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Abstract

Background: The Bone morphogenetic protein 4 (BMP4) precursor protein is cleaved at two
sites to generate an active ligand and inactive prodomain. The ligand and prodomain form

a noncovalent complex following the first cleavage, but dissociate after the second cleavage.
Transient formation of this complex is essential to generate a stable ligand. Fibrillins (FBNs) bind
to the prodomains of BMPs, and can regulate the activity of some ligands. Whether FBNs regulate
BMP4 activity is unknown.

Results: Mice heterozygous for a null allele of Brmp4 showed incompletely penetrant kidney
defects and females showed increased mortality between postnatal day 6 and 8. Removal of one
copy of Fbn1 did not rescue or enhance kidney defects or lethality. The lungs of Fbn1*/~ females
had enlarged airspaces that were unchanged in Bmp4*'~; Fbn1*'~ mice. Additionally, removal of
one or both alleles of Fbn1 had no effect on steady state levels of BMP4 ligand or on BMP activity
in postnatal lungs.

Conclusions: These findings do not support the hypothesis that FBN1 plays a role in promoting
BMP4 ligand stability or signaling, nor do they support the alternative hypothesis that FBN1
sequesters BMP4 in a latent form, as is the case for other BMP family members.
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1| INTRODUCTION

Bone Morphogenetic Protein 4 (BMP4) is a member of the Transforming growth factor

B (TGFR) family of cell signaling molecules, which are required for proper embryonic
development and adult homeostasis. In mice, null mutations in Bmp4 lead to early
embryonic lethality? while tissue-specific or hypomorphic mutations cause a broad spectrum
of defects in multiple organs including the eye, skeleton, brain, heart, lungs and urogenital
Autumn McKnite and Hyung-Seok Kim contributed equally to this work. systems.2
Conversely, mutations that lead to a gain of BMP function cause embryonic lethality in
animal models,® and ectopic bone formation in humans.3# Thus, BMP activity must be
strictly regulated to prevent congenital anomalies.

BMP4, like all TGFR proteins, is made as an inactive precursor protein that dimerizes

and is cleaved by members of the proprotein convertase (PC) family to generate the

active, disulfide-bonded ligand dimer and two prodomain monomers (illustrated in Figure
1A).5 Although the prodomain lacks signaling activity, it is essential for generation of an
active ligand. Proteolytic activation of BMP4 is unique in that it occurs sequentially at

two sites:initially at a PC motif (R-X-K-R) adjacent to the ligand domain (the S1 site)

and subsequently at an upstream R-X-X-R motif (the S2 site) within the prodomain.67
Following the first cleavage, the BMP4 ligand forms a transient, non-covalent complex with
the prodomain but subsequent cleavage at the S2 site disrupts the complex, freeing the
ligand (Figure 1A).8

Cleavage of both sites of BMP4, and formation of the transient prodomain/ligand complex is
essential to generate a stable, fully active ligand.>10 Mice carrying a knockin point mutation
(Bmp4°?K) that causes simultaneous rather than sequential cleavage of both prodomain

sites show loss of BMP4 function and die during mid-embryogenesis.10 Levels of cleaved
BMP4 ligand are severely reduced in mutants, although levels of precursor and cleaved
prodomain are unchanged relative to wild type. These findings demonstrate that formation
of the transient BMP4 prodomain/ligand complex is essential to stabilize the ligand after its
release from the prodomain, but how it does so is unknown.

Proteolytic cleavage of BMP4 occurs in a post-TGN compartment, coincident with secretion
from the cell,10 raising the possibility that the prodomain interacts with extracellular matrix
(ECM) proteins to target the ligand to binding partners that protect it from degradation.
Fibrillinl and fibrillin2 (FBNs) are major components of ECM microfibrils that bind either
directly or indirectly to the prodomains of TGFR1-3, BMP2, 4, 7, 10, and growth and
differentiation factor5 (GDF5).11 This has been proposed to either sequester the ligand in
the matrix in an inactive form or to facilitate signaling.}? For example, the prodomain of
TGFR1 binds to the cleaved ligand, and to adaptor proteins called latent TGFR binding
proteins (LTBPs) that in turn associate with FBNs. FBNs sequester the ligand/prodomain/
LTBP complex in the ECM in a latent, inactive form.13 By contrast, the BMP7 ligand forms
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a stable noncovalent complex with its prodomain following cleavagel*15 but can still bind
and activate BMP receptors in solution.1® When the prodomain binds to FBNs, however, a
conformational shift occurs that prevents the ligand from activating receptors.1’ Consistent
with this biochemical model in which FBNs sequester BMP7 in an inactive form, Fbn2

null mutant mice display elevated BMP signaling activity and develop myopathy that is
partially rescued by deletion of one allele of Bmp718 Furthermore, a failure to downregulate
FBNZ2 in the developing skeleton leads to impaired BMP signaling, at least in part due

to sequestration of latent GDF5.19 Analysis of total BMP activity in osteoblasts isolated
from Fbn1 mutant mice, or derived from humans carrying mutations in FBNZ, suggests that
FBN1 may either sequester BMP ligands in the matrix in an inactive form,20 or may enhance
BMP activity.2! Collectively, these findings suggest that FBNs interact with, and regulate the
activity of different BMP family members in a ligand-and tissue-specific fashion.

Unlike TGFR, BMP7 or GDF5, the BMP4 ligand is released from the prodomain following
cleavage, making it unlikely that FBNs sequester the ligand in the matrix. We have
previously hypothesized that FBNs anchor the transient BMP4 prodomain/ligand complex
in the ECM following S1 cleavage, and that this enables the ligand to be passed off to
other ECM components that protect it from degradation following S2 cleavage (illustrated
in Figure 1B).10 Specifically, we suggest that FBN binds to the prodomain portion of the
BMP4 precursor protein within the secretory pathway, prior to cleavage. When the S1

site is cleaved, this generates a FBN bound prodomain/ligand complex (Figure 1B). This
transient complex serves to deposit mature BMP4 in the ECM coincident with S2 cleavage,
thereby facilitating association with heparin sulfate proteoglycans (HSPGs), collagens or
other binding proteins that are critical for ligand stability and/or signaling. This model offers
an explanation for the severe loss of function observed in Bmp4°?K mutant mice, because
in these mice both sites are cleaved simultaneously, which would prevent formation of

the transient fibrillin/prodomain/mature domain complex (Figure 1C). In this case, mature
BMP4 would be released from the fibrillin bound prodomain prematurely, precluding
efficient association with HSPGs or other ECM proteins that are required to stabilize the
free ligand (Figure 1C). This would account for the specific reduction in levels of cleaved
ligand but not cleaved prodomain in Bmp452KHAMYC mytant mice,19 since the prodomain
remains anchored in the ECM regardless of the order of cleavages. In the current studies we
use genetic and biochemical analyses to begin to test whether FBN1 is required to enhance
or inhibit the activity of BMP4.

2| RESULTS AND DISCUSSION

2.1| Removal of one copy of Fbn1 does not enhance lethality of Bmp4*/~ mice

To look for genetic interactions between Fbn and Bmp4, we crossed mice heterozygous for
a null allele of Fbn1 (Fbn1*'~) with mice heterozygous for a null allele of Bmp4 (Bmp4*'-)
and assessed survival at weaning. If interactions between FBN1 and the BMP4 prodomain/
ligand complex are essential for full BMP4 activity, then reducing Fbn1 gene dosage will
lead to a further reduction in BMP4 signaling in Bmp4*'~ mice, due to destabilization

of the ligand. Bmp4*'~ and Bmp4*'~;Fbn1*'~ mice were underrepresented at weaning
(Table 1A) consistent with previous findings showing that a single copy of Bmp4 is not
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sufficient to support full viability.22 Bmp4*'~ and Bmp4*'=; Fbn1*'~ female mice, but not
males, were significantly underrepresented at postnatal day (P)21 (Table 1A) and at P8
(Table 1B), but not at P6 (Table 1C). There was no significant difference in survival of
Bmp4*'=: Fbn1*'~ mice relative to Bmp4*'~ mice in either sex at any age. Thus, a subset

of females heterozygous for a null allele of Bmp4 die perinatally between P6 and P8, and
additional removal of one copy of FbnI neither rescues nor enhances the frequency or age of
death.

2.2 | Removal of one allele of Fbn1 does not alter the penetrance of kidney defects in
Bmp4*~ mice

BMP4 function is required to inhibit ectopic budding from the ureter stalk, and to promote
the elongation of the branching ureter to promote normal kidney morphogenesis.23 In mice
heterozygous for a null allele of Bmp4, disruption of these critical functions leads to
abnormalities in kidney development including hydronephrosis, cystic kidneys, hydroureter
and bifid ureter that mimic human congenital anomalies of the kidney and urinary tract.23
We asked whether removal of one allele of Abn1 in Bmp4*'~ mice exacerbates or moderates
these defects. Kidney defects were never observed in wildtype (Figure 2A) (n = 9) or
Fbn1*"= (n = 13) mice. By contrast, consistent with published studies,?223 50% of Bmp4'~
pups (n = 12) displayed hydronephrosis, hydroureter, bifid ureter, and/or hypoplastic or
polycystic kidneys at P5 (Figure 2B-D). There was no difference in gross morphology
(Figure 2E-G) or in the penetrance of these defects in Bmp4*'~;: Fbn1*'~ mice (44%, n = 9).

2.3| FBN1 and BMP4 are co-expressed in airway epithelial cells of the developing lung

Bmp4 and Fbnl are co-expressed in some regions of the developing lung, and both have
been reported to be required for normal lung development,242° raising the possibility that
they may functionally interact in this organ. Bmp4 is strongly expressed in airway epithelial
cells and in the adjacent mesenchyme from embryonic (E) day 11 and continues to be
expressed in the lung after birth.28 We co-immunostained sections of E15.5 lungs with
antibodies specific for PECAML1, which marks vascular endothelial cells, and for FBN1.
Consistent with previous studies,2” FBN1 was expressed in airway epithelial cells (Figure
3A,C, yellow arrows) as well as in endothelial cells of arterioles and venules (white arrows).
We also co-immunostained sections of lungs from Bmp4*/~ mice (in which exon 3 is
replaced with nuclear lacZ to generate a null allele?8) with antibodies specific for FBN1 and
R-galactosidase, which marks cells expressing Bmp4. R-galactosidase was detected in the
nuclei of cells that co-express FBN1 (Figure 3D-F, blue arrowheads) and in cells adjacent
to the FBN1 expressing cells (white arrowheads). Single cell sequencing confirms that Fbn1
and Bmp4 are both expressed in mesenchymal progenitors, myofibroblasts/smooth muscle,
matrix fibroblasts as well as in epithelial cells of the developing lung.2® Although Fbn2is
co-expressed with Fbn1 in many developing tissues including the lung, it is downregulated
by mid- to late-gestation.2’

2.4| Fbn1*"~ and Bmp4*~;Fbn1*/~ females have enlarged airspaces in the lungs

Removal of one or both copies of Fbn1, or conditional deletion of one copy of Brmp4 from
airway epithelial cells leads to enlarged air spaces and abnormal lung morphogenesis.24:25
Based on the similar lung phenotype in mice lacking one copy of Bmp4 or Fbni, we
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wanted to know whether we could detect a genetic interaction between Bmp4 and Fbnl

in the lung. FbnI*'~ and Bmp4*'~ mutants were intercrossed and litters collected at P5

to ask whether lung defects were exacerbated in compound heterozygotes. Histological
analysis of lungs did not reveal gross differences in cell shape or morphology (Figure

4A\). Surprisingly, no differences were observed in airspace size in Bmp4~ mutants
relative to wild type littermates, as quantified by mean linear intercept (MLI) lung
morphometry (Figure 4B). As previously reported,® airspace size was enlarged in Fbn1*/~
mice relative to wild type littermates (Figure 4B). Although airspace size trended slightly
lower in Bmp4~! ;Fbn1*'~ mice, the enlarged airspace size was not significantly rescued nor
exacerbated in Bmp4™ ;FbnI*'~ mice relative to Fbn1*'~ mutants (Figure 4B). When mice
were stratified by sex, enlarged airspaces were observed in the lungs of female, but not male
Fbn1*'~ and Bmp4~ :FbnI*'~mice relative to controls (Figure 4C,D). Enlarged airspaces

in the lungs of mice heterozyogous or homozygous for a null allele of Fbn1 have been
attributed to dysregulation of TGFR activation and signaling, resulting in apoptosis in the
developing lung.2> In these previous studies, mice were not stratified by sex, and it is not
clear why this phenotype is observed only in females.

2.5| Removal of one or both alleles of Fbn1 does not alter BMP4 protein levels or total
BMP activity in P5 lungs

To directly test whether FBN1 is required to stabilize mature BMP4 protein, we intercrossed
Fbn1*'~ mice and analyzed steady state levels of mature BMP4 protein in lungs isolated
from littermates at P5, when FBN2 is no longer expressed.2” Although there was some
variability between levels of BMP4 ligand in mice of different genotypes even within the
same litter, there was no significant difference in steady state levels of cleaved BMP4 ligand
in mice that were wild type, heterozygous or homozygous for a null allele of Fbn1 (Figure
5A-B,D,F). We also analyzed levels of phosphoSMAD1 (pSMADZ1), which provides a direct
readout of total BMP activity, in P5 lung samples from this same cohort of mice. There was
no difference in pSmad1 levels in lungs isolated from Fbn1**, Fbni*'~, or Fbni'~ mice
when all mice were analyzed together, or when stratified by sex (Figure 5A,C,E,G).

The current studies were an initial attempt to test the hypothesis that interactions between
FBN1 and the BMP4 prodomain are essential for ligand stability or signaling. We did not
find any phenotypic or biochemical evidence to support this hypothesis, or to support the
alternative hypothesis that binding of FBN1 to the prodomain of BMP4 promotes latency, as
is the case for BMP7 and GDF5.18.19 BMP7 and GDF5 ligands both remain non-covalently
associated with their respective prodomains following cleavage, which might explain why
binding of FBNs to the BMP7 and GDF5 prodomain can promote ligand latency. By
contrast, the BMP4 ligand is fully released from its prodomain, making it less likely

that FBNs, which do not bind the ligand domain, can negatively regulate ligand activity
following cleavage. A major limitation of this study is that FBN2 is co-expressed with FBN1
in many organs during development and may function redundantly with FBN1 to regulate
BMP4 latency or stability. Another limitation is that our analysis was limited to viability,
lung and kidney development whereas FBN1 or FBN2 may interact with BMP4 in an organ,
or at a development stage that we did not analyze. Further studies, which are beyond the
scope of the current analysis, will be needed to study these possibilities.
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EXPERIMENTAL PROCEDURES

Mouse strains

Animal procedures followed protocols approved by the University of Utah Institutional
Animal Care and Use Committees. Bmp4*'~ and Fbn1*'~ mice were obtained from Dr. B
Hogan (Duke University) and Dr. F. Ramirez (Icahn School of Medicine at Mount Sinai),
respectively. All mice are on a C57BL/6 background.

Lung histology and MLI measurements

P5 lungs were flushed with ice cold 1xPBS delivered via the pulmonary vein until lungs
appeared white (approximately 10 mL). A total of 5 mL of ice cold 4% paraformaldehyde in
PBS was perfused through the lung via the trachea. Fixed lungs were dehydrated, embedded
in paraffin, 10 um sections cut and stained with Hematoxylin and eosin. MLI was calculated
from a total of 8 to 10 images per sample as described.30 All analysis was done in the

green channel and a low-pass filter was applied to remove artifacts. Images were thresholded
using Otsu’s method3! with a 16 pixel grid overlaid. Areas outside the lung image were
excluded from measurement. Intercepts were identified as every threshold change along each
individual line of the grid. For each image the mean linear intercept was given as the total
length of lines within the lung image divided by the total number of intercepts.

Immunohistochemistry

The thoracic cavity was dissected from embryos, fixed in 4% paraformaldehyde in PBS at
4° for 6 to 8 hours, incubated overnight in 30% sucrose in PBS at 4°C and then embedded
in OCT (Tissue-Tek). A total of 10 um cryosections were incubated overnight at 4°C with
antibodies directed against FBN1 (1:500; rabbit p954332), PECAM (1:500, BD Pharmingen
553 369) and/or B-galactosidase (1:500, AbCam 9361-250) in PBS with 5% goat serum
and 0.1% Triton X-100. Staining was visualized using Alexa Fluor 488- or 568-conjugated
secondary antibodies (1:500; Molecular Probes).

Immunoblot analysis

Lungs were dissected from pups at P5, homogenized in 1 mL 150 mM NaCl, 1% NP-40,

50 mM Tris pH 8.0 + complete Mini protease inhibitors (Roche), incubated on ice for

1 hour and spun down at 13000x g for 15 minutes at 4°C. Protein concentration was
measured using a BCA kit (Thermo Scientific). Proteins were resolved by SDS-PAGE

and transferred onto a PVDF membrane. Membranes were probed with anti-BMP4 (Santa
Cruz, sc-12 721, 1:1000), anti pPSMAD1 (Cell Signaling, 9511 S, 1:1000) or anti-B Actin
(AbCam, ab8227, 1:10 000) primary antibodies followed by HRP-conjugated anti-rabbit
1gG or HRP-conjugated anti-mouse 1gG2b heavy chain specific (Jackson ImmunoResearch)
secondary antibodies. Immunoreactive proteins were visualized using an ECL prime kit (GE
HealthCare).

Statistical analysis

NIH image J software was used to quantify band intensity on immunoblots. All results were
quantitated from a minimum of three biological replicates and variation was determined
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using GraphPad Prism9 software to perform a Student’s #test to look for differences
between paired samples (BMP4 protein levels in wild type versus Fbnl heterozygous or
homozygous mutants, or differences in MLI between Fon1*~ and Fbni*'=;Bmp4*'~ mice)
and a Kruskal-Wallis test to compare MLI between three or more groups. £ < .05 was
considered significant.
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FIGURE 1.

Schematic illustration of proteolytic activation of BMP4. (A) The BMP4 precursor is
sequentially cleaved at two sites: initially at a site adjacent to the ligand domain (the S1 site)
and subsequently at an upstream site (the S2 site) within the prodomain. The BMP4 ligand
forms a transient, non-covalent complex with the prodomain following cleavage at the S1
site, but subsequent cleavage at the S2 site disrupts the complex, freeing the ligand from the
prodomain. (B) In our hypothetical model, FBN is bound to the newly synthesized BMP4
precursor, which is then sequentially cleaved at the S1 and S2 sites. We have previously
shown that both sites are cleaved in a membrane proximal vesicle and that cleavage is
closely coupled to the process of secretion. The transient FBN/prodomain/ligand complex
that forms after S1 cleavage ensures that mature BMP4 is deposited in the ECM coincident
with S2 cleavage, thereby facilitating association of the ligand with HSPGs or other ECM
proteins that are required for ligand stability. (B) We propose that simultaneous cleavage of
the S1 and S2 sites of BMP4 in the Bmp452K mutant mouse leads to premature release of
the BMP4 ligand from the FBN/prodomain complex, precluding efficient association with
HSPGs or other binding partners that are required for ligand stability.
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Bmp4s

FIGURE 2.
Fbn1*'~ and Bmp4*'~;: Fbn1*'~ mice show kidney defects. (A-G) Photographs of P5 kidneys

from wild type mice displaying no defects (A) and kidneys from Bmp4*~ (B-D) or Bmp4
*I=. Fbn1*'= (E-G) mice displaying hydroureter and hydronephrosis (B, F), hydronephrosis,
hydroureter and polycystic kidney (C, G) bifid ureter (D) or hydroureter (E). Scale bar in A
is 1 mm and applies to all panels.
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saum IPECAM

FIGURE 3.
Bmp4 and FBNL1 are co-expressed in the lung. (A-F) Cryosections of lungs from E15.5

wild type (A-C) or Bmp4*'~ (D-F) mice were co-immunostained with antibodies specific
for FBN1 and PECAM (A-C) or FBN1 and 3-galactosidase (8Gal) (D-F), which detects
Bmp4 expressing cells. Yellow arrows denote airway epithelial cells, white arrows denote
vascular endothelial cells, blue arrowheads denote cells co-expressing Bmp4 and FBN1,
white arrowheads denote Bmp4 expressing cells adjacent to FBN1 expressing cells. In panel
F, an enlarged version of the cell in the small white box is shown in the inset in the bottom
right corner to better demonstrate that FBN1 staining is outside of the Brmp4 expressing,
R-galactosidase positive cell. Results were reproduced a minimum of three times each. Scale
bars in panels A and D correspond to 50 um and apply across each row.
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FIGURE 4.

Fbn1*'~ and Bmp4*'~; Fbn1*'~ female mice show enlarged airspaces in the lungs. (A)
Representative histological sections of P5 lungs from female wild type, Bmp4*!~, Fbn1*!~
and Bmp4*'=; FbnI1*'~ littermates. Scale bars are 200 um. (B-D) The mean linear intercept,
a measure of distal airspace enlargement, was quantified (mean = SD) at P5 in littermates of
both sexes together (B), or in males (C), or females (D) separately.
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FIGURE 5.

Removal of one or both alleles of Fbn1 does not alter steady state levels of BMP4 ligand
or total BMP activity in P5 lungs. (A) Representative immunoblots of BMP4 ligand and
pSMADL levels in lungs isolated from P5 male or female littermates. (B-G) BMP4 ligand
levels (B, D, F) or pSMAD1 levels (C, E, G) were quantified (mean = SD) in littermates of
both sexes (B-C), males (D-E), or females (F-G).
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TABLE 1B

Progeny from Bmp4*!~ and Fbr*!~ intercrosses at P8.

Sex Wildtype Fbnl*~ Bmp4*~ Fbnl*";Bmp4*~ n P-value

Both  29(29%) 35(35%) 17 (17%) 19 (19%) 100 0345
Male 17 (30%) 15(26%) 11(19%) 14 (25%) 57 7253
Female 12 (28%) 20 (47%) 6 (14%) 5 (11%) 43 .0041

Note: Data are presented as number (percent). P-value calculated by chi-square analysis.
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