRNA) sequence forms a hairpin-
loop structure, which is recognized and cleaved by Dicer-1, a
member of the highly conserved family of RNase III enzymes, in
conjunction with Loquacious to produce mature miRNAs that are
typically 21-23 nucleotides in length; miRNAs are then incorpo-
rated into the RNA-induced silencing complex (RISC), where the
single-stranded mature miRNA binds the target transcript (or mul-
tiple transcripts) with sequence complementarity for degradation,
deadenylation, or repression, to subsequently result in posttran-
scriptional silencing (8, 9).

To date, there are 706 known human miRNAs registered in the
Sanger database and their corresponding pri-miRNA sequences
are located at discreet loci along the genome: 53% (375,/706) of
miRNAs overlap genes, while 47% (331,/7006) are located within
intergenic regions. Of the genic miRNAs, 81% (305,/375) are exclu-
sively found within introns, 11% (41,/375) are exclusively found
within exons, and the remaining 8% (29,/375) are found within both
exons or introns, primarily due to alternatively spliced transcripts (10).
MiRNAs are thought to regulate ~30% of human genes (11). For
instance, the miR-302 cluster (miR-302a, -302a*, -302b, -302b*,
-302c, -302¢*, -302d, and -302d*) located within intron 8 of LARP7
and the 371/372/373 cluster (miR-371-3p, -371-5p, -372, and
-373) located within an intergenic region of chromosome 19 have
been shown to associate with pluripotency (12-14). In mouse mod-
els, several miRNAs have been implicated in heart (e.g. miR-1, -18b,
-20b, -21, -106a, -126, -133, -138, and -208), liver (miR-30, -122),
CNS (miR-101, -124, -127, -128, -131, and -132, -134), and
hematopoietic (miR-150, -155, -181) developments (15-24).

Experimentally, recombinant viruses such as lentiviral and
adenoviral vectors can be conveniently used as delivery vehicles
for introducing specific miRNAs into undifferentiated hESCs/
iPSCs or their derivatives for investigating the corresponding
functional consequences in such processes as pluripotency main-
tenance, differentiation, and maturation of specific lineages to
obtain scientific insights. It is to be noted that adenovirus-medi-
ated gene transfer is only transient in nature. In contrast, lentiviral
gene transfer leads to transgene integration into the host genome
and, therefore, to persistent modification.
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2. Materials

2.1. Human ES/iPS
Gell Gulture

2.2. Detecting miRNAs
in hESCs/iPSCs
and Their Derivatives

2.3. Lentiviral Gene
Transfer

. Human ESCs (some potential sources include the H1, H7, H9

lines, etc. from University of Wisconsin, Madison, WI; HES-1
to -6 from ESI and BGO1-3 from Novocell) and iPSCs.

2. Gelatin diluted 0.1% in sterile water (Sigma-Aldrich).

2 T N I S
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. Irradiated CF-1 mouse embryonic feeder (mEF) cells obtained

from 13.5-day embryos (feeder-free systems are also avail-
able, please refer to other chapters or reviews for further
details) (25, 26).

. Dulbecco’s Modified Eagle’s Medium (DMEM) (Invitrogen)

modified for cell culture: 20% fetal bovine serum (FBS;
HyClone), 2 mM L-glutamine (Invitrogen), 0.1 mM
2-mercaptoethanol (Invitrogen), and 1% nonessential amino
acids (Invitrogen). Store in the dark at 4°C.

. Collagenase IV (Invitrogen) diluted 1 mg/mL in DMEM.

. Phosphate-buffered saline (PBS; Invitrogen). Store at 4°C.

. Trizol (Qiagen). Store at 4°C. Use under chemical hood.

. Chloroform.

. Phase Lock Gel Heavy 2.0 mL (PLG) tubes (5 PRIME/

Thermo Fisher Scientific).

. miRNeasy Mini Kit (Qiagen).

. Distilled water (diH,0).

. Paraflow miRNA microarray (Atactic Technologies).
. Bioanalyzer (Agilent).

10.

TagMan stem-loop primers and qRT-PCR kit (Applied
Biosystems).

. Lentiviral vectors are available from academic labs (e.g. the

Trono lab, Geneva, Switzerland, (27)) or commercial sources
(e.g. pLenti4/V5-DEST and pLenti6/V6-DEST from
Invitrogen).

. Restriction enzymes (New England Biolabs, Inc.).

. Primers.

. Agarose.

. T4 ligase.

. Stbl3 Escherichia coli cells (Invitrogen). Store at -80°C.

. Where appropriate, antibiotic, as specified in the lentiviral

vector for the selection of positively transformed Stbl3 cells.
Store at 4°C.

. LB medium (MP Biomedicals LLC).
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9
10.
2.4. Production 1.
of Recombinant 2
Lentiviral Particles
3
4
5
6
7
8
9
10.
11.
12.
2.5. Transducing 1.
hES/iPS Cells with 2
Lentiviral Vector
2.6. Generation 1.
and Differentiation
of a Pure Stably
Transduced

ES-Derived Cell Line

. MiniPrep Kit (Qiagen).

MaxiPrep Kit (Qiagen).

Lentiviral vector suspended in water. Store at -20°C.

. Lentivirus packaging plasmids: pMD2.G and psPAX2

(Addgene).

. HEK293T /17 (293T) cell line (American Type Culture

Collection).

. 293T medium: DMEM with 10% FBS (HyClone), 2 mM

L-glutamine (Invitrogen), 0.1 mM nonessential amino acids
(Invitrogen), and 1% penicillin/streptomycin (Invitrogen).
Store at 4°C.

. 0.45-um pore disposable sterile filter units (Nalgene /Thermo

Fisher Scientific).

. Trypsin, 0.05% (Invitrogen).
. Poly-d-lysine diluted to 5 pg/mL in sterile water (BD

Biosciences).

. PBS (Invitrogen). Store at 4°C.
. Lipofectamine 2000 reagent (Invitrogen). Store at 4°C.

OptiMEM medium (Invitrogen). Store at 4°C.
Ethanol, 75%.

Dulbecco’s phosphate-buffered saline (DPBS) with Ca?*, and
Mg?*containing 0.1% BSA.

Lentiviral particles suspended in PBS.

. Polybrene diluted to 6 mg/mL in distilled water (Millipore).

DMEM modified for suspension culture: 15% FBS (HyClone),
1% nonessential amino acids (Invitrogen), 1 mM L-glutamine
(Invitrogen), 0.5 U/mL penicillin (Invitrogen), and 0.5 mg/mL
streptomycin (Invitrogen). Store at 4°C.

3. Methods

3.1. Human ES/iPS 1.

Cell Gulture

Human ESCs or iPSCs are grown to 70-80% confluence on a
layer of mitotically inactivated mouse embryonic feeder cells
(mEF) or a feeder-free system (see Subheading 2.1, step 3)
on Matrigel-coated six-well plates. Each well of cells is
immersed in 2 mL of culture medium.

. Undifferentiated pluripotent stem cells can be maintained by

changing the media daily. If maintained properly, hESCs and
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3.2. Detecting miRNAs
in hESCs/iPSCs
and Their Derivatives

1.

iPSCs will maintain a normal karyotype, high levels of
pluripotency markers, and characteristic colony morphology (1).

. If the desired miRNAs to be introduced into hESCs/iPSCs

are already known, proceed to Subheading 3.3 below.

Comparing miRNA expression levels in undifferentiated and
terminally differentiated cells via microarray is a simple way to
determine the known miRNAs that are expressed in a specific
cell type and their expression profile changes during differen-
tiation, specification, and development (see Note 1).

. hESCs/iPSCs in culture are lifted from the plate surface by

applying 1 mL of collagenase IV to each well. A typical yield
ot 0.5-0.8 ug RNA /uL is expected for two 9.6 cm? wells on
a six-well plate, or approximately 1-2 billion hESCs (see Note
2). The plate is allowed to incubate for approximately 30 min
at 37°C. The cells are pelleted by centrifuging at 1,000 x g for
1 min and washed twice with cold PBS. The cell pellet is then
resuspended in 1 mL of Trizol per 1 x107 cells and pipetted
up and down 15-20 times with a P200 micropipettor. At
this point, the Trizol suspension can be stored long term
at —80°C.

. To precipitate the RNA, one part chloroform is added to four

parts Trizol suspension (see Note 3). Mix by inverting gently.
Let sit at room temperature for 5 min. While waiting, centri-
fuge a PLG heavy tube at maximum speed (or approximately
15,000 x g for 2 min). Invert the chloroform /Trizol suspen-
sion to create a transiently homogenous suspension before
transferring it to the PLG tube. Centrifuge for 10 min at
maximum speed to separate the organic (below gel) and
aqueous (above gel) phases (see Note 4). Carefully transfer
the aqueous phase, containing all RNAs, to a new microfuge
tube.

. Qiagen provides a simple way to extract whole RNA from the

aqueous phase, including miRNAs, in the miRNeasy Mini
Kit. The concentration of RNA yielded will vary depending
on the quantity, quality, and conditions of the cells extracted.
When eluting RNA, elute once with 30 uL. diH,O and a sec-
ond time with fresh diH,O to maximize yield.

. In brief, 5 ug of total RNA is enriched for miRNAs by isolat-

ing the small RNA fraction. The enriched small RNA fraction
must be analyzed for quality using a Bioanalyzer (Agilent) or
similar method. The enriched small RNAs are then labeled
with Cy3 dye for a single channel experiment. Dual channel
experiments, comparing two cell types or treated and non-
treated cells, require the labeling of one RNA sample with
Cy3 and the other sample with Cy5. Labeled RNA is hybrid-
ized to the microarray chip and scanned for Cy3 or Cy5 signal
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intensity, corresponding to the expression of specific
microRNAs. See Zhu et al. for additional details regarding
the preparation of RNA for microarray (28). A broad variety
of techniques for analyzing miRNA expression by microarray
has been reviewed by Li and Ruan (29).

. Differential miRNA expression can be determined by com-

paring miRNA expression to endogenous controls included
on the microarray chip, using ANOVA or a similar statistical
analysis. Significantly up- or downregulated miRNAs can be
selected for further investigation. Previous literature may pro-
vide some insight in narrowing down potential candidates.
The Sanger Institute hosts miRBase, a Web-based repository
of information on all known miRNAs (30). Putative mRNA
targets may also be taken into account. There are several algo-
rithms (PICTAR, miRANDA) available for calculating pre-
dicted miRNA:mRNA pairs based upon sequence similarity,
free energy, and other parameters.

. Candidate miRNAs should be validated by qRT-PCR. Applied

Biosystems has developed a technique for miRNA qRT-PCR,
which utilizes stem-loop primers capable of accurately detect-
ing levels of miRNAs in a qRT-PCR. Techniques for assaying
miRNA expression using this system have been described
elsewhere (31, 32). qRT-PCR results are normalized to nega-
tive controls and endogenous controls, such as small nucleo-
lar RNAs (snoRNAs) or stably expressed miRNAs (33).
Endogenous controls will vary depending on the cell types
used and experimental design (see Note 5).

. Beginning with a lentiviral backbone, a pre-miRNA can be

inserted into the vector by molecular subcloning. Once a can-
didate pre-miRNA is discerned, primers are designed in
Primer3 or a similar program to amplify the region containing
this sequence from human genomic DNA in a standard PCR.

2. An aliquot of the PCR is used for a restriction enzyme diges-

tion. Choose restriction enzymes that are unique to the
desired insertion region of the lentiviral backbone. These
restriction enzyme sequences should also flank the pre-
miRNA. If the appropriate restriction enzyme sites do not
exist on the respective sides of the pre-miRNA, they can be
generated during the PCR by introducing the base pairs rec-
ognized by the restriction enzyme. After restriction enzyme
digestion, the PCR products are run on a 0.7% agarose gel at
110 V for approximately 40 min. The correct bands are
excised and extracted from the gel and ligated to the lentiviral
backbone using T4 ligase.

. The ligation reaction is transformed into thawed 50 uL ali-

quots of Stbl3 E. coli competent cells, as per manufacturer
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instructions (see Note 6). The solution is mixed gently by
hand and allowed to incubate on ice for 30 min. The cells are
then heat shocked by immersing in a 42°C hot bath for
30—45 s and immediately quenching on ice for 3 min. 200 uL
of SOC medium is added to the cells. The cells are placed in
a shaker set at 37°C and 200 rpm for 1 h. The cell suspension
is transferred and spread evenly onto an LB agarose plate with
the antibiotic matching the selectable marker in the lentiviral
backbone that confers antibiotic resistance. The plates are
allowed to incubate overnight at 37 or 30°C, depending on
the size of the lentiviral vector (see Note 7).

4. The tollowing day, approximately eight colonies are chosen
for amplification. Using a small pipette tip, each colony is
transferred to a different test tube containing 4 mL of LB
media with the appropriate antibiotic for selecting positively
transformed cells. These tubes are allowed to incubate over-
night in the shaker set at 37°C and 200 rpm.

5. On the next day, plasmid is purified from 2 to 3 mL of each
bacterial clone using the Qiagen MiniPrep Kit (see Note 8).
The clones are screened by restriction enzyme digestion or
PCR, where one restriction site or primer is specific to the
lentiviral backbone and another restriction site or primer is
specific to the pre-miRNA insert. A small aliquot of each
MiniPrep reaction is cut with the same restriction enzymes
used to introduce the pre-miRNA into the lentiviral

backbone.

6. The product of this digestion is run on an agarose gel to
determine the band sizes. If the correct vector has been gen-
erated, the same colony can be amplified as described in step
4, but using 200 mL of LB with the appropriate antibiotic.
The Qiagen MaxiPrep Kit is used to isolate plasmid from this
larger volume of cells. The vector is further validated by
sequencing.

7. For cell type-specific expression of the pre-miRNA of inter-
est, an appropriate promoter can be introduced directly
upstream of the pre-miRNA as in steps 1-6 above. For exam-
ple, a promoter such as myosin light chain (34) can be used to
confer cardiac specific expression to pre-miRNAs, since the
activity of this promoter is restricted to cardiac cells. Other
tissue-specific promoters can be employed as needed. If con-
stitutive expression is desired, a constitutively active promoter
(such as CMV, EFla, or CAG) can be used instead (35).
Similarly, an inducible promoter can be employed to express
or repress the miRNA of interest in hESCs/iPSCs and/or
their derivatives at different time points and at various expres-
sion levels (36). An additional fluorescent or antibiotic resis-
tance reporter is also introduced into the vector, downstream
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of the pre-miRNA sequence, to aid in identifying cells
over-expressing the pre-miRNA (see Note 9).

. HEK293T cells can be maintained in T175-cm? flasks

immersed in 20 mL of 293T media. Cells are kept at 37°C
and split once a week (see Note 10). The 293T cell line is
split by washing the plate with 10 mL of sterile PBS twice.
Then, 5 mL of trypsin is added to the plate and incubated at
37°C. After 5 min, 10 mL of medium is added to stop the
trypsin reaction. The cells are centrifuged for 5 min at
1,000 x g to pellet the cells. The pellet is resuspended in the
appropriate amount of 293T medium for the desired split
ratio to end with a final volume of 20 mL per flask. Typically,
a 1:3 split or ~2x 107 cells should result in 85-90% conflu-
ence on the next day.

. It is recommended to start seeding from one confluent

T175-cm? flask of 293T cells grown in 293T medium and
expand these cells to nine T175-cm? flasks for the day of
transfection. The final nine flasks for transfection are prepared
by coating with 7 mL of 5 pug/mL poly-d-lysine for 2 h at
room temperature. The plates are washed three times with
10 mL of sterile ddH,O or PBS for 1 min and dried by plac-
ing them in the hood.

. In one conical tube, 15 pg of transfer vector, 30 ug of pack-

aging plasmid psPAX2, 7.5 ug of envelope plasmid pMD2.G,
and 4.3 mL OptiMEM media are combined for each flask of
293T cells (for nine flasks, multiply all volumes by 9, see Note
11). In a second conical tube, 150 pL lipofectamine and
4.3 mL OptiMEM media are combined for each flask of 293T
cells. After 5 min at room temperature, the contents of both
tubes are mixed together and allowed to incubate at room
temperature for an additional 20 min.

. The media from each flask of 293T cells is aspirated and

replaced by 15 mL of fresh OptiMEM media. The vector mix
is then distributed evenly to the contents of the flask. After
5-6 h of incubation at 37°C, the media is aspirated and
replaced with 20 mL of 293T medium. The flask is allowed to
incubate at 37°C and 5% CO, overnight.

. The following day, the flask can be assayed for fluorescent

reporter expression by fluorescence microscopy (see Note 12).

6. Approximately 48 h after plating, >90% of the 293T cells

should be transfected. At the 48-h mark, the supernatant
from the 293T cell flasks is collected in 50-mL conical tubes
and stored at 4°C for up to 3 days or -80°C for long-term
storage. The supernatant is replaced with another 20 mL of
fresh 293T medium per flask and collected again 24 h later at
the 72-h posttransfection time point. The supernatants from
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+48 and +72 h are centrifuged at 200-400 g units for 5 min
to remove large particles of cell debris. At this point, unpuri-
fied supernatants are of low titer (~10° viral particles/mL)
and can be applied directly to cells or frozen at -80°C.

. If a higher titer (~10° viral particles) is desired, viral particles

can be concentrated by ultracentrifugation. In this case, the
nine flasks of 293T with 20 mL of viral supernatant collected
at +48 and +72 h time points yield 360 mL of total volume.
Three centrifuge tubes containing 60 mL of supernatant each
are centrifuged twice consecutively. To concentrate viral par-
ticles, the ultracentrifuge is prepared by setting to 4°C and
applying the vacuum for 1-1.5 h prior to centrifugation.
Ultracentrifuge tubes are sterilized by soaking in 75% ethanol
for 15 min. The tubes must be washed with PBS three times
to remove all traces of ethanol. In the culture hood, the
0.45-pm virus filter membrane is prewetted with 20 mL of
293T medium to reduce unspecific binding of virus to the
filter. Vacuum suction is applied to remove filtrate (see Note
13). The virus suspension is immediately applied to the filter.
The virus filtrate is pipetted into the prepared ultracentrifuge
tube. If balances are used, ensure the difference between
weights is less than 0.1 g. The tubes are placed into the ultra-
centrifuge and centrifuged at 4°C for 2 h at 80,000 g units
(see Note 14).

. The viral supernatant is disinfected by pouring it into pure

bleach. In the culture hood, the tubes are inverted over a
Kimwipe to remove excess supernatant. The pellet should be
translucent and barely visible. A large pellet may indicate
excessive cellular debris due to a high rate of posttransfection
cell death. When the tubes are free of all supernatant, a total
volume of 100-300 pL of 4°C cold DPBS /0.1% BSA is added
to the viral particles, split evenly among the centrifuge tubes.
The tubes are sealed with parafilm and allowed to shake over-
night on a platform shaker in the cold room at 4°C to dissolve
the pellet.

. On the following day, the contents of the tubes are pooled,

pipetted up and down 5-10 times (see Note 15), aliquoted,
and immediately stored at -80°C (see Note 16).

Successful generation of virus is assayed by virus titration.
Twenty-four hours prior to titration, cells (see Note 17) are
resuspended in 293T medium at 0.5 % 10° cells/mL in a total
volume of approximately 10 mL. 100 uL of the hESC sus-
pension is added to each well in a 96-well plate. Ten microfuge
tubes are prepared by adding 90 uL of 293 T medium to each
tube. The virus is then series diluted by adding 10 uL to the
first tube and mixed by pipetting. With a clean pipette tip,
10 pL of virus suspension from the first tube is transferred to
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11.

the second tube. The serial dilution is repeated for all remaining
tubes for a total of ten dilutions (dilution factor 10'-10'?).
Then, 45 pL of each virus dilution is added to each aspirated
well in the 96-well plate in duplicate. Twenty-four hours later,
an additional 150 pL of fresh 293T medium is added. The
reporter for positive viral transduction, usually fluorescence,
is assayed after 2—3 days.

When assaying, the well containing transduced cells at the
greatest dilution is used to determine the positively trans-
duced cell count. Viral titer is calculated by dividing the num-
ber of positively transduced cells by the volume of the viral
dilution added (45 pL) multiplied by the dilution factor, 107,
where # is the value of the dilution. For example, 20 colonies
of GFP~ cells in the sixth dilution are equal to 2x 10 infec-
tion units per 5 UL or 4 x 10° infection units per 1 pul.. Take
the average of duplicate dilutions. A reasonable titer after
concentration is ~10? transducing unit/uL.

. To transduce the hESCs, colonies are manually detached and

resuspended in 1 mL culture medium supplemented with a
final concentration of 8 pug,/mL polybrene.

. Lentiviral particles are then added to the cell suspension. The

volume of virus depends on the viral titer and must be opti-
mized (see Note 18).

. The cells are incubated with the lentivirus for 5-6 h at 37°C.

. After incubation, hESCs inoculated with the lentivirus are

plated on mEF or Matrigel depending on the culture system
(see other chapters) with an additional 1 mL of mEF-conditioned
medium.

. Positively transduced colonies are typically identifiable by the

reporter of choice (e.g. GFP). Using a glass needle, colonies
are manually excised from the bottom of the plate. The media
containing excised colonies is transferred via pipette into a
5-cm culture dish containing 10 mL of suspension media.
The suspension culture is allowed to incubate at 37°C.

. The media in the suspension culture is changed approximately

every 48 h. To change the media, the contents of the culture
dish are pipetted into a conical tube and allowed to pellet
naturally or by centrifuging at 1,000 x g for 1 min. The major-
ity of the supernatant is aspirated off and replaced with fresh
suspension media. The contents of the conical tube are then
transferred back to the culture dish and returned to the
incubator.

. After 7 days in suspension culture, the colonies are replated

onto a gelatin-coated 6-well plate. Cells maintained in suspension
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medium will begin to spontaneously differentiate into cells
from all three germ layers. Different components (growth
factors, small molecules, miRNAs, etc.) can be introduced to
the medium to promote differentiation into specific lineages.

. Spontaneously contracting embryoid bodies (EB) are typi-

cally visible via microscopy approximately 4 days following
replating, as contractile cardiomyocytes are a common cell
type to arise during EB differentiation.

4. Notes

. It is possible to purchase whole RNA, including miRNAs,

from a variety of adult tissues (Ambion) or RNA can be
extracted from postmortem tissue samples.

. Human ESCs are rich in mRNA content but adult cells typi-

cally have reduced amounts of RNA. The yield will vary
greatly depending on the cell type and methods of isolation.
Biopsies must be well preserved by quickly transferring them
to ice after excision. These technical problems can be reme-
died by purchasing RNA directly from a supplier.

. The ratio of chloroform:Trizol can be adjusted to optimize

RNAvyield. Increasing the amount of chloroform may improve
final yield.

. The PLG tube is not absolutely necessary for RNA precipita-

tion. It is possible to allow the layers to separate by centrifu-
gation and pipette away the upper aqueous layer. The PLG
tube maximizes purity of the aqueous phase without any car-
ryover of the organic phase, due to the layers being physically
separated by the phase lock gel.

. While miR-26Db is a recommended endogenous control for

miRNA microarray, due to its stable expression across many
adult tissues, it is not stable across development. We have had
success using miR-188-5p, miR-296-5p, RNU38B, and
RNU48 as small RNA endogenous controls with stable
expression  across  embryonic, fetal, and  adult
cardiomyocytes.

. S$tbl3 are recommended over other competent cell types for

the amplification of lentiviral plasmids to reduce the occur-
rence of random recombination events common with lentivi-
ral vectors.

. For a large vector over 11 kb, it is recommended to grow

bacteria slower at 30°C to reduce the likelihood of errors due
to recombination events. If growing bacterial agars at 30°C,
then continue to amplify bacteria at this temperature in all
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subsequent steps. Otherwise, bacteria can be grown normally
at 37°C.

. Save at least 1 mL of each bacterial clone at 4°C to amplify

any correct clones following screening.

. Care should be taken not to duplicate reporters in the vector.

Most commercially available lentiviral vectors contain consti-
tutively active promoters driving reporters for the selection of
positively transduced cells. A different promoter and reporter
should be selected for the expression and detection of the
pre-miRNA, respectively.

Ideally, low passage number cells should be used. Passage num-
bers above 20 or slow growing cells are not recommended.

Amounts given are per flask. Multiply these amounts by the
number of flasks used. For example, if using nine flasks of
293T, then 135 ug of transfer vector, 270 pg of packaging
plasmid psPAX2, 67.5 ug of envelope plasmid pMD2G, and
38.7 mL of OptiMEM media are combined in a conical
tube.

In transfected 293T cells, the lentiviral long-terminal repeats
(LTRs) will act as the promoter to drive expression of the
viral genome, including one’s transgenes, for packaging.
Therefore, any fluorescence observed will be from the protein
with the first start codon translated after the 5" LTR. In other
words, the viral LTR will override any transgenic promoters
until the promoter activity of the viral 5" LTR is destroyed
during the reverse transcription step of viral transduction.
Hence, the self-inactivating feature of modern lentivirus sys-
tems to enhance biosafety and reduce viral promoter interfer-
ence of transgenes.

Save an aliquot of the 293T medium filtrate in case it is
needed for use later when balancing the centrifuge tubes.

With a Sharpie marker, draw a circle on the centrifuge tube
where one would expect the pellet to be located. This will aid
in identitying the pellet later in case it is difficult to see.

Avoid frothing and introducing bubbles when pipetting, as
this will decrease the titer.

Avoid repeated freeze /thaws of the virus. This will substan-
tially decrease the titer.

HEK293T cells can be used in place of hESCs for a rough
approximation of viral titer. The titer will vary from cell type
to cell type due to differences in transduction efficiency.

It is best to perform a series of dilutions to find an optimal
virus titer. The smallest amount of virus that still produces
visible fluorescence will result in fewer potentially negative
insertion events. A rough estimate is 50 TD U /cell.
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Chapter 8

Large-Scale Expansion of Mouse Embryonic Stem
Cells on Microcarriers

Ana Fernandes-Platzgummer, Maria Margarida Diogo,
Claudia Lobato da Silva, and Joaquim M.S. Cabral

Abstract

A large-scale stirred culture system for the expansion of mouse embryonic stem cells (mESCs) in spinner
flasks under serum-free conditions was established using macroporous microcarriers for cell attachment
and growth. This type of microcarrier was chosen as it potentially offers more protection to cells against
shear stress in the absence of serum compared to microporous ones. In addition, methods to characterize
ESCs after large-scale expansion were established. The pluripotency of expanded mESCs was evaluated
based on both flow cytometry and alkaline phosphatase staining. Envisaging the application of ESCs as a
potential source of neural progenitors, the neural commitment potential of cells after expansion in the
spinner flask was also determined by culturing cells in serum-free adherent monolayer conditions.

Key words: Embryonic stem cells, Expansion, Large-scale, Microcarriers, Serum-free medium,
Neural commitment, Spinner flask, Pluripotency

1. Introduction

Embryonic stem cells (ESCs) are pluripotent cells, which have the
capacity for self-renewal and can give rise to differentiated cells of
the three embryonic germ layers: ectoderm, endoderm, and
mesoderm (1). ESC derivatives are potentially very attractive for
many applications in cellular therapies (2), tissue engineering (3),
and drug screening (4, 5) and can be potentially used as a reliable
alternative to animal models. In particular, the generation of pure
populations of neural progenitors from ESCs and their further dif-
ferentiation into neurons, astrocytes, and oligodendrocytes (6) allows
the potential use of these cells for the cure of neurodegenerative

Nicole I. zur Nieden (ed.), Embryonic Stem Cell Therapy for Osteo-Degenerative Diseases, Methods in Molecular Biology, vol. 690,
DOI 10.1007/978-1-60761-962-8_8, © Springer Science+Business Media, LLC 2011
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diseases and for neural drug testing. Similarly, expanding adequate
numbers of ESCs for the differentiation of osteo- and chondro-
progenitors is equally important for the treatment of osteodegen-
erative diseases. All these types of applications require a wide
available source of both undifferentiated ESCs and their differen-
tiated derivatives, which constitutes an enormous challenge in
terms of the large-scale in vitro expansion and controlled differ-
entiation of ESCs.

Standard procedures for the expansion of ESCs rely on the
use of static culture systems, such as T-flasks and tissue culture
petri dishes. However, these systems have serious limitations con-
cerning their nonhomogeneous nature, resulting in concentra-
tion gradients in the culture medium (7), and are also limited in
their productivity by the number of cells that can be supported by
a given surface area (8). In order to circumvent these limitations,
the scale-up of murine ESC (mESC) expansion has been per-
formed using simple laboratory scale stirred bioreactors, the so-
called spinner flasks.

mESCs have been expanded in these types of bioreactors,
both in the form of aggregates (9) or with the use of microporous
microcarriers (10, 11) for cell attachment. In general, these pro-
cedures rely on the use of serum-containing medium supple-
mented with leukemia inhibitory factor (LIF). However, this
medium can cause cells to acquire karyotypic changes due to the
presence of fetal bovine serum (FBS), which is poorly defined and
potentially exposes ESCs to animal pathogens (12). Several
attempts have been made in order to develop serum-free formula-
tions that are capable of maintaining ESC properties during
expansion. A specific serum-free medium was developed that
maintains the undifferentiated state of mESCs during prolonged
expansion, including single cells (12). In addition to LIF, this
medium is supplemented with bone morphogenetic protein 4
(BMP4), whose molecular signals are necessary for suppression of
neural differentiation in the absence of serum (12). mESCs can
also be expanded under serum-free conditions using a proprietary
serum replacement designed to directly replace FBS. Nevertheless,
serum-free conditions potentially exacerbate the harmful effects
of shear stress on cultured cells (13). To circumvent these harm-
tul effects, the use of macroporous microcarriers can be advanta-
geous in offering a more protective environment to cells (14),
tavoring cell expansion. This strategy was recently followed with
success for the scale-up of mESC expansion under serum-free
conditions (15) and will be described in this chapter. As a model
cell line, 46C mESCs were used. In this cell line, the open reading
frame of the Sox! gene, an early marker of the neuroectoderm in
the mouse embryo, is replaced with the coding sequence for the
Green Fluorescent Protein (GFP), which allows the monitoring
of neural commitment (Sox1-GFP expression) by fluorescence
microscopy and flow cytometry (16, 17).
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2. Materials

2.1. Thawing 1
and Expansion
of mESCs Under Static
Conditions Prior 5
to Spinner Flask
Inoculation
3
4
5
6
7
8
9
10.
11.
2.2. Cell Culture 1.
Monitoring
in the Spinner Flask
2.2.1. Stirred Culture 2.

. Phosphate buffered saline (PBS) solution. Make solution by

dissolving PBS powder in 1 L of water. Filter the solution and
store at room temperature.

. ESC medium: Combine Knockout Dulbecco’s Modified

Eagle’s Medium (K-DMEM) with 15% Knockout Serum
Replacement (KSR, Invitrogen), 1% l-glutamine [stock solution
is 200 mM (100x)], 1% penicillin (50 U/mL)/streptomycin
(50 ug/mL), 1% nonessential amino acids (NEAA, stock is
100x), and 0.1% 2-mercaptoethanol. Store this medium for up
to 15 days at 4°C. Exposure of KSR or serum-free complete
media to light and to 37°C should be minimized.

. KSR expansion medium: ESC medium as described above, but

supplemented with human LIF. Human LIF was produced in
293-HEK cells (see Note 1). Store at 4°C for up to 1 week only
and make fresh when necessary. Protect from light and heat.

. Serum-free ESGRO complete clonal-grade expansion medium

(Millipore). Store medium in aliquots at —20°C and protect
from light.

. 2.5% trypsin solution, diluted to 0.025% in PBS. A total vol-

ume of 50 mL is prepared by using 500 pL of 2.5% trypsin,
650 uL of 0.1 M Ethylenediaminetetraacetic acid (EDTA),
and 50 uL of heat-inactivated chicken serum in PBS. Sterilize
the solution by filtration and store in aliquots at —20°C. After
thawing, the trypsin aliquots can be maintained at 4°C.

. Accutase® solution (see Note 2). Store at 4°C after thawing.

. Gelatin, 2% in water, tissue culture grade, sterile, Type B, cell

culture tested. Store at 4°C. Make a 0.1% gelatin working
solution by diluting 12.5 mL of 2% gelatin in 237.5 mL of
PBS and store at 4°C.

. 0.4% trypan blue dye solution. Store at room temperature.

Prepare a 0.1% trypan blue solution from the 0.4% trypan
blue dye by diluting in PBS (i.e., 1 mL trypan blue:3 mL
PBS). Store at room temperature.

. Tissue culture treated plastic ware (i.e., Corning) and Falcon

tubes.
Hemocytometer.

Optical microscope, i.e., Olympus CK40.

Spinner Flask Stem Span (StemCell Technologies) of 50 mL
working volume equipped with an impeller with 90° normal
paddles and a magnetic stir bar.

Microcarriers  Cultispher® S (Sigma). Store at room
temperature.
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2.2.2. Cell Counts
and Viability

2.2.3. Determination
of the Expression
of Pluripotency Markers

. Stirring plate (Variomag Biosystem Direct).

4. Serum-containing media: High-glucose DMEM +10% FBS

(ES cell qualified, Invitrogen).

. 1x PBS solution (see above).

. 0.1% trypan blue dye solution (see above). Store at room

temperature.

. 2.5% trypsin solution: Prepare 37.5 mL of 1% trypsin in PBS

with 15 mL of 2.5% trypsin solution, 1.5 mL of heat-inactivated
chicken serum, and 1.5 mL of 0.1 M EDTA in PBS. Filter-
sterilize the solution and store in 10 mL aliquots at -20°C.
After thawing, the trypsin aliquots can be maintained at 4°C.

4. Hemocytometer.

. Optical microscope, i.e. Olympus CK40.

. Microcentrifuge tubes, 1.5 or 2 mL and microcentrifuge, i.c.

Hermle Z 300 K.

2. FACSCalibur flow cytometer (Becton Dickinson Biosciences).

w

. FACSFlow™ sheath fluid (Becton Dickinson Biosciences).

4. Primary antibodies: Mouse anti-Oct-3 /4 (C-10) (Santa Cruz

10.

Biotechnology), rabbit anti-Nanog (Chemicon), and mouse
antihuman CD15 FITC (BD).

. Secondary antibodies: Alexa Fluor® 488 goat antimouse IgG

(Invitrogen) and Alexa Fluor® 488 goat antirabbit IgG sec-
ondary antibody (Invitrogen).

. 10x PBS solution. Make solution by dissolving PBS powder

in 100 mL of water. Filter the solution and store at room
temperature.

. 2% paraformaldehyde (PFA) solution. Dissolve 2 g of PFA in

100 mL of PBS (see Note 3). Filter before use and maintain
at 4°C.

. 30% BSA solution. Store at 4°C upon arrival. Make a 5% BSA

solution in PBS. To do this, dilute 1 mL of the 30% BSA solution
in 5 mL of PBS. Filter before use and store at 4°C.

. 1% saponin solution in PBS: Dissolve 1 g of saponin in

100 mL of PBS. Filter before use and store at 4°C.

Normal goat serum (NGS). Make a 3% NGS solution in PBS
by diluting 3 mL of NGS in 97 mL of PBS. In addition, make
a 1% NGS solution in PBS by diluting 10 mL of 3% NGS in
20 mL of PBS. Filter both NGS solutions and store at 4°C.
Finally, prepare blocking solution for the antibody staining
procedure: 150 pL of 3% NGS and 150 uL of 1% saponin for
intracellular staining (Oct-4, nanog) and 300 pL of 3% NGS
for surface staining.
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2.2.4. Alkaline
Phosphatase Staining

2.2.5. Neural Commitment
of mESCs and Flow
Cytometric Quantification
of Neural Conversion

. Solution of 10% cold neutral-buffered formalin. Store at

room temperature.

. Fast Violet B Salt. Store at 4°C. Dissolve one capsule in

48 mL of Milli-Q water. Aliquots are stable at -20°C.

. 0.25% Naphthol AS-MX Phosphate Alkaline Solution. Store

at 4°C.

. Reagent X: Add 4% (v/v) Naphthol AS-MX Phosphate

Alkaline Solution 0.25% to a prethawed aliquot of Fast Violet
Solution. Protect from light and use immediately.

. Neural differentiation medium RHB-A (Stem Cell Sciences).

Store at 4°C or in aliquots at —20°C. Avoid freeze—thaw cycles
and protect from light.

. FBS (Invitrogen). Store at —20°C. Make a 4% solution of FBS

in PBS. In order to do so, dilute 4 mL of FBS in 96 mL of
PBS. Filter solution before use and store at 4°C.

. Microcentrifuge tubes, 1.5 or 2 mL and microcentrifuge, i.c.

Hermle Z 300 K.

4. FACSCalibur flow cytometer (Becton Dickinson Biosciences).
. FACSFlow™ sheath fluid (Becton Dickinson Biosciences).

3. Methods

3.1. Thawing

and Expansion

of mESCs Under Static
Conditions

. Remove a cryogenic vial of frozen 46C mESCs (approxi-

mately 1 mL) from the liquid nitrogen tank and quickly thaw
in a 37°C water bath.

. Resuspend the contents of the cryogenic vial in 4 mL of pre-

warmed (37°C) ESC medium (or ESGRO complete medium).

. Centrifuge the cell suspension at 800 x g for 2 min, discard the

supernatant, and resuspend the pellet in 5 mL of prewarmed
(37°C) expansion medium (or ESGRO complete medium).

. Seed the cell suspension into a 60-mm tissue culture dish pre-

viously coated with 0.1% gelatin. See Chapters 2 and 5 for
details on how to gelatin-coat plastic ware.

. Let the cells grow at 37°C in a 5% CO, fully humidified

atmosphere.

. After 48 h of expansion, wash cells twice with PBS and incu-

bate with Accutase® or with 0.025% trypsin at 37°C for 2 min
(see Note 2).

. After the cells have completely detached from the plastic,

dilute the cell suspension in ESC medium (see Note 4), transfer
to a Falcon tube, and centrifuge for 2 min at 800 x 4.
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3.2. Expansion
of mESGs Under
Stirred Conditions

3.3. Monitoring of Gell
Culture in the Spinner
Flask

3.3.1. Cell Counts
and Viability

. Resuspend the cells in expansion medium and replate at a

density of approximately 2 x 10* cells /cm?.

. After 48 h of expansion, repeat the passaging procedure. In

each passage determine the viable and dead cells by counting
in a hemocytometer under an optical microscope using the
trypan blue dye exclusion test. In order to do so, the cell sus-
pension is mixed (1:1) with the trypan blue staining solution
and the viable (unstained cells) and dead cells (blue-stained
cells) are identified and counted. Double the number of
counted cells to get a cell count per milliliter taking the pre-
dilution with trypan blue into account.

. Before cell expansion, hydrate the Cultispher® S microcarriers

(see Note 5) overnight, sterilize by autoclaving for 20 min at
120°C, decant the water, and equilibrate the microcarriers in
KSR expansion medium or serum-containing medium for at
least 12 h (see Note 6).

. Mix 46C mESCs (5 x10* cells/mL), previously expanded for

at least two passages (see Note 7) under static conditions in a
60-mm culture plate, with 1 mg/mL of Cultispher® S micro-
carriers in KSR expansion medium or serum-free ESGRO
complete expansion medium.

. Incubate cells and microcarriers at 37°C in one sixth of the

final medium volume (5 mL) for 30 min, and gently agitate
every 10 min.

. Gently add fresh prewarmed (37°C) medium until half of the

final volume (15 mL) then transfer the cell suspension to the
spinner flask.

. After a 24 h seeding period with intermittent stirring (15 min

of stirring at 30—40 rpm followed by 60 min of no stirring),
add medium up to the final volume of 30 mL and adjust the
speed to 40 rpm.

. Feed the cells every day by replacing 50% of the medium with

fresh prewarmed medium (see Note 8). Figure 1 shows a scan-
ning electron microscopy (18) of 46C mESCs adherent to
Cultispher® S microcarriers after expansion on the spinner flask.

. Collect 0.5 mL of duplicate samples of an evenly mixed cul-

ture from the spinner flask every day.

. After the microcarriers settle down, remove 0.3 mL of the

supernatant. Wash the microcarriers with 2 mL of 37°C pre-
warmed PBS. Afterwards, incubate the microcarriers until
complete dissolution in a 37°C water bath after adding
0.8 mL of 1% trypsin (see Note 9).

. After dissolution of the microcarriers, add 1 mL of 0.1% try-

pan blue solution and determine the number of viable and
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3.3.2. Determination
of the Expression
of Pluripotency Markers

Fig. 1. Scanning electron microscopy (SEM) of 46C mESCs growing on Cultispher S
microcarriers in the spinner flask.

dead cells with a hemocytometer. Figure 2 shows the expan-
sion of 46C mESCs on the Cultispher® S microcarriers in the
spinner flask system for 8 days, both in terms of viable cells
per milliliter and total cell fold increase. Two different serum-
free media were compared in terms of cell expansion, the
K-DMEM supplemented with KSR and the ESGRO com-
plete clonal-grade medium.

After expansion in the spinner flask for 8 days under serum-free
conditions, the cell suspension is analyzed for the presence of
antibody markers specific to mESCs by flow cytometry, after
intracellular (Oct-4 and Nanog) or surface (SSEA-1) staining;:

1. Take a 2 mL sample of the spinner flask culture.

2. Detach cells from the microcarriers using 1% trypsin for
15-20 min, inactivate the trypsin with twice the volume of
serum-containing medium, and centrifuge cell suspension for
5 min at 200 xg. Cells are then resuspended in 5 mL of ESC
medium.

3. Perform a cell count with trypan blue exclusion as explained
above.

4. Aliquot 10° cells per antibody/negative control, centrifuge,
and resuspend in 10 mL of PBS.
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Fig. 2. 46C mESC expansion on Cultispher® S microcarriers in a StemSpan spinner
flask under serum-free conditions. (a) Growth curve in terms of viable cells per milliliter.
(b) Cell expansion in terms of fold increase in total cell numbers. Cells were inoculated
at 5x 10 cells/mL on 1 mg Cultispher® S in ESGRO complete medium and K-DMEM
supplemented with KSR. Error bars represent standard deviation of two independent
experiments.

5. Centrifuge for another 7 min at 200 x g, resuspend the pellet
in 10 mL of 2% PFA solution, and incubate at room tempera-
ture for 20 min (see Note 9).

6. Centrifuge PFA-fixed cells for 7 min at 200 x4, wash them
with 5 mL of 1% NGS, and centrifuge again for 7 min at
200 xg. Perform this procedure twice.

7. Resuspend cells in 3% NGS (0.5 mL for each antibody and
negative control tested).

8. Transfer cell suspension to 1.5 mL tubes previously coated
with 1 mL of 5% BSA solution for at least 15 min, centrifuge
the tubes at 1,000 x4 for 3 min, and aspirate the supernatant
from each tube carefully.
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9.

10.
11.

12.

13.

14.

15.

16.

17.

Resuspend the cell pellet with the respective blocking solution
and/or detergent depending on if you are doing intra- or
extracellular staining.

Incubate at room temperature for 15 min.

Centrifuge all 1.5 mL tubes at 1,000x g for 3 min at room
temperature, remove the supernatant, resuspend in 300 uL of
3% NGS, and incubate at room temperature for 15 min.

Centrifuge all tubes at 1,000 x4 for 3 min at room tempera-
ture, carefully aspirate the supernatant, then add the primary
antibody diluted in 3% NGS in a final volume of 300 pL (in the
case of the negative controls, cells are maintained in 3% NGS).

Incubate the tubes for 1 h and 30 min at room temperature
in the dark.

Centrifuge all tubes at 1,000 x g for 3 min at room tempera-
ture and resuspend the pellet with 500 pL of 1% NGS.
Perform this procedure twice. This step does not apply to the
negative control tube.

Add the secondary antibody diluted in 3% NGS to all tubes in
a final volume of 300 uL and incubate the tubes for 45 min
at room temperature in the dark.

Centrifuge all tubes at 1,000 x g for 3 min at room tempera-
ture and resuspend the pellet with 500 puL of 1% NGS.
Perform this procedure two more times.

Add 0.5 mL of PBS, transfer the resuspended pellets to flow
cytometry tubes, and perform flow cytometric analysis (see
Note 10). Figure 3a shows examples of the expression pro-
files obtained by flow cytometry for 46C ESCs expanded
tor 8 days in the spinner flask. The ESCs were obtained
after intracellular staining with the anti-Oct-4 and anti-
Nanog antibodies and after surface staining with the anti-
SSEA-1 antibody. In this example, more than 95% of the
46C ESCs analyzed expressed the three different pluripo-
tency markers.

3.3.3. Alkaline In addition to flow cytometry analysis, the pluripotency of mESCs
Phosphatase Staining after expansion in the spinner flask can also be determined based
on the activity of alkaline phosphatase:

1.

2.

3.

Wash the samples of microcarriers containing mESCs with PBS
and fix in 10% cold neutral-buftfered formalin for 15 min.

After fixing, wash cells and keep in distilled water for another
15 min.

Following the washing step, incubate the cells with Reagent
X for 1 h in a dark environment and wash three times with
distilled water.
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Fig. 3. Evaluation of pluripotency of 46C mESCs cultured on Cultispher® S microcarriers under stirred conditions in
serum-free medium for 8 days. (a) Pluripotency was evaluated by flow cytometry based on the expression of markers
specific to mESCs [Oct-4 (A1), SSEA-1 (A2), and Nanog (A3)]. (b) Alkaline phosphatase staining (optical microscope

photograph at x200 amplification).

4. Keep cells in distilled water and observe under an optical

microscope. Figure 3b shows 46C ESCs adherent to the
Cultispher® S microcarriers following alkaline phosphatase
staining after 8 days in culture (see Note 11).

3.3.4. Neural Commitment ~ The neural commitment potential of 46C ESCs cells is deter-
of 46C mESCs mined by plating the cells obtained after expansion in the spinner
flask under serum-free adherent monolayer conditions (16, 17):

1.

Take the samples of microcarrier-containing cells from the
spinner flask and dissolve them with 1% trypsin.

. After the complete dissolution of the microcarriers, expand

the cells at a relatively high density (10° cells/cm?) for 24 hin
ESGRO complete medium (17).

. After expansion at high density, detach the cells from the plate

with 0.025% trypsin or Accutase® (see Note 2), resuspend in
serum-free RHB-A medium, and replate in two wells of a
12-well plate (1 mL/well) precoated with 0.1% gelatin (see
Note 12), at a density of 10* cells/cm?.

4. Change the medium every 2 days.

. The use of 46C mESCs allows the quantification of neural

conversion by flow cytometry based on GFP expression (16).
After 6 days in culture with neural differentiation medium,
detach cells from the plate and resuspend in PBS containing
4% FBS.
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Fig. 4. Evaluation of neural commitment potential of 46C ESCs cultured on Cultispher® S
microcarriers under stirred conditions in serum-free medium. The percentage of neural
progenitors was determined by flow cytometry using undifferentiated 46C mESCs as the
negative control (white), and after culturing 46C mESCs for 6 days using the RHB-A
medium (black).

6. Analyze the cells by flow cytometry using appropriate analysis
software (e.g. CellQuest, BD Biosciences). Set gates at ten
units of fluorescence, which excludes more than 99% of undif-
ferentiated cells. Exclude cell debris and dead cells from the
analysis based on electronic gates using the forward scatter
(size)andsidescatter (cellcomplexity)criteria. Undifferentiated
46C ESCs are used as a negative control. Figure 4 shows a
typical flow cytometric profile of 46C ESCs after expansion in
the spinner flask using serum-free ESGRO complete medium,
followed by neural commitment for 6 days under adherent
monolayer conditions in RHB-A medium. In this example,
more than 90% of the 46C ESCs that expanded in the spinner
flask underwent neural commitment, assessed by GFP expres-
sion along the FL1 axis.

4. Notes

1. Human LIF was produced in HEK-293 cells. The optimal
dilution of LIF for ESC expansion was previously determined
by testing the effect of different dilutions of LIF on standard
ESC cultures. The optimal dilution was determined based
either on ESC fold increase, expression of pluripotency mark-
ers (Oct-4, SSEA-1, and Nanog), or direct microscope obser-
vation of ESC morphology. LIF formulations (ESGRO,
Millipore) can also be used to supplement ESC expansion
medium (1,000 U/mL).
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2. When mESCs are cultured in the absence of serum, Accutase®

or a low concentrated trypsin solution (0.025%) should be
used for passaging in order to preserve cell attachment prop-
erties. This step is especially critical when cells are plated for
neural differentiation.

. PFA powder should be initially dissolved in a low volume of

water at a high temperature (lower than 70°C) in order to
facilitate dissolution. The pH should be set to 7.3 and the
final volume completed with 10x PBS.

. When using trypsin for cell detachment, its action must be

stopped using serum-containing medium, which typically
contains trypsin inhibitors. When using Accutase® for cell
detachment, cell suspension can be diluted in serum-free
medium and centrifuged immediately.

. Cultispher® S microcarriers are spherical macroporous micro-

carriers made of gelatin. Other commercially available
microcarriers, namely microporous, can also be successfully
used to support the expansion of mESCs under stirred con-
ditions (10).

. Use prewarmed medium (37°C) when adding the microcarriers.

. Before initiating ESC expansion on microcarriers under

stirred conditions, cells are expanded under static conditions
for at least two passages in order to obtain enough cells to
inoculate the spinner flask. Moreover, if cells are previously
expanded under serum-containing medium, it will be neces-
sary to adapt cells to serum-free conditions during several
passages before beginning expansion under stirred
conditions.

. The removing/replenishment of the culture medium is per-

formed immediately after the spinner flasks have been removed
from the stirring plate and placed under the laminar flow
hood. After the microcarriers containing cells have sedi-
mented, (10-15 Min) change the culture medium.

. Cells can be released from the Cultispher® S microcarriers by

completely digesting the gelatin matrix. To perform this
digestion, a more concentrated 1% trypsin solution should be
used. Occasional flicking must be performed in order to facil-
itate gelatin matrix digestion. When cells attain large densities
on the microcarriers, it becomes difficult to dissolve the gela-
tin matrix even when using this concentrated trypsin solu-
tion. In this case, it may be necessary to use longer incubation
times. An alternative microcarrier dissolution protocol in situ
(i.e. inside the spinner flask) was successfully tested. After the
microcarrier-containing cells settled down, the supernatant
was removed and 30 mL of PBS was used to wash the cells/
microcarriers. After the washing step, 15 mL of 1% trypsin
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10.

11.

12.
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was added and the spinner flask was put into the incubator
under agitation until the microcarriers were dissolved. After
the dissolution of the microcarriers, 45 mL of medium-
containing serum was added to deactivate the trypsin, and
the cell suspension was removed from the spinner flask. A cell
strainer may be necessary (e.g. 100-um pore size) to separate
the cells from the viscous gelatin matrix that did not dissolve
completely.

If necessary, cells can be maintained during several days in 2%
PFA at 4°C until performing flow cytometry acquisition.

For an alternative protocol on how to stain human ESC colo-
nies for alkaline phosphatase see Chapter 4.

In order to improve cell attachment under serum-free condi-
tions prior to the neural commitment protocol, gelatin coating

should be performed for at least 1 h.
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Chapter 9

Embryoid Body Formation: Recent Advances
in Automated Bioreactor Technology

Susanne Trettner, Alexander Seeliger, and Nicole I. zur Nieden

Abstract

While spontaneous differentiation is an undesired feature of expanding populations of embryonic stem
cells, a variety of methods have been described for their intended differentiation into specialized cell types,
such as the osteoblast or chondrocyte. Most commonly, differentiation initiation involves the aggregation
of ESCs into a so-called embryoid body (EB), a sphere composed of approximately 15,000 differentiating
cells. EB formation has been optimized through the years, for example through invention of the hanging
drop protocol. Yet, it remains a highly laborious process.

Here we describe the use of computer-controllable suspension bioreactors to form EBs in an auto-
mated and highly reproducible process and their subsequent differentiation along the osteoblast lineage.
The development of the differentiating cells taken from bioreactor EBs to EBs formed in static control
cultures through the hanging drop method will be compared.

Key words: Embryoid body, Suspension, Bioreactor, Osteogenesis

1. Introduction

Expanding cultures of embryonic stem cells (ESCs) are typically
maintained by the addition of so-called pluripotency factors to
the culture medium. As described in Chapters 2, 3, and 5, these
“pluripotency factors” differ between mouse and human or non-
human primate ESCs. In reality, these pluripotency factors do not
actively maintain the self-renewing capacity of the cells nor their
capacity to differentiate into cell types of all three germ layers, but
rather prevent that differentiation signals are being transduced
and early specification events are initiated as adequately described
by Austin Smith and colleagues (1). The willingness of ESCs to
spontaneously give up their pluripotent status in culture is not
surprising given the fact that the fate of the inner cell mass cells in
the embryo is the differentiation into the embryo proper and not

Nicole I. zur Nieden (ed.), Embryonic Stem Cell Therapy for Osteo-Degenerative Diseases, Methods in Molecular Biology, vol. 690,
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the continuous proliferation. For the purpose of this chapter,
however, we will keep calling them pluripotency factors.

In contrast to maintenance cultures of ESCs, in which
differentiation is not desired, a great effort has been put into
devising strategies to direct differentiation of these cells into spe-
cific lineages or even particular cell types. This seems to be par-
ticularly difficult as differentiation occurs according to a stochastic
event by which a percentage of the cells commits to the endoder-
mal fate, whereas other portions of the cells specify to the meso-
dermal and ectodermal fate. Typically, differentiation initiation
involves the removal of pluripotency factors and the formation of
an embryoid body (EB), a small aggregate consisting of cells that
loose the expression of pluripotency markers. At the rise of the
field, a good 30 years ago, EB formation was first performed in
nonadherent culture conditions with embryonal carcinoma cells
(2) and then later with murine ESCs (3). Individual ESCs were
plated as a suspension into nonadherent conditions and over a
few days period, which may last anywhere from 2 to 6 days (3, 4),
the single cells spontaneously grow into small balls of cells, caused
by their natural desire and potency to proliferate and differenti-
ate. For a detailed description of the static suspension method for
murine ESCs, see the next chapter and for human ESCs see
Chapter 4. The inner differentiating cells in these EBs are sur-
rounded by an outer layer of endoderm-like cells and extracellular
matrix (3, 5).

Although cells inside the EB expressed early differentiation
markers, the size distribution of these EBs was rather inhomoge-
neous. As a result of this size inhomogeneity, differentiation pro-
cesses and gene expression in different EBs were not synchronized.
Consequently, researchers were searching for alternative ways to
form EBs. Indeed, in 1991, Wobus et al. published the hanging
drop protocol, which is nowadays widely used in ESC research
(6). Compared to other processes of EB formation, the “hanging
drop” method provides the best EBs in terms of reproducibility
of the resulting aggregate sizes as well as synchrony of differentia-
tion and gene expression, since the protocol starts out with a
defined cell number per “drop” (Fig. 1). Briefly, the hanging
drop (HD) protocol entails the pipetting of individual droplets of
cell suspension with a defined number of cells. The drops are dis-
tributed on the inner side of the lid of a petri dish, which is then
flipped into its regular position. Within 3 days, EBs are formed by
gravitation, which is what forces the cells to aggregate at the bot-
tom of the droplet (for an illustration see Fig. 2). In the second
step of the protocol, the EBs are maintained in suspension culture
dishes for an additional 2 days before they are finally plated. In
those initial 5 days, the 750 cells, which are seeded per droplet,
undergo approximately five population doublings resulting in a
sphere composed of up to 15,000 cells. Depending on the desired
differentiation outcome, the timing of the hanging drop protocol
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Fig. 1. Expression profile of T-Brachyury compared for hanging drop cultures (HD) and static suspension cultures (susp).
Note that the expression profile is different. Since T-Brachyury is a pan-mesodermal marker, its expression pattern sug-
gests that differentiation of ESCs into osteoblasts, which stem from the mesodermal lineage, would be accelerated in
hanging drops versus static suspension cultures. DD differentiation day.
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day 5 EBs are trypsinized and seeded
into cell culture plates

Fig. 2. The hanging drop protocol. Cells are cultivated in drops on the inner side of a petri dish lid. Within 3 days EBs are
formed. On day 3 of differentiation, EBs are collected and cultured for additional 2 days in suspension. On day 5, EBs are
trypsinized and seeded to cell culture plates. Alternatively, intact EBs may be plated onto tissue culture substrate. Timing
among the individual steps may vary.
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may be varied from the described 3 +2 day protocol (7) to a 2 +4
day protocol, which seems to support neural differentiation (8)
or a 2 +3 day protocol, which has been described for myogenic
differentiation (9).

Although tremendously advantageous over spontancous EB
tormation, the hanging drop protocol is highly labor intensive.
It poses particular difficulties when larger numbers of cells are
needed, for example for the biochemical characterization of pro-
tein interactions and the interrogation of signaling pathways,
which is typically accomplished by western blot analysis. In order
to collect adequate amounts of protein, over 100 dishes of hang-
ing drops have to be pipetted, sometimes more depending on
the experimental setup. In addition to the low throughput,
another concern about the HD protocol is its lack of automa-
tion. The fact that the HD protocol is difficult to automate,
makes it impossible to standardize. The second concern thus
applies especially to pharmaceutical screening assays, such as the
EST assay (10), which makes use of differentiating ESCs. Not
only does the laborious hanging drop protocol require cost
intensive personnel resources, but by not being automatable
human error could be introduced, a nondesirable feature of an in
vitro screening assay.

Due to the mentioned concerns, alternative means to gener-
ate EBs have been investigated, among them suspension culture
bioreactors (11-13) and microwell patterning (14 ), which are the
focus of this and the next chapter. Suspension culture bioreactors
have recently been employed for a higher throughput EB forma-
tion alternative. In contrast to the nonadherent suspension cul-
ture conditions described above and in the next chapter, suspension
culture bioreactors offer constant stirring of the media. Stirring is
achieved by a magnetic impeller, which is suspended into the cul-
ture medium and is run by a magnetic plate. The single cells,
which are inoculated into the reactor, will grow into more or less
perfectly round spheres. It is clear that the pO, within these
spheres decreases rapidly with increased distance of the cells from
the liquid interface (15, 16). While stirring results in continuous
mixing of the media and homogeneous dissolving of oxygen into
the media, it also controls the size of the resulting EBs. With
higher agitation rates at which the impeller is moved, higher shear
forces act on the cells, keeping the aggregate size in check and
allowing the proper flow of nutrients into the aggregate and
disposal of metabolites out of the aggregate. Truly computer-
controlled sensor integrating bioreactors supply the added
advantage of monitoring and controlled adjustment of culture
parameters such as oxygen, pH, and temperature. Hence, with
minimal labor, larger numbers of cells can be cultured in a more
homogenous microenvironment under standardized and replicable
conditions.
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2. Materials

2.1. Preparation
of Bioreactors
and Inoculation

2.2. Hanging
Drop Culture

2.3. Differentiation
of ESCs Toward
Osteoblasts
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10.
11.

. Waterbath (i.e. VWR) and ultrasonic waterbath.

. Bioreactor system (DASGIP) or similar (see Note 1).

. Distilled water (dH,O).

. Sigmacote SL2 (Sigma). Highly flammable, harmful, and

dangerous for the environment. Wear protective equipment
and store as appropriate.

. Ethanol (70%). Highly flammable.
. Bioreactor control unit (DASGIP) or similar (see Note 2).
. Control Differentiation Medium (CDM): Dulbecco’s

Modified Eagle’s Medium (DMEM) (1x), liquid (high-
glucose) with L-glutamine, without pyruvate containing
15% fetal bovine serum (FBS, PAN, batch tested for osteo-
genic differentiation of ESCs), 1% nonessential amino acids
(NEAA, 100x), 0.1 mM 2-mercaptoethanol (cell culture
tested), and penicillin G/streptomycin sulfate (final conc.
50 U/mL penicillin and 50 pg/mL streptomycin —
optional). Filter medium — use a sterile filter unit. Store the
filtered medium at 4°C up to 2 weeks.

. Embryonic stem cells. If using mouse ESCs for osteogenic

differentiation, we suggest to use the D3 ESC line (American
Type Culture Collection, see Note 3).

. Trypsin, 0.25% (1x) with ethylenediaminetetraacetic acid

(EDTA) 4Na, liquid (Invitrogen).
Hemocytometer (VWR).
0.4% Trypan blue (i.e. Sigma).

. 1x Phosphate-buffered saline (PBS), without Ca?* and Mg?*,

pH 7.4 (Invitrogen).

. Plastic ware, such as bacteriological plates (& 100 mm), i.e.

Greiner Bio-One and 15 and 50 mL Falcon tubes.

. Repeator® Pipettor plus combitips (Eppendorf).

. Inverted (phase) microscope for checking EB formation,

mineralization, and counting cells.

. Leica DMI 400B microscope and Leica Application Suite,

Version 2.8.1.

. Tissue culture-treated plates, 6-well and 15 and 50-mL Falcon

tubes (i.e. Greiner Bio-One).

2. Trypsin, 0.25% (1x) with EDTA 4Na, liquid (Invitrogen).

. Beta-glycerophosphate. Maintain a stock solution of 1 M in

PBS, filter sterilize through a 0.2-um filter and keep at -20°C.
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4.

Ascorbic acid. Make a stock of 50 mg/mL in PBS, filter sterilize
(0.2-um filter) and maintain at -20°C.

. 10,25-(OH), vitamin D, (VD,). Prepare a stock solution of

1.2x10* M in DMSO. Aliquot and store at -20°C.

. Osteogenic Differentiation Medium (ODM): CDM supple-

mented with 10 mM beta-glycerophosphate, 25 pg,/ml ascorbic
acid, and 5x10* M VD,. Filter media — use a sterile filter unit.
Store the filtered medium at 4°C up to 2 weeks (see Note 4).

. Inverted (phase) microscope for checking mineralization and

counting cells.

3. Methods

3.1. Preparation
of Bioreactors

3.1.1. Cleaning
and Sterilization
of the Bioreactors

3.1.2. Coating
of the Bioreactor Vessels
with Sigmacote

Prepare bioreactors for the inoculation of cells. This includes
the cleaning and sterilization of the bioreactors, the coating of
the bioreactor vessels with sigmacote to prevent the adhesion of
cells and the calibration of pO,, temperature, and pH probes.

1.

Disassemble the bioreactor and stirrer into its component parts.

2. Clean all components in an ultrasonic waterbath.

. Fill the reactor vessel with approximately 2 mL of dH,O in

order to ensure that the pO, probe will be surrounded by
water vapor during autoclaving.

. Assemble all individual parts: Screw the closure head includ-

ing the stirrer into place, slide the pO, probe, the pH probe,
and the temperature probe into position (the depth and
position have been marked beforehand); only loosely screw
on sample port (provides venting during autoclaving) (see
Note 5).

. Wrap all sample ports as well as the gas in/out filters at the

closure head in aluminum foil and autoclave at 121°C for
20 min.

. Place bioreactors under the laminar flow hood. Remove

aluminum foil, screw of caps, deposit stirrer, and sample port
on a petri dish.

. Aspirate off all water that had condensed during autoclaving

and let the vessels dry for at least 3 h.

. Prior to coating, remove the pO,, temperature, and pH

probes or lift them so high that the coating solution cannot
reach them.

. Coat the vessel interior by adding 60 mL of sigmacote (calcu-

lated for a working medium volume of 45 mL) (see Note 6).
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3.1.3. Calibration
of the Probes

3.2. Gell Inoculation
and EB Formation
in Suspension
Bioreactors

5.

Decant the liquid and dry the vessels for 10 min. Then rinse
twice with dH,O.

. Fill the coated reactor vessels with 42 mL of CDM, return all

probes back to their original position and screw on all caps
and the closure head including the stirrer.

. Connect the bioreactor vessels to the bioreactor control unit.

. Adjust the process conditions to working conditions directly

on the control unit, for example =110 rpm, 7=37°C,
V..=1sl/h, CO,=5%, O,=21% (see Note 7).

. Calibrate the probes under stable process conditions according

to manufacturer’s information (see Note 8).

Murine ESCs are routinely cultivated as described in Chapter 2
(see Notes 9 and 10).

1.

Trypsinize the ESCs into single cells. Decant the ESC medium
or aspirate it off (see Note 11).

. Add 1-3 mL of trypsin/EDTA to a T25-cm? culture flask of

undifferentiated ESCs or 5 mL to a T75-cm?. If you use
dishes to cultivate your cells, adjust the volume of trypsin/
EDTA accordingly. Stop the trypsin/EDTA after approxi-
mately 5 min with at least the same amount of OCM.

. Depending on the total volume, transfer cells into a 15- or

50-mL Falcon tube.

. Centrifuge the cells at 200 x4 for 5 min. Decant the superna-

tant or aspirate it and resuspend the cell pellet carefully in
CDM by pipetting up and down (see Note 12).

. Count cells in a hemocytometer with trypan blue exclusion.

For that, add 20 puL of trypan blue solution to 180 uL of cells
and count 10 pL of this cell solution. Prepare a dilution of
5.625x10° cells per mL in CDM only taking the viable cells
into consideration for your calculation (see Note 13).

. Disconnect the bioreactors from the control units and place

them under the laminar flow hood. Add 3 mL of the ESC
dilution per bioreactor vessel through the sample port using
a sterile 5 mL serological pipette.

. Connect the bioreactors to the control units, set the working

conditions and start the experiment directly in the software
(n=110 rpm, T=37°C, V_ =1 sl/h, CO,=5%, O,=21%)
(see Notes 14-16).

. Let the bioreactors run for 5 days without changing the

medium. The set parameters will be monitored over the entire
runtime of the experiment. Screenshots are depicted in
Fig. 3.
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Fig. 3. Screenshots of the bioreactor control station. The pH, oxygen tension, and temperature were monitored over a
bioreactor run with three vessels for 24 h. The pH and oxygen are just monitored and not regulated.

3.3. Harvesting EBs
from the Suspension

Bioreactors

3.4. Embryoid Body
Formation in Static
Culture: The Hanging

Drop Method

. In order to harvest the EBs on day 5 of the experiment

from the bioreactors, stop the experiment in the bioreac-
tor system software. Disconnect the bioreactors from the
control system and transfer the vessels to the laminar flow

hood.

. Remove the closure head including the stirrer from the bio-

reactor vessels and let them stand for 5 min to allow the EBs
to settle down.

. Aspirate half of the medium without dispersing the EBs.

4. Transfer the rest of the medium with the EBs to a bacterio-

logical petri dish. Check the size and shape of EBs under a
microscope.

. Prepare a solution of ESCs of 3.75x10* cells per mL in

CDM following exactly the same steps as described in
Subheading 3.2, steps 1-7.

. Fill a bacteriological dish (& 100 mm) with 10 mL of sterile

PBS.

. Using a manual or digital dispenser pipettor, dispense

20 uL of cell suspension (750 cells) on the inner side of
the lid of the petri dish. 50-80 drops are pipetted per lid
(see Note 17).

. Turn the lid carefully into its regular position and put it on

the top of the petri dish filled with PBS.

. Place in incubator as soon as you have finished one dish, then

pipette the next.

. Incubate the “hanging drops” for 3 days in a humidified

atmosphere with 5% CO, at 37°C (see Note 18).

. After 3 days of incubation collect drops from the lid. In order

to do so, hold the lid at approximately a 45° angle and rinse
the EBs down to the bottom using a pipette with a sterile
1 mL tip.
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3.5. Analyzing
Embryoid Body
Formation

3.6. Differentiation
of ESCs Toward
Osteoblasts

8. Gently transfer the total suspension to a bacteriological dish
filled with approximately 5 mL of CDM.

9. Cultivate this EB suspension culture for 2 days in a humidi-
fied atmosphere with 5% CO, at 37°C.

On day 5 of differentiation, the phenotype and size of the EBs is
analyzed.

1. Take your dishes with EBs that you have generated either in
the bioreactor or in hanging drops to a microscope.

2. Take good quality pictures with a magnification that allows
you to see entire EBs.

3. You want to take as many pictures as you need in order to
analyze 200-300 EBs.

4. Use a software program that allows you to measure the EB
diameters (see Note 19).

Figure 4 shows an example of the size distribution of EBs that
you are getting with both methods. EBs formed in suspension
bioreactors under the conditions mentioned in Subheading 3.2
are typically smaller than EBs generated with the hanging drop
method. In the experiment shown, hanging drop EBs had a mean
diameter of 320 um and EBs generated in suspension bioreactors
(110 rpm) had a mean diameter of 137 um. However, EBs gener-
ated in suspension bioreactors are more equal in size compared to
EBs generated with the hanging drop protocol. Most EBs (37.2%)
formed in suspension culture had a diameter of 125-150 wm and
only 22.3% of EBs generated with the hanging drop protocol had
a common size of 325-350 pum. Differentiation in stirred suspen-
sion furthermore seems to favor some lineages over others

(Fig. 5).

After 5 days of differentiation either in suspension bioreactors
(see Subheadings 3.2 and 3.3) or hanging drop culture (see
Subheading 3.4), EBs are trypsinized and seeded into cell cul-
ture plates. From day 5 to day 30 cells are differentiated in
ODM.

1. On day 5 collect EBs in the center of the petri dish by gently
rotating the dish in one direction.

2. Fill a new bacteriological petri dish (¢ 100 mm) with approx-
imately 5 mL of prewarmed (37°C) trypsin/EDTA.

3. Transfer EBs into the petri dish filled with trypsin/EDTA.
Try to transfer as less medium as you can. Incubate for 5 min
at 37°C.

4. Mechanically disperse the EBs in the petri dish by pipetting

up and down a few times. Check under the microscope, if
cells are single cells (see Note 20).
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Fig. 4. Comparison of EBs between static culture (HD) and bioreactors. (a) The pictures show EBs on day 5 of differentiation
generated with the hanging drop method (/eff) and in suspension bioreactors with a stable agitation rate of 110 rpm
(righ?). Scale bar 100 um. (b) The diagram shows the mean diameters of EBs on day 5 of differentiation, which were
generated with the hanging drop method and in suspension bioreactors with an agitation rate of 110 rpm. EBs generated
in suspension bioreactors are significantly smaller than EBs formed with the hanging drop protocol (P<0.001). (c) The
diagram show the frequency distribution of EB diameters for EBs generated with the hanging drop method (/eff) and in
suspension bioreactors (righf). HD hanging drops.

5. Transfer the cell solution to a Falcon tube and centrifuge at
200 x g for 5 min. Resuspend in ODM for cells, which should
be differentiated toward the osteogenic lineage and CDM for
the control cells.

6. Count the cells and plate them at a density of 5 x 10* per
cm? onto cell culture plates coated with 0.1% gelatin (see
Note 21).

7. Cultivate the cells for 25 days in humidified atmosphere with
5% CO, at 37°C.

8. Change medium every second day.
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Fig. 5. Expression profiling for lineage markers comparing EBs generated through hanging drops (HD) and in bioreactors.
Agitation speed was set to 130 rpm and samples taken on differentiation day 5. RT-PCR was performed for nanog, 5T4
(18), a general differentiation marker, T-brachyury (T-bra), alpha-fetoprotein (AFP), neurofilament 68 (NF68) and com-
pared to the housekeeper GAPDH.

3.7. Endpoint Analysis On day 30 of differentiation, cells can be analyzed for osteoblast

of Differentiated markers such as mineral deposition, calcium content or osteo-

Osteoblasts calcin expression (see Chapter 17). In addition, the cultures
should be checked for their morphology under a microscope.
Successful osteogenic differentiation has taken place when a
black calcified deposit is noticeable in the cultures (17).
Pictures of EBs, which were generated with the HD protocol
or in suspension and subsequently differentiated into osteo-
blasts, are shown in Fig. 6.

4. Notes

1. Bioreactor system consisting of Mini-Spinner suspension
bioreactor vessels with stirrer (35-60 mL working volume),
adapted pO, probe, pH probe, heating station, temperature
probe, magnetic stirrer, and gas connection system.

2. Bioreactor control unit consisting of a temperature control
station, a magnetic stirrer control station, a gas mixing sta-
tion, and a personal computer (PC) with control software.

3. D3 mESCs possess a higher capability to differentiate into
mesodermal cell types, among them cardiomyocytes and
osteoblasts, than other murine ESC lines, such as R1.

4. Vitamin D, is light sensitive. You want to wrap your medium
bottle in aluminum foil when it is in use. Moreover, always
take pictures of your cells before you change the medium.
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Fig. 6. Mineral deposition of ESC-derived osteoblasts. Mature osteoblasts are characterized by a mineralized matrix. This
mineralization appears black in phase contrast microscopy without any additional staining (16). The photographs com-
pare the phenotype between control cells cultivated in control culture medium without osteogenic factors (CDM) and
osteogenic cultures cultivated in ODM. EBs were formed either in hanging drops (fop panel) or in the bioreactor for 5 days
at 110 rpm. EBs were then trypsinized and plated as monolayers into adherent conditions.

5. The positions of the probes in the bioreactor vessels should

be equal in each experiment you run to have stable stirring
conditions. Often pH probes are fragile for interferences
when autoclaved too frequently, in this case it is also possible
to sterilize pH probes by using 70% ethanol instead of auto-
claving. For this, close the port for the pH probe with alumi-
num foil before autoclaving the bioreactors and assemble the
ethanol cleaned pH probe in the laminar hood after autoclav-
ing the bioreactors.

. Vessels are coated immediately after the addition of sigma-

cote. The solution may be transferred into the next vessel
without any incubation time. After all bioreactor vessels have
been coated, you may return the solution into the flask. It can
be reused up to 1,000 times.

. Conditions can be different in different systems and different

runs according to the wishes of the researcher. However, it is
important to calibrate the different probes under the actual
working conditions.

. The calibration process differs from company to company.

For the DASGIP bioreactor system, the temperature probe
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11.

12.

13.

14.

15.

16.

17.

calibration is done every few years by the company. The
pH probe is calibrated before each run by a three-point
calibration, placing the probe into a pH 4 solution and
then into one of pH 7. The pO, probe is calibrated by
placing it into an atmosphere of 21% O, (100% DO) and
then the probes are disconnected from the system to cali-
brate for 0% O, (0% DO).

. Routinely check your cells for mycoplasma contamination, as

mycoplasma may change the behavior of your cells.

ESCs may accumulate karyotypical changes. To maintain a
good quality of cells, do not use them for more than 25 pas-
sages after thawing. Thaw a new batch whenever you detect a
change in proliferation rates, even when the 25 passages have
not been reached.

If the medium is decanted, wash your cells twice with PBS.
This step is not necessary, when the medium is aspirated.

This is best accomplished with a 2-mL serological pipette or
a 2.5-mL Eppendorf pipettor.

By adding 3 mL of cell suspension (5.625 x 10° cells per mL)
to the 42 mL of media, the final cell concentration in the
bioreactors is 3.75 x 10* cells per mL. This cell concentration
was tested to show best results for the hanging drop method
and for expanding cultures of ESCs in bioreactors (13).

As described in the bioreactor system handbook, the bioreac-
tor system software has to be adjusted. Parameters like pH,
O, concentration, temperature, agitation rate, and gas flow
rate have to be set for every bioreactor vessel separately before
an experiment is to be initiated. By starting an actual experi-
mental run, the software begins to record and safe all of the
described parameters every minute.

The O, concentration is regulated to a constant 21% by regu-
lating the mixture of the inflowing gas, which contains N,
CO,, and air. When the O, concentration drops, the concen-
tration of O, in the inflowing gas mixture will be increased by
reducing the N, concentration. After it has reached the initial
set value, the O, concentration in the gas mixture will be
decreased, respectively.

Depending on the system used and the data to be recorded,
all of these parameters can also be regulated, if desired. This
is of particular interest, if experiments under low oxygen shall
be performed.

A yellow pipette tip should be used in addition to the dis-
penser combitip. This allows easy change of the pipette tip in
case you touch the outside of the dish without having to
throw out the entire dispenser combitip.



By gravity force cells collect in the bottom center of the drop.
Within the first 3 days, they stick together and proliferate.
The 750 cells per drop are an optimized cell number for the
EB formation of D3 ESCs and the osteogenic differentiation

EBs were photographed on a Leica DMI 400B microscope.
EB sizes were measured with a special Leica software tool, the

This step is critical for the success of the differentiation. If the
EBs have not been digested into single cells completely after
the set time, only place the dish back into the incubator for a
very short period of time. Longer incubation will result in the
generation of strings of DNA, which will lead to total clump-
ing of your cell suspension. If you are uncertain about your
technique, rather increase your initial incubation before you

You can either use noncoated tissue culture plates (and coat
them with gelatin yourself, see Chapter 5) or alternatively, you
may use BD Falcon primaria plates without further coating.

This work was supported by a German Ministry for Science,
Education, and Research (BMBF) grant to NzN. The authors
would like to express their sincerest thanks to Dr. Matthias Arnold
and Dr. Christoph Bremus for their continuous technical support
and helpful discussions on bioreactor technology.
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disaggregate the EBs with the pipette.
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Chapter 10

Methods for Embryoid Body Formation: The Microwell
Approach

Dawn P. Spelke, Daniel Ortmann, Ali Khademhosseini, Lino Ferreira,
and Jeffrey M. Karp

Abstract

Embyroid body (EB) formation is a key step in many embryonic stem cell (ESC) differentiation protocols.
The EB mimics the structure of the developing embryo, thereby providing a means of obtaining any cell
lineage. Traditionally, the two methods of EB formation are suspension and hanging drop. The suspen-
sion method allows ESCs to self-aggregate into EBs in a nonadherent dish. The hanging drop method
suspends ESCs on the lid of a dish and EBs form through aggregation at the bottom of the drops.
Recently, alternative methods of EB formation have been developed that allow for highly accurate con-
trol of EB size and shape, resulting in reproducibly produced homogeneous EBs. This control is poten-
tially useful for directed differentiation, as recent studies have shown that EB size may be a useful
determinant of the resulting differentiated cell types. One particular approach to generate homogencous
EBs utilizes nonadhesive microwell structures. The methodology associated with this technique, along
with the traditional approaches of suspension and hanging drop, is the focus of this chapter.

Key words: Embryoid body, Embryonic stem cell differentiation, Suspension method, Hanging
drop method, Microwell fabrication

1. Introduction

The therapeutic potential of embryonic stem cells (ESCs) lies in
their ability to differentiate into a variety of clinically useful cell
types, such as hepatocytes (1, 2), cardiomyocytes (3, 4), osteo-
blasts (5, 6), and neural cells (7, 8). The key step in many ESC
differentiation protocols is the formation of embryoid bodies
(EBs), achieved by removing environmental cues that maintain
ESCsin an undifferentiated state. EBs are three-dimensional cell aggre-
gates that can mimic some structure of the developing embryo
and can differentiate into cells of all three germ layers (9, 10).

Nicole I. zur Nieden (ed.), Embryonic Stem Cell Therapy for Osteo-Degenerative Diseases, Methods in Molecular Biology, vol. 690,
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Inside the embryo are spatially distinct microenvironments, which
may regulate how a cell is differentiated. Similar to these in vivo
instructive mechanisms, cells at the periphery of EBs, for example,
tend to form primitive endoderm (11). Further environmental
cues and cell—cell interactions can subsequently induce increasing
specification. This ability of EBs to recapitulate the developing
embryo makes them, in addition to their therapeutic usage, a
valuable tool for studying embryonic development (9, 12, 13).

The ability to direct the differentiation of ESCs down par-
ticular lineages and with high efficiency is necessary for therapeu-
tic applications, which require only one or a few specific cell
populations in the highest yield possible. Numerous studies have
examined parameters that control ESC differentiation in an
attempt to develop optimized protocols for specific cell types (14,
15). Most of these efforts have focused on soluble factors; how-
ever, recently it was found that EB size is also a strong indicator
of the resulting differentiated cell types due to the relationship
between size and cell—cell interactions (16, 17). For example, Ng
et al. found that EBs formed with about 1,000 ESCs show opti-
mal hematopoietic differentiation compared to EBs of different
sizes. The number of EBs containing erythroid cells nearly doubled
when 1,000 ESCs were used versus 500 (18).

The standard methods of EB formation are static suspension
culture (19) and hanging drop (12). These techniques are suc-
cessful in generating EBs that produce various differentiated cell
types, but they allow only limited control over aggregate size and
shape and present practical difficulties with scale-up. In suspen-
sion culture, ESCs are cultured on dishes that prevent cell attach-
ment. As a result, the cells will self-aggregate into masses that
form EBs. A detailed method on how to generate static suspen-
sion EBs from human ESCs is described in Chapter 3 and exam-
ple pictures from murine EBs can be found in Fig. 1. However,
due to the random aggregation of ESCs and the combination of
multiple EBs that can occur, this method produces a large variety
in EB sizes (20). In the hanging drop method, ESCs are sus-
pended in drops on a surface turned upside down. The shape of
the drops and gravity will promote cell aggregation into EBs at

a"\ b

Fig. 1. Static suspension culture method. (a) A suspension of ESCs in media without pluripotency-associated factors
(e.g. LIF) is transferred to a nonadherent petri dish. (b) The ESCs will self-aggregate into EBs.
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Fig. 2. Hanging drop method. (a) A suspension of ESCs in media without pluripotency associated factors (e.g. LIF) is
plated in drops onto the lid of a petri dish. (b) The bottom of the dish is filled with PBS and then the lid is reversed and
placed over the bottom. (c) The ESCs will self-aggregate into EBs.

the bottom of the drop, as shown in Fig. 2. Forming the EBs in
hanging drops allows initial control of the aggregate size through
the cell number in each drop. However, shape cannot be con-
trolled and after harvesting the EBs from the drops, the size
homogeneity is lost similar to the situation with the suspension
method described above. Additionally, as also described in
Chapter 9, the hanging drop method cannot easily be scaled up
for large EB production, limiting its practical usefulness.

To overcome the limitations of existing methods of EB for-
mation, new techniques have been developed, such as the use of
microfluidic devices (21) and stirred vessel bioreactors (22, 23), a
technique described in the last two chapters.

One of the most successful approaches utilizes nonadhesive
microwell structures to control EB size (24, 25); this method will
be the focus of this chapter. In this technique, small wells (in the
submillimeter range) are produced and cells are seeded inside, as
shown in Fig. 3. The cells then aggregate and grow until they are
limited by the size of the microwells. This leads to accurate con-
trol of EB size and produces homogeneous EBs, as shown in
Figs. 4 and 5. Furthermore, it can be readily scaled-up, particu-
larly in comparison to the hanging drop technique. It must be
noted, however, that the microwell approach requires additional
instrumentation and knowledge compared with the traditional
methods. For example, the fabrication of microwells requires a
clean room and specialized equipment, while EB formation using
suspension or hanging drop techniques requires only materials
routinely found in a biology lab. Thus, those not familiar with
these techniques are encouraged to purchase reagent grade
microwells (see Note 1), rather than producing them in the lab as
described in this chapter. The choice of EB formation method,
then, depends on the goals of the particular study and the balance
between EB control and costs that is desired. In the following,
the two traditional methods of suspension culture and hanging
drop (see also Chapters 4 and 9) and the new method of microwells
are described in detail.
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Fig. 3. Microwell method. (a) A silicon wafer is spin-coated with photoresist to create a film with a thickness equal to the
desired microwell depth. (b) A printed photomask foil is placed on top of the coated wafer and then exposed to UV light.
The uncovered areas of the photoresist polymerize, while the covered areas do not, leaving a pattern of indentations.
(c) A PDMS solution is poured onto the patterned wafer and then cured in an oven. (d) The PDMS is now a solid mold with
a raised pattern that can be peeled from the wafer. (€) A solution of PEG and photoinitiator is coated on a treated glass
slide. The PDMS mold is then placed on top of the PEG film and exposed to UV light. (f) The PDMS mold is then removed,
leaving behind fully formed PEG microwells. (g) A suspension of ESCs in media without pluripotency associated factors

(e.g. LIF) is divided among the microwells. (h) The ESCs will self-aggregate into uniform EBs.

Fig. 4. EBs formed using different methods. Scale bars correspond to 200 wm. (a) EBs formed in static suspension culture
are of a wide range of sizes and shapes. (b) EBs formed in microwells with a diameter of 150 um exhibit highly defined

dimensions and low variability. Reproduced from ref. (24).
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Fig. 5. EB size distributions with different methods. (a) The size of ESC aggregates grown without LIF in 40, 75, 100, and
150 um microwells quantified 1, 5, and 10 days after seeding compared with suspension culture. Data are shown here
as average = standard deviation for n=50 samples within one experiment. (b) The size of ESC aggregates grown without
LIF in 40, 75, 100, and 150 um microwells after 5 days in culture analyzed across three independent experiments and
compared with suspension culture. Data are shown here as average +standard deviation for n=3 experiments.
Reproduced from ref. (24).

2. Materials

2.1. Static Suspension 1. ESC medium: Knockout™ Dulbecco’s Modified Eagle’s

Culture Medium (K-DMEM) (Invitrogen) containing 15% fetal
bovine serum (FBS, ESC qualified, Invitrogen) with or with-
out 1,000 U/mL leukemia inhibitory factor (LIF) from
mouse as denoted below.
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2.2. Hanging Drop
Culture

2.3. Microwells

2.3.1. Photomask
and Wafer Production

2.3.2. PDMS Mold
Fabrication

2.3.3. Formation of PEG
Microwells

. Phosphate-buffered saline (PBS) without calcium and mag-

nesium (Sigma-Aldrich).

. Trypsin, 0.25% (10x) with ethylenediaminetetraacetic acid

(EDTA, 4Na, Invitrogen).

4. Conical tube.

. Ultra Low Attachment culture dish, 100 mm (Corning) (see

Note 2).

. ESC medium: Knockout™ Dulbecco’s Modified Eagle’s

Medium (K-DMEM) (Invitrogen) containing 15% FBS
(ESC qualified).

2. Polystyrene petri dish, 100 mm.

. Multichannel pipette.
. Phosphate-buffered saline (PBS) without calcium and

magnesium.

. Photomask foil ordered from Art Services Inc. The desired

photomask pattern is sent to the company for printing on foil.

2. Silicon wafer (Wafernet, Inc.).

w

o NN O Ul B

. Piranha solution: Mix 70% sulfuric acid (H,SO,) and 30%

hydrogen peroxide (H,0,).

. SU-8 2050 photoresist (MicroChem Corporation).
. Heat plate adjustable to 65 and 95°C.

. UV light source.

. Developer solution.

. Acetone.

. Polydimethylsiloxane (PDMS) elastomer composed of pre-

polymer and curing agent (Sylgard 184, Essex Chemical).

. Vacuum chamber (i.e. ThermoScientific, 01-060A).

. Deionized (DI) water.

2. Trimethylsilyl methacrylate (TMSMA).

. Poly(ethylene glycol) dimethacrylate (PEGDM, MW 330,

see Note 3).

4. Glass slides.

. Irgacure 2959 photoinitiator (Ciba Corporation).

6. OmniCure® $2000 UV /Visible Spot Curing System (EXFO

Life Sciences & Industrial Division).

. Ethanol.

. 6-well cell culture plate, nontreated polystyrene.
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1. Phosphate-buffered saline (PBS) without calcium and

in PEG Microwells magnesium.
2. ESC medium: Knockout™ Dulbecco’s Modified Eagle’s
Medium (K-DMEM) containing 15% FBS (ESC qualified)
with or without 1,000 U/mL leukemia inhibitory factor
(LIF) from mouse as denoted below.
3. Methods

3.1. Static Suspension
Culture

3.2. Hanging Drop
Culture

All three methods of EB formation assume the same initial proto-
col for culturing ESCs in an undifferentiated state. Mouse and
human ESCs should be cultured on a feeder layer, such as inacti-
vated mouse embryonic fibroblasts (MEFs), and /or in the pres-
ence of stem cell renewal factors, such as mouse leukemia
inhibitory factor (see Chapter 2). In this state, the ESCs will grow
in clusters. To differentiate the ESCs by forming EBs, the feeder
layer and /or stem cell renewal factors are removed, and the ESC
clumps must be dissociated (into a single cell suspension for
mouse ESCs or suspensions of small cell aggregates for human
ESCs). The protocol below is specifically defined for mouse ESCs
and can be easily adopted for human ESCs.

1. Remove the medium from the ESC culture and wash with
PRBS.

2. Add 3-5 mL of trypsin/EDTA for T75-cm? flasks and return
to incubator at 37°C for 3-5 min (see Note 4).

3. Once the cells have detached from the flask, as determined by

checking under a microscope, inactivate the trypsin by adding
3-5 mL of ESC medium.

4. Transfer cells into a Falcon tube and centrifuge the cells at
270 x4 for 5 min.

5. Remove the supernatant and resuspend the pellet in ESC
medium without LIF at a concentration of 103-10° cells/mL.

6. Seed 10 mL of the cell solution onto a 100-mm ultra low
attachment culture dish (see Note 5).

7. Culture in a humidified incubator at 37°C and 5% CO, and
feed with ESC medium without LIF every 2 days.

1. Trypsinize the ESCs (as described in Subheading 3.1, steps
1-4) and resuspend the pellet in ESC medium without LIF at
a concentration of 10*-5x 10* cells/mL. The concentration
of the ESCs and the size of the drops will initially affect the
size of the EBs that will form.
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3.3. Microwells

3.3.1. Photomask
and Wafer Production

. Plate 20-30 pL drops of the cell solution onto the lid of a

100-mm petri dish using a multichannel pipette to achieve a
regular pattern. About 30—40 drops should fit on the lid.

. Fill the bottom of the dish with PBS to avoid evaporation.
4. Reverse the lid and place it on the bottom of the dish. Now

the ESC drops are hanging and the rounded bottom of the
drops will promote ESC aggregation and EB formation.

. Culture in a humidified incubator at 37°C and 5% CO,,.
6. Harvest the EBs after 2—-3 days of culture by flushing with

about 5 mL of ESC medium without LIF over the lid of the
dish (see Note 6).

. Plate the EBs on culture dishes or transfer them to suspension

culture. For a variation of the hanging drop protocol see
Chapter 9.

. To create a photomask with the desired pattern, use a com-

puter program, such as AutoCad, or draw frechand. For
microwells, the pattern should be filled black dots with the
configuration and diameter of the desired microwells. The
photomask is then sent to a company that can print the pho-
tomask on foil.

. Clean the silicon wafer with piranha solution for 5 min and

then wash with DI water.

. Spin-coat the silicon wafer with SU-8 2050 photoresist at

14 x 4 for 5 s and then at 160 x g for 30 s. Make sure to center
the wafer on the spin-coater. The wafer is then fixed on the
machine by a vacuum pump. This combination of photoresist
and spinning will result in a 100 um film, which translates to
microwells with a depth of 100 um (see Note 7).

. Preincubate the wafer on a heat plate at 65°C for 5 min and

then at 95°C for 15 min. The photoresist should now be
solid.

. Place the photomask foil on top of the photoresist-coated

wafer and expose to UV-light for 2 min. This step will
polymerize the photoresist not covered by the black dots
of the photomask foil; the covered areas will remain
unpolymerized.

. Postincubate at 65°C for 4 min and then at 95°C for 9 min.

. Put the wafer in developer solution for 8 min and then wash

with acetone. After these steps, an indented pattern of the
microwells should be visible as the unpolymerized photoresist
will have been washed away.

. Hard bake the wafer by putting it at 180-210°C for at least

1 h to ensure permanent binding of the photomask to the sili-
con wafer.



3.3.2. PDMS Mold
Fabrication

3.3.3. Formation
of PEG Microwells

3.3.4. Formation
of Embryoid Bodies
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. To create the PDMS prepolymer, mix the silicon elastomer

base solution and the curing agent ata 10:1 ratio using a balance.
Make sure to mix the solution very well by stirring.

. Remove all gas from the solution by placing it in a vacuum

chamber until no bubbles are visible.

. Pour the PDMS solution on the silicon wafer patterned with

photoresist. Be careful to avoid bubble formation.

. Again, remove all gas created by pouring using a vacuum

chamber.

. Cure the wafer plus PDMS solution by placing in an oven at

70°C for 2 h (or as long as overnight).

. Carefully peel the PDMS mold from the silicon wafer and

clean with ethanol and acetone. The depressed features of the
wafer will result in corresponding PDMS replicas with pro-
truding features.

. Cut out the desired part of the mold that will be used in the

fabrication of the PEG microwells.

. To create surfaces capable of PEG attachment, treat glass

slides with TMSMA for 5 min and cure at 100°C for 10 min.
Following curing, wash two times with DI water.

. Prepare a solution of 99.5 wt% PEGDA and 0.5 wt% Irgacure

2959 photoinitiator just before use. Evenly distribute a few
drops of this solution on the treated glass slides resulting in a
PEG polymer film.

. Place the PDMS mold directly on the polymer film and expose

it to 365 nm, 300 mW /cm? UV-light using a UV spot lamp
for 30 s (see Note 8). The PEG microwells are now formed.

. Remove the PDMS mold and place the glass slide with the

microwells in 75% ethanol for 30 min to ensure sterility.

. Aspirate the ethanol, replace with PBS, and place in the incu-

bator over night (see Note 9).

. Cut the PEG microwell substrate into pieces approximately

24.5%x24.5 mm in size and place them within the wells of a
6-well plate immersed in PBS. The number of microwells per
substrate will depend on the size and patterning of the
microwells.

. Just before seeding the ESCs onto the microwells, aspirate

the PBS completely so that there is no liquid film on the gels.
To remove any liquid that may remain, let the microwells dry
tfor 5-10 min.

. Trypsinize the ESCs (as described in Subheading 3.1, steps 1—4)

and resuspend the pellet in ESC medium with LIF at a con-
centration of ~4 x 10 cells/mL.
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. Add 150-200 uL of the cell solution directly to the microwells

in each well of a 6-well plate and let settle for 30 min.

. Wash the cultures with a gentle flow of PBS to remove cells

that have not docked within the microwells.

. Return the cultures to a humidified incubator at 37°C and 5%

CO, and feed with ESC medium without LIF every 2 days.

. Use a 1-mL pipette to retrieve the EBs mechanically by dis-

pensing medium directly on the microwell structures until all
the EBs are flushed out.

4, Notes

. A microwell platform is commercially available and can be

purchased from StemCell Technologies. These microwells
would be useful if only short-term work with microwells is
intended or if the required materials and equipment are
unavailable.

. An alternative to the ultra low attachment culture dish is any

nontreated polystyrene culture dish. The lack of treatment
also reduces cell attachment, but to a lesser degree than the
ultra low attachment dish, which is specifically designed for
this purpose.

. A variety of molecular weight PEGDAs have been used to

form microwells. In general, using a higher molecular weight

leads to reduced cell-adhesion and an increased retrieval of
embryoid bodies (25).

. The amounts of trypsin/EDTA needed for detachment and

media needed for inactivation depend upon the size of the
tissue culture flask or petri dish this is being used. The quanti-
ties given are for a T75-cm? tissue culture flask and can be
scaled up or down as necessary.

. This hydrogel coated polystyrene dish is hydrophilic and

nonionic so the ESCs cannot adhere to the surface, resulting
in ESC aggregation and EB formation.

. The EBs have to be harvested after a short time because the

drops will dry out and some of the components of the medium
will become depleted. If the EBs are not transferred after this
time, they will begin to fall apart.

. If microwells of a different depth are desired, the speed and

length of spin-coating can be varied.

. Crosslinking the PEGDA solution can also be achieved with

other UV lamps at a lower intensity (i.e. 1-30 mW /cm?), if
a spot lamp is not available. The photocrosslinking process
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should then be optimized for this setting. The calculation of
the dose (exposure time multiplied by intensity) gives a hint

for this.

9. This washing step is important as the photoinitiator is toxic to
the cells and must be removed completely.
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Chapter 11

Human Embryonic Stem Cell-Derived Mesenchymal
Progenitors: An Overview

Peiman Hematti

Abstract

Mesenchymal stromal/stem cells (MSCs) were originally isolated from bone marrow (BM), but are now
known to be present in all fetal and adult tissues. These multipotent cells can be differentiated into at
least three downstream mesenchymal lineages that include bone, cartilage, and fat. However, under some
experimental conditions, these cells can differentiate into nonmesenchymal cell types and /or participate
in regeneration of damaged tissues through a variety of mechanisms. Most recently, MSCs have been
derived from human embryonic stem cells (hESCs) through several different methodologies. Human
MSCs derived from hESCs have been shown to possess characteristics very similar to BM-derived MSCs.
Thus, the generation of MSCs from hESCs provides an opportunity to study the developmental biology
of cells of mesenchymal lineages in an appropriate in vitro model. Furthermore, MSCs from different
adult tissue sources are being actively investigated in a multitude of clinical trials; therefore, hESCs could
provide an unlimited source of MSCs for potential clinical applications in the future. Such MSCs could
be used without further differentiation for regeneration of tissues, or they could be directed towards
specific lineage pathways, such as bone and cartilage, for reconstruction of tissues. Finally, immuno-
modulatory properties of hRESC-derived MSCs are likely to prove valuable for inducing immune tolerance
toward other cells or tissues derived from the same hESC lines.

Key words: Embryonic stem cell, Mesenchymal stromal cell, Mesenchymal stem cell

1. Introduction

Mesenchymal stromal/stem cells (MSCs) are multipotent cells
capable of differentiating into cells of mesenchymal lineage such
as bone, cartilage, and fat (1, 2). Although MSC preparations
generated ex vivo have a homogenous appearance under light
microscopy, they presumably consist of a heterogeneous group
of progenitor cells that do not fulfill strict criteria for true
stem cells at a single cell level (i.e. self-renewal and multilineage
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differentiation capacity). MSCs were originally isolated from
bone marrow (BM), although similar populations have also been
isolated from a wide variety of other adult tissues such as adipose
tissue (3), skeletal muscle (4), synovium (5), dental pulp (6),
heart, and spleen (7); from neonatal tissues such as the placenta
(8), amniotic fluid (9), and umbilical cord blood (10); and from
tetal liver, blood, and BM (11). Most recently, several groups
have reported directed differentiation of human embryonic stem
cells (hESCs) into cells with characteristics very similar to adult
tissue-derived MSCs. In addition to providing new platforms to
study basic human developmental processes, such as investigating
the development of mesodermal tissues in vitro, hESCs could also
potentially provide an unlimited source of MSCs for a wide vari-
ety of clinical applications.

Due to inconsistencies regarding how to define MSCs, a
group of experts recently set forth criteria for MSCs based on a
combination of specific culture properties, as well as phenotypic
and functional characteristics (12). According to these widely
accepted criteria, culture-expanded MSCs do not express
hematopoietic markers, such as CD34 and CD45, and, although
variation exists, they typically express a number of cell surface
molecules, including CD29, CD44, CD73, CD90, CD105, and
CD166. Finally, the biological property that most uniquely iden-
tifies MSCs is their capacity for trilineage differentiation potential
in vitro into bone, cartilage, and fat upon the addition of neces-
sary exogenous growth factors. The differentiation potential of
MSCs into myogenic, or other cell types of mesenchymal and /or
nonmesenchymal origin, is not part of these criteria.

2. Generation
of MSCs from
Human ESCs

Interestingly, although many investigators reported generation of
mesenchymal-like cells from hESCs that likely fit the above crite-
ria for MSCs, in many of the original studies, such cells were not
tully characterized and thus were not classified as such. Xu et al.
were the first to report derivation of fibroblast-like cells from
hESCs (13). These cells were derived from hESCs (H1 cell line)
and induced to differentiate using embryoid body (EB) forma-
tion, followed by culture on gelatin-coated plates. After a few
passages, the cultured cells became homogenous and assumed a
fibroblast/mesenchymal-like morphology, and were designated
human embryonic fibroblast-like cells (HEF1). After infection with
a retrovirus containing human telomerase reverse transcriptase
(hTERT), flow cytometry analysis showed that HEF1-hTERT
cells expressed MSC markers, including CD29, CD44, CD71,
and CD90, and were able to differentiate into an osteogenic
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lineage, but not chondrogenic or adipogenic lineages. Since the
authors did not examine HEF1 cell characteristics prior to retro-
viral transduction, it is not clear whether transduction with
hTERT was necessary for their differentiation into MSC-like phe-
notype cells. Stojkovic et al. analyzed fibroblast-like cells that
spontaneously formed in ESC cultures (designated hESC-derived
fibroblasts or hESC-dF) and showed the expression of MSC cell
surface markers, including CD44 and CD90. These cells could
support growth of hESCs in the undifferentiated state. Although
these cells were probably MSCs, their differentiation potential
into mesenchymal lineages was not further tested (14). Wang
et al. (15) and Yoo et al. (16) also reported generation of fibro-
blast-like cells from hESCs capable of supporting growth of
hESCs in the undifferentiated state. Although the mesenchymal
characteristics of these cells were not evaluated, the similarity of
their culture derivation to that reported by other investigators
makes it likely these cells also possessed MSC characteristics.
Barberi et al. were the first to fully characterize mesenchymal-
looking cells developed in tissue culture after 40 days of coculture
ot hESCs with OP9 cells, which are murine BM stromal cells, and
show that these cells had characteristics of MSCs (17). These cells
expressed many markers of adult-derived MSCs, including cell
surface markers CD44, CD73, CD105, CD166, CD106, CD29,
and STRO-1, and were capable of differentiating into osteogenic,
chondrogenic, adipogenic, and myogenic lineages. Furthermore,
gene expression analysis of MSCs derived from H1 and H9 hESC
lines and human adult MSCs showed 579 transcripts in common.
Our group later showed that pure MSC populations can be
derived within the first 2 weeks of coculturing hESCs with OP9
cells (18). In contrast, Olivier et al. reported that the Raclure
method generated MSCs independent of coculture with OP9 or
any other feeder cells (19). In this method, differentiating cells
around the hESC colonies are scraped, replated, then differenti-
ated into cells that possess MSC markers and are capable of dif-
ferentiation into osteogenic and adipogenic lineages. This was
followed by a report from Lian et al., who used fluorescence-
activated cell sorting (FACS) to sort and expand MSCs from the
CD105+,/CD24- population of cells differentiated from hESCs
(20), a technique described in Chapter 12 of this book. These
cells had cell surface antigens, ditferentiation potential, and gene
expression profiles similar to BM-derived MSCs. Like Olivier
et al., these authors did not utilize any cocultured feeder layers for
their derivation of MSCs. A lack of animal-derived feeder cells
could be advantageous if these cells are designed to be subse-
quently used in clinical applications. Our laboratory has also
shown that coculturing undifferentiated hESCs with OP9 cells is
not necessary for MSC generation (21). In contrast to these
mainly non-EB methods, Hwang et al. reported generation of
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MSC:s after transterring EBs into gelatin-coated plates, followed
by subculturing for four passages in MSC media (22). These cells
were positive for MSC markers CD29, CD44, and CD105 and
could be further differentiated into chondrogenic tissues. More
recently, the same group, using an articular cartilage defect model
in athymic nude rats, showed that transplantation of chondro-
genically committed hESC-derived MSCs could reestablish normal
cartilage architecture in vivo (23).

In an elegant study, Bendall et al. reported the important
observation that in hESC cultures, cells surrounding and gener-
ated directly from undifferentiated hESC colonies provide a regu-
latory stem cell niche for hESCs (24). These authors propose that
hESCs maintain their culture homeostasis within an autologously
generated niche by spontaneously and continuously differentiat-
ing into hESC fibroblast-like cells. These fibroblast-like cells, des-
ignated as hdFs, are presumably very similar to MSCs reported by
other investigators. Based on the similar methodology reported
for these studies, we propose generation of MSCs might be the
default pathway during differentiation of hESCs.

In addition to these in vitro results, researchers recently inves-
tigated the in vivo engraftment potential of hESC-derived MSCs.
Barberi et al. generated myoblasts from ESC-derived MSCs and
showed viability after transplantation into the tibialis anterior
muscle of immunodeficient mice in the absence of teratoma for-
mation (25). The same group later showed that neural crest stem
cells derived from hESCs are capable of directed differentiation
toward mesenchymal lineages of smooth muscle, osteogenic,
chondrogenic, and adipogenic cells, in addition to peripheral ner-
vous system lineages (26). The main difference between mesen-
chymal precursors derived from neural crest stem cells and their
previously published mesenchymal precursor populations was the
lack of skeletal muscle production and decreased efficiency of adi-
pocytic differentiation.

Not all cells reported by different investigators have the exact
same phenotype and/or genotype. Small permutations in the cul-
ture methodology are likely to lead to either subtle or major dif-
terences in the phenotype and /or genotype of differentiated cells.
For example, cells reported by Olivier et al. (19) had many MSC
characteristics, including expression of CD44, CD73, CD105,
and CD166. However, unlike MSCs derived from hESCs by our
group (18, 21), their hRESC-derived MSCs also expressed SSEA4,
a marker present in hESCs. Similarly, MSCs generated by Hwang
et al. (22) exhibited many markers of MSCs including CD29,
CD44, and CD105, but lacked CD73, a marker widely believed
to be expressed on MSCs (12). This is consistent with the wide
heterogeneity of cell surface characteristics reported for MSCs
derived from BM or other adult or fetal tissues. This variability
possibly arises from differences in the derivation methodology,
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passage number, or other ill-defined factors, such as type of serum
or culture media used. For example, the expression of SSEA4 in
MSC:s derived from adult BM has been reported by some (27),
but not all (28, 29), investigators. Characterization of cells as
MSCs depends on a combination of factors and not a single phe-
notypic marker; and it is not known whether subtle ditferences in
cell surface markers have any significant impact on the functional
properties of MSCs.

Finally, although not discussed in this overview, many inves-
tigators have reported generation of bone and cartilage directly
from ESCs and not from ESC-derived MSCs (30-35). It is not
clear whether, in these studies, bone or cartilage lineages were
generated through non-MSC pathways, through potentially
redundant differentiation paths toward osteogenic and chondrogenic
cells, or it MSCs were only transiently present in the cultures and
thus not identified.

3. Potential
Applications
of ESC-Derived
MSCs

The generation of different types of cells from hESCs allows a
unique opportunity to study developmental biology of the
earliest stages of body formation processes in vitro, a technically
impossible task using human embryos. Therefore, generation of
mesodermal progenitors from hESCs could provide a novel
in vitro model to study the earliest stages of embryonic mesoder-
mal development. Nevertheless, the biggest excitement surrounds
the potential transplantation of cells derived from hESCs to repair
damaged or diseased tissues. One straightforward potential appli-
cation of ESC-derived MSCs would be directed differentiation
into osteogenic or chondrogenic lineages for orthopedic applica-
tions, including bone or cartilage repair. MSCs may not need to
be fully differentiated into osteogenic or chondrogenic lineages
before implantation if the host tissue environment provides
the necessary signals to direct terminal differentiation of either
ESC-derived MSCs or their semidifferentiated progenies (30).
Alternatively, as mentioned above, it may be possible to generate
fully differentiated bone or cartilage tissues bypassing a MSC
phase. Such cells could also be used for the reconstruction of
bone and cartilage tissues. However, there has been no direct
comparison of the functional capacity of cells generated using
these various methodologies.

In addition to potential applications in orthopedic and recon-
structive surgery, MSCs are being actively investigated in the
much wider field of regenerative medicine. A number of initial
studies suggested that MSCs do not exclusively ditferentiate
into other types of cells of mesodermal lineage, but they also
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differentiate into cells of endodermal and ectodermal lineages,
including cardiomyocytes (37), endothelial cells (38), lung epi-
thelial cells (39), hepatocytes (40), neurons (41), and pancreatic
islets (42). Although these cells have been tested in a variety of
injury models, the degree of contribution to different tissues
through trans-differentiation is now a matter of strong debate
(43,44). Nevertheless, new functional mechanisms for these cells
are being discovered, such as migration to the inflammatory site,
stimulation of proliferation and differentiation of resident
progenitor cells, secretion of growth factors, and matrix remode-
ling to promote recovery of injured cells. All these potential roles
individually and collectively provide the rationale to continue
investigating the regenerative potential of MSCs (45-50). Culture
expanded BM-derived MSCs have been used in several small
phase I-II trials for a variety of diseases, including metachro-
matic leukodystrophy and Hurler’s disease (51), osteogenesis
imperfecta (52), myocardial infarction (53), amyotrophic lateral
sclerosis (54), graft versus host disease (55), and Crohn’s
disease (56), among others. In many of these trials, MSCs from
third-party donors were used without any HLA-typing; thus, it is
theoretically feasible that a few clinical grades of validated hESCs
could provide sufficient MSCs for clinical applications in a large
number of patients.

4. Immunomod-
ulatory Properties
of MSCs

Clinical exploitation of MSCs derived primarily from adult tis-
sues, typically BM, has been greatly facilitated by understanding
the immune-privileged nature of MSCs. MSCs possess excep-
tional immunosuppressive and/or immunomodulatory proper-
ties (57) that make their use in the allogeneic setting very attractive
and practical. The emerging body of data indicates that MSCs
derived from BM and other tissues modulate the immune system
through interaction with a broad range of immune cells, includ-
ing T-lymphocytes, B-lymphocytes, natural killer cells, and den-
dritic cells (58-60). These immunomodulatory properties of
MSCs, and not their zrans-differentiation potential, have been
the basis for their use in treating conditions, such as Crohn’s dis-
ease and graft versus host disease after allogeneic hematopoietic
stem cell transplantation (61).

Human MSCs express human leukocyte antigen (HLA) class
I on their cell surface but not HLA class II (62); human MSCs
also do not express costimulatory molecules CD80, CD86, or
CD40. Our laboratory was able to show (21) that ESC-derived
MSC:s also possess immunological properties very similar to those
of BM-derived MSCs, including the expression of HLLA-I but not
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HLA-IT or costimulatory molecules, lack of immunogenicity
when cocultured with third-party lymphocytes, and that they
have immunosuppressive effects in mixed lymphocyte culture
assays. These observations have now been confirmed by other
investigators (63).

We predict that the inclusion of human ESC-derived MSCs
could provide protective immunomodulatory functions toward
cotransplanted cells or tissues derived from the same ESC lines.
Despite the huge potential of induced pluripotent (iPS) cells (64)
to generate patient-specific ESCs, there will still be instances in
which the use of allogeneic cells is preferable to autologously
derived cells. For instance, in type-1 diabetes, autoantibodies in
the recipient could prove to be harmful to autologously gener-
ated iPS-derived pancreatic islets, but not to allogeneic islet cells
(65, 66). In such situations, the immunomodulatory properties
of MSCs derived from the same hESC lines used for pancreatic
islet generation could be potentially useful for promoting engraft-
ment of the transplanted ESC-derived islet cells.

5. Safety Concerns

Infusion of ex vivo expanded MSCs derived from adult tissues is
considered relatively safe based on the assumption that these cells
are not immunogenic and actually elicit an immunomodulatory
effect in the recipient. This has been substantiated by the impres-
sive safety record of MSCs in numerous clinical trials thus far
(61). Therefore, it can be assumed that MSCs derived from
hESCs under clinically acceptable conditions are likely to provide
an equally safe alternative to adult tissue-derived MSCs. However,
in the case of MSCs derived from hESCs, there are two major
concerns. ESCs, by definition, generate teratomas when trans-
planted into the immunodeficient host (67), and this potential
complication has been the biggest concern hindering the appli-
cation of hESCs into clinical use (68). However, in contrast to
other cells and tissues derived from hESCs (69-72), MSCs have
been generated with a very high level of purity. It is unlikely that
ESCs can survive the repeated passaging that is a necessary part of
MSC derivation. Furthermore, the resilience of MSCs in culture
is sufficiently robust to allow additional FACS sorting prior to
their transplantation. Such precautionary strategies will further
enhance culture purity without major effects on functionality.
The second safety concern surrounding the clinical use of MSCs
is potential tumor formation by MSCs themselves, whether
derived from adult tissues or ESCs, and their potential in pro-
moting growth of other malignancies. Some recent studies
suggest that BM-derived MSCs may become neoplastic after long
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term in vitro culture (73-75); however, this phenomenon has not
been observed in vivo yet. Furthermore, Djouad et al. demon-
strated that MSCs prevent rejection of allogeneic tumor cells in
immunocompetent mice and promote tumor formation when
injected locally or systemically (76), and Karnoub et al. showed,
in a murine xenograft model, that BM-derived human MSCs,
when mixed with otherwise weakly metastatic human breast car-
cinoma cells and injected into a subcutaneous site, cause cancer
cells to greatly increase their metastatic potency (77). As a result,
although it has not been seen in clinical trials yet, it is theoreti-
cally possible for MSCs to generate tumors or promote growth of
other malignancies, either through a direct effect on tumor
growth or via immunosuppression of antitumor responses. This
potential risk is not limited to ESC-derived MSCs and can
happen with any type of MSCs used. Finally, it is important to
recognize that ESC-derived MSCs are not immortalized cell lines,
but have a limited passaging capability similar to BM-derived
MSCs.

6. Future
Directions

Much of our knowledge of ESC-derived MSCs is based on in vitro
experiments, and much more research is needed before such cells
can be used clinically. There are important questions to be
answered: With the availability of MSCs derived easily from BM
and other adult tissues such as fat, do we need a new source of
MSCs for clinical applications? How can generation of MSCs
from hESCs be standardized? What differences exist between
ESC-derived MSCs and BM, or other adult tissue-derived MSCs,
and are these differences sufficient to make one preferable over
others? What, if any, are the differences between osteogenic and
chondrogenic cells generated from ESC-derived MSCs versus
BM-derived MSCs? Despite all the above mentioned uncertain-
ties regarding the potential clinical applications of ESC-derived
cells in the near future, there is no doubt that ESCs have opened
wide-ranging opportunities for further exploration in the field of
regenerative medicine.
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Chapter 12

Derivation of Mesenchymal Stem Cells from Human
Embryonic Stem Cells

Andre Choo and Sai Kiang Lim

Abstract

Mesenchymal stem cells (MSCs) have been isolated from many tissues including differentiating human
embryonic stem cells (hESCs). Derivation of MSCs from hESCs consists of two major steps: differentia-
tion and isolation. In our hands, differentiation of hESCs towards MSC-enriched culture can be induced
by trypsinizing hESCs into single cells and plating them on gelatin-coated plates in a culture condition
that enhances survival of hESC-derived MSCs and not hESCs. The trypsinized hESCs were grown with
feeder support and the medium was supplemented with basic fibroblast growth factor (FGE2) and plate-
let-derived growth factor (PDGF)-AB. A highly enriched MSC culture could be obtained by repeated
passaging by trypsinization. The enriched MSC cultures could be further purified by limiting dilution or
FACS sorting for CD105* or CD73* and CD24-.

Key words: Mesenchymal stem cells, Human embryonic stem cells, CD105, CD73, CD24, Flow
cytometry

1. Introduction

Mesenchymal stem cells (MSCs) are one of the easiest adult stem
cells to isolate and propagate in culture. As such, they are highly
amenable to cell-based therapies where they can be expanded ex
vivo for autologous cell therapy. These cells have been isolated
from many adult, fetal, and embryonic tissues such as bone mar-
row, fats, and skin (1). MSCs are known to be multipotent and
have been reported to differentiate into an amazing array of cell
types, such as osteoblasts, chondrocytes, adipocytes, and endothe-
lial cells leading to many potential therapeutic applications (2).
However, MSCs have been isolated using different approaches
and are characterized using different parameters. Therefore, to
facilitate comparing of results from different MSC studies, the
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International Society for Cellular Therapy has issued a position
statement on a minimal criterion for defining multipotent MSCs
(3). First, MSCs must be plastic-adherent when maintained in
standard culture conditions. Second, MSCs must express CD105,
CD73, and CD90 and lack expression of CD45, CD34, CD14 or
CDI11b, CD79a or CDI19, and HLA-DR surface molecules.
Thirdly, MSCs must be capable of differentiating into osteoblasts,
adipocytes, and chondrocytes in vitro. Based on this criterion,
several groups have reported the derivation of MSCs from human
ESCs (4-6). In contrast to other derivation protocols, our pro-
cess does not require the use of viral vectors, DNA transforma-
tion, or the use of feeder cells (5). It therefore circumvents the
exposure to mouse feeder cells or other animal products and mini-
mizes the risk of exposure to xenozootic infectious agents. A further
advantage of the protocol described below is that the derivation
of MSCs abstains from using serum. In summary, this is an easy
method to derive clinically compliant MSCs.

It is generally observed that hESCs undergo spontaneous dif-
ferentiation after trypsinization into single cells or when cultured
on gelatinized plates without feeder cells or medium conditioned
by feeder cells. By repeated trypsinization of hESCs into single
cells and then plating them on gelatinized plates in culture
medium supplemented with basic fibroblast growth factor (FGF2)
and platelet-derived growth factor (PDGF) to promote MSC
growth, a highly enriched polyclonal MSC population could be
obtained. These enriched MSC cultures could be further purified
by sorting for cells bearing MSC-associated markers such as
CD105 and against cells bearing hESC-, but not MSC- associ-
ated markers such as CD24. In addition, the surface antigen pro-
file of these enriched hESC-MSC:s is positive for CD29, CD44,
CD49, CD105, and CD166, and negative for CD34 and CD45,
which characterizes them as being similar to bone marrow MSCs
and adipose-derived MSCs (5). Although MSCs derived from
hESCs exhibit many characteristics of MSCs derived from adult
bone marrow, they also exhibit some distinct biological differ-
ences. For example, they express higher levels of genes that are
associated with early embryonic processes and, unlike bone mar-
row-derived MSCs, differentiate more efficiently into adipocytes
than osteoblasts or chondrocytes (5).

MSCs are also known to mediate tissue repair by secreting
paracrine factors that promote cell growth and reduce tissue injury
(7). More specifically, we have demonstrated that hESC-derived
MSCs secrete more than 201 unique gene products (8) and that
these secreted factors reduce reperfusion injury in a pig model of
myocardial ischemia/reperfusion (9). We also demonstrated that
these hESC-derived MSCs can be used as an autogenic feeder layer
for hESCs and that biological factors secreted by them support the
propagation of hESCs in an undifferentiated state (10).



Derivation of Mesenchymal Stem Cells from Human Embryonic Stem Cells 177

For secretion-based and not cell-based applications of MSCs,
hESC-derived MSCs ofter several advantages over bone marrow-
derived MSCs. The most distinct advantage is the almost infi-
nitely expandable source of the parent hESCs for generating
MSCs. This virtually ensures that highly uniformed batches of
MSCs can be generated from the same hESC source, and there-
fore, minimizes batch to batch variations in large-scale produc-
tion of secretion factors. In contrast, large-scale production of
secretion factors from adult tissue-derived MSCs such as bone
marrow or adipose tissues will require multiple donors and expen-
sive testing for each individual donor.

2. Materials

2.1. Gell Culture

2.2. Gell Sorting

1. Trypsin, 0.05% (1x) with Ethylenediaminetetraacetic acid
(EDTA), 4Na, liquid (Invitrogen).

2. 0.1% gelatin in water.
3. Phosphate-buffered saline (PBS, 1x), pH 7.4 (Invitrogen).

4. Basic fibroblast growth factor (bFGF), human, recombinant
(Invitrogen). Prepare a 500 ug,/mL stock solution with sterile
PBS, aliquot, and freeze at -20°C.

5. Platelet-derived growth factor (PDGF)-AB (Cytolab). Make
a 500 pg/mL stock solution and store at ~20°C.

6. MSC derivation medium: Combine 435 mL Knockout
Dulbecco’s  Modified Eagle’s Medium (K-DMEM)
(Invitrogen), 50 mL Knockout Serum Replacement (KSR,
Invitrogen, final concentration of 10%), 5 mL Penicillin—
streptomycin—glutamine (PSG, Invitrogen), 5 mL nonessen-
tial amino acids (100x), 500 pL 2-mercaptoethanol, 5 mL
sodium pyruvate, 10 uL. bEGF (final concentration of 10 ng/
mL), 5 uL PDGF, and 5 mL Insulin—Transferrin—Selenium-X
Supplement (Invitrogen).

7. Dimethyl sulfoxide (DMSO).

8. 60- and 100-mm tissue culture treated plates, i.e. Corning,
Costar, BD Biosciences.

1. 100-mm bacterial dish, i.e. Greiner Bio-One.

2. Orbital shaker, such as OS-20 orbital shaker from Boeco,
Germany.

3. 15-mL Falcon tubes (BD Biosciences).

4. FACS dilution solution: 1x PBS (Invitrogen, see above) with
2% fetal bovine serum (FBS, Invitrogen).

5. Antihuman CD105, FITC-conjugated (Serotec).
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2.3. Freezing

. Antihuman CD24, PE-conjugated (BD Biosciences).
. FACS Aria Flow Cytometer and FACS Diva software (BD

Biosciences).

. Prepare 2x Freezing Medium containing 80% (v/v) FBS

hESC-Derived MSCs (Invitrogen) and 20% (v/v) DMSO. Mix well. Keep medium
at 4°C until use within 24 h.
2. Cryo 1° freezing container or “Mr Frosty” (Nalgene).
3. Methods

3.1. Derivation
of MSCs from hESGCs

The efficiency in deriving MSCs from hESCs using the method
described depends on the hESC lines. In our hands, HuES9 (11)
is most amenable to generating MSCs using this method and we
have also derived MSCs from the WiCell H1 ESC line (12):

1

10.

11.

. HuES9 human ESCs are maintained on mouse embryonic

fibroblast as previously described (11). For a detailed proto-
col on how to expand hESCs, the reader is referred to
Chapters 2, 3, 5, and 6.

. To generate MSCs, it is recommended to start with a conflu-

ent 60-mm plate of HuES9 hESCs.

. Aspirate the culture medium and rinse cells with 5 mL of

PBS.

. Add 1 mL of trypsin/EDTA and return the plate to the 37°C

CO, incubator for 8 min (see Note 1).

. After 8 min, remove the plate and tilt the plate from side to

dislodge and disperse the cells into a cell suspension.

. Neutralize trypsin with 5 mL of MSC derivation medium.

Pipet cell suspension gently up and down about five times to
break up any cell clumps (see Note 2).

. Centrifuge the cell suspension for 5 min at 800 x g at 4°C.
. Discard the supernatant and loosen the cell pellet by flicking

the side of the tube with a finger.

. Add 5 mL of MSC derivation medium to resuspend the

cells.

Plate the cell suspension on a 60-mm gelatinized plate. The
60-mm gelatinized plate is prepared by adding 1-2 mL of
gelatin to completely cover the surface and leaving the plate
to stand for at least 15 min or longer at room temperature.
Just before use, remove the gelatin.

After plating, return the cell suspension to the CO, incubator
for 48 h to allow cells to adhere to the plate.
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Fig. 1. Morphology of mesenchymal stem cells during derivation. (a) Morphology of cell culture during the early stages of
differentiation when the cells are starting to acquire the fingerprint whorl morphology. (b) A typical hESC-derived mesen-
chymal stem cell culture with the characteristic fingerprint whorl.

3.2. Gell Sorting

12.

13.
14.

15.

After 48 h, remove culture medium and cell debris, wash the
cell culture with 5 mL of PBS, and replenish cells with fresh
MSC derivation medium. There should be extensive cell
death and differentiation of hESCs (see Note 3).

Repeat trypsinization when the culture is confluent.

After the third or fourth trypsinization, the characteristic fin-
gerprint whorl of confluent MSC cultures starts to become
evident (Fig. la, see Note 4).

When the fingerprint whorl of confluent MSC cultures forms
(Fig. 1b), trypsinize the cell culture and plate cells on a gela-
tinized 100-mm plate. MSC cultures should not be expanded
at more than 1:3-1:4 per split.

. The trypsinized cells can be sorted for positive expression of

CD105 and negative expression of CD24 as early as 1 week
after hESCs have been trypsinized.

. Trypsinize the differentiating hESCs with 1 mL of trypsin/

EDTA for 8 min at 37°C. Tilt plate from side to side to ensure
that all cells are lifted off the plates and there are no visible
cell clumps.

. Neutralize the trypsin with an equal volume of MSC deriva-

tion medium. Gently pipet the cells up and down about five
times to break up any cell clumps.

. Centrifuge the cell suspension for 5 min at 800x g (4°C),

discard the supernatant, and resuspend the cell pellet in
10 mL of MSC derivation medium.

. Plate the cell suspension on a 100-mm bacterial culture dish

and place the plate on an orbital shaker with gentle shaking
for 2 h at 37°C in a CO, incubator.

. After 2 h at 37°C in the CO, incubator, collect the cells into

a 15-mL Falcon tube.
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3.3. Passaging
hESC-Derived CD105*/
CD24- MSCs

10.

11.

12.

13.

[\

11.

. Centrifuge the cell suspension for 5 min at 800 x g at 4°C.

Wash the cells twice with PBS by resuspending the cell pellet
in 10 mL of PBS each time followed by centrifuging the cell
suspension for another 5 min at 800 x g at 4°C.

. Count cells using trypan blue exclusion or using a Coulter

counter (see Chapter 8) and prepare 1 x 10° aliquotsin 0.5 mL
FACS dilution solution. Aliquot into microcentrifuge tubes.

. Add 10 pL of FITC-conjugated antihuman CDI105 and

10 puL of PE-conjugated antihuman CD24 to the samples.
Incubate with gentle shaking for 40 min at room
temperature.

Centrifuge the cell suspension for 5 min at 800x g (4°C).
Wash twice with PBS.

Resuspend cells in 500 pL. of MSC derivation medium and
sort for CD105*, CD24- cells on a FACSAria using the FACS
Diva software.

After sorting, plate cells at a density of about 500 cells/cm?
on a gelatinized plate (see Note 5).

. Passage hESC-derived MSCs at a 1:3 or 1:4 split.
. Aspirate medium and rinse cells with PBS.
. For a 150-mm plate, add 5 mL of trypsin/EDTA to the cells.

Leave plate in the incubator for 8 min.

. Upon removal of plates from the incubator, tilt plate from

side to side to ensure that all cells are lifted off the plates and
there are no visible cell clumps.

. Add 5 mL of MSC derivation medium to the plate to neutralize

trypsin.

. Gently pipette the cells up and down about five times to break

up any cell clumps.

. Transfer cell suspension into a 50-mL Falcon tube.

. Wash the plate that was trypsinized with another 10 mL of

fresh MSC derivation medium to collect cells that were left
behind. Transfer this medium/cell suspension into the same
Falcon tube.

. Centrifuge at 800 x 4 for 3 min in a cooled centrifuge.
10.

Aspirate supernatant, dislodge cell pellet by tapping on the
outside of the tube, and resuspend cells with 40 mL of fresh
MSC derivation medium. Pipette up and down until cells are
evenly dispersed.

Distribute 10 mL of the cell suspension onto a new gelatinized
150-mm plate followed by 10 mL of pure MSC derivation
medium.
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3.4. Freezing/Thawing
hESC-Derived CD105*/
CD24- MSCs

12.

Feed cells every 48 h until the culture is ~60-75% confluent
and thereafter every 24 h. Cells reach confluency in about
7-9 days (see Note 0).

. Trypsinize a 100-mm confluent plate with CD105*/CD24~

MSCs with 2 mL of trypsin/EDTA for 8 min at 37°C.

. Upon removal of plates from the incubator, tilt plate from

side to side to ensure that all cells are lifted off the plates and
there are no visible cell clumps.

. Neutralize the trypsin/EDTA with an equal volume of MSC

derivation medium. Gently pipette the cells up and down
about five times to break up any cell clumps.

. Centrifuge the cell suspension for 5 min at 200x 4 (4°C),

discard the supernatant, and resuspend the cell pellet in 2 mL
of MSC derivation medium.

. Add 2 mL of 2x freezing medium slowly while shaking tube

to mix the freezing medium with the cell suspension.

. When addition is completed, pipette the cell suspension up

and down a few times to ensure complete and even distribu-
tion of the freezing medium.

. Once freezing medium is added, work quickly to get cells

into a —80°C freezer.

. Aliquot 1 mL of the suspension into prelabeled cryovials.

. Transfer the cryovials to a cryo 1°C freezing container or

“Mr Frosty” and allow the cells to freeze for 48 h at -80°C
before transferring to long-term storage in liquid nitrogen or
at -150°C.

4. Notes

. Dissociation of hESCs to derive MSCs by Invitrogen’s

TrypLE Express or collagenase does not induce differentia-
tion of human ESCs.

. Dissociation of hESCs into single cells is critical in the

derivation.

. Human ESCs can be propagated on MSCs. During the early

stages of MSC derivation, poorly dissociated hESC colonies
will continue to propagate with the newly derived MSCs.

. Repeated trypsinization of hESCs more than five times as

described generally generates a fairly homogenous MSC culture.

. Sorting of cells by FACS significantly reduces the viability of

cells. An alternative method to enhance homogeneity of the
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MSC cultures is to use the more laborious method of limiting

dilution.

6. At the 68th population doubling, we began to observe random
chromosomal aberrations.
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Chapter 13

Differentiation of Human Embryonic Stem Cells
into Mesenchymal Stem Cells by the “Raclure” Method

Emmanuel N. Olivier and Eric E. Bouhassira

Abstract

Mesenchymal stem cells also called mesenchymal stromal cells (MSCs) are multipotent progenitors that
can be found in many connective tissues including fat, bone, cartilage, and muscle. We report here a
simple method to reproducibly differentiate human embryonic stem cells (hESCs) into MSCs that does
not require the use of any feeder layers or exogenous cytokines. The cells obtained with this procedure
have a normal karyotype, are morphologically similar to bone marrow MSCs, are contact-inhibited, can
be grown in culture for about 20-25 passages, exhibit an immuno-phenotype similar to bone marrow
MSCs (negative for CD34 and CD45, but positive for CD44, CD71, CD73, CD105, CD166, HLA
ABC, and SSEA-4), and can differentiate into osteocytes and adipocytes. They are also a very useful
source of autogenic feeder cells to support the growth of undifferentiated hESCs. The ability to produce
MSCs from hESCs should prove useful in obtaining large amounts of genetically identical and genetically
modifiable MSCs that can be subsequently used to study the biology of MSCs as well as possible thera-
peutic applications.

Key words: Embryonic stem cells, Mesenchymal stem cells, Adipocytes, Osteocyte

1. Introduction

Mesenchymal stromal cells (MSCs) are multipotent progenitors
that are thought to be essential for the formation of many con-
nective tissues including fat, bone, cartilage, and muscle (1).
Because of their ability to differentiate, MSCs have a large thera-
peutic potential for cell therapy, regenerative or reconstructive
medicine and have already been used clinically, for instance to
treat diseases such as osteogenesis imperfecta (2—4).

MSCs can be isolated from several adult tissues, including
bone marrow and fat, as well as from fetal tissues. Interestingly,
the proliferation rate of MSCs depends on their developmental

Nicole I. zur Nieden (ed.), Embryonic Stem Cell Therapy for Osteo-Degenerative Diseases, Methods in Molecular Biology, vol. 690,
DOI 10.1007/978-1-60761-962-8_13, © Springer Science+Business Media, LLC 2011
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age, since MSCs derived from adults grow slowly in culture (one
or two divisions per week), while MSCs derived from fetal sources
grow at a faster rate (two to three divisions per week).

The particular protocol described here has the potential to pro-
duce MSCs from human embryonic stem cells (hESCs) that divide
up to once a day, two to three times faster than fetal MSCs. This is
an important practical difference, considering this rapid rate of pro-
liferation allows the rapid production of large amounts of cells.

Adult and fetal MSCs can differentiate in vitro into multiple
lineages including adipocytes, osteocytes, and chondrocytes. The
described protocol, which produces MSCs from hESCs, yields
cells that can reproducibly differentiate into adipocytes and osteo-
cytes. There is a likelihood that these hESC-derived MSCs can
also produce chondrocytes, but we have not yet fully explored
this line of research. We therefore described our cells as bipotent,
although they may have a broader potential. The fact that hESCs
can give rise to multipotential MSCs has been demonstrated in a
study in which hESC-derived MSCs were shown to have the
potential to differentiate into adipocytes, osteocytes, chondro-
cytes, and myocytes (5, 6).

In recent studies, we have compared erythroid cells produced
from hESCs to their in vivo counterparts at different stages of
development and found that hESCs differentiate into red blood
cells that are most similar to embryonic or fetal cells (6, 7). Other
groups have reported similar findings in other lineages (i.e. car-
diomyogenic, hepatogenic, pancreatic) (8-10). To our knowl-
edge, adipocytes, osteocytes, and other cells that can be obtained
from MSCs have not been compared in detail to cells obtained
from fetal or adult MSCs. However, it is likely that hESC-derived
MSCs give rise to embryonic adipocytes and osteocytes that are
subtly different from their adult counterparts. The optimal devel-
opmental age of MSCs for the purpose of regenerative medicine
is unknown and might vary for ditferent applications.

The techniques used to derive MSCs from hESCs are proba-
bly directly adaptable to induced pluripotent stem cells (iPSCs)
(11) and will probably prove invaluable to produce almost infinite
amounts of donor-specific cells to repair connective tissues or for
other applications.

MSCs arise from the mesoderm and can be induced from
hESCs by the activation of the Wnt pathways and the expression of
transcription factors involved in epithelial-mesenchymal transition
(12, 13). Human ESCs grown on mouse embryonic fibroblasts
(MEFs) are exposed to high levels of Wnt signaling. This might
explain why MSCs appear to be a default differentiation pathway
for hESCs. This hypothesis is supported by the fact that most of the
publications reporting MSC differentiation from hESCs, including
our own, use either hESCs grown on feeder layers, medium condi-
tioned by MEF, or co-culture with fibroblastic cells (5, 14-17).
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2. Materials

2.1. Human ESC
Culture and Raclure
Derivation

[—

11.

12.

13.

14.

15.

16.

. hESCs: H1 and H9 from Wicell have been tested.
. MEFs: CF-1 mice have been used, but the origin of MEFs

does not seem to matter. See Chapters 2 or 6 for preparation
of feeder cells.

. Fetal bovine serum (FBS): Sera from Invitrogen and Atlanta

Biologicals have been used, which were originally selected on
their ability to generate hematopoietic stem cells from hESCs.
Freeze upon arrival.

. Knockout serum replacement (KSR) (Invitrogen): Keep at

-20°C.

. High-glucose Dulbecco’s Modified Eagle’s Medium

(DMEM) with L-glutamine: Keep refrigerated.

. DMEM/F12 with L-glutamine: Store at 4°C.
. 1x Dulbecco’s phosphate-buftered saline (DPBS) without

Ca?*/Mg?* (Cellgro or Hyclone).

. L-glutamine 200 mM (100x) or GlutaMAX I (100x)

(Invitrogen): Store at 4°C.

. Nonessential amino acids (NEAA; 100x): Store at 4°C.
10.

Penicillin (50 U/mL)/streptomycin (50 pg/mL): Store
at -20°C.

Collagenase type 1V, trypsin/EDTA, Dispase, and TrypLE
Express.

Basic fibroblast growth factor (bFGEF, R&D Systems):
Lyophilized samples are stable for up to 12 months at -20°C.
Prepare a 100 pg/mL stock solution in sterile PBS contain-
ing 0.1% bovine serum albumin. Upon reconstitution, store
at 4°C for 1 month or at -20 to -70°C in a manual defrost
freezer for 3 months. Avoid repeated freeze—thaw cycles. Add
freshly to medium before use.

Gelatin, 2% in water, tissue culture grade, sterile, Type B, cell
culture tested: Store at 4°C.

Dimethyl sulfoxide (DMSO): Store at room temperature.
Wear gloves as harmful if absorbed through skin.

Tissue culture ware, tissue culture treated (i.e. Nunc, Falcon
or Corning).

Modified Pasteur pipette: Elongate and twist on a Bunsen
burner, so the end is curve and closed. Do so under a ste-
reoscopic binocular in a custom made hood (a Plexiglas box
with doors, which is sterilized with UV light before
use).
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17.

18.

2.2. Flow Cytometric 1.
Analysis

2

3
2.3. Osteogenic 1.
Differentiation

2

3

4

5

6
2.4. Adipogenic 1.
Differentiation

2

3

Human ESC medium: Combine DMEM /F12, 20% KSR,
2 mM L-glutamine, or 1x GlutaMAX I as well as 0.1 mM
NEAA solution and 4 ng/mL bEGF.

Freezing medium: 80% DMEM supplemented with 10% FBS,
and 10% DMSO.

Antibodies used for CD13, CD71, CD105, HLA-ABC, and
isotypes control for IgGl, IgG2a, IgG3, and FITC Rat anti-
mouse IgG (H+L) are from eBioscience. CD34 FITC,
CD45PE, CD73PE, and isotypes control for IgG K FITC,
IgG K PE, and FITC rat anti-mouse IgG, are from BD
Biosciences, CD44 and SSEA-4 are from Developmental
Studies Hybridoma Bank.

. 1x DPBS without Ca*/Mg?** (Cellgro or Hyclone): Prepare

staining bufter with 5% KSR in DPBS.

. Formaldehyde (37%): Toxic and combustible. Wear appropriate

protection. Make a 10% formalin in DPRBS solution. The final
concentration of formaldehyde is 3.7%, as formalin is generally
provided as an aqueous solution of 37% formaldehyde.

D10 medium: DMEM supplemented with 10% of FBS, 1x
NEAA, and 1% penicillin/streptomycin (ingredients see
Subheading 2.1).

. Dexamethasone: Store powder at 4°C. Use personal protec-

tive equipment when weighing in and avoid breathing dust.
Prepare a stock solution by adding 1 mL absolute ethanol per
milligram product (2.55 mM). Add 25.5 mL sterile D10
medium per milliliter of ethanol added to achieve the final
concentration of 1 WM. Sterile filter if necessary. Freeze working
aliquots, avoid repeated freeze—thaw cycles.

. Ascorbic acid-2-phosphate: Prepare a 50 mM stock solution

in sterile water or DPBS without Ca*/Mg?** (Hyclone or
Cellgro). Store aliquots at -20°C.

. B-Glycerophosphate: Prepare a 1 M stock solution by adding

10 mL of DPBS per 2.16 g of B-glycerophosphate.

. 70% Ethanol: Highly flammable. Store at room temperature.
. Alizarin Red S: Prepare a 0.5% Alizarin Red S staining solu-

tion in water. Adjust pH to 4. Store at room temperature.

D10 medium: DMEM supplemented with 10% of FBS, 1x
NEAA, and 1% penicillin/streptomycin (ingredients see
Subheading 2.1).

. Dexamethasone: Prepare a 1 uM stock solution as described

above.

. Indomethacin: Cyclooxygenase inhibitor with specificity

selective for COX-1. Substance is practically insoluble in
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water, but soluble in ethanol, ether, and acetone. Not stable
in alkaline solutions, therefore adjust pH to 7.

4. Insulin: Store powder at 0°C. To prepare 10 mg/mL stock
solution, add 10 mL of acidified H,O. Acidified H,O is made
by approximately 0.1 mL of glacial acetic acid. The pH is <2.
Stock solution is stable for 1 year at -20°C.

5. 3-Isobutyl-1-methylxanthine (IBMX): Considered stable at
room temperature, but freezing is recommended. Nonspecific
inhibitor of cAMP and ¢cGMP phosphodiesterases. Dissolve
in DMSO and store aliquots at -20°C. Stable for several
months.

. 1x DPBS without Ca?*/Mg?** (Cellgro or Hyclone).

. Formaldehyde (37%), see above.

. 70% Ethanol (see above).

. Oil Red-O: Make a 0.3% Oil Red-O staining solution in iso-
propanol and store at room temperature.

O 0 NN O\

3. Methods

3.1. The “Raclure”
Method

In most cultures of undifferentiated hESCs, a small amount of
differentiation occurs as the colonies increase in size. These dif-
ferentiated cells, which are easily recognizable under a microscope
at low power, must be removed by mechanical scraping, other-
wise they invade the whole culture. The “raclure” method, which
produces MSCs from hESCs, is based on observations that these
spontaneously differentiated cells give rise to homogenous cul-
tures of MSCs when placed in appropriate growth conditions.

1. Culture hESCs on feeder cells in hESC medium. Feeder cells
were either MEFs or previously derived ESC-MSCs, y-irradi-
ated (80 Gy), and plated at 75,000 cells/cm? in gelatinized
(0.1%) six-well plates. For details on how to gelatinize plates
and generate feeder layers see Chapter 2. Human ESC-derived
MSCs can be used up to passage 15.

2. Scrape differentiating colonies or chunks of colonies from
plates of hESCs ready to be passaged (67 days after they are
plated) using one of the modified Pasteur pipette. Figure la
illustrates the morphology of a differentiated colony (see
Fig. 1a).

3. Afterwards, collect the scraps (or raclures in French) in a
15-mL tube and leave them to sediment at the bottom of the
tube for at least 5 min (see Note 1).

4. Discard the supernatant and plate the “raclures,” a mixture of
irradiated feeder cells and pieces of hESC colonies at different
stages of differentiation. Plate raclures from one six-well plate
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Fig. 1. Morphological appearance of hESCs and hESC-derived MSCs. (a) Micrograph of a large differentiated colony
bordered by a small undifferentiated one. (b) Micrograph of hESC-derived MSCs.

3.2. Flow Cytometric
Analysis

of hESCs that contains no more than 10-15% of differentiated
cells (see Note 2), in a T25-cm? flask (Corning) in 8-10 mL
of D10 medium at 7.5-10% CO, (see Note 3).

. Incubate the raclures for about 2 months (see Note 4) and

feed once every 1-2 weeks by completely changing the
medium (D10) (see Note 5). At this point, the hardest part is
to not completely forget about the cells (see Notes 6 and 7).

. After about 2 months, the epithelium structure can be dis-

sociated using a mixture of collagenase type IV (200 U/
mL) and dispase (50 U/mL) for 1 h (2 mL of each), fol-
lowed by the addition of 4 mL of trypsin and 3-5 more
hours of incubation, or simply by using TrypLe Express for

2-3 h.

. Plate the dissociated cells including the remaining clumps of

cells in T75-cm? (Corning) in D10 medium (see Note 8).
Two to three days later, the cells should attach and form a
layer of cells.

. After 2-3 days, (see Note 9), the culture should be almost

uniform and exhibit a regular fingerprint-like pattern (see
Fig. 1b).

. After 2-3 additional passages, the morphology of the cell

population should be completely homogenous and character-
ization by flow cytometry and functional differentiation can
be carried out as described below (see Fig. 2a, b).

. Harvest cells using TripLE Express, then wash and resuspend

the cells in staining buffer at a concentration of 10° cells/mL.

. Stain 10° cells with each antibody or antibody combinations.

Use antibody concentrations according to the manufacturer’s
instructions and dilute in DPBS.

. Incubate for 20 min at 4°C.
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Fig. 2. Marker expression and differentiation capacity of hESC-derived MSCs. (a) Antigenic profile of hESC-derived MSCs.
As for MSCs from other origin, expression of CD13 and SSEA4 may vary. (b) Micrograph of hESC-derived MSCs after
osteogenic and adipogenic differentiation.

4. After staining, wash cells twice with staining buffer or DPBS
and resuspended in 500 uL of staining buftfer.

5. At least 10,000 events are acquired for each sample and dis-
tinction between viable and nonviable cells is estimated based
on the granularity of the cells (side scatter).

6. Cells can be fixed after staining. To do this, rinse the cells
twice with DPBS only (no protein) after they have been
stained, resuspend in 10% formalin in DPBS solution, and
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3.3. Osteogenic
Differentiation Assay

3.4. Adipogenic
Differentiation

store at 4°C in a dark environment until they are ready to be
analyzed. The cells may be stored for up to 96 h without
noticeable decay of the fluorescent signals.

. Seed cells at 1,000-3,000 cells/cm? in D10 medium in a 6- or

12-well plate (see Note 10).

. When the highest plated density reaches 50-70% confluence,

supplement the growth medium with 100 nM dexametha-
sone, 50 pM ascorbic acid-2-phosphate, and 10 mM
B-glycerophosphate.

. Replace the medium every 3—4 days for 21 days.

4. Then wash cultures twice with DPBS, fix them in a solution

of ice-cold 70% ethanol for 1 h, and stain the cultures for
10 min with 1 mL of 40 mM Alizarin Red S (18).

. Cells are seceded at 0.5 x 10* to 10*cells/cm? and two methods

can be used to induce adipogenic differentiation.

. In the first method, which is widely used to differentiate adult

MSCs into adipocytes, place the confluent MSCs in D10
medium supplemented with 1 pM dexamethasone, 0.2 mM
indomethacin, 10 ug/mL insulin, and 0.5 mM IBMX.

. In the second method, termed SWH for serum withdrawal /

hypoxia method, place the confluent MSCs in hESC medium
in partial hypoxia (5% O,) (see Note 11).

. In both cases, replace the medium every 3—4 days for 21

days.

. Then wash cells three times with DPBS, fix in 10% formalin in

DPBS for 1-2 h, and rinse three times with water and once
with 70% ethanol. Afterwards, stain cells for 15 min with fresh
Oil Red-O staining solution, rinse several times with 70% eth-
anol to clear the diffusing dye, and cover with water (19).

4. Notes

. Instead of using scraps of cells, MSCs can also be produced

by mechanically dissociating slightly overgrown unditferenti-
ated hESCs (2 days more than a regular passage to capitalize
on the spontancous differentiation at the edge of the colo-
nies) with a 5- or 10-mL glass pipette and by following the
same protocol. If this alternate procedure is used, it is impor-
tant not to completely dissociate the cells, since at this stage,
clumps of cells appear essential to initiate the formation of the
epithelium, and single cells would float and die. The feeders
coming along within the scraps do not have to be removed
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and, in fact, may help the clumps to settle down. Since they
are mitotically inactivated, they will be eliminated from the
differentiation culture during the medium changes.

2. Initial seeding density must be kept low to allow the clumps
to become isolated adherent colonies. High seeding density
seems to favor the apparition of fast growing, short living
fibroblasts, and impair the differentiation into MSCs.

3. A relatively high CO, concentration (at least 7.5%) is impor-
tant as the increased acidity improves the differentiation
toward MSCs. Production of MSCs in the presence of 5%
CO, was not successful in our hands.

4. Important: Early dissociation of the epithelium-like structure
yields cells that do not have the typical characteristics of
MSCs. We hypothesize that the differentiating hESCs
undergo an epithelial-mesenchymal transition, and this pro-
cess happens pretty late in our conditions. It might be possi-
ble to recover MSCs at earlier stages by sorting them using
CD73, CD271 (LNGF receptor), or CD349 (Frizzled 9)
(20), but we have not fully explored this protocol.

5. We have not extensively tested alternative medium formula-
tion. It is therefore quite possible that more elaborate or spe-
cialized media (low-glucose DMEM or serum-free
formulation) may yield hESC-derived MSCs with a broader
differentiation potential.

6. A thick epithelium-like structure should progressively form
and cover the whole culture area. During the 2-month incu-
bation, layer of cells often detach from the borders of the
plate and curl. New cells generally start growing underneath
the detaching cells (see Fig. 3). The detached layer of cells
can therefore be discarded. Alternatively, the detached layer
of cells can be plated on a new flask since they will also give
rise to MSCs.

7. The optimal time of differentiation is between 45 and 60
days. Before that, the cells obtained are not MSCs in majority,
although MSCs can be sorted. Incubation longer than 2
months does not seem to add anything to the protocol.

8. At the end of the initial long step of differentiation, the ability
of the cells to attach to plastic, one of the characteristics of
MSCs, is a natural way to select them when the epithelium-
like structure is dissociated and replated.

9. After the first dissociation, the entire contents of a T25-cm?
flask are plated in a T75-cm? flask. The flasks should be checked
frequently and cells should be passed as soon as confluence is
reached to keep dynamic culture and to avoid loss of potential.
Time to confluence varies between 2 and 10 days.
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Fig. 3. Raclure cells during establishment of cultures. Micrograph of a cell layer detaching from the culture plate. The
panel shows cells starting to grow at the interface of the plate and the detaching layer.

10. Rapid cell proliferation seems to impair the differentiation if
confluence is reached too soon. We therefore recommend
starting with a range of cell concentrations.

11. The SWH method is used preferentially as it is simpler and
less dependent on the cell concentration.

The monoclonal antibodies for CD44 and SSEA-4 developed by
J.T. August and J.E.K. Hildreth, and D. Solter, respectively, were
obtained from the Developmental Studies Hybridoma Bank,
developed under the auspices of the NICHD, and maintained by
the University of lowa, Department of Biological Sciences, lowa
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Chapter 14

Improved Media Compositions for the Differentiation
of Embryonic Stem Cells into Osteoblasts and Chondrocytes

Beatrice Kuske, Vuk Savkovic, and Nicole I. zur Nieden

Abstract

Differentiation procedures leading to osteogenic and chondrogenic differentiation of embryonic stem
cells (ESCs) have been established and well upgraded over the past decade. Novel cell-culture conditions,
signaling inducers, and chemical modifications of cellular environment have been found and optimized
for use as steering or supporting modules in ESC differentiation.

While most of the novel studies of osteoblasts or chondrocytes differentiated from ESCs deal with their
regenerative potential, the “childhood diseases” of basic differentiation have not yet been quite solved.
Purification procedures are still facing a lack of exclusive markers for osteogenic progenitors and a collateral
development of other cell types at the end points of differentiation that possibly lead to teratomas.

This chapter discusses the role of novel markers and inducers in osteogenic and chondrogenic
differentiation, their effect on signaling pathways, particularly on that of Wnt/beta-catenin, and the
time-specific manner of their action. We present an improved osteogenic differentiation protocol based
on the hanging drop method and a time-optimized use of 1a,25-(OH), vitamin D,, all-trans retinoic
acid, and bone morphogenetic protein 2 (BMP-2) with an end point efficiency increased up to 90% and
a protocol for chondrogenic differentiation, which employs BMP-2 and transforming growth factor 1
as chondrogenic inducers, with 60% chondrogenic end point efficiency.

Key words: Osteogenesis, Vitamin D3, ATRA, Hanging drop protocol, Morphometric image
analysis, Chondrogenesis, Expression analysis

1. Introduction

1.1. Osteogenesis Differentiation procedures leading to osteogenic differentiation
in Embryonic Stem of embryonic stem cells (ESCs) have been constantly upgraded
Cells over the past decade. Novel additives have been used, and once

elucidated, time points of their use have been specified. In its
present status, in vitro differentiation of ESCs into osteoblasts
demands addition of several factors, which are normally released
by the in vivo surroundings of the osteoblasts. The prerequisite
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additives are PB-glycerophosphate as a source of phosphate,
ascorbic acid, and the active form of vitamin D, (VD,) or dexam-
ethasone, which has been acknowledged as a differentiation factor
and a potentiator of mineralization (reviewed in (1)).

The potential of dexamethasone to convert a portion of differen-
tiating murine ESCs into matrix-secreting osteoblasts has first
been shown in 2001 by Buttery and coworkers (2). The following
three publications on osteogenic differentiation of ESCs concen-
trated on evaluating different inducers in mice (3, 4) and the
same inducer in man (5). While the field has been relatively slow
in describing optimized techniques for the steered differentiation
of both murine and human ESCs (hESCs), novel reports focus on
evaluating the repair capabilities of such ESC-derived osteoblasts
and /or their precursors (6, 7). Yet, the application of ESC-derived
osteoblasts in transplantation models faces the same challenges as
other ESC-derived cell types: the impure differentiation outcome
and the lack of proper purification favor the growth of teratomas
when such mixtures of cells are transplanted. Therefore, this
chapter briefly assesses studies that discuss how such differentia-
tions could be effectively enhanced, while it suggests a particular
protocol to steer differentiation outcome in osteoblasts, in the
methods section to follow.

Osteogenic induction is a very time-specific process, and an
accurate use of each inducer appears to be essential; vice versa,
wrong timing can be very counterproductive. The initial publica-
tions already showed that osteogenic induction of ESCs is a highly
time-specific and time-regulated process, as osteogenic inducers
were only effective at specific differentiation periods as assessed
by the number of mineralized nodules and expression of the
bone-specific genes osteocalcin and bone sialoprotein (2, 3). For
example, controversial reports exist that all-trans retinoic acid
(ATRA), commonly known as a regulator of neurogenesis, car-
diogenesis, body axis extension, and development of the forelimb
buds, foregut, and eye (8), may enhance or decrease the number
of mineralized nodules (4, 9). Ultimately, it has been suggested
that both ATRA and bone morphogenetic protein 2 (BMP-2) aid
the osteogenic differentiation process at specific stages of the
in vitro developmental program (4, 9-11).

Staging of the progression of the osteogenic developmental
program is not an easy task, first and foremost, due to the lack of
appropriate and exclusive markers for osteogenic progenitors.
With the aim of identifying novel markers for progenitors with
osteogenic potential, gene microarray analyses have been carried
out simultaneously by our group and by Bourne and coworkers
(9, 12). Bourne and coworkers identified cadherin-11, an osteo-
blast-specific molecule of the cadherin family (13), as a useful cell
surface marker for purifying an osteogenic progenitor population
(12). Cadherin-11-positive cells not only differentiated into a
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1.2. Ghondrogenesis
in Embryonic Stem
Cells

population of cells that formed a higher number of mineralized
nodules, but also responded to BMP-2 and dexamethasone,
whereas the cadherin-11-negative cells remained undifterentiated
and nonresponsive.

In contrast, our group utilized these microarray gene profiles
to devise novel osteogenic induction schemes, increasing osteo-
genic efficiency to over 90% (9). We succeeded by closely mim-
icking the endogenous expression of members of specific signaling
pathways by adding ATRA and BMP-2 as exogenous activators of
such pathways, finding that these would modulate the expression
and localization of beta-catenin (CatnB), a key molecule in the
Whnt signaling cascade. These findings suggest an existence of a
common mechanism for VD, and ATRA that mediates reduction
of canonical Wnt signaling through CatnB at particular differen-
tiation time points, while BMP-2 induced nuclear CatnB activity
at other time points.

Despite the controversial reports in regard to various time
points, a time-optimized use of VD,, ATRA, and BMP-2 has
helped develop a highly efficient standard operating procedure
for osteogenic differentiation of ESCs. This improved osteogenic
differentiation medium composition is presented here. Although
still suboptimal, since it relies on medium supplemented with
undefined fetal bovine serum (FBS), this protocol could repre-
sent a large step forward in osteoblast tissue engineering.

The chondrogenic differentiation potential of a stem cell
immensely depends on its origin, but can be manipulated with
certain media additives and the right kind of microenvironment.
For example, coculture conditions have been employed to
enhance chondrogenic differentiation from ESCs and to pro-
mote growth. As such, fully differentiated chondrocytes provide
conditioning of the microenvironment and are able to direct
ESCs into chondrogenic differentiation. Coculturing of human
ESCs (hESCs) with limb bud progenitor cells or primary chon-
drocytes (14, 15) supports cell growth and a mature chondro-
genic phenotype.

Furthermore, chondrogenic growth factors such as insulin-
like growth factor 1 (IGF-1) (15) or combinations of growth fac-
tors (16, 17) represent other options for inducing chondrogenesis
not only in pellet micromass cultures, but also in monolayer
approaches (18). Early studies have suggested that chondrogenic
differentiation of mesenchymal progenitor cells is modulated by
numerous cytokines of the transforming growth factor beta
(TGE-B) superfamily (19). Involvement of TGFE-f isoforms 1, 2,
and 3, as well as BMPs, in chondrogenic differentiation has been
clearly shown in terms of aftecting the expression of collagen type

ITA and aggrecan, the two most specific chondrocyte markers
(16,20-22).
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Mostly, the pellet culture system is used for chondrogenic
differentiation of stem cells, for example, mesenchymal stem
cells (MSCs), which is an established model for evaluating
chondrogenesis (23-25). Pellets are made from single-cell sus-
pensions of MSCs by placing them in nonadherent conditions
and subsequently subjecting them to forced aggregation,
induced by centrifugation. However, the high cell density and
extensive cell-cell contact within the pellet may not fully repre-
sent the original cartilage repair strategies. Alternatively, tissue
engineering strategies using matrices target a lower density of
cells distributed within a 3D environment.

High cell density cultures, such as embryoid body (EB)
direct-plating outgrowth, EB-derived high-density micromass
and pelleted mass, vigorously increase expression levels of carti-
lage markers in hESC-derived EBs and mesenchymal precursor
cells (26-28). Apparently, a high-density 3D environment favors
cell-cell interactions, which mimic those of precartilage conden-
sations and hereby promote chondrogenic differentiation of
ESCs. Polyethylene glycol (PEG) hydrogels, for example, provide
such a three-dimensional environment, which can mimic a chon-
drogenic environment in vitro. Still, in the absence of proper
growth factors, the initial alginate or PEG gel encapsulation
studies with ESC-derived MSCs have shown no difference in
chondrogenic commitment between encapsulated and monolayer
cultures of ESCs.

Addition of TGF-B, to PEG gels induces neocartilage forma-
tion from encapsulated ESC-derived MSCs, as observed through
high levels of cartilage markers and deposition of extracellular
matrix (29). Chemical modification of PEG gels further improved
mimicking of the condensing mesenchyme not only by its mech-
anistic but also by its signaling properties. Arg-Gly-Asp-(RGD)-
modified polyethylene glycol-diacrilate hydrogel (PEGDA),
enriched with collagen type I and hyaluronic acid, actively
induced differentiation of hESCs into a chondrogenic pheno-
type (30). Due to a limited diffusion of TGF-f, through the gel,
only a restricted matrix production has been observed but it is
still sufficient to claim a better support of chondrogenic differen-
tiation than the encapsulation in alginate. Although alginate
alone is expected to be instructive as a scaffold for the develop-
ment and maintenance of chondrogenic phenotype, alginate-
encapsulated intact EBs as well as monolayer-grown disrupted
EB-derived cells display a very modest, if any, chondrogenic phe-
notype (27).

We present here a hanging drop approach to induce chon-
drogenic differentiation in intact adherently grown EBs, using
some of the typical chondrogenic inducers, such as BMP-2 and
TGE-B1, which can produce roughly 60% of chondrogenic cells
in the mixture of differentiating ESCs (22).
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2. Materials

2.1. Osteogenic
Differentiation

10.

11.

. 1x Phosphate-buffered saline (PBS), without Ca?* and Mg?*,

pH 7.4 (Invitrogen).

. Murine embryonic stem cells, preferably the D3 ESC line

(American Type Culture Collection, see Note 1).

. Control differentiation medium (CDM): High-glucose

Dulbecco’s Modified Eagle’s Medium (DMEM) (1x), with
L-glutamine, without pyruvate (Invitrogen). Prepare com-
plete medium by adding 15% FBS (PAN, batch-tested for
osteogenic and chondrogenic differentiation of ESCs, respec-
tively), 1% nonessential amino acids (NEAA, 100x), 0.1 mM
2-mercaptoethanol (cell culture tested), and penicillin G/
streptomycin sulfate (final concentration 50 U/mL penicillin
and 50 ug/mL streptomycin). Store the complete medium at
4°C for up to 2 weeks.

. Beta-glycerophosphate: maintain a stock solution of 1 M in

PBS, filter-sterilize through a 0.2-um filter, and keep at -20°C.

. Ascorbic acid: make a stock of 50 mg/mL in PBS, filter-

sterilize (0.2-um filter), and maintain at —-20°C.

. 1o, 25-(OH), vitamin D,: prepare a stock solution of

1.2x10* M in DMSO. Aliquot and store at -20°C.

. All-trans retinoic acid (ATRA): dissolve vial content in

DMSO. Store this stock at -20°C. Predilute upon need
freshly 1:1,000 in tissue culture medium. Use a final dilution
of 1:1,000 of this predilution in your culture.

. Bone morphogenetic protein 2 (BMP-2, R&D Systems):

reconstitute 100 ug BMP-2 in 10 mL of sterile PBS/0.1%
BSA to obtain a 10 pg/mL stock solution. Aliquots can be
stored at —20°C for 4 weeks or at —~80°C for up to 3 months.

. Osteogenic differentiation medium (ODM1): CDM supple-

mented with 10 mM beta-glycerophosphate, 25 pg/mL
ascorbic acid, and 5x10* M la, 25-(OH), vitamin D,. Use
asterile filter unit to filter the media. Store the filtered medium
at 4°C for up to 2 weeks (see Note 2).

Osteogenic differentiaion medium (ODM2): CDM supple-
mented with 10 mM beta-glycerophosphate, 25 pg,/ml ascor-
bicacid, 1 x107 M ATRA, and 5x107* M 1o, 25-(OH), vitamin
D,. Filter-sterilize as described for ODM1 and store at 4°C.

Osteogenic differentiation medium (ODM3): CDM supple-
mented with 10 mM beta-glycerophosphate, 25 pg/mL
ascorbic acid, 10 ng/mL BMP-2, and 5x10% M lo,
25-(OH), vitamin D,. Filter-sterilize and store as described
for ODM1 and ODM2.
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2.2. Chondrogenic
Differentiation

12.

13.
14.

15.

10.

Trypsin, 0.25% (1x) with ethylenediaminetetraacetic acid
(EDTA) - 4Na, liquid (Invitrogen).

0.4% trypan blue.

Automatic cell counter (i.e. CASY model TTC) or hemocy-
tometer (VWR).

Plasticware such as bacteriological petri dishes (100 mm
%20 mm), i.e. Greiner Bio-One, tissue culture-treated
plates, 24-well or 6-well plates (Greiner Bio-One), and
15- and 50-mL Falcon tubes (BD Biosciences).

. T-flasks 25 cm? and 24-well tissue culture plates, i.e. Corning

or BD Bioscience (see Note 2).

. Bacterial petri dishes 100 mm & x 20 mm for the hanging drop

culture, such as Greiner Bio-One and bacterial petri dishes
60 mm @x 15 mm for EB suspensions (Greiner Bio-One).

. 1x PBS, without Ca?* and Mg**, pH 7.4 (Invitrogen).
. Transforming growth factor B1 (TGF-f,), human, recom-

binant (Sigma): dissolve the vial content in sterile 4 mM
HCI (Merck),/0.1% bovine serum albumin (BSA) to obtain
a 2 pug/mL stock solution. Aliquots can be stored at
-20°C.

. Insulin: dissolve the sterile vial content in 10 mL of sterile

PBS to prepare a stock solution of 10 mg/mL. Aliquot into
cryotubes and store at -20°C.

. L-ascorbic acid: prepare a stock solution of 5 mg/mL in PBS.

Aliquot into cryotubes and store at —20°C.

. BMP-2 (R&D Systems): reconstitute 100 ug BMP-2 in 10 mL

of sterile PBS /0.1% BSA (Sigma) to obtain a 10 ug/mL stock
solution. Aliquots can be stored at -20°C for 4 weeks or at
-80°C for up to 3 months.

. Chondrogenic control medium (CCM): Same as CDM (see

above).

. Chondrocyte differentiation medium 1 (CCDMI1): High-

glucose DMEM (Invitrogen) containing 2 mM L-glutamine
supplemented with 20% FBS (Invitrogen), 1% MEM nones-
sential amino acids, and 0.1 mM 2-mercaptoethanol. Add
TGEF-B, and BMP-2 to final concentrations of 10 ng/mL.
Store at 4°C for 2 weeks only.

Chondrocyte differentiation medium 2 (CCDM2): High-
glucose DMEM with 2 mM L-glutamine (Invitrogen) con-
taining 20% FBS (Invitrogen), 1% MEM nonessential amino
acids, and 0.1 mM 2-mercaptoethanol. Supplement with
1 pg/mL insulin and 50 pg/mL ascorbic acid, as well as
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2.3. RT-PCR
and Quantitative
PCR Analysis

2.4. IMAGE Analysis

10.
11.
12.
13.

14.
15.
16.
17.

18.
19.
20.

1.

BMP-2, to a final concentration of 10 ng/mL. Store at 4°C
and use for not longer than 2 weeks.

. 1x PBS, without Ca** and Mg**, pH 7.4 (Invitrogen).
. RNeasy Mini Kit, including lysis buffer. Prepare a working

solution of RNA lysis buffer by adding 10 uL. 2-mercaptoethanol
(Sigma) per mL RLT-buffer (provided with the kit).

. Qiashredder homogenization columns (Qiagen).
. 21-G needle and syringe.
. TE butter, pH 7.5-8.0: 10 mM Tris base/1 mM EDTA in

distilled H,O.

. NanoDrop or regular spectrophotometer to measure RNA

concentration.

. Random hexamer primers (Invitrogen).
. Deoxynucleotide triphosphates (dNTDPs): Make a 10 mM

stock solution by combining one part of each 100 mM dNTP
stock plus six parts of TE buffer.

. RevertAid reverse transcriptase (Fermentas), provided with

5x first strand (FS) butffer.

RiboLock RNase inhibitor (Fermentas).
RNase H (i.e. Invitrogen).
DEPC-treated RNase-free water.

Gene-specific primers and primers for housekeeping genes
(Table 1) at a concentration of 20 mM each forward and
reverse primer [ RT-polymerase chain reaction (RT-PCR)] and
at 2.5 mM for quantitative PCR. Dilute primers in TE bufter.

Taq Polymerase, provided with MgCl, and 10x PCR butfter.
ABGene qPCR Kit.
qPCR plates (i.e. Eppendort).

Thermocycler, i.e. Mastercycler (Eppendorf) and qPCR
cycler, i.e. Lightcycler (Roche).

Agarose (i.e. Peqlab).
1% EtBr solution.

GelDoc System (gel scanning and documentation), i.e. Kodak
Gel Logic 100 (Raytest) or similar ones.

Inverted microscope with 4x and 10x objectives, i.e. Olympus
IX70 with SPOT Advanced Imaging system (Diagnostic
Instruments).

. IMAGE ] 1.33u image analysis program. Freely available

from the National Institutes of Health at http: //rsbweb.nih.
gov/1j/download.html.
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3. Methods

3.1. Differentiation
Initiation

Murine, human, and primate embryonic stem cells are routinely
cultivated as described in Chapters 2 and 5, with routine checks
for karyotypic stability and mycoplasma contamination. Examine
the cells daily using a phase contrast microscope. Any changes in
morphology or their adhesive properties should be noted. Prior
to use, all media should be prewarmed to 37°C in a water bath or
incubator, and trypsin/EDTA should be brought to room tem-
perature. When the cells approach 80% confluency, they should
be removed from the culture flask by trypsinization as follows:

1. Decant the ESC medium or aspirate it off. When decanting,
wash cells twice with 1x PBS.

2. Trypsinize murine ESCs into single cells (see Note 3). Add
1-5 mL of trypsin/EDTA to the cells depending on the sur-
face area of your dish or flask (1 mL for a T25-cm? culture
flask, 5 mL for a T75-cm? flask) and incubate at 37°C.

3. Quench the trypsin/EDTA after approximately 5 min with at least
the same amount of CDM. Break murine ESC colonies into
single cells by repeatedly pipetting up and down (see Note 4).

4. Depending on the total volume, transfer cells into a 15-mL or
50-mL Falcon tube.

5. Centrifuge the cells at 200 x4 for 5 min.

6. While the cells are being pelleted, remove the 100-mm dishes
needed for your experiment (see Subheading 3.2, step 6) out
of the plastic sleeve. Add 10 mL of sterile PBS into each dish.

7. Decant or aspirate the supernatant from the pelleted cells and
resuspend the cell pellet carefully and thoroughly in CDM by
repeatedly pipetting up and down with a 2-mL serological
pipette or a 2.5-mL Eppendorf pipettor.

8. Count cells using an automatic cell counter, which distin-
guishes between viable and dead cells, or a hemocytometer by
trypan blue exclusion. For the latter, add 20 pL of trypan
blue solution to 180 uL of cells and use 10 pL of this cell
solution for counting. Multiply cell count by 10 to factor in
dilution with trypan blue.

9. Prepare a dilution of 3.75x10* cells per mL in a 50-mL
Falcon tube in CDM, taking only the viable cells into consid-
eration for your calculation (see Note 5).

10. Using a Repeator® pipettor with a 2-mL combitip attached,
pipette 20 pL droplets of cell suspension onto the lid of the
petri dish (see Note 06).

11. Turn the lid over carefully into its regular position (the
droplets should now be hanging from the inner side of the
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Fig. 1. lllustration of the hanging drop culture procedure on day three of differentiation. EBs that have been generated in
hanging drops during the first three days of differentiation are washed off the slightly elevated petri dish lid with a 1-mL

pipette tip.

12.

lid) and put on top of the petri dish filled with PBS. Place
the “hanging drops” in the incubator (5% CO,, 37°C).

On day three of this protocol, pipette 5 mL of medium into
the lid of the @ 100 mm “hanging drop” culture dish. Hold
the lid at approximately a 45° angle to rinse the embryoid
bodies (EBs) down to the bottom (Fig. 1). Using a sterile
2.5-mL pipettor (to avoid damage to the EBs), gently trans-
ter the total suspension to a 100-mm & bacterial petri dish
filled with fresh CDM. Using the same technique, transfer
the content of a second hanging drop dish into the same bac-
terial dish.

3.2. Osteogenic For osteogenic differentiation of hESCs and primate ESCs, form
Differentiation EBs as described in Chapter 4 using CDM, then follow the pro-
tocol below, which is the same for ESCs of all species.

1.

On day 5 of the differentiation, fill a fresh bacteriological
petri dish (& 100 mm) with approximately 5 mL of pre-
warmed (37°C) trypsin/EDTA (see Note 7).

. Gently rotate the dish containing the EBs in one direction to

collect EBs at the center of the dish. Collect the aggregated
EBs from the center of the dish using a 1-mL pipette.

. Transfer EBs into the petri dish filled with trypsin/EDTA.

Try to transfer as little medium as possible. Incubate for 8 min
at 37°C.
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3.3. Chondrogenic
Differentiation

4.

10.

Mechanically disperse the EBs in the petri dish by repeatedly
pipetting up and down. Check by microscope if the suspen-
sion consists of single cells (see Note 8).

. Transfer the cell suspension into a Falcon tube with 5 mL of

CDM and centrifuge at 200 x4 for 5 min.

. Take off the supernatant and resuspend the pellet in ODMI1

tor those cells that should be differentiated towards the osteo-
genic lineage and CDM for the control cells. Count the cells
and plate them at a density of 5x10*/cm? onto cell culture
plates coated with 0.1% gelatin (see Notes 2 and 9).

. After 24 h, change medium in the osteogenic cultures to

ODM2. Be careful not to disrupt the cells. Do not change
medium in the control cultures at this point.

. Cultivate the cells for 17 days in humidified atmosphere with

5% CO, at 37°C, and change the medium every second day
using CDM for control cultures and ODM2 for osteogenic
cultures (see Note 10).

. On day 23 of the differentiation, change medium in the

osteogenic cultures to ODM3. Keep changing the medium in
the control cultures (CDM). Again, change medium to fresh
ODM3 every second day.

Look for black deposit in phase contrast microscopy through-
out the culture period, as this is the osteoblast specific matrix
(see Note 11). Examples of respective appearance of osteogenic
cultures for murine, human, and primate ESCs are shown in
Fig. 2. Cultures are fully mature around day 28 when osteocalcin
expression is highest.

. Prepare a solution of ESCs as described in Subheading 3.1, steps

1-8 in CCM. Prepare the cell suspension in a 50-mL Falcon
tube and adjust the cell concentration to 4 x 10* cells/mL.

. Keep the cells in suspension by frequent gentle agitation

during the following steps and leave at room temperature
only for the shortest time period necessary.

. Using a Repeator® pipettor, prepare hanging drops as

described in Subheading 3.1, steps 10 and 11.

. On day 3 of the differentiation, follow Subheading 3.1, step

12 using CCM for the untreated control cultures and CCDM1
for the chondrogenic cultures.

. Cultivate this EB suspension culture for 2 days in a humidi-

fied atmosphere with 5% CO, at 37°C.

. On day 5 of the differentiation, pipette 1 mL of medium into

each well of a 24-well tissue culture plate. Use CCDM2 for
the cells that you want to differentiate into chondrocytes and
use CCM for the control culture.
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Mouse

Human Callithrix
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Fig. 2. Morphological appearance of embryonic stem cells and mineralized cultures in three species. (a) Images of
undifferentiated ESCs colonies. Note the difference in 3D structure. Human ESC colonies are flatter than those of Callithrix
and mouse. (b) Images of ESCs differentiated into osteoblasts with the basic VD, protocol. The images were acquired on
day 30 using the settings described in Subheading 3.5.

7.

8.

9.

Add one EB per well in a small volume (<40 pL) using a
1-mL blue tip or shortened 100 puL yellow tip. Incubate
24-well plates until day 32 of culture in a humidified atmo-
sphere with 5% CO, at 37°C.

Alternatively, up to ten EBs may be seeded together in one
T25 cm? flask in 8 mL of medium.

Change medium from day 10 of culture onward, three times
per week (typically Mondays, Wednesdays, and Fridays) (see
Note 12).

3.4. RT-PCR and Differentiating cells can be analyzed for presence of osteoblast or

Quantitative PCR chondrocyte markers such as mineral and proteoglycan deposi-
tion, calcium content, or alkaline phosphatase activity as described
in Chapter 17 and for protein expression as described in Chapter
15. Alternatively, RNA may be isolated and gene expression pro-
files studied as follows.

3.4.1. RNA Isolation 1.

2.

In order to harvest the cells for RNA isolation, aspirate off
the medium and wash cells/EBs in 1x PBS before trypsiniz-
ing them.

Add 1 mL of trypsin/EDTA to each well of a 6-well plate of
cells or each T25-cm? flask. If using 24-well plates, apply
500 uL of trypsin/EDTA per well. Incubate for 5 min at
37°C (see Note 13).

. Collect the content of each 6-well plate well /T25-cm? flask

into a 2-mL microfuge tube. Pool content of minimum
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3.4.2. cDNA Synthesis

3.4.3. RT-PCR

10.

12 wells of a 24-well plate into a 15-mL Falcon tube. Stop
the trypsinization with equal amounts of CDM or CCM.

. Centrifuge for 5 min at 300 x g with refrigeration. Discard the

supernatant. If you are decanting, take care not to pour the
cell pellet away.

. Add 750 pL of RNA lysis buffer to each tube and incubate for

5 min. If you were using 15-mL Falcon tubes, transfer to
2-mL microfuge tubes at this point (see Note 14).

. Transfer your lysates to individual Qiashredder columns and

centrifuge at 16,000 x g twice.

. Add an equal amount of 70% ethanol (750 uL) to the homog-

enized flow-through.

. Using a 21-G needle and syringe, shear the nucleic acids by

aspirating the content and pressing it back into the microfuge
tube several times. Avoid foaming.

. Transfer the tube content to the Qiagen RNA isolation col-

umns and follow the manufacturer’s instructions.

Elute the RNA with RNase-free TE buffer at the end of the
procedure.

. Measure the concentration of RNA in your sample using the

NanoDrop spectrophotometer or the RiboGreen RNA quan-
titation reagent and kit (Invitrogen).

. Prepare a ¢cDNA master mix containing 1x reaction buffer,

0.5 mM of dNTPs, 12 ng/uL of random hexamer primers,
2 U/uL of RNase Inhibitor, and 3.2 U/ulL of Reverse
Transcriptase. Add 625 ng of RNA template and DEPC-H,O
to a final volume of 25 L.

. Collect the liquid at the bottom of the tube by quickly centri-

fuging the samples at 2,000 x g in a multifuge with a plate
holder adapter.

. Place your reaction tubes into the thermocycler and run the

following program for cDNA synthesis: 25°C for 10 min,
42°C for 50 min, and 70°C for 15 min with the cycler lid
temperature set to 80°C.

. Add 2 Units of RNase H and incubate at 37°C for another

20 min.

. Assuming that the RNA is transcribed in a linear manner, use

25-50 ng of cDNA for your PCR (1-2 uL).

. Prepare a PCR master mix containing 1x PCR butffer, 0.1 mM

of dNTDPs, 0.8 uM of both forward and reverse primers, 2 mM
of MgCl,, and 0.08 U/uL of Taq Polymerase. Add your
cDNA template and DEPC-H,O to a final volume of 25 uL.
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3.4.4. Quantitative PCR

3.5. IMAGE Analysis

3. Centrifuge the samples at 2,000 x g in a multifuge with a plate
holder adapter for 3-5 min.

4. Use a two-step PCR program when the primers are optimized
for such a procedure as noted in Table 1. Program the ther-
mocycler to run the following program: denaturation at 94°C
for 5 min, then cycle for 32-35 times between 94°C for 45 s
and 60°C (annealing and elongation) for 60 s. Insert a final
step at 16°C to cool the samples, if desired. For a three-step
PCR insert a separate elongation step at 72°C (60 s).

1. Analyze each cDNA template in technical triplicates. Include
those technical triplicates of three individual biological repli-
cates in your statistic analysis (total of nine wells per sample).

2. Add 1 pL of 2.5 mM forward and reverse primers each and
5.5 uL. of DEPC-H,O to 12.5 pL of ABGene qPCR mix.
Aliquot 20 pL of this master mix into the well of a PCR plate.
Add 5 pL of cDNA template, previously diluted to 10 ng,/uL
with TE buffer or DEPC-H,O.

3. Centrifuge down the liquid in the plate in a multifuge with a
plate adapter for 5 min at 2,000 x g at 4°C.

4. Insert the plate into the qPCR cycler. Follow the software in
setting up and programming your run. Use the following
cycle protocol: 94°C (5 min), 40x (94°C for 30 s followed T
for 30 s), 16°C for 10 min with 7] being the annealing tem-
perature of the primer pair. Run a melting curve after each
run to control the presence of side-products.

5. Calculate the n-fold upregulation for each gene of interest
over the housekeeper gene according to the delta-delta-Ct
method using the following formula:

2—(CT gene of interest - Cy housekeeper)samp,e —(Cy gene of interest - Cy housekeeper) onol

A typical example of quantitative PCR results for chondrogenic
cultures is shown in Fig. 3 along with the morphological appear-
ance of chondrogenic clusters.

The degree of mineralization in the course of osteogenic differen-
tiation can be quantified with morphometric image analysis. In
the following paragraphs we will explain this technique using a
typical experiment as an example. ESCs were treated with VD,
and a given compound X; the degree of mineralization was sub-
sequently evaluated. It is necessary to include a culture of sponta-
neously differentiating ESCs as a control, which is not cultured
with osteogenic supplements and will therefore not mineralize.

1. Capture an image of one EB or a section of the monolayer
culture using a 4x magnification objective.
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Fig. 3. Chondrocytes after 32 days of differentiation. (a) Morphology. (b) Gene expression profiles of cells cultured with the
basic chondrogenic protocol and the improved chondrogenic medium (21). Quantitative PCR was performed as described
in Subheading 3.5. Gene expression in chondrogenic cultures was normalized to that of GAPDH and standardized to non-
treated spontaneously differentiating controls, n=3+SD.

2.

Set the navigation software of your microscope to an expo-
sure of 8 ms with a brightness of 1.6 and a gamma adjustment
to a value of 1.8. Set the pixel bit depth to a monochromatic
value of 8 bpp. Reducing the contrast of the pictures is impor-
tant as it makes the black mineralized cells easier to distin-
guish against the lighter background of the other cells.

. Take a minimum of three gray-scale pictures for each culture

(treatment), preferably from different wells. Be particularly objec-
tive regarding the choice of the area to be photographed; make
sure this area represents what you see in the entire culture.

. This typically results in an image size of 300x240 pixels

(number of columnsxnumber of rows of pixels). To each
pixel, an intensity value in the range between 0 (white) and
255 (black) is assigned automatically (see Note 15).

. Generate a histogram of each picture with the IMAGE ] 1.33u

software. Openthepicturefileandchoose Edit>Selection>Select
all. Use the Analyze>Histogram command. A new window
with a histogram will open. A mean black pixel value of the
image is assigned by the software (Fig. 4).

. Calculate the mean black value of each picture according to

the following formula:

100 - ((x/256)x100)

. Then, take the difference between the control cultures and all

osteogenic cultures (in our example the VD, culture and
compound X). The mean mineralization of the osteogenic
cultures can then be expressed as #-fold upregulation over
the control cultures. The difference between the control and
the VD, culture is set to 100%.

. Calculate the average of all three pictures and the standard

deviation and plot them (Fig. 4).
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Fig. 4. Morphometric image analysis. Images of control cultures and osteogenic cultures [10:,25-(0H), VD, and compound
X] were acquired. Histograms were generated with IMAGE J, and the degree of mineralization in compound X cultures
was expressed as a percentage of VD, cultures.

4. Notes

1. The capability of ESCs to differentiate into chondrocytes and
osteoblasts varies among different murine ESC lines; the most
efficiently differentiating line is D3. This osteogenic differen-
tiation protocol has, however, been successfully used to dif-
ferentiate human ESCs (CA-1, derived by Dr. Andras Nagy,
University of Toronto) and ESCs from the common marmo-
set monkey Callithrix jacchus (cESC-6, Dr. Erika Sasaki,
Center for Experimental Animals, Japan).

2. Nonprecoated plasticware coated with gelatin may be used as
described in Chapters 3 and 5. Alternatively, precoated
Primaria culture plastic may be used (BD Biosciences).

3. If using human ESCs, do not break colonies into single cells.
Rather use dispase, collagenase IV, or TrypLE (Invitrogen)
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10.

11.

to loosen the cells from the plastic. Follow Chapter 4,
Subheading 3.3, steps 1-8 (omitting steps 6 and 7) for EB
formation from human ESCs using the medium described
here at the indicated differentiation days.

. Against common belief, we have observed that vigorous

pipetting does not hurt the differentiation potential of the
cells. However, keep foaming of medium to a minimum.

. From here on, work quickly to expose the cells to room tem-

perature as shortly as possible. To avoid cells adhering to the
plastic, every now and then gently flip the closed Falcon
tube upside down while you are pipetting the droplets onto

the lids.

. Aryellow 100-uL pipette tip should be used as an extension of

the dispenser combitip. This allows an easy change of the
pipette tip in case you touch the outside of the dish, without
having to discard the entire dispenser combitip.

. Do not perform the trypsinization step in Falcon tubes, since

excessive clumping may occur. Do not trypsinize more than
the content of three 100-mm dishes of EBs together in one
trypsin/EDTA dish. Adjust the number of trypsin/EDTA
dishes according to your experiment.

. This step is critical for the success of the differentiation. If the

EBs have not been digested into single cells completely after
the set time, place the dish back into the incubator only for a
very short period of time. Longer incubation will result in the
generation of strings of DNA, which will lead to complete
clumping of your cell suspension. If you are uncertain about
your technique, rather increase your initial incubation before
you disaggregate the EBs with the pipette.

. The number of cells that you need on day five of your

experiment dictates the number of hanging drop dishes
that you need to prepare on day 0. We typically assume
that by day 5, one EB has grown to contain approximately
15,000 cells based on the fact that murine ESCs typically
undergo four to five population doublings in this period.
By dividing the number of cells that you need on day 5 by
15,000, you may calculate the number of total EBs that
you need. Further assuming that you can fit 75-100 hanging
drops on one dish, you can calculate the number of dishes
needed on day 0.

Use independent preparations of the reagents in the second
and third experiment.

Avoid prolonged exposure to light (e.g. under the micro-
scope) when using VD,. Check your cells with a microscope
before changing the medium. Use light-tight tubes or wrap
the tubes with aluminum foil to store the VD, solution.
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12. Toward the end of the culture, the EBs may start to lift off
the plates. This is by and large a sign of collagenous matrix

secretion.
13.

The goal is not to obtain a single cell suspension, but rather

lift all cells off the plastic.

14. At this point you may interrupt the procedure and store your

lysates at —~80°C.

15.

Depending on the settings of your microscope, these values

may be different. The histogram will always show the
maximum value assigned. Use this value for the calculations if
it differs from 255.
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Chapter 15

Differentiation of Mouse Embryonic Stem Cells
in Self-Assembling Peptide Scaffolds

Nuria Mari-Buyé and Carlos E. Semino

Abstract

Here, we describe the capacity of mouse embryonic stem cells (mESCs) to differentiate into osteoblast-like
cells in a three-dimensional (3D) self-assembling peptide scaffold, a synthetic nanofiber biomaterial with
future applications in regenerative medicine. We have previously demonstrated that classical tissue cultures
(two-dimensional) as well as 3D-systems promoted differentiation of mESCs into cells with an osteoblast-
like phenotype expressing osteopontin (OPN) and collagen type I (Col I), as well as high alkaline phos-
phatase (Alk Phos) activity and calcium phosphate mineralization. Interestingly, in 3D self-assembling
peptide scaffold cultures, the frequency of appearance of embryonic stem-cell-like colonies was substantially
enhanced, suggesting that this particular 3D microenvironment promoted the generation of a stem-cell-like
niche that allows the maintenance of a small pool of undifferentiated cells. We propose that the 3D system
provides a unique microenvironment permissive to promote differentiation of mESCs into osteoblast-like
cells while maintaining its regenerative capacity.

Key words: mESCs, 3D-cultures, Self-assembling peptides, Differentiation, Osteogenesis

1. Introduction

Murine embryonic stem cells (mESCs) are derived from the inner
cell mass of blastocysts and present unique characteristics such as
almost unlimited expansion capacity and the potential to differen-
tiate into diverse cell lineages, a feature called pluripotency (1, 2).
When culturing them in presence of leukemia inhibitory factor
(LIF), these cells can be expanded in vitro while maintaining their
pluripotent phenotype (3, 4). This property is normally assessed
in vitro by preparing embryoid bodies (EB), as described in the
previous chapters, where mESCs can grow and differentiate into
the three main embryonic germ lines: endoderm, mesoderm, and
ectoderm (5, 6). Using this methodology, mESCs have been suc-

Nicole I. zur Nieden (ed.), Embryonic Stem Cell Therapy for Osteo-Degenerative Diseases, Methods in Molecular Biology, vol. 690,
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cessfully differentiated into neural cells (7-9), smooth muscle
cells (10), endothelial cells (11), hematopoietic cells (12, 13),
adipocytes (14), chondrocytes (15), and osteoblasts (16). Their
vast pluripotent capacity together with emerging bioengineering
technologies has promoted an increasing interest in combining
multiple disciplines to develop functional tissue constructs in vitro.
Although mESC differentiation represents a complex process for
experimental tissue engineering approaches, the incorporation of
other disciplines into the field, such as matrix biology and biome-
chanics, will improve the development of appropriate and reliable
functional cells. For instance, during endochondral ossification
process, the cartilage tissue serves as a model for further bone
formation. In the last stage of the process, hypertrophic chondro-
cytes secrete numerous small membrane-bound vesicles into the
extracellular matrix. These vesicles contain enzymes that are active
in the generation of calcium and phosphate ions and initiate the
mineralization process within the cartilaginous matrix (17). Most
of the osteogenic differentiation studies found in the literature
have focused on exploring the experimental conditions to induce
osteoblast-specific differentiation using two-dimensional (2D)
cultures, which do not really mimic the in vivo environment.
Although these systems are successful in promoting osteogenic
commitment, it is known that cell-cell and cell-matrix interac-
tions are crucial during embryonic development and also impor-
tant during bone remodeling and healing processes in vivo
(18-21). These interactions regulate a variety of cell signaling
pathways to efficiently promote the development of tissues (22).
For this reason, three-dimensional (3D) systems or scaffolds
could substantially improve the differentiation process by creat-
ing an environment that can better simulate the in vivo milieu.
That is to say, bioengineered 3D-culture systems could give the
necessary structural pattern to cells, thereby allowing the correct
organization of their extracellular matrix as well as enhancing
their proliferative and differentiation capacity (23, 24). The main
focus of this chapter is to describe the osteogenic differentiation
of mESCs in a synthetic matrix, such as the self-assembling pep-
tide scaffold PuraMatrix, a defined nanofiber scatfold that struc-
turally mimics extracellular matrices and ofters real possibilities
tfor future applications in regenerative medicine (see Fig. 1)
(25-27).

We used a transgenic derivative of the RImESC line expressing
the green fluorescent protein (GFP) under the transcriptional
control of the Oct-4 promoter (28) in a 3D-culture technique that
uses a synthetic nanofiber scaffold as extracellular matrix analog
(25-27). Parallel experiments were carried out on classical culture
dishes (2D) to compare the differentiation capacity between both
culture systems under osteogenic conditions. We have demonstrated
previously that both 2D- and 3D-culture systems promoted differ-
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Fig. 1. Peptide RAD16-I self-assembles into a nanofiber network. This peptide is an example of a class of self-assembling
peptide scaffolds of nanometric fiber with injectable properties. The scaffold is biocompatible, biodegradable, and will
allow cell seeding. The material per se has no instructive capacity for cells, only structural features (nanofiber network).
(@) Molecular model of peptide RAD16-I. (b) Molecular model of the nanofiber developed by self-assembly of RAD16-I
molecules. Note: The nanofiber is formed by a double tape of assembled RAD16-I molecules in an antiparallel 3-sheet
configuration. (c) RAD16-I nanofiber network as seen in SEM. The white bar represents 200 nm.

entiation of mESCs into cells with osteoblast-like phenotype
expressing bone markers including osteopontin (OPN), collagen
type I (Col 1), alkaline phosphatase (Alk Phos), and calcium miner-
alization. We propose that the 3D-culture system can be used to
explore the potential of mESCs to differentiate into other mesen-
chymal tissues including cartilage, muscle, and fat.

2. Materials

2',1' Cell ?UI,ture’ 1. Murine embryonic stem cell line R1, transgenic for GFP
Differentiation, .

X expression under the control of the Oct-4 promoter. These
and Isolation

ES Rl Oct4-GFP cells were generously obtained from
Dr. Ali Khademhosseini at the Massachusetts Institute of
Technology (28).

2. Murine embryonic stem cell medium (mESCM): Dulbecco’s
Modified Eagle’s Medium (DMEM), high-glucose 4,500 mg/
mL (Invitrogen) containing 1,000 U/mL recombinant
mouse LIF (Millipore), 15% fetal bovine serum (FBS;
Hyclone), 1 mM sodium pyruvate (Invitrogen), 0.1 mM
nonessential amino acids (Invitrogen), 4 mM L-glutamine
(Invitrogen), 1% (v/v) penicillin-streptomycin (Invitrogen),
and 0.1 mM 2-mercaptoethanol.
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2.2. Embryonic Stem
Cell Encapsulation

2.3. Cell and Construct
Fixation

10.

1.

—

. Murine embryonic stem cell medium without LIF

(mESCM/-LIF): Same formulation as mESCM except LIF.

. Osteogenic medium: DMEM (high-glucose 4,500 mg,/mL,

Invitrogen) containing the Osteogenic SingleQuot kit
(Cambrex), which is composed of mesenchymal cell growth
supplement (MCGS), 1% (v/v) penicillin-streptomycin,
4 mM L-glutamine, 0.05 mM ascorbate, 10 mM beta-
glycerophosphate, and 0.1 uM dexamethasone. Moreover,
50 nM 10,25-OH, vitamin D, (VD,) was added to the osteo-
genic medium (16) (see Note 1).

. 0.05% trypsin/ethylenediaminetetraacetic acid (EDTA;

Invitrogen).

. 0.1% (w/v) gelatin solution: Dissolve 0.1 g gelatin in 100-

mlL sterile water. Sterilize by autoclaving.

. Bacteriological nonadherent petri dishes (100-mm diameter).
. 12-well cell culture plates.

. Regular culture dishes, sterile pipettes (2, 5, 10, and 25 mL),

usual and wide-bore pipette tips, and 15-mL conical tubes.

Fluorescence microscope with long-distance objectives.

10% (w/v) sucrose solution: dissolve 10 g sucrose per 100 mL
of distilled water. Sterilize by filtering through a 0.22-pm
filter.

. RAD16-1 peptide solution at 0.5% (w/v): Dilute RAD16-1

peptide [ BD™ PuraMatrix™ peptide hydrogel, 1% (w/v), BD
Biosciences, see Note 2] at 1:2 using 10% (w/v) sucrose solu-
tion (final pH 3.5). Thoroughly mix the components by plac-
ing the solution tube into an ultrasonic bath for 20 min. The
resulting solution may be stored at 4°C for several months.

. Transwell inserts, 10-mm diameter, 0.78 cm? area, pore

size=0.2 um.

. 6-well cell culture plates.

. 4% (w/v) paraformaldehyde (PFA) solution: weigh 4 g PFA

in a flask with narrow neck, suspend the powder in approxi-
mately 80 mL of PBS, and stir. Add 1 M sodium hydroxide
(NaOH) until complete dissolution of the powder and use
1 M hydrochloric acid (HCI) and distilled water to finally
adjust the pH at 7.4 and the volume to 100 mL. Aliquot and
store the resulting 4% PFA solution at -20°C. When needed,
thaw the solution and dilute 1:4 with PBS to obtain a 1% PFA
solution (see Note 3).

. Phosphate-buftered saline (PBS): 1 mM KH,PO,, 10 mM

Na,HPO,, 137 mM NaCl, 2.7 mM KCl, pH 7 .4.
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1 M NaOH.
1 M HCL

. 1% (w/v) PFA solution (see Subheading 2.3).
. 5% (w/v) silver nitrate (AgNO,): Dissolve 0.5 g silver nitrate

in 10 mL of distilled water. Store in the dark at 4°C.

. 2% (w/V) agarose solution: Weight 2 g agarose in a flask and

add 100 mL of distilled water. Use the microwave to heat up
to approximately 100°C to dissolve the powder.

4. Distilled water.

. Dissecting microscope.

. Culture media: mESCM /-LIF and osteogenic medium (see

Subheading 2.1).

. 1% (w/v) PEA solution (see Subheading 2.3).
. Blocking butffer: PBS (see above) containing 20% (v/v) FBS

(Hyclone), 0.1% (v/v) Triton X-100, and 1% (v/v) dimethyl
sulfoxide.

. Primary antibody for osteopontin (OPN): OPN (AKm2Al)

mouse monoclonal immunoglobulin (IgG), 200 pg/mL
(Santa Cruz Biotechnologies). Primary antibody for Oct-4:
Oct-3/4 (H-134) rabbit polyclonal immunoglobulin (I1gG),
200 ug/mL (Santa Cruz Biotechnologies). Primary antibodies
are diluted 1:200 to a final concentration of 1 mg/mL in
blocking buffer prior to use.

. Secondary antibody goat anti-mouse 1gG-R (rhodamine con-

jugated, 200 pg/0.5 mL, Santa Cruz Biotechnologies).
Secondary antibody donkey anti-rabbit IgG-R (rhodamine
conjugated, 200 pug,/0.5 mL, Santa Cruz Biotechnologies).
Secondary antibodies are used at a final concentration of
1 mg/mL and diluted 1:400 in blocking buffer just prior to
use.

. 4’,6-Diamidino-2-phenylindole ~ dihydrochloride (DAPI)

solution: Dissolve DAPI in methanol andwater (50:50) at
10 mg/mL. This stock solution must be stored at —20°C.
This stock solution is diluted 1:10,000 in PBS to yield a
1 ug/mL DAPI working solution.

. Fluorescence microscope with long-distance objectives.

. Lysis buffer: PBS (see above), containing 0.1% (v/v) Triton

X-100 and one tablet (per 10 mL of butfer) of protease inhib-
itor cocktail (complete mini protease inhibitor cocktail, Roche
Diagnostics).

. RIPA buffer (commercial, i.e. Sigma).
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3.

DC Protein Assay (Bio-Rad Laboratories), which contains an
alkaline copper tartrate solution (Reagent A), a dilute Folin
reagent (Reagent B), a surfactant solution (Reagent S), and
bovine serum albumin standard (BSA). Reagent A must be
prepared (20 pL of Reagent S to each mL of Reagent A
needed), and it is stable for only 1 week. If a precipitate forms,
warm and vortex before use. BSA standard solutions (3-5
dilutions) must be also prepared with concentrations between
0.2 mg/mL and 1.5 mg/mL.

4. Test tubes (13 mmx 100 mm).

92

. Spectrophotometer.

6. Sample preparation buffer (NuPAGE® LDS Sample Buffer

10.

11.
12.

13.
14.

15.
16.

17.

18.

4x, Invitrogen).

. Running buffer (NuPAGE® MOPS SDS Running bufter 20x,

Invitrogen).

. Transfer buffer: Dissolve 3.03 g Tris(hydroxymethyl)amin-

omethane (Tris base) and 14.4 glycine in 800 mL of distilled
water and add 200 mL of methanol.

. Blocking butffer: PBS containing 4% (w/v) nonfat powdered

milk and 0.1% (v/v) Triton X-100.

Tris buffered saline solution (TBS): 50 mM Tris base, 150 mM
NaCl, pH 7.4. Dissolve 6.1 g Tris(hydroxymethyl)amin-
omethane (Tris base) and 9.0 g sodium chloride in 100 mL
of distilled water.

TBS/Tween: TBS containing 0.05% Tween-20.

Polyacrylamide gel electrophoresis (PAGE) system: NuPAGE®
Novex 10% Bis-Tris gel 1.0 mm, 10-well.

Polyvinylidene fluoride membranes (PVDE, 0.2-mm pore size).

SeeBlue® Plus2 prestained protein standards (Invitrogen) or
similar.

Collagen type I, from rat tail.

Primary antibody for collagen type I: Anti-collagen I rabbit
polyclonal (Novocastra). Primary antibody for Runx2: anti-
Runx2 (PEBP2aA) rabbit polyclonal, 200 pug/mL (Santa
Cruz Biotechnologies). Dilute both 1:200 in blocking buffer
just prior to use.

Secondary antibody goat anti-rabbit IgG-HRP-conjugated
(200 ug,/0.5 mL, Santa Cruz Biotechnologies). Use at a final
concentration of 1 mg/mL (1:400 dilution in blocking
buffer).

Westernblottingluminolreagent(SantaCruzBiotechnologies),
which consists of two solutions (solutions A and B). Mix equal
volumes of luminol reagent solutions A and B immediately
before use.
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19. Plastic wrap, i.e. Saran wrap.

20. Chemiluminescent chamber with camera, i.c. Kodak or
Bio-Rad.

1. mESCM and mESCM/-LIF cell culture media (see
Subheading 2.1).

2. 0.05% trypsin/EDTA (Invitrogen).
3. 24-well cell culture plates.

1. TRIzol® Reagent (Invitrogen) or similar RNA lysis buffer.

Cultures for RNA 2.10-mL BD Luer-Lok™ syringe with 20Gx1% in.
Isolation BD PrecisionGlide™ needle.
3. Methods

3.1. Osteogenic
Differentiation
of mESCs in 2D-
and 3D-Cultures

3.1.1. Differentiation
Initiation

The transgenic murine ESC line ES R1 Oct4-GFP is used to
obtain an embryonic cell lineage with osteogenic potential (meso-
derm), when it is encapsulated in a self-assembling peptide scaf-
fold to study the osteogenic differentiation in this 3D system.
The specific stages followed are summarized in Fig. 2. Briefly,
embryoid bodies (EBs) are formed from expanded mESCs by fol-
lowing a classic differentiation protocol (29) (Fig. 2, stages 1 and
2). When cells lose their pluripotency, EBs are dissociated and the
resulting EB-derived cells (EB-dcs) are encapsulated in the pep-
tide scaffold (3D system) or cultured on classical culture dishes
(2D-system), as control (Fig. 2, stages 3 and 4). Then, cells are
maintained for several days until medium is replaced for osteo-
genic medium to induce differentiation into osteoblast-like cells
(Fig. 2, stage 5).

1. Maintain ES R1 Oct4-GFP cells at 37°C in humidified air
with 5% carbon dioxide (CO,) in gelatin-coated flasks with
mESCM as described in Chapter 2.

2. Remove medium of the flask and rinse cells with 1 mL of
0.05% trypsin/EDTA. Aspirate the liquid and add 2 mL
ot 0.05% trypsin/EDTA. Incubate at 37°C up to a maximum
of 2 min until cells are detached and quickly add 5 mL of
medium to inactivate the trypsin. Mix well and break clusters
by pipetting up and down and transfer the suspension into a
15-mL conical tube.

3. Centrifuge at 75 x g for 5 min and suspend the pelletin 10 mL
of mESCM /-LIF at a concentration of 1.5x10° cells/mL.
Culture the suspension in a nonadherent petri dish (100 mm
diameter) to form the embryoid bodies (EBs).
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Osteogenic Differentiation of mouse
Embryonic Stem Cells (mESC)

STAGE1 Expansion of mESC (2-3 days)
on culture dishes in mESCM in the presence of LIF

STAGE2 Formation of EBs (8 days)
by culturing mESC on non-adherent petri dishes in
mESCM without LIF
STAGE3 Generation of EB-derived cells

by gently dissociating EBs with trypsin

STAGE 4 2D System 3D System
EB-dc were plated on EB-dc were encapsulated
regular culture dishes into the nanofiber peptide

“~ scaffold
—_—

Culture of EB-derived cells in mESCM
without LIF (2-8 days)

STAGES Osteogenic Induction (20 days)
The media was changed by Osteogenic media.
Controls without osteogenic induction were also
performed

Fig. 2. Flow diagram of the differentiation protocols. Schematic representation of the protocol used for the osteogenic
induction of the mouse embryonic stem cell line ES R1 Oct4-GFP.

4. Maintain the EB cultures at 37°C in a humidified atmosphere
with 5% CO, and feed them every 3 days by transferring them
into a 15-mL conical tube and allowing EBs to settle down.
Then, remove 5 mL of the old medium and replace it with
5 mL of fresh medium. Gently pipette EBs with a wide-bore
pipette and transfer them to a new petri dish.

5. Fluorescence microscopy may be used to monitor GFP
expression during EB formation. When EBs present reduced
GEFP expression (approximately after 8 days), they are ready to



3.1.2. Three-Dimensional
Culture of mESCs

3.1.3. Two-Dimensional
Culture of EBs
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be encapsulated in the synthetic peptide scaffold (3D system) or
cultured in classical culture dishes (2D-system) (see Note 4).

. Harvest the EBs and allow them to settle in a conical tube.

Carefully remove the medium and dissociate EBs by gently
treating with trypsin/EDTA to generate EB-dcs.

. Add medium to inhibit trypsin and count the EB-dcs (see

Note 5).

. Place the transwell inserts (one for each encapsulation) into a

6-well plate.

. Centrifuge cells at 75x g4 for 5 min and suspend them in 10%

sucrose at a final concentration of 4x 10° cells/mL (see Note 6).

. Mix the cell suspension with an equal volume of liquid

RADI16-1 peptide solution (0.5% in 10% sucrose, see Note 7)
to obtain a final suspension of 2x10° cells/mL in 0.25%
RAD16-I in 10% sucrose (see Note 8).

. Load 100 pL of the resulting suspension to each insert and

immediately add 200 uL. of mESCM /-LIF to the bottom of
the insert, allowing the membrane to wet (see Note 9). Let
the peptide to gel for approximately 20 min (see Note 10).

. Slowly add 50 pL of culture medium to the top of the previ-

ously formed hydrogel and let it drain. Repeat the process
three times. Change the medium in the well with 2 mL of
fresh medium and also add 0.5 mL of medium onto the
hydrogel (see Note 11). An example is shown in Fig. 3.

. Maintain the 3D-cultures in a humidified incubator equilibrated

with 5% CO,. Change medium every day (see Note 12).

. Harvest the EBs and allow them to settle in a tube. Carefully

remove the medium and dissociate EBs by gently treating
with trypsin/EDTA to generate EB-dcs.

. Add medium to inhibit trypsin and count EB-dcs.

1. mECS + RAD16-|

2. Add medium

Fig. 3. Three-dimensional culture (3D-culture) system used. Murine ESCs are mixed with
a solution of self-assembling peptide scaffolds in 10% sucrose (1), and medium is used
to initiate scaffold gelation (2).
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3.1.4. Osteogenic
Differentiation in 2D-
and 3D-Cultures

3.2. Gell Isolation
and Culture of Isolated
Cells

3.3. von Kossa
Staining
for Mineralization

. Centrifuge cells at 75 xg for 5 min and resuspend them in

mESCM/-LIF. Plate the EB-dcs into a 12-well plate at a
density of 2x 10° cells/cm? (7.6 x 10° cells/mL).

. Maintain the 2D-cultures at 37°C with 5% CO,. Change

medium every 2 days (see Note 13).

. Allow 2D- and 3D-cultures to grow in mESCM/-LIF for

2 days before osteogenic induction (see Note 14).

. Change the medium to osteogenic medium, but depending

on your experimental setup, also run controls in mESCM /-
LIF.

. Maintain the cultures for 20-22 days at 37°C in a humidified

atmosphere with 5% CO,. Change medium every day in
3D-cultures, as indicated in Note 12, and every 2 days in
2D-cultures.

Some characterization techniques, such as kinetics studies and
immunofluorescence for some markers, require the postculture of
the cells isolated from the 2D- and 3D-systems.

1.

Treat cells from 2D- and 3D-cultures with 0.05% trypsin/
EDTA. In the case of 3D-constructs, also use the micropi-
pette to mechanically disrupt the peptide scatfold cultures.

. Add complete medium (the appropriate in each case: mESCM,

mESCM/-LIF, or osteogenic medium) and make sure by
checking culture wells under a phase contrast microscope that
single cells are obtained.

. Count cells and centrifuge the cells at 75 x g for 5 min.

. Suspend the cells and culture them as needed (refer to the

protocol of the final analysis for specific culture conditions).
You may also analyze your cultures using the Ca?* assay and
the quantitative alkaline phosphatase assay described in
Chapter 17 or with the techniques described below.

Calcium phosphate deposits are detected by the widely used von
Kossa technique (30), where silver cations substitute calcium ions
mainly in carbonate and phosphate salts and they subsequently
reduce forming black nodules. Therefore, this technique allows
estimating when the 2D- and 3D-matrices start to mineralize,
which is an indication of osteogenic commitment.

1.
2.

Wash 2D- and 3D-cultures twice with PBS.

Fix the constructs with 1% PFA solution for 1 h at room
temperature.

. Strictly rinse the fixed cultures with distilled water until PEA

and PBS are completely removed (see Notes 15 and 16).
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Control Osteogenic

2D

3D

Fig. 4. von Kossa staining for mineralized calcium. von Kossa staining was performed after the osteogenic induction of
2D- and 3D-cultures of EB-dc after 22 days in mESCM/-LIF (control, negative) or in osteogenic medium (osteogenic, positive).
For better visualization of the mineralized nodules, a lower magnification of each well is shown in each fop-left corner.

4. Cover the samples with a solution of 5% (w/V) silver nitrate.
Leave it to react for 1 h in the dark.

5. Gently wash the samples with distilled water to remove the
excess silver nitrate solution (see Note 17). Place the sample
under a strong light source for 10 min.

6. Inspect the samples visually or through the microscope in
reflection mode. Calcium in mineralized nodules stains dark
as depicted in Fig. 4.

3.4. Immunofiuo- Immunostaining may be used to detect the presence of osteo-
rescence for OPN pontin (OPN), a noncollagenous protein present in natural bone
and Oct-4 matrix and considered as an early osteogenic marker, in the iso-

lated cells from 2D- and 3D-cultures after the osteogenic induc-
tion of mESCs. In addition, Oct-4 (an indicator of pluripotency)
may be assayed by immunofluorescence on mESC cultures before
and after the differentiation process.

1. Isolate cells as indicated in Subheading 3.2 (see Note 18).

2. Suspend cells in their culture medium (mESCM/-LIF or
osteogenic medium) and culture them in regular multiwell
plates for 4—6 days.

3. Fix the cells with 1% PFA solution for 1 h.
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3D-Ost

4. Wash twice with PBS and incubate with blocking bufter for

10.

4 h at room temperature by placing the plate onto an orbital
shaker.

. Incubate cells with the primary antibody overnight at room

temperature.

. The next day, remove the primary antibody and wash three

times with blocking bufter.

. Incubate cells with the corresponding secondary antibody for

2 hin the dark at room temperature.

. Remove the secondary antibody by washing three times with

blocking bufter.

. To identify the cell nuclei, cover cells with DAPI working

solution and incubate for 5 min in the dark.

The samples are observed through a fluorescent microscope
(equipped with DAPI, Rhodamine, and FITC filters) (see
Figs. 5 and 8).

Phase OPN/DAPI

Fig. 5. Osteopontin (OPN) staining of isolated mESCs after osteogenic induction from 2D- and 3D-cultures. (a) EB-dcs
cultured for 2 days before osteogenic induction. Cells isolated from 3D-cultures after 22 days in osteogenic medium
show only slightly detectable OPN expression. OPN was not detected in 2D osteogenic cultures (not shown). (b) EB-dcs
cultured for 8 days before osteogenic induction. Cells isolated both from 2D- and 3D-cultures after 20 days in osteogenic
medium present high OPN expression. In both cases, no residual GFP signal was seen, indicating no remaining Oct-4
expression. Bar 50 pum.
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for Collagen Type |
and Runx2
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Expression of the transcription factor Runx2 and the extracellular
matrix protein collagen type I (Col I) is indicative of an osteo-
genic commitment. Both markers may be studied in cell lysates
from samples before and after differentiation.

1

10.

11.

12.

13.

. Wash the cell cultures twice with PBS and suspend them in

lysis bufter. To help cell disruption, sonicate the cell suspen-
sion for 5 min.

. Transfer to a microcentrifuge tube and centrifuge at 16,000 x g

for 5 min in a tabletop centrifuge set to 4°C.

. Determine the total amount of protein in the supernatant frac-

tion using the protein detection kit (DC Protein Assay), which
is based on the Lowry method. Pipette 100 puL of the samples
and standard (BSA) solutions into test tubes, add 500 pL
Reagent A and vortex. Add 4 mL of Reagent B into each tube
and vortex immediately. After 15 min, read the absorbance at
750 nm (solutions are stable for 1 h, see Note 19).

. Suspend each pellet in sample preparation buffer containing

SDS and 2-mercaptoethanol and heat the suspensions at 80°C
for 10 min.

. Equilibrate the 10% PAGE system with MOPS SDS running

buffer and load the samples into the different wells. Also load
a protein standard ladder to identify the molecular weight
(for example SeeBlue® Plus2 or as desired) and 5 pug/well
from a solution of Col I (3.5 mg/mL) from rat tail as a posi-
tive control.

. Run the gel at 110-115 mA through the stacking gel and

60-70 mA through the separating gel.

. Wash a PVDF transfer membrane before use, once with

methanol and twice with transfer buffer.

. Transfer the separated proteins to a PVDF membrane for 2 h

using transfer buffer.

. Incubate the membrane with blocking buffer at room tem-

perature for 2 h in a small container using an orbital shaker.

Incubate the membrane for 1 h with the corresponding pri-
mary antibody at working dilution at room temperature.

Remove the primary antibody by washing the membrane
three times with blocking buffer (30 min each).

Incubate the membrane with the secondary antibody for 1 h
at room temperature.

Remove the excess antibody by washing the membrane once
with blocking buffer for 30 min and then three times with
TBS/Tween, 5 min each time. Finish the washing steps by
rinsing in TBS only for 5 min.
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Fig. 6. Western blot analysis of collagen type | during osteogenic differentiation. Col / collagen type | standard (rat), bone

mouse bone, ESCES R10ct4-GFP ESC
medium, 3Dost two different samples

s, EB-dc EB-derived cells, 2Dost cells from 2D-cultures after 22 days in osteogenic
of cells from 3D cultures in osteogenic medium: EB-dcs cultured for 2 or 8 days

before osteogenic induction. In general, 3D-osteogenic cultures presented higher collagen type | expression than

2D-osteogenic culture.

Duplication Time /h 12.6 16.5 19.6 322

mESC EB-dc 2D-Ost. | 3D-Ost.

Fig. 7. Average duplication times for m

ESCs, EB-dcs, and cells isolated after osteogenic induction in 2D- and 3D-cultures.

Murine ESCs show the characteristic exponential growth known in mouse embryonic stem cells. The proliferation rate is
lower in EB-dcs and even lower for the osteogenic systems, suggesting that cells undergo differentiation at a higher

frequency.

14.

15.

16.

—

3.6. Kinetic Growth
Rate Determination

\S]

Reveal the membrane staining using a chemiluminescent sub-
strate reaction kit (luminol reagent). In order to do so, cover
the membrane with the previously mixed reagent for 1 min at
room temperature.

Pour off the excess of reagent and wrap the membrane with
plastic wrap (avoid bubbles).

Monitor the membrane staining with a chemiluminescent
chamber with a video camera (see Fig. 6).

. Isolate cells as indicated above (see Subheading 3.2).

. Seed cells at a known density into 24-well plates, one plate for

each cell type. Use mESCM /-LIF for EB-dcs and differenti-
ated cells from 2D- and 3D-cultures, including control and
osteogenic, and mESCM for the mESCs (see Note 20).

. Harvest cells with 0.05% trypsin/EDTA from three wells

every other day and count them to obtain a growth curve.
The first day after seeding is taken as the initial growth point
(0 h). Calculate standard deviation for each point.

. From the growth curve, duplication times (the time in that

cell population becomes twice) may be calculated (Fig. 7).



3.7. Lysis of 3D
Cultures for RNA
Extraction
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RT-PCR is a very useful technique to monitor the expression of
various osteogenic markers during ESC differentiation. Here, the
experimental protocol to lyse the 3D-constructs is reported,
which may be followed by the usual RNA extraction, cDNA synthe-

sis,

1.

and the actual RT-PCR analysis (for details see Chapter 5).

Aliquot 0.5-mL TRIzol® or alternative RNA lysis buffer into
RNase-free microcentrifuge tubes (1.5 mL, as many as you
have samples).

. Carefully extract the culture medium from the inserts and

wells of the samples.

. Transfer the 3D-cultures to the tubes with the lysis reagent.

Use a spatula to help handling the constructs.

. Disrupt the sample by pipetting up and down with a micropi-

pette (see Note 21).

. The homogenized samples may be stored at -80°C for at

least 1 year or can sit at room temperature for several hours to
proceed with the RNA extraction according to the manufac-
turer’s instructions of the respective kits used.

4. Notes

. For an alternative composition of osteogenic medium for

mESCs, see Chapters 9 and 14.

. The peptide sequence of RADI16-1 is AcN-RADARAD-

ARADARADA-CONH,,.

. Due to the toxicity of PFA, take extreme care when handling

it. Wear protective gloves and a mask and perform the prepa-
ration in a fume hood.

. EB-dcs are extracted from EBs when these show reduced

Oct-4 expression, since this indicates the loss of cellular pluri-
potency and subsequent differentiation into embryonic tis-
sues, including ectoderm, mesoderm, and endoderm, as
previously described (5, 6). Oct-4 expression is easily moni-
tored in different stages of the process by visual inspection of
GFP expression through the fluorescent microscope (Fig. 8a).
In order to confirm the fluorescent signal (from GFP) from
mESCs and EB-dc with Oct-4 expression, colonies from these
stages were immunostained with an anti-Oct-4 antibody
resulting in colocalization of GFP with Oct-4, as expected
(Fig. 8b). In addition, Western blot analysis was performed
to follow the Oct-4 expression during the entire differentia-
tion process (Fig. 8c), confirming the results from the
immunostain.
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2D-Ost 3D-Ost

b Phase Oct4 GFP

mESCM  + + - -
Ost.M - & + +

Oct4d —> s

mESC EB-dc 2DOst  3DOst

Fig. 8. Marker expression. (@) GFP expression of mESCs during the differentiation process. (b) Immunofluorescent staining
of mESCs and EB-dcs with Oct-4, compared to GFP expression. (¢) Western blot analysis of Oct-4 during the differentia-
tion process. All three analyses show a strong decrease of Oct-4 expression after EB formation in EB-derived cells
(EB-dcs), although EB-dc cultures still present a remaining population of cells expressing Oct-4. At the end of the osteo-
genic induction, cells from both 2D- and 3D-cultures (2D-0st and 3D-0st) do not show any GFP expression, suggesting
that cells are fully differentiated. Bar 50 um.
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. Consider that 2 x 105 cells are needed for each encapsulation,

but the cell number obtained may decrease after the next cen-
trifugation. For better accuracy, count cells again after the
next centrifugation once they will be resuspended in sucrose
solution.

. Sucrose solution is isotonic and nonionic at the same time.

Therefore, it allows viable cells while avoiding peptide gelling
during the mixing process.

. It is recommended to sonicate the peptide solution for

approximately 5 min before use. Do not sonicate much
longer, since the material tends to become stiffer.

. Cells may be also encapsulated in a composite of the self-

assembling peptide and hydroxyapatite particles (or other
desired calcium phosphate), which has been shown to pro-
mote enhancement of osteogenic differentiation (31). To do
so, mix hydroxyapatite particles with the commercial liquid
peptide at a ratio of 1:1 and homogenize by pipetting and
subsequent sonication. Use this mixture to prepare the 0.5%
(w/v) peptide, which is then mixed with the cells.

. Since peptide solution has a pH value as low as 3.5, try to

minimize the time that cells are in this hostile condition.
Quickly mix the cell suspension with the liquid peptide by
pipetting approximately ten times, load the inserts, and equil-
ibrate with the medium as soon as possible. Be careful not to
create bubbles.

During this time, the higher ionic strength and the neutral
pH of the medium induce the spontaneous self-assembly of
the peptide as the medium diffuses through the peptide from
the bottom up (32). Do not skip this waiting time, as the
addition of medium on top of the suspension when the gel is
not properly formed increases the chances of getting a broken

scaffold.

The addition of medium in consecutive small portions favors
the leaching of the sucrose. The remaining medium in the
well, which is rich in sucrose, is then aspirated and replaced
with fresh medium.

Medium change is performed every day by removing 0.5 mL
of medium from the well and adding 0.5 mL of fresh
mESCM/-LIF into the insert.

The difference in cell numbers seceded in 2D- versus
3D-cultures maintains more similar cell densities between the
systems. As such, cells at a density of 2 x 106 cells in 3D present
a similar cell-to-cell distance as 2 x 10° cells in 2D.

The culture of these EB-dcs cells for longer than 2 days before
the addition of the osteogenic medium seemed to lead to a
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15.

16.

17.

18.

19.

20.

21.

delay in osteogenic commitment (32 ). Our observations support
the notion that osteogenic specification is time-dependently
regulated by Wnt/beta-catenin signaling as put forward in a
recent review (33), as both inducers in our osteogenic medium
affect nuclear activity of beta-catenin (34, 35).

Since the peptide construct is quite fragile and difficult to trans-
fer into another well without breaking, the washing might be
performed in the following way. Attach a silastic tube (10-cm
length, 9-mm diameter) to the top of the insert and fill it up with
water. Let the water drain through the construct overnight.

In order to easily manipulate the 3D-cultures, a few drops of
2% (w/v) agarose solution may be added to the top of the
constructs. After cooking agarose in the microwave, let the
solution cool down to 50-60°C before you pour it onto the
samples. Then, leave the constructs at room temperature and
wait until gelation.

Do not attempt to use PBS for washing steps as precipitation
will occur.

Isolation of cells after osteogenic induction from either 2D-
or 3D-cultures is necessary to avoid interferences from min-
eralized calcium in the detection of the mentioned markers.

For a variation of this protocol with smaller volumes in
microwell plates, see Chapter 9.

A small fraction of the cells, from either EB or osteogenic dif-
ferentiation cultures in 2D and 3D, appear to develop into
GFP~ colonies with an ESC-like phenotype. To study the fre-
quency of appearance of these GFP*/ESC-like colonies, total
cells from each culture condition can be isolated, counted,
and subcultured in mESCM or mESCM/-LIF at 5x103
cells/well in regular 24-well culture plates. After several days
in culture, GFP* /ESC-like colonies are identified and counted
using the fluorescence microscope. Data can be expressed as
a percentage of the number of ESC-like colonies per 5,000
initial cultured cells as shown in Fig. 9.

If this is not enough to homogenize the sample, use a syringe
(20G x 1% needle).
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2 Frequency of mES-like colonies (%)
-LIF +LIF
2D Control 0.003 (£0.008) 0.030 (+0.024)
2D Osteogenic 0.007 (£0.016) 0.003 (x0.008)
3D Control 0.023 (£0.025) 0.715 (£0.072)

3D Osteogenic

0.005 (+0.009)

0.185 (£0.061)

Fig. 9. The 3D-culture system promotes the development of a stem cell niche. (a) Example of an ESC-like GFP+ colony
observed after osteogenic induction. Bar is 100 um. (b) Frequencies of ESC-like GFP* colonies found in 2D- and
3D-cultures of EB-dc maintained in mESCM/-LIF (control) or in osteogenic medium (osteogenic) for 20 days. Standard
deviations are given in parentheses. Frequencies of these ESC-like GFP+ colonies are very low. However, the 3D-culture
system seems to enhance their presence in comparison with the classical 2D-culture system when cells are maintained
in the presence of LIF.
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Chapter 16

Methods for Investigation of Osteoclastogenesis Using
Mouse Embryonic Stem Cells

Motokazu Tsuneto, Toshiyuki Yamane, and Shin-Ichi Hayashi

Abstract

Investigation of osteoclastogenesis in vivo, especially in early development, has proven difficult because
of the accessibility of these early embryonic stages. Our ability to culture embryonic stem cells (ESCs)
in vitro has overcome this difficulty as these versatile cells can be expanded endlessly. Thus, the whole
process of osteoclastogenesis can be monitored in these cultures through the microscope and with the
help of molecular biology techniques. We have developed two methods to induce osteoclasts, the bone
matrix remodeling cells, from murine ESCs. Surprisingly, one of these induction methods produces
osteoclasts, osteoblasts, and also endothelial cells in the same culture dish. Hence, it is likely that ESCs
in culture mimic the in vivo development of osteoclasts.

Key words: Embryonic stem cell, Osteoclast, Osteoblast, Endothelial cell

1. Introduction

Homeostasis of bone is maintained with a balance between pro-
duction and resorption of bone matrix by two different cell types,
the osteoblasts and the osteoclasts, respectively, being so diverse
that they stem from different lineages. Osteoclasts are derived
from hematopoietic stem cells (1) and are indispensable for bone
remodeling, bone marrow formation, and tooth eruption (2—4).
In case space in the bone marrow cavity is limited due to osteoclast
dysfunction, the site of hematopoiesis shifts to extramedullary
organs. B lymphopoiesis in the marrow is most sensitively and
severely affected by the limitation of marrow space (5). Thus,
osteoclasts are unique to an appropriate hematopoietic microen-
vironment in bone marrow.

The hematopoietic origin of osteoclasts is also verified by the
observation that no osteoclasts are generated from embryonic

Nicole I. zur Nieden (ed.), Embryonic Stem Cell Therapy for Osteo-Degenerative Diseases, Methods in Molecular Biology, vol. 690,
DOI 10.1007/978-1-60761-962-8_16, © Springer Science+Business Media, LLC 2011
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stem cells (ESCs) lacking SCL /tal-1, a transcription factor essential
for the development of all blood cell lineages (6-8). Furthermore,
addition of VEGFR-1/Fc in early days of ESC culture, which is
expected to disrupt Flk-1 function at the stage of mesoderm or
hemangioblast commitment, a postulated common progenitor
tor hematopoietic cells and endothelial cells, impairs the develop-
ment of osteoclasts and endothelial cells (9, 10).

Mice deficient for the transcription factor PU.1 specifically
lack osteoclasts and B lymphocytes, while other blood cell lineages
are not severely affected (11, 12). The fact that exogenous PU.1
expression in SCL /tal-1-deficient ESCs rescues osteoclastogenesis
(13) suggests that PU.1 expression is a key event in osteoclast
development after hematopoietic specification regulated by the
SCL /tal-1 transcription factor has occurred.

Osteoclasts exist only in bone surfaces, while osteoclast pre-
cursors can be detected also in spleen and peritoneal cavity, as well
as in bone marrow (14, 15). It is still unknown whether these
extramedullary precursors go to the bone surfaces to differentiate
into osteoclasts in the bone.

Osteoclasts are also differentiated from colony-forming unit
granulocyte macrophage colony-stimulating factor (CFU-GM), and
CFU-M in bone marrow as well as hematopoietic stem cells (16).
Cell sorting experiments indicated that cells positive for the stem cell
factor c-kit and macrophage colony-stimulating factor (M-CSF)
receptor (c-Kit'c-Fms*) or c-Kit*c-Fms- cells are the main population
of osteoclast progenitors in bone marrow, although osteoclast pre-
cursors in peritoneal cavity are predominantly found in c-Fms* cells
(16, 17). Mature macrophages and dendritic (18) cells are also
reported to have the potential to differentiate into osteoclasts.
Therefore, many kinds of hematopoietic cells at different stages
might possess a potential to differentiate into osteoclasts.

Two cytokines, M-CSF and RANK ligand (RANKL), are
essential for osteoclast formation (19, 20). Csf1°/CsfI1° mice car-
rying point mutations in the M-CSF gene and therefore lacking
functional M-CSF have severe defects in osteoclastogenesis, which
results in failure of tooth eruption and bone marrow cavity for-
mation. M-CSF seems to be important especially for the survival
of the osteoclast lineage, as osteoclastogenesis in Csf1%/Csf1%
mouse can partially be rescued by enforced expression of Bel-2; an
antiapoptotic gene (21). Mice deficient in RANKL, which is nor-
mally produced by osteoblasts and stromal cells, and its receptor
RANK completely lack osteoclasts (19, 20).

RANKL can be substituted by tumor necrosis factor alpha
(TNFa) (22, 23) in culture. Furthermore, lipopolysaccharide
(LPS) can substitute RANKL if cells from mouse carrying a defi-
ciency of protein tyrosine phosphatase Src homology 2-domain
phosphatase-1 (Ptpn6™” / Ptpn6™") are used as osteoclast precursors
(24). RANKL, TNFa, and LPS share nuclear factor kB (NFkB)
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and TNF receptor-associated factor 6 (TRAF6) in their downstream
signaling cascade. Consistent with these observations, TNFa and
LPS are known to induce osteolysis in vivo (25, 26). Recently, it
has been reported that the master regulator of osteoclastogenesis
is thought to be nuclear factor of activated T-cells, cytoplasmic,
calcineurin-dependent 1 (Nfatcl), which is induced following
RANKL stimulation (27). RANKL also induces and activates
NFATcl through calcium signaling, and calcineurin inhibitors
such as FK506 and cyclosporin A strongly inhibit osteoclastogen-
esis. Therefore, these downstream molecules might become targets
to cure patients with osteolysis (26).

We have established three alternative culture systems for
osteoclastogenesis from undifferentiated ESCs utilizing cocul-
tures with stromal cell lines (28). The system is useful in investi-
gating the function of critical factors and genes involved in the
process of osteoclastogenesis. In one system, the hematopoietic
cell lineage is induced from ESCs by means of coculture with
OP9 cells, which is a stromal cell line derived from fetal calvaria of
the M-CSF-deficient CsfI°?/Csf1°® mouse (29). After induction
of hematopoictic cells including osteoclast precursors for 5 days
on OP9, the cells are transferred onto a bone marrow-derived
ST2 stromal cell line to induce the formation of mature osteo-
clasts in the presence of 10,25-(OH), vitamin D, (VD,) and dex-
amethasone, a synthetic glucocorticoid (30, 31). In this maturation
step, M-CSF is constitutively supplied from ST2, and RANKL
expression is induced by VD,. Expression of a decoy receptor for
RANK, osteoprotegerin (OPG), on the other hand is blocked by
dexamethasone. Osteoclasts can be detected in cultures after
6 days of culture on ST2. This culture is referred to “2-step cul-
ture” (Figs. 1 and 2). Insertion of one more step on OP9 without

Day 5 Day 11
982°,

== — T Two-step culture

ST2/10,25(0H),Dz+Dex

‘s

ES cells

Three-step culture

OoP9 il
Day 16
S
ST2/10,25(0H),D5+Dex
L, oo Day 11
= > Single-step culture
ST2/10,25(0H),D5+Dex

Fig. 1. Scheme of the culture systems.
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Fig. 2. Appearance of ESC cultures. (a) A single ESC colony at day 5. (b) Hematopoietic cell clusters at day 10.
(c) Osteoclasts at day 16 identified with TRAP staining.

addition of VD, and dexamethasone between the induction step
on OP9 and the maturation step on ST2 allows for a 20-fold
expansion of osteoclast progenitors during this period. This cul-
ture system is referred to as “3-step culture.”

In the third culture system, undifferentiated ESCs are directly
seeded on ST2 cells and cultivated in the presence of VD, and
dexamethasone for 11 days. This is referred to as the “single-step
culture” (Fig. 1), and this culture system enables us to investigate
the complete osteoclastogenic process without any manipula-
tions except for regular medium changes. In this culture system,
a single ESC forms a colony consisting of several cell lineages
including osteoblasts and endothelial cells. Osteoclasts, which
express tartrate-resistant acid phosphatase (TRAP), appear at the
edge of colonies, and osteoblasts, which express alkaline phos-
phatase (Alk Phos), are formed close to the osteoclasts (Fig. 3a,
¢, ¢’) (32). Endothelial cells are formed radially within colonies
(Fig. 3b). Therefore, this third culture system allows the devel-
opment of some microenvironmental element resembling the
bone marrow cavity.

2. Materials

2.1. Maintenance
and Preparation
of 0OP9 Cells

1. 100-mm @ dishes, i.e. Greiner Bio-One or similar.

2. Fetal calvaria-derived OP9 cells (American Type Culture
Collection).

3. OP9 medium: Alpha Minimum Essential Medium («MEM)
without ribonucleosides and deoxyribonucleosides (Invitrogen)
with 2 mM L-glutamine and 1.5 g/L sodium bicarbonate
also containing 20% fetal bovine serum (FBS) (JRH
Biosciences). Medium is supplemented with 50 pg,/mL strep-
tomycin and 50 U/mL penicillin and stored at 4°C.

4. 1x PBS (Invitrogen).
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Fig. 3. Appearance of single colonies with various types of staining in the single-step cultures. (a) TRAP staining: arrow:
TRAP positive cells. (b) CD31 positive and TRAP positive cells. Arrow: TRAP positive cells, arrowhead: CD31 positive cells.
(c, ¢’) ALP, TRAP and CD31 staining in a single colony: CD31 positive cells (arrowhead) are round-shaped and TRAP positive
cells (arrow) are present around them. (¢”) is a higher magnification of (c). White arrowhead shows ALP positive cells.

(928

. 0.1% trypsin/Ethylenediaminetetraacetic acid (EDTA,
Invitrogen). Store at 4°C.

6. OP9 freezing medium: 90% OP9 medium plus 10% dimethyl
sulfoxide.

7. 2-mL cryovials, i.e. Nunc Nalgene.

8. Falcon tubes (BD Biosciences) or similar, 15 mL.

2.2. Maintenance 1. ST2 cells (bone marrow stroma cell-derived), available from
and Preparation RIKEN Cell Bank.
of ST2 Cells 2. ST2 medium: RPMI medium 1640 (RPMI-1640) containing

5x10° M 2-mercaptoethanol and 5% FBS. ST2 medium is
supplemented with 50 pg/mL streptomycin and 50 U/mL
penicillin.
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2.3. ESC Differentiation
into Osteoclasts

2.4. Identification
of Osteoclasts

. 1x PBS.

4. 0.05% trypsin/EDTA (Invitrogen). Store at 4°C.

(92 WIS "NV I NS

. ST2 freezing medium: 90% FBS plus 10% dimethyl sulfoxide.

. Mouse leukemia inhibitory factor (mLIF): mouse LIF is

derived from medium conditioned by Chinese hamster ovary
(CHO) cells transfected with a LIF expression vector.
Commercial mLIF (ESGRO™, Millipore) can be substituted
for this conditioned medium at more than 1,000 U/mL for
maintaining ESCs.

. ESC Medium: Dulbecco’s Modified Eagle’s Medium

(DMEM) containing 15% heat-inactivated FBS (JRH
Biosciences) (see Notes 1 and 2), 2 mM L-glutamine
(200 mM), 0.1 mM 100x MEM nonessential amino acids
(Invitrogen), 1,000 U/mL CHO-LIF, and 0.1 mM
2-mercaptoethanol.

. 0.25% trypsin in PBS with 0.5 mM EDTA: commercial 2.5%

trypsin (Invitrogen) is divided into small aliquots in 15-mL
tubes and stored at -20°C. When an aliquot is used, it is
thawed, diluted with 1x PBS, and supplemented with EDTA
for 0.25% trypsin/0.5 mM EDTA. After dilution, it is stored
at 4°C.

. 10,,25-(OH), vitamin D, (VD,): as VD, is unstable, it is

diluted to 10-* M with ethanol and divided into small aliquots
in cryostat tubes. The tubes are stored in the dark at -80°C.

. Dexamethasone: dexamethasone is stored at 103 M in ethanol

at4°C.

. Osteoclast Differentiation Medium A (OsDM-A): minimum

essential medium alpha medium (aMEM) supplemented with
20% fetal bovine serum. The medium also contains strepto-
mycin and penicillin at final concentrations of 50 ug,/mL and
50 U/mL, respectively. The medium is stored at 4°C.

. Osteoclast Difterentiation Medium B (OsDM-B): same as

OsDM-A, but 10% FBS instead of 20%. Additionally contains
10* M VD, and 107 M dexamethasone.

. Sodium tartrate dehydrate.

. Sodium acetate trihydrate.

. Naphthol AS-MX phosphate, store at —20°C.

. Fast red violet LB salt, store at —20°C.

. 10% Formalin solution (3.7% formaldehyde): Add 2 mL of

37% tormaldehyde to 18 mL of 1x PBS.

. Ethanol /acetone solution: combine ethanol and acetone to

equal parts.
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2.5. Immunocyto-
chemistry for CD31

. TRAP staining buffer: to 450 mL distilled water, add 5.75 g

sodium tartrate dehydrate (final concentration 59.3 M), 6.8 g
sodium acetate trihydrate to a final concentration of 165.7 M,
and 250 mg Naphthol AS-MX phosphate. Stir TRAP solution
until the solutes have dissolved. Adjust the pH to 5.0 with ace-
tic acid and the volume to 500 mL with distilled water. Store
TRAP staining buffer at 4°C in the dark. Just before perform-
ing TRAP staining, dissolve fast red violet LB salt in TRAP
staining solution at a final concentration of 0.5 mg,/mL.

. 1x PBS.

. 4% PFA: dissociate 8 g of paraformaldehyde (PFA) in 200 mL

of 1x PBS (Invitrogen), with heating at 70°C. Do not boil.
Add 400 uL. NaOH and then add 700 pL of 2N HCI to dis-
sociate the solutes completely. Confirm that the pH is in the
range of 7-8. If not, adjust pH with NaOH or HCI.

2. 0.3% H,O, in methanol.
. Ethanol.
4. DAB reagent set (i.e. Kirkegaard & Perry Laboratories,

Inc.).

. Block Ace (i.e. Dainippon Seiyaku): It can be substituted for

normal goat serum.

. Primary antibody: monoclonal rat anti-mouse CD31 IgG

(clone 390, Immunotech, Marseille, France). Dilute to 5 pg/
mL with Block Ace, just prior to use.

. Secondary antibody: horseradish peroxidase (HRP)-

conjugated goat anti-rat IgG (ICN Pharmaceuticals, Inc.).
Dilute to a 35 pg/mL working solution with Block Ace.

. 1 M Tris—HCI (pH 8.5).
9. PBS-T: 1x PBS supplemented with 0.05% Tween 20 or poly-

oxyethylene (20) sorbitan monolaurate. PBS-T is stored
at 4°C.

3. Methods

3.1. Maintenance
and Preparation
of OP9 Cells

3.1.1. Thawing of OP9 Cells

All cultures are maintained at 37°C in 95% air/5% CO, in a
humidified incubator. Medium and PBS should be pre-warmed
to 37°C.

M-CSF-deficient fetal calvaria-derived OP9 cells are cultured in
100-mm @ dishes in OP9 medium.

1. Quickly thaw frozen cells in a 37°C water bath until just a

small bit of frozen solution remains in the tube.
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3.1.2. Maintenance Culture

2.

Add 1 mL of medium gently to the cell suspension drop by
drop, transfer the suspension to a 15-mL centrifuge tube, and
gently add 7 mL of medium.

. Centrifuge at 200 x4 for 5 min at 4°C.
. Aspirate the supernatant and suspend the cell pellet in the

appropriate medium.

. Seed cells into culture dishes.

. Split OP9 cells every 3 days when they reach 70% confluency

(Fig. 4c). Wash them with 1x PBS twice, then add 1 mL of
0.1% trypsin/EDTA and incubate at 37°C for 5 min.

. Add 7 mL of OP9 medium and dissociate the cells by vigor-

ous pipetting.

. Transfer to a 15-mL Falcon tube and spin cells down by cen-

trifugation at 200 x g for 5 min.

. Pour off or aspirate off the supernatant and resuspend the

pelleted cells using fresh OP9 medium. Split cells 1:4 into
new culture dishes (see Note 3).

. When OP9 cells reach 70% confluency, you may use them

either to initiate a differentiation experiment or to freeze
them down.

. For freezing, OP9 cells are recovered after centrifugation and

resuspended in OP9 freezing medium. All cells from one
100-mm dish should be resuspended in 2 mL of freezing
medium and divided into two cryovials.

. For ESC differentiation, seed cells from one 100-mm dish
to a six-well culture plate 2 days before starting differentia-
tion of ESCs. After OP9 cells reach confluency, they are
ready to use.

Fig. 4. Morphology of coculture cell lines. (a) Stromal cell line ST2. (b, ¢) Stromal cell line OP9. (c) a lower magnification

of (b).



Methods for Investigation of Osteoclastogenesis Using Mouse Embryonic Stem Cells 247

3.2. Maintenance
and Preparation
of ST2 Cells

3.3. Differentiation
of ESCs in 2- and
3-Step Cultures

Bone marrow-derived ST2 cells are cultured in 100-mm cell

culture dishes in ST2 medium and are regularly passed every
3 days.

1

. Thaw ST2 cells as described for OP9 cells in

Subheading 3.1.1.

. When ST2 cells reach 100% confluency, wash them with 1x

PBS once, then add 1 mL of 0.05% trypsin/EDTA and incu-
bate at 37°C for 2 min.

. Add 7 mL of ST2 medium and dissociate the cells by vigor-

ous pipetting. Transfer to a 15-mL Falcon tube, centrifuge at
200x g for 5 min, pour off or aspirate off the supernatant,
and resuspend pellet in 4 mL of fresh ST2 medium.

. Split ST2 cells at a 1:4 ratio into new culture dishes. In order

to do so, add 1 mL of cell suspension to a new dish previously
prepared with 9 mL of ST2 medium.

. Confluent cells may be used to initiate a differentiation exper-

iment with ESCs or to freeze ST2 stocks. After trypsinization,
seed half of the confluent cells from one 100-mm dish to all
wells of a 24-well culture plate the day before seeding of
undifferentiated ESCs or differentiated ESCs. Cells are ready
to be used when they reach confluency.

. For freezing, ST2 cells are taken up in ST2 freezing medium

after centrifugation. Cells from one 100-mm dish should be
divided into two cryovials.

Maintain ESCs on mouse embryonic fibroblasts as described in
Chapter 2. This protocol will guide you through differentiation

of undifferentiated ESCs into osteoclasts in 2- or 3-step
cultures.
1. Prepare OP9 cells in a six-well culture plate as described under

Subheading 3.1. Culture OP9 cells until the cells reach 100%
confluency.

. Grow ESCs to 70% confluency, aspirate ESC medium, and

wash cells three times in 1x PBS.

. Remove the PBSand add 1 mL 0.25% trypsin/EDTA. Incubate

at 37°C for 5 min to loosen the cells from the plastic.

. Stop the trypsinization by adding 7 mL of ESC medium.

Pipette up and down to break up remaining cell clumps.
Transfer the single cell suspension to a 15-mL Falcon tube
and centrifuge at 200 x g for 5 min.

. After aspirating the supernatant, suspend the ESCs in

OsDM-A.

. Count viable cells by trypan blue exclusion as described in

Chapter 8.
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3.4. Induction

of Osteoclasts,
Osteoblasts,

and Endothelial Cells
from Undifferentiated
ESCs in Single-Step
Culture

7. Seed 10* cells/well on OP9 cells (see Notes 4 and 5).
8. On day 3, replace half of the medium with fresh medium.

9. On day 5, wash the cells three times with 1x PBS and
trypsinize them with 0.5 mL of 0.25% trypsin/EDTA per
well by incubating at 37°C for 5 min (see Note 6).

10. After incubation, add 3.5 mL/well of OsDM-A to the wells
and dissociate the cells into single cells by vigorous
pipetting.

11. Transfer the suspension to a 15-mL Falcon tube and centri-
fuge at 250xy for 5 min at 4°C. When 2-step culturing is
performed, go to step 17.

12. Aspirate the supernatant and suspend the cells in OsDM-A.

13. Seed 10° cells/well on freshly prepared OP9 cells in six-well
culture plates (see Note 7).

14. On day 8, replace half of the medium with fresh medium.

15. On day 10, add 2 mL of OsDM-A, dissociate the cells into
single cells by vigorous pipetting and transfer the suspension
to a 15-mL centrifuge tube (see Note 8).

16. Leave it stand, to remove debris, for 5 min at 25°C. After the
debris has settled, transfer the supernatant to a fresh 15-mL
tube. Centrifuge at 250 x4 for 5 min at 4°C.

17. Aspirate the supernatant and suspend the cells in OsDM-B.

18. Prepare a suspension of 10% cells/mL in OsDM-B. Seed
1 mL /well of this cell suspension on ST2 cells previously pre-
pared in a 24-well culture plate.

19. Three days later, change the medium to fresh OsDM-B.

20. After 6 days of the culture on ST2, perform TRAP staining to
identify osteoclasts.

At the surface of bone matrix, osteoclasts and osteoblasts reside in
close proximity to each other. Similarly, colonies derived from
single ESCs contain both osteoclasts and osteoblasts in this cul-
ture system. Osteoclasts and osteoblasts appear at the periphery
of the colony (Fig. 3). Hematopoietic c-Kit-positive cells first
appear at day 4 and TRAP-positive cells first appear at day 8 of the
differentiation. This timing is similar to that observed during
in vivo development, suggesting that the ESC differentiation sys-
tem spatiotemporally mimics in vivo development. Specifically, in
this culture system, cMEM /10%FBS (OsDM-B) is used to induce
ESCs to differentiate into osteoclasts (see Note 9).

1. Prepare ST2 cells in a 24-well plate. Culture ST2 cells until
the cells reach 100% confluency in the plate.

2. Grow ESCs to 70% confluency and dissociate them into
single cells using 0.25% trypsin/EDTA as described in
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3.5. Detection
of Osteoclasts

3.6. Immunohisto-
chemical Staining
of CD31

3.

4.
5.

Subheading 3.3. After centrifugation, aspirate the superna-
tant and suspend the ESCs in OsDM-B.

Count the cell number and seed 50-100 cells/well in
OsDM-B.

Change the medium every 2 or 3 days.
On day 11, perform the desired staining.

Osteoclasts will be detected by staining with tartrate-resistant
acid phosphatase (TRAP).

1.

Aspirate the medium and add 1 mL/well of 10% formalin to
cover the cultured cells.

2. Incubate cells at 25°C for 10 min (see Note 10).

. Aspirate the 10% formalin solution oft the cells and wash once

with 1x PBS.

. After aspiration of 1x PBS, cover the cells with 0.5 mL of

ethanol /acetone solution and incubate them at 25°C for just
1 min, then take off ethanol /acetone immediately.

. Fill each well with 1x PBS. Aspirate PBS off the wells and

wash one more time with 1x PBS.

. Cover the cells with 250 uL /well of TRAP solution and let

the plates stand for 5 min at 25°C.

. Aspirate off the staining solution and soak the culture dish in

tap water for more than 30 min to remove unspecific
staining.

. Osteoblasts may be detected with staining for alkaline phos-

phatase as described in Chapter 4 or by measuring the activity
of this enzyme (see Chapter 17).

. To fix cultured cells, add 4% PFA to each well and keep the

cells on ice for 15 min.

. After having aspirated PFA, add ice-cold 1x PBS to each well

and leave the dishes on ice for 5 min. Perform this washing
step three times.

. Remove PBS and add 500 pL of 0.3% H,O,/methanol and

leave it stand on ice for 10 min.

. After aspirating the 0.3% H,O,/methanol, add ice-cold 100%

ethanol and leave the dishes on ice for just 1 min.

. Wash the cells twice with 1x PBS, add Block Ace, and leave

the plates on ice for 20 min.

. Add the primary antibody diluted in Block Ace and let stand

at 4°C overnight.

. Aspirate the primary antibody solution and wash cells twice

with ice-cold PBS-T on ice for 5 min.
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10.

. Overlay cells with HRP-conjugated secondary antibody

working solution and leave the plates on ice for 1 h.

. Aspirate the secondary antibody solution and wash cells twice

with ice-cold PBS-T on ice for 5 min.

Aspirate PBS-T and cover well with freshly prepared DAB
solution. DAB solution is included in the DAB Reagent Set.
Leave at 25°C for 10 min and then add distilled water to stop
the reaction. Observe cells through an inverted microscope.

4. Notes

. FBS should be used that supports the growth of ESCs well

and prevents them from differentiating. Prepare ESC Medium
containing several lots of FBS and check the growth rate of
ESCs cultivated in these preparations of medium. To check
whether ESCs are maintained in an undifferentiated state,
cultivate ESCs in ESC Medium without mLIF and perform
ALP staining as described in Chapter 4.

. To inactivate complements, FBS is heated in a water bath at

56°C for 30 min.

. Take special care to split at the right ration. If the density of

the subcultures is too low, the culture will not reach conflu-
ence. However, do not overgrow either. If very large cells
appear in your culture, the cultures are overgrown and will
not support the maintenance of hematopoietic cells.

. Similar results are obtained by using three ESC lines: D3

(33), J1 (34), and CCE (35), in our coculture system with
stromal cell lines.

. Seeding mixtures of ESCs and mouse embryonic fibroblast

feeder cells on OP9 or ST2 cells does not cause a problem.

. On day 5, differentiated (Fig. 2a) and undifferentiated colo-

nies are observed (36). The appearance of undifferentiated
colonies is smooth, and the boundary of the cells is not clear.
These colonies may comprise, at most, one-third of the total
colonies.

. During the culture, OP9 cells sometimes differentiate into

adipocytes, but this does not influence the experimental
outcomes.

. Trypsinization is not necessary at this point.

. The efficiency of the formation of colonies by ESCs varies

from 1 to 40% depending on the lot of serum. We recom-
mend seeding ESCs at a density that allows the formation of
less than 20 colonies/well in 24-well plates. High colony
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density prevents ESCs from differentiating into osteoclasts. A
preliminary experiment should be performed to check the
plating efficiency by seeding 10-1,000 cells /well.

10. While the cells are being fixed, you may add the fast red violet
LB salt to TRAP staining solution.
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Chapter 17

Ahsorption-Based Assays for the Analysis
of Osteogenic and Chondrogenic Yield

Lesley A. Davis, Anke Dienelt, and Nicole I. zur Nieden

Abstract

The typical characteristics of cartilage and bone tissue are their unique extracellular matrices on which
our body relies for structural support. In the respective tissue, the cells that create these matrices are the
chondrocyte and the osteoblast.

During in vitro differentiation from an embryonic or any other stem cell, specific cell types must be
unequivocally identifiable to be able to draw the conclusion that a specific cell type has indeed been gen-
erated. Here, gene expression profiling can be helpful, but examining functional properties of cells is a
lot more conclusive. As proteoglycans are found in and are part of the function of cartilage tissue, their
detection and quantification becomes an important diagnostic tool in tissue engineering. Likewise, in
bone regeneration therapy and in research, alkaline phosphatase is a known marker to detect the degree
of development and function of differentiating osteoblasts. Calcification of the maturing osteoblast is the
last stage in its development, and thus, the quantification of deposited calcium can aid in determining
how many cells in a given culture have successfully matured into fully functioning osteoblasts. This chap-
ter describes methods ideal for testing of proteoglycan content, alkaline phosphatase activity, and calcium
deposit during in vitro chondro- and osteogenesis.

Key words: Proteoglycan, Alkaline phosphatase, Calcium, Chondrocyte, Osteoblast, Extracellular
matrix

1. Introduction

In the bony skeleton there are two main cell types, the osteoclast,
which absorbs excess bone, and the osteoblast, which secretes
hormones and factors for growth and repair of the tissue. At the
end of the long bones reside the chondrocytes, which form the
hyaline cartilage, providing a smooth surface for frictionless joint
movement.

Nicole I. zur Nieden (ed.), Embryonic Stem Cell Therapy for Osteo-Degenerative Diseases, Methods in Molecular Biology, vol. 690,
DOI 10.1007/978-1-60761-962-8_17, © Springer Science+Business Media, LLC 2011

255



256 Davis, Dienelt, and zur Nieden

1.1. Proteoglycans
in Cartilage Matrix

The development of bone is linked to cartilage formation in
that bone is formed from a cartilage template or anlage. During
bone growth as well as repair, the chondrocyte and the osteoblast
are responsible for the laying down of the extracellular matrix
(ECM). On a cellular level, the ECM provides support and
anchorage for cells and acts as a local depot for growth factors.
Although both the cartilage and the bone ECM are predomi-
nantly composed of triple helical collagen fibers, they are unique
with regard to the presence of additional molecules, which reflects
the distinct functional requirements of both tissues.

The framework of bone is a composite material comprising
noncollagenous proteins and lipids beside the already mentioned
collagen (1). It is particularly the mineral phase (hydroxyapatite)
that enables us to walk, jump, run, and simply stand, by providing
us with a hard scaffolding throughout our body, and thus giving
us strength. Therefore, molecules associated with the composi-
tion and maintenance of the mineralized matrix, which are dis-
cussed below, may serve as unique markers of bone tissue.

In contrast, cartilage contains a higher ratio of proteoglycans,
the function of which is to distribute load. By virtue of their net
negative charge, proteoglycans attract water molecules, keeping
the ECM and resident cells hydrated and providing it with its
typical viscoelasticity by which every move is cushioned.

Most proteoglycans are composed of a protein core, to which
chondroitin, heparan, and keratan sulphate-rich glycosaminogly-
can side chains are covalently attached. The most common pro-
teoglycan in cartilage is aggrecan, a large molecule with a core
protein of over 2,000 amino acids (2). Aggrecan contains chon-
droitin and keratan sulfate glycosaminoglycan side chains as well
as asparagine-linked oligosaccharides and O-linked oligosaccha-
rides and is expressed in embryonic stem cell (ESC)-derived
chondrocytes (3).

Beside aggrecan, a variety of other mostly smaller proteogly-
cans are responsible for cartilage function, such as decorin, bigly-
can, and lumican, which all belong to the growing family of small
leucine-rich repeat proteoglycans (SLRPs). SLRPs are not struc-
turally related to aggrecan, but are characterized by multiple adja-
cent domains bearing a common leucine-rich motif (4).

The function of the SLRPs depends on both their core pro-
tein and their glycosaminoglycan chains. Decorin and biglycan
may be classified as dermatan sulphate proteoglycans, whereas
lumican is a keratin sulphate proteoglycan. However, in bone,
decorin and biglycan are conjugated to chondroitin sulphate side
chains (5-7). Typically, in auricular cartilage, the nonglycosylated
forms of the proteins are found (8).

The function of the SLRPs is to help regulate fibril diameter
during its formation and possibly fibril-fibril interaction in the
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1.2. The Mineralized
Matrix: Alkaline
Phosphatase

and Galcium

extracellular matrix, which is achieved via their core proteins,
which allow the SLRPs to interact with the fibrillar collagen that
forms the framework of the tissue (9). Because of their molecular
localization, they also appear to limit access of the collagenases to
their unique cleavage site, protecting the collagen fibrils from
proteolytic damage. For a detailed review, the reader is referred to
an article by Roughley (10). Recent evidence suggests a role for
the two dermatan sulphate proteoglycans of the SLRP family,
decorin and biglycan, in influencing bone cell differentiation and
proliferation, possibly also in regulating mineral deposition (11).

In vitro, osteogenesis from a mouse ESC requires the expression
and presence of both general and bone-specific factors (12). The
coordinated expression of these factors directs the cell toward
an osteoblast fate. The three key factors added to the media
during osteoblast differentiation include: ascorbic acid, beta-
glycerophosphate, and bone active factors, such as 10,,25-(OH),
vitamin D, or dexamethasone (13-15). All three factors are
needed for differentiation and mineralization of the mature osteo-
blast; beta-glycerophosphate specifically provides the cells with
the source of inorganic phosphate, thus is the substrate for alka-
line phosphatase (Alk Phos). Alk Phos is considered the major
enzyme in mineralization and is expressed on the cell surface of
the osteoblast. The removal of a phosphate by this enzyme
increases the amount of inorganic phosphate that can either be
ingested by the cell or react with molecules in the environment,
such as calcium, in the case of bone growth and repair, to form
one of the components of the mineralized extracellular matrix.
As the name suggests, Alk Phos is an enzyme that needs an
alkaline environment to hydrolyze phosphate monoesters (16).
Its catalytic sites require the presence of two zinc ions and one
magnesium ion per monomer (17). The range of organisms that
utilize Alk Phos as part of their cellular function extends from
E. coli (18) to humans (17, 19), underlining the importance of
this enzyme in the animal kingdom. In bacteria, Alk Phos is
located in the periplasmic space and is thus considered secreted
even though it is not released to the outside of the cell (20).
Mammalian Alk Phos is located within the plasma membrane via
a glycosyl phosphatidyl inositol (GPI) anchor and consists of two
homodimers with each monomer having a GPI anchor on its
C-terminal group (16, 17). In addition, it differs from bacterial
Alk Phos in that it has higher activity and K values, needs a more
alkaline environment, and is less heat-stable (17). The isozymes
of Alk Phos are found in most tissues of the body with the forms
found in kidney, liver, and bone labeled as tissue nonspecific (TN)
(17, 19). TN Alk Phos is an established marker of ESC-derived
preosteoblasts (13,21,22). In the embryo, its activity is high through-
out the organism, specifically in the primordial germ cells (23).
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This combined with evidence of Alk Phos activity in cells taken
from mouse teratomas and ESCs has made this enzyme also a
marker for pluripotent cells (23-27). A method for staining undif-
ferentiated ESCs for Alk Phos is described in Chapter 4.

During ESC-osteogenesis, Alk Phos activity is decreased in
differentiating cells and can be detected early when mineraliza-
tion is initiated under influence of 1o,25-(OH), vitamin D, (dif-
ferentiation days 10-15) (13). A second wave of Alk Phos is seen
later in differentiation directly before the expression of the mature
osteoblast markers osteocalcin and bone sialoprotein (21).
Therefore, the detection and quantification of the enzyme in the
body and the differentiating cell become important in determin-
ing the stages of differentiation, development, and disease.

The inorganic phosphate provided by Alk Phos readily binds
to ionic calcium, which is a necessity for the mammalian body for
its role in building and maintaining strong bones (28). The pro-
cesses put in place by the body to control and regulate the flow of
calcium are vital for the function of that cell and the tissue in
which it is associated. There are a number of diseases in which
their cause or symptoms include a disruption of calcium produc-
tion and collection within the body. Among these is osteoporosis,
a common disease in which the sufferer has more osteoclasts than
osteoblasts, thus preventing the body from utilizing dietary calcium,
for the purpose of bone repair and cell turnover (29).

The regulation and maintenance of Ca?* within the body and
specifically the osteoblast has been linked to a number of factors
such as: parathyroid hormone, TGFbeta , Integrin, vitamin D,,
and Calmodulin (28). These factors all contribute to or act on
one or both of the following ways: expression of calcium-binding
proteins and receptors or directly bind calcium for cell signaling
(28, 30). Calmodulin isoforms in particular need Ca?* to be acti-
vated, and those isoforms in osteoblasts may control both the
differentiation and proliferation of the cell (28).

The release of Ca?* to the outside of the cell is a possible
method for the osteoblast to increase the concentration of cal-
cium in its environment, thus enabling it to start laying down a
mineralized matrix. The removal of calcium from the cell is usu-
ally done by active transport at the plasma membrane through
Ca**ATPase channels or Na*Ca** exchangers (31, 32). The trans-
port of Ca?* via these Na*Ca®* exchangers in the plasma mem-
brane will enable intracellular calcium found in the cytoplasm to
be utilized as part of the extracellular matrix during bone miner-
alization (32). However, most of the calcium is found outside the
cell and is brought into the body through diet. Once Ca®* has
been released from the cell and enters the blood stream, calcium-
sensing receptors found in the kidney and parathyroid will sense
extracellular Ca?* levels, thus enabling the body to release the
appropriate hormone to either keep Ca** or release it. Two such
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hormones, vitamin D, and parathyroid hormone, stimulate the
expression of calcium-binding proteins and receptors that will
collect calcium from the intestine and plasma, for use in the body
and by the developing osteoblast (28).

During in vitro osteogenesis, a number of factors are added
to the medium to push the differentiating ESC toward an osteo-
blast fate. One factor added to the medium is 1o,25-(OH), vita-
min D, which is brought into the differentiating cell, thus
signaling the start of osteoblast differentiation (13). As the stem
cell slowly differentiates toward an osteoblast fate, it will undergo
a period of mineralization where it will deposit a collagenous
matrix, and if there is enough Ca?* and inorganic phosphate pres-
ent, hydroxyapatite crystals will form and thus the ECM mineral-
izes (13, 31). As collagen type I and calcium are the major
components of the bony ECM, the quantification of calcium
deposition is an accurate method to determine the number of
cells in a culture which have developed into mature osteoblasts.

2. Material

2.1. DMMB Assay

It is absolutely important that you prepare your stock and work-
ing solutions in deionized water only.

1. Phenylmethylsulfonyl fluoride (PMSF), 98.5% (GC): store at
room temperature; inhibits serine proteases such as trypsin
and chymotrypsin, also inhibits cysteine proteases (reversible
by reduced thiols) and mammalian acetylcholinesterase; halt-
life=1 h at pH 7.5; soluble in dry solvents (ethanol, metha-
nol, and 2-propanol); contact with liquid liberates toxic gas;
handle in chemical hood only; make a 200 mM stock solu-
tion, which is stable for minimally 9 months at 4°C; toxic (see
Note 1).

2. Proteoglycan extraction buffer (PEB, see Note 2): 4 M of
guanidine hydrochloride /0.05 M sodium acetate, including
100 mM 6-amino caproic acid, 10 mM ethylenediaminetet-
raacetic acid (EDTA), 5 mM benzamidine hydrochloride,
10 mM N-ethylmaleimid, 0.4 mM Pepstatin A (see Note 3),
1 mM PMSF, and 1 pg/mL soybean trypsin inhibitor (dissolved
in aqua dest). Set pH to 5.8 and store at 4°C.

3. Heidolph Polymax Wave Shaker (Brinkmann).

4. Refrigerated microcentrifuge, i.e. Eppendorf 5415R, and
microcentrifuge tubes, 1.5 mL.

5. Flat 24-well assay plates (i.e. BD Biosciences).

6. Chondroitin sulfate C (sodium salt from shark cartilage): Make
a 10 mg/mL stock solution in ddH,O and store at 4°C.
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2.2. Lysing Cells

2.3. Alkaline
Phosphatase Assay

. Dispenser pipettor, e.g. Eppendort Repeater® Plus or similar,

with blue adapter and Eppendorf Combitips® Plus (25 mL),
Biopur individually packed.

. DMMB assay reagent: First, dissolve 1,9-dimethyl methylene

blue (DMMB) in ethanol to make a 3.2% (w/V) solution (see
Note 4). To make 1 L of DMMB assay reagent, use 5 mL of
the 3.2% DMMB dye solution and add 2 g of sodium formate
and 2 mL of formic acid (98%). Fill volume with autoclaved
sterile aqua dest. Adjust pH to 3.5 and store at room
temperature (see Note 5).

. Temperature-controlled ELISA plate reader set to 535 nm,

e.g. Tecan Safire 2™.

. Phosphate-buffered saline (PBS): Combine 137 mM NaCl,

2.7 mM KCl, and 10 mM sodium phosphate dibasic
(Na,HPO,). Adjust with aqua dest to final volume. Adjust
pH to 7.4 and autoclave at 121°C for 60 min. Buffer is stable
at room temperature; however, keep at 4°C for long-term
storage.

. RIPA buffer: 1x PBS containing 0.1% dodecyl sodium sulfate

(SDS, see Note 6), 1% NP-40, and 0.5% sodium deoxycholate
(see Note 7). Add sterile aqua dest to final volume and adjust
pH to 7.2. This RIPA base may be stored at 4°C. Before each
use, protease inhibitors should be added freshly to final con-
centrations of 1 mM PMSEF (see Note 1), 10 mM benzami-
dine hydrochloride, and 4.2 puM leupeptin hemisulfate salt.
At working concentrations, this solution is stable for only a
few hours and should therefore be stored on ice for intermit-
tent use over several hours.

. Heidolph Polymax Wave Shaker (Brinkmann).
4. VWR Tube Rotator, with 36x1.5/2.0 mL rotisserie

assembly.

. Refrigerated microcentrifuge, ¢.g. Eppendort 5415R and

1.5-mL microcentrifuge tubes.

. Flat 96-well general assay plates (e.g. Corning Costar).
. Hydrochloric acid, 1.0 N (HCl): used as HCI lysis buffer.

When diluting the stock solution (i.e. when preparing stan-
dard curves), add product carefully to watery solutions, since
this is an exothermic process. Stable at room temperature if
kept sealed and away from bases and metals.

1. Alkaline phosphatase yellow liquid substrate system for ELISA

(pNPP): ready-to-use reagent; stable for 1 year when stored
at 4°C (see Note 8).

. Flat 96-well general assay plates (e.g. Corning Costar).
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2.4. Ca** Assay

2.5. Lowry Assay

. Dispenser pipettor, e¢.g. Eppendorf Repeater® Plus or similar

with Eppendort Combitips® Plus (5 mL), Biopur individu-
ally packed.

. Temperature-controlled ELISA plate reader with a wavelength

range between 350 and 750 nm, e.g. Tecan Safire 2™.

. Calcium chloride dehydrate, >99%: Kept at a stock of

27.69 mg/mL (=10 mg/mL Ca?") in deionized water at
room temperature.

. Flat 96-well general assay plates (e.g. Corning Costar).
. Dispenser pipettor, e¢.g. Eppendorf Repeater® Plus or similar

and 5-mL individually packed Combitips® Plus (Biopur).

. Ca* reagent, 0.15 mM Arsenzo III (2,2'-bisbenzene-arsonic

acid, DCL Toronto): ready-to-use reagent; kept at room
temperature away from light.

. Temperature-controlled ELISA plate reader with a wavelength

range between 350 and 750 nm, e.g. Tecan Safire 2™.

. Biorad DC protein reagent kit.

. Bovine serum albumin: store powder at 4°C. Prepare a solu-

tion of 50 mg/mlL, aliquot, and store at -20°C.

. Temperature-controlled ELISA plate reader set to a wave-

length of 750 nm, e.g. Tecan Safire 2™.

3. Methods

3.1. DMMB Assay

The overall proteoglycan content of chondrogenic ESC cultures
may be determined with the metachromatic DMMB assay (3).

1. For each treatment group that you would like to assay, seed

five wells to be assayed with this method. This will allow you
to calculate adequate standard deviations. Extract the proteo-
glycans deposited by the cells in 300 uL of PEB (see Note 9).
To do this, let the plates incubate under shaking for 48 h at
4°C (see Note 10).

. Remove remaining nonlysed cellular debris by collecting the

lysate into a microcentrifuge tube and centrifuging in a micro-
centrifuge at full speed (16,000 x g, 20 min, 4°C). Keep your
samples on ice during all following steps.

. Prepare a standard concentration series with chondroitin sul-

phate C with PEB in the range between 0.3 and 300 pg/mL.

. On a 24-well assay plate, mix two-thirds of the lysate or stan-

dard with ten times the volume of DMMB assay reagent (see
Note 11), using a dispenser to add the reagent. Assay every
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3.2. Lysing Cells
for Alk Phos, Ca*,
and Lowry Assays

3.3. Alk Phos Assay

sample in triplicate. Include a blank with PEB only. If the
lysate contains proteoglycans, the color should change from a
dark blue to an intensive purple, the absorbance of which can
be read at 535 nm.

5. Calculate the amount of proteoglycan in the samples from
the concentration curve.

Differentiate mouse or human ESCs toward mature osteoblasts,
as described in Chapters 9, 10, 14, or 15; for each treatment
group, seed a minimum of five wells (see Note 12).

1. When starting your cell culture experiment, plan to seed a min-
imum of five wells of cells for each treatment group that you
would like to assay (five biological replicates). Remove media
from cells — be careful not to disrupt the cell surface. The use of
an aspirator is preferred to dispose of all trace amounts of media.
Wash cells twice with 1x PBS — this is an important step as you
want to ensure that there is no serum containing media on the
cells, which may contain Alk Phos or any calcium traces.

2. Overlay with 300 uL of RIPA buffer with proteinase inhibi-
tors (per well of a 24-well plate). The cells may loosen and
come off the plate, or the cell will lyse leaving behind its calci-
fied matrix.

3. Scrape cells and collect into a microcentrifuge tube and rotate
tor 1 h at 4°C to lyse. Subsequently, spin down for 30 min at
16,000 x g at 4°C.

4. Transfer the supernatant to clean microcentrifuge tubes.
Aliquot and store at -80°C. Use for subsequent protein assay,
Alk Phos, and Ca?* measurements.

5. Wash the remaining pellet in ddH,O and store it at -80°C.

6. To the rest of the matrix on your plate, add 1 N HCI (300 uL
for 1/24 well). Incubate overnight at 4°C with shaking (see
Note 10).

7. The next day, collect HCl and matrix from the plate and add to
the tube, which already contains the pellet, and rotate overnight
at 4°C to mix. The next day, centrifuge for 5 min at 16,000 x 4.

8. Collect the supernatant into a fresh tube, aliquot, and store
at -80°C.

There are a number of ways by which a researcher can detect and
quantify Alk Phos activity during osteoblast differentiation: anti-
bodies, naphthiol /fast red violet, and p-nitrophenyl phosphate
substrate. The use of antibodies and fast red violet requires the
cells to be fixed, while p-nitrophenyl phosphate allow the cells to
be tested while alive or directly after cell lysis, thereby allowing
the activity to be compared to the total protein present per given
experimental sample. Moreover, the described method of using
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3.3.1. Measurement

3.3.2. Calculations

p-nitrophenyl phosphate enables the quantification of Alk Phos
activity in comparison with other treatments.

The principle of this assay lies with the conversion of the p-nitrophenyl
phosphate by Alk Phos. Prior to reaction initiation, the substrate
should appear as a colorless to pale yellow solution. Following the
reaction with Alk Phos, the absorbance of the dark yellow
reaction product p-nitrophenol may be read at 405 nm. This
hydrolysis only occurs at an alkaline pH.

1.

Itis important for the purpose of quantification that each exper-
imental sample (biological replicate) is tested in triplicate and
that a blank (pNPP +RIPA bufter) is included in your test set.

. Before you start mixing the reagent and the sample lysate, set

your ELISA reader to a temperature of 37°C.

. Pipette 10 uL of the RIPA cell lysate into a 96-well plate.
. Add 90 pL of pNPP to each lysate using the dispenser.
. Set the mixing function of the plate reader to 5 s and 5 flashes.

Take an absorbance reading at 405 nm instantly (z,). This
absorbance is designated A (see Note 14). Then, incubate
at 37°C for up to 30 min, preferably inside the plate reader
chamber. The time may vary with different companies and lot
numbers of the substrate (see Note 15). Take a second mea-
surement at £ =30 min at 405 nm. Reading is designated as

A (see Notes 16-20).

final

. Subtract the blank from each reading and calculate the units

of enzyme from the following formula for each reading:

ALP activity (Units/mL)=((A, ~A__)/t)x R/18.45

final initial

with 18.45 being the extinction coefficient €. R is the dilu-
tion factor divided by the path length. For a conventional
96-well plate and a reaction volume of 100 uL, the path
length is approximately 0.31 cm.

. Next, you need to take into account the dilution factor of

your sample, which is calculated by dividing the reaction vol-
ume by the used volume of the RIPA lysate; here, the calcula-
tionis 0.1,/0.01 mL. This value gives the total enzyme activity
per mL of your RIPA lysate. The total enzyme activity in your
sample (0.3 mL volume) is then calculated by multiplying by
0.3. The result of your calculation is the enzyme activity in
Units in your entire sample.

. Next, you need to normalize this to the total amount of pro-

tein of the cell lysate, which is measured as described in
Subheading 3.5. At the end of this calculation, you get the
specific enzyme activity in Units/mg. How Alk Phos activity
develops over time in ESC cultures is shown in Fig. 1.
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3.4. Ca** Assay

3.4.1. Standard Curves
for RIPA and HCI Lysates

3.0

Alk Phos activity
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Fig. 1. Alk Phos activity in mESCs. Alk Phos activity was measured in control cultures
(black line), which spontaneously differentiated into all lineages upon deprivation of LIF.
When osteogenesis was induced with 1c.,25-(0H), vitamin D, (grey line), Ak Phos activ-
ity increased around differentiation day 11. Alk Phos activity is shown as mean + stan-
dard deviation for three independent experiments.

This method is a reliable method for approximating the number
of cells that have differentiated to osteoblasts during your study.
There are a number of methods for detecting calcium production
and deposition in vitro. There are two general ways to detect cal-
cium: one is through fluorescence and the other absorbance. The
fluorescent dyes can then be separated into those that increase in
fluorescence in the presence of calcium and those that change
their excitation wavelengths. The fluorescent dyes include: cal-
cein, coelenterazine, dehydrocalcein fluo-3, fura-2, indo-1, and
rhod-2. For absorbance, there is Arsenzo III. The fluorescent
dyes are better for the detection of the distribution and quantity
of intracellular calcium. However, for the purposes of detecting
and quantitating the amount of calcium deposited by an osteo-
blast, the absorbant dye is the best. Arsenzo I1I or 2,2'-bisbenzene-
arsonic acid forms a blue or purple complex when it comes in
contact with calcium ions (Fig. 2) which can be read at 650 nm.

1. For HCl standard, prepare a concentration range of 0-0.1 mg/
mL Ca?* in HCl lysis buffer. To measure the OD, use 250 puL
of Arsenazo III and 10 pL of HCI standards.

2. For RIPA standard, prepare a lower concentration range from
0-0.03 mg/mL Ca?* using calcium chloride stock solution.
Use 75 pL of Arsenazo IIT and 25 uL of RIPA standard for

the measurement.
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3.4.2. Measurement

3. A pipetting scheme can be found below. Standards in bold

letters need to be prepared only for the HCI standard curve.

This method can be performed at any time once calcification has
begun during osteogenesis. This description assumes that the
cells are grown in 96-well plates. It is important that you perform
the Ca** measurement from your RIPA AND from the HCl lysate
(see Subheading 3.2).

1.

In a 96-well plate, dispense Arsenazo III into three wells for
each sample that you will be assaying, and prepare a standard
curve as described above.

. Use 250 pL of Arsenazo III for the HCI lysates and 75 uL of

Arsenazo 111 for the RIPA lysates in each well.

. Prepare three wells with Arsenazo III only as a blank (see

Note 21).

. Aliquot each lysate (10 pL. of HCI lysate and 25 pL of the

RIPA lysates) into the triplicate wells containing Arsenazo I11
reagent.

. Set the mixing function of the plate reader to 5 s and 5 flashes

and read absorbance at 650 nm. The reaction product should
be stable for at least an hour.

. Check the absorbance of the samples at 650 nm. Similar to

the Alk Phos assay, make sure that your measured OD is lower
than 1. If it is not, dilute your sample with the respective lysis
buffer and redo the assay (see Table 1).

Table 1

Pipetting schematic for calcium standard curve

Standard

Dilution no. Concentration (mg/mL) Ca?z* 10 mg/mL RIPA or HCl lysis buffer
(1) 0.1 10 uL 990 uL
(2) 0.07 70 uL of dilution (1) 30 uL

(3) 0.05 50 uL of dilution (1) 50 uL

(4) 0.04 40 pL of dilution (1) 60 uL

(5) 0.03 30 pL of dilution (1) 70 uL

(6) 0.02 20 uL of dilution (1) 80 uL

(7) 0.01 10 uL of dilution (1) 90 uL

(8) 0 Buffer only

Dilutions in bold are needed for HCI lysates only



266 Davis, Dienelt, and zur Nieden

3.4.3. Calculations

3.5. Lowry Assay

3.5.1. Measurement

Q{b
)
@«

NS

Fig. 2. Calcium assay. The change in absorption (development of purple to dark bilue
color) is shown for 10,,25-(0H), vitamin D, (VD,)-treated murine ESCs. Lysates from
control cultures (ctrl) without osteogenic supplements do not react with Arsenazo |Il.

1. Draw a calibration curve of the standards (mean value-blank)
(y=mxx). An example is given in Fig. 3.

2. Calcium concentration: Mean value-blank divided by increase
of the calibration curve (m; from y=mx x).

3. Total calcium amount: Calcium concentration multiplied by
volume of your sample (0.3 mL if you have followed what
was described above).

4. Sum up your total calcium amount from the RIPA lysate and
the HCI sample.

5. Relate you total amount of calcium to your total protein
amount as measured by Lowry assay (see below).

1. Add 20 pL of reagent S to each mL of reagent A that will be
needed for the run. All reagents are provided in the kit. This
solution is then designated reagent A'.

2. Prepare a protein standard curve according to Table 2.

3. Pipette 5 uL of standards and samples into a clean, dry micro-
titer plate (each sample in triplicate, see Note 22).

4. Add 25 pL of reagent A’ into each well and then add 200 uL
of reagent B into each well.

5. Gently agitate the plate to mix the reagents. After 15 min, read
the absorbance at 750 nm. Set the mixing function of the plate
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3.5.2. Calculations

Table 2
Pipetting schematic for protein standard curve

Standard BSA (50 mg/ml) RIPA buffer

Concentration

Dilutionno.  (mg/mL)

(1
(2
(3
(4
(5

)
)
)
)
)
(6)

1.5 3.0 uL 97.0 uL
1 33.3 uL of dilution (1)  16.7 pL
0.75 25.0 uL of dilution (1)  25.0 uL
0.5 25.0 uL of dilution (2)  25.0 uL
0.2 20.0 pL of dilution (4)  30.0 uL
0 Bufter only

reader to 5 s and 5 flashes (see Note 23). Again, be sure that
your measured OD is lower than 1. If not, dilute and redo.

. Take the average value of the standards and the samples.

. Draw a calibration curve of the standards (mean value-blank)

(y=mxx), see Fig. 3 for an example.

. Protein concentration: Mean value-blank divided by increase

of the calibration curve (m; from y=mxx). The total protein
amount is the concentration multiplied by volume of your
sample (0.3 mL if you have done as described above).

. With these established values for your samples, normalize the

Alk Phos activity and the calcium content to the total protein
content of your samples by dividing them.

. As a very last step, take the average value of samples and cal-

culate the standard error.

. Statistically relevant p-values may be calculated by using

SigmaStat or the web-based Student’s # test calculation matrix
from the Physics Department of the College of Saint Benedict/
Saint John’s University (http://www.physics.csbsju.edu/
stats/t-test.html).

4. Notes

. PMSEF is soluble in isopropanol at a maximum concentration

of 35 mg/mL with heating but is extremely unstable in the
presence of water (half-life of aqueous PMSF at 25°C at pH
8.0 is 35 min only).
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Fig. 3. Standard curves generated for Ca* and Lowry assays. (@) Calcium standard
curve made with calcium chloride in HCI and RIPA lysis buffers and reacted with
Arsenazo lll. (b) Protein standard curve of a concentration range of BSA dilutions. Lowry
assay measured at 750 nm.

2. PEB contains ingredients that are toxic or harmful. Always
wear protective equipment when dissolving ingredients, and
make the stock solutions as well as the buffer only in a fume

hood.

3. Pepstatin A is a potent inhibitor of acid proteases, such as
pepsin, rennin, and cathepsin D. It is stable for 24 h only and
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10.

11.

12.

needs to be made fresh every time. The solubility of Pepstatin
A is related to the purity of the preparation. Purer forms of
the chemical (minimum 90%) are insoluble at any concentra-
tion in methanol or DMSO. However, if you choose a purer
form, you may dissolve it at 1 mg/mL in 10% (v/v) acetic
acid in methanol (9:1 methanol:acetic acid). Stock solutions
at 1 mg/mL should then be stable at least a week at 4°C.
A 1 mM solution in methanol should be stable for months at
-20°C. If solutions become more yellow, the reagent is
hydrolyzing.

. DMMB is also called Taylor’s Blue. As it is irritating to the

eyes, wear suitable protective clothing and gloves. Store in a
cool dry place.

. Keep container containing sodium formate tightly closed in a

dry and well-ventilated place. The reagent is moisture-sensi-
tive, and contact with strong oxidizing agents and strong
acids should be prevented because of fire hazard. Suitable
protective clothing, gloves, and eye/face protection must be
worn when handling its acid form (formic acid).

. SDS is highly flammable and harmful. A 10% (w/v) stock

solution is stable at room temperature. In case, precipitation
occurs after longer storage, solution may be warmed with
caution. However, prolonged heating at 40°C or greater can
cause decomposition of alkyl sulfates into fatty alcohols and
sodium sulfate and should be prevented.

. Sodium deoxycholate is useful for extraction of membrane

receptors and other plasma membrane proteins and for nuclei
isolation. Solubility is pH-sensitive, and the compound may
precipitate when pH drops to lower than 5. It is a powder and
should not be mistaken for sodium deoxycholic acid. Prepare
a 10% working solution and freeze this stock at -20°C.

. The reagent should be brought to room temperature before

use. The reagent solution may be decanted to separate it from
the insoluble stabilizer pellets. It is also light-sensitive and
should be protected from direct sunlight or UV sources.

. This volume sufficiently overlays cells grown in 24-well plates.

Adjust accordingly if using different size plates.

This can best be accomplished by using a belly-dancer type
shaker (e.g. waver shaker) that has been placed in the cold
room. If too much of your solution evaporates overnight,
reduce the incubation time.

The ratios given are for 24-well plates. You may have to adjust
accordingly if using different size plates.

We typically perform the Ca?* assay from cells grown in 96-well
plates and the Alk Phos assay from cells grown in 48-well plates.
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13.

14.

15.

16.

17.

18.

19.

20.

21.

It is also possible to take both measurements from the same
plate. In this case, we recommend using 24-well plates.
Volumes for all further steps are given for this type of plates.

Alternatively, when using 96-well plates, overlay with 150 L
of RIPA bulffer.

The first reading for ¢, is vital and should be done immedi-
ately after the cell lysate is added to the substrate.

Ensure that the time is consistent between all experiments
being compared.

Periodically, check your color development during the incu-
bation time. The reagent may need less or more time to
develop color depending on your Alk Phos content.

For end-point assays, the reaction can be stopped by the addi-
tion of a NaOH solution. Add 50 uL of 3 N NaOH for every
200 pL of substrate reaction. This also yields a yellow end
product that can be read at 405 nm.

Alternatively, pNPP reagent may be added directly to the
cells, since Alk Phos is a membrane-bound enzyme. In this
case, wash cells twice with 1x PBS before you add the Alk
Phos reagent and wait no longer than 10 min until second
measurement. Lyse cells afterwards for protein measurement.
Please note calcium testing can still be done on the extracel-
lular matrix left behind after cell lysis.

Alk Phos enzyme activity will be at its highest directly after
lysis, and it is not recommended that cell lysate be kept longer

than 24 h for further Alk Phos tests.

Using p-nitrophenylphosphate as a substrate to test for Alk
Phos activity is limited by the assumption that the spectrom-
eter is able to detect minute color changes between different
experimental conditions. In addition, this method assumes
for comparative analysis that there is no absorbance at 7, and
that the second absorbance is read exactly after the same
incubation time for each reading. If the substrate is left on
the cells too long, all wells will be saturated, and the spec-
trometer will not be able to detect any difference between
the control and the experimental wells. Therefore, the length
of time the substrate is left on the cells should be tested
before the actual experiment. Be certain that your measured
OD is never above 1. If it is, redo the assay and incubate for
a shorter time.

Calcium ions and mineral can be found on almost every sur-
face and is found in most media and liquids used in the tissue
culture room. Therefore, washing the cells with sterile PBS
that does not contain calcium before lysing is vital for this
experiment. Also, a blank well that does not contain any cell
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tissue is also vital to normalize the wells to calcium found on
the surface of the tissue culture plates. Be aware that there is
an issue of quenching; if there is too much calcium in the
plates, the spectrometer will not be able to detect the differ-
ences in experimental wells. Therefore, testing to ensure that
you do not have too many cells in the well is suggested.
Diluting your lysate can help in situations where there is a lot
of calcification in your culture. If the cells you are testing are
in suspension, it is suggested that the cells be washed and
resuspended in PBS that does not contain calcium or
magnesium.

Itis critical to adhere to the described order of mixing reagents
and sample.

23. Reaction product is only stable for 1 h.
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Chapter 18

Identification of Osteoclasts in Culture

Nobuyuki Udagawa, Teruhito Yamashita, Yasuhiro Kobayashi,
and Naoyuki Takahashi

Abstract

Osteoclasts are bone-resorbing multinucleated cells derived from the monocyte—macrophage lineage.
Bone-forming osteoblasts play a role in the formation of osteoclasts. Osteoblasts/stromal cells express
two cytokines essential for osteoclastogenesis: receptor activator of nuclear factor kB ligand (RANKL)
and macrophage colony-stimulating factor (M-CSF). Using RANKL and M-CSE, osteoclasts can be
induced from monocyte-macrophage lineage cells even in the absence of osteoblasts. We describe here
methods for the identification of osteoclasts formed in vitro.

Key words: Osteoclast, RANKL, M-CSF, Bone marrow macrophage, RAW264.7 cell, Peripheral
blood CD14-positive cell, TRAP, Vitronectin receptor, Pit assay

1. Introduction

Osteoclasts, the multinucleated giant cells that resorb bone,
originate from hematopoetic cells of the monocyte—macrophage
lineage (1, 2). We have developed a mouse coculture system
comprised of primary osteoblasts and hematopoietic cells to
examine the regulatory mechanism of osteoclastogenesis (1, 3).
Bone-resorbing factors such as la,25-dihydroxyvitamin D,
[10a,,25(OH),D, ], parathyroid hormone (PTH), prostaglandin
E, (PGE,), and interleukin 11 (IL-11) stimulate the formation
of osteoclasts in the coculture. A series of experiments using the
coculture system have established the concept that osteoblasts/
stromal cells or bone marrow-derived stromal cells have a key
role in regulating osteoclast differentiation (1). Macrophage
colony-stimulating factor (M-CSF, also called CSF-1) produced

Nicole I. zur Nieden (ed.), Embryonic Stem Cell Therapy for Osteo-Degenerative Diseases, Methods in Molecular Biology, vol. 690,
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by osteoblasts/stromal cells (osteoblasts) was shown to be
essential for the differentiation of osteoclasts from progenitor
cells (4). Receptor activator of nuclear factor kB ligand
(RANKL), a member of the tumor necrosis factor (TNF) family,
was also identified as essential for osteoclastogenesis (5, 6).
Osteoblasts express RANKL as a membrane-associated factor in
response to various bone-resorbing factors (1, 5). Osteoclast
precursors possess RANK, a TNF receptor family member, rec-
ognize RANKL through cell—cell interaction with osteoblasts/
stromal cells, and differentiate into osteoclasts in the presence
of M-CSE.

Bone marrow-derived macrophages differentiate into osteo-
clasts in the presence of M-CSF and RANKL (7, 8). Mouse
macrophage-like RAW264.7 cells have been shown to differen-
tiate into osteoclasts in response to RANKL even in the absence
of M-CSF (9). Recent studies have shown that CD14-positive
(CD14*) monocytes prepared from human peripheral blood
mononuclear cells efficiently differentiate into osteoclasts in cul-
tures treated with M-CSF and RANKL (10, 11). We have also
developed a method for obtaining a large number of function-
ally active osteoclasts from cocultures grown on collagen gel-
coated dishes (12). Using osteoclasts recovered from the
collagen gel culture, a reliable pit formation assay was estab-
lished to investigate the regulatory mechanisms of osteoclast
function (13, 14).

The most characteristic features of bone-resorbing osteo-
clasts are the presence of ruffled borders and sealing zones (15,
16). The sealing zone serves for the attachment of osteoclasts to
the bone surface and isolation of the resorption area from the
surroundings (17, 18). The sealing zone is defined as a unique
large band of F-actin dots (actin ring). The formation of sealing
zones in osteoclasts precedes the initiation of bone resorption,
while the disruption of sealing zones results in the suppression
of bone-resorbing activity of osteoclasts (19, 20). The resorbing
area under the ruffled border is acidic, which favors the dissolu-
tion of bone minerals. In order to resorb bone matrix, osteo-
clasts highly express specific enzymes such as, tartrate resistant-acid
phosphatase (TRAP), carbonic anhydrase II, matrix metallopro-
teinase 9, vacuolar type H*-ATPase, and cathepsin K (15, 16).
Osteoclasts also express abundant calcitonin receptors (21) and
the vitronectin receptor avf3 integrin (22). Therefore, the
detection of these enzymes and receptors is used to identify
osteoclasts formed both in vivo and in vitro. When cultured on
bone or dentine, osteoclasts form actin rings and resorb calcified
substrates. Actin ring formation assays and pit formation assays
are also used to identify osteoclasts formed in vitro. We describe
here methods for the identification of osteoclasts formed
in vitro.
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2. Materials

2.1. TRAP Staining

2.2. Immunostaining
for Vitronectin
Receptors

2.3. Pit Formation
Assay

2.3.1. Collagen-Coating
of Dishes

2.3.2. Crude Osteoclast
Preparation

. Ca*- and Mg**-free phosphate-buffered saline (PBS, Sigma).

2. 3.7% Formaldehyde in PBS for fixation of cells.

. Permeabilization solution: 0.1% Triton X-100 in PBS for

permeabilization of cells.

. Tartrate-resistant acid phosphatase (TRAP) staining solution:

5 mg of naphthol AS-MX phosphate (Sigma) is dissolved in
0.5 mL of N,N-dimethyl formamide in a glass container.
Thirty milligrams of fast red violet LB salt and 50 mL of
0.1 M sodium acetate buffer, pH 5.0, containing 50 mM
sodium tartrate are added to the mixture. TRAP-staining
solution can be stored for 1 month at 4°C.

. Ca*- and Mg**-free phosphate-buffered saline (PBS, Sigma).

. Fixative: combine methanol and acetone to equal parts

(50:50, vol /vol).

. 3% Hydrogen peroxide (H,O,) to block endogenous peroxidase.

4. Histofine SAB-Po(M) kit (#426032, Nichirei Co., Tokyo,

w

N I S

Japan): contains biotinylated anti-mouse 1gG, avidin—biotin-
conjugated peroxidase, and rabbit serum. Make a 10% dilution
of the serum in PBS.

. Primary antibody: monoclonal antibody against human vit-

ronectin receptors (CD51/CD61), i.e. clone 23C6, BD
Biosciences. Make a 1:500 working solution with PBS.

. DAB substrate kit (e.g. Histofine, Nichirei Co., Tokyo, Japan).

.1 M N-2-hydroxyethylpiperazine- N -2-ethanesulfonic acid

(HEPES) bufter, pH 7.4 containing 2.2% NaHCO, (7:2:1,
by vol).

. Type I collagen mixture: type I collagen solution (cell matrix

type IA; Nitta Gelatin Co., see Note 1), 5x conc. o.-Minimum
Essential Medium (MEM), and 200 mM HEPES bufter with
2.2% NaHCO, are quickly mixed at a ratio of 7:2:1 by vol-
ume at 4°C just before use. Cell matrix type IA is suitable for
this procedure.

. 100-mm tissue culture treated dishes, i.e. Corning.

. 0.2% Collagenase solution.
. Shaking water bath (set to 60 cycles/min).
. Aluminum foil.

. Pit formation assay slice medium (PFAS medium): a-MEM

with 10% fetal bovine serum.
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2.3.3. Dentine Slice Culture

2.4. Actin Ring
Formation

QN Ul B~ W

. Dentine blocks (ivory): may be obtained from a local zoo.
. Band saw (i.e. BS-3000, Exakt, Germany).

. Cutting punch from Hardware store.

. 70% Ethanol.

. UV light source.

. Ultrasonicator.

. Mayer’s hematoxylin (Wako Pure Chemical Industries).

. Distilled water.

. Light microscope.

. Cotton buds.

. Synthetic analogue of eel calcitonin (i.e. Elcatonin, Asahi

Kasei Pharma, Tokyo).

. Ca*- and Mg**-free phosphate-buffered saline (PBS, Sigma).

. Rhodamine-conjugated phalloidin (Sigma): dissolve in a small

volume of methanol, dilute with PBS to a final concentration
of 0.3 mM, and store at 4°C in the dark.

. 3.7% Formaldehyde in PBS for fixation of cells.
. 0.1% Triton X-100 in PBS.
. Distilled water.

. Fluorescent microscope, for example, Carl Zeiss Axioplan 2.

3. Methods

3.1. TRAP Staining

3.2. Inmunostaining
for Vitronectin
Receptors

Cytochemical staining for TRAP is widely used for identification
of osteoclasts in vivo and in vitro.

1.

3.

Cells are fixed with 3.7% (v/v) formaldehyde in PBS for
10 min, treated with PBS containing 0.1% Triton X-100
for 1 min, and incubated with the TRAP-staining solution
for 10 min at room temperature (see Note 2).

. TRAP-positive osteoclasts appear as dark-red cells within

10 min (see Note 3).

After staining, cells are washed with distilled water, and
TRAP-positive multinucleated cells having three or more
nuclei as seen under a microscope are counted as osteoclasts
(see Note 4) (Fig. 1).

Osteoclasts specifically express vitronectin receptors, cathepsin K,
carbonic anhydrase II, and vacuolar type H*-ATPase.
Immunohistochemical staining of these markers is used for iden-
tification of osteoclasts formed in vitro (14, 15).
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Fig. 1. Enzyme histochemistry for TRAP in mouse osteoclasts. The crude osteoclast preparation was prepared from the
collagen-gel culture. The preparation was added at 0.1 mL per well to 48-well plates that contained 0.4 mL of o-MEM
with 10% FBS per well. After 6 h of culture, the cells were fixed and stained for TRAP. Panel (b) shows a high-power view
of the boxed region in (a). TRAP-positive cells appeared red. Scale bar=100 pum.

1. Overlay cultures with cold fixative for 10 min on ice. Use
0.5 mL for each well of a 24-well plate and aspirate it oft after
incubation.

2. Treat cells for 10 min with 0.5 mL of 3% H,O, to inactivate
intrinsic peroxidase on ice. Remove the H,O, solution by
aspiration.

3. Add 1 mL of PBS to each well and incubate the plate for
5 min on ice. Aspirate supernatant and repeat this washing
step three times.

4. Then, incubate cells for 10 min with 200 puL of 10% rabbit
serum to block nonspecific binding. Remove the rabbit serum
solution by aspiration and wash the cells with PBS three times,
5 min incubation for each wash.

5. Incubate cells with 200 pl/well primary antibody working
solution or with a nonimmune mouse IgG control at room
temperature. After incubation for 1 h, aspirate the serum solu-
tion and wash the cells with PBS three times for 5 min each.

6. Incubate cells for 10 min with biotinylated secondary anti-
body solution (200 uL) at room temperature and wash with
PBS (5 min, three times).

7. Incubate cells for 10 min with avidin-conjugated peroxidase
(200 uL) at room temperature and wash with PBS (5 min,
three times).
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Fig. 2. Enzyme histochemistry for TRAP and immunohistochemistry for vitronectin receptors in human osteoclasts. Human
CD14+ cells were prepared from human peripheral blood, and 5 x 10° cells/well were cultured with RANKL (100 ng/mL)
and M-CSF (50 ng/mL) in 24-well plates. (a) After 6 days, the cells were fixed and stained for TRAP. TRAP-positive cells
appeared red. (b) Cells were also stained with anti-vitronectin receptor antibody. Vitronectin receptor-positive cells
appeared brown. Scale bar=100 um.

3.3. Pit Formation
Assay

3.3.1. Collagen-Coating
of Dishes

3.3.2. Crude Osteoclast
Preparation

8. Incubate cells for 5 min with the DAB substrate (200 puL) at
room temperature and wash with PBS (5 min, three times).

9. The bound antibodies are observed using a light microscope
(Fig. 2).

Immunohistocytochemical staining of osteoclasts with anti-
bodies against other specific markers such as carbonic anhydrase
IT and vacuolar proton ATPase is also utilized for the identifica-
tion of osteoclasts (see Note 5). The pattern of immunohis-
tochemical staining is essentially similar to that obtained with
anti-vitronectin receptor antibodies.

Osteoclasts formed on plastic culture dishes are very difficult to
detach by treatment with either trypsin/EDTA or bacterial colla-
genase. To obtain functionally active osteoclasts formed in cocul-
tures with osteoblasts, a collagen gel culture is reccommended.

1. Coat a 100-mm culture dish with 5 mL of the type I collagen
mixture on ice.

2. Put the dish into a CO, incubator for 10 min to make the
aqueous type I collagen gelatinous at 37°C.

1. Prepare a stem cell culture on collagen-coated plates as
described above, and culture cells for 7 days with occasional
medium changes when necessary (see Notes 6-8).
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Next, prepare a crude osteoclast preparation from your stem
cell differentiations.

. Treat the dishes with 4 mL of a 0.2% collagenase solution for

20 min at 37°C in a shaking water bath. In order to do so, the
culture dishes are carefully placed on a sheet of aluminum foil
put on the water surface of the water bath to maintain the
sterile condition of the dishes.

. Collect the released cells into a 50-mL Falcon tube. Centrifuge

at 250 xg for 5 min, aspirate off or decant the supernatant,
and suspend the pellet in 10 mL of PFAS medium (see Note
9). The crude osteoclast preparation is then used for biologi-
cal and biochemical studies of osteoclasts.

When osteoclasts are placed on dentine slices, they form resorp-
tion pits within 24 h in the presence of osteoblasts. A reliable pit
formation assay was established using the crude osteoclast prepa-
ration recovered from the collagen gel culture and dentine slices
(13, 14).

1.

10.

Prepare 200-um thick dentine slices (8 4 mm) from ivory
blocks using a band saw and a cutting punch (see Note 10).

. Clean dentine slices by ultrasonication in distilled water, ster-

ilize using 70% ethanol, and dry under ultraviolet light. Store
the slices at room temperature (see Note 11).

. Place dentine slices in 96-well plates containing 0.1 mL /well

of PFAS medium (one slice/well). Add a 0.1-mL aliquot of
the crude osteoclast preparation onto the slices.

. Let stand for 60 min at 37°C for setting down of cells on

dentine slices.

. Remove dentine slices and place them onto 24-well plates

containing PFAS medium (0.5 mL/slice /well).

. Culture cells on dentine slices for 24-48 h at 37°C.

. Recover dentine slices from the culture. Strongly rub the sur-

face of the slices with a cotton bud to remove all cells.

. Place 10 pL of Mayer’s hematoxylin on the surface of each

dentine slice using surface tension for 1-2 min.

. Wash dentine slices with distilled water. Rub the surface of

the slices with a cotton bud to remove excess staining.

Resorption pits on dentine slices can be clearly visualized with
Mayer’s hematoxylin under transmitted light. Count the
number of resorption pits formed on dentine slices under a
light microscope. Alternatively, the resorbed area is measured
using an image analysis system linked to a light microscope.

Resorption pits are first observed on dentine slices after cul-

turing for 6-8 h, and the resorbed areas increase with time up to
72 h. Many resorption pits were observed on a dentine slice
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Fig. 3. Resorption pits formed by mouse osteoclasts on dentine slices. The osteoclast preparation recovered from a
collagen-gel culture was placed on a dentine slice (4 mm ¢) and cultured for 48 h in the presence (d) or absence (a—c)
of eel calcitonin (10-° M). The dentine slices were then treated with 3.7% (v/v) formaldehyde in PBS for 10 min, treated
with PBS containing 0.1% Triton X-100 for 1 min, and incubated with the TRAP-staining solution for 10 min. The slices
were washed with distilled water, and the TRAP-positive cells were observed through a microscope (a). After this obser-
vation, cells were removed from the dentine slices with a cotton bud. The slices were stained with Mayer’s hematoxylin
to visualize resorption pits (b). Panel (c) shows a high-power view of the boxed region in (b). Calcitonin strongly sup-
pressed pit-forming activity of osteoclasts (d). Scale bar=100 pm.

3.4. Actin Ring
Formation

recovered from the culture for 48 h (Fig. 3) (see Note 12). When
calcitonin at 10~ M was added to the culture, the pit-forming
activity of osteoclasts was completely inhibited (Fig. 3b) (19).
Bisphosphonates also strongly inhibited the pit-forming activity
of osteoclasts (20).

Osteoclasts adhere to bone through specialized discrete struc-
tures called “podosomes” in the clear zone, which consist mainly
of dots containing F-actin (17, 18). Therefore, the ringed struc-
ture of podosomes (actin ring) is a characteristic of polarized
osteoclasts (16-18). The actin rings are visualized by staining
F-actin with rhodamine-conjugated phalloidin (see Note 13).

1. Fix cells cultured on dentine slices in 48-well plates with
0.4 mL of 3.7% formaldehyde in PBS for 10 min and wash
three times with PBS.

2. Treat dentine slices with 0.4 mL of 0.1% Triton X-100 in PBS
for 1 min.

3. Incubate dentine slices for 3 h with the rhodamine-conjugated
phalloidin solution at 4°C. The rhodamine-conjugated phal-
loidin solution is recovered, and the slices are washed with
water (see Note 14).

4. Actin rings formed by osteoclasts on dentine slices are detected
with a fluorescence microscope.

Actin rings were observed on a dentine slice recovered from
the culture for 24 h (Fig. 4a, ¢). One can confirm the presence of
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Fig. 4. Actin ring formation by mouse osteoclasts. The osteoclast preparation recovered from a collagen-gel culture was
placed on a dentine slice (4 mm @) and cultured for 24 h. Cells were then fixed with 3.7% formaldehyde. In this experi-
ment, to identify both actin rings and resorption pits on the slices, several scratch lines were drawn on the slices with a
blade. Then, slices were incubated with rhodamine-conjugated phalloidin to visualize the distribution of F-actin (a, ¢).
After the observation of actin rings, the surface of dentine slices was rubbed with a cotton bud to remove all cells on the
slices and subjected to staining with Mayer’s hematoxylin (b, d). The two scratch lines indicate the same area of the slice
shown in (a) and (b). Panels (c) and (d) show high-power views of the boxed regions in (a) and (b), respectively. One can
perform triple staining of F-actin, TRAP, and resorption pits on the same dentine slice (e—g). Cells on the slice were fixed
and then stained with rhodamine-conjugated phalloidin to visualize the distribution of F-actin (e). After the observation of
actin rings, the slice was stained for TRAP (f). After this observation, cells were removed from the slices with a cotton bud.
The slice was stained with Mayer’s hematoxylin to visualize resorption pits (g). The two scratch lines indicate the same
area of the slice shown in (e—g). Bars=100 um.



282 Udagawa et al.

resorption pits on the slices after the observation of actin rings.
The surface of dentine slices was rubbed strongly with a cotton
bud to remove all cells and subjected to staining with Mayer’s
hematoxylin (Fig. 4b, d). Triple staining of actin rings, TRADP-
positive cells, and resorption pits can be performed on the same
dentine slices (Fig. 4e—g) (see Note 8).

4, Notes

10.

. Nitta Gelatin Co. supplies cell matrix type IA to scientists

with an import permit in foreign countries.

. TRAP is an intracellular enzyme. Treatment of cells with PBS

containing 0.1% Triton X-100 is essential for staining TRAP.
Instead of PBS containing 0.1% Triton X-100, ethanol-acetone
(50:50, v/v) can be used in this step.

. An incubation period longer than 10 min should be avoided,

since cells other than osteoclasts become weakly positive for
TRAP with time.

. TRAP-positive mononuclear cells possess all characteristics of

osteoclasts (23). Therefore, the total number of TRAP-
positive cells can be counted.

. Antibodies for carbonic anhydrase and vacuolar proton

ATPase that have worked in our hands are #PA1-46408 and
#PA1-10300, both Affinity BioReagents.

. Initially, determine the number of cells that need to be seeded

for your particular experiment.

. Primary osteoblast—osteoclast cocultures (10, 11) may be

used as positive controls for the stem cell differentiation assay.
Primary osteoblasts (2x10° cells) and bone marrow cells
(2x107 cells) are cocultured on the collagen gel-coated dish
in 15 mL of a-MEM containing 10% FBS and 108 M 1a,25-
(OH),D,. The medium is changed every 2-3 days and the
assay performed on day 7.

. Incubate stem cell cultures as long as necessary in your stem

cell differentiation medium of choice. It is recommended to
perform a time course assay to determine the peak activity of
the osteoclasts.

. Usually, 4 x 10*-1 x 10° osteoclasts are recovered from a 100-

mm collagen gel-coated dish of control cultures containing
primary osteoblasts and bone marrow cells, and the purity of
osteoclasts is 2—3% in this crude preparation.

Bone slices prepared from bovine cortical bone can be used
for the pit formation assay. However, we prefer dentine slices,



11.

12.

13.
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since dentine has a homogeneous structure and is free of
vascular canals and osteocyte lacunae, which are present in bone
slices. We obtained dentine blocks (ivory) through donation
from a local zoo. Sperm whale dentine can be used as well.

A mark is put on one surface of each dentine slice with a pencil
to check the orientation of the slice during the pit formation
assay. The dentine slices are placed into wells of 96-well plates
so that the surface without the mark faces up in the well.

To observe TRAP-positive cells on dentine slices, fix the slices
with 3.7% (v/v) formaldehyde in PBS for 10 min and treat
them with PBS containing 0.1% Triton X-100 for 1 min, and
with the TRAP-staining solution for 10 min at room tem-
perature. Once the TRAP-positive cells have been observed
through a light microscope, rub the surface of the slices
strongly with a cotton bud to remove all cells and stain the
slices with Mayer’s hematoxylin (Fig. 3).

Actin rings in osteoclasts cannot be observed after staining of
TRAP. Therefore, the observation of the actin rings should

precede the observation of TRAP-positive cells (Fig. 4).

14. The rhodamine-conjugated phalloidin solution can be used
repeatedly until F-actin staining becomes weak.
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Chapter 19

Analysis of Glycosaminoglycans in Stem Cell Glycomics

Boyangzi Li, Haiying Liu, Zhenqing Zhang, Hope E. Stansfield,
Jonathan S. Dordick, and Robert J. Linhardt

Abstract

Glycosaminoglycans (GAGs) play a critical role in the binding and activation of growth factors in cell
signal transduction required for biological development. A glycomics approach can be used to examine
GAG content, composition, and structure in stem cells in order to characterize their general differentia-
tion. Specifically, this method may be used to evaluate chondrogenic differentiations by profiling for the
GAG content of the differentiated cells. Here, embryonic-like teratocarcinoma cells, NCCIT, a develop-
mentally pluripotent cell line, were used as a model for establishing GAG glycomic methods, but will be
casily transferrable to embryonic stem cell cultures.

Key words: Glycosaminoglycans, NCCIT cells, Chondroitin sulfate, Dermatan sulfate, Heparin,
Heparan sulfate, Purification, Enzymatic digestion, Disaccharide analysis, LC-MS

1. Introduction

1.1. Glycomics Glycomics is the study of the structure and function of glycans,
glycoconjugates including glycosphingolipids, glycoproteins, such
as proteoglycans (PGs), and glycan-binding proteins. An under-
standing of the cellular glycome should explain some mysteries
associated with these frequent and important posttranslational
modifications (1). The structural and functional glycomics of the
glycosaminoglycan (GAG) chains (GAGome) of PGs from different
tissues and cells are under intensive study in our laboratory (2-5).
GAGs are linear, sulfated, heterogeneous polysaccharides consisting
of various repeating disaccharide and are mainly located on both the
external membrane of eukaryotic cells and within the extracellular
matrix (6, 7). There are four distinct families of GAGs: chondroi-
tin/dermatan sulfate (CS/DS), heparin/heparan sulfate (HS), ker-
atan sulfate (KS), and hyaluronan (HA). GAGs are involved in

Nicole I. zur Nieden (ed.), Embryonic Stem Cell Therapy for Osteo-Degenerative Diseases, Methods in Molecular Biology, vol. 690,
DOI 10.1007/978-1-60761-962-8_19, © Springer Science+Business Media, LLC 2011
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1.2. GAGs in
Embryonic Stem Cells

1.3. GAGs in the
Extracellular Matrix
of Chondrocytes

numerous biological activities and are important as molecular
coreceptors, in cell-cell interactions, cell adhesion, cell migration,
cell signaling, cell growth, and cell differentiation (8-10).

Embryonic stem cells (ESCs) have enormous potential as a source
of cells for cell replacement therapy and have been used as in vitro
models to study specific aspects of early embryonic development
(11, 12). GAGs, particularly HS and CS, within stem cells play
key roles in maintaining cell proliferation and differentiation (5).
Understanding the glycomics of ESCs should shed light on devel-
opment, including the differentiation of chondrocytes from mes-
enchymal cells (13-15). In our lab, we are using teratocarcinoma
cells (NCCIT), a developmentally pluripotent cells, to offer a
convenient model for ESCs. Methods for the elucidation of
the GAGome within NCCIT cells, generally applicable for
ESCs and their derivatives, such as chondrocytes, are described
here for use in better understanding cell pluripotency and
differentiation.

ESCs are able to differentiate into the mesenchymal cells that
ultimately give rise to chondrocytes and endochondral ossification
(13-15). Cartilage is a specialized connective tissue that provides
support for other tissues or prevents friction of the joints. The
cartilage is comprised of chondrocytes that sparsely distribute in
extracellular matrix filled with collagen fibrils and PGs. The
fibrous structure of collagen provides support and maintains tis-
sue shape, while PGs form gels and act as filler to facilitate com-
pressibility and prevent friction as well as perform other critical
signaling functions. The PGs in cartilage, such as decorin, bigly-
can, and aggrecan, are glycosylated with one or multiple GAG
chains. In cartilage, the GAG components are mainly CS and KS
and HA as well as smaller amounts of DS and HS. CS, the most
abundant GAG in the cartilage, is composed of 4-O-sulfo,
6-O-sulfo, and 4,6-di- O-sulfo sequences (16, 17). Research has
shown that both the relative amounts of these sequences within
CS and the length of CS chains change in aging and in diseases
such as osteoarthritis (18-21). The GAG profile of differentiating
ESCs may therefore help to elucidate whether or not chondro-
cytes have been formed, to what extent and may help to charac-
terize the quality of the generated ESC-derived chondrocytes.

2. Materials

2.1. Gell Gulture

1. 70% (v/v) ethanol.

2. NCCIT cells (ATCC: CRL-2073), frozen and preserved in
95% culture medium and 5% DMSO, were from American



2.2. Recovery and 1.

Purification of GAGs
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10.
11.

2.3. Molecular Weight 1.

Analysis of GAGs by
PAGE
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Type Culture Collection. Cells are stored in liquid nitrogen
until immediately prior to use (see Note 1).

. NCCIT medium: 500 mL RPMI-1640 medium with

L-glutamine, 50 mL fetal bovine serum (FBS, Invitrogen)
and 5 mL 10,000 U/mL penicillin/streptomycin stock solution.
FBS and penicillin/streptomycin stock solution are stored
at —=20°C before use and after mixing the culture medium is
stored at 4°C before use.

. Cell detachment process solution: 0.25% trypsin (Invitrogen)

and 1 mM ethylenediamine tetraacetic acid (EDTA). Store
at —20°C.

. Trypan blue stain from Invitrogen for cell viability

measurements.

. Falcon® sterile polystyrene disposable aspirating pipettes

(1, 5, 10, and 25 mL), sterile centrifuge tubes (15 and
50 mL) and sterile tissue culture flasks with vented cap
(canted-neck; growth area: 25 c¢m?; total volume of the
flask: 50 mL), for example from BD Biosciences.

. Hemocytometer set (e.g. Hausser Scientific).
. Microscope (e.g. CKX41, Olympus).

Defatting solution prepared from HPLC purity chloroform
and HPLC purity methanol.

. Proteolysis enzyme solution, actinase E (5 mg/mL in water)

(see Note 2). Store at -20°C.

. Protein and peptide denaturing solution: 8 M urea with 2%

3-[(3-cholamidopropyl)dimethylammonio |-1-propanesul-
fonate (CHAPS) adjusted to pH 8.3 using 1 M HCI.

. Prewash solution: 200 mM sodium chloride (NaCl).

. GAG collection solution: 16% (w/w) NaCl.

. Methanol used as GAG precipitation solvent.

. Millex™ 0.22-um syringe driven filter unit from Millipore to

remove particulates.

. Vivapure MINI QH columns (Viva science) for GAG recovery.
. Microcon® Centrifugal Filter Units-Microcon Ultracel YM-3

(3,000 MWCO), i.e. from Millipore for desalting.
0.1 M sodium hydroxide (NaOH).

ColorpHast® pH strips (universal, pH ranging from 0 to 14),
EMD Chemicals or similar.

Resolving gel buffer and lower chamber buffer: 100 mM
boric acid, 100 mM Tris, and 1 mM disodium ethylenedi-
aminetetraacetic acid (EDTA) at pH of 8.3. Store at room
temperature.
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10.
11.

2.4. Enzymatic Lyase 1.

Depolymerization of

GAGs and Recovery of 2.

GAG Disaccharides

. Upper buffer: 1.24 M glycine and 200 mM Tris as written.

Store at room temperature.

. Front gel unpolymerized solution: 20.02% (w/v) acrylamide,

2% (w/v) N,N-methylenebisacrylamide, and 15% (w/v)
sucrose in resolving gel bufter. Store at 4°C.

. Stacking gel unpolymerized solution: 4.75% (w/v) acrylam-

ide, 0.25% (w/v) N, N-methylenebisacrylamide in resolving
gel buffer at pH 6.3 using 1 M HCI. Store at 4°C.

. Polymerization reagents: N, N, N, N'-tetramethyl-ethylenediamine

(TEMED), and 10% (w/v) aqueous ammonium persulfate (APS).
Store separately at 4°C.

. 50% (w/v) sucrose in water for density increase in GAGs.

Store at 4°C.

. Heparin (e.g. from Celsus Laboratory). Heparin oligosaccha-

rides mixture, as the standard heparin ladder for molecular
weight calculation can be obtained from mixing several oligo-
saccharides (e.g. tetrasaccharide, octasaccharide, decasaccha-
ride,and dodecasaccharide) available from Iduron. Alternatively,
heparin can be partially digested by heparinase I (Seikagaku)
and used as substitute set of standards. In this protocol, we used
partially digested heparin and a pure heparin-derived octasac-
charide standard prepared in our laboratory (22). Phenol red
solution can be added to aid in real-time visualization during
electrophoresis.

. Gel staining reagent: 0.5% (w/v) Alcian blue in 2% (v/v)

aqueous acetic acid.

. Mini-gel electrophoresis system PowerPac 1000 from

Bio-Rad.
Gel-loading pipette tips (200 uL).

UN-SCAN-IT™ digitizing software, i.e. Silk Scientific or
similar.

20 mM Tris(hydroxymethyl)-aminomethane (Tris)-HCI
buffer, pH 7.2.

Chondroitin sulfate depolymerization enzymes: 10 mU of
chondroitinase ABC and 5 mU of chondroitinase ACII
(Seikagaku) prepared in 20 mM, pH 7.2 Tris—-HCI bufter
containing 0.1% BSA. Store at -20°C.

. Heparin/heparan  sulfate  depolymerization  enzymes:

Heparinase I, II, and IIT (Seikagaku) prepared as a mixture
5 mU each in 20 mM pH 7.2 PBS buffer. Store at -20°C.

. Desalting columns: Microcon® Centrifugal Filter Units-

Microcon Ultracel YM-3 (3,000 MWCO) from Millipore.
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Analysis by LC-MS
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1. Unsaturated CS/DS disaccharides standards: ADi-0S, AUA-
GalNAc; Adi-4S, AUA-GalNAc4S; Adi-6S, AUA-GalNAc6S;
Adi-UA2S, AUA2S-GalNAc; Adi-diS,, AUA2S-GalNAc4S;
Adi-diS |, AUA2S-GaINAc6S; Adi-diS;, AUA-GaINAc4S6S;
and Adi-triS, AUA2S-GalNAc4S6S (Seikagaku Corporation).

2. Unsaturated heparin/HS disaccharides standards: Adi-0S, AUA-
GlcNAc; Adi-NS, AUA-GIeNS; Adi-6S, AUA-GIcNAc6S; Adi-
UA2S, AUA2S-GIcNAc;  Adi-UA2SNS,  AUA2S-GIeNS;
Adi-NS6S, AUA-GIcNS6S; Adi-UA2S6S, AUA2S-GIcNAC6S;
and Adi-triS, AUA2S-GIcNS6S (Iduron).

3. Disaccharide detection system: LC-MS system (Agilent, LC/
MSD trap MS).

4. HPLC solution A for CS/DS disaccharide analysis: 0% (v/V)
HPLC grade acetonitrile in HPLC grade water, 15 mM hexy-
lamine (HXA) and 100 mM 1,1,1,3,3,3,-hexafluoro-2-pro-
panol (HFIP).

5. HPLC solution B for CS /DS disaccharide analysis: 75% (v/v)
HPLC grade acetonitrile in HPLC grade water, 15 mM HXA,
and 100 mM HEFIP.

6. HPLC solution C for heparin/HS disaccharide analysis: 15%
(v/v) HPLC grade acetonitrile in HPLC grade water,
37.5 mM NH,CH,COO, and 11.25 mM tributylamine
(TBA), pH 6.5 adjusted with glacial acetic acid.

7. HPLC solution D for heparin/HS disaccharide analysis: 65%
(v/v) HPLC grade acetonitrile in HPLC grade water,
37.5 mM NH,CH,COO, and 11.25 mM TBA, pH 6.5
adjusted with glacial acetic acid.

8. ACQUITYUPLC™BEH C18 column (Waters,2.1 x 150 mm,
1.7 um) for CS /DS disaccharide analysis and Zorbax SB-C18
column (Agilent, 0.5 x 250 mm, 5 wm) for heparin/HS disac-
charide analysis.

3. Methods

Disaccharide analysis is useful for assessing the structure of the
GAGome in pluripotent cells such as teratocarcinoma cells and
embryonic stem cells. Changes in the GAGome can then be cor-
related to alteration in the transcription levels for enzymes
involved in GAG biosynthesis, PG core proteins, GAG-binding
proteins such as growth factors, growth factor receptors, chemok-
ines, and adhesion proteins. An improved knowledge of struc-
tural glycomics of GAGs should result in a better understanding
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3.1. Preparation
of Cells

3.1.1. NCCIT Cell Culture
Inoculation and
Maintenance

of the relationship of the GAGome to the functional glycomics
associated with stem cell differentiation.

The following protocol will explain how to characterize
the GAGome of embryonic stem cells and their differentiated
progeny using teratocarcinoma cells as a model. In brief, terato-
carcinoma cells are grown to confluency and 107 cells are col-
lected. The washed cell pellet is defatted, proteolyzed and GAGs
are extracted into CHAPS/Urea. Spin column-based ion chro-
matography is then used to recover the CS and HS GAGs that are
washed and then released in salt. After membrane-based desalt-
ing, the molecular weights of purified CS and HS GAGs are ana-
lyzed by PAGE. The CS and HS GAGs are then individually
depolymerized to disaccharide mixtures using either chondroi-
tinases or heparinases. The resulting disaccharide mixtures are
analyzed by reversed-phase ion-pairing high performance liquid
chromatography and detected by UV and MS.

Before performing the following steps, media should be taken out
of the refrigerator and warmed to 37°C using a water bath. Make
certain that the temperature never rises above 40°C. All steps per-
tormed in Subheading 3.1 were done in a laminar flow hood in a
Biosafety Level 2 laboratory. The hood was sterilized with 70%
(v/v) ethanol and exposed to UV light before use. All items taken
into the hood were swabbed with 70% (v/v) ethanol.

1. Remove a vial of cells from the liquid nitrogen tank and thaw
quickly by swirling in the 37°C water bath. Make sure not to
submerge the vial. Transfer the contents of the vial toa 15-mL
centrifuge tube. With swirling add in a dropwise fashion 9 mL
of warmed (37°C) NCCIT medium.

2. Centrifuge the cells at 250 x g for 5 min. Discard the superna-
tant and resuspend the pellet in 10 mL of prewarmed (37°C)
NCCIT medium. Transfer the cells to a T25-cm? flask and
place in the 37°C incubator.

3. Change culture medium when the color indicator in the
medium changes from rosy pink to yellow (approximately
every 2 days, change the media at least three times per week).

4. Take the cell culture flask out of the 37°C incubator and
remove the medium carefully using sterile glass pipette. Avoid
touching the side where cells are growing and add 10 mL of
fresh medium to the flask before returning the cell culture
flask to the incubator.

5. NCCIT cells should be passaged when they reach 80% of the
confluency on the wall of cell culture flask (in our experience
about 4 days) (Fig. 1). For passaging, take the cell culture flask
out of the 37°C incubator. Using a microscope (20-fold
magnification), estimate the confluency of cells growth on

the flask wall.
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Fig. 1. View of cultured teratocarcinoma cells using phase-contrast microscopy.

3.1.2. NCCIT Cell Harvest

6. Take the cell culture flask out of the incubator and remove

1.

the medium carefully using sterile glass pipette. Avoid touching
the side where cells are growing and add 1 mL of the cell
detachment solution.

. Lay the flask down to let the solution completely contact with

the layer of cells. Wait for about 5 min.

. Agitate flask to make sure the cells are completely detached.

Add 9 mL of NCCIT medium. Repeatedly rinse the flask wall
with the medium in the flask to detach as many cells as possible
from the wall of the flask. Make sure most of the cells are at the
bottom of the flask suspended in the medium. Transfer the
entire suspension into a 15-mL centrifuge tube and cetrifuge at
1,000 x g for 3 min. Remove the supernatant and resuspend
the pellet in 10 mL of fresh NCCIT medium. Transfer an equal
volume of 2.5 mL cell suspension into four new culture flasks.
Add 7.5 mL of fresh and warmed (37°C) culture medium to
each of those new cell culture flasks. Return the cell culture
flasks to the 37°C incubator.

Take the cell culture flask out of the incubator and remove
the medium carefully using sterile glass pipette. Avoid touch-
ing the side where cells are growing and add 1 mL of cell
detachment solution.

. Lay the flask down to let the solution completely contact with

the layer of cells and wait for about 5 min. Add 9 mL of
NCCIT medium.
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3.2. Recovery
and Purification
of GAGs

. Repeatedly rinse the wall cells grow on for several times with

the medium in the flask, detaching as many cells as possible
from the wall of the flask. Ensure that most of the cells are at
the bottom of the flask suspended in the medium.

4. Transfer the entire suspension into a 15-mL centrifuge tube.

10.

11.
12.

. Centrifuge the cultured cells at 1,000xg for 3 min and

remove the supernatant.

. Resuspend the pellet in 5 mL of fresh NCCIT medium.

. Always count cell before harvesting and only harvest cells

when they reach 10° cells/mL.

. Before cell counting, make sure the medium and the cells are

mixed well. Combine 10 pL cell suspension and 10 pL trypan
blue stain in one well of a 96-well plate and mix well.

. Inject 10 pLL mixture into the cleft of the hemocytometer and

count the number of both living cells (transparent) and dead
cells (blue).

Determine the percentile of cell viability and calculate the
approximate total cell number in the medium. If viability is
>50%, replate at higher density.

Repeat step 5. To the pellet, add 10 mL of PBS bufter.

Gently mix the cells and buffer using a pipette. Centrifuge at
1,000 x4 for 3 min and rinse with PBS another two times,
then collect the cell pellet after the last centrifugation mini-
mum amount of PBS buffer (see Note 3).

Start with approximately 107 NCCIT cells prepared and counted
using a hemocytometer as described in Subheading 3.1. Total
GAG extraction as described previously (23) requires a multistep
procedure (see Note 4).

1.

Lyophilize «cells by freezing the cell pellet from
Subheading 3.1.2.12 at -60°C for 30 min. Place the frozen
cell pellet into a tube in a freeze dryer bottle (Fisher Scientific)
and attach to a lyophilizer. The sample is freeze-dried over-
night under pressure of <1.3 x 10~ bar at a collector tempera-
ture of —40°C.

. Defatting involves the three-step washing of the cell pellet

with 3 mL each of 2:1, 1:1, 1:2 (v/v) chloroform/methanol.
Samples are placed on a shaker at a speed of 200 rpm at room
temperature. Each step takes about 8-10 h.

. Between the steps, leave the mixture to sediment. Remove

the supernatant portion with a glass pipette before adding the
new wash.

. Perform a proteolysis step by incubating defatted cell pellets

with actinase E proteolysis solution at 55°C overnight.



3.3. Analysis of Intact
GAGs

3.3.1. Preparing a Gel

10.

11.
12.

13.

14.

1.

2.
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. For GAGs extraction, add dry urea and dry CHAPS to the

proteolyzed aqueous sample to obtain a final concentration of
2% (wt%) in CHAPS and 8 M in urea. Remove particles from
the resulting solutions by either centrifuging at 4,000 x g or
by passing the samples through a 0.22-um syringe filter.

. To recover and purify GAG use a Vivapure Mini Q H spin

column (see Note 5). Wash and preequilibrate spin columns
with 200 puL denaturing solution by centrifuging at 2,000 x 4.
Load sample (approximately 0.5 mL) onto the wet spin col-
umn and run through the spin columns under 2,000 x 4.
Wash the spin column once with 200 puL denaturing solution
at 2,000 x g.

. Next, wash the spin column five times at 2,000xyg with

200 pL prewash solution to remove nonspecific binding
materials.

. Elute HS and CS GAGs from column by washing three times

at 2,000 x g with 50 pL of collection solution.

. Desalt GAGs with a Microcon® Centrifugal Filter Units

YM-3 (3,000 MWCO) spin column (see Note 6). To do so,
load 100 pL of NaOH to prewash the spin column and cen-
trifuge at 12,000 x 4.

Rinse the column five times with 400 pL of water to remove
all the NaOH, centrifuging after each wash at 12,000 xg.
Make sure the eluate is at pH 7 before proceeding further
using pH strips.

Load GAG samples and centrifuge at 12,000 x 4.

Wash the membrane five times with 400 puL of water to com-
pletely remove salts and other small molecules, centrifuging
at 12,000 x g after each wash.

The GAGs are recovered from the top layer of the filtration
membrane by inverting the membrane and centrifuging at
1,000 x g.

Then rinse the surface of membrane three times, each time
with 100 puL of water centrifuging at 1,000 x4 to obtain
residual GAGs on membrane. Store the GAG-containing
wash (approximately 350 puL) at 4°C or lyophilize for
future use.

Preparing the gel in a mini-gel electrophoresis system begins
by washing all equipment and glass plates thoroughly with
detergent before and rinsed extensively with distilled water
before and after each use.

Prepare a 0.75 mm thick, 22% gel by mixing 6 mL of front gel
bufter, 36 uL of 10% (w/w) aqueous ammonium persulfate
solution, and 6 puL. of TEMED, and mix rapidly with a needle.
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3.3.2. Loading and
Running the Gel

3.3.3. Staining, Destaining,
and Quantifying the Data

. Inject the gel into the sandwich glass plates by syringe, leaving

some space for a stacking gel.

. Cover the upper layer of the gel with water. The gel should

polymerize within about 30 min depending on the room
temperature. After the polymerization is set, carefully remove
the water.

. Prepare the stacking gel by mixing 2 mL of stacking gel buf-

fer with 60 uL of 10% (w/v) aqueous ammonium persulfate
solution, and 2 uL. of TEMED, mixing rapidly with a needle.
Using a syringe, inject the stacking gel to the top of separat-
ing gel. Insert a comb, carefully avoiding any air bubbles. The
stacking gel should polymerize within about 30 min at room
temperature.

. Assemble the inner core of gel system. Once the stacking gel

polymerization is done, carefully remove the comb and pour
in upper buffer. Make certain there is no leakage on the
assembled inner core. Add the resolving buffer to the lower
chambers of the gel system.

. Mix 5 pL of sample and 5 puL. of 50% (w/V) sucrose.

. Load 10 pL of each sample into a well. One well should contain

a mixture of heparin oligosaccharide standards, such as oligo-
saccharides prepared by the partial enzymatic depolymerization
of heparin, and one well should contain a purified heparin oli-
gosaccharide, such as an octasaccharide. Phenol Red (0.5 pL)
can be added to this well if a visible indicator if needed.

. Complete the assembly of the gel system and connect to a power

supply. Gel electrophoresis is performed at 200 V for 90 min or
until the phenol red reaches the bottom of the plate.

. After electrophoresis is complete, carefully separate the gel

from the glass plates.

2. Stain the gel with Alcian blue dye reagent for 30—60 min.
. Completely destain the gel by shaking overnight in water.

4. Wrap the gel in clear plastic wrap and scan the gel with on a

standard computer scanner (Fig. 2). The scan can then be
digitized using UN-Scan-it software.

. A standard curve, the log of the molecular weight of each

heparin oligosaccharide band (disaccharide 665, tetrasaccha-
ride 1330, hexasaccharide 1995, etc.) as a function of migra-
tion distance, is plotted.

. The pure oligosaccharide is used to provide a counting frame

by identifying the size of the oligosaccharides in the heparin
oligosaccharide mixture.

. The average molecular weights of the GAGs isolated from the

cells are calculated based on this standard curve (24).
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. Incubate intact GAGs recovered in Subheading 3.2 with the
chondroitinase ABC and ACII enzymes at 37°C for 10 h.

. Recover the products of the chondroitinase treatment using
the Microcon® Centrifugal Filter Units YM-3 (3,000
MWCO). Refer to Subheading 3.2, steps 9-14 for detailed

procedures.

. In the current case, collect both the portion, which passes
through the membrane, and the portion remaining above the
membrane (the retentate). The CS/DS disaccharides have a
molecular weight <3,000 and passing through the membrane
should be collected in three washes, combined and lyophilized
and used for further LC-MS analysis (Subheading 3.5.1).
Continue with the retentate with the following step.

. GAGs in the retentate, remaining on the top of the filtration
membrane, are next incubated with the heparinase 1, I, and
III enzyme mixture at 37°C for 10 h. The HS disaccharides
have a molecular weight <3,000 and passing through the
Microcon® Centrifugal Filter Units YM-3 (3,000 MWCO)
membrane should be collected in three washes, combined,

1 2 3

dp——»

dpd ———»

Fig. 2. PAGE analysis on GAGs isolated from NCCIT cells. Lane 7 shows heparin oligosaccharide with degree of polymer-
ization of eight (dp8). Lane 2 shows heparin oligosaccharide standard where the degree of polymerization (dp) from four
(tetrasaccharide) to 14 tetradecasaccharide is labeled. Lane 3 shows the isolated intact GAG mixture. PAGE analysis with
Alcian blue staining confirmed that GAGs were present by a broad band of expected polydispersity. After digitizing the
gels using UN-Scan-it software, the average MW of GAGs were calculated based on the heparin oligosaccharide stan-
dards. The average molecular weight of GAGs from NCCIT cells is 15.53 kDa.
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3.5. Disaccharide
Analysis

3.5.1. CS/DS Disaccharide
Analysis

3.5.2. Heparin/HS
Disaccharide Analysis

and lyophilized and used for further LC-MS analysis (see
Subheading 3.5.2).

This method has been optimized by our laboratory and has been
found to work well (2, 25, 26). Two different eluent systems are
required for the optimum resolution of the CS/DS and heparin/
HS disaccharides.

1.

Inject 8 uL of disaccharide standards containing 10 ng of
each disaccharide or 8 pL of CS/DS disaccharide sample

from Subheading 3.4) onto an ACQUITY UPLC™ BEH
C18 column.

. Use HPLC solution A and HPLC solution B to elute CS/DS

disaccharides at 100 puL/min.

. The elution conditions at 45°C are solution A for 10 min,

tollowed by a linear gradient from 10 to 40 min of 0-50%
solution B.

. The column effluent enters the UV detector followed by the

source of the electrospray ionization mass spectrometer for
continuous detection. Set the electrospray interface in posi-
tive ionization mode with the skimmer potential 40.0 V, cap-
illary exit 40.0 V and a source of temperature of 350°C to
obtain maximum abundance of the ions in a full scan spectra
(350-2,000 Da, ten full scans/s).

. Use nitrogen as a drying (8 I./min) and nebulizing gas (40 p.s.i.).

. Use UV detection at 232 nm with simultaneous extracted ion

chromatogram (EIC) detection (see Note 7). The results of
this analysis are presented in Fig. 3 and Table 1.

. Use a Zorbax SB-C18 column (Agilent, 0.5x250 mm, 5 um)

and inject 8 UL of disaccharide standards containing 10 ng of
each disaccharide or 8 uL of heparin/HS disaccharide sample
from Subheading 3.4.

. Use HPLC solution C and HPLC solution D to elute hepa-

rin/HS disaccharides at 10 L /min.

. The elution conditions at 20°C are solution C for 20 min,

followed by a linear gradient from 20 to 45 min of 0-50%
solution D.

. The column effluent should enter the UV detector followed

by the source of the electrospray ionization mass spectrome-
ter for continuous detection.

. Add another 5 pL/min of acetonitrile just after column and

before MS to make the solvent and TrBA easy spray, and easy
evaporate in the ion-source.

. Set the electrospray interface in negative ionization mode

with the skimmer potential —40.0 V, capillary exit -40.0 V
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Fig. 3. LC-MS disaccharide analysis of NCCIT cells. (a) EIC of HS/Hp disaccharide std. (b) EIC of HS/Hp disaccharide of
NCCIT cells. (c) EIC of CS/DS disaccharide std. (d) EIC of CS/DS disaccharide of NCCIT cells.

and a source of temperature of 325°C to obtain maximum
abundance of the ions in a full scan spectra (150-1,500 Da,
ten full scans/s).

. Use nitrogen asa drying (5 L. /min) and nebulizing gas (20 p.s.i.).
Detect with UV at 232 nm with simultaneous extracted ion
chromatogram (EIC) detection (see Note 8). The results of this
analysis are presented in Fig. 3 and Table 1.

4. Notes

. NCCIT cells were established by Shinichi Teshima (National
Cancer Institute, Tokyo, Japan) in 1985 from a mediastinal
mixed germ cell tumor (27). This pluripotent stem cell line is
capable of somatic and extraembryonic differentiation. The
undifferentiated cells are equivalent to a stage intermediate
between seminoma and embryonal carcinoma. They will dif-
ferentiate in response to retinoic acid (28).
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. It is best to freshly prepare actinase E proteolysis enzyme

solution from dry protein immediately before use.

. We tested series of different number of cells for GAGs extrac-

tion, recovery and subsequent disaccharide analysis, we found
that 1 x 10 is currently the minimum number of cells required
for disaccharide quantification.

. This method for total GAGs extraction and recovery was devel-

oped in our lab, involving in the use of a simple recovery and
purification that relies on protease digestion and strong anion-
exchange chromatography on a spin column followed by salt.
Urea, a nonionic denaturant, is known to solubilize most proteins,
and Chaps, a zwitterionic surfactant, is commonly used to solubi-
lize hydrophobic molecules such as triglycerides. Approximately
90% of GAGs can be recovered using this method.

. When Vivapure spin filters are used, make sure the centrifugal

force is not >2,000x 4. For each centrifugation, adjust time
carefully so that there is always residual liquid above on the top
of the membrane to avoid dryness and membrane cracking.

. When Microcon® Centrifugal Filter Units YM-3 (3,000

MWCO) spin columns are used, make sure the centrifugal
force is not >14,000x 4. For each centrifugation, adjust time
carefully so that there is always residual liquid above on the top
of the membrane to avoid dryness and membrane cracking.

. The sensitivity in this method improved to 0.2 ng/disaccha-

ride of CS/DS.

. The sensitivity in this method improved to 2 ng/disaccharide

of HS/Hp.
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Chapter 20

Drill Hole Defects: Induction, Imaging,
and Analysis in the Rodent

Andre Obenaus and Pedro Hayes

Abstract

Advances in stem therapy, scaffolds, and therapeutic biomolecules are accelerating bone repair research,
and model systems are required to test new methods and concepts. The drill hole defect is one such
model and is used to study a variety of bone defects and potential therapies designed to repair these inju-
ries. We detail the methodologies required to successfully generate and evaluate drill hole defects.
Although performing a successful drill hole defect requires patience and dexterity, investing the time to
perfect the technique will provide ample opportunity for the researcher to expand his/her particular
research interests. Mastering this technique will allow testing of stem cell therapies, novel scatfold designs,
and biomolecules that can be used for clinical translation.

Key words: Drill hole defect, Surgery, Stereotaxic, Magnetic resonance imaging, Computerized
tomography

1. Introduction

Advances in stem cell therapy, scaffold design, and therapeutic
biomolecules are rapidly advancing bone repair research. The bulk
of the studies investigating stem cell therapy have been related to
cardiovascular and neuronal repair therapies for disease. However,
stem cell therapy for bone injury is now being used to repair bone
defects (1, 2). Much of the recent research has focused on the
implantation of mesenchymal stem cells (MSC) to evaluate their
repair potential (1-3). Genetic modification of MSCs to produce
active biomolecules is also an area of active research (4, 5). Primary
MSCs can repair bone injury in numerous models, and a recent
report demonstrates clinical potential (6), but additional work is
required prior to their widespread use.

Nicole I. zur Nieden (ed.), Embryonic Stem Cell Therapy for Osteo-Degenerative Diseases, Methods in Molecular Biology, vol. 690,
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Artificial constructs such as scaffolds have been used to
supportimplanted cells and for the development and improvement
of supportive structures to assist in bone repair. Optimization of
scaffolds including shape, degrees of porosity, and novel com-
pounds have demonstrated that bone repair can be facilitated by
combinations of these factors (7—10). Abnormal and ectopic bone
tormation supports the notion that scaffold materials and design
are important factors to consider in design repair strategies (11).
The use of scaffold materials seeded with MSC has shown prom-
ise in a variety of bone injury models (5, 12, 13).

Imaging of implantation of MSC, scaffolds, and other sup-
portive cells or materials is paramount for clinical translatability.
X-ray and, more recently, computed tomography (CT) have been
used to noninvasively evaluate bone loss and repair (14, 15).
CT-derived data can provide useful information on vascularity,
density, and progress of repair mechanisms. CT also provides the
ability to undertake three-dimensional analysis that is more robust
than two-dimensional methods (15). More recently, magnetic
resonance imaging (MRI) has been developed clinically to evalu-
ate bone injury (16). Quantitative MRI from T1-weighted imag-
ing can provide diagnostic information about the bone structure
and bone marrow (17). Dynamic contrast-enhanced MRI (DCE-
MRI) can also be used to assess vascularity within bone structures
to demonstrate improvement after injury and therapeutic inter-
ventions (18). However, invasive infusions of polymers into the
vascular system can also be used for visualization by CT (14).
Interestingly, ultrasound has also been used to improve the regen-
erative potential in bone restoration methods that are then
assessed with MRI (19). Bioluminescent and positron emission
tomography (PET) methods after cell transfection with various
reporters or labeling with radioligands have also shown promise
for noninvasive localization, but are not particularly useful for
assessment of bone structure (2, 20). Thus, a range of noninva-
sive imaging methods can be used to assess the efficacy of thera-
peutic approaches to bone repair and restoration.

While numerous models of bone injury exist, drill hole defects
are a simple model system to evaluate bone repair mechanisms,
used in a broad range of research to investigate prospective thera-
peutic approaches (18, 21). Drill hole defects can be performed
at a variety of sites within the body including the tibia, femur, and
cranium (22, 23). These drill hole defects range is size and loca-
tion dependent upon the research questions being answered. The
detailed methods described in this chapter use the cranial approach
due to the following reasons: (1) the cranium provides easy access,
(2) the method can be performed by relative novices, (3) the cra-
nium is easy to access for tissue and therapeutic implantation, and
(4) the cranium provides an easy site for subsequent imaging to
evaluate the effectiveness of treatment. The cranial surgical proce-
dure primarily involves drilling or removing a portion of cranium.
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To successfully complete this procedure, the researcher must have
the capability to perform several tasks, including: (1) the induction
of anesthesia, (2) surgical access to the bone, (3) drilling and
removing a piece of the cranium, and (4) closing the incision via
suturing techniques. In this chapter, we outline the steps required
to generate a drill hole defect and then to assess the defect using
clinically relevant noninvasive imaging modalities.

The drill hole defect can be readily produced in a variety of
locations. Using the methods and procedures outlined in this
chapter, the researcher can generate the defects in virtually any
bone within the mammalian body. We have also outlined the gen-
eral techniques for the noninvasive imaging of these defects,
including CT and MRI, and described what these defects may
look like and some rudimentary analysis methods.

2. Materials

2.1. Induction
of Anesthesia

2.2. Drill Hole Defect

. Oxygen gas tanks.
. Isoflurane vaporizer and induction box.

. Isoflurane.

N I S R

. Instrument used to perform the pedal reflex test (application of
pressure on a rat’s hind-limb ankle joint results in the foot being
withdrawn; reflex is absent in deeply anesthetized animals).

5. Hair Clippers.

The materials required to perform a successful drill hole defect
includes surgical tools/supplies, solutions, and other equipment.
In preparation for the drill hole defect, it is wise to gather the
items listed as follows (see Figs. 1 and 2):

1. Isofluorane vaporizer and induction box.

2. Isofluorane.

3. Animal (Rodent) stereotaxic frame; For juvenile rat and mouse
drill hole defect, a custom stereotaxic attachment is needed.

. Betadine.

. Q-tips.

. Scalpel Handle (no. 4).
. Scalpels (no. 21).

. 2"x2" Gauze Sponges.

O 0 N N Ul

. Two Needle Retractors (fabricate retractors if performing
drill hole defect in mice).

10. Hydrogen Peroxide.
11. Surgical Drill.
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Fig. 1. Surgical station and supplies needed to perform a drill hole defect. (a) The surgical station setup including the stereotactic
holder with a mouse attachment shown. The heating pad is important to maintain the temperature of the animals while under
anesthesia. (b) A collection of surgical instruments and supplies required to undertake a drill hole defect surgery.

12. Trephine or Drill bit (utilize diameter for your research
purposes).

13. 0.9% Saline.
14. Fine Forceps.
15. Kimwipes.

16. Suture Scissors.

17. Suture needle 5-0 (Y2, 17 mm, taper).
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PH 0.5 1 5 7

Fig. 2. Stereotactic holders and drills/trephines (a). A rat stereotactic holder equipped with an anesthetic nose cone. Note
the ear bars (b). The same rat stereotactic holder with an attached mouse holder. Note smaller ear bars and more con-
stricted working space. A surgical drill (¢) and drills/trephines of varying sizes (d). Drill bits are primarily used in perform-
ing drill hole defect for smaller defect sizes. Trephines are used in performing drill hole defects in which a larger diameter
hole is desired (sizes are in mm; PH denotes pinhole).

18.
19.
20.
21.
22.
23.

Lidocaine.

Tissue Forceps for surgical incisions.
Needle Holder for suturing.

Heating pad for postsurgical recovery.
Light Source (High Intensity Illuminator).

A surgical recovery chamber. See Note 1.

2.3. Imaging To confirm a proper drill hole defect, computed tomography

Equipment (CT) and/or magnetic resonance imaging (MRI) modalities can
be employed. In addition, these modalities may pose a research
benefit to the study depending on the focus of the project by the
addition of quantitative imaging data. See Note 2.

2.3.1. MicroCT Images can be acquired via the use of a micro X-ray computerized

(Mouse or Rat) tomography (micro-CT) unit (for example, MicroCAT II°,
ImTek Inc., Knoxville, TN) equipped with a 80 kVp X-ray source
which effectively produces a reconstructed volume resolution of
~15 um (Fig. 3a).
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SIEMENS

UltraShield™

Fig. 3. Noninvasive imaging methods. The Siemens MicroCAT Il MicroCT system (a) can accommodate large animals if
desired. Our imaging suite has a Bruker Advance 11.7T MRI (b), and a Bruker 4.7T MRI Scanner (c) that can accommo-
date a range of experimental subjects (mice to dogs). A volume radiofrequency coil with animal handling including
anesthetic nose cone (d) for the 4.7T MRI and for the 11.7T MRI scanner, a similar volume radiofrequency coil (e) is avail-
able for mice and small rodents.

2.3.2. MRI (Mouse) When performing MRI on mice, one can use a Bruker Advance
11.7T MRI (8.9-cm bore) with a 3.0 cm (internal diameter) vol-
ume radiofrequency coil (Bruker Biospin, Billerica, MA) or
similar scanner/coil with comparable capabilities (Fig. 3b, e).
Imaging resolution of this instrument is on the order of ~100 pm/
pixel.

2.3.3. MRI (Rat) When performing MRI on rats, one can use a Bruker 4.7T 30 cm
horizontal bore instrument equipped with 250 mT,/m microgra-
dients (slew rate 1,000 mT/s) and a 116 mm (internal diameter)
quadrature receiver coil or similar scanner/coil with comparable
capabilities (Fig. 3¢, d). Imaging resolution of this instrument is
on the order of ~150 um/pixel.
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Upon completion of the CT or MRI, 3D reconstruction of the
drill hole defect can be generated, using advanced image analysis
software (i.e. Amira, Mercury Computer Systems, Inc.). This
generates not only publication-quality figures but also extractable
quantification of data, such as volumes etc. See Note 3.

3. Methods

3.1. Induction of
Anesthesia/Hair
Trimming

3.2. Drill Hole Defect

1. Place animal in induction box. Be sure that you have an iso-
flurane vaporizer, filled with isoflurane, and oxygen supply
attached to the box.

2. Begin induction of anesthesia by setting the isoflurane vapor-
izer to 3% and the oxygen flow rate to 2.5 L/min. At this
time, several of the animal’s vital signs will need to be moni-
tored, which include respiration rate /pattern, heart rate, and
animal color (skin tone should be pink). Monitoring of these
vital signs should be continued throughout the procedure
with adjustments in isoflurane level made accordingly to
maintain animal health.

3. Once the animal is completely under anesthesia (~5 min),
remove from the induction box and place on surface where
hair trimming is to take place.

4. Prior to beginning the hair trimming, check to ensure that
animal is completely under anesthesia by administering a
pedal reflex test. If the animal exhibits a positive pedal reflex
(i.e. limb withdrawal), then place it back in the induction box
and readminister anesthesia. If the animal exhibits a negative
pedal reflex, proceed to the hair trimming.

5. Using a standard hair clipper, remove the hair in the region
where the drill hole defect is to be performed (typically area
between the ear level and the eye). This is accomplished by
stabilizing the animal’s head between your index and middle
finger and simply cutting the hair away (Fig. 4a, b), see
Note 4.

6. Once the head has been shaved, place the animal back in the
induction box and continue to administer anesthesia (3% iso-
flurane, 2.5 L./min oxygen) until the animal’s respiratory rate
is 0.5-1 breaths/s. Assessment can be done using manual
counting methods or by use of a physiological monitoring
system (i.e. Biopac Systems, Inc.)

1. With the animal’s respiratory rate at 0.5-1 breath/s, begin
the flow of anesthesia to the stereotactic holder (3% isoflu-
rane, 2.5 L/min oxygen), see Note 5.
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2.

Remove animal from the induction box and place in the
stereotactic holder. When placing the animal in the stereotac-
tic holder, ensure that the front incisors are affixed around the
bite bar and that the anesthetic gas cone completely covers the
animal’s nostrils (Figs. 1a and 2a, b).

. Secure the head of the animal by placing the ear bars in the

animal’s ears. When doing this, place the pointed tip of the ear
bar into the ear canal. When advancing the ear bar, lift the ear
bar dorsally, with respect to the animal. There are also tick
marks on the stereotactic holder that enable one to perfectly
center the animal’s head.

. Advance the ear bars until resistance is met inside the ear canal.

Ideally, this resistance should be the result of the ear bar meet-
ing the caudal most part of the zygomatic arch. Check tick
marks to ensure that the animal’s head is centered within the
stereotactic holder. Proper placement of the animal’s head
should result in an audible pop sound (Fig. 4c). See Note 6.

Fig. 4. Surgical procedures for initiation of a drill hole defect. (a) The rodent’s head should be stabilized using the index
and middle finger while the clippers are held in the other hand. Successful trimming results in a bald region between
animal’s eyes and ears (b). Placement of a rat in stereotactic holder where the head should be centered using the tick
marks located on the ear bars (c). Retraction of the skin flap exposing the cranium (d, e). Drill placement and irrigation
techniques (d, e). The drill should be parallel to the craniotomy site (d), and irrigation should take place every 4-7 s
(e). Sample drill hole defects (3 and 1 mm) with the cranium removed demonstrating the intact dura (f) (outlines).
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5.

10.

11.

12.

Sterilize the head of the animal in the area in which the incision
is to be made by applying Betadine using a Q-tip as an applica-
tor (Fig. 4d).

. Using a no. 21 scalpel blade attached to a no. 4 scalpel han-

dle; make a midline incision directly dorsal to the sagittal
suture that extends from the region above the eyes to the
animal’s ears. Ensure that not too much pressure is applied to
the scalpel blade as you do not want to cut into the underly-
ing cranium. See Note 7.

. Clean any blood that may appear as a result of making the

incision, with a Q-tip or gauze.

. Using a set of retractors, pull the skin flaps laterally from

the incision to expose the cranium. Most drill hole defects
will use bregma as a reference which should be visible at
this time. Should the bregma be unidentifiable, a Q-tip
with hydrogen peroxide on it can be used to clean the sur-
face of the cranium so that the bregma becomes visible
(Fig. 4d, t). See Note 8.

. Using the coordinates deemed appropriate for the particular

study, use a surgical drill and trephine to perform the drill
hole defect, see Note 9.

After 4-7 s of drilling, irrigate the drill site with saline and
dry with gauze. This will not only cool the drill site but also
allow one to ascertain if more drilling is needed. If further
drilling is required, proceed to drill in 4-7 s intervals with
intermittent saline irrigation and drying. If the drill hole
defect appears sufficient enough to remove the piece of cra-
nium, proceed to attempt to remove the piece of cranium
(Fig. 4d, ¢).

To remove the drilled piece of cranium, use fine forceps and
try to lift the piece of bone out. When doing this, have the
forceps as parallel to the piece of cranium as possible (to pre-
vent touching the brain) and pull horizontally as opposed to
vertically to prevent damage. When removing the bone frag-
ment from the cranium, take care to ensure that the dura
mater is not compromised. This will decrease bleeding and
improve the integrity of the drill hole defect. Should any
blood be present after removing the bone gentle application
of kimwipes can be used to absorb residual amounts of blood,
care being taken not to touch the brain. If after attempting to
remove the bone it is determined that it is still attached to the
rest of the skull, continue to drill and assess as indicated in
steps 10 and 11.

Once the bone has been removed, a hole in the brain with
intact dura should be visible, and we illustrate here a 3-mm
and a 1-mm drill hole defect (Fig. 4f). See Note 10.
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3.3. Imaging Methods

3.3.1. Magnetic Resonance
Imaging

13. Once the drill hole defect is complete, employ a simple
interrupted suture technique using a 5-0 silk suture to close
the incision. The simple interrupted suture technique is a
series of single sutures that bring the skin together and then
tied off. The sutures should be evenly placed along the length
of the incision (see http://emedicine.medscape.com /article /
1128240-overview for more details on suturing).

14. After the incision has been sutured closed, apply lidocaine
topically to the incision site. See Note 11.

After performing the drill hole defect and closing the incision,
MRI can be employed to visualize the hole in a noninvasive man-
ner (Fig. 5a, b). Under isoflurane anesthesia, the animal can be
placed in either supine or prone position on a bed that can be
inserted into the MRI. This bed and how the animal is attached
will vary between users. In our own laboratory, we place the ani-
mals in a prone position, and the motion of the animal is mini-
mized by the use of a Delron plastic stereotactic holder (see
Fig. 3d). Anesthesia gases flow through a nose cone similar to
surgical stereotactic holders. When imaging limbs, these are often
immobilized by tape. To best visualize the drill hole defect, one
should perform T2-weighted and proton-density (PD) sequences

Fig. 5. Drill hole defects are easily identifiable on T2-weighted (a) and proton-density (b) MRI images (arrows).
Reconstructed CT images illustrate the drill hole defect after a 3-mm (left side of skull) and 1-mm drill hole (right side of

skull) (arrows) (c).


http://emedicine.medscape.com/article/1128240-overview
http://emedicine.medscape.com/article/1128240-overview

3.3.2. Micro Computed
Tomography

3.4. Analysis
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in both coronal and sagittal planes of view using the following
parameters; see Note 12:

T2: TR/TE=3,563.4 ms/20 ms, NEX=2, FOV=2.8 cm,
Matrix=256?% Slices=25, Slice Thickness=1 mm, and Slice
Interval=1 mm.

PD: TR/TE=3,000 ms/20 ms, NEX=2, FOV=2.8 cm,
Matrix=2562, Slices=25, Slice Thickness=1 mm, and Slice
Interval=1 mm.

These imaging sequence parameters can be altered as needed
using the user interface on the MRI (or CTj; see below).

In addition to MRI, microCT can be used to visualize the drill
hole defect in a noninvasive manner. As this methodology is sensi-
tive to varying tissue density, the images produced from this
modality will produce images in which the bone is in high con-
trast, allowing for easy identification of the hole produced as a
result of the drill hole defect (Fig. 5¢). Animal handling systems
during the CT also vary as noted above, and we use a very similar
system to that described in Subheading 3.3.1. When acquiring
such images, the parameters should be used as follows:

Binning =4 x4, Exposure Time=125 ms, X-ray Voltage =75.0kVp,
Anode Current=1,000.0 pA, Rotational Steps=360,

Rotation=360°, Light: Dark Calibration Exposures=25, and
Matrix=5122.

These imaging sequence parameters can be altered as needed
using the user interface on the MicroCT} see Note 13.

Once imaging data has been acquired (CT or MRI), advanced
imaging software, such as Amira, can be employed to generate
3D reconstructions of the 2D images (Fig. 5¢) and extract quantifi-
able data pertaining to the particular study. Furthermore, density,
length, volume, and other measurements can be readily obtained
depending upon the research questions. See Note 14.

4. Notes

1. While the instruments shown in Fig. 1 and described in the
detailed protocol are optimal variations, availability of sup-
plies will dictate the actual mix of supplies and instruments. If
available, one should always consult with a veterinarian to
obtain guidance, as institutional rules and directives may vary.

2. Scheduling experiments and animal surgery may in some labo-
ratories require coordination with user facilities that provide
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access to these imaging instruments. Some of the user facilities
may also charge a fee for imaging. It is reccommended that the
user meets with the imaging facility manager to discuss the
timing, experimental design, and associated operational issues
related to noninvasive imaging. It should also be noted that
while in vivo imaging is optimal, ex vivo imaging after fixation
can also provide valuable data.

. While many laboratories use expensive three-dimensional

reconstruction software programs such as Amira, free soft-
ware, such as NIH image, can be used to extract and visualize
imaging datasets. Often, however, these free programs are
not powerful enough, and three-dimensional reconstruction
is not optimal.

. Take care not to cut the animal’s whiskers or ears in the pro-

cess. If the anesthetic plane is sufficiently deep, shaving the
head is simply done outside the anesthesia induction box.

. This will require an anesthesia splitter in which the flow of gas

can be directed from the induction box to the stereotactic
device.

. Ensuring the proper placement of the ear bars is a critical ele-

ment to obtain accurate and reproducible data. There are
numerous resources on the internet that can provide addi-
tional guidance on correct placement of the ear bars. However,
correct placement and insertion of the ear bars can be tested
to ensure that there is no lateral (side-to-side) movement of
the rodents’ head, but the up and down movement is still
unrestricted.

. It is imperative that a sterile surgical approach is utilized. A

clean and sterilized work environment (use 90% alcohol) is
important. We strongly recommend sterilization of all surgi-
cal instruments, sutures, and supplies (e.g. gauze etc.) or at a
minimum, the use of a hot bead sterilizer, taking care to let
the instruments cool sufficiently prior to use.

. Use of bregma or other surface landmarks on the cranium are

important only if the researcher wants to localize the bone
drill hole defect at the same precise location for each experi-
ment. In some cases, this accuracy may not be necessary, and
visual placement of the defect may be sufficient.

. While drilling the hole, there should be no downward force

applied so as to eliminate the trephine going completely
through the cranium and into the brain. The drill should also
remain as perpendicular to the cranium as possible to elimi-
nate one side of the trephine cutting deeper than the other. If
this occurs, the chances of hitting the brain will increase, and
it will become increasingly difficult to remove the piece of
cranium.



Drill Hole Defects: Induction, Imaging, and Analysis in the Rodent 313

10.

11.

12.

13.

14.

If a mistake is made that can be seen by excessive bleeding, it
is reccommended that the experimental animal be discarded
and a new surgical attempt be made.

Long-term pain management is also recommended.
Buprenorphine, a synthetic opiate, is often used in rodents to
manage pain. Again, please consult with your designated vet-
erinarian for guidance.

Other MR sequences can be utilized depending on the
research questions. Sequences such as diffusion-weighted
imaging and T1-weighted imaging can be useful.

An important caveat in designing your experiments is to note
that CT imaging will deposit a radiation dose in the animal.
Sensitive cellular constructs, such as stem cells, could be
adversely affected, particularly with repeated CT imaging.
For sample doses to various structures within the mouse and
rat, please see Obenaus and Smith (24).

For examples of various types of bone analysis, the reader is

referred to Willey et al. (25).
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Chapter 21

Measurement and lllustration of Inmune Interaction After
Stem Cell Transplantation

Stephan Fricke

Abstract

A variety of stem cells, including embryonic, mesenchymal, and hematopoietic stem cells, have been
isolated to date, resulting in the current investigation of many therapeutic applications. These stem cells
offer a high potential in cell replacement therapies or in the regeneration of organ damage. One current
obstacle in using these stem cells in clinical applications are the unknown or unexplained mechanisms
regarding the activation of immune responses as well as their given potential of immune activity, which
can attack the host tissue. Similarly, the unknown immunological environment, which can benefit tumor
growth, also restrains the rapid clinical implementation of stem cells.

We have shown that several techniques for measurement or illustration of immune responses in a
hematopoietic murine CD4%° mice transplantation model might be beneficial to get new insight into
in vivo behavior of transplanted stem cells. Subjected to the transplantation setups (allogeneic, syngeneic,
or xenogenic transplantation) different immune responses (enhancement of CD4* T cells, cytokine activ-
ity) as well as different effects of the transplanted cells on the host organs (organ destruction, toxicity)
are detectable. The methods used to describe such immune responses will be presented here.

Key words: Immune response, Transgenic mice, Transplantation, Stem cell grafts, Cytometric Bead
Array”, Flow cytometry, Immunohistochemistry, Histology

1. Introduction

Today stem cells from many sources [including bone marrow,
adipose tissue, peripheral blood, human umbilical cord blood,
and embryonic stem cells (ESCs)]| are cultivated and used for
experimental and therapeutic approaches. These cells offer an
attractive potential in cell replacement and cell repair therapy due
to their inherent plasticity and ability to self-renew. A variety of
diseases, e.g. diabetes mellitus (1), neurologic diseases (2), and
hematopoietic diseases (3) benefit from these characteristics, but

Nicole I. zur Nieden (ed.), Embryonic Stem Cell Therapy for Osteo-Degenerative Diseases, Methods in Molecular Biology, vol. 690,
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application could be accompanied by severe complications. The
lack of knowledge of immune interactions between transplanted
cells and cells in the host tissue limits the translation into clinical
use. The immune responses activated by graft cells are important
to predict and characterize their therapeutic effects. For instance,
the MHC class I molecule H2K(b) is expressed by ESCs, and
without immune challenge they are able to escape immune recog-
nition by H2K(b)-reactive CD8(+) T cells. Therefore, it has been
suggested that ESCs and their terminally differentiated deriva-
tives may possess a fragile immune privilege (4). In contrast, after
hematopoietic stem cell transplantation (HSCT), graft versus
host disease (GvHD) caused by the graft stem cells is still a major
complication (5).

Measurement of cellular and humoral immunological responses
in transplantation medicine might increase our understanding of
in vivo behavior of transplanted stem cells regarding their mecha-
nisms of graft rejections. Furthermore, these parameters may
answer, if stem cells have inherent immunologic activity with regard
to graft versus host reactions. Here, we will describe the measure-
ment and illustrate immune responses using an examplatory
hematopoietic transplantation model in transgenic, murine CD4%°
mice (6, 7). Since the murine CD4 antigen is knocked out in the
host animals, murine stem cell engraftment can be characterized by
the numbers of arising T cells expressing murine CD4. From the
various available techniques for the measurement of immune
responses and interactions, we will illustrate flow cytometry as one
measurement of cell analysis. A Cytometric Bead Array™ will be
used for the investigation of cytokine expression after transplanta-
tion, histological analysis for the characterization of toxicity of
transplanted cells, and immunohistochemistry for the determina-
tion of donor organ chimerism. The described methods may cer-
tainly also be used for analyzing immune responses in other stem
cell transplantation models, such as transplantations with ESCs.

2. Materials

2.1. Drawing Blood
from Mice

1. Heparin-coated capillaries (Greiner Biochemica) for retroor-
bital blood taking. Store at room temperature.

2. Microcentrifuge tubes (e.g. Eppendorf).

3. Applicator for ring caps with capillary ejection (Hirschmann
Laborgerite GmbH & Co. KG). Store at room temperature.

4. 500 mL glass box (Duran Group) for anesthesia. Store at
room temperature.

5. Swabs (Promedia) for the absorption of ether in Falcon tube.
Store at room temperature.
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6.

10.

11.

2.2. Flow Cytometry 1.

and Hematology
2
3
4
5
6
7

2.3. Mouse 1.

Inflammation

Cytometric Bead Array

Pulp (Zellstoftvertriecbs GmbH) to avoid ether contact. Store
at room temperature.

. Fence cartridge (self-made) for placing the mice into diethyl

ether without direct contact. Store at room temperature.

. 50-mL Falcon tube (Greiner Bio-One).

. Oxytetracycline (Jenapharm) eye ointment for prevention of

eye infection. Store at 4°C.

Diethyl ether (Otto Fischer GmbH & Co. KG) for anesthesia.
Do not use under an extractor hood or in an oxygen-rich envi-
ronment. Store at room temperature in a dark environment.
Heparin (heparin—sodium 25,000, Ratiopharm) containing
10 uL microcentrifuge tubes (Eppendorf) for the collection
of blood material. Store at 4°C.

For flow cytometry samples, use BD Falcon™ round-bottom
tube (BD Biosciences), 12 x75 mm, polystyrene (tube), ster-
ile. Store at room temperature.

. Animal blood counter (SCIL) must be calibrated for mouse

blood (see Note 1).

. SCIL animal ABC pack (SCIL). Reagents for 160 measure-

ments. Handle with care and store at room temperature.

. BD FACS lysing solution (BD Biosciences). Store at

2-25°C.

. BD FACSCantoll"™ flow cytometer with BD FACSDIVA™

software (both BD Biosciences).

. Conjugated monoclonal antibodies: murine CD4 — PE-Cy"7;

MHC-II (I-A[d], MHC class II alloantigen) — PE; MHC-I1
(I-A[b], MHC class II alloantigen) — FITC (all BD
Biosciences). Store at 4°C (see Note 2).

. Phosphate-buffered saline (10x PBS): 140 mM NaCl,

2.7 mM KCI, 10 mM Na ,HPO,, and 1.8 mM KH,PO,.
Adjust volume with Aqua destillata and the pH to 7.4. Filter
sterilize or autoclave. Store at room temperature. Make a
solution of 1x PBS containing 1% FBS (Gibco/Invitrogen)
for washing samples. Store at 4°C.

BD" Cytometric Bead Array (CBA) mouse inflammation
cytokine kit (BD Biosciences) containing the following:
mouse IL-6 capture beads, mouse IL-10 capture beads,
mouse MCP-1 capture beads, mouse IFN-y capture beads,
mouse TNF capture beads, and mouse 1L12-p70 capture
beads; one vial each a 0.8 mL. One vial of mouse inflamma-
tion PE detection reagent (4 mL), two vials of mouse inflam-
mation standards (0.2 mL, lyophilized), one vial cytometer
setup beads (1.5 mL), one vial PE positive control detector
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2.4. Histological
Analysis by
Hematoxylin-Eosin
and Kernechtrot—
Aniline Blue-Orange G
Staining

(0.5 mL), and one vial FITC positive control detector
(0.5 mL). One bottle of ready to use wash buffer containing
130 mL is also included for washing samples and resuspend-
ing serum samples. Store at everything at 4°C (see Note 3).

. Assay diluent (ready to use): one bottle containing 30 mL for

washing and resuspending mouse inflammation standards, for
dilution of serum samples and for use as a negative control.
Store at 4°C.

. Serum samples from mice. Store at —20°C (see Note 4).
4. BD FACSCalibur™ with BD CellQuest™ Pro software (BD

Biosciences) (see Note 5).

. 12x75 mm sample acquisition tubes for a flow cytometer

(BD Falcon™) (BD Biosciences). Store at room temperature.

. 15-mL Polypropylene tube (Greiner). Store at room

temperature.

. Autoclaved Eppendorf tubes (Eppendorf). Store at room

temperature.

. Mayer’s hemalaun solution (Merck) for hematoxylin—eosin

(H&E) staining procedure. Store at room temperature.

. Eosin Y (Sigma-Aldrich) for H&E staining procedure. Irritant

agent, dispose of waste according to lab safety regulations. To
prepare Eosin Y solution, add 1 g of Eosin Y to 50 mL dis-
tilled water. Next, prepare a 1:1 solution with 100% w/v
ethanol (Merck). Store at room temperature.

. Tap water as bluing reagent for H&E staining procedure.

Needs to be partially softened to 8 dH water hardness.

. Nuclear red (VWR, Prolabo) for Kernechtrot—Aniline Blue—

Orange G (KAO) staining procedure: Make a 0.1% w/v
nuclear red staining solution containing 1% w/v acetic acid
by adding 0.1 g nuclear red to 100 mL of distilled water and
1 mL of acetic acid. Afterwards, filter the solution with a
Folden Filter. Store at room temperature.

. Aniline blue—Orange G (Halmi—Konecny solution) (8): 0.1%

w/v aniline blue (VWR, Prolabo), 0.3% w/v Orange G
(Sigma-Aldrich), 0.5% w/v wolfram phosphoric acid hydrate
(Merck), and 1% w/v acetic acid (VWR, Prolabo) for KAO
staining procedure. To prepare the KAO Halmi—Konecny
solution, add 0.1 g Aniline blue, 0.3 g Orange G, 0.5 g wol-
fram phosphoric acid hydrate, and 1 mL glacial acetic acid in
100 mL distilled water. Boil the solution to 100°C for 1 min
and let it cool to room temperature. Afterwards, filter the
solution with a Folden Filter.

. Isopropanol for KAO staining procedure. Highly flammable,

store under fireproof conditions at room temperature.
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10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Alcohol series (40-100% w/v): For the preparation of samples
prior to embedding, ethanol methylated with 1% ethyl methyl
ketone (Merck). Store at room temperature (see Note 6).

. ddH,O (Millipore) for staining procedure (H&E and KAO).

Store at room temperature.

. 35% w/v Formaldehyde (Carl Roth GmbH & Co. KG) for

fixation of organs and tissues. Formaldehyde is toxic, store in
a dark environment at room temperature, and only handle
under an extractor hood (see Note 7).

Xylene (Rotipuran®, product of high purity), 99.9% p.a. (Carl
Roth GmbH & Co. KG), for dehydration of organs and tis-
sues. Xylene is harmful and highly flammable. Only handle
under an extractor hood and store under fireproof conditions
at room temperature.

Paraffin, Histosec pastilles (Merck) for embedding organs
and tissues. Store at room temperature.

Methyl benzoate (Merck) for dehydration of organs and tis-
sues. Methyl benzoate is harmful. Only handle under an
extractor hood and store at room temperature.

Entellan (Merck) for embedding organs and tissues. Entellan
is harmful. Only handle under an extractor hood store at
room temperature.

Osteosoft®, decalcification reagent (Merck) to decalcify ani-
mal bones. Store at room temperature (see Note 8).

Whatman® g 125 mm Folden Filter (Whatman GmbH).

Microscope cover glasses (Menzel-Gliser, Menzel GmbH &
Co. KG) for embedding organs and tissues. Store at room
temperature.

Polysine slides (Thermo Scientific, Menzel GmbH & Co.
KG) for staining procedure. Store at room temperature.

Microtome blades, low profile — type 819 (Leica Biosystems),
for cutting of embedded organs and tissues. Store at room
temperature.

33x24x12 mm Stainless steel embedding moulds (Bio-
Optica). Store at room temperature.

Tissue embedding cassettes, Medim Uni-Safe (MDS-Group),
for embedding of organs, especially intestines. Store at room
temperature.

Leica-brush (Leica Biosystems) for cleaning and optimizing
the preparations on the objective slide.

Incubator (Memmert GmbH & Co. KG) for keeping the
paraffin in a liquid consistence.

Paraffin embedding station, Leica EGI1150 H (Leica
Biosystems), for manual embedding of organs and tissues.



320 Fricke

2.5. Immunohistology

24.

25.

26.

27.

28.

1.

Tissue processor, for example Type TP 1020 (Leica
Biosystems), for automatic embedding of organs and tissues.

Rotary microtome, Leica RM2255 (Leica Biosystems), to cut
organs and tissues for histological analysis. To cut osseous
containing material for histological analysis use a sliding
microtome, e.g. Leica SM2000R (Leica Biosystems).

Water bath, such as type-22721 (MDS-Group), for aiding in
the preparation of the specimens.

Microscope, Axioskop 40 (Zeiss), to analyze the objective
slides.

Pioneer balance (Ohaus), weighing machine for adjustment,
and standardization of sample material.

Cryostat, e.g. Leica CM3050 S (Leica Biosystems) and micro-
tome blades, low profile — type 819 (Leica Biosystems), for
cutting embedded organs and tissues. Store at room
temperature.

. Leica-brush (Leica Biosystems) for cleaning and optimizing

the preparations on the objective slides.

. 2-Methylbutane (isopentane, Carl Roth GmbH & Co. KG)

for keeping the organs and tissues in a continuous frozen
condition. This substance is harmful and highly flammable,
only handle under an extractor hood and store under fire-
proof conditions.

. Disposable base molds, 15x15x5 mm or 24x24x5 mm

(Simport). Store at room temperature.

. ddH,O (Millipore).

6. Wet chamber (Carl Roth GmbH & Co. KG).

10.

. Phosphate-buffered saline (10x PBS): 140 mM NaCl,

2.7 mM KCl, 10 mM Na,HPO,, and 1.8 mM KH,PO,, with
a final pH of 7.4. Filter sterilize or autoclave and store at
room temperature.

. Alcohol series (40-100% w/v); ethanol methylated with 1%

ethyl methyl ketone (Merck) for dehydration of objective
slides. Store at room temperature.

. Xylene (Rotipuran®) 99.9% p.a. (Carl Roth GmbH & Co.

KQG) for dehydration of organs and tissues. This substance is
harmful and highly flammable. Only handle under an extrac-
tor hood and store under fireproof conditions at room
temperature.

Entellan (Merck) for embedding organs and tissues. Entellan
is harmful, only handle under an extractor hood and store at
room temperature.
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12.

13.
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16.
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18.

19.

20.

21.

22.

23.

. Acetone (Merck) to fix the organs and tissues. Store at room
temperature.

SuperFrost Plus microscope slides (Thermo Scientific, Menzel
GmbH & Co. KG) and microscope cover glasses (Menzel-
Gliaser, Menzel GmbH & Co. KG). Store at room
temperature.

Tissue-Tek, O.C.T. compound (Sakura Finetek) for cryo-
preservation of organs and supporting medium for cutting
procedure. Store at room temperature.

Dako pen wax crayon (Dako) for surrounding objects on the
slides. Store at room temperature.

H,0, solution, 30% w/v (Merck), for blocking endogenous
peroxidase activity. Store at 4°C. Dilute to 0.3% w/v working
concentration with in PBS.

Biotin blocking system consisting of avidin and biotin solu-
tions and containing sodium azide (Dako). Used for blocking
endogenous biotin (vitamin H). Store at 4°C.

Mayer’s hemalaun solution (Merck), for counterstaining.
Store at room temperature.

Antibodies for staining: rat anti-mouse CD4 IgG, x, clone:
RM4-5 (BD Biosciences). As secondary antibody use biotin-
conjugated goat anti-rat IgG, k (BD Biosciences). As nega-
tive control, you may include an isotype control, such as rat
polyclonal IgG, k (BD Biosciences). Store all antibodies at
4°C. Dilute antibodies to working concentration (1:100)
with antibody diluent for immunohistochemistry (BD
Biosciences).

Prediluted  streptavidin-horseradish ~ peroxidase  (BD
Biosciences), detection enzyme for the substrate of the sec-
ondary antibody. Store at 4°C.

3,3’-Diaminobenzidine (DAB) substrate kit (BD Biosciences).
Toxic, carcinogen. Store in a dark environment at 4°C.
Prepare a DAB dilution by adding 40 uL of the DAB chro-
mogen to 1 mL of DAB buffer. DAB dilution must be used
within 6 h of preparation and at during this time stored at
room temperature.

Liquid nitrogen (Linde GmbH). Handle with care and store
in an insulated container.

Blocking buffer (10% w/v rat serum diluted in PBS with
10% w/v FBS) for blocking unspecific binding. Store at
4°C.

Immunofluorescence microscope, i.e., Eclipse TE 2000-E,
Nikon, or other.
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3. Methods

3.1. Blood Taking
from Mice

Immune reactions after transplantation of stem cells can be mea-
sured by several methods. These methods can detect whole cells,
a variety of biologically soluble or stationary structures including
proteins, cytokines, and nucleic acids and can also detect the
change in organ structure after transplantation or application of
stem cells in a host. Useful methods for illustration and measure-
ment of immune responses include conventional ELISA (9), flow
cytometry and histology (10), immunohistology (11), and
Cytometric Bead Array (12). To receive reproducible and mean-
ingful results by the several techniques, it is important to handle
all samples and reagents accurately. Most of the methods used for
the detection of stem cells or soluble molecules use monoclonal
detection antibodies, which are highly sensitive and target even
low amounts of an appropriate formation.

Flow cytometry is a common and almost standardized tech-
nique, which allows the detection of extracellular and intracellular
molecules. Blood, bone marrow, and spleen cells from mice can
be investigated by monitoring the expression or secretion of mol-
ecules. The measurement of cytokines and chemokines with the
Cytometric Bead Array is advantageous and uses a series of par-
ticles with discrete fluorescence intensities (13). This allows detec-
tion and quantification of soluble analytes in a particle-based
immunoassay. Compared to a conventional enzyme-linked immu-
nosorbent assay (ELISA), the investigation of multiple analytes in
small volume samples is now possible and less time consuming.
The method can be used for the measurement of specific cytok-
ines for a broad variety of samples (containing tissue culture
supernatants, EDTA plasma, and serum samples). In addition,
immunofluorescence techniques (e.g. microscopy or immunohis-
tochemistry) are able to show organ distribution of transplanted
cells (14). Attention should also be given to conventional histo-
logical analysis, which allows the investigation of organ structures
after transplantation and gives valuable information about toxic-
ity and damage. Flow cytometry and CBA analyses as well as his-
tology and immunohistology techniques are demonstrated
utilizing the triple transgenic transplantation model of CD4%°
mice as described above, but may be transferred into other animal
models.

1. Put the fence cartridge in the glass box and add 5 mL of
diethyl ether. Afterwards, place the pulp over the cartridge to
avoid direct contact between diethyl ether and the animal
(see Note 9).

2. Take the mouse out of the cage, place it on the fence car-
tridge, and close the top cover of the glass box.
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3.2. Flow Gytometry
and Hematology

3.3. Mouse
Inflammation
Cytometric Bead Array

. Take the nonsentient mouse out of the glass box and place

one eye between thumb and index finger to pave the way for
the heparin-coated capillaries (see Note 10).

. Put the heparin-coated capillary under the eyeball and push

carefully forward to the retrobulbar venous plexus as if throw-
ing the capillary. Wait until the capillary is filled with blood.
Repeat the step on the other capillary of the same animal for
a maximum of two times.

. Blow out the capillaries with the applicator for ring caps in

prepared microcentrifuge tubes containing  heparin.
Centrifuge each microcentrifuge tube for 5 s at 1,000 x g.

. Put oxytetracycline eye ointment on the manipulated eye and

wait at least 1 min before placing the mice back into the
cage.

. Take 150 uL of blood from each mouse and incubate the

blood with 10 puL of heparin (25,000 IE/mL). Preparation
of' samples for flow cytometry should be done within 3 h after
blood taking.

. Adjust the animal blood counter for measuring mouse blood

according to manufacturer’s instructions. Use the same sam-
ples that you will take into further flow cytometry analysis.

. Provide BD flow cytometric tubes™ according to the amount

of mouse blood samples with 100 uL. of PBS/1% FBS and
add 5 pL each of murine CD4-PE-Cy"7, MHC-II-PE, and
MHC-II-FITC. Vortex each tube for 5 s.

. Add 150 pL of mouse blood to each tube and mix immedi-

ately for 5 s. Incubate all tubes for 20 min at room tempera-
ture in a dark environment.

. Using 2 mL of BD FACS™ lysing solution, make a dilution of

1:10 of the blood. Vortex carefully after adding the solution
and incubate for an additional 10 min at room temperature.
Afterwards, centrifuge all tubes for 5 min at 250 x4 and dis-
card the supernatant (see Note 11).

. Wash the pellet by carefully adding 3 mL of PBS/1% FBS.

Mix gently to avoid spouting of the samples and centrifuge
for 5 min at 250xyg. Discard the supernatant carefully and
prepare the samples for measurement with the flow cytometer
by adding 300 pL of PBS/1% FBS (see Note 12). Example
results are shown in Fig. 1.

. Prepare the mouse inflammation standards. For each run, a

single standard curve must be created. Take one vial (0.2 mL)
and transfer the lyophilized standard spheres to a 15 mL poly-
propylene tube. Add 2 mL of assay diluent buffer to get a mas-
ter or top standard (concentration of 5 ug/mlL) (see Note 13).



324 Fricke

a Allogeneic transplantation setup: Balb/c"'t (donor) in C57BI/6 (CD4K°) (host)
= - =
MHC-II 3 CD4 ; CD4
(I-A[LD-PE 1 ' PE—CyZe ] PE-CY7_]

o Lyt

& B e - - cEm‘;' Tl a2 e T ol "1.02 HENY
MHC-II (I-A[d])-FITC MHC-II (I-A[d])-FITC MHC-Il (I-A[b])-PE
b Syngeneic transplantation setup: MSC fractions C57BI/6™ (donor) in C57/BI/6 (CD4K°) (host)
12 14 .
1 'Y 12

WBC 10%/mm?3
RBC 10/mm?3

0 10 20
__ Bone marrow control — Bone marrow control
— MSC fraction — MSC fraction

0 10 20

timé1 ?days] 50 timg?days] 50

Fig. 1. Examples of flow cytometric analysis and blood counts. (a) Flow cytometric analysis of murine CD4 — PE-Cy™7,
MHC-II (I-A[d], MHC class Il alloantigen of Balb/c mice) — PE; MHC-II (I-A[b], MHC class Il alloantigen of C57BI/6 CD4*°
mice) — FITC from peripheral blood (gated for lymphocytes) on day 28 after transplantation. Lethally X-ray irradiated
(8 Gy) C57BI/6 CD4*° mice received 5 x 10° allogeneic bone marrow stem cells of Balb/c* mice. Dot plots obtained from
a flow cytometer show engraftment of bone marrow stem cells in the hosts represented by MHC-II (I-A[d]) and CD4
recovery. (b) Determination of white blood cells (WBCs) and red blood cells (RBCs) from peripheral blood by a SCIL animal
blood counter was done over a period of 50 days (blood taking once per week) after transplantation. Lethally X-ray irradi-
ated (8 Gy) C57BI/6 CD4° mice received 5 x 10° syngeneic bone marrow stem cells of C57BI/6* mice (enriched with
5 x 108 syngeneic splenocytes, bone marrow control) or 2 x 10° of syngeneic MSC fractions (MSC fraction, culture proce-
dure not shown). Recovery rates of WBCs and RBCs provide evidence of a therapeutic effect with regard to reconstitution
of hematopoesis.

Prepare eight microcentrifuge tubes with 100 pL of assay
diluent buffer and label them with dilution 1:2, 1:4, 1:8, 1:16,
1:32, 1:64, 1:128, and 1:256. Create a standard dilution by
transferring 100 uL of the top standard into the 1:2 microcen-
trifuge tube and mix well. Create the other dilutions by trans-
ferring 100 puL from the 1:2 tube to the 1:4 tube and so forth
to the last one. Mix well in between steps.

2. Prepare the mixed mouse inflammation capture beads. First,
determine the number of samples which should be investi-
gated. Vortex the capture beads thoroughly for 5 s before
they are used.
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3.4. Histological
Analysis by H&E
and KAO Staining

. For each assay tube (BD Falcon™ round-bottom tube) to be

analyzed, take 5 pL of each capture bead and mix all capture
beads together in one single tube (e.g. in our protocol for
MCP-1, capture beads and 20 100-pL tubes are required).
Afterwards, vortex carefully for 15 s (see Note 14).

. Subsequently, vortex the capture beads and add 25 pL of the

mixture into each assay tube, including the unknown samples,
negative controls, positive controls, as well as the mouse
inflammation cytokine standard dilutions.

. Pipette 25 puL of mouse inflammation PE detection reagent

(ready to use) to all assay tubes. Then add 25 pL of mouse
inflammation standard dilutions to the control assay tubes
and 25 puL of each serum sample to other assay tubes. Vortex
gently and incubate the assay tubes for 3 h in a dark chamber.
Use the incubation time to perform the cytometer setup
according to manufacturer’s instructions (see Note 15).

. Prepare the cytometer setup and the data acquisition and

analysis software on the flow cytometer. Add 50 pL of the
cytometer setup beads to three assay tubes (BD Falcon™
round-bottom tube) and label them from A to C. To assay
tube B, pipette 50 uL of positive control detector linked with
FITC, and to assay tube C, 50 uL of positive control detector
linked with PE. Incubate tubes A, B, and C for 30 min at
room temperature in a dark environment.

. Add 500 puL of the wash buffer to each assay tube and centri-

fuge at 200xg for 5 min at room temperature. Carefully
pipette and discard the supernatant.

. Add 150 pL of the wash buffer again and resuspend the pellet

immediately. Analyze the samples at once by flow cytometry
to reduce background noise and to increase sensitivity.

. Add 400 pL of'wash bufter to assay tube B and C, and 450 pL

to assay tube A. Follow the instructions for the “instrument
setup with the cytometer setup beads” according the manual
(see Note 5). Analyze the samples by flow cytometry. Example
results are shown in Fig. 2.

. Kill mice according to the standards as per the American

Veterinary Medical Association using procedures consistent
with national animal protection law.

. Prepare the organs and tissues (see additional procedure for

osseous containing material in step 2) of the animals and put
into 4% w /v formaldehyde. The preparation of all organs should
be done immediately after death of the mice. Samples should
not be fixed longer than 24 h to receive an optimal histological
result. Until further handling, the formalin boxes must be kept
under dark conditions to prevent formalin precipitation.
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Fig. 2. MCP-1 levels in transplanted mice. (a) Determination of monocyte chemotactic protein-1 (MCP-1) over a period of
28 days after transplantation from sera of C57BI/6 CD4%° mice by Cytometric Bead Array™. Lethally irradiated (8 Gy)
C57BI/6 CD4¥° mice received 1 x 107 human PBMCs. Blood was taken by retroorbital bleeding once a week. After trans-
plantation, there were increased serum levels of MCP-1. (b) Lethal X-ray irradiation (8 Gy) without transplantation does
not lead to increased levels of MCP-1 in this xenogenic transplantation setup. However, 12 Gy X-ray irradiation leads to
severe organ damage, which finally increases MCP-1 serum levels.

3. Fix osseous containing samples into 4% w/v formaldehyde

tor 24 h. Put the sample in a previously marked tissue embed-
ding cassette. Before decalcification, flush the samples for 2 h
with tap water and incubate the cassette in a glass beaker filled
with Osteosoft® (see Notes 16 and 17).

4. You can use a paraffin embedding automate or you can do the

tollowing work manually. First, flush the fixed tissue for 2 h
with running tap water to remove the residual formaldehyde.
Then, pass the organs and tissues through an ascending alco-
hol series (remember to pass through each concentration
twice) from 70 to 100% w /v, each for 1 h. Then, incubate the
samples with isopropanol for 1 h and with methyl benzoate
for 24 h.

. Embed organs and tissues in paraffin for 48 h with the help of

a paraffin embedding station. Fill embedding molds with
60°C prewarmed paraffin. Place the tissues and organs in
molds and cover them with paraffin. Cool the samples in the
molds to room temperature on the cold plate of the embed-
ding station.

. Remove the samples from the mold and store the blocks at

room temperature (the blocks may be stored for a long time)
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15.

16.

17.
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19.

20.

until preparation of histological slides. Cut paratfin blocks at
the desired thickness (5 um) on a microtome and float the
sections on a 40°C water bath containing distilled water.

. Transfer the sections onto a polysine slide. Allow the slides to

dry overnight at 37°C and store slides at room temperature
until ready for staining with H&E or KAO.

. Prepare the slides for H&E staining. Remove the paraffin

from the objective slides by incubating them twice with xylene
for 5 min at room temperature.

. Transfer the objective slides to a descending alcohol series

(100, 90, 80, 70, and 50% w/v), 5 min for each incubation
step, then transfer them to ddH,O at room temperature.

Now place the objective slides in Mayer’s hemalaun solution
for 5 min at room temperature. Afterwards, wash them in
running tap water for 10 min to reach a blue staining.

Add 1% w/v Eosin Y solution to the objective slides for 5 min
at room temperature.

Afterwards, put the object slides in 40% w /v alcohol and pass
them through an ascending (70-100% w/v) alcohol series
(10 s for each incubation step).

Complete the process by incubating the objective slides with
xylene for 5 min at room temperature and covering them
with Entellan and cover glasses. Analyze the objective slides
under the microscope.

Prepare the objective slides containing osseous substances for
KAO staining according to Halmi—-Konecny (8).

Remove the paraffin from the objective slides by incubating
them twice with xylene for 5 min at room temperature.

Transfer the objective slides (5 min for each incubation step)
to a descending alcohol series (100, 90, 80, 70, and 50%
w/v), and then transfer them to ddH,0 at room
temperature.

Incubate the objective slides for 5 min with the nuclear red
staining solution and rinse them with ddH,O for 5 s at room
temperature.

Afterwards, incubate the objective slides for 5 min with a 5%
w/v wolfram phosphoric acid solution and flush them with
ddH,O for 5 s at room temperature.

Now put the slides for 8 min in the previously prepared KAO
Halmi-Konecny solution and rinse them with ddH,O for 5 s
at room temperature.

Put all objective slides in 96% w/v alcohol for 10 s at room
temperature.
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C57/BI/6 (CD4¥°) (host)  C57/BI/6 (CD4°) (host)
C57/BI/6 (CD4"°) (host)  C57/BI/6 (CD4"°) (host)  transplanted with human transplanted with syngeneic
not transplanted lethally irradiated stem cells MSC fractions

R

Fig. 3. Histology (KAO and H&E staining) of the bone marrow cavities, the gastrointestinal tract system, and the liver of
irradiated and transplanted C57BI/6 CD4° mice, as well as immunohistological staining of the gut. Knee joint (a) (KAQ
staining) of an untransplanted C57BI/6 CD4%° mouse shows hematopoietic islets with a prevalent form of erythropoiesis.
Intestine (b) and liver (¢) (both H&E stained) were normal with regard to histological structure and cell density. After lethal
X-ray irradiation (8 Gy), a reduced cellularity with replacement of bone marrow cells by marrow adipose cells in the knee
joint (d) could be observed. The gastrointestinal tract system shows a severe damage of all layers (e). The cell density in
the liver (f) was found to be low. For the determination of possible therapeutic and repair effects of human umbilical cord
blood stem cells (USCs), C57BI/6 CD4*° mice were lethally X-ray irradiated and transplanted with 2 x 10° USCs. Knee
joints of several mice (g) show low amounts of hematopoietic islets and a recovery of the intestine (h) and partial recov-
ery of the liver to a normal organ structure (k). After transplantation of syngeneic MSC fractions (cell culture procedure
not shown), murine CD4 was detectable in the intestine (I, m) in previous murine CD4¥° mice as a sign of engraftment by
immunohistology (streptavidin peroxidase technique), isotype control (n).

21. Dehydrate the samples for 30 s in isopropanol at room tem-
perature and finish the work by incubating the slides with
xylene for 5 min, and finally, by covering them with Entellan
and cover glasses. Analyze the objective slides under the
microscope. Example results are shown in Fig. 3.

3.5. Immunohistology 1. Prepare a stainless steel beaker with 2-methylbutane. Place
the beaker in liquid nitrogen and allow it to cool for at least
10 min.

2. Prepare the organs and tissues of the animals and cut them to
appropriate pieces that will fit into the base molds. The prepa-
ration of all organs should be done immediately.
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3.

10.

11.

12.

13.

14.

Place the organs and tissues in prelabeled base molds filled
with Tissue Tek at room temperature. Afterwards, quickly
immerse the base mold with the fresh tissue into the steel
beaker with cold 2-methylbutane for 5 min.

. Remove the base molds from the 2-methylbutane and

store them at -80°C until ready for sectioning process
(see Note 18).

. For sectioning, place the tissue block on the cryostat speci-

men disk and prepare sections of 6 um thickness. Afterwards,
place the sections on a Fisher superfrost slide and store them
immediately at -80°C in a sealed slide box until further
analysis.

. Transfer the objective slides from -80 to -20°C, then fix the

slides in cooled acetone for 2 min. Afterwards, dry the slides
at room temperature.

. Encircle the fixed preparations on the objective slides with a

wax crayon. Wash the objective slides three times with PBS to
remove the residual Tissue Tek.

. For inhibition of endogenous peroxidase activity, incubate

the objective slides with 0.3% w/v H,O, (dissolved in PBS)
for 10 min in a wet chamber, then wash them three times
with PBS (2 min for each washing step).

. For inhibition of unspecific binding, treat the preparations

with 10% FBS w /v (dissolved in PBS) for 30-60 min at room
temperature.

Quickly wash the objective slides with PBS, incubate them in
avidin solution for 10 min, and finally wash them with PBS.
Furthermore, incubate the preparations in biotin solution for
10 min and finally wash them with PBS.

Incubate the objective slides with the primary antibody, for
1 h at room temperature, then wash them three times with
PBS, and wash the control slides with the isotype control
(2 min for each washing step).

Afterwards, incubate the objective slides with the biotinylated
secondary antibody, for 30 min at room temperature, then wash
them three times with PBS (2 min for each washing step).

Cover the objective slides with the ready to use streptavidin-
horseradish peroxidase for 30 min at room temperature, then
wash them three times with PBS (2 min for each washing
step). Afterwards, completely remove the PBS.

Incubate the objective slides with DAB dilution for 5 min

until an obvious color intensity is achieved, then wash the
slides three times with ddH,O (1 min for each washing

step).
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15.

16.

Cover the objective slides with Mayer’s hemalaun solution
for a maximum incubation time of 1 min and then wash the
slides with tap water for 10 min to visualize the blue
staining.

Pass the slides through the ascending alcohol series (40-100%
w/v) (1 min for each step), incubate with xylene for 5 min,
and finally cover with Entellan and cover glasses. Analyze the
objective slides under the microscope. Example results are
shown in Fig. 3.

4. Notes

. Before measuring the hematological parameters, it is essential

to clean the blood counter according to the manufacturer’s
instructions to receive reproducible results and to avoid
blockage of the equipment.

. We only show an example of analyzing MHC-II antigens of

Balb/c and C57Bl/6 mice. The technique can be used for
detection of a broad range of other expressed molecules. We
have found that the used antibodies work excellent with the
noted concentrations. A variety of other antibodies are avail-
able, which often require determination of the optimal con-
centration before starting the experiments.

. The described basic protocol can be used for the determina-

tion of a broad range of other cytokines from other available
bead array kits. Modifications to the manufacturer’s instruc-
tions may be necessary.

. Mouse serum samples should be prepared accurately.

Contamination of the serum with hemoglobin will decrease
the sensitivity of determining soluble molecules. Serum sam-
ples should be frozen within 3 h after taking blood. Avoid
repeated freeze—thaw cycles. If the serum samples are to be
stored for over 1 month, freeze them at -80°C.

. You can use other flow cytometric setups. We found that the

used protocols for flow cytometry and Cytometric Bead
Array™ are efficient and decrease hard work in optimizing and
adaption to other systems.

. For each staining procedure, prepare a new alcohol series.

Repeated use of the same series degrades the quality of the
histological slides. Use one alcohol series for no more than 50
objective slides.

. You should be very careful when using formaldehyde. Using

this substance outside of an extractor hood and inhaling, it
will lead to streaming eyes and may exacerbate respiration.
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10.

11.

12.

13.

14.

15.

16.

17.

18.

Therefore, do not put your organs and tissues in formaldehyde
outside of an extractor hood.

. Each Osteosoft® solution should only be used for one proce-

dure. Prepare a new solution after finishing one assay. A loss
of color intensity does not influence activity of the reagent. It
is possible to decalcify for longer than 7 days.

. The method assures only temporary anesthesia for approxi-

mately 25 s. Be careful with the ether dose and always check
the breathing of each mouse. Anesthesia by the inhalation of
ether for mice is regulated by animal protection law and has
to be applied for at the Regional Board of Animal Care.
Alternative anesthesia forms (e.g. isoflurane anesthesia for
mice) are possible.

To extend the effects of the anesthesia for over 25 s, add
diethyl ether on a swab and put it into a Falcon tube. Place
the tube on the nose of the mouse when the anesthesia begins
to wear off.

Do not incubate the samples with the lysing solution for more
than 10 min because a longer incubation time negatively influ-
ences the previously achieved binding of the labeled antibodies.

If it is not possible to measure the samples immediately, they
can be fixed with a solution of PBS and 1% w /v of formalde-
hyde. The samples should be stored in cool conditions at
4°C, and then measured within 3 days by flow cytometry.

While establishing your method, you should follow manufac-
turer’s instructions accurately. Dissolve the standard spheres
for at least 15 min. Be careful during the procedure and only
mix by pipetting. Do not mix vigorously.

Prepare the capture beads solution for the samples with an
excess of three tubes to compensate for a probable loss of
volume (pipetting error). However, the mixed capture beads
cannot be stored and thus must be calculated exactly.

The standard curve only indicates a defined range from 20 to
5,000 pg/mL. The serum samples should be diluted with
assay diluent 1:4 to make sure that the results are within the
appropriate range.

As a guideline for the amount of Osteosoft® needed, a
15x9%x 3 mm iliac crest should be covered with 50 mL of
Osteosoft®.

Cover the Osteosoft® containing beaker with parafilm to
avoid evaporation. For testing of the softness of osseous con-
taining samples use a pin.

Before the cutting procedure starts, allow the samples to
reach a temperature of -20°C. Do not directly cut blocks
stored at —80°C.
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