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Abstract

Abstract

Pulmonary hypertension (PH) due to left heart disease (PH-LHD) is a prevalent and prog-
nostically unfavourable form of PH. Vascular calcification, a common characteristic of
chronic vascular disease processes, is associated with increased vascular stiffness in
aging and cardiovascular diseases such as hypertension, diabetes mellitus, and athero-
sclerosis, but has so far not been investigated in the context of PH-LHD. The present
study aimed to address the relevance of vascular calcification in PH-LHD, explore its po-
tential pathophysiological implications, and uncover the underlying mechanisms involved.
Through gene ontology (GO) term analysis, we detected a significant enrichment of genes
associated with ossification (GO:0001503) and osteoblast differentiation (GO:0001649).
Specifically, we found the expression of the master transcription factor of osteogenesis,
runt-related transcription factor 2 (RUNX2), increased in the pulmonary artery (PA) of PH-
LHD patients and in the lungs of rats with supracoronary aortic banding (AoB), a relevant
animal model of PH-LHD. PA calcification was evident in both PH-LHD patients and AoB
rats. Further investigations revealed the upregulation and nuclear translocation of RUNX2
and its regulation by the HIPPO pathway transcriptional coactivator with PDZ-binding mo-
tif (TAZ) in pulmonary arterial smooth muscle cells (PASMC) from PH-LHD patients, AoB
rats, and in PASMC stimulated with transforming growth factor-g (TGF-8), a known driver
of lung vascular remodeling. Co-immunoprecipitation studies demonstrated an increased
interaction between RUNX2 and TAZ in TGF-B-treated PASMC. Inhibition or siRNA-me-
diated knockdown of TAZ led to a decrease in RUNX2 abundance due to accelerated
protein degradation rather than reduced synthesis. Inhibition of either TAZ or RUNX2
attenuated PA calcification, distal lung vascular remodeling, and the development of PH
in AoB rats. As such, our findings identify the TAZ-RUNX2 axis as a potential therapeutic
target for the treatment of PH-LHD.



Zusammenfassung

Zusammenfassung

Pulmonale Hypertonie (PH) aufgrund von Linksherzerkrankungen (PH-LHD) ist eine weit
verbreitete und prognostisch unginstige Form der PH. Gefal3verkalkungen, ein haufiges
Merkmal chronischer GefalRerkrankungen, das mit einer erhéhten Gefal3steifigkeit im Al-
ter und bei kardiovaskularen Erkrankungen wie Hypertonie, Diabetes mellitus und Arteri-
osklerose verbunden ist, wurden bisher nicht dezidiert im Zusammenhang mit PH-LHD
untersucht. Die vorliegende Studie zielt darauf ab, die Relevanz von Gefal3verkalkungen
bei PH-LHD zu untersuchen, ihre potenziellen pathophysiologischen Auswirkungen zu
erkunden und die zugrunde liegenden Mechanismen aufzudecken. Durch die Analyse
von Genontologie-Termini (GO-Termini) konnten wir bei PH-LHD eine signifikante Anrei-
cherung von Genen identifizieren, die mit Ossifizierung (GO:0001503) und der Differen-
zierung von Osteoblasten (GO:0001649) assoziiert sind. Insbesondere wurde eine er-
hohte Expression des Master-Transkriptionsfaktors der Osteogenese, Runt-related
Transcription Factor 2 (RUNX2), in den Lungenarterien (PA) von PH-LHD Patienten und
den Lungen von Ratten mit suprakoronarem Aortenbanding (AoB), einem relevanten
Tiermodell der PH-LHD, beobachtet. PA-Verkalkungen waren histologisch sowohl bei
PH-LHD Patienten als auch bei AoB-Ratten deutlich erkennbar. Weitere Untersuchungen
zeigten die Hochregulation und nukleare Translokation von RUNX2 sowie seine Regula-
tion durch den Co-Aktivator des HIPPO-Signalweges Transcriptional Coactivator with
PDZ binding motif (TAZ) in glatten Muskelzellen der Lungenarterien (PASMC) bei PH-
LHD-Patienten, AoB-Ratten und in PASMC, die mit Transforming Growth Factor-8 (TGF-
B) stimuliert wurden, einem bekannten Mediator des pulmonalvaskularen GefaRumbaus.
Co-Immunprazipitationsstudien zeigten eine erhdhte Interaktion zwischen RUNX2 und
TAZ in TGF-B behandelten PASMC. Hemmung oder siRNA-vermittelter Knockdown von
TAZ fuhrten zu einer Abnahme des Proteins RUNX2, die auf einen beschleunigten Pro-
teinabbau, nicht hingegegen auf eine verringerte Synthese zurtickgefuhrt werden konnte.
Die Hemmung von TAZ oder RUNX2 minderte die PA-Verkalkung, den Umbauder peri-
pheren Lungengefal3e und die Entwicklung einer PH bei AoB-Ratten. Unsere Befunde
identifizieren somit die gezielte Beeinflussung der TAZ-RUNX2-Achse als eine potenzi-

elle therapeutische Strategie fur die Behandlung der PH-LHD.
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1. Introduction

1.1 Pulmonary hypertension due to left heart disease

Pulmonary hypertension (PH) is a progressive vascular disease affecting the heart and
the lungs. It is characterized by an increase in mean pulmonary artery pressure (mPAP)
exceeding 20 mmHg at rest [1]. Over time, this condition can ultimately lead to right ven-
tricular failure and eventually death. Pulmonary hypertension due to left heart disease
(PH-LHD) is the most common type of PH [2]. Despite its prevalence, our current under-
standing of the underlying mechanisms driving pulmonary vascular remodeling in PH-
LHD is rudimentary at best [3], and at present, there are no established therapeutic strat-

egies for the treatment of PH-LHD.

1.2 Vascular calcification

Vascular calcification is a hallmark of vascular aging and systemic cardiovascular dis-
eases [4], and commonly associated with conditions such as diabetes mellitus [5], ather-
osclerosis [6], and renal dysfunction [7]. At the cellular level, vascular calcification is pri-
marily driven by the transdifferentiation of vascular smooth muscle cells (SMC) into oste-
oblast-like cells, and prompted by pathological hemodynamics, metabolic, or inflamma-
tory stimuli [8-10]. In terms of molecular mechanisms, runt-related transcription factor 2
(RUNX2), also referred to as core-binding factor subunit a1 (CBF-a1) [11], was initially
recognized as a pivotal transcription factor in osteoblast differentiation. Recent studies,
however, have highlighted its crucial role also as a regulatory factor in vascular calcifica-
tion. As such, RUNX2 drives the osteogenic reprogramming of SMC, leading to the dep-

osition of calcium in the arterial wall [12, 13].

The occurrence of vascular calcification varies between diverse blood vessel types, the
specific underlying disease, and the affected layer of the vascular wall [14]. While the
significance and underlying mechanisms of vascular calcification in the aorta or coronary
arteries have been extensively studied, the understanding of its relevance in the pulmo-
nary vasculature remains limited. In a seminal study conducted in 2016, Ruffenach and
colleagues were the first to detect calcified lesions in the pulmonary artery (PA) of indi-
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viduals diagnosed with pulmonary arterial hypertension (PAH) [15]. As such, the pres-
ence and impact of vascular calcification in PH-LHD, its potential contribution to disease

progression and its underlying regulatory mechanisms have yet to be explored.

1.3 The interaction between RUNX2 and TAZ in osteoblastogenesis

In the context of vascular calcification, the transformation of smooth muscle cells (SMC)
into an osteogenic phenotype is predominantly driven by RUNX2 [13], a master regulator
of skeletal development and osteogenic differentiation [16]. Upon activation, RUNX2
translocates from the cytosol to the nucleus, where it exerts its function by promoting the
expression of osteogenic genes [15].

In PH-LHD, remodeling of the lung vasculature is primarily driven by increased mechan-
ical forces that exert pressure (and therefore, tangential force and stretch) on the walls of
pulmonary vessels. These mechanical forces are detected by mechanosensitive ion
channels, cell-cell contacts, and signaling pathways within the lung vascular cells that in
turn drive vascular remodeling processes. Of late, the HIPPO signaling pathway, which
involves the kinases LATS1/2 and the transcriptional co-activators Yes-associated pro-
tein (YAP) and transcriptional coactivator with PDZ-binding motif (TAZ), has emerged as
a key factor in both lung vascular mechanosensation [17] as well as the remodeling pro-
cesses involved in PAH [18, 19].

Importantly, in osteoblastogenesis, TAZ has been shown to synergize with RUNX2 by
forming a complex of master transcription factors [20]. As such, TAZ signaling emerges
as a promising candidate that may initiate or amplify RUNX2-mediated osteogenic calci-
fication in response to mechanical stress as is present in PH-LHD. In parallel to mechan-
ical stress, TAZ signaling is also activated by transforming growth factor-p (TGF-B) [21],
a major regulator of lung vascular remodeling in PAH [22-24] that is also elevated in lungs
and serum of animal models of PH-LHD [25, 26]. Hence, TGF- signaling could act as an
additional stimulus of mechanical stress for TAZ/RUNX2 signaling in PH-LHD and may

potentially be utilized as an in vitro model to investigate their interaction.
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1.4 Aims of the study

In the present study, we aimed to investigate the development of PA calcification in PH-
LHD and to examine its role in the development and/or progression of PH. At the mech-
anistic level, we propose that RUNX2 drives the osteogenic calcification of PASMC in
PH-LHD, and that RUNX2 may be activated at least in part via its interaction with the
mechanosensitive transcriptional co-activator TAZ and via stimulation by TGF-B (Fig. 1).
To address these hypotheses, we i) assessed vascular calcification in PA and lung tissue
in an established rat model of PH-LHD [27-29], ii) characterized PA calcification in tissue
samples obtained from PH-LHD patients and healthy-heart donors, iii) performed mech-
anistic analyses in cultured human PASMC, and iv) conducted interventional studies in
PH-LHD rats.

PH-LHD

l

TAZ > l

osteogenic genes

i

osteogenic reprogramming
SMC osteogenic-like cells

\
|
|
Y

PA calcification

Figure 1. Schematic illustration of the central hypothesis.
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In the present work, we probed the following new hypothesis with respect to lung vascular remodeling in
PH-LHD: In PH-LHD, the transcription factor RUNX2 drives osteogenic differentiation of PASMC charac-
terized by the expression of osteogenic genes and progressive calcification of PA. The HIPPO transcrip-
tional co-activator TAZ amplifies this process by its interaction with the osteogenic transcription factor

RUNX2.
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2. Methods

2.1 Human patient samples

Human tissue and blood were collected following approval by the Ethics Committee of
the Charité-Universitatsmedizin Berlin (EA4/035/18 and EA1/134/23) and with the in-
formed consent of the patients. Specimens from the pulmonary trunk (PA samples) were
collected at the Deutsches Herzzentrum der Charité (DZHC) during orthotopic heart
transplantation from healthy-heart donors (control, n=20) to patients with PH-LHD (n=23)
when the length of the PA was adjusted prior to surgical anastomosis. Diagnosis of PH-
LHD was confirmed by right heart catheterization (RHC) within 6 months prior to trans-
plantation as a mean pulmonary artery pressure (mPAP) > 20 mmHg and a pulmonary
artery wedge pressure (PAWP) > 15 mmHg according to current guidelines [1]. The clin-
ical characteristics of human subjects are summarized in Table 1. Blood was drawn from
PH-LHD patients and healthy volunteers (n=4, age: 4348 years) in BD Vacutainer Plastic
K2EDTA tubes (Fisher Scientific). Cells were removed from the plasma by centrifugation
for 10 min at 4,000 rpm using a refrigerated (4°C) centrifuge. The supernatant (plasma)
was collected and stored at -80°C. The estimated glomerular filtration (eGFR) rate was

calculated from plasma creatinine according to the 2021 CKD-EPI Equation [30].

Table 1. Clinical characteristics of patients with pulmonary hypertension due to left heart
disease (PH-LHD) and healthy-heart donors (control)

control PH-LHD

(n =20) (n =23)
Age, years 42.3+15.2 52.3+12.1
Sex, female, n (%) 6 (30.0) 7 (30.4)
mPAP, mmHg n.d. 30.7£8.9
PAWP, mmHg n.d. 22.1+7.0
Cl, L/min n.d. 26+1.1

male: 68.4 +29.1

eGFR, mL/min/1.73m?2
female: 67.2 + 20.6
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Definition of abbreviations: mPAP, mean pulmonary artery pressure; PAWP, pulmonary
artery wedge pressure; Cl, cardiac index; eGFR, estimated glomerular filtration rate (nor-
mal range: 90 to 120 mL/min/1.73 m?); n.d., not determined. Values are given as

mean = SD.

2.2 Animal experiments

2.2.1 Rat model of PH-LHD induced by supracoronary aortic banding (AoB)

Procedures were approved by the local governmental animal care and use committee of
the German State Office for Health and Social Affairs (Landesamt fur Gesundheit und
Soziales, LaGeSO, Berlin; protocol no. G0O030/18; approved on 11.06.2018) and followed
the "Guide for the Care and Use of Laboratory Animals” (Institute of Laboratory Animal
Resources, 8th edition 2011). PH-LHD was induced in male Sprague-Dawley (SD) rats
(approx. 100 g body weight (BW)) in an established model of AoB as previously described
[27, 31]. In brief, rats were injected with carprofen (5 mg/kg BW; CP-Pharma, Germany)
intraperitoneally (i.p.) for analgesia 30 min prior to surgery, and then anesthetized by
intraperitoneal (i.p.) injection of ketamine (87 mg/kg BW) and xylazine (13 mg/kg BW,
both CP-Pharma, Germany). Bepanthen cream (Bayer, Germany) was used for eye pro-
tection. Rats were tracheotomized, intubated, and mechanically ventilated at a respiratory
rate of 90 breaths/min with a tidal volume (Vt) of 8.5 mL/kg BW. The thorax was opened
at the second left intercostal space to expose the ascending aorta, and a metal titanium
clip (Hemoclip®, Weck Closure System, Research Triangle Park, NC) with a preset inter-
nal diameter of 0.8 mm was placed across the ascending aorta. For the first 7 days post-
surgery, rats received daily i.p. injections of carprofen (5 mg/kg BW; CP-Pharma, Ger-
many) and amoxicillin (Ratiopharm, Germany) via the drinking water for postoperative
analgesia and antisepsis, respectively. Rats in the sham group underwent the same sur-
gical procedure and post-operative treatment, yet without clipping of the aorta. In sub-
groups of experiments, rats were treated in a randomized manner with either the RUNX2
inhibitor CADD522 (10 mg/kg BW; Med Chem Express), the YAP/TAZ inhibitor verteporfin
(10 mg/kg BW; Med Chem Express) or vehicle DMSO, each given i.p. twice per week

starting at post-operative week 4 for 6 weeks.
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2.2.2 Echocardiography, hemodynamic assessment, and tissue collection

Ultrasonographic assessment of the right and left heart and of pulmonary hemodynamics
were performed at the Core facility of the Charité CrossOver as described previously [32].
In brief, transthoracic echocardiography was performed on a VisualSonics Vevo 3100
ultrasound system (FUJIFILM VisualSonics, Amsterdam, Netherlands) using an MX-250
transducer. Rats were anesthetized with 1.5% isoflurane (CP-Pharma, Germany), then
placed in a supine position on a heating pad with the legs connected to electrocardio-
graphic electrodes for heart rate monitoring. The chest area was shaved for echocardio-
graphic access. From M-mode recordings of the apical four chamber views, tricuspid an-
nular plane systolic excursion (TAPSE) was determined with the M-mode cursor oriented
to the junction of the tricuspid valve plane and the right ventricular (RV) free wall. Pulmo-
nary artery acceleration time (PAAT) was measured from the pulsed-wave Doppler flow
velocity profile of the RV outflow tract in the parasternal short-axis view and was defined
as the time interval from the onset to the maximal velocity of forward flow. Right ventric-
ular ejection fraction (RVEF) was determined from M-mode tracings of the parasternal
long-axis view above the aortic root. Pulmonary arterial radial strain was calculated as
PA RS = (DMax - DMin) / DMin, where DMax and DMin are the maximum and minimum
PA diameters measured in the modified parasternal long axis view, respectively.

Within 48 hours after echocardiographic recordings, a comprehensive hemodynamic
evaluation was performed as the endpoint measurement. In brief, rats were again anes-
thetized with ketamine (87 mg/kg BW) and xylazine (13 mg/kg BW). Following a median
thoracotomy, cardiac catheterization was performed by direct introduction of a microtip
Millar catheter connected to a PowerLab data acquisition system (MPVS-Ultra Single
Segment Foundation System, AD Instruments) and LabChart 8 for Windows software
through the apex of (first) the left and (second) the right ventricle, respectively. Notably,
direct catheterization of the left ventricle via the vascular route is precluded by the aortic
band in AoB animals.

Animals were then euthanized in accordance with animal welfare. Blood was collected by
exsanguination via cardiac puncture. The left lung was fixed in 10% neutral buffered for-
malin for histological assessment, and the right lung was snap frozen in liquid nitrogen.
For assessment of ventricular hypertrophy, the RV was carefully separated from the LV

and septum (LV+S), and RV or LV+S weight was calculated relative to body weight (BW).
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2.3 Isolation of primary PASMC from human PA, cell culture, and transfection

PASMC were isolated from PA samples collected from PH-LHD patients or healthy-heart
donors, respectively. To this end, the endothelium was removed by gentle scraping with
a scalpel blade, and the media was peeled away from the underlying adventitial layer.
The medial explants were cut into approximately 1-2 mm? sections, transferred to T25
flasks with DMEM supplemented with 20% fetal bovine serum (FBS), penicillin (100
U/mL), and streptomycin (100 pg/mL) and allowed to adhere for 72 hours at 37°C and 5%
COz2. Once the cells adhered, PASMC were cultured in DMEM/F12 with 10% FBS, peni-
cillin, and streptomycin until the cells had formed confluent monolayers. The purity of
isolated primary human PASMC was analyzed by immunofluorescence staining for a-
smooth muscle actin (a-SMA, Sigma-Aldrich A2547). Commercially available human
PASMC were obtained from PromoCell (Heidelberg, Germany) and cultured in Smooth
Muscle Cell Growth Medium 2 (C-22062, PromoCell). All cells were used at passages 4-
8 for experiments.

For siRNA-based silencing of TAZ, pre-designed, commercially available siRNA se-
guences directed against human TAZ were purchased. To control for non-specific gene
inhibition, a universal negative-control siRNA sequence was used (siScram). Human
PASMC were transiently transfected for 72 hours with siTAZ (50 nMol/L, Santa Cruz, SC-
38568) or siScram (50 nMol/L, Dharmacon, ON-TARGETplus Non-targeting Control Pool)
using Lipofectamine 2000 Transfection Reagent (Thermo Fisher, 11668019). Effective

knockdown was verified by western blotting.

2.4 Vascular remodeling and nuclear translocation of RUNX2 and TAZ

Formalin-fixed rat lungs were paraffin-embedded. Serial sections of 5 ym were cut, de-
paraffinized in xylene, and rehydrated in a graded ethanol series to PBS. Antigen retrieval
was performed with Tris-EDTA (pH=9) in a microwave at 600°C for 10 min. To assess
vascular remodeling, lung sections were stained with anti-a-SMA antibody (1:500), nuclei
were counterstained with 4',6-diamidino-2-phenylindole (DAPI, 1:1,000), and fluores-
cence staining was visualized by either a Zeiss transillumination microscope (Axioskop
40, Zeiss, Germany) or by confocal microscopy (Upright Spinning Disk confocal CSU-X,

Nikon, Germany) for quantification of medial thickening in distal PA. Arterial wall thickness

10
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(in %) was calculated as (external diameter — internal diameter)/external diameter x 100
as described [33].

For immunofluorescent imaging of the expression and nuclear translocation of RUNX2
and TAZ, OCT-frozen PA tissues from human samples were thawed at room temperature
for 60 min and washed with PBS for 10 min prior to sectioning as described above. Rat
lung sections were deparaffinized as described before. All slides were blocked with PBTB
(0.2% Triton X-100, 0.2% bovine serum albumin, 5% normal goat serum, and 0.05% so-
dium azide in 1xPBS) for 60 min. Double immunofluorescence staining was performed
with primary antibodies against RUNX2 (Cell Signaling Technology, D1H7, 1:200) or TAZ
(Cell Signaling Technology, ESE9G, 1:200) and a-SMA (Sigma-Aldrich A2547,1:500)
overnight at 4°C. Slides were washed and incubated with appropriate secondary Alexa
Fluor™ Plus 488—conjugated goat anti-mouse IgG (Invitrogen, 1:500) and Alexa Fluor
647—conjugated goat anti-rabbit IgG (Life technologies, 1:500), respectively, for 60 min.
All sections were counterstained with nuclear DAPI (1:1,000) and stained slides were
visualized by confocal microscope. For rat lung sections, 10-25 distal arterioles of 25-100
pum diameter were analyzed per rat.

For immunofluorescence staining of cultured cells, PASMC were seeded in 24-well plates
prior to treatment. Cells were washed with cold PBS three times and fixed with 4% ice-
cold paraformaldehyde (PFA) for 10 min at room temperature. After triple washing with
PBS, cells were blocked with PBTB for 60 min. Cells were stained for RUNX2, TAZ, and
a-SMA as described above, mounted with fluorescent mounting medium (Dako Cytoma-
tion), and imaged on an EVOS M5000 Imaging System (Thermo Fisher) or with confocal

microscopy as described above.

2.5 Vascular calcification

For histochemical assessment of vascular calcification, 5 ym thick human PA or rat lung
tissue sections were thawed and rehydrated as described above. Von Kossa staining was
performed according to the manufacturer’s instructions (ab150687; Abcam, Cambridge,
UK). In brief, silver nitrate solution was added, and slides were exposed to ultraviolet light
for 60 min. After 2 rinses with distilled water, sodium thiosulfate solution was added, and
slides were incubated for 2 min, and then washed twice with distilled water. Slides were
incubated in Nuclear Fast Red solution for 5 min and then washed again twice with dis-

tilled water. Finally, slides were dehydrated with anhydrous ethanol and sealed with slide
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mounting medium (DPX Mountant for histology, Sigma-Aldrich). Images were taken un-
der a Zeiss microscope (Axioskop 40, Germany) and the calcified area (in black) was
quantified as the percentage of the total imaged tissue area using Image J [34].

For alizarin red staining, human PA or rat lung tissue sections were stained with alizarin
red solution (Sigma-Aldrich, TMS-008-C) for 5 min, images were acquired on a Zeiss
microscope (Axioskop 40, Zeiss, Germany) in polarized light, and the calcified area (in
red) was quantified as described above. For calcification in cultured human PASMC, cells
were incubated for 72 hours with a calcification medium containing DMEM + 5% FBS, 50
pg/mL ascorbic acid, 2 mMol/L NaH2PO4, and 3mMol/L CaClz as previously reported [15,
35]. Next, cells were rinsed with distilled water and stained with alizarin red solution for 5
min. After removal of the staining solution, cells were carefully rinsed with distilled water
at least two times and imaged as described above.

For quantification of the respective free calcium content in snap-frozen human PA or rat
lung samples, tissues were incubated overnight at 37°C in 0.6 Mol/L HCI. After centrifu-
gation at 10,000 rpm for 5 min, calcium content in the supernatant was determined by
use of the QuantiChrom Calcium assay kit (BioAssay Systems) according to the manu-
facturer’s protocol. After washing with PBS, tissues were lysed with 0.1 Mol/L NaOH/0.1%
SDS, total protein concentration was measured by Bradford assay (Bio-Rad Laboratories),

and the calcium content was expressed relative to protein content.

2.6 RNA isolation and real-time quantitative polymerase chain reaction (RT-qPCR)

Total RNA was extracted from PAMSC by use of the RNeasy mini kit (#74104 Qiagen)
according to the manufacturer’s protocol followed by RNA isolation. RNAs were reverse-
transcribed into cDNA using the cDNA synthesis kit (#K1622, Thermo Fisher). RT-gPCR
was performed on a CFX96 Real-time system (Fast SYBR Green Master Mix, #4385612,
Thermo Fisher) with primers as listed in Table 2.

Table 2. Primer sequences used in real-time PCR for GAPDH, RUNX2, and TAZ

Gene sequence (5'-3")
GAPDH Forward: GAAGGTGAAGGTCGGAGT
Reverse: GAAGATGGTGATGGGATTTC
TAZ (WWTR1) Forward: TTCCTAGGGTCTTGCCATGT
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Reverse: AGTCCTACGACGTGACCGAC
RUNX2 Forward: CTCCTACCTGAGCCAGATGA
Reverse: CGGGGTGTAAGTAAAGGTGG

2.7 Western blotting

Human PA or rat lung tissue samples were ground in liquid nitrogen for protein extraction.
Primary PASMC were lysed in radioimmunoprecipitation assay (RIPA) buffer with prote-
ase inhibitor complex (Roche, n0.04693124001) and phosphatase inhibitors (Thermo Sci-
entific, A32957). Samples were centrifuged (14,000g, 10 min, 4°C), and the protein con-
centration in the supernatant was determined by spectrophotometry (BCA Protein Assay
Kit, 23227, Thermo Scientific). Samples were run on a sodium dodecyl sulfate-polyacryla-
mide gel (SDS-PAGE), followed by electrotransfer to a 0.45-um pore size polyvinylidene
fluoride (PVDF) membrane (Carl ROTH, Rolle). After blocking with 5% bovine serum al-
bumin (BSA) in TBST buffer (Tris-buffered saline with 0.1% Tween-20), the following an-

tibodies were applied overnight at 4°C.

Table 3. Primary antibodies for western blotting

Antibody Manufacturer (Cat.No.) Dilution
anti-RUNX2 Cell Signaling Technology, D1H7 1:1,000
anti-alkaline phospha- Abcam, ab65834 1:1,000
tase
anti-osterix Santa Cruz, sc-393325 1:500
anti-TGF-3 Abcam, ab179695 1:1,000
anti-TAZ Cell Signaling Technology, ESE9G 1:1,000
anti-GAPDH Cell Signaling Technology, 14C10 1:10,000
anti-B-actin Abcam, Ab8226 1:1,000
anti-lamin B1 Proteintech, #12987-1-AP 1:5,000

Membranes were washed three times with TBST then incubated with HRP-conjugated
secondary antibody (anti-mouse IgG, GE Healthcare, NA931-100UL, 1:5,000; anti-rabbit
IgG, Abcam, ab97051, 1:5,000) for 1 hour at room temperature. Final detection of proteins
was performed using the Clarity™ Western ECL substrate (Bio-Rad, 170-5060). For cell

culture experiments, GAPDH or 3-actin were used as housekeeping genes. In lung and
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PA samples of PH-LHD rats and patients, respectively, these housekeeping genes are
also frequently differentially regulated [28]; therefore, amido black staining was used as
the loading control, and detected target proteins with molecular weights of 60 kDa
(RUNX2), 57 kDa (ALP), or 45 kDa (osterix) were normalized to a lower molecular weight

(~ 40 kDa) lane in amido black staining.

2.8 Extraction of nuclei from PASMC

Human PASMC were seeded in 100 mm dishes and grown to 80% confluence, followed
by TGF-B treatment for 72 hours. Nuclear protein lysates were extracted by use of a
Nuclear Extraction Kit (Abcam, ab113474) according to the manufacturer's instructions.
Fractionated samples were analyzed by western blotting using anti-RUNX2, anti-TAZ,

and anti-lamin B1 antibodies as described above.

2.9 Cycloheximide chase assay and proteasome inhibition

Human PASMC were seeded on 6-well plates and grown to 80-90% confluence, followed
by TGF- treatment for 72 hours. After 66 hours, PASMC were treated with the YAP/TAZ
inhibitor Verteporfin, the protein synthesis inhibitor cycloheximide (CHX) and/or the pro-
teasome inhibitor MG132 for 6 hours. Protein samples were collected and analyzed by

immunoblotting as described above.

2.10 Co-immunoprecipitation

Human PASMC were treated with TGF-B (10 ng/mL for 72 hours) or vehicle and Ver-
teporfin (1 mMol/L) or vehicle were added for the last 6 hours. To reduce non-specific
binding to the beads during immunoprecipitation, cell lysates were pre-cleared by incu-
bation with pre-washed Protein G magnetic beads (Dynabeads™, Thermo Fisher) in a
ratio of 1,000:20 at 4°C overnight. After magnetic beads were separated from lysates by
a magnetic separation rack, the pre-cleaned lysates were transferred to clean tubes and
antibodies directed against RUNX2 (Cell signaling Technology, D1H7, 1:1000) or ubiqui-
tin (Proteintech, 10201-2-AP, 1:1000) were added, followed by overnight incubation at
4°C. To collect the formed complex composed of anti-RUNX2 antibodies bound to
RUNX2 and possible RUNX2-binding partners or anti-ubiquitin antibodies bound to ubig-

uitinated proteins including RUNX2, respectively, protein G beads were added the next
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day for 3 hours at 4°C. After washing the beads 5 times, the supernatant was carefully
removed and 3x concentrated SDS-PAGE sample loading buffer with DDT was added to
the pellet. Samples were boiled at 95°C for 10 min and the immunoprecipitated pellet as
well as the original input (cell lysate) as corresponding control were immunoblotted for
RUNX2, TAZ, and ubiquitin (Proteintech,10201-2-AP, 1:2000) protein levels as described
above. Anti-light chain-specific antibody for western blotting after IP was used as a sec-
ondary antibody (Jackson ImmunoResearch, Peroxidase IgG Fraction Monoclonal
Mouse Anti-Rabbit IgG, light chain specific, 211-032-171).

2.11 Statistical analysis

Statistical analyses were performed using GraphPad Prism software (GraphPad Prism
8.0; GraphPad Software Inc., La Jolla, CA). All data are presented as bar graphs with
individual data points, with bars showing means + SEMs. Normal distribution and equality
of variance were assessed by Shapiro-Wilk test and Brown-Forsythe test (modified
Levene test), respectively. For parametric and non-parametric data, respectively, the Stu-
dent’s t-test (two-tailed) or Mann-Whitney test were used to compare two groups. For > 2
groups, one-way analysis of variance (ANOVA) was applied with Tukey’s post-hoc test.

P-values<0.05 were considered as statistically significant.
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3. Results

3.1 RNA sequencing of pulmonary artery (PA) in PH-LHD rats and patients

Previously, the Kuebler lab successfully established a preclinical model of PH-LHD in rats
following subcoronary aortic banding (AoB). Data obtained by Dr. Mariya Kucherenko and
Pengchao Sang in the Kuebler and Knosalla lab of the Charité, and kindly provided for
use in this thesis, show that AoB not only leads to an increase in left ventricular systolic
pressure (LVSP) and left ventricular hypertrophy (assessed as weight of the left ventricle
plus the septum relative to body weight), but also to a significant elevation in right ven-
tricular systolic pressure (RVSP) and right ventricular hypertrophy (determined as right
ventricular weight relative to body weight) as a characteristic feature of PH-LHD that can
be detected as early as 3 weeks (3w) post-surgery [31, 36], and is prominent at 5 weeks
(5w) and 9 weeks (9w) post-surgery (Fig. 2). Corresponding sham-operated animals

served as controls.
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Figure 2. Cardiac hemodynamics and biventricular hypertrophy in PH-LHD rats.

A) Experimental protocol for hemodynamic characterization of rats with aortic banding (AoB)-induced PH-
LHD, as well as sham-operated controls, at 5 weeks (5w) and 9 weeks (9w) post-surgery. Quantitative data
show (B) left (LVSP) and (C) right ventricular systolic pressure (RVSP), as determined by cardiac cathe-
terization, and (D) left and (E) right ventricular hypertrophy, assessed as the weight of the left ventricle plus

septum (L V+S) or the right ventricle (RV) relative to body weight (BW), respectively (n=5-11 rats per group,
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*p<0.05 versus sham at corresponding time point). Data kindly provided for use in this thesis by Dr. Mariya

Kucherenko and Pengchao Sang.

To probe for potential mechanisms of PA remodelling in PH-LHD, Dr. Mariya Kucherenko
of the Kuebler and Knosalla lab at the Charité previously performed genome-wide tran-
scriptomic analyses of tissue samples from the main PA obtained from AoB and sham
rats at 5 weeks and 9 weeks post-surgery. Using gene ontology (GO) term analysis, these
analyses identified enrichment in differentially expressed genes associated with the GO
terms "ossification" (G0O:0001503) and "osteoblast differentiation” (G0O:0001649).
RUNX2, a key transcription factor involved in osteogenesis and vascular calcification,
was enriched at 5 weeks post-surgery along with a substantial number of genes within
the GO term "ossification”, while differential expression was less pronounced in the more
chronic stage at 9 weeks post-surgery, although RUNX2 was still upregulated (Fig. 3A).
At the protein interaction network level, Markov clustering analysis revealed a central
regulatory role for RUNX2 in the network of differentially regulated genes (Fig. 3B).
Analogous genome-wide transcriptomic analyses on human pulmonary trunk tissue sam-
ples obtained from patients with PH-LHD and healthy heart donors during heart trans-
plantation in collaboration with Prof. Dr. C. Knosalla (DHZC) similarly revealed a signifi-
cant dysregulation of genes associated with ossification and osteoblast differentiation,
including RUNX2, in PA of PH-LHD patients compared to healthy-heart donors (Fig. 3C).
Specifically, significant differential regulation (p<0.05) of a total of 50 genes associated
with the gene ontology terms "ossification” (GO:0001503) and "osteoblast differentiation”
(G0:0001649) was identified in patients with PH-LHD compared to healthy-heart donors
(Fig. 3C).
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Figure 3. Differential gene regulation in PA of AoB rats and human PH-LHD patients, respectively,
relative to corresponding controls.

A) Heat map depicts differentially expressed genes (p<0.05) associated with the gene ontology (GO)
terms "ossification" (GO:0001503) and "osteoblast differentiation" (GO:0001649) in PA of rats subjected
to either supracoronary aortic banding (AoB) surgery or sham operation at 5 or 9 weeks post-surgery, re-
spectively (n=4-5 each). Vertical arrangement of the genes indicates their differential regulation between
the AoB and sham groups at both 5 and 9 weeks (top; 5/9w), followed by genes significantly dysregulated
at either only 5 weeks (center; 5w) or 9 weeks (bottom; 9w). B) Protein interaction network analysis, com-
bined with Markov clustering, reveals the osteogenic transcription factor RUNX2 as a central regulator of
differential gene expression in PA of AoB rats. C) Heat map illustrates differentially expressed genes
(p<0.05) within the GO terms "ossification" (GO:0001503) and "osteoblast differentiation" (GO:0001649)
in PA of PH-LHD patients (n=15) versus those of healthy-heart donors (n=8). Data kindly provided for use
in this thesis by Dr. Mariya Kucherenko.
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3.2 Vascular calcification of pulmonary artery (PA) in arat model of pulmonary hy-

pertension due to left heart disease (PH-LHD)

Based on the prior findings from bulk RNA sequencing, which indicated the presence of
osteogenic and ossification processes in the PA of PH-LHD rats, | started my project by
performing histochemical analyses to probe directly for vascular calcification in the PA of
AoB rats. Indeed, von Kossa staining revealed a significant increase in calcification in
both the proximal and distal PAs of AoB rats at 5w and 9w post-surgery compared to
sham animals (Fig. 4A-C). Similarly, alizarin red staining identified calcium deposits in
the proximal and distal PAs at 9w, yet not at 5w post-surgery (Fig. 4D-F).

The presence of vascular calcification in AoB rats was further validated by a colorimetric
assessment of calcium content in lung tissue, which showed increased calcium deposi-
tion at 5w post-surgery in AoB rats, with a similar trend at 9w post-surgery compared to

sham animals which, however, failed to reach statistical significance (p=0.0597) (Fig. 4G).
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Figure 4 (continues on next page)
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Figure 4. Pulmonary artery calcification in PH-LHD rats.

A) Representative images of von Kossa stained histological sections indicate marked calcification in the
proximal (top, scale bar: 50 um) and distal (bottom, scale bar: 50 um) pulmonary arteries (PAs) of AoB rats.
(B) Quantitative analysis of the fraction of von Kossa-positive vessel wall area in proximal PAs, and (C) the
fraction of von Kossa-positive vessels in distal PAs (n=5 per group). D-F) Representative images of alizarin
red stained histological sections of proximal (upper panel, scale bar: 100 um) and distal (lower panel, scale
bar: 50 um) PAs show calcium deposits in AoB rats 9 weeks post-surgery. Bar graph and scatter plots show
(E) the fraction of alizarin red-positive vessel wall area in proximal PAs, and (F) the percentage of alizarin
red-positive vessels in distal PAs (n=4-5 per group, *p<0.05 versus sham). Please note that due to the
absence of alizarin-red positive staining at 5 weeks post-surgery, quantitative data are only shown for the
time point of 9 weeks. G) Bar graph and scatter plots depict calcium content in lung tissue of AoB and sham
rats at 5 and 9 weeks post-surgery (n=10-12 per group). *p<0.05 versus sham at the corresponding time
point.

3.3 Vascular calcification of PA in PH-LHD patients

To similarly investigate the presence of PA calcification in patients with PH-LHD, we next
performed von Kossa and alizarin red staining on PA sections obtained from patients with
clinical PH-LHD as defined in Section 2.1. Von Kossa staining (Fig. 5A, B) and alizarin
red staining (Fig. 5C, D) revealed the presence of calcium-rich biomineralization and cal-

cification in the proximal PA of PH-LHD patients, yet calcification was absent in the PA of
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healthy-heart donors. Quantification of calcium content confirmed a significant increase

in PA of PH-LHD patients compared to healthy-heart donors (Fig. 5E).
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Figure 5. Pulmonary artery calcification in PH-LHD patients.

A) Representative images and quantitative analysis (B) of von Kossa stained sections (scale bar: 100 um)
show vascular calcification in PA of PH-LHD patients relative to healthy-heart donors (n=5 each group).
Representative images (C) of alizarin red stained sections (scale bar: 100 um) and quantitative analysis (D)
corroborate this finding. E) Bar graph and scatter plot show calcium content in PA samples of healthy-heart

donors (n=20) and PH-LHD patients (n=10), respectively. *p<0.05 versus healthy-heart donors.

Consequently, PA calcification is equally prevalent in the clinical setting of PH-LHD pa-
tients and in a preclinical rat model of PH-LHD. This finding highlights the clinical signifi-
cance of PA calcification and underscores the translational relevance of the rat AoB

model.

3.4 RUNX2 upregulation and nuclear localization in preclinical and clinical PH-LHD

3.4.1 RUNX2 upregulation and nuclear localization in PA of AoB rats

Based on the established role of RUNX2 as a master regulator in osteogenesis and vas-
cular calcification, and its central involvement in the network of differentially regulated

genes in our transcriptomic datasets, we specifically investigated the protein expression
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of RUNX2 and its nuclear translocation (as indicator of its activation) in preclinical and
clinical PH-LHD. In lungs of AoB rats, immunoblotting showed an upregulation of RUNX2,
along with the RUNX2-regulated osteogenic markers alkaline phosphatase (ALP) and
osterix relative to sham controls (Fig. 6A). Immunofluorescence staining further revealed
an increased nuclear abundance of RUNX2 in the distal PA of lung tissue sections from

AoB rats compared to sham rats (Fig. 6B).
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Figure 6. RUNX2 is upregulated in lung tissue and localizes to the nucleus in PA of PH-LHD rats.

A) Representative western blots and corresponding densitometric quantification (n=5-7 per group) show
increased expression of RUNX2, alkaline phosphatase (ALP) and osterix in lung tissue of AoB rats relative
to sham controls (*p<0.05 vs. sham). B) Representative z-stack fluorescence microscopic images of lung
tissue immunostained for RUNX2 (purple) and for a-SMA (green), and counterstained with DAPI (blue),
and the corresponding quantification of RUNX2 positive nuclei in SMA-positive cells of the vascular wall
show increased nuclear abundance of RUNX2 in distal PA of AoB rats relative to sham controls (n=5 per

group; scale bar: 50 pm, *p<0.05 versus sham). AB: amido black.
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3.4.2 RUNX2 upregulation and nuclear localization in PA and PASMC of PH-LHD patients

Analogously, we detected an upregulated expression of RUNX2, ALP, and osterix in PA
of patients with PH-LHD compared to healthy-heart donors (Fig. 7A). To specifically in-
vestigate whether PASMC derived from PH-LHD patients undergo phenotypic transfor-
mation towards an osteogenic-like phenotype, we further probed for the expression and
activation of RUNX2 in primary PASMC isolated from the patients' PA. Consistent with
our findings in rat lung tissue and human PA, PASMC obtained from PH-LHD patients
expressed increased protein levels of RUNX2, ALP, and osterix (Fig. 7B).
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Figure 7. RUNX2 is upregulated in PA and PASMC of PH-LHD patients.

A) Representative western blots and corresponding densitometric quantification (n=12 per group) show
increased expression of RUNX2, ALP, and osterix in PA of PH-LHD patients versus those of healthy-heart
donors (*p<0.05 versus donor). B) Representative western blots and corresponding densitometric quanti-
fication (n=4 per group) show increased expression of RUNX2, ALP, and osterix in PASMC isolated from
PA of PH-LHD patients compared to those from healthy-heart donors (*p<0.05 versus donor). AB: amido
black.

Immunostained PA sections demonstrated a marked increase in the nuclear localization

of RUNX2 (Fig. 8A), indicating enhanced expression and nuclear translocation of RUNX2.
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This observation was further supported by immunofluorescence staining of PASMC from
PH-LHD patients, again showing increased nuclear abundance of RUNX2 compared to

PASMC from healthy-heart donors (Fig. 8B).
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Figure 8. RUNX2 localizes to the nucleus in PA and PASMC of PH-LHD patients.

A) Representative single z-plane fluorescence microscopic images of PA immunostained for RUNX2 (pur-
ple) and a-SMA (green), and counterstained with DAPI (blue), and the corresponding quantification of
RUNX2 positive nuclei in SMA-positive cells show increased expression and nuclear translocation of
RUNX2 in PA of PH-LHD patients relative to those of healthy-heart donors (h=4-5 per group, scale bar: 50
pum, *p<0.05 versus donor). B) Representative fluorescence microscopic images of isolated PASMC im-
munostained for RUNX2 (purple) and a-SMA (green), and counterstained with DAPI (blue), and the corre-
sponding quantification of the nuclear-to-cytoplasmic ratio of RUNX2 fluorescence intensity show increased
expression and nuclear translocation of RUNX2 in PASMC isolated from PA of PH-LHD patients as com-

pared to those from PA of healthy-heart donors (n=5-6 per group, scale bar: 100 um, *p<0.05 versus donor).

To further consolidate the emerging osteogenic transdifferentiation of PASMC in PHLHD,

we next tested whether PASMC from PH-LHD patients exhibit an increased propensity

24



Results

for calcification compared to control PASMC. When cultured in a mineral-enriched calci-
fication medium, PASMC from PH-LHD patients displayed a higher rate of calcification
compared to PASMC from healthy-heart donors (Fig. 9A).
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Figure 9. PASMC from PH-LHD patients show an increased propensity for calcification in vitro rel-
ative to healthy-heart donors.

A) Representative images show calcification (alizarin red staining) in PASMC isolated from PA of PH-LHD
patients or healthy-heart donors over 72 hours culture in calcification medium. The corresponding quantifi-
cation shows calcified area as percent of total surface area, normalized to healthy-heart donors (n=4 per

group, scale bar: 100 um, *p<0.05 versus donor).

Collectively, these findings show upregulation and nuclear translocation of RUNX2, which
is associated with an osteogenic transdifferentiation of PASMC in PH-LHD.

3.5 Transforming growth factor-B (TGF-B) is increased in preclinical and clinical
PH-LHD and replicates the PH-LHD phenotype of PASMC in vitro

3.5.1 TGF-B is increased in PH-LHD patients and AoB rats

To investigate the molecular mechanisms that regulate the expression of RUNX2 in PH-
LHD, we aimed to replicate our findings in PASMC derived from patients with PH-LHD in
a relevant in vitro scenario. Given its demonstrated role in lung vascular remodeling [33]
and its reported ability to induce RUNX2 in pluripotent mesenchymal or osteoblastic cells
[37, 38], we considered TGF-B as a potential candidate stimulus for the osteogenic trans-
differentiation of PASMC in PH-LHD.

Western blot analysis revealed increased circulating levels of both monomeric and ma-
ture TGF- in plasma of PH-LHD patients as compared to healthy controls (Fig. 10A,A’).
Increased levels of mature TGF-3 were similarly detected in plasma of AoB rats (Fig.
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10B,B’), and latent TGF-B levels were elevated in AoB lungs as compared to sham con-
trols (Fig. 10C,C").
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Figure 10. TGF-B is increased in plasma of PH-LHD patients and in plasma and lung tissue of AoB
rats.

A) Representative western blots and (A’) corresponding densitometric quantification (n=4-9 per group)
show increased protein levels of both monomeric and mature TGF-f in plasma of PH-LHD patients as
compared to controls from three males aged 44, 54, and 39 years, and one 36-year-old female (*p<0.05
versus control). B) Representative western blots and (B’) corresponding densitometric quantification show
increased levels of mature TGF-f in the plasma of AoB rats 5 weeks post-surgery as compared to corre-
sponding sham controls (n=6 each group, *p <0.05). C) Representative western blots and (C’) correspond-
ing densitometric quantification show increased levels of latent TGF-B in lung tissue of AoB rats 5 weeks

post-surgery as compared to corresponding sham controls (n=8-9 each group, *p <0.05 versus sham).

3.5.2 TGF-p stimulation of PASMC replicates osteogenic transformation in vitro

Next, we tested whether increased TGF-[3 levels could replicate the osteogenic transdif-
ferentiated phenotype of PASMC previously identified by us in clinical and preclinical PH-
LHD. Stimulation of PASMC with TGF- resulted in a progressive upregulation of RUNX2
MRNA expression (Fig. 11A) and an increase in RUNX2 protein levels at 72 hours (Fig.
11B,B’). Consistent with the activation and nuclear translocation of the transcription factor
by TGF-B, RUNX2 protein was specifically enriched in isolated nuclear extracts from
PASMC (Fig. 11C,C’).
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Immunofluorescence staining further supported the latter finding by detecting increased
nuclear abundance of RUNX2 in TGF-B-stimulated PASMC (Fig. 11D,D’). Finally, when
cultured in calcification medium, TGF-B-stimulated PASMC exhibited an enhanced pro-
pensity for calcification (Fig. 11E,E’).
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Figure 11. TGF-B stimulation of PASMC replicates osteogenic transformation in vitro.

A) mRNA expression levels as determined by real-time PCR show a time-dependent increase in RUNX2
expression in PASMC following stimulation with 10 ng/mL TGF-f or vehicle control (CTL) (n=5 biological
replicates per group, *p<0.05 versus CTL). B,C) Representative western blots and (B’,C’) corresponding

densitometric quantification show RUNX2 protein expression in TGF-B (10 ng/mL for 72 hours) stimulated
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PASMC (B and B’; n=6 per group) and their isolated nuclear extracts (C and C’; n=4 per group) as com-
pared to vehicle treated controls (*p<0.05 versus CTL). D) Representative fluorescence microscopic im-
ages of PASMC immunostained for RUNX2 (purple) and a-SMA (green), and counterstained with DAPI
(blue), and the (D’) corresponding quantification of the nuclear-to-cytoplasmic ratio of RUNX2 fluorescence
intensity show increased nuclear abundance of RUNX2 upon treatment with TGF-$ (10 ng/mL for 72 hours)
relative to controls (n=3 per group, scale bar: 50 pum, *p<0.05 versus CTL). E) Representative images show
calcification (alizarin red staining) in PASMC treated with TGF- (10 ng/mL) or vehicle for 72 hours in cal-
cification medium. E’) Corresponding quantification shows calcified area relative to controls (n=4 per group,

scale bar: 100 pum, *p<0.05 versus CTL).

Here, we show that levels of TGF- are equally elevated in plasma of both humans and
rats with PH-LHD, as well as in rat PH-LHD lungs. Treatment with TGF-B effectively rep-
licated the characteristics of the osteogenic PASMC phenotype detected in PH-LHD pa-
tients and rats in vitro. These data indicate TGF-f3 as a candidate mechanism that may
contribute to PA calcification in vivo, and may be utilized as an in vitro surrogate stimulus

to dissect the cellular mechanisms of PASMC osteogenic transdifferentiation.

3.6 TAZ upregulation and nuclear localization

3.6.1 TAZ expression and activation is increased in PASMC of PH-LHD patients and AoB

rats

In terms of the molecular mechanism underlying the increase in RUNX2 abundance and
nuclear translocation induced by TGF-f treatment in vitro and detected in PH-LHD in vivo,
we considered a potential involvement of the transcriptional co-activator TAZ, a critical
constituent of the HIPPO signaling pathway, based on the rationale that: i) TAZ signaling
is induced by TGF-8 in mesenchymal and kidney tubular cells [21] as well as by mechan-
ical stress [21]; ii) activation of TAZ (and/or YAP) contributes to lung vascular remodeling
in PH [17, 39]; and iii) TAZ synergistically interacts with RUNX2, forming a master tran-
scription factor complex that drives osteoblastogenesis [20].

Therefore, increased TAZ signaling, either through elevated TAZ expression or enhanced
nuclear translocation, emerges as a potential pathway that may trigger or enhance
RUNX2-mediated osteogenic calcification in response to mechanical stress and/or TGF-

B, i.e. the biochemical and biomechanical context characteristic of PH-LHD.
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By immunoblotting, we detected significant upregulation of TAZ in PA (Fig. 12A,A’) and
PASMC (Fig. 12B,B’) of PH-LHD patients as compared to healthy-heart donors, and in

lung tissue of AoB rats relative to sham controls (Fig. 12C,C’).
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Figure 12. TAZ expression is upregulated in PH-LHD patients and AoB rats.

A-B) Representative western blots and (A’,B’) corresponding densitometric quantification show protein ex-
pression of TAZ in PA (A and A’; n=6 per group) and isolated PAMSC (B and B’; n=4 per group) of PH-
LHD patients compared with healthy-heart donors (*p<0.05 versus donor). C) Representative western blots
and (C’) corresponding densitometric quantification of TAZ (n =6, each group) show increased TAZ ex-
pression in lungs of AoB rats 5 weeks post-surgery as compared to corresponding sham controls (*p<0.05

versus sham). AB, amido black.

In parallel, immunofluorescence staining further revealed increased nuclear TAZ abun-
dance in PA of PH-LHD patients (Fig. 13A) and AoB rats (Fig. 13B) relative to corre-
sponding controls, respectively. As such, our data demonstrate increased TAZ expres-
sion and activation in PASMC in PH-LHD.
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Figure 13 (continues on previous page)
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Figure 13. TAZ nuclear abundance is increased in PH-LHD patients and AoB rats.

A) Representative single z-plane fluorescence microscopic images of PASMC immunostained for TAZ (red)
and a-SMA (green), and counterstained with DAPI (blue), and the corresponding quantification of TAZ
positive nuclei in SMA-positive cells show an increased nuclear abundance of TAZ in PAs of PH-LHD
patients as compared to healthy-heart donors (n=5 per group, scale bar: 50 um, *p<0.05 versus donor). B)
Representative single z-plane fluorescence microscopic images of lung tissue immunostained for TAZ (red)
and a-SMA (green), and counterstained with DAPI (blue), and the corresponding quantification of TAZ
positive nuclei in PASMC of PAs show increased nuclear abundance of TAZ in PAs of AoB rats relative to

sham (n =5 rats per group; scale bar: 50 ym, *p<0.05 versus sham).

3.6.2 TGF-p stimulation of PASMC replicates TAZ expression and activation

Next, we tested again whether TAZ upregulation and nuclear translocation identified in
PA from PH-LHD patients and rats, respectively, could be replicated by TGF-B as a pu-
tative driver and in vitro surrogate stimulus of osteogenic transdifferentiation. Treatment
of human PASMC with TGF- upregulated TAZ expression at both the mRNA (Fig. 14A)
and protein level (Fig. 14B,B’) within 72 hours. TGF-f treatment also increased the nu-
clear abundance of TAZ, as evidenced by immunoblotting of nuclear extracts (Fig. 14C,C’)
and confirmed by immunofluorescence imaging (Fig. 14D,D’). These findings identify
TGF-f as an activator of TAZ in PASMC that phenocopies the findings in PH-LHD.
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Figure 14. TAZ upregulation and nuclear localization in TGF-g treated PASMC.

A) mRNA expression levels as determined by real-time PCR show a time-dependent increase in TAZ ex-
pression in PASMC following stimulation with 10 ng/mL TGF-B or vehicle control (CTL) (h=4 biological
replicates per group, *p<0.05 versus CTL). B,C) Representative western blots and (B’,C’) corresponding
densitometric quantification of TAZ protein expression (n=4 per group) show increased total (B and B’; n=4
per group) and nuclear (C and C’; n=4 per group) TAZ expression in human PASMC treated with TGF-
(20 ng/mL) for 72 hours (*p<0.05 versus CTL). D) Representative fluorescence microscopic images of
PASMC immunostained for TAZ (red) and a-SMA (green), and counterstained with DAPI (blue), and the
(D’) corresponding quantification of the nuclear-to-cytoplasmic ratio of TAZ fluorescence intensity show
increased nuclear abundance of TAZ upon treatment with TGF-3 (10 ng/mL for 72 hours) relative to controls

(n=3 per group, scale bar: 50 um, *p< 0.05 versus CTL).

3.7 RUNX2-TAZ protein-protein interaction protects RUNX2 from proteolytic degra-

dation

3.7.1 RUNX2 is regulated by TAZ in PASMC

To probe for a potential regulation of RUNX2 by TAZ, we conducted a series of experi-
ments in which we antagonized the effects of TAZ by two different interventions, either
pharmacologically by use of the YAP/TAZ inhibitor Verteporfin [40], or at the genetic level
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via TAZ-specific RNA silencing (siTAZ). Effective siRNA-mediated knockdown of TAZ in

PASMC was verified by western blotting (Fig. 15).
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Figure 15. Effective siRNA-mediated knockdown of TAZ in PASMC.
Representative western blot shows decreased expression of TAZ in PASMC treated for 72 hours with a
TAZ-specific SiRNA (siTAZ) relative to a control siRNA (siCTL).

As was expected based on their mode of action, treatment with either Verteporfin or siTAZ
decreased TAZ levels in PASMC. In parallel, both interventions also effectively prevented
the TGF-B-induced increase in RUNX2 protein expression in PASMC (Fig. 16A,B). Con-
sequently, these findings indicate a potential role for TAZ as a regulator of RUNX2 ex-
pression in PASMC, and suggest that targeting TAZ may present a viable strategy to
mitigate osteogenic transdifferentiation of PASMC in PH-LHD.
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Figure 16. RUNX2 is regulated by TAZ in PASMC.

A,B) Representative western blots and corresponding densitometric quantification show decreased RUNX2
and TAZ expression in TGF-B (10 ng/mL for 72 hours) stimulated PASMC treated (A) with either the
YAP/TAZ inhibitor Verteporfin (VP, 1 uMol/L for 24 hours) or (B) a TAZ-specific SiRNA (siTAZ) relative to a
control siRNA (siCTL; both for 72 hours) (n=4-5 biological replicates per group; *p<0.05).
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3.7.2 TAZ regulates RUNX2 abundance at the protein rather than the mRNA level

Consistent with these results, Verteporfin treatment also reduced RUNX2 protein levels
in PASMC isolated from patients with PH-LHD (Fig. 17A). Intriguingly, however, Ver-
teporfin did not impact on the mRNA transcript level of RUNX2 (Fig. 17B). These findings
suggest that TAZ may regulate RUNX2 expression at the post-transcriptional level, po-

tentially via direct protein-protein interaction.
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Figure 17. TAZ regulates RUNX2 abundance at the protein level.

A) Representative western blots and corresponding densitometric quantification (n=4 per group) show re-
duced RUNX2 protein expression in PASMC isolated from PH-LHD patients in response to Verteporfin
(VP,1 uMol/L for 24 hours) relative to vehicle control (CTL) (n=4 per group; *p<0.05 versus CTL). B) RUNX2
expression as measured by real-time PCR is unchanged after 24 hours VP treatment in PASMC isolated

from PH-LHD patients (n=5 per group).

3.7.3 TAZ stabilizes RUNX2 via direct protein-protein interaction

To probe for a direct protein-protein interaction as a putative mechanism of the posttrans-
lational regulation of RUNX2 abundance by TAZ, we performed co-immunoprecipitation
experiments by pulling down RUNX2 and subsequently subjecting it to immunoblotting
for TAZ. These experiments revealed a direct protein-protein interaction between RUNX2
and TAZ that was further enhanced by TGF-§ treatment (Fig. 18A,B). Importantly, protein
levels of both RUNX2 and TAZ in the precipitate increased in parallel, indicating that the
observed increase in RUNX2-TAZ interaction upon TGF-B treatment reflects the in-
creased abundance of both interaction partners, rather than a change in the affinity be-
tween the two proteins.

Based on the observed interaction between TAZ and RUNX2, as well as the reduced
TGF-B-induced RUNX2 protein expression upon TAZ depletion by Verteporfin or siTAZ,
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we hypothesized that TAZ may stabilize RUNX2 proteins, while loss of TAZ may accel-
erate RUNX2 degradation. We tested this concept in cycloheximide (CHX) chase exper-
iments, in which we treated PASMC with TGF-$ for 72 hours and the protein synthesis
inhibitor cycloheximide (CHX, 5 pg/mL) for 6 hours. This allowed us to attribute any re-
sidual changes in protein levels to differences in the rate of protein degradation [41]. As
was expected, CHX treatment reduced RUNX2 expression levels upon TGF-f stimulation,

as it prevented the de novo synthesis of RUNX2 induced by TGF-B (Fig. 18C).
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Figure 18. TAZ stabilizes RUNX2 via direct protein-protein interaction.

A,B) PASMC were treated with TGF-B (10 ng/mL) or vehicle (CTL) for 72 hours, immunoprecipitated (IP)
using a RUNX2 antibody, and the precipitated pellets were immunoblotted (IB) for RUNX2 and TAZ. Rep-
resentative western blots (A) and densitometric quantification of input prior to immunoprecipitation (B) and
the immunoprecipitate reveal upregulation of both RunX2 and TAZ as well as increased co-immunoprecip-
itation (Co-IP) of both proteins upon TGF-f3 treatment (n=4 biological replicates, *p<0.05 versus CTL). C)
Representative western blots and corresponding quantification show increased RUNX2 degradation in the
presence of Verteporfin (1 uMol/L for 6 hours) in a 6-hour cycloheximide (CHX, 5 ug/mL) chase assay (n=5
per group, *p<0.05). VP, Verteporfin; CHX, cycloheximide.

3.7.4 TAZ binding decreases RUNX2 ubiquitination

The observed decrease in RUNX2 protein levels by Verteporfin in CHX chase experi-
ments indicates that inhibition of the TAZ-RUNX2 interaction may accelerate the degra-
dation of RUNX2, while conversely, the interaction between TAZ and RUNX2 stabilizes

RUNX2. Consistent with this view, treatment of PASMC with the proteasome inhibitor
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MG132 (10 pMol/L) increased the abundance of RUNX2 protein in the presence of Ver-
teporfin (Fig. 19A). Ubiquitin pulldown and subsequent anti-RUNX2 immunoblotting ad-
ditionally revealed increased levels of ubiquitinated RUNX2 upon TAZ inhibition (Fig. 19B,
C). These findings collectively demonstrate the formation of a TAZ-RUNX2 complex in

response to TGF-B which protects RUNX2 from ubiquitin-mediated proteasomal degra-

dation.
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Figure 19. TAZ stabilizes RUNX2 by attenuating its ubiquitination and proteasomal degradation.

A) Representative western blots and corresponding quantification show increased RUNX2 protein abun-
dance in PASMC in response to TGF-B treatment (10 ng/mL for 72 hours) that is attenuated by Verteporfin
(VP, 1 uMol/L for 6 hours), yet partially rescued by the proteasome inhibitor MG132 (10 pMol/L for 6 hours)
(n=6 per group, *p<0.05). B) PASMC were treated with TGF-$ (10 ng/mL) or vehicle (CTL) for 72 hours.
After 66 hours, cells were treated with VP (1 puMol/L for 6 hours), then immunoprecipitated (IP) with an
ubiquitin antibody, and the precipitated pellets were immunoblotted (IB) for ubiquitin and RUNX2. C) Rep-
resentative western blots and densitometric quantification reveal increased co-immunoprecipitation (Co-1P)
of RUNX2 with ubiquitin in Verteporfin-treated, TGF- stimulated PASMC when corrected for reduced
RUNX2 input in Verteporfin-treated cells (n=4 biological replicates, *p<0.05).
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3.7.5 TAZ inhibition decreases in vitro calcification in PASMC

As protein-protein interaction between TAZ and RUNX2 emerged as a critical determinant
of RUNX2 abundance, we next probed for a potential consequential role of TAZ in vas-
cular calcification. Inhibition of TAZ by Verteporfin decreased the calcified surface area
in PASMC cultured in vitro in a calcification medium, both at baseline and in the presence
of concurrent TGF-f stimulation (Fig. 20A, A"). Similarly, Verteporfin reduced the propen-
sity for in vitro calcification of PASMC isolated from patients with PH-LHD (Fig. 20B, B').
These findings highlight a critical role for TAZ-RUNX2 interaction in vascular calcification,
and identify TAZ-targeted strategies such as the clinically approved drug Verteporfin as

potential therapeutic approach to mitigate calcification in PH-LHD.
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Figure 20. TAZ inhibition decreases in vitro calcification in PASMC.

A) Representative images and (A’) corresponding quantification show calcification (alizarin red stained
area relative to control) in PASMC treated with TGF- (10 ng/mL) or vehicle for 72 hours in calcification
medium in the presence or absence of Verteporfin (VP,1 uM) (n=4 per group, scale bar: 50 um, *p<0.05).
B) Representative images and (B’) corresponding quantification show calcification (alizarin red stained
area relative to control) in PASMC isolated from PH-LHD patients and treated with VP (1 uMol/L) or vehicle

for 72 hours in calcification medium (n=4 per group, scale bar: 50 um, *p<0.05 versus CTL).
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3.8 RUNX2 inhibition attenuates lung vascular calcification and remodeling as well

as normalizing RV hemodynamics in PH-LHD

To assess the functional contribution of RUNX2 to PA calcification and to probe whether
RUNX2 may serve as putative target to prevent PA calcification in PH-LHD in vivo, we
performed a therapeutic interventional study using CADD522, an inhibitor of RUNX2 bind-
ing to DNA [42], in our established preclinical model of PH-LHD. To this end, AoB rats
were randomly assigned to receive either vehicle or CADD522 treatment. Treatment was
administered biweekly through intraperitoneal injections over a period of 6 weeks, starting
3 weeks after AoB surgery or vehicle administration (Fig. 21A). Nine weeks after the
surgery, untreated AoB rats exhibited characteristic signs of PH-LHD, as previously re-
ported in this model [27]. Specifically, AoB rats displayed elevated left ventricular systolic
pressures (LVSP, Fig. 21B) and right ventricular systolic pressures (RVSP, Fig. 21C),
along with biventricular hypertrophy (as indicated by increased left ventricular and septal
weight relative to body weight (Fig. 21D) and increased right ventricular weight relative
to body weight (Fig. 21E)), a reduced right ventricular ejection fraction (RVEF, Fig. 21F)
and tricuspid annular plane systolic excursion (TAPSE, Fig. 21G), a shorter pulmonary
artery acceleration time (PAAT, Fig. 21H) and a reduced PA radial strain (PA RS, Fig.
211) as echocardiographic parameters of RV dysfunction and PH as compared to sham-
operated controls.

These characteristics of hemodynamic and structural cardiovascular deterioration were
accompanied by histological evidence of vascular calcification, consistent with previous
findings in this study. Specifically, calcium content was increased in lung tissue (Fig. 21J),
and positive von Kossa staining indicated the presence of calcifications in the media of
PAs (Fig. 21K). Additionally, medial wall thickening of distal pulmonary resistance ves-
sels was prominent in AoB rats (Fig. 21L).

Consistent with a critical role of RUNX2 in PA calcification in PH-LHD, treatment with
CADD522 from week 3 to week 9 post-AoB surgery reduced von Kossa staining in distal
PA and decreased calcium content in lung tissue, indicating mitigated calcification. Im-
portantly, CADD522 treatment also improved pulmonary and right ventricular (RV) hemo-
dynamics, and normalized medial wall thickness in pulmonary arterioles. CADD522 did
not, however, affect left ventricular (LV) hypertension and hypertrophy following AoB sur-
gery (Fig. 21B-I). Notably, CADD522 treatment had no discernible effect on hemodynam-

ics or histological features in sham-operated rats. These findings not only confirm the
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critical role of RUNX2 in PA calcification, but also suggest that subsequent PA stiffening

acts as an important driver of both downstream pulmonary vascular remodeling and up-

stream RV dysfunction.
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Figure 21. RUNX2 inhibition attenuates lung vascular calcification and remodeling in AoB rats.

A) Experimental protocol for RUNX2 inhibition in rats with aortic banding (AoB)-induced PH-LHD or in
sham-operated controls. CADD522 (10 mg/kg body weight) was given biweekly by intraperitoneal injection
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starting 3 weeks post-AoB for 6 weeks (until week 9), at which time end-point hemodynamic and histological
assessments were performed. Quantitative data show (B) left (LVSP) and (C) right ventricular systolic pres-
sure (RVSP) as determined by cardiac catheterization, and (D) left and (E) right ventricular hypertrophy,
determined as the weight of the left ventricle plus septum (LV+S) or the right ventricle (RV) relative to body
weight (BW), respectively. Echocardiographic analyses yielded (F) right ventricular ejection fraction (RVEF),
(G) tricuspid annular plane systolic excursion (TAPSE), (H) pulmonary artery acceleration time (PAAT),
and (1) pulmonary artery radial strain (PA RS). J) Quantitative data show Ca?* content in lung tissue (panels
b-j: n=5-13 rats per group; *p<0.05). K) Representative images and quantitative data show reduced calci-
fication of pulmonary arteries in AoB rats treated with CADD522, as determined by the fraction of von
Kossa-positive vessels in distal PA (n=5-10 rats per group, scale bar: 50 um, *p<0.05). L) Representative
fluorescence microscopic images of distal PA immunostained for a-SMA (green) and corresponding quan-
tification show reduced vascular wall thickness of pulmonary arterioles in AoB rats treated with CADD522

(n=5-12 rats per group, scale bar: 50 pm, *p<0.05).

3.9 TAZ inhibition phenocopies the effects of RUNX2 inhibition on lung vascular
calcification, remodeling, and RV hemodynamics in PH-LHD

Based on our previous findings that demonstrated i) the ability of Verteporfin to accelerate
RUNX2 degradation and attenuate PASMC calcification in response to TGF-f in vitro,
and ii) the therapeutic effect of CADD522 on vascular calcification, as well as pulmonary
and right ventricular hemodynamics in preclinical PH-LHD, we aimed to test for a similar
protective effect of the YAP/TAZ inhibitor Verteporfin on hemodynamic and structural al-
terations in our rat AoB model. Analogously to CADD522, Verteporfin was delivered bi-
weekly via intraperitoneal injection over 6 weeks from weeks 3 to 9 post-AoB surgery (Fig.
22A).

Analogously to the effects of RUNX2 inhibition, AoB rats treated with Verteporfin demon-
strated significant improvement in pulmonary and right ventricular hemodynamics, as well
as a reduction in right ventricular hypertrophy. Moreover, these rats showed reduced vas-
cular calcification, lung calcium content, and arteriolar wall thickness compared to vehi-
cle-treated AoB rats (Fig. 22B-L). Consequently, these findings further support the mech-
anistic link between TAZ and RUNX2 in PA calcification, highlight the beneficial effects of
targeting PA calcification on lung hemodynamics and vascular remodeling in PH-LHD,
and identify RUNX2 and TAZ as putative therapeutic targets for the prevention or treat-
ment of PH-LHD.
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Figure 22. TAZ inhibition attenuates lung vascular calcification and remodeling in rats.

A) Experimental protocol for Verteporfin treatment in rats with aortic banding (AoB)-induced PH-LHD or in

sham-operated controls. Verteporfin (10 mg/kg body weight) was given biweekly by intraperitoneal injection

starting 3 weeks post-AoB for 6 weeks (until week 9), at which time end-point hemodynamic and histological
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assessments were performed. Quantitative data show (B) left (LVSP) and (C) right ventricular systolic pres-
sure (RVSP) as determined by cardiac catheterization, and (D) left and (E) right ventricular hypertrophy,
determined as the weight of the left ventricle plus septum (LV+S) or the right ventricle (RV) relative to body
weight (BW), respectively. Echocardiographic analyses yielded (F) right ventricular ejection fraction (RVEF),
(G) tricuspid annular plane systolic excursion (TAPSE), (H) pulmonary artery acceleration time (PAAT),
and (1) pulmonary artery radial strain (PA RS). J) Quantitative data show Ca?* content in lung tissue (panels
b-j: n=9-11 rats per group; *p<0.05). K) Representative images and quantitative data show reduced calci-
fication of pulmonary arteries in AoB rats treated with Verteporfin, as determined by the fraction of von
Kossa-positive vessels in distal PA (n=7-11 rats per group, scale bar: 50 um, *p<0.05). L) Representative
fluorescence microscopic images of distal PA immunostained for a-SMA (green) and corresponding quan-
tification show reduced vascular wall thickness of pulmonary arterioles in AoB rats treated with Verteporfin

(n=5-9 rats per group, scale bar: 50 um, *p<0.05).
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4. Discussion

4.1 Summary of the Results

In the present study, we i) identify vascular calcification as a characteristic feature of re-
modeled PA in patients with PH-LHD and in a corresponding animal model in rats, ii)
delineate the underlying signaling pathway involving TGF-B, TAZ, and RUNX2, and iii)
demonstrate the therapeutic potential of targeting PA calcification for mitigating vascular
remodeling and alleviating hemodynamic deterioration in PH-LHD (Fig. 23).

Specifically, our study reveals that upregulation and activation of the osteogenic tran-
scription factor RUNX2 in PASMC drives vascular calcification and the expression of os-
teogenic markers in PH-LHD. We successfully replicated these effects in vitro by treating
PASMC with TGF-B, a key regulator of lung vascular remodeling that was found to be
elevated in PH-LHD patients. PH-LHD in patients or ex vivo treatment with TGF-3 also
increased the expression and nuclear abundance of the HIPPO pathway transcriptional
co-activator TAZ, which was shown to stabilize RUNX2 via direct protein-protein interac-
tion, preventing its degradation via ubiquitination and proteasomal degradation, thus in-
creasing the abundance of this transcription factor. Finally, pharmacological inhibition of
either RUNX2 or TAZ in rats with established PH-LHD not only prevented PA calcification
but also reduced distal pulmonary vascular remodeling, while simultaneously normalizing
PA and right ventricular hemodynamics. These findings highlight the potential of targeting
vascular calcification and its underlying signaling pathways as promising therapeutic
strategies for the treatment of PH-LHD.
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Figure 23. Proposed signaling pathway of PA calcification in PH-LHD.

In pulmonary hypertension due to left heart disease (PH-LHD), elevated levels of circulating transforming
growth factor-B (TGF-f) — likely to be in conjunction with mechanosensitive signaling pathways (not shown)
— drive increased expression and activation of the HIPPO transcriptional co-activator TAZ and the osteo-
genic transcription factor RUNX2 in pulmonary artery smooth muscle cells (PASMC). TAZ and RUNX2 form
a complex which stabilizes RUNX2 by preventing its degradation via the ubiquitin-proteasomal pathway.

RUNX2 then drives osteogenic reprogramming of PASMC characterized by expression of osteogenic
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genes and progressive calcification of pulmonary artery (PA). PA calcification promotes distal vessel re-
modeling which in turn aggravates PH-LHD, thus establishing a detrimental feedback loop that can be
intercepted, however, by pharmacological inhibition of either TAZ or RUNX2, respectively. Verteporfin: TAZ
inhibitor; CADD522: RUNX2 inhibitor.

4.2 PA calcification in PH-LHD

Traditionally, vascular calcification has been considered as a prominent pathological fea-
ture of systemic arteries in cardiovascular diseases including atherosclerosis, diabetes,
or hypertension [4]. Recently, vascular calcification has also been reported in the pulmo-
nary circulation - specifically, in pulmonary arteries of patients with pulmonary arterial
hypertension (PAH) [15]. This finding was subsequently validated by non-contrast tho-
racic CT scans showing an increased radiodensity in pulmonary arteries, indicating early
vascular calcification in PAH patients [43]. Analogously, pulmonary artery (PA) calcifica-
tion has been demonstrated in rodent models of monocrotaline (MCT)-induced or chronic
hypoxic PH [44, 45]. To our knowledge, however, the present study is the first to demon-
strate pulmonary arterial calcification in both the proximal and distal PA in group 2 pul-
monary hypertension (PH), also known as PH due to left heart disease (PH-LHD). Given
the distinct pathogenesis of PH-LHD compared to PAH or chronic hypoxic PH, this finding
is particularly relevant considering the high prevalence of PH-LHD, which accounts for
65-80% of all PH cases [1]. PA calcification in PH-LHD was initially identified by sequenc-
ing analyses and subsequently confirmed by histological analyses using von Kossa and
alizarin red staining for calcium deposition and colorimetric measurement of calcium con-
tent in the pulmonary artery of PH-LHD patients and in a corresponding rat model of PH-
LHD secondary to AoB. Von Kossa staining is utilized for the detection of calcium phos-
phate deposition in tissues, with black precipitate marking fine calcium salt deposits. In
contrast, alizarin red staining forms red chelates with calcium ions to reveal the deposition
of calcium salts in tissues. In comparison to the black von Kossa staining, alizarin red is,
however, commonly harder to detect against the tissue background, and as such, often
less sensitive for the detection of subtle calcifications. This may explain the absence of a
positive alizarin red signal at 5 weeks post-AoB surgery in spite of a notable von Kossa

staining.
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4.3 TGF-B regulated RUNX2 and TAZ complex formation as a critical driver of PA
calcification in PH-LHD

Nuclear translocation of RUNX2 is a critical step in the osteogenic transformation of
smooth muscle cells and the initiation of vascular calcification [46]. In the present study,
RUNX2 translocation was evident in both PA and PASMC isolated from PH-LHD patients,
as well as in lung tissue of PH-LHD rats. Upregulation of the bone marker proteins osterix
and alkaline phosphatase, which are regulated by RUNX2, further confirmed osteogenic
transformation in the respective tissues and cells. As such, the process of PA calcification
in PH-LHD resembles the RUNX2-mediated osteoblastic differentiation of vascular
smooth muscle cells observed in systemic vessel in diseases such as chronic kidney
disease [47], diabetes [48] or atherosclerosis [13, 49].
In PH-LHD, the expression and activation of RUNX2 in PASMC are likely to be regulated
by multiple mechanisms which often prove difficult to replicate in vitro. In the present
study, we specifically focused on the potential role of TGF-f, given its central involvement
in lung vascular remodeling [33], its ability to induce RUNX2 expression [37, 38], and the
subsequent activation of RUNX2-dependent osteoblast-specific gene expression [37, 38].
Notably, TGF-B has previously been reported to be abundant in serum and pulmonary
vessels in AoB rats [25]. Consistent with these findings, we detected elevated levels of
both TGF-B monomer and the mature TGF- dimer in the plasma of PH-LHD patients
relative to healthy-heart donors. Mature TGF- dimer was also detected in the plasma,
and latent TGF-f in lung tissues of AoB rats, in line with previous reports [25].
In our in vitro experiments, we show that stimulation of PASMC with TGF-B increases
protein expression and nuclear translocation of RUNX2, as well as calcification of PASMC.
As such, TGF-f replicates the PASMC phenotype in PH-LHD and may contribute rele-
vantly to PA calcification in PH-LHD in vivo. By using TGF-B as an in vitro surrogate
stimulus to mimic PASMC osteogenic differentiation in PH-LHD, we further investigated
the molecular mechanisms underlying the regulation of RUNX2 in PH-LHD, with a specific
focus on the interaction between RUNX2 and the transcriptional HIPPO pathway co-acti-
vator TAZ based on the previous recognition that RUNX2 and TAZ can form a master
transcription factor complex in osteoblastogenesis [20].
Considering the high sensitivity of TAZ signaling to mechanical cues [21], such an inter-
action is an attractive candidate scenario for PH-LHD where increased lung vascular
pressure constitutes the main driving force for lung vascular remodeling. It is, however,
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worth noting that we also had to take the opposite scenario in consideration, where TAZ
would exert a protective effect against vascular calcification. Specifically, recent studies
have shown that YAP/TAZ can bind Disheveled 3 (DVL3) in the cytosol, preventing its
nuclear translocation and subsequent osteogenic differentiation of vascular smooth mus-
cle cells [50]. As such, the role of YAP/TAZ in vascular calcification is likely to be multi-
faceted and may vary depending on the specific cell type, stimulus, and biochemical or
biomechanical context. In our study, we observed increased protein expression and nu-
clear localization of TAZ in PA and isolated PASMC of PH-LHD patients. Similar to the
findings on RUNX2, the response of TAZ in PH-LHD patients was also replicated in AoB
rats in vivo, and by TGF- simulation of PASMC in vitro. The latter finding is in line with
recent studies in kidney fibroblasts and epithelial cells that have shown upregulation of
TAZ, but not YAP, by TGF- through the myocardin-related transcription factor (MRTF)
[21]. To investigate the functional impact of TAZ on RUNX2 expression and its down-
stream effects on vascular calcification, we employed two experimental strategies to
downregulate TAZ: siRNA-mediated knockdown and treatment with the photosensitizer
Verteporfin. In an in vitro screen, Verteporfin was initially identified as an inhibitor of the
interaction between the transcriptional co-activators YAP and TAZ with their respective
transcription factor TEA domain (TEAD) independent of light activation [51]. As such,
Verteporfin downregulates YAP/TAZ expression by a mechanism that is not yet fully re-
solved [52, 53], but which was similarly evident in the present study. In our work, we found
that TAZ deficiency in response to either Verteporfin or sSiRNA-mediated silencing results
decreased protein levels of RUNX2 in TGF-f stimulated PASMC as well as in primary
PASMC isolated from PH-LHD patients. Interestingly, treatment with Verteporfin did not
affect RUNX2 mRNA levels in primary PASMC of PH-LHD patients, suggesting that TAZ
regulates the abundance of RUNX2 protein at the post-translational level.

To investigate potential mechanisms underlying the TAZ-mediated regulation of RUNX2,
we performed immunoprecipitation and CHX chase assays. These experiments revealed
a protein-protein interaction between TAZ and RUNX2, whereby TAZ binds to RUNX2
and protects it from ubiquitination and subsequent degradation by the proteasome. This
interaction was observed both at baseline and, to a greater extent, following TGF-f stim-
ulation, presumably due to the elevated expression levels of both RUNX2 and TAZ. De-
pletion of TAZ by Verteporfin reduced RUNX2 protein abundance in TGF-B stimulated
PASMC, especially in the presence of the protein synthesis inhibitor CHX [54], indicating
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that TAZ may stabilize RUNX2 via their protein-protein interaction. Consistent with this
notion, inhibition of proteasome activity with MG132 rescued the expression of RUNX2 in
Verteporfin-treated, TGF- stimulated PASMC, while Verteporfin treatment increased the
ubiquitination of RUNX2 in TGF-3 stimulated PASMC.

Based on these findings, we propose a novel role for the TAZ-RUNX2 transcription factor
complex as a stabilizer of RUNX2 protein levels. Depletion of TAZ by Verteporfin disrupts
this complex, leading to destabilization and degradation of RUNX2. These data implicate
that Verteporfin may counteract RUNX2-mediated vascular calcification, a notion that was
subsequently confirmed in both TGF- stimulated PASMC and primary PASMC isolated

from PH-LHD patients, in which Verteporfin attenuated calcification in vitro.

4.4 Limitations of the study and areas of future research

In the interpretation of the present study, several potential limitations should be consid-
ered. First, the analysis of distal vessel calcification and remodeling was limited to our in
vivo animal model, as only tissue samples from proximal PA of PH-LHD patients could
be obtained during cardiac transplantation and, thus, only these were available for exam-
ination. Therefore, direct assessment of distal vessel involvement in PH-LHD patients

remains an area for future investigation.

Second, it is important to note that Verteporfin, the pharmacological intervention used in
the present study to downregulate TAZ, also has an effect on YAP. While YAP and TAZ
are closely related proteins, they have distinct functions in the vasculature, in that YAP
primarily regulates the formation and maintenance of blood vessels [55], while TAZ has
been implicated in vascular calcifications and the expression of genes involved in the
formation of hydroxyapatite, a major component of calcified tissue [20]. In our study, we
focused specifically on the role of TAZ in the context of PH-LHD. However, the potential
contribution of YAP to the observed effects should not be disregarded and warrants fur-

ther investigation.

Furthermore, we considered that PA calcification in PH-LHD patients may also be partially
linked to chronic kidney disease, as the eGFR levels in this cohort were below the normal
range of 90-120 mL/min-1.73 m? (Table 1). This finding is not surprising considering the
high prevalence of renal dysfunction in all types of heart failure [56]. However, it is im-
portant to note that eGFR by itself did not show a correlation with PA calcium content,
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while patients with apparently normal eGFR levels had PA calcium levels at the upper
end of the normal range or beyond (Fig. 24), as defined in healthy heart donors (Fig. 5E).
We conclude from these data that although chronic kidney disease may contribute to the
aggravation of PA calcification in PH-LHD, it is not the primary cause.
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Figure 24. PA calcium content is not associated with eGFR in PH-LHD patients.

Dot plot shows relation between estimated glomerular filtration rate (eGFR) and PA calcium content in PH-
LHD patients (n=10). The vertical shaded area represents the normal range for eGFR, and the horizontal
dotted line indicates the upper limit of normal for PA calcium content defined as mean+2SDs calculated
from donor group data shown in Figure 5E. Pearson’s correlation analysis revealed no significant associa-
tion between eGFR and PA calcium content (r=0.32, p=0.36).

Furthermore, we need to consider that the effects of the RUNX2 inhibitor CADD522 or
the TAZ inhibitor VP on pulmonary hemodynamics and distal lung vascular remodeling in
AoB rats may not be solely attributable to reduced vascular calcification. Both RUNX2
and TAZ have been shown to regulate the proliferation of vascular cells independent of
their osteogenic transdifferentiation [15, 57]. As such, calcification-independent effects
may have contributed to the therapeutic effectiveness of both interventions. Importantly,
this recognition does not take away from the translational promise of targeting RUNX2
and/or TAZ for the prevention or treatment of PH-LHD.

Lastly, it is plausible that in addition to TGF- and biomechanical cues, epigenetic factors
such as non-coding RNAs contribute to the regulation of transcription factors like RUNX2
and TAZ in PH-LHD. In line with this notion, previous work by Ruffenach and colleagues
demonstrated negative regulation of RUNX2 by the microRNA miR-204 in PASMC, with
loss of miR-204 driving RUNX2-mediated calcification and remodeling of pulmonary ar-
teries in the context of PAH [15]. For the unique scenario of PH-LHD, a similar epigenetic

regulation is so far unclear and awaits exploration in future studies.
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4.5 Clinical implications

The in vivo relevance of the newly identified TAZ-RUNX2 signaling pathway in vascular
calcification was demonstrated by targeted pharmacological interventions in AoB rats.
Treatment with CADD522, an inhibitor of RUNX2-DNA binding [42], and Verteporfin, an
inhibitor of TAZ’s interaction with its corresponding transcription factor TEAD, attenuated
histological signs of vascular calcification, reduced lung tissue calcium content, and im-
proved PA stiffness in vivo as indicated by normalization of PA RS in the echocardio-
graphic assessment. Importantly, both interventions also improved hemodynamic param-
eters, echocardiographic measurements, and morphological characteristics of pulmonary
hypertension and right ventricular dysfunction in AoB rats, as well as histological evidence
of distal vessel remodeling. As such, these findings highlight the critical role of vascular
calcification as a promoter of both upstream and downstream cardiovascular pathology
in PH-LHD. Increased PA stiffness contributes to elevated right ventricular afterload
through increased pulse pressure and impedance, while distal vessel disease is aggra-
vated by accelerated pulse wave transmission, higher shear stress, and the subsequent
development of a detrimental mechanobiological feedback [58]. As a result, vascular cal-
cification and PA stiffening emerge as early events in the progression of PH-LHD and

represent attractive therapeutic targets for its treatment.

Notably, Verteporfin is of particular interest in this context, as it is already approved for
clinical use as a photosensitizer in the treatment of abnormal retinal vessels in conditions
such as macular degeneration [59]. While Verteporfin has demonstrated anti-fibrotic ef-
fects in various organs, including the lungs, in preclinical animal models [60], and has
been suggested as a locally administered drug for scar prevention [61], its chronic sys-
temic application in humans has not yet been attempted, and is complicated by its pho-

tosensitization properties.

Our present findings highlight the potential of vascular calcification and its underlying sig-
naling pathways as a promising therapeutic target for the treatment and/or prevention of
PH-LHD, with Verteporfin holding promise as a candidate for further investigation due to
its already established clinical use and demonstrated effects on TAZ signaling. However,
additional research and careful consideration of the challenges associated with its sys-
temic application are necessary before its potential as a treatment option for PH-LHD can

be fully evaluated.
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5. Conclusions

Our study reveals PA calcification, and its underlying regulation via TAZ and RUNX2, as
a characteristic of PH-LHD that contributes relevantly to the remodeling of distal pulmo-
nary vessels and impaired pulmonary artery and right ventricular hemodynamics. As such,
identification of vascular calcification, whether through non-contrast thoracic CT scans or
analysis of PA samples obtained during heart transplantation, holds promise as an im-
portant diagnostic and prognostic biomarker in patients with LHD that may accurately
identify individuals at increased risk for developing PH. Implementing the assessment of
vascular calcification as part of clinical evaluations may aid in early detection and inter-

vention, ultimately improving patient outcome in the management of PH-LHD.
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Fostanschrit
Mame, Vorname: Shaofei Liu ‘Chartépiatz 1 | 10117 Beriin
Emailadresse: shaofei liu@charite.de Remhardss 54 | 18117 Bestn
mMatrikelnummer:228961 Tel, +45 {0)30 450 SE4T
Promotionsbetreusrin:Wolfgang Kusbler et e gt

Direkioe: Prof. Dr. Frank Konlekschio:

Promotionsinstitution J/ Klinik: The institute of physiology

Bescheinigung

Hiermit bescheinige ich, dass Herr Shoofei Liv innerhalb der Service Unit Biometrie des Instituts fir

Biometrie und klinische Epidemioclogie (iBikE) bei mir eine statistische Beratung zu einem

Promotionsvorhaben wahrgenommen hat. Folgende Beratungstermine wurden wahrgenommen:

Termin 1: 24.01. 2023

Folgende wesentliche Ratschldge hinsichtfich einer sinnvollen Auswertung und Interpretation der

Daten wurden wihrend der Beratung erteilt:

Uberpriffung der Normakverteilung
Pearsonsche Korrelation und Spearmansche Rangkorrelation
Analyse der Varianz

Lineare Regression

Diese Bescheinigung garantiert nicht die richtige Umsetzung der in der Beratung pemachten

Vorschldge, die korrekte Durchfihrung der empfohlenen statistischen Verfahren und die richtige

Darstellung und Interpretation der Ergebnisse. Die Veranmtwortung hierfur obliegt allein dem

Promovierenden. Das Institut fiir Biometrie und klinische Epidemiologie dbemimmt hierfiir keine

Haftung.

Datum: 26.01.2023

unterschrift Beraterin, Institutsstempsel
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