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Essential Role for ADAM19 in Cardiovascular Morphogenesis
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Congenital heart disease is the most common form of human birth defects, yet much remains to be learned
about its underlying causes. Here we report that mice lacking functional ADAM19 (mnemonic for a disintegrin
and metalloprotease 19) exhibit severe defects in cardiac morphogenesis, including a ventricular septal defect
(VSD), abnormal formation of the aortic and pulmonic valves, leading to valvular stenosis, and abnormalities
of the cardiac vasculature. During mouse development, ADAM19 is highly expressed in the conotruncus and
the endocardial cushion, structures that give rise to the affected heart valves and the membranous ventricular
septum. ADAM19 is also highly expressed in osteoblast-like cells in the bone, yet it does not appear to be
essential for bone growth and skeletal development. Most adam19~'~ animals die perinatally, likely as a result
of their cardiac defects. These findings raise the possibility that mutations in ADAM19 may contribute to
human congenital heart valve and septal defects.

ADAMs (mnemonic for a disintegrin and metalloprotease) ants of neuregulin I-B, we were interested in evaluating the
are membrane-anchored glycoproteins with key roles in fertil- function of ADAM19 in mice, with an emphasis on its role in
ization, neurogenesis, angiogenesis, Alzheimer’s disease, and heart and bone development. Here we present an analysis of
the release of proteins such as epidermal growth factor (EGF) mice lacking functional ADAM19 (adam19~'~ mice).
receptor ligands and tumor necrosis factor family members
from the plasma membrane (3, 4, 17, 37, 39, 41). ADAM19

(also referred to as meltrin B) was initially identified in muscle MATERIALS AND METHODS

c§lls and was late.r founq to be expressed in several other Generation of adam19~/~ mice. adam19"/~ mice were generated by the Sloan-
tissues, most prominently in heart, lung, and bone (18, 27, 52), Kettering Institute transgenic facility by following standard procedures using
during dendritic cell differentiation (13) and Notch-induced stem cells with a secretory gene trap insertion in ADAM19 (30). All mice
T-cell maturation (9) The catalytic activity of ADAMI19 to- evaluated in this study were of mixed genetic background (129Sv/C57BL6), and

. B morphological and histological comparisons between wild-type and adami19~/~
wards candidate substrates has been explored by overexpres mice were performed with littermates that resulted from matings of heterozygous

sion in cells and by purifying recombinantly expressed soluble parents. Genotyping was performed either by Southern blotting (50) or by PCR.
forms of the entire ectodomain or the pro- and metallopro- For PCR analysis, two sets of primers were used simultaneously to detect both
tease domains (7’ 42, 49, 53)' Overexpressed ADAMI19 en- the wild-type and mutant alleles. The primers used to detect the wild-type allele

hances ectodomain shedding of two of several splice variants of ~ Were TTA CCA GGA ACA GTG CCA GC (sense primer) and ATC ACT GCT
lin 1 4 i df he ErbB family of GTC TTT GAG ATC (antisense primer). The primers specific for the mutant
neuregulin I-g (42), a ligand for the ErbB family of receptor e were GCC CTG AAT GAA CTG CAG GAC G and CAC GGG TAG

tyrosine kinases (11). Furthermore, overexpression of  CCA ACG CTA TGT C.

ADAMI19 increases ectodomain release of tumor necrosis fac- Enzymatic deglycosylation and Western blot analysis. Treatment of cell ly-

tor-related activation-induced cytokine (TRANCE, also re- S‘;‘tes Y:iith CFI?I?IgGIYCOSi‘Iileﬂ E (]liﬂfzog} FEW) En(giliglld ?iola;s)t or r)lep}ide-N-
: . . cosiaase ase; INew Englan 101abs) an estern Ol analysis were

fe.rrefi to as osteopr.otegerln-llganfi [OPQL]) (7), a Pfoteln f)grforme d as previously describge 4 (). Y

with important roles in osteoclast differentiation, dendritic cell In situ hybridization. Timed matings were set up to generate embryos at

survival, and mammary gland development (12, 25, 28). different stages of gestation (embryonic day 11.5 [E11.5], E13.5, and E16.5) for

In light of the high CXpI‘CSSiOl’l of ADAM19 in heart and an analysis of ADAM19 expression by mRNA in situ hybridization. Mouse

bone and its ability to cleave TRANCE as well as splice vari- embryos were fixed in 4% paraformaldehyde overnight at 4°C, and graded series
of ethanol were subsequently used to dehydrate the fixed embryos. Dehydrated

tissues were cleared with Histoclear, embedded in paraffin, sectioned, and
mounted on Fisher Superfrost Plus slides. The appropriate linearized plasmids
* Corresponding author. Mailing address: Cell Biology Program, were used to prepare **P-labeled RNA probes with T7 or Sp6 RNA polymerases

Sloan-Kettering Institute, Memorial Sloan-Kettering Cancer Center, by using a ribonucleotide triphosphate mix with 12 uM cold UTP and 4 pM hot
Box 368, 1275 York Ave., New York, NY 10021. Phone: (212) 639- UTP. The RNA in situ hybridization procedure was performed essentially as
2915. Fax: (212) 717-3047. E-mail: c-blobel@ski.mskcc.org. described previously (33).
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FIG. 1. ADAM19 gene trap construct. (a) Diagram of wild-type ADAM19 and the mutant form generated by a secretory gene trap insertion
(30). (b) Results of PCR genotyping. (c) Western blots of brain extracts of wild-type (+/+), heterozygous (+/—), or homozygous (—/—) ADAM19
mutant mice were analyzed as described previously (50) with an antibody raised against the ectodomain of ADAM19. (d and e) Western blots of
brain extracts from adam19~'~ mice (d) or wild-type mice (e) treated with EndoH or peptide-N-glycosidase (PNGase) were probed with an
antibody against LacZ (d) or against the ectodomain of ADAM19 (e) (see also Fig. 1c). N-linked high mannose glycans are converted into complex
carbohydrates by passage through the medial-Golgi network. Complex carbohydrates are usually resistant to treatment with EndoH, whereas
treatment with PNGase removes both high-mannose glycans and complex N-linked carbohydrate residues. Acquisition of EndoH resistance
therefore indicates that a glycoprotein has emerged from the ER and has passed through the medial-Golgi network. The arrows in panel d mark

the position of the mutant ADAM19/LacZ/neo (B-geo) fusion protein.

LacZ staining. Embryos at E11.5 were fixed in 2% paraformaldehyde for 10
min at 4°C, washed extensively in phosphate-buffered saline (PBS), and stained
overnight at 37°C in PBS-10 mM MgCl,-0.2 mg of X-Gal (5-bromo-4-chloro-3-
indolyl-B-p-galactopyranoside)/ml. Embryos were refixed in 4% paraformalde-
hyde for 30 min and then processed for sectioning as described above.

Whole-mount skeletal preparation. E18.5 embryos were eviscerated, fixed in
95% ethanol overnight, and then stained overnight with 0.05% alcian blue 8GX
in 95% ethanol and 5% acetic acid. After being rinsed and washed with 95%
ethanol overnight, they were placed in 2% KOH until the bones became clearly
visible. The bones were stained with 0.1% alizarin red in 1% KOH overnight and
rinsed in 1% KOH-20% glycerol for 2 days. For storage, specimens were trans-
ferred into a 1:1 mixture of 95% ethanol and glycerol.

Immunohistochemistry. The sections were prepared as described above, post-
fixed with ice-cold acetone for 10 min, and immersed in 0.1% H,O, to inactivate
the endogenous peroxidase. Following preincubation with PBS-10% normal
goat serum—2% bovine serum albumin for 30 min, the slides were incubated for
3 h with antibodies against the platelet endothelial cell adhesion molecule 1
(PECAM-1/CD31; Santa Cruz Biotech, Santa Cruz, Calif.) and then washed and
incubated with biotin-conjugated goat anti-rabbit immunoglobulin G. Bound
antibodies were visualized by using the avidin-biotin complex detection method
according to the manufacturer’s instructions (Vector Laboratories, Burlingame,
Calif.). After development the sections were counterstained with hematoxylin.

TRANCE, HB-EGF, and neuregulin I-31 and I-B2 expression constructs. To
facilitate the detection of both precursor and shed forms of TRANCE, heparin-

binding (HB)-EGF, and neuregulin I-31 and I-B2, all proteins were expressed as
fusion proteins bearing an alkaline phosphatase (AP) module in their extracel-
lular domain. pAPtag5-TRANCE and the HB-EGF-AP plasmid have been de-
scribed previously (7, 46). The HB-EGF-AP plasmid was a gift from S. Higash-
iyama (Osaka University Medical School). pEF-BOS-HA-neuregulin I-B1
(kindly provided by A. Fujisawa-Sehara, Kyoto University [42]) was used as a
template to amplify a portion of mouse neuregulin I-B1 sequence (nucleotides
880 to 1210) bearing a 5’ Xhol site and a 3’ Xbal. The digested fragment was then
subcloned at the corresponding restriction sites of the pAPtag5 vector (Gen-
hunter Corp.), yielding a protein with the alkaline phosphatase tag attached at
the N terminus of the EGF repeat. Human neuregulin I-B2 partial cDNA
(nucleotides 977 to 2374; GenBank accession number NM_013957) was obtained
from the MDA-MB-231 cell line by reverse transcription-PCR using primers
carrying external Xbal sites (5'-GCTCTAGAAACCACTGGGACAAGCCATC
TTG-3' and 5'-GCTCTAGAGTTATACAGCAATAGGGTCTTG-3'). The
identity of the neuregulin I-B2 isoform was confirmed by sequencing, and the
Xbal-digested fragment was subcloned at the corresponding site into the
pAPtag5 vector.

Ectodomain shedding assays. COS-7 cells were cotransfected with either
pAPtag5-TRANCE, HB-EGF-AP, pAPtag5-neuregulin I-B1, or pAPtag5-neu-
regulin I-B2, together with full-length wild-type (pcDNA;-ADAM19) or E>A
mutant (pcDNA3;-ADAM19g,,) ADAMI19 (7). Mouse embryonic fibroblasts
(mEFs) were prepared from 13.5-day-old wild-type or ADAM19-deficient em-
bryos and transfected with the indicated plasmids by using Lipofectamine2000
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FIG. 2. Heart defects in adam19~'~ mice. Ventral view of hearts from newborn wild-type (a) or adam19 '~ mice (b). Distended blood-filled vascular
structures are indicated by arrowheads. (c, d, and e) CD31 staining confirms the vascular nature of the abnormal structures (shown by arrows in panels
d and e). (f through i) Cross-section through CD31-stained (f and g) and a-smooth muscle actin-stained (h and i) blood vessel within the septal
myocardium of wild-type (f), adam19™'~ (h), and adam19~'~ (g and i) animals. The sections shown in panels f and g are from newborn mice, whereas
the sections in panels h and i are from E17.5 embryos. Arrows indicate normal smooth muscle ensheathment in a wild-type mouse (f and h) and abnormal
or apparently lacking smooth muscle cell ensheathment of vessels in an adam19~/~ mouse (g and i). Note that a-smooth muscle-actin also stains
myocardial cells surrounding smooth muscle cells in h and i. (j, k, and 1) Electron micrographs of cross-sections through myocardial capillaries of a
wild-type (j) or adam19~'~ (k and 1) heart (the asterisks in k and 1 indicate perivascular edema). (m and n) Longitudinal section through a heart of a
newborn wild-type (m) or adam19~/~ (n) mouse stained with hematoxylin and eosin; the aortic valve is indicated by arrows; the aorta is overriding VSD
in panel n. (o and p) Cross-sections through a heart of a newborn wild-type (0) or adam19~/~ (p) mouse. In panels o and p, an arrow points to the
tricuspid valve, which displays a lack of remodeling in the adam19~'~ heart (p). An asterisk is placed next to the leaflets of the mitral valve. (q and r)
Cross-sections of the pulmonic (q) and aortic valve (r) of a wild-type heart and an adam19 '~ heart. Three comparable serial sections of 10 wm in
thickness, spaced three sections (30 wm) apart, are shown for each valve. Abbreviations: RA, right atrium; LA, left atrium; RV, right ventricle; LV, left
ventricle.

(Invitrogen) as previously described (7, 50). The day following transfection, each
well was washed once in PBS and incubated for 1 h in Opti-MEM I (Invitrogen)
(nonstimulated conditioned medium) and then for an additional hour in Opti-
MEM I containing 25 ng of phorbol 12-myristate 13-acetate (PMA)/ml (stimu-
lated conditioned medium). Conditioned media were collected, and cells were
lysed in PBS containing 1% Triton X-100, 2 pg of leupeptin/ml, 10 ng of soybean
trypsin inhibitor/ml, 500 pM iodoacetamide, and 1 mM 1,10-phenanthroline.
His-tagged shed forms of TRANCE-AP in the supernatant as well as membrane-
anchored TRANCE-AP in cell lysate were concentrated by using Talon metal
affinity resin and analyzed by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis as previously described (7). Shed HB-EGF-AP, neuregulin I-31-AP,
and neuregulin I-32-AP present in the conditioned media were concentrated by

using concanavalin A-Sepharose (Amersham Biosciences) and analyzed by so-
dium dodecyl sulfate-polyacrylamide gel electrophoresis as described previously
(7). COS-7 cell lysates were assayed for the expression of wild-type or catalyti-
cally inactive (E>A mutant) ADAM19 by Western blotting with anti-ADAM19
polyclonal antibodies as described previously (7).

RESULTS AND DISCUSSION

Mice lacking functional ADAM19 were obtained from ES
cells with a secretory gene trap insertion in the ADAM19 gene
(Fig. la; see Materials and Methods) (30). The progeny of
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FIG. 3. Analysis of the expression of ADAMI9 and neuregulin during heart and brain development by in situ mRNA hybridization and
comparison of endocardial cushion development in wild-type and adam9~/~ embryos. Hearts of wild-type E10.5 (a through d) and E 12.5 embryos
(e through h), were probed with antisense RNA probes for mouse ADAMI19 (a, b, e, and f) or neuregulin (¢, d, g, and h) (51). In panels b, d, f,
and h, an asterisk marks the atrioventricular endocardial cushion. In panels b and d, a thick arrow points to the atrial endocardium, where
ADAM19, but little neuregulin, is expressed. A thin arrow points to the ventricular endocardium, where there is some neuregulin expression, but
little ADAMI19 expression. The arrowhead (b and d) points towards a limited dorsal area of the conotruncal outflow tract where expression of
ADAM19 and neuregulin appear to overlap. Panels a, c, e, and g are bright field; panels b, d, f, and h are dark field. (i through n) Sections of
wild-type (i and m), adam19*'~ (k), or adam19~'~ (j, 1, and n) hearts at E10.5 (i and j), E11.5 (k and 1), and E12.5 (m and n). Sections in panels
k and 1 are of an E11.5 conotruncal endocardial cushion of a heterozygous (k) heart or homozygous ADAM19 mutant heart (1) stained with X-Gal
in order to detect cells expressing lacZ under the ADAM19 promoter. Cells located below the gap indicated by an arrow in panels k and 1 are part
of the conotruncal endocardial cushion. In panels m and n, the endocardial cushion is marked by an arrow. (o through r) Adjacent sections of the
neuroepithelium of the fourth ventricle of E12.5 embryos (o and p) or of the developing spinal cord of E10.5 embryos (q and r) were probed with
antisense RNA probes for mouse ADAM19 (o and q) or neuregulin (p and r) (51). In panels o and p, an arrow points to a region of enhanced
coexpression of ADAM19 and neuregulin in a defined area of the neuroepithelium of the fourth ventricle. In panels q and r, thick arrows mark
the dorsal root ganglion and thin arrows mark the ventral horn of the spinal cord. Abbreviations: A, atrium; V, ventricle; CT, conotruncal
endocardial cushion; EC, atrioventricular endocardial cushion.

matings of heterozygous ADAM19 mutant mice had a Men-
delian distribution of the targeted allele at birth (28.0% +/+,
472% +/—, 24.8% —/—; n = 254). However, ~80% of ho-
mozygous adaml9~'~ mice died in the first few days after
birth, while heterozygous ADAM19 mutant mice were healthy
and fertile (distribution of offspring at day 21 after birth [P21],
30.8% +/+, 64.9% +/—, 43% —/—; n = 487).

Western blot analysis of brain extracts confirmed that wild-
type ADAMI9 is absent in homozygous mutant mice (Fig. 1b
and c). Using an anti-B-galactosidase antibody to detect the
mutant form of ADAMI19 (Fig. 1a), we observed that the
N-linked carbohydrate residues never acquire resistance to
endoglycosidase H (EndoH) (Fig. 1d), indicating that most or
all of the mutant protein never reaches the medial Golgi com-
partment. In contrast, mature wild-type ADAMI19 acquires

resistance to EndoH and is cleaved by a proprotein convertase
in the trans-Golgi network (Fig. 1le) (22). The gene trap inser-
tion into the cysteine-rich domain of ADAM19 evidently pre-
vents proper protein folding, resulting in retention of mutant
ADAMI9 in the endoplasmic reticulum (ER) by chaperones
and subsequent degradation (45). Therefore, since no detect-
able amounts of mutant ADAM19 emerge from the ER and
adam19*'~ mice have no evident pathological phenotype, the
abnormal phenotypes in adam19~/~ mice likely result from a
loss of ADAM19 function and not from a dominant negative
effect of the mutant protein.

In situ examination of the thoracic cavity of adam19~'~ mice
revealed abnormally distended blood-filled vascular structures
on the anterior wall of the right ventricle (Fig. 2b, d, and e).
Immunohistochemical evaluation of the right ventricle demon-
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FIG. 4. Role of ADAM19 in ectodomain shedding of TRANCE, HB-EGF, neuregulin I-B1, and neuregulin I-B2. (a) Coexpression of alkaline
phosphatase-tagged candidate substrate proteins with wild-type ADAM19 or a catalytically inactive mutant (HEIGH > HAIGH; E>A) in Cos-7
cells. Coexpression of alkaline phosphatase-tagged TRANCE with wild-type ADAM19 strongly increases constitutive shedding compared to
coexpression with the catalytically inactive mutant (E>A). Addition of PMA only leads to a minor further enhancement of TRANCE shedding,
suggesting that ADAM19 is not strongly stimulated by PMA in Cos-7 cells. In parallel experiments, coexpression of wild-type ADAM19 with
HB-EGF or neuregulin I-81 or I-B2 did not lead to increased constitutive or PMA-stimulated shedding compared to the inactive mutant. Similar
results were obtained in coexpression experiments with hemagglutinin-tagged neuregulin I-B1 constructs kindly provided by Shirakabe et al. (42)
(data not shown). In all experiments, the expression levels of the candidate substrates as well as wild-type and mutant forms of ADAM19 in the
cell lysates were comparable (data not shown). (b) Ectodomain shedding of candidate substrate proteins in primary mEFs isolated from adam19~/~
or adam19*'~ mice. Cells were plated at 10° (low density) or 3 X 10° (high density) per well of a six-well plate. No significant difference in
constitutive or stimulated ectodomain shedding of these substrates was seen in comparison of adam19~'~ and adam19*'~ mEFs plated at low or
high density (results from HB-EGF- and neuregulin I-B2-expressing mEFs plated at high density are not shown). TRANCE shedding is also not
significantly affected in adam19~'~ cells, presumably because the expression levels of ADAM19 are relatively low in these cells compared to those

of other TRANCE sheddases (40).

strated that the walls of these distended vessels are composed
of endothelial cells (CD31 positive) (Fig. 2d and e). Further-
more, blood vessels within the myocardium of adam19 '~ mice
appeared abnormal, with disrupted smooth muscle cell en-
sheathment (Fig. 2g and i; wild-type controls are shown in Fig.
2f and h). In electron micrographs of myocardial endothelial
cells of adam19~'~ mice, we frequently observed perivascular
edema in capillaries, extensive vacuolization of endothelial
cells (Fig. 2k and 1; wild-type control is shown in Fig. 2j), and
occasional rupture of both capillaries and arterioles with re-
lease of erythrocytes into the extravascular space (data not
shown). These ultrastructural defects are consistent with the
focal intramyocardial hemorrhage observed in some
adaml9~'~ hearts at the light microscopic level (data not
shown).

A histological evaluation of adaml19~/~ hearts revealed
membranous ventricular septal defects (VSD) (Fig. 2n) as well
as stenotic aortic and pulmonic valves with abnormally thick-
ened leaflets in all hearts examined at birth (12 of 12; Fig. 2q
and r). adam19~'~ neonates exhibited moderate malrotation
of the cardiac outflow tracts, in some cases resulting in an
overriding aorta. These defects resemble conotruncal malfor-
mations, such as Tetralogy of Fallot and double-outlet right
ventricle, which are important forms of human congenital
heart disease with high morbidity. Thickened tricuspid valves
were found in about one-half of adam19~'~ hearts (Fig. 2p),

and atrial septal defects were observed in one-third of
adam19~'~ hearts (data not shown). The mitral valve ap-
peared normal in all adam19 ™/~ hearts examined (Fig. 2n and
p), and septation of the outflow tract into pulmonary artery
and aorta was also unaffected (Fig. 2q and r).

The membranous aspect of the ventricular septum and the
heart valves arising from the endocardial cushions between
E10.5 and E13.5 (24, 29) prompted evaluation of ADAM19
expression in these developmental structures. In situ mRNA
hybridization revealed prominent ADAM19 expression in the
atrioventricular and conotruncal endocardial cushions between
E10.5 and E12.5 (Fig. 3a, b, e, and f; also data not shown). This
expression pattern is consistent with the observed defects in
adaml19~'~ mice. The complete penetrance of proximal
conotruncal defects (VSD and aortic and pulmonic valve de-
fects) compared to the partial penetrance of atrioventricular
defects (ostium primum atrial septal and tricuspid valve de-
fects) in adam19~'~ mice demonstrates that the proximal
conotruncal endocardial cushion is most sensitive to loss of
ADAMI19 activity.

Cardiac neural crest cells make important contributions to
the morphogenesis of the conotruncal endocardial cushion,
suggesting that ADAMI19 may have a role in neural crest
migration (24). Furthermore, the related ADAM13 has been
implicated in neural crest migration in Xenopus laevis (1).
However, in adam19~/~ mice, other structures that depend on
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FIG. 5. Evaluation of potential roles of ADAM19 in developing bone. (a and b) Serial sections of wild-type E16.5 forelimbs were hybridized
with antisense probes for ADAM19, matrix metalloproteinase 9 (MMP9), Indian hedgehog (Ihh), collagen-X (Col-X) (a) and ADAM19 or
TRANCE/OPGL (b). The expression pattern of ADAMI19 resembles that of MMP9 (white arrows) immediately adjacent to the zone of
hypertrophic cells, which is marked by expression of Col-X. The yellow arrow points to ADAM19 expression in proliferating chondrocytes distal
to the Ihh expression domain (a). Furthermore, the expression of ADAM19 is similar or identical to the expression of TRANCE/OPGL (b). (c)
Whole-mount alizarin red and alcian blue staining of adam19~'~, adam™'~, and adam ™' littermates shows comparable bone development in all
three genotypes at E18.5. (d) Alizarin red-stained whole-mount hind paws of adam19™/* and adam19~'~ mice also show comparable development

at E18.5.

migration of neural crest cells, such as the thymus, hyoid bone,
larynx, and palate, appeared morphologically normal (data not
shown). Moreover, adam19~'~ and wild-type embryos had en-
docardial cushions of similar shape and cellularity at E10.5 and
E12.5, when neural crest migration to the region is complete
(Fig. 31, j, m, and n). Finally, when we stained heart sections of
heterozygous or homozygous mutant ADAM19 embryos with
X-Gal to mark cells expressing lacZ under the ADAMI9 pro-
moter, we found no difference in the distribution of stained
cells at E11.5 (Fig. 3k and 1). This result argues against a role
for ADAM19 in the migration of ADAMI19-expressing cells
into the endocardial cushion. Instead, the heart defects seen in
newborn adaml9~'~ mice, in particular the thickened and
improperly remodeled aortic, pulmonic, and tricuspid valves,
are more consistent with a key role for ADAM19 regulating
morphogenesis and remodeling of the endocardial cushion af-
ter ADAM19-expressing cells have entered this structure.
Recent studies have demonstrated that mice lacking HB-
EGEF also have thickened aortic and pulmonic valves (19, 20).

Furthermore, mice lacking ADAM17, which has a critical role
in processing and presumably also activating HB-EGF (34, 44),
phenocopy mice lacking HB-EGF with respect to the thick-
ened aortic and pulmonic valves (20). In order to test whether
ADAMI19 might also contribute to HB-EGF shedding from
the endocardium, we coexpressed both proteins in Cos-7 cells
and also compared HB-EGF shedding in adami19*/~ and
adam19~'~ mEFs. In order to confirm that ADAM19 is active
in coexpression experiments, we included TRANCE/OPGL,
an osteoclast differentiation factor and dendritic cell survival
factor that is a known substrate of ADAM19 (7), as a positive
control (Fig. 4a). When HB-EGF was coexpressed with wild-
type ADAMI19 or a catalytically inactive mutant (E>A), no
difference in constitutive or PMA-induced shedding was ob-
served (Fig. 4a). Furthermore, we saw no difference in consti-
tutive or PMA-stimulated shedding of HB-EGF from
adam19~'~ mEF cells compared to heterozygous controls (Fig.
4b) or wild-type controls (data not shown). Taken together,
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FIG. 6. Evaluation of lung development (a through f) and echocar-
diographic analysis of adult hearts (g and h) in the presence or absence
of ADAMI09. Sections shown in panels a through f are of lungs from
wild-type (a and ¢) or adam19~'~ (b and d) embryos at E14.5 (a and b;
sections are stained with hematoxylin and eosin [H&E]), E17.5 (¢ and
d; sections are immunostained with anti-CD34 to mark the vasculature
and counterstained with hematoxylin), or of adaml9™'~ (e) or
adam19~'~ (f) newborn mice (P1; H&E stained). Arrows in a and b
point to lung tissue. No major differences in lung morphology, branch-
ing, or alveolarization were detected in adam9~'~ compared to wild-
type or adam19*/~ controls. An echocardiographic analysis of adult
hearts of 2-month-old mice (g and h) shows an enlarged right ventricle
in an adam19~'~ mouse (h) compared to a wild-type control (g). The
arrows indicate the position of the ventricular septum in panels h and
g. Abbreviations: RV, right ventricle, LV, left ventricle.

these experiments argue against a role of ADAMI19 in HB-
EGF shedding.

ADAM19 has also been implicated in ectodomain shedding
of neuregulin I-B, a protein that is essential for proper tra-
beculation of the heart during early development (26, 36, 42).
However, when we coexpressed neuregulin I-B1 or I-32 with
wild-type or mutant ADAMI19 in Cos-7 cells, no difference in
ectodomain shedding was evident (Fig. 4a). Furthermore, no
significant defect was seen in the constitutive or PMA-stimu-
lated shedding of neuregulin I-B1 and I-B2 in sparsely or
densely seeded adam19~'~ mEFs compared to heterozygous
or wild-type controls (Fig. 4b and data not shown). When we
compared the expression pattern of ADAM19 and neuregulin
in adjacent sections of E10.5 and E12.5 mouse embryos, we
found little, if any, coexpression in the endocardial cushion
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(Fig. 3a through h). Neuregulin has also been implicated in the
development of the cardiac conduction system (38), yet we
found no differences between the electrocardiograms of new-
born adam19~'~ mice and those of wild-type mice (data not
shown). Taken together, these results suggest that the heart
defects seen in adam19~'~ mice are not due to defects in
processing neuregulin I-B1 or I-B2. It remains to be deter-
mined whether ADAM19 has a role in processing other neu-
regulin isoforms (11) in cells and tissues where both proteins
are coexpressed, such as in the endocardium overlying the
endocardial cushion and a limited portion of the outflow tract
of the developing heart at E10.5 (Fig. 3b and d), a defined area
of neuroepithelial cells within the fourth brain ventricle (Fig.
30 and p), and part of the ventral horn of the spinal cord and
dorsal root ganglia (Fig. 3q and r; see also reference 27).

In a previous study, it was demonstrated that ADAM19 is
highly expressed in bone (18). Because ADAMI19 can cleave
the osteoclast differentiation factor TRANCE in Cos-7 cells
(see above and reference 7), we evaluated whether ADAM19
may have a role in bone development. In situ hybridization
showed that ADAM19 is highly expressed in a subpopulation
of cells residing immediately adjacent to the zone of collagen-
X-expressing hypertrophic chondrocytes in the growth plate
(Fig. 5a and b). The expression pattern of ADAM19 resembles
that of MMP9 (48) (Fig. 5a), which is also found next to cells
expressing collagen-X. Furthermore, at E16.5, TRANCE ap-
pears to be coexpressed with ADAM19 (Fig. 5b), raising the
possibility that ADAM19 could participate in TRANCE shed-
ding in this particular bone area. Finally, a distinct domain of
ADAM19 expression is found in a subset of highly proliferat-
ing chondrocytes adjacent to the perichondrium and distal to
early hypertrophic chondrocytes expressing Indian hedgehog.
Whole-mount alizarin red and alcian blue staining as well as
morphometric analysis of bone sections from wild-type and
adam19~'~ mice did not uncover evident histopathological
differences in bone development (Fig. 5S¢ and d and data not
shown). Further studies will be necessary to evaluate bones of
surviving adult adam19~'~ mice for more-subtle defects in
bone remodeling that may not be apparent during bone devel-
opment.

In addition to heart and bone, ADAM19 mRNA is also
highly expressed in the lung (18). However, a histopathological
analysis of lungs of adam19~'~, adam19™'~ and wild-type em-
bryos at E14.5 and E17.5 as well newborn mice of all three
genotypes did not reveal any apparent defects in the absence of
ADAMI9 (Fig. 6a through f and data not shown).

The overall analysis of adam19~'~ mice suggests that their
postnatal lethality is most likely due to the ventricular septal
defect combined with aortic and pulmonic valvular stenosis.
Following birth, when the right and left circulation are nor-
mally separated, a persistent VSD coupled with pulmonic valve
stenosis would lead to volume and pressure overload of the
right ventricle, resulting in progressive right ventricular dilata-
tion and hypertrophy. Similar malformations (e.g., VSD with
pulmonic stenosis and atresia, Tetralogy of Fallot) as well as
aortic stenosis are well-recognized causes of heart failure and
death in humans. The vascular anomalies observed in
adam19~'~ mice may further compromise myocardial perfu-
sion. Although some adam19~'~ mice survive, echocardiogra-
phy revealed an enlarged right ventricle in all five adult
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adam19~'~ animals examined (Fig. 6g and h and data not
shown). This is consistent with sublethal cardiac defects that
are still compatible with long-term but nonstressed survival.
Adult adam19~'~ mice appear healthy and are fertile, al-
though four of five pregnant adamIl9~'~ mice died late in
pregnancy, likely due to increased circulatory demands. In-
deed, human adults with similar forms of congenital heart
disease represent high-risk obstetrical patients.

Congenital heart disease is the most common form of birth
defects in humans, yet little is known about the underlying
molecular causes (2, 8, 15, 29, 43, 47). In light of the critical
role of mouse ADAMI9 in heart development, it will be in-
teresting to determine whether certain types of human con-
genital heart defects are caused by mutations in ADAMI09,
which is located on human chromosome 5q33.3. To date, only
a few proteins on the cell surface or in the extracellular matrix
have been implicated in endocardial cushion development, in-
cluding neurotrophin-3 (10), tumor growth factor B (5, 6) and
the related BMP6 and BMP7 (23), and most recently HB-EGF
and ADAM17 (19, 20). It will now be interesting to further
explore potential functional connections between ADAM19
and these proteins as well as other molecules that are impli-
cated in endocardial cushion transformation and/or conotrun-
cal defects, such as RXRa, smad6, and TBX1 (14, 16, 21, 31,
35). It is also possible that ADAM19-dependent cell-cell in-
teractions or signaling via its cytoplasmic domain contribute to
its role in heart development (39). We anticipate that the
discovery of an essential role for ADAM19 in heart develop-
ment in mice will lead to a better understanding of the causes
underlying human congenital heart disease.
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