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The Crk adaptor protein, which is encoded by two splice variants termed Crkl and CrklI, contains both SH2
and SH3 domains but no catalytic region. It is thought to function in signal transduction processes involved
in growth regulation, cell transformation, cell migration, and cell adhesion. Although the function of Crk has
been studied in considerable detail in cell culture, its biological role in vivo is still unclear, and no Crk-
knockout mouse model has been available. Therefore, we generated a complete null allele of Crk in mice by
using the Cre-loxP recombination approach. The majority of Crk-null mice die at late stages of embryonic
development, and the remainder succumb shortly after birth. Embryos lacking both CrkI and CrklII exhibited
edema, hemorrhage, and cardiac defects. Imnmunohistochemical examination suggested that defects in vascular
smooth muscle caused dilation and rupturing of blood vessels. Problems in nasal development and cleft palate
were also observed. These data indicate that Crk is involved in cardiac and craniofacial development and that
it plays an essential role in maintaining vascular integrity during embryonic development.

v-Crk was originally identified as a chicken tumor virus on-
coprotein (14). Although it does not contain any known cata-
lytic domains, v-Crk induces a remarkable increase in tyrosine
phosphorylation in transformed cells. Mutations in either the
SH2 or SH3 domains of Crk abrogate its cell-transforming
activity, a finding that suggests that the domains are essential
for oncogenesis. Crkll, a cellular counterpart of v-Crk, is
located on chromosome 17p13.3 in humans (13, 21). It contains
a single SH2 domain and two SH3 domains. Alternative splic-
ing generates Crkl, which lacks the C-terminal SH3 domain,
and CrkIII, which has a modified, nonfunctional C-terminal
SH3 domain. A similar but distinct Crk-like gene, CrkL, is
located on chromosome 22q11.21 in humans. CrkL is similar to
Crk in amino acid composition and overall domain structure.
Crk and CrkL are expressed ubiquitously (2). The SH2 domain
of Crk interacts with many phosphotyrosine-containing pro-
teins, including paxillin (p70), p130<*, and c-Cbl. The SH3
domain of Crk interacts with proline-rich domains in several
proteins, including C3G, DOCK180, and the Abl family. Crk
and CrkL contribute to a variety of signaling pathways that
influence cell morphology, cell movement, cell proliferation,
and differentiation (for review, see reference 5).

CrkL-knockout mice exhibit defects in multiple cranial and
cardiac neural crest derivatives, and they do not survive em-
bryogenesis (6). Interestingly, the steady-state level of Crk
protein was not altered by the absence of CrkL. This result,
together with the embryonic lethality of CrkL-knockout mice,
suggests that Crk does not compensate for CrkL functions in
vivo. Imaizumi et al. (8) reported a gene-trap mutation in the
mouse Crk gene in which truncated Crkl-like proteins lacking
the C-terminal SH3 domain were expressed. This CrkII-spe-
cific gene disruption did not result in any obvious abnormali-
ties, which suggests that the C-terminal SH3 domain of CrkII
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is not essential. However, it is still unclear whether CrklI can
compensate for the loss of CrkII or whether the loss of both
CrkI and CrklII can be compensated for by CrkL. Therefore, it
is necessary to generate Crk-knockout mice lacking both CrkI
and CrklII to address the in vivo functions of these variants.
Here we show that CrkI and CrkII are essential for normal
embryonic development and that their in vivo functions are
distinct from those of CrkL.

MATERIALS AND METHODS

Construction of the targeting vector and generation of Crk-null mice. Crk
genomic DNA was obtained by screening 129S6/SvEvTac RPCI-22 mouse bac-
terial artificial chromosome high-density membranes (Invitrogen) using the
273-bp Southern probe Crk-U1E3 (Fig. 1A, green bar). Crk-U1E3 contains 149
bp of the first exon of Crk and the adjacent 124 bp of the 5 upstream region and
was amplified using the following PCR primers: Crk-U1E3F (5'-AGGACTCC
GTTTCCCTTCTC-3") and Crk-UIE3R (5'-GCCCCAGTACCAGCTACTCC-
3"), with mouse tail genomic DNA as a template. An 11-kb KpnI genomic
fragment containing the first exon of Crk was isolated and subcloned into the
pBluescript IT KS— vector. Then a 52-bp oligonucleotide containing loxP and a
2.8-kb neomycin resistance-thymidine kinase (NeoTk) cassette flanked by loxP
sites were sequentially inserted into the Sacl and Clal restriction enzyme sites,
respectively. The gene-targeting vector was linearized with Spel and electropo-
rated into 129/SvEv mouse embryonic stem (ES) cells (Specialty Media) accord-
ing to the manufacturer’s instructions. Genomic DNA from ES cells was pre-
pared by the conventional phenol-chloroform method, digested with either Scal
or Sacl, and probed with Crk-5U9 (Fig. 1A, blue bars) and Crk-3DS2 (Fig. 1A,
purple bars), respectively. Crk-5U9 was amplified using Crk-5U9F (5'-TCCCT
ACAACCCCTTAACCC-3') and Crk-5U9R (5'-GCCTTGGTGATGAGAAGC
TC-3"). Crk-3DS2 was amplified using Crk-3DS2F (5'-TGGGCATCTTCCTCT
ATTGC-3") and Crk-3DS2R (5'-ACAGAAGCCAGCTCCCACTA-3'). ES
clones with a normal karyotype in which homologous recombination had oc-
curred were transfected with pMC-Cre plasmid and selected with ganciclovir
(Roche) to obtain both floxed and knockout alleles. Three types of Cre recom-
bination products, depending on the extent of recombination, were distinguished
using the three Southern probes as described above, in addition to the wild-type
and intact homologous recombinant alleles. Finally, ES clones with normal
karyotype were selected and microinjected into mouse blastocysts. Chimeric
mice, which were identified by coat color, were bred with C57BL/6 mice. Germ
line transmission was confirmed initially by PCR (see below) and then by South-
ern hybridization analysis. Mouse colonies were maintained on a mixed back-
ground of C57BL/6 and 129SvEv. All mouse studies were carried out according
to protocols approved by the Institutional Animal Care and Use Committee at
St. Jude Children’s Research Hospital.
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FIG. 1. Targeted disruption of Crk in mice. (A) Schematic diagram of wild-type, homologous recombinant, floxed, and knockout alleles of Crk.
Red triangles represent loxP sites. The relevant restriction sites Scal (Sc), KpnlI (K), Sacl (Sa), and Clal (C) and locations of probes (thick colored
bars) for Southern blotting are indicated. (B) Southern blot analysis of the genomic DNA from embryos. Two independent DNA samples from
each genotype were digested with Sacl and then analyzed. WT, wild type. (C) Western blot analysis of total protein lysates from MEFs. An anti-Crk
antibody was used to detect the endogenous CrkI and CrklII proteins in two independent samples from each genotype.

PCR genotyping. Genomic DNA from mouse tails or embryonic yolk sacs was
prepared either by the conventional phenol-chloroform extraction method or by
using the DNeasy kit (QIAGEN). The following three primers were used to
genotype Crk alleles: CGT1 (5'-GGGTGACCTGAGAACTGACC-3"), CGT2
(5'-TCACTTATCCTGGGAATTGGA-3"), and CGT3 (5'-CAGCTCGGACTG
CAGAATG-3"). Combination of the CGT1 and CGT3 primers amplifies floxed
and wild-type alleles with PCR products of 231 bp and 134 bp, respectively.
Combination of the CGT2 and CGT3 primers amplifies only knockout alleles
with a 420-bp product. PCR was performed for 30 cycles of 94°C, 55°C, and 72°C
(1 min each) using the QIAGEN Tuaq polymerase and Robocycler (Stratagene).

Preparation of MEFs. Mouse embryonic fibroblasts (MEFs) were prepared as
follows. Embryos derived from intercrosses of Crk*/~ mice were harvested at
embryonic day 13.5 (E13.5). Heads and viscera were removed and used to extract
genomic DNA for Southern hybridization analysis. The remaining embryonic
tissue was minced and treated with trypsin-EDTA (Invitrogen), and dissociated
cells were cultured in Dulbecco’s modified Eagle’s medium (Cambrex) supple-
mented with 10% fetal bovine serum (HyClone), L-glutamine, penicillin, and
streptomycin at 37°C under 5% CO,.

Western blot analysis. Western blotting was carried out as described previ-
ously (11). Lysates of MEFs were prepared using 1% NP-40 lysis buffer contain-
ing 20 mM Tris-HCI adjusted to pH 7.5, 150 mM NaCl, 1 mM EDTA, 20 mM
NaF, 0.5 mM Na;VO,, 10% glycerol, and the protease inhibitor cocktail Com-
plete Mini (Roche). After quantifying the protein content of each cell lysate
using the Bio-Rad protein assay kit, total cell lysates containing the same amount

of protein were loaded, separated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis, and transferred to nitrocellulose membranes (Invitrogen).
Membranes were then subjected to Western blot analysis using anti-Crk (BD
Pharmingen), anti-CrkL (c-20; Santa Cruz), and anti-Shp2 (sc-7384; Santa Cruz)
antibodies. Immunodetection was performed using the WestDura chemilumi-
nescence kit (Pierce).

Morphological and histological analyses. Embryos at different stages were
dissected from mouse uteri and carefully examined under a dissecting micro-
scope to determine whether they were alive by detecting the heartbeat and the
blood supply to the yolk sac. Only live embryos were processed. Embryos and
placentas were fixed overnight in 4% paraformaldehyde at 4°C, rinsed with
phosphate-buffered saline (PBS; Mediatech), and incubated in PBS at 4°C until
use. Where indicated, pictures of whole mouse embryos were taken after fixation.
Fixed embryos were embedded in paraffin and sectioned at a thickness of 5 pm.
Every tenth section was stained with hematoxylin and eosin, and sections with
similar anatomical planes were chosen to take images. Slides were photographed
using an Axioplan Zeiss microscope (Zeiss) and an RT color SPOT camera
(Diagnostic Instruments) to obtain pictures of whole mouse embryos.

Immunohistochemistry. Sections embedded in paraffin were processed for
deparaffinization and rehydration followed by antigen retrieval in 10 mM sodium
citrate at 80°C, as described previously (22). Slides were treated with 1% H,0,,
blocked in PBS supplemented with 3.5% bovine serum albumin, and incubated
with anti-smooth muscle actin (SMA) antibody (1A4; DakoCytomation) and
anti-CD34 antibody (RAM34; PharMingen) overnight at room temperature.
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Immunoreactivity was detected using the Vectastain Elite ABC kit (Vector
Laboratories) and the diaminobenzidine reagent set (Kirkegaard and Perry Lab-
oratories) according to the manufacturers’ instructions. Slides were dehydrated,
mounted by standard techniques, and analyzed using an Olympus BX60 micro-
scope. Images were acquired with a Hamamatsu (Bridgewater) C5810 video
camera and imported directly into Adobe Photoshop 7.0 (Adobe Systems).

RESULTS

Generation of Crk-deficient mice. Because it was unclear
whether Crk-null mice would be viable, we used the Cre-loxP
system to generate both complete null and floxed alleles. The
targeting construct contained the first exon of Crk, flanked by
two loxP sites, and followed by a NeoTk and another loxP site
(Fig. 1A). ES cells harboring the homologous recombinant
allele were selected, and Cre excision was induced by trans-
fecting the ES cells with a Cre-expressing plasmid. ES cells
carrying either the null or the floxed alleles were successfully
obtained. Crk-heterozygous ES cells with a normal karyotype
were injected into mouse blastocysts, and a C57BL/6 X 129
chimera that exhibited germ line transmission was obtained.
Crk™'~ mice born from the mating between the chimera and
C57BL/6 wild-type mouse were viable and did not exhibit any
gross defects.

Breeding among Crk*/~ mice was carried out, and MEFs
and genomic DNA were prepared from the embryos. PCR
(data not shown) and Southern hybridization analysis (Fig. 1B)
of the genomic DNA showed that the wild-type Crk allele was
absent in Crk~/~ MEFs, whereas Crk*/~ MEFs contained both
wild-type and Crk-null alleles. Western blot analysis of the
MEF lysates clearly indicated that Crkl and CrkII proteins
were not detected in Crk~/~ MEFs and that their expression
was reduced in Crk*/~ MEFs (Fig. 1C). On the other hand,
there was no obvious change in the expression of a closely
related protein, CrkL, or that of an SH2-containing tyrosine
phosphatase, Shp-2. These results suggest that deletion of the
first exon of the Crk gene leads to the complete loss of CrkI
and CrKkII proteins without affecting the CrkL expression.

Viability of Crk-null mice and embryos. Intercrosses among
Crk™'~ mice were performed, and all pups that died after birth
or survived to weaning were genotyped. Of 164 pups examined,
64 (39.0%) were wild type, 97 (59.1%) were Crk™'~, and only
3 (1.8%) were Crk~'~ (they died shortly after birth). These
results suggest that most Crk~/~ mice (about 95%) die before
birth and the few that are born die perinatally. Therefore, we
examined embryos from intercrosses at different stages and
used their yolk sacs to prepare genomic DNA for genotyping
(Table 1) to determine the timing of embryonic lethality. Be-
cause very few Crk™/~ pups were born, we collected embryos
from later stages of embryonic development. At E18.5, no
Crk™/'~ embryos examined were alive. At E17.5, 3 viable em-
bryos out of 44 (6.8%) were Crk~’~, and at E15.5, 7 embryos
out of 152 (4.6%) were Crk~'~. These results indicate that the
survival rate of Crk~'~ embryos at E15.5 through E18.5 is far
below the expected level of 25%. In contrast, at E13.5 and
E11.5, the survival rates for Crk™/~ embryos approached 25%.
We found 7 live Crk/~ embryos and 1 dead Crk ™/~ embryo at
E13.5 and 7 live and 21 dead Crk~’~ embryos at E15.5. This
finding suggested that the majority of Crk™’~ embryos die
during the period from E13.5 to E15.5. However, the time of
death was variable as a few embryos died later. (For example,
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TABLE 1. Genotype analysis of Crk*/~ intercrosses

Total no. of live No. with genotype“: Survival of
Stage embryos or Crk='~
pups examined ~ Crk™'*  Crk™'~  Crk™'~  embryos (%)
Embryonic
E11.5 29 9 14 6 20.7
E12.5 27 5 18 4 14.8
E13.5 29 5 17 7 24.1
E15.5 152 55 90 7 4.6
E17.5 44 15 24 3 6.8
E18.5 9 6 3 0 0
Postnatal 164 64 97 3* 1.8

@ All embryos were genotyped by analysis of yolk sacs. Crk™/* and Crk*'~ pups
were genotyped by tail samples at weaning; Crk~/~ pups were genotyped in the
same manner after they died.

b Crk-null pups died perinatally.

we found four dead Crk™/~ embryos at E17.5.) This variation
in the timing of lethality may be contributed to, at least in part,
by the mixed strain background. When the strain background
was shifted to an almost pure FVB background, most Crk /'~
embryos died at between E15.5 and E18.5 and they showed
similar phenotypes.

General phenotype of Crk-null embryos. The E11.5 Crk~/~
embryos did not show any obvious differences compared to
wild-type littermates (data not shown). In contrast, at E12.5,
Crk™'~ embryos exhibited small focal edema in the midline of
the craniofacial region (Fig. 2). The focal edema was generally
located on the tip of the snout and nasion, which is the surface
area between the eyes. At E13.5, focal edema on the snout and
nasion became enlarged and sometimes was filled with blood
cells. At E15.5, hemorrhagic edema was observed on the snout
and the nasion of all the live Crk™/~ embryos. Some mutants
exhibited hemorrhagic edema only on the snout, whereas oth-
ers had lesions both on the snout and the nasion (Fig. 2, red
arrows). In addition to focal and hemorrhagic edema, exten-
sive edema was observed on the head and back of some Crk ™/~
embryos at E13.5 and E15.5 (Fig. 2, yellow arrowheads). He-
matoxylin and eosin staining of Crk™/~ embryos at E12.5
clearly showed focal edema (Fig. 3B and C) that was not seen
in wild-type embryos (Fig. 3A). In addition, in some E15.5
Crk™'~ embryos, there was marked dilation of the left common
carotid artery of the heart (Fig. 3E and F, green arrows) and
hemorrhage into the lateral ventricle (Fig. 3F, orange arrow),
compared to what was seen in wild-type embryos (Fig. 3D).

The heart of Crk™/~ embryos looked different from that of
wild-type embryos (Fig. 3D to F); therefore, we examined the
E15.5 heart in greater detail. As shown in Fig. 4A and C, the
ventricle of the wild-type heart was surrounded by a thick
muscular wall consisting of tightly packed cells. In contrast, the
muscular wall of the Crk~/~ heart was thinner and contained
fewer loosely packed cells (Fig. 4B and D). Transverse sections
of wild-type embryos indicated well-developed ventricular
walls and an interventricular septum with a thick muscle layer
(Fig. 3E and G). In contrast, the ventricles in the Crk '~
embryonic heart were severely dilated, probably due to the
extremely thin and poorly developed muscular wall (Fig. 4F
and H).
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FIG. 2. General morphology of Crk™/~ embryos. Embryos at E12.5, E13.5, and E15.5 were dissected from mouse uteri and fixed in 4%
paraformaldehyde at 4°C overnight. Images of whole mouse embryos were taken before paraffin processing. Red arrows indicate hemorrhagic

edema on the snout and the nasion. Yellow arrowheads indicate edema.

Defects in blood vessels and vascular smooth muscle cells.
Crk™'~ embryos have obvious blood loss; therefore, we exam-
ined the integrity of their vascular endothelial and smooth
muscle cells. Hemorrhagic edema on the snout (Fig. 5A, arrow)
was analyzed by staining blood vessel endothelial cells with an
anti-CD34 antibody. As shown in Fig. 5B, the edema was
framed by CD34-positive endothelial cells, suggesting that it
occurred as a consequence of dilation of blood vessels. On
close examination, we found locally scattered, irregular distri-
bution of CD34-positive cells (Fig. 5B and C, arrows), which

indicated a rupture of blood vessels. However, there was no
obvious difference in the pattern of endothelial cell staining in
neighboring areas such as the mesenchyme below the epider-
mal layer in Crk~/~ embryos, compared with that of wild-type
littermates (Fig. 5D and E). In contrast, staining of vascular
smooth muscle cells in the head of E15.5 embryos revealed a
clear difference.

SMA staining in wild-type embryos was evident as solid ring
structures (Fig. 6A, C, and E). SMA staining was much weaker
in Crk~'~ embryos (Fig. 6B, D, and F) than in wild-type lit-



6276 PARK ET AL.

MoL. CELL. BIOL.

FIG. 3. Histological analysis of Crk~/~ embryos. Wild-type and Crk~/~ embryos at E12.5 (A and B) and E15.5 (D, E, and F) were embedded
in paraffin, and sagittal sections were obtained at a thickness of 5 um. (C) High magnification of the focal edema (blue arrowheads) in panel B.

(E and F) Arrows indicate aberrant accumulation of blood cells.

termates, when anatomically similar regions were compared.
Smooth muscle in Crk~/~ embryos was sometimes discontin-
uous (arrows in Fig. 6D), suggestive of the initial stage of blood
vessel disruption. Interestingly, most of the defective smooth
muscles were detected near the nasal cavity (Fig. 6G and H).
These observations indicate that smooth muscle cells in Crk ™/~
embryos, especially those in the head area, have a defect in
their ability to support blood vessels, making the blood vessels
prone to dilation and rupture.

Defective nasal development and cleft palate. Focal edema
and hemorrhagic edema developed at the tip of the snout, and
most of the defective smooth muscle was observed near the
nasal cavity; therefore, we further examined nasal develop-
ment in E15.5 coronal and sagittal sections. In wild-type E15.5
embryos, the nasal septum formed as a columnar structure,
through the midline, in the anterior of the nasal cavity. The
posterior nasal septum was divided into upper and lower parts,
leaving a gap in the midline (Fig. 7A). The bottom of the nasal
septum fused with the palatal shelves and the primary palate
above the oropharynx. However, in all Crk~/~ embryos exam-
ined, the separation was hampered due to edema in the middle
of the nasal septum, although the fusion of the nasal septum

with the palatal shelves and the primary palate was retained
(Fig. 7B, C, and G). In wild-type embryos, the gap posterior of
the nasal cavity in the midline becomes the nasopharynx and it
is separated from the oropharynx by the palate (Fig. 7D). In
contrast, in Crk™/~ embryos, either edema developed in the
midline above the fused palate (Fig. 7E and H) or a cleft palate
was observed (Fig. 7F).

Sagittal sections of E15.5 embryos clearly indicated edema
in the nasopharynx. The inside of the nasopharynx in wild-type
embryos was clear (Fig. 71 and L), but that of Crk~/~ embryos
showed edema at the anterior end, where the primary palate
fuses with the nasal septum (Fig. 7J and K). Close comparison
of the nasopharynges of Crk~/~ embryos (Fig. 7M and N) and
wild-type embryos (Fig. 7L) revealed that in the mutant em-
bryos, the mucosal epithelium separates from the submucosa,
resulting in a space filled by extracellular fluid.

DISCUSSION

Our study clearly demonstrates that Crk is essential for em-
bryonic development and provides some insight into the in vivo
functions of Crkl and CrkII. Although Crk and CrkL have
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FIG. 4. Histological analysis of the Crk™/~ embryonic heart. Wild-type (A, C, E, and G) and Crk~/~ (B, D, F, and H) embryos at E15.5 were
embedded in paraffin, and sagittal sections were obtained at a thickness of 5 wm. Sections were then stained with hematoxylin and eosin, and
anatomically matching images of heart tissue were taken. The ventricles (V) in the Crk '~ embryos were markedly dilated, and the ventricular walls
(double-headed arrows) and interventricular septum (VS) were strikingly thin compared to those structures in the wild-type littermates. Panels C,
D, G, and H are high-magnification images of boxes in panels A, B, E, and F, respectively. Bar, 100 pwm.
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FIG. 5. CD34 immunostaining of Crk™/~ embryos. Sagittal paraffin sections from E15.5 Crk™’~ and wild-type littermates were stained with
anti-CD34 antibody and counterstained with hematoxylin. (A) Two hemorrhagic edemas are present on the nasion (arrowhead) and tip of the
snout (arrow). (B) High-magnification view of the hemorrhagic edema on the tip of snout. CD34-labeled endothelial cells are stained brown. The
hemorrhagic edema is not lined with endothelial cells (arrow), which suggests the presence of a ruptured blood vessel. The ruptured blood vessel

can be seen clearly at higher magnification (C). CD34 immunostaining of the region between the two areas of hemorrhagic edema in a Crk™/~

embryo shown in the box in panel A (E) was compared with that of a corresponding region in a wild-type littermate (D). Hemorrhagic edema (he),
mesenchyme (mc), and epidermal layer (ep) are marked. Bar, 50 pm.

similar primary structures and a high level of amino acid se- ablation of CrkIl in a gene-trap mutant mouse that still ex-
quence identity (60%), the observation of embryonic lethality pressed Crkl (8) showed no obvious phenotype, the majority
of both Crk™’~ and CrkL ™/~ mice suggests that each gene (about 95%) of Crk~'~ embryos died at late stages of embry-
plays a unique biological role during development. Although onic development. The most likely explanation for this differ-
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with anti-SMA antibody and counterstained with hematoxylin. (A to F) High-magnification views of SMA staining. A, C, and E (wild-type)
anatomically correspond to B, D, and F (Crk~'"), respectively. (G and H) Locations of B, D, and F are indicated as boxes. Defective regions
(arrows), hemorrhagic edema (*), nasal cavity (n), upper lip (u), and tongue (t) are marked. Bar, 25 pm.

ence is that Crkl and CrkII play distinct biological roles and case, it appears that the common region of Crkl and CrklI,
that only CrkI is necessary for development. Another possibil- including the SH2 domain and the N-terminal SH3 domain, is
ity is that CrkI and CrkII have redundant functions and there- crucial for development, whereas the C-terminal SH3 domain
fore one is enough to secure normal development. In either of CrkII is not.
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paraffin, and coronal and sagittal sections were obtained. Paraffin sections were stained with hematoxylin and eosin, and matching images of the
nasal parts were taken. (A to F) Panels A, B, and C are anatomically matching coronal sections that are anterior to panels D, E, and F, respectively.
(G and H) High-magnification views of the edema formed in panels C and E, respectively. (I to N) Panels I, J, and K are anatomically matching
sagittal sections, and their high-magnification views of the nasopharynx are shown in panels L, M, and N, respectively. Nasal cavity (nc), nasal
septum (ns), cartilage primordium of nasal septum (cn), edema (*), palate (p), cleft palate (cp), nasopharynx (np), and oropharynx (op) are

marked. Bar, 250 pm.

Most of the proteins that interact with the SH3 domains of
Crk, including C3G, DOCKI180, the Abl family, HPK1, KHS,
and phosphatidylinositol 3-kinase, bind to the N-terminal SH3
domain (reviewed in reference 5). The function of the C-
terminal SH3 domain of CrklI is still poorly understood. In
overexpression studies, CrklII is significantly less active than
CrkI at inducing tyrosine phosphorylation of p130**, morpho-
logical alterations, and cell transformation (13, 16). This find-
ing suggests that the C-terminal SH3 domain plays a negative
regulatory role.

Recently, the C-terminal SH3 domain and an adjacent linker
region were shown to be necessary for transactivation of the

ADlI tyrosine kinase (20). In addition, the C-terminal SH3 do-
main of CrkII was found to be required for engulfment of
apoptotic cells and cell spreading on extracellular matrix in C.
elegans (1). Therefore, our study, together with these previous
reports, suggests that Crkl plays essential roles in develop-
ment, whereas the C-terminal SH3 domain of CrkII contrib-
utes regulatory functions under certain circumstances. Mice
lacking C3G, a guanine nucleotide exchange factor that binds
to Crk and CrkL, die before E7.5 (17), which is earlier than the
major period of lethality of Crk- or CrkL-mutant mice. There-
fore, we cannot rule out the possibility that Crk and CrkL have
both redundant and nonredundant functions during develop-
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ment, and it is still unclear whether CrklII is sufficient to re-
place CrkI.

The edema and hemorrhagic edema observed on the snout
of Crk™/'~ embryos were similar to those observed in C3G5"#'
mutant mice, which express a fusion protein encoding the first
19 amino acids of C3G followed by B-galactosidase and neo-
mycin phosphotransferase (27), although the reported hemor-
rhage near the hindbrain of C3G*”%' embryos was not observed
in Crk™/~ embryos. Furthermore, both mutants exhibit similar
defects in smooth muscle cells. These results are consistent
with observations indicating that Crk and C3G are closely
connected in many signaling pathways. Interestingly, in vascu-
lar smooth muscle cells, Crk and its substrate p130“** function
in angiotensin II signaling to mediate smooth muscle contrac-
tion (23, 24). Recently, Crk and p130“* were shown to play
similar roles in regulating actin dynamics and smooth muscle
contraction (25, 26). In addition, mice lacking p130<** exhib-
ited dilated blood vessels (7). Therefore, the p130“**-Crk-C3G
pathway most likely contributes to the maintenance of vascular
integrity by regulating smooth muscle contraction.

The placenta of Crk~'~ embryos developed normally (data
not shown); thus, it is quite possible that the cardiovascular
failure in Crk~’~ embryos such as the poorly developed heart
and defects in blood vessels results in a significant compromise
of the circulatory system and leads to embryonic lethality.
However, given the broad role of Crk in a variety of biological
processes, we cannot rule out the possibility that other, unde-
tected defects contribute to the death of Crk-null embryos.

Cleft palate was observed occasionally in Crk~/~ embryos.
Cleft palate is a multifactorial disease that often results from a
combination of genetic and environmental factors (reviewed in
reference 9). Mice deficient in growth factors and growth fac-
tor receptors such as transforming growth factor g3 (10, 18),
platelet-derived growth factor C (PDGF-C) (3), and epidermal
growth factor receptor (EGFR) (15) also exhibit cleft palate.
Because Crk functions in growth factor receptor signaling
pathways, it may participate in palate formation by mediating
the signals downstream of multiple growth factor receptors or
non-receptor tyrosine kinases. The partial penetration of the
defect in Crk~'~ mice indicates that other factors can compen-
sate for the loss of Crk.

In contrast to the low frequency of the cleft palate pheno-
type, edema at the anterior end of the nasopharynx, where
nasal septum and the primary palate fuse, was detected in all
Crk™'~ embryos examined. We do not yet understand the
biological significance of edema in the nasopharynx; the pre-
cipitating cause of edema on the face and in the nasopharynx
is also unclear. One possible explanation is that a defect in the
mucosa/submucosal layers leads to separation of the two layers
and provides a space that can fill with extracellular fluids.
Interestingly, cleft palate and hemorrhagic edema on the face
have also been seen in PDGF-C-deficient mice (3). Most of the
defects found in Crk™/~ embryos, including hemorrhagic
edema, defective vascular smooth muscle cells, and edema in
the nasopharynx, occurred primarily at the midline of the head.
Since EGFR signaling is required for formation of head mid-
line structures in Drosophila (4), Crk may specifically contrib-
ute to the formation of some midline structures by signaling
downstream of EGFR.

Both Crk and CrkL have been reported to be ubiquitously
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expressed during development (2). Furthermore, Prosser et al.
(19) reported mRNA and protein expression for all Crk pro-
teins in all mouse tissues tested (including the heart). We
confirmed the broad expression pattern of Crk and CrkL in
early embryos, including the developing heart and the cranio-
facial region affected by the absence of Crk, in our recently
published Gene Expression Atlas (GENSAT) project (http://www
stjudebgem.org/web/view/probe/viewProbeDetails.php?id=401
and http:/swww.stjudebgem.org/web/view/probe/viewProbeDetails
.php?id=402) (12). We have been able to grow fibroblasts
from E13.5 Crk™/~ embryos, and so far they exhibit normal
growth properties. At present, it is hard to pinpoint exactly
which cells cause the developmental abnormalities we report
here and it is possible they are consequences of early develop-
mental errors that could either be cell extrinsic or cell intrinsic.
The best way to address these interesting possibilities and to
investigate the complex biological functions of both Crk and
CrkL will be to use conditional alleles.
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