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A B S T R A C T

Pulmonary hypertension (PH) is characterized by a thickening of the distal pulmonary arteries caused by medial
hypertrophy, intimal proliferation and vascular fibrosis. Low density lipoprotein receptor-related protein 1
(LRP1) maintains vascular homeostasis by mediating endocytosis of numerous ligands and by initiating and
regulating signaling pathways.

Here, we demonstrate the increased levels of LRP1 protein in the lungs of idiopathic pulmonary arterial
hypertension (IPAH) patients, hypoxia-exposed mice, and monocrotaline-treated rats. Platelet-derived growth
factor (PDGF)-BB upregulated LRP1 expression in pulmonary artery smooth muscle cells (PASMC). This effect
was reversed by the PDGF-BB neutralizing antibody or the PDGF receptor antagonist. Depletion of LRP1 de-
creased proliferation of donor and IPAH PASMC in a β1-integrin-dependent manner. Furthermore, LRP1 silen-
cing attenuated the expression of fibronectin and collagen I and increased the levels of α-smooth muscle actin
and myocardin in donor, but not in IPAH, PASMC. In addition, smooth muscle cell (SMC)-specific LRP1 knockout
augmented α-SMA expression in pulmonary vessels and reduced SMC proliferation in 3D ex vivo murine lung
tissue cultures.

In conclusion, our results indicate that LRP1 promotes the dedifferentiation of PASMC from a contractile to a
synthetic phenotype thus suggesting its contribution to vascular remodeling in PH.

1. Introduction

Pulmonary hypertension (PH) is a devastating disease characterized
by a sustained elevation of pulmonary artery pressure and pulmonary
vascular resistance. An impaired crosstalk between endothelial cells
(EC) and smooth muscle cells (SMC) has been demonstrated to play a
central role in PH pathogenesis. Endothelial cells, located on the inner
layer of the blood vessels, influence the underlying SMCs, thereby
regulating pulmonary arterial pressure and vascular resistance [1].
Upon injury and EC dysfunction, SMC undergo a “switch” from a

contractile to a synthetic phenotype which is characterized by their
excessive survival, proliferation, migration as well as production of
extracellular matrix (ECM) components [2]. Increased deposition of
ECM proteins and progressive stiffening of the vascular wall lead to the
obliteration of pulmonary arteries, increased pulmonary vascular re-
sistance and finally to right ventricular hypertrophy and failure [3].
Although, a number of biochemical and physical factors were found to
modulate the SMC phenotype [1,2,4], the underlying molecular me-
chanisms are still not entirely understood.

The low density lipoprotein receptor-related protein 1 (LRP1) is a
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multifunctional scavenger and signaling receptor. LRP1 internalizes,
among others, proteases, protease-inhibitor complexes, ECM proteins,
and growth factors [5]. Besides its role in endocytosis, LRP1 also
functions as a signaling receptor. A number of cytosolic proteins were
found to interact with the NPxY motifs in the cytoplasmic domain of
LRP1 in order to transduce signals to the downstream effector mole-
cules [6,7]. In addition, LRP1 was described to control intracellular
signaling pathways by modulating the activity and cell surface abun-
dance of other receptors. For example, the interaction of LRP1 with
platelet-derived growth factor receptor (PDGFR) was shown to suppress
PDGFR activation [6] and the association of LRP1 with β1-integrin was
reported to control β1-integrin recycling and hence cell adhesion and
migration [7].

In contrast to EC, the LRP1 is highly expressed in SMC [5]. It has the
capacity to maintain vascular homeostasis by mediating the endocytosis
of various ligands and by regulating signaling pathways. Deletion of the
LRP1 gene in vascular SMC was found to switch the cells to a synthetic
phenotype consequently inducing SMC proliferation and migration. The
underlying molecular mechanism appeared to rely on the ability of
LRP1 to control the expression of proteases such as matrix metallo-
protease (MMP) 9 and MMP2 and the activity of the PDGF-BB and the
transforming growth factor-β signaling pathway [8]. Furthermore,
LRP1 was shown to regulate inflammatory responses and to facilitate
efferocytosis, a process by which apoptotic cells are removed by pha-
gocytic cells, in the vascular wall [9] and to orchestrate vascular de-
velopment by promoting recruitment of SMC and pericytes [10].

Although numerous studies have demonstrated the involvement of
LRP1 in the development of vascular pathologies, its potential role in
the regulation of PASMC activities with respect to the pathogenesis of
PH has not yet been defined. Here, we demonstrate that LRP1 may
control PASMC activities and thus contribute to vascular remodeling in
PH.

2. Methods

2.1. Human material

The investigations were conducted in accordance with the
Declaration of Helsinki principles and were approved by the local in-
stitutional review board and ethics committee. Informed consent was
obtained from either the patients or their next-of-kin. Lung tissue was
obtained from 24 IPAH patients who underwent lung transplantation at
the Department of Cardiothoracic Surgery, Medical University of
Vienna, Austria. Non-utilized donor lungs (n=28) served as a control.
Patient and donor characteristics are summarized in Table 1.

2.2. Animal experiments

All animal experiments were performed in accordance with in-
stitutional and national guidelines for the care and use of experimental
animals. For hypoxic exposures, male wild-type mice were placed in a
ventilated chamber system with a FiO2 of 0.10. To induce PH in rats,
male Sprague-Dawley rats were injected with monocrotaline (MCT) as
described previously [11]. After 21 days, MCT-injected rats and mice-
exposed to hypoxia were sacrificed and lung tissue samples were

prepared for further analysis. A detailed protocol of the treatment of the
hypoxic mice with STI571 (Imatinib/Gleevec®, Novartis) is provided in
[11].

2.3. Isolation and culture of PASMC

Pulmonary artery smooth muscle cells (PASMC) used for all the
experiments described in the manuscript were isolated from non-uti-
lized human donor lungs (lungs harvested for lung transplantation that
were not implanted due to lack of compatibility) or from IPAH patients
lungs. The cells were isolated from human pulmonary arteries (from the
third intrapulmonary branch, diameter < 1mm). PASMC were cul-
tured in Vasculife SMC Medium Complete Kit (Lifeline Cell Technology,
Oceanside, CA) supplemented with 10mM L-Glutamine, 5% fetal bo-
vine serum (FBS), 5 ng/mL recombinant human (rh) epidermal growth
factor, 5 μg/mL rh insulin, 50 μg/mL ascorbic acid, 5 ng/mL rh fibro-
blast growth factor-b (all from Lifeline Cell Technology) and 1%
Penicillin/Streptomycin (Invitrogen Life Technologies, Carlsbad, CA).
The cells were cultured at 37 °C in a humidified incubator with 5% CO2.

2.4. siRNA transfection and treatment of PASMC

PASMC were transfected with siRNA at 60–70% confluence using
Lipofectamine® 2000 (Thermo Fisher Scientific, Darmstadt, Germany)
and analyzed 48 h thereafter. siRNA directed against human LRP1
(sense strand 5′-CCUGUAACCUGCAGUGCUUdTdT-3′) was synthesized
by Microsynth AG (Lindau, Germany) and the control siRNA was pur-
chased from Ambion (Austin, TX). In some experiments, PASMC were
treated with the following reagents: 12.5 μg/mL cycloheximide (Sigma-
Aldrich, Hamburg, Germany), 10 ng/mL PDGF-BB (R&D Systems,
Wiesbaden, Germany), 2 μM Imatinib (Sigma-Aldrich), 10 μg/mL anti-
PDGF-BB neutralizing antibody (R&D Systems), 10 μg/mL β1 integrin-
blocking antibody (clone P5D2; Abcam, Berlin, Germany), 10 μg/mL β4
integrin-blocking antibody (clone ASC-3; Millipore, Darmstadt,
Germany), or 10 μg/mL respective isotype control antibody (BD
Bioscience, Franklin Lakes, NJ).

2.5. Protein isolation and western blotting

Proteins were isolated in a lysis buffer containing 50mM Tris,
pH 7.4, 150mM NaCl, 1 mM EDTA, 1% Triton-X-100, 1% Sodium
Deoxycholate and 0.1% SDS supplemented with 1mM Na3VO4, 1mM
PMSF and 1 μg/mL Complete Protease Inhibitor Cocktail (Roche
Applied Science, Indianapolis, IN), separated on a 10% SDS poly-
acrylamide gel and transferred to a PVDF membrane (Roth, Karlsruhe,
Germany). The membrane was blocked with 1% bovine serum albumin
(BSA) and treated with one of the following antibodies: rabbit anti-
LRP1 (Abcam), rabbit anti-α5-integrin (Cell Signaling Technology,
Leiden, The Netherlands), mouse anti-α-smooth muscle actin (α-SMA;
Thermo Fisher Scientific), mouse anti-myocardin (R&D Systems,
Wiesbaden, Germany), mouse anti-fibronectin (FN; Enzo Life Science,
Loerrach, Germany), goat anti-collagen I (SouthernBiotech,
Birmingham, AL), mouse anti-osteopontin (OPN; Santa Cruz
Biotechnology, Santa Cruz, CA) and mouse anti-β1-integrin (BD
Biosciences). Proteins were detected using either Amersham ECL Select
Western Blotting Detection Reagent (GE Healthcare, Chicago, IL) or
Pierce ECL Western Blotting Substrate (Thermo Fisher Scientific). The
pictures were acquired using a ChemiDoc Imaging Systems (Bio-Rad,
Hercules, CA). α-Tubulin, detected using a rabbit-anti α-tubulin anti-
body (Cell Signaling), was used as a loading control. Protein extraction
from microdissected formalin-fixed and paraffin-embedded tissue was
performed as previously described [12].

2.6. RNA isolation and real-time PCR

RNA isolation, reverse transcription (RT) and real-time PCR (qPCR)

Table 1
IPAH patient and donor characteristics for lung tissue samples.

IPAH (n=24) Donor (n=28)

Age (mean ± SD) 41.7 ± 10,8 43.9 ± 8.5
Sex (female/male; %) 72/28 67/33
mPAP (mmHg) 51.9 ± 18.8 –
NYHA classification III–IV –

IPAH, idiopathic pulmonary arterial hypertension; mPAP, mean pulmonary
artery pressure; NYHA; New York Heart Association.
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were conducted as described previously [13]. The following primers
were used: human LRP1 forward: 5′-TCTACTTTGCCG-ACACCACC-3′
and reverse: 5′-TGTCTTTTTGGGCCCATCGT-3′; human β1-integrin
forward: 5′-CCGCGCGGAAAAGATGAA-3′ and reverse: 5′-CACAATTTG
GCCCTGCTTGTA-3′; human α-SMA forward: 5′-GTGTTGCCCCTGAAG
AGCAT-3′ and reverse: 5′-CGCCTGGATAGCCACATACAT-3′; human
myocardin forward: 5′-AGGTAACACAGCCTCCATCCT-3′ and reverse:
5′-TCTAGCGTCTGCTGGCATTT-3′; human FN forward: 5′-CACCTCTG
TGCAGACCACATC-3′ and reverse: 5′-GTCTCTTGGCAGCTGACTCCG-3′;
human OPN forward: 5′-GAAGATGATGATGACCATGTG-3′ and reverse:
5′-GTCAGGTCTGCGAAACTTC-3′ human PBGD (porphobilinogen dea-
minase) forward: 5′-ACCCTAGAAACCCTGCCAGAGAA-3′ and reverse:
5′-GCCGGGTGTTGAGGTTTCCCC-3′; rat Lrp1 forward: 5′-CGTCACTTA
CATCAACAACC-3′ and reverse: 5′-CAGCCATTCACATTTCTTGC-3′; rat
Pbgd forward: 5′-GCCAGAGAAAAGTGCCG-TGGGG-3′ and reverse:
5′-CCAGCTTCCGTAGGCGGGTG-3′; murine Lrp1 forward: 5′-CGCCTGT
GAGAATGACCAGT-3′ and reverse: 5′-TCTAATGATGCCTGGGC-3′ and
murine Pbgd forward: 5′-GCCAGAGAAAAGTGCCGTGGG-3′ and re-
verse: 5′-TCCGGAGGCGGGTGTTGAGG-3′. Changes in gene expression
are reported as a ΔCt (CtPBGD − CtGen-of-interest (GOI)). Values calculated
in this way are proportional to the −log normalized amount of the GOI.
In order to check for exclusive amplification of a PCR product, melting-
curve analysis and gel electrophoresis were performed. Alternatively,
gene expression was analyzed using the Extracellular Matrix and Ad-
hesion Molecules RT2 Profiler PCR Array (Qiagen, Hilden, Germany)
according to the manufacturer's instructions. Changes in RNA expres-
sion of each target gene were normalized using averages of Ct values of
the following reference genes (β-actin, β2-microglobulin, glycer-
aldehyde-3-phosphate dehydrogenase, and hypoxanthine phosphor-
ibosyltransferase). Changes in a target gene expression are reported as
ΔΔCt (Ctaverage of reference genes − CtGOI)siLRP1 − (Ctaverage of reference genes

− CtGOI)siCtrl from 3 biological replicates.

2.7. Analysis of microRNA103/107 expression

Total RNA was isolated from PASMC using the TRIZOL reagent
according to the manufacturer's instruction (Invitrogen Life
Technologies). After DNase I treatment, 1 μg RNA was reverse tran-
scribed in the reaction containing 50 nM stem-loop RT primer each
(microRNA103: 5′-GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACT
GGATACGACT-CATAG-3′ and microRNA107: 5′-GTCGTATCCAGTGCA
GGGTCCGAGGTATTCGCACTG-GATACGACTGATAG-3′), 2 μL 1× RT
buffer, 4 mM dNTP mix, 2.5 U/μL MultiScribe Reverse Transcriptase,
1 U/μL RNase Inhibitor (all from Applied Biosystems, Waltham, MA) in
a volume of 20 μL. The RT reaction was carried out at 16 °C for 30min,
at 42 °C for 30min and at 85 °C for 5min. The following controls were
included: no-RNA, no stem-loop RT primer, and no reverse tran-
scriptase. MicroRNA103/107 levels were measured using SYBR Green
qPCR Master Mix (Applied Biosystems) according to the manufacturer's
instruction. All primers were used in the final concentration of 200 nM
and the sequences were as followed: microRNA103/107 forward:
5′-CACGCAAGCAGCATTGTA-3′ (recognizes microRNA103 and
microRNA107) and reverse 5′-GTGCAGGGTCCGAGGT-3′ and ribo-
somal protein lateral stalk subunit P0 (RPLP0) forward: 5′-CCTTCTCC
TTTGGGCTGGTCATCCA-3′ and reverse 5′-CAGACACTGGCAACATT
GCG-GACAC-3′. The reaction mix was incubated at 95 °C for 10min,
followed by 40 cycles of 95 °C for 15 s and 60 °C for 60s. Melting curve
analysis and gel electrophoresis were performed to confirm the ex-
clusive amplification of the expected qPCR product. Changes in
microRNA103/107 expression are presented as a ΔCt (CtRPLP0 −
CtmicroRNA103/107).

2.8. Cell surface biotinylation

Cell surface proteins were labeled with 0.5 mg/mL EZ-Link™ Sulfo-
NHS-SS-Biotin (Thermo Fisher Scientific) for 1 h at 4 °C. After

quenching with 100mM glycine, protein isolation was performed as
described above. Hundred microgram biotinylated proteins were in-
cubated with Pierce™ NeutrAvidin™ Agarose beads (Thermo Fisher
Scientific) overnight at 4 °C. Following extensive washing with buffers
containing 50mM TRIS, pH 7.4, 5mM EDTA and increasing con-
centration of NaCl (150–500mM), the proteins were analyzed by
western blotting.

2.9. Flow cytometry

PASMC were trypsinized and fixed with 2% paraformaldehyde for
10min at room temperature. Afterwards, the cells were washed with
phosphate-buffered saline (PBS), blocked with 1% BSA for 1 h at room
temperature and surface-labeled with a rat anti-β1- integrin (clone
9EG7; BD Biosciences) or an isotype control (BD Bioscience) antibody
overnight at 4 °C. Subsequently, the samples were washed and in-
cubated with a fluorescein isothiocyanate (FITC)-labeled secondary
antibody (Jackson Immunoresearch, Cambridge, United Kingdom) for
2 h at 4 °C. Flow cytometry was carried out with Accuri C6 flow cyt-
ometer and the data was analyzed using CFlowPlus (BD Biosciences)
software.

2.10. Cell adhesion assay

For cell adhesion analysis, 1× 104 cells were seeded onto a 96-well-
plate coated with 2 μg/mL human FN (Sigma-Aldrich). After 40min
incubation at 37 °C, the cells were fixed with cold methanol/acetone
solution (1:1) for 1 h at 4 °C, dried and subsequently stained with
crystal violet (Sigma-Aldrich). Afterwards, the cells were lysed using
10% acetic acid. The absorbance was measured at 560 nm with a mi-
croplate reader (SpectraMax 190, Molecular Devices, Biberach,
Germany).

2.11. Transwell migration assay

Cell migration was tested using polycarbonate membrane transwell
inserts (8 μm pore size, BD Biosciences) coated with 2 μg/mL human FN
(Sigma-Aldrich) overnight at 4 °C. 1× 104 of PASMC resuspended in
350 μL serum-free medium were added to the upper chamber of the
transwell. Next, 350 μL of medium containing 5% FCS was applied to
the bottom chamber and the cells were allowed to migrate through the
membrane for 24 h. Afterwards, the cells from the upper chamber were
removed using a cotton swab and the cells that migrated through the
membrane were fixed with a methanol/acetone solution, stained with
crystal violet and counted under the microscope.

2.12. Cell proliferation assay

PASMC proliferation was measured by 3H-thymidine incorporation.
Forty eight h after seeding onto a 48-well-plate (2×103 cells/well),
0.6 μCi/mL 3H-thymidine (PerkinElmer Life Sciences, Hopkinton, MA)
in growth medium supplemented with 5% FCS was applied to the cells
for 20 h. Following extensive washing with PBS and cell solubilization
in 0.5M NaOH, 3H-thymidine content was quantified by liquid scin-
tillation spectrometry (Beckman LS 6500, Fullerton, CA).

2.13. Generation of Acta2-cre/ERT2; Lrp1flox/flox mice

Transgenic mice expressing a tamoxifen-inducible Cre recombinase
under the Acta2 promoter (B6;Tg(Acta2-cre/ERT2)12Pcn [14]) were
crossed with mice bearing floxed allele of Lrp1 gene (Lrp1 <
tm2Her> /J [15]. The resulting mouse strain (B6;Tg(Acta2-cre/ERT2)
12Pcn; Lrp1 < tm2Her> /J, referred to herein as Acta2-CreERT2;
Lrp1flox/flox) was then back-crossed for eight generations to C57BL/6J
background and used for the experiments. Littermates that were
homozygous for the floxed Lrp1 allele but did not carry Acta2-CreERT2
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cassette (Lrp1flox/flox) were used as controls.

2.14. Preparation of precision cut lung slices (PCLS)

PCLS were prepared from Acta2-CreERT2; Lrp1flox/flox and Lrp1flox/
flox mice sacrificed by cervical dislocation and exsanguinated by
transection of the Arteria renalis. The trachea was cannulated with a
Vasofix® Safety intravenous catheter and 2.5mL of 1.5% low-melting
point agarose dissolved in serum-free DMEM was injected into the
lungs. After 5min, the lungs were removed and tissue cores of a dia-
meter of 8mm were prepared using a sharp rotating metal tube.
Subsequently, the cores were sliced into 300–350 μm thin slices in
DMEM using a Krumdieck tissue slicer (Alabama Research and
Development, Munford, AL). PCLS were washed 3× for 30min in

DMEM supplemented with 100 U/mL penicillin, and 100 μg/mL strep-
tomycin (both from Biochrom, Berlin, Germany) and used for the ex-
periments. To induce Lrp1 gene inactivation, PCLS were treated with
5 μM 4-hydroxy tamoxifen (4-OH TXN; Cayman Chemical, Hamburg,
Germany) dissolved in ethanol for 48 h. Viability of the tissue was as-
sessed by a LDH Cytotoxicity Detection Kit (Roche, Mannheim,
Germany) according to manufacturer's instruction.

2.15. Immunohistochemistry

Lung tissue specimens were fixed with 4% paraformaldehyde in PBS
and embedded in paraffin. One micrometer sections were depar-
affinized in xylene and rehydrated through graded ethanol washes.
Antigen retrieval was achieved by cooking tissue sections in Decloaker
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Fig. 1. LRP1 protein levels are increased in lungs
and PASMC of IPAH patients. (A)
Immunohistochemistry for LRP1 in lungs of donors
and IPAH patients. Arrows indicate media of pul-
monary vessels. Scale bar= 20 μm. (B, C) LRP1
mRNA (B) and protein levels (C) in lung homo-
genates of donors (n= 28 for RNA, n=14 for pro-
tein) and IPAH patients (n=24 for RNA, n= 16 for
protein). The qPCR data are presented as ΔCt using
PBGD as a reference gene. For western blotting, α-
tubulin was used as a loading control.
Representative blots are shown. (D) Densitometry
analysis of (C). (E, F) LRP1 mRNA (E) and protein
(F) levels in pulmonary arterial smooth muscle cells
(PASMC) of donors (n=8 for RNA, n=7 for pro-
tein) and IPAH patients (n= 9 for RNA, n= 7 for
protein). The qPCR data are expressed as ΔCt using
PBGD as a reference gene. For western blotting, α-
tubulin was used as a loading control.
Representative blots are shown. (G) Densitometry
analysis of (F). (H) Immunofluorescence staining for
LRP1 in PASMC isolated from donor and IPAH lungs.
Scale bar= 25 μm. (I) microRNA103/107 expres-
sion in donor (n= 6) and IPAH (n=5) PASMC. The
qPCR data are presented as ΔCt using RPLP0 as a
reference gene. (J) Time course of LRP1 protein
stability in donor and IPAH PASMC exposed to
12.5 μg/mL cycloheximide as assessed by western
blotting. α-Tubulin served as a loading control.
Representative blots are shown. (K) Densitometry
analysis of (J). LRP1/α-tubulin ration at time point 0
was set to 1 (n=5). ns, not significant, *p < 0.05,
**p < 0.01.
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Reagent (Zymed Laboratories Inc., San Francisco, CA) for 20min. After
cooling, tissue sections were blocked with 10% BSA in PBS for 1 h and
then incubated overnight at 4 °C with one of the following antibodies:
rabbit anti-LRP1 (Abcam), rabbit anti-PCNA (Cell Signaling
Technology) and rabbit anti-α-SMA (Sigma-Aldrich). Antigen detection
was performed using a ZytoChem-Plus AP Polymer-Kit in accordance
with the manufacturer's instruction (Zymed Laboratories Inc.).

2.16. Immunofluorescence staining

PASMC from donor or IPAH lung tissue were seeded in a 8-well
chamber slide (2× 104/well) and cultured for 48 h. The cells were
washed with PBS, fixed with ice-cold methanol for 20min at −20 °C,
permeabilized with 0.02% TritonX for 10min, and blocked with 3%
BSA in PBS for 1 h. Afterwards, PASMC were incubated overnight at
4 °C with mouse anti-LRP1 antibody (Abcam). After washing 3× with
PBS, the cells were incubated with AlexaFluor 488-labeled anti-rabbit
secondary antibody (Invitrogen) for 1 h at room temperature. Finally,
the slides were mounted with DAPI mounting medium (Vectashield,
Vector Labs, Burlingame, CA). Images were taken using a laser scanning
confocal microscope (Nikon A1R Ultra-Fast Spectral Scanning Confocal
Microscope; Tokyo, Japan) with CFI Plan Apochromat Lambda 60×/
1.4 oil immersion objective.

2.17. Statistical analysis

Student's t-test was used for the comparison between two groups.
Analysis of variance followed by Tukey's post hoc test was applied for
the comparison of multiple groups. p < 0.05 was considered statisti-
cally significant. Data are expressed as mean ± SD of at least three
independent experiments.

3. Results

3.1. LRP1 levels in lungs and cells from IPAH patients

To assess the role of LRP1 in PH, we first analyzed the distribution
and expression of this receptor in human lung tissue samples. In the
lungs of patients suffering from idiopathic pulmonary artery hy-
pertension (IPAH), strong LRP1 immunoreactivity was observed in SMC
and EC of the remodeled pulmonary vessels (Fig. 1A). In donor lungs,
the pulmonary vessel wall was only weakly stained for LRP1 (Fig. 1A).
On the mRNA level there was no difference in the LRP1 expression
between lung tissue samples obtained from donors and IPAH patients
(Fig. 1B), however, on the protein level marked upregulation of LRP1
expression in diseased lungs was noted (Fig. 1C and D). Similarly, LRP1
mRNA levels were not changed in PASMC isolated from IPAH lungs as
compared to PASMC obtained from donor lungs (Fig. 1E), but LRP1
protein was significantly increased in IPAH PASMC as opposed to donor
PASMC (Fig. 1F and G). Immunocytochemistry conducted on PASMC

∆
∆

α
α

Fig. 2. LRP1 protein expression is elevated in the
lungs of experimental models of PH. (A, B) LRP1
mRNA (A) and protein levels (B) in lung homo-
genates of rats treated either with vehicle (n=8 for
RNA, n=5 for protein) or monocrotaline (MCT,
n=13 for RNA, n= 5 for protein). The qPCR data
are expressed as ΔCt using Pbgd as a reference gene.
For western blotting, α-tubulin was used as a
loading control. Representative blots are shown. (C)
Densitometry analysis of (B). (D, E) LRP1 mRNA (D)
and protein levels (E) in lung homogenates of mice
maintained either under normoxic (NOX) (n= 6 for
RNA, n=8 for protein) or hypoxic (HOX) (n= 6 for
RNA, n=12 for protein) conditions. The qPCR data
are expressed as ΔCt using Pbgd as a reference gene.
For western blotting, α-tubulin was used as a
loading control. Representative blots are shown. (F)
Densitometry analysis of (E). (G)
Immunohistochemistry for LRP1 in lungs of NOX
and HOX mice. Arrows indicate pulmonary vessels.
Scale bar= 20 μm. ns, not significant, **p < 0.01,
***p < 0.001.
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isolated from donor and IPAH lungs confirmed this finding (Fig. 1H). As
LRP1 protein levels in SMC were found to be regulated by mi-
croRNA103/107 [16], we next evaluated the expression of these mi-
croRNAs in PASMC isolated from donor and IPAH lungs. However, no
difference in the expression of microRNA103/107 between two ex-
perimental groups was measured (Fig. 1I). To further explore this, we
incubated cells with cycloheximide, an inhibitor of protein synthesis. As
depicted in Fig. 1J and K half-life of LRP1 in donor PASMC was about
42 h whereas in IPAH PASMC was about 72 h. This suggests that the
increased LRP1 protein stability may account for the high LRP1 protein
abundance in IPAH.

3.2. LRP1 levels in lungs of rats treated with monocrotaline and mice
exposed to hypoxia

Next, we analyzed the expression of LRP1 in lung tissue samples
obtained from experimental models of PH, rats challenged with
monocrotaline (MCT) and mice maintained under hypoxic conditions
(HOX). Although, Lrp1 mRNA levels were not altered in MCT-injected
rats, on the protein level strong elevation of the LRP1 expression in this
experimental group was observed (Fig. 2A–C). In mouse exposed to
hypoxia, LRP1 protein (Fig. 2E and F), but not Lrp1 mRNA (Fig. 2D),
was significantly increased. Furthermore, LRP1 staining was more in-
tense in pulmonary vessels of HOX mice as compared to animals
maintained under normoxic (NOX) conditions (Fig. 2G). Unfortunately,
none of the antibodies tested was suitable for LRP1 immunostaining in
rat lung tissue.

3.3. Regulation of LRP1 expression in PASMC

As PDGF-BB is one of the main mediators of PH [17], we next in-
vestigated whether this growth factor may influence LRP1 expression in
isolated PASMC. Treatment of PASMC with PDGF-BB did not elevate
LRP1 mRNA levels (Fig. 3A). On the protein level, however, a time-
dependent increase in the LRP1 expression following exposure of
PASMC to PDGF-BB was observed (Fig. 3B and C). PDGF-BB-induced
LRP1 protein expression was attenuated by PDGF-BB neutralizing an-
tibody or the PDGF receptor antagonist Imatinib (Fig. 3D and E). Im-
atinib also attenuated LRP1 synthesis in lung tissue of mice maintained
under HOX conditions (Fig. 3F and G). In addition, LRP1 im-
munoreactivity was reduced in the pulmonary vessels of HOX mice
treated with Imatinib, as compared to controls (Fig. 3H).

3.4. LRP1 controls PASMC activities

We then analyzed the impact of LRP1 depletion on PASMC pro-
liferation, adhesion, and migration. LRP1 knock-down efficiency is
shown in Fig. 4A and B. LRP1 silencing significantly reduced pro-
liferation of PASMC (Fig. 4C). On the contrary, migration and adhesion
were increased in LRP1 depleted PASMC (Fig. 4D–F). In addition, we
investigated the expression of proteins involved in the PASMC pheno-
typic switch from a differentiated (contractile) to a de-differentiated
(synthetic) state. The markers of the contractile phenotype are, among
others, α-smooth muscle actin (α-SMA) and myocardin (Myoc),
whereas the synthetic phenotype is generally characterized by a high
expression of ECM components including collagen I (Col I), fibronectin
(FN), and osteopontin (OPN) [4,18]. On the mRNA level, the elevation
of the Myoc expression following LRP1 silencing was observed
(Fig. 4G). On the protein level, the changes in the expression of Myoc
were accompanied by elevated α-SMA and lower Col I and FN synthesis
(Fig. 4H and I). Altogether, these results suggest that low LRP1 levels
may support differentiated PASMC phenotype.

3.5. LRP1 regulates proliferation of SMC in 3D ex vivo murine lung tissue
cultures

To demonstrate that LRP1 controls proliferation of PASMC in more
complex biological systems, we knocked-out the Lrp1 gene in precision
cut lung slices (PCLS) prepared from Acta2-CreERT2; Lrp1flox/flox mice.
As depicted in Fig. 5A–C the induction of Cre recombinase activity with
4-hydroxy tamoxifen (4-OH TXN) treatment allowed selective and ef-
ficient LRP1 depletion in SMC. Exposure of PCLS generated from
Lrp1flox/flox mice to 4-OH TXN excluded the impact of 4-OH TXN on
LRP1 expression in pulmonary vessels (Fig. 5B and C). Trace amounts of
LRP1in 4-OH TXN-treated PCLS derived from Acta2-CreERT2; Lrp1flox/
flox mice may originate from EC of microdissected pulmonary vessels
(Fig. 5B and C). Furthermore, 4-OH TXN-induced genetic ablation of
Lrp1 in Acta2-CreERT2; Lrp1flox/flox PCLS increased α-SMA expression in
pulmonary vessels (Fig. 5B and C) and lowered the number of PCNA-
positive cells in pulmonary vasculature (Fig. 5D and E).

3.6. LRP1 affects cell proliferation via regulation of β1-integrin expression

As cell-ECM interactions are crucial for cell growth and (de)-dif-
ferentiation, we next investigated the expression of molecules involved
in cell-ECM communication in LRP1-depleted PASMC. LRP1 silencing
upregulated mRNA levels of tenascin C (TNC), tissue inhibitor of me-
talloproteinase (TIMP) 3, MMP8, collagen XV (COL15A1), thrombos-
pondin 2 (THBS2), β4-integrin (ITGB4) and MMP11. The gene expres-
sion levels of MMP14, MMP13, MMP15, α1-integrin (ITGA1), collagen
XI (COL11A1), β1-integrin (ITGB1) and intercellular adhesion molecule
1 (ICAM1) mRNA were downregulated following LRP1 knockdown
(Fig. 6A). Integrins are transmembrane receptors that integrate cues
from ECM with intracellular signaling machinery, thus regulating
multiple cell functions including proliferation [19]. Hence, we decided
to further investigate the role of integrins in LRP1-triggered changes in
PASMC growth. To this end, we first validated alterations in protein
expression of β1-integrin subunit in PASMC following LRP1 knock-
down. As depicted in Fig. 6B and C, silencing of LRP1 reduced the
expression of the mature (125 kDa band) and immature (100 kDa band)
form of β1-integrin and lowered the abundance of α5-integrin (β1-in-
tegrin interaction partner). Likewise, downregulation of β1- and α5-
integrin expressions were observed in the cytosolic and membrane
fraction of LRP1 depleted PASMC (Fig. 6D). Concomitantly, the levels
of active β1-integrin on the cell surface of PASMC transfected with
LRP1-targetting siRNA were diminished (Fig. 6E).

Since reduced proliferation of LRP1-depleted PASMC was accom-
panied by decreased β1-integrin levels, we hypothesized that LRP1 may
stimulate PASMC proliferation by supporting β1-integrin expression. A
β1-integrin function-blocking antibody reduced proliferation of LRP1-
expressing PASMC to the level observed in the control cells transfected
with LRP1-targetting siRNA (Fig. 6F). Simultaneous LRP1 depletion and
β1-integrin blockage did not further potentiated a growth-inhibitory
effect suggesting that LRP1 regulates PASMC proliferation in a β1-in-
tegrin-dependent manner (Fig. 6F). As LRP1 knockdown altered the
expression of β4-integrin, we also tested the functional impact of the
increased β4-integrin levels in LRP1-depleted PASMC. As seen in
Fig. 6F, a β4-integrin function-blocking antibody did not restore cell
proliferation following LRP1 silencing.

3.7. LRP1 controls activities of IPAH PASMC

Next, we examined whether IPAH PASMC, which exhibit high LRP1
levels, demonstrate elevated expression of β1-integrin. Indeed, PASMC
isolated from IPAH patients displayed significantly increased β1-in-
tegrin expression when compared to the cells isolated from donor lungs
(Fig. 7A–C). Furthermore, silencing of LRP1 strongly diminished β1
integrin levels in IPAH PASMC, thus, suggesting a pivotal role of LRP1
in the regulation of β1-integrin expression under physiological and
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pathological conditions (Fig. 7D and E). Blockage of β1-integrin re-
duced proliferation of IPAH PASMC to the level observed in control
donor cells (Fig. 7F) and simultaneous LRP1 depletion and β1-integrin
inhibition did not augment the growth-inhibitory effect when compared
to IPAH PASMC treated with siLRP1 or the β1-integrin function-
blocking antibody alone (Fig. 7G). Finally, we tested whether depletion
of LRP1 in PASMC isolated from IPAH lungs may restore their differ-
entiated phenotype. Whereas on the mRNA level the reduction in the
expression of OPN following LRP1 silencing was observed (Fig. 7H), on
the protein level only downregulation of Col I expression in LRP1 de-
pleted samples was apparent (Fig. 7I and J).

4. Discussion

Previous reports highlighted the role of LRP1 in several vascular
pathologies, particularly in atherosclerosis and aortic aneurysms.
[8,20–22]. Here, we show for the first time the increased LRP1 protein
expression in the lung tissue and PASMC isolated from IPAH patients.
Furthermore, we report increased LRP1 protein levels in the lungs from
two animal models of PH: in rats treated with monocrotaline and in

mice subjected to hypoxia. Differential regulation of other members of
the LDL receptor family has already been observed in the context of PH.
An increased expression of low-density lipoprotein receptor with 11
binding repeats (LR11) has been demonstrated in hypoxia-exposed mice
and Lr11 gene inactivation reduced right ventricular systolic pressure,
right ventricular hypertrophy, and medial thickening in pulmonary
arteries [23]. Mechanistically, LR11 and its soluble form (sLR11) were
shown to mediate pathological vascular remodeling by stimulating
PASMC proliferation in response to hypoxia and PDGF-BB. Interest-
ingly, increased serum levels of sLR11 positively correlated with pul-
monary vascular resistance and mean pulmonary arterial pressure in
patients with PH [23]. Together with our findings of a pro-proliferative
function of LRP1 in PASMC, these data indicate that dysregulated ex-
pression of LDL receptor family members contributes to the medial
thickening of pulmonary arteries and thus to the pathogenesis of PH.
This is in contrast to the role of LRP1 in systemic circulation, where
LRP1 was reported to be crucial for maintaining SMC contractile
function and vessel wall integrity [24]. These distinct functions of LRP1
in SMC of a different origin may be explained by diverse sensing me-
chanisms and thus by the reactions of the pulmonary and systemic
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circulation to the environmental factors. For example, the pulmonary
arteries constrict in response to hypoxia whereas systemic circulation
dilates thus attempting to increase the perfusion of blood to the oxygen-
deprived tissues. Given the fact that hypoxia induces LRP1 expression
in SMC isolated from systemic vessels [25], it is tempting to speculate
that in these cells LRP1 counteracts the vasodilatory effects of low
oxygen content in blood and thus promotes vasoconstriction [24]. In
pulmonary arteries, which constrict in response to hypoxia to shunt
blood away from the poorly ventilated regions, hypoxia-induced LRP1
expression in PASMC (unpublished observation) promotes phenotypic
changes of these cells and thus may represent a part of the physiological
response that due to prolonged presence of stimuli apparently spirals
out of control.

The expression of LRP1 was found to be sensitive to several factors
thought to mediate the pathogenesis of PH. For example, hypoxia-in-
ducible factor-1α (HIF1α) was reported to drive LRP1 expression in
vascular SMC cultured under hypoxic conditions [26]. Furthermore,
angiotensin II, a peptide hormone known to be markedly increased in
the serum of progressive IPAH patients [27], was described to induce
the transcription of the LRP1 gene in the same cell type [28]. Here, we
show that PDGF-BB induces LRP1 expression in PASMC in vitro and in

vivo. Thus over-activation of the PDGF signaling in PH could be at least
in part responsible for elevated LRP1 expression under this pathological
condition. Interestingly, none of the conditions tested resulted in
changes in LRP1 transcript abundance indicating that LRP1 is pre-
dominantly regulated on the protein level in PH. Several mechanisms
were found to modulate LRP1 protein synthesis and stability. Leslie
et al. [29] reported the suppression of LRP1 translation by p53-medi-
ated increased expression of miRNA-103/107 in colon cancer cells and
Cal et al. [30] showed the stabilization of the LRP1 protein through
downregulation of CHFR, a RING type E3 ubiquitin ligase, in vascular
SMC exposed to aggregated LDL. Our results demonstrate that the in-
creased LRP1 protein stability, but not the enhanced LRP1 protein
translation, may account for the high LRP1 protein abundance in PH.
Whether other factors/mechanisms, such as the lrp1 natural antisense
transcript [31], additionally contribute to the high LRP1 levels in PH
needs further investigation.

Next, we tested whether LRP1 regulates PASMC proliferation, mi-
gration, and adhesion. Silencing of LRP1 reduced proliferation but
potentiated migration and adhesion to fibronectin of PASMC. Given the
marked upregulation of LRP1 protein expression following the exposure
of PASMC to PDGF-BB, one may speculate that LRP1 propagates pro-
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proliferative effects of over-activated PDGF signaling in PH [17,32]. A
complex interplay between LRP1 and the elements of PDGF signaling is
thought to control vessel wall homeostasis. On the one hand, LRP1 was
found to suppress PDGFRβ phosphorylation and activation of down-
stream signaling molecules thus repressing migration and proliferation
of vascular SMC [6,20]. On the other hand, an activation of PDGF
signaling was reported to induce the formation of the LRP1-PDGFRβ
complex and subsequent LRP1 phosphorylation at Tyr63 within a
docking site for a number of adaptor/signaling proteins, among others
those involved in the propagation of cell pro-mitogenic activities
[33,34]. Interestingly, PH is characterized not only by increased growth
but also motility of PASMC in response to PDGF receptor ligands [17].
Thus, considering the increased LRP1 protein levels in PASMC exposed
to PDGF-BB and its inhibitory role in PDGF-BB-induced SMC migration,

LRP1 could eventually limit cell motility in a negative feedback loop
manner. Taken together, by demonstrating the role of PDGF signaling
in the regulation of LRP1 expression, our study reveals novel possibi-
lities of bidirectional communication between these two pathways in
vascular SMC.

Our PCR array analysis of LRP1 depleted PASMC revealed a dif-
ferential regulation of a number of genes involved in PH. For example,
LRP1 suppressed the production of THBS2 which was shown to be
down-regulated in the lungs of rats subjected to hypoxia [35]. Con-
versely, LRP1 supported the expression of MMP13 and MMP14, both
reported to be present at increased levels in peripheral pulmonary ar-
teries of hypoxia-induced PH in rats [36] and in PASMC derived from
IPAH lungs [37], respectively. Thus far, several studies have implicated
the dysregulated expression and activity of MMPs in PH pathogenesis
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Acta2-CreERT2; Lrp1flox/flox: Vehicle

α
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Fig. 5. SMC-specific depletion of LRP1 in
3D lung tissue cultures suppresses PASMC
proliferation. (A) Immunoreactivity for
LRP1 (upper panel) and α-smooth muscle
actin (α-SMA, (lower panel)) in 3D ex vivo
Acta2-CreERT2; Lrp1flox/flox lung tissue
cultures following treatment with vehicle
or 4-hydroxy tamoxifen (4-OH TXN).
Arrows indicated LRP1-positive and
LRP1-negative vessel in vehicle- and 4-
OH TXN-treated samples, respectively.
Scale bar= 20 μm. (B) LRP1 and α-SMA
protein expression in vessels micro-
dissected from 3D ex vivo Lrp1flox/flox or
Acta2-CreERT2; Lrp1flox/flox lung tissue
cultures following treatment with vehicle
or 4-OH TXN. α-Tubulin served as a
loading control in western blotting. Three
biological replicates are demonstrated.
(C) Densitometry analysis of (B) (n=5).
(D) Proliferating cell nuclear antigen
(PCNA)-immunostaining in 3D ex vivo
Acta2-CreERT2; Lrp1flox/flox lung tissue
cultures following treatment with vehicle
or 4-OH TXN. Arrows indicate PCNA po-
sitive cells in pulmonary vessels. Scale
bar= 20 μm. (E) Quantification of PCNA-
positive cells in 20 pulmonary vessels
(20–70 μm diameter) of 4 biological re-
plicates in 3D ex vivo Acta2-CreERT2;
Lrp1flox/flox lung tissue cultures following
treatment with vehicle or 4-OH TXN. ns,
not significant, *p < 0.05, **p < 0.01.
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[37]. An imbalance between MMPs and their inhibitors is thought to
contribute to the remodeling of pulmonary arteries by affecting the
ECM synthesis and degradation, changing the bioavailability of growth
factors, and inducing recruitment of inflammatory cells [36]. Accord-
ingly, the inhibition of MMP activities in the hypoxic rats reduced the
abundance of collagen-breakdown products in peripheral pulmonary
arteries and decreased muscularization of pulmonary vessels and pul-
monary arterial blood pressure thus markedly attenuating PH [35].
Since LRP1 regulates the expression of MMP13 and MMP14 and ad-
ditionally controls mRNA levels of collagen-encoding genes (COL11A1
and COL15A1), these data suggest that an increased LRP1 production in
PASMC could contribute to the dysregulated synthesis and processing of
ECM components and hence to de-differentiation of PASMC.

A current concept of PH pathogenesis describes a phenotypic switch
of PASMC from a contractile (differentiated) to a synthetic/proliferative
(de-differentiated) state. The latter is considered to drive medial
thickening and thus vascular remodeling in PH [4]. According to this
concept, the expression of contractile markers (α-SMA, myocardin)
declines whereas cell proliferation and migration as well as production
of ECM proteins (FN, collagens, OPN) increase in de-differentiated
PASMC [4,18]. Although LRP1 did not promote PASMC migration, it
decreased the expression of α-SMA and myocardin and elevated the
production of ECM proteins as well as PASMC proliferation. These
findings indicate that LRP1 does not act alone, but in concert with other
factors, to facilitate the de-differentiation of PASMC. Several mole-
cules/conditions were found to contribute to the transition of PASMC
from a contractile to a synthetic state, among others PDGF-BB [38],

STIM, Orai2 [39], α-enolase [40], and hypoxia [41] thus implying that
a number of biological and environmental factors accompany the pro-
cess of SMC de-differentiation. Noteworthy, the contractile and the
synthetic phenotype of SMC represent two extremes of continuum.
Between these two extremes, a high number of intermediate pheno-
types, which are characterized by the selective acquisition of the fea-
tures of both SMC states, exist. Thus, the increased LRP1 expression in
PASMC and the cellular consequences of thereof may represent just one
of the stages of the de-differentiation process. Interestingly, in PASMC
isolated from IPAH lungs, LRP1 depletion did suppress cell proliferation
and Col I protein expression, however, it did not affect the expression of
the contractile phenotype markers. This suggests that, although LRP1
may promote the phenotypic switch of PASMC in PH, other factors are,
in addition, needed to fully restore the differentiated state of PASMC
[42].

Growth promoting activities of LRP1 in donor as well as IPAH
PASMC were strongly dependent on the expression of β1-integrin.
Altered levels of various integrins are considered to drive vascular re-
modeling in experimental models of PH by disturbing SMC-ECM com-
munication [43]. For example, αvβ3-integrin was found to mediate
osteoprotegerin-triggered PASMC proliferation and hence vascular re-
modeling of pulmonary vessel in mice exposed to hypoxia and SU5416
[44]. β3-integrin was also critical for growth, migration and ECM
production of PASMC exposed to connective tissue growth factor [45].
We show for the first time the dependency of β1-integrin expression on
LRP1 in PASMC and the association between β1-integrin abundance
and the PASMC replication rate. These results are corroborated by the
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increased levels of LRP1 and β1-integrin in highly proliferating IPAH
PASMC. Strikingly, previous studies highlighted the augmented α5β1-
integrin levels in less differentiated SMC following injury and the in-
verse relationship between α5β1-integrin and α-SMA expression in
SMC [46]. These findings are in line with our observation of the ele-
vated α-SMA levels in PASMC characterized by low LRP1 abundance
and hence decreased expression of β1-integrin. The direct association
between β1-integrin expression and phenotypic transition of PASMC
requires, however, further exploration.

Following injury, LRP1 tries to orchestrate many processes that are
crucial for repairing damaged vessels. By controlling the expression of

integrins, MMPs, and ECM components, it ensures proper communica-
tion of the SMC within an ever changing environment. Whether the
elevated expression of LRP1 in PASMC isolated from IPAH lungs tries to
compensate or rather propagates vascular damage has to be answered
in future in vivo studies.
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