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PATTERNS & PHENOTYPES

Temporal and Spatial Regulation of Bone
Morphogenetic Protein Signaling in Late Lung
Development

Miguel A. Alejandre-Alcazar, Petar D. Shalamanov, Oana V. Amarie, Julia Sevilla-Pérez,
Werner Seeger, Oliver Eickelberg, and Rory E. Morty™

Bone morphogenetic proteins (BMPs) play important roles in early lung development. No study to date has
addressed a role for BMP signaling in late lung development. We describe changes in the expression and
localization of BMP receptors (Bmprla, Bmprlb, and Bmpr2) and Smad (Smadl, Smad4, Smad5, and Smad8)
intracellular signaling proteins during the saccular and alveolarization stages of late lung development.
BMP signaling, assessed by Smad1/5 phosphorylation, nuclear translocation, and induction of id1, id2, and
id3 gene expression, was evident throughout late lung development. Our data indicate that BMP signaling
is active during late lung development, and points to roles for the BMP system in septal and vascular
development, and in the homeostasis of the epithelial layer of large conducting airways in the mature lung.
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INTRODUCTION

The organogenesis of the lung occurs
over five separate stages (Roth-
Kleiner and Post, 2003; Copland and
Post, 2004), during which the surface
area available for gas exchange is
maximized, and the blood-air barrier
is minimized. This is achieved by
branching of the conducting airways,
and subdivision of the developing air-
spaces into alveoli by a process of sep-
tation (Roth-Kleiner and Post, 2003;
Copland and Post, 2004). Airway
branching begins in the embryonic
stage [4-7 weeks post conception in
humans, embryonic days (E) 9.5-12 in
mice], and continues through the

pseudoglandular (5-17 weeks in hu-
mans, E12-E16.5 in mice) and cana-
licular (16-26 weeks in humans,
E16.5-E17.5 in mice) stages, consti-
tuting the stages of early lung devel-
opment. During late lung develop-
ment, the distal airways form saccular
units in the saccular stage [24-38
weeks in humans, E17.5- postnatal
day (P) 4]. Secondary septae then di-
vide these units (septation) during the
alveolar stage (36 weeks pre-term to
36 months post-natal in humans, P4-
P28 in mice), forming mature alveoli.
This sequence of events is carefully
controlled by the concerted action
of transcription factors, mechanical

forces, and growth factors (Warburton
et al., 2000; Cardoso, 2001; Jankov
and Tanswell, 2004). Amongst the
growth factors, members of the bone
morphogenetic protein (BMP) family
have been implicated in lung branch-
ing. However, their role, if any, has
not been addressed in late lung devel-
opment (Jankov and Tanswell, 2004;
Roth-Kleiner and Post, 2005).

The BMPs, which belong to the
transforming growth factor (TGF)-B
superfamily of polypeptide growth fac-
tors, have been ascribed numerous
roles in vertebrate development, in-
cluding cell differentiation, migration,
proliferation, and apoptosis (Miya-
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zono et al., 2005). The BMP family of
ligands currently numbers over 22
members (de Caestecker, 2004). These
ligands bind to their cognate type I
receptors Bmprla [also called activin-
like kinase (ALK)-3] or Bmprlb (also
called ALK®6), which subsequently ac-
tivate the type II receptor (Bmpr2),
thereby initiating a signaling cascade
primarily via second-messenger Smad
proteins, namely Smads 1, 4, and 5
(Miyazono et al., 2005).

Several lines of evidence have impli-
cated BMPs in early lung develop-
ment (Dewulf et al., 1995; Weaver et
al., 1999; Warburton et al., 2005). The
BMP-4 ligand is expressed at the de-
veloping tips of the distal endoderm
and in the adjacent mesenchyme of
the developing lung (Bellusci et al.,
1996). Addition of exogenous BMP-4
to embryonic lung explants stimu-
lated lung branching in vitro (Bragg et
al., 2001; Shi et al., 2001), and misex-
pression of BMP-4 throughout the dis-
tal lung epithelium impaired lung
growth, distended the terminal buds,
and caused airspace enlargement
(Bellusci et al., 1996). Furthermore,
the BMP antagonist gremlin regu-
lates proximal-distal patterning of the
lung (Lu et al., 2001), and antisense
knockdown of Smadl, a key intracel-
lular transducer of BMP signals, and
overexpression of Smurfl, which pro-
motes ubiquitination-dependent deg-
radation of Smadl and Smad 5, both
negatively regulated lung branching
(Shi et al., 2004; Chen et al., 2005).
However, BMP-4 expression declines
prior to the saccular stage, and it has
been suggested that this indicates
that BMP signaling is not required for
late lung development (Roth-Kleiner
and Post, 2005).

Recent reports that BMP ligands
regulate myocyte differentiation of
lung fibroblasts (Jeffery et al., 2005a),
collagen production by mouse pulmo-
nary myofibroblasts (Buckley et al.,
2004), and cell senescence in alveolar
epithelial cells (Izumi et al., 2006), to-
gether with the observation that
Bmprla regulates the proliferation,
survival, and morphogenic behavior of
distal lung epithelial cells (Eblaghie et
al., 2006), suggested to us that the
BMP signaling system may also be ac-
tive in late lung development. In this
study, we have clarified the isoform
expression of Bmprla in the develop-

ing mouse lung, and we document
that changes in the expression and
activity of the BMP signaling machin-
ery do occur during late lung develop-
ment. These data provide the first ev-
idence that BMP signaling is active
during late lung development.

RESULTS AND DISCUSSION

One of the hallmarks of late lung de-
velopment is the division of the saccu-
lar airspaces by the formation of sec-
ondary septae from the primary
septae, a process that forms mature
alveoli. Thus, a progressive decrease
in the size of the alveolar airspaces
together with a concomitant increase
in the total number of alveoli is a key
feature of late lung development. This
phenomenon is illustrated in Figure
1A and B. In the insets in Figure 1A
and B, an area of a lung from a mouse
at post-natal day P7 (Fig. 1A) is com-
pared with a similarly sized area of a
lung from a mouse at day P28 (Fig.
1B). It is evident from these two insets
that the septal wall thickness is de-
creased while the number of alveolar
airspaces per unit lung area increases
as the lung develops over this period.
This development of the alveolar air-
spaces was accompanied by changes
in the expression of mRNA encoding
both BMP receptors and BMP-respon-
sive Smad proteins (Fig. 1C, quanti-
fied in Fig. 1D). While the levels of
bmprla and bmprlib mRNA did not
change significantly (Fig. 1D), a sig-
nificant increase in bmpr2 expression
was evident in both the saccular (E17
to E19) and alveolar (P7 to P14)
stages. Similarly, while smadl and
smad4 mRNA levels decreased signif-
icantly in the alveolar stage (Fig. 1D),
smad5 levels remained unchanged. In
contrast, smad8 mRNA levels in-
creased significantly in the saccular
and alveolar stages (Fig. 1D). These
data thus suggested that in addition
to previously described changes in
BMP signaling during the branching
stages of early lung development,
BMP signaling was also regulated
during late lung development.

The type I BMP receptor Bmprla is
emerging as an important mediator of
proliferation, survival, and morphoge-
netic behavior of distal lung epithelial
cells, and hence, perhaps late lung de-
velopment (Eblaghie et al., 2006). Two

different dbmpria mRNA splice-iso-
forms have been described: a long
bmprla splice-isoform (GenBank™
accession number NM_009758.1; Fig.
2A), and a shorter version, called
BRK-1 (Koenig et al., 1994; Gen-
Bank™ accession number U04672;
Fig. 2A), which lacks an 89-bp inser-
tion present in the long splice-isoform
(described schematically in Fig. 2E).
No data are currently available con-
cerning the functional consequences of
preferential or exclusive expression of
one splice-isoform over the other. Par-
adoxically, the long bmprla splice-iso-
form encodes a shorter protein (Fig.
2B), due to the presence of a stop-
codon in the 89-bp insertion (see Fig.
2E). We were unable to amplify the
long bmprla splice-isoform from total
mRNA isolated from the mouse lung
(Fig. 2C; lane F1+R1). However, par-
tial sequences common to both splice-
isoforms were amplified with primer
combinations F1+R2 and F1+R3
(Fig. 2C). Using bmprla primers F1
and R4 (indicated in Fig. 2E), a
1,599-bp open-reading frame was am-
plified from whole lung mRNA that
lacked the 89-bp insertion evident in
the long bmprila splice-isoform. This
sequence has been deposited in the
GenBank™ database under accession
number AY365062. While this
bmpria mRNA was the only bmprla
mRNA species detected in the mouse
lung and heart (Fig. 2C), we were able
to detect sequences corresponding to
the 89-bp fragment when using mouse
genomic DNA as a template (Fig. 2D;
lane 1), but not when using mouse
lung ¢cDNA (Fig. 2D; lane 2). In con-
trast, amplicons were generated when
using primers F2+R2 with both
mouse genomic (Fig. 2D; lane 3) and
mouse lung cDNA (Fig. 2D; lane 4),
and the difference in size between the
two amplicons corresponded to a
stretch of sequence of approximately
100 bp (Fig. 2D). These data suggest
that the 89-bp sequence represents
part of the intronic structure of the
bmprla gene.

Immunoblot analysis of whole lung
extracts from developing mouse lungs
supported the PCR data illustrated in
Figure 1, and demonstrated changes
in the expression of BMP receptors
and Smad proteins during late lung
development (Fig. 3A; quantified in
Fig. 3B). Bmprl expression was tran-
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Fig. 1. Expression of the BMP signaling machinery during the late lung development. An

increase in the number of alveolar air-spaces (an example of which is denoted by “a”) and a
decrease in the thickness of septal walls (indicated with an arrow) are evident between day P7 (A)
and day P28 (B) in the developing mouse lung. Representative sections from the lungs of mice at
post-natal days P7 and P28 were stained for smooth muscle actin (to reveal muscularized
structures, including large airways and vessels) and counter-stained with hematoxylin, to stain
basophilic structures, including cell nuclei. C: Changes in the expression of genes, assessed by
RT-PCR, encoding the BMP signaling machinery were observed in the saccular (E17.5-P4) and
alveolar (P4-P28) stages of late lung development in mice. Amplicons illustrate samples from two
different mouse lungs per developmental stage that are representative of trends observed in at
least six other mouse lungs at the same developmental stage. D: For quantification of changes in
mRNA expression, amplicon bands derived from six different mouse lungs were selected for
densitometric analysis. Band intensities from specific samples were normalized for loading using
the hspa8 band from the same sample. Changes are expressed relative to the hspa8-normalized
pixel density (PD) of the E15 sample: [band PD/hspa8 band PD]/[band PD (E15)/hspa8 band PD
(E15)]. Data reflect the mean normalized fold-change versus E15 = S.D. (n = 6). *P < 0.05. Pseud.,
pseudoglandular; can., canalicular.

siently but significantly two-fold in-
creased in the saccular stage, but by
post-natal day P28 fell to levels signif-
icantly (approximately 50%) lower
than those observed at embryonic day
E15 (Fig. 3A and B). Bmprlb protein
levels were significantly downregu-
lated by post-natal day P28 to less
than 10% of their expression levels at
embryonic day E15 (Fig. 3A and B).
Conversely, a gradual and significant
increase in Bmpr2 expression was ev-
ident during the alveolar stage (post-
natal days P7 to P28). These observa-
tions are interesting, since Bmprla
and Bmprlb generally promote oppos-
ing functions, where signaling via
Bmprla promotes cell proliferation,
while signaling via Bmpr1b is antipro-
liferative, promoting mitotic arrest
and apoptosis (Panchision et al.,
2001). Given the transiently increased
(post-natal days P3 and P7) and then
slightly (but significantly) decreased
(post-natal days P14 to P28) expres-
sion levels of Bmprla, and the consis-
tently and strongly reduced (post-na-
tal days P14 to 28) expression of
Bmprlb over the time-course of our
study, data we describe here suggest
that Bmprla-directed signaling is fa-
vored as normal, late lung develop-
ment proceeds. Supporting this idea,
the Bmprla-Bmprlb expression bal-
ance is reversed in experimental mod-
els of arrested late lung development,
for example, in a hyperoxia model of
bronchopulmonary dysplasia, a disor-
der characterized by pronounced alve-
olar hypoplasia and arrested late lung
development, where Bmprlb expres-
sion is favored over that of Bmprla
(Alejandre-Alcazar et al., 2007). These
data would suggest that the pro-pro-
liferative activity of BMP signaling is
maintained in the normal, developing
mouse lung by maintaining high lev-
els of Bmprla expression.

The significant increase in the ex-
pression levels of Bmpr2 (Fig. 3) is
also noteworthy. The transduction of
BMP signals is facilitated by complex
formation between type I and type II
BMP receptors. Levels of Bmpr2 reg-
ulate the stoichiometry of these com-
plexes (Yu et al., 2005). Changes in
the heteromeric BMP receptor com-
plex stoichiometry impact BMP sig-
naling, and can shift the balance from
a growth inhibitory to a mitogenic re-
sponse (Frank et al., 2005). In the ab-
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sence of Bmpr2, type I receptors can
form atypical complexes with other
type I and II receptors, for example,
the type I activin A receptor (Acvrl)
and the activin receptor Ila (Acvr2a)
(Yu et al., 2005). These atypical com-
plexes do not form in the presence of
Bmpr2, and exhibit peculiar BMP sig-
naling (Yu et al., 2005). The relative
expression levels of different BMP re-
ceptors may also alter the density of
pre-formed versus ligand-induced re-
ceptor complexes at the cell surface,
which direct different BMP signaling
pathways (Hassel et al., 2003). Thus,
the significant increase in Bmpr2 ex-
pression may also serve to direct the
outcome of BMP signaling during late
lung development. Changes in the ex-
pression levels of Smad proteins were
also observed during late lung devel-
opment (Fig. 3). Both Smadl and
Smad4 protein levels significantly de-
creased, exhibiting expression levels
at post-natal day P28 that were less
then 10% of the expression levels at
embryonic day E15. In contrast, both
Smad5 and Smad8 protein levels sig-
nificantly increased by as much as
three-fold by post-natal day P28 (Fig.
3A and B). These data would suggest
that Smadl signaling is dampened,
while Smad5 and Smad8 signaling is
promoted, during late lung develop-
ment.

Dramatic changes in the cellular lo-
calization of BMP receptors (Fig. 4)
were evident during late lung develop-
ment. Pronounced staining for both
Bmprla (Fig. 4A) and Bmprlb (Fig.
4C) was evident in the alveolar septae
during early lung development (stage
P7, at the start of the alveolarization
stage), although no staining was evi-
dent in either the vasculature or the
large airway epithelium. In contrast,
at stage P28, at the end of the alveo-
larization stage, substantially re-
duced staining was evident for
Bmprla in the alveolar septae (al-
though it was still detected in type II
pneumocytes, typically present at the
corners of the alveoli; Fig. 4B, arrows)
and pronounced staining was now also
evident in the airway epithelium (Fig.
4B). Similarly, no staining was de-
tected for Bmprlb in the alveolar sep-
tae, although some staining was evi-
dent in the large airway epithelium
(Fig. 4D). These data indicate a spa-
tial change in the expression of type I
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Fig. 2. The short bmpria splice-isoform is expressed in the lungs of mice during late lung
development. A: Comparison of the 3’ end of the primary nucleotide sequences of the long
(GenBank™ accession number NM_009758.1) and short (GenBank™ accession number
AY365062) bmpria isoforms. B: Comparison of the deduced amino acid sequences of the
C-termini of the mature Bmpria polypeptides encoded by the long (GenBank™ accession number
NM_009758.1) and short (GenBank™ accession number AY365062) bmpr1a splice-isoforms. C:
Exclusive detection of the short bmpr1a splice-isoform in the lung and heart of mice at stage P28.
PCR amplicons were generated from RNA isolated from the lung and heart of mice at stage P28,
using the primer combinations depicted in the schematic in E. Expression of the hspa8 gene
served as a loading control. Primer combination F2+R1 would exclusively detect the long bmpria
isoform. D: An amplicon encoding part of the bmpr1a long splice-isoform can be generated from
mouse genomic DNA (g) but not mouse lung cDNA (c) templates. E: Schematic illustration of the
bmpria mRNA, displaying characteristics of both the long and short splice-isoforms. The long
splice-isoform contains an 89-bp insertion (indicated by the black box) that contains a stop-codon
at position 1,793. The short splice-isoform (in which the region illustrated in black is missing) thus
contains a longer, additional stretch of coding sequence (indicated by the shaded box), until the
stop-codon at position 1,979 is reached. Although the long splice-isoform contains both the
region indicated in black and the region indicated by shading, a premature stop-codon is reached
at position 1,793. Therefore, the long splice-isoform expresses a shorter polypeptide (as is evident
in B).

BMP receptors during late lung devel-
opment, and also support the trends
observed in the immunoblot data (Fig.
3), where reduced levels of Bmprlb
expression were observed as late lung
development progressed. Staining for
Bmpr?2 at post-natal stage P7 was ob-
served in the alveolar septae (Fig. 4E),
in the vascular smooth muscle, and
most notably, in the endothelial lining
of the developing lung (Fig. 4E, inset).
This expression is consistent with the
proposed essential roles for Bmpr2,

and, indeed, BMP signaling, in vascu-
logenesis (Jeffery et al., 2005b). By
stage P28, although faint staining was
still evident in the vessels (Fig. 4F,
inset) and in some type II pneumo-
cytes, more pronounced staining was
now also evident in the airway epithe-
lium (Fig. 4F). The dramatically in-
creased expression of all three BMP
receptors in the epithelial lining of
large airways at the end of the alveo-
larization stage hints at a previously
unrecognized role for BMP signaling
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Fig. 3. Changes in the protein expression of the BMP signaling machinery, assessed by immu-
noblot, were observed in the saccular (E17.5-P4) and alveolar (P4-P28) stages of late lung
development in mice (A). Blots illustrate 10-p.g samples from two different mouse lungs per
developmental stage that are representative of trends observed in at least six other mouse lungs
at the same developmental stage. B: Bands derived from six different mouse lungs were selected
for densitometric analysis. Band intensities from samples were normalized for loading using the
a-tubulin band from the same sample. Expression ratios for immunoblot data reflect values
normalized for tubulin: [band PD/tubulin band PD]/[band PD (E15)/tubulin band PD (E15)]. Data
reflect the mean normalized fold-change versus E15 = S.D. (n = 6). *P < 0.05. Pseud., pseu-

doglandular; can., canalicular.

in the homeostasis of the airway epi-
thelium in the developed lung. This
idea is supported by the suggestion
that BMP activity in the bronchial ep-
ithelium may play a role in airway
inflammation in allergic asthma
(Rosendahl et al., 2002).

Dramatic changes in the localiza-
tion of Smad proteins were also evi-
dent during late lung development
(Fig. 5). Smadl protein expression
was evident throughout the develop-
ing alveolar airspaces and the vessel
walls at stage P7 (Fig. 5A). Staining
was pronounced in the endothelium
and the underlying smooth muscle

layer of the developing vessels (Fig.
5C). The nuclear staining pattern was
strongly indicative of an activated
(thus phosphorylated) Smadl. Inter-
estingly, no Smad1 staining was evi-
dent in the airway epithelium (Fig.
5E), although some staining was evi-
dent in the underlying airway smooth
muscle layer. In contrast, by stage
P28, staining for Smadl, while still
evident in the endothelial layer of
small vessels and the airway smooth
muscle (Fig. 5F), was dramatically in-
creased in the large airway epithe-
lium (Fig. 5B). At stage P28, Smad1l
staining was apparent in both the nu-

clear (indicating activated, phosphor-
ylated Smad1l) as well as the cytosolic
compartment (indicating inactive,
non-phosphorylated Smad1l; Fig. 5F).
Both nuclear and cytosolic staining
were detected for Smadl in type II
pneumocytes in the alveolar air-
spaces, although no staining was de-
tected in the more elongate, thinner,
type I pneumocytes (Fig. 5G, arrows).
Staining for Smad4 at stage P7 was
also evident in the endothelial and
smooth muscle layers of the develop-
ing vessels, as well as in the airway
epithelial cells and underlying smooth
muscle, and the alveolar septae (Fig.
5H). The nuclear localization of the
staining in every case indicated that
the Smad4 signaling pathways were
largely active. By stage P28, Smad4
staining was generally reduced (con-
sistent with the immunoblot data in
Fig. 3). However, staining remained
evident in type II pneumocytes, but
not type I pneumocytes, as well as in
endothelial cells and the airway epi-
thelium (Fig. 5I). As with Smadl at
stage P28, both cytosolic and nuclear
pools of Smad4 were evident, suggest-
ing that the level of Smad4-mediated
signaling was less at stage P28 (late
alveolarization stage) than it was at
P7 (at the start of the alveolarization
stage).

In contrast to Smadl and Smad4
(Fig. 4), the localization of Smad5 and
Smad8 did not change over the course
of late lung development (Fig. 6).
Smad5 staining was apparent in the
cytosol of interstitial epithelial cells,
and in the walls of the pulmonary ves-
sels at post-natal stage P7 (Fig. 5A). A
similar pattern was observed at post-
natal stage P28 (Fig. 5B), although
some nuclear staining was also ob-
served, suggesting activation of
Smad5 at post-natal stage P28. Simi-
larly, Smad8 remained localized to the
cytosol of interstitial epithelial cells,
and in the walls of the pulmonary ves-
sels at post-natal stages P7 (Fig. 6C)
and P28 (Fig. 6D), with no nuclear
localization evident at either stage.
Thus, both Smad1l and Smad4 (Fig. 5),
but not Smad5 and Smad8 (Fig. 6),
exhibited dramatic changes in spatial
localization during late lung develop-
ment.

Together, these data demonstrate a
dramatic shift in the expression and
localization of BMP receptors and
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Post-natal day P7
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Fig. 4. Temporal and spatial changes in BMP receptor expression occur during late lung
development. BMP receptor expression was localized in the lungs of mice at stage P7 (left-hand
column; panels A,C,E) and P28 (right-hand column; panels B,D,F) by immunohistochemical
staining. Insets in E and F, which are not taken from areas within the panels, indicate magnified
views of vessel wall staining. The areas illustrated are representative of staining patterns observed
in three separate animals per developmental stage. aw, airway; v, vessel. Arrows indicate exam-

ples of stained cells.

Smads between post-natal stages P7
and P28. All BMP receptors and
Smads were expressed in the develop-
ing alveoli at post-natal stage P7, in-
cluding nuclear-localized (and thus
active) Smadl and Smad4 (Figs. 5 and
6), suggesting very active Smad sig-
naling in this tissue, although Smad1l
was not detected in the airway epithe-
lium. By post-natal stage P28. the
presence of Smadl and Smad4 in the
lung interstitium was reduced, al-
though it became more pronounced in
the epithelium lining large conducting
airways (Fig. 5). Furthermore, while
absent in the large airway epithelium
at post-natal stage P7, Bmprla and
Bmpr2 staining was evident in the
large airway epithelium at post-natal

stage P28 (Fig. 4). We propose that
this shift in expression levels and lo-
calization of BMP receptors and Smad
proteins may serve to focus BMP sig-
naling in specific areas of the lung at
specific stages of lung development. It
should also be noted that BMP ligands
can signal via Smad-independent
pathways involving mitogen-activated
protein (MAP) kinases (Miyazono et
al., 2005; Yang et al., 2007). The rela-
tive impact of our observations on
BMP-induced MAP kinase signaling
has not been assessed in this study.
To assess whether BMP signaling
was indeed active throughout late
lung development, we employed both
a direct and indirect measure of BMP
signaling activity. Both Smadl and

Smad5 are phosphorylated in re-
sponse to BMP stimulation (Miyazono
et al., 2005). Smad1l phosphorylation
was detected in the pseudoglandular,
canalicular, and saccular stages of
lung development (Fig. 7A and D). At
the end of the alveolar stage of lung
development (between day P21 and
P28), a shift in the phosphorylation of
Smad proteins was observed, where
reduced Smadl phosphorylation, but
increased Smad5 phosphorylation,
were evident (Fig. 7A, B, and D). This
shift coincided with the end of late
lung development. These data are con-
sistent with the decreased expression
of Smadl protein, and increased ex-
pression of Smad5b protein, during late
lung development (Fig. 3).

Expression of the BMP-responsive
genes id1, id2, and id3, which encode
small helix-loop-helix “inhibitor of dif-
ferentiation” proteins, are popularly
used read-outs of BMP signaling
(Miyazono and Miyazawa, 2002). The
expression of idl, id2, and id3 was
assessed by semi-quantitative RT-
PCR (Fig. 7C and E). A significant in-
crease in the expression of mRNA en-
coding all three Id proteins was
observed over the course of late lung
development, indicating that the BMP
signaling system was indeed active. In
the case of idl and id3, expression
remained significantly elevated (rela-
tive to E15 levels) even into stage P28.
However, after a transient and signif-
icant increase, expression of id2
dropped significantly, and by stage
P28 had returned to levels comparable
to those observed at E15 (Fig. 7C and
E). These data provide both direct and
indirect evidence that BMP signaling
was active over the course of late lung
development.

Signaling by the BMP family of
growth factors has been implicated in
various phases of early lung develop-
ment, particularly in branching mor-
phogenesis of the lung (Dewulf et al.,
1995; Weaver et al., 1999; Warburton
et al., 2005). However, BMP-4 expres-
sion declines prior to the saccular
stage, and it has therefore been sug-
gested that BMP signaling is not re-
quired for late lung development
(Roth-Kleiner and Post, 2005). We
present data in this study indicating
that the BMP signaling system is in-
deed active during late lung develop-
ment. This idea is supported by the
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Fig. 5. Temporal and spatial changes in BMP-
responsive Smad1 and Smad4 protein expres-
sion occur during late lung development. Smad
expression was localized in the lungs of mice at
stage P7 (left-hand column) and P28 (right-
hand column) by immunohistochemical stain-
ing. A-G: Smad1. C-E indicate magnified areas
from a P7 lung, while insets in F and G indicate
magpnified areas from a P28 lung. When an inset
has been derived from A or B, this is indicated
by a black box in the respective panel. H,lI:
Smad4. The areas illustrated are representative
of staining patterns observed in three separate
animals per developmental stage. as, alveolar
airspaces; aw, airway; v, vessel. Arrows indi-
cate examples of stained cells.

Fig. 6. Localization of BMP-responsive Smad5
and Smad8 proteins during late lung develop-
ment. Smad expression was localized in the
lungs of mice at stage P7 (left-hand column)
and P28 (right-hand column) by immunohisto-
chemical staining. A,B: Smad5. C,D: Smad8.
aw, airway; v, vessel. The areas illustrated are
representative of staining patterns observed in
three separate animals per developmental
stage. Arrows with open arrowheads indicate
areas of diffuse staining, while arrows with
closed arrowheads indicate nuclear staining for
Smad5.

finding that some BMP ligands, for
example BMP-6, can be detected in
the adult mouse lung (Wall et al.,
1993), and that bmp3 /" null mice
develop lung abnormalities perina-
tally on a C57Bl/6 inbred back-
ground (Eblaghie et al., 2006). The
temporal and spatial changes that
we describe both in BMP receptor
expression, as well as in Smad pro-
tein expression and activation, sug-
gest that BMP signaling plays an im-
portant and specific role in directing
various aspects of late lung develop-
ment. Expression of both Bmprla
and Bmprlb appears to be important
for septal development during the
saccular and early alveolarization
stages, an idea supported by the
findings that Bmprla can regulate
the proliferation and survival of dis-
tal lung epithelial cells (Eblaghie
et al., 2006) and that BMP signaling
via id2 modulates the production of
extracellular matrix by lung myofibro-
blasts (Izumi et al., 2006). Addition-
ally, Bmpr2 appears to be particularly
active in vascular development. The
aberrant pulmonary vascular ho-
meostasis associated with defective
expression or function of Bmprla
and Bmpr2 lend credence to this idea
(Trembath et al., 2001; Du et al.,
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Fig. 7. Direct and indirect assessment of BMP signaling during late lung development. A: Smad1/5 phosphorylation as assessed by immunobilot in protein
extracts from lungs from mice during the saccular (E17.5-P4) and alveolar (P4-P28) stages of late lung development. The total Smad1 and Smad5 panels
are available in Figure 3, while a a-tubulin loading control is indicated in the «-tubulin blot. These data are quantified in D. B: To support the idea of a
class-switch from Smad1 to Smad5 phosphorylation, duplicate proteins samples from lungs at post-natal stages P14, P21, and P28 were loaded as three
separate sets onto the same gel, and blotted to the same membrane. The three sets were separately incubated with anti-Smad1, anti-phospho-Smad1/5,
and anti-Smad5. After development, the blots were re-assembled to facilitate comparison of the sizes of the Smad1, Smad5, and phospho-Smad1/5 bands.
C: Expression of the BMP-inducible target genes id1, id2, and id3 are illustrated during the saccular (E17.5-P4) and alveolar (P4-P28) stages of late lung
development. The expression of the gapdh gene served as a loading control. Amplicons illustrate samples from two different mouse lungs per developmental
stage that are representative of trends observed in at least six other mouse lungs at the same developmental stage. These data are quantified in E. D: The
phospho-Smad bands in A and the total Smad bands in Figure 3A derive from the same samples. Phospho-Smad bands and total Smad bands derived from
four different mouse lungs were selected for densitometric analysis. Band intensities from each sample were normalized for loading using the a-tubulin band
from the same sample. Expression ratios for immunoblot data reflect values normalized for tubulin: [phospho-Smad band PD/tubulin band PD]/[Smad band
PD/tubulin band PD]. Data reflect the mean normalized fold-change versus E15 = S.D. (n = 4). E: For quantification of changes in id mRNA expression,
amplicon bands derived from six different mouse lungs were selected for densitometric analysis. Band intensities from specific samples were normalized for
loading using the hspa8 band from the same sample. Changes are expressed relative to the hspa8-normalized PD of the E15 sample: [id band PD/hspa8
band PDJ/[id band PD (E15)/hspa8 band PD (E15)]. Data reflect the mean normalized fold-change versus E15 + S.D. (n = 6). *P < 0.05. #, phospho-Smad
signal was absent; therefore, no ratio could be calculated. Pseud., pseudoglandular; can., canalicular.
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2003), as do more recent observa-
tions that BMP ligands and Bmpr2
control vasculogenesis (Jeffery et al.,
2005b). Our data also hint at a previ-
ously unrecognized role for BMP sig-
naling in the homeostasis of the air-
way epithelium in the developed lung.

EXPERIMENTAL
PROCEDURES

Animals and Tissue
Treatment

The animal ethics authority of the
government of the State of Hessen
approved all animal procedures.
C57BL/6J mice were housed in hu-
midity- and temperature-controlled
rooms on a 12:12-hr light-dark cycle
and were allowed food and water ad
libitum. Mice at stages E15, E17, E19,
P1, P3, P5, P7, P14, P21, and P28
were sacrificed by intraperitoneal in-
jection of sodium pentobarbital. Lungs
were excised, flushed free of blood
with PBS, and processed immediately
for RNA or protein extraction. For his-
tology, the heart and lungs from mice
at days P7 and P28 were excised en
bloc, and the lungs were pressure
fixed overnight at 20 cm H,O with 4%
(m/v) paraformaldehyde in phosphate-
buffered saline (PBS; 20 mM Tris-Cl,
137 mM NaCl, pH 7.6), as described
previously (Yildirim et al., 2006). Par-
affin sections (3 wm) were mounted on
poly-L-lysine-coated glass slides, de-
waxed with xylene (3 X 5 min) and
rehydrated in a graduated series of
ethanol solutions (100% (v/v), 95% (v/
v), 70% (v/v), and finally PBS).

RNA Isolation and Semi-
Quantitative RT-PCR

Total RNA was isolated from fresh
lung tissue using a Qiagen RNeasy kit
(Qiagen, Hilden, Germany). One mi-
crogram of total RNA was reverse-
transcribed using the ImProm-II Re-
verse Transcription System (Promega,
Mannheim, Germany). One microliter
of the RT reaction served as a tem-
plate in a PCR reaction using Plati-
num Taq (Invitrogen, Karlsruhe, Ger-
many). Total RNA was screened by
semi-quantitative reverse transcrip-
tion (RT) polymerase chain reaction
(PCR) wusing the following intron-
spanning forward (for) and reverse

(rev) primers: bmprla (30 cycles): 5'-
GCC TCC CTC ATT CAC TTA CAC-3’
(for), 5'-CTG CCA TCA AAG AAC
GGA C-3’ (rev); bmprib (30 cycles):
5-CCG GAA GAC TCA GTC AAC
AAT-3' (for), 5'-GAG GAG TAG GCT
AGC TTC AGC-3' (rev); bmpr2 (31 cy-
cles): 5'-GGG GAA GAA GAT AAT
GCG-3' (for), 5'-GG ACA TCG AAT
GCT CAG AGG-3' (rev); gapdh (24 cy-
cles): 5'-GAG AAT GGG AAG CTG
GTC AT-3' (for), 5'-GAA GAC GCC
AGT AGA CTC CA-3’ (rev); hspa8 (25
cycles): 5'-CAA GCG AAA GCA CAA
GAA AGA CAT-3' (for), 5'-ATA CCA
AGC GAA AGA GGA GTG ACA TC-3’
(rev); idl (19 cycles): 5'-GCC CCA
GAA CCG CAA AGT GA-3’ (for), 5'-
AAC CCC CTC CCC AAA GTC TCT
G-3' (rev); id2 (19 cycles): 5'-AAA
GCC TTC AGT CCG GTG AG-3’ (for),
5-AGC CAC AGA GTA CTT TGC
TAT CAT-3' (rev); id3 (29 cycles): 5'-
CGC GAG GCC GCG GTA AG-3’ (for),
5'-GCC AGG GTT GCA CTA AAC
AT-3' (rev); smadl (27 cycles): 5'-CTC
CTT GGG TGG AAA CAG GG-3' (for),
5'-TCA TTT TGT CCC AGG TTG
CA-3' (rev); smad4 (26 cycles) 5'-ACA
GAG AAC ATT GGA TGG AC-3’ (for),
5-AGT AGC TGG CTG AGC AGT
AA-3’ (rev); smadb (32 cycles) 5'-AGG
TGA CGA GGA AGA GA-3' (for), 5'-
GGC TGT TAG GAG ATA AGG-3’
(rev); smad8 (33 cycles): 5'-GAG CAC
CCC CAT CTT CGT CAA-3’ (for) 5'-
AAC AGG GGC AGG AGG TGA TG-3'
(rev). Amplicons were separated on a
1% (m/v) agarose gel and visualized by
ethidium bromide staining. Amplicons
generated with these primer pairs
were validated by sequencing, and the
stated cycle numbers lie in the loga-
rithmic phase for each PCR. Tissue
was not pooled, and individual ampli-
cons are derived from RNA extracted
from a single lung. Amplicons are il-
lustrated for two different mouse
lungs per developmental stage, which
are representative of trends observed
in at least six other mouse lungs at the
same stage. Amplicons derived from
six different mouse lungs per develop-
mental stage were selected for densi-
tometric analysis. For quantification
of changes in mRNA expression, band
intensities from specific samples were
normalized for loading using the con-
stitutively-expressed Aspa8 band from
the same sample. Densitometric anal-
ysis of amplicon bands was performed

using a GS-800 model calibrated den-
sitometer with Quantity One software
(both from Bio-Rad Laboratories, Mu-
nich, Germany). Changes are ex-
pressed relative to the Aspa8-normal-
ized pixel density (PD) of the E15
sample: [band PD/hspa8 PD]/[band
PD (E15)/hspa8 PD (E15)].
Additional forward (F) and reverse
(R) primers were employed to deter-
mine bmprla splice-isoform expres-
sion in the mouse lung: F1: 5'-CCA
GTT GAG ACA GCA GGA CC-3'; F2:
5-CCA TCC TAT GAG GAC ATG
CGT G-3’; R1: 5'-GGT GAG CAC AGA
GTA ACT CG-3’; R2: 5'-AGT CTG
GAG GCT GGA TTA TGG G-3'; R3:
5'-TCA AAT CTT TAC ATC CTG GG-
3’; R4: 5'-GTC TAA ATT CTC CCT
CAA AA-3'. The approximate location
of these primers on the bmprila
mRNA is illustrated in Figure 2. Am-
plicons generated with these primer
pairs were validated by sequencing.

Protein Isolation and
Immunoblotting

Protein extraction from mouse lungs,
gel electrophoresis, and immunoblot-
ting were performed as described pre-
viously (Alejandre-Alcazar et al.,
2007). Mouse lung protein extracts (10
ng) were resolved on 12% polyacryl-
amide gels and transferred to nitrocel-
lulose membranes for immunoblot-
ting. Blots were probed with: rabbit
anti-Smadl (1:1,000; Cell Signaling
Technology, Danvers, MA), rabbit an-
ti-Smad5 (1:1,000; Zymed, San Fran-
cisco, CA), goat anti-Smad8 (1:750;
R&D Systems, Wiesbaden, Germany),
rabbit anti-phospho-Smad1/5(Ser463/
ser465) (1:1,000; Cell Signaling, Dan-
vers, MA), and anti-Smad4 (1:1,000;
Upstate, Charlottesville, VA). The
generation of rabbit polyclonal anti-
peptide antibodies (used at 1:1,000)
against Bmprla, Bmprlb, and Bmpr2
has been described previously (Gilboa
et al., 2000). Rabbit anti-a-tubulin
(Cell Signaling Technology, Danvers,
MA; 1:1,000) served as a loading con-
trol. Peroxidase-conjugated secondary
antibodies were from R&D Systems
(1:2,500; Wiesbaden, Germany). Tis-
sue was not pooled, and individual
bands on immunoblots are derived
from a single lung. Blots illustrate
samples from two different mouse
lungs per developmental stage, which
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are representative of trends observed
in at least six other mouse lungs at the
same stage. Bands derived from six
different mouse lungs per develop-
mental stage were selected for densi-
tometric analysis. Band intensities
from samples were normalized for
loading using the a-tubulin band from
the same sample. Expression ratios
for immunoblot data reflect values
normalized for tubulin: [band PD/tu-
bulin band PD]/[band PD (E15)/tubu-
lin band PD (E15)].

Immunohistochemistry

Hematoxylin staining, and expression
of BMP receptors, Smads, and smooth
muscle actin (SMA) was assessed on
3-pm tissue sections as described pre-
viously (Morty et al., 2007), with anti-
SMA (1:850; clone 1A4; Sigma,
Taufkirchen, Germany); rabbit anti-
Bmprla (1:150), -Bmpr1b (1:150) and
-Bmpr2 (1:150) (Gilboa et al., 2000);
and rabbit anti-Smadl, -Smad4, and
-Smad5 (all at 1:50; Zymed, San Fran-
sisco, CA) and goat anti-Smad8 ((1:50;
R&D Systems, Wiesbaden, Germany).
Immune-complexes were visualized
with a Histostain Plus Kit (Zymed,
San Fransisco, CA). The specificity of
all antibodies employed for immuno-
histochemistry has been validated
(Gilboa et al., 2000; Alejandre-Alcazar
et al., 2007; Morty et al., 2007; Zakr-
zewicz et al., 2007).

Statistical Treatment of Data

Data are presented as mean * S.D.
Differences between groups were ana-
lyzed by ANOVA and the Student-
Newman-Keul post-hoc test for multi-
ple comparisons, with P < 0.05
regarded as significant.
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