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Summary

Embryonic chimeras of the mouse are well-established technology, molecularly tagged mutations and sensitive cell
tools for studying cell lineage and cell potential. They are lineage markers, chimeras can provide invaluable insights
also a key part of the analysis of complex phenotypes of into the tissue-specific requirement and the mode of action
mutant mice. By combining embryonic stem cell of many mouse genes.

Introduction the endoderm of both the visceral yolk sac and the parietal yolk

The imaginary creature of ancient mythology, the chimerasac, which together constitute part of the Reichert's membrane
consisted of the head of a lion, the body of a goat and the tdhat encloses the whole conceptus (Fig. 1B,C). The
of a serpent. How did it arise? Probably not by the moderffophectoderm gives rise to trophoblasts of the Reichert's
techniques of chimera production, whereby cells of more thaflembrane and of the placenta.
one embryonic origin are combined to make one genetically Chimeras can be made by combining two whole eight-cell
mixed animal. The first mouse embryonic chimeras were madgmbryos (Fig. 2A, part 1) or by combining subsets of
in the 1960s by Kristoph Tarkowski and Beatrice Mintz byblastomeres of two cleavage (two- to eight-cell) stage embryos.
aggregating two eight-cell embryos. The result was on8ecause, at these stages, the early embryonic cells are not yet
normal-sized mouse whose tissues were a mixture of celf€stricted in their lineage potency to contribute to the inner cell
derived from the two embryos. mass or the trophectoderm, they are equally capable of
The making of chimeras by injecting cells into blastocystscontributing to both lineages. When two diploid eight-cell
devised by Richard Gardner and Ralph Brinster, opened up nenbryos or blastomeres of two diploid embryos are aggregated
possibilities for introducing foreign cells into the embryo.together, chimerism can occur in the epiblast, the primitive
Pluripotent embryonic stem (ES) cells derived from the innegndoderm and trophectoderm (Fig. 2A, parts I1,1ll; Table 1).
cell mass of the blastocyst (Fig. 1), can differentiate into alBy contrast, when the inner cell mass (ICM) cells of a diploid
tissue types in chimeras, including the germline (Robertsoplastocyst are used to make the chimera, whether injected
1986). The demonstration by Oliver Smithies and Mariomicrosurgically into morula or blastocyst, or aggregated with
Capecchi that genes could be mutated by homologowgight-cell diploid embryos, they contribute only to the epiblast
recombination in ES cells (Doetschman et al., 1988; Thomaand to the primitive endoderm, and not to the trophectoderm
and Capecchi, 1989) ushered in a new era of targetdtecause of more restricted lineage potency of the ICM cells
mutagenesis in the mouse. Chimera production using altered E&able 1). ES cells in the same situations behave more like
cells became a key tool for generating designer mice. Howeveapiblast cells (Table 1). They contribute only to germ layers
chimeras are more than just a tool for making mouse mutantijat give rise to all the embryonic tissues and some extra-
they are crucial for analyzing the biological effects of genetiembryonic tissues (including the amnion, the mesoderm of the
changes. It is this use we will discuss here, after describing tiy®lk sac, the allantois and the embryo-derived blood vessels in
different approaches to generating chimeras and the types the placenta) (Beddington and Robertson, 1989) (Fig. 2B, parts

markers used to distinguish the mixed population of cells.  ILIlIl; Table 1), but not to trophectoderm or primitive
o _ . endoderm, despite their ability to differentiate into the latter
The building blocks for chimera production cell type in vitro. Trophoblast stem (TS) cells, which are

The mouse blastocyst just prior to implantation consists gbermanent cell lines derived either from the trophectoderm of
three cell types: the epiblast and the primitive endoderm, botihe blastocyst or from early postimplantation trophoblasts
of which are both derived from the inner cell mass, and th€Tanaka et al., 1998), contribute only to trophectoderm
outer trophectoderm layer (Fig. 1A). These three cell typederivatives of the chimeras following injection into the
have been shown by chimera analysis to give rise to distinbiastocyst (Fig. 2D, parts ILI; Table 1).

cell lineages in later development. The epiblast gives rise to the The lineage potency of embryonic cells can be altered
three germ layers (ectoderm, mesoderm and endoderm) thextperimentally by the doubling of their DNA content, leading
contain the progenitors of all the tissues of the fetus, and to the tetraploidy (Box 1). Although tetraploid embryos can form
extra-embryonic mesoderm of the visceral yolk sac, thélastocysts, postimplantation is poor because of the paucity
allantois and the amnion. The primitive endoderm gives rise tof epiblast cells and the failure of embryos to survive beyond
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Fig. 1. Mouse embryos at the peri-
implantation (A, day 4.5) and post-
implantation (B, day 6.0; C, day 7.0)
stages of development, showing the
allocation of derivatives of the inner ¢
mass/epiblast, primitive endoderm an
trophectoderm, to different tissue
compartments of the conceptus. The
inner cell mass is the precursor of the
epiblast of day 6.0 embryos, and the
transition between these two tissues i
likely to be a progressive process
(Rathjen et al., 2002). The epiblast gi
rise to ectoderm, mesoderm and
definitive endoderm. The primitive
endoderm of the day 4.5 embryo is
derived from the inner cell mass. It
differentiates into parietal and viscera
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Table 1. Contribution to three major tissue components of the conceptus by different types of cells used for constructing
the chimera

Cell types used to combined with the diploid embryo

Blastomeres

Tissues derived from  (two- to eight-cell stage) Inner cell mass Epiblast Primitive endoderm Embryonic stem cells Trophectodexlial stem
Epiblast Yes Yes Yes No Yes No
Primitive endoderm Yes Yes No Yes No No
Trophectoderm Yes No No No No Yes

mid-gestation (Kaufman and Webb, 1990). When theshould be ubiquitous, cell-autonomous and detectable at the
tetraploid embryos are used to make chimeras together wilingle-cell level in situ. Previously, the most common markers
diploid cells, tetraploid cells rarely contribute to the embryoused in chimera analysis were the electrophoretic variants of
itself (which is derived from the epiblast) but contributehousekeeping enzymes, such as glucose-6-phosphate
mainly to the primitive endoderm and the trophectodernisomerase (GPI). However, detecting GPI variants requires the
(Tarkowski et al., 1987). This distinctive bias in the lineagedestruction of tissues, which precludes detection of these
potency has been exploited to segregate diploid and tetraploidriants at the spatial resolution needed to determine
cells almost exclusively to two different compartments of theehimerism at the histological level. The first generation of
chimera. When diploid ES cells and tetraploid host embryogenetic markers that were used for chimera analysis allowed
are used to make the chimera, the resultant conceptus wilells of different origins to be distinguished by the presence
consist of an exclusively ES-cell derived fetus and extraef strain-specific DNA satellite markers (Rossant et al., 1983)
embryonic mesoderm, but will contain tetraploid or a large globin transgene insert (Lo et al., 1987). The use of
trophectoderm and primitive endoderm derivatives (Fig. 2Cthese markers involves technically difficult DNA-DNA in situ
parts I11). ES cell tetraploid embryo chimeras have beenhybridization of histological preparations of the embryo. At
used extensively in the tetraploid complementation assagyresent, the most widely used marker is fhgalactosidase
(Box 1) for testing the impact of altered gene function on thenzyme encoded by the coli lacZgene. Its expression can
lineage potency and the functional interaction betweeibe detected by simple histochemical staining of whole
embryonic and extra-embryonic tissues (see examples in latembryos and sectioned materials. The green fluorescent
sections). protein (GFP) of jellyfish, with all its spectral variants

] ] ) (Hadjantonakis et al., 2002), has great potential for chimera
Lineage markers for chimera analysis analysis, especially because its expression can be seen in
To analyze fully the development of chimeras, it is crucial thaliving cells (Fig. 2, part Il). However, the cellular resolution
the fate of the two cellular components of a chimeric embryavith which one can detect GFP activity is affected by standard
can be followed using lineage markers (Table 2). Ideally, suchistological processing, so its expression has to be detected by
a marker should have no effect on the cells that bear it, andilhmunostaining instead.
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Fig. 2. Lineage contributions of different types of cells use A B c D
the construction of four types of embryonic chimeras:

(A) embryo- embryo chimera; (B) ES (embryonic stem)
cells- embryo chimera; (C) ES cells4N (tetraploid)
embryo chimera; and (D) TS (trophectodermal stem)
cells- embryo chimera. (I) The production of chimeras.
(IA) embryo~ embryo chimera produced by the aggregati
of two eight-cell embryos. (IB) ES cellsembryo chimera
produced by the aggregation of ES cells with an eight-cel
embryo (top) or by injecting ES cells into the blastocyst
(bottom). (IC) ES cells. 4N (tetraploid) embryo chimera
produced by the aggregation of ES cells with two tetraplo
four-cell embryos (top) or by injecting ES cells into a
tetraploid blastocyst (bottom). (ID) TS celembryo chimere
produced by injecting TS cells into a blastocyst. Introduce
cells are dark green in order to represent green fluoresce
protein (GFP) expression and the host cells are pale yellc
Cells of tetraploid embryos are dark yellow. (I1) The differ
patterns of contribution by the GFP-expressing cells to
different tissue compartments in the four types of chimer¢
developed to the early postimplantation stage (days 5.5 ti
after transfer to pseudopregnant female mice for implant:
and further development. (IIA) Day 6.5 embryo: GFP-
expressing cells from the eight-cell embryos are found in
visceral endoderm (ve), which covers the extra-embryoni
ectoderm and the epiblast. The epiblast also contains GF
expressing cells. The broken line traces the primitive
endoderm layer of the embryo. (11B) Day 6.5 embryo: GF
expressing ES-derived cells are found only in the epiblas
(ep). (IIC) Day 5.5 embryo: exclusive contribution of GFP
expressing cells to the epiblast (ep). (IID) Day 5.5 embry«
exclusive contribution of GFP-expressing cells to the
trophectoderm derivatives: extra-embryonic ectoderm (ex
Reichert's membrane (rm). The broken line marks the
epiblast, which is not populated by GFP-expressing cells.
(I Day 6.0 pre-streak stage embryo illustrating the patte
of distribution of the GFP-expressing cells (shown in Il) in ™

epiblast (ep), primitive endoderm (pe) and trophectoderm \

derivatives. (IV) The different pattern of chimerism in the a /
fetus proper, extra-embryonic membranes (rm, Reichert’s

membrane; vys, visceral yolk sac) and the placenta (pl) of the mouse conceptus at early organogenesis stage (dayi8/5¢hFoedtn of
the derivatives of extra-embryonic mesoderm, which is concordant with that of the fetus proper, is not shown.

Embryo {» Embryo EScells{)» Embryo ES cells4{ p4N embryo TS cells 4 » Embryo

Making chimeras of different tissue constitutions more commonly, two molecularly distinctive mutant alleles of
Diploid mutant embryo « diploid wild-type embryo the gene of interest. For example, the genotyping of e_mbryos
chimeras obtained from the crossing of heterozygous mutant mice that

: ; : ; qare used to make the chimera may be facilitated by the
This type of chimera is made by aggregating mutant and WIIOzllvailability of two different targeted alleles, e.g. one with and

type eight-cell embryos. All tissue lineages will potentially be . . ) . :
mosaic, and the ability of mutant cells to colonize any tissutN€r without an insertion of a neomycin-resistant gene (Hart

: ) al., 2002). Using allele-specific PCR analysis, the genotype
during_pre- or postnatal development can be assessed, TT% determined by the presence of both targeted alleles in the

exclusion of mutant cells from a particular lineage or tissue, : ,
omozygote- wild-type chimera, only one of the two alleles

their abnormal differentiation in a given tissue, can pinpoin the het 6 wild-t hi d the ab p
cell-autonomous primary defects that are caused by tH8 € Nel€rozygote wiid-lyp€ chimera and thé absence o

mutation. A major drawback of this technique is the difficulty?Oth targeted alleles in the wild-typavild-type chimera.

in identifying informative chimeras. Only 25% of the chimeric

embryos derived from heterozygous crosses will bdES cell diploid embryo chimeras

homozygous mutant. Unless embryos are genotyped befo@urrently, the most common tool for studying mutant
aggregation, a genotyping strategy is required to distinguish thghenotypes is the ES celembryo chimera, which is
following three possible types of chimeras: wild typeild generated by introducing wild-type ES cells into mutant
type, heterozygous mutantwild type and homozygous embryos or vice versa. In both cases, the genetic constitution
mutant- wild type, before a proper analysis of the of the epiblast derivatives (the mouse itself) will be a mixture
experimental outcome could be made. This can bef mutant and wild-type cells. However, ES cells do not
accomplished by tracking strain-specific polymorphisms orcontribute to the primitive endoderm or trophectoderm, so the
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Table 2. Properties of markers used in tracking cells for chimera analysis

Cell markers
B-Galactosidase
Glucose phosphate Species-specific encoded by
isomerase: satellite DNA Transgene insert E. coli lacZand alkaline Fluorescent proteins
electrophoretic Nlus musculusersus (multiple copies of phosphatase encoded (spectral variants: green,
Properties of markers variants* M. caroli)f B-major globiny by Akp2or Plaps T yellow, cyan and red)**
Present or expressed Housekeeping enzyme  Inherent to the genome, Permanent and Expressed in every cells Expressed in every cells
ubiquitously in all expressed in all cells but detectable only in inheritable integration  if driven by a if driven by alyniversa
cell types nucleated cells in the genome, but universally active active promoter/enhancer
detectable only in promoter/enhancer or restricted to specific
nucleated cells restricted to specific cell types if driven by
cell types if driven by lineage- or temporal-
lineage- or temporal- specific regulatory
specific regulatory elements
elements
Detectable at single-cell No, detection requires  Yes Yes Yes Yes
resolution tissue destruction
Detectable in whole mount ~ No, detection requires No No Yes Yes
preparation of the tissue destruction
specimen
Detectable after histological No, detection requires  Yes, by in situ DNA- Yes, by in situ DNA- Yes Yes, visualized by
processing tissue destruction DNA hybridization DNA hybridization fluorescence microscopy
of wax-embedded
sections, or by
immunostaining of the
protein
Detectable in living cells or No, detection requires  No No No Yes
whole organism tissue destruction

*Buehr and McLaren (1981).
TRossant et al. (1983).

Lo et al. (1987).

8Soriano (1999).

ILobe et al. (1999).
**Hadjantonakis et al. (2002).

composition of the extra-embryonic primitive endoderm andimpler assay for the presence of the wild-type and a mutant
trophectoderm will differ depending on the genotype of the E@llele will suffice to distinguish all possible genotypes.

cells and embryo used. In a wild-type ES cathutant embryo ) )

chimera, the primitive endoderm and trophectoderm will b&S cell’tetraploid embryo chimeras

mutant; whereas in a mutant ES eeWild-type embryo In an ES celb tetraploid embryo chimera, the ES cells
chimera, the primitive endoderm and trophectoderm will beontribute primarily to the epiblast-derived tissues, whereas
wild type. ES celbembryo chimeras can be used tocells of the tetraploid embryo mainly give rise to the extra-
distinguish between the embryonic and extra-embryoniembryonic primitive endoderm and trophectoderm. The almost
effects of genetic mutations, as well as to determine lineageomplete segregation of descendants of the ES and tetraploid
specific effects of mutations in the embryo proper. Ifcells provides a powerful means for revealing the effect of the
homozygous mutant ES cells are used, the extra-embryonigutation on the embryonic versus the extra-embryonic tissues
tissues will not contain the mutation, all chimeras will be(Box 1). In addition, as the fetus proper is constituted
informative and no genotyping will be necessary. However, iexclusively by the ES cells in this type of chimeras, ES cell-
wild-type ES cells are used with mutant embryos, the extraderived embryos and adult mice of the same genotype as the
embryonic tissues, as well as some tissues of the embryo, mB$ cells can be produced immediately for phenotypic studies
contain the mutation. Hence, interpreting the impact ofBox 1). Large numbers of embryos of the genotype of the ES
mutation on the development of the chimera will requirecells can be made by this means, bypassing the tedious process
knowledge of the genotype of the embryo into which ES cellsf breeding mutant mice. Finally, ES celtetraploid embryo

are introduced. This is accomplished by sampling extrachimeras may provide an innovative means for high-
embryonic tissues (either visceral endoderm or trophoblasts) tfroughput analysis of gene function. In addition to the
the chimera to determine which chimeras contain cells fromonventional genomic modification by transgenesis and gene
the heterozygous or homozygous mutant embryos. In contrasirgeting in the ES cells, the function of single or multiple
to the situation of the embryoembryo chimera, genotyping genes could be altered efficiently by knocking down the
using the extra-embryonic tissue of a wild-type EStranscriptional activities in the ES cells using RNAI reagents.
cello mutant embryo chimera is not complicated by theUsing the ES celltetraploid embryo chimeras as the
presence of wild-type cells originating from the ES cells. Aexperimental tool, a substantial number of ES cells can be
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Box 1. ES cell tetraploid embryo chimeras presence of mutant tetraploid cells in the extra-embryonic tissues,
despite the presence of wild-type ES cells in the epiblast-derived
Producing the tetraploid embryo tissues, then the mutant phenotype is likely to be caused by the

Tetraploid mouse embryos are produced by the electrofusion of tHButation of the extra-embryonic endoderm and the trophectoderm.
blastomeres of a two-cell stage preimplantation embryo togethégonversely, if the development of the embryo is abnormal in the
into one cell by the application of the direct electrical current. Atoresence of mutant ES cells in the epiblast-derived tissues, despite
the cell division that follows the replication of the combined set ofthe presence of wild-type tetraploid cells in the extra-embryonic
genetic materials of the fused cell, the nuclei of the resultant twdissues, the primary defects that lead to the mutant phenotype must
cell embryo will contain double the diploid content of DNA, i.e. it lie in the embryonic tissues or the extra-embryonic mesoderm

will be tetraploid. The tetraploid embryo will develop normally todiompletely ES cell-derived embryos

s the fetus proper is derived entirely from the epiblast, to which
ES cells contribute exclusively, the ES cetetraploid embryo
¥himera offers a uniqgue means with which to produce an embryo
that is completed derived from ES cells (Nagy et al., 1993).
Constructing the ES cell tetraploid embryo chimera Therefore, when genetically altered ES cells are used to produce
Chimeras are made by aggregation of clumps of ES cells with &S Cell- tetraploid embryo chimeras, the phenotypic effects of the
zona pellucida-free (zona pellucida is removed by pronasgutation can be examined directly in the ES cell-derived embryo.
digestion) tetraploid morula stage embryo. Because of thd NiS removes the necessity of generating an ES.atfiloid wild-
electrofusion that results in the reduction of two cells to one cellyP€ émbryo chimera for transmitting the mutation through the
the cell number of the tetraploid morula will be reduced bydermline. Previously, it was found that embryos that were derived
approximately half at all stages of preimplantation development. TE0mPpletely from ES cells are not viable after birth, but judicious

compensate for the smaller cell number per embryo, two tetraploig€lection of robust ES cell lines has overcome this problem.
embryos are used for the aggregation with ES cells. Currently, ES cell lines made from F1 hybrid strains of mice are

the blastocyst stage, although with a significant reduction in the ce
number. However, it will implant normally, because the tetraploi
trophectoderm and the trophoblasts derived from it are functionall
competent for postimplantation development.

Tetraploid complementation assay multiple rounds of genetic alterations (Eggan et al., 2001).
The basis of this assay is that the two cellular constituents of thability to analyse the phenotype in completely ES cell-derived
ES cell-tetraploid embryo chimera display different lineage embryo is particularly useful in situation where the heterozygous
potency such that the ES cells give rise to all structures in the fetusiutation is lethal and where the homozygous mutant mice display
while the descendants of the tetraploid cells contribute to the extrdertility problems. The use of ES celltetraploid embryo chimera
embryonic primitive endoderm and the trophectoderm. If the E®nables both the heterozygous and the homozygous phenotypes of
cells and the tetraploid embryos are of different genotypes, fathe mutation can be studied using ES cells of the appropriate
example mutant versus wild type, there will be a completggenotype (Carmeliet et al., 1996). A further application of the ES
segregation of mutant cells from wild-type cells into two distinctivecell - tetraploid embryo chimeras is the production of embryos
tissue compartments of the conceptus. The ESwtettaploid that harbor mutations of multiple genes. For example, by using ES
embryo chimera therefore provides a useful experimental tool witkeells with null mutations in two or more genes, it is possible|to
which to test the crucial requirement of gene function in theproduce embryos with complex genotypes much more efficiently
embryonic versus extra-embryonic tissues for the development dfian by the conventional strategy of breeding multiple lines| of
the conceptus. If the development of the embryo is abnormal in thmutant mice.

screened efficiently for the phenotypic effects of the RNAigenes essential for the specification or differentiation of certain

treatment (Kunath et al., 2003). tissue lineages. This is because the impact of gene function on
a specific lineage can be revealed by the abnormal

Application of chimera analysis in dissecting differentiation of mutant cells from the lineage in question or,

complex phenotypes in extreme cases, by a reduced contribution to, or the exclusion

The conventional approach for assessing gene function is tleé mutant cells from, specific types of tissues in the chimera.
analysis of phenotypes of mutant embryos and adult mice. In an example of this, loss of function of a multitude of
However, the interpretation can be confounded by lethality ofenes, such asladh2 (previously Smad2, Tcf2 (previously

the mutant during development and the manifestation dfinfl), Foxhl, B-catenin,MixI1 andSox17 results in different
complex malformations or multiple functional deficits, which phenotypes of the mutant embryo, ranging from arrested
preclude a thorough elucidation of the full impact on of thegastrulation to abnormal formation of the head or trunk, which
mutation. As a result, important functional roles and thesuperficially have little in common and would not have
primary cellular targets of the gene may be missed. Chimeravealed any specific function in endoderm development.
analysis can offer a complementary experimental approach tdowever, in ES cell. embryo chimeras, ES cells that lack the
the straightforward assessment of phenotype. The exampl&siction of any one of these genes are consistently under-
described in this section, which are drawn mainly from studiesepresented in or excluded from the gut endoderm of the
of early embryonic development, illustrate how chimeraembryo (Coffinier et al., 1999; Hart et al., 2002; Hoodless et
analysis may achieve some of the goals in the quest ai., 2001; Kanai-Azuma et al., 2002; Lickert et al., 2002;

knowledge of specific aspects of gene function. Tremblay et al., 2001; Yamamoto et al., 2001). The impact of
o N ] these mutations on the endoderm potency of the ES cells
Goal 1: determining lineage-specific gene function therefore reveals the heretofore unrecognized requirement of

Chimeras that contain normal and mutant cells have proven the function of these genes for endoderm specification,
be highly effective for determining the function of specificdifferentiation and maintenance.
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An innovative approach was recently undertaken to test théssues. Therefore, these studies showedAhat Nodal Akd
role of Egr2 (previouslyKrox20) in the sorting properties of andFoxa2function is essential in the extra-embryonic tissues
cells in the rhombomeres of the embryonic hindbrairfor normal embryogenesis and that early patterning events
(Voiculescu et al., 2001). In this approach, the chimera analysiaust involve a complex interplay between embryonic and
was performed by aggregating wild-type &gi2acZ/CreR26R  extra-embryonic tissues (Dufort et al., 1998; Episkopou et al.,
embryos. R26R is a Cre-dependiaiZ reporter transgene. In 2001; Kalantry et al., 2001; Varlet et al., 1997).
ES cells derived fronEgr2acZ/Cre R26Rembryos, expression In these chimeras, the extra-embryonic tissues consist of
of Egr2 from bothEgr2 alleles is lost. This is due to the cells of two different lineages: the trophectoderm and the
targeted mutations caused by the integration oflab# and  primitive endoderm. Thus, without knowing the cell types in
the Cre-recombinase genes. When Hge2 gene is activated which the gene of interest is expressed, it is not possible to
in the descendants of these cells in the hindbrain, the cells widbnclude from such experiments whether gene function is
express théacZ and theCre transgene, but only as far as the specifically required in the derivatives of the trophectoderm or
Egr2 locus remains active. However, the transient expressiotne primitive endoderm or in subsets of cells in both tissues.
of Cre recombinase in thEgr2acZ/Cre cells will permanently  The following example, however, shows that this ambiguous
activate thdacZ reporter of theR26Rlocus. This allows the aspect of chimera analysis may be overcome if it is known
fates of theEgr2-null cells to be tracked by thR26R lacZ which tissue expresses the gene of inte@st2’- embryos
expression for an extended period of development long aftelisplay abnormal development of the fore- and midbrain. In
the expression of thegr2acZ allele has ceased. Results of this Otx27/~ ES cell- diploid chimeras, the anterior neural plate
study showed thaEgr2-null cells fail to mix normally with initially develops normally, even though over 90% of the
wild-type cells in rhombomere 5, but are able to mix with theembryo consists dDtx2~ cells, suggesting that normal Otx2
adjacent  even-number  rhombomeres, demonstratinfyinction in the extra-embryonic tissue is sufficient and
compellingly that Egr2 function is essential for the essential for the for early morphogenesis of the anterior neural
maintenance of segment identity (Voiculescu et al., 2001). primordium. AsOtx2 is not expressed in the trophectoderm

derivatives, its function is therefore likely to be required only

Goal 2: dissecting gene functions in extra-embryonic in the visceral endoderm (Rhinn et al., 1998).
versus embryonic tissues for embryonic patterning The second possible outcome is that the loss of gene function
Embryological and gene expression studies have shown that the extra-embryonic tissues does not cause the mutant
the early patterning of the anteroposterior axis of the mougghenotype. For exampl®kkl, Lhx1 (previouslyLim1), Hhex
embryo at around the time of gastrulation requires signallin¢previously HeX) and Hesx1 are expressed in the visceral
and transcriptional activity in both the extra-embryonic ancndoderm of the mouse embryo prior to and at early gastrulation
embryonic tissues (Beddington and Robertson, 1999). Thend later in the mesoderm or the ectoderm of the embryo
analysis of mutations in candidate patterning genes in chimer{dlartinez-Barbera et al., 2000a; Martinez-Barbera et al., 2000b;
mice has played a key role in elucidating the importance dflukhopadhyay et al., 2001; Shawlot et al., 1999). Chimeras
extra-embryonic tissues as sources of patterning signals in thtfleat contain mutant extra-embryonic tissues harboring
early mouse embryo. ES celdiploid chimeras or, more mutations in one of these genes display normal gastrulation,
commonly, ES cell tetraploid chimeras can be used toeven when a mixture of wild-type and mutant cells is present
distinguish whether a patterning defect is caused by thie the embryo. By contrast, chimeras that contain wild-type
embryonic or extra-embryonic effects of a mutation. extra-embryonic tissues and mutant embryonic cells form

Three possible outcomes may be obtained from these Ebnormal head structures like the null mutant (Martinez-
cell - diploid and ES cell. tetraploid chimera experiments.  Barbera et al., 2000a; Martinez-Barbera et al., 2000b;

The first possible outcome is that the loss of gene functioMukhopadhyay et al., 2001; Shawlot et al., 1999). These
in the extra-embryonic tissues alone results in a phenocopy fihdings indicate that the function of these genes is required in
(i.e. similar phenotype to) the null mutation and wild-typethe embryonic tissues and not the extra-embryonic tissues.
extra-embryonic tissues can rescue this mutant phenotype. Forin the third scenario, loss of gene function in either
example,Hnf4/~ embryos fail to undergo gastrulation, and embryonic or extra-embryonic tissues results in a mutant
have an abnormal epiblast. However, the null phenotype ishenotype. This suggests that the function of a mutated gene
rescued by wild-type primitive endoderm and trophectodernis essential for both tissue types. For example, in chimeras that
in Hnf4~ES cell tetraploid chimeras (Duncan et al., 1997).lack Bmp4activity in the extra-embryonic tissue, primordial
This outcome indicates thatinf4 function in the extra- germ cells are not formed from the proximal epiblasBritp4
embryonic tissues is crucial for normal gastrulation. Similarlynull ES cell- tetraploid chimeras, the lack Bmp4activity in
a null mutation of thelTcfap2cgene that encodes the AP2 the ES cell-derived extra-embryonic mesoderm does not affect
factor is embryonic lethal, but the presence of wild-type extragerm cell formation but does disrupt the localization of the
embryonic tissues allows mutant embryos to survive. Bygerm cells, the formation of the allantois and the establishment
contrast, wild-type ES cells could not rescue the lethality obf left-right asymmetry (Fujiwara et al., 2001; Fujiwara et al.,
Tcfap2c’- embryos because of the defective extra-embryoni002). Sox2is another example of a gene that is required in
tissues (Auman et al.,, 2002). Defects in early embryoniboth embryonic and extra-embryonic tissues. Chimeric
patterning that are associated with the abnormal function of trenalysis ofSox2function has revealed that the viability of the
primitive streak (such as those caused by mutatioAsrofor  epiblast inSox2/~ mutant embryos can be restored by wild-
Nodal), or with the abnormal function of the gastrula organizetype ES cells. However, such chimeras fail to survive beyond
(such as those caused by mutationgd\kd or Foxa?, can be gastrulation, even when the embryo proper consists of
partially rescued by the presence of wild-type extra-embryonipredominantly wild-type ES cells. Chimeras formed by
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aggregatingox2-ES cells with tetraploid embryos, however, morphogenesis @&ednull embryos cannot be rescued by wild-
survive for much longer, suggesting that the failure of Sox2ype extra-embryonic tissues becaudsed acts cell-
mutant embryos to develop beyond gastrulation is because afitonomously in the extra-embryonic tissues (Morin-Kensicki
an extra-embryonic, rather than an embryonic, defect (Avilioret al., 2001).

et al., 2003). These chimera studies show Bmap4and Sox2

functions are required in both extra-embryonic and embryoni&02! 4: distinguishing between primary versus

tissues to sustain development. secondary defects

The mutant phenotype is a culmination of the loss of gene
Goal 3: identifying cell-autonomous and non-cell- function in the primary target cells (the primary effect), as well
autonomous gene function as additional effects that are elicited in other tissues by changes

The effect of the mutation may affect only the cells that aréh the function of the primary target cells (the secondary
expressing the gene and not other genotypically mutant cef@fect). In chimeras, the primary effects of a mutation can be
in the same animal. The restriction of phenotypic effectslistinguished from the secondary effects by the ability to
reflects the cell-autonomous requirement of gene functioriightly associate a phenotype with the preponderance of mutant
Alternatively, a mutant phenotype could arise by a mutatioells in the primary target tissues. _
that impacts not only on the cells expressing the genetic Using ES cell diploid embryo chimeras, it has been
activity but also on other cells that do not express the gene. TRSsible to show that the definitive (gut) endoderm is the
non-cell-autonomous action of the gene will mean that th@rimary target tissue dflixl1 andSox17function. In chimeras
normal function of the gene is not restricted to any celWith extensiveMix|1 or Sox17mutant contributions, only the
population. Analysis of phenotype in an embryo containingut is populated by wild-type cells. Another significant feature
only mutant cells is therefore insufficient for distinguishing!s that the development of the head (of &Il ES
between these two modes of gene action. However, chimefg!l~embryo chimera) and of the trunk (of tBex17/~ ES
analysis can reveal whether the gene of interest functions incgll -~ embryo chimera) is significantly more advanced than in
cell-autonomous or non-cell-autonomous manner. embryos null for either gene. These results indicate that, in
In the chimera, cell-autonomous gene function may b@ddition to the primary function of these two genes in
revealed by the exclusion of mutant cells from a certain tissu@ndoderm formation, they also have a secondary role in the
lineage or by the expression of an abnormal phenotype in ongowsmn of morphogenetic activity by the gut endoderm for
those cells with the mutant genotype. For example, in fhe development of specific body parts (Hart et al., 2002;
chimera that lacks eithefgfrl or T function, cells fail to Kanai-Azuma et al., 2002).
ingress properly through the primitive streak, resulting in the Loss of the function of the tumor suppressor retinoblastoma
accumulation of the mutant cells in the posterior region of théRb gene in the mouse embryo leads to neural and erythroid
chimera (Ciruna et al., 1997, Wilson et al., 1995). Theséissue defects, neuronal apoptosis and early embryonic
defects in cell movement persist in the presence of wild-typlethality. However, chimeras produced by the aggregation of
cells in the chimera, suggesting that each of these genB&’~ES cells with tetraploid wild type embryos are viable and
function in a cell-autonomous manner. An examp|e of nonfree from neural and blood abnormalities, Suggesting that these
cell-autonomous gene action is thatFokd3 Loss ofFoxd3  features of the null phenotype are caused secondarily by extra-
function results in a poorly formed epiblast, an absent primitiv€mbryonic  dysfunction, most likely of the placenta.
streak, abnormal extra-embryonic endoderm and the demise Nevertheless, rescued mice still have abnormal lens
embryos shortly after gastrulation. The presence of a smdlevelopment and show elevated cell proliferation in the
number of wild-type cells in the embryo proper dfaxd3/-  hervous tissues, which are typicaRi§mutant mice, implying
ES cell diploid chimera rescues these developmental defect§at these may occur as a result of the los&lfn these
Foxd3therefore seems to act in a non-cell-autonomous manndissues, an effect that is unrelated to the placental deficiency

presumably by regulating cell-cell signalling activity (Hanna(de Bruin et al., 2003; Wu et al., 2003). Secondary defects in
et al., 2002). an embryo that arise as a result of placental dysfunction are

Some genes act in either cell-autonomous or Ce||-n0|’fair|y common. Chimera analysis should thus be a standard part

autonomous mode in different tissue lineagéscl2’~  of phenotypic investigation of mutant embryos in cases of mid-
(previouslyMash2 mutant embryos die early in developmentgestation lethality, even where the embryonic defects appear to
because of a placental deficiency that is associated with a laR fairly specific.

of spongiotrophoblasts and labyrinthine trophoblasts. In th% ) - . .

chimeric placentaAscl2deficient cells are excluded from the ©0al 5: €xpediting phenotypic analysis _
spongiotrophoblasts but not the labyrinthine trophoblastsThe early death of a mutant embryo is a major factor that can
suggesting thaAscl2activity is required cell-autonomously in confound the assessment of all later aspects of gene function.
the formation of the spongiotrophoblasts but non-celldn chimeras, the incorporation of wild-type cells into the
autonomously for that of the labyrinthine trophoblasts (Tanak@mbryo or the extra-embryonic tissues can rescue the embryo
et al., 1997). SimilarlyEedfunction is required in a non-cell- from this early lethality. If gene function becomes crucial later
autonomous manner aged’— cells can participate in in development, the resultant chimeric embryo may develop an
gastrulation when wild-type cells are present, but not in theifbnormal phenotype that is not found in the null mutant
absence. HoweveEed s required autonomously in cells to embryo. For example, chimeras containing RHdéficient
enable their differentiation to forebrain tissues and somites, #&lls are viable due to the restoration of the hematopoietic
Eed’- cells are excluded from these tissues of the chimerdtnction by wild-type cells. However, the development of renal
Tetraploid rescue experiments have shown that the defectig@normalities in the mutant embryo has revealed an otherwise
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undetected cell-autonomous function of RL@ kidney  Beddington, R. S. and Robertson, E. J(1989). An assessment of the

formation (Shirane et al., 2001). Subtle variations in the developmental potential of embryonic stem cells in the midgestation mouse
; ; ; ; embryo.Development05 733-737.

requ”ement|0f %ene funICtl(;)T) bthells n d|ff|ere_>nt Fpal’tS of a uehr, M. and McLaren, A. (1981). An electrophoretically detectable
_organ can also be re_veae _y c 'mer‘_a analysis. For ex_amp Cmodification of glucosephosphate isomerase in mouse spermatbzoa.
in mutant ES cell diploid chimeras with an overwhelming  Reprod. Fert63, 169-173.
presence of the mutant cells in the embryo proPek17/-,  Carmeliet, P, Ferreira, V., Breier, G., Pollefeyt, S., Kieckens, L.,
MixI1~— and Madh2'- cells are excluded from the mid- and Gertsenstein, M., Fahrig, M., Vandenhoeck, A., Harpal, K., Eberhardt,

; /— . C. et al. (1996). Abnormal blood vessel development and lethality in
hindgut but, converserFoxa_Z and FoxhI- Ce"fs are embryos lacking a single VEGF alleMature 380, 435-439.
excluded from the _fore' and midgut (Hart et al., 2002; Hoodlesgjryna, B. G., Schwartz, L., Harpal, K., Yamaguchi, T. P. and Rossant, J.
et al., 2001; Kanai-Azuma et al., 2002; Tremblay et al., 2000; (1997). Chimeric analysis of fibroblast growth factor receptor-1 (Fgfrl)
Yamamoto et al., 2001)_ The loss of the potency (hence thefunction: a role for FGFR1 in morphogenetic movement through the
exclusion) of the mutant cells to populate specific segments ﬁgrrl'(“g”"l’je Stfe%'gﬁaexseé%?]m%mé”ﬁ ﬁﬁﬁjﬁ“ﬁ Veress. B. Nilsson E
the embryonic gut implies that the endoderm in different gu P S oy . L

? AN . )=~ Karlstrom, H., Lendahl, U. and Frisen, J.(2000). Generalized potential
segments requires the activity of different genes for itS of adult neural stem cellScience288, 1660-1663.

formation or maintenance Coffinier, C., Thepot, D., Babinet, C., Yaniv, M. and Barra, J.(1999).
Essential role for the homeoprotein vHNF1/HNF1beta in visceral endoderm
Future perspectives differentiation.Developmenii26, 4785-4794.

Th b . hi h to b ful f de Bruin, A., Wu, L., Saavedra, H. I., Wilson, P., Yang, Y., Rosol, T. J.,
€ embryonic chimera has proven to be very useiul for Weinstein, M., Robinson, M. L. and Leone, G(2003). Rb function in

elucidatin_g gene function in the mouse beyond the S_imple extraembryonic lineages suppresses apoptosis in the CNS of Rb-deficient
characterization of mutant phenotypes. Its application is not mice.Proc. Natl. Acad. Sci. USR00, 6546-6551. _

limited to the embryological study of ear|y development pufoetschman, T., _Maeda, N. and Sm_lthles, @1988). Targeted mutation of
also to the analysis of organogenesis, postnatal maturatio h56 gg;_%%%% in mouse embryonic stem céliac. Natl. Acad. Sci. USA
and bodily function. When used in combination withpyfort, D, Schwartz, L., Harpal, K. and Rossant, J.(1998). The
molecular tools that can modify genetic activity in a time- and transcription factor HNF3beta is required in visceral endoderm for normal
lineage-specific manner in the cell population under scrutiny, primitive streak morphogenesis [In Process Citati@gvelopmentL25,

the chimera offers practically unlimited options for a precise, 3015-3025.
. . . uncan, S. A., Nagy, A. and Chan, W1997). Murine gastrulation requires
in-depth and large-scale analysis of gene function. GenetE:HNM regulated gene expression in the visceral endoderm: tetraploid rescue

act'ivity can be modified by'incorpor_aying the.means With  of Hnf-4(--) embryosDevelopment 24, 279-287.
which to alter gene expression conditionally [i.e. by geneEggan, K., Akutsu, H., Loring, J., Jackson-Grusby, L., Klemm, M.,
driven and inducible Cre recombinase acti\/ity (Nagy, 2000)], Rideout, W. M., 3rd, Yanagimachi, R. and Jaenisch, R(2001). Hybrid

; _ ; vigor, fetal overgrowth, and viability of mice derived by nuclear cloning and
or to modulate (I'e' up- or downregulate) gene function (by tetraploid embryo complementatio®roc. Natl. Acad. Sci. US88, 6209-

applying molecular reagents such as morpholinos, antisense;,4

oligonucleotides and RNAI). Current effort in the evaluationgpiskopou, V., Arkell, R., Timmons, P. M., Walsh, J. J., Andrew, R. L. and
of the developmental potency of stem cells from adults and Swan, D. (2001). Induction of the mammalian node requires Arkadia
embryos focuses on studying cell differentiation in vitro and_ function in the extraembryonic lineagé¢ature410, 825-830.

- e e Fujiwara, T., Dunn, N. R. and Hogan, B. L.(2001). Bone morphogenetic
the profiling of transcriptional activities of these cells to protein 4 in the extraembryonic mesoderm is required for allantois

identify the signature molecules that reflect the level of geyelopment and the localization and survival of primordial germ cells in

pluripotency. A unique feature of the embryonic chimera is the mouseProc. Natl. Acad. Sci. US88, 13739-13744.

that foreign cells introduced to the embryonic environmengtuijiwara, T., Dehart, D. B., Sulik, K. K. and Hogan, B. L.(2002). Distinct

may be provided with all the possible Iineage options requirements for extra-embryonic and embryonic bone morphogenetic
. . protein 4 in the formation of the node and primitive streak and coordination

available normally to t'he cells during development. 'As @ of left-right asymmetry in the mousBevelopment 29, 4685-4696.

result, the cells are subject to a test of the full range of lineaggdjantonakis, A. K., Macmaster, S. and Nagy, A(2002) Embryonic stem

potency, which may reveal the true extent of pluripotency cells and mice expressing different GFP variants for multiple non-invasive

(Clarke et al., 2000; Jiang et al., 2002) Chimera analysis is reporter usage within a single animaMC Biotechnal2, 11

; anna, L. A, Foreman, R. K., Tarasenko, I. A., Kessler, D. S. and
eXpeCteﬁ tQ becodme .an ess.entl.al tool for the ][noéi Labosky, P. A.(2002). Requirement for Foxd3 in maintaining pluripotent
comprehensive and stringent In vivo assessment of t €cells of the early mouse embry@enes Devl6, 2650-2661.

characteristics of embryonic and adult tissue stem cells ofart, A. H., Hartley, L., Sourris, K., Stadler, E. S., Li, R., Stanley, E. G.,

mouse and other mammalian species. Tam, P. P., Elefanty, A. G. and Robb, L(2002). MixI1 is required for
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