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Overview
Gene Knockouts
Paul J. Hertzog and Ismail Kola
1. Introduction
The ability to generate a mouse with a targeted mutation in a desired gene
has been one of the most important advances in understanding the function of
gene products. Not only can gene disruption demonstrate the function of genes,
but by disrupting cell development or survival it can also demonstrate the function of specific cell types. Some knockout mice are murine models of human
genetic diseases and have proven that a single gene defect is capable of causing
disease. In addition, the crossing of mice that are heterozygous or homozygous
for specific gene mutations provides important information on human diseases
that are caused by multiple genetic defects. In genetic terms, targeted gene
disruption is directly complementary to (and arguably more direct than) using
mutant strains of mice with a known phenotype to map and identify the diseasecausing genes.
The major benefit of gene knockout technology is that it enables the analysis of the function of a protein produced from a specific gene in vivo. Thus, the
function can be determined in all normal cell types and the complex interactions between molecules and/or between cells are taken into account. In mice
with a targeted mutation, it is possible to determine the function of gene products in the “resting” state of the body, in different physiological states and also
in various pathological conditions. Thus, gene knockouts have generated
important lessons for all areas of biomedical research and opened new doors to
the potential future of medicine.
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2. Historical Perspective
Pioneering work during the 1980s in the areas of the molecular biology of
homologous recombination; the derivation, culture, and manipulation of embryonic
stem (ES) cell line, and micromanipulation/microinjection of embryos, together
resulted in the first knockout mouse line over ten years ago. Key work included the
demonstration that mammalian somatic cells could mediate homologous recombination (1,2). During this time, embryonic stem cell lines were generated from
murine blastocysts (3,4) and shown to generate germline chimeras even after
extensive manipulation and selection in vitro (5,6). This work enabled the first
homologous recombination experiments to be performed in murine ES cells, the
targeting of the hprt gene (7,8). Since that time, this technology has been applied in
various forms to generate null mutations in thousands of genes, and the lessons
learned about gene function and cellular systems are enormous.
At the time of writing this overview, the number of citations concerning
gene knockouts in mice had risen from about 254 in the period 1990–1994 to
4345 in the period 1995–1998. The imminent completion of the sequencing of
the human genome will create an even greater demand to identify the function
of each gene and hence an increase in activity in this area. The availability of
sequence for the approximately 100,000 genes that make up the human genome
will present new challenges to streamline the process of generating mice with
targeted mutations in specific genes and the analysis of their phenotype.
It therefore appeared timely to bring together a collection of chapters from
practitioners of various aspects of gene targeting to document the current status
and future directions of this field at a practical level. It is hoped that this will
provide a useful reference for those in the field, or those contemplating entering the field, and help underpin the progress in this field that will accompany
the "genomic era" in biomedicine.
3. Conceptual/Theoretical Framework
The basic concept of establishing gene function through gene targeting is
that a mouse with a null mutation in a specific gene is generated and whatever
phenotype was observed indicates where the gene function was important.
However, in general, it is important to remember that when a gene is knocked
out in a mouse, the resultant phenotype is due to two major factors — first, the
loss of function of the targeted gene and second, the reaction that the organism
may initiate to compensate for that loss. This section considers such theoretical
issues and the lessons we have learned from gene knockouts to date.
As mentioned earlier, there have been thousands of genes targeted in mice
in the past decade and there are now available several compendia of these genes
and the resultant phenotype (9). The purpose of this book is to focus on the
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practical issues in generating gene knockout mice, nevertheless it is worthwhile discussing some of the general principles we have learned from those
generated so far.
The first step in gene targeting is the design of the targeting construct and
the nature of mutation that is desired. If a true null mutation is required, then it
must be demonstrated that in the resultant mouse, no functional protein is made.
Indeed, as it is not always possible to know all of the activities that reside in
different functional domains of a protein, it is perhaps safer to demonstrate that
no protein is made at all. There are several examples where the targeting
strategy has resulted in a truncated polypeptide being made, and this might
have some biological effects by virtue of a functional domain that it contains.
This situation can complicate the interpretation of gene function in the simplest
sense. Nevertheless, these mutations can give important insight into the
functional domains of proteins and how they interact in vivo. Indeed, planned
targeting of specific domains or important amino acid residues of proteins has
become a valuable, arguably the preferred, means of examining the structure/
function relationship within proteins. For example, the so-called “hit-and-run”
strategy was developed to introduce subtle mutations (e.g., a nucleotide change)
into a gene in ES cells and the derivative mouse. This strategy has been successfully applied to a homeobox gene (10), making collagen resistant to collagenase (11) and demonstrating the function of a signaling molecule associated
with a transmembrane receptor (12). The advantage of this approach is that it
enables the analysis of function in vivo using normal cells rather than transformed
cell lines and it enables the comparison of function in different cell types.
Another important issue regarding the targeting event is that the expression
of only the targeted gene is affected. It is possible that the targeting strategy
could interfere with the regulation of the expression of a neighboring gene.
This possibility has prompted some to favor the hit-and-run strategy mentioned
before. Alternatively, it is important to undertake appropriate measures such as
a “rescue” experiment to reintroduce the functional gene into the mouse and
test for reversal of the phenotype.
Thus, what have we learned in general terms from the phenotype analysis of
gene knockout mice that have been generated so far? Some mice with targeted
genes have had predictable phenotypes, based on prior experimental data. For
example, the p53 gene product had been demonstrated to have tumor suppressor
activity in vitro, it mediated apoptosis, and it was the most common mutation
identified in a range of human tumors (13). Mice with a null mutation in the
p53 gene are highly susceptible to the development of spontaneous tumors.
Perhaps a surprising result was that in the absence of such a molecule, which
plays a key part in the cell function, mice could develop at all. Even mice
which are heterozygous for the mutation demonstrate increased incidence of
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spontaneous tumors compared with normal mice, but these are less frequent
and of longer latency than in mice which are homozygous for the mutation.
It is perhaps more usually the case that gene targeting has resulted in unexpected or surprising phenotypes. For example, there was a large body of
evidence to demonstrate an important role for colony-stimulating factors (CSF)
in hemopoiesis of myeloid lineage cells. Indeed, when G-CSF was knockedout,
mice were neutropenic and had decreased hemopoietic progenitors in bone
marrow and spleen (14). By contrast, mice with a null mutation in GM-CSF
(which acts earlier in myeloid differentiation than G-CSF) surprisingly showed
no impairment of steady-state hemopoiesis. However, other phenotypes were
observed, notably impaired pulmonary homeostasis (15). This raises a frequent
and major question for gene-targeting experiments, i.e., whether other factors
compensate for the loss of gene function, or whether we had oversimplified the
predicted function of a gene. There are other examples where the unexpected
result has been a virtual lack of phenotype. For example, the cyclic adenosine
monophosphate (cAMP) response element binding protein (CREB) is a key
regulator of many important genes, and mice lacking a functional CREB gene
were expected to have a severe phenotype. However, CREB knockout mice
were apparently normal except for impaired memory (16). It was further shown
that a related member of this gene family is overexpressed and probably
compensates for the absence of CREB in many organs (16).
In other circumstances, where gene function has evolved to deal with environmental stress or disease situations, the phenotype of the knockout mouse may not
be apparent until the mouse is exposed to a particular stimulus. For example, mice
with a null mutation in a component of the type I interferon receptor are essentially
normal, but demonstrate extreme susceptibility to acute viral infection (17,18).
Similarly, mice with a null mutation in glutathione peroxidase, an enzyme involved
in the detoxification of reactive oxygen species, are essentially normal. However,
when these mice are exposed to oxidative stress, they demonstrate dramatically
increased susceptibility compared to controls (19).
Many gene knockouts have resulted in embryonic lethality, indicating that
the gene plays an important role in embryonic development. This phenotype
obviously precludes analysis of gene function in the adult. For example, the Rb
gene is a tumor suppressor whose lack of function leads to the development of
retinoblastomas in humans. However, mice with a homozygous null mutation
in the Rb gene die in utero (20). Also, mice with a targeted mutation in many of
the ETS family of transcription factors also die in utero (21). In vitro experiments have led to indications that ETS family members are important in
immune responses, stress response, apoptosis, and bone development, therefore it would be desirable to study adult mice in which the gene was deleted
(21). An important technological development in this regard is the CRE-loxP
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system, which enables the generation of “conditional” knockouts that can overcome the fetal lethal phenotype and enable the analysis of adult mice with a
targeted mutation in the gene of interest (see Chapters 6 and 7).
Therefore, one of the most important things we have learned is to interpret
the initial or obvious phenotype with caution. Perhaps the greatest limitation in
gene knockout technology at present is our ability to analyze all possible
phenotypes. Although our ability to analyze in depth the components of some
organ or cell systems is advanced, our ability to analyze other systems is not.
For example, the hemopoietic/lymphoid system, with its range of cell surface
markers and its suitability for flow cytometric analysis, can be analyzed in
great detail with respect to the precise development of cell lineages, their
migration within an organ and between organs in the immune system, and the
response of cells to disease situations such as inflammatory and immune
responses. However, our ability to analyze most other cellular/organ systems
is primitive by comparison. Consequently, many subtle phenotypes have been
noted in the hemopoietic system. For example, mice with a null mutation in a
component of the type I interferon receptor are essentially normal, but on closer
examination of the hemopoietic system demonstrate elevated levels of a subset
of myeloid lineage cells (17). Without the reagents to analyze the hemopoietic
system in fine detail, a subtle phenotype would be missed.
Mammals have undoubtedly evolved many genes whose function it is to
cope with changes in our environment, to protect us from pathogens, noninfectious diseases, or modify behavior or emotions. Some of these endpoints are
currently difficult to measure. Therefore, an apparent lack of phenotype in a
gene knockout should be regarded with caution and may simply reflect the
limitations in our ability to measure/assess/detect some phenotypes.
The absence of phenotype (or an expected phenotype) in a knockout mouse
has often been cited as evidence of redundancy in the genome. That is, if
the absence of a gene results in no phenotype, then there must be another gene
whose protein product can perform the same function. There are apparent
examples of this phenomenon such as the CREB gene knockout cited previously (16). However, it must be noted that there are at least two major objections to this generalization. The first, as stated previously, is the limitations on
our ability to determine phenotype, so that the “absence” of phenotype may not
be real. The second is that a gene deficiency may be compensated in many
ways. Compensation might not involve performing the identical function. For
example, there might be alternative pathways of achieving the same end so that
the “compensation” comes from amplification of an alternate route rather than
performance of the same function. This phenomenon of functional redundancy
is difficult to predict or measure. For example, it might be expected that
targeting a gene that is a member of a large family might readily lead to
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compensation by other family member(s). For example, the ETS family of
genes contains about 30 family members with highly homologous sequences
in the DNA binding domains that apparently many sequences bind to the same
element in promoter regions of regulated genes (21). It was therefore expected
that when one of the ETS genes was targeted, others might compensate for its
absence. However, most knockouts of ETS family members so far have
produced a detectable phenotype, many fetal lethal (21). This demonstrates
that at least some individual ETS proteins perform a unique, nonredundant
function in the body and furthermore, that some members are essential for
embryonic development.
4. Advancements in Gene Targeting Technology
The theme of this book is to document the current state of the art for the
genetic manipulation of the mouse. There have been many technical advancements that have been discovered since the first gene targeting experiments were
conducted, and these are in all aspects of the technology: molecular biology,
ES cell biology, and micro-manipulation of embryos and mice. These innovations have improved the scope of the type of mutation that can be introduced
into the genome, the efficiency of targeting, the time taken for these experiments, and our ability to analyze gene function in vivo.
The number of knockouts that have now been conducted means that there is
considerable collective experience on the optimal design features for the
targeting construct, although this knowledge is currently diluted across many
laboratories with few examples each. Although there can still be no absolute
guarantees, the nature of the targeting site, size, and composition of flanking
genomic DNA are all important elements whose consideration will improve
the frequency of specific targeting events, and therefore the amount of work
involved in screening.
The ability to generate “conditional” gene knockouts has had a dramatic
impact, particularly in cases where a conventional knockout results in a fetal
lethal phenotype. The essence of this approach is to use homologous recombination to insert Lox P recognition sites, for a bacterial recombinase enzyme,
CRE, flanking a length of DNA that is planned to be excised. Mice are
generated with this (silent) modification to their genome. These mice can be
mated with transgenic animals (or cells transfected with constructs) expressing
the CRE recombinase driven by a particular promoter. Depending on the
desired outcome, the promoter could be inducible in the case where a gene
deletion is fetal lethal and it is required to analyze gene function in the adult.
Alternatively, the promoter could be tissue/cell specific in cases where it is
required to study the consequences of loss of gene function in a particular cell
type in isolation. There is a growing collection of CRE transgenic mice using
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different promoters to “drive” expression of the transgene and also a growing
list of innovative applications of this system (see Chapter 7).
The area of ES cell technology has also seen important advances in the past
decade. There are many new ES cell lines available, mostly from the 129Sv
strain of mice plus a few from other strains; some of these are claimed to give
better rates of germline transmission, are more robust in the face of extensive
in vitro manipulation and grow faster and more reproducibly. This facilitates
the establishment and maintenance of routine and transferable protocols for
gene targeting in ES cell lines. ES cell lines have now been developed from
different species other than 129Sv. As will be described in a later chapter, there
are certain knockout phenotypes that are strain-dependent and for these
instances the ability to generate knockout mice that are homozygous in strain
and perhaps different to 129Sv would be a necessity (see Chapter 8).
Another improvement in technology has been the ability to generate ES
cells that are homozygous (rather than only heterozygous) for the targeted
event (see Chapter 16). This technique enables the study of the gene function
in ES cells or in cell lineages that can be generated by in vitro differentiation
of ES cells (see Chapters 17,18). This can also simplify the breeding of
knockout mice, because if “double knockout” mice are microinjected into
host blastocysts, then the appropriate colored offspring of the resultant
chimeras should all contain a targeted allele. Thus, mice numbers would be
reduced and screening of the pups would not be required.
As mentioned previously, the strain of mice is an important consideration,
because as we know from conventional mouse genetics, the genotype–phenotype relationship can differ markedly in different mouse strains. This is well
known in the fields of immunology, neurology, and behavior, but could apply
equally as well in other fields.
5. The Future
The ability to manipulate gene expression in the whole animal has a key role
in the future of biomedicine. Not only will knockout and transgenic technologies be important for biomedical research and to generate murine models of
human genetic diseases, but it will also enable the identification of novel diagnostics, therapeutics and also form the basis of gene therapy in human disease.
By 2001, it is anticipated that all expressed human genes will be identified.
This is already bringing a new era to biomedical research in which gene
identification/cloning will not be necessary. The challenge will be to identify
the function of the products of the genes in vivo, the diseases in which each
gene is involved, and the therapeutic benefit to be gained from this information. This abundance of genetic information will enable the more rapid mapping
of disease phenotypes or mouse mutants to determine genotype–phenotype
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Fig. 1. Advancements in technology and gene therapy leads to better disease prevention, sound disease diagnosis, and novel disease treatments.

associations. In addition, gene knockout/transgenic technology will have a
central role to play because it enables the link from new gene to in vivo function and disease association to be made in a direct and timely manner. Given
the size of the task (approx 90,000 genes of unknown function), the timelines
are a major obstacle.
6. Disease Diagnosis, Intervention, and Prevention
This new era of functional genomics will entail the integrated use of gene
identification, bioinformatic analyses, disease associations, gene knockouts or
overexpression, and cellular and molecular mechanisms to gain insights into
gene function (see Fig. 1). The use of differential gene expression analyses and
gene array technology, together with advancements in proteomics, are beginning to be used to analyze genetically modified mice to determine “upstream”
and “downstream” factors involved in the function and mechanism of action of
a particular gene product. This is an important step toward the discovery of
new diagnostic tools or novel drugs for the treatment of disease.
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Isolation and Maintenance of Primate Embryonic
Stem Cells
Vivienne S. Marshall, Michelle A. Waknitz, and James A. Thomson
1. Introduction
Primate embryonic stem (ES) cells are derived from preimplantation
embryos and are capable of prolonged undifferentiated proliferation in culture.
Under particular conditions, these cells differentiate into derivatives of
endoderm, mesoderm, ectoderm, and trophoblast (1,2). In mammals, many
developmental events are studied using mouse embryos or ES cells, but some
aspects of development differ significantly between humans and mice, such as
the timing of embryonic genome expression (3), fetal membrane and placental
structure and development (4–6), and the formation of an embryonic disc
instead of an egg cylinder (7,8). These and other features of human development are better studied using a primate model.
Recent embryological investigation in primates chiefly has addressed
gamete interactions and preimplantation development. Primate ES cells provide
an opportunity to use techniques that have never been developed in primates,
such as lineage analysis, chimera formation, and transgenesis to study
postimplantation events. Primate ES cell lines offer exciting possibilities for
establishing a robust experimental primate embryology, and provide a powerful new model for understanding human development and disease.
Murine ES cells, unlike primate ES cells, have characteristics that make
them relatively easy to culture. They can be readily passaged with a reasonable
cloning efficiency, allowing large numbers of cells to be propagated for uses
such as transfection or homologous recombination. Additionally, murine ES
cells can be maintained in an undifferentiated state in the absence of feeder
layers when culture medium is supplemented with leukemia inhibitory factor
From: Methods in Molecular Biology, vol. 158: Gene Knockout Protocols
Edited by: M. J. Tymms and I. Kola © Humana Press Inc., Totowa, NJ
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(LIF) (9). In contrast, primate ES cells differentiate or die in the absence of
fibroblast feeder layers, even in the presence of LIF (1,2). Primate ES cells
require regular and meticulous attention to detail in all aspects of the culture
process. Here we present a concise summary of the methods we use to isolate
and maintain primate ES cells in vitro.
2. Materials
2.1. Immunosurgery
1. 0.5% pronase E (Sigma) in Milli-Q water.
2. Rabbit anti-rhesus or anti-marmoset spleen cell antiserum: Antiserum is raised as
described previously (10), except primate spleen cells were used.
3. Guinea pig complement diluted 1:10 (Gibco-BRL; see Note 1).

2.2. Culturing Primate ES Cells
1. Irradiated mouse embryonic fibroblasts (MEF) plated on 0.1% gelatin (11).
2. Embryo culture-grade water (see Note 2).
3. Dulbecco’s modified Eagle medium (DMEM) with D-glucose (4500mg/L) and
L-glutamine but without sodium pyruvate or sodium bicarbonate (Gibco-BRL).
4. Primate ES cell culture medium: 79% DMEM, 20% FBS, 1% nonessential amino
acid stock, 0.1 mM 2-mercaptoethanol, and 1 mM L-glutamine. Combine and
filter (0.22 µm) before use.
5. Sodium bicarbonate (Sigma).
6. Fetal bovine serum (FBS; see Note 3).
7. 2-Mercaptoethanol (Sigma).
8. L-glutamine (Gibco-BRL).
9. 50X MEM nonessential amino acid stock without L-glutamine (Gibco-BRL).
10. Ethylenediamine tetraacetic acid (EDTA; Sigma).
11. Ca2+/Mg2+-free phosphate-buffered saline (PBS; Gibco-BRL).
12. Dimethyl sulphoxide (DMSO; Sigma).

2.3. Handling Primate ES Cells
Primate cells should always be considered biohazardous because some
viruses such as herpes B, which can be carried by rhesus macaques without
noticeable clinical signs, are potentially fatal when transmitted to humans.
Never use a mouth pipet for handling primate cells, and dispose of used equipment (pipets, test-tubes, and the like) according to local regulations.
1. 15 mL polystyrene tubes.
2. Glass pipets (1 mL, 5 mL, 10 mL, 25 mL).
3. Glass Pasteur pipets (9 in. borosilicate).
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4. Micrometer syringe apparatus (12).
5. 4-well and 6-well tissue culture plates, 35mm tissue culture dishes (Nunc), T25
and T75 polystyrene tissue culture flasks (Becton Dickinson).
6. Cryogenic vials (Nalgene).

3. Methods

3.1. Preparation of Mouse Embryonic Fibroblasts
Instructions for the isolation, preparation, and plating of MEF can be found
elsewhere (11). MEF should be isolated and frozen in quantity well before
required.
1. Culture MEF to 70–80% confluence. To keep differentiation of ES cells to a
minimum, passage MEF regularly, and do not allow MEF to reach confluence
immediately before irradiation.
2. Mitotically inactivate by exposure to 3000 rads a-radiation.
3. Plate at 5 × 104 cells/cm2 at least 2 h (preferably 12 h) prior to immunosurgery or
ES cell passage.

3.2. Isolation of the Inner Cell Mass
All solutions used for the immunosurgical procedure must be made fresh
(from frozen stocks) on the day of the procedure, and allowed to equilibrate in
an incubator at 37°C for at least 1 h.
1. Incubate blastocyst (Fig. 1A) briefly in 0.5% pronase until the zona pellucida disappears. This takes approximately 30 seconds, so constant attention is required.
2. Immediately remove the zona pellucida-free embryo and wash three times in
DMEM + 20% FBS.
3. Incubate the blastocyst in antibody for 30 mins at 37°C in 5% CO2 in air.
4. Wash three times in DMEM + 20% FBS.
5. Incubate in guinea pig complement for 30 mins at 37°C in 5% CO2 in air.
6. Wash in DMEM + 20% FBS.
7. Attach to the micrometer syringe apparatus a finely drawn glass pipet that has an
internal diameter slightly larger than the inner cell mass (ICM).
8. Draw the embryo into the pipet and expel. If the immunosurgery was successful,
the trophoblast cells will lyse, leaving the ICM as a small clump of tightly bound
intact cells (Fig. 1B).
9. Using the pipet, transfer the ICM onto the prepared MEF feeder layer. The ICM
will usually attach within 24 h and after approximately 72 h, the ICM will have
flattened on the feeder layer (Fig. 1C). Four to six days after immunosurgery a
small colony will be evident (Fig 1D), and the first passage should be performed
(see Note 4).
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Fig. 1. Primate embryonic stem cell isolation. (A) Rhesus blastocyst. Bar = 25 µm.
(B) Rhesus inner cell mass (ICM) immediately following immunosurgery. Bar = 50 µm.
(C) ICM 3 d postimmunosurgery, attached to feeder layer. Bar = 50 µm. (D) ICM
7 d postimmunosurgery, immediately prior to initial dissociation for ES cell isolation.
Bar = 50 µm.

3.3. Passaging Primate ES Cells
1. Remove culture medium.
2. Wash with Ca2+/Mg2+-free PBS with 0.5 mM EDTA and 1% FBS.
3. Reapply Ca 2+/Mg 2+-free EDTA/FBS and observe cells under phase contrast
microscopy.
4. When cells show signs of individualization (3–5 min), immediately either:
a. Aspirate ES cells with a small bore glass pipet attached to a micrometer
syringe apparatus and expel onto fresh feeder layers (see Note 5), or
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b. Scrape ES cells with the tip of a glass 5 mL pipet and aspirate. Expel cells
into a 15 mL centrifuge tube. Centrifuge at 1000g for 5 min in a benchtop
centrifuge. Resuspend ES cells in culture medium and plate onto prepared
feeder layers.

3.4. Maintenance of Primate ES Cells in Culture
Primate ES cells are difficult to maintain in vitro (Fig. 2). Differentiation of
primate ES cells can be minimized by careful attention to detail in all aspects
of the culture process:
1. Feed every 2 d and more often as colonies grow.
2. Eliminate differentiated cells from the continuing culture when passaging by
selecting individual undifferentiated colonies, as described in Subheading 3.3.,
step 4a. Failure to remove most of the differentiated cells from the culture will
result in rapid loss of the culture to complete differentiation.
3. Try to keep time in suspension minimized during all procedures. Primate ES
cells fragment and die rapidly when removed from feeder layers.

3.5. Freezing Primate ES Cells
1.
2.
3.
4.

Remove cells from the culture plate as for passaging.
Spin in a 15 mL tube in a benchtop centrifuge at 1000g for 5 min.
Remove supernatant.
Resuspend in 0.25 mL 20% FBS: 80% DMEM. Add an equivalent volume of
20% DMSO: 20% FBS: 60% DMEM dropwise into the tube, mix and transfer to
a 1.5 mL cryogenic vial.
5. Place the cryogenic vial between two polystyrene racks and freeze at –70°C
overnight.
6. Transfer to liquid nitrogen for long-term storage.

3.6. Thawing Primate ES Cells
1.
2.
3.
4.
5.
6.
7.
8.

Remove cryogenic vial from liquid nitrogen.
Gently swirl vial in 37°C water bath until thawed and wash vial in ethanol.
Pipet contents of vial up and down once to mix.
Place contents of cryogenic vial in a 15mL centrifuge tube.
Add an equal volume of ES medium and mix.
Spin cells for 5 min at 1000g in a benchtop centrifuge.
Remove supernatant and resuspend cells in ES medium.
Place cell suspension on a culture plate previously plated with irradiated MEF.

3.7. Primate ES Cells for Tumor Formation (see Note 6)
ES cells can be injected into severe combined immunodeficient (SCID) mice
for tumor formation. In this environment, undifferentiated ES cells can differenti-
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Fig. 2. Primate embryonic stem cells. (A, B) Marmoset ES cell colony. (C, D)
Rhesus ES cell colony. Bar = 50 µm.

ate into cell types and complex structures that may not form if ES cells differentiate
in vitro. This provides a way to assess the developmental potential of the ES cells
and to study the development of specific cell types or tissues.
1. Culture at least 2 × 106 cells per injection site.
2. Remove cells from culture plate as described in Subheading 3.3., step. 4a.
3. Centrifuge gently for 5 min in benchtop centrifuge, resuspend in 0.1 mL culture
medium, and place on ice.
4. Load cells into a 1 mL tuberculin syringe.
5. Using a 22 gage needle, inject the cell suspension into the hind leg muscle of a
SCID mouse.
6. Observe mouse daily and palpate hind leg weekly. Palpable tumors are usually
present within 4 wk.

Primate ES Cells
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4. Notes
1. Batches of guinea pig complement may give variable results and must be tested
for toxicity.
2. Primate embryonic stem cells require extremely high-quality water for all culture
media. We use a Milli-Q filtration system (Millipore), which is sanitized monthly.
Batches of water are stored in multiple 2 L bottles and tested in culture medium
before use.
3. FBS suitability for culture medium varies among lot numbers and needs to
be tested before use. Primate ES cells are particularly sensitive to endotoxin. We
test sera of different lot numbers directly on primate ES cells but sera can
be tested also by assessing the cloning efficiency of mouse ES cells, grown in the
presence of leukemia inhibitory factor (LIF) without feeder layers.
4. We usually perform the first passage within a week of immunosurgery. If this
procedure is performed too soon after immunosurgery there will be too few cells,
and the culture may be lost. If the first passage is left too long, there is a risk of
losing the culture to differentiation.
5. This method is most appropriate when dealing with small numbers of cells, or
when it is necessary to select undifferentiated colonies from a partially differentiated culture.
6. Always follow local animal care-and-use protocols.
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