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Shp-2 is a cytoplasmic tyrosine phosphatase that contains two Src homology 2 (SH2) domains at the N
terminus. Biochemical data suggests that Shp-2 acts downstream of a variety of receptor and cytoplasmic
tyrosine kinases. A targeted deletion mutation in the N-terminal SH2 (SH2-N) domain results in embryonic
lethality of homozygous mutant mice at midgestation. In vitro embryonic stem (ES) cell differentiation assays
suggest that Shp-2 might play an important role in hematopoiesis. By aggregating homozygous mutant (Shp-
22/2) ES cells and wild-type (WT) embryos, we created Shp-22/2-WT chimeric animals. We report here an
essential role of Shp-2 in the control of blood cell development. Despite the widespread contribution of mutant
cells to various tissues, no Shp-22/2 progenitors for erythroid or myeloid cells were detected in the fetal liver
and bone marrow of chimeric animals by using the in vitro CFU assay. Furthermore, hematopoiesis was
defective in Shp-22/2 yolk sacs. In addition, the Shp-2 mutation caused multiple developmental defects in
chimeric mice, characterized by short hind legs, aberrant limb features, split lumbar vertebrae, abnormal rib
patterning, and pathological changes in the lungs, intestines, and skin. These results demonstrate a functional
involvement of Shp-2 in the differentiation of multiple tissue-specific cells and in body organization. More
importantly, the requirement for Shp-2 is more stringent in hematopoiesis than in other systems.

Mammalian hematopoiesis occurs in successive waves at var-
ious anatomical sites during embryogenesis, including the yolk
sac and fetal liver, spleen, and bone marrow. It remains to be
understood, however, how this developmental scheme func-
tions at the molecular level. An important issue is the identi-
fication of genes involved in the developmental decisions lead-
ing to the commitment and differentiation of hematopoietic
stem and progenitor cells.

Much attention has been paid in recent years to genes that
are predominantly expressed in the hematopoietic compart-
ment (22). Inactivation of genes such as those for GATA-1,
GATA-2, Pu.1, c-Myb, SCL/tal-1, Ikaros, and AML-1 by gene
targeting in mouse embryonic stem (ES) cells has permitted
the assessment of their roles in hematopoiesis in mutant mouse
models (8, 16, 21, 23, 30, 37). However, the homozygous mu-
tant mice often die early, at midgestation, due to a failure of
embryonic hematopoiesis, which precludes detailed analysis of
gene functions in blood cell development. Two experimental
approaches, i.e., in vitro ES cell differentiation assay and chi-
meric animal analysis, have been used as alternatives to gain
insights into the roles of these genes in hematopoiesis (11, 24,
27). GATA-1 deficiency leads to developmental arrest and cell
apoptosis at the proerythroblast stage, and ablation of the
GATA-2 gene suppresses the generation of all definitive he-
matopoietic cell lineages in chimeric animals (37–39). SCL/
tal-1 is a helix-loop-helix transcription factor that was identi-
fied as a T-cell leukemia oncogene (1). SCL/tal-12/2 ES cells
failed to give rise to erythrocytes, myeloid cells, megakaryo-
cytes, and mast cells as well as T and B lymphocytes either in

vitro or in vivo in chimeric animals (24, 27). These results
suggest that SCL/tal-1 functions very early in the hematopoi-
etic hierarchy, possibly in the specification of ventral meso-
derm to blood cell progenitors (24, 27). Flk1 is a receptor
tyrosine kinase that binds vascular endothelial growth factor
(VEGF) (4, 13), and Flk12/2 embryos die at midsomite stage
(32). Chimeric analysis failed to detect the contribution of
Flk12/2 ES cells to any hematopoietic progenitor cells in the
yolk sac and fetal liver, strongly suggesting an intrinsic require-
ment for Flk1 during primitive and definitive hematopoiesis
(31).

Programming of hematopoietic progenitor cell commitment
and differentiation is orchestrated to a large extent by environ-
mental signals, particularly cytokines. Activated cytokine re-
ceptors transmit signals from the cell surface into cells to elicit
proper cellular responses. However, little is known regarding
the intracellular signal transduction mechanisms involved in
the control of hematopoiesis. Shp-2 is a widely expressed cy-
toplasmic tyrosine phosphatase that contains two Src homol-
ogy 2 (SH2) domains (6, 18). Accumulating biochemical data
suggests that Shp-2 participates in signal transmission from a
variety of cytokine receptors and might function upstream of
extracellular signal-regulated kinase (Erk) (14, 19, 28, 33–36).
To define the biological function of Shp-2, we introduced a
targeted mutation into the murine Shp-2 locus, which resulted
in an internal deletion of 65 amino acids in the N-terminal SH2
(SH2-N) domain of Shp-2 (29). Homozygous Shp-2 mutant
mice die at midgestation with multiple defects in mesodermal
patterning, while heterozygous mutants appear normal. A sim-
ilar phenotype was observed through the microinjection of a
catalytically inactive mutant mRNA of Shp-2 into Xenopus
embryos (34). Taken together, these results suggest that the
mutant protein without the intact SH2-N domain does not
function in a dominant-negative manner but rather acts as a
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loss-of-function molecule. To gain further insights into the role
of Shp-2 in the differentiation of hematopoietic and other cell
lineages, we isolated homozygous mutant (Shp-22/2) ES cell
lines. By performing in vitro ES cell differentiation assays, we
demonstrated that the deletion mutation in the Shp-2 locus
decreased the ability of primitive and definitive hematopoietic
cells to develop in vitro (26).

However, it is not clear if the effect of the Shp-2 mutation on
blood cell development is cell autonomous. Since Shp-2 is
ubiquitously expressed, it is also of great importance to define
the Shp-2 function in the later development of many other
systems. In this study, we generated and characterized Shp-
22/2–wild-type (WT) chimeric mice. Although Shp-22/2 cells
contributed to a wide variety of tissues, accompanied by patho-
logical changes, hematopoietic progenitor cells of Shp-22/2

origin were barely detectable in the bone marrow and fetal
liver by using the CFU assay in vitro. Furthermore, the hema-
topoietic activity was also defective in Shp-22/2 yolk sacs.
These results indicate a more strict requirement for Shp-2
phosphatase in mammalian hematopoiesis than in the differ-
entiation of many other cell types.

MATERIALS AND METHODS

Cell lines and animals. A targeted mutant allele of Shp-2 was created by
homologous recombination in mouse ES cell line R1 that deleted exon 3, coding
for amino acid residues 46 to 110 in the SH2-N domain of Shp-2 (29). Shp-22/2

ES cell lines were generated by selection of Shp-21/2 cells in high concentrations
of G418 (15, 26). All ES cell lines were maintained in complete ES cell medium
containing 15% fetal calf serum (FCS) (Hyclone, Logan, Utah) and 1,000 U of
leukemia inhibitory factor (LIF)/ml. CD-1 mice were purchased from Harlan
Sprague Dawley (Indianapolis, Ind.).

Generation of chimeric animals. Shp-21/1 and Shp-22/2 ES cells of 129/Sv
origin were aggregated with WT CD1 embryos to generate chimeric animals as
described previously (17). Mouse embryos at the eight-cell stage, 2.5 days post-
coitum (d.p.c.), were flushed from the oviduct. After removal of the zonae
pellucidae with Tyrode’s solution, individual embryos were aggregated with a
gently trypsinized ES cell clump (around eight cells) under a dissection micro-
scope. These aggregates were cultured in M16 medium overnight at 37°C, and
the aggregated embryos were then transferred into the uterus of a 2.5-d.p.c.
pseudopregnant CD1 foster mother. Chimeric pups were identified by the agouti
color of their eyes and subsequently of the coat hairs. Genotyping was performed
by Southern blotting or PCR analysis of genomic DNA extracted from embryos
or various tissues of chimeric animals (26, 29).

Hematopoietic progenitor assays. To assess the contribution of Shp-22/2 and
Shp-21/2 ES cells to hematopoietic progenitor cells in adult chimeras, bone
marrow cells were flushed out from two femurs of chimeric animals and disag-
gregated into single-cell suspensions. Nucleated cells (5.0 3 104/ml) were seeded
into a semisolid CFU assay culture system as described elsewhere (2), which
contains a-minimal essential medium (MEM), 30% FCS, 5% pokeweed mito-
gen-stimulated mouse spleen cell conditioned medium, erythropoietin (2 U/ml;
Amgen Corp., Thousand Oaks, Calif.), murine stem cell factor (SCF) (50 ng/ml;
Immunex, Seattle, Wash.), glutamine (1024 M), b-mecaptoethanol (3.3 3 1025

M), hemin (100 mM; Eastman Kodak, Rochester, N.Y.), and 0.9% methylcellu-
lose. CFU assay cultures were incubated at 37°C in a 5% CO2 moisture-saturated
incubator. After 6 to 7 days of incubation, colonies from erythroid (BFU-E),
granulocyte-macrophage (CFU-GM), and multipotential (CFU-GEMM) pro-
genitor cells were scored.

To detect hematopoietic progenitor cells in the fetal liver, individual livers of
chimeric embryos at 14.5 d.p.c. were dissected free of other tissues in a-MEM
plus 15% FCS, disaggregated mechanically into single-cell suspensions, and
washed in a-MEM containing 15% FCS. Nucleated cells were subjected to CFU
assay as described above.

For the assay of hematopoietic progenitors from yolk sacs, 8.5- to 9.0-d.p.c.
yolk sacs were carefully dissected free of maternal tissues under sterile conditions
in a-MEM plus 15% FCS and were disaggregated by passing them through a
22-gauge needle with a syringe. After being washed once in a a-MEM, whole
yolk sac cells were plated for CFU assay as above. Colonies from whole yolk sac
cells were scored after 7 days of incubation.

Skeletal preparation. Newborn pups were eviscerated, fixed in 100% ethanol
for 4 days, kept in acetone for 3 days, and then rinsed with water. The specimens
were subsequently stained in alizarin red S (0.005%), alcian blue 8GX (0.015%),
acetic acid (5%), and ethanol (85%) containing staining solution for 10 days.
After brief rinsing with water, the specimens were kept in 20% glycerol–1%
potassium hydroxide at 37°C for 24 h and then at room temperature until tissues
were completely cleared. Anatomical changes were examined and photographed

under a dissection microscope. Ossified bones were stained red, while the car-
tilages were blue (12).

Histological analysis. Whole embryos or surgically removed tissue samples
from chimeric mice at different stages were fixed in 10% buffered formalin,
dehydrated through graded alcohol solutions, embedded in paraffin, sectioned at
5 mm, and processed for hematoxylin and eosin staining following standard
protocols.

RESULTS

Generation of chimeric animals with Shp-2 mutant ES cells.
Heterozygous (Shp-21/2) and homozygous (Shp-22/2) mutant
ES cell lines for the targeted mutation were established as
reported previously (26, 29). Chimeric animals were generated
by aggregating Shp-21/2 or Shp-22/2 ES cells with WT CD1
embryos (17). The production efficiencies of chimeric mice
from Shp-22/2 and Shp-21/2 ES cells at different developmen-
tal stages were compared. Genotyping of embryos at 10.5 d.p.c.
indicated that 33 of 57 (58%) were Shp-22/2–WT chimeras,
while 11 of 32 (34%) were Shp-21/2–WT chimeras. Therefore,
the chimera-forming efficiency of Shp-22/2 ES cells was much
higher than that of Shp-21/2 ES cells. However, the numbers
of newborn pups were similar for Shp-21/2–WT (6 of 20
[30%]) and Shp-22/2–WT (19 of 68 [28%]) chimeras (identi-
fied by the agouti coloring of their eyes). The differences be-
tween the frequency in embryos and that in the viable births
suggest a partial embryonic lethality of Shp-22/2–WT chime-
ras. Indeed, we found that some heavily chimeric animals died
in utero between 10.5 and 12.5 d.p.c. (Fig. 1), with a phenotype
similar to that of the Shp-22/2 embryos, with severe defects in
mesodermal patterning and development of axial structures
(29). On the other hand, the higher frequency of Shp-22/2–
WT than Shp-21/2–WT chimeric embryos detected at 10.5 d.p.c.
might reflect a reduced differentiation capacity of Shp-22/2 ES
cells in culture. We have reported that Shp-22/2 ES cells had
enhanced sensitivity to the differentiation-inhibitory effect of
LIF (25). In routine ES cell cultures, a higher proportion of
totipotent cells was detected in Shp-22/2 than in WT or Shp-
21/2 ES cell populations (25).

The contribution of Shp-22/2 cells to various tissues in chi-
meric animals was assessed by PCR and Southern blot analyses
that distinguish WT and mutant Shp-2 alleles. Shown in Fig. 2a
are representative results for PCR analysis of relative contri-
butions of Shp-22/2 and WT cells to neonatal animals that
survived 2, 5, and 30 days. The life span of chimeras seemed to
be inversely correlated with the contribution of Shp-22/2 cells.
One animal that died 2 days after birth had a relatively high
contribution of Shp-22/2 cells to many tissues examined, in-
cluding brain, heart, kidney, lung, liver, and muscle tissues. The
other two mice, which survived for 5 and 30 days, had increas-
ingly lower contributions of mutant cells. Shown in Fig. 2b is
the result of Southern blot analysis of various tissues isolated
from another chimeric animal that survived for 5 days. Nota-
bly, little or no contribution of Shp-22/2 cells in these chimeras
was detected in hematopoietic or lymphocytic organs, such as
the spleen and thymus, suggesting a block to blood cell devel-
opment by the Shp-2 mutation in vivo.

Lack of Shp-22/2 progenitor cells in bone marrow. As pre-
viously reported, we found that the Shp-2 mutation dramati-
cally reduced the development of erythroid and myeloid pro-
genitors from ES cells in vitro (26). By generating chimeric
animals, we hoped to examine the effect of the Shp-2 mutation
on hematopoiesis in vivo by assessing hematopoietic progeni-
tor cells in the bone marrow and fetal liver. As Shp-21/2 and
Shp-22/2 cells contain one and two copies of the neomycin
resistance gene, respectively, mutant progenitor cells in chime-
ras were detected by a combination of G418 selection in CFU
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assays and PCR analysis of isolated cell colonies for the Shp-2
mutant allele. In preliminary experiments, we set up the CFU
assay with cells isolated from Shp-21/2–WT chimeras by add-
ing different concentrations of G418 in the culture medium.
Colonies resistant to 1 mg of G418/ml were individually picked
for PCR analysis, and all clones were found to be of Shp-21/2

origin (data not shown). No colonies grew from WT CD1 bone
marrow cells under these selection conditions. In subsequent
experiments, CFU assays were set up in triplicate cultures with
or without G418 (1.25 mg/ml) to assess the relative contribu-
tion of Shp-21/2 or Shp-22/2 ES cells versus that of the WT
host embryo. This method has been successfully used in eval-
uating the contribution of SCL/tal-12/2 ES cells to blood cell
lineages in chimeric animals (27).

To examine the effect of the Shp-2 mutation on adult blood
cell development, we isolated bone marrow cells and set up the
CFU assay for BFU-E, CFU-GM, and CFU-GEMM cells. We
examined three Shp-21/2–WT and five Shp-22/2–WT adult
animals; the results are shown in Fig. 3. While 7.9 to 79.3% of
the colonies of BFU-E, CFU-GM, and CFU-GEMM cells
were derived from Shp-21/2 ES cells, no contribution of Shp-
22/2 cells to erythroid or myeloid cell lineages was found. This
indicates that Shp-22/2 ES cells failed to contribute to defin-
itive blood cell development even in a normal bone marrow
environment.

The Shp-2 mutation blocks definitive hematopoiesis in the
fetal liver. The absence of Shp-22/2 cells in the bone marrow
of chimeras described above could be due to the poor contri-
bution of Shp-22/2 cells to surviving chimeras in general (Fig.
2). To further define the effect of the Shp-2 mutation on blood
cell development, we examined hematopoietic progenitor cells
in the livers of chimeric embryos at 14.5 d.p.c. Fetal livers were
carefully dissected free of maternal tissues and other embry-
onic tissues and disaggregated mechanically into single-cell
suspensions. The cells were plated in a CFU assay system
which contained combinations of hematopoietic growth factors
with or without G418. Other portions of the embryos were
used for DNA extraction and Southern blot analysis. As shown
in Fig. 4, of 10 Shp-22/2–WT chimeric embryos examined,

none had more than 1% contribution from the Shp-22/2 cells
to hematopoietic progenitors in the fetal liver, although the
contribution by the mutant ES cells in whole animals was 31 to
63%, according to the Southern blot analysis (Fig. 5). Mean-
while, the contribution of Shp-21/2 ES cells to hematopoietic
progenitors in six Shp-21/2–WT chimeric embryos was from
4.5 to 67.6%, a frequency consistent with the contribution in
whole animals. Therefore, despite the significant contribution
of Shp-22/2 ES cells to many other tissues in chimeras, Shp-
22/2 hematopoietic progenitor cells in the fetal liver and bone
marrow were hardly detectable.

Hematopoiesis was deficient in Shp-22/2 yolk sacs. In order
to determine at which stage hematopoiesis was blocked by the
Shp-2 mutation, embryos were dissected to examine hemato-
poiesis in yolk sacs at 8.5 to 9.0 d.p.c. Yolk sacs were individ-
ually dissected and dissociated into single-cell suspensions for
CFU assay. The data shown in Fig. 6 indicates that hemato-
poietic activity in Shp-22/2 embryos was severely suppressed,
although Shp-21/2 embryos had the WT phenotype. We had
found previously that Shp-22/2 yolk sacs appeared abnormally
thin and wrinkled (29). Thus, Shp-2 plays a critical role in both
primitive and definitive blood cell development and might act
at a very early stage of hematopoietic stem and/or progenitor
cell commitment and differentiation.

Multiple developmental defects in Shp-22/2–WT chimeras.
As revealed by PCR and Southern blot analyses (Fig. 2), Shp-
22/2 cells contributed to many other nonhematopoietic tissues
in chimeras, with high levels in muscle and brain tissues. An
obvious defect in terminally developed Shp-22/2–WT chime-
ras was the abnormal formation of the hind limbs, lumbar
vertebrae, and rib patterning (Fig. 7). The development of hind
limbs either stopped with the femur stage or continued to the
end with incomplete digit formation. In total, 78% of Shp-
22/2–WT chimeras had short hind legs or abnormal limb fea-
tures on one or both sides. In many chimeric animals, the
structures of lumbar vertebrae were split, with several ossifi-
cation centers and a large cell mass in one vertebral body.
Abnormal patterning of the ribs often resulted in the forma-
tion of more or fewer than the 13 pairs found in WT animals.

FIG. 1. Heavily chimeric Shp-22/2–WT embryos were embryo lethal at midgestation. Pregnant foster females at 10.5 d.p.c. were sacrificed, and embryos were
dissected from maternal tissues and photographed under a dissecting microscope, followed by genomic DNA extraction and PCR analysis. Chimerism was determined
by PCR detection of the Shp-2 mutant allele in embryonic cells.
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Two costal cartilages were combined before the junction of the
costal cartilage and the sternebrae. These results suggest that
Shp-2 is involved in mediating the development of terminal
and skeletal structures.

Anatomical and histological examinations also revealed de-
velopmental defects in the lung and intestine in chimeras.
Consistent with the breathing difficulties observed in the chi-
meric neonates, atelectasis within the lung tissue of many chi-
meras was detected (Fig. 8a), similar to what is often seen in
immature human babies with respiratory distress syndrome
(20). The alveolar septae were thicker and hypercellular com-
pared to the thin alveolar epithelium of a normal lung (Fig.
8b). A severe gastrointestinal problem was also noticed, as
many newborn chimeric mice had feeding problems, with no
milk observed in the stomach upon dissection. The intestines
were also distended, with a very thin muscle layer, and were
often dilated with free gas. Twenty-eight of 42 (66.7%) Shp-
22/2–WT chimeric mice were found dead at birth or died in a
couple of days with obvious breathing or feeding difficulties. In

contrast, none of the chimeric mice derived from Shp-21/2 or
WT ES cells were found dead or had any developmental de-
fects. Taken together, these results indicate that Shp-2 is es-
sential for mouse hematopoiesis and is also involved in medi-
ating development of many other tissues.

DISCUSSION

In this report, we present evidence that Shp-2 is involved in
mediating the normal development of multiple tissues, with

FIG. 2. Contribution of Shp-22/2 cells to various tissues in chimeric mice. (a)
Three chimeric mice that survived for 2, 5, and 30 days were dissected. Genomic
DNA was extracted from the eyes, muscle, intestine, thymus, brain, kidney, lung,
spleen, liver, and heart. Shp-2 mutant (mt) and WT (wt) alleles were detected by
PCR with specific pairs of primers (29). The density of DNA bands reflects the
relative contributions of Shp-22/2 ES cells versus those of the parental embryo.
(b) Tissues from a chimeric pup were dissected, and isolated genomic DNA was
subjected to Southern blot analysis with a [a-32P]dCTP-labelled specific probe
(29). The relative contributions from mutant cells and the parental embryo were
determined by comparing the densities of a 4.2-kb mutant DNA band and a
3.7-kb WT DNA band.

FIG. 3. Detection of hematopoietic progenitors in the bone marrow of Shp-
22/2–WT chimeras. Bone marrow cells of two femurs from each of five Shp-
22/2–WT and three Shp-21/2–WT chimeras were flushed out and disaggregated
into single-cell suspensions. Nucleated cells (5.0 3 104/ml) were seeded into
semisolid methylcellulose CFU assay culture systems with and without G418 at
a concentration of 1.25 mg/ml, as described in the text. After 6 to 7 days of
incubation, colonies of BFU-E, CFU-GM, and CFU-GEMM cells grown in
cultures without G418 were scored as total progenitor cells, and colonies grown
in G418-containing medium were enumerated as mutant ES cell-derived pro-
genitor cells.

FIG. 4. Definitive hematopoietic cell development in chimeric fetal livers.
Shp-22/2–WT and Shp-21/2–WT chimeric embryos were dissected at 14.5 d.p.c.
Individual fetal livers were isolated in a-MEM plus 15% FCS and disaggregated
mechanically into single-cell suspensions. Nucleated cells (2.5 3 104/ml) were
plated for CFU assays as described in the legend to Fig. 3. After 6 to 7 days of
culture, total and ES cell-contributed BFU-E, CFU-GM, and CFU-GEMM
progenitor cells were scored for each fetal liver.
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an important role in hematopoiesis. Generation of definitive
hematopoietic progenitor cells from Shp-22/2 ES cells was
blocked in the fetal liver and bone marrow in chimeric animals.
However, Shp-21/2 cells steadily contributed to both erythroid
and myeloid cell lineages, in a proportion consistent with their
overall contribution in chimeras. This observation, while con-
firming our previous result that the Shp-2 mutation blocks
hematopoietic cell differentiation from ES cells in vitro (26),
also indicates that the hematopoietic defect is cell autono-
mous.

Although the nature of the requirement for Shp-2 in hema-
topoiesis is unclear at this stage, it is very likely that Shp-2
might act at multiple “checkpoints” of hierarchical blood cell
differentiation during embryogenesis. Shp-2 is highly expressed
in undifferentiated and differentiating ES cells at various stages
as well as in developing mouse embryos (5, 26). Our previous
reverse transcriptase PCR analysis detected the expression of
several marker genes for hematopoietic progenitor cells, such
s CD34 and AIC-2B, in Shp-22/2 embryoid bodies, albeit at
reduced levels (26). This would suggest that the Shp-2 mu-
tation did not completely block the commitment of hema-
topoietic stem and progenitor cells. However, the Shp-22/2

progenitors, if any, are apparently defective in their further
development into mature blood cells, as revealed in this study.
Presumably, Shp-2 is involved in cytoplasmic signaling path-
ways that regulate the proliferation and differentiation of he-
matopoietic stem and progenitor cells. Treatment of ES cells
with SCF induced Erk kinase activation, but this induction was
completely blocked in Shp-22/2 ES cells (26). We have also
found that Shp-2 physically interacts with and gets tyrosine
phosphorylated by the c-kit receptor kinase upon SCF binding
in blood cells (35). These biochemical data strongly support
the notion that Shp-2 is a critical signal transducer downstream
of c-kit in mediating hematopoiesis. Further investigation would
involve the physical enrichment of any Shp-22/2 progenitor
cells and determination of signaling defects that are responsi-
ble for the impaired differentiation capacity. Complementation
of Shp-22/2 ES cells with constitutively active mutants in the
Ras-Erk kinase pathway may also help us to define the molec-
ular basis for Shp-2 function in cytoplasmic signaling for he-
matopoiesis.

Chimeric animal analysis has provided an unprecedented
opportunity to identify the functions of genes involved in the
regulation of the developmental behavior of hematopoietic
stem cells. This approach has yielded fundamental insights into
the molecular mechanism of control of hematopoiesis by sev-
eral transcription factors, including GATA-2 and SCL/tal-1

(24, 27, 37). Deletion of the genes blocked development of
all blood cell lineages in chimeric animals, while no obvious
pathological changes were found in other tissues, due to the
specific gene expression pattern. We now demonstrate that this
system can also be of great value in dissecting functions of a
widely expressed gene, such as Shp-2. In this case, chimeric
analysis not only reveals a requirement for an essential gene in
the control of hematopoiesis but also uncovers its functional
involvement in the differentiation and functions of various
tissues, which are otherwise masked by the early embryonic
lethality of homozygous mutant animals. Thus, this approach
will allow detection of a biased suppression of different phys-
iological processes by a specific gene mutation. In this study,
we have shown that Shp-2 plays an indispensable role in he-
matopoiesis, while its functional involvement in other systems
could be compensated to a certain degree, resulting in mild-
to-severe pathological changes in various organs.

Previous studies have indicated that Shp-2 plays a critical
role during gastrulation in the formation of axial mesodermal
(node and notochord) and paraxial mesodermal (somite)
structures (29). Development and posterior elongation of the
notochord from the node is severely impaired, delayed, or
incomplete. In severely affected Shp-22/2 embryos, there is not
even a distinguishable node. The well-developed animals dis-
play varying degrees of posterior truncation and lateral pro-
jection of the notochord. The development of somites is also
blocked or severely reduced. In the present study, we observed
a corresponding abnormal phenotype at later stages of devel-
opment in Shp-22/2–WT chimeric animals. Consistent with
the defects in the notochord in Shp-22/2 embryos, the Shp-2
deficiency caused split lumbar vertebra structures with abnor-
mal cell accumulation in one vertebral body in chimeras. In
addition, most chimeric mice displayed truncations of terminal
structures, as evidenced by short legs or aberrant digit forma-
tion. These results are consistent with those of a previous study
showing that interference with Shp-2 function by injecting a
catalytically inactive Shp-2 mutant mRNA into Xenopus em-
bryos caused severe posterior truncations (34). Limb bud ini-
tiation and subsequent patterning in development is derived
from immediate mesoderm (10). In this process, fibroblast
growth factors (FGFs) play a central role and stimulate the

FIG. 6. Defective hematopoiesis in Shp-22/2 yolk sacs. Yolk sacs at 8.5 to
9.0 d.p.c. from Shp-21/2 3 Shp-21/2 crosses were carefully dissected free of
maternal tissues under sterile conditions in a-MEM plus 15% FCS and were
disaggregated by passing them through a 22-gauge needle. After being washed
once in a-MEM, whole yolk sac cells were plated for the CFU assay. Error bars
indicate standard deviations.

FIG. 5. Contribution of Shp-22/2 cells in whole embryos. Chimeric and non-
chimeric embryos were dissected at 14.5 d.p.c. and subjected to genomic DNA
extraction. Southern blot analysis was performed for determination of the rela-
tive contribution of Shp-22/2 cells versus that of the parental embryo, as de-
scribed in the legend to Fig. 2b. Densitometry of the WT (wt) and mutant (mt)
bands showed that the percent contribution from ES cells for the five chimeras,
from left to right, was 31.1, 35.1, 44.8, 63.0, and 41.4.
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FIG. 7. Abnormalities of terminal and skeletal structures in Shp-22/2–WT chimeras. (a) Examples from one nonchimeric animal and two chimeric animals are
shown. Chimeras were recognized by agouti eye color at birth. The abnormality in hind-leg development was obvious. (b) Newborn Shp-22/2–WT chimeric pups and
nonchimeric controls were eviscerated and fixed in 100% ethanol and acetone. Skeletal specimens were prepared as described in the text. Structural changes were
examined and photographed under a dissecting microscope. (c) WT animal; (A and D) typical representatives of Shp-22/2–WT chimeras; (B) WT mouse hind foot
with five fingers and four different abnormal feet from Shp-22/2–WT chimeric mice.
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outgrowth of cells located in the limb bud. FGFs are highly
expressed in this area and are closely linked to the determina-
tion of cell fate in limb development. Biochemical evidence
indicates that Shp-2 is a positive signal transducer downstream
of FGF receptors in mediating the activation of Erk kinases
(29, 34). A similar defect in axial mesodermal patterning and
early postimplantation development was also observed in
FGFR-1 knockout mice (3, 40). Therefore, defective FGF sig-
naling caused by the Shp-2 mutation might explain in part the
abnormalities in terminal and skeletal structures in Shp-22/2–
WT chimeric animals. In addition, we have observed that Shp-
22/2 fibroblasts, like focal adhesion kinase (FAK)-deficient
cells (9), are impaired in their ability to migrate and spread on
fibronectin and display an increased number of focal adhesion
sites (41). Interestingly, FAK2/2 embryos die at midgestation
with a phenotype similar to that of Shp-2 mutant embryos,

having severe defects in mesodermal patterning and posterior
truncations (7, 9). These results suggest that Shp-2 might work
in concert with FAK in mediating the formation of posterior
structures during mouse development.

In summary, we provide genetic evidence that Shp-2, a wide-
ly expressed phosphatase, participates in a variety of intracel-
lular signaling pathways and functions at different develop-
mental stages. In hematopoiesis, Shp-2 might be required in
the commitment and differentiation of hematopoietic stem
and/or progenitor cells.
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