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Abstract (German)  

Ein Kernaspekt der pathologischen Entwicklung von idiopathischer pulmonal-arterieller 

Hypertonie (IPAH) ist die charakteristische Gefäßveränderung oder „Vascular Remodelling“ 

der distalen Pulmonalarterien, die zu einer erhöhten Ablagerungsrate von extrazellulären 

Matrixproteinen (EZM) führt. Dies ermöglicht eine permissive Umgebung, die die 

Zellproliferation, Zellmigration und die Resistenz gegen Apoptose begünstigt und dadurch 

stark zur Gefäßsteifigkeit bei IPAH beiträgt. Die Rolle von langen nichtkodierenden RNAs 

(„long non-coding RNAs“, lncRNAs) in diesem Zusammenhang in IPAH ist wenig erforscht. 

Durch Transkriptionsanalysen an kleinen, mittels Lasermikrodissektion gewonnenen 

Pulmonalarterien konnten wir das Genexpressionsprofil in IPAH charakterisieren, das sowohl 

durch kodierende als auch durch nicht-kodierende Gene geprägt ist. Unsere Ergebnisse 

zeigten gestörte metabolische, zytoskelettale, apoptotische und proliferative Signalwege in 

IPAH. Die EZM identifizierten wir als die zentrale zelluläre Komponente, die von IPAH betroffen 

ist, und folglich beschrieben wir die Expression von EZM-Komponenten in IPAH. Wir 

berichteten über die Bedeutung von lncRNAs bei IPAH und zeigten die Hochregulierung der 

lncRNAs TUSC8 und PAXIP1-AS1 in IPAH. Im Detail gingen wir auf die funktionelle 

Beteiligung von PAXIP1-AS1 und intrinsische molekulare Mechanismen in glatten 

Muskelzellen der Pulmonalarterien ein. Wir berichteten über die deutlich reduzierte 

Proliferation und Migration und über das erhöhte pro-apoptotische Verhalten bei PASMC nach 

PAXIP1-AS1-Knockdown. Die Transkriptomanalyse zeigte, dass die Basalmembran die am 

stärksten betroffene Zellkomponente ist nach dem PAXIP1-AS1-Knockdown, und führte zu der 

Enthüllung des Regulationsmechanismus dieses lncRNAs über die fokale 

Adhäsionsmaschinerie, wobei PAXIP1-AS1 über das nachgeschaltete Signalmolekül Paxillin 

agiert. Wir zeigten die Hochregulierung des Basalmembrankollagens COL18A1 bei IPAH und 

bestätigen die antiproliferativen Wirkungen seines proteolytischen Produkts Endostatin. 

Schließlich fanden wir in unserem experimentellen Aufbau erste Hinweise darauf, dass die 

Überexpression von PAXIP1-AS1 keinen Einfluss auf die Freisetzung von Endostatin in 

pulmonale Endothelzellen hat. Zusammengefasst konnten wir eine starke Verflechtung der 

lncRNAs mit der EZM zeigen im Rahmen von IPAH und enthüllten PAXIP1-AS1 als einen 

potenten Regulator der Zellfunktion der glatten Muskulatur, der über sein nachgeschaltetes 

Effektorprotein Paxillin wirkt. 

  



Abstract (English)  

Extracellular matrix (ECM) remodelling of the distal pulmonary arteries occurs early in 

idiopathic pulmonary arterial hypertension (IPAH) and is a core aspect of its pathologic 

development. The resulting increased ECM turnover provides a permissive environment that 

favours cell proliferation, migration and resistance to apoptosis, and thereby strongly 

contributes to the vascular stiffness in IPAH. The rather newly identified players in IPAH are 

the long non-coding RNAs (lncRNAs). Central biologic importance has been attributed to the 

lncRNAs recently, while less is known about them in the context of ECM remodelling in IPAH. 

By applying transcriptomic analysis on laser-capture microdissected small pulmonary arteries, 

we characterized the differential gene expression profile in IPAH that is shaped by coding as 

well non-coding genes. Our findings identifed metabolic, cytoskeletal, apoptotic and 

proliferative processes as key signalling pathways perturbed in IPAH, and identifed the ECM 

as the core cellular component that is affected in the disease. Focusing further on the ECM, 

we described the expression of ECM related components in IPAH. Demonstrating the 

significance of lncRNAs in IPAH, we validated the upregulation of the lncRNAs TUSC8 and 

PAXIP1-AS1 in IPAH and detailed the functional involvement of PAXIP1-AS1 and intrinsic 

molecular mechanisms in pulmonary artery smooth muscle cells (PASMC) by applying a 

siRNA-mediated knockdown approach. We reported the markedly reduced proliferative and 

migrative behaviour, and elevated pro-apoptotic events in PASMC after PAXIP1-AS1 

knockdown. Transcriptomic analysis identified the basement membrane as the most affected 

cellular component after PAXIP1-AS1 knockdown and revealed a regulatory mechanism of the 

lncRNA via the focal adhesion machinery where PAXIP1-AS1 acts via its downstream target 

paxillin. Our results showed the upregulation of the prominent basement membrane collagen 

COL18A1 in IPAH and confirmed the anti-proliferative effects of its proteolytic product 

endostatin. Finally, we found first indications that suggest PAXIP1-AS1 overexpression does 

not influence endostatin release in pulmonary artery endothelial cells in our experimental 

setup. Taken together, we were able to identify an entanglement of the lncRNAs with the ECM 

in the setting of IPAH and revealed PAXIP1-AS1 as a potent regulator of smooth-muscle cell 

function acting via its downstream effector protein paxillin.  



1. Introduction  

1.1 Idiopathic Pulmonary Arterial Hypertension  

Pulmonary Arterial Hypertension (PAH) is a form of Pulmonary Hypertension (PH), which is a 

condition where the pressure of the pulmonary circulation is abnormally high (resting mean 

pulmonary arterial pressure of >20 mmHg). In contrast to other, more common forms of PH 

associated with left heart or lung disease, PAH is a more severe form that is marked by a  

vasculopathy of the pulmonary arterial circulation (1). Substantially, PAH is a disease of the 

small pulmonary arteries characterized by vascular remodelling and an increase in vascular 

stiffness and resistance, which ultimately results in right ventricular hypertrophy and right heart 

failure (1-3). It is an incurable, rare condition with an estimated prevalence of 15 per million, 

and occurs more than twice as often in women than in men (1). With the currently available 

therapy options, PAH patients still face poor prognosis with an estimated 3-year survival rate 

just above 50% (54.9% in incident cases, and 58.2% if incident and prevalent cases combined) 

(4).   

 

PAH can be subdivided into the several subtypes, including idiopathic PAH, familial PAH, or 

as PAH associated with other diseases or as PAH resulting from drug or toxin exposure (1, 4) 

Table 1.  

Table 1. Classification of PAH (5, 6) 

1.1 Idiopathic PAH 

1.2 Heritable PAH 

1.3 Drug and toxin induced PAH 

1.4 PAH associated with: 

 Connective tissue disease 

 HIV infection 

 Congenital heart disease 

 Portal hypertension 

 Schistosomiasis 

1.5 PAH long-term responders to CCBs 

1.6 PAH with overt features of PVOD/PCH 

1.7 Persistent PH of the newborn 

 

Idiopathic PAH (IPAH) is a form of PAH that is diagnosed when no cause or known risk factor 

can be identified (2) and accounts for ~52.6% if all PAH cases (7). 



1.1 Pathophysiology and Genetics of PAH 

Several risk factors and sources of vascular injury, such as environmental factors, genetic 

predisposition or dysfunctional immune response can contribute to the pathologic development 

of this disease (8). Central features of the multifaceted pathobiology of PAH include endothelial 

dysfunction, increased smooth muscle cell proliferation, migration, resistance to apoptosis and 

deposition of extracellular matrix (9, 10). This vasculopathy mainly affects the distal pulmonary 

arteries and is hallmarked by vascular remodelling (1, 11).  

 

The pulmonary vessel wall has a three-layered structure (Figure 1). The innermost layer of the 

pulmonary artery is called tunica intima. Its main cellular component is the single layered 

vascular endothelium. The medial layer of the vessel wall, the tunica media, mainly consists 

of concentric layers of smooth muscle cells. The main cellular component of the outermost 

layer, tunica adventitia, are adventitial fibroblasts. 

 

 

Figure 1. Structure of the pulmonary artery. The basic, three-layered structure of the 

pulmonary artery, that consists of the tunica intima, tunica media and tunica adventitia.  

 

The process of vascular remodelling leading to luminal narrowing happens in all three layers 

of the pulmonary artery while affecting the intimal and medial layers the most, and the 

adventitia to a comparatively smaller extent (12). Remodelling of the adventitial layer is marked 

by the enhanced proliferative and migrative capacities of the adventitial fibroblasts as well as 

the elevated synthesis of matrix proteins (11). Hypertrophy and hyperplasia of vascular smooth 

muscle cells and an increased production of connective tissue and elastic fibers are 

characteristics of the medial thickening process (13). Furthermore, an occlusive neointima 

arises from migrating and reorienting vascular smooth muscle cells that undergo clonal 



expansion and accumulate beneath the endothelial layer (14). Endothelial dysfunction leading 

to the acquisition of a pro-proliferative, apoptosis-resistant (15), and pro-inflammatory (16) 

endothelial phenotype is thought to be one of the first triggers of PAH development. An 

abnormal, disorganized endothelial proliferation and an increased matrix production 

characterizes the intimal thickening. In severe cases, this can lead to the formation of plexiform 

lesions (13, 17, 18). Here, anti-apoptotic endothelial cells, originating from the remodelled 

pulmonary arteries, proliferate to form complex capillary-like vascular structures that 

sometimes connect with the bronchial circulation or build spherical structures at the abrupt 

ends of distal pulmonary arteries (19).  

 

Dysfunctional inflammatory responses (16, 17), thrombotic lesions (20) and platelet 

dysfunction (21) are further characteristics of this vasculopathy. Endothelial dysfunction also 

causes an imbalance in several endothelial cell specific factors (e.g. growth factors, pro-

thrombotic factors, vasoactive factors) resulting in an altered cell signalling (22). The 

chronically impaired production of vasodilators such as nitric oxide (NO), vasoactive intestinal 

peptide (VIP) and prostacyclin, and an overexpression of vasoconstrictors such as endothelin 

(ET-1) (8, 11) not only affects the vascular tone, but promotes the remodelling (Figure 2).  

 

  

 

Figure 2. Endothelial dysfunction caused imbalance of vasoactive factors in IPAH. 

Dysfunctional pulmonary artery endothelial cells (PAEC) produce more vasoconstrictive 

endothelin-1 (ET-1) and less vasodilative nitric oxide (NO) and prostacyclin, promoting 

vasoconstriction and pulmonary artery smooth muscle cell (PASMC) proliferation in IPAH. 

ETA/ETB, Endothelin receptor A/B; sGC, soluble guanylate cyclase; cGMP, cyclic guanosine 

monophosphate; PDE-5, Phosphodiesterase type 5; cAMP, cyclic adenosine 

monophosphate. Information adapted from (11).  



 

The currently available therapy for PAH aims exactly at these three signalling pathways 

targeting vascular tone and consequently the remodelling process in PAH: Prostacyclin 

analogues and prostacyclin receptor agonists are applied to work against the decreased 

prostacyclin levels in PAH patients. Prostacyclin is an effective vasodilator that works via cyclic 

adenosine monophosphate (cAMP), and additionally inhibits PASMC proliferation and 

decreases platelet aggregation (23). Endothelin receptor antagonists are applied to block the 

vasoconstriction caused by the increased ET-1 production in PAH. To counteract the impaired 

vasodilation caused by the decreased NO availability in PAH patients soluble guanylate 

cyclase (sGC) simulators or activators are used (1). NO increases vasodilation by activating 

sGC to synthesize cGMP. Another approach aims at increasing sGC levels by inhibiting the 

conversion of cGMP to GMP mediated by phosphodiesterase type 5 (11). 

 

Recent technologic advancement has opened new possibilities to explore the underlying 

pathophysiologic processes driving the disease and have led to an increasing molecular 

understanding of PAH development (24). Several signalling pathways,  in particular pathways 

involving several different growth factors (e.g. TGF-β, PDGF-BB, FGF, VEGF) are recognized 

to be affected in the complex pathobiology of PAH, by perturbating central cellular functions 

such as proliferation, migration, differentiation, extracellular matrix secretion and deposition 

(11, 25, 26). An increased release of the platelet-derived growth factor PDGF-AA and PDGF-

BB has been reported in the pulmonary artery endothelial cells of PAH patients, and an 

elevation of its receptors (mainly PDGFRα) in pulmonary artery smooth muscle cells of PAH 

patients (27-29). An increased TGF-β receptor activity as well as higher TGF-β1 levels has 

been shown in plasma and pulmonary artery smooth muscle cells of PAH patients (29, 30),  

 

Prominent signalling pathways further altered in PAH include mitogen-activated protein kinase 

(MAPK), Wnt signalling, oestrogen signalling, hedgehog signalling, YAP-TAZ and Notch 

signalling (25, 31-33), as well as apoptotic pathways and hypoxia triggered signalling (34, 35).  

From the genetic aspect, mutations in the BMPR2 gene were the first identified. Today, it is 

well recognized that 70–80% of familial PAH and 10–20% of IPAH cases are caused by 

mutations in the BMPR2 gene (13). BMPR2 gene encodes for a cell surface receptor for bone 

morphogenetic protein (BMP) ligands, that are members of the TGF-β superfamily. BMPR2 

exerts an anti-proliferative effect on PASMC and promotes PAEC survival (36, 37). 



1.2 Extracellular matrix in PAH 

The extracellular matrix (ECM) of the pulmonary artery is a complex meshwork of finely 

orchestrated matrix molecules that contribute to structural and functional integrity of the 

vasculature. The complex micro-environment of the ECM influences the cell-cell and cell-ECM 

crosstalk and thereby regulate cell migration, proliferation and differentiation, cellular 

processes that are highly affected in the pathogenesis of PAH (38).  

 

The tunica intima, the innermost layer of the pulmonary artery that mainly consists of vascular 

endothelial cells has a specialized ECM: the basement membrane (BM). Main components of 

the BM include laminins, type IV collagens and proteogylcans. Main ECM components of the 

tunica media, the medial layer of the vessel wall, are elastin fibers, fibrillar collagens (type I, II, 

V), elastins, fibronectins, laminins and proteoglycans. Main adventitial ECM components 

include collagens types I and II (38). Structural and mechanical changes in the ECM have an 

immense influence on the vascular remodelling process in PAH. The disbalance in ECM 

metabolism manifests early in PAH development (39), even before any changes in the 

pulmonary arterial pressure or vascular resistance can be observed. Several processes are 

involved in this ECM remodelling process that leads to vascular stiffness that is associated 

with increased mortality in PAH patients (40-43). 

 

All three layers of the pulmonary arteries are affected by the ECM remodelling causing the 

stiffening and reduced compliance. Here, most increase in deposition and cross-linkage is 

observed in the neo-intima, that is followed by the media (12, 44, 45), and then the adventitia 

with a weaker involvement (12). Next to this increased collagen expression (e.g. COL14A1, 

COL4A5, COL18A1) in PAH patients (12), an increased breakdown of elastin (46, 47) as well 

as accumulation of tenascin and fibronectin (48) have been observed. The  increase in 

osteopontin expression (49) and elevated calcification also contribute to the progression of 

ECM remodelling (50, 51). Endothelial injury, alterations in the structure and function of 

pulmonary artery endothelial cells, is widely appreciated as the initiating event for this ECM 

remodelling (50). Endothelial cells not only regulate the vascular tone and the proliferative 

function of the pulmonary artery smooth muscle cells, but also contribute greatly to the integrity 

and stability of the vascular wall by building a tightly controlled barrier (52). An injury leading 

to increased permeability of the vessel wall allows factors to enter the vessel that can stimulate 

protease production and activation. Endothelial injury disturbs the proteolytic balance of the 

ECM that demands a tight interplay between several matrix metalloproteinases (MMPs), 

metalloproteases, serine elastases, lysyl oxidases (LOX) and tissue inhibitors of 



metalloproteinases (TIMPs) (38, 50). Exemplarily, a decreased expression of MMP10 and 

TIMP-1 in IPAH has been shown in all three layers of the PA, while MMP19 expression is 

elevated in the intimal and medial layers, and TIMP3 was shown to be decreased in the 

adventitia (12). Furthermore, it was shown that cytokines, such as TNFα that is known to drive 

PAH by suppressing BMPR-II (53), enhances the production of MMPs in endothelial cells (54, 

55). Consequently, ECM turnover is increased, growth factors and bioactive proteolytic 

fragments are released that further drive the proliferative vasculopathy, ECM deposition, and 

further release of ECM proteases (12, 50, 56).  

 

Structural changes in the ECM can trigger mechanosensitive signalling, where the altered 

mechanical cues are transduced to the cell interior. This ECM-Cell interaction is mediated by 

transmembrane proteins with mechano-sensing capacities (mainly integrins) (57) and the 

assembly of focal adhesions. Focal adhesions are dynamic protein complexes built through 

interactions of the intracellular integrin tails with adaptor proteins such as talin, paxillin, vinculin 

or tensin that bind the actin cytoskeleton (57-59). Altered focal adhesion associated protein 

levels (e.g. of integrins, focal adhesion kinases, paxillin) (59-61) and consequent changes in 

the integrin-ECM communication has been implemented in PAH disease progression (61). 

Integrins undergo conformational changes when extracellularly activated by a stiff matrix. It 

triggers the assembly of the focal adhesion complex, leading to cytoskeletal rearrangements 

and downstream signalling further promoting the stiffening process (57, 60).  

 

One central molecular mechanism that has been proposed to play a role in the vascular 

stiffening is the activated YAP/TAZ signalling in PAH. It could be demonstrated that ECM 

remodelling induces microRNA-130/301 expression via activation of the transcription factors 

YAP/TAZ (Yes-associated protein/transcriptional coactivator with PDZ-binding motif) (41). 

Collagen deposition and LOX-dependent collagen cross-linking is activated here via the 

microRNA-130/301 family, which results in a mechanosensitive positive feed-back loop (31). 

YAP/TAZ activation also leads to metabolic reprogramming of the pulmonary artery endothelial 

cells, smooth muscle cells and adventitial fibroblasts, driving increased proliferation of all three 

pulmonary vascular cell types (50).  

1.3 The basement membrane  

Basement membranes (BM) are specialized extracellular matrix structures containing of 60-

200 proteins. They underlie epithelial and endothelial cells, provide structural support, are 

involved in cellular signalling and influence cell behaviour (62). While major components of the 



BM remain type IV collagens, laminins, nidogens, and sulfated proteoglycans (like perlecans, 

agrins or type XVIII collagens) (63, 64), each BM composition is finetuned and matched to its 

individual local importance (62). The thickness of a BM can vary between 50 and 500 nm (65).  

The vascular BM is relevant for blood vessel robustness and integrity. Its components are 

mainly produced by the endothelial cells that line the lumen of the vessel and the pericytes 

that wrap around the endothelial cells (65).  

 

The BM is composed of two interconnected insoluble polymer networks made of collagen IV 

and laminins that build the two layers of the BM: lamina lucida and lamina densa (64). Type IV 

collagens (COL4A1-A6) mainly occur in BM and is its most abundant component, comprising 

of six distinct alpha (α)-chains (α1-α6). These chains form only three distinct heterotrimers: 

α1α1α2, α3α4α5, and α5α5α6 (66). Type IV collagens can regulate proliferative and migrative 

pathways by directly interacting with cell surface receptors (64). Laminins are heterotrimeric 

proteins that consist of intercoiled α-, β- and γ-chains. Appearing in several genetically distinct 

isoforms, laminins can build at least 16 different types of heterodimers that exert cell-type 

specific functions (65, 67). Laminins play a vital role in cell differentiation and morphogenesis 

(67). 

 

Figure 3. Basement membrane of the pulmonary artery. 

 

The lamina lucida and lamina densa are stabilized by nidogens that crosslink type IV collagens 

and laminins. The ubiquitously expressed nidogen has two isoforms and is a glycoprotein that 

is essential for BM stability (65). Nidogens are also bound by perlecans that further strengthens 



the crosslinking. Proteoglycans with their hygroscopic properties also contribute to BM volume 

and serve as growth factor reservoirs by binding them (64, 65, 67).  

A disbalance in BM components often leads to increased BM degradation, directly influencing 

endothelial barrier integrity and facilitating trans-endothelial immune cell migration – processes 

that are of central importance in the progression of IPAH (64, 65).  

 

1.4 Matrikines and their role in lung pathology  

Dynamic remodelling, that is accomplished by finely orchestrated proteolytic enzymes of the 

ECM, is required to maintain the metabolic balance of the ECM – even in physiological 

conditions. The ECM serves as a reservoir for bioactive molecules, including growth factors 

and morphogens such as VEGF, bFGF, insulin-like growth factor-1, TGF-β, that can be 

released on need (38, 64). Enzymatic cleavage of ECM can release proteolytic bioactive matrix 

fragments, called matrikines, that exert biologic activities which are different to the biological 

activities of their native full-length molecules. The unmasked bioactive sites of the matrikines 

can contribute to major cellular processes such as cell survival, migration, proliferation and 

angiogenesis, and drive inflammatory processes. Common sources in the ECM for such 

bioactive peptides are collagens, proteoglycans, elastin and laminins (10, 68). 

 

A variety of proteolytic enzymes of the ECM are involved in this process that liberates 

matrikines from the ECM. MMPs play a central role here (38), and many MMPs have been 

shown to be dysregulated in PAH, where MMP-1, -2, -3, -7, -9, or -10 are only exemplary for 

them (38, 69, 70). Being the most abundant ECM molecule in the lung, collagen serves as a 

significant source for matrikine liberation/activation.  

 

Most of the collagen-derived matrikines arise from fibrillar collagens (e.g. collagen I, II or III).  

An increasingly large number of matrikines with central roles in lung pathology have been 

identified today. While a lot more is left to explore about their role in lung pathobiology, Table 

2 lists several matrikines with known contributions to lung pathology. The most prevalent 

matrikine originating from lung collagen is PGP that consists of tri-peptide fragments, with 3-5 

proline, glycine and proline (PGP) repeats. PGP has mainly been shown to act as a 

chemoattractant to neutrophils (71) and has been associated with Chronic Obstructive 

Pulmonary Disease (COPD) and cystic fibrosis (72, 73).  

 



Similarly high importance in lung pathology has also been shown for non-fibrillar collagen-

derived matrikines, for which the specialized ECM of the tunica intima, the BM, serves as the 

main source (71). Interestingly, several of the source components for these matrikines (Table 

2) are also implicated in the pathology of PAH: Collagen IV, Collagen XVIII, versican and 

elastin have been shown to be upregulated in PAH (12, 74, 75). 

 

Endostatin, a 20 kDa matrikine resulting from C-terminal fragmentation of the non-fibrillar 

Collagen COL18A1, counts to the most studied matrikines today, a matrikine that has an anti-

proliferative effect on endothelial cells and inhibits angiogenesis and tumour growth (10, 76). 

Recently, endostatin could be validated as a robust, independent risk predictor of PAH 

mortality (12, 77, 78).  

 

Table 2. Matrikines in lung diseases  

Source Molecule Matrikine Associated Disease 

Collagen1 Proline-Glycine-Proline (PGP), 

N-terminal acetylated PGP (N-

α-P)  

COPD, CF (72, 73) 

Collagen IV 7S Collagen ARDS (79) 

Collagen IV α1 P4NP 7S 

C4M2 

COPD-AE (80) (81) 

Collagen IV α3 C4Ma3 COPD, IPF-AE, IIP-AE (82, 83) 

 Tumstatin Asthma (84) 

Collagen XVIII α1 Endostatin ALI, Asthma, IPF, COPD, PH 

(12, 77, 85-88) 

Versican VCANM COPD-AE, IIP-AE (80, 89) 

Elastin VGVAPG COPD (90) 

1 PGP can be liberated from a variety of collagen types as it is a prevalent sequence within collagen molecules (e.g., 28x in type 

I, 43x in type III and 25x in type IV collagen) (91).  

Abbreviations: ARDS: Acute Respiratory Distress Syndrome; COPD: Chronic Obstructive Pulmonary 

Disease; CF: Cystic Fibrosis; COPD-AE: Chronic Obstructive Pulmonary Disease with Acute 

Exacerbation; IPF-AE: Idiopathic Pulmonary Fibrosis with Acute Exacerbation; IIP-AE: Idiopathic 

Interstitial Pneumonia with Acute Exacerbation; ALI: Acute Lung Injury; IPF: Idiopathic Pulmonary 

Fibrosis; PH: Pulmonary Hypertension.  

 



1.5 Endostatin and its origins 

Type XVIII collagen (COL18A1) is a core component of the pulmonary vascular basement 

membrane crucial for tissue architecture and membrane integrity, and consists of three α1 

chains (homotrimeric structure). This collagen generally has three known isoforms (short, 

medium and long). The isoforms have differentiating spatial expression profiles, of which the 

short isoform is most abundant in the vasculature. The common functional domains 

characteristic of all collagen XVIII isoforms include the thrombospondin (TSP) 1-like domain, 

the triple-helical domain consisting of 10 collagenous and 11 non-collagenous regions, and a 

NC1 domain that consists of a trimerization domain, a hinge region and the C-terminal 

endostatin domain. The N-terminal DUF959 (Domain of Unknown Function) is characteristic 

for the medium and long isoforms, while the long isoform additionally possesses a frizzled 

domain between the DUF959 and the TSP 1-like domain (92).  

 

Endostatin arises from the C-terminal region of collagen XVIII consisting of 184 amino acids 

that is present in all three isoforms of the protein (93). It is released from its parent protein 

through various proteolytic mechanisms via elastases, cathepsins and MMPs (92). This 20 

kDa proteolytic fragment endostatin has a compact globular structure consisting of β-sheets, 

loops, α helices, disulfide bridges, heparin binding sites and a Zn(II)-binding sites, facilitating 

various possible interactions and complex signalling (93). Besides endostatin, additional 

matrikines resulting from the NC1 domain of collagen XVIII include neostatin-7 (contains 60 

amino acids additional to endostatin) and neostatin-14 (contains 14 additional amino acids 

than endostatin).  

 

The human endostatin (hES) shows high structural similarities among different species, with 

about 86% identity and >90% similarity with mouse endostatin (93); thereby facilitating 

applicability of animal models for research purposes. A challenge for the clinical applicability 

on the other hand is its short half-life in circulation (94) and the huge amounts of purified 

endostatin required in order to achieve the desired biological activity (93). In an effort to 

overcome these challenges, studies could prove that a modified mutant endostatin, hES-

P125A, is more potent in its biological function than the native endostatin. hES-P125A is a 

human endostatin molecule with a point mutation at position 125 where proline is substituted 

with alanine, resulting in an enhanced endothelial cell binding capability of the molecule (95). 

 

Endostatin is an anti-proliferative, anti-migratory matrikine that also inhibits angiogenesis, a 

key process for lung vessel homeostasis (96). Angiogenesis is mainly controlled by the growth 



factor VEGF (vascular endothelial growth factor) (97). Studies show that endostatin 

antagonizes VEGF signalling by directly binding to VEGF receptor 2 (VEGFR2) (98). Though 

far less studied than endostatin, first studies indicate that neostatin-fragments also have anti-

angiogenic potential (99). In fact, endostatin has been shown to induce apoptosis, stop cell 

cycle and suppress cell proliferation and migration of endothelial cells through a variety of 

signalling mechanisms (93, 100), including e.g. involvement in caspase activation (101), Bcl-2 

signalling (102), Wnt/b-catenin signalling (103, 104), FGF- and VEGF-mediated signalling 

(105) as well as proteolytic pathways acting via metalloproteinases (106). Notable here is a 

study by Goyanes at al., where it was demonstrated that endostatin inhibits proliferation, 

migration of human PAEC and promotes PAEC apoptosis by interacting with inhibitor of 

differentiation 1 (ID1), a downstream effector of BMPR2 signalling (100), thereby emphasizing 

its role in PAH pathobiology. Specifically, it was shown that this effect of endostatin on PAEC 

was mediated by the suppression of ID-1 expression, leading to the increased expression of 

thrombospondin 1 (TSP-1), which in turn inhibits PAEC proliferation and migration via 

CD36/CD47 (100).  

 

With its versatile involvement in central pathways relevant for PAH and being a proven, robust 

disease prognosis marker for PAH (12, 77, 78), endostatin presents a promising matrikine of 

which the signalling mechanism, especially its non-coding aspect, is yet insufficiently explored.  

 

1.6 Long non-coding RNAs (LncRNAs) 

The non-coding genome has been extensively studied over the last two decades, even though, 

initially, not much importance was given to the non-protein coding parts of the genome. Several 

functionally important classes of non-coding RNAs are abundantly present in our body. 

Meanwhile, the current GENCODE statistics (version 39; GRCh38.p13 (107)) counts more 

than twice the amount of non-coding genes (including small, long and pseudogenes) than 

coding genes (Figure 4).  



 

Figure 4. Total number of genes – current GENCODE statistics GRCh38.p13 (107). 

 

The exponentially growing number of identified ncRNA has led to a growing catalogue of 

ncRNA types, that is currently being shaped with gained knowledge from ongoing research.  

Table 3 gives a comprehensible overview of currently described non-coding RNA classes.  

 

Table 3. Classification of ncRNA  

tRNA transfer RNAs  

rRNA ribosomal RNAs  

sdRNA sno-derived RNAs  

tiRNA transcription initiation RNAs  

miRNA microRNAs  

moRNA microRNA-offset-RNAs  

vtRNA vault RNAs 

siRNA small interfering RNAs  

endo-siRNA endogenous small interfering RNAs  

snoRNA small nucleolar RNAs  

scaRNA small Cajal body RNAs  

piRNA piwi-interacting RNAs  

lncRNA long non-coding RNAs  

circRNA circular RNAs  

Data adapted from (107, 108) 

 



While most of our non-coding understanding is based on micro RNAs (miRNA), the 

involvement of a different RNA species, that of long non-coding RNAs (lncRNAs), have proven 

to be of central importance lately (109). In contrast to miRNA that belong to the small non-

coding RNA (<200nt in length), long non-coding RNAs are defined as RNAs that are above 

200 nucleotides in length. They can comprise of one or several exons that are spliced together 

undergoing the same transcriptional process as protein coding messenger RNAs (mRNAs). 

LncRNAs have no translated open reading frames (ORF) with proper transcription start/stop 

sites in comparison to mRNA, but are biochemically identical to the mRNAs (109). LncRNAs 

are ubiquitously present in our body, but their abundance can be very low. Contrary to the 

assumption that low-abundance transcripts may have less functional influence, several low-

abundance lncRNAs have shown that it is the process of transcription itself that gives the 

lncRNA its functionality rather than the transcript (110).  

 

The involvement of lncRNA in human biology is versatile with various gene regulatory functions 

including roles as decoy, guide, signal- and scaffold-molecules (111). Based on their 

subcellular localization, that can be cytoplasmic, nucleic or both, cis- as well as trans-regulatory 

activities has been described for the lncRNAs. They can regulate the expression of neighboring 

genes (acting in cis) by binding to transcription factors or control the gene expression from a 

distance (acting in trans) by influencing protein structure or altering chromatin state. In fact, 

many lncRNAs harbor huge regulatory potential given by their ability to interact with the 

chromatin-modifying machinery.  

 

Exemplarily, NRON represses the transcription factor NFAT, nuclear factor of activated T cells 

and interfers with interleukin-2 receptor activation (112, 113). Another example is the 

interaction of the lncRNA PVT1, plasmacytoma variant translocation 1, with the oncogenic 

transcription factor MYC that considerably contributes to tumorigenesis (114). Of note, PVT1 

also has been shown to possess circular RNA (circRNA) transcripts with importance in various 

biological settings including lung pathology (115, 116). The heart-enriched lncRNA Chaer 

(cardiac-hypertrophy-associated epigenetic regulator) interacts with polycomb repressor 

complex 2 (PRC2) inhibiting histone H3 lysine 27 methylation of gene regions involved in 

cardiac dysfunction (117). HOTAIR is another example for a lncRNA that regulates chromatin 

dynamics. By interacting with PRC2 it promotes trimethylation and silencing of its target locus 

HOXD (118). 

 



LncRNA interactions with DNA that lead to the formation of RNA-DNA triplex structures have 

also been reported to modulate central functional pathways (e.g. TGF-β signalling (119)).  

One of the main lncRNA functions that was discovered very early was the ability of the lncRNAs 

to sponge off miRNAs from their mRNA targets. Micro RNAs that belong to the group of small 

non-coding RNAs, exhibit their function in the posttranscriptional regulation by mRNA 

cleavage, direct translational repression and/or mRNA destabilization (120). Many lncRNAs 

harbor miRNA binding sites that interacts with the respective miRNAs, keeping them from 

exhibiting their inhibitory effect on their targets (120). An example for such interaction is 

miR372 (121) that interacts with lncRNA FER1L4 leading to elevated proliferation in glioma 

cells (122). Similarly, the lncRNA H19 modulates miRNA family let-7 availability by acting as 

molecular sponge (123). Adding an extra layer of complexity to the lncRNA-miRNA-mRNA 

regulatory axis, the involved lncRNAs can also carry embedded miRNA sequences and can 

serve as the origin for miRNA, as e.g. in the case of MEG3 (110, 124).  

 

The primary structure of lncRNAs generally is poorly conserved between species, only 

showing “patches” of conserved bases within a longer stretch of transcript. But, lncRNA 

molecules can form evolutionarily more conserved compact elements consisting of complex 

higher order structures, that enables interactions with proteins, small regulatory RNAs or 

translation initiation or splice site machineries (110).  

1.7 LncRNAs in PAH  

Recent findings suggest key contribution of lncRNAs to the remodelling of the pulmonary 

arteries in PAH, modulating proliferative, migrative and apoptotic processes (111). Examples 

for lncRNAs that exert pro-proliferative and pro-migratory effects in pulmonary artery smooth 

muscle cells (PASMCs) include lncRNA H19, MALAT1 or lnc-Ang362:  

Following PDGF-BB stimulation, the lncRNA H19 upregulates Angiotensin II receptor Type 1 

(AT1R), while silencing H19 prevents pulmonary artery remodelling in PAH animal models 

(125). MALAT1, or metastasis-associated lung adenocarcinoma transcript 1, was shown to 

indirectly upregulate the transcription factor Krupple-like factor 5 (KLF5) by sponging off miR-

124-3p.1, causing enhanced proliferation and migration of PASMC (126, 127). The expression 

of the lncRNA lnc-Ang362 was reported to enhance expression of its proximal miRNAs miR-

221 and miR-222, thereby promoting proliferation and migration of PASMCs via activation of 

NF-KB signalling (128).  

 



Using pericytes and PASMC from IPAH patients, hypoxia exposed cells modelling IPAH and 

precision-cut lung slices from PAH patients, Zehendner et al. shows the TYKRIL knockdown 

reverses the proproliferative and antiapoptotic phenotype in hypoxic and PAH cells. 

Furthermore, they show that the lncRNA TYKRIL exerts its function via the p53/PDGFRβ 

signalling axis (129).  

 

Hoxa cluster antisense RNA 3 (HOXA-AS3) (130), Tug1 (131) and maternally expressed gene 

3 (MEG3) (132) are examples for lncRNAs that reacts to hypoxia signalling in PAH models. 

Tug1 (131), TCONS_00034812 (133) and urothelial cancer-associated 1 (UCA1) (134) are 

lncRNAs that have been shown to demote apoptosis in PAH models, again contributing to the 

remodelling process of pulmonary arteries in PAH.  

 

The versatile signalling mechanisms of the few listed lncRNAs here already highlight the huge 

therapeutic and diagnostic potential any new discovery would add to the rudimentarily explored 

field of lncRNAs in PAH (111). However, how and whether lncRNAs can influence ECM-

cytoskeletal axis has not been thoroughly investigated so far. 

1.8 Rationale of the study 

Central biologic importance has been attributed to matrikines and lncRNAs recently: matrikines 

as well as lncRNA can influence cell behaviour and have been shown to be involved in the 

pathology of various respiratory diseases (71, 72, 91, 127, 128, 130, 131, 133, 135-138). In 

this study, we hypothesized that lncRNA have functional importance in IPAH pathogenesis, 

and that they act by exerting a regulatory function over ECM remodelling and matrikine 

production.  

 

The specific aims of the current study were:  

• to characterize donor and IPAH pulmonary arteries by identifying and analyzing 

differentially regulated proteins and genes, thereby especially focusing on the ECM 

components, 

• to explore the importance of lncRNAs in IPAH, especially the role of the lncRNA 

PAXIP1-AS1,  

• and to find the regulatory link between ECM/matrikines and the lncRNA PAXIP1-AS1.  

  



2. Materials and Methods 

2.1 Patient samples 

All human lung tissue samples were preserved from IPAH patients who underwent lung 

transplantation at the Department of Surgery, Division of Thoracic Surgery, Medical University 

of Vienna, Austria. The institutional ethics committee approved the protocol and tissue usage 

(976/2010), and patient consent was obtained before lung transplantation. All approvals were 

obtained per national law and the Good Clinical Practice/International Conference on 

Harmonization guidelines. Downsized non-tumorous non-transplanted donor lungs served as 

controls. The patients’ characteristics are listed in Table 4. The diagnoses of the lungs were 

reviewed using chest computer tomography scans and confirmed by pneumologists and 

pathologists. A detailed description on how the explanted lungs were sampled and stored can 

be found in (9). 

Table 4. Patient characteristics. 

 IPAH (n = 25) Donors (n = 32) P Value 

Sex, F/M 16/9 15/17 — 

Age at Ltx 32.43 ± 10.5 41.68 ± 15.64 0.01 

6MWD 308.5 ± 166.38 — — 

HR, bpm 83.04 ± 13.96 — — 

mPAP, mm Hg 68.64 ± 21.55 — — 

NT-proBNP, pg/ml 3536.7 ± 2585.48 — — 

 

2.2 Cell culture 

Cell isolation and culturing – PAEC, PASMC and PAAdFB 

Primary pulmonary artery endothelial cells (PAEC) were bought from Lonza (Switzerland) and 

cultured in Lonza endothelial cell growth medium EBMTM-2 that was supplemented with 

EGMTM-2 Endothelial SingleQuotsTM Kit that contains growth factors, heparin, cytokines and 

other supplements and a 2% fetal bovine serum (FBS) solution (=complete medium). 

Starvation of the PAEC was performed in basal EBMTM-2 medium that was supplemented with 

0.5%FBS, but no other additives or antibiotics/antimycotics. Before culturing the flasks were 

precoated with 1% gelatin for 1 hour at 37°C. See Table 5 for detailed ID number of used cells. 

 

Primary human pulmonary artery smooth muscle cells (PASMC) and pulmonary artery 

adventitial fibroblasts (PAAdFB) were isolated from pulmonary arteries from non-transplanted 

donor lungs or IPAH lungs. The isolation was performed according to Stulnig et al. (139): First, 



the endothelial layer was removed, the media then separated from the underlying adventitial 

layer and collected separately. The medial layer was then cut into small sections. After 

centrifugation the collected pieces were resuspended in VascuLife Complete SMC Medium 

(Cellsystems, Germany) supplemented with growth factors, 20% FBS and 0.2% 

gentamycin/streptomycin, and cultured in T75 flasks. Reaching confluency, the cells were then 

trypsinized to be cultured further, or are stored deep frozen in liquid nitrogen in VascuLife 

Complete SMC Medium containing 15% FBS and 10% DMSO until further use. For starvation 

purposes, a basal medium supplemented with 0.2% antibiotics was used. Quality stainings 

were performed using immunofluorescent antibodies for smooth muscle-specific isoforms of 

α-actin in order to confirm the purity of the isolated PASMCs (minimum 95% of cells stained 

positive).  

 

The previously separated adventitial layer was used to outgrow pulmonary arterial adventitial 

fibroblasts. The isolated cells were cultured in FibroLife Serum Free Fibroblast Complete 

Medium containing (Cellsystems, Germany) growth factors and associated supplements.  The 

complete medium was supplemented with 15% FBS and 10% DMSO for deep-freezing 

purposes, and basal medium without any additives, but 0.2% antibiotics/antimycotics was used 

as starvation medium.  

 

All cells were incubated in a humidified atmosphere at 37°C and 5% CO2. To determine the 

appropriate cell number for the respective assays before seeding, cell numbers were 

determined using trypan blue and the Neubauer cell counting chamber. In case of all primary 

cells used, passage numbers between 2 and 10 were taken for the respective experiments.  

 

Table 5. PAEC from Lonza. 

Cell ID  Age (yr)  Sex (M/F)  

28032  51  M  

28074  67  F  

21292  21  M  

21304  45  F  

35049  33  F  

18664 63 M 

27930 21 M 

 

Transfection of the primary cells 

Electroporation and transfection agent-based methods were tested during the study setup. 

Amaxa® Nucleofector® Technology from Lonza (Switzerland) was used for nucleofection of 



the PAEC/PASMC as described in the manufacturers protocol. The program A-033 and the 

Amaxa™ Basic Nucleofector™ Kit for Primary Mammalian Smooth Muscle Cells was used for 

PASMC, and in the case of PAEC, the Basic NucleofectorTM Kit for Primary Mammalian 

Endothelial Cells and the program S-005 was used. For transfection reagent-based 

transfection, either Lipofectamine 2000 (L2000) transfection reagent (Thermo Fisher Scientific, 

Switzerland), Effectene (Qiagen, Germany) or JetPRIME (Polyplus Transfection, France) were 

tested using the respective manufacturers’ protocols.  

 

Following oligonucleotides and plasmids (Table 6) were used for the functional assays after 

knock-down and overexpression in PAEC, PASMC and PAAdFB:  

 

Table 6. GapmeRs, siRNAs and overexpression plasmids.  

Type Target / Purpose Supplier / Ref. ID  Applied 
amounts  

GapmeR PAXIP1-AS1 / Knock 
Down 

custom LNA oligonucleotide, Design ID: 657824; 
Exiqon, Vedbaek, Denmark; 25 nM 

25 nM 

GapmeR Scrambled/ non-
gene-targeting / 
Control 

custom LNA oligonucleotide, Design ID: 657823; 
Exiqon; 25 nM 

25 nM 

siRNA PAXIP1-AS1 / Knock 
Down  

Lincode Human PAXIP1-AS1 siRNA, N-184835-
05-0005; Dharmacon, Vienna, Austria; 50 nM 

50 nM 

siRNA Scrambled/ non-
gene-targeting 

ON-TARGETplus non-targeting siRNA #1, D-
001810-01-05; Dharmacon 

50 nM 

Plasmid Paxillin in pcDNA3.1 
backbone / 
Overexpression 

Overexpression plasmid created as part of a 
previous study (140); Cloned and provided by 
Dr. Julia Hoffmann. 

2 µg DNA / 
250k cells 

Plasmid PAXIP1-AS1 in 
pcDNA3.1 backbone 
/ Overexpression 

Cloning process of the overexpression plasmid 
detailed in section 2.15.  

2 µg DNA / 
250k cells 

Plasmid pcDNA3.1 / Control Backbone plasmid from Invitrogen (Germany) 2 µg DNA / 
250k cells 

Plasmid pmaxGFP™ / 
Control 

GFP expressing control plasmid provided by 
Lonza (Switzerland) in Amaxa® Nucleofector® 
Kits for tracking transfection efficiency 

1 µg DNA / 
250k cells 

 

JetPRIME based transfection was performed for all overexpression experiments with plasmids 

on PAAdFB, PASMC and PAEC, as well as for all siRNA mediated silencing in PASMC. 

GapmeR mediated silencing of PAXIP1-AS1 in PASMC was performed with Lipofectamine 

2000. PAXIP1-AS1 GapmeR mediated silencing of PAEC was performed via unassisted 

uptake. For the delivery of GapmeRs via unassisted uptake, the cells were seeded at a density 

of 100 – 250 k cells/well in a six-well plate (or at a density of 5k cells/well in 96-well plates) 

using complete growth media. The next day the oligonucleotides dissolved in PBS were added 

to the well to reach 1 µM per well. Cells were harvested after 48 hours before further 

processing.  



 

Cell stimulation 

To investigate the changes in PAXIP1-AS1 expression in response to various stimuli, PASMC 

grown on 12-well plates were starved overnight in VascuLife Basal Medium, and then treated 

with PDGF-BB (Sigma-Aldrich, Austria), TNF-α (eBioscience, Austria), IL1-β (PeproTech, 

Austria) and TGF-β (Immunotools, Germany) and Endothelin-1 (Sigma-Aldrich, Austria). An 

end concentration of 10 ng/ml, or 500 nM in the case of Endothelin-1, was applied respectively, 

and total RNA was collected 2, 4, 8 and 24 hours post treatment and of an untreated control 

sample. The expressional changes were then measured via qRT-PCR  (141). 

2.3 Protein isolation 

peqGOLD TriFastTM (PeqLab, Germany) was used to isolate proteins from cell or tissue 

samples according to the manufacturer’s suggestions. In short, the tissue samples were 

pulverized using mortar, pestle and liquid nitrogen, and then further homogenized in TriFast 

solution using ceramic beads and an electric homogenizer (MagNA Lyser, Roche Diagnostics, 

Austria)). In case of cells, the Trifast was directly added without previous homogenization. 

Further steps of phase separation included 10min incubation on ice, centrifugation, 10min 

further incubation at 4°C, addition of chloroform, vortexting, 10min incubation at room 

temperature, and a final centrifugation at 1300 rpm and 15min at 4°C.  

 

The aqueous was used for RNA isolation. The organic phase was then supplemented with 

acetone (4x the amount of the sample), incubated at -20°C, then centrifuged. A 90min 

incubation at 65°C with the RIPA buffer (with phosphatase and proteinase inhibitors, and 1% 

SDS) was then performed to lyse the dried pellets. The first fraction of protein lysate resulted 

from the following centrifugation step. The remaining pellet was then dissolved and incubated 

for 30min at 55°C in a Urea buffer (8M Urea in 0.05M Tris – pH8.5), homogenized using the 

MagNA Lyser and centrifuged. The supernatant was then added to the first fraction and used 

for further analysis.  

2.4 RNA isolation, cDNA synthesis and qRT PCR 

peqGOLD Total RNA isolation kit (PeqLab, Germany) was used to isolate total RNA from cell 

or tissue samples. The isolation was performed according to the manufacturer’s protocol. In 

case of tissue samples, the aqueous phase from the peqGOLD TriFastTM protocol was used. 

The concentration and purity of the isolated RNA was assessed by spectrophotometric 

analysis (Nanodrop). The total RNA was then reverse transcribed using the iScript cDNA 



Synthesis Kit (BioRad, Austria). SYBR Green qRT-PCR was then performed with the CFX384 

Touch™ Real-Time PCR Detection System (Biorad, Austria) or the Light cycler 480 System 

(Roche Applied Science, Austria). Sequences of primers used for gene expression analysis 

are shown in Table 7. Before usage, the specificity of the primers was verified running agarose 

gels and comparison of detected and expected band sizes. Specific amplification was also 

verified by melt curve analysis. The expression of β2-microglobulin (B2M) was used to 

normalise the obtained expression levels of genes of interest. Differential gene expression was 

calculated using the threshold cycle (Ct) method (142). 

 

Table 7. List of used primers.  

Gene Abb. Forward primer 5´- 3´ Reverse primer 5´- 3´ 

ACAN TCTTCAAGGTGAACTATGACCAVT TTGGGGGATGCTGACACTCA 

ACTB  TCAAGATCATTGCTCCTCCTGAG TCCTGCTTGCTGATCCACATC 

AGRN TGTGGAAGATAAACCCGGGAC TCTTCTTGCAGACGCAGGAC 

B2M  CCTGGAGGCTATCCAGCGTACTCC TGTCGGATGGATGAAACCCAGACA 

BGN CTGGCATCCCCAAAGACCTC CCAGTTCGATGGCCTGGATT 

COL14A1 GTCGGGACCACACTTGAGAG? TACCCGCAGGCTAGAAGTAGT 

COL18A1 TCAGTGCCACCACCATCTTCA GCATCTGGCCCAAAGACGTAG 

COL4A1 CCCAAAGGTGTTGACGGCT TGAGTCCCGGTAGACCAACT 

COL4A2 CTTTCCTGGACTGAGGGGTT CATCAGGCCCTTGATAGCCA 

COL4A4 GATGGCCAGAAAGGACCAGT GGGATTCGGGGACAGTCATC 

COL4A5 GAACCAAGGGAGAACGTGGAT CTTTGGTCCTGGCAGTGATGA 

CTSB AGAGTTATGTTTACCGAGGACCT GCAGATCCGGTCAGAGAT 

CTSK CAGTTTTACAGCAAAGGTGTGT TTTCCCCAGTTTTCTCCCCAG 

CTSL GCTAATGACACCGGCTTTGT TTTCAAATCCGTAGCCAACC 

DCN GCATTCCTCAAGGTCTTCCTCC AGCCATTGTCAACAGCAGAG 

ELN ACCTCTTAAGCCAGTTCCCG CTAAGCCACCAACTCCTGGG 

EMILIN1 CCTGCGTCTTCCACACCA CTCTGCACCTGTTCCTCCAG 

FBLN1 CGCAACTGCCAAGACATTGA TCCCGATTCTCATGGCAAGG 

FBLN2 CTGCAAAGACAATGGACCCT ACAATCGTGAGCACCCATCA 

FBLN5 GGAATAAAACACCCGCGAGC ATTCGTGCACTGTGCCTGT 

FBN1 GGCGAGGACAGCAGGAC TGATATTTGCCCACTGGAACA 

HSPG2 CCCGTCAACCAGGAGATTGT AAGAGCCGTCAGCACATTCA 

ITGA1 TCCTCACTGTTGTTCTACGCTG ACGGAGAACCAATAAGCACC 

ITGA5 AAGGGAACCTCACTTACGGC TAGGAGGCCATCTGTTCCCC 

ITGA6 CGGTCTCGGGAGTTGCTAAA TGCCGAGGTTTGTAAGAGGT 

ITGA8 GCTGCTGGGGAGTTTACTGG GATGCCATCTGTTCTCCCGTG 

ITGA9 CAAAGGCATCGGCAAGGTTT TCCCCATTCAGGTCAACTGC 

ITGAV ACAAATGCTCCTAGGCACCC TCTCTATTGCCTGTTGCATCAAA 

ITGB6 ACGTACAAGGTGGCTGTGC GGGTATCACACCTTTCGCCA 

JARID1-AS1 CCTCAACGAGGTCCGGAATG CAGAGGGCTGGGTAGAATGC 



LAMA3 CCTGGCGACATGGTTCTTCT TGAAGTTTCCCTCGACCACG 

LAMB1 CTACTGCAAGCGTCTGGTGA TGACTCCGCAAAGCAACTGT 

LAMB2 AGACCGTTCACCTCCCCTTA GCCAGCACGCTTAGCAGTAG 

LAMC1 GCCAATGTGTCAGTCACTCAG GCTGTCTTTGCCACTCGAAC 

LINC00877 CGAGAAGGAAAGCCGGTGAT TCCATGTGTCTGCTTTGCCT 

LINC01214 CAGAGGGACTTTCAGTTTTTCAC CAAGTGCCCAAGTAACAAAAGG 

LINC01398 CCTCGGTTTCTGAGGGTCTG ACCATGGAGGGTTTGGTTGG 

MMP1 ACAACTGCCAAATGGGCTTG TGTCCTTGGGGTATCCGTGT 

MMP14 GAGCATTCCAGTGACCCCTC ACCCTGACTCACCCCCATAA 

NID1 CTGCCAAGATGTAGATGAATGCCA CACCGGGTTTTCTCCACCT 

NID2 GGTGAACCAGAGGAGGCATT GGTGGAAGATTCCTCTAAAGGCT 

PAXIP1-AS1 ACAAACCGGAGTCCAGGAAC CAATGCTCCACAGTTTTACGAC 

PAXIP1 (Ex2-3) CATCGACCCGCAGGTTATTC CTGAGATTATGTGTGAGGCTAG 

PAXIP1 (Ex17-18) CTGTTTCAGCTTGGAAGAATCC AATTTTGCCTTAAAGAGTGGAGAAAC 

PTK2 GAGTCCAGAAGACAGGCCAC CCAGGGTAGCCAGAAACCTG 

PXN TGGACAGCCCTACTGTGAAA AGAAGTGTTCAGGGTGCCA 

SNHG16 AGTAATCGCCATGCGTTCTTTG GGTTTTCCAGAATAATCTCAGTTG 

SRC GGAGTGACCACCTTTGTGGC CGCCTTTCTTGAAGGACAGGTC 

TLN1 CGTAAGATCTTCCAGGGCACA AGAGAACGGGCTAGCTTCAC 

TNS1 AGGATGTCGGCCATTTCTCC CGATGGTGATGCAGACGCTA 

TUSC8 ACTGGCCTTCCCAGAAACAG GTTCACCTCCACCGGAAGG 

VCAN TGTTAATCGTGTGGGCCATGA AGAAGCTGTCTGGCTGGTTG 

VCL CTGAACCAGGCCAAAGGTTG CCCAGAATCTCCCTGCGTTC 

2.5 Western Blot analysis 

Protein lysates from cells or tissues won through the previously described peqGOLD TriFastTM 

protocol were used for western blotting. A 2x Laemmli buffer was used for sample preparation 

before running the samples in 10-15% sodium dodecyl sulfate (SDS) polyacrylamide gel 

(adapted to target protein size) and being transferred to 0.45 µm PVDF membrane (Immobilon-

P, Millipore Corporation, Austria). Blocking was performed with 2.5, 3 or 5% bovine serum 

albumin (BSA) (in Phosphate Buffered Saline (PBS) or Tris Buffered Saline Buffer with Tween 

20 (TBST)), and the membrane was then incubated over night at 4°C with the respective 

antibodies as listed in Table 8, diluted in 2.5, 3 or 5% BSA in PBS or TBST. Goat anti-Rabbit 

and goat anti-Mouse IgG (H+L) Secondary Antibodies, HRP (Thermo Fisher Scientific, Austria; 

1:5000) were used as secondary antibodies. The Amersham ECL Plus Western Blotting 

Detection System (GE Healthcare, Germany) was used for the detection of the proteins. Bio-

Rad ImageLab software (Bio-Rad, Austria) was used for the quantitative analysis of the blots 

and the values were normalized to GAPDH or α-tubulin. 

 

 



Table 8. List of primary antibodies used for western blotting.  

Antigen Supplier Catalogue number Dilution 

GAPDH Cloud Clone Corp CAB932Hu22 1:2000 

Collagen I Southern Biotech  1310-01  1:500 

α-tubulin Cell Signaling Technology #2125S 1:5000 

pPaxillin Cell Signaling Technology #2541 1:1000 

 

2.6 Protein isolation with ECM enrichment  

The ECM enrichment protocol was performed as previously described by Herbert B Schiller et 

al. (143). In brief, isolated and frozen donor and IPAH pulmonary arteries were crushed and 

homogenized using ceramic beads and an electric homogenizer using the extraction buffer 

(buffer 1: containing sodium chloride (NaCL), tris-hydrochlorid (Tris-HCL), glycerol, sodium 

deoxycholate, sodium dodecyl sulfate (SDS) and IGEPAL). After centrifugation, the soluble 

proteins were collected and proteins were extracted from the insoluble pellet in three steps 

using buffers with increasing stringency (buffer 2: 50 mM Tris-HCL (pH 7.5), 5% glycerol, 150 

mM NaCL, fresh protease inhibitor tablet (+Ethylenediaminetetraacetic acid (EDTA)), 1.0% 

IGEPAL CA-630, 0.5% sodium deoxycholate, 0.1% SDS, 1% benzonase (#70746-3; Merck, 

Austria); and buffer 3: 50 mM Tris–HCl (pH 7.5), 5% glycerol, 500 mM NaCL, protease inhibitor 

tablet (+EDTA), 1.0% IGEPAL CA-630, 2% sodium deoxycholate, 1% SDS, 1% benzonase 

(#70746-3; Merck, Austria). The pooled samples containing the two soluble fractions resulting 

from buffers 1 and 2 and an insoluble pellet was subjected to LC-MS/MS analysis. The adapted 

protein reduction, alkylation and subsequent protein digestion steps are described in detail in 

(143).  

2.7 Immunofluorescence staining 

Immunofluorescence staining on PASMC was performed in an eight-well chamber format. 

PASMC were fixed in 4% paraformaldehyde 48 hours post transfection. After rinsing 3x in 

PBS, the cells were blocked for 1 hour with 5% BSA (Sigma-Aldrich, Austria) in PBS and then 

incubated overnight at 4°C with Anti pPaxillin (Tyr118, #2541, 1:50; Cell Signaling, Germany) 

antibody dilution in 3% BSA and 0.02% Triton. Cells were then washed with PBS, incubated 

for 60 minutes with corresponding fluorescent-labeled secondary antibody (Donkey anti-rabbit 

488, 1:500). Thereafter, the staining for F-actin was performed with the labelled antibody Alexa 

Fluor 555-Phalloidin (A34055, 1:80; Invitrogen, Austria). Then the slides were mounted with 

fluorescence Vectashield mounting medium including DAPI (Vector Laboratories, United 

Kingdom) and sealed with nail polish. The microscopic detection was performed on Nikon’s 



A1+ confocal laser microscope system. Fluorescent intensity per area was determined for 

quantification (141).  

2.8 Fluorescence in situ hybridisation 

The ViewRNA® Cell Plus Assay (Thermo Fisher Scientific, Austria) was used for PAXIP1-AS1 

in situ hybridisation (ISH) in PASMC (8-well chamber format; 30 000 cells/well) or frozen lung 

sections (5 µm). The manufacturer’s instructions were followed 1:1 for ISH on the cells. When 

using cryosections, the manufacturer’s protocol was followed upto the digestion step. For 

digestion, the tissue sections were incubated for 10 min at room temperature in proteinase K 

(1 mg/ml in PBS; 04-1070, Peqlab, Germany) and in 0.3% Triton X-100 (T8787, Sigma-Aldrich, 

Austria). Target probe hybridisation and signal amplification steps were proceeded with 

according to the ViewRNA® Cell Plus Assay protocol. The probe sets for PAXIP1-AS1 (VA1-

3015586, Type I, Thermo Fisher Scientific, Austria) and ACTA2 (VA6-13283, Type 6, Thermo 

Fisher Scientific, Austria) were applied at a dilution of 1:10. Cells were stained with DAPI before 

mounting with the Dako Fluorescence Mounting Medium (Agilent Technologies, Austria). The 

imaging was performed on Nikon’s A1+ confocal laser microscope system (141). 

2.9 Immunohistochemical staining 

Immunohistochemical staining was performed on donor and IPAH paraffin lung sections (2.5 

µm). The deparaffinization that was performed overnight at 60°C is followed by the rehydration 

sequence of 2x 10min xylol, then 100%, 90%, 80%, 70% and 50% ethanol, and finally distilled 

water. An antigen retrieval step using DAKO retrieval solution PH=6 (DAKO, California, USA) 

followed, and then the staining was performed with Anti-PAXIP1 (Atlas Antibodies, 

HPA016950; 1:500) over night at 4°C. ImmPRESS (Peroxidase) Polymer Anti-Rabbit IgG 

Reagent (Vector laboratories, United Kingdom) was used as secondary antibody to then 

develop the staining using ImmPACT® NovaRED® Substrate, Peroxidase (HRP) (Vector 

laboratories, United Kingdom). Nuclear counter stain was performed using a haemalaun 

solution for 45 seconds following the dehydration steps (96%, 100% ethanol, and xylol) before 

mounting with mount media (Thermo Fisher Scientific, Austria). Images were obtained using 

the Olympus VS120 slide scanning microscope (Olympus, Austria) at 40× magnification.  

2.10 Apoptosis  

Apoptosis measuring was performed by flow cytometry using annexin V (FITC) and propidium 

iodide (Thermo Fisher Scientific, Austria) double staining. In all cases, Staurosporin (3 µM in 

well, 24 hours) served as a positive control for apoptotic cells.  

 



For the Annexin V/PI assay, PASMC were grown in 6-well plates (150 000-200 000 cells/well), 

transfected with siRNA the following day and kept in the appropriate starvation medium for 48 

hours before trypsinising and starting the staining with Annexin V FITC (Thermo Fisher 

Scientific, Austria) or Annexin V APC (eBioscience, Austria) and PI (Thermo Fisher Scientific, 

Austria). The flow cytometric analysis was then performed on LSRII flow cytometer (BD, 

Biosciences, Austria) or cytoFLEX-SII (Beckman Coulter, Austria). 

2.11 Proliferation 

The cell proliferation rate was either determined by Click-iT™ EdU Cell Proliferation Kit for 

Imaging, Alexa Fluor™ 647 dye (Thermo Fisher Scientific, Austria), [3H]-thymidine 

(BIOTREND Chemikalien GmbH, Germany) incorporation assay or by Cell Counting Kit – 8 

(CCK-8, Sigma Aldrich) for colorimetric quantitation of viable cell number in proliferation. 

PAEC or PASMC were seeded in a 96-well plate at a density of 5000 cells per well and 

transfected with GapmeRs the following day. [3H]-thymidine was added after 24 hours and 

again incubated for 24 hours before readout. The [3H]-thymidine incorporation was determined 

by measuring radioactivity using a scintillation counter (Wallac 1450 MicroBetaTriLux Liquid 

Scintillation Counter & Luminometer). The experiments were performed in quadruplicates. 

 

When performing the EdU incorporation assay an 8-well chamber format was chosen (40 000 

PAEC/well). Cells were treated/labelled with EdU (10 µM in well) alongside with the respective 

endostatin and/or cytokine treatment on day 1 after seeding in PAEC culturing medium as 

indicated. The manufacturer’s protocol that includes the labelling, fixation and permeabilization 

steps, and the EdU detection step involving a reaction-cocktail (Click-iT® reaction cocktail) 

preparation was strictly followed. The the slides were counterstained with Hoechst 33342 and 

mounted. The imaging was performed on Nikon’s A1+ confocal laser microscope system and 

the image analysis on ImageJ 1.46r. 

 

The CCK-8 assay was performed in at 96-well-plate format and in quadruplicates; 5000 cells 

per well were seeded, the treatments were performed the following day and the readout 

performed 24 hours after. The assay was performed according to the manufacturer’s 

instructions. The colorimetric signal was measured on a luminescence microplate reader 

(LUMIstar Omega, Austria) 4 hours after adding CCK-8 solution (10µl in 100µl total volume).  



2.12 Migration 

An in vitro wound-healing assay was employed to assess the migration capacity of PASMC. 

In short, 30 000 - 40 000 cells were seeded on each side of an Ibidi culture insert μ-dish (Ibidi, 

Munich, Germany) and transfected with siRNA. The inserts were removed 48 hours post 

transfection to create a gap of ~500 µm. Followingly, the migration rate of PASMC was 

quantitatively assessed at various time points after being photographed at 4x magnification 

(Olympus CKX41). The area of the initial gap was compared to the area of the healing wound 

at three different time points (3, 5 and 7 hours) using image analysing software (ImageJ 1.46r) 

(141). 

2.13 Endostatin treatment  

PAEC were either treated with recombinant human native endostatin (150-01, PeproTech, 

Austria), or adeno-associated virus (AAV) were used to overexpress endostatin-P125A 

(mutant endostatin (144) in the respective cell type. Native endostatin treatment was 

performed at a concentration of 1 µg/ml in well and was cultured for 24 hours in treatment 

before performing the respective readouts. Before start of treatment, the PAEC were starved 

for 2.5 hours in basal medium. PBS was used as a vehicle control.  

The vector for AAV mediated endostatin expression was designed using VectorBuilder’s online 

vector construction tool (https://en.vectorbuilder.com/design.html). Endostatin (P125A) 

expressing AAVs (Vector ID: VB190116-1076wee) and controls (Vector ID: VB150925-10026) 

were bought from VectorBuilder. An AAV vector that expresses enhanced green fluorescent 

protein (EGFP) was used as the control. A MOI of 200 000 was used for the transductions, 

and functional assays were performed 48 hours after the transduction. 

2.14 Endostatin ELISA 

Endostatin levels were measured using an Endostatin Human ELISA Kit (Abcam, Austria; 

ab100508) following manufacturer’s instructions. The measurements were performed using a 

micro-plate reader (SpectraMax Plus 384 spectrophotometer, Molecular Devices, Austria). All 

the unknown protein concentrations (ng/ml) were calculated using an equation derived from 

standard curves. 

2.15 Cloning of PAXIP1-AS1 overexpression plasmid 

For the construction of PAXIP1-AS1 overexpressing plasmid, first the full length PAXIP1-AS1 

gene was amplified by PCR using Phusion High-Fidelity DNA Polymerase (Sigma Aldrich, 

Austria) and the following primers with NheI and HindIII overhangs:  



F: 5′-GCTGGCTAGCGCGCGCGGCGGAGGG-3′ 

R: 5′-GCTGAAGCTTTAAAAAGGCAGCATGATCTGTATTTGG-3′ 

The correct size of the PAXIP1-AS1 amplicon was verified running a 1% agarose gel. The 

amplified product was then extracted from the cut-out band using the MiniElute Gel extraction 

Kit (Qiagen, Germany), and restricted with NheI and HindIII (Promega, Switzerland) together 

with the pcDNA3.1 vector backbone. Following the plasmid was dephosphorylated using Calf 

Intestinal Alkaline Phosphatase (CIAP), before initiating the ligation at a molar ration of 1:3 of 

vector to insert using the Quick Ligation™ Kit (NEB New England, Austria) according to the 

manufacturer’s instructions. The ligation mix was then used to transform JM109 chemically 

competent E. coli before plating them on LB-Agar plates (+50 µg/ml Ampicillin) for selection of 

positively transformed cells. Overnight cultures of resulting colonies were used to isolate the 

constructed plasmid. The successful construction was verified by colony PCR and agarose gel 

analysis, and later Sanger sequencing of the isolated product using BGHrev and PAXIP1AS1 

primers (performed at Eurofins Genomics Lab, Austria).  

2.16 Proteomic analysis 

The protocol for protein isolation with ECM enrichment (see section 2.6) was followed to 

prepare protein samples from pulmonary arteries that was used for the proteomic analysis by 

liquid chromatography (LC) coupled with tandem-mass spectrometry (MS/MS). The analysis 

was performed as previously described in (143). After determining the protein content using 

the Lowry procedure (145), protein digestion of 200 ng protein was performed using LysC-

Trypsin. The digested solution was then separated by nano-HPLC and further analyzed by 

tandem mass spectrometry using the Orbitrap Velos Pro mass spectrometer (Thermo Fisher 

Scientific, Austria). MS raw data files were analyzed by the MaxQuant software (146) (version 

1.6.0.16), and peak lists were searched against the human UniProt FASTA database (version 

Aug 2018). For label-free quantification in MaxQuant, the minimum ratio count was set to two. 

For matching between runs, the retention time alignment window was set to 20 min and the 

match time window was 1 min. The analyses was adapted from the protocol previously 

described in (143). 

2.17 Genome-wide expression profiling   

While genome expression profiling was either performed on total RNA isolated using RNeasy 

Mini kit (Peqlab, Germany) from PAXIP1-AS1 GapmeR treated, non-targeting GapmeR treated 

or untreated PASMC, or on material obtained from laser capture microdissected (LCM) small 

pulmonary arteries of donor and IPAH patients. Purified RNA was from the LCM material was 



amplified using the Ovation PicoSL WTA System V2 kit (NuGEN Technologies, Bemmel, The 

Netherlands) before proceeding with labelling of the 2 µg of the amplified product. In case of 

PASMC, 150–200 ng of RNA per sample were directly taken for labelling. The SureTag DNA 

labelling kit (Agilent, Waldbronn, Germany) was used to Cy5- and Cy3-label the samples which 

were subsequently hybridised to 8 x 60K 60mer oligonucleotide spotted microarray slides 

(SurePrint G3 Human GE v3 8 x 60K Microarray; Agilent Technologies, Germany, design IDs: 

072363 and  039494). Details on the procedure were previously described in (141). 

2.18 Functional enrichment, network analysis and 

functional/structural predictions 

Gene Set Enrichment Analysis (GSEA) and Over- Representation analysis (ORA) of 

transcriptomics and proteomics data was performed by using GO dataset (147, 148), KEGG 

(149) or Reactome (150) and applying the indicated significance and LFC cutoffs. The STRING 

(Version 11.0) Protein-Protein Interaction Networks/Functional Enrichment Analysis database 

(151) was used to retrieve data on gene/protein interactions and examine the connections 

between genes. The gene-list enrichment tool Enrichr  (152) was utilized to compare functional 

results. The open-source software platform Cytoscape (Version 3.7.2) (153) was used for 

visualizing complex networks and representation of pathway terms with root nodes. Potential 

functional RNA motifs and binding sites in PAXIP1-AS1 were studied using an integrated web 

server RegRNA 2.0 (154). The web-based interfaces of CPC and CPAT were used to calculate 

the coding potentials of the lncRNAs (155, 156). The Vienna RNA Websuite was used for 

nucleic acid folding and thermodynamic ensemble prediction of PAXIP1-AS1 (157). For 

sequence similarity search, we ran BLAST, version 2.7.1 (158, 159) and relied on the NCBI 

nonredundant database (160). Transcription factor analysis was performed using ConTra v3 

(161) and RegRNA 2.0 (154). 

2.19 Statistics 

Mean differences were tested using the two-sided independent-sample t-test, the paired-

sample t-test or Mann-Whitney U test. For comparing more than two sample groups, the one-

way analysis of variance (ANOVA) with Tukey or Dunnett’s post hoc test. In all statistical 

analyses, two-sided tests were applied. Values of p<0.05 were considered statistically 

significant (* = p<0.05). The n number indicates independent experiments. Microarray data 

was analysed using R (3.3.2) and the limma package (3.30.13) from BioConductor (162, 163). 

The Rtsne package (0.13) implemented in R (with perplexity parameter set to 7) was used to 

perform dimensional reductions based on t-SNE. PerseusStatistics 1.6.1.1 was used for the 



analysis of the proteomics data. Other statistical analyses were performed on GraphPad Prism 

8 statistical analysis software (GraphPad Software, CA). 

 

 



3. Results 

3.1 Expressional changes in IPAH – the coding profile 

Transcriptional platforms offer powerful, relatively unbiased solutions for studying the global 

gene expression in healthy and diseased subjects (164). To better understand the gene 

expression in the diseased setting of IPAH, we performed a study of the pulmonary 

transcriptome using oligonucleotide spotted microarray slides (Agilent Technologies, design 

ID: 039494). Considering that IPAH is mainly a disease of the distal pulmonary arteries (13), 

we chose to perform the comparative analysis on laser capture-microdissected small 

pulmonary arteries (50-500 µm) of idiopathic PAH patients (n=18) and healthy controls (n=17). 

The isolation of the arteries was performed by Dr. Julia Hoffmann at our institute. The 

microarray experiment was performed at the Justus‐Liebig‐University, Giessen with the help 

of Dr. Jochen Wilhelm.  

 

Passing the quality control and image processing steps that are integrated in the microarray 

analysis pipeline, we further proceeded with an in-depth analysis of the gained data. To put 

the expression values resulting from the translated microarray signal intensities in biological 

context, we first analyzed the similarity between the individual samples via t-distributed 

stochastic neighbor embedding (t-SNE). We found that the transcriptome of pulmonary arteries 

of healthy lungs clearly differ from the one of IPAH lungs (Figure 5). Further analyzing this 

data, we found that the heatmap and clustering as presented in Figure 5B also supports the 

clear distinction between the sample groups. The global distribution of all detected genes with 

their respective log2(fold changes) (LFC) and significances (-log10(P)) is captured by the 

volcano plot in Figure 5C. A list of the top 15 most strongly regulated protein coding genes with 

the highest calculated LFC is summarized in Table 9.  

 

Around half of all detected RNA in our study were protein coding RNA (47%). Additional to the 

protein-coding transcriptome, we found that a significant part of the IPAH-characteristic 

transcriptome (13% of all detected genes) consists of non-coding RNAs (Figure 5D). The RNA 

subtype long non-coding RNAs (lncRNA) accounted for the major subtype represented in this 

non-coding fraction (our screening focuses on longer transcripts; chosen microarray platform 

and RNA isolation procedure not optimized for miRNA detection).  

 



 

Figure 5. Transcriptomic analysis of laser capture micro-dissected PA in donor and 

IPAH. A) t-distributed stochastic neighbour embedding (t-SNE) analysis showing individual 

IPAH and donor samples. B) A heatmap with unsupervised hierarchical clustering 

representing the 50 most significantly regulated genes, demonstrating clear separation 

between the two groups. C) The volcano plot comprises the fold changes (log2(fold change), 

LFC) and significances (-log10(P)) calculated for each detected gene in our analysis. The 

genes with the strongest regulation (LFC) are labelled. D) Contribution of different RNA 

subtypes to IPAH transcriptome. Figures A and B were created with the help of Dr. Jochen 

Wilhelm, Justus‐Liebig‐University Giessen. Adapted from (141) in accordance with J Pathol. 

and the CC BY 4.0 license. 
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Table 9. The strongest differential expressions among the protein coding genes.  

Gene ID Gene Name LFC -log10(P) 

SOST Sclerostin 3,91 6,64 

TMEM198 Transmembrane protein 198 1,71 6,35 

NF2 Neurofibromin 2 (merlin) -1,84 6,30 

C6orf136 Chromosome 6 open reading frame 136 1,86 6,21 

SFN Stratifin -2,51 6,05 

ZWINT ZW10 interacting kinetochore protein 1,71 5,95 

LYRM9 LYR motif containing 9 -1,87 4,87 

THSD4 Thrombospondin, type I, domain containing 4 1,72 4,73 

SPON2 Spondin 2, extracellular matrix protein -1,74 4,44 

SPI1 Spi-1 proto-oncogene -1,71 4,05 

PLA2G2A Phospholipase A2, group IIA (platelets, synovial fluid) -2,42 4,02 

NR4A3 Nuclear receptor subfamily 4, group A, member 3 1,82 3,77 

PBXIP1 Pre-B-cell leukemia homeobox interacting protein 1 1,90 3,52 

RFX2 Regulatory factor X, 2 (influences HLA class II expression) 1,71 3,12 

SFTPA1 Surfactant protein A1 -1,94 2,57 

Adapted from (99) in accordance with J Pathol. and the CC BY 4.0 license. 

 

Functional enrichment analyses performed on the differentially regulated data set using the 

KEGG and GO ontology databases revealed perturbation in metabolic, immunological, 

cytoskeletal and proliferative processes in IPAH (Figure 6). A gene network analysis visualizes 

the central genes that are involved in the top 10 affected KEGG pathways. This exemplarily 

included gene members of the alpha-actin binding protein gene family (ACTN1, ACTN2, 

ACTN4), members of the integrin family (ITGA2, ITGA5, ITGB1, ITGB5) and gene members 

of the Toll-like receptor family (TLR2, TLR4) (Figure 7).  

 



 

Figure 6. Gene Set Enrichment Analysis of the differentially expressed coding genes 

in IPAH. Top ten KEGG pathways (A) and top ten gene ontology (GO) terms for biological 

processes resulting from a gene set enrichment analysis using all significantly expressed 

genes are represented here. The direction of the regulation (annotated as up, down or 

mixed) is estimated depending in the total number of up or down regulated genes in the 

respective pathway/term. Adapted from (99) in accordance with J Pathol. and the CC BY 

4.0 license. 

 

KEGG and gene ontology analysis of overrepresented genes mainly indicated enrichment in 

neuronal and metabolic pathways, Relaxin and MAPK signalling, as well as in the biological 

processes revolving around metabolism, apoptosis and signal transduction (involving tyrosine 

receptor kinases and Notch signalling) and cartilage development (Figure 8). A comparable 

pathway analysis using the Reactome database showed most enrichment in  PI3K, Notch and 

thrombin signalling and metabolic events (Figure 9A). Interestingly, our cellular component 

analysis of differentially regulated genes in IPAH suggested a sole enrichment for the ECM 

compartment (Figure 9B). Taken together, the different means of functional analysis all reveal 
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that fundamental biologic pathways are perturbed in IPAH, and they confirmed that ECM plays 

a central role in IPAH. 

 

 

Figure 7. Network of genes involved in the affected KEGG pathways in IPAH. A 

minimum network representation was chosen to show protein-protein interactions and the 

regulatory tendency of the genes involved in the pathways regulated in IPAH as determined 

in Figure 6A (analysis performed using NetworkAnalyst (165), based on STRING 

interactome; confidence score: 900).  Adapted from (99) in accordance with J Pathol. and 

the CC BY 4.0 license. 

 



 

Figure 8. Overrepresentation Analysis of the differentially expressed coding genes in 

IPAH - I. Top ten KEGG pathways (A) and top ten gene ontology (GO) terms for biological 

processes resulting from an overrepresentation analysis, where the top 50 most significantly 

regulated coding genes are analyzed. 

 

Knowing about the central role of the extracellular matrix in IPAH progression (31), as a next 

step, we focused on all ECM related genes that are regulated in IPAH pulmonary arteries by 

looking at their interactome and IPAH dependent regulation (Figure 10).  

 

We found several collagens, metalloproteinases and other ECM components that are 

significantly regulated in IPAH PA. Exemplary, proteinases and proteinase inhibitors that 

showed altered expression in IPAH, reinforcing the reported proteolytic imbalance in IPAH (12, 

38), included TIMP1, TIMP3, TIMP4, ADAM10 and MMP23B.  ELN (Elastin; elastic fiber), 

FREM1 (FRAS1 Related Extracellular Matrix 1; a basement membrane protein), COL18A1 

(Collagen XVIII; collagen of the multiplexin family) and RELN (Reelin; involved in cell-cell 

interaction) are examples of upregulated ECM components in IPAH. Exemplary genes that 

were downregulated in IPAH include SPON2 (Spondin2; a cell adhesion protein), MMRN1 
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(Multimerin; an adhesive protein) and LAMA2 (Laminin; an essential basement membrane 

component) (Figure 10).  Interestingly, many of the ECM components, such as collagen IV, 

Collagen XVIII, Fibronectin,  Laminin or FRAS1 Related Extracellular Matrix 1, detected in the 

transcriptomic ECM profiling in IPAH were particularly characteristic of the basement 

membrane (Figure 10).  

 

 

  

Figure 9. Overrepresentation analysis of the differentially expressed coding genes in 

IPAH - II . A) Reactome pathway analysis applying a cutoff of minimum significance (–

log10(P)) of 3 and a minimum absolute log2(fold change) (LFC) of 1.25 as margined in Figure 

5C. B) Gene Ontology analysis (performed by GOrilla analysis (148, 166): Cellular 

Component Analysis applying a cutoff of LFC I1I; –log10(P) > 1.3 against background) 

showing sole enrichment for ECM for cellular components. 
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Figure 10. Transcriptomic ECM profile. Network analysis (Cytoscape 7.8; String 

Database) was performed on the ECM related genes significantly regulated in IPAH in 

comparison to healthy controls. The node size reflects the significance, the color coding the 

regulation in IPAH, and the edge thickness the weight of the relation between the molecules.  

  

Additional to the microarray, we also explored the expression of several selected ECM 

components via qRT-PCR using RNA samples from laser-capture microdissected pulmonary 

arteries (Figure 11). Here we detected a significant upregulation of DCN (Decorin), COL14A1 

(Collagen Type XIV Alpha 1 Chain), FBLN1 (Fibulin 1), AGRN (Agrin) and COL4A5 (Collagen 

Type IV Alpha 5 Chain) in the small PA. Furthermore, due to previous reports that show 

positive correlation of collagen XVIII (COL18A1) and its cleavage product Endostatin with IPAH 

disease severity (12, 77), we also had a closer look at COL18A1 in IPAH. Confirming our 

finding from the microarray experiment, qRT-PCR confirmed the significant upregulation of 

COL18A1 in the small PA of IPAH (Figure 11). 



  

Figure 11. Differential gene expression of ECM components in IPAH. Gene expression 

values (z-scores) for selected ECM related genes in donor (n = 7-12) and IPAH (n=9-12) 

samples as determined by qRT-PCR. * = p < 0.05 as determined by Student’s t-test. Adapted 

from (167) with permission of the American Thoracic Society.  

 

3.2 Expressional changes in IPAH – the non-coding profile 

A significant part of the transcriptome that is dysregulated in IPAH consist of non-coding RNAs 

(ncRNA) (Figure 5D). These include pseudogenes (duplicate, non-translated/defective DNA 

copies resembling functional genes (168)), long intergenic non‐coding RNAs (lincRNA; a 

subgroup of lncRNA), antisense RNAs (asRNA; transcribed from opposite strand of coding or 



non-coding genes; comprises long and short non-coding RNAs (169)) and other long and small 

ncRNA transcripts (Figure 5D).  Therefore, in our next step, we explored the potential role of 

ncRNAs in IPAH. 

 

The ncRNA profile of IPAH and donor groups showed clear differences in their transcriptional 

identity, as evident in the hierarchical clustering performed in Figure 12. We found a total of 

146 regulated non‐coding genes (excluding non-annotated transcripts and pseudogenes) that 

contribute to the changes resulting in the unique transcriptomic environment of IPAH vessels. 

A heatmap representation of the top 50 most significantly regulated ncRNAs is given in Figure 

12. The global distribution of all detected non-coding genes, as well as the list of the top 

regulations are given in Figure 13. Taken together, our transcriptomic analysis revealed that 

the non-coding transcriptome adds an equally significant value as the coding transcriptome to 

the altered IPAH landscape.  

 

The differential expression of the listed seven most regulated lncRNAs was additionally 

analyzed by qRT‐PCR for verification. We could confirm the upregulation in IPAH PA for the 

lncRNA TUSC8 and PAXIP1-AS1 (Figure 14). Having validated TUSC8 and PAXIP1‐AS1 

upregulation, we further explored current literature at the time to gather all information available 

on these two lncRNAs.   



 

Figure 12. Non-coding transcriptome in IPAH - I. A heatmap representation of the 50 most 

significantly regulated non-protein coding genes in IPAH with unsupervised hierarchical 

clustering separating the two groups. The heatmap was created with the help of Dr. Jochen 

Wilhelm, Justus‐Liebig‐University Giessen. Adapted from (99) in accordance with J Pathol. 

and the CC BY 4.0 license. 

 

 



 

Figure 13. Non-coding transcriptome in IPAH - II. A) A Volcano plot shows the global 

distribution of all expressed non-coding RNAs. B) Top seven lncRNAs and their respective 

LFC and significances. Adapted from (99) in accordance with J Pathol. and the CC BY 4.0 

license. 

 

 

Figure 14. qRT-PCR verification. qRT-PCR performed to validate the regulation of the top 

lncRNA candidates that were detected as differentially expressed in the microarray 

experiment as listed in Figure 13B. * = p < 0.05 as determined by Mann-Whitney-test. 

Adapted from (99) in accordance with J Pathol. and the CC BY 4.0 license. 
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TUSC8, or tumor suppressor candidate 8, had been shown to inhibit colorectal cancer by 

inhibiting proliferation and shown associations with osteosarcoma development (170, 171). In 

terms of PAXIP1-AS1, the one publication available at the time, suggested the involvement of 

PAXIP1-AS1 as a regulator of cell death (172).  

 

Both lncRNAs were encouraging to be explored further for involvement in IPAH, as literature 

suggested a possible entanglement of these lncRNA with proliferative and apoptotic 

processes; processes that are also central to PAH pathobiology.  

3.3 The long non-coding RNA PAXIP1-AS1 in IPAH 

Taking a decision to start with PAXIP1-AS1, we moved forward to characterize the lncRNA 

PAXIP1-AS1 by exploring nucleotide databases and sequence analysis tools. The forward-

stranded lncRNA, which meanwhile is re-named to PAXIP1-DT, lies on Chromosome 7 

(7q36.2), consists of a single exon and is 2271 bases long (Figure 15).  

 

 

Figure 15. PAXIP1-AS1. Characteristics of the lncRNA PAXIP1-AS1 transcript is 

summarized in this image adapted from the entry in UCSC Genome Browser on Human, 



December 2013 (GRCh38/hg38) Assembly; UCSC ID: ENST00000608317.1, and the 

analysis results won using BLASTN 2.13.0+ (173) and the online tool RegRNA.2.0 (154). 

Several predicted functional features of this lncRNA as well as homologous regions in the 

transcript are highlighted. Adapted from (99) in accordance with J Pathol. and the CC BY 

4.0 license. 

 

The terming PAXIP1-AS1 leads to the wrong assumption that this lncRNA is an anti-sense 

RNA (asRNA), with a complementary sequence to its neighbouring coding gene PAXIP1 on 

the reverse strand. In fact, PAXIP1-AS1 is a divergent transcript that has no overlapping, 

complementary region with PAXIP1. Around 250 bp separate the two genes; but they share a 

common promoter region due to their proximity (see the course of GC content in Figure 15; 

GC-rich regions are characteristic of promoter regions (174)). Further in silico analyses 

revealed that the PAXIP1-AS1 sequence harbours several interesting, functionally important 

RNA features: several Alu elements, SRP RNA regions (RNA components of the signal 

recognition particle), A‐ and C‐repeats, and an AU‐rich element were identified in the sequence 

(see Figure 15 and Table 10).  

 

Table 10. Functional motives in PAXIP1-AS1 

Motif Type Position 

Open reading frame (ORF) 508 ~ 798 

Polyadenylation sites 

1416 ~ 1447 

1819 ~ 1850 

2056 ~ 2087 

AU-rich element 1852 ~ 1864 

SRP RNA/7SL RNA sequences and Alu elements 
865 ~ 1152 

1667 ~ 1764 

Repeats 

12 - 20 

1150 - 1158 

1791 - 1799 

1810 - 1819 

Adapted from (99) in accordance with J Pathol. and the CC BY 4.0 license. 

 

Moreover, it showed that PAXIP1-AS1 harbours a number of binding sites for miRNA (see 

Table 11) and transcription factors (Figure 16). The plethora of TF and miRNA bindings sites 

identified inside the PAXIP1-AS1 transcript likely hints towards its functional importance. This 

lncRNA transcript may exert its function by binding TFs and miRNAs (111), and either escorting 

them to certain sites, serving as storages, or by binding and stopping them from fulfilling their 



original function . Interestingly, we found that PAXIP1-AS1 also harbors an open reading frame 

(Figure 15); coding potential calculations as performed by two independent algorithms (CPAT 

(156) and CPC (155)) nevertheless suggested less protein coding potential for this RNA.  

 

Table 11. miRNA binding sites in PAXIP1-AS1 

miRNA Binding position Length 

hsa-miR-1303 1131 ~ 1152 22 

hsa-miR-3159 879 ~ 900 22 

hsa-miR-3202 523 ~ 544 22 

hsa-miR-4430 1105 ~ 1123 19 

hsa-miR-5095 875 ~ 895 21 

hsa-miR-5096 954 ~ 974 21 

Adapted from (99) in accordance with J Pathol. and the CC BY 4.0 license. 

 

Results of a BLAST search, carried out with BLASTN 2.13.0+ suggest that PAXIP1‐AS1 lacks 

conservation across species beyond primates (overall conservation in chimpanzees: 100% 

coverage,  >97% identity; in mice: <19% coverage, ~83% identity; in rats: <5% coverage, and 

~76% identity) (Figure 15). This observation is in accordance with a vast majority of lncRNAs, 

as most of them tend to be poorly conserved with regard to nucleotide sequence similarity, 

expect short stretches that usually encode functional sequences (111). In the case of PAXIP1-

AS1, the little homology observed across species also exactly falls into the regions with 

predicted functional importance (Figure 15).  

 

Figure 16 Transcription factor binding sites. Visualization of the binding sites for 

transcription factors in PAXIP1-AS1. Adapted from (99) in accordance with J Pathol. and the 

CC BY 4.0 license. 



Contrary to the poor sequential conservation level, lncRNA are more preserved at structural 

and functional levels (111). We here used a dynamic programming algorithm developed by 

Mathews et al. that combines the free energy model with chemical modification constraints, to 

predict the secondary structure of PAXIP1-AS1 (157, 175). The secondary structure prediction 

of PAXIP1-AS1 resulted in a complex assembly consisting of several stem and loop structures, 

including: stems (e.g. at position 1320), bulges (e.g. at position 929), hairpin loops (e.g. at 

position 965-980), multiway junction loops (e.g. at position 25), internal loops (e.g. at position 

840), kissing hairpins (e.g. at position 1120) and pseudoknots (e.g. at position ~1600, 1820) 

(Figure 17).  

 

The cumulated occurrence of functional elements, binding sites and the structural complexity, 

all together speak in favour of substantial functional importance of this lncRNA.  

Due to their stability, circular variants of lncRNA (circRNA) serve as exceptional tools to be 

used as biomarkers for diseases (176). Therefore, we explored publicly available circRNA 

datasets (177) to judge the circRNA potential for PAXIP1-AS1. No circRNA prediction was 

identified for PAXIP1-AS1 using this database.  

 

Figure 17. PAXIP1-AS1 structure. The secondary RNA structure predicted (using the 

Vienna RNA Websuite (157)) as per partition function and base‐pairing probability matrix in 

addition to the minimum free energy (MFE) structure reveals the most optimal composition 



at ΔG = −776.20 kcal/mol. The annotation of the regions marks the sites of functional 

importance as shown in Figure 15 and Table 4. The colour coding represents base‐pairing 

probabilities (red = most likely; colour at unpaired regions denotes probability of being 

unpaired). Reproduced from (99) in accordance with J Pathol. and the CC BY 4.0 license. 

 

Further characterizing the lncRNA, we next explored a public gene expression database, the 

GTEX portal, to outline the overall expression of PAXIP1-AS1 in different tissues (Figure 18). 

Here, a low, but ubiquitous expression was observed for this lncRNA across the different 

tissues, with a notable enrichment in the cerebellum. In our first step, we had already validated 

that PAXIP1-AS1 is expressed in the arteries of the lungs (Figure 14). To have a closer look 

at the PAXIP1-AS1 abundance circumjacent to the PA, we performed fluorescence in situ 

hybridization on lung sections and visualized PAXIP1-AS1 localization (Figure 19). We found 

PAXIP1-AS1 expression distributed all around in the lung, with more abundance in aSMA (α‐

smooth muscle actin, ACTA2; a terminal PASMC differentiation marker) co-expressing 

sections.  

 

 

Figure 18. PAXIP1-AS1 expression in different tissues.  Data illustrated here comes from 

various RNASeq experiments and is obtained from the GTEx Portal, on 1 August 2018 and 

has the dbGaP accession number phs000424.v7.p2. Adapted from (99) in accordance with 

J Pathol. and the CC BY 4.0 license. 

 

Adding more light to the spatial expression of PAXIP1-AS1, the qRT-PCR revealed PAXIP1-

AS1 to be most abundant in the pulmonary artery smooth muscle cells (PASMC) within the 

PA, while the parenchymal fibroblasts (pFB) also showed very good expression of this lncRNA 

(Figure 20).  



Subsequently, we looked at the expression of PAXIP1-AS1 in donor and IPAH PASMC, and 

found that PASMC significantly contribute to the upregulation of PAXIP1-AS1 we observed in 

IPAH pulmonary arteries (Figure 21). This upregulation in isolated PASMC was supported by 

the fluorescence in situ hybridization performed with PAXIP1-AS1 probes (Figure 22). Keeping 

in mind that compartment-specific expression and the subcellular localization can be 

determinant of the functional property of lncRNA, it was also noted that PAXIP1-AS1 

expression was present in the cytoplasm as well as in the nucleus (Figure 22).  

 

 

Figure 19. PAXIP1-AS1 in the lung.  Representative fluorescence in situ hybridisation 

images of ACTA2 (in red) and PAXIP1-AS1 (in grey) on serial cryo sections (5 μm) of IPAH 

lungs (n = 2). The scale bar indicate 100 μm. Reproduced from (99) in accordance with J 

Pathol. and the CC BY 4.0 license. 

 

Because a substantial PAXIP1-AS1 expression was also detected also outside the pulmonary 

arteries (Figure 19, Figure 20), we compared the expression of PAXIP1-AS1 in donor and 

IPAH parenchymal fibroblasts, but detected no differences (Figure 23A). On the other hand, 

PAXIP1-AS1 expression was significantly upregulated in the pulmonary artery adventitial 



fibroblasts (PAAdFB) (Figure 23B), underlining the specific upregulation of this lncRNA in the 

pulmonary arteries in IPAH, not in the parenchyma.  

 

Figure 20. PAXIP1-AS1 expression in PA compartments. qRT-PCR was performed to 

measure PAXIP1-AS1 expression in pulmonary cells (pFB, parenchymal fibroblasts; 

PAAdFB, pulmonary artery adventitial fibroblasts; PASMC, pulmonary artery smooth muscle 

cells; PAEC, pulmonary artery endothelial cells). Adapted from (99) in accordance with J 

Pathol. and the CC BY 4.0 license. 

 

 

 

Figure 21. PAXIP1-AS1 in PASMC - I. qRT-PCR was applied to measure PAXIP1-AS1 

expression in isolated PASMC samples. * = p < 0.05 as determined by Mann-Whitney-test.  

Adapted from (99) in accordance with J Pathol. and the CC BY 4.0 license. 

 



 

Figure 22. PAXIP1-AS1 in PASMC - II.  Representative images of fluorescence in situ 

hybridisation that was performed for PAXIP1-AS1 on isolated donor (n=2) and IPAH (n=2) 

PASMC. The scale bar indicate 50 μm. DIC, Differential interference contrast/light 

microscopy image. Data as published in (99). 

 

  

Figure 23. PAXIP1-AS1 in IPAH fibroblasts. PAXIP1-AS1 expression as measured via 

qRT-PCR in donor and IPAH parenchymal fibroblasts (pFB) (A) and pulmonary artery 

adventitial fibroblasts (PAAdFB) (B). * = p < 0.05 as determined by Mann-Whitney-test.  

Adapted from (99) in accordance with J Pathol. and the CC BY 4.0 license. 
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PAXIP1-AS1 and its eponym and coding, neighbouring gene PAXIP1 are separated from each 

other only by a GC-rich region of around 250 bases (Figure 15). Therefore, a coregulation of 

these genes seemed very likely. Furthermore, there was already one previous report 

suggesting PAXIP1-AS1 downregulation went hand in hand with PAXIP1 expression in HEK-

293 cells (172). PAXIP1, or PAX interacting protein 1, is a coding gene that plays a critical role 

in maintaining genome stability, in early development and DNA damage response (178). It has 

three known coding transcripts: two longer and one short isoform (Figure 24A). We designed 

primers to distinguish the two longer transcripts (primers covering exons 17 to 18) from the 

short transcript (primers covering exon 2 to 3) and looked at PAXIP1 expression in IPAH 

PASMC. A significant upregulation was detected for the longer transcripts of PAXIP1, while 

the expression of the small transcript remained indifferent (Figure 24B). We further verified the 

upregulation of PAXIP1 in IPAH via immunohistochemical staining (Figure 24C). Here, a higher 

PAXIP1 expression could be visualized in the remodelled vessels of IPAH, confirming the qRT-

PCR data. The first look into PAXIP1 suggest this neighbouring coding protein is a promising 

player in PAXIP1-AS1 interactome.  

 

 

Figure 24. Neighbouring protein Paxip1 in IPAH. A) Representation of the three Paxip1 

coding transcripts adapted from the entry in UCSC Genome Browser on Human, December 

2013 (GRCh38/hg38) Assembly; UCSC ID: ENST00000404141.6; B) qRT-PCR results of 

Paxip1 transcripts in donor and IPAH PASMC. * = p < 0.05 as determined by Student’s t 

test. C) Paxip1 immunohistochemical staining in donor (Ctrl) and IPAH lung sections 

(paraffin, 2.5 μm) (blue, DAPI; red, Paxip1). 
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Another aspect that we wanted to investigate was whether PAXIP1-AS1 can be modulated by 

mediators involved in the pathogenesis of IPAH. Therefore, we analyzed the expression of 

PAXIP1-AS1 after stimulating the cells with PDGF (platelet-derived growth factor), TNF-α 

(tumor necrosis factor alpha), ET-1 (endothelin-1), TGF-β (transforming growth factor beta) 

and IL-1β (interleukin 1 beta). Indeed, treatment with ET-1 lead to an increased PAXIP1-AS1 

expression after 24h (Figure 25).  

 

Together with the complex RNA structure, functional sequences, miRNA/TF binding sites, the 

coregulation with PAXIP1 and the sensitivity to ET-1 treatment, many promising doors opened 

for investigating and further characterization of the lncRNA PAXIP1-AS1. Next, we decided to 

systematically explore all affected genes downstream of PAXIP1-AS1 by analyzing the 

PASMC transcriptome after PAXIP1-AS1 knockdown. Figure 26 shows that PAXIP1-AS1 

expression could be efficiently decreased by both GapmeRs and siRNAs.   

 

 

Figure 25. PAXIP1-AS1 expression in response to various stimuli. Analysis of PAXIP1-

AS1 expression in PASMCs stimulated with (A) PDGF (10 ng/ml), (B) ET-1 (500 nM), (C) 

TNF-α (10 ng/ml), (D) TGF-β (10 ng/ml) and (E) IL-1β (10 ng/ml). * = p<0.05 as performed 

by one-way ANOVA with Dunnett’s post hoc test. PDGF, platelet-derived growth factor; TNF-

α, tumor necrosis factor alpha; Et-1, Endothelin-1; TGF-β, Transforming growth factor beta; 

IL-1β, Interleukin. Adapted from (99) in accordance with J Pathol. and the CC BY 4.0 license. 
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Figure 26. PAXIP1-AS1 knock down. PAXIP1-AS1 expression as determined via qRT-PCR 

after GapmeR (A) or siRNA (B) mediated knock down in PASMC. Adapted from (99) in 

accordance with J Pathol. and the CC BY 4.0 license.  

 

Followingly, we performed a gene expression analysis on PASMC using microarrays after 

GapmeR mediated knockdown of PAXIP1-AS1. This microarray experiment was performed in 

collaboration with Dr. Matthias Brock, University of Zürich and Dr. Jochen Wilhelm from the 

Justus‐Liebig‐University Giessen.  

 

To rule out any corruption of the results owing to transcriptional differences caused by the 

application of GapmeRs themselves, we also included non-transfected negative PASMC 

controls in the comparative analysis, together with PASMC samples treated with non-targeting 

scrambled GapmeRs and PAXIP1-AS1 targeting GapmeRs. First, we visualized the global 

distribution of the detected genes, and saw that a vast number of genes were captured as 

significantly expressed, with strong changes in expression (LFC) after PAXIP1-AS1 

knockdown (Figure 27A). The heatmap representation of the top 100 most significantly 

regulated genes demonstrates that the untreated control samples give similar expressional 

values as the scrambled GapmeR samples, while the PAXIP1-AS1 GapmeR silenced samples 

clearly cluster from the control groups (Figure 27B).  
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Figure 27. Downstream genes of PAXIP1-AS 1. A) Global distribution of all detected genes 

in the transcriptomic analysis of PASMC after knockdown of PAXIP1‐AS1 via GapmeRs. B) 

Heatmap representing the top 100 most significantly differentially regulated genes. The 

heatmap was created with the help of Dr. Jochen Wilhelm, Justus‐Liebig‐University Giessen. 

Adapted from (99) in accordance with J Pathol. and the CC BY 4.0 license. 

 

A global gene set enrichment analysis using the KEGG database delivered an overview of 

pathways perturbed after PAXIP1-AS1 knock down (Figure 28A). Interestingly, the pathways 

affected by PAXIP1-AS1 knock down included protein processing, cytoskeletal interaction at 

focal adhesions, extracellular matrix, and pathways implicated in metabolic and proliferative 

processes; all processes that have been previously associated with PAH pathophysiology (50, 

60, 179). While having a closer look at the single genes contributing to the regulated KEGG 

pathways in IPAH (Figure 28B), we noticed that Paxillin (PXN), a focal adhesion adaptor 

protein, was involved in the downstream signalling of PAXIP1-AS1 perturbing focal adhesion 

and cancer related pathways. Due to a former study proving involvement of Paxillin in IPAH 

(59), we added Paxillin to the list of potential candidates that may be under control of the 

PAXIP1-AS1 axis.  
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Figure 28. KEGG analysis of PAXIP1-AS1 downstream genes. A) A gene set enrichment 

analysis of all genes detected in PASMC after GapmeR mediated silencing of PAXIP1-AS1. 

Significance values for the analysis, the total number of genes annotated to the respective 

pathways (y-axis) and the percentages of genes that are down‐ and up‐regulated are 

depicted. B) Top ten genes (and their respective LFC values) involved in the respective 

KEGG pathways as shown in A). Adapted from (99) in accordance with J Pathol. and the 

CC BY 4.0 license. 

 

Delving further into the mechanisms perturbed by PAXIP1-AS1 knockdown, we next performed 

an overrepresented gene ontology analysis. While the previous analysis shed light on 

pathways impacted by the whole PAXIP1-AS1 influenced gene set orchestration, here we look 

at pathways that are influenced by the most drastic gene expressional changes after PAXIP1-

AS1 knockdown (threshold margins applied are outlined in black in Figure 27A). Cell 

differentiation and proliferation processes came out as the most affected biological process in 

this analysis, while the basement membrane was the most affected cellular component (Figure 

29).  
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Figure 29. GO analysis of overrepresented PAXIP1-AS1 downstream genes. A) A gene 

ontology analysis of biological processes (A) and cellular components (B) of differentially 

regulated genes applying a cutoff of -log10(P)>8 and -log2(fold change)>│3│performed with 

thresholds as margined in black in the volcano plot in Figure 28A.  

 

Angling from a different perspective, we next went along with the reasoning that genes 

downregulated after PAXIP1-AS1 knock down, but upregulated in IPAH, are the genes 

involved in PAH pathogenesis and under PAXIP1-AS1 regulation. Following this idea, we 

identified genes that were commonly regulated in both transcriptional analyses (Figure 30A), 

and then focused on genes where the direction of the regulation was inverse to that in IPAH 

(Figure 30B). The analysis presented us with several genes implicated in proliferation and 

apoptosis (e.g. G.associated kinase and cullin 1) (Figure 30B).  
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Figure 30. Genes commonly and divergently regulated in IPAH and PAXIP1-AS1 knock 

down. A) A Venn diagram depicting genes that are significantly regulated in both 

transcriptomic analysis (LCM Array: transcriptomic comparison between IPAH and donor 

PA; PAXIP1-AS1 GapmeR Array: transcriptomic analysis after PAXIP1-AS1 knock down in 

PASMC). B) The log2(fold change) values of both transcriptomics analyses plotted against 

each other. Inversely regulated genes are highlighted. Adapted from (99) in accordance with 

J Pathol. and the CC BY 4.0 license. 

 

Taking a hint from the pathway analyses (Figure 28 and Figure 29), we next set out to 

investigate how PAXIP1-AS1 interferes with the proliferative and apoptotic properties and 

cytoskeletal coordination of PASMC. To this end, we examined PASMC proliferation post 

siRNA mediated knockdown of PAXIP1-AS1. We found that PASMC proliferation was 

significantly downregulated after PAXIP1-AS1 knockdown in PASMC (Figure 31A).  

 

Subsequently, we investigated into the migratory capacity of the PASMC after siRNA mediated 

knock down. Significant reduction in cell motility was observed after 7 hours of wound healing 

assay when the lncRNA was knocked down (Figure 32). Apoptosis after PAXIP1-AS1 

knockdown was measured by staining of Annexin V in PASMC. Decreased PAXIP1-AS1 

expression led to an increase in apoptosis in PASMC (Figure 33).  
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Figure 31. Proliferation after PAXIP1-AS1 knockdown. Proliferation of PASMC 48 hours 

post knockdown as determined by H3-Thymidin incorporation assay. * = p < 0.05 as 

determined by Student’s t test. Adapted from (99) in accordance with J Pathol. and the CC 

BY 4.0 license. 

 

Figure 32. Migration after PAXIP1-AS1 knockdown. A) Migration of PASMC measured by 

a wound healing assay 48 hours post siRNA mediated silencing evaluated at the indicated 

times. B) Representative images are shown for the 7 hours’ time point. * = p < 0.05 as 
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determined by Student’s t test. Adapted from (99) in accordance with J Pathol. and the CC 

BY 4.0 license. 

 

Figure 33. Apoptosis after PAXIP1-AS1 knockdown PASMC. Apoptotic behaviour of 

PASMC after siRNA mediated knock down of PAXIP1-AS1 as measured by flow cytometric 

AnV/PI staining. * = p < 0.05 as determined by Student’s t test. Adapted from (99) in 

accordance with J Pathol. and the CC BY 4.0 license. 

 

Identifying focal adhesion as a main pathway dysregulated downstream of the IPAH-PAXIP1-

AS1-axis (Figure 28), we decided to further examine the gene regulation of different focal 

adhesion related proteins (Figure 34). No expressional changes were to be found here for 

Paxillin (PXN), Src Tyrosine Kinase (SRC), Tensin1 (TNS1), Vinculin (VCL), Talin1 (TLN1) or 

Protein Tyrosine Kinase 2/FAK1 (PTK2) after PAXIP1-AS1 knockdown at mRNA level (Figure 

34).  

 

Next, we set out to verify the increased paxillin (PXN) expression levels in IPAH, as has been 

previously reported in (59). We detected a significant downregulation of total paxillin as well as 

phospho-paxillin at translational level (Figure 35). Complementing this finding, 

immunofluorescence imaging of PAXIP1-AS1 silenced PASMC also demonstrated a decrease 

in phosphorylated paxillin. At the same time F-actin (polymeric structural component of the 

cytoskeleton; microfilament) levels were increased (Figure 36). The western blotting 

experiment in this section was performed with the help of Eva Grasmann from the Ludwig 

Boltzmann Institute for Lung Vascular Research, Graz. The immunofluorescent imaging was 

performed with the help of Dr. Katharina Jandl from the Ludwig Boltzmann Institute for Lung 

Vascular Research, Graz.  

 



Paxillin is a central component of the focal adhesion that is also important for the 

communication with the ECM. Cell attachment, spreading and migration via reorganization of 

the actin cytoskeleton are processes that are controlled by the paxillin activation through 

phosphorylation (180). We were able to confirm the increased the paxillin protein levels in 

donor and IPAH PASMC via western blotting (Figure 37).  

 

Figure 34. Regulation of gene members of the focal adhesion pathway after PAXIP1-

AS1 knockdown. A) qRT-PCR validating successful downregulation of PAXIP1-AS1 after 

siRNA application. B) Expression levels of Paxillin (PXN), Src Tyrosine Kinase (SRC), 

Tensin1 (TNS1), Vinculin (VCL), Talin1 (TLN1) and Protein Tyrosine Kinase 2/FAK1 (PTK2) 

after PAXIP1-AS1 knock down as determined via qRT-PCR. * = p < 0.05 as determined by 

Student’s t test. Adapted from (99) in accordance with J Pathol. and the CC BY 4.0 license. 
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Figure 35. PAXILLIN protein expression after PAXIP1-AS1 knockdown - I. Paxillin and 

p-Paxillin (Tyr118) expression levels relative to α‐tubulin 48 hours after siRNA‐mediated 

knockdown as determined via western blotting. Adapted from (99) in accordance with J 

Pathol. and the CC BY 4.0 license. 

 

 

 

 

Figure 36. PAXILLIN protein expression after PAXIP1-AS1 knockdown - II. pPaxillin and 

F‐actin expression as visualized via immunofluorescence imaging in siRNA treated PASMC 

cells (A) and corresponding quantification of fluorescent intensities (B). * = p < 0.05 as 
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determined by Student’s t test. AU = arbitrary units. Adapted from (99) in accordance with J 

Pathol. and the CC BY 4.0 license. 

 

 

 

Figure 37. PAXILLIN protein expression in IPAH. Paxillin and p-Paxillin (Tyr118) 

expression levels relative to α‐tubulin in donor and IPAH PASMC as determined via western 

blotting (A). Corresponding densitometry is represented in B). * = p < 0.05 as determined by 

Student’s t test. Adapted from (99) in accordance with J Pathol. and the CC BY 4.0 license. 

 

Next, we looked at the effect of PAXIP1-AS1 knockdown in IPAH PASMC. Decrease of 

PAXIP1-AS1 expression also robustly reduced total paxillin protein levels in IPAH PASMC 

(Figure 38). Aiming for a rescue-experiment with PAXIP1-AS1 silencing and paxillin 

overexpression, we next established and validated the co-transfection setting for PAXIP1-AS1 

siRNA and paxillin overexpression plasmid, and respective controls (scrambled siRNAs or 

empty plasmid controls). A previously established paxillin overexpression plasmid with 

pcDNA3.1 backbone was used for this study (59). Expression results after the co-transfection 

show that paxillin overexpression strongly upregulated PAXIP1-AS1 expression, completely 

fading away the effects achieved by the siRNAs (Figure 39). Apoptotic susceptibility was also 
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increased in IPAH PASMC following knock down of PAXIP1-AS1 but could be rescued by 

simultaneous overexpression of paxillin (Figure 40).  

 

As we assumed that the reversal of the effects was caused by paxillin inducing PAXIP1-AS1, 

we also wanted to investigate the effect of direct overexpression of PAXIP1-AS1 in donor and 

IPAH PASMC. Therefore, we first amplified the full length PAXIP1-AS1 fragment via PCR using 

forward and reverse primers with NheI and HindIII extensions, respectively, to later insert the 

amplified full size PAXIP1-AS1 fragment into the plasmid backbone of pcDNA3.1(+) (see 

section 2.15 for details). The successful cloning, resulting in a PAXIP1-AS1 overexpression 

plasmid as represented in Figure 41A, was checked through SalI digestion of the plasmid and 

comparison of the resulting band sizes on an agarose gel (Figure 41B). The dual cutting 

restriction enzyme SalI gives characteristic band sizes (2185bp and 5504 bp as shown in 

(Figure 41B)) if the insertion of the PAXIP1-AS1 sequence was successful. The correct 

placement of the PAXIP1-AS1 sequence in pcDNA3.1 was also additionally confirmed via 

Sanger sequencing. Successful overexpression of PAXIP1-AS1 using this construct was 

further confirmed via qRT-PCR (Figure 42A). In balance with the previous findings, 

overexpression of PAXIP1-AS1 lead to significantly decreased apoptotic susceptibility in both 

donor and IPAH cell types (Figure 42B).  

 

 

Figure 38. Paxillin protein expression after PAXIP1-AS1 knockdown in IPAH PASMC. 

Representative western blot analysis showing paxillin expression levels relative to GAPDH 

48 hours after knockdown in PASMC (A). Densitometry of performed western blot analyses 

(B). * = p < 0.05 as determined by paired samples t-test. Adapted from (99) in accordance 

with J Pathol. and the CC BY 4.0 license. 
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Figure 39. Paxillin overexpression combined with PAXIP1-AS1 knockdown. PAXIP1-

AS1 (A) and paxillin (B) expression determined via qRT-PCR after siRNA mediated PAXIP1-

AS1 knockdown (or scrambled control, scr) and Paxillin co-expression via overexpression 

plasmid (PXN)  or empty plasmid control (empty). Adapted from (99) in accordance with J 

Pathol. and the CC BY 4.0 license. 

 

 

 

Figure 40. Apoptosis after PAXIP1-AS1 knockdown and Paxillin (PXN) co-expression. 

Apoptosis as measured by flow cytometric AnV/PI staining after 48 hours of PAXIP1-AS1 

knockdown (or scrambled control, scr) accompanied by Paxillin overexpression (PXN) or 

transfection with empty control plasmid (empty). * = p < 0.05 as determined by Student’s t 

test. Adapted from (99) in accordance with J Pathol. and the CC BY 4.0 license. 
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Figure 41. PAXIP1-AS1 overexpression plasmid. A) Structure of the PAXIP1-AS1 

overexpression plasmid. CMV, human cytomegalovirus immediate early 

promoter/enhancer; bGH poly(A) signal, bovine growth hormone polyadenylation signal; ori, 

origin of replication; AmpR, Ampicillin resistance gene; NeoR/KanR, Neomycin/Kanamycin 

resistance gene. B) Agarose gel run with pcDNA3.1 uncut plasmid (1), SalI digested 

pcDNA3.1 with insert (2) and SalI digested plasmid without insert (3). M marks the used 

ladder.  

 

 

 

Figure 42. Apoptosis after PAXIP1-AS1 OE. A) PAXIP1-AS1 expression as determined by 

qRT-PCR after transfection with PAXIP1-AS1 overexpression plasmid or empty control 

plasmid. B) Apoptosis as measured by flow cytometric AnV/PI staining 48 hours after 
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PAXIP1-AS1 overexpression in donor and IPAH PASMC. * = p < 0.05 as determined by 

Student’s t test. Adapted from (99) in accordance with J Pathol. and the CC BY 4.0 license. 

 

3.4 The proteome of the pulmonary arteries 

Our next goal was to shed more light on the ECM composition of diseased pulmonary arteries 

and to screen for global changes in its proteome. Exploring ECM remodelling in IPAH, with the 

goal to identify potential matrikine origination sites in the diseased ECM, we set out to perform 

mass spectrometric/proteomic analysis of ECM enriched protein lysates from isolated 

pulmonary arteries (PA) (Ø 0.5 - 2 mm) of healthy donor lungs and IPAH lungs. The relative 

insolubility and complexity of ECM proteins complicates the sample processing prior to mass 

spectrometric analysis. Therefore, a step-by-step adaptation of salt and detergent 

concentrations in the buffers was performed during the extraction procedure, to enrich the 

protein lysates from the pulmonary arteries for the poorly soluble ECM proteins. 

 

Figure 43. ECM enrichment. A) Western blot analysis of the fractions won during protein 

processing for proteomic analysis. Enrichment for ECM proteins was examined by 

confirming the presence of the cytosolic protein GAPDH in the soluble fraction (S1) and 

absence of the same in the wash fraction (W1) and in the ECM enriched fraction (ECM1), 

as well as by the presence of the ECM protein Collagen1 solely in the ECM enriched fraction 

(ECM1), and not in the soluble or wash fractions. B) Distribution of the detected protein 

subtypes in the mass spectrometric analysis of ECM enriched PA protein lysate.  

 

We performed a test run with one enriched PA protein lysate sample and took intermediate 

samples after each step of protein processing to check for ECM protein enrichment via western 

blotting. Detecting the presence of only soluble proteins (represented by GAPDH) and no ECM 

proteins (represented by collagen 1) in the first fractions with low detergent concentration (S1, 
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W1), and the higher presence of ECM proteins and the absence of soluble cytosolic proteins 

in later fractions (ECM1) (Figure 43A) verified successful enrichment for ECM proteins with the 

usage of increasing buffer intensity. The mass spectrometric analysis performed with this test 

sample, where the separately enriched soluble and insoluble fractions were pooled, detected 

a high percentage of ECM related proteins (Figure 43B), demonstrating the capacity to capture 

also sparingly soluble ECM proteins in our analysis. The mass spectrometry was performed in 

collaboration with Assoc.Prof. Ruth Birner-Gruenberger from the Diagnostic and Research 

Institute of Pathology, Medical University of Graz.  

 

Figure 44. Proteome analysis of the pulmonary arteries. A) A volcano plot depicting the 

distribution of all detected proteins in the ECM fraction. The difference of the mean LFQ 

values (label free quantitation; Donor - IPAH) is plotted against the difference of the 

significance (-log10(P)). B) String interaction and GO analysis of the top altered components. 

C) Heatmap showing single LFQ (label free quantification) intensity values in z-scores for 

the proteins with the ten highest intensities.  

 

After confirming successful ECM enrichment during protein processing, we proceeded with a 

comparative proteomic analysis of the ECM enriched protein lysates of pulmonary arteries 

isolated from donor (n=5) and IPAH (n=5) lungs. Our analysis showed significant (p<0.05) 
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disease dependent regulation of the proteins Filamin-A and Myosin-11 (Figure 44A); both 

proteins that have been shown to be upregulated in PAH previously (181, 182). A network and 

gene ontology analysis visualize the interactions of these proteins with each other, and showed 

functional involvement in actin filament binding, kinase binding and cytoskeletal processes 

(Figure 44B). Basement membrane components such as perlecan (HSPG2) and non-fibrillar 

collagens (e.g. Collagen VI and Collagen IV) were substantial in this assembly. The single LFQ 

(label free quantitation) intensities of the top 10 detected proteins from donor and IPAH 

samples is depicted in Figure 44C.  

 

Based on the ECM proteins that were detected in both donor and IPAH pulmonary arteries 

and exploring current literature, we further compiled a list of potential matrikines that can arise 

from the pulmonary vascular ECM and can be relevant for IPAH (Table 12). 

 

Table 12. Matrikines derived from the ECM profile of IPAH and Donor PA 

Parent molecule Matrikine Known Function (10, 38, 64, 135, 136) 

Fibulin-1 Neostatin (183) Anti-proliferative 

Fibrillin-1 Fibrillin fragment 

(184) 

Pro-inflammatory (chemotactic) 

Nidogen-1 G3 Domain (185) Anti-angiogenic 

Collagen XV a1 chain Restin (186) Anti-angiogenic 

Collagen IV a5 chain Pentastatin (187) Anti-angiogenic, anti-migratory, anti-proliferatory 

Fibronectin Anastellin, Fibstatin 

(188, 189) (190) 

Anti-angiogenic, pro-inflammatory (chemotactic) 

Collagen IV a2 chain Canstatin (191) Anti-angiogenic, anti-migratory, anti-proliferatory, 

pro-apoptotic 

Collagen XVIII  

a1 chain 

Endostatin (96) Anti-angiogenic, anti-fibrotic, induces autophagy 

Collagen IV a1 chain Arresten (192) Anti-angiogenic, anti-migratory, anti-proliferatory, 

pro-apoptotic 



Aggrecan core protein Metastatin (193) Anti-angiogenic, pro-apoptotic 

Laminin α5 Laminin peptide 

(194) 

Pro-inflammatory (chemotactic) 

Laminin γ2 Laminin peptide 

(195) 

Pro-migratory 

 

3.5 Endostatin: matrikine of the basement membrane under 

PAXIP1-AS1?   

Seeking to find a link between matrikines of the ECM and the lncRNA PAXIP1-AS1, we closely 

examined all ECM related genes that were detected in the transcriptomic analysis post 

PAXIP1-AS1 knockdown. Many ECM related genes, especially components of the basement 

membrane were downregulated after PAXIP1-AS1 knockdown, including COL18A1 (Figure 

45). From the list of identified potential matrikines (Table 12) that may play a role in IPAH, we 

concentrated on basement membrane derived matrikines, as it had turned out to be the most 

affected cellular component after PAXIP1-AS1 knockdown (Figure 29B, Figure 45).  

 

The proteomic as well as the transcriptomic analysis (Figure 10, Figure 44) of the pulmonary 

arteries had identified COL4A5 and COL18A1 as prominent basement membrane collagens 

in the PA, for which we could also confirm significant upregulations in IPAH (Figure 10, Figure 

11). Consequently, we chose to explore the role of the proteolytic product of COL18A1, 

endostatin (ES) in more detail.  

 

First, we set out to investigate the impact of recombinant native human endostatin treatment 

in PAEC. To foster PAEC reactivity to ES, the cells were first starved in basal medium 

(containing 0.5% FBS; without additives), before exposing to 1 µg/ml of ES for 24 hours in the 

respective conditions and conducting the readout. In cell culture, PAEC are more susceptible 

to starvation stress than PASMC, which is why instead of using serum-free basal medium, 

0.5% FBS was added, and starvation was limited to 2.5 hours.  

 

In starvation conditions, ES treatment did not affect cell proliferation, as measured by EdU 

staining. However, when PAECs were maintained in full media, thus in a proliferative state, ES 

treatment showed a strong tendency towards decreased proliferation. This was also 



showcased by the significant increase of PAEC proliferation in presence of FM in comparison 

to basal conditions, that diminished when in combination with ES (FM+ES) (Figure 46). 

 

 

Figure 45. Transcriptomic ECM profile downstream of PAXIP1-AS1. String Network 

analysis performed on all ECM related genes significantly regulated after Gapmer mediated 

knock down of PAXIP1-AS1. The direction of the gene regulation after PAXIP1-AS1 

knockdown is colour-coded. Direct components of the ECM, Basement membrane and 

Focal Adhesion are grouped for better overview. 

 

To complement this experiment, the colorimetric CCK-assay was applied (a method that 

measures the metabolic activity, as opposed to the EdU assay that monitors cells that are 

proliferating and incorporates EdU into replicating DNA). Interestingly, proliferations did not 



affect the metabolic activity as determined by the CCK assay, while full media/VEGF treatment 

also resulted in significantly increased metabolic activity (Figure 47).  

 

Figure 46. PAEC proliferation after recombinant native endostatin treatment - I. PAEC 

proliferation was measured after 24 hours of recombinant native endostatin (1 µg/ml) or 

vehicle (PBS) treatment via EdU incorporation assay using either basal or full medium. 

Staurosporin (STS) served as a control. A) Representative images are shown for each 

condition. Grey = EdU-647 positive cells; blue = nucleic acid stain Hoechst 33342. B) Total 

EdU+ cell count is given for each condition. BM=Basal medium; FM=Full medium; 

ES=Endostatin; PBS=Phosphate buffered saline. * = p < 0.05 as determined by one-way 

ANOVA and Tukey’s multiple comparisons test.  

   

Figure 47. PAEC proliferation after recombinant native endostatin treatment - II. The 

effect of recombinant native endostatin treatment (1 µg/ml; 24 h) on PAEC metabolic activity 

was assessed using the CCK-8 assay comparing basal conditions to A) full medium and B) 

A             B 



to VEGF stimulation. BM=Basal medium; FM=Full medium; VEGF=Vascular Endothelial 

Growth Factor; ES=Endostatin; PBS=Phosphate buffered saline. * = p < 0.05 as determined 

by one-way ANOVA and Tukey’s multiple comparisons test.  

 

To complement the recombinant endostatin treatment approach, we decided to perform 

functional studies after overexpressing endostatin using Adeno-Associated Viruses (AAV2). 

For this purpose, we decided to use endostatin with a point mutation where proline at position 

125 is substituted with alanine (ES-P125A). ES-P125A has been shown to exhibit stronger 

biological activities due to better binding capabilities won through this point mutation (144).  

 

Moreover, our ES expression vector design included a IgK signal peptide that leads to the 

secretion of the expressed protein, a N-terminal HIS-tag allowing for a potential ES isolation 

using affinity chromatography at a later stage and a C-terminal reporter gene EGFP. The self-

cleaving peptide P2A was placed between ES and EGFP. This leads to cleavage of the fusion 

protein at the P2A linkage site after expression leaving two separate functional proteins, 

allowing us to investigate the effect of ES without having the effects of the relatively large 

EGFP reporter tied to it. Details of the AAV design are given in Figure 48.  

 

Successful overexpression of endostatin via AAV-ES-P125A overexpression was validated via 

detection of the EGFP marker expression, western blotting and ELISA (Figure 49). A 

concentration of around 40 pg/ml was measured in the medium of ES overexpressing PAEC.  

 

To this end, we looked at the effects of endostatin (AAV-ES-P125A) overexpression on the 

proliferative behaviour of PAEC. Proliferation was tendentially decreased in transfected PAEC 

(Figure 50), but given the low n-number in this experiment, this did not yet reach significance 

(experiment performed in parallel to CCK8 assay in Figure 47; PAEC cultured in FM showed 

increased proliferation in comparison to basal treated cells).  

 



 

Figure 48. AAV-2 mediated overexpression of endostatin P125A - I. The structure of the 

AAV vector designed for overexpression of endostatin (designed using VectorBuilder’s 

online vector construction tool). pUC ori, origin of replication; ITR, inverted terminal repeats; 

CMV , cytomegalovirus gene promoter; IgK, secretion sequence; 6xHis, His Tag; ES P125A, 

endostatin with point mutation at position 125; P2A, self-cleaving peptide; EGFP, eukaryotic 

green fluorescent protein; WPRE, woodchuck hepatitis virus posttranscriptional regulatory 

element, BGH pA, bovine growth hormone polyadenylation.  
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Figure 49. AAV-2 mediated overexpression of endostatin P125A - II. A) Fluorescence 

imaging of PAEC after transfection with endostatin overexpressing AAVs (ES-EGF-AAV) 

and non-transfected control cells. B) Western blot analysis of protein samples won from 

untreated control PAEC (ctrl), cells transfected with control plasmid (EGFP-AAV) and cells 

transfected with endostatin overexpression vectors (ES-EGFP-AAV). C) Endostatin ELISA 

results suggesting an endostatin concentration between 35 and 45 pg/ml in the medium of 

ES-EGFP-AAV transfected PAEC. 

 

 

Figure 50. Proliferation in endostatin overexpressing PAEC. Effects of endostatin 

overexpression via AAV-2 assessed via CCK8 assay in PAEC.  

 

Metalloproteases play a crucial role in the generation of endostatin from COL18A1 (136, 196). 

MMP1, a metalloprotease, that is known to be produced by endothelial cells (197), was also 

downregulated after PAXIP1-AS1 knockdown in our transcriptomic analysis. Consequently, 

we hypothesized increased MMP1 levels and activity could be responsible for the increased 

endostatin levels in IPAH. Aiming at establishing the functional relationship between PAXIP1-

AS1, MMP1 and endostatin, we first looked at the expression of MMP1 after overexpression 

of PAXIP1-AS1 in PAEC. Contrary to our expectation, we found MMP1 to be tendentially 

downregulated after PAXIP1-AS1 and Paxillin overexpression (Figure 51A, B).  

 

Nevertheless, this downregulation of MMP1 after PAXIP1-AS1 knockdown goes in conformity 

with the observed MMP1 downregulation that we observed in IPAH (Figure 51C, D). While 

MMP1 may play a limited role downstream of PAXIP1-AS1 with regards to endostatin 

generation, our results suggested a definite importance for this metalloprotease in IPAH 

(Figure 51C, D).  



 

Figure 51. MMP1 after PAXIP1-AS1 overexpression and in IPAH. A) MMP1 expression 

measured via qRT-PCR after PAXIP1-AS1 and Paxillin overexpression in PAEC. B) 

Successful overexpression of PAXIP1-AS1 and Paxillin shown by qRT-PCR analysis. MMP1 

expression in IPAH PASMC (C) and PAAdFB (D) as analysed by qRT-PCR. * = p<0.05 as 

determined by Student’s t-test. 

 

Next, we wanted to investigate the effect of PAXIP1-AS1 and paxillin on endostatin expression. 

Therefore, we first transfected PAEC, PASMC and PAAdFB with the respective 

overexpression plasmids and collected the supernatants after 48 hours. We quantified ES 

release amount in the supernatant after PAXIP1-AS1 and paxillin overexpression by 

measuring the ES levels using a quantitative ELISA. Disproving our hypothesis though, the 

quantification of secreted endostatin showed no PAXIP1-AS1 or paxillin overexpression 

related increase (Figure 52).  
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Figure 52. Endostatin release after PAXIP1-AS1 and Paxillin overexpression. The 

release of endostatin quantified in the medium of PAXIP1-AS1 and Paxillin overexpressing 

A) PAEC, B) PASMC and C) PAAdFB using a quantitative ELISA. 
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4. Discussion 

IPAH is a devastating, fatal disease where the underlying disease mechanism has not been 

thoroughly understood yet to be able to develop much-needed targeted therapies. Major 

advancement has been achieved in the past 30 years in the treatment of IPAH, considerably 

improving quality of life of affected patients. However, the current medical therapy does not 

address the underlying cause of the problem, as IPAH remains a progressively deteriorating 

disease with no cure (198). Drug classes currently in use for IPAH are exclusively directed at 

interfering with just three signalling pathways in IPAH (1), while the disease complexity has 

become increasingly evident thanks to ongoing research (13, 25, 50). There still is a 

considerable knowledge gap that needs to be addressed to be able to utilize other molecular 

signalling mechanisms to effectively treat and cure IPAH. Largescale -omics approaches serve 

as powerful tools that allow us to expand our knowledge about differential gene expression 

and preserved pathways in diseased context. In the case of IPAH though comprehensive 

expressional studies applying -omics are compounded, simply by the fact that IPAH samples 

are scarce, as the access to human lung explants of diseased IPAH patients and of 

referenceable healthy donors is rather limited (164). Furthermore, comprehensive studies of 

the biological system require not only the understanding of the transcriptome, or the proteome, 

but requires a transboundary understanding of different -omics interplay in the organism. By 

identifying the significantly altered expression of several key genes and central biologic 

pathways perturbed in IPAH, thereby not only covering the coding, but also the non-coding 

transcriptome, we add another puzzle piece to the complex picture of PAH biology. We 

demonstrate the disease specific role of the lncRNA PAXIP1-AS1, explore its biological 

importance in relation to ECM remodelling in IPAH and reveal aspects of its multifaceted 

interactome that includes its downstream mediator paxillin (see major conclusions of the study 

in Figure 53).   



 

Figure 53. LncRNAs in IPAH pulmonary arteries – the role of PAXIP1-AS1. The lncRNA 

PAXIP1-AS1 is overexpressed in IPAH pulmonary arteries and acts via its downstream target 

paxillin. PAXIP1-AS1 is significantly involved in orchestrating PASMC function, leading to 

increased proliferation and migration, and decreased apoptosis in IPAH. Demonstrating that 

differentially expressed lncRNAs influence ECM turnover in IPAH, transcriptional analysis 

revealed the basement membrane as the core cellular component affected by IPAH and by 

PAXIP1-AS1 knockdown.  

The transcriptome of the pulmonary arteries in IPAH 

Several studies have attempted to analyze the global expressional changes in IPAH. A study 

published by Geraci et al. uses six lung homogenate samples of PAH and six donor lungs to 

successfully characterize expressional profiles in idiopathic and familial PAH, leading to the 

identification of dysregulated kinases, phosphatases, ion channel proteins and oncogenes 

(199). Underlining the usefulness of this high-throughput screening, a follow up study 



performed by Rajkumar et al. almost ten years later uses a similar approach to identify even 

more differentially regulated genes using a more robust sample set: 18 PAH and 13 control 

lung homogenate samples. This study reports about expressional changes in proteases, cell 

adhesion molecules, and about changes in pathways involved in cell signalling, vascular 

function, cellular development and proliferation (200). IPAH is mainly known as the disease of 

the small pulmonary arteries. The mentioned studies using lung homogenate samples fight 

with the disadvantage that they only capture a fraction of the expressional differences in IPAH, 

as only a fraction of the samples won from the lung tissue is made of the pulmonary arteries 

(164). Other expressional studies performed on isolated cells of the pulmonary arteries, most 

frequently performed on PASMC, show cell type specific contribution to molecular mechanisms 

altered in IPAH (201-204). One aspect to keep in mind here is that the procedure of isolation 

and culturing also significantly influences gene expression (164). In this regard, the use of laser 

capture micro dissected small pulmonary arteries in our study brings huge advantage over 

studies using lung homogenate and cell samples, as the very compartment affected by IPAH 

is being directly analyzed here. A similar fashioned study by Laumanns et al. using six donor 

and six IPAH subjects had already pioneered here, identifying central mediators of the non-

canonical Wnt signalling (planar cell polarity pathway) to be significantly upregulated in IPAH 

(205).  

 

Overcoming the sample size limitation of the previous study, we here analyze a comparably 

large cohort of patients by analyzing 17 donor and 18 IPAH pulmonary arteries. In agreement 

with Laumanns et al. (205) we identified ECM interaction, immune reaction and cell signalling 

(WNT, MAPK, Ca2+) as highly affected pathways in IPAH. In addition, our analysis revealed 

shifts in neuronal and metabolic pathways, as well as in processes of apoptosis, proliferation, 

cartilage development and several signalling pathways (TNF, MAPK, Notch, Relaxin, Hippo). 

As a disease driven by excessive vascular cell growth, the counteracting processes apoptosis 

and proliferation play a very important role in the pathogenesis of PAH (11, 37). The metabolic 

changes in IPAH may be owing to the increased energy expenditure resulting from the 

increased proliferation of the PASMC, or perhaps it is the hyperproliferative state that induces 

metabolic shifts (141, 206). The pathways MAPK signalling (32, 207), Notch signalling (208), 

Hippo-YAP/TAZ signalling (41, 209) and Relaxin signalling (210, 211) are strongly inter-

connected pathways with involvement in angiogenic and anti-apoptotic mechanisms. Follow 

up studies delineating the IPAH transcriptome, such as the microarray study of lung 

homogenates by Stearman et al. (212) or profiling of individual lung cell populations by Saygin 

et al. (213), confirm several of our findings, including the importance of the ECM, Notch-, TNF- 



and osteo-related signalling in IPAH. In fact, our top hit among the differentially expressed 

coding genes was Sclerostin (SOST), a bone morphogenetic protein (BMP) antagonist, that 

has been reported to be a biomarker for arterial stiffness in hypertension (214). The recent 

study by Saygin et al. brings an important advantage over microarrays as it applies single cell 

RNA sequencing (RNASeq), however it is limited by low sample sizes. RNASeq allows for a 

detailed simultaneous description of the transcriptomic phenotype of each cell type in the 

tissue, allowing an analysis of the cell type specific contribution (213).  

 

In comparison to RNASeq, the unbiasedness of the microarray is only true up to the level the 

technique allows for. Microarrays only include the genes that have been annotated in the 

genome, meaning that a fraction of genes that are not yet known but of relevance for the study 

may be missed/miss-interpreted by the design, if not aware of this fact. In our case, by 

choosing a microarray platform that is not specifically optimized to capture small RNA species 

such as the miRNAs, we for example completely neglect the prevailing relevance of miRNA in 

IPAH (215). Nevertheless, microarrays provided a comparably economical solution (at the 

time) that allowed for a comprehensive study of the whole genome, that still achieves a high 

concordance (>75%) with RNASeq results (216). Meanwhile, RNASeq already overtook the 

microarrays and is widely used to analyze the complex transcriptomics. However, by robustly 

establishing the importance of several interconnected pathways and identifying novel players 

in IPAH, our study underlines the complexity of pathway dysregulation in IPAH that need to be 

untangled to be able to efficiently treat the disease.  

The IPAH shaped extracellular matrix of the pulmonary arteries 

In line with previous research (12, 38, 41, 50, 217), the outcome of our transcriptomic analysis 

of the small pulmonary arteries confirmed ECM’s outstanding role in IPAH: the ECM was the 

cellular compartment that was most intensely affected in IPAH.  

A more detailed transcriptomic analysis of the ECM relevant components revealed several 

dysregulated collagens, metalloproteinases and other matrix components that highlight the 

disturbed ECM homeostasis in IPAH. Exemplarily, reelin (RELN), a apolipoprotein that is 

known to contribute to endothelial dysfunction (218) and tissue inhibitor of metalloproteinase 

3 (TIMP-3), an inhibitor of the MMPs (38) counted to the proteins that were upregulated in 

IPAH, along with different collagen types COL4A6, COL9A, COL13A1 and COL18A19. Among 

the downregulated genes were e.g. a disintegrin and metalloprotease 10 (ADAM10) that is 

known to cleave BMPR-II (53), multimerin 1 (MMRN1), a member of the multimerin family that 

is known to affect cell growth, wound healing and angiogenesis (219-221) and has been 



associated with TGF-β mediated vascular remodeling in PH (222) and spondin 2 (SPON2), a 

protein known to be downregulated in animal models of PAH (223). Among the laminins that 

generally confer basement membrane stability and barrier integrity, LAMA2 was 

downregulated. LAMA5 on the other hand was upregulated. LAMA2 encodes a protein of 

which the deficiency is linked with diseases affecting the basement membrane such as 

muscular dystrophy (224). While the functionally conserved LAMA2 is associated with muscle 

development, organization and differentiation (224), LAMA5 bear other roles such as the 

development of peripheral nervous system, or of the retinal or renal BM, and is not functionally 

conserved among the species (67, 225). The type-specific regulation hints towards a complex 

involvement of the laminins and the BM in IPAH. In line with clinical evidence from PAH 

patients (12, 226), in a recent report (167), we also underline the importance of BM 

homeostasis and describe the thickened BM composition in IPAH vessels. Our findings here 

are in accordance with the mentioned studies, and show that BM proteins, such as collagen 

IV, collagen XVIII, fibronectin and laminin have an outstanding role in shaping the 

characteristic transcriptome of IPAH.  

 

As a one-to-one translation of the transcriptomic findings is not possible when studying 

proteins due to the limitations given by the mRNA-protein correlation (227), the use of 

complementary approaches are required to augment the findings. Of note, mRNA expression 

of differentially expressed genes correlates more significantly with actual translation into 

protein when compared to non-differentially expressed genes (228). Many have conducted 

large scale proteomic studies, that can be very useful in defining the altered ECM and 

identifying novel biomarkers. A variety of clinical specimen, such as different blood samples, 

lung tissues and isolated cell types from human PAH patients and murine PAH models have 

been studied to date, resulting in a number of very comprehensive studies. Exemplarily, Abdul-

Salam et al. identified complement 4a as potential diagnostic marker for IPAH using SELDI-

TOF MS using IPAH plasma samples, while Yu et al. identified alpha-1-antitrypsin and 

vitronectin as biomarkers using gel-based proteomic analysis of serum samples of IPAH 

patients (229, 230). While there are studies, e.g. the proteomic study using PAH lung 

homogenates by Huang et al. (231), that do reveal the importance of the ECM in IPAH, most 

of the large scale studies (229, 230, 232-234) miss to capture the altered ECM proteomics in 

IPAH because they were performed in blood samples or isolated cells. Therefore, using 

isolated arteries from IPAH patients and healthy controls, and an unbiased bottom-up 

approach, we wanted to explore the proteomic composition of the pulmonary arteries that are 

the most affected in IPAH.  



 

Owing to its complexity and insolubility, ECM proteins are difficult to analyze biochemically, 

and therefore mass spectrometric analysis of the ECM can be problematic. Overcoming this 

hurdle, in our proteomics approach, we adapted the challenging pipeline previously developed 

by Schiller et al. (143), to enrich for ECM proteins from isolated pulmonary arteries. The big 

proportion of detected ECM related proteins in our analysis confirmed a successful experiment 

setup. Moreover, Filamin-A and Myosin were detected to be most differentially expressed in 

IPAH, as has been previously reported in other studies (181, 182, 231). Nevertheless, we are 

limited in making quantitative comparisons between IPAH and donor due to the variability and 

lack of significance in our experiment outcome.  

 

The general ECM profile of the PA that we were able to create with the outcome of our 

proteomic analysis, lead to the identification of potential matrikines that may be relevant in 

IPAH. Interestingly, most of the detected potential matrikines also derived from the basement 

membrane, again highlighting the central role of the BM that is in direct contact with PAEC 

(38).  

 

Matrikines represent ideal diagnostic and prognostic biomarker candidates in IPAH: they arise 

from the ECM - from the very cellular compartment that is most affected in IPAH, and are to 

be detected in easily accessible blood samples of the patient. In this regard, the identification 

of endostatin as a determinant of disease severity in PAH (12, 77) can be counted as one of 

the most recognized and promising discoveries recently in the field of pulmonary vascular 

biology. Our efforts in delineating the effects of endostatin on PAEC confirmed the anti-

proliferative effects previously reported for endostatin (100).  

 

Exploring the non-coding transcriptome: PAXIP1-AS1 and its 

contribution to the PASMC IPAH phenotype 

Another equally important aspect adequately acknowledged and analyzed in our study is the 

role of non-coding RNAs (ncRNA), especially the long ncRNA, in IPAH. The equally significant, 

large size of the non-coding transcriptome (53009 lncRNA transcripts in comparison to 87151 

protein-coding RNA transcripts, GRCh38.p13) underlines the importance of the long non-

coding transcriptome, that had been given less importance to until recently.  

Exemplary attempts investigating into the ncRNA landscape in IPAH include the study 

performed by Wu D et al. (235) or Sarrion et al. (236) where several miRNA, such as miR-26b-



5p or miR23a, were identified as upregulated and involved in the vascular remodelling and 

hemodynamic changes in IPAH using a non-coding platform. Compared to the studies 

identifying miRNA that belong to the small non-coding RNAs, there is less to report about the 

involvement of long non-coding RNAs in IPAH. One early effort to screen for non-coding RNA 

regulation in IPAH had been made here by Han et al. (138) in 2017, where a number of 

dysregulated lncRNA were identified in lymphocytes of IPAH patients. Notable is also a follow-

up RNASeq study using whole blood samples performed by Rhodes et al. (2020), that lead to 

the identification of several dysregulated non-coding RNAs, including 3 lncRNA that are 

reduced in PAH and associated with poor outcomes (237).  

 

Despite the increased knowledge about the lncRNA and their regulatory roles in general cell 

biology (110), the understanding of the involvement of lncRNA in IPAH is only expanding now 

with ongoing research, contemporaneous with our study. A number of reports exist by now 

that demonstrate the role of lncRNAs in various cellular activities vital in the pathophysiology 

of PAH, such as proliferation, migration, apoptosis, angiogenesis, metabolism or inflammatory 

responses (132, 137, 237-239). In our study, we demonstrate the robust upregulation of the 

lncRNA PAXIP1-AS1 in small pulmonary arteries, PASMC and PAAdFB of IPAH patients, and 

portray its key role in the regulation of PASMC proliferation, migration and apoptosis that it 

exerts via the focal adhesion adaptor protein paxillin.  

 

Examples for other lncRNA with proven roles in human PASMC function include TUG1, 

TYKRIL and MALAT1 (238, 240). Pro-proliferative, pro-migrative, and anti-apoptotic effects 

have been described for TUG1 in PASMC. Downstream, these effects were associated with 

the transcription factor Foxc1, miR-374c and miR-328 (131, 241). Similar pro-proliferative and 

anti-apoptotic characteristics have also been described for TYKRIL in IPAH pericytes and 

PASMC, but was described to exert its function via the p53/PDGFRβ signalling axis (129). 

MALAT1 was shown to influence human endothelial cell function (239), to inhibit proliferation 

and migration of PASMC and enhance apoptosis rate (242). He et al. proposed that MALAT1 

exerts its function by interacting with miR-503 and TLR-4 receptor (242). In fact, MALAT1 can 

be counted to one of the most highly and abundantly expressed, and widely studied lncRNA, 

for which numerous modes of actions have been described in cancer, stress and inflammation 

related cell biology (243).  

 

In contrast to MALAT1 that shows extraordinary conservation among mammalian species 

(>50%), especially in proximity of its functional cloverleaf structure at the 3’ end (243, 244), 



PAXIP1-AS1 generally is a scarcely conserved, low expressed lncRNA, that but is present 

across different tissues under physiological conditions. The upregulation of the otherwise low 

profile lncRNA in IPAH pulmonary artery makes its upregulation a crucial, particularly specific 

response to the spatial onset of the disease (141). The subcellular localization of a lncRNA is 

a major determinant of its function. A nuclear-restricted expression for example suggests a 

role in histone modification and epigenetic transcriptional regulation (245). Having detected 

PAXIP1-AS1 expression in both nuclear and cytoplasmic cell compartments, we concluded a 

diverse and widespread role for this lncRNA.  

 

PAXIP1-AS1: sequence, structure and functional possibilities 

Several elements characteristic of the PAXIP1-AS1 speak in favour of a versatile functional 

involvement of this lncRNA: 1) the complex, but stable structure, 2) the cumulated occurrence 

of functional motifs and 3) the specific binding sites.  

 

In its essence, the RNA molecular consists of paired or unpaired bases, but the combination 

of these interactions results in complex structures, that determine the functional importance of 

the respective RNA (110, 246). Nuclear magnetic resonance (NMR), X-ray crystallography and 

cryoelectron microscopy are reliable, but sophisticated and costly methods to gain such 

structural information on RNA (247). We used a fast and economical alternative for this; an 

algorithm, that predicts the RNA structure with >67% accuracy (175). The visualized optimal 

PAXIP1-AS1 structure included several complex structural RNA features and resulted in a 

relatively stable RNA composition, suggesting functional relevance (141).  

 

The analysis of PAXIP1-AS1 sequence also revealed the presence of several Alu elements in 

this lncRNA. Known functions Alu elements in lncRNA perform include RNA editing, regulation 

of mRNA stability, translation and transcription (248-250). Alu elements are abundant mobile 

elements that are unique to primates (248). This observation goes in accordance with the 

primates-restricted conservation of PAXIP1-AS1. AU-rich elements, or ARE, are another 

characteristic element of PAXIP1-AS1. The presence of ARE in PAXIP1-AS1 suggest that this 

lncRNA may act as a cis-regulatory element that interacts with RNA binding proteins that 

recruit effector proteins such as protein kinases or the mRNA decay machinery, exerting 

translational control over certain mRNAs (251). An example for such a case is Lnc_ASNR: It 

binds to the trans acting RNA binding protein AUF1 with its AU-rich element. The presence of 

AUF1 in the cytoplasm increases mRNA degradation, as it then recruits factors required for 



mRNA decay. By controlling the cytoplasmic-nuclear distribution of the AUF1, this lncRNA 

controls the mRNA decay process (252).  

 

The role of lncRNA as miRNA-sponge or transcription factor (TF) recruiter is well established 

(114, 120, 121, 123, 127). We found several miRNA as well as TF binding sites in PAXIP1-

AS1, suggesting a similar activity potential for this lncRNA. Interestingly, the TF binding sites 

found in PAXIP1-AS1 for example also included HIF1α, HIF2α, NFAT, FOXO1 or NFκB, 

transcription factors that are also implicated in pulmonary hypertension (141, 253).  

 

While we want to underline the lack of sequence homology, striking here was the observation 

that the small stretch of sequence similarity that did remain homolog between most species, 

colocalizes with the main functional sites identified in this lncRNA (141). An interesting 

approach was chosen by Leisegang et al. in a similar scenario to narrow down the functional 

region in the lncRNA MANTIS (254): he created and separately investigated putative functional 

fragments of the lncRNA. Interestingly, in the case of MANTIS, it was the part that contained 

the Alu element that conveyed the key functionality (254).  

 

Taken together, the analysis of the PAXIP1-AS1 sequence alone leaves us with a plethora of 

potential functional implications for the lncRNA PAXIP1-AS1.  

 

The PAXIP1-AS1 interactome 

The first report about the lncRNA PAXIP1-AS1, to our knowledge, was made by Weirick et al., 

who described its functional involvement in HEK-293 cells as a regulator of cell death (172). 

Here it was suggested that this lncRNA exerts its effects via its nearby coding gene PAXIP1. 

We foster this finding by showing that PAXIP1 is also co-upregulated with PAXIP1-AS1 in IPAH 

(141). PAXIP1 being a stress response gene required for cell survival (255, 256), it may be 

speculated that PAXIP1-AS1 acts via PAXIP1 and gets activated upon the injury leading to or 

further accelerating the vascular remodelling process in IPAH. Our screening for PAXIP1-AS1 

regulated genes lead us in a different direction: we identified basement membrane as the most 

affected cellular component after PAXIP1-AS1 knockdown and found a remarkable enrichment 

of ECM and focal adhesion related pathways. Moreover, we established that PAXIP1-AS1 

exerts its pro-proliferative, pro-migrative, and anti-apoptotic effects via the focal adhesion 

adaptor protein paxillin (141). Cell motility depends on functional interaction of focal adhesions 

with the surrounding extracellular matrix (59). In this respect, the migratory and proliferative 



effects of PAXIP1-AS1 mediated via paxillin seem conclusive. Focal adhesion proteins, 

including paxillin, have also been previously associated with IPAH (59, 60, 140, 141). The 

phosphorylation and following activation of paxillin is driven by the focal adhesion kinase 

(FAK), a tyrosine kinase. Both FAK and paxillin have been previously reported to be activated 

in IPAH and proven to be involved in the increased proliferation and migration, as well as the 

decreased apoptosis of PASMC in IPAH (59, 60, 257). Interestingly, also endostatin has been 

reported to disrupt the cytoskeletal organization via focal adhesion kinase and paxillin (258). 

Having established a strong link between PAXIP1-AS1, the focal adhesions, the ECM, and 

especially the basement membrane, it was imperative to investigate the role of PAXIP1-AS1 

in endostatin regulation. The unchanged endostatin levels after PAXIP1-AS1 and paxillin 

overexpression, and the observed (tendential) downregulation of MMP1 dismantled our initial 

hypothesis that this lncRNA regulated the secretion of endostatin from COL18A1 via 

upregulation of MMP1 in IPAH. Nevertheless, while we investigated the possibility of 

endostatin being regulated downstream of PAXIP1-AS1, the potential for PAXIP1-AS1 

expression to be regulated by endostatin also remains to be explored.  

 

Taken together, our first results suggest a huge regulatory potential for this multifaceted 

lncRNA, mediated via complex regulatory interactions. Clearly, more clarification on the 

PAXIP1-AS1 interactome is needed to thoroughly understand how PAXIP1-AS1 leads or 

perhaps only reacts to the remodelling process in IPAH.  

PAXIP1-AS1 as a biomarker?  

Many studies performed on blood samples aim at identifying (linear) lncRNA that can be used 

as liquid biomarkers (138). In contrast to linear lncRNA, circular lncRNA (circRNA) possess a 

far better potential to be applied as biomarker in early diagnosis. The majority of linear lncRNA 

are not detectable or are only sporadically detectable due to their low abundance and structural 

instability in plasma (259), while circRNA are more stable due to better resistance to RNases 

(176). Pioneering in the field of circRNA biomarkers in IPAH, Zang et al. reported that the 

circular lncRNA transcript hsa_circ_0068481 is overexpressed in the serum of IPAH patients 

and correlated with clinical parameters evaluated in PAH (260). Even though not to be 

completely excluded from further research as our conclusions rely on data from computational 

predictions, our initial investigation showed that PAXIP1-AS1 does not have any circular 

transcripts.  

 



While the chances are higher for circular RNAs to be useful as a good liquid biomarker (176), 

there are several studies demonstrating that also linear lncRNA can be stably detected in liquid 

biopsy samples (e.g. plasma, serum, urine or bronchoalveolar lavage fluid) and efficiently 

applied as circulating biomarker for diseases (261, 262). MALAT1 is an exemplary lncRNA 

which has been proven to possess diagnostic and prognostic value in osteosarcoma (263).  

Overlaps between transcriptomic studies of blood samples (237, 240) and studies performed 

on tissue samples (141, 202, 212), support the hypothesis that PAXIP1-AS1 could be used as 

a liquid biomarker. RNASeq results published in the GTEX platform suggest that PAXIP1-AS1 

expression is rather low in whole blood samples, but the fact that it has been detected already 

makes it worthwhile to enquire how PAXIP1-AS1 is expressed in easily accessible liquid biopsy 

samples or circulating cells of IPAH patients. If successfully detectable in these samples, one 

important factor remaining to be assessed when assembling the biomarker panel then is the 

specificity of PAXIP1-AS1 upregulation, as PAXIP1-AS1 is also associated with gliomas (264).  

 

While our findings bring some light to the molecular mechanisms involving PAXIP1-AS1, it 

clearly signals that there is more to discover on the molecular grounds that is regulating and 

being regulated by PAXIP1-AS1. A major limitation of our study is that the IPAH samples we 

use represent end-stage of the disease (141). We need to decipher early PAXIP1-AS1 

mediated molecular ongoings leading to the remodelling, to be able to efficiently use this 

lncRNA as a biomarker or target for disease treatment. In this regard, the use of preclinical 

models come in very handy, as they could allow a temporal assessment of lncRNA expression 

and involvement in PAH progression. Furthermore, they bring the advantage of a more 

controlled experimental setup (which is less the case when lung samples are used drawn from 

patients that have been influenced by different treatments and environmental factors) and 

sample availability (265). The lack of sequence conservation in species other than primates 

complicates the use of animal models in the case of PAXIP1-AS1 (141). In this respect, a 

clever solution was applied by Xu et al. where xenografts of glioma cells in nude mice were 

used to characterize the PAXIP1-AS1 – ETS1 – KIF14 interaction in vivo. A more 

comprehensive study of PAXIP1-AS1 in vivo would require humanized animal models (266) 

for pulmonary arterial hypertension that are not available yet.  

 

To sum up, in this study, we characterize the transcriptome of the remodelled IPAH pulmonary 

arteries, especially focusing on the expression of ECM related components and demonstrate 

the significance of lncRNAs in IPAH. Furthermore, we characterize the role of PAXIP1-AS1 in 

orchestrating PASMC function in IPAH and reveal that it acts via regulation of its downstream 



target paxillin, a focal adhesion adaptor protein. While we reveal the basement membrane as 

the core cellular component affected by IPAH and by PAXIP1-AS1 knockdown, further 

research is needed to clarify the role of PAXIP1-AS1 and its interactome in this setting.   
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