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A mi familia 

A mis amigos 

A todos los que me acompañaron: Mil gracias! 



 

 
 

  



   

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Pluck any atom from your body 

and it is no more alive than is a grain of sand.  

It is only when they come together within the nurturing refuge of a cell that 

these diverse materials can take a part in the amazing dance that we call life. 

 

Bill Bryson “A Short History of Nearly Everything” 
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El síndrome de Marfan (MFS, del inglés Marfan Syndrome) es una enfermedad que afecta al tejido 

conjuntivo de herencia autosómico dominante. MFS fue descrito en 1896 por Antoine Marfan y afecta 

aproximadamente entre 1.5 y 17.2 personas de cada 100,000. El gen mutado causante de la 

enfermedad es FBN1 que codifica para una glicoproteína de 350 kDa llamada Fibrillina-1 (FBN1). FBN1 

constituye un elemento esencial de la matriz extracelular (ECM, del inglés extracellular matrix) por su 

capacidad de ensamblarse en estructuras complejas conocidas como microfibrillas, las cuáles, junto 

con la elastina, forman las fibras elásticas del tejido conjuntivo. En el MFS, las mutaciones en el gen 

FBN1 causan la disrupción de las fibras elásticas causando síntomas variados en el sistema esquelético, 

ocular y cardiovascular. La complicación más grave la constituye el aneurisma de la aorta ascendente 

que tiene origen en la túnica media, la cual se compone de células musculares lisas (VSCM, del inglés 

vascular smooth muscle cells) y de fibras elásticas. Estos aneurismas afectan 75-80% de los pacientes 

y conllevan un alto riesgo de disección. Las únicas medidas terapéuticas disponibles son la evaluación 

y el control de la progresión del aneurisma, el uso de antagonistas de receptores β-adrenérgicos y la 

cirugía reparativa.  

Las mutaciones de la FBN1 son multiples y se pueden encontrar a lo largo de todo el gen. La 

recurrencia de mutaciones puntuales es excepcionalmente baja y se han descrito cerca de 3000 

mutaciones diferentes. La predicción de los órganos involucrados y el riesgo cardiovascular a partir de 

la mutación especifica es difícil debido a la baja correlación genotipo-fenotipo. Las mutaciones se 

clasifican en dos categorías definidas por los efectos que se producen al nivel proteico. Mutaciones 

sin sentido (nonsense), debidas al desplazamiento del marco de lectura (frameshift), del sitio de 

empalme (splice site) o la deleción (gene deletion) inducen un fenotipo haploinsuficiente como 

consecuencia de la reducción de la cantidad de FBN1 total. Mutaciones con cambio de sentido 

(missense) inducen un fenotipo dominante negativo lo cual conlleva defectos cualitativos de la 

proteína que afectan sus funciones como por ejemplo su plegamiento o las interacciones proteína-

proteína resultando en una matriz frágil y desorganizada. Conceptualmente las mutaciones dominante 

negativas deberían inducir un fenotipo más heterogéneo que las mutaciones haploinsuficientes 

debido a que mutaciones en sitios discretos suelen tener efectos distintos mientras que el fenotipo 

en la haploinsuficiencia debería ser más constante.   

La FBN1 no solamente es importante para el soporte estructural de la ECM, sino que también juega 

un papel crucial en la regulación del factor de crecimiento transformador-β (TGF-β, del inglés 

transforming growth factor-β). El TGF-β es importante para el desarrollo, el equilibrio célula-ECM y la 

homeostasis celular. Su desregulación está relacionada con varias enfermedades fibroticas, 

autoinmunes y en cáncer. Por sus dominios característicos de 8 cisteínas, la FBN1 se une de una 

manera específica a la proteína de unión a TGF-β latente (LTBP, del inglés latent TGF-β binding protein) 
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que por otro lado forma un complejo con el TGF-β maduro. De este modo, la FBN1 regula la 

disponibilidad del TGF-β en el ambiente extracelular. Se ha demostrado que debido a la fragmentación 

de las fibras elásticas los niveles del TGF-β en pacientes con MFS están aumentados y correlacionan 

con el riesgo de desarrollar aneurismas aórticos.  

El TGF-β puede ser activado tanto por factores solubles del medio extracelular como por integrinas, 

las cuales están incluidas en la ECM y actúan como presentadoras del TGF-β a sus receptores. El 

aumento de la expresión de integrinas se ha demostrado en varias enfermedades en las cuales la 

señalización de la TGF-β induce cambios fisiológicos. Por lo tanto, se han considerado factores 

importantes en el control de la señalización del TGF-β al nivel extracelular. La activación del TGF-β 

facilita la unión del ligando a su receptor II (TBRII) lo cual cambia su afinidad para el receptor I (TBRI) 

frente a la unión del ligando induciendo su transfosforilación y la endocitosis del complejo. La 

endocitosis del complejo puede tener lugar en dos dominios membranales distintos: por la vía clatrina-

dependiente o caveolina-1 (CAV-1)-dependiente, esta última situada en las balsas lipídicas. 

Dependiendo de la vía de la internalización, la cascada de señalización del TGF-β tendrá efectos 

opuestos. Los complejos internalizados por la vía de la clatrina están asociados con la señalización 

mediante proteínas especificas llamadas SARA y SMAD2. Los receptores internalizados por la vía de la 

clatrina siguen la ruta de los endosomas tempranos, dónde SARA se unirá al complejo induciendo el 

reclutamiento de SMAD2, que será fosforilado y seguidamente translocado al núcleo por el co-factor 

SMAD4. La unión del complejo SMAD2/SMAD4 al ADN induce una multitud de cambios en la expresión 

de varios centenares de genes reguladores de la remodelación de la ECM. Por el contrario, la 

internalización por la vía CAV-1-dependiente se ha asociado con la atenuación de la señal mediante la 

unión de SAMD7, que inhibe la unión de mediadores de la señalización y a la vez facilita la unión de 

ligasas de la ubiquitina que inducen la degradación del complejo por la vía del proteasoma. Por lo 

tanto, se ha propuesto que la compartimentación de los receptores es un mecanismo regulador de la 

célula para la señalización de la TGF-β.  

Debido al papel regulador de las dos vías de la internalización, en este estudio hemos investigado si la 

compartimentación de los complejos TGF-β-receptor internalizados por cada una de las vías 

contribuye al aumento de señalización por TGF-β en el MFS. Hemos visto que en el estado basal los 

mediadores de la señalización SARA y SMAD2 están más enriquecidos en la fracción de membrana en 

las VSMC de pacientes con MFS. Además, hemos visto que estos mediadores también interactúan más 

con el TBRII en las células MFS que las controles y finalmente hemos observado que la colocalización 

de SARA con el marcador endosomal EEA1 está aumentada. Esto nos indica que en MFS existe una 

mayor disponibilidad para transducir la señalización activadora por TGF-β. Asimismo, hemos 

demostrado un aumento en la colocalización entre EEA1, SARA y TGF-β. El aumento de la co-
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localización de estas tres proteínas podría deberse a un incremento en la transcripción de RAB5 y su 

localización preferente en endomembranas en individuos con MFS, considerando que RAB5 induce el 

reclutamiento de SARA en los endosomas tempranos. Por lo tanto, concluimos que una 

disfuncionalidad en la proteína RAB5 induce una mayor eficiencia de la señalización por TGF-β en los 

endosomas tempranos debido a un incremento en el reclutamiento de SARA a las membranas donde 

inducirá la fosforilación de SMAD2 e iniciará la cascada de señalización. Por otro lado, hemos visto que 

en las VSMC las dos vías clatrina- y CAV-1-dependiente no son entidades separadas, sino que en parte 

convergen y forman vesículas doblemente positivas para EEA1 y CAV-1. Curiosamente, estudios 

anteriores sugieren que estas vesículas doble-positivas podrían estar involucradas en la atenuación de 

la señalización del TGF-β por la vía lisosomal. Además, hemos visto que la localización del TGF-β en 

estas vesículas doble-positivas se veía disminuida en las VSCM de pacientes, lo cual nos indica que 

este mecanismo atenuador de la señalización podría estar afectado en MFS. En conclusión, nuestros 

estudios demuestran que la señalización aumentada asociada a la vía endosomal se debe a un 

aumento de reclutamiento de SARA en los endosomas tempranos mediado por RAB5, favoreciendo la 

unión de SMAD2 al receptor. El incremento de la señalización está facilitado por un menor tránsito de 

TGF-β hacia estructuras endociticas doble-positivas para EEA1 y CAV-1, asociadas a la atenuación de 

la señalización. 

En este estudio también nos hemos interesado por el papel de las integrinas como activadoras del 

TGF-β a nivel de la ECM. Hemos visto que a nivel transcripcional todas las integrinas analizadas estaban 

disminuidas en tejido aórtico procedente de pacientes con MFS. A nivel proteico hemos visto que la 

integrina β1 (ITGB1) en particular se encuentra menos activa en tejido aórtico de pacientes MFS. Esto 

es particularmente interesante considerando que esta misma integrina es diana directa de un micro 

ARN (miRNA, del inglés micro RNA) llamado miR29b que a su vez se encuentra aumentado en MFS. A 

la vez, miR29b también se une a FBN1 induciendo su degradación o dirigiéndole hacia regiones 

subcelulares para su procesamiento. Una posible explicación para la disminución de las integrinas 

podría ser uniones indiscriminadas dependientes de miR29b. Por el otro lado, miR29b se podría ver 

aumentado para restablecer la homeostasis intracelular, la cual estaría afectada por las mutaciones 

en la FBN1. Otra posible explicación de la disminución de las integrinas podría ser un mecanismo 

compensatorio a nivel extracelular para controlar la señalización aumentada de TGF-β. 

Una complicación tanto en el diagnóstico como en el tratamiento del MFS es la heterogeneidad de las 

mutaciones de la FBN1. Un problema adicional es que los métodos de secuenciación convencionales 

solamente analizan los exones más comúnmente afectados, lo cual conlleva en sí mismo un sesgo que 

evita la exploración de las regiones menos susceptibles a presentar mutaciones. Estudios a gran escala 

han intentado correlacionar el fenotipo de pacientes con el tipo de mutación, bien sea 
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haploinsuficiencia o dominancia negativa. A pesar de esta clasificación, dichos estudios no han podido 

relacionar de manera concluyente el riesgo de implicaciones aorticas y la necesidad de intervenciones 

clínicas a raíz del tipo de mutación. Por lo tanto, decidimos secuenciar el mARN de VSMC de la parte 

dilatada y no-dilatada de 5 pacientes MFS con aneurisma intervenidos cirurgicamente. Hemos 

detectado una heterogeneidad amplia de mutaciones entre todos los pacientes. Sin embargo, dos 

mutaciones en dos pacientes diferentes eran del mismo tipo (mutación con cambio de sentido, 

prediciendo un fenotipo dominante negativo). Los dos pacientes no compartieron ninguna alteración 

en vías clasificadas como significativas por el análisis de enriquecimiento ontológico de genes, 

indicándonos que estos pacientes no comparten ningún perfil genético. Esto fue sorprendente ya que 

este tipo de mutación es uno de las más comunes e investigados en el MFS. No obstante, encontramos 

una segunda mutación que no solamente era del mismo tipo, sino que era exactamente idéntica entre 

dos pacientes. Esta mutación se encuentra en la 3´UTR, la cual es una región poca investigada en MFS, 

pero altamente relacionada con otras enfermedades tanto cardiovasculares como del tejido 

conjuntivo. Aún más interesante fue que los dos pacientes mostraban genes expresados 

diferencialmente en la zona no-dilatada. El análisis de enriquecimiento identificó que estos genes 

estaban altamente involucrados en la respuesta a proteínas desplegadas (UPR, del inglés unfolded 

protein response) y el estrés del retículo endoplasmático (ER stress, del inglés endoplasmic reticulum 

stress). La UPR es una respuesta adaptativa para restablecer la homeostasis celular, pero causa 

cambios patofisiológicos si no se resuelve a lo largo del tiempo. Aunque la 3´UTR no se traduce a 

proteína, se ha visto que mutaciones en esta región pueden ser la causa de la UPR y de fenotipos 

concretos debido a la multitud de funciones reguladoras de la 3´UTR. Sorprendentemente 

encontramos expresiones diferenciales en los genes y su asociación con ER stress solamente en mARN 

derivado de VSMC de la zona aortica no-dilatada, sugiriendo en acuerdo con resultados previos en un 

modelo ratón de fibrosis cardiaca, que la UPR y el ER stress son transitorios y aparecen previamente 

a los efectos perjudiciales en el tejido aórtico. Las consecuencias patológicas del ER stress se pueden 

atribuir a la implicación simultanea de los mediadores principales del ER stress en la estabilización de 

la señalización del TGF-β. Por ejemplo, genes codificantes para proteínas de choque térmico se veían 

alteradas en la zona no-dilatada de pacientes. A la vez, estas proteínas están asociadas con la 

estabilización de la señal TGF-β-dependiente por SMAD2 debido a su interacción directa con el 

complejo del receptor y su capacidad de aumentar la unión de mediadores de la señalización con el 

complejo. Además, 3´UTR son dianas principales para miRNAs y mutaciones en estas regiones pueden 

generar la pérdida de un sitio de unión para miRNAs. Esto puede causar la insuficiente degradación 

de FBN1, su acumulación en el ER y, como consecuencia, ER stress.  
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En resumen, podemos decir que en VSMC procedentes de aneurismas ascendentes de pacientes MFS 

la señalización está desregulada debido a alteraciones en el reclutamiento de mediadores de la 

señalización hacia endosomas tempranos. Además, concluimos que a nivel extracelular las integrinas 

como activadoras del TGF-β están disminuidas posiblemente como un mecanismo compensatorio de 

la señalización incrementada. Adicionalmente hemos definido un nuevo subgrupo de pacientes MFS 

con una mutación desconocida que induce un perfil de ER stress transitorio manifestándose en el 

fenotipo aórtico. 
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1. Introduction 

1.1. Marfan Syndrome  

Marfan Syndrome (MFS) is a multisystemic connective tissue disorder with autosomal dominant 

inheritance that affects between 1.5 and 17.2 in 100,000 live births (1). It is named after its discoverer 

Antoine Marfan, who defined MFS in 1896. The multisystemic disease is characterised mainly by 

skeletal, ocular and cardiovascular manifestations. MFS is caused by a mutation of the gene encoding 

the extracellular matrix (ECM) protein Fibrillin-1 (FBN1) (2). FBN1 is a structural glycoprotein belonging 

to the family of fibrillins and forms the principal component of microfibrils. Together with elastin, 

microfibrils constitute the elastic fibres of the ECM in connective tissues throughout the body. Close 

to 3000 different FBN1 mutations with variable and unknown dysfunctionality have been identified to 

date, however, the progress of the disease is difficult to predict through its mutation (3–5).  

1.1.1. Cardiovascular manifestations 

The most severe complications in MFS are of cardiovascular nature. Progressive aortic root 

enlargement and ascending aortic aneurysms with the risk of dissection, regurgitation and rupture are 

the primary cause of death in MFS and affect around 77% of patients (6–8). The only measures 

available to treat aortic complications are regular imaging to evaluate aortic dilatation progression, β-

adrenergic receptor antagonist and prophylactic or acute surgical repair (6,9). Even though aortic 

surgical repair has increased the life span of MFS patients significantly, many have to undergo 

subsequent surgeries, often at other sites of the aorta than the one of initial dilatation or rupture (10). 

Other cardiovascular complications include mitral valve prolapse, which is the most prevalent valvular 

abnormality occurring in 35%-54% of patients, mitral valve regurgitation and aortic insufficiency (6–

8). 

1.1.2.  Skeletal and muscle system 

The musculoskeletal phenotype in MFS patients is the most readily visible characteristic associated 

with the disease. Most commonly associated features are Pectus excavatum and Pectus carinatum 

(carved-in and protruding chest appearance; Fig. 1.1.A) as well as a decrease in bone mass, 

dolichostenomelia (unusually long limbs) and arachnodactyly (abnormally long fingers and toes; Fig. 

1.1.B)  (6,11,12). A further feature of MFS are spine deformities such as scoliosis (abnormal lateral 

curvature of the spine) and kyphosis (unnatural curvature of the upper back; Fig. 1.1.C) whose 

progression is associated with increased pain in the spine area (13). In addition, Marfan patients suffer 

from muscle myopathies and failure to regenerate skeletal muscle after injury or assault (14).  
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1.1.3.  Ocular and other systems 

Ectopia lentis (EL) is the dislocation of the eye lens and occurs in approximately 50% of Marfan 

patients, affecting either one or both eyes at the same time (8). Ocular pathologies in MFS are 

attributed to stretching of the tunica scleralis which leads to zonular fibre rupture and lens dislocation 

(6,15). Furthermore, MFS patients have been reported to suffer spontaneous pneumothorax, which is 

the uncoupling of the lung from the chest wall through the collection of air in the pleural space (16). 

Spontaneous pneumothorax can cause shortness of breath, chest pain, lack of oxygen and a rapid 

heart rate. Even though a small spontaneous pneumothorax usually only requires monitoring, MFS 

patients with recurring and even contralateral pneumothorax requiring surgery have been reported 

(17).  A further clinical feature is the occurrence of obstructive sleep apnea (OSA) which occurs in 

approximately 34% of MFS patients (18). OSA is caused by craniofacial abnormalities as well as upper 

airway problems and is reported to accelerate the onset of aortic events (18,19). 

 

 

 

 

 

 

 

 

 

Fig 1.1. Skeletal features of Marfan Syndrome. (A) Indented and Protruding breastbone (Pectus excavatum and 

Pectus carniatum). (B) Arachnodactyly and the thumb sign where the thumb tip extends the length of the palm. 

Modified from the Mayo Foundation for Medical Education and Research. (C) Severe scoliosis and kyphosis in a 

young female patient. Modified from (20).  

 

1.2.  Differential diagnosis 

Due to the multisystemic nature of the disease, diagnosis requires more than a single test, but a 

scoring system named “Ghent nosology” which takes multiple factors into account. The scoring system 

(A) 

(B) 

(C) 
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includes cardinal features as well as less specific manifestations which a MFS patient must display. The 

two most important cardinal features are the size of the aorta/aortic risk of dissection calculated by 

its Z-score (AoZ≥2) and the occurrence of EL. All other cardiovascular and ocular manifestations as 

well as other organs affected contribute to a systemic score that facilitates the correct diagnosis in the 

absence of genetic testing or, in some cases, in the absence of FBN1 mutation (Table 1.1.). The 

combination of symptoms as well as family history assist in the differential diagnosis of MFS (12). 

However, diagnosing patients remains challenging due to the lack of a medical reference standard and 

the accuracy and specificity of diagnostic criteria (1).  

 

Box 1. Revised diagnostic criteria 

 
In the absene of family history: 

1) Ao (Z≥2) AND EL 
2) Ao (Z≥2) AND FBN1 mutation 
3) Ao (Z≥2) AND systemic score of ≥7 points 
4) EL AND FBN1 mutation identified in patient with aortic aneurysm 

In the presence of family history  
1) EL  
2) Systemic score of ≥7 points 
3) Ao (Z≥2 above 20 years of age, Z≥3 below 20 years of age) 

Box 2. Scoring of systemic features 
 
1 point: 
Skeletal features such as chest asymmetry, scoliosis, reduced elbow extension, distinctive facial 
features 
2 points: 
Pneumothorax, dural ectasia, pectus carniatum deformity 
3 points: 
Wrist and thumb sign 
A total of 20 points can be scored and ≥7 points indicates systemic involvement  

Box 3. Criteria for causal FBN1 mutation 

 
1) FBN1 mutation previously shown in family history 
2) De novo mutation of one of the following:  

- Nonsense 
- Inframe or out of frame deletion/insertion 
- Splice Site mutation affecting splicing on mRNA/cDNA level 
- Missense mutation affecting a critical FBN1 domain 

 

Table 1.1. Scoring system for the differential diagnosis of MFS. Box 1. Revised criteria for diagnosing a patient 

with MFS in the absence and presence of family history. Box 2. Table of scoring system for non-cardinal features 

with a score of ≥7 indicating MFS. Box 3. Type of FBN1 mutation considered causative for the diagnosis of MFS. 

Modified from (12).  
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1.3.  Fibrillin-1 

MFS is caused by various possible mutation variants of the 11,756 base pairs large FBN1 gene on 

chromosome 15q21.1, which encodes the 350 kDa heavy ECM glycoprotein FBN1 (2,21). FBN1 is a vital 

element of microfibrils, which are 10-20 nm extracellular structural components that are ubiquitous 

in both elastic and non-elastic connective tissues throughout the body (22,23). These fibrillin abundant 

microfibrils can associate with a variety of ECM components such as elastin to form elastic fibres. The 

spatial arrangement of these elastic fibres is tissue specific and ranges from parallel bundles of 

microfibrils in the lens to ordered concentric rings of elastic fibres attached by microfibrils in the tunica 

media of the aorta (22).   

1.3.1. Structure of Fibrillin-1 

The glycoprotein FBN1 consists primarily of 47 epidermal growth factor (EGF)-like domains, 

interspersed with seven characteristic domains of each eight cysteines (TB/8-Cys) (Fig. 1.2.). The EGF-

like domains contain six highly conserved cysteine residues that form intramodule disulphide bonds 

and induce β-sheet formation of the protein. In addition, 43 of the 47 EGF-like domains contain 

calcium binding consensus sequences (cbEGF) (22,24).  

 

Fig.1.2. Structure of the large glycoprotein FBN1. Schematic illustration of FBN1: (cb)-EGF-like domains are 

interspersed with TB/8-Cys motifs. The RGD motif indicated by pink arrow is a versatile binding domain. 

Disulphide bonds are formed between EGF-like domains. The cb-EGF motifs displayed in yellow are calcium 

binding. Modified from (22). 

 

Depending on the adjacent domains, cbEGF domains bind calcium with varying affinities between 300 

nM to 350 µM (21,25,26). Under physiological conditions, the saturation of calcium binding sites 
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restricts the flexibility of FBN1, forcing it into a rod-like shape (27). Calcium binding is therefore mainly 

important for the structural integrity of FBN1, however, calcium saturation also stabilizes the protein 

against proteolytic degradation and facilitates protein-protein interactions  (24,26). Multiple sets of 

cb-EGF domains are separated from one another by interspersing TB/8-Cys domains. These highly 

unique domains are organized into 6 anti-parallel β-strands and 2 α-helices which are held together 

by disulphide bonds and hydrophobic interactions (28,29). The TB/8-Cys domains determine some of 

the most important binding characteristics of FBN1 as they contain a unique sequence which is solely 

shared with the latent TGF-β binding protein (LTBP) (22,28). An RGD motif found in the TB/8-Cys4 

module is a versatile binding partner for proteins ranging from integrins to bone morphogenic proteins 

(BMPs) (30–32).  

1.3.2. Synthesis  

The 350 kDa FBN1 is initially synthesized as profibrillin-1 which interacts with endoplasmic reticulum 

(ER) chaperone proteins BiP/HSP70 and GRP94/HSP90. These chaperone proteins protect the pro-

protein from cleavage whilst being transported through trans-golgi network (TGN) (33). After 

secretion from the TGN, pro-fibrillin-1 is C-terminally cleaved between amino acids 2731 and 2732 

and converted into the 20 kDa smaller fibrillin-1 by pro-protein convertases of the PACE/Furin family 

(34). The correct cleavage is fundamental for the appropriate incorporation of FBN1 into the ECM and 

is independent of synthesis status (35). Mutations immediately adjacent to the consensus sequence 

have been reported in MFS patients, which lead to reduced proteolytical cleavage and deposition into 

the ECM despite normal FBN1 secretion levels (34).  

1.4.  FBN1 mutation 

Mutations in FBN1 are manifold and found throughout the entire length of the gene. Of all reported 

FBN1 mutations only 12% are recurrent and the actual number of mutations might be significantly 

higher due to failure to report mutations or correctly diagnose MFS in patients (4,5). Adding to the 

genetic variability seen in MFS, 25% of all FBN1 mutations are spontaneous without exhibiting any 

family history (5). Furthermore, a significant portion of cases remains genetically unresolved which is 

due to the labour intensity of mutant testing and the omission of non-exonic FBN1 regions as disease 

causing variants (36,37). The variable clinical features seen in MFS are attributed to the distinct 

underlying genetic mechanisms. Different types of mutations may produce a dominant negative or a 

haploinsufficient genotype. In dominant negative mutations, one mutated gene product acts 

antagonistically to the wild-type product, which in MFS is particularly pathogenic due to the polymeric 

structure of FBN1 in the formation of microfibrils (38). Haploinsufficent genotypes on the other hand 
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have only one functioning allele which produces insufficient gene product and therefore less FBN1 at 

the ECM level (39). These two mutation types lead to diverse outcomes of FBN1 functionality, FBN1 

tissue distribution, and eventually clinical manifestation (8). In addition, mutations in FBN1 have been 

associated with phenotypes other than classic MFS such as isolated aortic aneurysms, isolated ectopia 

lentis and Weill-Marchesani Syndrome, a connective tissue disease that, contrary to MFS, is 

characterized by small stature and unusually short fingers and toes (5). The disparate clinical features 

of conditions caused by FBN1 mutations underscore the importance of cell context and FBN1 

microfibril incorporation in the clinical variability and lack of genotype-phenotype correlation (5,8) 

1.4.1. Missense mutations  

About two thirds of all known FBN1 mutations are classified as missense, which are single nucleotide 

changes resulting in a codon change and a different amino acid. The majority of these affects one of 

the 43 cbEGF domains (21). The most common cbEGF domain missense mutation produces a 

substitution of cysteine residues and disrupts the disulphide bond formation between them. 

Disulphide bond disruption leads to misfolding of the protein, disorganization of a given module and 

global loss of structural integrity (8,40,41). The second most common missense mutation affects the 

calcium binding residues of the cbEGF domains. This produces a lower affinity for calcium binding and 

increased risk of proteolytic degradation (24,42). However, cysteine substitutions have been found to 

show confined localized effects depending on the affected cbEGF domain. Structural consequences 

can vary from intracellular FBN1 retention to increased proteolytic degradation, which stresses the 

functional heterogeneity of mutations clustered into the same category (41,43,44). Clinical 

phenotypes associated with FBN1 missense mutations range from mild phenotypes lacking 

cardiovascular manifestations to severe neonatal phenotypes exhibiting deleterious aortic events and 

cardiac failure (8,21,45). Missense mutations in exons 24-32 have emerged as the most consistent 

indicator of aortic risk. Mutations in this middle region of FBN1 have been found in all cases of lethal 

neonatal MFS and define a high risk group of severe cardiovascular manifestations including aortic 

aneurysms (8).  

1.4.2. Premature truncation and codon mutations 

Around 10-20% of all recorded MFS mutations include insertions, deletions and frameshifts leading to 

a premature truncation codon (PTC). PTCs produce nonsense-mediated decay and reduced mRNA 

concentration (5,21). The reduced mRNA concentration leads to approximately halved synthesis of 

normal sized FBN1 and disproportionately decreased matrix deposition, creating structurally inferior 

connective tissue (46). In MFS, PTC mutations are largely associated with characteristic skeletal 
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phenotypes, however, the occurrence of aortic dilatation and dissection has been reported (47). Even 

more so, aortic events occur at a younger age in patients with a truncation mutation than in patients 

with missense mutation involving a cysteine substitutions (8,47). On the other hand, a lower incidence 

of ectopia lentis has been reported in patients with PTC mutation as opposed to cysteine substitution 

(48). Yet, in spite of mutation type clustering, most mutations remain unique to individual affected 

families (49).  

1.4.3. Splice Site Mutations 

Some 10-15% of all mutations found in in MFS consist of various splicing errors such as in-frame exon 

skipping and activation of cryptic splicing sites. Exon skipping may cause the deletion of one or more 

entire cbEGF domain, leading to reduced FBN1 synthesis and matrix deposition (5,50). Cases of whole 

gene deletion have been reported in MFS, however, rarely (51).  Some of the most severe types of 

MFS are caused by splice site mutations and aortic events appear at an earlier age in MFS patients 

with splice site mutations than missense mutations (47,52). Exon skipping produces these severe 

phenotypes as it omits multiples of three nucleotides and preserves the reading frame. The result are 

shortened fibrillin monomers that are able to take part in the microfibril assembly but interfere with 

the polymerization process and lead to severe microfibril disruption (52).   

1.5.  FBN1 mediates TGF-β activation 

Apart from its structural role, the second main physiological function of FBN1 is the regulation of 

Transforming Growth Factor-β (TGF-β) (53,54). TGF-β is secreted into the extracellular environment 

as a large latent complex (LLC) which is covalently attached to the latent TGF-β-binding protein (LTBP). 

LTBPs interact with FBN1 through their characteristic 8-Cys module uniquely shared between the two 

proteins (54–56). TGF-β plays a vital part in a number of processes throughout development and is 

crucial for the maintenance of balance between cells and ECM and, therefore, tissue homeostasis. Its 

deregulation is implicated in a variety of diseases ranging from fibrosis and cancer to autoimmune and 

vascular diseases (55,57). In this way, FBN1, being a vital component of the ECM, contributes to the 

temporal and spatial regulation of the versatile TGF-β (Fig. 1.3.).  
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Fig. 1.3. Mature TGF-β is matrix-bound and controlled by FBN1 through the interaction with LTBP. Shown are 

the components of the small and large latent TGF-β complexes (SLC and LLC respectively) and its interaction with 

ECM and microfibrils. Modified from (22).  

 

1.5.1. Clinical features of TGF-β  

TGF-β is the principal regulator of fibrosis, wound healing and tissue repair. TGF-β is found in all tissues 

and released by the majority of cells including infiltrating lymphocytes, macrophages/monocytes and 

platelets (58). During wound healing, myofibroblasts become activated and migrate towards the site 

of injury. The release and activation of TGF-β stimulates the synthesis of extracellular matrix proteins 

and simultaneously inhibits their degradation (59,60). Amongst the proteins induced by TGF-β are 

type I collagen, fibronectin and connective tissue growth factor (CTGF), all of which enhance a 

contractile cellular phenotype and prolong the induction of ECM (61). Antagonist of TGF-β induced 

matrix deposition at the site of wound repair are macrophage induced Tumor Necrosis Factor α (TNF-

α) and Interferon-γ (INF- γ) which is a pleiotropic cytokine produced by T and Natural Killer (NK) cells 

(61–63). Under normal conditions, the balance between profibrotic and antifibrotic factors enables 

the correct wound repair and tissue restoration. However, the excess of TGF- β leads to pathologic 

tissue fibrosis and compromises organ structure as well as its function. At the same time, the 

deficiency or absence of TGF β leads to severely impaired wound repair, tissue necrosis, organ failure 

and death, emphasizing the importance of TGF-β homeostasis (64,65).  
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1.5.2. TGF-β in aortic aneurysms 

Under physiological conditions, TGF-β is maintained in an inactive state by controlled binding of LTBP 

to FBN1. In MFS, the fragmentation of microfibrils caused by insufficient or dysfunctional FBN1 leads 

to the reduced binding capacity of LTBP and increased active TGF-β in the extracellular environment 

(Fig.1.4.) (54,55). As such, TGF-β has emerged as an important molecular factor of aneurysm 

progression. TGF-β neutralizing antibodies as well as the inhibition of TGF-β expression through cross-

activating pathways have been shown to decrease aneurysm formation in an animal model of MFS 

(66–68). In MFS patients, higher levels of circulating TGF-β were shown to positively correlate with 

aortic root diameter and have therefore been proposed as biomarker for aortic risk (69). Increased 

levels of TGF-β in the environment of aortic vascular smooth muscle cells (VSMC) have been directly 

linked to intracellular changes leading to impaired tissue repair, muted immune responses and limited 

angiogenesis (70). The dysregulation of TGF-β in MFS challenges the view of structural deficiencies 

being the sole cause of aneurysm formation and provide an opportunity for targeted therapy (55,71).  

 

Fig.1.4. The fragmentation of fibrillin microfibrils leads to increased TGF-β in the extracellular environment.  

Fragmentation of the elastic fibres of the aortic tunica media, which is rich in smooth muscle cells, elastic fibres 

and collagens, is associated with excessive release of the LLC from the ECM and increased active TGF-β. Modified 

from (55).  
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1.6. TGF-β secretion and ECM incorporation 

TGF-β belongs to the TGF-β superfamily which includes nearly 30 proteins in mammals. Amongst these 

are TGF-β, inhibins, activins, bone morphogenic proteins (BMPs) and growth/differentiation factors 

(GDFs). Three different TGF-β isoforms have been identified in mammals: TGF-β1, TGF-β2 and TGF-β3. 

All three isoforms share 75-80% homology between each other and have paracrine and autocrine 

profibrotic effects (55,72,73). TGF-β is initially synthesized as a pre-pro-protein which is proteolytically 

processed at its N-terminal in the rough endoplasmic reticulum. Two monomers each dimerize 

through disulphide bridges to form pro-TGF-β. Furin convertases cleave the pro-dimer and convert it 

into the small latent TGF-β complex (SLC). The SLC consists of the latency-associated peptide (LAP) 

and the mature TGF-β, which are held together by covalent bonds. To attach the SLC to the ECM, the 

8-Cys3 domain of LTBP covalently binds the SLC (74), resulting in the formation of the large latent TGF-

β complex (LLC) (Fig. 1.5.A-C). LTBP is crucial for linkage of the complex to the ECM. The N-terminal 

LTBP hinge region binds to fibronectin and other ECM components. The C-terminal LTBP region on the 

other hand interacts with the N-terminal region of FBN1 (Fig.1.5.D). In this way LTBPs and FBN1 offer 

crucial support in targeting TGF-β to specific sites and controlling its activation (55,56,75).  

 

   

 

 

 

Fig. 1.5. Secretion and ECM incorporation of TGF-β. The nascent pre-pro- TGF-β undergoes a series of cleavage 

(A) and conversion (B) processes until the covalent interaction with LTBP (C) allows its ECM incorporation and 

FBN1- microfibrils controlled regulation (D). Modified from (55). 

(A) 

(B) 

(C) 

(D) 
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1.6.1. TGF-β release from the ECM 

For TGF-β to bind to its receptor and initiate signalling, the LLC containing the mature protein must be 

released from FBN1 microfibrils as well as the ECM. LLC release can be initiated by LTBP displacement 

from FBN1. Microfibrils are degraded by elastase, an inflammatory proteolytic enzyme, which induces 

the release of FBN1 fragments. These fragments themselves are able to compete with LTBP for binding 

at their own N-terminal, therefore displacing the LTBP (54,55). To release the LLC from the ECM, 

proteases such as plasmin and thrombin cleave the LTBP hinge region which frees the LLC whilst the 

LTBP N-terminal fragment remains bound to the ECM (Fig.1.6.) (55,76). Furthermore, BMPs have also 

recently been identified as additional key elements for LLC release by cleaving the LTBP hinge region 

at two specific sites resulting in a free LLC complex (77).    

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1.6. TGF-β release from the ECM. TGF-β can be released from microfibrils through cleavage processes such 

as those involving inflammatory proteolytic enzymes (A) which induce a process that displaces LTBP from 

microfibrils. Integrins can mechanically release the mature cytokine directly from LAP (B). Proteases and BMPs 

then release the LLC from the ECM for further processing (C). Modified from (55). 

 

(A) 

(B) 

(C) 
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1.7.  TGF-β activation and receptor binding 

For TGF-β to become activated, the mature active cytokine must be cleaved from the LAP complex to 

induce receptor binding and signalling. This process can be integrin-independent after the LLC is 

released from the ECM, or integrin-associated at various stages of the extracellular release. However, 

under all circumstances, it is the LAP complex that is directly targeted (55,76). A widely accepted 

integrin-independent mechanism is the cleavage of LAP by matrix metalloproteinases (MMPs) to 

release active mature TGF-β (78). MMPs are extremely pleiotropic and can perform more than one 

function. They have been shown to also be directly involved in wound healing responses, ECM 

degradation and remodelling. The degradation of ECM may sustain the lack of TGF-β targeting to the 

ECM and the increased TGF β activation. In turn, TGF-β has been suggested to transcriptionally control 

the activation of MMPs, therefore sustaining a positive feedback loop between TGF-β and MMPs  

(61,79,80). Changes in the pH can furthermore activate TGF-β independently of integrins. Extremely 

acidic environments induce the disintegration of LAP which releases active TGF-β (81). Another TGF-β 

activating mechanism are reactive oxygen species (ROS), which are induced by NAD(P)H oxidase and 

mitochondria. ROS have been shown to alter the confirmation of LAP and expose active TGF-β. On the 

other hand, TGF-β signalling induces the production of ROS by activating NAD(P)H oxidase, interfering 

with mitochondrial function, and suppressing antioxidant enzymes. This leads to a vicious cycle of a 

global redox imbalance favouring TGF-β induced tissue fibrosis under non-homeostatic conditions 

(82,83). However, one of the most significant activators of TGF-β is thrombospondin-1 (TSP-1). TSP-1 

is a large homotrimeric glycoprotein that interacts with LAP through the TSP-1 sequence KRFK and the 

LAP sequence LSKL. The binding induces a conformational modification of LAP which subsequently 

exposes mature and active TGF-β (84–86).  TSP-1 has furthermore been associated with increased 

fibrosis and the development of vascular inflammation which, in turn, might activate dormant TGF-β 

(87,88). TSP-1 is frequently expressed at sites of wound healing and inflammation. The interference 

with the activating process of TGF-β by TSP-1 has been shown to improve the generation of fibrosis 

and ECM deposition in a murine model of inflammatory renal disease (87). Considering the 

multifunctionality of TGF-β, targeting TSP-1 has been proposed as a viable therapeutic approach for 

local TGF-β overactivation (87,88).   

1.7.1. Integrin-mediated TGF-β activation 

Integrins are incorporated components of the ECM and crucial for cell adhesion to ECM components. 

They interact directly with growth factors (GF) and control their storage at the ECM as well as their 

activation (89). Integrins are transmembrane proteins consisting of an α and a β subunit. 18 α and 8 β 

subunits are known which can form 24 specific and non-redundant integrin heterodimers that are not 
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constitutively active, but rather are mostly found in an inactive conformation on cell membranes (90). 

Some integrins directly bind to the ECM incorporated FBN1 which triggers downstream activation, cell 

spreading and focal contact adhesion (91). The cross-talk between GF receptors (GFR) and integrins is 

extensive and especially interactions between TGF-β and integrins have been thoroughly studied. TGF-

β is an exceptional GF as, in its latent forms, it is part of the ECM and binding target for integrins (92). 

TGF-β signalling has been shown to alter the confirmation of integrins, inducing a shift to a high affinity 

binding state in and inside-out fashion. In particular the integrins α1, α2, α3, α4 and β1 are 

upregulated by TGF-β at mRNA, protein and cell surface expression levels (93,94). On the other hand, 

activated integrins have the capacity to activate latent TGF-β. Some integrins have been shown to bind 

LAP of latent, matrix associated TGF-β through their shared RGD sequence (Fig.1.7.). In contrast to 

soluble factors that cleave the latent TGF-β complex and release mature TGF-β, integrins use shear 

forces to distort LAP and present mature TGF-β in a proximity-dependent manner to its receptor 

(76,95). These shear forces are generated through pulling by the actin cytoskeleton which is connected 

to the cytoplasmic tail of integrins and involves the Rho associated kinase/ROCK signalling pathway. 

The pulling force is only effective if the ECM is mechano-resistant and able to bind LTBP in an efficient 

way (96).  The cross-talk between TGF-β, the ECM, and integrins has been proposed to be a major 

player in fibrosis through the enhanced ECM deposition and the resulting tissue stiffness. It has been 

hypothesized that the increased contractility seen in fibrotic diseases enhances the activation of 

matrix bound latent TGF-β by increasing the shear forces applied by integrins (95). Indeed, it has been 

shown that the increase in integrin-dependent TGF-β activation is associated with increased fibrosis 

and that in particular the integrin subunit β1 (ITGB1) plays a crucial part in this activation. Integrin  β1 

has been shown to respond rapidly to and become upregulated by TGF-β treatment in a myofibroblast 

model of fibrosis (97). Furthermore, inhibiting ITGB1 has been shown to have antifibrotic effects in 

contractile cells due to decreased integrin dependent TGF-β activation (98). 
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Fig. 1.7. Latent TGF-β activation by integrins. (A) Mature TGF-β is bound to the ECM on the cell surface by 

interaction of LAP with LTBP. (B) Binding of integrins is predicted to cause a conformational change of LAP and 

present TGF-β to its receptors. The process relies on an intact ECM and may be facilitated by the cell contraction 

enhancing Rho-ROCK signalling pathway. Modified from (95). 

  

1.7.2. TGF-β receptor binding 

TGF-β signals through a heterodimeric receptor complex belonging to the serine/threonine kinase 

family which comprises 12 members: 7 type I receptors and 5 type II receptors, all of which are 

dedicated to signalling by the TGF-β superfamily. The transmembrane TGF-β superfamily receptors 

consist of about 500 amino acids organized into a Cys-rich extracellular N-terminal ligand binding 

domain, a transmembrane domain, and a C-terminal serine/threonine kinase domain (99,100). TGF-β 

(amongst which are the three isoforms TGF-β1, TGF-β2, and TGF-β3) signals through a heterocomplex 

consisting of the TGF-β type II (TBRII) and either of the TGF-β type I receptors (TBRI; also known as 

ALK5, which induces the classical canonical SMAD2-dependent signalling or ALK1 which induces 

SMAD1/5 phosphorylation), whilst other members of the TGF-β superfamily signal through other 

combinations of specialised type I and type II receptors (Fig.1.8.). The TBRI contains a characteristic 

(A) 

(B) 
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SGSGSG sequence which is termed the GS domain. This domain is found N-terminal of the intracellular 

kinase domain and the successful activation of TBRI requires transphosphorylation of its GS domain 

by TBRII upon ligand binding (73,100,101).  A third type of auxiliary TGF-β receptor (TBRIII; amongst 

which are endoglin and betaglycan) may assist the low affinity TGF-β2 isoform to bind TBRII (102). 

TGF-β does not interact with the isolated TBRI but shows a high affinity for TBRII and binds to its 

ectodomain. The recruitment of TBRI allows for correct complex assembly and subsequent receptor 

phosphorylation. However, the heterocomplex formation consists in fact of not only one TGF-β ligand 

but a ligand dimer and four receptor molecules, whilst each receptor only binds one ligand at a time 

and the TBRI and TBRII bind TGF-β at adjacent positions on the ligand surface (100,103). It is not clear 

why TGF-β changes its affinity for the TBRI once it is bound to TBRII. A hypothetical model suggests a 

conformational change of TGF-β, exposing a TBRI binding site once it is bound to TBRII (103). 

Whichever the process, the binding of the dimeric ligand to TBRII and the incorporation of TBRI in the 

complex brings the receptors close enough to each other to enable transphosphorylation of TBRI by 

TBRII. Whilst TBRI needs to be phosphorylated, TBRII kinase is assumed to be constitutively active, 

although the regulatory process remains elusive (100). The GS region of TBRI is not only a crucial 

phosphorylation sequence, but also serves to prevent phosphorylation and therefore activation of the 

receptor complex.  Proteins like 12 KDa FK506-Binding Protein (FKBP12) can bind to the 

unphosphorylated GS region and inhibit phosphorylation of TBRI by TBRII, thereby controlling TGF-β 

signalling at the receptor level (57,104).   

 

Fig.1.8. TGF-β superfamily receptors, ligands, accessory receptors and their relationship. Receptors can 

arrange in various combinations and transduce signals in a ligand-specific manner. The same receptor 

combination can also accept various ligands such as in the case of receptor heterocomplex BMPRII and ALK3.6, 

which binds three different BMP ligands.  Here, we focus on the heterocomplex TBRI/ALK5 and TBRII and its 

associated signalling pathways as indicated by the red circle. Modified from (100). 
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1.8.  TGF-β receptor complex endocytosis 

Once TGF-β has bound to TBRII and TBRI has been recruited and phosphorylated, TGF-β receptor 

complex endocytosis takes place through two different pathways: the clathrin-dependent pathway 

and the caveolin-1/lipid-raft-dependent pathway. These two pathways have been shown to have 

opposite effects on signal transduction (101). Whereas TGF-β receptors internalised through clathrin-

coated pits are associated with the transduction of TGF-β signal and receptor recycling, the 

internalisation through lipid raft-associated caveolae is involved in the signal abrogation and 

proteasome receptor degradation (101,105). In this way, the membrane trafficking of TGF-β receptors 

is suggested to play a crucial role in the control over the signalling response and therefore to be a 

regulatory mechanism of signal transduction.   

1.8.1.  Clathrin-dependent endocytosis  

During clathrin-dependent endocytosis, the plasma membrane invaginates to form vesicles containing 

cargo such as receptor-ligand complexes. Cytoplasmic clathrin triskelia polymerize into hexagons and 

pentagons and assemble a clathrin coat around the vesicles, which then bud off the plasma membrane 

and enter the intracellular space. Clathrin forms a protective coat around the cargo containing 

vesicles, however, it does not directly bind neither the plasma membrane nor the vesicle cargo and 

therefore relies on adaptor and accessory proteins (106,107). Once the cargo is taken up into the cell, 

the clathrin coat is released and the uncoated vesicle fuses into early endosomes. The receptor cargo 

undergoes either recycling to the plasma membrane or passes through to more mature endosomes 

such as multivesicular bodies (MVB) and lysosomes for lysosomal degradation (106,108). In this way, 

the TGF-β receptor complex internalises through clathrin-coated vesicles and may undergo either fate. 

TGF-β receptor signalling associated with clathrin-dependent endocytosis takes place at early 

endosomes. The signalling mediators of all TGF-β family members in vertebrates were discovered in 

1996 and are called SMADs; a portmanteau of the drosophila protein homologue  “MAD” and the 

Caenorhabditis elegans homologue “SMA”  (109–111). Three classes of SMAD mediators with 

different functionalities exist (100,112) :  

1) The receptor regulated SMADs (R-SMADs) including SMAD1, SMAD2, SMAD3, SMAD5, and 

SMAD8/9 

2) The common-mediator SMAD (co-SMAD) SMAD4 which interacts directly with R-SMADs 

3) The inhibitory SMADs (I-SMADs) including SMAD6 and SMAD7 which inhibit the activation of 

R-SMADs and co-SMADs.   
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SMAD signalling is specific but not exclusive for either of the TGF-β family members in that TBRI and 

TBRII signalling is executed through the recruitment and phosphorylation of a SMAD2 and SMAD3 

complex and the subsequent recruitment of SMAD4. As a controlling mechanism, the receptor 

activation can be blocked by SMAD7 (100,112). The specificity of either R-SMAD for each TGF-β 

receptor family member is ensured by matching amino acid sequences termed the L45 Loop and the 

L3 Loop, which are found adjacent of the TBRI kinase domain and the carboxy-terminal of R-SMADs 

respectively (113,114). However, R-SMAD binding to TBRI must be facilitated by SARA (Smad anchor 

for receptor activation), a  FYVE domain containing auxiliary protein that recruits SMAD2 to TBRI and 

controls SMAD2 subcellular localization by targeting it to the membrane of early endosomes 

(115,116). Furthermore, SARA has been shown to be a crucial downstream mediator of Rab5-

mediated endosomal trafficking and might serve as the key player in TGF-β signal regulation by 

orchestrating the spatial endosomal localisation and recruitment of signalling mediators (117). The 

interaction of SARA with TBRI allows therefore for a more efficient recruitment and phosphorylation 

of signalling mediators. SMAD2/3 become directly phosphorylated by TBRI which at the same time 

destabilizes their interaction with SARA, allows complex dissociation, and increases their affinity for 

SMAD4. The SMAD2/3 complex recruits and binds through their C-terminal pSer-X-pSer motifs to the 

surface pocket of the SMAD4 MH2 domain and the complex subsequently translocates to the nucleus 

to regulate target gene transcription (Fig.1.9.) (118–120). The binding of the SMAD complex occurs in 

a sequence specific manner identified as a short 5´-AGAC-3´ binding domain termed minimal Smad 

binding element (SBE) (121,122). The DNA binding of the SMAD complex immediately enables a 

multitude of changes in the expression of several hundreds of genes amongst which are critical 

regulators of ECM remodelling such as collagen, elastin and MMPs (123–125). In MFS, increased TGF-

β dependent pSMAD2/SMAD4 nuclear translocation has been associated with aortic aneurysms due 

to collagen deposition and elastin fragmentation at the ECM level (126,127). Once the R-SMADs have 

become phosphorylated and have exerted their effect on a multitude of possible targets, TBRI and 

TBRII themselves either undergo lysosomal degradation or recycle back to the plasma membrane to 

restart the cycle. The recycling mechanism for TGF-β receptors has been shown to depend on the 

Rab11 machinery and to be constitutive as it may be ligand-dependent or -independent (128). The 

lysosomal degradation however has been associated with a molecule called Dapper, which 

preferentially associates with TBRI in Rab7 positive late endosomes facilitating the cargo transport 

form early to late endosomes (129). 
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Fig.1.9. TGF-β receptor endocytosis through the clathrin-dependent pathway. Receptor dimer and ligand 

complexes form on the cell surface and internalise through clathrin coated vesicles. Cargo vesicles fuse into EEA1-

positive early endosomes where SARA binds and recruits SMAD2/3 under the regulation of Rab5. The SMAD2/3 

complex becomes phosphorylated by TBRI and detaches from the receptor complex, at the same time forming a 

heterocomplex with SMAD4 which translocates to the nucleus inducing gene transcription. The receptor complex 

may either undergo Rab7-mediated transport to late lysosomes or Rab11-mediated recycling.  
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1.8.2. Caveolin-dependent endocytosis 

Caveolae form smooth invaginations of the plasma membrane which are characterized by the 

presence of caveolin-1 (CAV-1). These invaginations are located within glycolipid rafts which are 

detergent-insoluble, low-density membrane fractions rich in sphingolipids and cholesterol (130). 

Caveolae are highly immobile structures and CAV-1 is a stable component of the membrane without 

showing any lateral diffusion (131). Caveolae and their associated lipid rafts mediate the 

internalisation of sphingolipids, sphingolipid binding toxins, GTP-anchored proteins and tyrosine 

kinase receptors as well as TGF-β receptors (101,132). Unlike clathrin, Cav-1 does not dissociate from 

the membrane during endocytosis, even after invagination and vesicles formation (131,133). Whilst 

the mechanisms of the CAV-1-dependent pathway have been less well characterized than their 

clathrin-dependent counterpart, TGF-β receptor endocytosis through caveolae has been 

demonstrated and linked to TGF-β signal attenuation through proteasome receptor degradation 

(101,134). TGF-β receptor internalisation through caveolae is associated with the binding of the 

inhibitory SMAD7 to TBRI. SMAD7 exerts its antagonistic function by competing with R-SMADs for 

receptor binding, thereby preventing SMAD2/3 phosphorylation (135). SMAD7 transcriptional 

expression is rapidly induced by TGF-β itself to ensure a controlled feedback loop of TGF-β signalling 

(136). SMAD7 binding recruits the E3 ubiquitin ligase SMURF2 which poly-ubiquitinates the receptor 

and induces proteasome degradation of the tagged receptor complex (Fig.1.10.) (101,137). Although 

CAV-1-dependent endocytosis was long believed not to be involved in constitutive membrane 

trafficking, it has been shown to be important in the regulation and of TGF-β signalling (101,131).  
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Fig.1.10. TGF-β receptor endocytosis through the caveolin-dependent pathway. Receptor dimer and ligand 

complex formation associated with lipid rafts internalises through the CAV-1-dependent pathway. The inhibitory 

SMAD7 binds to the receptor complex and blocks R-SMAD recruitment, phosphorylation and signal propagation. 

The ubiquitin ligase SMURF2 poly-ubiquitinates the receptor complex and targets it for degradation. 
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1.8.3. Induction of receptor compartmentalisation 

The compartmentalisation of TGF-β receptors is an elegant way for the cell to control TGF-β signalling 

and might be an important mechanism to control receptor turnover as well as the duration, magnitude 

and nature of the signalling event (132). Many proteins such as TGF-β co-receptors help to orchestrate 

the process of organising the receptors into different compartments. The TGF-β co-receptor CD109 

for example is a GPI-anchored protein that directly associates with CAV-1 and increases TGF-β binding 

to its receptors. CD109 facilitates the TGF-β-receptor complex internalisation via caveolae and is 

therefore a crucial inducer of TGF-β receptor degradation (134,138). Protein that interacts with kinase 

C (PIKC1) is a scaffold protein that directly interacts with the TBRI C-terminus to enhance the 

interaction between TBRI and CAV-1, thereby promoting TGF-β receptor complex endocytosis through 

caveolae (105). CD44 and its ligand hyaluronic acid (or hyaluronan; HA) have been shown to induce a 

shift from non-lipid raft residing receptors towards lipid rafts under the control of MAP kinases. HA 

binding to its receptor is the driving force behind lipid-raft associated TGF-β receptor turnover 

(139,140). Interleukin-6 (IL-6) on the other hand, which is a master regulator of inflammatory 

processes, has been shown to induce an enhanced transcriptional TGF-β response and increased 

compartmentalisation into non-lipid rafts. Even though the exact mechanisms of how IL-6 induces 

partitioning into non-lipid raft remains unclear, it is believed to depend on IL-6 binding to its cognate 

receptor  (141). A disintegrin and metalloproteinase 12 (ADAM12), a glycoprotein with furthermore 

integrin binding activity, has also been identified as a TGF-β signal enhancer. It does so by 

accumulating TBRII at early endosomal membranes and stabilises the receptor by blocking SMAD7 

binding sites (142). The vast majority of co-proteins induce a transition from non-raft domains towards 

raft compartments, thereby inhibiting TGF-β signalling. This is due to the fact that TGF-β receptors 

preferentially associate with non-lipid rafts unless a stimulus induces the transition towards lipid rafts 

(139). In this way, clathrin-dependent endosomal endocytosis may be seen as the default setting of 

TGF-β receptor endocytosis whilst the cell controls for TGF-β overstimulation through receptor 

transition into lipid-raft compartments.  

1.8.4. Clathrin- and caveolin-dependent endocytic pathway merge into double positive 

multifunctional sorting centres 

Even though the TGF-β receptor compartmentalization has been shown to play a crucial role in signal 

transduction, abrogation and receptor turnover (101), a strict implementation of pathway segregation 

is arduous. Especially, the role of SMAD7 challenges the compartmentalisation rule as SMAD7 has 

been shown to be involved in both pathways through its direct interaction with R-SMADs and 

inhibition of their complex formation with SMAD4 (143). At the DNA level, SMAD7 may compete with 
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the R-SMAD-SMAD4 complex for DNA binding, therefore controlling directly the R-SMAD driven 

transcriptional response (144).  In addition, it has been shown that the clathrin-dependent and the 

CAV-1-dependent pathways can in fact merge to form vesicles containing cargo internalised through 

both pathways. Caveolar vesicles may follow a RAB5-dependent pathway which leads to their fusion 

with early endosomes within which the low pH allows the caveolar vesicle cargo to diffuse into the 

surrounding membrane whilst remaining trapped within the endosomal limiting membrane (133). 

Thus, unlike cyclic assembly and disassembly of coat proteins in vesicular transport, caveolar vesicles 

transiently and stably interact with endosomes to form subdomains and release cargo. Furthermore, 

TGF-β receptors have been shown to internalise into CAV-1/EEA1 double positive multi-component 

organelles which are positive for signalling mediators of both pathways and suggested to be 

multifunctional sorting centres (Fig.1.11) (145). Furthermore, TBRII was demonstrated to internalise 

into CAV-1- and EEA1-double positive vesicular structures corresponding to MVB, targeting the 

receptor for degradation (146). MVBs contain the Endosomal Sorting Complexes Required for 

Transport (ESCRT) which recognise and bind ubiquitinated cargo and subsequently initiate the 

transport of those proteins to late endosomes (146,147). These data imply that besides playing a 

central role in the promotion of TGF-β signalling, early endosomes may also be involved in signal 

abrogation and by decreasing receptor availability, CAV-1/EEA1 double positive endosomes could help 

to attenuate TGF-β signalling. The exact mechanisms by which endocytosis controls signal 

transduction and receptor turnover is under controversial debate, supporting the unquestionably 

complex nature of TGF-β receptor endocytosis and its downstream effect. 

 

 

 

Fig.1.11. TGF-β receptors internalised through 

the clathrin- and caveolin-dependent pathway 

merge into multifunctional sorting vesicles. 

During TGF-β endocytosis, EEA1- and CAV-1-

positive vesicles can merge into double-positive 

structures containing multiple signalling 

mediators of both pathways. The multi-

component organelles may be an important 

sorting mechanism for cargo internalised through 

the endosomal pathway and destined for 

degradation. Modified from (145). 
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1.8.5. Non-canonical signalling 

Apart from the canonical and SMAD-dependent signalling pathway, TGF-β exerts its 

pathophysiological effects through the so-called non-canonical, SMAD-independent pathway (148). 

Through this pathway, TBRI phosphorylates ShcA proteins which induces their association with Grb2 

and Sos. The complex formation initiates Erk1/Erk2 MAP kinase signalling, which is an important 

regulator of cell differentiation, proliferation and apoptosis (149,150). This pathway in particular has 

been shown to be involved in the formation of aortic aneurysms in a mouse model of MFS, and might 

be an interesting target similar to canonical TGF-β signalling (151). Another apoptosis inducing 

pathway that TGF-β ligand binding activates, is the JNK and p38 MAP kinase pathway. The MAP kinase 

response is facilitated by the TRAF6 ubiquitin ligase which serves as a scaffolding protein to help 

mediate kinase assembly and activation (152). However, MAP kinase pathways and SMAD signalling 

pathways have also been demonstrated to interact with each other through the target of rapamycin 

complex 2 (mTORC2). The activation of mTORC2 controls the state of SMAD2/3 phosphorylation and 

targets them for ubiquitination and subsequent degradation (153,154). However, due to conflicting 

data on the two signalling pathways, it is unclear which pathway plays a more important role in TGF-

β signalling (148).   

1.8.6. TGF-β-independent SMAD activation 

TGF-β induced SMAD signalling and its ability to bind DNA and control the transcription of numerous 

genes is a critical regulator of ECM integrity, cardiac and vascular remodelling as well as risk of aortic 

aneurysm. However, TGF-β-independent activators also induce SMAD signalling and its pathological 

consequences. In cardiovascular remodelling, Angiotensin II (Ang II) is a crucial regulator of fibrosis, 

inflammation and contributor to vascular damage which, like TGF-β, employs the SMAD-dependent 

signalling pathway  (155). However, Ang II and TGF-β have been shown to not act completely 

independently of each other but to form a signalling network in cardiac remodelling events. Ang II 

directly induces the expression of TGF-β, therefore favouring further TGF-β signalling (156). On the 

other hand, TGF-β promotes Ang II induced cardiovascular events which are reverted by TGF-β 

inhibition (157). The suggested causal relationship between TGF-β and Ang II implies a functional link 

between the two signalling pathways and indicates that TGF-β acts downstream of Ang II. 

Interestingly, the molecular mechanism by which Ang II induces mRNA expression of TGF-β is by PKC 

induced p38 MAP kinase signalling under the control of NAD(P)H oxidase (158,159). As mentioned 

before, a reciprocal relationship between TGF-β and NAD(P)H oxidase exists. NAD(P)H oxidase has 

been shown to not only induce TGF-β signalling but also to be induced by TGF-β in a feed forward 
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manner which suggests a TGF-β amplification loop that sustains itself and, in addition, is fed into by 

interrelated signalling pathways (160,161).  
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2. Hypothesis and objectives

Due to its role in vascular remodelling, TGF-β has been suggested as a molecular link between FBN1 

mutation and disease development. TGF-β has emerged as a promising therapeutic target assisting in 

the prediction of aneurysm formation and development. Yet, the involvement of TGF-β in aneurysm 

development remains a controversial topic based on increased SMAD2 signalling in patients affected 

with loss of function mutations of TGF-β receptors, alternative TGF-β signalling pathways and possible 

compensatory mechanisms (162). Nevertheless, previous work in our lab has identified a pathogenic 

TGF-β induced vascular smooth muscle cell phenotypic switch in MFS (127). Furthermore, the TGF-β 

receptor compartmentalisation has been associated with opposing signalling outcome. Clathrin-

dependent TGF-β endocytosis induces signalling whereas Caveolin-1-dependent endocytosis 

abrogates the signal and leads to receptor degradation (101). Therefore, we hypothesised an 

imbalance of the TGF-β receptor compartmentalisation in a way that favours the R-SMAD-dependent 

signalling cascade in vascular smooth muscle cells (VSMC) from MFS patients. Additionally, we 

considered alterations of integrin-dependent TGF-β activation, which might facilitate the increased 

signalling at the extracellular level. Furthermore, due to the low correlation between genotype-

phenotype in MFS, we were interested in genetic alterations specific to the formation of ascending 

aortic aneurysms. The significant heterogeneity of phenotypes that was found in MFS patients with 

mutations of the same type (8) suggests thus far unidentified factors, possibly induced by the FBN1 

mutation itself, that define the phenotype. Therefore, we hypothesised that FBN1 mutations cause a 

myriad of transcriptional alterations, which, at least in part, could help to explain the aortic phenotype 

in MFS.  

Therefore, the objectives of this work were: 

1) To establish whether increased TGF-β signalling in VSMC is contributed to by alterations in the 

cellular endocytic compartmentalisation of TGF-β receptors and to evaluate whether key 

targets of the TGF-β trafficking and signalling cascade show alterations in VSMC from MFS 

patients. 

2) To explore the differential expression of TGF-β-activating FBN1-binding integrins in human 

aortic tissue from MFS patients. 

3) To determine alterations at the transcriptomic level and assess gene ontology enrichment in 

VSMC derived mRNA from MFS patients. 
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3. Material and Methods 

3.1.  Material 

3.1.1. Antibodies 

Primary 
Antibody 

Host species Dilution ICC/IHC Dilution WB Manufacturer 

 
SARA 

 
Rabbit 

 
1:100 

 
1:1,000 

Santa Cruz, 
CA, USA 
sc-9135 

 
RhoGDI 

 
Rabbit 

 
-  

 
1:1,000 

Santa Cruz, 
CA, USA 
sc-359 

 
RAB5 

 
Rabbit 

 
-  

 
1:1,000 

Santa Cruz, 
CA, USA 
sc-309 

 
SMAD7 

 
Mouse 

 
1:100 

 
1:1,000 

Santa Cruz, 
CA, USA 

Sc-101152 
 

TBRII 
 

Goat 
 

-  
 

1:500 
R&D Systems 

MN, USA 
AF-241-NA 

 
SMAD2 

 
Mouse 

 
-  

 
1:1,000 

Cell Signaling 
MA, USA 

3103S 
 

pSMAD3 
(Ser423/425) 

 
Rabbit 

 
1:100 

 
-  

Cell Signaling 
MA, USA 

9520 
 

EEA1 
 

Mouse 
 

1:200 
 

1:1,000 
BD Biosciences 

NJ, USA 
610456 

 
TrfR 

 
Mouse 

 
-  

 
1:3,000 

Invitrogen 
CA, USA 
13-6800 

 
CD29/ITGβ1  

 

 
Rabbit 

 
1:100 

 
- 

Absolute antibody 
Oxford, UK 

Ab0021-23.1 
 

Active CD29/ITGβ1 
 

Rat 
 

1:100 
 
- 

BD Biosciences 
NJ, USA 
550531 

 

 

Secondary 
Antibody 

Target species Dilution ICC Dilution WB Manufacturer 

 
HRP 

 
Rabbit  

 
- 

 
1:3,000 

Promega 
WI, USA 
W401B 

 
HRP 

 
Mouse 

 
- 

 
1:3,000 

Promega 
WI, USA 
W402B 

 
HRP 

 
Goat 

 
- 

 
1:2,000 

Promega 
WI, USA 
V805A 

 
Alexa488 

 
Rabbit 

 
1:250 

 
- 

Invitrogen 
CA, USA 
A-11070 
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Secondary 
Antibody 

Target species Dilution ICC Dilution WB Manufacturer 

 
Alexa647 

 
Rabbit 

 
1:250 

 
- 

Invitrogen 
CA, USA 
A21245 

 
Cy3 

 
Mouse 

 
1:250 

 
- 

Jackson Research 
PA, USA 

115.167.003 

 
Cy3 

 
Rat 

 
1:250 

 
- 

Jackson Research 
PA, USA 

712.165.150 

 

 

 

3.1.2.  Reagents and kits 

Reagent Description Concentration Manufacturer 

 
Recombinant 

Human-TGF- β1 
 

 
Recombinant human TGF- 
β1 expressed in CHO cells 

 
2ng/µl 

 
Merck Millipore 

Darmstadt, Germany 

 
Human TGF-β 1 

Biotinylated Fluorokine 
Flow Cytometry Kit 

 

 
Biotinylated rhTGF- β1 and 

fluorescein-conjugated 
avidin 

 
Following manufactures 

instructions 

 
R&D Systems 

MN, USA 
 

 
Dynabeads® Protein A 

 

 
Magnetic beads for 

immunoprecipitation 
 

 
25µl 

 
Invitrogen 

CA, USA 

 
DC ™ protein assay  

 

 
Detergent compatible 
colorimetric protein 

quantification  
 

 
Following manufactures 

instructions 

 
Bio-Rad 
CA, USA 

 

 
Western Blotting Luminol 

Agent 
 

 
ECL light emitting system 

for protein detection 

 
     - 

 
Santa Cruz 

CA, USA 

 
RNeasy Mini Kit 

 

 
Purification of total RNA 

                                                        
                       -    

 
Qiagen 

Hilden, Germany 
 

 
TRIzol® Reagent  

 

 
Total RNA extraction 

reagent  
 

 
1 ml per 2x2 mm aortic 

tissue 

 
Thermo Fisher 

MA, USA 

 
TaqMan® MicroRNA 

Reverse Transcription Kit 

 
Quantitative conversion of 

miRNA to cDNA 

 
Following manufactures 

instructions 
 

 
Applied Biosystem 

CA, USA 

 
High Capacity cDNA 

Reverse Transcription kit 
 

 
Quantitative conversion of 

RNA to cDNA 

 
Following manufactures 

instructions 

 
Applied Biosystem 

CA, USA 
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Reagent 
 

Description Concentration Manufacturer 

 
SYBR®Green JumpStart™ 

Taq ReadyMix™ 
 

 
Master mix for quantitative 

gene expression 

 
3.125µl/reaction 

 
Sigma-Aldrich, 

MO, USA 

 
TaqMan® MicroRNA assay 

has-miR-29b 

 
Assay for the detection and 

quantification of non-
coding RNAs 

 

 
Following manufactures 

instructions 

 
Applied Biosystem 

CA, USA 

 
TaqMan® Universal Master 

Mix II, with UNG 
 

 
Probe-based master mix for 

quantitative gene 
expression 

 

 
Following manufactures 

instructions 

 
Applied Biosystem 

CA, USA 

 

 

3.2.  Methods 

3.2.1. Tissue collection and ethics statements  

Normal ascending aortic tissue was collected from heart donors through the organ donation 

organization at Hospital Clínic I Provincial (Barcelona, Spain). The age and gender of heart donors was 

unknown, due to Spanish legal protection of organ donor privacy. Ascending aortic samples were 

collected from MFS patients undergoing reparatory aortic aneurysm surgery. All patients fulfilled 

diagnostic criteria according to Ghent nosology (163), however, no genetic information on FBN1 

mutations was available. The aortic samples were stored in Dulbecco’s Modified Eagle’s Medium for 

transport. Human tissues were collected with the required approval from the Institutional Clinical 

Review Board of the clinical centres (Hospital Clínic I Provincial and the Marfan Unit at the Hospital 12 

de Octubre in Madrid) and the patient’s written consent conformed to the ethical guidelines of the 

1975 Declaration of Helsinki.  

3.2.2. Human vascular smooth muscle cell culture 

Human VSMC were isolated from healthy ascending aortae, the non-dilated and the dilated region of 

Marfan patient ascending aortae. The dilated region was identified as the zone of aortic aneurysm 

formation, whereas the non-dilated region was the non-aneurysmal, adjacent tissue zone. Aortic 

tissue was cleaned and the tunica media was separated from the innermost intima and the external 

adventitia layers. The tunica media was then cut into 1-2 mm cubes, which were transferred to 100 

mm culture plates. After their adhesion at 37°C for 45 min in a cell culture incubator, the tissue cubes 

were gently covered with 4 ml of 231 culture medium, supplemented with 25 ml of Smooth Muscle 

Growth Supplement (SMGS) (both by Gibco, CA, USA), 100 mg/mL streptomycin and 100 U/mL 
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penicillin. Cell cultures were maintained at 37°C in a humidified 5% CO₂ atmosphere. Explants were 

left undisturbed for 4 days to prevent detachment. VSMC migrated from the explant within 1-2 weeks. 

After removing the explants from the flask surface, cells were trypsinized and used as routinely 

subcultured P1 stage cells. Primary cell cultures have limited expansion and were used for experiments 

between passages P1 and P7 and half the medium was replaced every 4 days. The validation of 

cultured cells as VSMC was carried out as indicated previously (127).  

3.2.3. Western Blotting 

For Western Blotting experiments, immunoprecipitates or 20 µg of subcellular fractions  were 

analysed on SDS-PAGE and transferred to nitrocellulose membranes for 90 min at 100 V. Membranes 

were blocked in 5% BSA/Tris Buffered Saline (TBS) (20 mM Tris-HCl, pH 7.5, 150 mM NaCl) for 1 hr. 

Antibodies to TBRII, SMAD2, SMAD7, SARA, RhoGDI and transferrin receptor were diluted in 1% 

BSA/TBS containing 0.02% sodium azide and incubated overnight at 4°C. Membranes were rinsed 3 

times and incubated with secondary peroxidase-conjugated IgG in 1% BSA/TBS for 1 h. Membranes 

were rinsed again and developed at room temperature with Western Blotting Luminol Reagent using 

Hyperfilm (Amersham Pharmacia Biotech, Uppsala, Sweden). Band intensities were measured by 

densitometry scanning using ImageJ software (National Institute of Health, Bethesda, MD). 

3.2.4. Membrane and cytosol fractionation of VSMC  

VSMC were grown on 100 mm cell culture plates until confluent. Cells were rinsed twice in PBS and 

scraped into lysis buffer (250 mM saccharose, 10 mM HEPES, 1 mM EDTA, pH 7.5) supplemented with 

protease inhibitors. Extracts were mechanically lysed with 30 strokes of a 30G syringe, and subjected 

to 90 min of ultracentrifugation at 45,000 rpm using an S140-AT rotor (Thermo Fisher Scientific, 

Waltham, USA) at 4°C. The resulting supernatant was the cytosolic fraction. The membrane fraction 

containing pellet was resuspended in 100 µl radioimmunoprecipitation assay buffer (10 mM Tris-HCl, 

pH 7.5, 1 mM EDTA, 0.5 mM EGTA, 1% Triton X-100, 0.1% sodium deoxycholate, 0.1% SDS 140 mM 

NaCl) supplemented with protease inhibitors. Twenty µg of each subcellular fraction were analysed 

by 12% (v/v) SDS-PAGE and blotted as described above. Cytosol and membrane protein bands were 

quantified and relativized against their respective fraction markers RhoGDI and transferrin receptor 

(TrfR). Membrane enrichment was calculated by normalization with the corresponding cytosolic 

fraction, and membrane enrichment in Marfan patients was normalized against controls. Statistical 

analysis was performed by one-sample t-test or Wilcoxon signed-rank test. The immunoblots shown 

are representative of at least four independent experiments. 
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3.2.5. Immunoprecipitation of TBRII  

Membrane fractions were obtained as described above and protein concentrations were adjusted 

using immunoprecipitation buffer (10 mM Tris-HCl, pH 7.5, 50 mM NaCl, 1% Triton X-100, 5 mM EDTA), 

supplemented with protease inhibitors. Equal amounts of membrane fractions (100 µg) were 

incubated overnight at 4°C with 30 µg of goat anti-TBRII or goat IgG. The following day, lysate and 

antibody were precipitated with 25 µl of magnetic beads conjugated with protein A for 1 h at 4°C. The 

beads were rinsed 4 times with immunoprecipitation buffer and immunoprecipitates were eluted by 

adding 20 µl of loading buffer 5X containing 10% β-mercaptoethanol. Samples were analysed by 7.5-

9% (v/v) SDS-PAGE and blotted as described above. Western blot bands were quantified relative to 

the precipitated TRBII, and Marfan relative band intensities were normalized against controls. 

Statistical analysis was performed by one-sample t-test or Wilcoxon signed-rank test. The 

immunoblots shown are representative of at least three independent experiments. 

3.2.6. Immunofluorescence in VSMC 

VSMC were grown on coverslips to 70-80% confluency and starved in serum-free 231 culture medium 

for 18 h. Signalling was induced by adding 2 ng/µl of recombinant human TGF-β to the cell medium 

and allowing its internalisation for 30 min at 37°C. Cells were rinsed with PBS, fixed in 4% 

paraformaldehyde in PBS for 15 min at room temperature, rinsed three times with PBS and incubated 

for 20 min with 50 mM ammonium chloride/PBS pH 7.4. Cells were permeabilised for 10 min with 

0.1% saponin, 1% BSA in PBS. Antibody combinations of SARA/EEA1 and SMAD7/CAV-1 were 

incubated for 1 h at room temperature, followed by 45 min of secondary antibody incubation (Alexa 

Fluor 488-conjugated goat anti-rabbit, Cy3-conjugated goat anti-mouse IgG). Coverslips were 

mounted onto microscope slides using DAPI-Fluoromount water soluble mounting agent. Images were 

taken using a Leica TSC SL confocal microscope with a 63x oil objective, and analysed using CellProfiler 

automated image analysis software (Carpenter Lab, Broad Institute of Harvard and MIT).  Statistical 

analysis was performed using two-tailed paired t-tests. The images shown are representative of four 

independent experiments.  

For pSMAD3 nuclear translocation experiments, VSMC were grown on coverslips to 70-80% 

confluency and starved in serum-free 231 culture medium for 18 h. VSMCs were either washed and 

fixed in 4% paraformaldehyde in PBS for 15 min or signalling was induced by incubating cells for 30 

min with recombinant TGF-β or b-TGF-β at 37°C. Immunostaining of pSMAD3 followed by Alexa488 

was performed as indicated above. Images were taken using an Olympus BX60 fluorescence 

microscope with a 60x oil objective, and analysed using CellProfiler image analysis software. The 
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translocation index (TI) was defined as the ratio of the pSMAD3 mean fluorescence intensity in the 

nucleus in comparison with the pSMAD3 mean fluorescence intensity in the cytosol, relativised by the 

area of each separate cell. Statistical analysis was performed using repeated measures ANOVA, 

followed by uncorrected Fisher´s LSD multiple comparison. The images shown are representative of 

three independent experiments.  

3.2.7. Immunofluorescence in human aortic tissue 

Aortic explants from the dilated zone of MFS patients and control donors were embedded in 

cryomolds using Tissue Tek® O.C.T. Compound (Sakura, Leiden, NL) and immediately frozen and stored 

at -80°C. Aortic explants were cryostat sectioned at 5µm and fixed on microscope slides with a series 

of 5 min acetone/ acetone and choloroform/acetone incubations at -20°. Tissue sections were left 

O/N at room temperature, washed with PBS and blocked with 1% BSA/PBS for 1 h at room 

temperature. Samples were rinsed 3 times with PBS and incubated with the primary antibody 

combination specific to ITGβ1 and active ITGβ1 for 1 h at room temperature. After 3 washes with PBS, 

samples were incubated with the secondary antibody combination Cy3/Alex488 and stained with 

DAPI. Cover slides were mounted using Mowiol and left to dry in the dark overnight (O/N) at room 

temperature. Images were taken using a Leica TSC SP5 confocal microscope at 40x objective and 

analysed using a custom-made ImageJ plugin. The percentage of active ITGβ1 relative to total ITGβ1 

was calculated. Statistical analysis was performed using unpaired t-test. The images shown are 

representative of six independent experiments. 

3.2.8. Biotinylated-TGF-β endocytic transport 

VSMC were grown on coverslips to 70-80% confluency and starved in serum-free 231 culture medium 

for 18 h. Internalisation experiments were performed as follows: starved cells were incubated with b-

TGF-β for 60 min at 4°C, followed by incubation of avidin-fluorescein for 2 h at 4°C, according to the 

manufacturer’s instructions. Cells were either rinsed with cold PBS (0 min) and fixed in 4% 

paraformaldehyde in PBS for 15 min, or the b-TGF-β/avidin-fluorescein complex was allowed to 

internalise for 30 minutes at 37°C and cells were subsequently fixed. Immunostainings of primary 

antibodies EEA1, SARA, CAV-1 and secondary Cy3 and Alexa 647 conjugates were performed as 

indicated above. Coverslips were mounted onto microscope slides using DAPI-Fluoromount water 

soluble mounting agent. Images were taken using a Leica TSC SP5 confocal microscope with a 63x oil 

objective, and analysed using CellProfiler image analysis software. Large EEA1-positive ring-like 

structures were defined by the Euler number where e ≤ 0.5 was considered a ring-like structure. The 
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ratio of a colocalizing large ring-like structure relative to a non-colocalizing ring-like structure, relative 

to the entire EEA1 positive pool was calculated as follows:  

𝑅𝑎𝑡𝑖𝑜 𝑜𝑓 𝑐𝑜𝑙𝑜𝑐𝑎𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛 = (
𝐶𝑜𝑙𝑜𝑐𝑎𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛 𝑋

𝑇𝑜𝑡𝑎𝑙 𝑙𝑎𝑟𝑔𝑒 𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒𝑠
) ∗ (

𝑇𝑜𝑡𝑎𝑙 𝑙𝑎𝑟𝑔𝑒 𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒𝑠

𝑇𝑜𝑡𝑎𝑙 𝐸𝐸𝐴1
) 

Statistical analysis was performed using repeated measures ANOVA followed by uncorrected Fisher´s 

LSD multiple comparison. The images shown are representative of at least four independent 

experiments.  

3.2.9. Gene expression in VSCM 

RNeasy Mini Kit was used for total RNA isolation. Reverse transcription (RT) was carried out using High 

Capacity Reverse Transcriptase kit. One µg of total RNA from each sample was used for cDNA 

synthesis. Expression levels were determined in triplicate in a C1000 Thermal Cycler CFX384 Real-Time 

System (BioRad, Hercules, CA, USA) using SYBR® Green JumpStart™ Taq ReadyMix™ (Sigma-Aldrich, 

St. Louis, MO) and primers as stated in Table 2.1. The expression of RPS28 was used as a house-keeping 

control. Transcriptional expression of Marfan patients was normalized to controls. Statistical analysis 

was performed using one-sample t-test or Wilcoxon signed-rank test. 

3.2.10. Gene expression in human aortic tissue 

Aortic explants were homogenized using a bullet blender, ⌀ 0.9-2 and 3 mm stainless steel beads (Next 

Advance, NY, USA) and 1ml TRIzol®. Samples were incubated on ice for 30 min, beads were removed 

and RNA was precipitated as per manufactures instructions. RNA was resuspended in 20 µl RNase free 

water and quantified by nanodrop. One µg of total RNA from each sample was used for 

complementary DNA synthesis. Expression levels were determined as stated above. The expression of 

RPS28 was used as a house-keeping control. Transcriptional expression of Marfan patients was 

normalized to controls. Statistical analysis was performed using one-sample t-test or Wilcoxon signed-

rank test.  

3.2.11. miR-29b expression in human aortic tissue 

Aortic explants were homogenized as stated above and total RNA was precipitated using TRIzol®. 

Micro RNA was reverse transcribed using TaqMan® MicroRNA Reverse Transcription Kit.  Expression 

levels were determined in triplicate in a C1000 Thermal Cycler CFX384 Real-Time System (BioRad, 

Hercules, CA, USA) using TaqMan® MicroRNA assay has-miR-29b and TaqMan® Universal Master Mix 

II, with UNG. The expression of GAPDH was used as a house-keeping control. Transcriptional 
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expression of Marfan patients was normalized to controls. Statistical analysis was performed using 

one-sample t-test. 

 

Table 2.1. Real-time PCR primer sets used for gene expression experiments  
 

Primer sequences (5´-3´) 

Gene Sense Antisense 

CLTC CTTTCCAAAGAAGGCAGTGG 
 

TCAAGAACACCACATCATGC 

CAV1 GCGACCCTAAACACCTCAAC 
 

GTGAAGCTGGCCTTCCAAAT 

AP2B1 CAGATGGGAGCAGTGGATCT 
 

AGGTGAAGGAGCAAAGGTTG 

SMURF2 TCCTCGGCTGTCTGCTAACT 
 

TCAGGCATTCTGTGTCATCA 

SARA CTGTGTCACACGACCCAGTC 
 

TTCCAACAGGACTTCCAACC 

RAB5A CAAGGCCGACCTAGCAAATA 
 

TGTTTTAGCGGATGTCTCCA 

RAB5C CCAACATCGTCATTGCACTC 
 

AGCAAACTGTTGTCGTCTGC 

ITGB1 TCCCTGAAAGTCCCAAGTGT TGTGCTGCATTCACAATGTC 
 

ITGB5 GGGGGCTTTGATGCAGTA 
 

ATGTGGGGCACATCATCTGT 

ITGA5 CAGGCCAGTTCCATCTATGA 
 

GGCACACCAGCAACAAAGT 

RPS28 GCTCGTGTCGTCCATGAAT 
 

CCGTGTGCAGCCTATCAAG 

 

 

3.2.12. Stranded mRNA library preparation and sequencing 

VSMC from 4 male Control donors, and 5 male MFS patients were grown to confluency. Of MFS 

patients, VSMC from the dilated as well as non-dilated zone were used. Confluent VSMC were 

collected in sterile PBS and RNA was extracted using RNeasy® Mini Kit (Quiagen, Hilden, Germany). 

Total RNA was assayed for quantity and quality using Qubit® RNA HS Assay (Life Technologies) and 

RNA 6000 Nano Assay on a Bioanalyzer 2100. The RNASeq libraries were prepared from total RNA 

using the TruSeq®Stranded mRNA LT Sample Prep Kit. Briefly, 500ng of total RNA was used as the 

input material and was enriched for the mRNA fraction using oligo-dT magnetic beads. The mRNA was 

fragmented in the presence of divalent metal cations and at high temperature (resulting RNA fragment 

size was 80-250nt, with the major peak at 130nt). The second strand cDNA synthesis was performed 
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in the presence of dUTP instead of dTTP, facilitating strand specificity. The blunt-ended double 

stranded cDNA was 3´adenylated and Illumina indexed adapters were ligated. The ligation product 

was enriched with 15 PCR cycles and the final library was validated on an Agilent 2100 Bioanalyzer 

with the DNA 7500 assay. The libraries were sequenced on HiSeq2000 (Illumina, Inc) in paired-end 

mode with a read length of 2x76bp using TruSeq SBS Kit v4. For each sample over 30 million paired-

end reads were generated in a fraction of a sequencing v4 flow cell lane, following the manufacturer’s 

protocol. Image analysis, base calling and quality scoring of the run were processed using the 

manufacturer’s software Real Time Analysis (RTA 1.18.66.3) and followed by generation of FASTQ 

sequence files by CASAVA.   

3.2.13. Bioinformatic analysis 

Raw sequences (FASTQ format) were processed through the Rsubread/align (164) instruction and 

aligned to the GRCh38 Genome Reference Consortium Human Reference 38 (hg38) human genome 

assembly to obtain binary summarized files (Bam). Bam files of RNA readings were processed using 

the Rsubread package in the R environment and summarized to features of the hg38 version of the 

human genome with the function “featureCounts” (165). Summarized readings by gene were then 

normalized using voom normalization (166) to fit the count matrix into linear modelling with the 

package limma (167) in which we divided the samples into six groups: MFS 3´UTR (M031and M054), 

MFS no mutation (M035 and M052) and MFS cysteine substitution (M054 and M057), further 

subdivided into dilated and non-dilated region origin, and extracted the contrasts to the control group. 

Using the group matrix, a linear fit model algorithm was used to obtain differentially expressed genes 

(DEGs) that complied with p < 0.05 and fold change >2. DEGs. Normalized whole read counts were 

used to cluster samples with package hcluster using standard hierarchical cluster with average linkage. 

Heatmap visualization and clustering of DEGs was done with R package “hcluster”. Genecodis (168) 

tools were used to obtain Gene Ontology and Kyoto Encyclopedia of Genes and Genomes (KEGG) 

pathway terms enrichment using the adjusted p value <0.05 after a hypergeometric test. Finally, 

Signaling Pathway Impact Analysis (SPIA) was performed in R using the “spia” package (169)  with the 

normalized fold change values for the comparisons obtained earlier.
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4. Results 

4.1.  TGF-β endocytic pathway compartmentalisation in MFS 

TGF-β receptor internalization takes place through both clathrin-coated pits and lipid raft-associated 

caveolin-1 (CAV-1)-positive vesicles which have opposite effects on TGF-β signal transduction (101). 

The ligand binds the constitutively active TGF-β receptor II (TBRII) which leads to TGF-β receptor I 

(TBRI; also named ALK5) recruitment and phosphorylation (100). Receptor/ligand complexes 

internalized through clathrin-coated pits are targeted to early endosome associated protein-1 (EEA1) 

positive early endosomes, and initiate SMAD2/3 phosphorylation and signalling. In contrast to 

clathrin-dependent endocytosis, receptor internalization through caveolae destines receptors for 

proteasome degradation by binding of SMAD7 and E3 ubiquitin ligase poly-ubiquitination, which 

terminates the signalling cascade (101,143). The role of TGF-β in MFS has thus far mostly been 

investigated in murine models. To date, the importance of TGF-β in MFS is supported by the beneficial 

effects of TGF-β-receptor blockers and neutralizing TGF-β antibodies on the progress of aortic 

aneurysms in murine models (127,170) as well as increased pSMAD2 signalling (171). However, 

increased signalling has been largely attributed to alterations at the epigenetic level (171). Whether 

TGF-β subcellular compartmentalization and signal activating mechanisms contribute to the increased 

profibrotic signalling in MFS remains to be elucidated. Here we examine the significance of TGF-β 

signal regulation by its endocytic compartmentalization at endogenous levels in primary human VSMC 

from aneurysmal aortic tissue of Marfan patients.  

4.1.1. TGF-β signalling mediators SARA and SMAD2 are enriched at cell membrane fractions 

and show increased receptor interaction in human Marfan VSMC 

As described before, the clathrin- and CAV-1-dependent internalization pathways are each associated 

with the signalling mediators SARA/SMAD2 and SMAD7 respectively. To study the contribution of 

these TGF-β signalling mediators at basal levels, we analysed their membrane to cytosol ratio in VSMCs 

cultured from aneurysmal MFS patient aortae and Control donors. If not further specified, VSMCs used 

in the following experiments originated from the dilated region of patient aortae. SMAD2, SARA and 

SMAD7 were analysed by Western Blot in VSMC membrane and cytosol fractions. Cytosol and 

membrane protein bands were quantified and relativized against their respective fraction markers 

(RhoGDI/cytosol and the Transferrin receptor/membrane). Membrane enrichment was calculated by 

normalization against the corresponding cytosolic fraction. Results showed an increase of SMAD2 and 

its anchoring factor SARA at cell membranes (Fig. 4.1.A). Smad7 levels remained unaltered (Fig. 4.1.B),  
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Figure 4.1. SARA and SMAD2 are enriched in membrane fractions of Marfan VSMC. Membrane enrichment 

analysis of (A) SARA (N=7, *p<0.05) and SMAD2 (N=7, *p<0.05) and (B) Smad7 (N=4, p=0.4392). VSMC from 

Marfan and controls were lysed, membrane and cytosol were fractionated and analysed by Western blot. Cytosol 

and membrane protein bands were quantified and relativized against their respective fraction markers RhoGDI 

and transferrin receptor (TrfR). Membrane enrichment was calculated by normalization with the corresponding 

cytosolic fraction, and membrane enrichment in Marfan patients was normalized against controls. Results are 

represented as mean ± SEM. 

 

Next, we assessed the interaction of the TGF-β receptor II (TBRII) with downstream signalling 

molecules associated with the clathrin- and CAV-1-dependent internalization pathway at basal levels. 

As indicated above, cultured VSMC from Marfan and control samples were lysed and the respective 

membrane fractions were isolated. TBRII was immunoprecipitated from membrane fractions and the 

receptor interaction with SARA, SMAD2, and SMAD7 was analysed by Western blot. Interaction of 

SMAD2 and SARA with endogenous TBRII was significantly higher in Marfan VSMC membranes than 

in control cells (Fig. 4.2.A). No alterations were observed for SMAD7 (Fig. 4.2.B). 
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Figure 4.2. SARA and SMAD2 show increased interaction with TGF-β receptor II in Marfan VSMC. VSMC from 

Marfan and controls were lysed and membrane and cytosol fractions were obtained. TBRII was 

immunoprecipitated from the membrane fraction only. Immunoprecipitates were subjected to Western blotting, 

and receptor interaction of (A) SARA (N=7, *p<0.05) and SMAD2 (N=4, **p<0.01), and (B) SMAD7 (N=3, 

p=0.7514) was analysed by quantifying protein bands relative to the precipitated TRBII. Marfan relative band 

intensities were normalized against controls. Results are represented as mean ± SEM. 

 

4.1.2. TGF-β induces increased SARA recruitment to early endosomes in MFS VSMC  

To further address the pathway association of TGF-β signalling mediators in aortic VSCM in MFS, 

colocalization experiments of SARA/EEA1 and SMAD7/CAV-1 were performed. SARA is a crucial player 

in the control of TGF-β receptor complex signal promotion through its phosphatidylinositol 3-

phosphate (Ptdlns(3)P) binding FYVE domain that directly recruits SMAD2 to the receptor complex at 

early endosomal membranes (115,116,172). Cultured Marfan and control VSMC were starved 

overnight and treated with recombinant TGF-β for 30 min. Cells were co-stained with either anti-

SARA/anti-EEA1 or anti-SMAD7/anti-CAV-1 antibodies. After TGF-β internalization, Marfan cells 

showed increased colocalization of SARA with EEA1 (Fig. 4.3.A), indicating that more SARA is recruited 

to early endosomes in MFS. In accordance with our previous experiments, the CAV-1-associated 

signalling mediator SMAD7 colocalization with CAV-1 remained unaltered (Fig. 4.3.B).   
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Figure 4.3. SARA localizes more to early endosomes in TGF-β stimulated Marfan VSMC. Cultured VSMC were 

starved and treated with recombinant TGF-β for 30 min and subsequently fixed and immunolabeled. 

Colocalization of (A) SARA with EEA1 (N=4, **p<0.01) and (B) SMAD7 with CAV-1 (N=4, p=0.5179) was analysed. 

The percentage of colocalization was calculated relative to non-colocalizing SARA and SMAD7, respectively. 

Results are represented as mean ± SEM. Bar, 20 µm. 

 

4.1.3. Characterization of signal induction by b-TGF-β 

To examine the clathrin- and CAV-1-dependent endocytic pathways, a biotinylated TGF-β (b-TGF-β) 

was used. Biotinylated TGF-β was added to its receptor complex in starved VSMC and allowed to 

internalise. The biotinylated TGF-β was subsequently visualized with FITC-conjugated streptavidin. Its 

bioactivity was validated by assessing its ability to induce the nuclear translocation of pSMAD3. For 

comparative purposes, non-biotinylated TGF-β was used in parallel. Results showed that b-TGF-β 

induced pSMAD3 nuclear translocation at equal levels as recombinant TGF-β, and both induced 

significantly higher translocation than seen in untreated cells (Fig. 4.4.), validating b-TGF-β as a 

representative molecular tool to explore the internalization routes of TGF-β at endogenous levels in 

VSMC. 
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Figure 4.4. Biotin-tagged TGF-β is bioactive. VSMC were starved and either fixed or TGF-β and b-TGF-β were 

allowed to internalize for 30 min. Nuclear translocation of pSMAD3 was analysed (N=3, RM ANOVA *p<0.05, LSD 

Control vs. +TGF-β *p<0.05, Control vs. +b-TGF-β *p<0.05). Results are represented as mean ± SEM. Bar, 50 µm. 

 

4.1.4. TGF-β internalizes equally through the clathrin- and CAV-1-dependent endocytic 

pathways in Marfan VSMC compared to control VSMC 

To examine whether the increased clathrin pathway-associated TGF-β signalling in MFS is due to an 

altered endocytic pathway compartmentalization, VSMC were treated with b-TGF-β and 

immunostainings were performed using specific antibodies to EEA1 as a marker of the clathrin-

dependent pathway, and to CAV-1 to reveal the lipid raft/caveolin-1-dependent route. Cells were 

treated with b-TGF-β, either immediately fixed or allowed to internalize for 30 min prior to fixation, 

and co-stained with either anti-EEA1 or anti-CAV-1 antibodies. The percentage of colocalizing b-TGF-

β with the respective endocytic markers for either pathway was evaluated. As expected, 30 min after 

internalization of b-TGF-β, both control and Marfan VSMC showed a significant increase in 

colocalization of b-TGF-β in EEA1- or CAV-1-positive endomembrane structures (Fig. 4.5.A and 4.5.B, 

respectively). However, no differences were found between control and Marfan cells for either 

endocytic pathway.  
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Figure 4.5. The clathrin- and CAV-1-dependent endocytic pathways are unaltered in VSMC from MFS patients. 

VSMC were starved and incubated with b-TGF-β followed by fluorescein-conjugated avidin. The complex was 

internalized for 0 or 30 min. Colocalization of b-TGF-β with (A) EEA1 (N=9, RM ANOVA ****p<0.0001, LSD Control 

0 min vs. Marfan 0 min p=0.1949; Control 30 min vs. Marfan 30 min p=0.5157) or (B) CAV-1 (N=5, RM ANOVA 

**p<0.01, LSD Control 0 min vs. Marfan 0 min p= 0.5279; Control 30 min vs. Marfan 30 min p=0.1795) was 

analysed. The percentage of colocalization was calculated relative to non-colocalizing b-TGF-β. Results are 

represented as mean ± SEM. White arrows in (A) show colocalization of b-TGF-β (green) with EEA1 (red) in 

endocytic vesicular structures. Bar, 20 µm. 

 

Furthermore, we examined key molecules involved in the two internalization pathways by 

quantitative RT-PCR. For the clathrin-dependent pathway we assessed transcriptional expression 

levels of clathrin (CLTC) and the catalytic subunit of its adaptor protein (AP2B1). CAV-1-pathway 

associated genes were caveolin-1 (CAV-1) and the E3 ubiquitin protein ligase which tags the receptor 

for degradation (SMURF2). In line with the previous results, we did not observe any changes at the 

transcriptional level in any of the aforementioned genes (Fig. 4.6.).  
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Figure 4.6. Clathrin- and caveolin-1-dependent downstream effectors are not transcriptionally altered in 

Marfan VSMC. RNA from VSMC was extracted and transcriptional expression of CLTC (Clathrin; N=6, p=0.2624), 

CAV-1 (Caveolin-1; N=6, p=0.118), AP2B1 (Clathrin-adaptor protein complex 2 subunit B1; N=6, p=0.0598) and 

SMURF2 (SMAD Ubiquitination Regulatory Factor 2; N=6, p=0.3532) was analysed. Expression results in Marfan 

patients were normalized to Control. Results are represented as box and whiskers from min to max. 

 

4.1.5. SARA is increased at TGF-β containing early endosomes in human Marfan VSMC 

The ambiguously increased TGF-β signalling despite unaltered clathrin-pathway associated 

internalization suggests further intracellular mechanisms that facilitate the TGF-β signalling cascade 

by increasing the efficiency of signal mediator recruitment to early endosomes. Having established 

that TGF-β does not internalise more through the clathrin-dependent pathway but that the clathrin-

associated signalling is increased in MFS, we assessed whether TGF-β-dependent signal mediation is 

altered at early endosomes. We performed b-TGF-β internalization studies as aforementioned and co-

stained with both EEA1 and SARA. Colocalization of both markers with b-TGF-β was significantly higher 

after internalization in both Marfan and control VSMC. Importantly, after internalization, Marfan cells 

showed higher colocalization of SARA with b-TGF-β and EEA1 compared to control cells indicating 

increased efficiency of signalling at early endosomes in Marfan VSMC (Fig. 4.7.A).  
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4.1.6. TGF-β is targeted less to EEA1 and CAV-1 double-positive endosomes  

Experimental evidence shows that the clathrin- and the CAV-1-associated endocytic pathways are not 

entirely separate entities, but that both pathways merge to form multifunctional signalling organelles 

that are associated with cargo sorting and degradation (145,146). Therefore, we performed b-TGF-β 

internalization studies and co-stained VSMC with EEA1 and CAV-1. An increase in triple-colocalization 

was observed after b-TGF-β internalization in both Marfan and control VSMC. In addition, triple-

colocalization was significantly lower in Marfan than in control cells after ligand internalization, 

demonstrating decreased trafficking of TGF-β into these endocytic multifunctional sorting stations 

(Fig. 4.7.B). 

 

Figure 4.7. TGF-β internalizes more into SARA/EEA1- and less into EEA1/CAV-1-positive early endosomes in 

Marfan VSCM. VSMC were starved and incubated with b-TGF-β followed by fluorescein-conjugated avidin. The 

complex was internalized for 0 and 30 min. Colocalization of b-TGF-β with (A) EEA1/SARA (N=4, RM ANOVA 

**p<0.01, LSD Control 0 min vs Marfan 0 min p=0.8486; LSD Control 30 min vs Marfan 30 min *p<0.05) and (B) 

EEA1/CAV-1 (N=5, RM ANOVA **p<0.01, LSD Control 0 min vs. Marfan 0 min, p=0.3899; Control 30 min vs. 

Marfan 30 min, *p<0.05) was analysed.  The percentage of colocalization was calculated relative to non-

colocalizing b-TGF-β. Results are represented as mean ± SEM. White arrows show triple colocalization of 

internalized b-TGF-β with EEA1/SARA or EEA1/CAV-1 in endocytic vesicular structures, respectively. Bar, 20 µm. 
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Furthermore, these EEA1/CAV-1 double-positive endosomes have been shown to be enlarged 

structures described to be MVBs, which are responsible for sorting of receptors destined for 

degradation (146). We indeed observed large, ring-like EEA1-positive structures in VSMC, and 

quantitative analysis showed a significant increase in both Marfan and control VSMC after b-TGF-β 

internalization (Fig. 4.8.A). The colocalization of b-TGF-β with CAV-1 and these large, ring-like EEA1-

positive structures was then assessed, which significantly increased after b-TGF-β internalization in 

control VSMC only. In addition, less colocalization was seen in Marfan than in control cells after b-TGF-

β internalization, which indicates a decreased trafficking of TGF-β into EEA1/CAV-1-double positive 

forming MVBs (Fig. 4.8.B).   

 

Figure 4.8. Internalized b-TGF-β is destined less to EEA1/CAV-1 positive enlarged vesicles. VSMC were starved 

and incubated with b-TGF-β and the complex was internalized for 0 or 30 min. (A) The percentage of EEA1-

positive large ring-like cytoplasmic vesicular structures was analysed relative to total EEA1-positive structures 

(N=5, RM ANOVA *p<0.05, LSD C 0 min vs. C 30 min, *p<0.05, Marfan 0 min vs. Marfan 30 min, *p<0.05). (B) 

Colocalization of b-TGF-β with CAV-1- and EEA1-positive large ring-like structures was analysed (N=5, RM ANOVA 

p=0.0977, LSD Control 0 min vs. Marfan 0 min, p=0.7343; Control 30 min vs. Marfan 30 min, *p<0.05). The ratio 

of colocalizing large ring-like endosomal structures to non-colocalizing ones was calculated relative to total EEA1 

positive endosomes. Results are represented as mean ± SEM. White arrows show colocalization of internalized 

b-TGF-β with double-positive large ring-like early endosomes. Bar, 20 µm.  
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4.1.7. The small GTPase RAB5 is overexpressed in human Marfan VSMC 

SARA is a key molecule in the signalling cascade as it directly recruits SMAD2 to the receptor complex 

and thus enhances TGF-β signalling (115). Just the same as EEA1, SARA is recruited to early endosomes 

through its FYVE domain by the small GTPase RAB5 and hence acts as its effector (117). RAB proteins 

play a vital role in vesicular trafficking and are essential regulators of compartmentalization through 

their cyclical activation and inactivation by GTP binding at membranes and GDP binding in the cytosol 

(173). We therefore assessed the transcriptional level of SARA, RAB5A and RAB5C in Marfan and 

control VSMC. Marfan cells showed an upregulation of RAB5A and RAB5C, but not SARA (Fig. 4.9.A). 

Furthermore, we assessed the ratio of active membrane bound RAB5 to inactive cytosolic RAB5 by 

membrane cytosol fractionation as described above. In Marfan VSMC, RAB5 was significantly enriched 

in membrane fractions (Fig. 4.9.B). These results strongly suggest that in Marfan VSMC the increased 

localization of SARA at endomembranes is mediated by higher expression levels of RAB5. 

 

 

Figure 4.9. RAB5 is upregulated and recruited more to cell membranes in Marfan VSMC. (A) RNA from VSMC 

was extracted and transcriptional expression of RAB5A (Control N=6; Marfan N=8, *p<0.05), RAB5C (N=7, 

*p<0.05) and SARA (Control N=6; Marfan N=8, p=0.3125) was assessed. Gene expression in Marfan patients was 

normalized to controls. Results are represented as box and whiskers from min to max. (B) Membrane enrichment 

analysis by Western blotting of RAB5 (N=5, *p<0.05). Membrane and cytosol fractions from Marfan and control 

VSMC were obtained and analysed by Western blot. Membrane and cytosol bands were relativized against their 

respective fraction marker, and membrane fractions were normalized against their corresponding cytosolic 

fraction. Marfan membrane bands were normalized against controls. Results are represented as mean ± SEM. 
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4.2.  Differential integrin expression  

Integrins are important signal transmitters between the ECM and the cell through their mechanical 

linkage to the ECM and their TGF-β regulation. The TB/8-Cys4 module within FBN1 contains an RGD 

(Arg-Gly-Asp) motif which binds integrins with varying affinity (91). This interaction controls the 

integrin localization within the ECM and allows integrin proximity to the LTBP which contains TGF-β. 

As mentioned before, some integrins have the capacity to bind TGF-β, mechanically distort LAP, and 

present the mature TGF-β to its receptors, thereby controlling TGF-β signal propagation (95). Integrins 

form non-redundant heterodimers with varying functionality. Integrins β1, β5 and α5 are molecules 

that in a heterodimer formation bind both TGF-β and FBN1 and their upregulation has been associated 

with TGF-β signalling (89,91). Moreover, involvement of the β1 subunit has been associated with 

fibrosis and increased TGF-β activation (98). As integrins are by default inactive, the activating force is 

the binding of the β subunit to its α counterpart, inducing an activating shift in the heterodimer (174). 

The role of integrin expression in MFS has thus far been scarcely studied, yet integrins could be a 

significant contributor to aneurysm development. We here assessed expression levels of TGF-β and 

FBN1-binding integrins in aortic tissue from MFS patients.  

4.2.1. TGF-β-regulating integrins are downregulated in aortic tissue from Marfan patients 

Due to the modularity of FBN1 as extracellular matrix protein, we assessed the expression of TGF-β-

binding integrins in aortic tissue of MFS patients. Aortic tissue was preferred in the experimental 

design as VSMCs in culture are removed from their interaction with the tissular extracellular matrix 

and therefore may not maintain their original interaction with their extracellular matrix as it occurs in 

intact tissue. We assessed the transcriptional expression of the subunits β1 and β5 and α5 by 

quantitative real time PCR and found a downregulation of all three transcripts in aortic medial tissue 

from MFS patients (Fig. 4.10.A). Furthermore, these three subunits have been described as direct or 

indirect targets of miR-29b, a micro RNA (miRNA) which has recently become the focus of attention 

due to its FBN1 binding site and mRNA quality control (175–177). To examine whether the 

downregulation of the integrin subunits coincided with miR-29b expression, we assessed miR-29b 

expression in aortic tissue from MFS patients as well as controls and found a compelling upregulation 

of the miRNA (Fig. 4.10.A). Furthermore, we assessed whether the downregulation of ITGB1 is also 

reflected at the protein level. Cryosections of aortic tissue from MFS patients and Control donors were 

stained with anti-ITGB1 and an antibody specific to only the active β1 subunit conformation. 

Quantitative analysis of immunofluorescence intensity showed no changes between Control and MFS 

aortae with respect to total anti-β1 fluorescence. Compellingly, a significant decrease in intensity of 

the ITGB1 active conformation was observed in MFS sections (Figure 4.10.B). 
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Figure 4.10. Integrin subunits B1, B5 and A5 are downregulated in MFS whilst miR29b is upregulated. (A) RNA 

was extracted from Control and Marfan patient aortic tissue and levels of ITGB1 (Control N= 9; Marfan N=11; 

****p<0.0001), ITGB5 (Control N=3; Marfan N=4; *p<0.05), ITGA5 (Control N=3; Marfan N=5; *p<0.05) and 

miR29b (N=10; *p<0.05) were assessed. Expression levels of Marfan patients were normalised to Controls. 

Results are represented as box and whiskers from min to max. (B) Aortic tissue from Controls and patients was 

cryo-sectioned and stained for total ITGβ1 (Control N=7; Marfan N=5; p=0.4983) and active ITGβ1 (Control N=7; 

Marfan N=5; *p<0.05). Results are represented as mean ± SEM. Bar, 100 µm. 

 

4.3. Gene ontological pathway analysis based on transcriptome sequencing in MFS  

One of the most critical factors in the diagnosis and treatment of MFS is the poor correlation between 

variant of gene mutation and phenotype. Mutations clustered into the same group may have 

convergent outcomes depending on the locus where the mutation is found (8). Even identical 

mutations do not necessarily cause the same clinical phenotype despite affected individuals being 

related (178). Large-scale studies have addressed the association between FBN1 mutation type and 

severity of disease as well as the specificity of organ involvement in relation to mutation type (4,8). 

However, the large variability of variant mutations is not easily interpreted and variant databases my 
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contain confounding information, not last due to the limitations of conventional exonic testing (37). 

Such is the challenge of gene testing, that in a case study of an entire affected family, patients had 

remained negative for a FBN1 mutation even after substantial genomic testing. Only linkage analysis 

and cDNA sequencing revealed a deep intronic mutation generating a new splice site and nonsense-

mediated mRNA decay (36). It is suggested, that about 10% of causative FBN1 mutations are being 

missed by standard methods and require whole-genome sequencing in order to appropriately 

correlate gene mutation with disease outcome. Furthermore, the significant heterogeneity of 

phenotypes, even when clustered by mutation type, indicates that the mutated FBN1 induces a whole 

network of intracellular alterations which might not necessarily correlate with mutation type but 

rather with thus far unidentified factors. Therefore, we performed RNA sequencing on RNA obtained 

from control and MFS VSMC. To gain insight into processes that may lead up to the development of 

aortic aneurysms, we obtained RNA from de dilated and non-dilated zone of the medial aortic layer.  

4.3.1. FBN1 mutation types are extremely heterogeneous between MFS patients with 

aortic events 

VSMC from five male MFS patients and four male control donors were extracted and cultured from 

the dilated (d) and non-dilated (nd) zone of aortic medial explants. All patients had suffered aortic 

dilatation and had undergone surgical repair. RNA was extracted and mRNA was sequenced by poly-

A selection. In total, four different FBN1 mutations were found in MFS patients of which one mutation 

was identical in patients M031d/nd and M054d/nd (Table 4.1.). Two further MFS patients did not have 

any mutation in the FBN1 gene despite showing a clinical MFS phenotype. Patients M057d/nd and 

M054d/nd both had a predicted missense variant on chr15 48446711 and chr15 48456714 

respectively. The mutation on chr15 48446711 belongs to the most common group of mutations found 

in MFS which substitutes a cysteine in the FBN1 calcium-binding EGF-like domain 32 (48). The second 

missense variant of patient M054d/nd on chr15 48456714 is predicted to cause yet another cysteine 

substitution at amino acid position 1782. However, this particular protein position has been described 

to show little cardiac effect (179). Furthermore, a second mutation was identified in patient M057d/nd 

on chr15 48416186. Interestingly, this mutation is an intron variant at rs76155368 SNP site as 

annotated (National Institute of Biotechnology Information, Available at: 

www.ncbi.nlm.nih.gov/SNP/) but has not been previously associated with MFS. A second mutation 

was furthermore identified in patient M054d/nd at chr15 48409001. Interestingly, we found the exact 

same mutation in patient and M031d/nd. Given that of all reported FBN1 mutations only 12% are 

recurrent, two out of five patients sharing the exact same mutation is an intriguing finding (49). The 

mutation is located at the SNP site rs56194244 within the 3´UTR of FBN1 and has been mentioned in 



Results 
   

100 
 

relation with a sole case of MFS, however, has never been described or cited (National Institute of 

Biotechnology Information, Available at: www.ncbi.nlm.nih.gov/variation/view/). 

 

FBN1 mutation VSMC extracted from the dilated aortic medial zone 
  

Mutation 
type 

 
M031d M035d M052d M054d M057d 

chr15 48409001 3´UTR G>A DP2=2,49 DP2=51,0 DP2=191,0 DP2=66,60 DP2=129,0 

chr15 48416186 intron C>T DP2=9,0 DP2=8,0 DP2=8,0 DP2=7,0 DP2=9,12 

chr15 48446711 missense  C>T DP2=1422,0 DP2=1091,0 DP2=4060,1 DP2=3455,1 DP2=2025,1467 

chr15 48456714 missense  C>T DP2=721,0 DP2=546,0 DP2=1994,0 DP2=807,845 DP2=1693,1 
         

FBN1 mutation VSMC extracted from the non-dilated aortic medial zone 
  

Mutation 
type 

 
M031 M035 M052 M054 M057 

chr15 48409001 3´UTR G>A DP2=4,21 DP2=73,0 DP2=73,0 DP2=36,39 DP2=58,0 

chr15 48416186 intron C>T DP2=2,0 DP2=15,0 DP2=10,0 DP2=8,0 DP2=8,3 

chr15 48446711 missense  C>T DP2=1140,0 DP2=1691,1 DP2=1805,0 DP2=1818,0 DP2=817,694 

chr15 48456714 missense  C>T DP2=551,0 DP2=796,0 DP2=843,0 DP2=496,503 DP2=839,0 

 

Table 4.1. FBN1 mutations of MFS patients. FBN1 was screened for mutations in all five male MFS diagnosed 

patients. In total four different mutations were found of which one was identical in two patients (chr15 

48409001). Cysteine substitutions (chr15 48446711 and 48456714) were both predicted to cause missense 

mutations of the gene. One novel intronic mutation (chr15 48416186) with unknown outcome was found in one 

patient. Upper panel: mutation type and chromosomal location identified in VSMC from the dilated aortic medial 

zone. Lower panel: mutation type and chromosomal location identified in VSMC from the non-dilated aortic 

medial zone. Red boxes indicate the number of an alternative allele to the reference sequence e.g. a FBN1 variant 

different from the unmutated allele.   

 

4.3.2. Principal Component Analysis and Clustering of patients 

Raw counts were log transformed and Principal Component Analysis (PCA) was performed on all 

samples (Fig. 4.11.A). Due to the high variability within the MFSd and MFSnd groups and the 

heterogeneity of mutation types, principal components 1 to 3 accounted for a low cumulative amount 

of the variance in our samples (Fig. 4.11.B). As a result of the high heterogeneity of the mutations in 

our samples and the low genotype to phenotype relation in MFS (8), patients were clustered by 

mutation type for further analysis to control for molecular consequences that could be mutation type-

dependent. Six groups were obtained from the Marfan diagnosed patients: MFS 3´UTR (M031 and 

M054), MFS no mutation (M035 and M052) and MFS cysteine substitution (M054 and M057); the 
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groups further divided into dilated and non-dilated zone samples. Based on his FBN1 mutation profile, 

patient M054 was clustered into both 3´UTR and cysteine substitution group for analysis.  

 

 

 

Figure 4.11. Principal Component Analysis of DE genes. Raw counts were normalized and log transformed and 

Principal Component Analysis (PCA) was performed on all samples. (A) Linear combination of components 1 to 3 

are shown. Control samples are shown in green, the non-dilated aortic zone of MFS patients in red and the dilated 

zone in yellow. (B) Standard deviation, Proportion of variance and cumulative proportion of principal components 

1 to 3. 

 

4.3.3. The non-dilated zone from MFS patients with 3´UTR mutation shows a 

differentially expressed gene profile 

For each clustered group, expression levels of the dilated zone and the non-dilated zone were 

compared with control expression levels. Differentially expressed genes were selected based on the 

following criteria:  adjusted p-value < 0.05 with Benjamini-Hochberg correction, and LFC > 2. Neither 

MFS patients with cysteine mutation nor MFS patients without FBN1 mutation showed any changes 

in gene expression in either zone. However, 21 genes were differentially expressed in the non-dilated 

zone of MFS patients with the identical 3´UTR mutation, of which 20 were upregulated and 1 was 

downregulated in comparison with control levels (Table 4.2. and Fig. 4.12.).  
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Differentially expressed genes MFS non-dilated zone 3´UTR mutation vs. Control  

Ensembl_ID Chr P.Value adj.P.Val Entrez_ID Gene_Symbol logFC 

ENSG00000145050 3 1.51E-07 0.000881447 7873 MANF 2.218700236 

ENSG00000203914 1 2.26E-07 0.000881447 343477 HSP90B3P 1.401730176 

ENSG00000259706 15 2.66E-07 0.000881447 7190 HSP90B2P 1.512506073 

ENSG00000184164 22 1.90E-06 0.00308846 79174 CRELD2 2.106644862 

ENSG00000090520 3 2.04E-06 0.00308846 51726 DNAJB11 1.809949117 

ENSG00000102580 13 2.17E-06 0.00308846 5611 DNAJC3 1.477015156 

ENSG00000149428 11 2.07E-06 0.00308846 10525 HYOU1 2.271583263 

ENSG00000215895 1 1.42E-05 0.014096289 400750 AL354702.7 2.101273797 

ENSG00000128228 22 4.88E-06 0.00606918 23753 SDF2L1 2.452464154 

ENSG00000142188 21 2.21E-05 0.018290602 757 TMEM50B 1.413483265 

ENSG00000166598 12 9.41E-06 0.010390831 7184 HSP90B1 1.447354609 

ENSG00000167797 11 3.81E-05 0.027051472 10263 CDK2AP2 1.472378972 

ENSG00000108389 17 4.59E-05 0.03040555 9110 MTMR4 1.117620691 

ENSG00000154734 21 1.94E-05 0.017550027 9510 ADAMTS1 -2.405840232 

ENSG00000250746 4 6.38E-05 0.036255719 100288073 RP11-39C10.1 1.920543762 

ENSG00000071537 14 5.47E-05 0.033970467 6400 SEL1L 1.313808596 

ENSG00000044574 9 3.80E-05 0.027051472 3309 HSPA5 1.990675005 

ENSG00000063241 19 8.97E-05 0.044360615 79763 ISOC2 1.046034128 

ENSG00000128590 7 0.000103118 0.044578343 4189 DNAJB9 1.738096843 

ENSG00000143870 2 9.37E-05 0.044360615 10130 PDIA6 1.044457326 

ENSG00000155660 7 9.82E-05 0.044364931 9601 PDIA4 1.91095168 

 

Table 4.2. Differentially expressed genes identified in FBN1 MFSnd 3’UTR mutation vs Control. 21 genes were 

identified to be differentially expressed in VSMC from the non-dilated zone of MFS patients with 3´UTR mutation 

in FBN1. All genes but ADAMTS1 were upregulated in comparison with controls. Ensembl ID, adjusted p-values 

and logFC are shown in bold. 

 

Interestingly, no differences in gene expression were observed in the dilated zone from the same 

patients in comparison to control levels. Amongst the upregulated targets were transcripts for 

proteins involved in the endoplasmic reticulum stress response (ER stress) to unfolded protein such 

as SEL1L, MANF and CRELD2. Furthermore, the transcripts for molecular chaperones HSP90B1, HSPA5, 

HSP90B3P, HSP90B2P, SDF2L1 and the hypoxia-induced HYOU1 were also found to be upregulated, of 

which HSP90B2P is incidentally located on the same chromosome as FBN1. Further differentially 

expressed chaperones were DnaJ Heat Shock Protein Family Member B11, C3 and B9 (DNAJB11, 

DNAJC3, DNAJB9). Other targets resident in the ER and associated with protein processing were the 

Protein Disulfide Isomerase Family A members PDIA4 and PDIA6. Given the increased TGF-β release 

from the ECM, an interesting finding is the upregulation of TGF-β signal inhibitor MTMR4 and the 
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downregulation of the TGF-β activator ADAMTS1. Further upregulations were observed for the novel 

protein coding sequence ISOC2, the multi-pass transmembrane protein TMTM50B, the Cyclin-

dependent-Kinase associated protein CDK2AP2 and the two pseudogenes AL354702.7 and RP11-

39C10.1.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.12. Genes from the non-dilated aortic zone of 3´UTR FBN1 mutations are differentially expressed. A 

heat map of the 21 differentially expressed genes is shown. MFSnd 3´UTR (red box) expression levels were 

compared with control (green box) expression levels. Differentially expressed genes were selected based on the 

following criteria: adjusted p-value < 0.05 with Benjamini-Hochberg correction, and LFC > 2. Colour codes are 

representative for log2 RPKM (reads per kilobase million). Counts range from low (black) to high (yellow). 
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4.3.4. 3´UTR FBN1 mutation induces a transcriptomic profile of ER stress and ERAD 

associated degradation in response to glycoprotein misfolding 

Gene ontological analysis was performed using the GeneCodis tool for modular and singular 

enrichment analysis (168,180,181). Out of the 21 differentially expressed genes, 4 genes did not show 

any annotations: HSP90B3P, HSP90B2P, AL354702 and RP11-39C10. Enrichment analysis clearly 

identified a specific cluster of Biological Processes (BP) associated with the catabolic cellular 

mechanisms involved with glycoprotein misfolding in the ER. Amongst the most significant processes 

were protein folding (GO: 0006457), ER-associated protein catabolic processes (GO: 0030433) and 

glycerol ether metabolic processes (GO: 0006662) (Fig. 4.13.A). The upregulated genes associated with 

these, amongst others, belonged to the family of molecular chaperones such as HSP90B1, HSPA5, the 

DNAJ members and the ER resident PDIA6 and PDIA4. The elemental activities as defined by Molecular 

Functions (MF) of the gene products were found to be misfolded protein binding (GO: 0051787) and 

unfolded protein binding (GO: 0051082) as well as heat shock protein binding (GO: 0031072) 

chaperone binding (GO: 0051087) and protein disulphide isomerase and oxireductase activity (GO: 

003756 and GO: 0015035 respectively) (Fig. 4.13.B). In line with the previous results, enrichment 

analysis identified the endoplasmic reticulum (GO: 005783), the endoplasmic reticulum-Golgi 

intermediate compartment (GO: 005793) and the melanosome (GO: 0042470) as cellular 

compartments (CC) of gene product activity (Fig. 4.13.C). Apart from the members of the chaperone 

molecule family and the protein isomerases, gene products of SDF2L1, SEL1L, TMEM50B, MANF, 

HYOU1 and CRELD2 were associated with the CC identified. In addition, the Kyoto Encyclopedia of 

Genes and Genomes (KEGG) pathway maps identified genes involved in protein processing in the 

endoplasmic reticulum as a molecular network (Fig. 4.14.A). We then performed Signalling Pathway 

Impact Analysis (SPIA) to identify the most relevant altered cellular pathways due to 3´UTR FBN1 

mutation. We found a significant alteration of protein processing at the endoplasmic reticulum (Fig. 

4.14.B). More specifically, our identified differentially expressed genes were shown to be involved in 

protein recognition by luminal chaperones and protein targeting of terminally misfolded and 

accumulated proteins leading to ER-associated degradation (ERAD) of ubiquitin tagged proteins by the 

proteasome.  
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Figure 4.13. Gene ontology enrichment analysis of VSMC from the non-dilated aortic zone of MFS patients vs 

controls. GO was identified by GeneCodis. (A) GO Biological Processes identified a distinct profile of ER-associated 

processes in response to protein misfolding. (B) The Molecular Functions associated with the differentially 

expressed genes were grouped into unfolded protein binding. (C) The Cellular Components involved in the 

misfolded protein binding processes were shown to be the ER and the ER-Golgi intermediates. 
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Figure 4.14. KEGG pathway map and SPIA analysis of most relevant altered pathways in VSMC from the non-

dilated zone of 3´UTR FBN1 mutation. (A)  KEGG pathway enrichment analysis identified protein processing in 

the endoplasmic reticulum as the molecular network involving the DEGs of the 3´UTR FBN1 mutation in the non-

dilated aortic zone. (B) SPIA visual map of the intracellular molecular network affected by the 3´UTR FBN1 

mutation in the non-dilated aortic zone.  
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4.3.5. 3’UTR SNP on chr15 48409001 is a predicted target for miR-1252-5p 

MicroRNAs (miRNAs) are short, 19-25 basepairs (bp) containing non-coding RNA molecules that can 

interfere with mRNA stability and translation (182). Given that the 3´UTR is the main target for miRNAs 

(183), we performed an analysis of target prediction for the 3’UTR SNP target identified in the two 

MFS patients M031d/nd and M054d/nd using the miRDB online database for target prediction and 

functional annotations (Available at: www.mirdb.org/miRDB/). FBN1 was predicted to be targeted by 

110 miRNAs of which the highest scoring ones included the family of miR-29 (miR-29a, miR-29b and 

miR29c) whose increased expression has previously been described to drive aneurysm formation in 

MFS (184,185). Furthermore, using a custom prediction with 50 nucleotides flanking the mutation 

region up- and downstream, we found miR-1252-5p (NCBI gene ID: 100302136) to bind to the exact 

SNP site at chr15 48409001 with a prediction score of 56 of 100. No other information was found in 

the literature on miR-1252-5p.   
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5. Discussion 

5.1.  The contribution of TGF-β compartmentalization to its increased signalling in MFS

The ECM is a highly heterogenous but at the same time intricately ordered blend of multimolecular 

compounds, which provides structural integrity, regulates intracellular signalling molecules and 

transmits mechanical properties to every organ system. Such is the organized nature of interacting 

structural components, that mutations in ECM proteins impact the higher order tissue structures in a 

deleterious way, as is reflected by the vast spectrum of pathological phenotypes (22). Not surprisingly, 

the clinical features seen in MFS due to mutated FBN1 are wide ranging as well as the fragmentation 

of elastic fibres causes yet another cascade of molecular consequences due to increased TGF-β 

availability in the extracellular environment (53). Moreover, the contribution of TGF-β molecular 

behaviour is thus far largely unexplored in MFS even though many steps, from its activation to 

signalling, potentially serve as control stations (87). Studies in a murine model of MFS have shown 

that both canonical and non-canonical signalling are involved in the disease progression as well as  

aortic risk phenotype and the inactivation of one can be compensated for by the other (53,151). In 

addition, our lab has previously shown that pSMAD2 and pSMAD3 levels are increased in MFS patients 

and that the pharmacological inhibition of TBRI reverts both proteins to control levels (127), strongly 

indicating that the canonical TGF-β signalling plays a pivotal role in MFS disease development. 

Nonetheless, as the TGF-β receptor complex can internalise through both clathrin- and CAV-1 

dependent pathways with opposing signalling qualities (101), the role of TGF-β compartmentalization 

in MFS remains elusive. To assess whether increased TGF-β signalling in human VSMC from MFS 

patients is contributed to by altered TGF-β compartmentalization, we here examined TGF-β 

endocytosis through the clathrin- and CAV-1 dependent intracellular pathways and their associated 

signal mediators.  

5.1.1. Increase of signal mediators and receptor complex interaction at endomembranes in 

MFS 

The TGF-β signalling mediators SARA and SMAD2 are tightly associated with the clathrin-dependent 

endocytic pathway whose signalling characteristics localize to early endosomes. On the contrary, the 

inhibitory SMAD7 and its signal antagonising function localizes primarily to CAV-1 positive vesicles 

(101). As these signalling molecules are found in the cytosol as well as at intracellular membranes and 

their recruitment to endomembranes upon stimulus is crucial for signal transduction, we analysed 

their enrichment at cell membranes relative to their presence in the cytosol. We found increased 

enrichment of TGF-β signal promoting mediators at membranes in MFS patients, demonstrating that 
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the proteins responsible for signal transduction are, in fact, more recruited to their location of action 

in MFS patients. The increased TGF-β-dependent signal mediation was supported by 

immunoprecipitation experiments showing the heightened interaction of both SARA and SMAD2 with 

TBRII. In contrast, in both instances the CAV-1 associated signal mediator SMAD7 was unaffected, 

strongly suggesting that the increased signal promotion in MFS is attributed to a heightened activation 

of the clathrin-pathway associated signalling in MFS patients. Furthermore supporting the suggested 

increase of TGF-β signal mediators associated with the early endosomal pathway, is the observation 

that SARA is strictly associated with early endosomes and is recruited to the early endosomal 

membrane by means of a single mode interaction of the SARA FYVE domain with early endosomal 

Ptdlns(3)P (116,186). Importantly, although SMAD1 and SMAD5 share about 80% sequence homology 

with SMAD2, SARA does not interact with either of them and is therefore exclusively associated with 

SMAD2 mediated signalling through the early endosomal pathway (115). The FYVE domain controls 

the subcellular localisation of SARA whilst its C-terminal domain interacts with the TGF-β receptor 

complex, where its 85-residue Smad-binding domain (SBD) interacts with the MH2 SMAD domain 

(115,172). In order to establish whether the TGF-β signal propagating key players are in fact localized 

to early endosomes as previously established, we performed colocalization experiments of SARA with 

the early endosome marker EEA1 and of SMAD7 with CAV-1. After TGF-β stimulation we observed an 

increased colocalization of SARA and EEA1 in VSMC from MFS patients, whereas CAV-1-associated 

SMAD7 was unaffected. This strongly supports that the previously seen increase of signalling 

mediators in membrane fractions as well as their TBRII interaction is localized to early endosomes, 

therefore indicating an over-activation of the clathrin-dependent signalling pathway in MFS. This is in 

accordance with previous results demonstrating that SARA localization at early endosomes is crucial 

for downstream signalling (186). Meanwhile, SMAD7, which has the ability to interfere with the signal 

transduction by competing with the regulatory SMADs for receptor binding, does not seem to be able 

to compensate for the increased binding of SMAD2 and SARA by augmenting its own receptor 

interaction. 

5.1.2. Subcellular compartmentalisation of TGF-β and its signal mediators  

The increased localization of signal promoting mediators at early endosomal membranes suggests an 

imbalance in the TGF-β pathway segregation in favour of the clathrin-dependent pathway.  We 

therefore assessed whether b-TGF-β localizes more to early endosomes than CAV-1-positive vesicles 

after ligand internalisation. We found no alterations of TGF-β endocytosis through either pathway. 

Also at the transcriptional level we did not observe any alteration of key players associated with either 

pathway. This was unexpected, considering the increased signal promotion at early endosomes. 
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Despite having validated the b-TGF-β bioactivity, we cannot exclude the possibility that the addition 

of the biotinylated ligand saturated the receptor system in both VSMC from MFS patients and controls, 

therefore masking alterations that are potentially evident under basal conditions. Considering the 

increased concentration of extracellular bioactive TGF-β in MFS patients due to mutated FBN1 (53), 

the addition of equal b-TGF-β concentrations to MFS and control VSMC could induce biased results. 

However, when analysing colocalization of SARA and EEA1 after the addition of recombinant TGF-β, 

we observed a clear increase of the signal mediator at early endosomes, indicating that in MFS the 

endogenous signalling machinery is, in fact, altered and that this alteration is evident and unmasked, 

even after the induced TGF-β internalisation. Therefore, we are challenged with the question of just 

how the TGF-β signalling associated with the endosomal pathway is increased in MFS, despite equal 

levels of TGF-β trafficking into early endosomes. Paradoxically increased TGF-β signalling is perhaps 

one of the biggest challenges in MFS and related diseases. Augmented TGF-β signalling has been 

reported in syndromic presentations of MFS and MFS-like diseases, whilst loss-of-function mutations 

in those cases affected either of the TGF-β receptors or even TGF-β itself (187,188). This suggests 

additional intracellular mechanisms that facilitate the TGF-β signalling cascade by other means such 

as chronic compensatory events or epigenetic modifications of the SMAD2 promoter (171,187). 

Nonetheless, the absence of endocytic alterations we observed with respect to the clathrin-

dependent early endosomal pathway could furthermore be attributed to the fact that TGF-β 

internalises through two distinct heterodimer combinations with disparate signalling responses. In 

both scenarios TBRII remains the initial ligand binding receptor. However, TBRI/ALK5 can be replaced 

by a second type I receptor named ALK1. The TBRII/ALK1 receptor complex induces downstream 

signalling though SMAD1/5 whilst SMAD2/3 signalling is specific to TBRII/ALK5. Thereby, TBRII/ALK1 

creates a dissimilar signalling profile to TBRII/ALK5 (189,190). It has even been suggested that the 

TBRII/ALK1 signalling profile not only induces a contrasting response to TBRII/ALK5, but that it actively 

antagonizes SMAD2/3 signalling (189). Therefore, as we visualized the ligand itself instead of 

TBRI/ALK5, we need to consider the possibility that the b-TGF-β which localised to EEA1 positive early 

endosomes is not necessarily entirely associated with SARA and SMAD2. To address this issue and to 

analyse only those TGF-β containing endosomes that also show signalling activity, we performed 

triple-colocalization studies of b-TGF-β, EEA1 and SARA. We found an increase in triple-colocalizing 

structures in VSMC from MFS patients, strongly suggesting that, although TGF-β does not show 

increased internalization to early endosomes, its SARA-dependent signalling efficiency at early 

endosomes is increased in MFS. In addition, TGF-β receptor activation, and in particular TBRI GS 

domain phosphorylation, requires a multitude of steps in order to efficiently transduce signal. Signal 

inhibitory proteins such as FKBP12 have been shown to interact physically with the TBRI GS domain 
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and to prevent TBRI phosphorylation, but not heterodimer formation (191,192). Another essential 

inhibitory protein is the so called BAMBI which can interfere with the TGF-β receptor heterocomplex 

formation at the plasma membrane level but, more interestingly, can also form a complex with SMAD7 

to prevent R-SMAD binding and signal propagation at the endosomal level (193). Upon ligand binding, 

TGF-β receptor heterodimer might internalize through the early endosomal pathway without leading 

to a signal response due to control mechanisms such as BAMBI, which could explain the pool of b-TGF-

β containing early endosomes that is negative for SARA. An alteration of such intracellular control 

mechanisms could lead to the increased signalling at early endosomes in MFS. Furthermore, the 

recruitment of SARA to early endosomal membranes is a pivotal facilitator of TGF-β signal transduction 

by virtue of its SMAD2 and TGF-β receptor complex binding ability as well as its control over SMAD2 

subcellular distribution (115,172). SARA mutants retain the ability to bind SMAD2 but fail to induce its 

correct subcellular localization which, as a consequence, leads to TGF-β signal abrogation (115). 

Through its FYVE domain, SARA furthermore binds to RAB5 positive early endosomes (116,117). 

Mutant FYVE domains fail to induce membrane localization and are mainly found in the cytosol (115). 

The endosomal distribution of SARA depends on its FYVE domain interaction with Ptdlns(3)P, whose 

enrichment at early endosomal membranes is stimulated by RAB5 (116,117,194), indicating that RAB5 

is a crucial control point of SARA localization and subsequent downstream events. We therefore 

assessed RAB5 transcriptional expression as well as RAB5 enrichment at membranes, where the small 

GTPase is found in its active and GTP-bound conformation (173). We found that RAB5 is increased at 

the transcriptional level as well as it shows heightened membrane enrichment in Marfan VSMC. 

Considering that RAB5 is an essential regulator of its effector SARA, which on the other hand controls 

the subsequent SMAD2 signalling cascade, our results strongly suggest that the dysregulation of RAB5 

is a major inducer of the increased signalling efficacy at early endosomes in MFS. Taking into account 

that at the transcriptional level no changes were seen for SARA, its increased localization to early 

endosome residing TGF-β receptors in MFS VSCM is strongly suggested to be dependent on an 

upstream control mechanism such as RAB5. The relationship of RAB5 and SARA has been thoroughly 

examined as well as the localization of the SARA FYVE domain-dependent recruitment to early 

endosomes and its SMAD2 recruiting functions (116,117). It has been suggested in previous reports 

that SARA, in addition to its signal transducing role, furthermore plays a crucial part in the morphology 

and dynamics of early endosome function, thereby providing a link between membrane trafficking 

and signal transduction (117). The importance of SARA as a RAB5 effector, its TGF-β signal induction, 

and the possibility of it being a therapeutic target in MFS propose interesting topics for future 

research.  
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5.1.3. TGF-β trafficking into CAV-1/EEA1 positive vesicles  

Even though the TGF-β receptor compartmentalization in association with the disparate signalling 

responses is a refined cellular mechanism to account for TGF-β signal homeostasis, controversial 

debate about whether CAV-1-positive vesicles fuse with early endosomal membranes to induce 

lysosomal cargo degradation challenges the segregation rule. This is supported by studies involving 

viral infection which was demonstrated to be exchanged between early endosomes and caveolae, 

showing pathway interdependence (133). As such, caveolar vesicles have been shown to follow a 

RAB5-dependent pathway, leading to their fusion with early endosomes (133,145). The low pH within 

early endosomes allows the caveolar vesicle cargo to diffuse into the surrounding membrane whilst 

remaining trapped within the limiting endosomal membrane, suggesting a transient but stable 

formation of subdomains (133). We showed that these CAV-1 and EEA1 positive vesicles form in VSMC, 

therefore supporting the view that the CAV-1 and endosomal pathways merge. We furthermore 

showed that b-TGF-β induces the formation of these vesicles, whose ability to do so is decreased in 

MFS. Interestingly, it has been demonstrated that TGF-β receptors internalised through CAV-1/EEA1 

positive vesicles are subjected to lysosomal degradation through the endosomal pathway by inclusion 

into MVBs (146). A receptor degradative mechanism has been proposed by which the endosomal 

sorting complex required for transport (ESCRT) recognizes cargo in early endosomes and  delivers the 

it to MVBs for degradation (147). Apart from the central role in TGF-β signal propagation, these results 

suggest that early endosomes are key components of signal termination as well. Interestingly, some 

cargo destined for lysosomal degradation through the endosomal pathway has been shown to be 

ubiquitinated, which is a quality that has conventionally been associated with the CAV-1-dependent 

pathway for TGF-β receptor complex degradation by the proteasome (101,147). Nonetheless, the 

question remains of why CAV-1-positive and EEA1-positive vesicles merge. Possibly, the fusion of 

these vesicles is a mechanism to adapt to bursts of TGF-β as often seen in peak times of inflammation 

when TGF-β effects are most prominent and cells experience an increased load of TGF-β signal (146). 

By utilizing either pathway for receptor complex degradation and signal abrogation, this cell 

mechanism might prevent proteasome overload, which has been shown to have detrimental effects 

on cell stress and induces apoptosis (195). In MFS, this compensatory intracellular mechanism seems 

to be affected, which potentially prevents the cell from maintaining homeostasis by losing the ability 

to avert an excessive proteasome workload. Even though CAV-1/EEA1-double positive vesicles have 

been well characterized, we must consider their signalling properties as well as their endocytic stage. 

It has been demonstrated that caveolae and clathrin-coated vesicles fuse immediately after budding 

off the plasma membrane, leading to the formation of CAV-1/EEA1 double positive vesicles which 

share signal properties of either pathways and show colocalization of SMAD7 and SMURF2 as well as 
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SARA and SMAD3, leaving room for debate about the cargo fate (145). Downstream of the endosomal 

pathways, CAV-1/EEA1-double positive vesicles have furthermore been described to form MVBs, 

subsequently and necessarily leading to cargo lysis (146). As MVBs have been described as large multi-

vesicles carrying fusion cargo (146), we analysed structures resembling this morphological observation 

and found, in accordance with previous results, significantly less CAV-1/EEA1 large structures 

colocalizing with b-TGF-β. Although we cannot conclusively suggest that the lysosomal pathway is 

indeed affected in MFS, we can confidently propose that multi-vesicular sorting stations exist in VSCM 

upon TGF-β internalization. These see themselves negatively affected in MFS, thereby indirectly 

providing a platform for EEA1-single positive signalling vesicles. As a matter of fact, the RAB5-

dependent nature of endocytic vesicle fusion poses an interesting challenge, as we showed an 

increase in RAB5 transcriptional expression as well as membrane bound state. However, based on our 

results, we can deduce that in MFS the increased RAB5 seems to boost the signalling efficacy rather 

than the vesicular fusion. RAB GTPases are proving to be interesting targets for future research in MFS. 

Actin cytoskeleton rearrangements have been observed in VSMC from MFS and elements of the actin 

cytoskeleton are major transport routes for RAB proteins (127,173). A disruption or reorganization of 

this major transport pathway possibly induces a deviation of RAB protein delivery and an aberration 

of their functions as they fail to perform their regulatory task, with conceivably pathophysiological 

consequences. Finally, the overexpression of SMAD2 signalling itself has been shown to induce the 

long-term reorganization of the actin cytoskeleton, thereby possibly enabling a permanent change of 

the RAB protein transport and sorting route in MFS (127,196). Taken together, we propose a model in 

which the the increased endosomal pathway associated signaling in MFS is due to an increase in RAB5-

mediated SARA recruitment to early endosomes, which facilitates the subsequent SMAD2/TGF-β 

receptor complex binding. The increased signaling at early endosomes is aided by a reduced trafficking 

of TGF-β into EEA1/CAV-1-double positive endocytic structures reported to be associated with signal 

attenuation. Both endocytic trafficking alterations converge to provide a signaling platform that 

consequently leads to the chronic TGF-β signal promotion. 
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Figure 5.1. Proposed model of increased early endosome-associated TGF-β signalling in MFS. Despite equal 

levels of internalization through either endocytic pathway, the early endosomal pathway-associated TGF-β 

signalling is increased in MFS through a heightened recruitment of SARA to early endosomes in a RAB5-mediated 

manner, facilitating the SMAD2 signalling cascade. The simultaneously decreased TGF-β trafficking into 

EEA1/CAV-1-double positive endocytic structures associated with signal abrogation assists the already facilitated 

TGF-β signal mediation by providing a platform for TGF-β signal promotion.  
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5.2. Integrins and the ECM 

Integrins are receptors found in the ECM that mediate numerous processes such as cell adhesion and 

cell signalling (197). Integrins are crucial for matrix assembly and fibrillogenesis: the subunit β1 for 

example has been shown to be able to form heterodimeric receptors with at least 10 α subunits, of 

which the α5β1 integrin is indispensable for ECM organization and ECM sensing qualities (198). 

Although integrins are overall assumed not to have any enzymatic activity themselves, their quality 

lies in their ability to accumulate in integrin-based cell adhesion zones and the recruitment of other 

components to these specialized extracellular areas (89). Due to the lack of integrin signalling, they 

rely heavily on interactions with other molecules whose signalling has been described to induce 

integrin activation in an “inside-out” fashion (89). Conversely, integrins aid in ligand presentation to 

their receptors through spatial proximity, which is strengthened by the accumulation of integrins in 

cell adhesion zones (95). However, this interplay of ECM sensing mechanisms has thus far remained 

vastly unexplored in MFS, which is a particularly intriguing topic due to the remodelling of the ECM. 

We here assessed the expression levels of FBN1- and TGF-β-binding integrins in the dilated zone of 

aortic tissue of MFS patients, in order to establish whether this TGF-β-activating mechanism facilitates 

the increased TGF-β signalling associated with MFS.     

5.2.1. Downregulation of TGF-β binding integrins 

Integrin-dependent activation is one of the mechanisms by which cells can control TGF-β signalling at 

the extracellular level. The reciprocal relationship between integrins and TGF-β is hereby of central 

importance. TGF-β induces the upregulation of a variety of integrins whereas on the other hand 

integrins regulate TGF-β through their shared spatial distribution, thereby inducing a positive feedback 

loop, which ultimately leads to increased TGF-β signalling (89,98). Considering the increased TGF-β 

signalling by means of pSMAD signal transduction as well as augmented circulating TGF-β levels in 

MFS  (69,127), increased levels of signal facilitating factors at the extracellular TGF-β regulatory level 

are expected. Interestingly, of the α5, β5, and β1 integrin subunits examined, we found a 

downregulation at the transcriptional level. Out of the three subunits analysed on the transcriptional 

level, ITGB1 is the most compelling due to its upregulation playing a vital part in fibrosis by mediating 

TGF-β activation (98). Therefore, we assessed ITGB at the protein level and, in contradiction to 

previous findings, we found ITGB1 to be less active in MFS than in control aortae. As integrin β subunits 

have been described to be the inducers of integrin heterocomplex activation (174), we can conclude 

that the whole complex that ITGB1 is part of remains more inactive in MFS patients than in control. 

Interestingly, ITGB1 as well as FBN1 and other ECM components are all targets of miR-29b, which, 

strikingly, we found to be upregulated in aortic tissue of MFS patients. In addition, miR-29b has 
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recently attracted a lot of attention due to its regulatory role in ECM synthesis and deposition as well 

as its involvement in the development of aortic aneurysms in MFS (175). Evolutionarily, miRNAs are 

quality mechanisms to inhibit protein translation as well as they induce mRNA degradation. 

Furthermore they are involved in most biological processes ranging from immune response regulation 

to tissue differentiation during development (183). miRNAs are part of an ample mRNA surveillance 

mechanism which exists to ensure that the gene product contains no errors and is suitable for protein 

translation (199). Mutations in FBN1 might provoke an intracellular alert state, which induces the 

degradation of mutated gene transcripts and simultaneously of other targets, causing collateral 

damage. This assumption is supported by the finding that increased TGF-β signalling in MFS reduces 

the activity of an miR-29b repressor, thereby increasing its expression and facilitating the subsequent 

and possibly random degradation of target genes (175). On the other hand, seen that miRNAs are a 

quality control that functions not only in diseased states but also under normal conditions, it is 

debatable whether an evolutionary control mechanism this precise binds in such unspecific manners, 

that collateral damage is induced.  Another explanation for the downregulation of TGF-β activating 

integrins is that despite the proposed model of increased contractility enhancing the shear forces 

applied by integrins (95), it has been shown that their pulling force requires an ECM threshold 

resistance (96). In MFS, the ECM of aortic tissue from the dilated zone might already be too damaged 

and degraded to provide the necessary mechanoresistance. Without mechanoresistance, integrins 

might lack the ability to properly bind their targets and perform their TGF-β controlling function. From 

this point of view, it would be interesting to assess integrin activity in non-dilated aortic tissue of MFS 

patients, which does not show signs of a compromised ECM structure yet. On the other hand, little is 

known about the integrin distribution with respect to lipid-rafts and non-lipid rafts. Rab1a for 

example, has been demonstrated to regulate β1 localization to lipid rafts, where their TGF-β 

presentation to its receptor complex induces TGF-β signal abrogation (200). These findings are 

supported by further studies showing that inactive integrins are tethered away from lipid rafts by 

cytoskeletal restraints (201). Therefore, the downregulation of TGF-β-activating integrins could be a 

cellular mechanism to compensate for the increased extracellular TGF-β. However, with respect to the 

TGF-β receptor compartmentalization, it could also be a pathological mechanism to withdraw TGF-β 

signal abrogation and turnover from the cell by means of preventing CAV-1 pathway-associated 

internalization. Further research into this field might be a promising contribution to elucidating the 

extracellular TGF-β-enabling mechanisms in MFS. 
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5.3. Transcriptome analysis in MFS  

MFS is an astonishingly heterogeneous connective tissue disease with multi-organ affection. The 

recurrence of each individual FBN1 mutation is so low, that large-scale studies have attempted to 

correlate disease phenotype with mutations clustered by type (8). A further problem is, that 

conventional sequencing methods analyse only the most commonly affected exons, which in itself 

carries the bias of neglecting to explore less commonly mutated gene regions. Furthermore, gene 

testing is not always available and the patient diagnosis is challenging due to the overlapping 

phenotype with other MFS-like diseases (36,188). Furthermore, most large-scale studies address the 

association between FBN1 mutation type and severity of organ involvement as well as the specificity 

of organ involvement in relation with mutation type, but do not focus on aortic risk within-group 

correlations (8,49). For instance nonsense, frameshift, splice site mutations and gene deletions have 

been classified as haploinsufficient phenotype causative, whereas missense mutations have been 

classified as dominant negative mutations (202). As haploinsufficient mutations of FBN1 are predicted 

to lead to reduced levels of FBN1, they have been associated with more severe phenotypes as 

dominant-negative mutations, which in turn are predicted to result in more phenotypic variability, 

qualitative defects of FBN1 and disorganization of the ECM (39,202,203). Despite this classification, 

studies are still too underpowered to conclusively evaluate differential risk of aortic dissection or need 

for clinical intervention between these groups (202). As our focus lies on the aortic risk assessment 

rather than on the overall multisystemic nature of the disease, we here assessed differential gene 

expression and GO enrichment analysis of 5 male patients who have undergone aortic reparatory 

surgery. Furthermore, in order to assess any differential expressions in genes that may facilitate the 

development of aortic aneurysms in the course of their formation, here we assessed the 

transcriptomic profile of the dilated zone of aneurysms which had undergone reparatory surgery and 

furthermore a more distal area of aortic tissue which did not show loss of structural integrity.    

5.3.1. Genetic heterogeneity of aortic risk phenotype in MFS 

Due to the limited genotype-phenotype correlation and low prediction of aortic risk, we analysed RNA 

extracted from VSMC from 5 male patients with a similar clinical history -  all having undergone surgical 

aortic repair - by RNA sequencing. Despite the homogeneousness in terms of clinical outcome, we 

surprisingly found a large heterogeneity of FBN1 mutations, including the absence of an FBN1 

mutation in any exonic region of the gene. This emphasizes even more so the immense variety of 

mutation types and the poor correlation of mutation type and aortic risk. As a matter of fact, even 

with a technique as powerful as RNA sequencing, we cannot exclude the possibility of intronic 

mutations in our samples. Furthermore, due to the challenging nature of MFS and the scoring system 
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for diagnosis which does not necessarily require gene analysis, it is possible that the two patients 

lacking a FBN1 mutation were misdiagnosed. This is particularly likely as MFS-like systemic features 

such as familial thoracic aneurysms can also be caused by mutations in the TGF-β encoding genes as 

well as its receptors, independently of FBN1 (187,188,204). Therefore, we cannot entirely exclude the 

possibility that our sample group contained two patients who did not have MFS. However, we were 

able to detect mutations in the other three patients. Furthermore, two out of three showed to have 

two different mutations in the FBN1 gene at the same time, which has been rarely described. Thus 

far, compound heterozygous mutations have been identified in isolated case studies, predicting a 

particularly severe phenotype and lethality at a young age due to both FBN1 alleles being affected, 

each at a particular gene locus (205). Here, we cannot be sure that in these two cases mutations are 

found only on one allele or are compound heterozygous. However, the number of mutations within 

the same gene, be it heterozygous or compound heterozygous may possibly be an indicator of disease 

severity and aortic risk. As we found in total three distinct mutant variants and therefore a vast genetic 

heterogeneity, we decided to cluster the MFS patients by their mutation type, in order to control for 

downstream molecular consequences that are potentially mutation type-dependent. However, we 

were unable to cluster the intronic mutation chr15 48416186 as our sample group did not provide 

another similar mutation. As pure intronic mutations cannot be detected by mRNA sequencing, this 

particular variation was associated with an intron-exon junction and an RNA splicing error leading to 

a missense mutation. The patient furthermore had a cysteine-substituting missense mutation, which 

allowed us to cluster him in a group with the second patient who had a cysteine substitution. However, 

we were unable to find a common gene profile between these two patients, even though both 

mutations are of the same dominant negative missense type. This is particularly interesting as in a 

normal clinical setting these two mutations would be the only ones detected by conventional 

molecular tests. Yet, they shared no other features but the mutation type and the aortic phenotype. 

This is supported by studies showing vast localized structural effects in terms of cbEGF-domain 

affected by a cysteine substitution (43,206). Furthermore, the cysteine substituting missense mutation 

chr15 48456714 had previously been described to not cause aortic risk in MFS (179), indicating that 

this particular gene loci is unlikely to be the principal driver of aneurysm formation. Nonetheless, using 

conventional molecular tests, this specific mutation would have been clustered into the same group 

as alternative aortic risk inducing missense mutations. Biases in analysis techniques as well as grouping 

errors could help explain the poor correlation found between mutation type and associated 

phenotype. Especially, as the patient with the mutation described as non-aortic risk cysteine 

substitution had a second mutation in an overall much more obscure gene region which thus far has 

not quite received the attention it deserves: the 3´UTR. The regulation of gene expression is not only 
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dependent on the pure mRNA containing the nucleotide sequences, but on numerous RNA-binding 

proteins which bind to domains all across the whole sequence. However, these are usually found in 

the 3´UTR region (207). In addition, the 3´UTR provides ample binding regions for miRNAs, which have 

been proposed to have co-evolved with their target genes (183). 3´UTR mutations, albeit scarcely 

studied in MFS, have been shown to be of importance in congenital heart diseases through their 

regulatory and controlling functions such as subcellular targeting as well as the control over the rate 

of mRNA translation and degradation (208). Surprisingly, considering the attention that miR29b has 

received in the past, the 3´UTR as MFS causative mutation region has been given little to no 

importance. Even more compellingly, taking into account the low recurrence of identical mutations in 

MFS, it is startling that a second patient of our MFS samples had the exact same mutation in the 3´UTR 

region.  As 3´UTRs do not translate into a protein product, in the case of MFS this type of mutation 

cannot be clustered into any of the two major groups of either a haploinsufficient or a dominant 

negative phenotype. However, considering the patient with the double mutation of (1) a cysteine 

substitution in a domain that has been associated with low aortic risk and (2) the 3´UTR point 

mutation, and given his clinical history of aortic reparatory surgery, the driving force behind the aortic 

phenotype is likely to be the 3´UTR mutation. This is supported by the second patient who has also 

undergone aortic reparatory surgery and who only had this identical 3´UTR mutation. Based on the 

patient mutation type we therefore obtained three different patient clusters: 1) two patients with 

cysteine substitution, 2) two patients without FBN1 mutation 3) two patients with 3´UTR mutation. 

With this design, the patient who had a cysteine substitution and a 3´UTR mutation was clustered 

once in group 1 and once in group 3. We then assessed any differential transcriptomic expression of 

the nondilated as well as the dilated zone in comparison with controls.   

5.3.2. 3´UTR point mutation induces a distinct and transient transcriptomic profile 

Our analysis revealed that in comparison to control mRNA, only mRNA extracted from VSCM from the 

non-dilated aortic zone of 3´UTR MFS patients showed differentially expressed genes. Possibly, in the 

case of the patient group with a cysteine substitution missense mutation, the molecular consequences 

based on the localized structural effects of this mutation type were to heterogeneous to find a 

common profile. The same would be true for the patients who did not have any mutation in the FBN1 

gene and might therefore not actually belong to the same mutation type as we cannot exclude other 

gene mutations. However, gene ontological analysis for the non-dilated aortic zone of 3´UTR 

mutations furthermore revealed a strong response to unfolded protein in the ER, which included the 

increased expression of cell stress-associated chaperones and the activation of endoplasmic 

reticulum-associated protein degradation (ERAD). The unfolded protein response (UPR) and ERAD are 
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primarily adaptive mechanisms to restore homeostasis when misfolded proteins are present, but, if 

unresolved, lead to pathophysiological changes in gene expression patterns (209). Classically, UPR and 

ERAD have been thought of as responses to the accumulation of misfolded protein, whereas a 

mutation in the 3´UTR is not predicted to be translated into a protein product at all (210). However, 

due to the many regulatory functions attributed to the 3´UTR, it is likely to be the cause of the ER 

stress itself by inducing a disequilibrium of ER homeostasis. Surprisingly, the differential gene 

expression as well as the compelling ER stress pathway association were only found in mRNA from the 

non-dilated aortic zone, whereas one might expect differences to be more prominent the more the 

disease develops. However, ER stress in response to unfolded protein has previously been shown to 

be transient and to appear before the onset of persistent and deleterious remodelling effects in 

cardiac tissue in a murine model of cardiac fibrosis.  Even more compellingly, in the same model, 

pharmacologic inhibition of the stress response at the critical stage and before subsidence, prevented 

cardiac fibrosis and preserved heart function (211).  This indicates, that the UPR coping mechanism in 

response to ER homeostasis disruption eventually manifests itself in the aortic phenotype. In addition, 

prolonged UPR has been shown to induce cardiac remodelling and fibrosis through pathogenic 

consequences such as cellular apoptosis and alterations in signalling pathways (212–214). 

Interestingly, these pathogenic consequences might well be attributed to the simultaneous 

implication of ER stress key players in the TGF-β signalling cascade by stabilizing the SMAD2-

dependent signalling and inducing collagen deposition and cardiac remodelling (215,216). HSP90 is 

one of the most crucial candidates as it directly interacts with both TBRI and TBRII, regulates SMAD2 

localization, and its inhibition leads to increased TGF-β receptor complex ubiquitination and 

degradation (191,217). However, other ER stress key players have also been shown to induce similar 

TGF-β stabilizing effects such as SEL1L and HSPA5 (218,219). Interestingly, it has recently been 

demonstrated that the effect of Losartan on fibrosis is attributed to the attenuation of ER stress, and, 

in particular, the inhibition of HSPA5 in chronic renal diseases (218). Targeted ER stress induction by a 

cog mutant of thyroglobulin is even able to promote the same phenotype as a mutation in Col10a1, 

as was demonstrated in a mouse model of the connective tissue disease metaphyseal 

chondrodysplasia type Schmid (MCDS). In addition, in the same study, ER stress levels have been 

shown to correlate with severity of MCDS, providing compelling evidence for the impact of ER stress 

on connective tissue disease outcome (220). Furthermore, the phenotype driving potential of the 

identified 3´UTR mutation in MFS is supported by its binding site for the novel and scarcely studied 

miR-1252-5p. As mRNAs mainly target 3´UTR sequences and act as mRNA degradation inducer, they 

are considered to be an evolutionary conserved quality control (183). Lacking the binding through 

mutation may lead to insufficient FBN1 degradation, accumulation in the ER and consequentially ER 
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stress. The deregulation of miRNAs is a scarcely studied but intriguing new field in MFS, not at last due 

to the aforementioned miR-29b. Future research towards the involvement of miRNAs and their 

deregulation through 3´UTR mutation could be and interesting tool to further elucidate the disease 

development of MFS. Considering the previous results we therefore propose the following model of 

this novel identified FBN1 3´UTR mutation.  

  

 

Figure 5.2. Proposed model of a novel FBN1 3’ UTR mutation that drives the formation of aortic aneurysms 

through transient development of ER stress. The 3’ UTR mutation in the FBN1 gene drives aneurysm formation 

by increasing ER stress, possibly due to a homeostatic imbalance, and increasing transient UPR-associated target 

proteins, which simultaneously stabilize the TGF-β signalling cascade.  
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6. Conclusions 

 

1) The increased TGF-β signalling in VSMC form MFS patients is associated with the clathrin- 

dependent pathway.  

 

2) The heightened TGF-β signalling at early endosomes is RAB5-dependent through the 

increased recruitment of the RAB5 effector SARA to early endosomes, thereby facilitating the 

SMAD2/TGF-β receptor complex binding, and enhancing the TGF-β signalling efficiency at 

early endosomes. 

 

3) The increased signalling at early endosomes is accompanied by a reduced trafficking of TGF-β 

into EEA1/CAV-1-double positive endocytic structures, providing a signalling platform for 

EEA1 single-positive endosomes that facilitates the chronic TGF-β signal promotion in MFS. 

 

4) The downregulation of TGF-β- and FBN1-binding integrins suggests a compensatory 

mechanism at the extracellular level. 

 

5) A novel mutation in the 3´UTR is a potential driving force in MFS aneurysm formation through 

the induction of transient ER stress, the loss of cellular homeostasis, and the simultaneous 

stabilization of TGF-β signalling.  

 

6) The inclusion of non-coding regions such as UTRs as a diagnostic criterion might provide new 

insights into thus far unknown patient clusters and could allow for a better assessment of 

aortic risk prediction in MFS patients.  
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Abstract  

The main cardiovascular alteration in Marfan syndrome (MFS) is the formation of aortic 

aneurysms in which augmented TGF-β signaling is a molecular link between the genetic mutation of 

fibrillin-1 and the disease onset. The compartmentalization of TGF-β endocytic trafficking has been 

shown to determine the signaling response in which clathrin-dependent internalization leads to TGF-

β signal propagation and caveolin-1 (CAV-1) associated internalization leads to signal abrogation. We 

here studied the contribution of the endocytic trafficking compartmentalization to the increased TGF-

β signaling in vascular smooth muscle cells (VSMC) from MFS patients. We examined molecular 

components involved in the clathrin- (SARA, SMAD2, RAB5) and caveolin-1- (SMAD7, SMURF2 and 

RAB7) dependent endocytosis. Marfan VSMC showed higher recruitment of SARA and SMAD2 to 

membranes and their increased interaction with TGF-β receptor II as well as higher colocalization of 

SARA with the early endosome marker EEA1. We assessed TGF-β internalization using a biotinylated 

ligand (b-TGF-β). Internalized b-TGF-β colocalized equally with either EEA1 and CAV-1 in VSMC from 

Marfan patients and controls. However, in Marfan cells, colocalization of b-TGF-β with structures 

positive for SARA and EEA1 was increased and accompanied by a decreased colocalization with CAV-

1 at EEA1-positive endosomes. Moreover, Marfan VSMC showed higher transcriptional levels and 

protein recruitment to membrane fractions of RAB5. Our results indicate that increased RAB5-

dependent SARA localization to early endosomes facilitates its TGF-β receptor binding and 

phosphorylation of signaling mediator SMAD2 in Marfan VSMC. This is accompanied by a reduction of 

TGF-β sorting into multi-functional vesicles containing cargo from both internalization pathways.  

 

Keywords: Marfan syndrome, human vascular smooth muscle cells, membrane trafficking, TGF-β 

signaling.  
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1. INTRODUCTION 

Marfan syndrome (MFS) is a multisystemic connective tissue disorder with autosomal dominant 

inheritance that affects between 1.5 and 17.2 in 100,000 births [1]. The disease is characterized by 

skeletal, ocular and cardiovascular manifestations and is caused by a mutation of the gene encoding 

for the extracellular matrix (ECM) protein fibrillin-1 (FBN1) [2]. FBN1 is the principal component of 

microfibrils, which, together with elastin, constitute the elastic fibers of the ECM in connective tissues 

throughout the body. Approximately 2000 FBN1 mutations with variable dysfunctionality have been 

found to date, and the progress of the disease is difficult to predict through its mutation [3,4]. The 

most severe problems arise from abnormalities of the cardiovascular system, such as decreased 

integrity of the tunica media of the ascending aorta, which consists of vascular smooth muscle cells 

(VSMCs) and elastic fibers [5]. These aortic abnormalities are due to elastic fiber fragmentation and 

increased collagen deposition [6]. The severe effects of the mutation are often asymptomatic until a 

life-threatening aortic aneurysm or dissection occurs.  

Transforming growth factor-β (TGF-β) has been suggested to be the molecular link between genetic 

mutation and disease onset, and has been used as a predictive marker of aneurysm progression [7,8]. 

TGF-β is secreted into the extracellular environment as a large latent complex (LLC) which is covalently 

attached to the latent TGF-β binding protein (LTBP). LTBPs interact with FBN1 through their 

characteristic 8-Cys module which is uniquely shared between the two proteins [9]. The result is a 

regulatory linkage of mature TGF-β to microfibrils, which prevents the uncontrolled activation of TGF-

β. Under physiological conditions, TGF-β is maintained in an inactive state by controlled binding of 

LTBP to FBN1. In MFS, the fragmentation of microfibrils caused by insufficient or dysfunctional FBN1 

leads to the reduced binding capacity of LTBP and increased active TGF-β in the extracellular 

environment [10]. TGF-β induces collagen production, tightly regulates ECM remodeling and leads to 

tissue fibrosis which compromises the organ structure as well as its function [11,12]. 

TGF-β receptor internalization takes place through both clathrin-coated pits and lipid raft-associated 

caveolin-1- (CAV-1) positive vesicles which have opposite effects on TGF-β signal transduction [13]. 

The ligand binds the constitutively active TGF-β receptor II (TBRII) which leads to TGF-β receptor I 

(TBRI; also named ALK5) recruitment and phosphorylation [14]. Receptor/ligand complexes 

internalized through clathrin-coated pits are targeted to early endosome associated protein-1- (EEA1) 

positive early endosomes, and initiate regulatory SMAD (R-SMAD) signaling through phosphorylation 

of SMAD2 and SMAD3. SMAD2/3 phosphorylation is dependent on the SMAD anchor for receptor 

activation (SARA), which is a bridging factor with binding sites for the TGF-β-receptor, SMAD2 and 

early endosomes, and is associated with TGF-β signal activation [15–17]. A third SMAD protein, the 
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inhibitory SMAD7, can compete with SMAD2/3, target the receptor for degradation, and abrogate 

signaling. In contrast to clathrin-dependent endocytosis, receptor internalization through caveolae 

destines receptors for proteasome degradation by binding of SMAD7 and E3 ubiquitin ligase poly-

ubiquitination, which terminates the signaling cascade [13,18].  

The role of TGF-β in MFS has thus far mostly been investigated in murine models. To date, the 

importance of TGF-β in MFS patients is supported by evidence of increased signaling partly associated 

with epigenetic modification of the SMAD2 promotor, as well as by the beneficial effects of TGF-β-

receptor blockers and neutralizing TGF-β antibodies on the progress of aortic aneurysms in murine 

models [19–21]. However, in MFS, altered TGF-β endocytic trafficking in human VSMCs is still to be 

elucidated. Here we examine the significance of TGF-β signal regulation by its endocytic 

compartmentalization at endogenous levels in primary human VSMC from aortic aneurysm tissue of 

Marfan patients. We show, that TGF-β internalizes through the clathrin- and CAV-1-associated 

pathways at equal levels in VSMC from MFS and controls. However, increased RAB5-dependent SARA 

recruitment to early endosomes favours the spatial interaction of the TGF-β receptor complex with 

SMAD2, thus facilitating the increased TGF-β signalling in MFS. 

 

2. MATERIAL AND METHODS 

 

2.1. Antibodies and reagents  

Rabbit polyclonal antibodies to SARA (ref. sc-9135), RhoGDI (sc-359), RAB5 (sc-309) and mouse 

monoclonal antibody to SMAD7 (ref. sc-101152) were from Santa Cruz Biotechnology (Santa Cruz, CA, 

USA). Goat polyclonal anti-TBRII (AF-241-NA) was from R&D Systems (Minneapolis, MN). Mouse 

monoclonal antibody to SMAD2 (ref. 3103S) and rabbit monoclonal antibody to pSMAD3 (Ser423/425) 

(ref. 9520) were from Cell Signaling Technology (Danvers, MA, USA). Mouse monoclonal antibody to 

EEA1 (ref. 610456) was from BD Biosciences (Franklin Lakes, NJ, USA). Mouse monoclonal antibody to 

the transferrin receptor (ref. 13-6800) was from Invitrogen (Carlsbad, CA, USA). Secondary peroxidase-

conjugated antibodies to IgG mouse, rabbit and goat (refs. W402B, W401B and V805A respectively) 

were from Promega (Madison, WI, USA). Alexa Fluor 647-conjugated goat anti-rabbit IgG (ref. A21245) 

and Alexa Fluor 488-conjugated goat anti-rabbit (ref. A-11070) were from Invitrogen, Cy3-conjugated 

goat anti-mouse IgG (ref. 115.167.003) and goat anti-human IgG (ref. 109.005.088) were from Jackson 

ImmunoResearch (West Grove, PA, USA). Recombinant human TGF-β was from Merck Millipore 

(Darmstadt, Germany). Human TGF-β 1 Biotinylated Fluorokine Kit (ref. NFTG0) was from R&D 
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Systems. Protein A-coated Dynabeads (ref. 10001D) were from Invitrogen. Water-soluble mounting 

medium DAPI-Fluoromount G (ref. 0100-20) was from Southern Biotech (Birmingham, AL, USA).  

2.2. Membrane and cytosol fractionation of VSMCs  

Tissue from the dilated region of Marfan patient and healthy donor ascending aortae were obtained 

and VSMC were cultured as indicated previously [19]. VSMC were grown on 100 mm cell culture plates 

until confluency. Cells were rinsed twice in PBS and scraped into lysis buffer (250 mM saccharose, 10 

mM HEPES, 1 mM EDTA, pH 7.5) supplemented with protease inhibitors. Extracts were mechanically 

lysed with 30 strokes of a 30G syringe, and subjected to 90 min of ultracentrifugation at 45,000 rpm 

using an S140-AT rotor (Thermo Fisher Scientific, Waltham, MA, USA) at 4°C. The resulting supernatant 

was the cytosolic fraction. The membrane fraction containing pellet was resuspended in 100 µl 

radioimmunoprecipitation assay buffer (10 mM Tris-HCl, pH 7.5, 1 mM EDTA, 0.5 mM EGTA, 1% Triton 

X-100, 0.1% sodium deoxycholate, 0.1% SDS 140 mM NaCl) supplemented with protease inhibitors. 

Twenty µg of each subcellular fraction were analyzed by 12% (v/v) SDS-PAGE and blotted as described 

previously [19]. Cytosol and membrane protein bands were quantified and relativized against their 

respective fraction markers RhoGDI and transferrin receptor. Membrane enrichment was calculated 

by normalization with the corresponding cytosolic fraction, and membrane enrichment in Marfan 

patients was normalized against controls. Statistical analysis was performed by one-sample t-test or 

Wilcoxon signed-rank test. The immunoblots shown are representative of at least four independent 

experiments. 

2.3. Immunoprecipitation experiments  

Membrane fractions were obtained as described above and protein concentrations were adjusted 

using immunoprecipitation buffer (10 mM Tris-HCl, pH 7.5, 50 mM NaCl, 1% Triton X-100, 5mM EDTA), 

supplemented with protease inhibitors. Equal amounts of membrane fractions (100 µg) were 

incubated overnight at 4°C with 30 µg of goat anti-TBRII or goat IgG. The following day, lysate and 

antibody were precipitated with 25 µl of magnetic beads conjugated with protein A for 1 h at 4°C. The 

beads were rinsed 4 times with immunoprecipitation buffer and proteins were eluted from them by 

adding 20 µl of loading buffer 5X containing 10% β-mercaptoethanol. Samples were analyzed by 7.5-

9% (v/v) SDS-PAGE and blotted as described above. Western blot bands were quantified relative to 

the precipitated TRBII, and Marfan relative band intensities were normalized against controls. 

Statistical analysis was performed by one-sample t-test or Wilcoxon signed-rank test. The 

immunoblots shown are representative of at least three independent experiments. 
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2.4. Immunofluorescence  

VSMC were grown on coverslips to 70-80% confluency and starved in serum-free 231 culture medium 

for 18 h. Signaling was induced by adding 2ng/µl of recombinant human TGF-β to the cell medium and 

allowing its internalization for 30 min at 37°C. Cells were rinsed with PBS, fixed in 4% 

paraformaldehyde in PBS for 15 min at room temperature, rinsed three times with PBS and incubated 

for 20 min with 50 mM ammonium chloride/PBS pH 7.4. Cells were permeabilized for 10 min with 

0.1% saponin, 1% BSA in PBS. Antibody combinations of SARA (1:100)/EEA1 (1:200) and SMAD7 

(1:100)/CAV-1 (1:100) were incubated for 1 h at room temperature, followed by 45 min of secondary 

antibody incubation (Alexa Fluor 488-conjugated goat anti-rabbit: 1:250, Cy3-conjugated goat anti-

mouse IgG: 1:250). Coverslips were mounted onto microscope slides using DAPI-Fluoromount water 

soluble mounting agent. Images were taken using a Leica TSC SL confocal microscope with a 63x oil 

objective, and analyzed using CellProfiler image analysis software, Carpenter Lab, Broad Institute of 

Harvard and MIT (pipelines available on request).  Statistical analysis was performed using two-tailed 

paired t-tests. The images shown are representative of four independent experiments.  

For pSMAD3 nuclear translocation experiments, VSMC were grown on coverslips to 70-80% 

confluency and starved in serum-free 231 culture medium for 18 h. VSMCs were either washed and 

fixed in 4% paraformaldehyde in PBS for 15 min or signaling was induced by incubating cells for 30 min 

with recombinant TGF-β (2 µg/ml) or b-TGF-β at 37°C. Immunostaining was performed as indicated. 

pSMAD3 was diluted 1:100. Alexa Fluor 488-conjugated goat anti-rabbit were diluted 1:250. Images 

were taken using an Olympus BX60 fluorescence microscope with a 60x oil objective, and analyzed 

using CellProfiler image analysis software (pipelines available on request). The translocation index (TI) 

was defined as the ratio of the pSMAD3 mean fluorescence intensity in the nucleus in comparison 

with the pSMAD3 mean fluorescence intensity in the cytosol, relativized by the area of each separate 

cell. Statistical analysis was performed using repeated measures ANOVA, followed by uncorrected 

Fisher´s LSD multiple comparison. The images shown are representative of three independent 

experiments.  

2.5. Biotinylated-TGF-β endocytic transport 

VSMC were grown on coverslips to 70-80% confluency and starved in serum-free 231 culture medium 

for 18 h. Internalization experiments were performed as follows: starved cells were incubated with b-

TGF-β for 60 min at 4°C, followed by incubation of avidin-fluorescein for 2 h at 4°C, according to the 

manufacturer’s instructions. Cells were either rinsed with cold PBS (0 min) and fixed in 4% 

paraformaldehyde in PBS for 15 min, or the b-TGF-β/avidin-fluorescein complex was allowed to 

internalize for 30 minutes at 37°C and cells were subsequently fixed. Immunostaining was performed 
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as indicated above. Primary antibody dilutions were: EEA1 (1:200), SARA (1:100) and CAV-1 (1:100). 

Secondary antibody dilutions were: Cy3-conjugated goat anti-mouse IgG: 1:250, Alexa Fluor 647-

conjugated goat anti-rabbit IgG: 1:250. Coverslips were mounted onto microscope slides using DAPI-

Fluoromount water soluble mounting agent. Images were taken using a Leica TSC SP5 confocal 

microscope with a 63x oil objective, and analyzed using CellProfiler image analysis software (pipelines 

available on request). Large EEA1 positive ring-like structures were defined by the Euler number; e ≤ 

0.5 was considered a ring-like structure. The ratio of a colocalizing large ring-like structure relative to 

a non-colocalizing ring-like structure, relative to the entire EEA1 positive pool was calculated as 

follows:  

𝑅𝑎𝑡𝑖𝑜 𝑜𝑓 𝑐𝑜𝑙𝑜𝑐𝑎𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛 = (
𝐶𝑜𝑙𝑜𝑐𝑎𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛 𝑋

𝑇𝑜𝑡𝑎𝑙 𝑙𝑎𝑟𝑔𝑒 𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒𝑠
) ∗ (

𝑇𝑜𝑡𝑎𝑙 𝑙𝑎𝑟𝑔𝑒 𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒𝑠

𝑇𝑜𝑡𝑎𝑙 𝐸𝐸𝐴1
) 

Statistical analysis was performed using repeated measures ANOVA followed by uncorrected Fisher´s 

LSD multiple comparison. The images shown are representative of at least four independent 

experiments.  

2.6. Gene expression  

RNeasy Mini Kit (Qiagen, Valencia, CA) was used for total RNA isolation. Reverse transcription (RT) was 

carried out using the High Capacity Reverse Transcriptase kit (Applied Biosystems, Foster City, CA, 

USA). One µg of total RNA from each sample was used for complementary DNA synthesis. Expression 

levels were determined in triplicate in a C1000 Thermal Cycler CFX384 Real-Time System (BioRad, 

Hercules, CA, USA) using SYBR® Green JumpStart™ Taq ReadyMix™ (Sigma-Aldrich, St. Louis, MO) and 

primers as stated in table S1. The expression of RPS28 was used as a house-keeping control. 

Transcriptional expression of Marfan patients was normalized to controls. Statistical analysis was 

performed using the one-sample t-test
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Table 1: Real-time PCR primer sets used for gene expression experiments  

 
Primer sequences (5´-3´) 

Gene Sense Antisense 

CLTC CTTTCCAAAGAAGGCAGTGG TCAAGAACACCACATCATGC 

CAV1 GCGACCCTAAACACCTCAAC GTGAAGCTGGCCTTCCAAAT 

AP2B1 CAGATGGGAGCAGTGGATCT AGGTGAAGGAGCAAAGGTTG 

SMURF2 TCCTCGGCTGTCTGCTAACT TCAGGCATTCTGTGTCATCA 

SARA CTGTGTCACACGACCCAGTC TTCCAACAGGACTTCCAACC 

RAB5A CAAGGCCGACCTAGCAAATA TGTTTTAGCGGATGTCTCCA 

RAB5C CCAACATCGTCATTGCACTC AGCAAACTGTTGTCGTCTGC 

RPS28 GCTCGTGTCGTCCATGAAT CCGTGTGCAGCCTATCAAG 

 

 

3. RESULTS 

 

3.1. TGF-β signaling mediators SARA and SMAD2 are enriched in membrane fractions and 

show increased receptor interaction in human Marfan VSMC 

To study the contribution of TGF-β signaling mediators associated with the clathrin-dependent signal 

activation (SARA and SMAD2) and the CAV-1-dependent signal abrogating (SMAD7) endocytic 

pathways at basal levels, VSMC were cultured from the tunica media of aortic explants from MFS 

patients (Marfan) and heart donors (control). Confluent VSMC were lysed, cytosolic and membrane 

fractions were isolated, and subsequently analyzed by Western blot. Results showed significantly 

increased recruitment of SMAD2 and its anchoring factor SARA to cell membranes in Marfan VSMC 

(Fig. 1A). However, recruitment to cell membranes was not altered for SMAD7 (Fig. 1B). Next, we 

assessed the interaction of the TGF-β receptor II (TBRII) with downstream signaling molecules 

associated with the clathrin- and CAV-1-dependent internalization pathway at basal levels. As 

indicated above, cultured VSMC from Marfan and control samples were lysed and the respective 

membrane fractions were isolated. TBRII was immunoprecipitated from membrane fractions and the 

receptor interaction with SARA, SMAD2, and SMAD7 was analyzed by Western blot. Interaction of 
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SMAD2 and SARA with endogenous TBRII was significantly higher in Marfan VSMC membranes than 

in control cells (Fig. 1C). No alterations were observed for SMAD7 (Fig. 1D).  

3.2. Localization of SARA at early endosomes is increased in TGF-β-stimulated human 

Marfan VSMC  

To further address the pathway association of the increased TGF-β signaling mediators in Marfan cells, 

colocalization experiments of SARA/EEA1 and SMAD7/CAV-1 were performed. SARA is a crucial player 

in the control of TGF-β receptor complex signal promotion through its phosphatidylinositol 3-

phosphate (Ptdlns(3)P) binding FYVE domain that directly recruits SMAD2 to the receptor complex at 

early endosomal membranes [15–17]. Cultured Marfan and control VSMC were starved overnight and 

treated with TGF-β for 30 min. Cells were co-stained with either anti-SARA/anti-EEA1 or anti-

SMAD7/anti-CAV-1 antibodies. After TGF-β internalization, Marfan cells showed increased 

colocalization of SARA and EEA1 (Fig. 2A), whereas SMAD7 and CAV-1 remained unaltered (Fig. 2B). 

3.3. TGF-β internalizes equally through the clathrin- and CAV-1-dependent endocytic 

pathways in human Marfan VSMC  

To assess the internalization and endocytic pathway segregation of endogenous TGF-β in Marfan 

VSMCs, cells were treated with biotinylated TGF-β (b-TGF-β), which was subsequently visualized with 

FITC-conjugated streptavidin. We first examined b-TGF-β bioactivity by assessing its ability to induce 

the nuclear translocation of pSMAD3. For comparative purposes, non-biotinylated TGF-β was used in 

parallel. Results showed that pSMAD3 nuclear translocation induced by TGF-β and b-TGF-β was 

significantly higher than in untreated cells (Supplemental Figure 1), validating b-TGF-β as a 

representative molecular tool to explore the internalization routes of TGF-β at endogenous levels in 

VSMC.  

To furthermore identify the endocytic pathways through which b-TGF-β internalizes, immunostainings 

were performed using specific antibodies to EEA1 as a marker of the clathrin-dependent pathway, and 

to CAV-1 to reveal the lipid raft/caveolin-1-dependent route. Cells were treated with b-TGF-β, either 

immediately fixed or allowed to internalize for 30 min prior to fixation, and co-stained with either anti-

EEA1 or anti-CAV-1 antibodies. The percentage of colocalizing b-TGF-β with the respective endocytic 

markers for either pathway was evaluated. As expected, 30 min after internalization of b-TGF-β, both 

control and Marfan VSMC showed a significant increase in colocalization of b-TGF-β in either EEA1- or 

CAV-1-positive endomembrane structures (Fig. 3A and 3B, respectively). In contrast to the increased 

signal propagating mediators associated with the early endosomal pathway, no differences were 

found between control and Marfan b-TGF-β internalization through either endocytic pathway.  
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Furthermore, we examined key molecules involved in the two internalization pathways by 

quantitative RT-PCR. For the clathrin-dependent pathway we assessed transcriptional expression 

levels of clathrin (CLTC) and the catalytic subunit of its adaptor protein (AP2B1). CAV1-pathway 

associated genes were caveolin-1 (CAV-1) and the E3 ubiquitin protein ligase which tags the receptor 

for degradation (SMURF2). We did not observe any changes at the transcriptional level in any of the 

aforementioned genes (Supplementary Fig. 2). 

3.4. SARA is increased at TGF-β containing early endosomes in human Marfan VSMC 

With respect to the clathrin-dependent early endosomal pathway, TGF-β can internalize through two 

distinct receptor heterodimer combinations with different signaling responses: TBRII remains the 

initial ligand binding receptor, but TBRI/ALK5 can be replaced by ALK1. The TBRII/ALK1 receptor 

complex recruits SMAD1/5 instead of SMAD2/3, thereby creating a different signaling profile to 

TBRII/ALK5 [22,23]. To exclude the possibility of detecting a TGF-β complex pool containing ALK1 

instead of TBRI/ALK5, and to determine whether TBRI/ALK5 specific signaling is altered at early 

endosomes, we performed b-TGF-β internalization studies as aforementioned and co-stained with 

EEA1 and SARA. Colocalization of both markers with b-TGF-β was significantly higher after 

internalization in both Marfan and control VSMC. Importantly, after internalization, Marfan cells 

showed higher colocalization of SARA with b-TGF-β and EEA1 compared to control cells, indicating an 

increased signaling activity at early endosomes in Marfan VSMC (Fig. 4A).  

3.5. TGF-β is targeted less to EEA1- and CAV-1-positive endosomes in human Marfan cells 

Experimental evidence indicates that the clathrin- and the CAV-1-associated endocytic pathways are 

not entirely separate entities, but that both pathways merge to form multifunctional signaling 

organelles that are associated with cargo sorting and degradation [24,25]. Therefore, we performed 

b-TGF-β internalization studies and co-stained VSMC with EEA1 and CAV-1. An increase in triple-

colocalization was observed after b-TGF-β internalization in both Marfan and control VSMC (Fig. 4B). 

In addition, triple-colocalization was significantly lower in Marfan than in control cells after ligand 

internalization, demonstrating decreased trafficking of TGF-β into these endocytic multifunctional 

sorting stations (Fig. 4B). Furthermore, the EEA1/CAV-1 double-positive endosomes have been shown 

to be enlarged structures described as maturing multivesicular bodies (MVBs), which are responsible 

for sorting of receptors destined for degradation [24]. We indeed observed large, ring-like EEA1-

positive structures in VSMC, and quantitative analysis showed a significant increase in both Marfan 

and control VSMC after b-TGF-β internalization (Fig. 5A). The colocalization before and after b-TGF-β 

internalization with CAV-1 in these large, ring-like EEA1-positive structures was then assessed, which 
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significantly increased in control VSMC only (Fig. 5B). However, after b-TGF-β internalization, 

significantly less colocalization was seen in Marfan than in control cells (Fig. 5B).  

3.6. The small GTPase RAB5 is overexpressed in human Marfan VSMC 

Like EEA1, SARA is recruited to early endosomes through its FYVE domain by the small GTPase RAB5 

and acts as its effector [26]. We therefore assessed the transcriptional level of SARA, RAB5A and 

RAB5C in Marfan and control VSMC. Marfan cells showed an upregulation of RAB5A and RAB5C, but 

not of SARA (Fig. 6A). Furthermore, we assessed the ratio of active membrane bound RAB5 to inactive 

cytosolic RAB5 by membrane cytosol fractionation as described above. In Marfan VSMC, RAB5 was 

significantly enriched in membrane fractions (Fig. 6B). These results strongly suggest that in Marfan 

VSMC the increased localization of SARA at endo membranes is mediated by higher expression levels 

of RAB5. 

 

4. DISCUSSION 

To assess potential molecular mechanisms that contribute to the known chronic overactivation of 

TGF-β signaling in MFS, we examined its endocytic trafficking routes in human VSMC at endogenous 

levels. We observed that in human Marfan VSMC (i) downstream effectors associated with the 

clathrin-dependent pathway such as SARA and SMAD2 are recruited more to endomembranes and 

interact more with TGF-β receptors; (ii) TGF-β internalizes at equal levels through the clathrin- and the 

CAV-1-dependent endocytic pathways, however, it colocalizes more with SARA and less with CAV-1 at 

early endosomes, and (iii) the small GTPase RAB5 is overexpressed at transcriptional level and 

enriched at (endo)membrane fractions.   

TGF-β has previously been associated with MFS as a molecular element of disease onset and 

progression [7]. This was, in part, explained by TGF-β-associated signaling events both in mice and 

humans, as well as by epigenetic modifications of the SMAD2 promoter region [19,21,27,28]. 

However, the subcellular compartmentalization of receptor-mediated TGF-β internalization, which is 

directly related to opposing signaling responses, has not been examined in Marfan VSMC. TGF-β 

receptor compartmentalization is a molecular mechanism that may contribute to the increased TGF-

β signaling seen in MFS [29]. This is based on previous observations in clonal cell lines in which TGF-β 

signal activation and abrogation are respectively caused by its receptors segregation into clathrin- or 

caveolin/lipid raft-associated endocytic pathways [13]. We hypothesized that the chronic 

hyperactivation of TGF-β signaling in MFS is favored by an imbalance between both endocytic 

pathways. To address this hypothesis, we avoided transfecting cultured VSMC with tagged forms of 
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TGF-β receptors, but assessed TGF-β internalization and the subsequent signaling response at 

endogenous levels.  

We here show that in VSMC from Marfan patients downstream signaling mediators of the clathrin-

associated pathway are enriched in membrane fractions and interact more with TBRII. Furthermore, 

TGF-β induces an increased localization of SARA at early endosomes. SARA controls the subcellular 

localization of SMAD2, and the increased recruitment of SARA and SMAD2 to endomembranes is 

indicative for the propagation of TGF-β signaling [30,31]. In fact, the increased localization of SARA at 

EEA-1-labeled early endosomes upon TGF-β addition in Marfan VSMC demonstrates that the 

recruitment to membrane fractions as well as the receptor interaction of SMAD2 occurs in the 

endosomal pathway.  

To assess whether an imbalance of the endocytic pathway compartmentalization contributes to the 

MFS-associated increased TGF-β signaling, we functionally characterized a biotinylated TGF-β and 

assessed its internalization through the clathrin- and CAV-1-dependent pathways. We observed that 

in control and Marfan VSMC, b-TGF-β localizes equally with either endocytic route marker EEA1 or 

CAV-1. Additionally, at the transcriptional level, we did not show any alteration of essential molecular 

elements involved in either pathway. However, analysis of triple-colocalization of b-TGF-β with EEA1 

and SARA showed an increase of the signaling mediator SARA at b-TGF-β-containing early endosomes. 

Our results illustrate that the essential molecular machinery associated with activated TGF-β signaling 

is increased at early endosomes in Marfan VSMC. The endosomal membrane distribution of SARA 

depends on its FYVE domain interaction with phosphoinositides (Ptdlns(3)P) and it has been shown 

that Ptdlns(3)P enrichment at early endosomal membranes is stimulated by the small GTPase RAB5 

[15,26][32]. In Marfan VSMC, RAB5 was increased at the transcriptional level and at cell membranes, 

where RAB5 is found in its GTP-bound active form. We therefore propose that in MFS, RAB5 controls 

the increased recruitment of SARA to early endosomes, due to its spatial and temporal control over 

Ptdlns(3)P levels [26,33]. This then results in an increased interaction of SARA with the TGF-β receptor 

complex, SMAD2/3 recruitment and phosphorylation, and subsequent increased TGF-β signaling.  

In contrast to the classical view of TGF-β endocytic route segregation in which early endosomes are 

invariably associated with signal promotion [13], experimental evidence shows that the early 

endosomal pathway is also involved in TGF-β signal attenuation by merging with CAV-1-positive 

vesicles [24,25,34]. This subpopulation of EEA1/CAV-1-double positive endocytic structures has been 

shown to destine cargo for a second round of sorting and to attenuate signaling by maturing into MVBs 

[24,25]. This reinforces the idea that TGF-β receptors not only segregate into different plasma 

membrane domains for their subsequent internalization [13], but that their final subcellular fate is 
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determined at various stages, possibly mediated by different molecular checkpoints. In accordance 

with this idea, we observed that internalized b-TGF-β is delivered in part to an integrated endocytic 

compartment containing markers of both pathways. Interestingly, we found a decrease in localization 

of b-TGF-β with such EEA1/CAV-1 double-positive vesicles in Marfan cells, suggesting that internalized 

TGF-β is delivered less to this specialized pathway associated with receptor re-sorting and signal 

attenuation. These merged vesicles have morphologically been observed to be enlarged structures, 

which are demonstrative for the formation of MVBs [24]. We showed that the number of these 

enlarged endocytic structures augmented in VSMC from controls and Marfan after TGF-β 

internalization. However, less EEA1/CAV-1-double positive enlarged endocytic structures containing 

TGF-β were observed in Marfan cells.  

In conclusion, our study demonstrates that in MFS the increased endosomal pathway associated 

signaling is due to an increase in RAB5-mediated SARA recruitment to early endosomes, which 

facilitates the subsequent SMAD2/TGF-β receptor complex binding. The increased signaling at early 

endosomes is aided by a reduced trafficking of TGF-β into EEA1/CAV-1-double positive endocytic 

structures reported to be associated with signal attenuation. Both endocytic trafficking alterations 

converge to provide a signaling platform that consequently leads to the chronic TGF-β signal 

promotion.  
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FIGURE LEGENDS 

Figure 1. SARA and SMAD2 are enriched in membrane fractions and show increased interaction with 

TGF-β receptor II in Marfan VSMC. Membrane enrichment analysis of (A) SARA (N=7, *p<0.05) and 

SMAD2 (N=7, *p<0.05) and (B) Smad7 (N=4, p=0.4392). VSMC of Marfan and controls were lysed and 

membrane and cytosol were fractionated and analyzed by Western blot. Cytosol and membrane 

protein bands were quantified and relativized against their respective fraction markers RhoGDI and 

transferrin receptor (TrfR). Membrane enrichment was calculated by normalization with the 

corresponding cytosolic fraction, and membrane enrichment in Marfan patients was normalized 

against controls. (C) TBRII was immunoprecipitated from the membrane fraction only. 

Immunoprecipitates were subjected to Western blotting, and receptor interaction of SARA (N=7, 

*p<0.05) and SMAD2 (N=4, **p<0.01), and (D) SMAD7 (N=3, p=0.7514) was analyzed by quantifying 

protein bands relative to the precipitated TRBII. Marfan relative band intensities were normalized 

against controls. Results are represented as mean ± SEM. 

Figure 2. SARA localizes more to early endosomes in TGF-β stimulated Marfan VSMC. Cultured VSMC 

were starved and treated with recombinant TGF-β for 30 min and subsequently fixed and 

immunolabeled. Colocalization of (A) SARA with EEA1 (N=4, **p<0.01) and (B) SMAD7 with CAV-1 

(N=4, p=0.5179) was analyzed. The percentage of colocalization was calculated relative to non-

colocalizing SARA and SMAD7, respectively. Results are represented as mean ± SEM. Bar, 20 µm. 

Figure 3. The clathrin- and CAV-1-dependent endocytic pathways are unaltered in VSMC from MFS 

patients. VSMC were starved and incubated with b-TGF-β followed by fluorescein-conjugated avidin. 

The complex was internalized for 0 or 30 min. Colocalization of b-TGF-β with (A) EEA1 (N=9, RM 

ANOVA ****p<0.0001, LSD Control 0 min vs. Marfan 0 min p=0.1949; Control 30 min vs. Marfan 30 

min p=0.5157) (B) or CAV-1 (N=5, RM ANOVA **p<0.01, LSD Control 0 min vs. Marfan 0 min p= 0.5279; 

Control 30 min vs. Marfan 30 min p=0.1795) was analyzed. The percentage of colocalization was 

calculated relative to non-colocalizing b-TGF-β. Results are represented as mean ± SEM. White arrows 

in A show colocalization of b-TGF-β (green) with EEA1 (red) in endocytic vesicular structures. Bar, 20 

µm. 

Figure 4. TGF-β internalizes more through SARA/EEA1- and less through EEA1/CAV-1-positive early 

endosomes in Marfan VSCM. VSMC were starved and incubated with b-TGF-β followed by 

fluorescein-conjugated avidin. The complex was internalized for 0 and 30 min. Colocalization of b-TGF-

β with (A) EEA1/SARA (N=4, RM ANOVA **p<0.01, LSD Control 0 min vs Marfan 0 min p=0.8486; LSD 

Control 30 min vs Marfan 30 min *p<0.05) and (B) EEA1/CAV-1 (N=5, RM ANOVA **p<0.01, LSD 

Control 0 min vs. Marfan 0 min, p=0.3899; Control 30 min vs. Marfan 30 min, *p<0.05) was analyzed.  
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The percentage of colocalization was calculated relative to non-colocalizing b-TGF-β. Results are 

represented as mean ± SEM. White arrows show triple colocalization of internalized b-TGF-β with 

EEA1/SARA or EEA1/CAV-1 in endocytic vesicular structures, respectively. Bar, 20 µm. 

Figure 5. Internalized b-TGF-β is destined less to EEA1/CAV-1 double-positive large endosomal 

structures in Marfan VSMC. VSMC were starved and incubated with b-TGF-β followed by fluorescein-

conjugated avidin. The complex was internalized for 0 or 30 min. (A) The percentage of EEA1-positive 

large ring-like cytoplasmic vesicular structures was analyzed relative to total EEA1-positive structures 

(N=5, RM ANOVA *p<0.05, LSD C 0 min vs. C 30 min, *p<0.05, Marfan 0 min vs. Marfan 30 min, 

*p<0.05). (B) Colocalization of b-TGF-β with CAV-1- and EEA1-positive large ring-like structures was 

analyzed (N=5, RM ANOVA p=0.0977, LSD Control 0 min vs. Marfan 0 min, p=0.7343; Control 30 min 

vs. Marfan 30 min, *p<0.05). The ratio of colocalizing large ring-like endosomal structures to non-

colocalizing ones was calculated relative to total EEA1 positive endosomes. Results are represented 

as mean ± SEM. White arrows show colocalization of internalized b-TGF-β with double-positive large 

ring-like early endosomes. Bar, 20 µm. 

Figure 6. RAB5 is upregulated and recruited more to cell membranes in Marfan VSMC. (A) RNA from 

VSMC was extracted and transcriptional expression of RAB5A (Control N=6; Marfan N=8, *p<0.05), 

RAB5C (N=7, *p<0.05) and SARA (Control N=6; Marfan N=8, p=0.3125) was assessed. Gene expression 

in Marfan patients was normalized to controls. Results are represented as box and whiskers from min 

to max. (B) Membrane enrichment analysis by Western blotting of RAB5 (N=5, *p<0.05). Membrane 

and cytosol fractions from Marfan and control VSMC were obtained and analyzed by Western blot. 

Membrane and cytosol bands were relativized against their respective fraction marker, and 

membrane fractions were normalized against their corresponding cytosolic fraction. Marfan 

membrane bands were normalized against controls. Results are represented as mean ± SEM. 
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SUPPLEMENTARY INFORMATION  

Figure S1. Biotin-tagged TGF-β is bioactive. VSMC were starved and either fixed or TGF-β and b-TGF-

β were allowed to internalize for 30 min. Nuclear translocation of pSMAD3 was analyzed (N=3, RM 

ANOVA *p<0.05, LSD Control vs. +TGF-β *p<0.05, Control vs. +b-TGF-β *p<0.05). Results are 

represented as mean ± SEM. Bar, 50 µm. 

Figure S2. Clathrin- and caveolin-1-dependent downstream effectors are not transcriptionally 

altered in Marfan VSMC. RNA from VSMC was extracted and transcriptional expression of CLTC 

(Clathrin; N=6, p=0.2624), CAV1 (Caveolin-1; N=6, p=0.118), AP2B1 (Clathrin-adaptor protein complex 

2 subunit B1; N=6, p=0.0598) and SMURF2 (SMAD Ubiquitination Regulatory Factor 2; N=6, p=0.3532) 

was analyzed. Expression results in Marfan patients were normalized to Control. Results are 

represented as box and whiskers from min to max. 
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Abstract 

Marfan Syndrome (MFS) is an autosomal dominant mulitsystemic disease caused by mutations in the 

ECM protein fibrillin-1 (FBN1), which affects the formation of connective tissue elastic fibres. The most 

severe clinical outcome is the loss of aortic integrity leading to aneurysm formation. FBN1 is 

responsible for the structural integrity of the ECM as well as the regulation of TGF-β and its controlled 

release in the extracellular environment. However, the phenotype-genotype correlation is low and 

the prediction of disease outcome and organ involvement is challenging through conventional exonic 

sequencing only. Here we show that mutations in the non-coding 3´UTR region are sufficient to drive 

the aortic aneurysm. By sequencing of vascular smooth muscle cell mRNA derived from the dilated 

and non-dilated aortic medial layer from MFS patients, we identified a 3´UTR mutation thus far not 

annotated as MFS causative. We found 21 genes differentially expressed in the non-dilated zone with 

a clear gene ontological ER stress response with UPR, indicating a transient molecular profile in the 

aneurysm formation. Non-coding regions are often overlooked when sequencing MFS patients for 

diagnosis and ER stress induced by mutations in these regions have been linked to other connective 

tissue and cardiovascular diseases. We suggest that our results are of relevance for the future 

diagnosis of MFS and emphasise the importance of mutations in non-coding regions in the 

development of connective tissue diseases with impact on the cardiovascular system.  
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Marfan Syndrome (MFS [MIM: 154700]) is an autosomal dominant inherited disease that affects 

between 1.5 and 17.2 in 100,000 live births and has been associated with mutations in the protein 

Fibrillin-1 (FBN1 [MIM: 134797]) (1,2). MFS is characterised by skeletal, ocular and cardiovascular 

manifestations with the most severe problems arising from abnormalities of the cardiovascular 

system. Progressive aortic root enlargement and ascending aortic aneurysms are the primary cause of 

death and an estimated 5-7.5% of all ascending aortic aneurysms in the general population are 

attributed to MFS (3–7).  

FBN1 is a large extracellular (ECM) glycoprotein which is a crucial component of connective tissue 

elastic fibres and an important extracellular regulator of the profibrotic Transforming Growth Factor-

β (TGF-β) (8,9). Excessive release of TGF-β through mutated FBN1 leads to ECM remodelling, tissue 

fibrosis and compromised organ integrity (10). Mutations in FBN1 are found throughout the entire 

length of the gene with only 12% of all variants being recurrent while the actual number of mutations 

might be significantly higher due to failure to report mutations or correctly diagnose MFS (11,12). 

Large-scale studies have addressed the association between FBN1 mutation type and severity of 

disease as well as the specificity of organ involvement (7,11). In fact, several attempts have been made 

to classify mutations in the FBN1 gene to provide predictive power to phenotypic associations. For 

instance, nonsense, frameshift, splice site mutations and gene deletions have been classified as 

haploinsufficient (HI) phenotype causing, whereas missense mutations have been classified as 

dominant negative (DN) mutations (13). Despite this classification, studies are still underpowered to 

conclusively evaluate differential risk of aortic dissection or need for clinical intervention between this 

groups (14). Evidently, the large variability of variant mutations is not easily interpreted and variant 

databases have been found to contain confounding information (15). Furthermore, a significant 

portion of unresolved cases shows that conventional exon analysis might be insufficient to detect and 

phenotypically associate all disease-causing variants (16).  

We here report a novel non-exonic FBN1 3’UTR mutation in vascular smooth muscle cells (VSMC) from 

the non-dilated aortic zone of MFS patients. We show distinct gene ontology enrichment and pathway 

enrichment from the differentially expressed genes (DEGs) indicating a transient endoplasmic 

reticulum (ER) stress response with intracellular consequences sufficient to drive aortic aneurysm 

formation. Thus, we show that non-exonic 3’UTR FBN1 mutations are relevant in the prediction of 

MFS disease outcome.  

Normal ascending aortic tissue was collected from heart donors through the organ donation 

organization at Hospital Clínic i Provincial (Barcelona, Spain). Ascending aortic samples were 

collected from MFS patients undergoing aortic aneurysm repair surgery. All patients fulfilled 
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diagnostic criteria according to Ghent nosology (17). Human tissues were collected with the required 

approval from the Institutional 

Clinical Review Board of the clinical centers (Hospital Clínic i Provincial and the Marfan Unit at the 

Hospital 12 de Octubre in Madrid) and the patient’s written consent conformed to the ethical 

guidelines of the 1975 Declaration of Helsinki. VSMC from five male MFS patients and four male 

control donors were extracted and cultured from the dilated (MFSd) and non-dilated (MFSnd) zone of 

aortic medial explants as stated previously (18). All patients had suffered aortic dilatation and had 

undergone surgical repair. VSMC were collected in sterile PBS and RNA was extracted using RNeasy® 

Mini Kit (Quiagen, Hilden, Germany). Total RNA was assayed for quantity and quality using Qubit® RNA 

HS Assay (Life Technologies) and RNA 6000 Nano Assay on a Bioanalyzer 2100. The RNASeq libraries 

were prepared from total RNA using the TruSeq®Stranded mRNA LT Sample Prep Kit. The libraries 

were sequenced on HiSeq2000 (Illumina, Inc) in paired-end mode with a read length of 2x76bp using 

TruSeq SBS Kit v4. In total, four different FBN1 mutations were found in MFS samples of which one 

mutation was identical in patients M031d/nd and M054d/nd (Table 1). Two MFS patients did not have 

any mutation in the FBN1 gene despite showing a clinical MFS phenotype. Patients M057d/nd and 

M054d/nd had a predicted missense variant on chr15 48446711 and chr15 48456714, respectively. 

The mutation on chr15 48446711 is a common mutation type found in MFS which substitutes a 

cysteine in the FBN1 calcium-binding EGF-like domain 32 (19). The second missense variant of patient 

M054d/nd on chr15 48456714 is predicted to cause another cysteine substitution, but at amino acid 

position 1782. However, this particular protein position has been described to show little cardiac 

effect (20). Furthermore, a second mutation was identified in patient M057d/nd on chr15 48416186. 

This mutation is an intron variant at rs76155368 SNP site as annotated (National Institute of 

Biotechnology Information, Available at: www.ncbi.nlm.nih.gov/SNP/, Accessed on May 5, 2017), 

which has not been previously associated with MFS. A second mutation was also identified in patient 

M054d/nd at chr15 48409001. Interestingly, this was the exact same mutation which was identified 

in patient M031d/nd. Given that of all reported FBN1 mutations only 12% are recurrent, two out of 

five unrelated patients sharing the exact same mutation is an intriguing finding (11). The mutation is 

located at the SNP site rs56194244 within the 3´UTR of FBN1 and has been associated with a sole case 

of MFS, with no citation available (National Institute of Biotechnology Information, Available at: 

www.ncbi.nlm.nih.gov/variation/view/, Accessed on May 5, 2017).  

We proceeded to analyse the samples, using reads mapped to the GRCh38 (NCBI) version of the 

human genome, while gene quantification was obtained after feature summarization with the 

RSubread package in R. Raw counts were normalized with voom quantile normalization and CPM 

http://www.ncbi.nlm.nih.gov/SNP/
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values were log transformed to perform Principal Component Analysis (PCA) on all samples (Fig. 1A). 

Due to the high 

variability within the MFSd and MFSnd groups and the heterogeneity of mutation types, principal 

components 1 to 3 accounted for a low cumulative amount of the variance (Fig. 1B). As a result of the 

high heterogeneity of mutations in our samples and the low genotype to phenotype correlation in 

MFS (7), patients were clustered by mutation to control for molecular consequences that could be 

mutation type-dependent. Thus, six groups were obtained from the MFS diagnosed patients: MFS 

3´UTR (M031 and M054), MFS no mutation (M035 and M052) and MFS cysteine substitution (M054 

and M057); the groups were further divided into dilated and non-dilated zone samples. We accounted 

for the fact that samples from patient M054 had both a 3’UTR mutation and a cysteine substitution 

by analysing the data twice, once clustering them in the 3’UTR group and once in the cysteine group 

in the experimental design. 

For each clustered group, expression levels from the dilated zone and the non-dilated zone were 

compared with control expression levels. After using the voom/limma21 pipeline in the R 

environment, DEGs were selected based on the following criteria:  log fold change >2, and adjusted p-

value < 0.05 with Benjamini-Hochberg correction. Neither MFS patients with cysteine mutation nor 

MFS patients without FBN1 mutation showed any significant changes in gene expression in either 

zone. However, 21 genes were differentially expressed in the non-dilated zone of MFS patients with 

3´UTR mutation, of which 20 were upregulated and 1 was downregulated in comparison with control 

levels (Table 2 and Fig. 2). Intriguingly, no differences in gene expression were observed in the dilated 

zone from the same patients in comparison to control levels.  

Amongst the upregulated targets were transcripts for proteins involved in the ER stress response to 

unfolded protein such as SEL1L (MIM: 602329), MANF (MIM: 601916) and CRELD2 (MIM: 607171). 

Furthermore, the transcripts for molecular chaperones HSP90B1 (MIM: 191175), HSPA5 (MIM: 

138120), HSP90B3P, HSP90B2P, SDF2L1 (MIM: 607551) and the hypoxia-induced HYOU1 (MIM: 

601746) were also found to be upregulated. Further differentially expressed chaperones were DnaJ 

Heat Shock Protein Family Member B11, C3 and B9 (DNAJB11 [MIM: 611341], DNAJC3 [MIM: 601184], 

DNAJB9 [MIM: 602634]). Other targets resident in the ER and associated with protein processing were 

the Protein Disulfide Isomerase (PDI) Family A members PDIA4 and PDIA6 (MIM: 611099). Given the 

increased TGF-β release from the ECM in MFS, an interesting finding is the upregulation of TGF-β signal 

inhibitor MTMR4 (MIM: 603559) and the downregulation of the TGF-β activator ADAMTS1 (MIM: 

605174). Further upregulations were observed for the novel protein coding sequence ISOC2 (MIM: 
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612928), the multi-pass transmembrane protein TMEM50B, the Cyclin-dependent-Kinase associated 

protein CDK2AP2 and the two pseudogenes AL354702.7 and RP11-39C10.1. 

Gene ontology analysis was performed using the GeneCodis tool for modular and singular enrichment 

analysis (22–24). Out of the 21 differentially expressed genes, 4 genes did not show any annotations: 

HSP90B3P, HSP90B2P, AL354702.7 and RP11-39C10.1. Enrichment analysis clearly identified a specific 

cluster of Biological Processes (BP) associated with the catabolic cellular mechanisms involved with 

glycoprotein misfolding in the ER. Amongst the most significant processes were protein folding (GO: 

0006457), ER-associated protein catabolic processes (GO: 0030433) and glycerol ether metabolic 

processes (GO: 0006662) (Fig. 3A). The upregulated genes associated with these, amongst others, 

belong to the family of molecular chaperones such as HSP90B1, HSPA5, the DNAJ members and the 

ER resident PDIA6 and PDIA4. The elemental activities as defined by Molecular Functions (MF) of the 

gene products were found to be misfolded protein binding (GO: 0051787) and unfolded protein binding 

(GO: 0051082) as well as heat shock protein binding (GO: 0031072), chaperone binding (GO: 0051087), 

protein disulphide isomerase and oxireductase activity (GO: 003756 and GO: 0015035 respectively) 

(Fig. 3B). In line with the previous results, enrichment analysis identified the endoplasmic reticulum 

(GO: 005783), the endoplasmic reticulum-Golgi intermediate compartment (GO: 005793) and the 

melanosome (GO: 0042470) as cellular compartments (CC) of gene product activity (Fig. 3C). Besides 

chaperone family members and protein isomerases, gene products of SDF2L1, SEL1L, TMEM50B, 

MANF, HYOU1 and CRELD2 were also associated with the CC identified, which strongly supports the 

ER as the main subcellular localization of the affected DEGs.  

In addition, the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway maps identified genes 

involved in protein processing in the endoplasmic reticulum as a molecular network (Fig. 4A). We then 

performed Signalling Pathway Impact Analysis (SPIA) (25) to identify the most relevant altered cellular 

pathways due to 3´UTR FBN1 mutation. We found a significant alteration of protein processing at the 

endoplasmic reticulum (Fig. 4B) which was shown to be activated on the 3’UTR MFS samples with 

respect to controls (p-value=1.10 × 10-7). More specifically, our identified differentially expressed 

genes were shown to be involved in protein recognition by luminal chaperones and protein targeting 

of terminally misfolded and accumulated proteins leading to ER-associated protein degradation 

(ERAD) of ubiquitin-tagged proteins by the proteasome.  

Finally, given that the 3´ UTR is the main target for microRNAs (miR) regulation (26), we performed an 

analysis of target prediction for the 3’ UTR SNP target identified in the two MFS patients M031d/nd 

and M054d/nd using the miRDB online database for target prediction and functional annotations 

(Available at: www.mirdb.org/miRDB/, Accessed on May 5, 2017). FBN1 was predicted to be targeted 

http://www.mirdb.org/miRDB/
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by 110 miRNAs of which the highest scoring ones were the family of miR-29 (miR-29a, miR-29b and 

miR29c) whose overexpression has previously been described to drive aneurysm formation in 

MFS.27,28 Furthermore, using a custom prediction with 50 nucleotides flanking the mutation region 

up- and downstream, we found miR-1252-5p (NCBI gene ID: 100302136) to bind to the exact SNP site 

at chr15 48409001 with a prediction score of 56 of 100. Very little further information is currently 

available on miR-1252-5p.    

Due to the limited genotype-phenotype correlation and low prediction of disease outcome in MFS, 

many attempts are made to correlate mutation types with disease progression and organ 

involvement. It has recently been argued that the detection of non-exonic mutation variants is 

compromised due to conventional molecular testing, which omits deep-intronic mutations, pseudo-

exons and untranslated regions (16). In addition, few studies exist that directly address the genetic 

alterations posing a risk of aneurysm formation and dissection. Here we focused on a group of 5 male 

patients who shared the clinical history of aortic aneurysm, dilatation, and reparatory surgery and 

therefore represented a homogenous group with respect to organ involvement. Despite the shared 

clinical outcome between patients, we found large heterogeneity of FBN1 mutations including their 

absence, emphasizing the tremendous variety of mutation types. As a matter of fact, even with a 

technique as powerful as RNA sequencing, we cannot exclude the possibility of other intronic 

mutations in our samples. Strikingly, we found a novel mutation in two patients in the FBN1 3´UTR, 

which, given the small percentage of recurrence in FBN1 mutation, highlights the potential importance 

of this particular gene loci. Interestingly, 3´UTR mutations have in fact been demonstrated to be 

critical gene locations in congenital heart diseases (29,30). This is attributable to their regulatory and 

controlling functions such as subcellular targeting as well as rate of translation and degradation (29). 

However, in MFS, 3´UTR mutations are rarely studied. Compellingly, based on the genetic mutations 

found in our studied samples only two of our patients (M054 and M057) would have been classified 

under the prevailing paradigm of mutation analysis under the DN category. Of those, at least M054 

would have been misclassified, presenting a DN described as non-aortic risk causative and having a 

second mutation that is not routinely screened for, which in this case might be the driving force of 

aneurysm formation. 

RNA sequencing analysis predicted a strong response to unfolded protein in the ER in VSCM from the 

non-dilated aortic zone in patients carrying the 3´UTR mutation. This included the increased 

expression of cell stress-associated chaperones and the activation of ERAD. The unfolded protein 

response (UPR) and ERAD are primarily adaptive mechanisms to restore homeostasis when misfolded 

proteins are present, but, if unresolved, lead to pathophysiological changes in gene expression 

patterns (31). The fact that no DEGs were found in the dilated zone of VSMC with 3´UTR mutation 
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indicates a transient response as seen previously in a model of cardiac fibrosis, indicating that the UPR 

coping mechanism in response to ER homeostasis disruption eventually manifesting itself in the aortic 

phenotype (32). Accordingly, in connective tissue diseases, it was widely believed that the mutant 

gene product is the primary cause of disease phenotype. However, it is becoming clear that UPR and 

ER stress, which are induced by the mutant gene product, are key mediators of disease outcome (33). 

In addition, prolonged UPR has been shown to induce cardiac remodelling and fibrosis through 

pathogenic consequences such as cellular apoptosis and alterations in signalling pathways (34–36). 

This might well be attributed to the implication of ER stress key players such as HSP90, which 

simultaneously are stabilizer of the TGF-β signalling cascade, inducing collagen deposition and fibrosis 

(37). Compellingly, it has recently been shown that the fibrosis reducing effect of Losartan, the 

pharmacological standard for MFS treatment, is due to the attenuation of ER stress, and in particular 

to the inhibition of HSPA5 in chronic renal diseases (38,39). ER stress can even induce the same 

phenotype as a mutation in Col10a1 (MIM: 120110) in a mouse model of the connective tissue disease 

metaphyseal chondrodysplasia type Schmid (MCDS [MIM: 156500]). Additionally, ER stress levels 

correlate with severity of MCDS, providing compelling evidence for the impact of ER stress on 

connective tissue disease outcome (40).    

The phenotype driving potential of the identified 3´UTR mutation in MFS is supported by its binding 

site for the novel and scarcely studied miR-1252-5p. As mRNAs mainly target 3´UTR sequences and act 

as mRNA degradation inducer, they are considered to be an evolutionary conserved quality control 

(26). Lacking the binding site through mutation may lead to insufficient FBN1 degradation, 

accumulation in the ER and consequentially ER stress. Deregulation of miRNAs is a scarcely studied 

but intriguing new field in MFS due to the recently discovered miR-29 which specifically targets ECM 

genes such as collagens (COL1A1 [MIM: 120150], COL1A2 [MIM: 120160], COL3A1 [MIM: 120180]), 

elastin (ELN [MIM: 130160]) and FBN1 (27). Further research towards the involvement of miRNAs and 

their deregulation through 3´UTR mutation could be an interesting tool to further elucidate the 

disease development of MFS.  

In conclusion, we describe for the first time a 3’UTR mutation of FBN1 in patients with aortic rupture.  

Additionally, our results strongly suggest that FBN1 3’UTR mutations are sufficient to drive aortic 

aneurysm formation in MFS patients. Pathway analysis of DEGs strongly converged on processes that 

produce ER stress, which in turn is capable of inducing downstream pathogenic effects since ER 

homeostasis mediators simultaneously stabilise fibrotic signals (37,41). Due to conventional exonic 

testing, non-coding regions are often omitted in the genetic diagnosis of MFS, leading to genetically 

unresolved cases and an incomplete view of genotype-phenotype correlation. The inclusion of non-
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coding FBN1 3’UTR regions as a diagnostic criterion could provide new insights into thus far unknown 

patient cluster and might allow for a better aortic risk prediction.  
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FIGURE LEGENDS 

Figure 1. Principal Component Analysis of DE genes. Raw counts were normalized and log 

transformed and Principal Component Analysis (PCA) was performed on all samples. (A) Linear 

combination of components 1 to 3 are shown. Control samples are shown in green, the non-dilated 

aortic zone of MFS patients in red and the dilated zone in yellow. (B) Standard deviation, Proportion 

of variance and cumulative proportion of principal components 1 to 3. 

Figure 2. Genes from the non-dilated aortic zone of 3´UTR FBN1 mutations are differentially 

expressed. A heat map of the 21 differentially expressed genes is shown. MFSnd 3´UTR (red box) 

expression levels were compared with control (green box) expression levels. Differentially expressed 

genes were selected based on the following criteria: adjusted p-value < 0.05 with Benjamini-Hochberg 

correction, and LFC > 2. Colour codes are representative for log2 RPKM (reads per kilobase million). 

Counts range from low (black) to high (yellow). 

Figure 3. Gene ontology enrichment analysis of VSMC from the non-dilated aortic zone of MFS 

patients vs controls. GO was identified by GeneCodis. (A) GO Biological Processes identified a distinct 

profile of ER-associated processes in response to protein misfolding. (B) The Molecular Functions 

associated with the differentially expressed genes were grouped into unfolded protein binding. (C) 

The Cellular Components involved in the misfolded protein binding processes were shown to be the 

ER and the ER-Golgi intermediates. 

Figure 4. KEGG pathway Map and SPIA analysis of most relevant altered pathways in VSMC from 

the non-dilated zone of 3´UTR FBN1 mutation. (A)  KEGG pathway enrichment analysis identifies 

protein processing in the endoplasmic reticulum as the molecular network involving the DEG of the 

3´UTR FBN1 mutation in the non-dilated aortic zone. (B) SPIA visual map of the intracellular molecular 

network affected by the 3´UTR FBN1 mutation in the non-dilated aortic zone.  
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FBN1 mutation VSMC extracted from the dilated aortic medial zone 
  

Mutation 

type 

 
M031d M035d M052d M054d M057d 

chr15 48409001 3´UTR G>A DP2=2,49 DP2=51,0 DP2=191,0 DP2=66,60 DP2=129,0 

chr15 48416186 intron C>T DP2=9,0 DP2=8,0 DP2=8,0 DP2=7,0 DP2=9,12 

chr15 48446711 missense  C>T DP2=1422,0 DP2=1091,0 DP2=4060,1 DP2=3455,1 DP2=2025,1467 

chr15 48456714 missense  C>T DP2=721,0 DP2=546,0 DP2=1994,0 DP2=807,845 DP2=1693,1 
         

FBN1 mutation VSMC extracted from the non-dilated aortic medial zone 
  

Mutation 

type 

 
M031 M035 M052 M054 M057 

chr15 48409001 3´UTR G>A DP2=4,21 DP2=73,0 DP2=73,0 DP2=36,39 DP2=58,0 

chr15 48416186 intron C>T DP2=2,0 DP2=15,0 DP2=10,0 DP2=8,0 DP2=8,3 

chr15 48446711 missense  C>T DP2=1140,0 DP2=1691,1 DP2=1805,0 DP2=1818,0 DP2=817,694 

chr15 48456714 missense  C>T DP2=551,0 DP2=796,0 DP2=843,0 DP2=496,503 DP2=839,0 

 

Table 1. FBN1 mutations of MFS patients. FBN1 was screened for mutations in all five male MFS 

diagnosed patients. In total four different mutations were found of which one was shared between 

two patients (chr15 48409001). Cysteine substitutions (chr15 48446711 and 48456714) were both 

predicted to cause missense mutations of the gene. One novel intronic mutation (chr15 48416186) 

with unknown outcome was found as a compound mutation in one patient. Upper panel: mutation 

type and chromosomal location identified in VSMC from the dilated aortic medial zone. Lower panel: 

mutation type and chromosomal location identified in VSMC from the non-dilated aortic medial zone. 

Italic font indicates the number of an alternative allele to the reference sequence e.g. a FBN1 variant 

different from the unmutated allele
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Differentially expressed genes MFS non-dilated zone 3´UTR mutation vs. Control  

Ensembl_ID Chr P.Value adj.P.Val Entrez_ID Gene_Symbol logFC 

ENSG00000145050 3 1.51E-07 0.000881447 7873 MANF 2.218700236 

ENSG00000203914 1 2.26E-07 0.000881447 343477 HSP90B3P 1.401730176 

ENSG00000259706 15 2.66E-07 0.000881447 7190 HSP90B2P 1.512506073 

ENSG00000184164 22 1.90E-06 0.00308846 79174 CRELD2 2.106644862 

ENSG00000090520 3 2.04E-06 0.00308846 51726 DNAJB11 1.809949117 

ENSG00000102580 13 2.17E-06 0.00308846 5611 DNAJC3 1.477015156 

ENSG00000149428 11 2.07E-06 0.00308846 10525 HYOU1 2.271583263 

ENSG00000215895 1 1.42E-05 0.014096289 400750 AL354702.7 2.101273797 

ENSG00000128228 22 4.88E-06 0.00606918 23753 SDF2L1 2.452464154 

ENSG00000142188 21 2.21E-05 0.018290602 757 TMEM50B 1.413483265 

ENSG00000166598 12 9.41E-06 0.010390831 7184 HSP90B1 1.447354609 

ENSG00000167797 11 3.81E-05 0.027051472 10263 CDK2AP2 1.472378972 

ENSG00000108389 17 4.59E-05 0.03040555 9110 MTMR4 1.117620691 

ENSG00000154734 21 1.94E-05 0.017550027 9510 ADAMTS1 -2.405840232 

ENSG00000250746 4 6.38E-05 0.036255719 100288073 RP11-39C10.1 1.920543762 

ENSG00000071537 14 5.47E-05 0.033970467 6400 SEL1L 1.313808596 

ENSG00000044574 9 3.80E-05 0.027051472 3309 HSPA5 1.990675005 

ENSG00000063241 19 8.97E-05 0.044360615 79763 ISOC2 1.046034128 

ENSG00000128590 7 0.000103118 0.044578343 4189 DNAJB9 1.738096843 

ENSG00000143870 2 9.37E-05 0.044360615 10130 PDIA6 1.044457326 

ENSG00000155660 7 9.82E-05 0.044364931 9601 PDIA4 1.91095168 

 

Table 2. Differentially expressed genes identified in FBN1 MFSnd 3’UTR mutation vs Control. 21 

genes were identified to be differentially expressed in VSMC from the non-dilated zone of MFS 

patients with 3´UTR mutation in FBN1. All genes but ADAMTS1 were upregulated in comparison with 

control. 
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Figure 1 
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Figure 2 
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Figure 3 
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ABSTRACT 

Marfan syndrome (MF) leads to aortic root dilatation and a predisposition to aortic dissection, mitral 

valve prolapse, and primary and secondary cardiomyopathy. Overall, regular physical exercise is 

recommended for a healthy life style, but dynamic sports are strongly discouraged in MF patients. 

Nonetheless, evidence supporting this recommendation is lacking. Therefore, we study the role of 

long-term dynamic exercise of moderate intensity on the MF cardiovascular phenotype. In a transgenic 

mouse model of MF (Fbn1C1039G/+), 4-month-old wild-type (WT) and MF mice were subjected to 

training on a treadmill for 5 months; sedentary littermates served as controls for each group. Aortic 

and cardiac remodeling was assessed by echocardiography and histology.  The 4-month-old MF mice 

showed aortic root dilatation, elastic lamina rupture, and tunica media fibrosis, as well as cardiac 

hypertrophy, left ventricular fibrosis, and intramyocardial vessel remodeling. Over the 5-month 

experimental period, aortic root dilation rate was significantly greater in the sedentary MF group, 

compared to the WT group (∆mm, 0.27±0.07 vs 0.13±0.02, respectively). Exercise significantly blunted 

the aortic root dilation rate in MF mice compared to sedentary MF littermates (∆mm, 0.10±0.04 vs 

0.27±0.07, respectively). However, these two groups were indistinguishable by aortic root stiffness, 

tunica media fibrosis, and elastic lamina ruptures. In MF mice, exercise also produced cardiac 

hypertrophy regression without changes in left ventricular fibrosis. Our results indicate that moderate 

dynamic exercise mitigates the progression of the MF cardiovascular phenotype.  

 

SIGNIFICANCE STATEMENT 

Whereas regular moderate physical exercise is highly recommended for a healthy life style, dynamic 

sports are strongly discouraged in Marfan syndrome patients on the basis of potential deleterious 

effects in aortic size. Nevertheless, this recommendation lacks supporting evidence. Our study in a 

murine model of Marfan syndrome is the first to address this issue showing partial cardioprotective 

effects, suggesting that moderate regular physical activity in Marfan patients could reduce aortic 

dilation and Marfan-associated cardiomyopathy.  
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INTRODUCTION 

Marfan syndrome (MF) is a connective tissue disorder caused by mutations in the gene encoding 

fibrilin-1 (FBN1), a connective tissue protein (1). FBN1 provides structural and elastic support to a 

variety of tissues by modulating the biogenesis and homeostasis of elastic fibers as well as the 

availability and activity of TGF-β family members (2). Important insights on the molecular mechanisms 

involved in the pathogenesis of MF have been reported (3). Major efforts have focused on uncovering 

the mechanisms of aortic root dilation leading to dissection and rupture, a hallmark of MF that critically 

determines survival. Advances in basic research have recently been translated into clinical trials with 

the aim of pharmacological interference, predominantly testing β-blockers and angiotensin II receptor 

antagonists, with the progression of aneurysm (4). Unfortunately, most trials have failed to 

demonstrate improvement in the progression of aortic dilation, and prophylactic and timely surgical 

intervention remains the only life-saving measure (5). Mitral valve prolapse often accompanies MF and 

could evolve into a secondary cardiomyopathy. However, recent reports suggest that cardiomyopathy 

could also be a primary manifestation of MF (6,7) Other well-known systemic manifestations of MF 

include bone overgrowth, pulmonary emphysema, and evident myopathy, the latter being a 

consequence of the inability to repair muscle tissue injury and to increase skeletal muscle mass despite 

physical exercise (8). 

Regular physical activity is an efficient therapeutic approach to reduce the burden of cardiovascular 

(CV) diseases in the general population. Among other benefits, it improves left ventricular (LV) function 

and tissue perfusion, lowers blood pressure (BP), and reduces chronic low-grade inflammation (9). To 

meet the higher metabolic demands that exercise entails, the CV system develops remarkable 

structural and functional changes in a remodeling process termed athlete’s heart, whose features are 

markedly influenced by which sport is practiced. Exercise can be categorized as static (e.g., 

weightlifting) and dynamic (e.g., distance running), with very different physiological responses to each 

type of exercise. Although most sports include a mixture of both components, static exercise is 

characterized by increased BP and concentric LV hypertrophy, while volume overload and eccentric LV 

hypertrophy is typical in dynamic exercise (10). Importantly, the exercise-induced remodeling process 

also affects the ascending aorta. In this respect, regular physical activity prompts a mild but significant 

aortic root dilatation, which is greater for practitioners of more dynamic sports, compared to static 

sports (11). 

Since dynamic physical training promotes cardiovascular extracellular matrix (ECM) remodeling, 

changes in the aforementioned exercise-induced CV parameters will have a special impact on patients 

with inherited diseases, such as MF, that lead to abnormal ECM remodeling. Consequently, it is 
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assumed that exercise-induced ECM remodeling is adverse in these patients and worsens the 

progression of the aortic dilatation and cardiomyopathy. On the basis of this reasoning, dynamic 

physical activity has been strongly discouraged in MF patients (12). However, no evidence is available 

to support this recommendation (13).  

Our aim was to evaluate the impact of dynamic exercise on the ascending aortic dilation and the 

cardiomyopathy in MF. We implemented a modest-to-moderate endurance exercise model, as this is 

the level of exercise most widely practiced by the general population. The experimental working model 

we selected was a heterozygous mouse line carrying a targeted mutation (C1039G) in exon 25 of the 

Fbn1 gene, (14) representative of the most common class of mutations causing human MF. This murine 

model captures many of the clinical manifestations of MF, including aortic dilatation, cardiomyopathy, 

lung abnormalities, and skeletal deformations and myopathy. 

 

METHODS 

An extended description of the Methods is provided in Supplementary material. 

Animals and Experimental design 

Fbn1C1039G/+ mice, a validated MF animal model, (14) were obtained from Jackson Laboratory (Bar 

Harbor, ME, USA). Wild-type (WT) and Fbn1C1039G/+ (MF) mice were bred on C57BL/6 background. 

Comparisons were made between contemporary littermates. Animal care and experimentation 

conformed to the European Union (Directive 2010/63/UE) and the Spanish guidelines (RD 53/2013) for 

the use of experimental animals. Ethical approval was obtained from the local animal ethical 

committee (CEEA).  

Training protocol 

Experimental groups of WT and MF mice were randomly conditioned to run in a treadmill (Ex groups). 

After a 2-week adaptation period, Ex mice eventually ran at 20 cm/s, with a 12º positive slope for 60 

min/day, for 5 months (from the age of 4 months to 9 months). A metallic grid at the back part of the 

treadmill delivered a constant intensity (≈2 mA) electric shock upon contact and motivated mice to 

keep running. In this training protocol, electric shocks were virtually absent in all animals. All training 

sessions were monitored by an experienced investigator to ensure proper running and lack of stress. 

Parallel WT and MF groups not undergoing training served as sedentary (Sed) controls. Sample size at 

the beginning of the experimental protocol was WT-Sed, n=11; MF-Sed n=9; WT-Ex, n= 10; and MF-Ex 

n=10. 
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Blood pressure assessment 

Systolic (SBP) and diastolic (DBP) BP were non-invasively measured in all mice (tail-cuff; Panlab, 

Barcelona, Spain) at baseline, and after 1, 2, 3, and 5 months of training. Mean BP was calculated as 

1/3*SBP + 2/3*DBP. 

Echocardiography 

Two-dimensional transthoracic echocardiography was performed in all animals (1.5% inhaled 

isoflurane) at the 4-month and 9-month time-points. In Ex-groups, recordings were obtained at least 

24 hours after the final exercise session. The aortic root and ascending aorta were measured in a 

parasternal long-axis view. Both the maximum and minimum diameters (inner edge to inner edge) 

were measured at the aortic sinus level (aortic root) and at 1 cm above the sinotubular junction 

(ascending aorta). The aortic root dilation rate was calculated as the diastolic aortic root diameter at 

the 9-month time-point minus the diastolic aortic root diameter at the 4-month time-point. 

The M-mode spectrum was traced at the papillary muscle level in a parasternal short-axis view. The LV 

dimensions were measured at both end-diastole (LVEDD) and end-systole (LVESD), LV ejection fraction 

(LVEF), and the anterior (AW) and posterior wall (PW) thickness at end-diastole.  

The presence of post-systolic motion (PSM) was assessed in M-mode recordings obtained with the 

cursor positioned in the LV basal septum in a parasternal long-axis view. An animal was considered to 

have PSM if a “double peak sign” was consistently identified. The “double peak sign” consists of a 

normal-shaped deformation pattern (first peak) during the ejection period followed by an ongoing 

deformation (second peak) after aortic valve closure.  

 

Aortic pulsatility and stiffness estimation 

Aortic root pulsatility was calculated to assess the relative distension of the aortic root at each beat. 

Aorta stiffness was estimated with the previously validated β index (15). 

Elastic laminae ruptures and aortic collagen deposition 

Elastic fiber ruptures were quantified (number/µm) in 5-µm thick paraffin sections of the ascending 

aorta stained with Verhoeff-Van Gieson; the average was calculated for each animal. Collagen 

deposition was quantified in the tunica media of picrosirius red-stained ascending aorta.  
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Left ventricle histological study 

Myocardial fibrosis was quantified in 4-µm-thick mid-ventricular paraffin sections stained with 

picrosirius red. Intramyocardial vessel remodeling was assessed through quantification of perivascular 

fibrosis (A), tunica media, and lumen area (Supplementary figure 1). Blinded quantification of vascular 

remodeling and collagen deposit was carried out using ImageJ 1.48v (NIH, Bethesda, MD, USA). 

Statistics 

Continuous variables are shown as mean ± SEM. Non-paired t-tests and two-way ANOVA with post-

hoc pairwise comparisons adjusted for least-significant difference were used to analyze data. 

Normality of the residuals (Q-Q plot and Shapiro-Wilks) was checked for all analyses. Categorical 

variables are reported as percentage and analyses were performed with a Fisher exact or McNemar 

test. Mouse survival is shown on a curve and comparisons were done using a log-rank test. A p≤0.05 

was considered significant. 

All echocardiogram and histological measurements were carried out in a blinded manner of genotype 

and treatment group. 

 

RESULTS 

All mice subjected to exercise adequately adapted to the training protocol. Two MF mice allocated to 

the Sed group died early in the experimental protocol; no other deaths occurred in any other group 

(Supplementary figure 2). Necropsy was not performed and the cause of death remained unknown for 

both dead animals. The difference in mortality between groups did not reach significance (p=0.063).  

Over the 5-month training period, weight gain was similar in all groups, both for male and female mice 

(Figure 1A). There were no differences in BP measurements at baseline between WT and MF mice (SBP 

was 130±2 vs 134±3; DBP was 79±2 vs 79±2; WT vs MF). In Sed animals, BP remained similar 

throughout the experimental period. In contrast, MF-Ex mice developed a higher SBP compared to 

WT-Ex, with no changes in DBP or mean BP (Figure 1B).  

Moderate exercise slows the progression of aortic root dilation in Marfan mice 

All groups were subjected to echocardiographic evaluation of the aortic root (Figure 2). In accordance 

with clinical data and previous reports, 4-month-old MF mice had an enlarged aortic root at the 

beginning of the study (Figure 2A). All groups were scanned again at the end of the experimental period 

(9 months), with representative echocardiographic images shown in Figure 2B. In WT mice, moderate 

exercise did not induce changes in the size of the aortic root. In MF mice subjected to exercise, 
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however, aortic root diameter was smaller than in Sed littermates (Figure 2B). To more accurately 

assess changes in aorta diameter over time, aortic root dilation rate was defined as the change in the 

aortic root size over the 5-month experimental protocol and was calculated from mouse-by-mouse 

aortic root size (Supplementary figure 3). Dilation rate in MF-Sed mice was twice that of WT (∆mm, 

0.27±0.07 vs 0.13±0.02, respectively; Figure 2D). Remarkably, this parameter was blunted in trained 

MF mice, becoming comparable to the WT dilation rate (MF-Ex ∆mm 0.10±0.04; Figure 2C). Aorta 

measurements at a more distal level yielded similar results: the ascending aorta was dilated at baseline 

in MF mice and dilation was blunted in trained mice (Supplementary figure 4). 

The aortic root in MF patients is stiffer than in healthy individuals (16). In our mice, aorta mechanic 

properties were estimated by combining in vivo data obtained from BP measurements and 

echocardiographic maximum and minimum aorta diameters. At 4 months, we observed significant 

differences in the aortic root expansibility (pulsatility) between WT and MF mice, which is indicative of 

a loss of elasticity (Figure 3A, left panel). At 9 months, differences between WT and MF persisted. WT-

Ex mice showed a slight increase in pulsatility compared with WT-Sed, but it did not reach statistical 

significance. MF-Ex mice showed undistinguishable pulsatility from MF-Sed (Figure 3A).  Subsequent 

calculation of the β-index at baseline (4 months) supported increased aortic root stiffness in MF mice 

compared to WT mice (Figure 3B). After the exercise training, β-index (aortic stiffness) significantly 

improved in WT but not in MF mice.  

Aortic structural abnormalities remain unaltered in trained Marfan mice 

The most representative histological damage evaluated in MF mice is the rupture of elastic fibers in 

the tunica media of the ascending aorta. As expected, we observed a significant increase in the number 

of elastic lamina ruptures in MF mice, compared to WT animals (Figures 4A/upper panels and 4B for 

quantitative analysis). Exercise did not increase lamina ruptures, indicating no additional structural 

damage in the tunica media of MF aorta.  

Next, we examined the collagen content as a compensatory mechanism to the elastic fibers ruptures. 

In Sed mice, the tunica media had more collagen staining in MF than in WT animals (Figure 4A, middle 

and lower panels). As with elastic fibers, dynamic exercise did not have any impact on these differences 

between WT and MF mice (Figure 4C, quantitative results).  

Exercise improves Marfan-associated cardiac hypertrophy  

The potential impact of moderate exercise on the heart was also examined, with LV dilation and 

hypertrophy observed at baseline in MF mice (Table 1). After the 5-month training protocol, LV 

hypertrophy evaluated by echocardiography significantly regressed in MF-Ex mice, as shown by 
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decreased AW and PW wall diameters (Table 2). A nonsignificant decrease in LVDD and LVSD was also 

observed. 

PSM is attributed to differential loading or contractility in neighboring segments and, when perfusion 

is normal, predominantly reflects pressure overload. More specifically, it occurs when there is an 

imbalance between local (pressure-induced) wall-stress, contractility and tissue structural properties. 

(17) PSM was more common in MF than in WT mice at 4 months (14/17 [84%] vs 7/21 [33%], 

respectively; p≤0.01). While the presence of PSM remained unaltered (71%) at the 9-month time-point 

in MF-Sed mice, it showed a decreasing trend in MF-Ex mice (PSM 40%, p=0.12, McNemar test) (Figure 

5).  

As with aortae, LV changes were histologically assessed from collagen content. An evident increase in 

collagen deposition was observed in 9-month old MF-Sed mice. Moderate training did not modify LV 

fibrosis in either the WT or MF Ex-groups (Figure 6A).  

In the heart, vascular remodeling was also studied in small arteries in the LV (Figure 6B). A prominent 

vascular remodeling in MF mice included a narrow lumen as well as thickening and increased 

perivascular fibrosis (Figure 6B). Again, moderate regular exercise showed no effect.  

Effects of exercise on Marfan-associated cardiovascular remodeling are independent of sex  

We explored potential sex-related impacts of MF- or exercise-promoted CV remodeling. The most 

representative findings are shown in Supplementary figures 5 and 6 (4-month and 9-month results, 

respectively). At baseline (4 months), aortic dilatation and LV hypertrophy were similar in male and 

female MF mice. At the end of the experimental protocol (9 months), the protective effect of moderate 

exercise on aortic dilation and LV hypertrophy, both examined by echocardiography, were similar in 

male and female mice (Supplementary figure 6). Altogether, our results discard any sex-related impact 

on aortic and LV alterations that were attributable to the exercise protocol.  

 

DISCUSSION 

We evaluated the effects of exercise in the MF phenotype, particularly focussing on CV remodelling. 

In a murine MF model, moderate exercise (a) mitigated aortic dilation, (b) did not increase aortic elastic 

fiber ruptures and collagen deposition, and (c) partially reversed MF-associated cardiac hypertrophy. 

Overall, our results suggest positive effects of moderate exercise in CV manifestations of MF.  
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Exercise and the aortic root in MF  

Aortic root dilation is a hallmark of the CV phenotype of MF and a main determinant of premature 

mortality and morbidity. The degree of aortic dilation closely correlates with the risk of aortic 

dissection (18). Factors such as an increased central pulse pressure (19), obstructive sleep apnea (20), 

or genetic predisposition based on polymorphisms in genes other than FBN1(21) have been proposed 

to influence aortic dilation rate in MF. A repetitive, pulsatile increase in aortic stretch during each 

exercise bout has been claimed to trigger accelerated aortic dilation (11, 12).  

Contrary to this hypothesis, we showed that regular, moderate exercise does not accelerate aortic 

dilation rate, but rather normalizes its progression to values comparable to WT animals. 

Echocardiographic improvement was not accompanied by a restoration of the histological integrity of 

elastic fibers. Nevertheless, we cannot rule out the possibility that improvements in microstructural 

ruptures in MF-Ex mice could precede evident elastic fiber repair evaluated by regular histological 

approaches.  

Exercise and Marfan-associated cardiomyopathy  

The most frequent and well-known cardiac manifestation of MF is mitral valve prolapse (5). If severe, 

mitral prolapse and regurgitation may evolve as progressive LV dilation and dysfunction and, 

eventually, heart failure. Nevertheless, recent data supports the existence of a primary myocardial 

affectation in MF patients even in the presence of competent valves (6, 7, 22). Structural abnormalities 

in the MF cardiomyopathy include LV hypertrophy and, in some series, dilation; these may be 

accompanied by variable degrees of systolic dysfunction, which occasionally remains subclinical and 

only detectable through deformation analysis (23). Currently, it is unclear whether this 

cardiomyopathy is associated with worse clinical outcomes.  

Our findings in this animal model of MF concur with most of these cardiac manifestations. We show 

increased collagen deposition in the LV myocardium of MF mice. A similar trend was previously 

reported in the same mouse strain, but failed to reach significance, likely because of the limited sample 

size and large intrinsic variability (22). The clinical and physiological significance of such fibrosis is 

unknown, but could contribute to some characteristics of MF cardiomyopathy. It is possible that both 

myocardial fibrosis and hypertrophy underlie the diastolic dysfunction observed in patients with MF 

(24). Moreover, fibrosis is a hallmark of cardiac arrhythmogenesis and likely contributes to the 

increased burden of ventricular arrhythmias in these patients (25).  

Our results indicate a positive impact of moderate exercise on MF cardiomyopathy as evidenced by an 

antihypertrophic effect and the absence of deleterious effects on LV myocardial fibrosis (Table 2). This 
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is consistent with the role of physical activity in other cardiac conditions reported in human and animal 

models. Moderate exercise improves cardiac remodeling in hypertensive patients (26), and blunts 

cardiac hypertrophy and fibrosis in a hypertrophic cardiomyopathy mouse model (27).  

Clinical implications 

Whereas moderate aerobic physical activity in healthy individuals and in patients with some CV 

disorders is largely acknowledged (9), MF patients are usually excluded or largely limited from 

obtaining these positive effects by current recommendations. Moderate-to-strenuous dynamic 

exercise is prohibited for these patients and only low-dynamic sports such as bowling, golf and archery 

are allowed (12). Nevertheless, this recommendation (level of evidence C) lacks clinical or experimental 

supporting data (12). Our results suggest not only that moderate physical activity may be safe, but this 

it might prove beneficial in MF patients by decelerating the aortic dilation rate and improving signs of 

cardiac hemodynamic overload. If our results were reproduced in humans, physical activity of 

moderate intensity should not only be allowed, but encouraged in patients with MF. This idea is 

supported by a case report showing that a CV physical therapy program reversed LV dilatation and 

hypertrophy in a patient with MF (28). It is important to note that the present results reflect changes 

promoted by light or moderate endurance training. More intense forms of physical activity or other 

sorts of exercise may yield opposite results. Current evidence suggests that a U-shaped relationship 

between exercise and outcomes exists for outcomes such as atrial fibrillation, ventricular arrhythmias, 

or even atherosclerosis (29). Under this hypothesis, low doses of physical activity should yield 

beneficial effects, but might turn deleterious at strenuous doses in healthy individuals (30). A U-shaped 

relationship has also been found in inherited cardiomyopathies. Competitive exercise accelerates the 

progression of arrhythmogenic right ventricular cardiomyopathy (31), although moderate exercise was 

shown to be safe (32). Further research is needed to explore the potential benefits of encouraging light 

or moderate physical activity in patients with MF. 

Limitations of the study 

First, the Fbn1C1039G/+ mouse strain presents a low risk of aortic dissection and relatively long 

lifespan. During the 5-month experimental period, only 2 of 22 MF mice died, neither of them in the 

MF-Ex group. Whether our results would similarly apply to individuals at high risk remains unknown. 

Second, the translation of results obtained in mouse models to human beings, and interpretation of 

the exercise intensity in human terms, warrants caution. Reported data suggest that our study 

assessed moderate exercise intensity (33). Moreover, the lack of a clear phenotype for athlete’s heart, 

including LV hypertrophy and dilation parameters, further supports the characterization of the 

exercise as moderate. A rigorous measurement of aortic root stiffness requires invasive blood pressure 
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recordings. We measured the non-invasive blood pressure (tail-cuff) to estimate aortic stiffness, but it 

remains controversial whether this method provides a robust estimation of central blood pressure in 

mice. Nevertheless, our findings in sedentary animals recapitulate clinical observations in MF patients.  

Conclusion 

In a murine model of MF, moderate dynamic exercise prevented aortic root dilation and mitigates 

cardiac hypertrophy. Our data invite validation in other animal models of MF and eventually in 

patients. 
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FIGURE LEGENDS 

Figure 1: Weight and blood pressure measurements in sedentary and trained WT and MF mice. (A) 

Weight measurement during the experimental protocol (weeks 1 to 14) in all animals; results are 

shown separately for male and female mice. Analysis was performed with mixed-effects models; no 

significant differences were found between groups. (B) Blood pressure was measured in all groups at 

1, 2, 4 and 5 months. Analysis was performed with mixed-effects models. No differences were found 

in Sed animals. In trained mice, a significant genotype effect was observed (p<0.05). 

Figure 2: Echocardiographic measurements in sedentary and trained WT and MF mice. (A) Average 

aortic root size at the 4-month time-point in WT and MF mice. Analysis used a non-paired t-test. (B) 

Aortic root size after the experimental protocol (9 months) in all groups. Representative 

echocardiographic images of the aortic root size in all groups (left panel). Quantitative analysis (right 

panel) was done with two-way ANOVA. A significant (genotype x training group) interaction was found 

(p<0.05); pairwise comparisons (training group within genotype and genotype within training group) 

are shown. (C) Dilation rate in all groups. In two-way ANOVA, genotype x training group interaction 

was found (p<0.05); pairwise comparisons (Sed vs Ex within each genotype) are reported: *p<0.05; 

**p<0.01; ***p<0.001. 

Figure 3: Aortic root pulsatility and stiffness in sedentary and trained WT and MF mice. Aortic root 

pulsatility (A) and β-index (B) at baseline (4-month-old mice; non-paired t-test) and at the end of the 

experimental training (9-month-old mice; two-way ANOVA test). *p<0.05; **p<0.01. 

Figure 4: Aorta histological analyses in sedentary and trained WT and MF mice. (A) Representative 

images of elastic laminae (stained in black by Verhoeff-Van Gieson [VVG] staining, upper panel) and 

collagen content (stained by picrosirius red [PSR]), visualized under brightfield or polarized light in the 

middle and low panels, respectively. (B) Quantitative analysis of elastic laminae ruptures. Two-way 

ANOVA showed no interaction but a genotype (WT vs MF) effect was evident (****p<0.0001). (C) 

Quantitative analysis of fibrosis. Two-way ANOVA showed no interaction but a genotype effect was 

clear (**p<0.01). Bars 100 μm. 

Figure 5: Cardiac hemodynamic overload (post-systolic motion [PSM]) in sedentary and trained WT 

and MF mice. (A) Number of mice with and without PSM for all groups and all time-points. Analysis 

done with McNemar test. (B) Representative images for each group. 

Figure 6: Histological analysis of the left ventricle in sedentary and trained WT and MF mice. (A) 

Representative picrosirius red-stained myocardial samples of all groups (left panel) and their 

respective quantitative analysis (right panel). (B) Histological evaluation of intramyocardial vessels 
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(upper panel) and quantitation of the perivascular fibrosis, tunica media thickness, and lumen area. 

Two-way ANOVA (all measurements) showed no significant interaction, but a genotype (WT vs MF) 

was found for all analyses. Bars are 100 μm. 
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TABLES 

Table 1. Echocardiographic measurements of LV structural and functional parameters in all groups 

at 4 months (before training). 

 Wild type 

(n=21) 

Marfan 

(n=17) 

AW (mm) * 0.59±0.02 0.65±0.01 

LVEDD (mm) * 3.75±0.08 3.98±0.07 

PW (mm) * 0.57±0.02 0.63±0.02 

LVESD (mm)  2.54±0.08 2.76±0.06 

LVEF (%)  69±2 67±1 

 

LVEDD: left ventricle end-diastolic diameter; LVESD: left ventricle end-systolic diameter; AW: anterior 

wall; PW: posterior wall; LVEF: left ventricular ejection fraction. *p<0.05, **p<0.01; WT vs Marfan. 
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Table 2. Echocardiographic measurements of LV structural and functional parameters in all groups 

at the 9-month time point. 

 Wild type Marfan 

 Sedentary Trained Sedentary Trained 

LVEDD (mm) ** 3.89±0.1 3.79±0.04 4.24±0.19 4.04±0.08 

LVESD (mm) * 2.65±0.06 2.61±0.07 2.95±0.18 2.73±0.1 

AW (mm) ** 0.66±0.02 0.64±0.01 0.72±0.02 0.69±0.02 # 

PW (mm) * 0.65±0.02 0.63±0.01 0.73±0.03 0.68±0.02 # 

LVEF (%) 67±1 67±2 66±3 69±3 

 

Abbreviations as in Table 1. *p<0.05, **p<0.01 WT vs Marfan; #p<0.05 vs genotype-matched 

sedentary group. 
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SUPPLEMENTARY METHODS 

Animals and Experimental design  

Fbn1C1039G/+ mice were obtained from Jackson Laboratory (Bar Harbor, ME 04609, EE. UU) and used 

as a validated MFS animal model (1). Both Wild Type (WT) and Fbn1C1039G/+ mice (hereinafter, 

Marfan [MF] mice) were bred on C57BL/6 background. Comparisons were made between 

contemporary littermates. All mice were housed in a controlled environment (12/12-hour light/dark 

cycle) and provided with ad libitum access to food and water. All animals were weighed once a week 

throughout the duration of the experiment. Animal care and experimentation conformed to the 

European Union (Directive 2010/63/UE) and Spanish guidelines (RD 53/2013) for the use of 

experimental animals. 

Training protocol  

A group of WT and MF mice were randomly conditioned to run in a treadmill (Ex groups). After a 2-

week adaptation period in which treadmill speed and slope and training duration were progressively 

increased, a stable regime was reached. Eventually, Ex mice ran at 20 cm/s, with a 12º positive slope 

for 60 minutes per day, for 5 months (from the age of 4 months to 9 months). A metallic grid at the 

back of the treadmill delivered a constant intensity (≈2 mA) electric shock upon contact and motivated 

mice to keep running. In this training protocol, electric shocks were virtually absent in all animals. All 

training sessions were monitored by an experienced investigator to ensure proper running and lack of 

stress. Parallel WT and MF groups not undergoing training served as sedentary (Sed) controls. Sample 

size at the beginning of the experimental protocol was WT-Sed n=11; MF-Sed n=9; WT-Ex n= 10; MF-

Ex n=10. 

Blood pressure assessment 

Systemic blood pressure was non-invasively measured in all mice by a tail cuff system (Panlab NIPB 

system, consisting of control unit LE5007 and the automatic heater and scanner for 6 mice, LE56506). 

Briefly, mice were placed in a warming restrainer (34ºC), with the tail carefully inserted into an 

inflatable cuff. Systolic blood pressure (SBP) and diastolic blood pressure (DBP) were automatically 

measured. Mean blood pressure was calculated as 1/3*SBP + 2/3*DBP. 

Before initiating the exercise protocol, all mice were placed in the setup as many times as needed until 

they became adapted, thereby minimizing stress associated with the procedure. Blood pressure was 

thereafter measured at baseline, and after 1, 2, 3, and 5 months of training.  
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Echocardiography 

Two-dimensional transthoracic echocardiography was performed in all animals under 1.5% inhaled 

isoflurane. Each animal was scanned twice: at carried out at least 24 hours after the final exercise 

session. Images were obtained with a 10-13 MHz phased-array linear transducer (IL12i GE Healthcare, 

Madrid, Spain) in a Vivid Q system (GE Healthcare, Madrid, Spain). Images were all recorded and later 

analyzed off-line using commercially available software (EchoPac v. 108.1.6, GE Healthcare, Madrid, 

Spain). 

The aortic root and ascending thoracic aorta were measured in a parasternal long-axis view. Both the 

maximum and minimum diameters (inner edge to inner edge) were measured at the aortic sinus level 

(for the aortic root) and at 1 cm above the sinotubular junction (for the ascending aorta). The aortic 

root dilation rate was calculated as the diastolic aortic root diameter at the 9-month time-point minus 

the diastolic aortic root diameter at the 4-month time-point. 

The M-mode spectrum was traced at the papillary muscle level in a parasternal short axis view, where 

left ventricular (LV) dimensions at both end-diastole (LVDD) and end-systole (LVSD) were measured. 

The anterior (AW) and posterior wall (PW) thickness at end-cardiac diastole were also measured. LV 

ejection fraction (LVEF) was subsequently calculated as follows: 

𝐿𝑉𝐸𝐹 =  
𝐿𝑉𝐷𝐷3 − 𝐿𝑉𝑆𝐷3

𝐿𝑉𝐷𝐷3
∗ 100 

The presence of post-systolic thickening (PST) was assessed in M-mode recordings obtained with the 

cursor positioned in the LV basal septum in a parasternal long-axis view. An animal was considered to 

have PST if a “double peak sign” was consistently identified. The “double peak sign” consists of a 

normal-shaped deformation pattern (first peak) during the ejection period followed by an ongoing 

deformation (second peak) after aortic valve closure.  

Aortic pulsability and aortic stiffness estimation 

Aortic pulsatiliy was used as a distensibility estimator, and calculated as follows: 

𝑃𝑢𝑙𝑠𝑎𝑡𝑖𝑙𝑖𝑡𝑦 =  
𝐴𝑜𝑚𝑎𝑥 − 𝐴𝑜𝑚𝑖𝑛

𝐴𝑜𝑚𝑖𝑛
∗ 100 

where Aomax stands for maximum aortic diameter, and Aomin stands for minimum aortic diameter. 

The final result is shown as percentage (%). 
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Aortic stiffness was calculated with a previously validated method (2) using the blood pressure and 

echocardiographic aorta diameter in vivo. For each animal, the following formula was used to calculate 

the β-index: 

𝛽 =
log (𝑆𝐵𝑃

𝐷𝐵𝑃
)

(𝐴𝑜𝑚𝑎𝑥−𝐴𝑜𝑚𝑖𝑛
𝐴𝑜𝑚𝑖𝑛

)
 

where SBP stands for systolic blood pressure, DBP stands for diastolic blood pressure, Aomax stands 

for maximum aortic diameter, and Aomin stands for minimum aortic diameter. The final result is 

dimensionless. 

Euthanasia and sample collection 

Nine-month-old mice were sacrificed with an overdose of isoflurane inhalation and ascending aorta, 

heart samples were quickly excised, immersed in cold physiological serum, and processed as described 

below. 

Aortic collagen deposition and elastic fiber ruptures  

The thoracic aorta was cut just above the aortic valve, and the ascending aorta was subsequently fixed 

in formaldehyde and embedded in paraffin. Four-μm-thick sections were obtained and stained with 

Verhoeff-Van Gieson stain. Sections were examined using a Leica DMRB microscope (40x). Two blinded 

investigators quantified aortic elastic fiber ruptures by fiber discontinuities per longitude in at least 

four representative images in each animal, and the average was calculated for each animal.  

Furthermore, sections were stained with picrosirius red to analyze collagen deposition. Six 

representative images were taken of each animal using the brightfield and polarized light of a Leica 

DMRB microscope. The tunica media was delimited using the brightfield images and corresponding 

polarized light images were used to quantify Picrosirius Red stained collagen deposition.  

Left ventricle histological study 

The whole heart was fixed in formaldehyde and transversally cut through mid-ventricle in two blocks 

(basal and apical blocks). Both blocks were embedded in paraffin wax and 4-μm-thick sections were 

obtained from the basal block and layered in poly-L-lysine–coated glass slides. The slides were stained 

with picrosirius red as previously described (3). Intramyocardial collagen deposit was quantified, 

excluding the endomyocardial, epicardial, and perivascular fibrosis. Pictures (40X) of 3 different 

representative areas of left ventricle (LV) were taken from each sample and the mean percentage of 

collagen deposition was calculated.  
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In order to assess intramyocardial vessel remodeling, pictures of both right ventricle (RV) and left 

ventricle (LV) were taken (100X) whenever a vessel was identified. Around 10 intramyocardial arteries 

were localized and different measurements were taken: perivascular area (A), limited by perivascular 

fibrosis; external area (Ae), limited by outer tunica adventitia; and internal area (Ai), limited by internal 

elastic lamina (Supplementary Figure 1). The area of the lumen, tunica media and perivascular fibrosis 

were all normalized to the vessel size (Ae) to exclude any bias in selecting vessels. All pictures were 

taken with an Olympus BX41TF microscope and DP73 camera. Blinded quantification of vascular 

remodeling and collagen deposition was performed with ImageJ 1.48v.  

Statistics 

All results for continuous variables are reported as mean ± SEM. Because no mice had yet been trained, 

only the effect of genotype (i.e., WT vs MF) was analyzed at the 4-month time point; a non-paired t-

test was used for comparisons in these cases. When two main factors were present in the study design 

(e.g., genotype x training), data was modelled in a two-way ANOVA that included the two main factors 

and their interaction. Data with a repeated measurement factor (e.g., several measurements over 

time) were analyzed with a linear mixed-effects model. For intramyocardial vascular remodeling, each 

analyzed vessel was nested within rat and a random effect included in the model. When a significant 

interaction was found, LSD-adjusted pairwise comparisons are reported. In the absence of a significant 

interaction, significant main effects, if present, are reported. A normal distribution of the residuals (Q-

Q plot and Shapiro-Wilks) was checked for all analyses. 

Categorical variables (e.g., PST presence) are reported as percentages. Proportion of mice with PST in 

all groups at baseline were compared with a Fisher exact test. Change of PST over time (from 4-month 

to 9-month time-points) in MF was assessed through a McNemar test. 

Mouse survival is shown on a survival curve and comparisons carried out with a log-rank test. 

A p value ≤ 0.05 was considered significant. Statistical analysis was carried out with Stata v13 (College 

Station, Texas, USA) and Graphpad Prism v6.0 (GraphPad Software, Inc, USA).  
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SUPPLEMENTARY FIGURE LEGENDS 

Supplementary figure 1. Intramyocardial artery assessment. First, the perivascular area (A, limited by 

perivascular fibrosis), the external area (Ae, limited by outer tunica adventitia) and internal area (Ai, 

limited by internal elastic lamina) were identified and limits traced (left pannel). Thereafter, the area 

within each of these limits was automatically quantified. Perivascular fibrosis was then calculated as A 

– Ae (yellow area in the right panel); tunica media area was calculated as Ae – Ai (green area in the 

right panel); and luminal area was identified as Ai (red area in the right panel). 

Supplementary figure 2. Survival rate during the experimental protocol in all groups. Analysis with 

Log-rank test. 

Supplementary figure 3. Changes of the aortic root size during the experimental protocol examined 

for each mouse (at 4 months and at 9 months). 

Supplementary figure 4. Measurements of the ascending aorta in all groups at the 4-month time-

point (left panel; comparison with a t-test) and at the 9-month time-point (right panel; comparison 

with two-way ANOVA; significant interaction was found). *p<0.05; **p<0.01; ***p<0.001. 

Supplementary figure 5. Echocardiographic results according to sex at the 4-month time point. 

Comparisons were carried out with 2-way ANOVA (genotype [WT, MF], sex and genotype x sex). No 

significant interaction was found in any comparison. 

Supplementary figure 6. Echocardiographic results according to sex at the 9-month time point. 

Comparisons were carried out with 2-way ANOVA (genotype [WT, MF], sex and genotype x sex). No 

significant interaction was found in any comparison. 
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Supplementary figure 1 
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Supplementary figure 2 
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Supplementary figure 3 
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Supplementary figure 4 

 

 

  



Appendix 
 

228 
 

Supplementary figure 5 
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Supplementary figure 6 
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1. Abstract 

 

Marfan syndrome (MFS) is a hereditary disorder of the connective tissue that causes life-threatening 

aortic aneurysm, which initiates at the aortic root and can progress into the ascending portion. 

However, analysis of ascending aorta reactivity in animal models of MFS has remained elusive. 

Epidemiologic evidence suggests that although MFS is equally prevalent in men and women, men are 

at increased risk for aortic complications than non-pregnant women. Nevertheless, there is no 

experimental evidence to support this hypothesis. The aim of this work was to explore whether there 

are regional and sex differences in thoracic aorta function in 6-mo-old mice heterozygous for the 

fibrillin 1 (Fbn1) allele encoding a missense mutation (Fbn1C1039G/+), the most common class of mutation 

in MFS. Ascending and descending thoracic aorta reactivity was evaluated by wire myography. 

Ascending aorta mRNA levels and elastic fiber integrity was assessed by qRT-PCR and Verhoeff-Van 

Gieson histological staining, respectively. MFS differently altered reactivity in the ascending and 

descending thoracic aorta by either increasing or decreasing phenylephrine contractions, respectively. 

When mice were separated by sex, contractions to phenylephrine were higher in MFS ascending aortas 

of males, whereas contractions in females were unchanged. Endothelium-dependent relaxation was 

unaltered in the MFS ascending aorta of either sex, an effect related to augmented endothelium 

dependent hyperpolarization-type dilations. In MFS males, the non-selective cyclooxygenase (COX) 

inhibitor indomethacin prevented the MFS-induced enhancement of phenylephrine contractions 

linked to increased COX-1 and COX-2 expression. In MFS females, the non-selective nitric oxide 

synthase inhibitor L-NAME unrevealed a negative feedback of NO on phenylephrine contractions to 

counteract increased COX-1 expression. Finally, MFS ascending aortas showed a greater number of 

elastic fiber ruptures than the wild-types, and males exhibited more fragmentations than females. 

These results show regional and sex differences in Fbn1C1039G/+ mice thoracic aorta contractility and 

aortic media injuries. The presence of more pronounced aortic alterations in male mice provides 

experimental evidence to support that men MFS patients are at increased risk to suffer aortic 

complications. 

 

 

Keywords: Marfan syndrome; sex differences; gender; ascending thoracic aorta; aortic aneurysm; 

fibrillin-1; arterial reactivity; aortic contraction  
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2. Introduction 

 

Marfan syndrome is an autosomal dominant hereditary disorder of connective tissue that results from 

mutations in the gene for fibrillin 1 (Fbn1), the major constitutive element of extracellular microfibrils 

(Dietz et al., 1991). Aortic complications, either severe aortic regurgitation or acute aortic dissection, 

are potentially life threatening (Murdoch et al., 1972). Prophylactic surgical repair of the ascending 

aorta has extended life in Marfan syndrome over the past decades, but as a result, new features have 

emerged including aortic dilatation beyond the aortic root (Pyeritz, 2016). Although both ascending 

and descending portions of thoracic aorta show mechanical abnormalities in Marfan syndrome (Chung 

et al., 2007b; Bellini et al., 2016), aneurysmal expansion initiates at the aortic root and progresses into 

the ascending portion. This sequence of events could be at least partly associated with the more 

pronounced mechanical alterations of this aortic region (Bellini et al., 2016). Remarkably, exploration 

of the ascending portion of thoracic aorta reactivity in murine models of Marfan syndrome has 

remained elusive. As far as we know, all studies have been conducted in the aortic arch or descending 

thoracic portion, where compromised reactivity is reported (Chung et al., 2007a, 2007b, 2007c; Chung 

et al., 2008; Yang et al., 2009; Yang et al., 2010a, 2010b; Gibson et al., 2017). 

 

Marfan syndrome is equally prevalent in men and women (Mueller et al., 2013; Dietz, 2017). 

Epidemiological evidence suggests that male patients with Marfan syndrome have a higher risk of an 

aortic event (aortic surgery or aortic dissection) than females (Detaint et al., 2010; Franken et al., 2016; 

Groth et al., 2017). Nevertheless, the mechanisms that promote higher susceptibility to injury in males 

are not clear. Besides, pregnancy is associated with an increased risk of aortic dissection in Marfan 

syndrome (Elkayam et al., 1995; Goland and Elkayam, 2009; Wanga et al., 2016). The pregnancy-

induced myriad of aortic wall changes triggered by variations in hormone concentrations (Manalo-

Estrella and Barker, 1967) and the altered hemodynamic load (Elkayam and Gleicher, 1998) could 

jointly render the aorta more susceptible to injury. It is unknown, however, whether preexistent aortic 

alterations may predispose Marfan syndrome females towards injury during pregnancy. Of note, no 

studies to date have directly attempted to examine the influence of sex on aortic disease in animal 

models of Marfan syndrome. These studies are fundamental to comprehend the complex 

pathophysiological mechanisms underlying aortic pathology in Marfan syndrome.   

 

Clinical trials have not produced robust evidence of an effective pharmacological treatment in 

Marfan syndrome (Dietz, 2017). To date, the only effective approach is the prophylactic surgical repair 

of the dilated ascending aorta, which involves non-negligible risks. Therefore, it is mandatory to go 

from bedside to bench for improved understanding of Marfan syndrome pathogenesis to uncover new 
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potential effective pharmacological strategies, particularity for the management of both aortic root 

and ascending aorta dilatation. To this aim, the present study sought to examine whether there are 

regional and sex differences in thoracic aorta reactivity from 6-mo-old mice heterozygous for the Fbn1 

allele encoding a missense mutation (Fbn1C1039G/+), the most common class of mutation in Marfan 

syndrome. The Fbn1C1039G/+ mice develop progressive aortic dilatation starting at about 2 months of 

age and although mice rarely die from aortic dissection, they recapitulate most of the aortic 

complications observed in human Marfan syndrome (Judge et al., 2004; Lee et al., 2016).  

 

 

3. Methods 

 

3.1 Animals 

Fbn1C1039G/+ (Marfan) male and female mice were obtained from The Jackson Laboratory/Charles River 

(Lyon, France). All mice were housed according to institutional guidelines (constant room temperature 

at 22°C, 12h: 12h light-dark cycle, 60% humidity, and had access to food and water ad libitum). 

Experiments were conducted under the guidelines established by Spanish legislation (RD 1201/2005), 

were approved by the Ethics Committee of the Universitat de Barcelona, and were carried out in 

accordance with the recommendations of the European legislation (Directive 2010/63/EU).  

 

3.2 Tissue preparation 

Segments of the ascending [vascular reactivity, mRNA levels, elastin breaks] and descending [vascular 

reactivity] thoracic aorta were dissected (Figure 1A) free of fat and connective tissue in ice-cold 

physiological salt solution (PSS; composition in mM: NaCl 112.0; KCl 4.7; CaCl2 2.5; KH2PO4 1.1; MgSO4 

1.2; NaHCO3 25.0 and glucose 11.1) gassed with 95% O2 and 5% CO2.  

 

3.3 Vascular reactivity 

Six-mo-old wild-type (male n = 11; female n= 11) and Marfan (male n = 12; female n= 10) mice were 

used. Segments (2 mm) of ascending and descending thoracic aorta were set up on an isometric wire 

myograph (model 410 A; Danish Myo Technology, Aarhus, Denmark) filled with PSS (37 °C; 95 % O2 and 

5 % CO2), as previously described (Onetti et al., 2013). The vessels were stretched to 6 mN, as described 

(Chung et al., 2007a), washed and allowed to equilibrate for 45 min. The tissues were contracted two 

times with 100 mM KCl every 5 min. After washing, vessels were left to equilibrate for a further 30 min 

before starting the experiments. Endothelial-dependent vasodilatations to acetylcholine (ACh; 10−9 to 

10−5 M) were performed in 3 × 10−6 M phenylephrine (Phe)-precontracted vessels. Contractile 
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responses mediated by α1-adrenoceptor stimulation were studied by evaluating Phe (10−9 to 3 × 10−5 

M)-induced contraction. The effects of the nonselective nitric oxide synthase (NOS) inhibitor Nω-nitro-

l-arginine methyl ester (L-NAME; 3 x 10−4 M), the nonselective cyclooxygenase (COX) inhibitor 

indomethacin (10−5 M), the intermediate-conductance KCa (IKCa) and large-conductance KCa (BKCa) 

channel blocker charybdotoxin (100 nM), and the small-conductance KCa (SKCa) channel blocker apamin 

(100 nM) were determined by adding each treatment 30 min before Phe- or ACh-induced responses. 

 

3.4 Quantitative real-time PCR 

A different set of 6-mo-old wild-type (male n = 15; female n= 14) and Marfan (male n = 15; female n= 

13) mice was used. mRNA expression was determined by quantitative real-time PCR (qRT-PCR) using 

SYBER green detection, as described (Novensa et al., 2010). Amounts of mRNA encoding COX1, COX2, 

eNOS and iNOS were expressed relative to Ribosomal Protein S28 (Rps28), used as internal control. 

qRT-PCR reactions were set up following the manufacturer's guidelines to SYBR green master mix 

(Thermo Fisher Scientific, Waltham, MA USA). Cycle threshold (Ct) values for each gene were 

referenced to the internal control [comparative Ct (ΔΔCt)] and converted to the linear form relative to 

corresponding levels in sex-matched wild-type levels (2−ΔΔCt). Primer sequences for murine genes used 

in this study are shown in Table 1. 

 

3.5 Analysis of elastin breaks 

An additional set of 6-mo-old wild-type (male n = 8; female n= 7) and Marfan (male n = 8; female n= 8) 

mice was used. The ascending thoracic aorta of mice was dissected, rinsed and fixed in buffered 

formalin for 24 h, and posteriorly embedded in paraffin. Five-micron aortic sections were stained with 

Verhoeff-van Gienson (VVG) to visualize elastic fibers. Slides were examined using an Olympus BX60 

microscope. Four representative VVG images of each mouse aorta were assessed and two blinded 

observers counted the number of elastin breaks. 

 

3.6 Statistics 

All results are expressed as means ± SE of the number (n) of mice indicated in the figure legends. 

Relaxations to ACh are expressed as the percentage change from the Phe precontracted level. 

Contractions to Phe are expressed as a percentage of the tone generated by 100 mM KCl. Area under 

the curve was individually calculated from each concentration-response curve to Phe and was 

expressed as arbitrary units. Differences between concentration-response curves were assessed by 

two-way repeated measures ANOVA with Tukey's post-test. Differences between area under the 

curve, mRNA levels, and elastin ruptures were assessed by regular two-way ANOVA with Tukey's post-
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test. Data analysis was carried out using GraphPad Prism, version 5 (GraphPad Software, La Jolla, CA). 

A value of P < 0.05 was considered significant. 

 

 

4. Results 

 

4.1 Influence of Marfan syndrome on mice thoracic aorta reactivity 

Contractile responses to KCl (100 mM) were unaffected by Marfan syndrome either in descending 

(wild-type: 6.10 ± 0.87 mN, n = 10; Marfan: 6.23 ± 0.77 mN, n = 10) or ascending (wild-type: 5.09 ± 0.25 

mN, n = 22; Marfan: 4.98 ± 0.31 mN, n = 22) thoracic aortas. The magnitude of the concentration-

dependent contractions evoked by Phe was higher in the ascending (Figure 1C) than descending (Figure 

1B) aorta. Marfan syndrome differently altered reactivity in descending and ascending aorta by either 

decreasing (P < 0.05; Figure 1B) or increasing (Figure 1C) Phe-induced contractions, respectively. 

Conversely, endothelium-dependent ACh-induced vasodilatation showed no differences between 

wild-type and Marfan mice in both thoracic aorta segments (results not shown). 

 

4.2 Influence of sex on Phe-mediated contractions of Marfan thoracic aorta 

We next separated mice by sex to examine whether Marfan syndrome affects thoracic aorta reactivity 

of males and females differently. Marfan syndrome neither altered contractile responses to KCl in 

descending aortas from males (wild-type: 5.14 ± 0.96 mN, n = 5; Marfan: 5.31 ± 0.70 mN, n = 5) and 

females (wild-type: 7.05 ± 1.41 mN, n = 5; Marfan: 7.34 ± 1.40 mN, n = 5), nor in ascending aortas from 

males (wild-type: 4.92 ± 0.43 mN, n = 11; Marfan: 4.54 ± 0.42 mN, n = 12) and females (wild-type: 5.25 

± 0.27 mN, n = 11; Marfan: 5.50 ± 0.42 mN, n = 10). Contractions to Phe were similar in the wild-type 

mice from either sex (Figures 2A–B). The Marfan descending thoracic aorta showed a trend (P = 0.059) 

toward a decreased contraction in males only (Figure 2A). Remarkably, Marfan syndrome mice showed 

higher (P < 0.05) Phe-induced contractions than wild-type mice in ascending aortas from males, 

whereas contractions in females were unaffected (Figure 2B).  

 

4.3 Influence of COX on sex differences in Phe contractions of Marfan ascending aorta  

Considering that aneurysmal expansion in human Marfan syndrome initiates at the aortic root and 

progresses into the ascending portion, we subsequently focused on the mechanisms mediating sex 

differences in Marfan ascending aorta contractions. The non-selective COX inhibitor indomethacin (10-

5 M) reduced (P < 0.05) Phe-induced contractions in mice from both sexes, revealing a physiological 

COX-derived contractile influence (Figure 2B versus 2C). Interestingly, Phe-induced contractions after 

indomethacin addition were similar in Marfan compared to wild-type mice in either sex (Figure 2C). 
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We then measured mRNA levels of COX isoforms (Figure 2D). Marfan syndrome significantly increased 

COX-1 expression in either sex. In contrast, mRNA levels of COX-2 only augmented in Marfan males. 

These results suggest that COX activation underlies the Marfan-induced contractile alterations in 

males. 

 

4.4 Influence of NOS on sex differences in Phe contractions of Marfan ascending aorta 

We next evaluated the effects of the non-selective NOS inhibitor L-NAME (3 x 10-4 M) that similarly 

potentiated (P < 0.001) Phe-induced contractions in wild-type mice from both sexes (Figure 3A-B). The 

observed Marfan-induced increase in Phe-induced contractions (Figure 2B) in males was maintained 

after L-NAME addition (Figure 3A). However, in the presence of L-NAME, the area under the curve was 

increased (P < 0.01) in Marfan compared to wild-type mice (Figure 3B). In Marfan females, L-NAME 

addition induced higher Phe-induced contractions compared to the wild types (Figure 3A), though the 

increased area under the curve did not reach statistical significance (Figure 3B). Analysis of mRNA 

levels of NOS isoforms showed a significant Marfan syndrome-dependent increase in eNOS and iNOS 

in males and females, respectively (Figure 3C). These results suggest a higher negative influence of NO 

on Phe-induced contractions in either sex. 

 

4.5 Influence of sex on ACh-mediated relaxations of Marfan ascending aorta  

Endothelium-dependent ACh-induced vasodilatation was similar in ascending aortas from all groups 

of mice (Figure 4A). In addition, indomethacin did not significantly modify ACh-mediated relaxation in 

either group (results not shown). However, incubation of L-NAME (results not shown) or L-NAME plus 

indomethacin (Figure 4B) to isolate endothelium-dependent hyperpolarization (EDH)-type dilation, 

showed higher aortic relaxations in Marfan than in wild-type. Subsequent addition of the IKCa and BKCa 

channel blocker charybdotoxin (100 nM) plus the specific SKCa channel blocker apamin (100 nM) almost 

abolished ACh-evoked EDH-type relaxations, and removed differences between Marfan and wild-type 

mice (Figure 4C).  

 

4.6 Influence of sex on ascending aorta elastin breaks in Marfan syndrome  

Fragmentation of elastin is an important component of the aneurysmal progression in Marfan 

syndrome. As expected, number of elastin breaks was higher (P < 0.001) in the ascending aorta of 

Marfan syndrome mice compared to wild-type mice (Figure 5). Furthermore, sex influenced the 

occurrence of elastin breaks in Marfan syndrome, since males showed a greater (P < 0.05) amount of 

breaks than females.   
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5. Discussion 

 

There are two key novel findings in this study. Firstly, Marfan syndrome triggers opposite alterations 

in the ascending and descending thoracic aorta of mice, as evidenced by increased or decreased Phe-

induced contractions, respectively. Secondly, sex differently affects ascending aorta reactivity in 

Marfan syndrome, since contractions increased only among males. Therefore, these results suggest 

the presence of regional and sex-related differences in ascending aorta reactivity, which likely have 

physiological relevance to the management of thoracic aorta disease in Marfan syndrome. 

 

A general paradigm of Marfan syndrome pathophysiology is that aortic smooth muscle cells 

develop phenotypic alterations leading to aortic wall weakening (Chung et al., 2007b; Crosas-Molist et 

al., 2015). Previous studies reported that contractions of the aortic arch and descending thoracic aorta 

are decreased in Fbn1C1039G/+ mice (Chung et al., 2007a, 2007b, 2007c; Chung et al., 2008; Yang et al., 

2009; Yang et al., 2010a, 2010b; Gibson et al., 2017). In the current study, however, we demonstrate 

that Marfan syndrome heterogeneously affects α1-adrenergic contractions to Phe in aneurismal 

(ascending aorta) and non-aneurysmal (descending aorta) tissue. Thus, whilst the descending portion 

showed impaired Phe-induced responses, we found that the ascending aorta, more prone to 

developing aneurysm in Marfan syndrome, showed augmented contractility. These findings reveal for 

the first time the presence of regional differences in thoracic aorta reactivity in a mouse model of 

Marfan syndrome. The results are in agreement with the more pronounced mechanical abnormalities 

observed in the ascending than descending aorta from different animal models of this pathology, 

which could render the ascending segment more susceptible to aneurysmal dilatation/rupture (Chung 

et al., 2007b; Bellini et al., 2016). The underlying determinants of the regional differences could be 

multiple, including differential mechanical loading that the pulsatile cardiac cycle transmits to the 

aortic tree (Prokop et al., 1970) and/or the different embryonic cell lineages of both aortic segments 

(Ruddy et al., 2013). For instance, a difference on α1-adrenergic receptor density, as reported in the 

canine thoracic aorta (Griendling et al., 1984), or on the population of α1-adrenergic receptor subtypes 

may create distinct environments in the ascending and descending aorta for the development of 

divergent functional alterations. 

 

There is still controversy about whether Marfan syndrome affects thoracic aorta of men and 

women differently. However, epidemiological evidence suggests that Marfan males have a higher risk 

of aortic complications (Detaint et al., 2010; Franken et al., 2016; Groth et al., 2017). An important 

point is that the sex of Marfan syndrome mice has only rarely been reported in previous studies of 

aortic reactivity. In the present study, we demonstrate that Marfan ascending aortas from males show 
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increased contractions, whereas contractions in females are unaltered. These results provide the first 

evidence of sexual dimorphism in Marfan syndrome thoracic aorta reactivity. Although we cannot 

discard a later-stage development of abnormalities in Marfan females, the current findings suggest 

that at least they may experience a delayed onset compared to males. A potential explanation for our 

results is that the Marfan syndrome disease-causing mutation could have higher penetrance in male 

than female ascending aortas. To this end, we evaluated the influence of sex on elastin fragmentation 

as a measure of aortic disease progression. We found that although all Marfan groups exhibited an 

augmented number of elastic lamina breaks compared to the wild types, breaks were more numerous 

in males than in females. These results suggest the presence of a more pronounced aortic disease in 

6-mo-old Fbn1C1039G/+ male mice, correlating with the functional alterations observed. We cannot 

discard a protective effect by estrogens in female Marfan mice. In fact, this effect has been described 

in rat abdominal aortic aneurysms, where a male predominance for aneurysm is also reported, and 

estradiol-treated rats exhibited smaller aneurysms (Ailawadi et al., 2004).  

 

Aorta is a poorly innervated vessel that highly depends on circulating catecholamines to 

maintain sympathetic activity. We suggest that heightened α1-adrenergic receptor-dependent 

contractions of male Marfan ascending aortas might be an orchestrated response against excessive 

aortic enlargement. However, at this stage, it is unclear if maintenance of these alterations may be 

beneficial at long-term, as for instance: i) sympathetic overactivity in cardiovascular disorders (i.e. 

hypertension, myocardial infarction) is life threatening (Grassi, 2010); ii) sympathetic tone is 

chronically elevated in human aging (Casey et al., 2012); and iii) excessive aortic vasoconstriction 

increases cardiac afterload, which can be detrimental in Marfan syndrome patients, particularly in the 

setting of congestive heart failure (Dietz, 2017).  

 

The principal vascular cellular type involved in Marfan syndrome pathogenesis is the smooth 

muscle cell (Crosas-Molist et al., 2015; Perrucci et al., 2016). However, abnormalities of endothelial 

function disrupt circulatory homeostasis, which could aggravate Marfan syndrome-induced vascular 

damage. Impaired endothelium-dependent vasodilation to ACh has been reported in Marfan 

descending thoracic aortas of 3-and 6-mo-old mice (Chung et al., 2007a). In the current study, 

relaxations to ACh were unaltered in the ascending aorta of 6-mo-old Marfan mice. Importantly, we 

noted that EDH-type relaxations augmented in Marfan animals from both sexes. In large conduit 

arteries such as aorta, agonist-induced endothelium-dependent relaxations involve both NO and 

prostacyclin, whereas EDH-type relaxations are more potent in smaller vessels (Chataigneau et al., 

1999; Brandes et al., 2000; Takaki et al., 2008). Increased EDH-type relaxations in microvessels could 

compensate for endothelial abnormalities in cardiovascular disease (Shimokawa and Urakami-
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Harasawa, 1999). Nevertheless, although much less studied, EDH-type relaxations may also serve as a 

backup mechanism for endothelial responses of mice thoracic aorta (Shen et al., 2003; Csányi et al., 

2012). Therefore, we propose that EDH-dependent preservation of endothelium function in Marfan 

syndrome ascending aorta could be a plausible adaptive mechanism to maintain endothelium-

dependent relaxation.  

 

Previous studies reported that impaired Phe-induced contractions of the Marfan descending 

thoracic aorta are associated with a shift towards a reduced expression of COX-1 and an enhanced 

expression of COX-2 (Chung et al., 2007c). However, a different scenario occurs in the Marfan 

ascending aorta, where COX-dependent increases in Phe-induced contractions in males are coupled to 

upregulation of both COX isoforms expression. Considering that COX-1 is a major source of 

thromboxane A2 (Clarke et al., 1991; Ge et al., 1995), we could speculate that increased COX-1-derived 

thromboxane A2 may participate, at least partly, for enlarged Phe contractions in males. Nevertheless, 

a contribution of COX-2-derived contractile prostanoids should not be discarded (Alvarez et al., 2005). 

Besides, COX-2 is a vascular source of the relaxing factor prostacyclin under non-physiological 

conditions (Kirkby et al., 2012). Increased COX-2-derived prostacyclin might be a compensatory 

mechanism to attenuate enhanced contractile responses in Marfan males. In addition, elevated COX-

2 expression is also associated with increased metalloproteinase activation (Tsujii et al., 1997), which 

in turn is linked to aortic elastic fiber fragmentation and degradation in Marfan syndrome (Chung et 

al., 2007b). Consistently, increased COX-2 expression correlated with a larger number of elastin breaks 

in the ascending aorta of Marfan males compared to females. The underlying driving force for 

increased COX-2 expression is unclear, but it is proposed could be linked to the loss of vessel elasticity 

and increase in pulse wave velocity of the Marfan thoracic aorta (Chung et al., 2007c). Notably, COX-1 

expression also augmented in Marfan females, an effect that was not accompanied by changes in Phe-

induced contractions. There is accumulating evidence connecting excessive basal levels of NO and 

Marfan syndrome-induced aortic pathology (Yang et al., 2010b; Soto et al., 2016; Oller et al., 2017; 

Gibson et al., 2017). Consistently, our results reveal an increased participation of NO as a negative 

modulator of Phe-induced contractions in Marfan mice. Moreover, our findings provide evidence for 

a sex-dependent different source of altered NO generation in Marfan ascending aortas. Specifically, 

we suggest that an increased participation of an iNOS-derived NO pool may attenuate an excessive 

contractile influence derived from COX-1 in females. Thus, a previous study showed that peroxynitrite, 

a product of the reaction between superoxide anion and NO, is capable to desensitize α1-

adrenoceptors (Takakura et al., 2002). Interestingly, a recent study has shown an important role of 

dysregulated NO production via iNOS in Marfan syndrome aortic dilatation (Oller et al., 2017).  
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Altogether, the results of the present study provide evidence of regional and sex-related 

differences in thoracic aorta reactivity in a representative model of Marfan syndrome. Increased α-

adrenergic contractions may render the ascending aorta of males more sensitive to circulating 

catecholamines, which might be a short-term adaptive functional response against excessive aortic 

enlargement. Nevertheless, further studies are necessary to verify if these alterations can contribute 

to increase thoracic aorta vulnerability in male Marfan syndrome patients. The present study suggests 

that the development of an effective drug treatment against excessive aortic enlargement should take 

into account these functional divergences, which might open the door to provide safer and more 

effective personalized therapy in Marfan syndrome. 
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10. Figure legends 

 

Figure 1. (A) Diagram illustrating the descending and ascending thoracic aorta segments used in the 

present study. Concentration-response curves to phenylephrine in descending (B) and ascending (C) 

aorta from wild-type and Marfan syndrome mice. Results are the mean ± SE from wild-type 

(descending n = 10; ascending n = 10) and Marfan syndrome (descending n = 10; ascending n = 10) 

mice. *P < 0.05, **P < 0.01, ***P < 0.001 by two-way ANOVA.  

 

Figure 2. Concentration-response curves to phenylephrine in descending (A) and ascending (B) aorta 

from wild-type and Marfan syndrome male (left panel) and female (right panel) mice. Results are the 

mean ± SE from wild-type (male descending n = 5; male ascending n = 5; female descending n = 5; 

female ascending n = 5) and Marfan syndrome (male descending n = 5; male ascending n = 5; female 

descending n = 5; female ascending n = 5) mice. *P < 0.05, **P < 0.01, ***P < 0.001 by two-way 

ANOVA. (C) Concentration-response curves to phenylephrine in the presence of the non-selective 

cyclooxygenase (COX) inhibitor indomethacin (Indo; 10-5 M) in ascending aorta from wild-type and 

Marfan syndrome male (left panel) and female (right panel) mice. Results are the mean ± SE from wild-

type (male n = 5; female n = 6) and Marfan syndrome (male n = 5; female n = 5) mice. (D) Comparative 

analysis of ascending aorta mRNA levels of COX isoforms, COX1 and COX2. mRNA levels are expressed 

as 2−ΔΔCt using Ribosomal Protein S28 as internal control. Results are the mean ± SE from wild-type 

(male n = 13-15; female n = 14) and Marfan syndrome (male n = 13; female n = 12) mice. *P < 0.05, 

**P < 0.01 by two-way ANOVA.  

 

Figure 3. Concentration-response curves to phenylephrine (A) and analysis of area under the curve 

(B) in the presence of the nonselective nitric oxide synthase (NOS) inhibitor L-NAME (3 x 10−4 M) in 

ascending aorta from wild-type and Marfan syndrome male (left panel) and female (right panel) mice. 

Results are the mean ± SE from wild-type (male n = 4; female n = 5) and Marfan syndrome (male n = 

5; female n = 6) mice. (C) Comparative analysis of ascending aorta mRNA levels of NOS isoforms, 

endothelial NOS (eNOS) and inducible NOS (iNOS). mRNA levels are expressed as 2−ΔΔCt using 

Ribosomal Protein S28 as internal control. Results are the mean ± SE from wild-type (male n = 15; 

female n = 13-14) and Marfan syndrome (male n = 14-15; female n = 12-13) mice. *P < 0.05, **P < 0.01, 

***P < 0.001 by two-way ANOVA. 

 

Figure 4. Concentration-response curves to acetylcholine in the absence (A) or presence of L-NAME 

(3 x 10−4 M) plus Indo (10−5 M) (B) or L-NAME plus Indo plus the IKCa and BKCa channel blocker 
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charybdotoxin (Charybd; 100 nM) plus the specific SKCa channel blocker apamin (Apa; 100 nM) (C) in 

ascending aorta from wild-type and Marfan syndrome male (left panel) and female (right panel) mice. 

Results are the mean ± SE from wild-type (male n = 4-6; female n = 5-6) and Marfan syndrome (male 

n = 5-6; female n = 5-6) mice. *P < 0.05, **P < 0.01, ***P < 0.001 by two-way ANOVA. 

 

Figure 5. Analysis of elastic fiber breaks in the tunica media of the ascending aorta from wild-type and 

Marfan syndrome male and female mice. Results are the mean ± SE from wild-type (male n = 8; female 

n = 8) and Marfan syndrome (male n = 7; female n = 8) mice. *P < 0.05, ***P < 0.001 by two-way 

ANOVA. 
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Table 1 Primer sequences for quantitative real-time PCR   

Gene            Sequence (5'→ 3') 

COX-1 (NM_008969.3) 
            F: GAGCCGTGAGATGGGTGGGAGGG 
            R: TGGATGTGCAATGCCAACGGCT 

COX-2 (NM_011198.3) 
            F: GTCAGGACTCTGCTCACGAAGGAAC 
            R: ACAGCTCGGAAGAGCATCGCAG 

eNOS (NM_008713.4) 
  F: TGTCACTATGGCAACCAGCGT 

            R: GCGCAATGTGAGTCCGAAAA 

iNOS (NM_010927.3) 
            F: TCAGCCACCTTGGTGAAGGGAC 
            R: TAGGCTACTCCGTGGAGTGAACA 

Rps28 (NM_016844) 
            F: TAGGGTAACCAAAGTGCTGGGC   
            R: GACATTTCGGATGATAGAGCGG 
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Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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