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Vascularization defects in genetic recombinant mice have defined critical roles for a number of specific
receptor tyrosine kinases. Here we evaluated whether an endothelium-expressed receptor tyrosine phospha-
tase, CD148 (DEP-1/PTPy), participates in developmental vascularization. A mutant allele, CD148*<YS** was
constructed to eliminate CD148 phosphatase activity by in-frame replacement of cytoplasmic sequences with
enhanced green fluorescent protein sequences. Homozygous mutant mice died at midgestation, before embry-
onic day 11.5 (E11.5), with vascularization failure marked by growth retardation and disorganized vascular
structures. Structural abnormalities were observed as early as E8.25 in the yolk sac, prior to the appearance
of intraembryonic defects. Homozygous mutant mice displayed enlarged vessels comprised of endothelial cells
expressing markers of early differentiation, including VEGFR2 (Flk1), Tall/SCL, CD31, ephrin-B2, and Tie2,
with notable lack of endoglin expression. Increased endothelial cell numbers and mitotic activity indices were
demonstrated. At E9.5, homozygous mutant embryos showed homogeneously enlarged primitive vessels defec-
tive in vascular remodeling and branching, with impaired pericyte investment adjacent to endothelial struc-
tures, in similarity to endoglin-deficient embryos. Developing cardiac tissues showed expanded endocardial
projections accompanied by defective endocardial cushion formation. These findings implicate a member of the
receptor tyrosine phosphatase family, CD148, in developmental vascular organization and provide evidence

that it regulates endothelial proliferation and endothelium-pericyte interactions.

A number of cell surface receptors coupled with activating
ligands play central roles in the coordination of embryonic
vascular development and postnatal neovascularization (11,
37). Prominent among these coordinators of development and
neovascularization are vascular endothelial growth factor
(VEGF) and its receptors VEGFRI1 and -2 (Flt-1 and KDR/
FIk1); ephrin-B2 and its receptor EphB4; angiopoietins 1
and 2 and the Tie2 receptor; platelet-derived growth factor
(PDGF)-B and PDGF receptor; receptors for the transform-
ing growth factor B (TGFRB) superfamily (TGFR type II recep-
tor, activin-receptor-like kinase 1 [Alk1], and endoglin) (32, 34,
35); and Jaggedl and Notchl and -4 (28, 51).

Coordinated assembly of vascular elements requires regu-
lated signaling to control at least three functional components
of the process. These include (i) differentiation and expansion
of endothelial progenitors, (ii) assembly and differential
growth of interconnecting vascular networks, and (iii) progres-
sive investment and maturation of vessels with supportive
structures, including either pericytes (PCs) or vascular smooth
muscle cells (vSMCs). The VEGFs and their receptors are
required for endothelial differentiation and primary capillary
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plexus formation in vasculogenesis (18). Both the ephrin-B2
transmembrane counterreceptor and EphB4 receptor are es-
sential for interconnection and maturation of primary arterial
and venous limb vascular plexus structures (1). PDGF-B and
PDGFp receptors participate in PC differentiation and recruit-
ment (33). The angiopoietins and Tie2 receptor mediate vas-
cular remodeling and maturation by regulating endothelial
sprouting and endothelium-PC interactions (23).

Although coupled and counterbalancing roles for receptor
tyrosine kinases and phosphatases have been well defined in
neural targeting and differentation systems (13, 48), functional
roles for endothelial receptor tyrosine phosphatases have yet
to be defined in vascular development. Within the very large
family of receptor protein tyrosine phosphatases, RPTPp,
HPTPR/VE-PTP, and CD148/DEP-1/PTPy are known to be
expressed on vascular endothelial cells. RPTPw mediates ho-
mophilic intercellular binding, associates with cadherin-cate-
nin complexes, and appears to participate in endothelial inter-
cellular adhesion (6, 9). VE-PTP/HPTP is widely expressed in
endothelium throughout mouse development and associates
with Tie2 receptor, reducing the phosphotyrosine content of
the receptor (17). CD148/DEP-1/PTPn is expressed in a range
of hematopoietically derived cell lineages (12) as well as in the
vascular endothelial cells of the arterial and capillary vessels of
a number of organs (7, 45).

CD148 has been implicated in the arrest of cell growth and
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activation in a number of settings, and several of its features
are distinct from those of other endothelium-expressed recep-
tor tyrosine phosphatases. Initially identified in a HeLa cDNA
library by homology cloning, CD148/DEP-1 was shown to in-
crease in abundance in densely cultured lung fibroblasts (thus
the name “density-enhanced phosphatase”) (36). As a member
of a small subfamily of receptor tyrosine phosphatases, CD148
is a type I membrane protein comprised of at least eight ex-
tracellular fibronectin type III motifs, a membrane-spanning
region, and a single intracellular phosphatase domain (36). In
addition to its expression in hematopoietic and endothelial
lineages, CD148 is expressed in duct epithelia of thyroid and
mammary tissues (27, 53). Reduction of CD148 expression
correlates with a malignant phenotype in thyroid tumors and
breast cancer-derived cell lines (27, 53). Its expression is in-
duced during differentiation of breast tumor cells and eryth-
roleukemia cells (27, 29). Induced overexpression of CD148
inhibits tumor cell growth by suppressing mitogen-activated
protein kinase activation and increasing p27 stability (47).
CD148 overexpression inhibits c-fos and cyclin A promoter
activity in endothelial cells (43). Inducible expression of
CD148 inhibits coupling of T-cell activation to phospho-
lipase-yl dephosphorylation and LAT reduction (2). More
recently, Ptprj (CD148) has been shown to be a candidate for
the mouse colon-cancer susceptibility locus, Sccl, and has been
found to be frequently mutated in human cancers (40). In the
aggregate, these findings argue that CD148 imposes regulation
of cell growth and differentiation.

Our finding that CD148 is expressed at high levels in endo-
thelia, including developing renal vascular endothelia, led us to
address whether its function is important in developmental
vascularization. Here we report the generation of homologous
recombinant mice expressing a mutant CD148 (CD1484<YCFF)
from which cytoplasmic phosphatase sequences have been re-
moved and substituted in frame by sequences encoding en-
hanced green fluorescent protein (EGFP) to create a CD148/
GFP fusion protein. Developmental consequences of this
knock-in mutation in homozygous mutant embryos are severe,
with death at 10.5 days of gestation, accompanied by failure of
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developmental vascularization and associated growth retarda-
tion.

MATERIALS AND METHODS

Targeted disruption of the mouse CD148 gene. A 12-kb genomic fragment
encoding the catalytic domain of PTPB-2/Byp-1 (a murine homologue of human
CD148) (29, 30) was isolated from a 129/Sv genomic library (Stratagene). An
EGFP-coding gene (Clontech) was fused in frame to the murine CD148 gene at
the Kpnl site. This EGFP insertion results in a catalytically inactive CD148-GFP
fusion gene (CD1482<YSFP) substituting GFP for the C-terminal 117 amino acid
residues containing essential cysteine and the surrounding core motif. An addi-
tional EcoRI site was introduced into the mutant allele to distinguish wild-type
(10.0 kb) from targeted (2.5 kb with a 5" probe and 8.5 kb with a 3’ probe) alleles
when probed with a 5" probe, a 0.5-kb EcoRI-Af1I fragment, and a 3’ external
probe, a 0.9-kb PstI-PstI genomic fragment. The pMCDT-A (A+T/pau) vector
(52) and a loxP-flanked neo cassette (from T. Yagi, National Institute for Phys-
iological Sciences, Okazaki, Japan) were used to construct the targeting vector.
TL1 embryonic stem (ES) cells (54) were electroporated with the linearized
targeting vector and selected with G418, and the genotype was analyzed by
Southern blotting. Two correctly targeted clones (out of 192 clones) were in-
jected into blastocysts of C57BL/6J mice. Germ line transmission of the two
independently targeted ES clones was confirmed by Southern blotting. Subse-
quent genotyping was performed using an LA-PCR kit (Takara). Primers for
intronic fragments (forward, 5'-GGCCAGCTTGATTTCACTCACCG-3'; re-
verse, 5'-GAGTCCTGCCACTATCTGGCATG-3') were used.

Reverse transcription-PCR and Northern blot analysis. Using RNA STAT-60
(Tel-Test, Inc.), total RNA was extracted from yolk sac tissues. Single-stranded
cDNA synthesis and PCR amplification were carried out using Ready-To-Go
reverse transcription-PCR (RT-PCR) beads (Amersham Pharmacia Biotech)
according to the manufacturer’s instructions. The 5" primer for the upstream
sequence of the targeted site (5'-ACCACGGTGTTCCTGACA-3') and the 3’
primers for the wild-type catalytic domain (5'-GCAATGCACCAGAATTGG-
3") and EGFP gene (5'-TTGTGGCCGTTTACGTCG-3") were used. The PCR
products were separated by 2% agarose gel and visualized with ethidium bro-
mide. Using an RNeasy kit (Qiagen), total RNA was extracted from adult
kidneys for Northern blot analysis. Northern hybridization was carried out using
a 0.7-kb EGFP cDNA fragment as a probe.

Wheat germ agglutinin affinity, immunoprecipitation, and Western blotting.
Adult kidneys were removed from 6-week-old wild-type and heterozygous mice.
A 10% (wet wt/vol) tissue lysate was prepared by homogenizing the tissue in lysis
buffer (50 mM Tris [pH 7.5], 150 mM NaCl, 1% Triton X-100, 0.5% deoxy-
cholate, 1 mM EDTA) containing protease inhibitor cocktail (Complete Mini;
Roche Applied Science). After 30 min on ice, the homogenates were clarified
twice by centrifugation at 15,000 X g for 30 min. The CD148 proteins were
recovered by incubating 5 mg of tissue lysates with wheat germ agarose beads
(Sigma) overnight at 4°C. For anti-GFP immunoprecipitation, the tissue lysate

FIG. 1. Targeted mutation of the mouse CD148 gene. (A) Schematic diagram (from top to bottom) of the wild-type CD148 allele encoding the
cytoplasmic domain, the targeting vector, and the recombinant mutant allele, CD148*“S*P Exons are indicated by vertical black rectangles. The
phosphatase domain was disrupted by an in-frame insertion of the enhanced GFP coding sequence, as described in Materials and Methods. The
loxP (black triangle)-flanked neomycin cassette (neo) permitted positive selection and subsequent excision by Cre recombinase, while the
diphtheria toxin A cassette, DT-A, negatively selected nonhomologous recombinants. Xh, Xhol; RI, EcoRI; K, Kpnl; P, PstI; Sc, Scal; HIII,
Hindlll; S, Sall. (B) Southern blot analysis of E9.5 embryos from CD148*/A<YSFP heterozygote intercrosses. Using the 5 (10.0 kb and 2.5 kb) and
3’ (10.0 kb and 8.5 kb) probes as indicated in panel A, EcoRI restriction fragments were used to distinguish wild-type from mutant alleles. The
asterisk indicates the presence of a pseudogene. (C) RT-PCR analysis of E9.5 yolk sac mRNA. Amplified products, determined using the primer
set described in Materials and Methods, were 104 bp (wild type) and 159 bp (mutant), as predicted. (Right panel) Northern blot analysis of total
RNA from adult kidneys. Total RNA was isolated, transferred, and hybridized with GFP cDNA probe (see Materials and Methods), using RNA
from a GFP transgenic mouse (GFP TG) (20) as a positive control. The predicted 5.2-kb CD148*“SFP transcript (arrow) was detected in
heterozygous mice. (D) Western blot analysis of adult mouse kidneys. Expressed CD148 forms were recovered from adult kidney extracts by a
lectin (wheat germ agglutinin [WGA] from Triticum vulgaris) affinity step (left panel) or by GFP antibodies (right panel) and detected on
immunoblots with an ectodomain interactive anti-CD148 or anti-GFP antibody. A doublet (brace) expressed from the mutant allele at approxi-
mately 200 kDa that demonstrates similar glycosylation heterogeneity to that of the native protein is recovered by lectin and by anti-GFP at a mass
similar to that of the wild-type protein. The CHO cell lysates transfected with empty vector (pSRa) and CD148*®SFP expression plasmid (pSRa
ACyGFP) were used as controls. Immunodepletion experiments using anti-GFP showed an approximately 30% reduction of CD148 compared with
those using a control (bottom panel). (E) Photomicrographs of wild-type and CD148*“S*¥ homozygous embryos at E9.5 to 10.5. Homozygous
mutant embryo at E9.5 shows reduced size, edema, and distended pericardium (arrowhead). At E10.5, severe growth retardation and prominent
extension of pericardial sac (arrow) were noted.
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FIG. 2. CD148 immunolocalization in midgestation embryos. (A) Whole-mount CD148 immunostaining of a wild-type embryo at E9.0.
Monoclonal anti-CD148-labeled embryonic vasculature, including dorsal aorta (da), heart, intersomitic vessels (isv), and yolk sac vessels (ys), is
shown. Panel a and panel b show the cranial half of the embryo. (B) Immunofluorescence staining of E10.0 wild-type embryo frozen sections. A
sagittal section of the embryo (a) and a yolk sac cross-section (b) localize CD148 expression in the endocardium (end) and endothelium of dorsal
aorta, intersomitic vessels, and yolk sac vessels. CD148 expression is also observed in the myocardium (myo) and midgut epithelium (mid). lu,
lumen of yolk sac vessel. Competitive absorption with immunogen eliminates staining (c), and a class-matched mouse IgG shows no staining (d).
(C) Confocal colocalization of CD31 and CD148 in dorsal aorta and adjacent intersomitic sprouts. Frozen embryo sections were double
immunolabeled for CD148 (green) and CD31 (red) as described in Materials and Methods. Endothelial cells sprouting to intersomitic space
expressed both CD31 (a) and CD148 (b). A merged image of the two stains shows overlapping expression of CD31 and CD148 in intersomitic
endothelial cells (c). Note that homozygous mutant intersomitic vessels are enlarged and show reduced CD148 immunoreactivity (panel d,

arrowheads). so, somites.

was incubated with anti-GFP mouse monoclonal antibody (Roche Applied Sci-
ence) (10 wg/ml) overnight at 4°C and subsequently with protein G agarose for
2 h at 4°C. Positive control samples were prepared by immunoprecipitation of
100 pg of lysate protein from CHO cells transfected with expression plasmid
pSR« or pSRa CD148*“YSFP Bound proteins were washed three times in lysis
buffer, boiled in sodium dodecyl sulfate sample buffer containing 10 mM dithio-
threitol, separated by sodium dodecyl sulfate/polyacrylamide electrophoresis on
7.5% gels, and subjected to immunoblotting with anti-CD148 monoclonal anti-
body (clone Abl [1 pg/ml]) (45) or anti-GFP monoclonal antibody (Roche
Applied Science) (1 pg/ml). For immunoabsorption experiments, the kidney
tissue lysates were immunoprecipitated with either anti-GFP antibody (Roche
Applied Science) (10 pg/ml) or mouse immunoglobulin G (IgG) (10 pg/ml) twice
before incubation with wheat germ agarose beads.

Whole-mount embryo immunostaining. Procedures for whole-mount staining
with anti-CD31, anti-endoglin, and anti-VEGFR2 (Flk1) antibodies were con-
ducted as described previously (42). Briefly, the dissected embryos and yolk sacs
were fixed in 4% paraformaldehyde—phosphate-buffered saline (PBS) for periods
ranging from 1 h to overnight at 4°C. Then tissues were rinsed with PBS,
dehydrated with methanol, bleached in 5% hydrogen peroxide-methanol, rehy-
drated, and blocked with PBSMT (2% instant milk, 0.2% Triton X-100 in PBS).
Subsequently, the samples were incubated overnight with anti-CD31 monoclonal
antibody (clone MEC 13.3 [Pharmingen]) (1.7 pg/ml), antiendoglin monoclonal
antibody (clone MJ7/18 [Pharmingen]) (1.7 wg/ml), or anti-VEGFR2 antibody
(clone Avas 12al [Pharmingen]) (1.7 pg/ml). The samples were then washed
with PBSMT and incubated with horseradish peroxidase-conjugated F(ab'),
fragments of donkey anti-rat IgG (Jackson ImmunoResearch) (1 wg/ml) over-
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night at 4°C. After washing with PBSMT and PBT (0.2% bovine serum albumin,
0.1% Triton X-100-PBS), the signals were developed in 0.3 mg of 3'3'-diami-
nobenzidine (DAB)/ml-0.5% NiCl,—0.03% H,O,. The samples were postfixed
with 2% paraformaldehyde-0.1% glutaraldehyde-PBS and then photographed.
For CD148 labeling, the embryos were gently fixed in 4% paraformaldehyde—
PBS (1 h at 4°C), incubated with CD148 monoclonal antibody (clone Ab1 [100
pg/ml]) overnight at 4°C (45) and then with fluorescein isothiocyanate-conju-
gated F(ab’), fragments of goat anti-mouse IgG (Jackson ImmunoResearch) (1
pg/ml) for 2 h at room temperature. The results were observed by confocal
microscopy (Zeiss LSM410). For alpha smooth-muscle actin («¢SMA) staining,
the embryos and yolk sacs were fixed in methanol-dimethyl sulfoxide (4:1) over-
night at 4°C, bleached, rehydrated, blocked, and incubated overnight with a
horseradish peroxidase-conjugated anti-aSMA monoclonal solution (clone 1A4)
(Enhanced Polymer System; DAKO).

Histological evaluation. Cold acetone-fixed cryostat sections of embryos and
yolk sacs were immunostained using anti-CD148 monoclonal antibody (clone
Ab1) and fluorescein isothiocyanate-conjugated F(ab'), fragments of goat anti-
mouse IgG (Jackson ImmunoResearch) as previously described (45). In the
double-labeling study for CD148 and CD31, rhodamine-conjugated anti-CD31
rat monoclonal antibody (clone MEC 13.3 [Pharmingen]) (5 pg/ml) was used.
The results were analyzed by confocal microscopy (Zeiss LSM410). For analysis
of whole-mount stained embryo sections, CD31- or aSMA-stained embryos were
embedded in paraffin, sectioned on a microtome, and then counterstained with
1% alcohol-Eosin Y (Fisher HealthCare) or Nuclear Fast Red (DAKO). For
Ki67 immunohistochemistry, 3% formalin-fixed paraffin sections of yolk sacs
were treated in a microwave oven for 12 min in citrate buffer (pH 6) and
incubated with anti-Ki67 goat polyclonal antibody (Santa Cruz Biotechnology)
(2 pg/ml) for 1 h at room temperature and then the immunoreaction mixture was
amplified using an ABC-Elite kit (Vector Laboratories). The immunoreactivity
was color developed using 3'3’-DAB as a substrate (Liquid DAB Plus solution;
DAKO), counterstained with Nuclear Fast Red (DAKO), and mounted. For
morphometric analysis, yolk sac sections stained with hematoxylin and eosin
were analyzed using image analysis software (Bioquant Corp., Nashville, Tenn.).

Electron microscopy studies. The yolk sacs were isolated from embryonic day
9.5 (E9.5) and 10.5 embryos, washed with PBS, and then fixed with Karnovsky’s
fixative (1.6% paraformaldehyde, 3% glutaraldehyde in 0.1 M sodium cacodylate
buffer [pH 7.4]) for 1 h at 4°C. Tissues were then washed three times with
washing buffer (3.5% sucrose in 0.1 M sodium cacodylate buffer [pH 7.3]),
postfixed in buffered osmium tetroxide, and embedded in epoxy according to
standard procedures. Ultrathin sections were stained in uranyl acetate and lead
citrate and examined using a 100CX electron microscope operated at 60 kV
(JEOL, Tokyo, Japan).

RESULTS

Generation of CD148 mutant mice. To eliminate CD148
functions coupled to the cytoplasmic domain and tyrosine
phosphatase activity, we designed a targeting vector that en-
codes a mutant allele, CD148*<¥S*?in which the C-terminal
117 amino acids (including the phosphatase domain) were
replaced in frame by enhanced GFP sequences (Fig. 1A) (39).
The CD148/GFP fusion protein encoded from the mutant al-
lele included intact extracellular and transmembrane domains.
Of 192 ES cell clones screened, two were used to establish
independent lines of heterozygous recombinant mice with
germ line transmission of the mutant allele. Since we noted the
presence of a pseudogene during the present study (Fig. 1B), a
correct targeting event was carefully confirmed. Both indepen-
dent lines demonstrated expression of the CD148/GFP fusion
mRNA transcripts by RT-PCR and Northern blot analysis
(Fig. 1C) as well as that of a CD148/GFP fusion protein that
also binds ectodomain interactive antibodies (Fig. 1D). A dou-
blet of approximately 190 and 210 kDa was identified in kidney
lysates by anti-CD148 immunoblotting following recovery with
either WGA lectin (Fig. 1D, upper left panel) or anti-GFP
(upper right panel). Anti-GFP antibodies identified fusion pro-
teins of approximately 190 and 210 kDa recovered from het-
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erozygous mutant animals by both approaches. Using anti-
GFP and control IgG, a comparative immunoprecipitation
study showed that the abundance of the mutant CD148/GFP
was less than 50% of that of normal protein in the heterozy-
gous kidney lysates (Fig. 1D), suggesting that the stability of
the mutant protein had decreased. Depletion of the mutant
CD148/GFP was confirmed by anti-GFP immunoblotting.

CD148*<YS*? homozygous mice die at midgestation. The
life expectancy, fertility, and gross appearance of the viable F,
and F, heterozygous progeny appeared normal, yet no ho-
mozygous mutant mice were found among 130 offspring from
heterozygous intercrosses. To confirm the embryonic lethality
of the homozygous mutant mice, genotype analysis was per-
formed at different embryonic stages on viable embryos (n =
621) from heterozygous intercrosses. Homozygous mutant em-
bryos at E8.5, 9.5, and 10.5 were recovered at Mendelian fre-
quencies (ES8.5, 28.4%; E9.5, 27.5%; E10.5, 25.0%), with com-
plete loss of homozygous mutant embryos by E11.5. As early as
E9.5, CD148*“YS*F homozygous embryos were readily identi-
fied by growth retardation, smaller head size, absence of large
branching vessels, and accumulation of primitive blood cells in
the yolk sac. No differences were observed in somite numbers
(21.7 £ 0.4 [wild type] versus 21.4 = 0.4 [homozygous mutant])
(Fig. 1E). By E10.5, the CD148*“YS*® homozygous embryos
displayed severe growth retardation and a prominently en-
larged pericardial cavity (Fig. 1E). Identical findings were ob-
served in homozygous mutant mice generated from each of the
two independent ES clones and in homozygous mutant mice
from which the floxed neo gene had been excised using a
CRE-deleter mouse (Ella-cre mice on a C57BL/6 background;
provided by Mark Magnuson, Vanderbilt University). We also
observed a shift in the ratio of viable wild-type to heterozygous
embryos after E11.5 (44.9 versus 55.1%) coupled with resorp-
tion embryo remnants, suggesting that fetal demise occurred
for a substantial fraction of heterozygous embryos in the 129/
C57BL6 genetic background. The anatomic correlates of lethal
outcome in these heterozygous embryos remain under inves-
tigation.

CD148 is expressed in embryonic endothelial cells. Using an
ectodomain-interactive monoclonal antibody (45), we exam-
ined CD148 distribution in stage E9.0 embryos to determine
the earliest sites of CD148 expression in developing embryos.
Specific CD148 immunoreactivity was observed in vascular
structures in intra- and extraembryonic sites, including the
heart, dorsal aorta, intersomitic vessels, and yolk sac (Fig. 2A).
Immunohistochemical analysis of E10.0 embryos revealed en-
docardial and endothelial distribution of CD148 in embryonic
vasculature, including the dorsal aorta, intersomitic vessels, the
umbilical artery, and the yolk sac vascular network (Fig. 2B). In
addition, CD148 immunoreactivity was observed in developing
myocardia, midgut epithelia, and in a subpopulation of hema-
topoietic cells (data not shown) (Fig. 2B, panel a). Specificity
was confirmed by immunogen competition (45) and class-
matched controls (Fig. 2B, panels ¢ and d). Vascular structure
immunostaining with anti-CD148 colocalized with CD31 (Fig.
2C, panel c) but not with «SMA (data not shown), consistent
with vascular endothelium but not vSMC or PC expression.

It is noteworthy that the vascular endothelia of homozygous
mutant embryo vessels show much weaker CD148 immunore-
activity with the ectodomain-interactive antibody that detects
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FIG. 3. Vascular development defects in CD148*“YS*F homozygous embryos at E8.25 to 9.0. (A) Whole-mount CD31 immunostaining of E8.25

embryos. Embryos and yolk sacs were reconfigured into a planar format as previously described (15). The homozygous mutant embryos (e to h)
exhibit delayed cardiac looping (panel e, arrowhead), focally enlarged yolk sac vessels (panel f, arrows), and poorly formed cerebral vascular plexus
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the CD148/GFP fusion protein than those of wild-type vessels
(Fig. 2C, panel d). This finding, coupled with those of reduced
levels of the kidney lysate-derived CD148/GFP fusion protein
(as detected by immunoblot analysis) and difficult-to-resolve
GFP fluorescence in tissues from heterozygous mice, led us to
infer that although expressed, the CD148/GFP fusion protein
is short lived.

Vascular development is defective in CD148*¢** homozy-
gous embryos. The pattern of endothelial expression and the
pericardial sac distention seen in homozygous mutant embryos
prompted detailed examination of the cardiovascular system.
We examined the structure of endothelial vessels by whole-
mount immunostaining for the highly expressed endothelial
surface marker, the platelet-endothelial cell adhesion molecule
(CD31/PECAM1). At E8.25 to 8.5, homozygous mutant em-
bryos were indistinguishable from wild-type embryos in the
gross appearance of components of the central vascular tree,
including the rostral-caudal dorsal aorta, anterior and poste-
rior cardinal veins, vitelline artery and vein, and yolk sac cap-
illary plexus (Fig. 3A). This finding suggests that CD148 is
dispensable for early embryonic vasculogenesis and for the
specification of angioblasts from the ventral mesoderm, their
appropriate migration within the embryo, and their alignment
to form the major vessels. However, upon closer inspection,
subtler defects were noted as early as E8.25, including delayed
heart looping (Fig. 3A, panel e), enlarged and fused yolk sac
vessels (Fig. 3A, panel f), and a poorly formed cerebral vascu-
lar plexus (Fig. 3A, panel g).

By E9.0, a narrowed dorsal aortic trunk and enlarged inter-
somitic and intervertebral vessels were evident in homozygous
mutant embryos (Fig. 3B, panel g). Analysis of CD31-stained
sections from homozygous mutant embryos revealed collapse
of the dorsal aorta accompanied by the presence of abundant
endothelial cells with protruding extensions and enlarged
intersomitic sprouts (Fig. 3B, panel h). Numbers of primitive
hematopoietic cells in the homozygous mutant blood vessels at
E8.25 to 9.0 appeared normal (data not shown). The allantois
appeared to connect normally to the chorion in homozygous
mutants, consistent with completion of the circuitry of the
chorio-allantoic placental circulation.

In homozygous mutant mice at E9.5 to 10.5 (Fig. 4B), the
dorsal aorta appeared as a disorganized string of aligned en-
dothelial cells with fewer intersomitic sprouts (Fig. 4B, panel
c); by E10.5, its outline was discontinuous (Fig. 4B, panel d).
The cerebral vessels of homozygous mutant embryos lacked
branching vessels of large diameters, consistent with a failure
to remodel from the primary vascular plexus to hierarchically
organized mature vessels (Fig. 4B, panel c). The peripheral
vessels were expanded beyond normal dimensions, disordered,
and densely interconnected (Fig. 4B, panels ¢ and d). Histo-
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logical sections of CD31-stained homozygous mutant embryos
showed collapsed and atrophic dorsal aortae and oversized and
disorganized peripheral vessels (Fig. 4C, panel d). No vascular
abnormalities were detected in the heterozygous embryos ex-
amined between E8.25 and 10.5.

The extraembryonic circulation was similarly disrupted in
CD148*<YS*P homozygous mutant embryos. At E9.5, yolk sac
vessels failed to mature and to form distinct vitelline vessels,
remaining a meshwork of interconnected and homogeneously
oversized endothelial cell-lined tubes (Fig. 4A, panel c). By
E10.5, some further dilatation and endothelial compartment
expansion was apparent, filling intercapillary spaces (Fig. 4A,
panel d, and C, panel c). Histologically, the normal embryo
pattern showed endothelial cell layers attached to the mesothe-
lial and endodermal layers on opposite sides of the developing
network (Fig. 4C, panel a, and D, panels a and b). In contrast,
homozygous mutant vessels appeared to have expanded, dis-
playing ill-defined contacts with mesothelial and endodermal
layers (Fig. 4C, panel c). At E9.5, electron microscopic evalu-
ation (Fig. 4D, panel c) showed gaps between endothelial cells
of homozygous mutant yolk sac vessels. At E10.5, endothelial
lined structures were detached from the mesothelial layer in
some places (Fig. 4D, panel d). No dramatic difference was
observed in hematopoietic colony formation for yolk sacs be-
tween heterozygous and homozygous mutant embryos (ery-
throid mean * standard error of the mean [in CFU] in
CD148"/A<YGFP 112 + 9 in CD148+©YCEFFPAGYGEP and 84 +
12 in CD148*<YCGFP/AGYGEP: granulocyte and/or macrophage
mean =+ standard error of the mean, 37 + 6 in CD148/A®GFP
and 25 = 3 in CD148*YCGFP/ACYGER)

Morphometric analysis of yolk sac sections more clearly il-
lustrated the processes responsible for the architectural disor-
ganization. The homozygous mutant vessels were reduced in
number (Fig. 5A) but showed an increase in the percentage of
total vessels of larger diameters (i.e., those exceeding 800 pm?)
(Fig. 5B). Homozygous mutant yolk sacs showed a 58% in-
crease in the number of endothelial cells per millimeter of
vessel length, although the endodermal cell number did not
differ significantly (Fig. 5C). This increased endothelial cell
number suggested the presence of unregulated endothelial
proliferation. This conclusion was further supported by the fact
that homozygous mutant yolk sac endothelial cells more fre-
quently presented as stained for Ki67, a nuclear protein
expressed in proliferating cells (Fig. 5D). Terminal deoxy-
nucleotidyltransferase-mediated dUTP-biotin nick end label-
ing staining showed no significant difference between wild-type
and homozygous mutant yolk sacs in the numbers of apoptotic
endothelial cells (data not shown). In the aggregate, the find-
ings support a hypothesis of overactive endothelial prolifera-

(panel g, asterisk) compared with those of wild-type littermates (a to d). (a and e) Dorsal view; (b and f) close-up photograph of yolk sacs; (c and
g) lateral view; (d and h) ventral view. Abbreviations: vv, vitelline vein; da, dorsal aorta; sa, somitic arteries; ys, yolk sac; avp, allantoic vascular
plexus; cvp, cerebral vascular plexus; acv, anterior cardinal vein; ccv, common cardinal vein. (B) Whole-mount CD31 immunostaining of E9.0
embryos. Yolk sac vascular networks from a homozygous mutant (e) display homogenously sized and focally enlarged endothelial vessels (black
arrows), while a wild-type littermate (a) displays differentiated vasculature composed of large- and small-diameter vessels of interconnecting cells.
In the embryo proper, the homozygous mutant (f) is grossly similar to the wild type (b). Higher-magnification images (g) show a narrow dorsal
aorta (yellow arrow) and enlarged intersomitic networks (white arrow) and dorsally fused (white arrowhead) intersomitic vessels. Sagittal sections
of a CD31-stained homozygous mutant embryo (h) show a collapsed dorsal aorta which includes abundant endothelial cells (black arrows) and
disorganized intersomitic sprouts (inset) compared with those of wild-type littermates (d). so, somite. Original magnification, X200 (d and h).
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FIG. 4. Failure of vascular remodeling in CD148*®S** homozygous embryos at E9.5 to 10.5. (A) Whole-mount CD31-immunolabeled yolk
sacs at E9.5 to 10.5. Wild-type yolk sac vessels remodeled to form large vitelline vessels and a capillary network (a and b), in contrast to the
expansion and fusion of endothelial structures in mutant yolk sac vessels (c and d). Few avascular areas were found between the vessels (¢ and d).
(B) Whole-mount CD31 immunostaining of E9.5 to 10.5 embryos. Homozygous mutant embryos showed markedly disorganized vascular structure
(c and d) compared with wild-type embryos (a and b). Dorsal aorta and intersomitic sprouts were not readily detectable, and peripheral vessels
were enlarged and fused (panel d, arrowheads). (C) Histological sections of yolk sacs and embryos at E9.5 to 10.5. At E9.5, the capillary structure
of wild-type yolk sacs was limited in size (a) whereas the homozygous mutant yolk sac displayed expanded vessels with a separation of the two
endothelial layers (c). At E10.5, prominently dilated yolk sac vessels were observed in homozygous mutant embryo (panel c inset). Transverse
sections of CD31-stained E9.5 homozygous mutant embryo show collapsed dorsal aorta and enlarged and disorganized peripheral vessels (panel
d, arrowheads). Original magnification, X20 (b and d). (a and b) Epon-embedded toluidine staining; (a and b insets and b and d) hematoxylin and
eosin staining. en, endoderm; me, mesoepithelium; da, dorsal aorta; cv, cardinal vein; A, atrium; V, ventricle. (D) Electron micrographs of E9.5
to 10.5 yolk sacs. Homozygous mutant yolk sacs showed a discontinuity in the endothelial cells (panel c, arrows) at E9.5 and endothelial cellular
detachment from subjacent mesoepithelium (panel d, arrow) at E10.5. me, mesoepithelium; mc, mural cells; ec, endothelial cells; bc, blood cells.
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FIG. 5. Morphometric analysis of E9.0 yolk sac vasculature. (A) Vessel number in yolk sacs. The vessel number and the total tissue area were
measured in sections of wild-type (n = 3) and homozygous mutant (n = 3) yolk sacs processed in parallel. A total of 15 sections per embryo were
examined. (B) Distribution analysis assessing yolk sac vessel size. The intraluminal area of yolk sac vessels was measured in sections of wild-type
(n = 3) and homozygous mutant (n = 3) yolk sacs processed in parallel. The homozygous mutant yolk sac vessels were enlarged (inset) and failed
to form hierarchically organized vessels of different diameters. (C) Endothelial and endodermal cell numbers in yolk sacs. Endothelial cell (nuclei)
number per millimeter of capillary length and number of endodermal cells (nuclei) lining yolk sac vessels were measured on sections from wild-type
(n = 3) and homozygous mutant (n = 3) littermates. The homozygous mutant yolk sac vessels displayed increased endothelial cell numbers, while
there was no difference in endodermal cell numbers. (D) Ki67 staining of yolk sac vessels. The frequency (percent) of endothelial cells labeled for
Ki67 was calculated as described in Materials and Methods. The homozygous mutant yolk sac vessels displayed higher mitotic activity. Bars indicate
the means * standard errors of the means. Statistical analysis used an unpaired ¢ test.

tion and disordered endothelial-mesodermal contacts in mu- tant embryos showed delayed heart tube looping and aberrant
tant embryo yolk sacs. endocardial projections while in wild-type littermates, CD31-

Cardiac defects in CD148*“Y¢*® homozygous embryos. Vas-  stained endocardia were confined to the interior aspect of the
cular anomalies were accompanied by heart defects in homozy- heart tube (Fig. 6A, panels a and d). Confocal micrographs

gous mutant embryos. At E9.0, CD31-stained homozygous mu- showed abnormal extensions of CD31-expressing endocardia
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embryos show delayed heart looping accompanied by aberrant endocardial projections (panel d, arrowhead) compared to the wild-type embryo
(a). Confocal sections of CD31-stained hearts show abnormal projections of homozygous mutant endocardium extending across the cardiac jelly
space (panel e, white arrows), while the wild-type heart exhibited a continuous endocardial lining of the ventricular cavity (b). Sagittal sections of
CD31-stained homozygous mutant hearts reveal rudimentary (less intricately folded) endocardium, scattered endocardial cells (panel f, arrow-
heads), and a decrease in the thickness of the myocardium and an absence of trabeculae (f) compared with those of a wild-type heart (c). Original
magnification, X80 (c and f). (B) Histological sections of E9.5 hearts. Sections of a homozygous mutant heart stained with hematoxylin and eosin
(d) show disorganized myocardial trabeculation and defective endocardial cushion (ecc) formation. The wild-type myocardium formed finger-like
trabeculae lined by endocardial cells (panel b, arrow), whereas homozygous mutant myocardial cells showed abnormal sprouts (panel e, arrow).
The homozygous mutant endocardial cells showed rounded and shortened morphology (panel e, bracket) compared with wild-type endocardial
cells (panel b, bracket). Note the enlarged pericardial cavity (panel e, asterisk) in the homozygous mutant heart. Sectional examination of
CD31-stained homozygous mutant hearts showed a scattered and disconnected endocardial structure (panel f, arrowheads), while wild-type
endocardia formed organized endocardial monolayers (panel ¢, end) tightly associated with myocardial trabeculae. A, atrium; V, ventricle. Original
magnification, X50 (a and d); X100 (b and e); X200 (¢ and f).

beyond the cardiac jelly, while wild-type endocardia showed endocardial cells compared with those of wild-type littermates
continuous endocardial structure (Fig. 6A, panels b and e). (Fig. 6A, panels ¢ and f). Homozygous mutants showed de-
Transverse sections of the homozygous mutant hearts revealed creased thickness of the myocardial wall, coupled with in-
less-intricately-folded endocardia and scattered, disconnected creased space between the endocardium and myocardium, im-
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plying the presence of either greater amounts of cardiac jelly
between the two heart layers or collapsed endocardia (Fig. 6A,
panel f). At E9.5, normal embryos showed signs of a progres-
sively developing endocardium, such as increasing trabecula-
tion and closure of the atrioventricular canal by the formation
of endocardial cushion (Fig. 6B, panels a through c). In con-
trast, the homozygous mutant embryos displayed disorganized
trabeculation, lacking finger-like trabeculae lined by endocar-
dial cells (Fig. 6B, panel e). Endocardia were discontinuous
(Fig. 6B, panels e and f), and developing hearts lacked mes-
enchymal cushion formation adjacent to the atrioventricular
canal (Fig. 6B, panel d).

Impaired perivascular cell investment and reduced endoglin
expression in CD148“Y*® homozygous vasculature. vSMCs
and PCs critically regulate endothelial cell proliferation and
migration and vascular remodeling (21). The increased endo-
thelial cell number and the failure of vascular remodeling led
us to further examine vSMC-PC development in the homozy-
gous mutant embryos. We examined vSMC-PC formation by
performing whole-mount immunostaining for aSSMA. At E9.0
to 9.5, aSMA expression was observed in perivascular regions
of yolk sac endothelial capillaries in both wild-type and ho-
mozygous mutant embryos, though there seemed to be a slight
decrease in the number of vSMCs and PCs in homozygous
mutant yolk sacs at E9.0 (Fig. 7A, panels a through d). As
shown in Fig. 7A, panels a and ¢, vSMCs and PCs are circum-
ferentially arranged and tightly associated with the endothe-
lium in the wild-type yolk sac. In contrast, vSMCs and PCs are
poorly elongated and loosely invest adjacent endothelial ves-
sels in homozygous mutant yolk sacs. Examination of aSMA-
stained yolk sac sections identified vSMCs and PCs between
the endoderm and endothelium in both wild-type and homozy-
gous mutant yolk sacs. However, vSMCs and PCs on the ho-
mozygous mutant yolk sac vessels were sparsely distributed and
displayed rounded morphology (Fig. 7A, panels e and f). In the
embryo proper, aSMA expression was observed in the heart,
dorsal aorta, and myotome of the somites in wild-type embryos
at E10.0 (Fig. 7A, panel g). In contrast, homozygous mutant
embryos revealed a dramatic reduction of aSMA expression in
the dorsal aorta and somites (Fig. 7A, panel h). Consistent with
the results of whole-mount staining, «SMA immunohisto-
chemistry exhibited few vSMCs around the homozygous mu-
tant dorsal aorta (data not shown).

To dissect the molecular events underlying the failed vascu-
lar remodeling and vSMC-PC investment, we examined by
whole-mount immunostaining the expression of pivotal mole-
cules known to be involved in vascular remodeling. These
include VEGFR2 (Flk1), Tie2, Tall/SCL, VE-cadherin, en-
doglin (CD105), and ALK1. We further examined the expres-
sion of ephrin-B2 by introducing an ephrin-B2"#* allele into
CD148*<YSFP homozygous embryos using ephrin-B212<4/*
mice (49). Expression of endoglin, an integral membrane gly-
coprotein that binds to members of the TGF@ superfamily and
associates with other TGF receptors (3), was greatly reduced
throughout the entire vasculature in homozygous mutant em-
bryos (Fig. 7B), while the expression of other molecules, as
represented by VEGFR2 expression, was unaffected (Fig. 7B).
In CD148*“YSFP homozygous embryos, ephrin-B2 promoter
activity was observed in normal patterns in arterial vascular
structures, including endocardium, dorsal aorta and its inter-
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somitic sprouts, as well as in the subpopulation of yolk sac
endothelial cells. Yolk sac expression of VEGF-A, angiopoi-
etins 1 and 2, PDGF-B, PDGF receptor, TGFp-1 and -2,
TGEFp type I and II receptors, ALK1, DI/ 1 and 4, and Notch1
and -4, was examined at E9.0 to 9.5 by RT-PCR analysis.
Among these transcripts, only levels of VEGF-A were in-
creased (5- to 10-fold) in homozygous mutant yolk sacs, a
finding consistent with hypoxic consequences of vasculariza-
tion failure (38) or, plausibly, a more direct effect of the lack of
a functional CD148 receptor tyrosine phosphatase.

DISCUSSION

In the present study, we demonstrated that a receptor ty-
rosine phosphatase, CD148, is required for vascular develop-
ment. Mice homozygous for a phosphatase-inactivating CD148
mutation die before E11.5 with prominent growth retardation
accompanied by both intra- and extraembryonic vascular
anomalies that correlate with the timing and distribution of
CD148 expression. Increased proliferation and expansion of
the endothelial cell compartment expressing CD148 are com-
ponents of the mutant phenotype and are consistent with
CD148 effects to mediate growth inhibition (27, 43, 47). An-
other component of the phenotype is the defective vascular
remodeling and association of vSMCs or PCs with endotheli-
um-lined vessels. This is similar to a feature in endoglin-defi-
cient embryos (32) and is associated with reduced endoglin
expression in the homozygous CD148 mutant embryos (Fig.
7B).

It is a challenge to discriminate primary effects of genetic
mutations in vascularization-defective embryos from second-
ary effects of circulatory failure and ischemia. Findings that the
vascular phenotypes correlate temporally with the onset of
CD148 expression and that these phenotypes also precede the
developmental onset of a functional circulation are attribut-
able to primary effects of the mutation. In normal yolk sac
endothelial progenitor cells, CD148 expression is evident by
E8.25 (data not shown). In homozygous mutant embryos, a
normal early sequence of endothelial differentiation is seen,
marked by normal expression (by E7.5) of the angioblast
marker TAL1/SCL (14, 15) and by subsequent expression of
Flk1, CD31, Tie2, ephrin-B2, and VE-cadherin (data not
shown). Despite this intact developmental molecular sequence,
yolk sac vascular plexus abnormalities were noted as early as
E8.25 (Fig. 3A), at a stage when endothelial progenitors are
engaged in de novo vessel formation (vasculogenesis) (15).
This developmental window precedes initiation of cardiac con-
tractile activity in normal embryos (E8.5 to 9.0) and suggests
the presence of altered endothelial behaviors in homozygous
mutant embryos.

The increased proliferative index of the endothelial progen-
itor compartment (Fig. 5) supports an important role of
CD148 in attenuating proliferation of endothelial progenitors,
as it does in other cell types (27, 47). Further evidence for a
primary defect in regulation of endothelial progenitor prolif-
eration has been provided by an independent evaluation of
embryoid bodies derived from homozygous CD148*<YSFF mu-
tant ES lines (50). We found that homozygous mutant ES
lines generated embryoid bodies containing twofold in-
creased numbers of CD31-positive endothelial cells per total
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FIG. 7. Impaired perivascular cell investment and reduced vascular endoglin expression in CD148*“SF” homozygous embryos. (A) Whole-
mount aSMA immunostaining of E9.0 to 9.5 embryos. The aSMA-positive perivascular cells (vSMC and PC) were observed around endothelial
tubes in both wild-type and homozygous mutant yolk sacs at E9.0 (a and c¢) and 9.5 (b and d). In wild-type yolk sacs, vSMCs and PCs are
circumferentially arranged and tightly associated with the endothelial vessels (panel a, white arrowhead), whereas vSMCs and PCs fail to encircle
the vessels and are loosely associated with the endothelium in homozygous mutant yolk sacs (panel ¢, white arrowhead). (e and f) Sections of E9.0
yolk sacs immunostained for aSMA. CD1482®SFFAGYGEP yolk sacs show round and sparsely distributed vSMCs and PCs between the endoderm
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cells at days 4 and 8 (24% in CD1487/2<YSYF and 42% in
CD1482YCFPIASYGEP 4t day 4). On the other hand, prolifera-
tive features of the homozygous mutant endothelia might re-
flect effects of a local hypoxic microenvironment compromised
by circulatory failure. Quantitative RT-PCR analysis of
VEGF-A transcripts in homozygous mutant yolk sacs at E9.0
demonstrated 5- to 10-fold up-regulation (data not shown),
matching similar observations in other knockouts displaying
embryonic vascular lethal phenotypes (5, 38). Increased endo-
thelial proliferation and vascular enlargement are anticipat-
ed consequences of local VEGF induction (16), yet it ap-
pears that the expansion of the endothelial compartment of
CD148*<YS¥P homozygous embryos precedes this reactive
VEGF induction and exceeds that seen in other embryonic
vascular lethal mutants (5, 38). In the aggregate, we anticipate
that the endothelial compartment expansion seen in the ho-
mozygous mutant embryos reflects summation of two com-
bined influences: (i) loss of cell autonomous growth regulation
from the disabling of the CD148 tyrosine phosphatase and (ii)
prolonged and amplified endothelial proliferation stimulated
by hypoxia-VEGF excess.

Previous findings have implicated CD148 in cell-cell inter-
actions. We previously observed that CD148 accumulates in
cultured endothelial cells and in mature arterial vessels at sites
of interendothelial contact, although it is not restricted to
those sites (45). Originally named density-enhanced phospha-
tase (DEP-1), CD148 was reported to increase in abundance in
densely packed cultured cells (36). In this study, electron mi-
crographs of homozygous mutant yolk sacs displayed discon-
tinuous interconnections between endothelial cells and subja-
cent supportive cells (Fig. 4D). Similarly, cardiomyocytes
expressed CD148 at early developmental stages (Fig. 2B) and
displayed disorganized trabeculation. Evidence from homozy-
gous mutant embryos supports the possibility that the CD148
mutation impairs initiation and/or maturation of primary cell-
cell contacts. Alternatively, the increased rate of endothelial
proliferation might outpace the formation of normal intercel-
lular contacts with subjacent cells. The CD148 ectodomain
does not mediate the homophilic intercellular adhesion seen
with PTPu and PTPk receptor phosphatases (9, 41) (unpub-
lished results), yet some downstream events requiring phos-
phatase function are needed to drive assembly and maturation
of interactions between endothelial cells.

Since a functional ligand for CD148 has not yet been iden-
tified, it is unclear whether localized accumulation at intercel-
lular contact points reflects engagement of the CD148 ectodo-
main with an ectodomain binding partner expressed on
contacting cells or whether the accumulation is the conse-
quence of other molecular interactions. With the caveat that
the expressed CD148/GFP fusion protein is less stable than
native CD148, the evidence suggests that the tyrosine phos-
phatase activity of CD148 is functionally coupled to endothe-
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lial growth regulation. A further comparative study with the
null mutation embryo is required to validate the impact of
CD148 catalytic dysfunction on the phenotype.

A number of molecular induction events are required for
normal developmental vascular remodeling at E9.5 to 10.5 (10,
22). At the cellular level, this remodeling is coordinated be-
tween endothelial cells and peri-vSMCs and PCs. Impaired
association of vSMCs and PCs with endothelial cells in the
homozygous mutant yolk sacs (Fig. 7A) suggests that the mu-
tation interrupts responsible growth factors. However, ho-
mozygous mutant embryos showed no detectable changes in
abundance of transcripts for two distinct growth factor and
receptor systems implicated in these events, PDGF-B/PDGFB
receptors and TGFB-1/TGF receptors (22) (data not shown).
Within the embryo proper, the number of aSMA-positive
cells was reduced in the homozygous mutants (Fig. 7A). It is
uncertain whether this was a consequence of loss of endo-
thelium-derived signals supporting vSMC-PC differentiation
or secondary to circulatory compromise and ischemia. This
difference between extraembryonic sites where vSMC-PC
numbers are normal and intraembryonic sites where they
are reduced is consistent with relatively delayed timing of
intraembryonic vSMC-PC differentiation (E9.5 versus E8.5)
(46). In the aggregate, we interpret these effects on the
vSMC-PC compartment to be secondary consequences of
the primary effects of CD148 upon the endothelial compart-
ment.

The CD148 homozygous mutant embryos failed to express
endoglin at the normal developmental stage (Fig. 7B). Endog-
lin is predominantly expressed in vascular endothelial cells and
in the endocardium during embryogenesis (24). Endoglin-de-
ficient mice die by E11.5 due to defective vascular develop-
ment accompanied by (i) reduction in vSMC-PC compartment
expansion and capillary incorporation and (ii) failure of endo-
cardial-mesenchymal transformation and endocardial cushion
formation (8, 32). Despite the effects of the CD148 mutation in
inhibiting endoglin expression and evoking defects similar to
those in endoglin-deficient embryos, some of the CD148 mu-
tant phenotype features are distinct. For example, endothe-
lium-lined vascular structures are already disorganized in
CD148*“YSFP homozygous embryos by E9.5 (Fig. 4), a time
when they appear structurally intact in endoglin-deficient em-
bryos (32). Inhibition of endoglin expression enhances the abil-
ity of TGFB-1 to suppress endothelial growth and migration
(31), and anti-endoglin antibodies inhibit tumor angiogenesis
(44). These findings support a role for endoglin in the promo-
tion of endothelial proliferation and migration through TGFB
receptor signaling. While it appears likely that the CD148
mutation effects on endoglin expression contribute to the phe-
notype, antiproliferative effects of CD148 overexpression are
seen in cell types not expressing endoglin, arguing that CD148
has independent roles in regulating endothelial proliferation.

and endothelium (panel f, arrowheads), while vSMCs and PCs encircle endothelial vessels in wild-type yolk sacs (panel e, arrowheads). Original
magnification, X400 (e and f). In the embryo proper, whole-mount aSMA staining at E10.0 showed obviously reduced «SMA expression around
the dorsal aorta in the homozygous mutant (h) compared with that of the wild type (arrowheads, g). (B) Whole-mount immunostaining for
endoglin and VEGFR2 (Flk1) at E9.5. Endoglin expression was down-regulated in the homozygous mutant yolk sac and intraembryonic vessels
(c and g) compared with that seen in those of the wild-type embryo (a and e); similar levels of VEGFR2 expression were observed in wild-type

(b and f) and homozygous mutant (d and h) vasculature.
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CD148 is expressed for a range of hematopoietic lineages
(12), raising the question of whether lineage potential other
than the endothelial was affected in the CD148 mutants. In this
context, similar numbers of blood cells were identified in ves-
sels of homozygous mutant compared with those of normal
embryos prior to E11.5. Immunostaining with TAL1/SCL, a
marker for primitive hematopoiesis (4, 26), displayed similar
levels of expression in the homozygous mutant embryos (data
not shown). Further, there was no difference in hematopoietic
colony formation of yolk sac between heterozygous and ho-
mozygous mutant embryos. Thus, available data speak against
effects of this CD148 mutation upon the hematopoietic com-
partment.

Our strategy was designed to permit resolution of the mu-
tant CD148*“YSFF protein by GFP. Expression of single-copy
GFP gene fusions has been sufficient to permit detection in
several mutant lines (19, 25), yet the CD148/GFP fusion pro-
tein was not resolved in situ by confocal microscopy. Compar-
ative immunoblot and immunostaining evidence (Fig. 1D and
2C) supports the possibility that the CD148/GFP fusion pro-
tein is expressed from the homologous recombinant allele, but
its instability makes it difficult to detect. Whether other fea-
tures of the fusion protein or its interactions impair GFP
fluorescence is unknown.

In conclusion, the present study indicates an indispensable
role for CD148 catalytic function in vascular development
through the regulation of endothelial cell growth and endothe-
lium-PC interaction. The ability to activate or repress CD148
function would be a new tool to manipulate the processes of
neovascularization.
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