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Abstract

Latent transforming growth factor-f3 binding protein-1 (LTBP-1) is an extracellular protein that is
structurally similar to fibrillin and has an important role in controlling transforming growth factor-
B (TGF-B) signaling by storing the cytokine in the extracellular matrix and by being involved in
the conversion of the latent growth factor to its active form. LTBP-1 is found as both a short
(LTBP-1S) and long (LTBP-1L) forms, which are derived though the use of separate promoters.
There is controversy regarding the importance of LTBP-1L, as Ltbp1L knockout mice showed
multiple cardiovascular defects but the complete null mice did not. Here, we describe a third line
of Ltbpl knockout mice generated utilizing a conditional knockout strategy that ablated expression
of both L and S forms of LTBP-1. These mice show severe developmental cardiovascular
abnormalities and die perinatally; thus these animals display a phenotype similar to previously
reported Ltbp1L knockout mice. We reinvestigated the other “complete” knockout line, and found
that these mice express a splice variant of LTBP-1L and, therefore, are not complete Ltbpl
knockouts. Our results clarify the phenotypes of Ltbpl null mice and re-emphasize the importance
of LTBP-1 in vivo.
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1. Introduction

Transforming growth factor-f§ (TGF-), the prototype member of the TGF-§ family, exerts
numerous essential functions in vivo. TGF-f is involved in physiological processes, such as
embryogenesis, organ development, and the maintenance of tissue homeostasis [1]. TGF-3
also participates in pathological conditions, such as inflammation, tissue fibrosis,
suppression and development of tumors, and the pathology of several connective tissue
diseases [2]. There are three different TGF-f isoforms (TGF-B1, 2, and 3), all of which have
been studied extensively and seem to have unique functions in vivo, as there is little overlap
in the phenotypes of knockout mice for individual TGF-f isoforms [3-6].

The exquisite control of the production of active TGF- cytokine, which is essential in
maintaining physiological functions in vivo, is exerted at three levels; expression, storage,
and activation. Unlike other members of the TGF- family, such as the bone morphogenetic
proteins, TGF-f is secreted from cells complexed non-covalently with its propeptide,
referred to as the latency associated peptide (LAP). This complex of mature cytokine and
LAP is called the small latent complex (SLC), and in this complex TGF-f is blocked from
interacting with its receptor [7]. SLC can be secreted by itself, but LAP is usually covalently
bound to a carrier protein by disulfide bonds [8]. This large carrier protein is named the
latent TGF-f binding protein (LTBP), whereas the complex of SLC and LTBP is referred to
as the large latent complex (LLC) [8-10]. LLC is incorporated into extracellular matrices
(ECM) via interaction between LTBP and ECM components, such as fibrillin and
fibronectin [11-13]. This allows latent TGF-f to be stored in the ECM in a ready-to-use
state [14]. Mature TGF-p needs to be released from LLC and specifically from LAP via a
process called activation, in order to bind to its high affinity surface receptor. Several
mechanisms have been proposed to activate latent TGF-f including, but not limited to,
mechanical traction by integrins [15-17], degradation of LLC by proteases [18-21], and
release of free cytokine by mechanical shear [22].

The formation of LLC is essential for the control of TGF-f function. This has been shown
by a series of studies with knock-in mice in which the cysteine residue in LAP used for
binding to LTBP was replaced by a serine residue. These mice (Tgfb1C33S) showed severe
systemic inflammation, development of gastrointestinal tumors, and decreased TGF-f
signaling [23-25]. These phenotypes are similar to those observed with Tgfb1 null mice and
indicate the importance of LLC formation for proper TGF-f1 activity.

LTBP-1 is the most studied isoform in the LTBP family, which is comprised of 4 members,
LTBP-1, 2, 3, and 4. LTBP1 contains two transcription initiation sites controlled by
independent promoters, resulting in long and short isoforms (LTBP-1L and LTBP-1S,
respectively) [26]. LTBP-1 has an important role in regulating TGF- availability, as
LTBP-1 and 3 readily bind to all three isoforms of latent TGF-B, whereas LTBP-4
inefficiently interacts only with latent TGF-B1 and LTBP-2 does not bind to any latent TGF-
f isoform [27]. LTBP-1 is involved not only in the activation of latent TGF-p, but also in
storing the cytokine in the ECM. The C-terminal region of LTBP-1 interacts with fibrillin
microfibrils [11]. LTBP-1 also deposits in the ECM in the absence of fibrillin microfibrils
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via interaction with fibronectin [18, 28, 29]. LTBP-1 is essential for the activation of latent
TGF-B1 via interaction with integrin 6 [15].

The importance of LTBP-1 in vivo has been underscored by a series of studies with LtbplL
knock out mice. Targeted deletion of either exon 1 or 2 led to the same phenotype,
developmental cardiovascular abnormalities, such as persistent truncus arteriosus (PTA),
interrupted aortic arch (IAA), atrial septal defect (ASD), ventricular septal defect (VSD),
and thickening of cardiac valves due to aberrant epithelial-mesenchymal transformation
(EMT) [30, 31]. LtbplL null mice showed complete penetrance of PTA and partial
penetrance of IAA, which are perinatally lethal after closure of ductus arteriosus. As the
targeted exons in these mice are upstream of the first exon of LTBP-1S, it was predicted that
the Ltbp1L null mice retained the expression of LTBP-1S, and this was verified by Northern
blotting [30].

However, a contradiction that was difficult to explain occurred when the complete knockout
mouse of Ltbpl in which exon 5, the first exon shared by LTBP-1L and -1S, was targeted in
order to abolish expression of both isoforms was reported [32]. These total knock out mice
were viable, fertile, showed only mild craniofacial abnormalities, but there was no
developmental cardiovascular defects including PTA or IAA, as would have been expected
with loss of LtbplL. The reason for the observed discrepancy between the expected and
observed phenotypes of LtbplL knockout mice and these mice, hereafter designated as
Ltbpl AEX5 mice, was unclear.

To resolve this discrepancy, we disrupted the long and short forms of LTBP-1 by targeting
exon 8, which is common for both forms and is never spliced out, by utilizing a conditional
knockout Ltbpl mouse generated by the International Knockout Mouse Consortium (IKMC)
and the Cre-loxP system. The new Ltbpl complete knockout mice, hereafter designated as
Ltbpl AEx8 mice, died perinatally, and showed PTA and 1AA, similar to Ltbp1L knockout
mice. We also reexamined Ltbpl AEX5 mice and found that these mice express a splice
variant of LTBP-1 by splicing out exon 5. These results indicate that LTBP-1 is essential in
the developing cardiovascular system as was first reported.

2.1 Generation of Ltbpl AExX8 mice

The European Conditional Mouse Mutagenesis Program (EUCOMM) Consortium, a
member of IKMC, generated a gene-targeted mouse of Ltbp1 allele (Fig. 1A) by knocking in
an L1L2 Bact P cassette, which is a promoter-driven selection cassette (Fig. 1B), to
produce a knockout-first allele (Fig. 1C). We obtained sperm from these mice, generated
animals and crossed them with mice that ubiquitously express flippase to generate a
conditional floxed allele, in which exon 8 of Ltbp1 is flanked by loxP sequences (Fig. 1D).
These mice were crossed with mice that express Cre recombinase ubiquitously to generate
the “AEx8” allele, which lacks the 103-base pair long exon 8 (Fig. 1E). The deletion should
cause a frameshift mutation and result in the degradation of protein coding transcripts by
nonsense-mediated decay (NMD). Heterozygous mice were bred to each other to produce
Ltbpl AEX8/AEX8 mice.
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2.2 Disruption of exon 8 abrogates expression of Ltbpl mRNA and protein

We first performed experiments to verify if the targeting strategy effectively abrogated the
expression of both long and short forms of LTBP-1. PCR genotyping of neonatal tissue
showed bands of the expected size for the correct targeting (Fig. 2A). Quantitative PCR
(gPCR) of cDNAs derived from mouse embryonic fibroblasts (MEFs) revealed minimum
residual expression of Ltbp1 transcripts (Fig. 2B). As the targeting strategy was dependent
on NMD, we assumed that the residual signal was detected from transcripts before they were
subjected to NMD.

We next tried to determine if the residual mMRNA produced a measurable amount of
immunoreactive protein. Conditioned medium from MEF cultures was collected,
concentrated, and analyzed by Western blotting with an anti LTBP-1 antibody. The result
verified that cells from Ltbp12EX8/AEX8 embryos do not produce detectible protein with the
antibody under these conditions (Fig. 2C). In addition, we immunostained ECM produced
by MEFs, which were cultured for 7 days, with an anti LTBP-1 antibody. The
immunocytochemistry also showed the lack of LTBP-1 deposition on fibrillin-1 microfibrils
in cells from Ltbp12EX8/AEX8 mice, whereas wild type MEFs developed abundant fibrillar
LTBP-1 meshwork (Fig. 2D).

These data confirmed that deletion of exon 8 causes a frameshift mutation followed by
NMD of the transcripts and the absence of protein production as measured by both
immunoblotting of medium from cultured cells and immunostaining of cells consistent with
the lack of RNA for mature LTBP-1.

2.3 Ltbpl AEx8 mice die perinatally of defective great vessel development and resemble
LtbplL knockout mice

Genotyping of postnatal pups from crosses of Ltbpl AEX8 heterozygous parents revealed
that no homozygous pups survived longer than 1 day, whereas the genotype frequency of
embryos did not deviate from the expected Mendelian distribution (Table 1).

Careful analysis of newborns revealed that homozygote animals displayed multiple
cardiovascular abnormalities including PTA and IAA (Fig. 3A). Histological analysis
showed that the homozygote pups also had VSD and thickening of truncal semilunar valves
(Fig. 3B). We investigated if the development of aortic structure was affected, by staining
the elastic fibers. The layered structure of the elastic lamellae in the aorta was not affected
by the loss of LTBP-1 (Fig. 3C).

These results clearly show that deletion of exon 8 and abrogation of the expression of
LTBP-1 is perinatally lethal, which is consistent with our previous analysis of Ltbp1L
knockout mice. We were then prompted to investigate Ltbpl AEx5 mice to elucidate the
reason why these mice are not severely affected in the absence of LTBP-1.

2.4 Expression of LTBP-1 in Ltbpl AEX5 mice

As Ltbpl AEx5 mice were shown by Western blotting to lack LTBP-1 in skin fibroblasts, we
investigated other tissues that strongly express LTBP-1, namely lungs and heart. By
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Northern blot analysis of RNA purified from wild type lungs, we visualized two bands
corresponding to LtbplL and 1S, whereas we observed only the LtbplL band with RNA
from the heart. Surprisingly, RNA from Ltbpl AEx5 mice still displayed the higher band
corresponding to LtbplL, although the lower band was absent (Fig. 4A).

We identified a protein form corresponding to LTBP-1 in samples prepared from both wild
type and Ltbpl AEX5 mice by Western blot analysis of the insoluble ECM fraction of lungs
and heart (Fig. 4B). The two major LTBP-1 isoforms cannot be distinguished by Western
blotting of these preparations, as tissues were digested with plasmin during the extraction to
release bound LTBP-1 and this yields a truncated polypeptide contained in both LTBP-1S
and LTBP-1L forms.

2.5 Ltbpl AEX5 mice express the A55 variant of LTBP-1L by alternative splicing

We performed several reverse transcription-PCR (RT PCR) amplifications using template
cDNA derived from lungs and heart. With primers designed to be specific for Ltbp1S, PCR
products were detected with wild type mice but were absent in Ltbpl AEX5 mice (Fig. 4C
top panel). The band intensity was stronger in lungs than in heart, which is consistent with
the absence of LtbplS observed by Northern blot analysis (Fig. 4A). Next we designed
forward primers in either exon 3 or 4 and a reverse primer in exon 6 to detect LtbplL. PCR
products of the expected size for full-length LtbplL transcripts (532 and 340 base pairs long
for 3F-6R and 4F-6R templates, respectively) were detected only with samples isolated
from wild type mice and not from Ltbpl AEX5 mice. However, these reactions produced
shorter bands in both wild type and Ltbp1 AEx5 samples (Fig. 4C second and third panels).
These bands were approximately 170 base pairs shorter than the intact bands. Sequencing of
these PCR products revealed that these bands are products of the previously reported A55
variant of LtbplL, which lacks 168 bases of exon 5 [33].

Together with the Northern and Western blotting results, these data showed that Ltbp1 AEx5
mice lack Ltbp1S but retain expression of the A55 variant of LtbplL.

3. Discussion

In this study, we show that the complete knockout of both isoforms of LTBP-1 leads to PTA
and IAA and subsequent perinatal lethality. This result strongly supports the idea that
LTBP-1, and probably the TGF-p signaling mediated by it, is essential in the development of
the great arteries and cardiac cushions, as we previously reported [30]. The present results
clarify the controversy as to whether Ltbp1 complete null mice are viable or not and whether
LTBP-1 is indispensable for murine development.

Phenotypes of Ltbpl AEx8 mice reproduced those described for LtbplL knockout mice,
implying that the major role of LTBP-1 in the pre-natal development of cardiovascular
system is conducted by LTBP-1L and that LTBP-1S does not play an important role. As
LtbplL knockout and Ltbpl AEx8 mice are perinatally lethal, it is impossible to investigate
specific postnatal functions of LTBP-1L with these mutant mice.
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The observed discrepancies between the previously reported general Ltbpl knockout (i.e.
Ltbpl AEx5) and LtbplL knockout mice can be attributed to the expression of an
alternatively spliced form of LTBP-1L in the former mice. Drews et al. showed successful
targeting of Ltbp1 AEx5 with Southern blotting and genomic DNA PCR, and concluded in
their paper that the expression of LTBP-1 protein was absent in Ltbpl AEx5 mice based on
the result of Western blotting of skin fibroblast extracts [32]. We speculate that these
fibroblasts normally produce predominantly LTBP-1S, and low levels of LTBP-1L and/or
the A55 variant. Therefore, it is possible that the presence of the LTBP-1L form was too low
to be detected in the experiments of Drews et al.

Ltbpl AEx5 mice have a shorter snout, and show less fibrosis with reduced phosphorylation
of Smad2 in hepatic tissue after the ligation of the bile duct. These phenotypes imply that
LTBP-1S may be involved specifically in hepatic fibrosis and craniofacial development.
Another explanation for the phenotypes is that the 56 amino acids missing in the A55 variant
are essential for LTBP-1 function in the liver and skull and their absence results in the
hepatic fibrosis and craniofacial abnormalities. It should be mentioned that this region
contains 2 putative N-glycosylation sites, which may be critical for the proper function of
LTBP-1 [33].

Finally, we have shown that the deletion of exon 8 is sufficient to abrogate expression of
both long and short form of LTBP-1. Three splice variants, A41, A53 and A55 have been
reported for the Ltbpl locus [33, 34]. From the gene sequence, it was predicted that deletion
of exon 8 would abrogate all protein products including these splice variants by NMD. This
underscores the reliability and usefulness of the Ltbpl conditional knockout line we used in
the present study. This line can be a powerful tool for the investigation of spatially and
temporally specific functions of LTBP-1, especially in postnatal life, by using appropriate
Cre expressing mice.

4. Materials and Methods

4.1 Generation of Ltbp1 targeted mice

The Ltbp1 conditional knockout mouse (Ltbp1M1a(EUCOMM)Wisiy \na5 generated at
Wellcome Trust Sanger Institute under EUCOMM Consortium, which is a member of
IKMC, and was stored and distributed by MRC Harwell on behalf of The European Mouse
Mutant Archive (EMMA). Targeting strategy is outlined in Fig. 1 [35]. Briefly, the targeting
vector was designed to introduce a promoter-driven selection cassette named “L1L2_ Bact P
cassette” at position 75248411 of the chromosome 17 upstream of exon 8, which is 103
bases long. Another loxP site was inserted at position 75249265 in intron 8 (Fig. 1B). The
targeting vector was introduced into ES cells IM8.N4 derived from C57BL/6N and cells
were selected for the homologous recombination by short range PCR. ES cells with resultant
“neo” allele (Fig. 1C) were injected into blastocysts of C57BL/6Brd-Tyr¢Brd: C57BL/6Brd-
Tyr¢Brd mice to produce chimeric mice and heterozygous offspring. Mice were tested with
series of short range PCR and qPCR. Details of targeting strategy and the quality control of
ES cells and engineered mice can be found on the website of International Mouse Phenotype
Consortium that followed IKMC [36].
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We obtained sperm of Ltbp1"€%/* mice and performed in vitro fertilization at New York
University Langone Medical Center. Ltbp1"€%/* mice were crossed with B6.Cg-
Tg(ACTFLPe)9205Dym/J mice (The Jackson Laboratory), which express FLP1
recombinase under human ACTB promoter, to produce conditional “floxed” allele (Fig. 1D).
These mice were crossed with C57BL/6NTac-Gt(ROSA)26Sortm16(Ccre)Arte (Taconic) which
express Cre recombinase under ROSA26 promoter to generate Ltbpl AEx8 mice (Fig. 1E).
Genotyping PCR was performed using Taq DNA polymerase (Roche) with primers g1, 2, 3
shown in Fig. 1E (Table 2).

Generation and phenotypes of LtbplL knockout mice and Ltbpl AEx5 mice have been
previously reported [30, 32]. All procedures were performed in accordance with the
Regulation on Animal Experimentation at New York University Langone Medical Center
and were approved by the Institutional Animal Care and Use Committee.

4.2 Mouse Embryonic Fibroblasts (MEFs)

MEFs were isolated from wild type and Ltbpl AEx8 embryos at 13.5 days post-coitum as
previously reported [28]. Briefly, embryos were digested with 0.125% trypsin-EDTA after
decapitation and removal of visceral tissues. Cell suspensions were filtrated with cell
strainer and cultured in DMEM (Corning) supplemented with 2 mM glutamine, 100
units/100 pg/mL penicillin/streptomycin (Corning), and 10% FBS at 37 °C in 5% CO.,.

For LTBP-1 protein analysis, MEFs were cultured in serum free DMEM/Ham’s F12 50/50
Mix (Corning) supplemented with 2 mM glutamine, 100 units/100 pg/mL penicillin/
streptomycin (Corning). Collected conditioned media were concentrated 50 fold with
Ultracel-30K (EMD Millipore) and subjected for Western blotting.

4.3 Quantitative PCR (qPCR)

Cultured MEFs were homogenized and total RNA was extracted with TRIzol reagent (Life
Technologies) and RNeasy Mini Kit (Qiagen), followed by reverse transcription with
SuperScript® 111 Reverse Transcriptase (Life Technologies) with random hexamers. gPCR
analyses were performed in triplicate with QuantiFAST SYBR Green PCR Kit (Qiagen)
using StepOnePlus™ Real-Time PCR Systems (Life Technologies). Quantification was
performed with the relative standard curve method and normalized to glyceraldehyde-3-
phosphate dehydrogenase (Gapdh) using StepOne™ Software. Relative expression of Ltopl
in the wild type sample was defined as 1.0 and data are presented as means + SD. Positions
of primers are illustrated in Fig. 1A, and the sequences are provided in Table 2.

4.4 1solation and plasmin digestion of ECM-associated protein from tissue

Neonatal lung and heart were homogenized in RIPA buffer (50 mM Tris-HCI (pH 7.2), 150
mM NacCl, 1% NP-40, 0.5% sodium deoxycholate) and the insoluble fraction was collected
by centrifugation, followed by digestion with plasmin (0.1 U/ml; Roche) in PBS at 37°C for
1 hour. Supernatants were collected after centrifugation and concentrated using
Ultracel-30K (EMD Millipore) and subjected for Western blotting.
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4.5 Western blotting

Protein samples from MEFs or neonatal tissues were separated with SDS-PAGE and
transferred to PVDF or nitrocellulose membranes, respectively. Membranes were blocked
with 5% skim milk, and blotted with anti-LTBP-1 polyclonal antibody (Ab39, a generous
gift from Drs. K Miyazono and C-H Heldin [37], or ab78294 (Abcam)) as a primary
antibody and horseradish peroxidase-conjugated anti-Rabbit 1gG antibody (GE Healthcare
Life Science) as a secondary antibody. Chemiluminescent reations were performed with
either ECL Western Blotting Substrate (Thermo Scientific) or Western Lightning
Chemiluminescence Plus-ECL (Perkin Elmer), and signals were detected with X-ray films
or ImageQuant LAS 4000 System (GE Healthcare Life Science).

4.6 Immunocytochemistry

MEFs were cultured on gelatin-coated coverslips in DMEM (Corning) supplemented with 2
mM glutamine, 100 units/100 pug/mL penicillin/streptomycin (Corning) and 10% FBS at 37
°C in 5% CO, for 7 days. After washing with PBS, cells were fixed with 100% ethanol at
room temperature for 10 minutes and blocked with 2% bovine serum albumin. The primary
antibodies used were anti-LTBP-1 polyclonal (Ab39) and anti-fibrillin-1 polyclonal (9543, a
generous gift from Dr. L. Sakai)[38], and the secondary antibody used was AlexaFluor 594-
conjugated anti-Rabbit IgG antibody (Life Technologies). Cells were mounted with
ProLong® Gold Antifade Mountant with DAPI (Life Technologies), and were observed
with a Nikon Eclipse Ni fluorescence compound microscope.

4.7 Histological analysis and Elastic Staining

Whole PO neonates were fixed with 3.7% formaldehyde and embedded in paraffin block.
Tissues were sectioned, and subjected to hematoxylin-eosin staining and Weigert’s
Resorcin-Fuchsin staining with standard protocol.

4.8 Northern Blotting

Total RNA was isolated from wild type and Ltbpl AEX5 neonatal lungs and hearts, using
Trizol Reagent (Life Technologies) according to the manufacturer’s protocol. Northern
blotting was performed as previously described [30]. Briefly, RNA samples were separated
by denaturing gel electrophoresis on 0.8% agarose gels, and the gel was stained with
ethidium bromide to observe the amount of 18S and 28S RNAs. RNAs were blotted on a
nylon membrane by capillary transfer and hybridized in ExpressHyb Hybridization Solution
(Clontech) with [a-32P]-dCTP-labeled probe synthesized using Ready-To-Go DNA
Labeling Beads (-dCTP) (GE Healthcare Life Science) and mouse LtbplL cDNA [39].

4.9 Reverse transcription-PCR (RT PCR)

Total RNA isolated from wild type and Ltbpl AEX5 neonatal lung and heart was transcribed
using Reverse Transcriptase AMV (Roche). The resulting cDNA was used for RT PCR
analyses. Reactions for Ltbp1S-specific transcripts were performed with primers RTSF and
RT6R, and those for LtbplL transcripts were performed with either primer sets RT3F/RT6R
or RT4F/RT6R. PCR products of the latter reaction were sequenced with ABI PRISM® 377
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XL DNA analyzer (Life Technologies). Positions of primers used are illustrated in Fig. 1A,
and the sequences are provided in Table 2.
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Abbreviations

aAo ascending aorta

ASD atrial septal defect

BCA brachiocephalic artery

CCA common carotid artery

DA ductus arteriosus

dAo descending aorta

ECM extracellular matrix

EMMA The European Mouse Mutant Archive
EMT epithelial-mesenchymal transformation
EUCOMM The European Conditional Mouse Mutagenesis Program
FRT flippase recognition target

GAPDH glyceraldehyde-3-phosphate dehydrogenase
1AA interrupted aortic arch

IKMC International Knockout Mouse Consortium
IRES internal ribosome entry site

LA left atrium

LAP latency associated peptide

LLC large latent complex

LTBP latent TGF-f binding protein

LV left ventricle

MEF mouse embryonic fibroblast

NMD nonsense-mediated decay

PA pulmonary artery

PTA persistent truncus arteriosus
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right atrium

RT PCR reverse transcription-PCR

RV
SA
SLC

right ventricle
splice acceptor

small latent complex

TGF-B transforming growth factor-

VSD
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Figure 1. Generation of Ltbpl total knockout allele (AEx8)

Schematic representation of the strategy to target the Ltbp1 allele is shown. (A) Wild type
allele of LtbplL and LtbplS. LtbplS transcription and translation start upstream of the splice
acceptor of the 5th exon of LtbplL. Gray box represents the LtbplS specific region.
Targeted regions in each knockout mouse are shown above, and positions of primers used
for PCR are shown below. (B) Structure of the targeting vector, L1L2_Bact_P. IRES,
internal ribosome entry site; FRT, flippase recognition target; neo, neomycin resistance
cassette; SA, splice acceptor. (C) Structure of the “neo allele” after homologous
recombination. (D) Ltbpl floxed allele. After excision of the LacZ-neo cassette by flippase,
exon 8 is flanked by loxP sequences. (E) Ltbpl AEx8 allele. Exon 8 is deleted after

recombination by Cre recombinase.
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Figure 2. Deletion of Lthpl exon 8 effectively abrogates expression of LTBP-1
(A) Genotyping by PCR. The PCR genotyping with genomic DNA shows bands with

predicted sizes for wild type and AEx8 alleles. (B) gPCR of cDNA from 2 independent lines
of MEFs per genotype. Each sample was measured in triplicate and normalized to Gapdh.
Relative expression level of Ltbpl in line 1 was defined as 1.0, and the mean * standard
deviation is shown. Significantly lower levels of signal were detected in Ltbp1AEX8/AEX8
MEFs compared to wild type MEFs. (C) LTBP-1 protein analysis. Concentrated conditioned
media of MEF cultures were blotted with anti-LTBP-1 antibody. LTBP-1 was not detected
in Ltbp1AEX8/AEX8 MEFs, (D) MEFs immunostaining. LTBP-1 was detected in wild type
MEFs in fibrillar structures, but staining was abolished in Ltbp12EX8/AEX8 MEF cultures
(upper panels). Staining with anti-fibrillin-1 antibody showed that microfibril formation was
not affected (lower panels). Bars 100 pm.
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AEX8/+ AEX8/AEX8

Figure 3. Phenotype of Ltbpl AEx8 mice resembles that of Ltbpl1L knockout mice
(A) Macroscopic view of the origin of great arteries of neonates. Heterozygotes showed a

normal structure (left), but homozygous pups showed impaired separation of ascending aorta
and pulmonary artery (PTA) and interrupted aortic arch between left common carotid artery
(LtCCA) and brachiocephalic artery (BCA) (arrowhead). Bars 0.5 mm. (B) HE staining of
heart sections of neonates. PTA and VSD (asterisk) are visible. Cardiac valves are
hypercellular compared to control mice. Bars 400 um. (C) Elastic staining of the aorta. The
lamellar structure of the aorta did not reveal any differences between homozygous and
control mice. The absence of cellular material below the elastic lamellae in the left panel is
the result of the loss of the adventitia during sample preparation. Bars 20 um. aAo,
ascending aorta; dAo, descending aorta; DA, ductus arteriosus; LA, left atrium; LV, left
ventricle; PA, pulmonary artery; RA, right atrium; RV, right ventricle.
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Figure 4. Ltbpl AEX5 mice lack LTBP-1S but express A55 form of LTBP-1L
(A) Northern blotting. Total RNA was extracted from newborn lungs and hearts of wild type

and Ltbpl AEX5 mice and utilized for Northern Blotting analysis. Ltbp1S transcripts were
detected only in lungs of wild type samples, whereas transcripts of Ltbp1L were detected in
both tissues of wild type and Ltbpl AEx5 mice. (B) LTBP-1 protein analysis. Total protein
extracts from newborn lungs and hearts of wild type and Ltbpl AEX5 mice were subjected to
plasmin digestion to liberate matrix-bound proteins. The released, truncated LTBP-1 was
visualized by Western blotting with a rabbit polyclonal anti-LTBP-1 antibody (Ab 39).
Bands around the predicted mass of 150-kDa were detected in all samples. (C) RT PCR. RT
PCR was performed with lung and heart cDNAs from wild type and Ltbpl AEx5 mice. The
primer set specific for LtbplS amplified only wild type templates (top panel). Primers
flanking exon 5 (Ex3-6 or Ex4-6) revealed expression of a full length (FL) and an LtbplL
splice variant lacking exon 5 (A55) in wild type samples, whereas only A55 was amplified in
Ltbpl AEX5 samples (second and third panel, respectively).
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Table 1

Genotype frequency of offspring from Ltbp12EX8/* intercrosses

Number of mice (%) of genotype

stage +/+ AEx8/+  AEX8/AEx8 Total No.
Pre-natal  15(27%) 29 (52%) 12 (21%) 56
Post-natal 10 (27%) 27 (73%) 0 (0%) 37
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Primer sequences

primers sequence

mLtbpl g1 cacttgtctacctcatagccgattctacag
mLtbpl g2 gaaaatccgaaccaatggcgcaggtccatg
mLtbpl g3 cgcagatctgtaagcaatcaattccccatcty
mLtbpl g1 ctcttacgacactggtggcgagaactac
mLtbpl g2 acccaggttgagtgttcaaacagtaacc
mGapdh S ccatcaccatcttccaggag

mGapdh AS cacacccatcacaaacatgg

mLtbpl RT3F  ccctcaagccaaagccatca

mLtbpl RT4F  aggagcaaggcacggcaccc

mLtbpl RT6R  tgctgctgggegtgctggta

mLtbpl RTSF  caagttcatggatactaagc

mActb RT F atctggcaccacaccttctacaatgagctgeg
mActb RT R cgtcatactcctgcttgctgatccacatctge
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