Downloaded from genesdev.cship.org on May 22, 2024 - Published by Cold Spring Harbor Laboratory Press

A requirement for bone morphogenetic
protein-7 during development
of the mammalian kidney and eye

Andrew T. Dudley,' Karen M. Lyons,'’* and Elizabeth J. Robertson®
Department of Molecular and Cellular Biology, Harvard University, Cambridge, Massachusetts 02138 USA

BMP-7/0P-1, a member of the transforming growth factor-g (TGF-B) family of secreted growth factors, is
expressed during mouse embryogenesis in a pattern suggesting potential roles in a variety of inductive tissue
interactions. The present study demonstrates that mice lacking BMP-7 display severe defects confined to the
developing kidney and eye. Surprisingly, the early inductive tissue interactions responsible for establishing
both organs appear largely unaffected. However, the absence of BMP-7 disrupts the subsequent cellular
interactions required for their continued growth and development. Consequently, homozygous mutant
animals exhibit renal dysplasia and anophthalmia at birth. Overall, these findings identify BMP-7 as an
essential signaling molecule during mammalian kidney and eye development.

[Key Words: TGF-B growth factors; Bone morphogenetic proteins; gene targeting; kidney development; eye

development]

Received August 10, 1995; revised version accepted September 22, 1995.

The concerted program of cell growth and differentiation
during embryogenesis of higher animals is precisely con-
trolled by coordinated cell-cell communication. The for-
mation of many organs and specialized tissues is gov-
erned by processes of continuous reciprocal inductive
interactions (for review, see Wessells 1977). Although
much progress has been made recently in understanding
the molecular mechanisms underlying the formation
and patterning of discrete embryonic structures such as
the vertebrate limb (for review, see Tabin 1995) and
Drosophila eye |(for review, see Heberlein and Moses
1995), relatively little is known about the components of
signaling pathways that guide the growth, morphogene-
sis, and survival of complex organ systems.

Members of the transforming growth factor g (TGF-8)
superfamily of polypeptide growth factors play funda-
mental roles governing morphogenetic processes
throughout embryonic development. For example, in Xe-
nopus activins, Vg-1 and bone morphogenetic protein-4
(BMP-4) are involved in the establishment and subse-
quent patterning of the mesodermal lineage {for review,
see Harland 1994; Kessler and Melton 1994). The Droso-
phila decapentaplegic (dpp) gene is required for the spec-
ification of the embryonic dorsal-ventral axis, midgut
morphogenesis, and imaginal disc patterning {for review,
see Gelbart 1989; Ferguson and Anderson 1992). Recent
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studies have shown that TGF-B family members are es-
sential signaling molecules during early mammalian de-
velopment. Thus, nodal contributes to the formation
and maintenance of the primitive streak in postimplan-
tation mouse embryos (Zhou et al. 1993; Conlon et al.
1994), whereas BMP-4 acts to promote the growth of the
embryonic epiblast and mesoderm differentiation (Win-
nier et al. 1995).

TGF-B superfamily members have been divided into
subgroups based on the degree of sequence conservation
in their carboxyl-terminal signaling domains. The larg-
est subgroup constitutes the BMPs (for review, see Lyons
et al. 1991, Kingsley 1994). The Drosophila dpp and ver-

-tebrate BMP-2 and BMP-4 genes are highly conserved

and functionally interchangeable (Padgett et al. 1987;
Wozney et al. 1988; Padgett et al. 1993; Sampath et al.
1993). The expression patterns described for mammalian
BMP-2 and BMP-4 provided early evidence that these
molecules promote inductive tissue interactions (Jones
et al. 1991; Lyons et al. 1989, 1990). BMP-2 and BMP-4
expressed in the developing vertebrate limb have been
shown to function in growth control (Niswander and
Martin 1993; Francis et al. 1994} and, during odonto-
genesis, appear to mediate mesenchymal epithelial in-
teractions (Vainio et al. 1993). A variety of experimental
evidence in Xenopus suggests that BMP-4 activity spec-
ifies the formation of ventral mesodermal cell types (for
review see Harland 1994). The 60A subgroup includes, in
addition to the prototypic Drosophila 60A gene, four
mammalian genes, BMP-5 to BMP-8, which share 75%
homology in their mature carboxy-terminal domains
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(Ozkaynak et al. 1990, 1991; Celeste et al. 1990; Whar-
ton et al. 1991; Rosen and Thies 1992). Loss-of-function
alleles of BMP-5 mapping to the mouse short ear (se)
locus (Kingsley et al. 1992; King et al. 1994) are associ-
ated with defects in specific skeletal elements and soft
tissues (Green 1968). However, the developmental roles
provided by the closely related BMP-6 and BMP-7 family
members have yet to be defined.

BMP-7, also referred to as osteogenic protein-1 (OP-1)
or DVR-7, was originally identified as a potent osteo-
genic factor purified from bone {Celeste et al. 1990; Oz-
kaynak et al. 1990). In situ hybridization experiments
demonstrate that BMP-7 mRNA is present at multiple
sites during mouse embryogenesis (Lyons et al. 1995).
These findings predict several potential roles, including
establishment of the notochord at gastrulation and, at
later stages, during organogenesis in the formation of the
heart, gut, and kidney. To test these possibilities, we
have generated a loss-of-function mutation at the BMP-7
locus. BMP-7-deficient mutants exhibit a number of spe-
cific skeletal defects with variable penetrance. Addition-
ally, these animals show striking abnormalities associ-
ated with the development of both the renal and ocular
systems. Surprisingly, loss of BMP-7 signaling does not
disrupt initial reciprocal inductive tissue interactions
guiding eye and kidney formation. Rather, the late onset
and presentation of renal and ocular defects suggest that
BMP-7 may act as a localized growth factor regulating
the survival or maintenance of differentiated cell types
essential for the maturation of both organs.
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Results
Generation of BMP-7 mutant mice

The positive/negative targeting vector used to introduce
a null mutation at the BMP-7 locus is shown in Figure
1A. Briefly, an Eagl-Hindlll fragment containing the first
coding exon and ~150 bp of upstream sequence was re-
placed by a PGK-neo cassette, in the opposite transcrip-
tional orientation. The neo cassette was flanked by ~3.3
and 8.5 kb of 5’ and 3’ homology, respectively. Linear-
ized vector was electroporated into CCE embryonic stem
(ES) cells, and individual colonies selected in G418 and
GANC were screened by Southern blot analysis using an
external probe. Of 840 drug-resistant clones analyzed, we
recovered 107 carrying the mutant allele, and 5 of these
were injected into blastocysts. Three independent
clones, C2, G6, and F9, gave rise to male chimeras that
transmitted the mutation to their offspring. We analyzed
BMP-7 homozygous mutant progeny derived from all
three clones to confirm that they all exhibit the iden-
tical phenotype. This mutation has been designated
BMPp-7m1Rob,

Southern blot analysis of mid-gestation stage embryos
recovered from intercross matings showed that homozy-
gous mutant progeny were recovered at the expected fre-
quency (Fig. 1B). To confirm that the targeted allele en-
codes a loss-of-function mutation, total RNA from indi-
vidual embryos was analyzed using an RNase protection
assay. As shown in Figure 1C, riboprobes specific for
exon 1 sequences and for downstream sequences encod-
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Figure 1. Generation of a null allele at the
BMP-7 locus. (A) Schematic representation
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with EcoRI and hybridized with the 5’
flanking probe. Positions of the 7.0-kb frag-
ment derived from the wild-type allele and
5.5-kb fragment derived from the mutant al-
lele are indicated. (C) RNase protection
analysis. A 220-base probe specific for exon
1 and a 202-base probe corresponding to
downstream sequences were hybridized
with total RNA prepared from mid-gesta-
tion embryos. The arrows indicate the posi-
tions of the predicted full-length protected
fragments detectable in wild-type and het-
erozygous but not mutant samples. A
mouse Spl probe was used as a control for
mRNA integrity.
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Table 1. Abnormalities associated with a null mutation at the BMP-7 locus

Kidney Eye Hind limb
Mutants defects defects polydactyly

Sub strain Litters Embryos (%) (%) (%) (%)
C2 5 39 10 10 8 5
(26) (100) (80} (50)
G6 8 83 18 18 18 2
(20) (100) (100} (11)
F9 5 56 11 11 11 6
(22) (100) (100) (55)
F9 9 63 14 14 14 1
inbred (22) (100) {100) (7)
Totals 27 241 53 53 51 14
(22) {100) (96) (26)

Embryos recovered between day 16 and 19 of gestation were genotyped as described in Materials and methods. The range in eye defects
presented by mutant embryos ranged from bilateral anophthalmia (60%), bilateral microphthalmia (20%), and a combination of
unilateral microphthalmia in combination with unilateral anophthalmia {20%).

ing the BMP-7 proregion both gave the appropriate full-
length protected fragments upon hybridization with
RNA from wild-type or heterozygous animals. In con-
trast, RNA from several mutant embryos showed no de-
tectable hybridization signal, confirming that these ani-
mals lack BMP-7 transcripts.

Late onset and restricted pattern of abnormalities
in BMP-7-deficient embryos

BMP-7 mRNA is expressed at multiple sites in the de-
veloping mouse embryo from gastrulation stages onward
(Lyons et al. 1995). However, essentially all of the BMP-7
homozygotes survived to birth, and early postimplanta-
tion stage mutant embryos displayed no visible abnor-
malities. As shown in Figure 2, mid-gestation and later
stage BMP-7 homozygotes were readily identified by
their severe eye defects (Fig. 2A,B,E,F). In the majority of
cases (60%) this defect presented as bilateral anoph-
thalmia. However, ~20% of mutants, regardless of ge-
netic background, displayed a unilateral microphthalmia
in combination with unilateral anophthalmia, whereas
the remaining 20% displayed bilateral microphthalmia.
Without exception, late gestation and live born mutants
also exhibit severe bilateral renal dysplasia (Fig. 2C), of-
ten accompanied by massive hydroureter (Fig. 2D). In
contrast, the remainder of the urogenital system, gonads,
and the adrenals are unaffected (Fig. 2C). The penetrance
and expressivity of kidney and eye defects observed in a
hybrid (129/8v X MFI) or an inbred 129/Sv background
were not significantly different, suggesting little impact
of genetic background on the phenotype. Data obtained
analyzing the three independent BMP-7 mutant strains
are summarized in Table 1.

BMP-7 was shown previously to be a potent inducer of
bone in ectopic assays (Celeste et al. 1990; Ozkaynak et
al. 1990) and is widely expressed in developing cartilage
and bone (Lyons et al. 1995). In the appendicular skele-
ton, BMP-7 mRNA is expressed within the interdigital
mesenchyme at mid-gestation stages. Within the axial

skeleton, BMP-7 transcripts are abundant in the devel-
oping perichondria. Overall, these findings suggest that
BMP-7 signaling is involved in bone formation and pat-
terning. To examine this possibility further, whole-
mount skeleton preparations from 65 animals, including
30 mutants, sacrificed at late gestational or early post-
natal stages, were analyzed extensively. Approximately
25% of BMP-7 mutants displayed unilateral hind-limb
polydactyly, seen either as a single additional preaxial
digit resembling a mirror image duplication of the sec-
ond digit or, more rarely, as a bifurcation and duplication
of the most distal tarsals of the first digit (Fig.2G,H).
Additional minor axial skeletal abnormalities were ob-
served in ~50% of homozygous mutants (16 of 30}. The
most prevalent defect scored was a failure of one or both
of the seventh pair of ribs to fuse to the sternum, often
accompanied by the absence of an obvious center of os-
sification corresponding to the fourth sternebra. Occa-
sionally in the cranial region, the membranous bones
were not fully developed, and we recorded two cases of
exencephaly.

BMP-7 mRNA is also known to be prominently ex-
pressed in other developing organ systems, including the
myocardium of the developing heart, the epithelial and
mesenchymal layers of the gut, and the epithelial buds of
the pancreatic primordium {Lyons et al. 1995; Vukicevic
et al. 1994). However by histological criteria, all of these
tissues appear to develop normally. The vast majority of
BMP-7 mutants die within the first day of postnatal life,
probably because of renal failure. However, a small per-
centage of mutants (~5%) survive for 2-10 days. Al-
though these animals appeared runted, they developed a
normal pelage and displayed normal behavior. On au-
topsy, they were all found to have severely dysplastic
kidneys and accompanying hydroureter.

Defective kidney development caused by loss
of BMP-7 function

Overt development of the metanephric kidney is initi-
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Figure 2. Gross morphological analysis of BMP-7 mutant em-
bryos. Adjacent panels photographed at the same magnification
showing heterozygous (A) and homozygous mutant (B) litter-
mates at 17 days p.c. (C) At 19 days p.c., kidneys (k) from BMP-7
mutant embryos (right) are significantly smaller than those
from a heterozygous littermate (left). The remainder of the uro-
genital tract and adrenals (K} are morphologically normal. (K)
kidney. (D) Acute hydroureter phenotype displayed by the ma-
jority of BMP-7 mutants at birth. A small mass of kidney tissue
remains (K), while the renal pelvis (R) and ureter (U} are ex-
tremely distended (E,F) High magnification views of eyes at 13.5
days p.c. The wild-type embryo (E) shows a well-developed pig-
mented retinal epithelium, whereas the BMP-7 mutant embryo
(F) has only a residual mass of pigmented retinal epithelial cells.
(G,H) Preaxial polydactyly of the hind limbs. Whole-mount
preparations comparing the cartilaginous structures present in
wild-type (left) and BMP-7 mutant (right) limbs are shown.

ated, beginning at ~11 days of development, by growth
of the Wolffian duct-derived ureteric bud into the pre-
sumptive metanephric mesenchyme. Subsequent recip-
rocal interactions result in branching morphogenesis of
the ureteric bud and conversion of the induced mesen-
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chyme into epithelial structures. These primitive struc-
tures subsequently differentiate into epithelial compo-
nents of the mature nephron, whereas derivatives of the
ureter form the collecting duct system (for review, see
Saxen 1987). BMP-7 transcripts are initially detected in
the mesonephric duct and tubules at 9.5 days of devel-
opment {Lyons et al. 1995). Following formation of the
metanephric kidney, BMP-7 transcripts are prominently
expressed in the mesenchyme of the nephrogenic zone,
the condensing aggregates, and the epithelia of the
comma and S-shaped pretubular structures, with weaker
expression seen in the ureteric ducts (Fig. 3A). Moreover,
BMP-7 mRNA expression persists in the nephrogenic
zone throughout development, and BMP-7 transcripts
are readily detectable in adult kidneys (Ozkaynak et al.
1991).

To determine the onset of abnormalities during kidney
development, the structures of mutant and wild-type
kidneys were carefully compared over time. There were
few distinctive morphological differences observed prior
to day 14.5. A detailed histological analysis of day 14
mutant kidneys showed a relatively normal architecture,
with prominent branching of the ureteric buds (Fig. 3D).
Moreover, comma and S-shaped bodies are present,
strongly suggesting that the reciprocal inductive inter-
actions necessary to initiate and promote growth and
differentiation of the developing nephrons have occurred
in the absence of BMP-7 signaling (Fig. 3C). However,
organ size and the overall extent of nephrogenesis is re-
duced markedly in BMP-7 mutants, resulting in the ac-
cumulation of a disproportionately higher amount of
loose interstitial mesenchyme (Fig. 3D). Over the next 2
days, BMP-7-deficient kidneys acquire a highly aberrant,
disorganized architecture (Fig. 3F). Moreover, there is lit-
tle morphological evidence for active formation of mes-
enchymal aggregates. The peripheral layer is largely de-
void of densely packed mesenchymal stem cells, and
medullary regions are typically filled with large numbers
of collecting ducts interspersed by loose stromal cells.

Next we assessed kidney development using a panel of
specific molecular markers. To determine the extent of
ureteric bud branching, we analyzed the expression of
the c-ret receptor tyrosine kinase. ¢-ret mRNA is specif-
ically expressed within the tips of the newly formed
branches of the ureteric buds at the periphery of the kid-
ney (Pachnis et al. 1993). To evaluate the state of induc-
tion and differentiation of the metanephric mesen-
chyme, we examined Pax-2, Pax-8, and Wnt-4 expres-
sion. Pax-2 and Pax-8 are members of the paired domain
class of transcription factors (Walther et al. 1991). Pax-2
mRNA is initially found in the mesonephric duct, and
then in the branching ureter, induced mesenchymal con-
densates, and S-shaped bodies (Dressler et al. 1990),
whereas, Pax-8 expression is restricted to the induced
mesenchyme and S-shaped bodies (Plachov et al. 1990).
Wnt-4 expression is required for epithelialization of the
induced mesenchyme (Stark et al. 1994) and thus serves
as a marker for formation of pretubular aggregates and
comma-shaped bodies. As shown in Figure 4, at day 14.5,
BMP-7-deficient kidneys express all of these markers in
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an appropriate cell type-specific pattern. These findings
suggest that the absence of BMP-7 signaling has little
impact on the inductive interactions between the epi-
thelial and mesenchymal tissues during early kidney for-
mation. However, this expression study illustrates a dra-
matic reduction in the extent of branching morphogen-
esis, mesenchymal condensation, and epithelialization
in the absence of BMP-7 signaling.

As expected, at 16.5 days post coitum (p.c.), expression
of c-ret, Pax-2, Pax-8, and Wni-4 persists in the cortex of
wild-type kidneys, indicating ongoing nephrogenesis. In
contrast, mutant kidneys are largely devoid of these cell
populations (Fig. 5). As predicted by the drastically re-
duced branching of the ureter, we observed occasional
patches of c-ret- positive cells. Similarly, small clusters
of Pax-2-, Pax-8- and Wnt-4-expressing cells were found
associated with small poorly formed mesenchymal ag-
gregates. In contrast, in the medullary regions of mutant
kidneys, epithelial cells of the collecting ducts derived
from the ureter appear to develop normally. High levels
of both Pax-2 and Wnt-4 transcripts were present in
these cell populations.

At later stages of development mutant kidneys are
greatly reduced in size in comparison to wild type, se-
verely dysgenic, and contain few recognizable glomeruli
and nephrons. Despite this highly aberrant organ struc-
ture, the few nephrons that form seem to be functional,
as the bladders of live born mutant animals contain fil-
trate. Postnatal survival of exceptional mutant animals
also strongly argues that limited renal function is re-

Figure 3. Kidney abnormalities associated with
the absence of BMP-7 expression at later stages of
development.(A) Abundant levels of BMP-7 tran-
scripts are detected in the mesenchymal stem
cells, condensing aggregates, and Bowman'’s cap-
sule of wild-type kidneys at 14.5 days of devel-
opment. Sections through wild-type {(B) and mu-
tant (D) kidneys at 14.5 days p.c. were photo-
graphed at the same magnification (200x). {C)
High magnification {600x) view of the upper
right quadrant of D. Views of wild-type (E) or
mutant (F) kidneys at 16 days p.c. photographed
at 200% magnification. {G) Glomerulus; (SC) S-
or comma-shaped body; (U] ureter.

tained. The homozygous mutants also display severe hy-
droureter, encompassing massive distension of the col-
lecting ducts, renal pelvis, and ureter {Fig. 2D). The rest
of the urinary tract appears to be unaffected. However,
we cannot exclude the possibility that minor structural
defects attributable to the loss of BMP-7 function may
contribute to the acute hydroureter.

An essential role for BMP-7 in eye development

During the development of the vertebrate eye, the optic
vesicle, an outpocketing of the ventral diencephalon,
contacts the adjacent surface ectoderm to induce the for-
mation of the lens placode. Coincident with invagina-
tion of the lens vesicle, the epithelium of the optic ves-
icle forms a bilayered optic cup around the newly in-
duced lens vesicle. As a result of secondary inductive
interactions, these tissues then act in concert to form the
outer and inner cell layers corresponding to the pig-
mented retinal epithelium and neural retina, respec-
tively (for review, see Grainger 1992). BMP-7 transcripts
are expressed in both the neuroepithelium of the optic
vesicle and the overlying surface ectoderm at early stages
of eye development (Fig. 6A; Lyons et al. 1995). Follow-
ing lens induction and formation of the bilayered retina,
BMP-7 mRNA is abundantly expressed at the junction
between the neuroepithelium and pigmented retinal ep-
ithelium, throughout the outer pigmented retinal layer,
in the mesenchymal cells adjacent to the optic cup and
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Figure 4. Ureteric bud and mesenchymal cell
populations develop normally in BMP-7-defi-
cient kidneys. Dark-field photomicrographs
showing expression of c-ret (A,B), Wnt-4 (C,D),
Pax-2 (E,F), and Pax-8 (G,H) transcripts at 14.5
days p.c. in kidneys from wild-type (4,C,E,G) and
mutant (B,D,F,H) embryos. Arrows indicate ex-
pression of c-ret in the tips of the ureteric buds
(B) and Wnt-4 transcripts present in the condens-
ing mesenchyme (D) of mutant embryos. Strong
expression of Wnt-4 (D) and Pax-2 (F) in or near
the collecting ducts is shown by the arrowhead.
The mutant and wild-type kidney tissues were
embedded and processed in the same specimen
block and photographed at the same magnifica-
tion.

lens (see Fig. 6B), and sheath cells surrounding the optic
nerve (data not shown).

We carried out a detailed histological analysis to assess
the extent of eye development in BMP-7 mutant em-
bryos. Considering that lens induction is the primary
event responsible for subsequent growth and develop-
ment of non-neural eye structures, the simplest possibil-
ity was that defects in this early phase of eye develop-
ment might underlie the anophthalmia in BMP-7 mu-
tants. Tissue sections from three litters of 9.5 day
embryos (n=25) were scored for eye induction and ret-
rospectively genotyped. As shown in Figure 7, induction
of the lens placode and invagination of the lens vesicle
occurs in BMP-7 mutants {n=6). Moreover, wild-type
and mutant optic stalks appear indistinguishable
through day 11 of development. Thus, the competence of
the surface ectoderm to respond to signals from the optic
vesicle and early patterning of these tissues appears un-
affected in the absence of BMP-7 signaling.

By 14.5 days, the majority (60%) of BMP-7 deficient
embryos exhibit a profound bilateral deterioration of the
developing eye structures. As shown in Figure 8, at this
stage the only recognizable eye tissue is a small mass of
disorganized pigmented retinal epithelium associated
with the remnant of the optic nerve. Interestingly, the
remaining 40% of mutants display either unilateral or
bilateral microphthalmia. These eyes appear grossly
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morphologically normal but are approximately half the
normal size (Fig. 9). In both anophthalmic and mi-
crophthalmic mutants, the tissues of the eyelids develop
normally and have fused at birth. Previously described
mutations affecting eye development are commonly ac-
companied by additional craniofacial abnormalities. For
example, Pax-6 mutations mapping to the mouse small
eye (Sey) locus (Hill et al. 1991) disturb development of
both the optic and nasal structures (Hogan et al. 1988; for
review, see Glaser et al. 1995). In contrast, here the eye
was the only grossly affected head structure (Fig. 8).

To describe specific cell types present in these highly
degenerate eye rudiments and microphthalmic eyes,
next we assessed expression of a panel of molecular
markers. The homeo box-containing gene msx-1 is ex-
pressed after formation of the optic cup in cells of the
ciliary body, progenitors of the definitive iris located at
the extreme tips of the neural retina (Monaghan et al.
1991). In microphthalmic eyes msx-1 expression was re-
stricted to the ciliary body, consistent with normal or-
ganization of this structure (Fig. 9H), whereas msx-1-
expressing cells were undetectable in degenerate eyes.
As mentioned above, Pax-6 expression is essential for
lens placode formation (Hogan et al. 1988). Pax-6 tran-
scripts are initially expressed in both the optic vesicle
and the overlying surface ectoderm (Walther and Gruss
1991; Grindley et al. 1995), whereas at later stages, Pax-6
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mRNA is expressed in the developing lens, throughout
the neuroepithelium of the developing retinal layers, and
in prospective corneal cells derived from the surface ec-
toderm. An appropriate pattern of Pax-6 mRNA expres-
sion was observed in microphthalmic eyes (Fig. 9E). Pre-
vious findings suggest that the maintenance of Pax-6 ex-
pression in the corneal layer is dependent on lens
induction, as this expression domain is absent in Sey
homozygotes lacking a lens placode (Grindley et al.
1995). We found a superficial layer of Pax-6-expressing
cells present in degenerate eyes, strengthening the no-
tion that lens vesicle formation occurs in the absence of
BMP-7 signaling (Fig. 9F). Finally, the finding of residual
disorganized pigmented epithelial cells normally formed
at day 11 of development provides further evidence that
the initial inductive tissue interactions are unaffected.
However, as in the developing kidney, BMP-7 activity
seems to be essential to promote later stages of organo-
genesis. Thus, subsequent outgrowth and survival of eye
structures are severely impaired and the optic cup and
associated optic nerve are not maintained.

Discussion

BMP-7/0P-1, is expressed at early stages of postimplan-
tation mouse development, and moreover is localized to

BMP-7-deficient mice

Figure 5. Expression of cell type-specific mark-
ers in BMP-7 mutant kidneys at 16.5-days p.c.
Probes specific for c-ret (A,B), Wnt-4 (C,D), Pax-2
(E,F), and Pax-8 |G,H) were hybridized to wild-
type (A,C,E,G) and mutant (B,D,F,H) tissue sec-
tions. Arrows indicate regions expressing c-ret
(B), Pax-2 (F), and Pax-8 (H) transcripts. Note the
relatively high levels of Wnt-4 (D) and Pax-2 (F}
expression in the collecting ducts of mutant kid-
neys {arrowheads). The mutant and wild-type
kidney tissues were embedded and processed in
the same specimen block and photographed at
the same magnification.

tissues such as the notochord and surface ectoderm,
known to participate in inductive tissue interactions. It
therefore seemed likely that BMP-7 mutants might dis-
play abnormalities affecting axial patterning as has
proven to be the case for other TGF-B family members
expressed during gastrulation such as nodal and BMP-4
(Zhou et al. 1993; Conlon et al. 1994; Winnier et al.
1995). Surprisingly, axis formation, neural patterning,
and gut development all appear to occur normally in em-
bryos lacking BMP-7. Rather BMP-7 mutants predomi-
nantly display abnormalities confined to the developing
kidney and eye. The absence of BMP-7 signaling fails to
disrupt early inductive tissue interactions responsible
for establishing these organs. However, the absence of
BMP-7 signaling causes the loss of their continued
growth and differentiation. The late onset and restricted
pattern of tissue abnormalities in mutant animals seem
especially curious in light of the early pattern of BMP-7
expression in developing mouse embryos. It is possible
that maternal sources of BMP-7 promote early develop-
ment of early postimplantation-stage embryos. Alterna-
tively, overlapping expression of closely related TGF-B
family members may rescue gastrulating embryos.

As predicted by BMP-7 expression restricted to peri-
chondrial regions in these structures, minor defects af-

GENES & DEVELOPMENT 2801


http://genesdev.cshlp.org/
http://www.cshlpress.com

Downloaded from genesdev.cship.org on May 22, 2024 - Published by Cold Spring Harbor Laboratory Press

Dudley et al.

Figure 6. Expression of BMP-7 mRNA in the developing eye.
Tissue sections at 9.5 {A) and 10.5 (B) days of development were
hybridized with a BMP-7 specific probe. At 9.5 days p.c. BMP-7
mRNA expression is localized to the cells of the surface ecto-
derm and the neuroepithelium of the optic vesicle. Following
development of the optic cup, high levels of BMP-7 transcripts
are present in the pigmented retinal epithelium, presumptive
ciliary body of the bilayered retina, and in the cells surrounding
the optic stalk. (ne] Neural ectoderm; (pre} pigmented retinal
epithelium; (os) optic stalk.

fecting the development of the ribs were detected in
BMP-7 mutant embryos (Lyons et al. 1995). The rela-
tively mild nature of the axial skeletal defects may re-
flect overlapping expression of other TGF-B family mem-
bers (Lyons et al. 1995; data not shown). During limb
development, BMP-7 transcripts are expressed at high
levels in the interdigital mesenchyme, which normally
undergoes programmed cell death. The appearance of ex-
tra digits in BMP-7 mutants could in principle reflect a
role for BMP-7 in mediating apoptosis during limb de-
velopment, as seems to be the case for BMP-4 signaling
in the chick hind brain (Graham et al. 1994). Altemna-
tively, if BMP-7 normally acts to inhibit cell growth, its
absence may lead to an expansion of the limb field and
formation of additional digits.

BMP-7 is expressed in multiple cell types during on-
togeny of the metanephric kidney. Thus, BMP-7 tran-
scripts are present in cells of the ureter and the meta-
nephric mesenchyme. Following condensation of the
mesenchyme into pretubular aggregates, BMP-7 expres-
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sion continues in the resulting comma and S-shaped bod-
ies. A continuous program of reciprocal inductive epi-
thelial mesenchymal interactions is responsible for the
formation of functional nephron units and the overall
structure of the mature kidney (for review, see Saxen
1987). Mutations affecting either the ureteric component
or the metanephric mesenchyme are sufficient to disrupt
the nephrogenic program. For example, the c-ret recep-
tor, expressed in the tips of the ureteric buds, is essential
for branching morphogenesis (Schuchardt et al. 1994),
and a secondary effect of the mutation is the failure of
the uninduced mesenchyme to proliferate. Mutants
lacking c-ret survive to birth and either lack kidneys or
display small dysplastic rudiments. Similarly, loss of the
Wnt-4 signaling molecule specifically blocks the induc-
tive process responsible for conversion of mesenchymal
aggregates into tubules (Stark et al. 1994). Wnt-4 mu-
tants fail to develop recognizable glomeruli, and kidney
growth is arrested at day 15 of development. In contrast,
here, initial epithelial-mesenchymal inductive interac-
tions appear largely unaffected. Thus, we observed mor-
phologically normal mature nephrons at day 14.5. How-
ever, the coordinated program of cell growth and differ-
entiation is not maintained. Starting prior to day 14 we
observe greatly reduced branching morphogenesis of the
ureter accompanied by a decrease in the formation of
associated pretubular aggregates. We therefore conclude
that BMP-7, acting either in an autocrine or paracrine
fashion, is necessary to promote the continued growth

Figure 7. Lens induction in the absence of BMP-7 signaling.
Frontal sections through 10 days p.c embryos showing forma-
tion of the surface ectoderm-derived lens placode (A, C) and lens
vesicle (B,D) in wild-type {A), heterozygous (B) and mutant
(C,D) embryos. (LP} Lens placode; (LV) lens vesicle; (NR) neural
retina; (OS) optic stalk; (OV) optic vesicle; {PE) pigmented epi-
thelium; (SE), surface ectoderm.
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Figure 8. Defective eye development in BMP-7 mutants. He-
matoxylin- and eosin-stained sections through the head region
of 14.5 days p.c. wild-type (A,C) and BMP-7 mutant (B,D) em-
bryos. Note the presence of a nasal cavity (N} in mutant em-
bryos. Higher magnification views are shown in C and D. Note
the remnant of the pigmented epithelium (P} and optic nerve (O)
in the mutant. Mutant and wild-type tissues were embedded
and processed in the same specimen block and photographed at
the same magnification.

and survival of both epithelial and mesenchymal com-
ponents in the developing metanephric kidney. Perhaps
BMP-7 is essential to promote continuous branching
morphogenesis of the ureteric bud. Alternatively, BMP-7
may act to maintain the proliferation of mesenchymal
stem cell populations occupying the nephrogenic zone or
affect the competence of this population to convert to
pretubular condensates. Extensive cell death seems to be
a feature of normal kidney development (Koseki et al.
1992; Coles et al. 1993) and is apparently blocked by the
actions of growth factors such as epidermal growth fac-
tor (EGF) (Coles et al. 1993). One possibility is that
BMP-7 specifically promotes the survival of these dis-
crete cell types. Interestingly, in contrast, recent data
suggest that BMP-4 mediates apoptosis in specific popu-
lations of neural crest derivatives in the chick (Graham
et al. 1994).

In the developing eye, BMP-7, like Pax-6, is expressed
in both the inducing optic vesicle and the responding
surface ectoderm. In contrast to the phenotype described
for Pax-6 mutants, here the primary induction of the lens
placode and vesicle occurs normally. Moreover, the per-
sistence of Pax-6 expression in prospective corneal cells

BMP-7-deficient mice

provides strong evidence for lens induction (Grindley et
al. 1995). Similarly, development of the pigmented reti-
nal epithelial layer in mice lacking BMP-7 strongly sug-
gests that optic cup formation proceeds relatively nor-
mally. Nonetheless, the majority of mutants show rapid
and extensive deterioration of the eye and associated op-
tic nerve. Thus, BMP-7 provides an essential function in
maintaining the integrity of optic structures. Similar tis-
sue abnormalities have been described for spontaneous
mouse mutations affecting the eye. For example, the
semidominant (Sey) mutation affecting Pax-6 expression
(Hill et al. 1991), results in a failure to induce the lens
placode (Hogan et al. 1988). As a secondary consequence,
development of the optic cup is disturbed leading to loss
of this structure and the associated optic nerve. Interest-
ingly, Sey heterozygotes develop microphthalmia, possi-
bly because of a temporal delay in the invagination of the
lens vesicle {Theiler et al. 1978). Similarly 90% of eye-
less homozygous mice are bilaterally anophthalmic
whereas the remaining 10% develop microphthalmia
(Chase and Chase 1941). The predominant factor deter-
mining the severity of the phenotype appears to be the
size of the lens vesicle and its positioning relative to the
optic cup (Harch et al. 1978). When the lens is centered
correctly a small eye develops, whereas in other animals
the poorly positioned lens is lost, and the optic cup col-
lapses and degenerates. Thus, BMP-7 signaling may be
required to guide growth and appropriate positioning of
the lens vesicle and cells of the neuroepithelium. High
levels of BMP-7 mRNA expression are detected in the
cells of the early optic stalk at day 10.5 of development,
with expression persisting in the cells immediately sur-
rounding the forming optic nerve. Thus, eye degenera-
tion in BMP-7 mutants may also arise as a secondary
effect attributable to abnormalities in the optic stalk or
nerve. In rats experimental lesion of the optic nerve
causes apoptotic cell death of retinal cells (Rabacchi et
al. 1994). An association between aplasia of the optic
nerve and microphthalmia has also been implicated by
studies analyzing the ocular retardation (or) mutation in
the mouse (Silver and Robb 1979). BMP-7 might there-
fore act as a localized trophic factor promoting the sur-
vival of neural cell populations in either the retina or
associated optic nerve.

Finally, hereditary abnormalities affecting both eye
and kidney development have been described previously
in humans and mice. Pax-2 mutations in the human pop-
ulation have impacts on both kidney and eye develop-
ment (Sanyanusin et al. 1995). Moreover, the spontane-
ous mutation eye blebs, causing defects affecting the
kidney and eye, is associated with polydactyly (Lyon and
Searle 1989]. It will be interesting to learn whether any
of the defects presented in these mutations may result,
in part, from alterations in BMP-7 expression. The
present experiments demonstrate an essential role for
BMP-7 signaling during eye and kidney development. In
both cases, the inductive tissue interactions responsible
for early patterning appear relatively intact, but the ab-
sence of BMP-7 dramatically affects overall organ size.
These findings suggest that coordinated programs of eye

GENES & DEVELOPMENT 2803


http://genesdev.cshlp.org/
http://www.cshlpress.com

Downloaded from genesdev.cship.org on May 22, 2024 - Published by Cold Spring Harbor Laboratory Press

Dudley et al.

and kidney development could in principle be dependent
on a common signaling pathway activated by BMP-7.

BMPs are phylogenetically conserved and occupy a
unique position within the TGF-8 superfamily. Mem-
bers of both subgroups possess the ability to induce for-
mation of ectopic cartilage and bone, suggesting a high
degree of functional redundancy. Moreover, recent stud-
ies have demonstrated that BMP signaling in mamma-
lian cells involves cooperative interactions between type
I and type II receptors as shown for pairs of type I and
type II TGF-B receptors {Liu et al. 1995). Interestingly
BMPR-I], expressed in mammalian cells, associates with
BMP and not TGF-B or activin type I receptors, raising
the possibility that BMP ligands can initiate a distinct
signaling pathway (Liu et al. 1995). Within the BMP sub-
family however, all previous studies analyzing cultured
cell lines have failed to discriminate their biochemical
and functional activities. Moreover, BMP-2 and BMP-7
have overlapping expression patterns in vivo (Lyons et al.
1995) and BMP-2, BMP-4, and BMP-7 appear to interact
with common type II receptors (Liu et al. 1995; Rosenz-
weig et al. 1995; Yamashita et al. 1995). Nevertheless
mutant mice lacking BMP-4 (Winnier et al. 1995) and
BMP-7 ligands display remarkably different phenotypes.
Further analysis of these animals and compound mu-
tants may provide additional insight into the distinct
and overlapping roles of these various BMP family mem-
bers.

Materials and methods
Derivation of mutant mice

A fragment of the mouse BMP-7 ¢cDNA (Lyons et al. 1995) was
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Figure 9. Cell type-specific markers expressed in the
developing eyes of BMP-7 mutant embryos. Bright-
field (A—C) and dark-field photographs (D-I) of tissue
sections through the eyes from wild-type (4,D,G), mi-
crophthalmic (B,E,H), and anophthalmic (C,F,I) mu-
tant embryos at 13.5 days p.c. All panels are photo-
graphed at the same magnification. Pax-6 {D—F), and
Msx-1 (G-I)-specific probes were hybridized to tissue
sections. The presence of pigment granules gives an
apparent signal seen in the pigmented retinal epithe-
lium, indicated by the arrows in D-F, which serves to
delineate the extent of development of this cell layer.
Pax-6 expression in D-F {arrowhead) corresponds to
cells of the prospective corneal layer. msx-1 mRNA
was present in the ciliary body in both wild-type (G)
and microphthalmic (H) eyes (arrows). (C) Cornea; (L)
lens; (NR) neural retina; (PE) pigmented epithelium.

used to screen a 129/Sv genomic library. Genomic clones were
mapped, and a 1.2-kb Eagl-Hindlll fragment was identified as
containing the first 525-bp coding exon. To construct a posi-
tive/negative targeting vector, a 3.3-kb BamHI-Eag] fragment
located 5’ to exon I was subcloned into the Notl site of pPGK~-
neo-tk (gift from Brian Parr, Harvard University, Cambridge,
MA), 3’ to the neo cassette. An 8.5-kb HindIlI-BamHI genomic
fragment was subcloned into the vector 5’ to the neo cassette. In
the final vector configuration of the PGK—neo cassette replaced
exon 1 sequences, and the tk counterselection cassette was po-
sitioned 5’ to the 3.3-kb genomic fragment.

CCE ES cells (2x107) (Robertson et al. 1986), maintained on
STO-neo feeder cells, were electroporated with 15 pg of Sall-
linearized plasmid, plated, and selected in G418 (200 pg/ml)
and Gancyclovir (2 uM) as described previously {Poirier and Rob-
ertson 1993). Drug-resistant colonies were picked into 96-well
plates and screened by Southern blot analysis using the proce-
dure described by Ramirez-Solis and colleagues {1993). DNA
samples were digested with EcoR], resolved on 0.7% agarose
gels, blotted onto Hybond N membranes (Amersham), and
probed using a 0.7-kb EcoRI-HindIll genomic fragment derived
from sequences located 5’ to the targeting vector. Correctly tar-
geted ES cell clones were injected into C57BL/6] host blasto-
cysts to generate chimeric animals as described (Bradley 1987).
Male chimeras were bred with C57BL/6] or MF1 females to
ascertain germ-line transmission. Germ-line chimeras from the
F9 ES clone were also mated to 129/Sv//Ev females to generate
mutants on an inbred background.

Genotyping procedures

F, progeny heterozygous for the mutation were identified by
Southern blotting of 10 pg of genomic DNA samples using the
procedure described above. Subsequent progeny and embryos
were genotyped either by Southern blot analysis or by PCR. The
PCR primers were designed to use a common 5’ primer, specific
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for sequences located 5’ of exon 1 (5'-GCCCGGGCCAGAAC-
TGAGTAAA-3'), in conjunction with a primer specific for the
neo gene (5'-GGTGCCCACTCCCACTGTCCT-3') or for
BMP-7 exon 1 sequences (5-CGTCCACGACCCGAGGT-
CACTT-3') to generate 130-bp and 120-bp products specific for
the mutant and wild-type alleles, respectively. The PCR condi-
tions were 50 mm KCl, 10 mm Tris-HCl at pH 7.5, 10% glycerol,
0.25 pM each primer, 1 g of genomic DNA, and 1 unit of Am-
plitaq {Perkin-Elmer), in a 25-pl total reaction volume. Follow-
ing an initial denaturation step (94°C for 1 min), samples were
subjected to 30 amplification cycles (94°C for 30 sec, 62°C for 30
sec, 72°C for 30 sec). The amplification products were separated
on a 1.5% agarose gel and visualized following ethidium bro-
mide staining.

RNase protection analysis

Total RNA was isolated from 14.5 day p.c. embryos using the
guanidinium thiocyanate method (Chomczynski and Sacchi
1987). RNA samples (50 wg) were assayed for the presence of
BMP-7 mRNA using two BMP-7-specific riboprobes: a 220-bp
fragment from sequences corresponding to exon 1 {nucleotides
321-541) and a 202-bp fragment corresponding to a Stul-Stul
fragment (nucleotides 884-1082 of the mBMP-7 cDNA sub-
cloned into pBluescript-KS). This region encodes sequences im-
mediately adjacent to the mature region. A riboprobe that de-
tects a fragment of the Spl transcription factor mRNA was used
as a control for RNA loading (gift from Daniel Constam, Har-
vard University, Cambridge, MA). RNase protection was carried
out as described (Ausubel et al. 1987) except that probes were
labeled with [**P]-UTP (800 mCi/mmole,} and hybridization
was at 65°C.

Histology and in situ hybridization

Animals were sacrificed by asphyxiation with halothane. Tis-
sues were fixed in 4% paraformaldehyde in PBS at 4°C over-
night, followed by dehydration through a graded ethanol series.
The material was cleared in xylene and embedded in a 1:1 ratio
of Paraplast Plus and Tissue Prep 2 (Fisher) paraffin wax. Sam-
ples were sectioned at 6 um, and sections collected on Tespa-
treated glass slides. Sections for histology were stained with
hematoxylin and eosin using standard procedures.

In situ hybridization was performed as described (Jones et al.
1991). Probes specific for BMP-7 (Lyons et al. 1995), Pax-2
(Dressler et al. 1990), Pax-8 (Plachov et al. 1990), Wnt-4 (Stark et
al. 1994}, c-ret (Pachnis et al. 1993), msx-1 (Monaghan et al.
1991}, and Pax-6 {Walther and Gruss 1991) were used as de-
scribed. Sections were photographed using a Leitz DMR photo-
microscope and Ektachrome 160T color slide film.

Skeleton preparations

Skeletal staining was performed as described (McLeod 1980),
with the following modifications. Skeletons were stained over-
night at 37°C, washed in 1% KOH for 1 hr, and then transferred
to 1% KOH for 24-48 hr at room temperature. The material was
transferred through 20%, 50%, and 100% glycerol/1% KOH
before final storage in 100% glycerol.
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