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1. Abstract 
Cardiovascular diseases (CVDs) are among the most frequent deadly diseases worldwide in the aged 

population. CVDs are also prominent pathologies in patients suffering from Hutchinson Gilford 

Progeria syndrome (HGPS), a premature aging disease caused by a single point de novo mutation in 

the LMNA gene encoding nuclear lamin A and C. One of the key initiating events in the development 

of age-linked CVDs is a dysfunctional endothelium, which lines the inside of all blood vessel and the 

inner walls of the heart chambers. Under physiological conditions, the endothelium is a key regulator 

of vascular tone and homeostasis, but in pathological conditions and during aging endothelial 

functions are impaired, leading to downregulation of atheroprotective pathways. 

In this thesis I investigated, if and how a dysfunctional endothelium contributes also to HGPS 

pathologies. We generated a novel transgenic HGPS mouse model (Prog-Tg mice), expressing progerin 

- the disease-causing lamin A mutant – exclusively in vascular endothelial cells (Prog-Tg ECs). These 

mice develop many HGPS-related cardiovascular pathologies including premature death, left 

ventricular hypertrophy, left ventricular diastolic dysfunction and interstitial and perivascular fibrosis. 

Functionally, we detected an impaired shear stress response to blood flow in the atheroprone aortic 

endothelium and in primary endothelial cells (ECs) in vitro, and defects in mechanosignalling including 

impaired nucleocytoskeletal coupling, abnormal localization and /or increased expression of stress 

response proteins at the nuclear envelope and an increase of F-actin/G-actin ratio. Mechanistically we 

find that Prog-Tg ECs have an impaired myocardin-related transcription factor A (MRTF-A) signaling 

pathway leading to reduced levels of endothelial nitric oxide synthase (eNOS) and atheroprotective 

nitric oxide (NO). Prog-Tg ECs also initiated a paracrine pro-fibrotic effect to surrounding tissues.  

In order to get further insight into the cellular phenotype of progerin-expressing ECs we performed 

genome-wide mRNA and micro-RNA (miR) profiling in primary ECs, EC culture supernatants and in 

plasma of mice. These analyses revealed upregulation of the p53-linked senescence pathway and 

initiation of a senescence associated secretory phenotype (SASP), including upregulation of cellular 

and extracellular senescence-associated miRs. Specifically, pro-inflammatory and pro-fibrotic miR34a-

5p and miR31-5p were found upregulated in Prog-Tg ECs as well as in plasma of Prog-Tg mice, and 

miR133a-3p, miR21a-3p and miR582-5p in EC-secreted extracellular vesicles. Interestingly, increased 

levels of senescence and SASP markers including miRs were also detected in lung and heart tissues in 

vivo, and in non-endothelial cells and tissues. Moreover, in vitro co-culture assays revealed that Prog-

Tg ECs exert a paracrine senescence and SASP phenotype on co-cultured wildtype fibroblasts. Since 

miR34a-5p is an established CVD biomarker we tested its functional relevance for CVD by antagomiR-

mediated inhibition of miR34a-5p and found reduced senescence markers p53 and p16. RNAi-

mediated knockdown of p53 on the other hand reduced senescence marker p21 and miR34a-5p as 

well as pro-fibrotic signalling.  

Altogether, based on our findings we propose a disease mechanism, in which progerin-expression in 

the endothelium leads to mechanosignalling defects, in turn causing upregulation of-p53 linked 

senescence signalling and SASP in ECs, including senescence associated miRs (SA-miRs). p53 and 

miR34a-5p pathways work synergistically to initiate and maintain this complex senescence signalling 

network, and components of the SASP including secreted miRs in extracellular vesicles mediate a 

paracrine senescent and pro-fibrotic effect on non-endothelial cells and tissues and initiation of an 

inflammatory response.  Our findings are highly relevant for the identification of novel diagnostic and 

therapeutic drugs for HGPS- and age-linked CVD. 
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2. Zusammenfassung 
Herz-Kreislauf-Erkrankungen gehören weltweit zu den an den häufigsten auftretenden 

Todesursachen. Dies gilt insbesondere für alternde Gesellschaften. Bei Patient*innen, die unter dem 

Hutchinson-Gilford-Progerie-Syndrom (HGPS) – einer Krankheit des vorzeitigen Alterns – leiden, 

treten Herz-Kreislauf-Erkrankungen schon in sehr jungen Jahren auf. HGPS wird durch eine einzelne 

De-novo-Punktmutation im LMNA-Gen verursacht, das für A-type Lamine (strukturelle Proteine im 

Zellkern) kodiert. Die altersbedingten Herz-Kreislauf-Erkrankungen, in gesunden so wie auch HGPS 

Patient*innen, gehen häufig mit einer Fehlfunktion des Endothels in den Blutgefäßen einher. Unter 

physiologischen Bedingungen ist das Endothel, das die Innenseite der Blutgefäße und der 

Herzkammern auskleidet, ein wichtiger Regulator des Gefäßtonus und der Homöostase. Unter 

pathologischen Bedingungen und im Zuge des Alterns sind die Endothelfunktionen jedoch 

beeinträchtigt, was oft zu Atherosklerose führt. 

In dieser Arbeit habe ich untersucht, ob und wie ein dysfunktionales Endothel auch zu HGPS-

Pathologien beiträgt. In Zusammenarbeit mit meinen Kolleg*innen habe ich ein neues transgenes 

HGPS-Mausmodell entwickelt, das Progerin (die krankheitsverursachende Lamin Mutante) 

ausschließlich in vaskulären Endothelzellen exprimiert. Die transgenen Mäuse entwickeln viele HGPS-

spezifische, kardiovaskuläre Pathologien, darunter linksventrikuläre Hypertrophie, linksventrikuläre 

diastolische Dysfunktion, interstitielle und perivaskuläre Fibrose, bis hin zum vorzeitigen Tod. Im 

Gegensatz zu gesunden Mäusen können die Endothelzellen unserer Mäuse nicht angemessen auf den 

durch den Blutstrom verursachten, mechanischen Stress reagieren, weil durch die Expression von 

Progerin die Mechanosignalübertragung beeinträchtigt wird. Im Atherosklerose-anfälligen Bereichen 

des Aortenendothels und in primären Endothelzellen konnten wir zudem einen gestörten 

Mechanokopplungs-Mechanismus zwischen Zellkern und Zytoskelett zeigen, der durch eine 

abnormale Lokalisierung und/oder verstärkte Expression von Stressreaktionsproteinen in der 

Kernhülle und einen Anstieg von fibrillären Actin hervorgerufen wird. Dadurch wird der Signalweg des 

„Myocardin-Related Transcription Factor A (MRTF-A)“ beeinträchtigt, was zu einer Reduktion von 

endothelialer Stickstoffmonoxid-Synthase (eNOS) und Atherosklerose-vorbeugenden 

Stickstoffmonoxid (NO) im Blut führt. Zugleich induzieren die Endothelzellen auch eine parakrine, pro-

fibrotische Wirkung im umliegenden Gewebe.  

Um weitere molekularen Defekte in Progerin-exprimierenden Endothelzellen zu identifizieren, haben 

wir genomweite mRNA- und micro-RNA (miR) Expressionsanalysen in primären Endothelzellen und im 

Plasma von Mäusen durchgeführt. Wir konnten dabei eine Hochregulierung des p53-verknüpften 

Seneszenz-Signalwegs und den Beginn eines Seneszenz-assoziierten sekretorischen Phänotyps (SASP), 

einschließlich der Hochregulierung von zellulären und extrazellulären Seneszenz-assoziierten miRs 

zeigen. Pro-inflammatorische und pro-fibrotische miRs, miR34a-5p und miR31-5p waren sowohl in 

Endothelzellen, wie im Plasma hochreguliert. Zudem wurden miR133a-3p, miR21a-3p und miR582-5p 

in extrazellulären Vesikeln von Endothelzellen sekretiert. Erhöhte Werte von Seneszenz- und SASP-

Markern, einschließlich miRs, wurden auch in Lungen- und Herzgewebe in vivo sowie in nicht-

endothelialen Zellen und Geweben nachgewiesen. Darüber hinaus zeigten In-vitro-Ko-kulturversuche, 

dass Endothelzellen durch parakrine Effekte Seneszenz und einen SASP-Phänotyp in Wildtyp-

Fibroblasten induzieren können. Da miR34a-5p ein etablierter Biomarker für kardiovaskuläre 

Erkrankungen ist, testeten wir seine funktionelle Bedeutung durch antagomiR-vermittelte Inhibierung 

von miR34a-5p und stellten dabei eine Reduzierung der Seneszenzmarker p53 und p16 fest. Die RNAi-

vermittelte Ausschaltung von p53 reduzierte dagegen den Seneszenzmarker p21 und miR34a-5p 

sowie die pro-fibrotische Signalübertragung.  
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Insgesamt schlagen wir auf Grundlage unserer Ergebnisse einen Krankheitsmechanismus vor, bei dem 

die Progerin-Expression im Endothel zu Defekten bei der Mechanosignalübertragung führt, was 

schlussendlich zur Induktion einer zellulären Seneszenz und des SASP Phänotyps führt. Ein komplexes 

Wechselspiel der p53- und miR34a-5p-Signalwege hält dabei den Seneszenz-Phänotyp der 

Endothelzellen aufrecht, wodurch parakrine Effekte induziert werden, die im umliegenden Gewebe 

Fibrose und entzündliche Reaktionen auslösen und zur kardiovaskulären Pathologie beitragen. Unsere 

Erkenntnisse sind von großer Bedeutung für die Identifizierung neuer diagnostischer und 

therapeutischer Mittel für HGPS und für andere altersbedingte, kardiovaskuläre Erkrankungen.  

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



10 

 

3. Preamble 
Rising living standards in modern societies have led to an increase of life expectancy and 

concomitantly to an increase of age-related diseases. One of the most prominent group of age-related 

diseases, leading to a great number of deaths annually, is cardiovascular disease (CVD) (WHO report 

2017) [1]. Age related cardiovascular pathologies and atherosclerosis occur due to damage in our 

arteries and capillaries, which in many cases translates to a damaged and dysfunctional endothelium. 

The endothelium, or tunica intima, is the innermost of three different cell layers that comprise the 

walls of all vessels, the other two being the tunica media (mainly comprised of smooth muscle cells 

(SMC)) and the tunica adventitia (mainly comprised of fibroblasts) [2]. The endothelium is a one-cell-

thick layer comprised of endothelial cells (ECs) which line the inside of every blood vessel in the body, 

as well as the inner walls of the heart chambers and lymphatic vessels. The endothelium has emerged 

as a key regulator of vascular tone and homeostasis since it does not merely fulfill a role as a barrier 

between blood and tissues but also acts as a signal transducer for circulating factors that can influence 

the vessel wall phenotype [3]. Changes in the endothelium occurring during aging include a 

downregulation of atheroprotective pathways such as reduced endothelial NO synthase (eNOS) levels 

(an enzyme that produces the atheroprotective nitric oxide (NO)), an insensitive shear stress response, 

which is the response of ECs to the constant fractional force created by the blood flow, and an 

upregulation of pro-inflammatory molecules, such as ICAM1 and ICAM2 [4]. Moreover, in aged and 

dysfunctional arteries structural changes occur in the extracellular matrix (ECM) of the intima, medial 

and adventitia layers, leading to changes in the actomyosin-mediated cellular contractility and in the 

shear stress response [5] [6]. 

One of the main molecular causes of age-linked diseases, such as CVD, is cellular senescence occurring 

in almost all tissues and leading to aged-linked tissue damage [7] [8]. To this regard it has been proven 

that endothelial cell senescence is a major initiating event in geriatric CVD and atherosclerosis [4] [9]. 

Although permanently cell cycle arrested, senescent cells are still metabolically active and can 

influence their surrounding environment by secretion of pro-inflammatory and pro-fibrotic factors, 

growth factors and proteases. The specific secretome of senescent cells, through which they establish 

a ‘’communication network’’ with their surrounding cells and tissues, is termed senescence associated 

secretory phenotype (SASP) [10] [11]. In addition to the well-established SASP members, microRNAs 

(miRs) have recently been characterized as a novel member of the SASP [12]. miRs are small 22 

nucleotide long RNAs that regulate gene expression at a post-transcriptional level by binding to the 3´ 

UTR region of target mRNAs leading to either mRNA decay or inhibition of translation [13]. 

Interestingly, miRs are emerging as key regulators of senescence signaling [14]. To this extend, a novel 

group of senescence-associated miRs, termed geromiRs, has been established [15]. 

The canonical miR biogenesis pathway starts with the generation of a pri-miR transcript that is 

processed inside the nucleus by a multiprocessor complex (Drosha and DiGeorge Syndrome Critical 

Region 8 (DGCR8)) that cleaves the pri-miR molecule and produces the precursor-miR (pre-miR). The 

pre-miR is subsequently exported to the cytoplasm by Exportin 5 and is there further processed by 

the protein complex Dicer to produce the mature miR molecule. As a final step, either the 5p or the 

3p strand of the mature miR molecule is loaded into the Argonaute (AGO) protein to form the miR-

induced silencing complex (miRISC). Inside this miRISC complex binding of the active miR strand and 

the 3´  UTR of the target mRNA occurs which results in mRNA degradation or translational inhibition 

[16]. miRs are produced intracellularly and can influence gene expression inside their cell of origin, 

but can also participate in intercellular communication through their secretion. Since miRs are highly 
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susceptible to degradation by extracellular RNases in order for them to be able to communicate signals 

in between cells they need to be protected. This protection is achieved by small extracellular vesicles 

(sEV) that enclose secreted miRs, along with other biological cargoes, and allow them to “safely” exit 

into the extracellular space. 

It has extensively been proposed that cell to cell communication over large distances is established by 

secretion of small extracellular vesicles (sEV) from donor cells and uptake of these sEV by recipient 

cells [17]. Small extracellular vesicles are composed of a lipid bilayer containing transmembrane 

proteins and can carry different contents such as cytosolic proteins, RNA, DNA, lipids and metabolites 

[18] . Different sEV can have different pathways of biogenesis, different sizes, different cell-specific 

origins and function. According to their biological pathway of biogenesis, typically three major 

subtypes of EVs are defined. Exosomes (30-150nm in diameter) are generated by inward budding of 

the endosomal membrane and fusion of the multivesicular body (MVB) with the plasma membrane. 

Microvesicles are formed by outward budding of the plasma membrane and apoptotic bodies are 

shedded from cells during apoptosis [18]. The most well studied sEV are exosomes and microvesicles.  

Recently, increasing attention has been payed to sEV and their integral role in intercellular 

communication in the context of age-related diseases, including CVD. Interestingly, a recent study 

showed that senescent ECs secret a significantly higher number of sEV, in particular exosomes, 

compared to their quiescent counterparts [19]. Moreover, the composition of those senescent cell-

derived exosomes was shown to be different in comparison to the one from exosomes released by 

young healthy cells [20]. More specifically, it has been shown that the miR content of exosomes 

released by senescent cells is significantly altered, revealing an enrichment in anti-apoptotic (pro-

senescent) miRs  [12]. In accordance to that, it was proposed that a major mechanism linking 

endothelial cell senescence and progression of CVD is the production and release of specific sEV, in 

particular exosomes, by senescent endothelial cells [20]. Therefore, exosomes and their miR cargo 

have been proposed to play an integral role in the development of atherosclerosis and CVD.   

As a model to study age related CVD and atherosclerosis we utilize a premature aging disease, the 

Hutchinson-Gilford progeria syndrome (HGPS).  HGPS is a severe and very rare premature aging 

disease with many clinical symptoms including alopecia, loss of subcutaneous fat, aged-looking skin 

and osteoporosis [21] [22] [23]. The most prominent hallmark of HGPS is severe progressive 

atherosclerosis in childhood, characterized by left ventricular (LV) diastolic dysfunction and 

hypertrophy [24] [25], early to late stage collagen rich plaques and severe vascular smooth muscle cell 

(VSMC) loss in large arteries [24] [26] [27]. Cardiovascular abnormalities in HGPS patients are very 

similar to those observed in  geriatric cardiovascular disease [24] [9] [28] [29] with the difference being 

that the extrinsic risk factors present in aged individuals like hypertension, hypercholesterolemia, an 

unhealthy diet and smoking,  are not present in HGPS patients. Therefore, HGPS poses a great model 

for particularly studying CVD and atherosclerosis, strictly in regard to aging. 

HGPS is caused by a single point autosomal dominant de novo (GGC>GGT) mutation in the LMNA gene. 

Mammals carry 3 different genes for expression of lamins, LMNA gene encoding lamin A and lamin C, 

LAMINB1 gene encoding lamin B1 and LAMINB2 encoding lamin B2. Lamins are part of the nuclear 

lamina, a mesh-like structure at the nuclear periphery which fulfills many roles inside the cell, with the 

main ones being providing mechanical stability and regulating chromatin organization and gene 

expression [30]. Lamin A is expressed as prelamin A which undergoes several steps of post-

translational modification including farnesylation and carboxymethylation of the C-terminus and 

eventually cleavage of the modified C-terminal 15 amino acids, resulting in the mature non-
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carboxymethylated and non-farnesylated lamin A molecule [31]. This last cleavage step does not take 

place in B-type lamins, so that they maintain their C-terminal farnesylation and carboxymethylation.  

The single point mutation in LMNA causal for HGPS leads to activation of a cryptic splice site and 

results in the generation of a truncated version of prelamin A, with a 50 amino acid internal deletion, 

which stays permanently farnesylated and therefore permanently tethered to the nuclear periphery. 

This mutant version of LMNA is termed progerin [32] [33]. Since lamins fulfill many important 

functions in the cells, expression of the mutant version of lamin A – progerin - in cells leads to many 

problems, including mechanical defects, lobulated nuclei and changes in heterochromatin, DNA 

damage and shortened telomeres strongly resembling age-linked mechanisms. 

Although one of the initiating events of geriatric CVD and atherosclerosis is endothelial cell 

senescence, most of the studies in HGPS until now have focused on delineating the role of VSMC 

depletion in HGPS patients in regard to CVD [24] [26] [34] [35] [36]. Based on the key initiating role of 

endothelial cell dysfunction in the development of CVD and atherosclerosis and the importance of 

progerin accumulation in endothelial cells in the development of a dysfunctional endothelium [37], 

we generated a transgenic mouse model with ectopic endothelial cell specific expression of progerin 

(Prog-Tg). As a control we generated a mouse model that expresses the wild type (WT) human LAMIN 

A specifically in the endothelium (LA-Tg). 

In our first publication [38] we analyzed the phenotype of the Prog-Tg mouse model in order to 

understand how progerin expression, specifically in the endothelium, can contribute to the 

development of a dysfunctional endothelium and subsequently to the formation of an atherosclerotic 

prone environment. We showed that on an organismal level endothelial specific Prog-Tg mice died 

prematurely and developed a CVD phenotype highly similar to the phenotype observed in HGPS 

patients. Prog-Tg mice develop left ventricular hypertrophy and aging related diastolic dysfunction 

with preserved ejection fraction. Furthermore, atheroprotective eNOS was downregulated in heart 

tissue and ECs from Prog-Tg mice, which correlated with increased interstitial and perivascular fibrosis 

[38]. However, Prog-Tg mice did not show VSMC loss and atherosclerosis as reported in patients and 

VSCMC specific progerin mice [26]. These data indicated that VSMC pathology and atherosclerosis is 

likely linked to progerin expression in VSMCs, while expression of progerin in ECs leads to cardiac 

diastolic dysfunction and extensive fibrosis [38], other major CVD pathologies observed in HGPS 

patients [24]. The control LA-Tg mice and WT mice did either not develop a phenotype at all or showed 

only a very mild phenotype.  

On the cellular level, EC dysfunction in Prog-Tg mice was reflected by misalignment of nuclei and actin 

fibers in the aortic endothelial layer and an impaired shear stress response [38], consistent with 

previous reports on an impaired mechano-response in fibroblasts expressing lamin A mutants [39] 

[40] [41]. In Prog-Tg ECs we found defects in nuclear envelope proteins involved in 

mechanotransduction, such as SUN1/2 and emerin, which are members of the Linker of 

Nucleoskeleton and Cytoskeleton Complex (LINC) that mechanically couples cytoskeletal and nuclear 

components across the nuclear envelope [42]. Moreover, emerin  is known to affect F-actin/G-actin 

(filamentous actin/ global actin) levels [38] and the mechanoresponsive myocardin-related 

transcription factor-A (MRTF-A) [43]. MRTF-A is a co-transcription factor of the serum response factor 

(SRF) and is known to mediate a fibrotic effect in response to pro-atherogenic stimuli by activating 

gene expression of cytoskeletal components and by downregulating atheroprotective eNOS [44] [45] 

[46] [47] [48]. Accordingly, we also found F-actin/G-actin upregulated and MRTF-A deregulation in 

Prog-Tg ECs [38].  
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Overall these data led us to our initial working model which suggests that progerin accumulation at 

the nuclear lamina results in upregulation of SUN1/2, formation of emerin aggregates and an increase 

of F-actin. These changes lead to the formation of more rigid nucleocytoskeletal links. We could 

further show that MRTF-A binds to the promoter of the atheroprotective eNOS and MRTF-A activity is 

required to downregulate eNOS and its secreted product NO in ECs, leading to a paracrine pro-fibrotic 

effect. Overall, these data showed for the first time that endothelial specific progerin expression leads 

to profibrotic changes resulting in cardiovascular defects and premature death in mice, involving an 

impaired MRTF-A/eNOS signaling axis [38].  

Our next focus was to find out at mechanistic detail, how endothelial progerin expression can lead to 

a dysfunctional endothelium and to a HGPS like CVD phenotype. In particular we wanted to address 

which signaling pathways are affected upon progerin expression in the endothelium in order to 

delineate specific disease mechanisms. Furthermore, we aimed at addressing the previously observed 

paracrine effect of Prog-Tg ECs. Given the important role of endothelial cell senescence in the 

development of CVD we wanted to test whether progerin expression in our Prog-Tg mouse model 

leads to endothelial cell senescence. Moreover, we investigated whether progerin induced senescent 

endothelial cells can influence surrounding cells and tissues through secretion of an endothelial 

specific SASP. 

In our second study we performed messenger RNA sequencing (mRNA-seq) and could show that 

progerin expression in the endothelium leads to a significant deregulation of many genes (Table 4, 

Table 5). In particular we noticed upregulation of genes involved in pro-inflammatory and pro-fibrotic 

signaling pathways and in the senescence signaling pathway p53 [49]. p53 is a transcription factor with 

a pro-apoptotic function upregulated upon various stresses, particularly genotoxic stress. Under 

normal conditions p53 is expressed at very low levels, upon DNA damage, p53 accumulates in the 

nucleus mediated through post-translational modifications and increased stability, resulting in cell 

cycle arrest and either DNA repair or apoptosis, which depends on the extend of DNA damage [50]. 

Furthermore, our transcriptome analysis revealed an upregulation of immune molecules such as 

cytokines, chemokines and interleukins, of pro-fibrotic molecules like TGF-beta pathway components 

and of proteases, indicating initiation of a SASP. Moreover, we confirmed a cell non-autonomous 

paracrine effect of ECs ex vivo, showing that endothelial cells from different tissues lead to 

upregulation of senescence and SASP markers in surrounding tissues. An in vitro co-culture model also 

revealed a senescence- and SASP-specific paracrine effect of Prog-Tg ECs to co-cultured fibroblasts. 

Again, these results were strictly progerin specific since LA-Tg ECs did not show upregulation of 

senescence and SASP signaling (Table 6, Table 7). 

Since miRs are emerging as key regulators of senescence and bona fide members of the SASP [14] [12] 

we decided to analyze also the miR EC specific signature by performing miR-sequencing (miR-seq). 

Prog-Tg ECs showed a significant deregulation of many miRs and revealed a senescence associated 

miR signature with upregulation of many p53 signaling-pathway associated miRs (Table 8, Table 9). In 

order to address a systemic effect, we also performed miR-seq of plasma samples originating from 

Prog-Tg mice (Table 12, Table 13). An overlay of deregulated miRs in Prog-Tg ECs and in plasma 

samples of Prog-Tg animals showed senescence-associated miR34a-5p and miR31-5p as commonly 

deregulated miRs. Especially miR34a-5p was a very interesting hit since it is a previously reported 

senescence associated miR (SA-miR) [15] [51] as well as a well-established cardiovascular disease 

mediator and biomarker [52] [53] [54]. Moreover, we found miR34a-5p upregulated in lung and heart 

tissue of Prog-Tg animals. Importantly, miR34a-5p and p21 were both found upregulated in the 
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atheroprone aortic arch regions of Prog-Tg mice. These findings suggested on the one hand a high 

relevance of miR34a-5p for cardiovascular pathology in HGPS and geriatric patients and a link between 

mechanical stress and upregulation of senescence markers and SA-miRs on the other hand. 

Mechanistically, inhibition of miR34a-5p led to a reduction of p53 levels and of the late-stage 

senescence marker p16, leaving p21 unaffected. p53 knockdown led to a reduction of miR34a-5p and 

p21 levels, while only moderately affecting SASP.  These data strongly suggest that miR34a-5p 

reinforces senescence through two different branches, the p53 and the p16 branches, in progerin 

expressing endothelial cells maintaining a senescence phenotype synergistically. 

Overall our two publications suggest a model in which endothelial specific progerin expression leads 

to an increased mechanical stress through deregulation of nuclear membrane bound proteins like 

SUN1, SUN2 and emerin, which in turn leads to an increase of F-actin/G-actin levels and of MRTF-A 

pro-fibrotic and pro-atherogenic intrinsic and paracrine signaling [38]. A constantly increased 

mechanical stress leads to the activation of p53 senescence signaling and its target miRs, including 

miR34a-5p. We observed an intrinsic senescence signaling with an increase of the p53/p21 and the 

p16 senescence signaling branches and of SA-miRs, like miR34a-5p and miR31-5p. Moreover, we 

confirmed upregulation of many SASP members in Prog-Tg ECs, including pro-inflammatory and pro-

fibrotic mediators. Presumably, through EC-mediated secretion of such SASP members and of SA-

miRs, a paracrine senescence signaling network is established via which ECs influence their 

surrounding cells and tissues. To this end we confirmed immune cells attraction and infiltration in lung 

and liver tissues and cardiac fibrosis. Collectively, our data propose that Prog-Tg ECs through an 

increased mechanical stress upregulate senescence and SASP signaling intrinsically and establish a 

paracrine senescence and SASP signaling network leading to a systemic senescence effect.   

As mentioned above, it has recently been shown that endothelium derived sEV can play an important 

role in the pathogenesis of CVD, but can also serve as prognostic biomarkers [55]. Moreover, it has 

been demonstrated that ECs can communicate with their surrounding microenvironment through 

secretion of sEV. In particular, an atheroprotective communication between shear stress responsive 

endothelial cells and smooth muscle cells (SMCs) was shown to be mediated through secretion of sEV 

containing atheroprotective miRs by endothelial cells and uptake by SMCs [56]. Moreover, 

communication between endothelial cells and immune derived cells through secreted sEV are 

emerging as important regulators of different stages of CVD development [57]. Interestingly, 

senescent endothelial cells showed an altered sEV secretome which contributed to the formation of 

CVD [20].   

Given the important role that sEV in endothelial play in the communication with other cell types and 

the novel role of miRs as members of the SASP, we wanted to check the miR content of sEV secreted 

by Prog-Tg ECs. In our study that is currently still unpublished data we isolated specifically the 

exosome containing fraction of secreted sEV and performed miR-sequencing of the exosome 

contained miRs. We characterized the isolated exosomes using a nanoparticle track analyzer (NTA) 

and electron microscopy in order to confirm that the isolated fraction was indeed the exosome 

containing fraction (unpublished data). Prog-Tg EC secreted exosomes revealed only three miRs 

significantly upregulated, miR133a-3p, miR21a-3p and miR582-5p. Nevertheless, all three showed a 

high physiological relevance to out working model [58] [59] [60] [19] [61] [62] and importantly were 

not found upregulated in exosomes of LA-Tg ECs (unpublished data). Further on, in order to prove that 

exosome mediated miR transfer can occur in our system we performed an in vitro experiment in which 
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donor endothelial cells were transfected with a fluorescently labeled miR and then the exosome 

containing fraction of their secretome was collected and untransfected recipient ECs were incubated 

with those exosomes. Interestingly, after 24 hours of incubation the recipient ECs showed the 

fluorescent signal of the labelled miR, indicating an exosome mediated miR transfer between 

endothelial cells.  

Endothelial cell communication with the surrounding microenvironment via miR containing sEV raises 

interesting aspects for CVD pathology and therapy, but also for the physiological function of the 

cardiovascular system. In our unpublished data we show that Prog-Tg ECs have a specific miR 

containing sEV signature and that exosome mediated miR transfer between endothelial cells can occur 

in our cell system. Further analysis is needed to determine the specific roles of the exosome enclosed 

secreted miRs in Prog-Tg ECs and to investigate whether endothelial to endothelial cell 

communication through exosomes occurs also in vivo.  
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4. First peer reviewed publication 

 
Status of manuscript and submitters contribution 

Our first peer reviewed manuscript ̀ ` Endothelial progerin expression causes cardiovascular pathology 

through an impaired mechanoresponse `` was accepted for publication in November 2018 and 

published online in February 2019 in the medical research article Journal of Clinical Investigations 

(https://www.jci.org/). 

My personal contribution to the publication of this manuscript included performing two key 

experiments and contributing to several other experiments. Moreover, I helped in establishing key 

experimental procedures for the isolation of endothelial cells, the setup of the in vitro co-culture 

experiments and the Chip-qPCR with primary cells. 

The first experiment that I conducted was the in vitro co-culture experiment of primary ECs with 

primary fibroblasts (Figure 7E). This experiment was performed in absence as well as in presence of 

the MRTF-A inhibitor and was therefore crucial for establishing the role of MRTF-A in the paracrine 

pro-fibrotic effect mediated by Prog-Tg ECs to co-cultured fibroblasts. Further on, the results of this 

experiment supported the already previously by us proven pro-fibrotic in vivo effect in Prog-Tg mice, 

by confirming a paracrine pro-fibrotic effect also in an in vitro co-culture setup.  

The second experiment that I conducted was the Chip-qPCR for MRTF-A (Figure7D). This experiment 

was also very important since it proved that MRTF-A binds to the promoter of eNOS and 

downregulates its expression in Prog-Tg ECs. Therefore, it helped us getting a better mechanistic 

insight into the deregulated signaling pathways in Prog-Tg ECs.  

Moreover, I contributed in conducting the in vivo measurements depicted in Figure 2 D-G and the 

gene expression experiments in Figure 3D. 
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Publication: Endothelial progerin expression causes cardiovascular pathology through 
an impaired mechanoresponse 
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5. Second peer reviewed publication 

 
Status of manuscript and submitters contribution 

Our second peer reviewed manuscript `` Endothelial and systemic upregulation of miR-34a-5p fine 

tunes senescence in progeria`` was accepted for publication in December 2021 and published online 

in January 2022 in the research article Aging (https://www.aging-us.com/). 

As first author of this publication my personal contribution was to conduct most of the experimental 

procedures and to establish new techniques needed for doing so. Moreover, I assembled the main 

and supplementary figures presented in this manuscript and contributing to the writing of this 

research article. 

In particular, I performed the experiments and assembled the figures depicted in Figure 1 A-H, Figure 

2 A-C, Figure 4 A-D, Figure 5 A, B, D-G, Figure 6 A, B, E, F and Figure 7 A-D. For the supplementary 

material I performed the experiments and assembled the figures for Supplementary Figure 1, 2, 3, 5 

and 6.  

I further on wrote the draft of the paper and the materials and methods part of the paper. I also 

contributed to the writing and in proof reading of our second published manuscript.  
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Publication: Endothelial and systemic upregulation of miR-34a-5p fine-tunes 
senescence in progeria 
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6. Analysis of Prog-Tg EC secretome (Unpublished data) 
 

Current state of Research  

Cell to cell communication over long distances can be established by secretion of extracellular vesicles 

(EVs). Secreted by most cell types, EVs are membrane bound vesicles that differ in their biogenesis 

pathway, size and biological content and include apoptotic bodies, microvesicles and exosomes, the 

last two being grouped together in many studies [63] [64]. Exosomes and small microvesicles are 

typically termed small extracellular vesicles (sEV). The first observations of sEV as a means for sharing 

biological information goes back more than twenty years when it was observed that immune cells 

present antigens via EV secretion [64]. A few years later it was shown that miRs and mRNA carried by 

secreted exosomes can be taken up by recipient cells and deliver biological information. Since those 

findings there has been an increasing number of studies showing that all eukaryotic cells share 

biological information like proteins, nucleic acids and lipids by secretion of a range of membrane 

bound vesicles that differ in size and content [64].  

Typically, exosomes are considered as a subgroup of microvesicles 30-150nm in diameter [65], but 

differ from bigger microvesicles in their way of biogenesis and biological content [64]. Exosomes are 

generated by inward budding of the membrane of multivesicular bodies (MVBs) forming intraluminal 

vesicles (ILVs). Upon maturation MVB can follow two distinct fates, the one being fusion with 

lysosomes or autophagosomes for cargo degradation and the other one fusion with the plasma 

membrane. Upon fusion with the plasma membrane MVBs release the ILVs into the extracellular 

space. Those ILVs are then referred to as exosomes [66]. Several mechanisms of biogenesis of MVBs 

have been described with the best-described one being the pathway utilizing the endosomal sorting 

complex required for transport (ESCRT) machinery. This pathway is responsive for sorting 

ubiquitinated proteins into ILVs [67]. Whether MVBs formed by the ESCRT pathway are destined to 

degrade or to fuse with the plasma membrane and generate exosomes is still unclear [68] . Along with 

the ESCRT machinery also other pathways of MVB generation exist, namely the ceramide-

sphingomyelin pathway, in which ceramide is generated from sphingomyelin hydrolysis by neutral 

sphingomyelinase 2 (nSMSase2) leading to formation of ILVs [69], and an ubiquitination independent 

ESCRT-III pathway utilizing heparin sulfate proteoglycan syndecan [70]. The existence of different 

biogenesis pathways of MVB and therefore of exosomes inevitably raises the question whether these 

different pathways determine the specific cargo of exosomes or whether different vesicles 

subpopulations carrying a different content exist [66]. Although the exact process of exosome release 

remains unclear, it is generally accepted that Rab GTPases, soluble N-ethylmaleimide-sensitive factor 

attachment protein receptors (SNAREs) and the cytoskeleton are involved in this process, which shows 

that exosome release is an active process requiring energy [65]. 

In contrast to exosomes, microvesicles can directly bud from the plasma membrane [66]. They are 

extremely heterogeneous in size, starting from exosome like microvesicles with a diameter as small 

as 50nm, to very large microvesicles with a diameter of 1um. Microvesicles can be generated by 

different mechanism, such as the ESCRT machinery, which produces very small microvesicles highly 

resembling exosomes [71], the nSMase2 pathway [72] and the actin cytoskeleton rearrangement 

pathway [73]. Like exosomes, microvesicles are also actively secreted by cells [65]. 
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Figure 1: Biogenesis and content of different extracellular vesicles: Exosomes are mainly generated by 
formation of intraluminal multi vesicular bodies (MVB). MVB then fuse with the plasma membrane and release 
their content into the extracellular space. Exosomes can carry DNA, mRNA, miRNA, proteins and lipids. Their size 
varies from 30-150nm in diameter, Microvesicles are generated by budding of the plasma membrane and their 
cargo involves DNA, mRNA, miRNA, lipids, proteins as well as carbohydrates. Their size is between 0.1-1um, 
Apoptotic bodies are generated by blebbing of apoptotic cells, which occurs due to reorganization of actin. Their 
cargo includes DNA, mRNA, miRNA, proteins and lipids and they can be very heterogeneous in size varying from 
0.05-5um. 
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sEV can carry different cargos, including protein cargo, DNA cargo and RNA cargo [66]. Protein cargo 

has been shown to be incorporated in sEV by either binding to components of their biogenesis 

machinery [74] or in the case of membrane proteins, by direct interaction with sEV membrane 

proteins like tetraspanins [75]. Moreover, several studies have suggested that fragmented genomic 

DNA (gDNA) [76], mitochondrial DNA (mtDNA) [77] and parasitic DNA [78] can be present in sEV 

derived from plasma samples and cell culture medium. The physiological role of sEV transferred DNA 

is yet to be established, but recent studies have shown that it might play a role in cellular homeostasis 

during cancer. Upon DNA damage fragmented DNA is exported into the cytoplasm where it triggers 

cytoplasmic DNA sensors inducing senescence and apoptosis [79]. By inclusion of DNA fragments in 

sEV activation of the cytoplasmic DNA sensors is prevented. The discovery of horizontal mRNA transfer 

between cells by sEV [80] and evidence that sEV-transferred mRNA can be translated into functional 

proteins in the recipient cell [79] opened the pathway for extensive studies of sEV-transferred RNAs. 

Apart from mRNA, sEV, in particular exosomes, are highly enriched in miRs indicating that exosomes 

might fulfill their signaling role through gene regulation [81]. Different biological processes, involving 

cell development, growth and repair, cell migration, immunomodulation but also senescence and 

aging, among others, have been reported to be mediated by exosome derived miRs [82]. miRs have 

been described as small, approximately 22nt long non-coding RNAs which regulate gene expression 

by binding to the 3′ untranslated region (3′ UTR) of their target mRNA resulting in either translational 

repression or mRNA degradation [13].  

The first reported exosome-transferred miRs were shown to play an important role in the pathology 

of cancer [83], but since then exosome-linked miRs were found to play an integral role in tissue aging 

and longevity [82]. Several well-known aging linked exosome-enclosed miRs, such as miR34, miR21 

and miR29, have been described to modulate tissue functionality by regulating regenerative pathways 

but also by affecting life expectancy [82]. Age related exosome-enclosed miRs, termed exosome 

associated gero-miRs by some authors, are expressed at different levels in many body fluids, such as 

blood, plasma and serum, depending on age and the progression of age-related diseases [82]. These 

exosome-enclosed gero-miRs may be associated with aging mechanisms, as they often target genes 

involved in human longevity and regeneration [82].   

One of the initiating events during human aging is the accumulation of senescent cells which leads to 

tissue degeneration and aging associated inflammation, termed inflammaging. Interestingly, 

senescent cells, especially senescent ECs, were shown to release more exosomes than normal cells 

[19]. Moreover, the composition of those senescent cell-associated exosomes was different in 

comparison to the exosomes released by young healthy cells [20]. A nice example showing the 

difference in composition of exosomes origination from young and aged donors is a study that 

revealed that exosomes from plasma samples of young individuals have proliferative effects and 

promote osteogenic differentiation and maturation of mesenchymal stem cells (MSCs). This was not 

the case for exosomes originating from plasma samples of aged individuals [84]. Interestingly, many 

miRs are up- or down-regulated in senescent cells, including intracellular miRs as well as secreted 

exosome-associated miRs. In particular, up- and down-regulated miRs in or originating from senescent 

cells were shown to regulate genes  associated with pathways of senescence, such as the p53-p21 and 

the p16 pathways [85] [86] [87] [88]. Moreover, intracellular as well as secreted exosome-associated 

miRs are bona fide members of the senescence associated secretory phenotype (SASP) characteristic 

for senescent cells [14] [12]. These data indicate that a cellular transcriptional program is activated 

upon senescence whereby both the number and the composition of exosomes is changed, 

contributing directly to the SASP [82]  [89]. 
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One of the most deadly age-related diseases is cardiovascular disease (CVD) [1], and a key initiating 

event  in CVD development is endothelial cell senescence, as mentioned above [4] [9]. A major 

mechanism linking endothelial cell senescence and progression of CVD is the altered production of 

sEV, in particular exosomes, by senescent endothelial cells [20]. In accordance to that, sEV produced 

by young and healthy endothelial cells promote protective signals to their microenvironment [90]. 

Taking these data into consideration, an increasing number of studies suggest quantification and 

characterization of endothelial senescent cell-released exosomes as a useful prognostic tool for CVD. 

Moreover, characterization of endothelial cell-released exosomes might pave the path for future 

therapeutic targets for these large group of diseases [20].  

The production and the content of sEV represents a ‘snapshot’ of the physiological state of a tissue or 

cell, distinguishing between a young, healthy state and a senescent cell state. This holds true also for 

endothelial cells. For instance, in vitro simulated ischaemic preconditioning was shown to affect the 

rates and content of sEV production by endothelial cells [90]. In this study, a co-culture of primary rat 

cardiomyocytes with normoxic (20-21% oxygen) human umbilical vein endothelial cells (HUVECs) led 

to an up to 30% reduction in the percentage of cardiomyocyte death after simulated ischaemia and 

reperfusion (sIR). This protective function of HUVECs on cardiomyocytes was attributed to HUVEC-

produced sEV, since removal of those from the conditioned media of HUVECs abolished their 

protective mode of action. Thus, this study clearly demonstrated the protective mode of action of 

young, non-senescent endothelial cells (HUVECs) on cardiomyocytes. In contrast, other studies 

showed the deteriorating and harmful effect of senescent endothelial cells on their microenvironment 

[91]. For instance, exosomes isolated from conditioned media of senescent HUVECs and added to 

young endothelial cells led to repression of adherens junction protein expression like vascular 

endothelial-cadherin (VE-cadherin), as well as to a decrease in cell growth and an impaired endothelial 

migration capacity in young endothelial cells [91]. 

Taken into consideration the current knowledge on endothelial cell-produced sEV and, in particular, 

their importance in aging related CVDs [92], we sought to investigate the role and composition of sEV 

produced by progerin-expressing endothelial cells (Prog-Tg ECs) originating from Prog-Tg mice (see 

above). As expression of progerin specifically in the endothelium leads to activation of a p53 linked 

senescence signalling and initiation of a senescence associated secretory phenotype (SASP) as shown 

above [49], and since EC-secreted sEV may be part of a pathway linking EC senescence and progression 

of CVD, we decided to analyse the Prog-Tg EC-released sEV. Moreover, we focused on so called 

secreted gero-miRs, which have been characterized as novel members of the SASP [12] [14] and as 

important mediators of organismal and cellular aging [93]. For that, we incubated Prog-Tg ECs for 48 

hours with a conditioned cell culture media which had been depleted of all vesicles (vesicle free media) 

and subsequently isolated sEV produced by endothelial cells utilizing differential ultracentrifugation. 

We focused specifically on the sEV fraction with a diameter of up to 200nm, including mainly 

exosomes and small microvesicles, since those vesicles are known to be secreted actively from cells 

[65]. In this way one can identify primarily the active senescence-induced secretion mechanisms of 

Prog-Tg ECs rather than the passive leakage of apoptotic bodies. Another reason was that these sEV 

have emerged as very potent non-invasive biomarkers for the prognosis, detection and therapeutics 

of a wide spectrum of diseases, including CVD [94].  
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Summary of unpublished data 
In our unpublished study we performed sequencing of exosome-enclosed miRs secreted within 48h 

into the conditioned media (vesicle free media) of ECs. Isolation of sEV, in the range of 30-150nm 

(mainly including exosomes), was performed by differential ultracentrifugation as described in many 

previous studies [92] [95]. These isolated exosome fractions were characterized by different methods 

prior to miR isolation to ensure purity. Standard techniques for the characterization of sEV include 

optical methods, mainly electron microscopy (EM), detection of fluorescently labelled exosomes by 

flow cytometry and nanoparticle tracking analysis (NTA), as well as non-optical methods such as 

immunoblotting for exosome specific markers, such as tetraspanins [92] [96]. Tetraspanins are 

typically described as membrane-spanning proteins with a highly conserved structure and mainly 

function as membrane protein organizers [97]. In our study I primarily used the optical nanoparticle 

tracking analysis method (NTA), which showed a high concentration of sEV with an average diameter 

of approximately 150nm. Moreover, we tried to identify exosomes by electron microscopy (EM). 

These results were not as conclusive but still revealed the existence of sEV with a diameter of up to 

approximately 200nm. 

Sequencing of exosome enclosed miRs from 48 h conditioned media of Prog-Tg ECs revealed only 

three miRs significantly upregulated, namely miR133a-3p, miR21a-3p and miR582-5p, and nine 

significantly downregulated ones. Exosomes originating from the control LA-Tg ECs (see above) did 

not show any significantly upregulated miRs, while 13 significantly downregulated miRs were 

detected. Even though the number of upregulated miRs in exosomes originating from Prog-Tg ECs is 

low it is of great interest since they are specific for Prog-Tg EC and may thus be physiologically relevant 

for our disease model.  

miR133a-3p has been characterized as a muscle-specific miR which mediates an anti-hypertrophic 

effect by regulating targets involved in calcium signalling, cell growth and cellular developmental 

pathways [58]. In regard to CVD, overexpression of miR133a-3p has a cardioprotective effect by 

inhibiting apoptosis and led to a reduction of cardiac hypertrophy in vivo and in vitro [58] [59]. In 

accordance with these findings, myocadiac intracellular levels of miR133a-3p were decreased in 

hypertrophic cardiomyopathy (HCM) [59]. Since in our system exosome-associated miR133a-3p was 

found upregulated in the secretome of Prog-Tg ECs we hypothesize that Prog-Tg ECs of the Prog-Tg 

mice, which show a CVD phenotype with left ventricular hypertrophy [38], secret increased levels of 

the cardioprotective miR133a-3p as a “warning” signal to their surrounding tissues.  

Moreover, miR133a-3p is expressed in a tissue specific manner with an abundant prominent 

expression in the myocardium and plays a key role in promoting cardiogenesis, [60]. Since miR133a-

3p expression is elevated in serum of patients with acute myocardial infarction (AMI), it has also been 

used as a diagnostic biomarker of AMI [60]. Interestingly, several clinical studies show that serum 

miR133a-3p levels are highly increased in critical inflammatory illnesses and that its expression levels 

correlate with the severity of the disease [60]. Therefore, miR133a-3p might act as a pro-inflammatory 

agent, this being in accordance with our model, since we found upregulation of inflammatory 

signalling in the endothelium-specific mice (see above). Altogether, miR133a-3p is involved in normal 

heart function as well as heart pathology.   

A recent and highly interesting study, which focussed on the pro-senescent effects mediated by 

senescent endothelial cells via sEV-associated miR secretion, revealed that senescent HUVECs release 

a significantly higher number of sEV compared to control non-senescent HUVECs. When examined for 

their cargo, those sEV were highly enriched in miR21 and miR217, which are known to target the anti-

aging genes DNMT1 and SIRT1 [19]. Interestingly, DNMT1 was also found slightly decreased in Prog-
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Tg ECs [49]. When control non-senescent HUVECs were treated with sEV originating from senescent 

HUVECs, a miR21/miR217-related impairment in the expression levels of their target genes DNMT1 

and SIRT1 was noticed. Moreover, the treated non-senescent HUVECs showed a reduction of 

proliferative markers and a partial senescent phenotype. Interestingly, also a partial demethylation of 

the genetic locus encoding miR21 was induced by sEV originating from senescent HUVECs [19]. 

Overall, those findings suggest that sEV-enclosed miR21 and miR217 originating from senescent 

HUVECs are mediators of a pro-senescence effect affecting cell viability and replication in 

neighbouring cells [19]. 

In contrast to the current knowledge on miR133a-3p and miR21 in endothelial cell-mediated paracrine 

effects, not much is known about miR582-5p. A recent study showed that miR-582-5p acts as a tumour 

suppressor  in a non-small lung cancer cell model by targeting the survival pathway Hippo-Yap/Taz 

[61]. Another recent study reported that miR582-5p functions as an anti-carcinogenic agent by 

regulating cell proliferation and apoptosis in human endometrial carcinoma [62]. Anti-cancerogenic 

pathways typically act by suppressing pro-survival signals and therefore often convey a pro-

senescence effect. In Prog-Tg ECs, miR582-5p may therefore be a pro-senescent candidate which 

mediates paracrine senescence to the surrounding microenvironment contributing to a systemic Prog-

Tg EC mediated effect. 

In order to prove that sEV enclosed miRs originating from ECs can indeed be taken up by neighbouring 

ECs and therefore contribute to the cell-to-cell communication, we also performed an in vitro study 

utilizing primary mouse ECs. For this, we transfected ECs with a stably fluorescently labelled miR (Dy-

547 labelled c. elegans miR-67) and collected the cell supernatant after 48h from which we 

subsequently isolated by ultracentrifugation the exosome (sEV)-containing fraction of EVs. 

Subsequently, we applied those exosomes on recipient ECs, which had not been transfected with the 

fluorescently labelled miR. After 48h the recipient ECs were found to contain the fluorescent signal by 

flow cytometry. These results clearly indicate that cell to cell communication via exosome-enclosed 

miRs can occur between ECs in our system. Thus, acquiring specific knowledge of the cargo of sEV 

secreted by Prog-Tg ECs can prove to be a strong diagnostic tool for CVD and further on may also 

reveal novel therapeutic targets for treatment of CVD and atherosclerosis, not only in aged individuals 

but also in HGPS patients. 
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Results 
 

Characterization of endothelial cell-secreted small extracellular vesicle (sEV) 

Due to the recently acquired knowledge on the importance of small extracellular vesicles (sEV) 

secreted by endothelial cells (ECs) in the development of aging-related CVD [20] [92], we sought to 

investigate the secretome of Prog-Tg ECs in culture. We decided to focus specifically on sEV, enriching 

for exosomes, since this fraction of sEV was shown to be an important mediator of cell-to-cell 

communication. In order to characterize the sEV fraction secreted by Prog-Tg ECs and by the control 

LA-Tg and WT ECs (see above) we grew primary mouse cells for 48h in media depleted of all 

extracellular vesicles (vesicle free media). Subsequently we isolated sEV, enriching for exosomes, from 

the 48h-conditioned cell culture media by ultracentrifugation. The isolated sEV fraction of vesicles was 

characterized by optical methods. Nanoparticle tracking analyzer (NTA) was used in order to check the 

concentration and size of the isolated sEV fraction. In contrast to previous studies, reporting that 

senescent ECs secrete a significant higher number of sEV [19] than healthy cells, senescent Prog-Tg 

ECs did not reveal higher numbers of secreted sEV compared to the control LA-Tg ECs and WT ECs 

(Figure 2). Instead, WT and LA-Tg EC-derived conditioned media contained a higher number of 

secreted sEV (4,5E7 particles/ml for WT ECs and 3,87 particles/ml for LA-Tg ECs particles/ml) in 

comparison to the Prog-Tg ECs (1,8E7 particles/ml). One of the reasons for this discrepancy between 

published and our data may be that Prog-Tg cells are more sensitive to stress and a large fraction may 

die during the incubation time in the in vitro culture. According to the NTA analysis, the median size 

of the isolated sEV was approximately the same for Prog-Tg, LA-Tg and WT ECs, confirming the 

enrichment for exosomes (30-200nm in diameter) in the sEV fraction (Figure 2). For each genotype 

three biological replicates were used. 

 

 

Figure 2: Nanoparticle 
tracking analysis (NTA) of 
sEV fraction enriched for 
exosomes. Three 
biological replicates for 
each genotype (WT, LA-Tg 
and Prog-Tg) were 
analyzed by NTA to check 
concentration and size 
distribution of sEVs 
isolated from the 48h-
incubated cell culture 
media of ECs by 
ultracentrifugation. 
Isolated EVs had a size 
range characteristic for 
exosomes in all three 
genotypes (median X50 
around 150nm). The 
concentration though of 
secreted sEVs was higher 
for WT (4,5E7 particles/ml) 
and LA-Tg (3,8E7 

particles/ml) than for Prog-
Tg ECs (1,8E7 particles/ml). 
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Furthermore, we characterized EC-secreted sEV by electron microscopy (EM). The results were not as 

conclusive, since only a limited number of vesicles could be detected, but still they revealed exosome-

type structures up to 200nmm in diameter in media from Prog-Tg and WT ECs in three biological 

replicates (Figure 3). In comparison, the control vesicle-free media used for the incubation of ECs did 

not show these structures (Figure 3). Overall, these results showed that primary ECs in culture secrete 

sEV and that we are able to isolate exosome-enriched fractions of the secreted sEV. 

 

 

miRNA-sequencing of endothelial cell-secreted small extracellular vesicle-bound miRNAs 

Based on the emerging role of sEV-associated miRs in the development of aging-related CVD and 

senescence [82], we sought to investigate their potential role in progerin-mediated CVD. In order to 

tackle this question, we isolated exosome-bound miRs from the secretome of ECs in culture. We 

collected and tested the exosome-enriched fractions of EC-secreted sEV as shown above, and isolated 

secreted miRs from Prog-Tg, LA-Tg and WT samples in three biological replicates. These exosome-

bound miRs were subjected to miR-sequencing (miR-seq). In order to identify differentially expressed 

miRs (DE-miRs) we first compared exosome-bound miRs of Prog-Tg ECs to those of WT ECs (Prog-

Figure 3: Representative electron microscopy (EM) images of sEV fractions enriched for exosomes.  
Representative negative-staining EM images of three biological replicates for sEVs obtained from WT and Prog-
Tg ECs revealed exosome-like structures, with a diameter around 100-200nm. As a control, conditioned media 
(vesicle free media) was used which showed no sEVs. 
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Tg/WT) and exosome-bound miRs of control LA-Tg ECs to those of WT ECs (LA-Tg/WT). Eventually, in 

order to pinpoint a progerin-specific effect we compared DE miRs in Prog-Tg/WT and LA-Tg/WT. 

Prog-Tg ECs showed only three miRs significantly upregulated and 9 significantly down regulated 

(Table 1, Table 2). In direct comparison the control LA-Tg ECs showed no miR significantly upregulated, 

but 13 significantly downregulated (Table 3). Among the 9 significantly downregulated miRs in the 

secretome of Prog-Tg ECs and the 13 significantly downregulated miRs in the secretome of the control 

LA-Tg ECs, only 5 miRs were found commonly downregulated (miR-455-3p, miR-344-3p, miR-350-5p, 

miR-877-3p, miR-30c-1-3p). This overlap, although not insignificant, was not further investigated since 

these miRs have until now, to the best of our knowledge, not been well described in literature (Figure 

4). 

Although only three miRs were significantly upregulated in the secretome of Prog-Tg ECs, namely 

miR133a-3p, miR21a-3p and miR582-5p, these results are highly interesting. Firstly, they are progerin-

specific, and secondly, they have potential physiological relevance in our disease model. In particular, 

miR133a-3p has been linked to normal and pathological heart function and was shown to be elevated 

in serum of patients with acute myocardial infarction [60]. miR21a-3p in sEV originating from 

senescent ECs was shown to promote pro-senescence effects [19] and miR582-5p is known to be an 

anti-tumorigenic miRs, therefore mediating pro-senescent effects [61] [62]. 

 

 

 

 

In vitro communication between endothelial cells through transfer of miRs enclosed in 

endothelial cell-secreted small extracellular vesicle enclosed  

In order to test whether cell to cell communication via sEV can occur in our ECs system, we performed 

the following in vitro experiment utilizing primary WT ECs (donor ECs). WT ECs were transfected for 

48h with fluorescently labelled miRs (Dy547 labeled c. elegans miR-67) using three different 

concentrations, 0 pmol miR Dy547 miR-67 as a control, 200 pmol and 400 pmol. Thereafter, secreted 

exosomes were isolated from the cell culture media of the donor ECs by ultracentrifugation and added 

to the cell culture media of fresh untreated WT ECs (recipient ECs) (Figure 5A). After 24h of incubation 

with the exosome-containing fractions derived from the donor ECs, untransfected recipient ECs were 

Figure 4: miR-sequencing of secreted sEV-associated miRs. Sequencing of miRs in sEV fractions, enriched for 
exosomes, derived from WT, LA-Tg and Prog-Tg ECs in three biological replicates revealed three miRs significantly 
up and 9 significantly down-regulated in Prog-Tg/WT secretome. The control EC secretome LA-Tg/WT showed no 
significantly up and 13 significantly downregulated miRs. X axis represents the log2 FC, Y axis represents the log10 
pvalue, significantly differentially expressed miRs (DE miRs) had a FC >= 1.5 or <= -1.5 and a pvalue <= 0.05.  
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monitored by flow cytometry (FACS). This analysis clearly revealed the presence of the fluorescent 

signal Dy547 in recipient cells (Figure 5B). The percentage of recipient ECs expressing the Dy547 

fluorescent signal was proportional to the concentration of DY547 labelled miR-67 used for 

transfection of the donor ECs (Figure 5C). These data nicely demonstrated that transfer of miRs can 

be mediated by sEV, mainly exosomes, and that EC secreted- miRs may in this way contribute to the 

cell-to-cell communication in the endothelium. Moreover, progerin expressing senescent ECs could 

establish a pro-senescence signaling network and influence their surrounding cells and 

microenvironment, thereby contributing to the CVD pathology observed in Prog-Tg mice [38]. 

 

 

 

 

 

 

 
 

 

 

 

 

Figure 5: in vitro sEV-associated miR transfer between ECs: (A) Schematic representation of experimental design 
used for proving in vitro sEV-mediated miR transfer between ECs, (B) Representative images obtained by flow 
cytometry (FACS) showing percentage of recipient ECs expressing Dy547 fluorescence signal, (C) Bar diagram 
showing percentage of Dy547 positive recipient ECs, N=2 
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Materials and Methods 

 

Isolation and culture of primary endothelial cells (ECs) 

Isolation and culture of primary ECs was performed as described in our two previous publications [38] 

[49]. Typically, lung ECs at passage 2 were used. 

 

Isolation of small extracellular vesicle fraction (sEV) from cell culture media by 

ultracentrifugation 

To prepare sEV-free culture media, complete culture media (CCM) [38] was subjected to 

ultracentrifugation at 100000rcf overnight. For isolation of small extracellular vesicles (sEV) a 

minimum of 5ml culture media, originating from a confluent 6cm cell culture plate, was used. Cells 

were grown in sEV-free media and left to secret for 48h prior to isolation of sEV. Cell culture 

supernatant was subjected to sequential centrifugations, starting with 500g for 15min at 40C. 

Subsequently, supernatant from previous step was centrifuged at 14000g for 15min at 40C. Thereafter, 

supernatant from previous step was transferred to ultracentrifugation tubes (quick seal polypropylene 

tubes, Beckman Coulter REF: 342412, tube was filled up until completely full) and subjected to 

ultracentrifugation at 100,000g for 1.5h at 40C using a Beckman ultracentrifuge and a Ti70 rotor. Tubes 

were carefully opened with a scalpel and supernatant was removed completely. Pellet containing the 

sEV fraction, enriched for exosomes, was resuspended in 20ul PBS and incubated with RNase A (final 

concentration 0.5mg/ml) for 20 minutes at 370 C to degrade unprotected RNA. Thereafter, isolated 

exosomes were resuspended in a maximum volume of 200ul of Trizol in case sEV were subsequently 

use for miR isolation, or in 200ul PBS for sEV analysis by EM or NTA. Isolated sEV were stored at -800C 

over several months.  

 

Preparation of sEV samples for electron microscopy (EM) 

sEV isolated from 5ml of cell culture media and resuspended in 50ul PBS were used for preparation of 

EM samples. Briefly, 8ul of dissolved isolated sEV were applied to glow-discharged formvar-carbon 

type B coated electron microscopy grids for 3 minutes. Subsequently, excess liquid was carefully 

removed with a Whatman paper and the grid was carefully washed 1x with 2% PTA (Phosphotungstic 

acid) stain for 30 seconds. Grids were air-dried for 2 minutes and images were taken with 44.000x 

magnification at the EM-facility of the Vienna Biocenter Campus Facilities 

(https://www.viennabiocenter.org/vbcf/electron-microscopy/). 

 

Isolation of sEV bound miRs and miR-sequencing 

For sEV-associated miR isolation miRNeasy Mini Kit from Qiagen was used (Cat: 217004). Briefly, 

isolated sEV were dissolved in 700ul Qiazol, vortexed vigorously for 30 seconds and incubated for 10 

minutes at room temperature (RT). RNA spike-in control (c. elegans miR-39-3p spike in control, Qiagen 

REF: 203202) was added at this step. Thereafter, 140ul chloroform were added and sample was 

centrifuged at 12,000g for 15min at 40C. Upper RNA containing aqueous phase was transferred to a 

new 2ml tube and glycogen was added to sample to a final concentration of 50ug/ml. Rest of the 

procedure was performed as described in the protocol of the Mini Kit from Qiagen. Isolated miR can 

be stored at -800C. 
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Experimental design for in vitro sEV-associated miR transfer between ECs 

Briefly, 35000 primary ECs (donor ECs) cultured on a 6cm cell culture plate in penicillin/streptavidin 

free media at passage 2 were transfected with the fluorescently labelled Dy547 c. elegans miR-67, 

using a lipofection protocol, at day 0 (Day 0). Transfection was performed as follows: 2ul lipofectamine 

(LipoFectMax ABP Bioscience) were mixed with 30ul serum reduced media (Optimem, Gibco REF: 

31985-062) (mixture 1) and the correct volume of Dy547-miR-67 for achieving a final concentration of 

either 200pmol or 400pmol in cell culture media of cells to be transfected was mixed with another 

30ul serum-reduced media (mixture 2). Mixture 1 and mixture 2 were mixed and after an incubation 

time of 20 minutes at room temperature the final mixture was added to the cell culture media of 

donor ECs. After 24 hours cell culture media was removed and donor ECs were washed 4 times with 

PBS to get rid of any Dy547-miR leftover in the cell culture media. Transfection was allowed to occur 

for 48 hours (D2). Subsequently, sEV enriched for exosomes were collected from culture supernatants 

by differential ultracentrifugation (see above). Isolated sEV were dissolved in 200ul of vesicle-free cell 

culture media (conditioned media) and added to cell culture media of recipient ECs, also at passage 2. 

After 24h (D3) recipient ECs were trypsinized and analyzed my flow cytometry (FACS). Percentage of 

Dy547 positive cells was determined by using the Texas Red channel. 

 

Table 1 (Prog-Tg secretome vs WT secretome significantly Upregulated miRs) 

 

 

Table 2 (Prog-Tg secretome vs WT secretome significantly Downregulated miRs) 

 
 

Table 3 (LA-Tg secretome vs WT secretome significantly Downregulated miRs) 

 

 
 

 

 

 

 

 

ID mean_Pr_sn mean_WT_sn sd_Pr_sn sd_WT_sn FC logFC P.Value adj.P.Val avgRank
mmu-miR-582-5p 28,45490818 0,904899047 18,71744385 1,567331126 23,6068413 4,561133111 0,00251116 0,5072546 3

mmu-miR-133a-3p 17012,4717 4128,443623 13604,77861 6619,44728 13,3946235 3,743582129 0,04431581 0,998719186 7

mmu-miR-21a-3p 55,55451836 6,786696267 43,64750779 5,916513188 10,9909888 3,458249283 0,04862038 0,998719186 8

ID mean_Pr_sn mean_WT_sn sd_Pr_sn sd_WT_sn FC logFC P.Value adj.P.Val avgRank
mmu-miR-3057-5p 0 44,47819215 0 10,64228437 -50,38062552 -5,654797129 0,001207242 0,487725802 1

mmu-miR-455-3p 0 65,09156872 0 44,94234266 -53,6138326 -5,744533365 0,012728842 0,998719186 2

mmu-miR-214-3p 0 25,95079245 0 21,6076254 -18,15776301 -4,182514572 0,007159019 0,964081177 4

mmu-miR-6540-5p 0 53,53928571 0 59,24117291 -14,37132643 -3,845121319 0,017359855 0,998719186 5

mmu-miR-27a-5p 0 29,71068123 0 27,5077422 -10,31970748 -3,367330171 0,027632459 0,998719186 9

mmu-miR-344-3p 0 19,90768992 0 20,82737273 -7,987915059 -2,997818992 0,019863775 0,998719186 11

mmu-miR-350-5p 0 20,86808922 0 18,07277164 -7,834663769 -2,969871362 0,02020596 0,998719186 13

mmu-miR-877-3p 0 17,11754165 0 14,87633372 -7,611366999 -2,928155585 0,021200317 0,998719186 15

mmu-miR-30c-1-3p 0 13,57339253 0 11,83302638 -6,577774331 -2,717599513 0,026937817 0,998719186 23

ID mean_LaTr_sn mean_WT_sn sd_LaTr_sn sd_WT_sn FC logFC P.Value adj.P.Val avgRank
mmu-miR-132-3p 0 118,7503724 0 81,0608921 -71,1928649 -6,153660753 0,000627705 0,253592948 1

mmu-miR-34b-3p 15,82875824 81,02248962 27,41621349 26,42362301 -23,204341 -4,536322821 0,015394143 0,999384498 2

mmu-miR-467c-5p 0 29,68677016 0 13,19676862 -21,794794 -4,445911663 0,00694087 0,999384498 3

mmu-miR-455-3p 0 65,09156872 0 44,94234266 -51,6047262 -5,689431296 0,019592115 0,999384498 4

mmu-miR-301b-3p 0 23,22251934 0 13,55291899 -18,4852967 -4,208306293 0,018088101 0,999384498 5

mmu-miR-374c-3p 0 23,12644125 0 6,802037116 -16,0724386 -4,006516936 0,045029944 0,999384498 8

mmu-miR-195a-3p 0 46,90339043 0 57,35558257 -14,007232 -3,808099984 0,033594284 0,999384498 10

mmu-miR-374b-5p 0 19,97283563 0 5,8744866 -16,0724386 -4,006516936 0,045029944 0,999384498 11

mmu-miR-344-3p 0 19,90768992 0 20,82737273 -7,9237193 -2,986177774 0,029710926 0,999384498 13

mmu-miR-350-5p 0 20,86808922 0 18,07277164 -7,63320494 -2,932288925 0,031511032 0,999384498 14

mmu-miR-877-3p 0 17,11754165 0 14,87633372 -7,39549427 -2,886646572 0,033157639 0,999384498 19

mmu-miR-1981-3p 0 20,53970695 0 24,97974602 -6,84230415 -2,774482236 0,04270468 0,999384498 22

mmu-miR-30c-1-3p 0 13,57339253 0 11,83302638 -6,40902978 -2,680105973 0,041100016 0,999384498 24
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7. Discussion 
As people live longer, aging-linked diseases have become a scourge of modern society, with 

cardiovascular disease (CVD) holding a central position in age-related diseases. CVD has been defined 

as an umbrella term as it includes a wide range of conditions that affect the heart, the blood vessels 

or both. Even though very heterogeneous, one of the first and foremost events in the development of 

most CVD is a dysfunctional endothelium [5]. The endothelium, comprised of a single cell layer of 

endothelial cells (ECs), coats the inside of all blood vessels, the inner walls of the heart chambers and 

the lymphatic vessels [2]. Its main functions involve regulating the vascular tone, forming a barrier 

between blood and tissue as well as acting as a signal transducer for circulating factors that can 

influence the vessel wall phenotype [3]. Accumulation of dysfunctional vascular ECs can be triggered 

by a wide range of internal and external insults, including hypertension, diabetes, increased LDL 

cholesterol, smoking [5] and, in particular also aging itself, which can act independently of the other 

risk factors [98] [99]. Patients suffering from the premature aging disease HGPS develop accelerated 

atherosclerosis and CVD at an early age, but all of the usual extrinsic risk factors leading to the 

development of a dysfunctional endothelium and subsequently CVD in aged people are absent in 

HGPS patients. This suggests that CVD development in HGPS is promoted by the aging process itself 

in absence of all the extrinsic influences, initiated by the production of the mutant lamin variant 

progerin.  

Until recently, only the role of the observed loss of smooth muscle cells (SMCs) in HGPS patients had 

been extensively studied in the context of the development of atherosclerosis and CVD [24] [26] [27]. 

In particular, it has been shown that mouse models with a ubiquitous or specific expression of progerin 

in SMCs exhibit a premature aging phenotype and develop a severe vascular pathology, including 

severe loss of vascular SMCs, this being one of the main hallmarks of atherosclerosis in HGPS patients 

[26]. Taking into consideration the strategically important position of the endothelium for the 

development of atherosclerosis and CVD, the pivotal role of endothelial cell dysfunction in the 

initiation of CVD and the fact that progerin accumulates at atherosclerotic plaque regions in HGPS 

patients [100], but also in plaques of healthy aged individuals [101], more attention should be put in 

delineating the specific role of progerin expression in ECs and its contribution to EC dysfunction and  

the development of CVD. In order to address this unanswered question we were the first ones to 

generate a mouse model that express progerin specifically in the endothelium (Prog-Tg mice) [38]. 

 

In our first publication we show that Prog-Tg mice develop a CVD phenotype highly similar to the one 

observed in HGPS patients. In particular, we observed interstitial and perivascular fibrosis along with 

left ventricular diastolic dysfunction accompanied by left ventricular hypertrophy. Moreover, Prog-Tg 

mice were observed to die prematurely, with 40% of Prog-Tg mice dying at around 25 weeks of age. 

Prog-Tg mice as well as cultured Prog-Tg ECs showed loss of atheroprotective eNOS (endothelial nitric 

oxide synthase) and subsequently also of NO (nitric oxide) levels. This result was highly interesting 

since NO in the endothelium is known to mediate vasodilation [102] and to protect surrounding tissues 

from fibrosis by mediating an antifibrotic paracrine effect [103].  According to that, loss of NO 

secretion has been described as a hallmark of aging-related changes in the endothelium [5] [104] and 

thus our results indicate aging related changes also in the endothelium of the Prog-Tg mouse model. 

In line with the observed phenotype of perivascular fibrosis in Prog-Tg mice, a co-culture model 

showed that Prog-Tg ECs mediate a strong profibrotic paracrine signal to co-cultured fibroblasts also 

in vitro. We did though not observe loss of SMC in the Prog-Tg mouse model, as it has extensively 
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been described in literature in HGPS patient and mice [26]. We assume that VSMC loss is a cell intrinsic 

effect of progerin expression in the tunica media and SMCs, leading to atherosclerosis, while EC 

dysfunction contributes to fibrosis and heart defects, all hallmarks of HGPS. 

One of the key physiological functions of the endothelium is to respond to shear stress, which is the 

frictional stress caused by the constant blood flow [5]. A healthy endothelium can respond to changes 

in shear stress by aligning the ECs to the direction of the blood flow, whereas a dysfunctional 

endothelium does not have that ability. Shear stress response occurs through changes in cytoskeletal 

arrangements and nucleo-cytoskeletal coupling that subsequently lead to changes in gene expression, 

in turn activating atheroprotective and anti-fibrotic signaling pathways [105]. In our study we showed 

a defective shear stress response of the aortic endothelium in vivo and of Prog-Tg ECs in vitro, as cells 

were unable to align their actin cytoskeleton. This correlated nicely with the observed reduced eNOS 

and NO levels in vivo and in vitro since it is known that eNOS harbors a shear stress response element 

in its promoter region[44] [105]. An impaired shear stress response of progerin expressing cells has 

previously been reported in vitro [106] [107], but the novelty and physiological relevance that our 

study offers is the finding that a shear stress response impairment is detected in vivo, in particular in 

the endothelium of the atheroprone aorta.    

Based on the observed impaired shear stress response in vivo and in vitro we sought to find out how 

this effect is mediated on a mechanistic level. Since shear stress impairment is rooted in dysfunctional 

cytoskeletal rearrangements and nucleo-cytoskeletal coupling, we decided to check expression levels 

and localization of actin and LINC family members, proteins well known to be involved in this process. 

To this end, emerin, a stress-responsive protein at the nuclear envelope was found severely 

aggregated and SUN1/2, a protein of the LINC complex physically linking actin and lamin networks, 

was upregulated at the nuclear rim of Prog-Tg ECs. Since emerin is known to regulated actin 

polymerization, we checked F/G actin levels and observed an increase in F-actin in Prog-Tg ECs 

accompanied by an increase in expression levels of Actb both in Prog-Tg ECs as well as in tissues of 

Prog-Tg animals. These findings were in line with previous reports in fibroblasts, showing that 

mechanical force, such as shear stress, can lead to an increase of emerin at the nuclear envelope which 

subsequently leads to an increase of the F/G actin ratio [108]. 

Since changes in actin polymerization are known to lead to changes in gene expression via actin-

regulated transcription factors, we sought to investigate how these changes were mediated on a 

mechanistic level. We focused on the transcription factor MRTF-A since it is known that MRTF-A is 

mechanosensitive, emerin-regulated and F-actin-sensitive. MRTF-A is bound to G-actin and kept 

inactive in the cytoplasm but liberated upon polymerization of G actin to F-actin and transported into 

the nucleus. Moreover, MRTF-A is implicated in transcriptional regulation of many cytoskeletal genes 

[109]. Interestingly, MRTF-A was found mislocalized in Prog-Tg ECs. Furthermore, we were able to 

show that pharmacological inhibition of MRTF-A abolished the paracrine pro-fibrotic effect of Prog-Tg 

ECs in the in vitro co-culture model and led to an increase of eNOS levels in Prog-Tg ECs. Moreover, 

we demonstrated by Chip-qPCR that MRTF-A binds directly to the promoter region of Nos3 and 

therefore presumably leads to inhibition of its transcription. This was in accordance with previous 

studies showing the negative regulation of MRTF-A on transcription of Nos3 [44] [110]. 

According to the findings of our first publication we propose a model in which progerin accumulation 

at the nuclear rim of ECs leads to formation of a rigid, stiff lamina, which in turn causes aggregation of 

emerin, SUN1/2 increase and subsequently leads to a more rigid less dynamic nucleocytoskeletal 

coupling and an increase of filamentous F-actin in the cytoplasm. Mechanistically, we propose that a 

constantly progerin-mediated increase of mechanical stress at the nuclear envelope leads to an 
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emerin and F-actin-regulated mis-localization of the mechanoresponsive transcription factor MRTF-A 

in Prog-Tg ECs. We hypothesize that this leads among other transcriptional changes to the inhibition 

of atheroprotective eNOS expression levels, resulting in downregulation of NO secretion by Prog-Tg 

ECs. As a result of the impaired MRTF-A/eNOS signalling axis and the decreased NO levels, we propose 

the promotion of a paracrine pro-fibrotic effect mediated by Prog-Tg ECs to fibroblasts in vitro and 

surrounding tissues in vivo. This study is of great importance since it underpins for the first time the 

pivotal part of endothelial cell dysfunction in the development of CVD in HGPS. Moreover, it provides 

for the first time a mechanistic explanation of progerin induced pro-fibrotic changes in the 

endothelium leading to the development of a CVD phenotype in Prog-Tg mice. Therefore, those 

findings open a new avenue for future therapeutic approaches for treatment not only of HGPS 

patients, but also of normally aged individuals in regard to CVDs. An impairment of endothelial 

function in HGPS was subsequently also shown in another endothelial specific progerin expressing 

mouse model [111] and in ECs derived from induced pluripotent cells developed from HGPS patients 

[112] [113]. 

  

As a logical continuation to the findings of our first publication, in our second publication we focussed 

on delineating how progerin expression in the endothelium leads to a CVD phenotype and a paracrine 

pro-fibrotic effect on a mechanistic and molecular level. In particular, we wanted to investigate which 

specific signalling and disease pathways are affected by progerin expression in the endothelium and 

how they are linked to the mechanosignalling defects observed earlier. Moreover, we wanted to 

pinpoint how the paracrine pro-fibrotic effect, and possibly other paracrine effects, are mediated and 

which molecules are implicated in this process. In order to address these questions, we performed 

mRNA as well as miRNA-sequencing in progerin-expressing ECs (Prog-Tg) (Table 4, Table 5, Table 8, 

Table 9) and as a control in wild type lamin A-expressing ECs (LA-Tg) (Table 6, Table 7, Table 10, Table 

11). We also included miRs in our transcriptomic analyses as there is increasing evidence in the past 

years that they are involved in CVD [114], but the molecular mechanisms remain elusive.  Moreover, 

we also sequenced miRs in the plasma of mice and in the EC culture media, as miRs have also been 

shown as major mediators of paracrine effects (Table 12-15). 

Both mRNA and miR sequencing revealed upregulation of mediators of a senescence phenotype and 

senescence-linked pathways in Prog-Tg ECs. Moreover, this upregulation of senescence pathways was 

highly specific for Prog-Tg ECs, as revealed by overlapping deregulated genes and miRs in Prog-Tg 

versus WT ECs and in the control LA-Tg versus WT ECs revealed. This was an important finding, since 

it indicated that the observed phenotype is not just an artefact induced by overexpression of human 

lamin A in the endothelium per se, but is dependent on the HGPS mutant lamin variant. mRNA 

sequencing showed upregulation of a p53-linked senescence pathway and of pro-inflammatory and 

pro-fibrotic mediators, revealing a senescence-associated secretory phenotype (SASP) in Prog-Tg ECs. 

In particular, GO analysis showed the pro-inflammatory pathway to be the upmost deregulated one 

in Prog-Tg ECs, with deregulation of many interleukins and chemokines. The implication of p53/p21 

signaling in HGPS has been previously proposed by a study, which revealed an epigenetic regulation 

of p21 upon progerin induced oxidative stress in HGPS fibroblasts [115]. In accordance with these 

findings, senescence and SASP were also detected in vivo in lung as well as in heart tissue of Prog-Tg 

mice, indicating physiological relevance for CVD. Moreover, immunohistological analysis of lung and 

liver tissue of Prog-Tg mice showed increased infiltration of immune cells, providing further proof of 

an in vivo paracrine pro-inflammatory effect. The observation of increased infiltration of immune cells 

in liver tissue can be explained by its key role as an immunological defense organ in mammals. 
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Additionally, stainings of lung tissues with senescence marker p19 (Cdkn2d)  functioning upstream of 

p53 [116] revealed senescence in the tissue in vivo. In accordance to that, in an experimental setup 

where we separated EC- from non-EC population ex vivo and then detected expression of senescence 

and SASP markers also in non-EC populations, we could further confirm in vivo paracrine pro-

senescence and SASP effects mediated by Prog-Tg ECs to surrounding tissues. Altogether, our results 

show that progerin expression in the endothelium activates an intracellular senescence signaling 

program which is accompanied by a paracrine senescent and SASP effect mediated by Prog-Tg ECs to 

surrounding tissues. 

In our first publication we have already shown that Prog-Tg ECs in co-culture with fibroblast mediate 

a paracrine pro-fibrotic effect in vitro[38]. To further study the Prog-Tg EC mediated paracrine pro-

senescent and SASP effect in vitro, we used the same co-culture system of ECs with fibroblasts and 

tested expression of several markers in fibroblasts. These experiments demonstrated that indeed 

Prog-Tg ECs mediate not only a pro-fibrotic, but also a pro-senescent and pro-inflammatory effect to 

their co-cultured fibroblasts. The finding that pro-senescent effects are mediated by Prog-Tg ECs 

reveals a ``bystander senescence`` effect, as it has previously been described [117] [118]. The fact that 

paracrine pro-senescence, but also pro-fibrotic effects were mediated not only by lung-derived Prog-

Tg ECs but also by heart Prog-Tg ECs is consistent with a physiological relevance of these pathways to 

CVD in HGPS. In particular, upregulation of the pro-fibrotic marker Acta2 suggested that progerin 

expression in the microvasculature of the cardiac tissue might contribute to the observed fibrosis in 

the heart of HGPS patients.  

Thus, endothelial cell senescence is the root for the development of CVD in HGPS. It is broadly 

accepted that cellular senescence is one of the main causes of age-related diseases [119]. Moreover, 

it has been shown that clearance of senescent cells, for instance by senolytic agents, can lead to a 

delayed onset or attenuation of age-related symptoms in young and aged individuals respectively [7] 

[120]. Cellular senescence can be characterized as a two-dimensional phenomenon, leading to 

expression of senescence associated mediators and pathways intracellularly and influencing 

surrounding tissues in a paracrine manner by the senescence associated secretory phenotype (SASP) 

[121]. SASP can have beneficial and deleterious effects depending on a developmental and tissue 

specific context. In the context of an aging tissue SASP has been reported to cause tissue dysfunction, 

chronical inflammation (inflammaging) and age-related diseases, including CVD [121]. Apart from the 

well-established SASP markers which include pro-inflammatory and pro-fibrotic mediators, proteases 

and extracellular matrix (ECM) components, also miRs have recently been proven as highly potent 

SASP components [12].  

In recent years, miRs have emerged as potent mediators of SASP. Our miR-sequencing data of Prog-

Tg ECs revealed a highly interesting EC-specific senescence associated miR signature, with 

upregulation of a plethora of senescence associated miRs (SA-miRs) including miR206-3p, miR124-3p, 

miR485-5p, miR31-5p, miR34a-5p and miR34c-5p. KEGG pathway analysis of upregulated miRs in 

Prog-Tg ECs showed a strong association with the p53-senescence linked pathway, mirroring the 

situation observed by mRNA-sequencing analyses. These data suggested that gene and miR expression 

collaborate so as to activate and maintain senescence and SASP signaling, induced by progerin 

expression in the endothelium. 

Further on, in order to reveal any systemic effects, we performed miR-sequencing also of plasma 

samples of Prog-Tg mice. miR34a-5p and miR31-5p were suspects of mediating a systemic effect, since 

they were found highly upregulated also in plasma samples of Prog-Tg mice. Reassuringly, both miRs 

were found significantly upregulated also in lung and heart tissue, providing evidence for an in vivo 
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function, and in non-EC tissues further indicating their potential role as paracrine mediators. The 

finding that miR34a-5p is upregulated both in Prog-Tg ECs as well as in plasma samples of Prog-Tg 

mice was highly interesting in the context of CVD, since miR34a-5p is both a well-established 

biomarker and mediator of CVD [52] [53] [54] and a recently established senescence-associated  miR 

(SA-miR) [15] [51]. Reassuringly, an overlap of all known miR34a-5p mRNA targets (according to 

targetscan online target prediction tool) and of all downregulated genes in Prog-Tg ECs revealed that 

more than 50% of all known miR34a-5p targets were found in the list of downregulated genes in Prog-

Tg ECs. These results indicated a significant intracellular but also systemic role of miR34a-5p in the 

pro-senescence effect mediated by progerin expression in the endothelium.  

To delineate the specific senescence signaling program activated by progerin expression in the 

endothelium functionally, we used miR34a-5p and p53 neutralizing approaches. More specifically, p53 

knockdown caused a reduced expression of its immediate downstream target and early senescence 

marker Cdkn1a (p21) but not of the deep senescence marker Cdkn2a (p16), usually upregulated in the 

permanently senescent cell state. Certain pro-inflammatory SASP markers were also affected by p53 

knockdown, while pro-fibrotic markers were not altered upon reduction of p53 expression levels. 

Moreover, p53 was shown to directly regulate expression levels of miR34a-5p, which in turn affected 

expression of p53 in a positive feedback loop. This is in accordance with previous reports showing that 

p53 regulates the expression of miR34a by direct binding to its promoter, and miR34a subsequently 

increases the stability and activity of p53 by inhibiting negative regulators of p53, such as SIRT1 [86]. 

On the other hand, miR34a-5p inactivation by specific antagomiRs affected expression levels of 

Cdkn2a but did not influence Cdkn1a or SASP markers.  Interestingly, inhibition of p53 but not of 

miR34a-5p led to a slight but significant increase of survival of Prog-Tg ECs. This limited effect may be 

explained by increasing levels of miR34a-5p resulting in upregulation of p16 which presumably leads 

to a non-reversible cell-cycle arrest. Overall, those experiments revealed that p53 and miR34a-5p act 

in a complementary and synergistic mode in order to establish and maintain senescence signaling in 

Prog-Tg ECs. 

To provide physiological relevance to CVD and in order to establish a possible connection between the 

previously observed mechanosignalling defects in Prog-Tg ECs with the p53 and miR-linked 

senescence pathways [38], we checked expression levels of senescence markers and SA-miRs in the 

atheroprone aortic arch regions. Blood flow around the aortic arch is known to switch from a laminar 

flow to a disturbed flow, increasing locally shear stress response [122]. Since we have previously 

shown that Prog-Tg ECs exhibit a disturbed shear stress response, we wanted to test whether there is 

a connection to increased expression of senescence and SASP markers in atheroprone regions. Indeed, 

expression levels of the senescence markers Cdkn1a and of the SA-miR34a-5p and SA-miR31-5p were 

significantly increased specifically in the aortic arche of Prog-Tg mice. 

As mentioned above extracellular vesicles (EVs) have been shown to play an integral role in cell to cell 

communication, but also in the pathogenesis of several diseases, such as cancer development, 

neurodegenerative diseases and importantly  cardiovascular disease (CVD) [123] [124]. EVs, especially 

small extracellular (sEV), are  important for physiological and pathological functions in the 

cardiovascular system [124]. Physiological cardiac function depends to a great extent on the 

communication and the coordinate interplay between cardiomyocytes and other cell types present in 

the heart muscle, such as endothelial cells (ECs), fibroblasts and immune cells (non-cardiomyocytes). 

sEVs participate in intercellular communication by enclosing and transporting various bioactive 

molecules, such as miRs and proteins to recipient cells. In the CVD context, sEVs can be released by 

many cell types present in the heart, including EC [124]. As discussed above, progerin-expressing 
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senescent ECs establish a SASP-linked ‘’communication network ‘’ with their surrounding 

microenvironment, through which pro-senescent signals are transmitted to neighboring cells. sEV-

enclosed miRs constitute a novel member of the SASP [12]. Interestingly a previous study suggested 

that endothelial cell senescence and progression of CVD is associated with the production of altered 

sEVs by senescent endothelial cells [20]. Therefore, characterization of endothelial cell released sEV 

and of their content poses an innovative diagnostic tool as well as a therapeutic approach for CVD. 

 

We have shown that Prog-Tg ECs develop a senescence and SASP phenotype and that intracellular but 

also secreted miRs are an integral part of this process [12] [20]. Therefore, we analyzed the sEV-

enclosed miR secretome of Prog-Tg ECs in the culture media. We show that Prog-Tg ECs as well as the 

control LA-Tg and WT ECs release sEV in the size range of exosomes (30-150um). Surprisingly, we did 

not see an increased concentration of sEV in media of senescent Prog-Tg ECs versus  LA-Tg or WT ECs, 

which is in contrast to previous studies  showing that senescent ECs release a significantly higher 

number of sEV than control cells [19]. One possible explanation for this might be that in our study we 

used primary ECs which are highly susceptible to oxidative stress, especially in case of Prog-Tg ECs. 

Therefore, senescent, Prog-Tg ECs may die in culture much earlier than WT cells and thus secrete less 

sEV. Another explanation might be that at the time point of collection of the cell culture media used 

for isolation of sEV, Prog-Tg ECs were only 70% confluent in comparison to the 100% confluent LA-Tg 

and WT ECs. This was the case because, although the same number of ECs were plated initially for all 

genotypes, Prog-Tg ECs in culture proliferate much slower that LA-Tg and WT ECs. Although we 

normalized the volume of the cell culture media of LA-Tg and WT ECs to cell numbers, this may not be 

as accurate and biased through a high number of dead cells. Further studies are needed to investigate 

this issue in more detail. 

miR-sequencing revealed three sEV-enclosed miRs significantly upregulated in the secretome of Prog-

Tg ECs. These results were highly interesting since they proved to be progerin-specific, with the control 

LA-Tg ECs not showing any significantly upregulated sEV-enclosed miRs. Moreover, all three 

upregulated miRs have a high physiological relevance in the context of our mouse disease model. In 

particular, miR133a-3p has been extensively described as a  cardioprotective factor which inhibits 

apoptosis and leads to reduction of cardiac hypertrophy in vivo and in vitro [58] [59]. We hypothesize 

that in our Prog-Tg mice senescent Prog-Tg ECs in the heart, and potentially in other tissues, secret 

significantly higher levels of sEV-enclosed miR133a-3p as a “protective” warning signal. By doing so 

they might inform surrounding ECs and non-ECs to activate a cardioprotective, anti-hypertrophic 

signal and thereby prevent spreading of EC dysfunction. Interestingly, several clinical studies have 

shown that miR133a-3p levels are significantly increased in serum of patients with critical 

inflammatory illnesses, with its expression levels correlating with the severity of the disease [60]. Since 

we showed that Prog-Tg ECs upregulate pro-inflammatory signals, such as cytokines, chemokines and 

interleukins, miR133a-3p may act as an additional pro-inflammatory agent mediating SASP signals to 

surrounding cells. According to the above-mentioned roles of miR133a-3p in paracrine signaling, its 

specific functions in CVD appear to be highly complex. Nevertheless, it poses an interesting candidate 

for further investigations to pinpoint its specific mode of action in the context of Prog-Tg ECs paracrine 

signaling. 

The second sEV-enclosed miR which was found significantly upregulated in the secretome of Prog-Tg 

ECs was miR21a-3p. This was of high interest, as a recent study revealed miR21 to be a specific 

senescent EC-derived paracrine signaling agent. In particular, this study showed that senescent ECs 

change their sEV cargo and that one miR that is highly upregulated in those sEV is miR21 [19]. miR21 
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has been characterized as a senescence associated miR (SA-miR) known to fulfill its function by 

targeting pro-survival genes, including DNMT1 and SIRT1. Interestingly, our mRNA-seq data revealed 

that DNMT1 was downregulated in Prog-Tg ECs [49]. According to this study, miR21 might be one 

additional SASP member secreted by Prog-Tg ECs enclosed in sEV and mediating progerin induced pro-

senescence effects. Another recent study showed that serum-derived sEV enriched in miR21 

significantly reduce cardiomyocyte apoptosis in cellular as well as mouse models for acute myocardial 

infarction (AMI) and attenuated to a great extent the infarct size in mouse hearts after AMI [125]. The 

protective effect of serum derived sEV was reduced upon inhibition of miR21. According to this study, 

upregulation of sEV-enclosed miR21 in the secretome of Prog-Tg ECs might mediate an anti-apoptotic 

signal to protect neighboring cells from programmed cell death.  

miR582-5p was the third sEV-enclosed miR to be found significantly enriched in the secretome of Prog-

Tg ECs. Although less is known about the specific function of this miR, it has been described as an anti-

tumorigenic miR [61] [62]. miRs that act as tumor suppressors typically inhibit pro-survival signals and 

therefore function as pro-senescence mediators. In the case of miR582-5p we hypothesize that Prog-

Tg ECs may upregulate miR582-5p in their secretome in order to strengthen their paracrine pro-

senescence signaling. Therefore, miR582-5p might be part of the well-orchestrated Prog-Tg EC specific 

SASP signaling.    

 

Overall, based on the novel findings of our studies but also of our unpublished data, we propose a 

hypothetical disease model of progerin-induced ``mechanosenescence`` (Figure 6): Progerin-induced 

mechanical stress leads to activation of the p53-senescence linked pathway and other senescence-

mediating agents, importantly including SA-miRs. Because of the proposed link between mechanical 

defects and senescence, upregulation of senescence and SASP mediators is higher at atheroprone 

regions, such as the atheroprone aortic arch. Due to the for CVD strategically relevant function of ECs, 

secretion of miR34a-5p and other SA miRs by progerin-expressing ECs along with other SASP 

molecules, such as Ccl20, by ECs results in a pro-inflammatory, and a pro-fibrotic SASP phenotype in 

target tissues. This in turn may represent major pathways facilitating CVD in HGPS. More specifically, 

pro-inflammatory effects are not only observed in the cardiovascular tissue but also in lung and liver 

tissues. In addition, also the pro-fibrotic changes in the cardiac tissue in HGPS may be caused by the 

paracrine effect of progerin-expressing ECs. Mechanistically we propose that miR34a-5p leads to an 

intracellular increase of the deep senescence marker p16, which if persistent leads to an irreversible 

cell cycle arrest with systemic pro-inflammatory and pro-fibrotic paracrine consequences. Therefore, 

while healthy ECs secret atheroprotective NO, the Prog-Tg ECs-specific SASP counteracts this effect by 

upregulation of several SASP markers and SA-miRs leading to a systemic tissue deterioration mediated 

by progerin expression in ECs. Our study is of particular importance since it provides novel aspects for 

antimiR based therapeutic interventions that could prove particularly beneficial for treating EC 

senescence and the associated CVD in premature but also pathophysiological aging.  

Recently, a lot of attention has been paid to the sEV-enclosed miRs in the context of therapeutic and 

prognostic approaches. The secretome of a cell can be described as its distinct extracellular signature, 

which is very specific according to cell type, developmental and the cellular state and disease 

condition. To this end, analysis of a cell´s secretome can reveal important information on its role in a 

pathological condition. Regarding cellular senescence and CVD, characterization of the secretome has 

revealed a lot of potential disease mediators and therapeutic targets. Therefore, analyzing the Prog-

Tg EC specific secretome, specifically in terms of sEV-enclosed miRs, may reveal novel mediators of 

progerin-induced but also normal geriatric CVD. In this regard, miRs pose a very powerful tool due to 
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their ability to pleiotropically target hundreds or in many cases thousands of genes [126]. 

Consequently, this opens the possibility of one single miR being able to modulate entire biological 

pathways that might be pathogenically disrupted in a patient. One concern that comes up though due 

to the pleiotropic nature of miRs are their off-target biological effects. Nevertheless, similar unspecific 

responses have also been noticed with traditional therapeutics that target single protein coding genes 

[126]. Collectively, miRs pose a very powerful new therapeutic tool for treatment of many multi-

dimensional diseases, such as CVD.    
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Figure 6: Working model:  In progerin expressing endothelial cells progerin expression at the nuclear rim leads to 
increased mechanical stress by causing emerin aggregation, SUN1/2 upregulation and an upregulation of F-actin 
stress fibers. These changes in turn lead to nuclear accumulation of MRTF-A which results in upregulation of 
paracrine pro-fibrotic signaling and loss of atheroprotective NO signaling.  We hypothesize that the increased 
mechanical stress might initiate senescence signaling (mechanosenescence) by causing increased expression of 
the p53 signaling pathway and the SA miR34a-5p. p53 and miR34a-5p work synergistically in order to establish 
and maintain senescence signaling. Senescent ECs cause a systemic effect and influence their surrounding cells 
and microenvironment, but also tissues, by secretion of SASP factors, such as pro-inflammatory and pro-fibrotic 
factors and SA-miRs. The systemic paracrine effects are manifested by immune cell infiltration in lung and liver 
tissues, cardiac tissue fibrosis and secretion of small extracellular vesicle enclosed SA-miRs, such as miR133a-3p, 
miR21a-3p and miR582-5p. Accumulation of SA miRs, such as miR34a-5p at atheroprone aortic arch regions, 
provides a link to mechanosenescence. Overall, we propose that progerin accumulation at the nuclear rim of 
Prog-Tg ECs leads to mechanosignaling defects and ``mechanosenescence``, resulting in an increase of p53 
senescence and SASP signaling and subsequently in paracrine senescence. 
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8. Appendix 

Table 4- Upregulated genes Prog-Tg vs WT ECs 
              ID FC Log2FC P.Value adj.P.Val MGI_symbol 

ENSMUSG00000103135 22,294172 4,478595 0,004024 0,999997 Gm37979 

ENSMUSG00000044162 27,808089 4,797433 0,01051 0,999997 Tnip3 

ENSMUSG00000055561 12,408825 3,633295 0,002434 0,999997 Spink5 

ENSMUSG00000031289 20,566398 4,362217 0,018074 0,999997 Il13ra2 

ENSMUSG00000026343 17,058046 4,092381 0,014403 0,999997 Gpr39 

ENSMUSG00000027022 14,980397 3,905004 0,013162 0,999997 Xirp2 

ENSMUSG00000050397 10,92638 3,449744 0,004471 0,999997 Foxl2 

ENSMUSG00000032496 13,610236 3,76662 0,013135 0,999997 Ltf 

ENSMUSG00000029695 10,751641 3,426485 0,007059 0,999997 Aass 

ENSMUSG00000096960 9,7100709 3,279482 0,001885 0,999997 A230028O05Rik 

ENSMUSG00000037086 21,454098 4,423181 0,02622 0,999997 Prr32 

ENSMUSG00000021750 12,65267 3,66137 0,01675 0,999997 Fam107a 

ENSMUSG00000027919 27,769556 4,795432 0,03072 0,999997 Lce1g 

ENSMUSG00000071550 12,036115 3,589298 0,019014 0,999997 Cfap44 

ENSMUSG00000043773 9,4136934 3,234761 0,007798 0,999997 1700048O20Rik 

ENSMUSG00000037977 9,4970918 3,247486 0,00823 0,999997 6430571L13Rik 

ENSMUSG00000026166 15,26131 3,931807 0,026985 0,999997 Ccl20 

ENSMUSG00000044313 9,1687197 3,19672 0,007642 0,999997 Mab21l3 

ENSMUSG00000026678 9,644475 3,269703 0,012279 0,999997 Rgs5 

ENSMUSG00000030187 8,8575195 3,146903 0,003888 0,999997 Klra2 

ENSMUSG00000021728 8,6741008 3,116714 0,008554 0,999997 Emb 

ENSMUSG00000050395 18,915194 4,241474 0,03386 0,999997 Tnfsf15 

ENSMUSG00000012350 9,4106268 3,234291 0,018945 0,999997 Ehf 

ENSMUSG00000047746 9,102686 3,186292 0,016515 0,999997 Fbxo40 

ENSMUSG00000084984 8,1719227 3,030676 0,003948 0,999997 Far1os 

ENSMUSG00000045201 26,454817 4,725459 0,039724 0,999997 Lrrc3b 

ENSMUSG00000056054 9,3559092 3,225878 0,020976 0,999997 S100a8 

ENSMUSG00000086531 8,1512183 3,027016 0,006119 0,999997 Gm11351 

ENSMUSG00000043333 17,455562 4,125615 0,034913 0,999997 Rhbdl2 

ENSMUSG00000022123 19,032875 4,250422 0,038245 0,999997 Scel 

ENSMUSG00000028528 7,7529527 2,954746 0,005321 0,999997 Dnajc6 

ENSMUSG00000027261 8,7085807 3,122438 0,023201 0,999997 Hao1 

ENSMUSG00000029378 8,2674504 3,047442 0,019094 0,999997 Areg 

ENSMUSG00000024905 7,1952209 2,847039 0,004823 0,999997 Mtl5 

ENSMUSG00000090216 8,2030674 3,036163 0,019484 0,999997 Gm16549 

ENSMUSG00000068859 7,63278 2,932209 0,012331 0,999997 Sp9 

ENSMUSG00000058427 12,843495 3,682966 0,038601 0,999997 Cxcl2 

ENSMUSG00000017868 7,8065639 2,964688 0,017508 0,999997 Sgk2 

ENSMUSG00000097981 6,9491269 2,796832 0,009764 0,999997 Gm7583 

ENSMUSG00000030468 8,3382342 3,059742 0,030357 0,999997 Siglecg 



94 

 

ENSMUSG00000039742 6,8305459 2,772001 0,010588 0,999997 Fam71f1 

ENSMUSG00000050663 7,0673177 2,821163 0,013217 0,999997 Trhde 

ENSMUSG00000008658 8,9852002 3,167551 0,034795 0,999997 Rbfox1 

ENSMUSG00000027599 6,4820497 2,69645 0,007142 0,999997 Armc1 

ENSMUSG00000090602 6,3945496 2,676843 0,011577 0,999997 Gm5611 

ENSMUSG00000020963 6,8786183 2,782119 0,022816 0,999997 Tshr 

ENSMUSG00000029134 6,287897 2,652578 0,012332 0,999997 Plb1 

ENSMUSG00000031497 7,0228138 2,812049 0,030213 0,999997 Tnfsf13b 

ENSMUSG00000079138 6,5093984 2,702524 0,021812 0,999997 Gm8818 

ENSMUSG00000002565 8,3153925 3,055784 0,043633 0,999997 Scin 

ENSMUSG00000106746 8,2066355 3,036791 0,041329 0,999997 2900064F13Rik 

ENSMUSG00000085766 6,862782 2,778794 0,030468 0,999997 2810430I11Rik 

ENSMUSG00000073805 5,8568892 2,550135 0,007552 0,999997 Fam196a 

ENSMUSG00000045104 6,6474302 2,732797 0,032799 0,999997 Gm5514 

ENSMUSG00000015354 6,3707138 2,671455 0,028679 0,999997 Pcolce2 

ENSMUSG00000042717 7,4830925 2,903635 0,044346 0,999997 Ppp1r3a 

ENSMUSG00000035775 7,6989361 2,944659 0,046088 0,999997 Krt20 

ENSMUSG00000022148 5,8526649 2,549094 0,01694 0,999997 Fyb 

ENSMUSG00000086898 6,11285 2,611845 0,025012 0,999997 Itpr3os 

ENSMUSG00000027399 6,297266 2,654726 0,030378 0,999997 Il1a 

ENSMUSG00000091712 7,211671 2,850334 0,045007 0,999997 Sec14l5 

ENSMUSG00000022805 5,555733 2,473977 0,012258 0,999997 Maats1 

ENSMUSG00000029380 7,448965 2,89704 0,048241 0,999997 Cxcl1 

ENSMUSG00000070732 5,4724951 2,452199 0,011239 0,999997 Rbm44 

ENSMUSG00000087659 5,4723565 2,452162 0,011063 0,999997 Gm12606 

ENSMUSG00000032726 5,4918954 2,457304 0,014722 0,999997 Bmp8a 

ENSMUSG00000047507 5,5272813 2,46657 0,020986 0,999997 Baiap3 

ENSMUSG00000033837 6,9531545 2,797668 0,049629 0,999997 Foxh1 

ENSMUSG00000017754 6,1849981 2,628773 0,035186 0,999997 Pltp 

ENSMUSG00000092344 6,2318266 2,639655 0,038592 0,999997 Hspe1-ps3 

ENSMUSG00000030510 5,8699597 2,553351 0,031472 0,999997 Cers3 

ENSMUSG00000039543 5,8568561 2,550126 0,032372 0,999997 Cfap70 

ENSMUSG00000002257 5,4378329 2,443032 0,024196 0,999997 Def6 

ENSMUSG00000086976 5,1898236 2,375686 0,01203 0,999997 Gm12316 

ENSMUSG00000042078 5,7524176 2,524168 0,034613 0,999997 Svop 

ENSMUSG00000047344 5,9072277 2,562481 0,041025 0,999997 Lancl3 

ENSMUSG00000028033 6,1009532 2,609035 0,045194 0,999997 Kcnq5 

ENSMUSG00000007122 5,3250933 2,412807 0,027399 0,999997 Casq1 

ENSMUSG00000021390 5,1984367 2,378078 0,021562 0,999997 Ogn 

ENSMUSG00000074796 5,1291037 2,358707 0,021457 0,999997 Slc4a11 

ENSMUSG00000034634 5,1797258 2,372876 0,024275 0,999997 Ly6d 

ENSMUSG00000106696 5,2051962 2,379953 0,025507 0,999997 Gm42729 

ENSMUSG00000034813 5,9264291 2,567163 0,048663 0,999997 Grip1 
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ENSMUSG00000022947 5,8224567 2,541628 0,047052 0,999997 Cbr3 

ENSMUSG00000031877 4,9431239 2,305423 0,017902 0,999997 Ces2g 

ENSMUSG00000100334 5,5318971 2,467774 0,044745 0,999997 C230024C17Rik 

ENSMUSG00000084094 5,2394334 2,389411 0,034632 0,999997 Gm13961 

ENSMUSG00000039252 5,4293612 2,440782 0,04271 0,999997 Lgi2 

ENSMUSG00000064109 4,9433246 2,305482 0,02796 0,999997 Hcst 

ENSMUSG00000085033 5,4326697 2,441661 0,045388 0,999997 Gm11646 

ENSMUSG00000030074 4,9858622 2,317843 0,03192 0,999997 Gxylt2 

ENSMUSG00000067085 5,0276517 2,329885 0,034548 0,999997 Gm10197 

ENSMUSG00000107168 4,9205863 2,29883 0,032445 0,999997 Gm42507 

ENSMUSG00000063415 5,3912665 2,430624 0,04921 0,999997 Cyp26b1 

ENSMUSG00000020080 4,5643745 2,190417 0,024291 0,999997 Hkdc1 

ENSMUSG00000006411 4,7410803 2,245216 0,037619 0,999997 Nectin4 

ENSMUSG00000086578 4,4629192 2,157988 0,022071 0,999997 Gm13583 

ENSMUSG00000020875 4,7071646 2,234858 0,037968 0,999997 Hoxb9 

ENSMUSG00000060093 4,8077851 2,265372 0,045223 0,999997 Hist1h4a 

ENSMUSG00000101942 4,7898884 2,259992 0,045429 0,999997 Gm19582 

ENSMUSG00000055313 4,4488719 2,15344 0,028431 0,999997 Pgbd1 

ENSMUSG00000027202 4,5650997 2,190646 0,035393 0,999997 Slc12a1 

ENSMUSG00000052485 4,6859197 2,228332 0,045643 0,999997 Tmem171 

ENSMUSG00000107355 4,5201447 2,176369 0,036298 0,999997 AI839979 

ENSMUSG00000110234 4,6213268 2,208307 0,045728 0,999997 Gm45799 

ENSMUSG00000027208 4,5360878 2,181449 0,042661 0,999997 Fgf7 

ENSMUSG00000085731 4,4829113 2,164436 0,040825 0,999997 Gm16229 

ENSMUSG00000014329 4,4354822 2,149091 0,039411 0,999997 Bicc1 

ENSMUSG00000107035 4,2065471 2,072636 0,028063 0,999997 Ybx1-ps2 

ENSMUSG00000097626 4,4281491 2,146704 0,046066 0,999997 4921504A21Rik 

ENSMUSG00000091744 4,2450405 2,085778 0,038107 0,999997 Gm17732 

ENSMUSG00000085166 4,1365355 2,048423 0,031397 0,999997 Gm15522 

ENSMUSG00000073486 4,2375014 2,083214 0,039221 0,999997 Gm10518 

ENSMUSG00000022054 4,0848952 2,030299 0,029751 0,999997 Nefm 

ENSMUSG00000033644 4,0607177 2,021735 0,030765 0,999997 Piwil2 

ENSMUSG00000109438 3,9440021 1,97966 0,032714 0,999997 Gm45073 

ENSMUSG00000107667 3,9388454 1,977773 0,032257 0,999997 C530044C16Rik 

ENSMUSG00000026831 4,1283332 2,045559 0,047712 0,999997 1700007K13Rik 

ENSMUSG00000074121 4,0912039 2,032525 0,047965 0,999997 Ntf5 

ENSMUSG00000031298 4,0929901 2,033155 0,048904 0,999997 Adgrg2 

ENSMUSG00000040003 3,8363047 1,939717 0,030983 0,999997 Magi2 

ENSMUSG00000037014 3,5815093 1,840568 0,027181 0,999997 Sstr4 

ENSMUSG00000011008 3,5141422 1,813173 0,019338 0,999997 Mcoln2 

ENSMUSG00000046908 3,6300724 1,859998 0,036191 0,999997 Ltb4r1 

ENSMUSG00000047712 3,6907365 1,883909 0,046876 0,999997 Ust 

ENSMUSG00000068417 3,3088006 1,726308 0,019644 0,999997 Pnp2 
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ENSMUSG00000020135 3,38675 1,759901 0,047509 0,999997 Apc2 

ENSMUSG00000021260 3,3041922 1,724298 0,047818 0,999997 Hhipl1 

ENSMUSG00000056220 3,1212171 1,642109 0,049519 0,999997 Pla2g4a 

ENSMUSG00000073739 3,0727197 1,619516 0,046239 0,999997 Gm16287 

ENSMUSG00000042942 3,0802571 1,623051 0,048776 0,999997 Greb1l 

 

Table 5-Downregulated genes Prog-Tg vs WT ECs 
               ID FC Log2FC P.Value adj.P.Val MGI_symbol 

ENSMUSG00000021613 -26,11972597 -4,707067856 0,00928538 0,9999972 Hapln1 

ENSMUSG00000085925 -18,14903983 -4,18182132 0,00989237 0,9999972 Rtl1 

ENSMUSG00000061171 -71,68128198 -6,163524534 0,02639667 0,9999972 Slc38a11 

ENSMUSG00000096938 -20,92999385 -4,387499982 0,02463516 0,9999972 9530052E02Rik 

ENSMUSG00000020734 -25,68976328 -4,683121691 0,03035114 0,9999972 Grin2c 

ENSMUSG00000028716 -13,46512317 -3,751155522 0,02074302 0,9999972 Pdzk1ip1 

ENSMUSG00000097083 -19,55941309 -4,289791175 0,02932112 0,9999972 D930019O06Rik 

ENSMUSG00000108255 -11,61404998 -3,537799243 0,02319649 0,9999972 Gm16499 

ENSMUSG00000059412 -19,1214731 -4,257121766 0,03394926 0,9999972 Fxyd2 

ENSMUSG00000033740 -14,96975725 -3,903978922 0,03112051 0,9999972 St18 

ENSMUSG00000094686 -30,10513162 -4,91193752 0,03853544 0,9999972 Ccl21a 

ENSMUSG00000021763 -8,514346947 -3,089895879 0,00839322 0,9999972 BC067074 

ENSMUSG00000043496 -14,91000715 -3,898209044 0,0320939 0,9999972 Tril 

ENSMUSG00000096549 -21,28535919 -4,411789531 0,04248414 0,9999972 Prickle4 

ENSMUSG00000050105 -9,62815486 -3,267259346 0,02979325 0,9999972 Grrp1 

ENSMUSG00000040694 -13,22423133 -3,725111961 0,03730367 0,9999972 Apobec2 

ENSMUSG00000023987 -25,31286429 -4,661798861 0,04739801 0,9999972 Pgc 

ENSMUSG00000061524 -7,756399182 -2,955387054 0,01407911 0,9999972 Zic2 

ENSMUSG00000087100 -8,943401304 -3,160823613 0,03205892 0,9999972 Gm14641 

ENSMUSG00000019312 -13,91731043 -3,798808527 0,04696204 0,9999972 Grb7 

ENSMUSG00000028072 -12,23046344 -3,612407167 0,04488567 0,9999972 Ntrk1 

ENSMUSG00000072875 -9,09603784 -3,185238256 0,03435049 0,9999972 Gpr27 

ENSMUSG00000027863 -8,084585575 -3,015173821 0,028906 0,9999972 Cd2 

ENSMUSG00000083495 -8,965380338 -3,164364788 0,03498103 0,9999972 Gm13877 

ENSMUSG00000107966 -8,384128893 -3,067660896 0,0363146 0,9999972 Gm44001 

ENSMUSG00000105048 -6,447952053 -2,688841016 0,01158717 0,9999972 Gm42966 

ENSMUSG00000033174 -9,91698374 -3,30990139 0,04688179 0,9999972 Mgll 

ENSMUSG00000104632 -7,292875078 -2,866487682 0,0296526 0,9999972 Gm42909 

ENSMUSG00000030093 -7,664198803 -2,938134984 0,03221605 0,9999972 Wnt7a 

ENSMUSG00000032946 -7,432520179 -2,893851475 0,0356621 0,9999972 Rasgrp2 

ENSMUSG00000043458 -7,802767171 -2,963985852 0,04061454 0,9999972 Pcdhb12 

ENSMUSG00000048349 -6,551631241 -2,711854157 0,0271116 0,9999972 Pou4f1 

ENSMUSG00000026327 -7,611835182 -2,928244324 0,0386552 0,9999972 Serpinb11 

ENSMUSG00000031129 -5,737313641 -2,520375388 0,02009555 0,9999972 Slc9a9 

ENSMUSG00000047793 -6,796479784 -2,7647877 0,04413405 0,9999972 Sned1 
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ENSMUSG00000017417 -6,035017602 -2,593357979 0,03042788 0,9999972 Plxdc1 

ENSMUSG00000102549 -7,162809018 -2,840525476 0,0489415 0,9999972 Gm38137 

ENSMUSG00000066705 -5,842104152 -2,546488078 0,03053822 0,9999972 Fxyd6 

ENSMUSG00000090637 -6,271545099 -2,648820919 0,04079051 0,9999972 Gm6189 

ENSMUSG00000096870 -6,14789905 -2,620093476 0,04236731 0,9999972 Gm21816 

ENSMUSG00000037989 -5,124610494 -2,357442354 0,00829363 0,9999972 Wnk2 

ENSMUSG00000084985 -5,690771063 -2,508624142 0,03320672 0,9999972 Gm16135 

ENSMUSG00000110986 -5,304691854 -2,407268948 0,01889295 0,9999972 AC153970.1 

ENSMUSG00000024935 -5,899777091 -2,560660447 0,03978312 0,9999972 Slc1a1 

ENSMUSG00000107835 -5,656446963 -2,499896124 0,03352114 0,9999972 Gm43999 

ENSMUSG00000077309 -5,504841827 -2,460701111 0,03285932 0,9999972 n-R5s8 

ENSMUSG00000107173 -5,336576445 -2,415914512 0,02512979 0,9999972 Gm43266 

ENSMUSG00000106603 -6,018059967 -2,589298482 0,04829386 0,9999972 Gm43509 

ENSMUSG00000027544 -5,775852035 -2,530033784 0,04375665 0,9999972 Nfatc2 

ENSMUSG00000033981 -5,095124721 -2,349117462 0,02216538 0,9999972 Gria2 

ENSMUSG00000034227 -5,504004665 -2,460481693 0,04072266 0,9999972 Foxj1 

ENSMUSG00000037358 -5,462806058 -2,449642205 0,03886163 0,9999972 4930578C19Rik 

ENSMUSG00000045287 -5,250488652 -2,392451698 0,03405825 0,9999972 Rtn4rl1 

ENSMUSG00000047394 -4,851712933 -2,278494191 0,02541381 0,9999972 Odf3b 

ENSMUSG00000104990 -4,506680313 -2,172065114 0,0057253 0,9999972 Gm43504 

ENSMUSG00000032289 -4,713167018 -2,236696806 0,0282514 0,9999972 Thsd4 

ENSMUSG00000111131 -4,522940285 -2,177260949 0,0179054 0,9999972 AC115297.1 

ENSMUSG00000111197 -4,747242535 -2,247089758 0,03312972 0,9999972 AC055818.1 

ENSMUSG00000103805 -4,518114277 -2,175720761 0,0205507 0,9999972 Gm37063 

ENSMUSG00000044556 -4,375708628 -2,129516675 0,01404438 0,9999972 Tex38 

ENSMUSG00000030317 -4,617896335 -2,207235787 0,03390661 0,9999972 Timp4 

ENSMUSG00000034413 -4,295315673 -2,102764162 0,02468775 0,9999972 Neurl1b 

ENSMUSG00000089281 -4,196723189 -2,069263308 0,02107059 0,9999972 Scarna6 

ENSMUSG00000105553 -4,644079076 -2,215392538 0,04966363 0,9999972 Gm42514 

ENSMUSG00000036411 -4,110433649 -2,039290606 0,01652844 0,9999972 9530077C05Rik 

ENSMUSG00000091587 -4,086703979 -2,030937745 0,02134835 0,9999972 Gm17191 

ENSMUSG00000031028 -4,116209998 -2,041316587 0,03379756 0,9999972 Tub 

ENSMUSG00000034872 -4,144972157 -2,051362411 0,04859515 0,9999972 Gipc3 

ENSMUSG00000029167 -3,648582627 -1,867336126 0,01305773 0,9999972 Ppargc1a 

ENSMUSG00000105217 -3,917080325 -1,969778713 0,04744034 0,9999972 Gm42873 

ENSMUSG00000084644 -3,812566681 -1,93076257 0,04416445 0,9999972 Gm24379 

ENSMUSG00000105041 -3,799080609 -1,925650323 0,04353359 0,9999972 Gm42676 

ENSMUSG00000108291 -3,503776056 -1,808910568 0,02970005 0,9999972 Gm44292 

ENSMUSG00000068601 -3,547806076 -1,826927154 0,03449719 0,9999972 Gm10244 

ENSMUSG00000049690 -3,224910335 -1,689259048 0,01780558 0,9999972 Nckap5 

ENSMUSG00000032186 -3,286234816 -1,716435571 0,02831358 0,9999972 Tmod2 

ENSMUSG00000018740 -3,335154852 -1,737753748 0,03847816 0,9999972 Slc25a35 

ENSMUSG00000104436 -3,313242888 -1,728243969 0,03706176 0,9999972 Gm37423 
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ENSMUSG00000040254 -3,301915474 -1,723303189 0,04106283 0,9999972 Sema3d 

ENSMUSG00000037736 -3,228068819 -1,690671336 0,04345391 0,9999972 Limch1 

ENSMUSG00000077202 -3,249576241 -1,700251596 0,04724927 0,9999972 Gm25612 

ENSMUSG00000039115 -3,200922232 -1,678487626 0,04453706 0,9999972 Itga9 

ENSMUSG00000020193 -2,954188522 -1,562761895 0,02408444 0,9999972 Zpbp 

ENSMUSG00000006784 -2,754787482 -1,461941026 0,04226665 0,9999972 Ttc25 

ENSMUSG00000021187 -2,558015954 -1,355025262 0,024658 0,9999972 Tc2n 

ENSMUSG00000097440 -2,514888683 -1,330494543 0,04342494 0,9999972 Gm6277 

ENSMUSG00000105408 -2,480328295 -1,310531088 0,0449923 0,9999972 Gm7285 

 

Table 6-Upregulated genes LA-Tg vs WT ECs 
ID FC Log2FC P.Value adj.P.Val MGI_symbol 

ENSMUSG00000086976 6,394999465 2,676944238 0,005743 0,999998047 Gm12316 

ENSMUSG00000070732 6,373148536 2,672006285 0,006693 0,999998047 Rbm44 

ENSMUSG00000044976 7,664427319 2,938177999 0,022768 0,999998047 Wdr72 

ENSMUSG00000106702 7,608934342 2,927694413 0,025179 0,999998047 Gm42846 

ENSMUSG00000036353 6,539837398 2,709254766 0,023767 0,999998047 P2ry12 

ENSMUSG00000076928 6,358447368 2,668674525 0,028017 0,999998047 Trac 

ENSMUSG00000096960 5,469154677 2,451317865 0,01568 0,999998047 A230028O05Rik 

ENSMUSG00000030187 5,546990503 2,471705255 0,01923 0,999998047 Klra2 

ENSMUSG00000078139 5,075721621 2,343612946 0,038051 0,999998047 AK157302 

ENSMUSG00000055653 4,752322378 2,248632706 0,031761 0,999998047 Gpc3 

ENSMUSG00000017868 5,548677128 2,472143857 0,048053 0,999998047 Sgk2 

ENSMUSG00000043773 5,282380716 2,401188284 0,044661 0,999998047 1700048O20Rik 

ENSMUSG00000044550 4,762001114 2,251567958 0,03637 0,999998047 Tceal3 

ENSMUSG00000094344 4,625999069 2,209764976 0,026017 0,999998047 Gm11942 

ENSMUSG00000108126 4,848514969 2,277542938 0,046497 0,999998047 Gm43909 

ENSMUSG00000097626 4,672201846 2,224102602 0,040404 0,999998047 4921504A21Rik 

ENSMUSG00000073486 4,504033592 2,171217587 0,033653 0,999998047 Gm10518 

ENSMUSG00000002076 4,158524517 2,056071738 0,013994 0,999998047 Hsf2bp 

ENSMUSG00000064109 4,444535006 2,15203249 0,04136 0,999998047 Hcst 

ENSMUSG00000024905 3,945151674 1,980080767 0,045822 0,999998047 Mtl5 

ENSMUSG00000093798 3,582647014 1,841025907 0,039351 0,999998047 Gm8355 

ENSMUSG00000082901 3,516876402 1,814294633 0,046713 0,999998047 Gm14323 

ENSMUSG00000052572 3,306900851 1,725479791 0,022228 0,999998047 Dlg2 

ENSMUSG00000084304 3,364246396 1,750283372 0,042254 0,999998047 Gm6142 

ENSMUSG00000083064 3,311877962 1,727649512 0,039179 0,999998047 Gm7785 

 

Table 7-Downregulated genes LA-Tg vs WT ECs 
ID FC logFC P.Value adj.P.Val MGI_symbol 

ENSMUSG00000113288 -10,4719102 -3,388452723 0,000800156 0,999998047 AC164164.1 

ENSMUSG00000021763 -11,2334498 -3,489729142 0,009344815 0,999998047 BC067074 

ENSMUSG00000109317 -8,70749394 -3,122257564 0,006975968 0,999998047 Gm45041 



99 

 

ENSMUSG00000067356 -9,51570979 -3,250311274 0,011442297 0,999998047 B430203G13Rik 

ENSMUSG00000102989 -7,77199366 -2,958284725 0,007640371 0,999998047 Gm38318 

ENSMUSG00000049202 -8,45964832 -3,080597689 0,010829579 0,999998047 4930515G13Rik 

ENSMUSG00000042589 -7,53794563 -2,91417139 0,013504011 0,999998047 Cux2 

ENSMUSG00000097178 -7,34417405 -2,876600249 0,013038891 0,999998047 2310002F09Rik 

ENSMUSG00000054256 -7,2695859 -2,861873186 0,01429315 0,999998047 Msi1 

ENSMUSG00000104060 -7,63378356 -2,932398283 0,017835661 0,999998047 Gm37954 

ENSMUSG00000099230 -6,46292067 -2,692186284 0,010065201 0,999998047 Mir6989 

ENSMUSG00000105217 -6,33202011 -2,662665838 0,015373447 0,999998047 Gm42873 

ENSMUSG00000084701 -6,6616257 -2,735874295 0,024938559 0,999998047 n-R5s87 

ENSMUSG00000104910 -9,39838959 -3,232413573 0,035754334 0,999998047 Gm43331 

ENSMUSG00000024186 -6,6847799 -2,740880059 0,026608705 0,999998047 Rgs11 

ENSMUSG00000085925 -8,64110283 -3,111215449 0,035982338 0,999998047 Rtl1 

ENSMUSG00000103146 -6,10113914 -2,609078631 0,017565095 0,999998047 Gm37745 

ENSMUSG00000102383 -6,65324191 -2,73405749 0,029111859 0,999998047 Gm38142 

ENSMUSG00000064796 -5,80961404 -2,538442322 0,020192773 0,999998047 Terc 

ENSMUSG00000083340 -6,01178711 -2,58779392 0,023345577 0,999998047 Gm13156 

ENSMUSG00000098199 -5,65930147 -2,500623991 0,018633394 0,999998047 Gm9358 

ENSMUSG00000102782 -5,69596146 -2,509939384 0,020468196 0,999998047 Gm37625 

ENSMUSG00000021974 -6,63177573 -2,729395218 0,035643629 0,999998047 Fgf9 

ENSMUSG00000113065 -6,36186725 -2,669450267 0,032210119 0,999998047 AC131743.1 

ENSMUSG00000086701 -5,13712582 -2,360961409 0,017439218 0,999998047 Gm13595 

ENSMUSG00000107966 -7,79877595 -2,963247705 0,048367049 0,999998047 Gm44001 

ENSMUSG00000112637 -6,18840283 -2,629567112 0,038670906 0,999998047 AC124346.3 

ENSMUSG00000045912 -4,76033418 -2,251062854 0,014980108 0,999998047 C2cd4c 

ENSMUSG00000104400 -6,52720555 -2,706465472 0,045772241 0,999998047 Gm38010 

ENSMUSG00000105842 -5,16302855 -2,368217575 0,028122999 0,999998047 Gm43329 

ENSMUSG00000101059 -6,38074471 -2,673724814 0,044900544 0,999998047 Gm4017 

ENSMUSG00000046854 -5,7930064 -2,534312259 0,039950661 0,999998047 Pip5kl1 

ENSMUSG00000089789 -4,93517978 -2,303102642 0,026131314 0,999998047 Rdh1 

ENSMUSG00000039238 -5,6579169 -2,500270988 0,040014748 0,999998047 Zfp750 

ENSMUSG00000106432 -6,2266466 -2,6384554 0,046420755 0,999998047 Gm43259 

ENSMUSG00000102380 -5,01636188 -2,326641427 0,040268243 0,999998047 Gm38140 

ENSMUSG00000104479 -5,33315843 -2,414990185 0,044108768 0,999998047 Gm10305 

ENSMUSG00000044122 -4,7325407 -2,242614912 0,031704032 0,999998047 Proca1 

ENSMUSG00000040140 -4,55521124 -2,187517959 0,020201939 0,999998047 Tdrd6 

ENSMUSG00000097399 -4,73590915 -2,243641405 0,035108106 0,999998047 Gm26555 

ENSMUSG00000109435 -4,72248741 -2,239546949 0,035347526 0,999998047 Gm7067 

ENSMUSG00000037541 -4,72356329 -2,239875589 0,035971427 0,999998047 Shank2 

ENSMUSG00000104821 -4,99609815 -2,320801821 0,049090122 0,999998047 Gm42481 

ENSMUSG00000043794 -4,51259701 -2,173957946 0,03089445 0,999998047 D830025C05Rik 

ENSMUSG00000110558 -4,42887749 -2,14694109 0,02730924 0,999998047 Gm45779 

ENSMUSG00000113557 -4,70135816 -2,233077591 0,042898959 0,999998047 AC153143.2 
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ENSMUSG00000044574 -4,37486707 -2,129239182 0,03257854 0,999998047 5031434C07Rik 

ENSMUSG00000053693 -4,45704075 -2,15608615 0,042669888 0,999998047 Mast1 

ENSMUSG00000104571 -4,15348714 -2,054323088 0,024850807 0,999998047 Gm43010 

ENSMUSG00000102533 -4,20888545 -2,073438244 0,034670119 0,999998047 Gm37226 

ENSMUSG00000109008 -4,27914068 -2,097321111 0,040843183 0,999998047 Gm44899 

ENSMUSG00000103818 -4,12470627 -2,044291384 0,029675818 0,999998047 Gm38009 

ENSMUSG00000104292 -3,93575492 -1,976640385 0,016929041 0,999998047 Gm38042 

ENSMUSG00000087790 -4,08865371 -2,031625878 0,030238292 0,999998047 Gm25970 

ENSMUSG00000024027 -4,1823046 -2,064298139 0,042058566 0,999998047 Glp1r 

ENSMUSG00000106468 -4,10839603 -2,038575259 0,0414138 0,999998047 AC122844.1 

ENSMUSG00000100394 -3,83740817 -1,940132229 0,028513269 0,999998047 Gm28791 

ENSMUSG00000108693 -3,81267003 -1,930801676 0,040885063 0,999998047 Gm45153 

ENSMUSG00000074824 -3,5503597 -1,827965196 0,017530012 0,999998047 Rslcan18 

ENSMUSG00000003271 -3,39079025 -1,761621542 0,031452021 0,999998047 Sult2b1 

ENSMUSG00000104293 -3,5004496 -1,807540234 0,046139265 0,999998047 Gm38043 

ENSMUSG00000030693 -2,84913164 -1,510522279 0,024928472 0,999998047 Klk10 

ENSMUSG00000010342 -2,86746596 -1,51977636 0,049589444 0,999998047 Tex14 

 

Table 8-Upregulated miRNAs Prog-Tg vs WT ECs 
ID FC logFC P.Value adj.P.Val 

mmu-miR-124-3p 5,739758082 2,520989932 0,003661838 0,428187056 

mmu-miR-692 6,296966737 2,654657046 0,005676254 0,428187056 

mmu-miR-669a-3-3p 5,062498711 2,339849636 0,002966651 0,428187056 

mmu-miR-133a-3p 5,070892996 2,342239832 0,007652383 0,428187056 

mmu-miR-7224-3p 4,952840033 2,308256025 0,006056889 0,428187056 

mmu-miR-206-3p 6,711503196 2,746635927 0,018250929 0,526960334 

mmu-miR-6950-3p 3,94278709 1,979215807 0,002814865 0,428187056 

mmu-miR-409-5p 4,490055414 2,16673325 0,008583334 0,428187056 

mmu-miR-185-3p 4,171439119 2,06054519 0,008920564 0,428187056 

mmu-miR-6921-3p 3,713754802 1,892878565 0,004401645 0,428187056 

mmu-miR-184-3p 3,963316815 1,986708297 0,011877024 0,526960334 

mmu-miR-873a-5p 4,703647471 2,233779937 0,018963909 0,526960334 

mmu-miR-465c-5p 5,542644046 2,470574359 0,026696728 0,526960334 

mmu-miR-193b-5p 4,155563895 2,055044259 0,017195977 0,526960334 

mmu-miR-470-5p 4,930418128 2,301710001 0,025531813 0,526960334 

mmu-miR-6399 3,588535648 1,843395252 0,008082891 0,428187056 

mmu-miR-6539 3,602879382 1,849150354 0,015090942 0,526960334 

mmu-miR-485-5p 3,586801292 1,842697822 0,0165788 0,526960334 

mmu-miR-6240 3,724181004 1,896923193 0,020163641 0,526960334 

mmu-miR-543-3p 4,101101235 2,036011357 0,02799338 0,526960334 

mmu-miR-127-5p 4,083861058 2,029933783 0,032555035 0,526960334 

mmu-miR-487b-3p 3,655327086 1,870000507 0,033648008 0,526960334 

mmu-miR-1931 3,140044255 1,650784892 0,021765086 0,526960334 
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mmu-miR-493-5p 3,726141507 1,897682464 0,037097836 0,526960334 

mmu-miR-7035-3p 3,94564626 1,980261619 0,03973994 0,526960334 

mmu-miR-147-3p 3,03142312 1,599995235 0,02391806 0,526960334 

mmu-miR-31-5p 2,496809598 1,320085808 0,008495764 0,428187056 

mmu-miR-329-5p 3,596611771 1,846638439 0,04061823 0,526960334 

mmu-miR-7033-5p 3,19724504 1,676829318 0,03927645 0,526960334 

mmu-miR-7213-3p 2,750906681 1,4599072 0,031292442 0,526960334 

mmu-miR-3058-3p 2,797708122 1,484245458 0,039088831 0,526960334 

mmu-miR-147-5p 2,420611501 1,275371551 0,036925291 0,526960334 

mmu-miR-7090-5p 2,534594162 1,341754762 0,044112499 0,546425794 

mmu-miR-466f-5p 2,431892372 1,282079381 0,039125579 0,526960334 

mmu-miR-125b-1-3p 2,220160118 1,150663728 0,018892473 0,526960334 

mmu-miR-7048-3p 2,389184646 1,256518355 0,040459115 0,526960334 

mmu-miR-653-5p 2,29950412 1,201322782 0,036827511 0,526960334 

mmu-miR-34b-5p 2,207239693 1,142243306 0,030592981 0,526960334 

mmu-miR-34c-5p 2,154711603 1,107494785 0,022161099 0,526960334 

mmu-miR-34a-5p 1,899154076 0,925356954 0,049643492 0,55934863 

mmu-miR-1983 1,672786555 0,742253371 0,049896065 0,55934863 

 

Table 9-Downregulated miRNAs Prog-Tg vs WT ECs 
ID FC                  logFC P.Value                adj.P.Val 

mmu-miR-190a-3p -14,91374776 -3,898570941 0,000491833 0,377728027 

mmu-miR-6971-3p -4,76661778 -2,252965945 0,004032167 0,428187056 

mmu-miR-150-5p -4,92853695 -2,301159442 0,00835692 0,428187056 

mmu-miR-24-2-5p -4,326860365 -2,113320563 0,008272327 0,428187056 

mmu-miR-6902-5p -5,706859477 -2,512697039 0,020560018 0,526960334 

mmu-miR-190a-5p -6,651040791 -2,733580119 0,03446878 0,526960334 

mmu-miR-7054-5p -3,523460147 -1,816992896 0,013773553 0,526960334 

mmu-miR-129-1-3p -4,906485759 -2,294690073 0,035050002 0,526960334 

mmu-miR-150-3p -6,966238557 -2,800379878 0,041854922 0,526960334 

mmu-miR-212-5p -2,963635523 -1,567368031 0,008830653 0,428187056 

mmu-miR-3064-3p -3,000194588 -1,585056075 0,019066035 0,526960334 

mmu-miR-6900-3p -2,782050361 -1,476148536 0,029216318 0,526960334 

mmu-miR-3084-5p -3,026270647 -1,597541017 0,036975439 0,526960334 

mmu-miR-132-3p -2,945915202 -1,558715903 0,039502851 0,526960334 

mmu-miR-148a-3p -2,605965739 -1,381818117 0,035424092 0,526960334 

mmu-miR-132-5p -2,423863205 -1,27730828 0,022011747 0,526960334 

mmu-miR-30c-5p -2,787628797 -1,479038464 0,041626863 0,526960334 

mmu-miR-138-1-3p -2,283139733 -1,191019158 0,017567187 0,526960334 

mmu-miR-182-5p -2,42069683 -1,275422406 0,036866287 0,526960334 

mmu-miR-7030-3p -2,410188242 -1,269145829 0,048642925 0,55934863 

mmu-miR-181c-3p -2,27345902 -1,184888999 0,03821883 0,526960334 

mmu-miR-7235-3p -2,254884091 -1,173053276 0,03871593 0,526960334 
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mmu-miR-26a-1-3p -2,258099373 -1,175108977 0,044862458 0,546894721 

mmu-miR-192-5p -2,087645371 -1,061876662 0,031576391 0,526960334 

mmu-miR-582-3p -2,062863285 -1,044648211 0,037802013 0,526960334 

mmu-miR-194-5p -2,046367285 -1,033065105 0,047362727 0,55934863 

mmu-miR-10a-3p -1,663114581 -0,733887567 0,04616086 0,553930314 

 

Table 10-Upregulated miRNAs LA-Tg vs WT ECs 

ID FC 
                      
logFC 

                  
P.Value 

      adj.P.Val 

mmu-miR-7224-3p 12,26398771 3,616356251 0,002981259 0,989345488 

mmu-miR-6981-5p 6,4945274 2,699224546 0,015038779 0,989345488 

mmu-miR-466q 5,245745448 2,391147802 0,019771629 0,989345488 

mmu-miR-692 5,731846636 2,519000009 0,048689305 0,989345488 

mmu-miR-5132-5p 4,01807436 2,006504263 0,046601548 0,989345488 

mmu-miR-7048-3p 3,487102413 1,802028735 0,039903088 0,989345488 

 

Table 11-Downregulated miRNAs LA-Tg vs WT ECs 

ID FC 
                      
logFC 

                  
P.Value 

      adj.P.Val 

mmu-miR-466k -4,700339213 -2,232764877 0,031647838 0,989345488 

mmu-miR-181c-5p -2,166476975 -1,115350904 0,049684018 0,989345488 

 

Table 12-Upregulated miRNAs Prog-Tg vs WT plasma 
ID FC logFC P.Value adj.P.Val 

mmu-miR-148b-3p 1484,035262 10,53530966 7,93E-09 3,20E-06 

mmu-miR-151-5p 497,3459304 8,958105861 0,000187896 0,015182008 

mmu-miR-652-3p 358,6348832 8,486372011 0,000439898 0,025388391 

mmu-miR-28a-5p 367,5588232 8,521831344 0,000633364 0,028430995 

mmu-miR-484 183,4112697 7,518938478 0,000950824 0,03841327 

mmu-miR-3535 173,658624 7,440110247 0,003308918 0,121527542 

mmu-miR-30e-3p 69,45289828 6,117962994 0,010769965 0,241725878 

mmu-miR-30f 69,45289828 6,117962994 0,010738212 0,241725878 

mmu-miR-34a-5p 50,77641907 5,66608675 0,015671773 0,293390812 

mmu-miR-298-5p 14,79237556 3,886781854 0,043255122 0,379438803 

mmu-miR-532-5p 12,06012435 3,592172878 0,041396915 0,379438803 

mmu-miR-31-5p 12,28706954 3,619068969 0,047592109 0,379438803 

mmu-miR-26b-5p 2,450916082 1,293321088 0,044028573 0,379438803 

 

Table 13-Downregulated miRNAs Prog-Tg vs WT plasma 
ID FC logFC P.Value adj.P.Val 

mmu-miR-451a -689,036193 -9,428435955 0,000126445 0,013034082 

mmu-miR-152-3p -505,644059 -8,981978367 0,000239527 0,016128158 

mmu-miR-24-1-5p -264,5037937 -8,047144604 0,00012905 0,013034082 

mmu-miR-3074-1-3p -264,5037937 -8,047144604 0,00012905 0,013034082 
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mmu-miR-181a-2-3p -282,7503773 -8,143385139 0,000520047 0,026262381 

mmu-miR-574-3p -224,894219 -7,813102766 0,005630893 0,174990826 

mmu-miR-421-3p -157,7046912 -7,301081766 0,005290754 0,174990826 

mmu-miR-30a-3p -78,5808883 -6,296106571 0,007481046 0,201489514 

mmu-miR-181a-5p -32,48086913 -5,021518332 0,009087894 0,229469324 

mmu-miR-140-3p -87,17383759 -6,445823316 0,015985553 0,293390812 

mmu-let-7d-5p -23,12181284 -4,53118261 0,006166306 0,177941971 

mmu-miR-7663-3p -21,92279292 -4,454359701 0,015095143 0,293390812 

mmu-miR-379-5p -22,73634991 -4,506928758 0,019801402 0,333323597 

mmu-miR-23a-3p -28,72347704 -4,844158496 0,035783003 0,379438803 

mmu-miR-361-5p -18,3249574 -4,19573794 0,021138006 0,341590184 

mmu-miR-7043-3p -18,08703925 -4,176884361 0,016702942 0,293390812 

mmu-miR-423-3p -16,11545069 -4,010372631 0,014469017 0,293390812 

mmu-miR-299b-5p -18,2802744 -4,192215822 0,033827758 0,379438803 

mmu-miR-299a-3p -18,2802744 -4,192215822 0,033827758 0,379438803 

mmu-miR-221-3p -29,747387 -4,894691043 0,049764897 0,379438803 

mmu-miR-490-3p -15,56360623 -3,96010448 0,028750598 0,379438803 

mmu-miR-429-3p -15,00643969 -3,90750983 0,0257994 0,379438803 

mmu-miR-1843a-5p -18,24550891 -4,189469487 0,040949154 0,379438803 

mmu-miR-673-3p -13,14026787 -3,71592278 0,030954477 0,379438803 

mmu-miR-136-3p -14,61807855 -3,869681786 0,037566458 0,379438803 

mmu-miR-3071-5p -14,61807855 -3,869681786 0,037566458 0,379438803 

mmu-miR-15b-5p -13,42797609 -3,747169968 0,03640011 0,379438803 

mmu-miR-135a-1-3p -11,68189491 -3,546202406 0,032517712 0,379438803 

mmu-miR-322-3p -15,17596495 -3,923716347 0,048939191 0,379438803 

mmu-miR-6538 -12,50650446 -3,644606711 0,048455756 0,379438803 

mmu-miR-676-5p -11,59811247 -3,535818129 0,047337623 0,379438803 

mmu-miR-1843b-3p -11,24383886 -3,491062778 0,042143593 0,379438803 

mmu-miR-3065-5p -10,16867568 -3,346059896 0,037897633 0,379438803 

mmu-miR-338-3p -10,16867568 -3,346059896 0,037897633 0,379438803 

mmu-miR-486b-5p -1,904406323 -0,929341324 0,038564782 0,379438803 

mmu-miR-486a-5p -1,904207304 -0,929190548 0,038550857 0,379438803 

mmu-miR-486b-3p -1,904207304 -0,929190548 0,038550857 0,379438803 

mmu-miR-486a-3p -1,904406323 -0,929341324 0,038564782 0,379438803 

 

Table 14-Upregulated miRNAs LA-Tg vs WT plasma 
ID FC logFC P.Value adj.P.Val 

mmu-miR-106b-3p 1009,765773 9,979804967 9,59E-05 0,038738309 

mmu-miR-150-5p 411,1384323 8,683480428 0,001759455 0,177704959 

mmu-miR-127-3p 249,7429286 7,964300019 0,009519033 0,480711173 

mmu-miR-148b-3p 120,5992828 6,914077518 0,007213504 0,480711173 

mmu-miR-484 132,9105859 7,054312205 0,01770174 0,758826521 

mmu-miR-195a-5p 109,6191566 6,776356129 0,024029833 0,758826521 
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mmu-miR-541-5p 93,11337324 6,540916482 0,023463614 0,758826521 

mmu-miR-144-5p 86,11130617 6,428130767 0,009415615 0,480711173 

mmu-miR-181c-5p 130,9459904 7,032828074 0,036507335 0,807942134 

mmu-miR-409-3p 89,11647857 6,477620321 0,028174252 0,758826521 

mmu-miR-151-5p 94,5632358 6,563207498 0,047455198 0,807942134 

mmu-miR-1941-5p 69,68247888 6,122724042 0,0479357 0,807942134 

mmu-let-7f-2-3p 22,21406304 4,473401386 0,046545983 0,807942134 

mmu-miR-320-3p 3,715672319 1,893623278 0,033380766 0,807942134 

mmu-miR-30c-5p 3,052151013 1,609826345 0,047996562 0,807942134 

mmu-miR-26a-5p 1,718444027 0,781102861 0,041447609 0,807942134 

 

Table 15-Downregulated miRNAs Prog-Tg vs WT plasma 
ID FC logFC P.Value adj.P.Val 

mmu-miR-24-1-5p -153,4005966 -7,261160283 0,001288428 0,173508242 

mmu-miR-3074-1-3p -153,4005966 -7,261160283 0,001288428 0,173508242 

mmu-miR-92b-3p -132,4267775 -7,049051063 0,005321801 0,430001493 

mmu-miR-328-3p -90,59528136 -6,501364005 0,021630218 0,758826521 

mmu-miR-23b-3p -90,33854128 -6,497269713 0,034718413 0,807942134 

mmu-miR-181a-2-3p -56,43350028 -5,81847993 0,027159055 0,758826521 

mmu-miR-15a-5p -46,86121322 -5,5503224 0,027973108 0,758826521 

mmu-miR-375-3p -43,86442992 -5,454979614 0,044706174 0,807942134 
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