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IV. SUMMARY 

The thyroid is an endoderm-derived endocrine gland, where epithelial 

cells are organized in closed spheres, called follicles. Follicles are composed of an 

epithelial monolayer of cells, the thyrocytes, resting on a basement membrane 

and delineating a lumen. During embryonic development, the thyroid undergoes 

two opposite epithelial transitions. First, thyroid-specified polarized cells from the 

foregut endoderm lose polarity and form a tri-dimensional mass of 

undifferentiated cells. Second, after ventro-caudal, then lateral migration, the 

epithelial mass reorganizes into polarized epithelial monolayers, the follicles. This 

distinct epithelial architecture dictates the ultimate function of the organ. A 

contrario, thyroid function is impaired if the proper epithelial structure does not 

form or is not maintained. 

In order to understand the mechanisms implicated in the formation of 

thyroid follicles (folliculogenesis), I focused on reciprocal juxtacrine 

communications between epithelial cells and their environment, and in particular 

with endothelial cells from blood vessels. In our first study, we showed that during 

the reorganization of the thyroid mass into polarized monolayers, epithelial cells 

are closely apposed to endothelial cells. Genetic inactivation of Vegfa (VegfaKO) in 

thyrocytes progenitors revealed impaired recruitment of endothelial cells around 

and in the thyroid. Reduced endothelial cell density in the thyroid prevented 

folliculogenesis, suggesting that endothelial cells instruct the developing thyroid 

epithelium to form follicles. Using an ex vivo culture system of embryonic thyroid, 

we demonstrated that the instructive role of endothelial cells on thyroid epithelial 

cells is contact-independent and can be mimicked with medium conditioned by 

embryonic endothelial progenitor cells (eEPC). 

We initiated two projects to understand the mechanisms of 

folliculogenesis: a candidate-based approach focusing on BMP signaling and a 

biochemical approach to characterize the folliculogenic activity present in 

conditioned medium. Similarly to VegfaKO, thyroid-specific inactivation of Smad1 

and Smad5 (Smad1/5dKO) displayed defective folliculogenesis. Despite normal 

endothelial cell density, Smad1/5dKO thyroid expressed lower levels of selected 

endothelial-specific markers and showed reduced expression of Vegfa. Moreover, 

both VegfaKO and Smad1/5dKO showed impaired basement membrane assembly, 
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suggesting that folliculogenesis might depend on basement membrane formation. 

The second approach revealed that medium conditioned by eEPC rescue the 

folliculogenesis defect of Smad1/5dKO and of VegfaKO thyroids, indicating that 

folliculogenic activity from the conditioned medium acts downstream of BMP 

signaling and of endothelial cells. We demonstrated that eEPC express, produce 

and secrete in the culture medium high quantities of laminin α1, β1 and γ1. 

Furthermore, heterotrimeric laminin 111 was deposited and weaved around 

thyroid explants in culture, and folliculogenic activity of conditioned medium was 

abrogated when laminin α1 was silenced in eEPC. We propose that epithelial 

Smad1/5 signaling and endothelial cells recruited to the thyroid control 

folliculogenesis via follicles basement membrane assembly.  
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Dans la thyroïde, une glande endocrine dérivée de l’endoderme,les 

cellules épithéliales sont organisées en structures sphériques fermées, appelées 

follicules. Les follicules sont composés d’une monocouche de cellules épithéliales, 

les thyrocytes, reposant sur une membrane basale et délimitant une lumière. 

Durant le développement embryonnaire, la thyroïde subit deux transitions 

épithéliales opposées. Premièrement, les cellules polarisées du tube primitif 

perdent leur polarité et forment un amas tridimensionnel de progéniteurs 

thyroïdiens non différenciés. Ensuite, après migration ventro-caudale et puis 

latérale, la masse épithéliale se réorganise en monocouches de cellules 

épithéliales polarisées, les follicules. Cette architecture particulière est requise 

pour la fonction de l’organe. Au contraire, sa fonction est altérée si les follicules 

ne se forment pas correctement ou ne sont pas maintenus. 

Dans le but de comprendre les mécanismes impliqués dans la formation 

des follicules thyroïdiens (folliculogenèse), je me suis concentrée sur le réseau de 

communications juxtacrines réciproques entre les cellules épithéliales et leur 

environnement, plus particulièrement avec les cellules endothéliales des 

vaisseaux sanguins. Dans une première étude, nous avons montré que, durant la 

réorganisation de l’amas thyroïdien en monocouches polarisées, les cellules 

épithéliales sont étroitement apposées aux cellules endothéliales. L’inactivation 

génétique de Vegfa (VegfaKO) dans les progéniteurs de thyrocytes entraine un 

défaut de recrutement des cellules endothéliales autour et dans la thyroïde. A son 

tour, la réduction de la densité endothéliale dans la thyroïde perturbe la 

formation des follicules, suggérant que les cellules endothéliales instruisent 

l’épithélium thyroïdien à former des follicules. A l’aide d’un système de culture de 

thyroïde embryonnaire ex vivo, nous avons démontré que le rôle instructeur des 

cellules endothéliales sur les thyrocytes est indépendant d’un contact cellulaire et 

peut être reproduit avec du milieu conditionné par des progéniteurs de cellules 

endothéliales embryonnaires (eEPC). 

Nous avons initié deux projets pour comprendre les mécanismes de la 

folliculogenèse: une approche « candidat » se basant sur les BMPs et une 

approche biochimique visant à caractériser le milieu conditionné. De manière 

similaire au VegfaKO, l’inactivation thyroïde-spécifique de Smad1 et Smad5 

(Smad1/5dKO) entraîne un défaut de folliculogenèse. Bien que la densité épithéliale 

soit normale, la thyroïde de Smad1/5dKO exprime des quantités réduites de 
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marqueurs endothéliaux ainsi que de Vegfa. De plus, tant VegfaKO que Smad1/5dKO 

présentent un défaut d’assemblage de la membrane basale, suggérant que la 

folliculogenèse pourrait dépendre de la présence de cette structure. La seconde 

approche a révélé que le milieu conditionné par les eEPC corrige le défaut de 

folliculogenèse des thyroïdes VegfaKO et Smad1/5dKO, indiquant que l’activité 

folliculogénique du milieu conditionné agit en aval de la signalisation BMP et des 

cellules endothéliales. Nous avons démontré que les eEPC expriment, produisent 

et sécrètent dans le milieu de culture de grandes quantités de laminine α1, β1 et 

γ1. De plus, la laminine 111 est déposée et assemblée autour d’explants 

thyroïdiens en culture, et l’activité folliculogénique du milieu conditionné est 

abolie lorsque l’expression de la laminine α1 est diminuée dans les eEPC à l’aide 

de shRNA. En conclusion, nous proposons que la signalisation épithéliale Smad1/5 

et le recrutement des cellules endothéliales dans la thyroïde contrôlent la 

folliculogenèse via l’assemblage de la membrane basale folliculaire. 
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V. INTRODUCTION 

1. The thyroid gland 

1.1. Histology 

The thyroid gland is an endocrine organ composed, in mammals, of two 

lobes connected by an isthmus and situated on both sides of the trachea, at the 

base of the neck (Figure 1 A.). Two endoderm-derived cell types are found in the 

thyroid: the follicular cells, also called thyrocytes, originating from the midline 

endodermal thyroid anlage, and the C-cells deriving from the fourth pharyngeal 

pouches as the ultimobranchial bodies (De Felice and Di Lauro, 2004; Kameda et 

al., 2007).  

 

 
Figure 1. Thyroid localization, shape and organization. A. The thyroid is situated at the 

base of the neck, in front of the trachea and is composed of two lateral lobes linked by the 

isthmus. B. Organization of the various cell types in the thyroid. Thyrocytes or follicular 

cells are organized in follicles and delineate a lumen containing the colloid. C-cells are 

present in the stroma or closely associated with the follicular epithelium. Capillaries and 

nerves are scattered all around follicles (Fernández-Santos et al., 2012). 

 

Other non-epithelial cell types present in adult thyroid include endothelial cells 

and pericytes of blood vessels, mesenchymal cells and nerve cells. Thyrocytes are 

organized in spherical structures called follicles. These structures consist of a 

monolayer of polarized thyrocytes facing a gel-filled space, the colloid (Figure 1 

B.). Follicles allow synthesis, storage and controlled release of thyroid hormones: 
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tri-iodothyronine (T3) and thyroxine (T4). T3 and T4 are essential for the body as 

they regulate metabolism, growth and development, body temperature and are 

also required for brain maturation. C-cells secrete another hormone, calcitonin, 

which is implicated in calcium homeostasis. 

 

When plasma T3 and T4 levels are low, thyroid stimulating hormone (TSH) 

released from the pituitary stimulates the synthesis of new hormones. Synthesis 

requires import of iodide into the cell, its incorporation into thyroglobulin (Tg), 

the apical capture and proteolytic excision of hormonogenic peptides at the 

extremities of iodinated thyroglobulin (I-Tg) and basolateral release of T3 and T4 

into the bloodstream. For the first step, iodide is taken up from blood capillaries 

and transported into thyrocytes via the sodium-iodide symporter (NIS) localized at 

the basal pole. NIS transports two sodium (Na+) ions and one iodide (I-) ion into 

the thyrocyte. The energy required for iodide import is produced by the Na+/K+ 

ATPase that generates a gradient of Na+ concentration. I- next crosses the apical 

membrane via the pendrin transporter and is oxidized by thyroperoxidase (TPO) in 

the colloid. This activity requires H2O2 to be optimal. Thyroglobulin, assembled in 

the endoplasmic reticulum, processed in the Golgi and transported to the apical 

surface in small vesicles, is released in the colloid. Iodine organification, which 

corresponds to the covalent binding of iodine to tyrosyl residues of thyroglobulin, 

allows the formation of mono-iodotyrosine (MIT) and di-iodotyrosine (DIT) which 

are coupled again by TPO to form tri-iodothyronine (T3) and tetra-iodothyronine 

or thyroxin (T4). I-Tg is then stored in the colloid, a viscous substance filling the 

follicular lumen, until utilization. Following stimulation by TSH, which binds to the 

TSH receptor (TSHr) at the basal pole of the thyrocyte, I-Tg is captured by 

endocytosis, via formation of pseudopods, and hydrolyzed by proteases in 

lysosomes. This allows the release of thyroid hormones (T3 and T4) from the Tg 

backbone and their delivery into the circulation via basal transporters such as 

monocarboxylate transporter 8 (MCT8) (Figure 2)(Colin et al., 2013; Dunn and 

Dunn, 2001). The human gland secretes about 100nmol of T4 and about 7 nmol of 

T3 into the blood per day. The concentration range of free active T4 is 9-25pmol/L 

and T3 is 4-8pmol/L (Kolpak et al., 2015). The majority of T3/T4 is bound to proteins 

in the blood and is thus inactive. Once T3/T4 levels are normalized, they exert a 

negative feedback on the hypothalamo (thyreotropin releasing hormone, or TRH) 



21 
 

hypophyseal/pituitary (TSH) axis, thereby decreasing TRH and TSH release. This 

regulation also depends on iodine concentration in the thyrocytes.  

 

 
 

Figure 2. Thyroid hormone synthesis. Thyrocytes synthesize Tg and capture iodide, which 

are then transported into the lumen. Iodide is oxidized by TPO and incorporated to Tg at 

the apical membrane and stored in the colloid as I-Tg. Following TSH stimulation (not 

depicted), I-Tg is endocytosed into lysosomes where T3 and T4 are released by cathepsins. 

Hormones are finally released at the basal pole in the extracellular environment to reach 

the blood vessels (Berne and Levy Physiology, 6
th

 Edition).  

 

Follicles can be either in active or hypofunctioning state. This latter is 

characterized by a decrease of pendrin and TPO expression and an absence of Tg 

in colloid. The capillary network is also thinner around hypofunctioning follicles. 

On the contrary, active follicles are surrounded by larger capillaries and close 

contacts exist between epithelial follicular cells and the endothelial cells of blood 
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vessels. These contacts allow exchange between both cell types: capture of iodide 

and release of thyroid hormones. Active follicles surrounded by blood capillaries 

can thus be referred to as “angio-follicular units” (Colin et al., 2013; Gérard et al., 

2002). 

1.2. Development/morphogenesis 

1.2.1. Developmental steps 

As mentioned, thyroid is composed of two types of endocrine cells: 

follicular cells and parafollicular C cells. These cells have different embryonic 

origins but will reach the same location. Although a continuous process, mouse 

thyroid development can be divided into various steps: specification, budding, 

migration, lobulation, folliculogenesis and differentiation. It starts at embryonic 

(E) day 8.5, which is 8.5 days after fertilization, and continues throughout 

gestation until delivery (E19 or P0). Human thyroid development involves very 

similar steps  but occurs on a longer time scale, from E20 to E70 (Trueba et al., 

2005). 

 

Specification and budding (E8.5-E10.5)  

At E8.5, a small group of cells from the foregut pharyngeal endoderm start 

to express the transcription factors Nkx2.1, Foxe1, Pax8 and Hhex: they form the 

midline thyroid primordium (Figure 3 A.). These cells are specified to undertake 

the thyroid developmental program (De Felice and Di Lauro, 2004) and are in 

close contact with the aortic sac, a large vessel from which the pharyngeal arch 

arteries will later develop (Figure 3 B.). The proximity of the aortic sac suggests 

that this structure plays an essential role for thyroid primordium specification. In 

late E9.5, the thyroid primordium is enlarged and the endoderm evaginates and 

expands ventrally into the surrounding mesenchyme. This step is called thyroid 

budding. Surprisingly, thyroid bud growth is not due to cell proliferation but 

rather triggered by recruitment of new progenitor cells from the endoderm 

adjacent to the primordium (De Felice and Di Lauro, 2004; Fagman et al., 2006).  
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Figure 3. Thyroid development from the endoderm. A. Localization of different 

endoderm-derived organs along the antero-posterior axis. Similarly to lung (blue), liver 

(green) and pancreas (purple), thyroid (orange) is specified from the primitive endoderm 

or primitive gut tube (green) and buds ventro-caudally. B. Schematic representation of 

thyroid development stages in transversal view. At E9, the thyroid primordium (‘t’, 

orange) specifies from the gut tube (green), co-expresses Nkx2.1, Pax8, Hhex and Foxe1 

and is in close contact with aortic sac (‘as’, red). Neural tube (‘nt’) and notochord (‘nc’) are 

localized dorsally to the primitive gut tube. At E10, thyroid progenitors migrate in the 

adjacent mesenchyme and form a bud (‘t’). At E12, the thyroid expands and migrates 

laterally along the course of pharyngeal arch arteries (‘paa’). Finally, at E15, thyroid has 

reached its final localization and shape: two lobes connected by an isthmus (‘ca’: carotid 

arteries). On the right, arrows represent expression of factors implicated in thyroid 

development. Dashed lines mean that these implications are not well characterized in 

development (Fagman and Nilsson, 2011). 

 

Bud disconnection and migration (E10.75-E11.5) 

After E10.5, the bud elongates and invades the adjacent mesenchyme in a 

ventro-caudal direction (De Felice and Di Lauro, 2011). The transcription factor 
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Foxe1 is implicated in this migratory process (De Felice and Di Lauro, 2004). 

Migration results in a thinning of the connection between the bud and pharyngeal 

endoderm. The last connection between developing thyroid and pharyngeal floor, 

the thyroglossal tract, disappears at E11.5 so that the bud is entirely disconnected 

from the pharyngeal endoderm (Figure 3 B.). At this stage, some blood vessels 

appear around the thyroid primordium. At the same time, two endodermal 

evaginations arise from the fourth pharyngeal pouches localized rostrally and 

laterally and give rise to the ultimobranchial bodies. These two groups of cells 

initiate a caudal migration on each side of the developing trachea. They express 

Nkx2.1 and will later give rise to the parafollicular C cells (Fagman et al., 2006).  

 

Thyroid bilobation and fusion with ultimobranchial bodies (E12.5-E13.5) 

At E12.5, the spherical thyroid primordium has reached a ventral position, 

in front of the trachea. Proliferative activity is detected in the primordium and this 

will allow the initiation of bilobation by expansion and migration. At E13.5, thyroid 

expansion and migration has generated two lobes located on each side of trachea 

but still connected by the isthmus (Figure 3 B.). Migration is probably guided by 

the third pharyngeal arteries. Interestingly, the bilateral migration path of the 

thyroid midline primordium and the descending path of the ultimobranchial 

bodies will converge and the two progenitor populations will mix at the meeting 

points thereby forming the two lateral lobes (Fagman et al., 2006). 

 

Morphogenesis and differentiation (E14.5-E17.5) 

At E14.5, the thyroid has acquired its definitive anatomical shape and 

position. It will continue to expand by proliferation, and most importantly, 

epithelial cells will organize into follicles (see section 1.1.) and C cells will 

disseminate into the thyroid parenchyma. The mechanisms of cell organization in 

follicles were the focus of my thesis and will be explained in the results section. At 

E17.5, thyroid has almost reached its final size and blood vessels encircle 

individual follicles. During this period, thyroid progenitors differentiate and start 

to express Tg, TPO, NIS and TSH receptor. Tg accumulates in the lumen and T4 is 

detected as early as E16.5 (De Felice and Di Lauro, 2004; Fagman et al., 2006).  

 

 

 



25 
 

1.2.2. Thyroid specific transcription factors 

Thyroid organogenesis perturbations lead to hypoplasia, ectopy or 

agenesis in newborns. These conditions, collectively named “thyroid dysgenesis”, 

are responsible for 85% of congenital hypothyroidism, a condition that affects one 

out of 3500 newborns worldwide. As the cause of hypothyroidism is mainly due to 

sporadic mutations, it is important to identify genes implicated in thyroid 

development and to understand their mode of action (De Felice and Di Lauro, 

2004). Embryonic thyroid organogenesis relies mainly on 4 transcription factors - 

Nkx2.1, Pax8, Hhex and Foxe1 - which are expressed from the thyroid 

specification step and are maintained in adults, where they control thyroid 

function (Figure 3 B.).  

 

 Titf1/Nkx2.1 (thyroid transcription factor 1)  

 Nkx2.1 is expressed in thyrocytes, in C cells but also in the trachea and 

lung epithelium. In the thyroid, it is responsible for Tg, TPO and TSHr expression 

(Figure 4). Nkx2.1 is not required for thyroid primordium specification and 

budding, but thyroid primordium cells rapidly degenerate and the bud disappears 

by E12-13 in Nkx2.1 null or knockout (KO) mice.  Furthermore, Nkx2.1KO has no C-

cells and impaired lung morphogenesis  so that mice die at birth (De Felice and Di 

Lauro, 2004; Kusakabe et al., 2006). Seven phosphorylation sites (serine) 

presenting homology to CKII, protein kinase C or microtubules-associated protein 

kinase have been identified in Nkx2.1 sequence as important for transcriptional 

activation by NKX2.1 in vitro (Zannini et al., 1996). In vivo, these same sites are 

important for normal follicular organization (Silberschmidt et al., 2011). This 

suggests that extracellular signals, which allow post-translational modification of 

Nkx2.1, are probably implicated in thyroid follicle morphogenesis.   

 

 Pax8 (paired box gene 8)  

 Pax8 is expressed in thyroid, kidney and nervous system but is absent 

from the C cells and their progenitors. It directly interacts with the transcription 

factor Nkx2.1 and regulates the expression of thyroid-specific genes: Tg, TPO and 

NIS (Figure 4). Genetic inactivation of Pax8 in mouse embryo leads to growth 

retardation and death within the first 2-3 weeks. The thyroid is severely affected 

as no thyrocytes can be detected and the gland is only composed of C-cells. This 
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means that Pax8 is required for the survival of thyroid progenitors but not for 

their specification as thyroid primordium is normal (De Felice and Di Lauro, 2004; 

Mansouri et al., 1998). Upon conditional deletion of Pax8 in adults, mice develop 

severe hypothyroidism due to a reduced gland size and defective expression of 

differentiation genes. Further analysis of Pax8KO mice revealed downregulation of 

the anti-apoptotic factor Bcl2: Pax8 positively regulates Bcl2 (Marotta et al., 

2014). In thyroid FRTL-5 cells, tumor protein 53-induced nuclear protein 1 

(tp53inp1), a positive regulator of apoptosis, is a transcriptional target of Pax8. 

Following Pax8 deletion, tp53inp1 is upregulated and stimulates apoptosis 

thereby providing an explanation for thyroid size reduction (Di Palma et al., 2013). 

Recently, Wnt4 was also identified as a new target of Pax8 transcription factor in 

FRTL-5 cells and was demonstrated to be important for maintenance of the 

epithelial phenotype of thyrocytes (Filippone et al., 2014). 

 

 Interestingly, transient coexpression of Pax8 and Nkx2.1 in mouse 

(Antonica et al., 2012; Ma et al., 2013) or human embryonic stem cells (mESC or 

hESC) (Ma et al., 2015) induces the expression of thyrocyte-specific differentiation 

genes such as NIS, TPO, Tg and TSHr. Further culture in matrigel with TSH 

potentiates these effects and follicular structures acquire the ability to organify 

iodide (Antonica et al., 2012; Ma et al., 2013; Ma et al., 2015). These experiments 

support the strong involvement and critical role of Nkx2.1 and Pax8 in thyroid 

development. 

     

 Hhex (hematopoietically expressed homeobox)  

 Hhex is expressed in thyroid but also in the liver, thymus, pancreas and 

lungs. In Hhex-null embryos, the thyroid primordium is present but at E10, thyroid 

budding is impaired and this results in absence of thyroid, or hypoplastic thyroid 

still connected to the floor of the pharynx. Embryos die before E15.5 due to 

forebrain development defects (De Felice and Di Lauro, 2004).  

 

 Foxe1 (thyroid transcription factor 2) 

 Foxe1 is first detected in all endodermal cells of the foregut, then 

restricted to thyroid, palate, esophagus, tongue and epiglottis at later stages. 

Foxe1-null embryos develop normally but die within 48h after birth and display a 

small thyroid still attached to the pharyngeal floor or no thyroid at all. Foxe1 is not 
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required for the budding stages but is important to promote migration of follicular 

precursors (De Felice and Di Lauro, 2004).  

 

 Nkx2.1, Pax8, Foxe1 and Hhex form a strong regulatory network  

 In summary, the co-expression of these four transcription factors in 

endodermal cells specifies the thyroid fate. These gene products have important 

role in thyroid development but also in adult although they are not individually 

required for the initial steps of morphogenesis, specification and early budding. 

Several evidences indicate that thereafter, the four transcription factors form a 

robust network via reciprocal-cross regulation: every transcription factor induces 

or maintains the expression of another one (Figure 4). For example, in Pax8KO 

embryos, the expression of Foxe1 and Hhex is reduced. Hhex promoter contains 

binding sites for Pax8, but also for Nkx2.1, these two being major activators of 

Hhex. As a result, Pax8, Nkx2.1 together with Hhex, control Foxe1 expression. 

Foxe1 is at the end of this transcriptional cascade as Foxe1KO expresses normal 

level of the three transcription factors. Once initiated, this network is self-

maintained; for example, Hhex maintains the expression of Nkx2.1, Pax8 and 

Foxe1 (Fagman and Nilsson, 2010; Parlato et al., 2004). 
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Figure 4. Interactions and functions of Nkx2.1, Pax8, Foxe1 and Hhex during thyroid 

development and postnatal life. Dashed arrows represent transcription regulation, 

initiation or maintenance, between transcription factors; solid arrows indicate control of 

important steps in thyroid morphogenesis and function. (‘pTFC’: progenitor of thyroid 

follicular cells) (De Felice and Di Lauro, 2011). 

1.2.3. Signaling pathways implicated in thyroid 

development 

 Few other genes have been demonstrated to play important role in 

thyroid organogenesis. For example, there is no known gene controlling 

specification and budding during early thyroid development. It has been 

suggested that Nodal, Fgf4 or members of the GATA or Sox family could play a 
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role in the initial specification of thyroid (De Felice and Di Lauro, 2007). Here, I will 

shortly present signaling pathways for which a role has been demonstrated.  

 

 TSH receptor (TSHr) 

 TSHr is G protein-coupled receptor expressed at the basal pole of 

thyrocytes from E14 onwards and maintained throughout adult life. Binding of 

TSH to its receptor is an important regulator of thyroid growth in postnatal life, 

probably via activation of the cAMP pathway. As already described (see section 

1.1), TSH/TSHr signaling is implicated in late stages of thyroid organogenesis by 

stimulating the expression of TPO and Nis, and the synthesis and production of 

thyroid hormones in adults. 

 

 TSHrKO mice have no particular phenotype during embryonic life while 

adult mice display severe hypothyroidism associated with thyroid hypoplasia (De 

Felice and Di Lauro, 2004). A similar role for TSHr was found in zebrafish (Opitz et 

al., 2011). In thyroid cell culture, addition of TSH increases the production of 

thyroid hormone. It also promotes the expression of insulin growth factor 1 (IGF-

1) and of vascular endothelial growth factor (VEGF) which act on thyroid 

endothelial cells to initiate angiogenesis (Eggo et al., 2003). Such studies 

demonstrate the important role of TSHr to generate and maintain a functional 

thyroid gland. 

 

 Sonic hedgehog (Shh) 

 Shh belongs to the hedgehog family, together with Indian and Desert 

hedgehog. Shh is a soluble ligand, which binds to Patched (Ptc) receptor. Ligand 

binding relieves the inhibitory effect of Ptc on Smoothened (Smo), another 

transmembrane protein, and the intracellular signaling is activated via the 

Glioblastoma transcription factors (Gli). Shh controls cell growth, cell 

specialization, and the normal shaping of the body. This protein is important for 

development of the brain, eyes, limbs, and many other parts of the body. Shh is 

also a major regulator of foregut development since in ShhKO mice, the esophagus, 

trachea and pancreas are affected. Interestingly, all epithelial cells of the foregut 

endoderm express Shh, except those that will give rise to the thyroid primordium 

and the ventral and dorsal pancreas. In the absence of Shh, thyroid primordium 

develops normally but the lobulation process is impaired as the gland fails to 



30 
 

separate into two distinct lobes and form a single midline tissue mass. Moreover, 

loss of Shh in the pharyngeal endoderm leads to ectopic thyroid tissue in the 

respiratory tract. Shh could thus restrict the site of thyroid specification and 

budding (Fagman et al., 2004).  

 

 Fibroblast growth factor (FGF) 

 The large mammalian FGF family comprises 18 ligands, which bind to 4 

different transmembrane tyrosine kinase receptors. FGF are secreted 

glycoproteins generally sequestered in the extracellular matrix (ECM) and 

released from ECM by proteases. Free FGF are bound close to the cell surface by 

heparin sulfate proteoglycans and can interact with their receptors. Binding 

induces receptors dimerization and transphosphorylation. Adaptor proteins are 

then recruited and different signaling pathways are activated such as PKC, Akt or 

Ras/ERK pathways. FGF signaling regulates various biological activities such as 

proliferation, survival, migration and differentiation. Usually, FGF ligands are 

expressed in the mesenchyme while receptors are mostly found on epithelial cells 

(Turner and Grose, 2010). During thyroid development, Fgfr2b is expressed in the 

bud at E11. Genetic deletions of Fgfr2b or of its ligand Fgf10 result in thyroid 

agenesis. This indicates that the Fgf10/Fgfr2b interaction is critical for thyroid 

organogenesis (Ohuchi et al., 2000; Revest et al., 2001). Further evidence for the 

implication of FGF in thyroid development comes from deletion of Tbx1 (T-box 

protein 1). Tbx1 is a transcription factor expressed in the mesoderm adjacent to 

the thyroid primordium, where it controls Fgf8 expression. Tbx1 inactivation also 

causes thyroid hypoplasia by defective Fgf8 production. Tbx1 and Fgf8 are both 

required for early thyroid primordium size (Lania et al., 2009).  

 

 Ephrin 

Ephrin receptors (Eph) and ephrins (ligands) are expressed in most 

embryonic tissues. The receptors have tyrosine kinase activity and interact with 

cell surface-bound ephrins from another cell. Receptors and ligands are grouped 

into class A or B, based on sequence similarities and binding preference. The 

Eph/ephrin signaling can be bidirectional with a forward signaling downstream of 

the Eph receptor and a reverse signaling downstream the ephrin ligand (Figure 5 

A.). They are implicated in various cellular processes such as migration, repulsion 

or attraction (Klein, 2012). In the thyroid, EphA4 is expressed at all stages of 
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thyrocyte development and in mature follicular cells, but also in C-cell progenitors 

in the ultimobranchial bodies. However, EphA4 expression in C-cells is lost before 

the fusion of ultimobranchial bodies with the thyroid buds. Embryonic EphA4 

mutants have no particular thyroid phenotype while EphA4KO adult mice display 

flattened thyrocytes and smaller follicles than the control. Interestingly, when the 

intracellular domain of EphA4 is replaced by EGFP (enhanced green fluorescent 

protein), forward signaling is impaired and this results in larger follicles and 

reduced number of C-cells, which remain localized in the center of the lobes 

without dispersing. These data suggest that forward and reverse signaling of 

EphA4 control follicle formation and C-cells dispersion (Figure 5 B.) (Andersson et 

al., 2011). 

 

 
Figure 5. Model of EphA4 signaling in thyroid cell:cell interactions. A. Reciprocal 

interaction between EphA4 and its cognate ephrins in thyroid follicular cells modulate 

follicle formation by forward and reverse signaling. B. C-cell ephrins bind to thyrocytes 

EphA4. C-cell number and dispersion are controlled by forward signaling while reverse 

signaling has not yet been characterized (Andersson et al., 2011). 

 Blood vessels 

 Blood vessels are tubes of the circulatory system that transport 

blood throughout the human body. They are composed of endothelial cells 

forming a single cell layer that rests on a basement membrane and regulates 

exchanges between the bloodstream and the surrounding tissues. They form 

https://en.wikipedia.org/wiki/Circulatory_system
https://en.wikipedia.org/wiki/Blood
https://en.wikipedia.org/wiki/Human_body
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during development, from mesoderm-derived angioblast precursors. First, 

endothelial cells differentiate from angioblasts and organize in a primitive 

vascular network; a process called vasculogenesis. Subsequent sprouting of new 

vessels from a preexisting vessel is called angiogenesis. Endothelial cells are 

activated and regulated by pro-angiogenic signals, among which vascular 

endothelial growth factors (VEGF) is the most potent (Lohela et al., 2009). 

VEGF are secreted homodimeric glycoproteins belonging to the platelet-

endothelial growth factor (PDGF) family. In mammals, 5 VEGF genes have been 

described: VEGF (or VEGF-A) which give rise to different isoforms after splicing, 

VEGF-B, VEGF-C, VEGF-D and placental growth factor (PlGF). They can bind to 

three tyrosine kinase receptors, VEGFR1 (Flt-1), VEGFR2 (KDR or Flk-1) and 

VEGFR3 (Flt-4), with different affinities. Although VEGFR2 is the main endothelial 

cell receptor triggering cellular responses (migration, proliferation, 

permeability,…), VEGFR1 has a more elusive role and would act as a decoy 

receptor sequestering VEGF ligands. VEGFR3 is mostly involved in the regulation 

of lymphatic endothelial cells. Two co-receptors are also known to modulate VEGF 

activity: neuropilin-1 and 2 (Haigh, 2008; Robinson and Stringer, 2001). 

Besides their fundamental role of nutrient and oxygen delivery to tissues, 

signals from endothelial cells have recently been recognized as important 

regulators of organ formation, growth and differentiation, by providing signals in 

a paracrine, also called angiocrine fashion (Ramasamy et al., 2015). During my 

thesis, I studied the perfusion-independent role of endothelial cells during thyroid 

follicle formation.   

2. Lumen formation and polarity 

Thyroid, as many epithelial organs, is composed of polarized epithelial 

cells organized in monolayers surrounding a lumen. In general, the organization of 

epithelial cells in monolayers is important for organ function at the interface 

between internal and external milieu. Monolayers can form simple open tube 

(intestine), highly branched and open tube (lung, pancreas) or closed and 

independent spheres, called follicles like in the thyroid. 
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2.1. Polarized epithelium 

Polarization is a cellular process required for tubulogenesis and 

folliculogenesis. Epithelial cell polarization involves asymmetrical organization of 

cell surface, organelles and cytoskeleton. This polarity provides cell poles or 

membranes with different structure, composition and function. Three domains 

are distinguished. The basal pole is in contact with the basement membrane (or 

basal lamina) of the extracellular matrix through receptors such as integrins (see 

section 3.2.1.) and is exposed to regulatory signal (eg TSH). The lateral domain 

links neighboring cells via junctional complexes such as the tight junction, the 

adherens junction and desmosomes. Basal and lateral domains are often called 

basolateral domain, as they are not separated by a physical frontier. On the 

contrary, the tight junction physically separates the basolateral membrane from 

the third domain or apical pole, specialized in absorption and/or secretion. The 

tight junction is a strict frontier that prevents phospholipids and proteins from 

apical and basolateral domains to mix. Moreover, this junction seals the epithelial 

cells to create a barrier between the external and the internal milieu. However, 

depending on its protein composition, paracellular transport of ions and water 

can occur through the tight junction. The tight junction also interacts with 

intracellular protein involved in polarity development (PAR3, aPKC), recruits 

proteins implicated in proliferation or differentiation and regulate gene 

expression (Balda and Matter, 2009). Structurally, the apical pole faces the lumen 

of the tube or follicle and can present a unique cilium and a multitude of microvilli 

(Figure 6).   
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Figure 6. Organization of polarized cells. Cell surface is separated in three domains: the 

apical pole facing the lumen, the lateral domain connecting adjacent cells through 

adherens junctions, tight junctions and desmosomes and the basal pole contacting the 

basement membrane and extracellular matrix through integrins (Bryant and Mostov, 

2008). 

Establishment and maintenance of polarity depend on three protein 

complexes: the PAR (CDC42-PAR3-PAR6-aPKC) complex, the Crumbs (Crb-PALS-

PATJ) complex and the Scribble (Scrib-Dlg-Lgl) complex. The PAR and Crumb 

complexes are localized at, and promote the development of apical pole while the 

Scribble complex is confined and acts at the basolateral surface (Figure 7). Polarity 

complexes antagonize each other to maintain the asymmetry. For example, aPKC 

from the PAR complex restricts by phosphorylation Lgl from entering into the 

apical domain.    

In addition to polarity protein complexes, phospholipids are also 

distributed differentially at the membrane. Phosphatidylinositols (PtdIns) are 

phosphorylated lipids of which two are essential for polarity:  PtdIns(3,4,5)P3 and 

PtdIns(4,5)P2. These phosphorylated lipids are generated by the action of PtdIns 

kinases, among which Ptdns-3 kinase is the best studied. An interesting 

phosphatase, PTEN can dephosphorylate PtdIns(3,4,5)P3 and generate 

PtdIns(4,5)P2. Since PTEN is localized and active at tight junctions, it produces 

PtdIns(4,5)P2 at the apical pole and segregate if from PtdIns(3,4,5)P3 which is 
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exclusively found at the basolateral surface (Gassama-Diagne et al., 2006; Martin-

Belmonte et al., 2007; Martín‐Belmonte and Rodríguez‐Fraticelli, 2009).  

 

Figure 7. Segregation of polarity proteins within the cell surface. The polarity complex 

Scribble (Scrib-Lgl-Dlg) is situated at the basolateral membrane while the Crumbs (Crb-

PATJ-PALS) complex is at the apical membrane.The PAR complex is separated in two 

groups; PAR6, aPKC and CDC42 is at apical membrane and PAR3, aPKC and PTEN is at tight 

junctions (Bryant and Mostov, 2008). 

Upon individualization of apical and basolateral domains, these 

membrane domains will be equipped with proteins essential for the function of 

the organ. In the thyroid, NIS and Na+/K+ ATPase will be targeted to the basal 

domains and will not be able to reach the apical domain. On the contrary, Pendrin 

will be targeted to the apical domain. 

2.2. Structural mechanisms of polarity: lessons from 

tubulogenesis 

Tube formation implies the assembly of epithelial cells around a central 

lumen. Several mechanisms to form simple epithelial tubes have been described 

and can be grouped in two major groups. The first one requires remodeling of an 

already polarized epithelium to surround a luminal space. In the second one, 

luminal space will be created de novo from non-polarized epithelial cells. 
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Lumen formation from polarized epithelia 

Tube formation from epithelial cells already polarized can occur by wrapping 

or budding.  

A. Wrapping is the curling or invagination of an epithelial sheet and 

subsequent fusion of the cells to create a lumen, completely separated 

upon pinching from the original epithelium (Figure 8 A.). Wrapping occurs 

for example during neural tube formation from the polarized ectoderm.  

 

B. Budding, similarly to wrapping, is the perpendicular in- or e-vagination of 

the cells from the epithelium plane. In this case, cells from the newly 

formed elongated structure do not separate from the epithelium of origin 

and remain contiguous with this latter. This budding process can occur 

iteratively. Lumen of new branches being a direct extension of the 

parental lumen (Figure 8 B.). Elaboration of highly branched epithelial 

organs such as the lungs occurs by budding.  

 

Figure 8. Two basic structural mechanisms of tube formation from preexisting polarized 

epithelia: A. Wrapping. B. Budding (green: intercellular tight junctions of polarized cells) 

(Andrew and Ewald, 2010). 

De novo lumen formation  

De novo lumen formation implies that tube will form from aggregates of 

cells or from single aligned cells that do not initially show apico-basal polarity. 

Instead, cells will polarize concomitantly with tube formation. Three mechanisms 

can be distinguished: cord hollowing, cell hollowing and cavitation (Andrew and 
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Ewald, 2010; Iruela-Arispe and Beitel, 2013; Lubarsky and Krasnow, 2003; 

Sigurbjörnsdóttir et al., 2014). 

C. Cord hollowing is the formation of a lumen between cells organized in a 

thin or thick cord and does not require cell death. This mechanism 

involves the formation of intracellular small lumina which will fuse with 

one region of the membrane and create the apical pole (Figure 9 C.). Such 

process requires partial disruption of cell-cell contacts where the future 

apical pole develops. In thick cord of cells, i.e. a mass, a more important 

reorganization of the cells is also necessary. The new space created in 

between the cells must be filled with solutes and ions. The zebrafish gut 

and the mouse pancreas, in the initial steps of its development, acquire 

their lumen via cord hollowing. 

 

D. Cell hollowing is similar to the cord hollowing but starts within cells and is 

mainly observed during capillaries formation. In the cytoplasm, small 

vesicles appear and fuse together to create a large intracellular lumen 

corresponding to an internal apical compartment. Connection of the 

intracellular lumina from adjacent cell will create an intracellular tube 

(Figure 9 D.). In cell hollowing, vesicles target a central position in the cell 

and organize an internal apical compartment. 

 

E. Cavitation is the polarization of cells localized at the periphery of a mass 

and elimination of the central cells by apoptosis to create a luminal space. 

This event was erroneously reported to occur in vivo during salivary gland 

development (Figure 9 E.). Despite the presence of this process in 

numerous reviews on tubulogenesis, we do not believe it actually occurs 

in vivo. 
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Figure 9. Structural mechanisms of de novo lumen formation. C. Cord Hollowing. D. Cell 

Hollowing. E. Cavitation (green: intercellular tight junctions of polarized cells, blue: lumen, 

red: apoptotic cells) (Andrew and Ewald, 2010). 

Whatever the original mechanism, after formation of a tube, changes in 

cell shape, arrangement, division or recruitment are implicated to allow tube 

growth and elongation (Andrew and Ewald, 2010; Lubarsky and Krasnow, 2003; 

Sigurbjörnsdóttir et al., 2014). 

Lumen formation in the thyroid has not been studied in details and is 

amazingly never discussed in the abundant literature on lumen formation. 

Analysis of thyroid development reveals that non-polarized cells first form a mass, 

which progressively reorganizes in independent polarized monolayers, suggesting 

de novo lumen formation (Fagman et al., 2006; Hick et al., 2013). Cell organization 

in follicles is the focus of my thesis and will be explained in the results section. 

Cellular processes leading to lumen formation are driven by intrinsic 

program but are controlled by extrinsic cues from the environment. In the next 

section, I will introduce the key role of the extracellular matrix in epithelial 

morphogenesis. 
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3. The role of extracellular matrix in epithelial 

morphogenesis 

The function of every epithelial cell in our organs depends on its polarity 

but also on the typical architecture or organization of these cells within the organ. 

Acquisition and maintenance of the desired architecture and function depends on 

contacts and interactions with neighboring cells but also with the stromal 

environment. The stroma, or connective tissue, is composed of other cell types, 

such as fibroblasts, pericytes, endothelial cells and nerve cells (Goruppi and Dotto, 

2013), and of extracellular matrix (ECM) components and includes soluble 

proteins or growth factors when trapped in the ECM. 

During embryogenesis, the interaction between epithelial cells and the 

stroma, sometimes historically called mesenchyme, is important for 

morphogenesis and differentiation. The instructive role of the stromal tissue was 

demonstrated several decades ago by elegant recombination experiments using 

isolated tissues from the mammary gland and other organs (Figure 10). For 

example, mammary gland mesenchyme recombined with epithelial tissue such as 

the epidermis, will induce typical mammary branching of the epidermis. 

Conversely, mammary gland epithelium recombined with salivary gland 

mesenchyme adopts a salivary gland architecture (Nelson and Bissell, 2006). This 

demonstrates the flexibility of epithelial cells and the critical instructive role of the 

environment.  
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Figure 10. Epithelial/mesenchymal recombination experiments. Mammary gland (MG) 

mesenchyme instructs epidermis to adopt mammary gland architecture and 

differentiation, while mammary epithelium is instructed by salivary gland (SG) 

mesenchyme to form a salivary epithelial tree (Nelson and Bissell, 2006).   

In the following sections, I will present the components of the ECM that 

are secreted by epithelial or stromal cells and provide structural and biochemical 

support to the neighboring cells. Note that ECM is produced by cells and in turn 

instructs, modulates signaling to cells. First, ECM serves as a storage site for 

soluble factors like growth factors, cytokines, chemokines or enzymes. 

Remodeling enzymes can modulate the biological activity, availability or 

presentation of these factors to their cell surface receptors. Secondly, interaction 

of ECM proteins with cellular receptors, like integrins, can affect cell adhesion, 

migration, differentiation, proliferation or survival via outside-in signal 

transduction cascade (Aszodi et al., 2006). ECM also plays a role in fin tissue 

regeneration in zebrafish (Govindan and Iovine, 2015), expansion and branching 

of epithelial tissues in lungs and salivary glands (Harunaga et al., 2014), but also in 

establishment and maintenance of epithelial polarity (Manninen, 2015). 

 

 



41 
 

3.1. Extracellular matrix components 

In mammals, one can distinguish two parts in the ECM: the interstitial 

matrix and basement membrane (BM). I will mainly focus on the BM, a 50-100 nm 

thick sheet-like extracellular matrix separating epithelial cells, like thyroid 

follicular cells, from the stroma. The molecular architecture and composition of 

the ECM is heterogeneous and varies depending on the organs (e.g. skin versus 

kidney), the tissue compartments (e.g. endocrine versus exocrine pancreas), but 

also the developmental stages (embryonic versus adult) and physiological states 

(e.g. normal versus fibrotic). Two major categories of macromolecules are present 

in ECM: polysaccharides chains, called glycosaminoglycans (GAGs), which are 

covalently linked to proteins and form proteoglycans, and fibrous and non-fibrous 

proteins including collagens, elastin, fibronectin and laminins. Both have structural 

and adhesive functions and are organized in a highly dynamic 3D meshwork, due 

to constant remodeling controlled by fine regulation of ECM synthesis and 

degradation (Aszodi et al., 2006). 

3.1.1. Glycosaminoglycans and proteoglycans 

Glycosaminoglycans are composed of a repetition of disaccharide units. 

These disaccharides consist of a glucuronic acid and N-acetyl-glucosamine or -

galactosamine that can be modified (most frequently by addition of sulfate 

groups). Several types of glycosaminoglycans exist: hyaluronan, dermatan-sulfate, 

heparin-sulfate, chondroitin-sulfate and keratan-sulfate. Covalent linking of 

glycosaminoglycans to side chains of a protein generates proteoglycans such as 

syndecans, glypicans, perlecans and aggrecans. With their numerous negative 

sulfate groups on their surface, proteoglycans retain water thus form a highly 

hydrated gel that can resist compressive forces applied on the matrix. For 

example, Warthon’s jelly is a gelatinous substance, composed mainly of highly 

hydrated hyaluronan surrounding the umbilical cord blood vessels, which confers 

insulation and protection against eventual pressures. Another function of 

proteoglycans like heparin-sulfate is related to the binding and storage and 

regulation of growth factor signaling activity (FGF, VEGF or cytokines) (Kim et al., 

2011). 

 



42 
 

3.1.2. Elastin 

Elastin is a non-glycosylated fibrous protein that gives elasticity and 

resilience to flexible tissues. It is found in ECM of many tissues such as arteries, 

lungs, or skin to confer elasticity needed for their function or role. There is only 

one gene in humans coding for tropoelastin, a protein rich in proline and glycine. 

In the extracellular matrix, tropoelastin self-associates and cross-links via lysine 

bonds to form insoluble elastin polymers. Elastin synthesis stops at puberty but 

due to its stability (half-life of approximately 70 years), it remains present 

throughout life. However, elastins can be degraded by elastase after inflammatory 

reaction, fragmented by physical damages such as burns and sun damage or as a 

result of aging. Loss of skin elasticity is illustrated by wrinkles (Aszodi et al., 2006) 

(Molecular Biology of the Cell, 4th Edition; Weiss, 2011). 

3.1.3. Fibronectin 

Fibronectin is a fibrillar glycoprotein important for migration and 

differentiation, also expressed from a single gene. However, alternative splicing 

produces 20 transcript variants. Fibronectins form parallel dimer joined by a 

disulfide bond at the C-terminal. Each monomer is composed of type I, type II or 

type III repeats that allow fibronectin interactions with different ECM proteins 

such as collagen, heparin or thrombospondin. These repeats also mediate 

interaction of fibronectin with cell receptors named integrin through the RGD 

(Arg-Gly-Asp) peptide. Fibronectin thus acts as a scaffold for the assembly of other 

ECM proteins and is also involved in cell adherence to ECM (Kostourou and 

Papalazarou, 2014) (Molecular Biology of the Cell, 4th Edition). 

3.1.4. Collagens 

Collagens, the most abundant fibrous proteins in mammals, consist of 

three polypeptide chains, called α chains (115kDa per chain), coiled around each 

other in a superhelix. Collagens are composed of Glycine-X-Y repeats with 

residues often hydroxylated (commonly proline and lysine). About 25 distinct 

collagen α chains have been identified but only 27 combinations of collagens 

chains have been identified. Each collagen type has its own structure and is found 

in particular organs. For example, type I collagen is abundant and plays a role in 

skin, bones or cornea formation while type III is found in cardiovascular system. 
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Type IV collagen is a non-fibrillar collagen and will be detailed below. Collagen 

synthesis and production is complex and requires the activity of different 

intracellular and extracellular enzymes for correct assembly of the typical mature 

fibrillar collagen. Mutations in collagen genes can cause several diseases as for 

example osteogenesis imperfecta when collagen type I is mutated. 

Collagen acts as structural support and binds other ECM proteins as well 

as secreted growth factors, signal receptors or adhesion molecules present in the 

extracellular environment. In contrast to GAG and proteoglycans, which resist 

compressive forces, collagen fibrils resist tensile forces (Aszodi et al., 2006; Kim et 

al., 2011) (Molecular Biology of the Cell, 4th Edition). 

Type IV Collagen is a particular one that does not form fibers but a 

network specific of basement membrane. Six genes encoding isoforms of type IV 

collagen exist (α1 to α6). These isoforms form a central triple helix with globular 

domains at their N- (NC1 domain) and C-terminal (7S domain). After chain 

trimerization and secretion, two such protomers form a dimer via their NC1 

domains to become a NC1 hexamer. Then, four dimers interact at the glycosylated 

C-terminal 7S region to form the so-called tetramers. A scaffold evolves into a 

suprastructure with end-to-end associations as well as lateral associations 

between tetramers (Figure 11).  
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Figure 11. Type IV collagen network formation. Protomers (trimer of α-chains) are 

assembled by interactions between NC1 domains to form dimers. Four dimers assemble 

into tetramer by 7S domains interaction. Collagen IV forms a bi-dimensional and irregular 

network (Kalhuri, 2003). 

The type IV collagen network will be interconnected with the laminin 

network and form the basal lamina or basement membrane (BM) (Kalhuri, 2003). 

Other proteins such asnidogen and perlecan are also enriched in the BM. BM 

plays a role in epithelial polarity establishment and maintenance during 
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embryonic development and in adult. It is also a barrier that carcinoma cells have 

to cross or degrade before invasion and metastasis. 

3.1.5. Laminins 

Laminins are glycosylated heterotrimeric proteins composed of one α, one 

β and one γ chain that are assembled through a central coiled coil and held 

together by disulfide bonds. There are five different α chains (200 to 400kDa), 

four β chains and three γ chains (120 to 200kDa); hence trimers have a size 

comprised between 400 and 800kDa.  Among 60 theoretical trimers  possibilities, 

only 16 combinations of trimers have been identified  (Domogatskaya et al., 2012; 

Yurchenco, 2015). Laminin nomenclature is based on composition of the chains 

used; for example, laminin 511 is composed of α5, β1 and γ1 chains (Aumailley, 

2013). 

In addition to the long coiled coil domain common in the three chains, the 

α chain has a long C-terminal globular G domain containing five LG subdomains 

named LG1 to LG5. These LG subdomains are involved in binding to integrin 

receptors, through LG1-3, or to dystroglycan, through LG4-5. The N-termini of the 

three chains are called short arms and vary in length mainly due to the number of 

laminin type epidermal growth factor like (LE) repeats located between globular L 

domains. The globular laminin N-terminal (LN) domain found at the extremities of 

the three chains (Figure 12 A.) is essential for the self-assembly of the laminin 

network (Figure 12 B.) and for interaction with other BM proteins such as nidogen 

or perlecan. The three chains are synthesized in the cell and dimerization of β and 

γ chains occurs before incorporation of the α chain. Specific interactions in the 

coiled coil domain limit the number of allowed heterotrimer combinations and 

control intracellular trimer assembly. Laminins are then secreted as trimers in the 

ECM or basal lamina where they will form the scaffold for other ECM components 

(Domogatskaya et al., 2012; Kostourou and Papalazarou, 2014; Yurchenco, 2015). 
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Figure 12. Schematic representation of laminin 111 heterotrimer and self-assembly in 

network. A. Two-dimensional model of a single laminin 111 is composed of α1, β1 and γ1 

chains, which interact through their coiled coil domains. The short arms of the three 

chains contain LN and L globular domains and laminin epithelial growth factor like (LE) 

repeats. The C-terminus of α chain comprises five globular (LG) domains. B. Three-

dimensional model of a basement membrane where laminins heterotrimers self-assemble 

outside the cell and form a network by binding to other heterotrimers via their LN 

domains (Hohenester and Yurchenco, 2013).  

Combinations of laminin chains can be ubiquitous or tissue-restricted, 

found in embryo or in adult. For example, laminin 111 is rather ubiquitous in 

developing organs in embryos while it is restricted to a small subset of BM in adult 

tissues. In contrast, laminin 511 and 521 progressively replace laminin 111 and are 

the most ubiquitous isoforms in adult (Aumailley, 2013). Laminins are important 

for early embryonic development. Deletion of β1 or γ1 chains leads to early 

embryonic death (E5.5) due to total lack of BM and tissue disorganization. 

Inactivation of α1 causes embryonic lethality at E6.5-7, while the absence of α5 

chain leads to multiple developmental defects (defective salivary gland 

morphogenesis and renal agenesis) and embryos die in utero between E13 and 

E17 (Domogatskaya et al., 2012; Kostourou and Papalazarou, 2014; Li et al., 2002; 

Yurchenco, 2015).  

Endothelial cells of blood vessels are also surrounded by basement 

membrane, which is composed of the same components as epithelial BM. The 
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major endothelial type IV collagen is composed of α1α1α2 chains while laminins 

α4 and α5 (and in some cases α2) chains are the major isoforms expressed by 

endothelial cells (Yousif et al., 2013). 

3.1.6. Nidogen 

As compared to other ECM components, nidogen is a small glycoprotein 

that exists in two isoforms, nidogen-1 and -2. It is a rod-shape protein with three 

globular domains (G1, G2, G3). Nidogen interacts with other components of BM to 

stabilize it. It connects the networks formed by collagens and laminins and may 

also play a role in cell interactions with the ECM (Miosge et al., 2001). 

3.2. Cell receptors for ECM 

ECM proteins can bind to different transmembrane receptors of which 

integrins and dystroglycans are the most important. 

3.2.1. Integrins 

Integrins, the best studied receptors of ECM proteins are heterodimeric 

transmembrane receptors composed of one of the 18 α possible subunits and one 

of the 8 β subunits, non-covalently assembled into 24 combinations. The specific 

integrin expressed at the cell surface dictates which ECM substrate the cell will be 

able to bind. Integrins are classified into collagen, laminin, RGD and leukocyte 

receptors (Figure 13). Their roles in development of many organs such as salivary 

gland, lung or pancreas, have been determined using KO mice (Pozzi and Zent, 

2011).  
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Figure 13. Integrins are heterodimeric receptors forming a large family. α subunits 

associate with different β subunits to form specific receptors for collagen, laminin, 

leukocyte or RGD ligand (Barczyk et al., 2010). 

The α and β subunits consist of an extracellular part composed of several 

domains that support the integrin head involved in ligand binding (see section 

2.1.; Figure 6). Both subunits also contain a transmembrane domain and a 

cytoplasmic domain, through which the β subunit can interact with actin 

cytoskeleton or with kinases (Kim et al., 2011). Heterodimerization occurs 

intracellularly, before delivery at its final basal destination. Expression of the α 

subunit is limiting and will determine the amount of receptor that will go to the 

cell surface(Barczyk et al., 2010). 

3.2.2. Dystroglycan 

Dystroglycan is a glycosylated protein, which is cleaved in two associated 

subunits, α (N-terminal region) and β (C-terminal region). α-dystroglycan is an 

extracellular protein, which binds to several extracellular ligands, especially 

laminins. β-dystroglycan, a transmembrane protein, associates with dystrophin 



49 
 

glycoprotein complex (DGC), which is able to bind F-actin (Domogatskaya et al., 

2012). 

3.3. Assembly of ECM components into a basement 

membrane 

The assembly of the BM starts when secreted laminin heterotrimers self-

assemble into a polymeric network and bind to the cell surface via their LG 

domains through the ECM receptors, integrins and dystroglycan. This laminin 

network forms an initial scaffold for other matrix proteins and most importantly 

for the collagen type IV network. These two networks interact through nidogen, 

agrin and perlecan (Figure 14) (Morrissey and Sherwood, 2015; Pöschl et al., 

2004).  

 

Figure 14. Assembly of the basement membrane and interacting proteins. Laminin 

network interacts with collagen type IV network via agrin, perlecan and nidogen proteins. 

Laminin binds to cell surface through integrin or α-dystroglycan receptors (but also with 

sulfatides, not described) (Hohenester and Yurchenco, 2013).  

Not all BM constituents are required for the assembly of BM. For example, 

it was demonstrated that the collagen type IV α1 and α2 chains were not 

necessary for the deposition of BM in mouse early development. However, 
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collagen type IV is essential for the structural and functional integrity of basement 

membrane. This was especially demonstrated in Reichert’s membrane where 

defect of BM causes insufficient barrier between maternal and embryonic 

environments and by consequence, excessive bleeding into the yolk sac cavity 

(Pöschl et al., 2004). 

An elegant study demonstrated that epithelial cysts grown in matrigel 

undergo rotational motions at rates of 15-20 m/h with a full revolution (360°) 

every 4 hours. These rotations are dependent on polarity proteins as well as on 

microtubules. A direct relationship was noted between rotations and assembly of 

basement membrane proteins, especially laminins. Blocking rotational motion 

prevented weaving of the exogenous matrix around the 3D cystic structure (Wang 

et al., 2013).  

In vivo, BM assembly occurs at the base of most epithelial cells, but also of 

endothelial cells. Two BM thus exist between epithelial and endothelial cells. In 

kidney glomeruli, the BM from epithelial cells (podocytes) and from endothelial 

cells come in close contact and fuse to form a stable and robust BM that serves 

for ultrafiltration (Molecular Biology of the Cell, 4th Edition). 

3.4. Signaling 

Two opposite directions of signaling can be transduced through integrins. 

Upon extracellular ligand binding, integrins undergo a conformational change 

resulting into clustering in focal adhesions and this lead to outside-in signaling 

controlling cell polarity, survival and proliferation, cytoskeletal organization and 

gene expression. Upon action of intracellular proteins (FAK, ILK, talin), integrins 

undergo a conformational change leading to inside-out signaling. This 

conformational change triggers signals for cell migration, adhesion and ECM 

assembly. (Figure 15). Both events are often closely linked (Barczyk et al., 2010; 

Shattil et al., 2010). 
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Figure 15. Integrin signaling. At left, upon binding with extracellular ligand from the ECM, 

integrins undergo a conformational change and clustering, which results in outside-in 

signaling controlling cell polarity, survival and proliferation, or change in cytoskeletal 

structure and gene expression. At right, after activation by intracellular proteins (e.g. 

talin), integrins undergo a conformational change and induce inside-out signaling acting on 

cell adhesion, migration and ECM assembly (Shattil et al., 2010). 

Outside-in signaling is the most common and best studied. Upon ECM 

binding, integrins undergo clustering that concentrates intracellular components 

involved in signaling. Integrin clustering linked to ECM and intracellular signaling 

protein is called a focal adhesion. Intracellular signaling, initiated downstream of 

integrins, implicates tyrosine kinases such as FAK (focal adhesion kinase), Src or 

ILK (integrin-linked kinase). FAK activation leads to autophosphorylation and 

recruitment of Src, which further phosphorylates FAK and other binding partners. 

Among FAK targets, the Rho family of small GTPases (Rac1, Cdc42 and RhoA) links 

focal adhesion to the actin cytoskeleton (Kim et al., 2011; Yurchenco, 2011). 

Laminin signaling via integrin is required for development of many 

epithelial organs. During salivary gland and lung development, an antibody 

blocking the interaction between laminin and its dystroglycan receptor caused 

morphogenesis and branching defects (Durbeej et al., 2001). Similarly, laminin α5 

was shown in the submandibular gland to be required for cell organization and 
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lumen formation via its interaction with integrin β1 (Rebustini et al., 2007). During 

lung development, integrin β1 was demonstrated to be required for lung 

branching morphogenesis, alveoli formation and homeostasis (Plosa et al., 2014).  

ECM components, especially laminins, can also play a role in 

differentiation of epithelial organs. In vitro culture of pancreatic islets (mostly β 

cells) or insulinoma cells revealed that β cells do not produce basement 

membrane proteins. However, β cells recruit endothelial cells around and within 

islets by producing angiogenic VEGF-A. Recruited endothelial cells secrete and 

form a basement membrane adjacent to the β-cells. In this endothelial-derived 

basement membrane, laminin 111 was identified to promote integrin β1-

dependent proliferation of the β-cell and insulin gene expression. This process 

depends on laminin deposition since in the absence of basement membrane 

(VegfaKO) exogenous laminin can rescue cell proliferation and insulin expression 

(Nikolova et al., 2006). 

3.5. Extracellular matrix in de novo lumen formation 

MDCK (Madin Darby Canine Kidney) cells have been widely used as an in 

vitro model of lumen formation. Moreover, gene silencing technology in MDCK 

allowed the identification of many proteins involved in de novo lumen formation 

and a better understanding of this process. De novo lumen formation in MDCK can 

be divided in three different events: orientation, polarization and lumen 

expansion. 

3.5.1. Cell-ECM interaction and orientation 

Many studies have demonstrated the importance of extracellular matrix 

in the acquisition of correctly oriented apico-basal polarity of epithelial cells. 

Indeed, MDCK cells cultured in suspension form cysts with apical proteins 

localized at the cell surface in contact with the culture medium. This is called an 

inverted polarity. However, if these “inverted” cysts are then placed in collagen 

gel, MDCK cells reverse polarity and apical poles develop towards the center of 

the cysts (Wang et al., 1990). If directly seeded in collagen type I gel, MDCK form 

cyst with the apical pole immediately oriented towards the center of the cyst. This 

correct orientation depends on laminin assembly around the cystic structure. 

Indeed, culture of MDCK cells dominant-negative for Rac1 in collagen gel forms 
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cysts with an inverted polarity that do not assemble laminin. Addition of 

exogenous laminin to these Rac-1 dominant negative cysts corrects the apico-

basal polarity (O'Brien et al., 2001). It was further shown that blocking β1 integrin 

interaction with the ECM using an antibody (AIIB2) inhibits cyst and lumen 

formation in MDCK cultured in collagen (Figure 16) (Ojakian and Schwimmer, 

1994; Yu et al., 2005). These crucial studies thus established that initial contact 

with collagen type I gel promotes polarized laminin secretion and assembly 

around the cyst. Then, laminin binding to integrin β1 receptor triggers MDCK 

epithelial cells to develop a centrally-localized apical domain. 

 

Figure 16. β1 integrin-dependent lumen formation in MDCK cells. MDCK cells grown in 

matrigel organize in cyst-like structure with a well-developed apical pole (actin, green) and 

surrounded by a basement membrane (laminin, red). Addition of an integrin β1 blocking 

antibody (AIIB2) blocks cell polarization and lumen formation. 3D laminin projection 

shows the homogeneous organization of laminin around the cystic structure in control 

while, it is altered and irregular in the presence of AIIB2 blocking antibody (Yu et al., 

2005). 

3.5.2. Polarization and lumen formation 

The polarity complexes PAR, Crumbs and Scribble cooperate with many 

other proteins to regulate apical trafficking and lumen formation. When seeded in 
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collagen, a MDCK cell has its apical membrane determinant gp135/podocalyxin 

(PDCX) mixed with basal determinants in contact with the ECM at the cell surface. 

After cell division, a cell-cell contact is created where basal determinants 

accumulate. Concomitantly, laminin is produced and secreted towards the ECM to 

build a basement membrane. Upon signal from the basement membrane, PDCX 

and Crumbs3 accumulate in Rab8/11a positive vesicles, which are directed to the 

cell-cell contact to initiate the lumen at a region called the “apical membrane 

initiation site” (AMIS). The AMIS is demarcated by aPKC and PAR3 proteins, and 

several other proteins (Rab11, Rabin8α, Rab8, myosin 5B and F-actin) are 

implicated in the transport and fusion of the vesicle with the AMIS. Annexin 2, 

recruited by enriched apical PIP2, participates in the Cdc42 control of vesicle 

exocytosis to the AMIS. The AMIS matures in a “pre-apical-patch”, an early apical 

domain between adjacent cells not yet opened. PAR3, aPKC and exocysts subunits 

relocalize to tight junctions (Figure 17) (Bryant et al., 2010; Datta et al., 2011; 

Overeem et al., 2015).  

Even if MDCK is the best studied in vitro system for de novo lumen 

formation, other culture systems also provide important information. In 

mammary epithelial cells, an important role has been attributed to microtubules. 

Microtubules and actin microfilaments are important cytoskeleton components 

for cell shape, cell organization, and intracellular vesicular transport. In mammary 

epithelial cells cultured in 3D, microtubules are aligned along the apico-basal axis 

and control the endocytic removal of apical proteins from the surface of the cell in 

contact with collagen and their release at the opposite, developing apical face 

(Akhtar and Streuli, 2013). 
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Figure 17. Schematic representation of de novo lumen formation and proteins involved. 

Initially, MDCK cells seeded in collagen are non-polarized. After a first division, basal 

determinants accumulate at the junction and podocalyxin (Podxl, one of apical 

determinants green) is excluded from that membrane and only localize at the ECM-

contacting membrane (inverted polarity). Podxl is then internalized and accumulates in 

Rab8/11 positive vesicles, which are targeted to a region between adjacent cells that 

forms the apical membrane initiation site (AMIS). The AMIS becomes the pre-apical patch 

and polarity proteins acquire their correct localization. Fine control of vesicle delivery via 

Rab8/11 together with Myosin 5b allows lumen opening and expansion (Basal 

determinants, red) (Overeem et al., 2015). 

In addition to investigations on lumen formation in epithelial cells, 

polarization and lumen formation of endothelial cells (EC) have also been 

intensively studied. In endothelial cells, integrin interaction with ECM activates 

Rac1 and Cdc42 GTPases as well as Src kinases. Cdc42 and Src kinases cooperate 

to phosphorylate and activate Pak2 and Pak4, which will stimulate ERK-dependent 

lumen formation. In parallel, angiogenesis can be stimulated by phorbol esters 

and this is mediated by PKCε-dependent phosphorylation of Src kinases (Koh et 

al., 2008; Koh et al., 2009). Together, these kinases control the cytoskeleton. 

3.5.3. Lumen expansion 

Once a lumen has been formed, it needs to expand to acquire the 

appropriate diameter to fulfill its function. Lumen expansion depends on fluid 

accumulation in the lumen, and is thus regulated by pumps (e.g. Na+/K+ ATPase), 

transporters (e.g. CFTR; cystic fibrosis transmembrane conductance regulator) and 

channels (e.g. AQP; aquaporin). It can also be modulated by ion permeability 
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(paracellular transport) at tight junctions (Bryant and Mostov, 2008). In MDCK, it 

was shown that CFTR is recruited at the apical membrane for fluid transport 

(Ferrari et al., 2008) and that inhibitors of CFTR reduce cyst lumen size (Yang et 

al., 2008).  

These observations were corroborated by studies in zebrafish and salivary 

glands. In zebrafish, single gut lumen formation is controlled, among others, by 

Na+/K+ ATPase and CFTR (Bagnat et al., 2007). This fluid accumulation in the 

developing lumen results from activation of CFTR, and thus chloride injection 

(Bagnat et al., 2010). Similarly, ductal growth in the developing mouse salivary 

gland depends on CFTR activation by parasympathetic stimulation (Nedvetsky et 

al., 2014). 

Another important parameter in lumen expansion and maintenance is 

electrostatic repulsion. Hence, to avoid lumen collapse after opening, proteins 

localized at apical lumen (podocalyxin, mucin 1) are glycosylated or sialylated, 

resulting in highly negatively charged extracellular domains, which act as anti-

adhesive molecules (Datta et al., 2011; Iruela-Arispe and Beitel, 2013). 

3.6. Role of the ECM in thyroid development 

The role of extracellular matrix proteins in thyroid development or 

tridimensional organization has not been studied in vivo but several observations 

have been made in in vitro culture systems. Adult thyroid tissue fragments 

cultured in collagen type I retain their 3D follicular structures with apical microvilli 

and basal lamina (Toda et al., 2001). Moreover, these in vitro cultured follicles will 

remain functional for a long period of time if they are cultured with sufficient 

oxygen supply (3D air-liquid culture) (Toda et al., 2011; Toda et al., 2002). Similarly 

to MDCK cells, thyroid porcine cells grown in suspension form cyst-like structure 

and develop their apical pole facing the culture medium. Upon transfer in type I 

collagen, these inverted cysts correct polarity within 3 days so that the apical pole 

will now face the internal lumen (Chambard et al., 1981; Mauchamp et al., 1998). 

Finally, as already mentioned, transient but concomitant expression of Nkx2.1 and 

Pax8 in embryonic stem cells (ESC) allows their differentiation into thyrocyte 

progenitors. Upon transfer and culture in extracellular matrix (matrigel), these 

thyrocyte progenitors further differentiate and organize in 3D follicles able to 
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organify iodide (Antonica et al., 2012). Although nothing has been described in 

vivo, all these in vitro observations support a role for ECM in thyroid 

morphogenesis. 

4. Bone morphogenetic proteins signaling 

4.1. Ligands 

Bone Morphogenetic Proteins (BMPs) are soluble growth factors named 

after their role in cartilage and bone formation. Since these original discoveries, 

BMPs have been implicated in many different organs during embryonic 

development but also in adult tissue homeostasis and disease. Hence, Body 

Morphogenetic Proteins is a more appropriate name.  

BMPs are 20 different proteins belonging to the Transforming Growth 

Factor-β family. This family also includes TGF-βs (3 isoforms), activins (3 isoforms), 

inhibins, Growth Differentiation Factors (GDFs), Glial Derived Neurotrophic factor 

(GDNFs), Nodal, Lefty and anti-Müllerian hormone. BMPs, phylogenetically closer 

to GDFs, are subdivided into 4 groups based on their structures and functions. 

BMP-2 and -4 form one group (“BMP-2/4 group”). BMP-5, -6, -7 (previously called 

OP-1; osteogenic protein-1) and -8 (OP-2) form the second group (“OP-1 group”). 

GDF-5, -6 (BMP-13) and GDF-7 (BMP-12) form the third group (GDF-5 group). 

BMP-9 and -10 form the fourth group. BMPs have distinct spatiotemporal 

expression profiles and their affinities to receptors define their biological activities 

(Miyazono et al., 2010; Miyazono et al., 2005). BMPs are synthesized as 

precursors containing a N-terminal signal peptide, a prodomain for folding and 

secretion and the C-terminal mature peptide. Dimers of precursors are formed in 

the cytoplasm, and require stabilization by disulfide bonds. Dimers are then 

cleaved by convertases to generate N- and C-terminal fragments, the latter being 

capable of binding to its receptor (Harrison et al., 2011; Wang et al., 2014). 

BMPs function in a continuous dose-dependent manner. Indeed, after 

secretion from the producing cell, BMP diffuse and generates a gradient. During 

Drosophila development, type IV collagen interacts with BMPs (Dpp in drosophila) 

in the extracellular space. This interaction increases Dpp signaling in the whole 
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embryo by promoting gradient formation or restricts the signaling in the ovary by 

sequestration of Dpp (Ramel and Hill, 2012; Wang et al., 2008). 

4.2. Receptors 

Two types of TGF-β/BMP receptors exist: type I and type II. There are 

seven type I receptors (ALK1-7) among which three can bind BMPs and four type II 

receptors, three of which can interact with BMPs (Table 1).  

 

 

 

 

 

 

 

 

 

Table 1: Receptors of the TGF-β family and their interaction with ligands. Receptors are 

classified in two groups, type I (ALK1-7) and type II (BMPR-2, ActR-2A, ActR-2B, TβRII) and 

can bind TGF-β, BMPs or Activin ligands (based on (Miyazono et al., 2010; Wang et al., 

2014)). 

Given the number of receptors and ligands, many different combinations 

of type I and type II receptor pairing and of ligand-receptors can occur and hence 

create a huge diversity in signaling properties (Wu and Hill, 2009). 

Receptors are composed of a short extracellular ligand-binding domain, a 

transmembrane domain and an intracellular domain with serine/threonine kinase 

activity for signaling (Wang et al., 2014). 

 

Receptors Ligand 

Type I  

ALK1 TGF-β/BMP (9-10) 

ALK2 = ActR-1A BMP (6-7-9-10)/Activin 

ALK3 = BMPR-1A BMP(2-4) 

ALK4= ActR-1B TGF-β/Activin 

ALK5= TβRI TGF-β 

ALK6 = BMPR-1B BMP (2-4/GDF5) 

ALK7 TGF-β 

Type II  

BMPR-2 BMP 

ActR-2A BMP/Activin 

ActR-2B BMP/Activin 

TβRII TGF-β 
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4.3. Smad proteins 

The main intracellular mediators of TGF-β/BMP signaling pathway are 

called the Smads. Smad proteins are conditional transcription factors containing 

two globular domains connected by a linker region. The N-terminal domain, or 

Mad homology domain 1 (MH1), can bind DNA. The C-terminal domain, or MH2, 

mediates protein-protein interaction with receptors, DNA binding cofactors or 

chromatin modifying enzyme (Macias et al., 2015). Smad proteins can be grouped 

in three classes: R-Smads are activated by the receptors after ligand binding; 

Smad2 and Smad3 are activated upon TGF-β binding; while Smad1, 5 and 8 are 

activated after BMP binding. The Co-Smad, Smad4, is common to TGF-β and BMP 

signaling and associates with activated R-Smads. The I-Smads, Smad 6 and 7, 

inhibit Smad signaling. 

4.4. Signaling 

Two main signaling pathways can be activated following BMP binding to 

receptors: the canonical Smad pathway and the non-canonical pathway that 

triggers activation of proteins from the MAPK family, PI3K/Akt, or from the Rho 

family of GTPases. I will focus on the canonical Smad signaling pathway 

downstream of BMP. 

In the canonical pathway, BMP binding to its receptor induces the 

formation of a heterotetrameric complex of two dimers of type I and type II 

receptors (Figure 18). Once in close contact, the constitutively active type II 

receptor phosphorylates the type I receptor at a particular domain rich in glycine 

and serine. Type I receptor becomes activated and phosphorylates the receptor-

regulated Smads (R-Smads) at a C-terminal SSXS motif. R-Smads then associate 

with the Co-mediator Smad4 (Co-Smad), and activated heteromeric Smad 

complexes translocate to the nucleus where they bind upstream regulatory 

sequences to target genes and regulate their transcription (Wang et al., 2014).  
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Figure 18. BMP signaling pathway. Binding of BMP ligand to heterotetrameric type I and II 

receptors induces non-canonical pathways and phosphorylation of R-Smad (Smad1/5/8). 

Phosphorylated R-Smad interacts with Smad4 and translocates to the nucleus to regulate 

gene transcription in association with transcriptional coactivators or corepressors. Activity 

of the pathway can be modulated by co-receptors (Endoglin) or extracellular (Noggin) and 

intracellular (Smad6/7) modulators (Wang et al., 2014). 

Smads activated by TGF-β bind to Smad-binding elements (SBEs; AGAC or 

GTCT sequence) in the promoter of target genes, while Smads activated by BMPs 
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bind usually to the GCCGnCGC (GC-rich) sequence in regulatory regions of target 

genes. Among the various BMP target genes, the best studied belong to the Id 

(inhibitor of differentiation or inhibitor of DNA binding) family that contains 4 

members (Id1-4). These HLH factors are negative regulators of cell differentiation 

and positive regulators of cell proliferation through inhibitory complex formation 

with bHLH transcription factors.  

Once turned on, TGFβ/BMP signaling must be turned off. One mechanism 

is based on the increased expression of target genes Smad6 and Smad7 (I-Smads), 

which trigger feedback inhibition on the pathway by various means. Smad6 

inhibits BMP signaling while Smad7 inhibit both TGF-β/BMP and activin pathways. 

Upon expression, I-Smads interact with type I receptor and prevents the 

interaction of R-Smad with the receptor. I-Smads also associate with R-Smad and 

prevent formation of the signaling complex between R-Smad and Co-Smad. 

Moreover, I-Smads can inhibit transcription of certain genes in the nucleus. In this 

compartment, Smurf, an ubiquitin ligase, can bind I-Smads and induce their 

nuclear export, thereby facilitating interaction with type I receptor and with 

cytoplasmic R-Smad (see above). In addition, I-Smad will also bring the ubiquitin 

ligase Smurf in close contact with the receptor and the R-Smad and mark these for 

proteasome-dependent degradation. Lastly, I-Smads can turn off receptor 

signaling by triggering dephosphorylation of receptors via protein phosphatases I 

(PPI) (Miyazono et al., 2010; Miyazono et al., 2005). Another mechanism to 

regulate TGFβ/BMP signaling is the nuclear export of Smad2/3 upon 

dephosphorylation by the phosphatase PPM1a which thus stops TGFβ signaling. 

Dephosphorylated Smads are recognized by RanBP3, a nuclear protein promoting 

export of the Smad from the nucleus (Dai et al., 2010; Lin et al., 2006). 

4.5. BMPs in development 

The role of BMP signaling in development has been studied in mice by 

genetic inactivation of BMPs, their receptors or downstream Smads. Defects in 

bones, heart, blood vessels, liver or lungs have been described which indicate that 

BMPs control cell growth, differentiation and apoptosis and support the 

appellation “body morphogenetic proteins”. Below, I will describe selected 

examples of the role of BMP in development. 
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The respiratory system (trachea and lungs) and the upper digestive tract 

(esophagus) derive from a single tube, the anterior foregut. Finely regulated 

processes, such as cell specification, are required to produce these two distinct 

tubes. Cells in the ventral part of the foregut endoderm tube, which will give rise 

to the respiratory system, are NKX2.1+ and SOX2-. Conversely, endodermal cells in 

the dorsal part of this tube are NKX2.1- and SOX2+. BMP signaling controls the 

establishment of these two territories of the foregut tube (Domyan et al., 2011). 

Following inactivation of BMP receptors 1a and 1b, formation of the two tubes 

from the foregut tube does not occur and the foregut remains a single tube. In the 

tube, cells display by default the characteristic expression pattern of the 

esophagus: NKX2.1- and SOX2+. This indicates that BMP signaling is required for 

trachea/lung specification. Based on the reciprocal antagonism described for 

NKX2.1 and SOX2, inactivation of SOX2 was performed in BMPR1a/1bKO mice. 

Triple KO embryos exhibited a separated trachea and esophagus, similar to 

controls. They further demonstrated that BMP signaling via BMPr1a/1b represses 

SOX2 expression, thereby allowing NKX2.1 expression in the ventral part of the 

foregut tube and thus promoting trachea formation (Domyan et al., 2011).  

BMPs also play a critical role in ductus arteriosus (DA) closure. DA is a 

bypass conduit from the pulmonary artery to the aorta, operational only during 

fetal life to prevent blood passage via the non-functioning, non-ventilated lungs. 

At birth, transition to a pulmonary circulation requires rapid closure of the DA. 

The DA closure occurs in two steps: first, functional (initial) closure by a smooth 

muscle contraction, then anatomical (definitive) closure by a remodeling of 

endothelial cells in the DA lumen. BMP9 and 10 are circulating BMPs implicated in 

vascular development. BMP9KO embryos injected with a BMP10 neutralizing 

antibody showed impaired DA closure (Levet et al., 2015). The authors 

demonstrated that BMP9 and 10 stimulate the expression of fibronectin and of 

genes involved in endothelial-to-mesenchymal transition (EndMT). They propose 

a model in which high circulating BMP9 and 10 at birth trigger remodeling of DA 

endothelial cell in intimal cell, which lose cell-cell contacts, become mesenchymal 

and produce matrix deposition.  

BMPs are also involved in angiogenesis which is the extension of new 

blood vessels from an existing vessel. First evidence came from the inactivation of 

Smad5 in mice, which leads to embryonic death at E10.5-11.5 due to defects in 
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angiogenesis (Yang and Chiba, 1999). A more recent study illustrates the role of 

BMP pathway in angiogenic sprouting (Moya et al., 2012). Upon VEGFa-

dependent angiogenic stimulation, an endothelial cell becomes tip cell, while 

neighboring cells become stalk cells. The tip cell induces Dll4-Notch signaling in 

adjacent cells resulting in repression of tip cell characteristics in the adjacent stalk 

cells. By using mouse KO for Smad1 and Smad5 in endothelial cells, authors 

observed excessive angiogenic sprouting due to increased number of tip cells and 

decreased number of stalk cells. This observation was explained by cooperation 

between BMP-mediated Smad signaling and Notch signaling to maintain non-tip 

cells in the stalk cell state. BMP signaling is thus an important player together with 

Notch and VEGF in angiogenesis fine-tuning during development (Moya et al., 

2012). 

Although nothing is known about the implication of BMP in thyroid 

development, these selected examples suggest that they are active in the foregut, 

and could play a role in thyroid organogenesis, probably through angiogenesis or 

ECM deposition. 
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VI. AIMS OF THE WORK 

The thyroid gland is composed of epithelial monolayers forming closed 

independent structures surrounding a lumen, the follicles. Formation of follicles 

occurs by reorganization of a tri-dimensional mass of non-polarized epithelial cells 

derived from the endoderm. Our lab is interested in the mechanisms driving 

folliculogenesis, more specifically in the communication between epithelial cells 

and the environment, in which endothelial cells are an important component. 

When I joined this project, the working hypothesis was that endothelial 

cells, initially localized around the mass but progressively invading the thyroid 

mass, could be an important player in folliculogenesis. Indeed, in VegfaKO thyroid, 

recruitment of endothelial cells was reduced and this was accompanied with 

defective follicle formation. Culture of thyroid explants depleted of endothelial 

cells also impaired folliculogenesis. Interestingly, and this is where I started to be 

involved in the project, defective folliculogenesis in thyroid explants could be 

rescued by addition of endothelial progenitors cells (eEPC) or their conditioned 

medium. These observations indicated that endothelial cells instruct epithelial 

cells to organize in follicles through secretion of a soluble factor (Delmarcelle et 

al., 2014; Hick et al., 2013). 

My main objectives were to characterize the conditioned medium and to 

identify the folliculogenic factor(s) in order to understand the molecular and 

cellular mechanisms controlling folliculogenesis. Understanding cell-cell 

communications and the mechanisms involved in epithelial monolayers 

organization is not only important for developmental biology but also for 

medicine. Indeed, upon transformation, polarized epithelial cells in monolayers 

lose their polarity and proliferate to form a tridimensional mass. Carcinomas will 

then recruit endothelial cells and reciprocal communications will be initiated.   

Characterization of the conditioned medium was facilitated by 

improvements of our thyroid culture system (Delmarcelle et al., 2014). We thus 

microdissected and cultured a homogenous tissue, the thyroid lobes at E14.5. This 

culture system was instrumental to biochemically characterize the conditioned 

medium but also to test implication of candidate molecules/signals in 

folliculogenesis. My work progressively merged with another project from the lab, 
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aiming at understanding the role of BMP-Smad1/5 signaling in thyroid 

folliculogenesis. We demonstrated that conditioned medium could rescue the 

defective folliculogenesis of VegfaKO but also of Smad1/5dKO. Combined progress in 

these two projects allowed us to identify laminins, a major component of the 

basement membrane, as a potent profolliculogenic factor. These results are the 

subject of my main scientific paper (Villacorte*, Delmarcelle* et al., in revision). 
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VII. RESULTS 

1. Reciprocal epithelial:endothelial paracrine 

interactions during thyroid development 

govern follicular organization and C-cells 

differentiation 

Anne-Christine Hick, Anne-Sophie Delmarcelle, Mahé Bouquet, Sabrina Klotz, 

Tamarra Copetti, Céline Forez, Patric Van Der Smissen, Pierre Sonveaux, Jean-

François Collet, Olivier Feron, Pierre J. Courtoy, Christophe E. Pierreux 

 

This work supported the thesis project of a previous PhD student from the 

lab, Anne-Christine Hick. I contributed to finalize this work and to perform 

experiments requested by the reviewers. Characterization of the conditioned 

medium was initiated, by studying the nature and the size of the folliculogenic 

factor. Other experiments were also performed to evaluate the role of the 

conditioned medium on the phosphorylation status of Nkx2.1. 
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Supplementary figures 

 

Fig. S1 (complementary to Fig. 1B, C) Tight junction maturation. Double 

immunofluorescence of control thyroid sections from e12.5 to e17.5. The e12.5 

thyroid bud is composed of a mass of non-polarized epithelial cells (E-cad+; ZO-1-). 

Small dots of ZO-1 staining appear at e14.5. At e17.5, epithelial cells are organized 

in follicular-like structures or “rosettes”, composed of polarized monolayers 

surrounding small lumina delineated by ZO-1 labeled apico-basolateral 

boundaries. 
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Fig. S2 (complementary to Fig. 2) Whole-embryo views of fields selected at Fig. 

2B. (A) In situ hybridization and double immunofluorescence on adjacent sagittal 

sections of the thyroid bud from a e14.5 WT embryo emphasize the 

complementary expression pattern of Vegfa, expressed by E-cadherin+ epithelial 

cells, and Vegfr2 in invading PECAM+ endothelial cells. (B) In situ hybridization on 

adjacent sagittal sections of a e16.5 WT embryo shows persistence of this 

complementary expression pattern. 
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Fig. S3 Normal expression of Vegfa and Vegfr2 in the submandibular glands of 

Vegfa cKO. In situ hybridization showing similar expression of Vegfa and Vegfr2 in 

control and Vegfa cKO (thyroid-specific) submandibular glands at e14.5.  
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Fig. S4 Proliferation is still restricted to the periphery of e17.5 cKO thyroids. (A) 

Immunofluorescence for phosphohistoneH3 (pHH3) with (upper row) and 

without (lower panel) nuclei counterstaining by Hoechst of control and cKO 

frontal thyroid sections. Proliferating cells (pHH3+) are numerous and widely 

distributed within control glands, but less abundant and restricted to the 

periphery in cKO. (B) Quantification (3 glands per condition). Although lobe size is 

similar, total number of PHH3+ cells is reduced by 2-fold in cKO. 
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Fig. S5 Conditional (Pax8-Cre) Vegfa inactivation also strongly reduces vascular 

density in kidney embryos at P0. (A) Reduced vascular density in glomerular 

tufts. Immunofluorescence for PECAM in control and cKO kidneys (general tissue 

structure is shown by E-cadherin). In cKO, large blood vessels appear normal 

(asterisks) but endothelial cells in glomerular tufts (dotted lines) are almost 

absent. (B) Decreased Vegfa and Vegfr2 by RT-qPCR. Loss of one (het, for 

heterozygous) or two Vegfa alleles (cKO) causes a dose-dependent reduction in 

the expression of Vegfa (> 80 % Cre activity), and, to a lesser extent, of the 

endothelial marker Vegfr2. (C) Altered kidney histology. P.A.S. histological 

staining shows absence of normal glomeruli and closed tubules (arrows) in cKO. 
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Fig. S6 Thyroid of adult heterozygotes for Vegfa is normal. Triple fluorescence on 

WT and heterozygous (Pax8cre Vegffl/+) thyroids sections at 2 months. No 

difference can be seen in follicular organization and size, vascularization and 

iodothyroglobulin storage. 
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Fig. S7 Reduced vascular density in cKO is associated with impaired basement 

membrane formation. Triple immunofluorescence of e15.5 control and cKO 

thyroid sections. Laminin labeling surrounds individual epithelial clusters in WT 

but is mainly found at the periphery of cKO thyroids. 
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Fig. S8 (complementary to Fig. 7) Epithelial organization in follicles is perturbed 

in cKO thyroid glands. Triple fluorescence labeling of P0 control and cKO thyroid 

sections. (A) Orthogonal views of stacks of 65 (control) and 53 (cKO) confocal 

images show several large lumina surrounded by ezrin lumina in control, but 

much smaller ezrin+ structures in cKO newborns (arrowheads). (B) ZO-1 

immunolabeling in confocal sections. In controls, ZO-1 is restricted to the tight 

junctional belts of epithelial (E-cad+) “rosettes”. In thyroid of cKO pups, “rosettes” 

are rarely observed and ZO-1 labeling is mostly associated with clusters of dots 

under the epithelial plasma membrane (arrow).  



91 
 

 

 

Fig. S9 Ex vivo bilobation and development of thyroid explants. Bright-field 

image of e12.5 thyroid explants before and during 4 days of culture. In freshly 

dissected tissue (D0), thyroid anlagen are hardly visible. The two thyroid lobes 

(dotted lines) become visible already after one day of culture (D1), then expand 

continuously from D1 to D4. Even at higher magnification (right panel), follicular 

structures are still not visible in the thyroid lobes. 
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Fig. S10 Pharmacological inhibition of VEGFR2 (VEGFR2i) in e12.5 explants 

triggers systematic apoptosis specifically in endothelial cells. Quadruple 

fluorescence labeling of endothelial cells (PECAM+), thyrocytes (Nkx2.1), and 

apoptotic cells (Casp3a) of e12.5 thyroid explants treated or not with VEGFR2i for 

16h shows activated caspase-3 in all explants, limited to endothelial cells. 

  



93 
 

 

Fig. S11 Addition of endothelial precursor cells (eEPCs) around explants deprived 

of endogenous endothelial cells causes enlargement of follicular lumina. E12.5 

explants were treated for 40 h with VEGFR2i to ablate endogenous endothelial 

cells, washed, then incubated with Tomato-eEPCs for 2 days. Left panels: Bright-

field views of thyroid explants after 4 days in culture show large peripheral 

refractile disks corresponding to enlarged follicles (asterisks) in the two lobes. 

Center and right panels: Tomato-EPCs fluorescence shows clustering of eEPCs 

around the explants and their partial invasion on the lobes (upper panel, small 

arrows; same field with dotted lines define the two lobes), with possible 

enrichment around enlarged follicles (lower panel, asterisks). 
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Fig. S12 The endothelial progenitor cell-derived folliculogenic activity has a 

proteinaceous nature and is found in both high- and a low-molecular weight 

fractions. E12.5 thyroid explants were treated with the VEGFR2 inhibitor 

(VEGFR2i) for 40 h to ablate endogenous endothelial cells, washed, then 

incubated with the indicated conditioned media (c.m.) for 2 days. (A) 

Immunolabeling. As compared to control explants, lumina (ezrin+) of c.m.-treated 

explants are larger. Boiling or pronase treatment of the c.m. abolishes most of the 

foliculogenic activity. (B) Immunolabeling. As compared to control explants, we 

observed that two fractions (#2 and #6) of gel-filtrated c.m. displayed 

folliculogenic activity. Molecular weight ranges (in kDa) are based on the position 

of calibrators 
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2. An ex vivo culture system to study thyroid 

development 

 

Anne-Sophie Delmarcelle, Mylah Villacorte, Anne-Christine Hick, Christophe E. 

Pierreux 

 

Although purely “technical”, this work is an essential contribution for the 

lab and for collaborators. In this paper, we describe microdissection of the thyroid 

gland at E12.5 and E14.5 and the culture of the thyroid explants on semi-

permeable filters but also on fibronectin- or collagen-coated dishes. I was the 

main artisan of this experimental paper, which is accompanied by a movie 

illustrating critical steps of the thyroid microdissection and culture. The movie is 

available on request. 
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3. Thyroid follicle development requires 

Smad1/Smad5 and endothelial-dependent 

basement membrane assembly 

 

Mylah Villacorte*, Anne-Sophie Delmarcelle*, Manon Lernoux, Mahé Bouquet, 

Jennifer Bolsée, Lieve Umans, Susana Chuva de Sousa Lopes, Patrick Van Der 

Smissen, Takako Sasaki, Guido Bommer, Samuel Refetoff, Frédéric P. Lemaigre, An 

Zwijsen, Pierre J. Courtoy, Christophe E. Pierreux (* Equal first authors) 

 

My project merged with the project led by Dr. Mylah Villacorte on the 

characterization of Smad1/5dKO and both projects complemented one another. 

Indeed, we noticed several similarities between Smad1/5dKO and VegfaKO: (i) 

defective folliculogenesis, (ii) impaired basement membrane assembly, and (iii) 

rescue by conditioned medium from eEPC. My main contribution was the 

identification of laminins present in the conditioned medium as a folliculogenic 

factor. I also re-analyzed VegfaKO by focusing on basement membrane protein 

expression and assembly and I studied the regulation of Vegfa expression by BMP 

ligands. 
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Thyroid follicle development requires Smad1/Smad5- and 

endothelial-dependent basement membrane assembly 

Mylah Villacorte1┼, Anne-Sophie Delmarcelle1┼, Manon Lernoux1, Mahé Bouquet1, 

Jennifer Bolsée1, Lieve Umans2,3, Susana Chuva de Sousa Lopes5, Patrick Van Der 

Smissen1, Takako Sasaki6, Guido Bommer1, Samuel Refetoff7, Frédéric P. 

Lemaigre1, An Zwijsen2,4, Pierre Courtoy1, and Christophe E. Pierreux1* 
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4Department of Human Genetics, KU Leuven, Belgium, 5Department of Anatomy 

and Embryology, Leiden University Medical Center, Leiden, The Netherlands, 
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*corresponding author. Fax : +32 2 764 75 43 
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Keywords: 
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Summary   

Epithelial BMP-Smad1/5 signaling and associated endothelial cells are required for 

reorganization of thyroid progenitor cell mass into mature follicles via deposition 

of basement membrane proteins. 
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Abstract 

Thyroid follicles, the functional units of the thyroid gland, are delineated 

by a monolayer of thyrocytes, which rest on a basement membrane. During 

embryonic development, follicles are formed by reorganization of an unstructured 

mass of non-polarized cells, but regulatory mechanisms driving folliculogenesis 

remain largely unknown. Here we show that assembly of the basement 

membrane is critical for folliculogenesis and is controlled by endothelial cells and 

BMP-Smad signaling in thyrocytes. Thyroid-specific double Smad1 and Smad5 

knockout mice (Smad1/5dKO) display growth retardation, hypothyroidism and 

defective follicular architecture. In Smad1/5dKO embryonic thyroids the epithelial 

cells remain associated in large clusters and form small follicles. Although similar 

follicular defects are found in VegfaKO thyroids, Smad1/5dKO thyroids have normal 

endothelial cell density but show reduced expression of several endothelial 

markers. Interestingly, we found that both Smad1/5dKO and VegfaKO thyroids 

displayed impaired basement membrane assembly. Furthermore, conditioned 

medium (CM) from embryonic endothelial progenitor cells (eEPC) rescues the 

folliculogenic defects of Smad1/5dKO and VegfaKO thyroids. Laminin α1β1γ1 is 

abundantly released by eEPC into CM, and is critically required for 

folliculogenesis. These results support that thyrocytes cooperate with endothelial 

cells to promote folliculogenesis via assembly of the basement membrane.  
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Introduction 

Thyroid follicles are the functional units of the thyroid gland. Each follicle 

is composed of a polarized monolayer of epithelial cells delineating a close lumen 

where thyroglobulin (TG) is stored as colloid. Thyrocytes differentiate from 

thyroid progenitors that bud from the foregut endoderm as a mass of non-

polarized epithelial cells, which reorganize to form pre-follicular structures by 

acquisition of apico-basal polarity (Fagman et al., 2006; Hick et al., 2013). 

Differentiated thyrocytes face the lumen at the apical pole, and are attached to 

the basement membrane at their basal pole. In the mature thyroid, a dense 

network of blood vessels surrounds each follicle. Together, they form angio-

follicular units responsible for T3 and T4 thyroid hormone synthesis and storage 

within TG, and then hormone secretion into the bloodstream (Colin et al., 2013; 

Nilsson and Fagman, 2013). A limited number of transcription factors (Nkx2.1, 

Pax8, Foxe1 and Hhex) and signalling molecules are known to control thyroid 

development (Fagman and Nilsson, 2010), but factors regulating follicle formation 

remain largely unknown.  

Several studies have demonstrated the importance of epithelial-

endothelial interactions in organs developing from the endoderm (Hick et al., 

2013; Lammert et al., 2001; Lazarus et al., 2011; Pierreux et al., 2010). In the 

thyroid, we found that endothelial cells are recruited in response to epithelial-

derived VEGFa and are essential for the organization of thyroid epithelial cell mass 

into follicles (Hick et al., 2013). However, the identity and mode of action of 

folliculogenic factor(s) are still unknown.  

Bone/body morphogenetic proteins (BMP) are members of the 

transforming growth factor (TGF-β) family that control many developmental 

processes such as epithelial differentiation and tissue morphogenesis (Macias et 

al., 2015). Upon BMP ligand binding to its receptor, the intracellular signal 

transducers, Smad1/5/8 become activated by c-terminal phosphorylation. 

Phosphorylated Smad1/5/8 bind Smad4 and translocate to the nucleus where 

they regulate expression of target genes, such as Id genes. BMP also interacts with 

members of apico-basal polarity complex as exemplified by early events of neural 

tube closure (Eom et al., 2011). Loss of Twisted gastrulation gene, encoding a BMP 

modulator, causes craniofacial defects and affects foregut endoderm and reduced 
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expression of Hhex, a transcription factor required for early thyroid development 

(Petryk et al., 2004). Interestingly, reports on ES cell differentiation have shown 

that modulation of BMP signalling is critical for efficient lineage specification of 

Nkx2.1 endodermal progenitors (Green et al., 2011; Longmire et al., 2012). Since 

Smads often function redundantly, we studied the role of BMP signalling in the 

thyroid gland by combined genetic inactivation of Smad1 and Smad5. We found 

that Smad1/5dKO mice have retarded growth, suffer from hypothyroidism and 

display a major perturbation in follicle formation. Defective follicle formation, 

highly reminiscent of that observed in VegfaKO mice, was associated with impaired 

assembly of basement membrane proteins and could be rescued by laminin-rich 

conditioned medium. Our results indicate that epithelial BMP-Smad1/5 signaling 

and endothelial cells of the thyroid promote folliculogenesis via assembly of the 

basement membrane. 
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Results 

Active BMP signaling in thyrocyte progenitors during thyroid 

development  

We first analyzed BMP signaling in thyroid development at the time of follicle 

formation (from E14.5 to E18.5). Several BMP ligands, among which Bmp2, -4, -5 

and -7 were the most abundantly expressed (Fig. 1A). BMP type I and type II 

receptors, intracellular Smad1, -5 and -8 as well as the common mediator Smad4, 

were also well-expressed (Fig. 1A). Measurement of the absolute copy number of 

Smad1/5/8 in E14.5 thyroid glands (Fig. 1B) showed that Smad8 mRNA is 

approximately four times less abundant than Smad1 and Smad5.  

We next assessed whether BMP signaling was active during thyroid development. 

We could not detect phosphorylated forms of Smad1/5/8 by immunolabeling of 

embryonic thyroid sections, but found that thyroid epithelial cells were BMP 

responsive. Indeed, treatment of microdissected E14.5 thyroid lobes with BMP4 

induced Smad1/5/8 phosphorylation and nuclear translocation (Fig. 1C). We 

further recorded in vivo BMP signaling activity using a transgenic line expressing 

Green Fluorescent Protein (GFP) under the control of BMP Response Elements 

(Monteiro et al., 2008). At E14.5, GFP expression was restricted to elongated 

structures running along and in-between thyroid epithelial cell masses, likely 

endothelial cells from blood vessels. In contrast, non-polarized thyroid epithelial 

cells (E-cadherin+) did not show detectable GFP (Fig. 1D). One day later, GFP was 

detected in some thyroid epithelial cells, and by E16.5 in almost all of them. This 

indicated that BMP signaling was turned on in epithelial cells of developing 

thyroid between E14.5 and E15.5, i.e. at the start and during follicle formation.  
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Figure 1. Active BMP signaling in thyrocyte progenitors during thyroid 

development. (A) BMP ligands, receptors and Smad intracellular mediators are 

expressed in the thyroid during follicle formation, from E14.5 to E18.5. Bmp-2, -4, -

5, -7 are the most abundant mRNAs in the thyroid (n≥3). (B) Absolute 

quantification of Smad1/5/8 mRNAs at the initiation of follicle development 

(E14.5) reveals that Smad1 and Smad5 are the most abundant intracellular 

mediators of BMP signaling in the thyroid (n≥3). (C) Detection of pSmad1/5/8 

(green) is increased on sections of E14.5 explants treated for 30 min with 20 ng/ml 

BMP4, as compared to untreated samples. (D) Thyroid sections from BRE-GFP 

reporter mouse line reveal the presence of GFP (green) at E14.5 in blood vessels 

and parathyroid (PT, delineated by white dotted line) but not in immunolabeled 

thyroid epithelial cells (E-cadherin, red). From E.15.5 onwards, most epithelial cells 

of the developing thyroid display GFP activity. Data are presented as means ± 

S.E.M. Bar, 50 µm. 
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Smad1/5dKO mice display growth retardation, abnormal follicles and 

hypothyroidism 

To determine the role of BMP signaling in the thyroid, we deleted the most 

abundant Smads, Smad1 and Smad5, in the thyroid by crossing mice with 

conditional alleles of Smad1 (Smad1fl/fl) and Smad5 (Smad5fl/fl) with Pax8-Cre mice 

(Bouchard et al., 2004). Single Smad1KO and Smad5K0, as well as double 

Smad1/5dKO mice were viable and born at normal Mendelian ratios. Only 

Smad1/5dKO displayed smaller body size and significantly reduced body weight at 

10 weeks (Fig. 2A). Histological analysis of control thyroids at 10 weeks showed a 

collection of large follicles composed of a monolayer of epithelial cells delineating 

a round lumen (Fig. 2Ba). Single Smad1KO and Smad5KO looked comparable to the 

control thyroid, although follicles in Smad5KO were somewhat smaller (Fig. 2Bb, 

Bc). In marked contrast, the thyroid structure of Smad1/5dKO was completely 

disorganized with much fewer, irregular follicles delineated by taller thyrocytes 

(Fig. 2Bd). This was accompanied with adipogenesis in Smad1/5dKO which occurred 

also to a lesser extent in Smad1KO (data not shown). To evaluate thyroid function, 

we immunolabeled sections with iodinated thyroglobulin (Tg) using 

immunoperoxidase. This led to homogeneous staining filling the colloid of all 

follicles of control and single KO thyroids (Fig. 2Be-g). In Smad1/5dKO, iodinated Tg 

was limited to a peripheral rim, suggesting colloid depletion (Fig. 2Bh). These data 

suggested that although some thyroid differentiation can occur in Smad1/5dKO, 

functionality was dramatically affected. Because Smad1/5dKO displayed growth-

retardation and histological alterations of the thyroid glands, we next analyzed 

their thyroid hormonal status at 10 weeks. Plasma T3 and T4 concentrations were 

decreased by five-fold in Smad1/5dKO (Fig. 2C), and accordingly, TSH 

concentrations were dramatically increased up to 20,000 fold (Fig. 2C). Thus, this 

major feedback response was insufficient to maintain plasma T3 and T4 

concentrations (Fig. 2C), demonstrating thyroid unresponsiveness. Taken 

together, these data indicate that Smad1 and Smad5 are redundantly required for 

thyroid follicle formation and function.  
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Figure 2. Smad1/5dKO mice display growth retardation, abnormal follicles, and 

hypothyroidism. Ten weeks-old single and double (d) KO mice were compared to 

age-matched control. (A) Smad1/5dKO mice have smaller body size and lower body 

weight as compared to control. (B) H&E staining of control (a) Smad1KO (b) and 

Smad5KO (c) thyroids reveals abundant mature follicles lined with flat thyrocytes, 

while Smad1/5dKO (d) thyroids exhibit severe disorganization of the thyroid 

parenchyma, with fewer and abnormal follicular structures lined with thicker 

thyrocytes suggesting high TSH level. Control (e), Smad1KO (f) and Smad5KO (g) 

thyroids show homogeneous and dense signal for iodinated-Tg in the colloid. (h) In 

the Smad1/5dKO, iodinated-Tg is limited to a peripheral rim. (C) TSH, T3 and T4 

concentrations were measured in plasma of control (open circles) and Smad1/5dKO 

mice (filled circles) (n≥15). Most Smad1/5dKO mice exhibit very high plasma or 

serum TSH and low T3 and T4. **p<0.001; ***p<0.0001 using Mann Whitney U 

test. Data are presented as means ± S.E.M. Bar, 100 µm.  
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Smad1/5 are efficiently inactivated in thyrocytes progenitors 

The severe follicular alterations and major hypothyroidism of adult Smad1/5dKO 

mice suggested that follicle formation and/or differentiation might be affected in 

embryonic thyroid. We first verified Cre-mediated Smad1 and Smad5 

recombination by measuring the abundance of Smad1/5/8 mRNA during early 

stages of embryonic thyroid development (Fig. 3A). As compared to controls, 

Smad1/5dKO thyroid showed a 50% reduction in the abundance of Smad1 and 

Smad5 mRNA as early as E14.5, and this reduction persisted until the end of 

gestation (Fig. 3A). As expected, Smad8 expression was not affected at E14.5, but 

significantly decreased at E18.5, suggesting positive regulation by BMP-Smad1/5 

signaling during thyroid development. Based on epithelial-specific Pax8-Cre 

expression, we hypothesized that the 50% global reduction in Smad1/5 reflected 

loss of expression in the developing thyrocytes but persistent expression in other 

cell types. Further, treating cultured thyroid lobes with BMP4 revealed 

phosphorylation of Smad1 and Smad5 in controls but not in a large majority of 

Smad1/5dKO (Fig. 3B). These data indicate that Smad1/5 were successfully 

inactivated in thyroid epithelial cells and suggest that the remaining 50% 

expression is attributed to Smad1/5 presence in other cell types of the thyroid 

where the Cre is not active.  

 Smad1/5 inactivation impairs thyroid folliculogenesis 

Follicle formation from an original mass of non-polarized epithelial cells involves a 

complex morphogenetic process starting around E14.5. Careful analysis of thyroid 

gland development reveals progressive fragmentation of the epithelial mass, 

organization of the epithelial cells in independent spherical structures or rosettes, 

acquisition of apico-basal polarity and finally lumen expansion (Fagman et al., 

2006; Hick et al., 2013). To test when BMP signaling impacts on follicle formation, 

we analyzed thyroid development in control and Smad1/5dKO mouse embryos 

from E14.5 to E18.5 (Fig. 3C, E). In controls, small clusters of the apical marker 

ezrin first became apparent in the thyroid mass at E14.5, just underneath or fused 

with the membrane of epithelial progenitors (Fig. 3Ca). These clusters could 

correspond to vesicles coated with ezrin and targeted to the membrane to initiate 

apical pole development. At this stage, the basal marker laminin was only found 

between thyroid peripheral cells and the stroma (Fig. 3Ea). At E16.5, coordinated  
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Figure 3. Smad1/5 are efficiently inactivated in thyrocyte progenitors. (A) As 

compared to control thyroid lobes (grey bars), Smad 1/5dKO (black bars) show a 

~50% reduction in Smad1 and Smad5 mRNA levels from E14.5 onwards. Expression 

of Smad8 is affected at E18.5 (n≥5). (B) pSmad1/5 labeling reveals Smad 

activation in control, but not in Smad1/5dKO thyroid lobes at E14.5 treated in 

parallel with 20 ng/ml of BMP4. (C) Organization of epithelial progenitor cells (E-

cadherin; red) in monolayers surrounding a lumen (ezrin; green) is impaired in 

Smad1/5dKO thyroid glands. (D) The number of cells per luminal profile of well-
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defined Par3+ structures (n≥13) is decreased by ~2-fold in thyroid glands of 

Smad1/5dKO as compared to control. (E) Defective apical (ezrin; red) and basal 

specification (pan-laminin; green) in Smad1/5dKO, as compared to control thyroid 

glands (F). The number of cells in contact with pan-laminin and with ezrin is 

decreased in Smad1/5dKO. *p<0.05; ** p<0.001; *** p<0.0001 0001 using Mann 

Whitney U test. All mRNAs were normalized to RPL27. Data are presented as 

means ± S.E.M.  Bar, 10 µm. See also Fig. S1 in the Supplementary materials. 

 

fusion of vesicles from several epithelial cells progressively separated cell 

membranes and delineated small lumina. Thyrocyte progenitors organized in pre-

follicular structures progressively assembled a laminin-rich basement membrane, 

appearing as a dense meshwork, which fragmented the mass (Fig. 3Cb, Eb). By the 

end of gestation, follicular structures were individualized, i.e. completely 

surrounded by laminin and ezrin+ lumina had expanded (Fig. 3Cc, Ec). At E14.5 in 

the absence of Smad1 and Smad5, thyroid epithelial cells also contained small 

clusters of ezrin and the thyroid mass was delineated by laminin (Fig. 3Cd, Ed). 

Fusion of vesicles with the membrane occurred, but lumina of pre-follicular 

structures were smaller in Smad1/5dKO at E16.5 (Fig. 3Ce, Ee). In addition, the 

percentage of epithelial cells showing ezrin+ membrane revealed a two-fold 

decrease (84% ± 13.8 versus 35% ± 11.7; Fig. 3F). Fragmentation of the thyroid 

mass of Smad1/5dKO was also impaired: epithelial cells remained associated in 

large clusters and the percentage of epithelial cells in contact with pan-laminin 

was reduced (92% ± 7.7 versus 57% ± 9.5; Fig. 3F). At E18.5, the difference 

between control and Smad1/5dKO was even more evident. Most epithelial cells 

remained associated, pre-follicular structures were composed of a reduced 

number of cells, only partially delineated by laminin and their lumen did not 

expand (Fig. 3Cf, Ef, D). Altogether, these results indicate that BMP signaling is 

essential for epithelial reorganization of the thyroid progenitor mass into 

individualized follicles with large lumina.  

Despite the reduced number of ezrin+ epithelial cells and the smaller lumina, we 

noticed that ezrin was correctly localized to the apical pole in Smad1/5dKO. This 

suggested that apical polarity was preserved. To further support this 

interpretation we analyzed control and Smad1/5dKO thyroid for Par3, a key 
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component of the apical polarization machinery, and F-actin for cytoskeleton 

organization, and found no obvious difference between controls and Smad1/5dKO 

(Fig. S1A). Furthermore, transmission electron microscopy revealed that the cells 

surrounding small lumina in Smad1/5dKO still developed tight junctions and 

microvilli projecting into the lumen space, as in control follicles (Fig. S1B). 

However, intracellular microvilli inclusion bodies were observed in Smad1/5dKO, 

suggesting defective apical delivery of intracellular vesicles (Fig. S1B, inset). 

Altogether, these data indicated that BMP-Smad signaling controls folliculogenesis 

downstream of the initial apical specification but upstream of basement 

membrane assembly, epithelial reorganization and lumen expansion. 

Smad1/5 signaling in thyrocytes stimulates Vegfa expression and affects 

gene expression in neighboring endothelial cells  

Previous work from our group has shown that endothelial cell recruitment into 

the developing thyroid is required for follicle formation. The folliculogenic effect 

of endothelial cells was contact-independent and could be mimicked with 

medium conditioned by endothelial cells (Hick et al., 2013). We thus tested 

whether defective folliculogenesis in Smad1/5dKO could either be due to lack of 

endothelial cells, or of a signal derived therefrom. We identified endothelial cells 

by immunolabeling for PECAM, a cell adhesion molecule specifically expressed by 

endothelial cells, in control and Smad1/5dKO thyroids from E14.5 to E18.5 (Fig. 4A). 

In control and Smad1/5dKO thyroids abundance and localization of blood vessels 

were unaffected at the three stages analyzed (Fig. 4A). Quantification of 

endothelial surface and epithelial to endothelial surface ratio did not reveal any 

significant difference.  

To evaluate endothelial cell differentiation in Smad1/5dKO, we measured the 

expression of selected endothelial-specific genes. We found that expression of 

vascular endothelial cadherin-1 (Cdh5) and -2 (Pcdh12) as well as of Tie1 was 

significantly reduced at E16.5 (Fig. 4B), but expression of Vegfr2, Pecam1 and 

endothelial cell-specific molecule 1 (Esm1) were normal. Vegfa controls 

endothelial cell development and BMP-Smad1/5 signaling is known to control 

Vegfa expression in several cell types (Bai et al., 2013; Shao et al., 2009); (Deckers 

et al., 2002); (Shimizu et al., 2012a). Therefore we measured Vegfa in developing 

Smad1/5dKO thyroids and found that it was reduced starting at E14.5; this 
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reduction reached statistical significance starting at E16.5 (Fig. 4C). We thus 

directly analyzed the effect of BMP addition on Vegfa expression in E14.5 thyroid 

lobes and in the thyroid follicular cell line FRTL-5. Treatment of thyroid lobes with 

the specific BMP inhibitor, DMH1(Hao et al., 2010), led to a reduction in Vegfa 

expression and of the BMP-Smad1/5 signaling target gene Id2 (Fig. 4D). Incubation 

of wild-type thyroid lobes with BMP ligands induced Id2, but did not modify the 

already high Vegfa expression (Hick et al., 2013). To circumvent BMP accessibility 

issue we incubated the thyroid cell line FRTL-5 with a combination of the most 

abundant BMP ligands in the thyroid (BMP2, -4, -5 and -7) and noticed a dose-

dependent stimulation of the expression of Vegfa and Id2 (Fig. 4E). These results 

indicated that epithelial Smad1/5 signaling regulates endothelial gene expression, 

potentially via VEGFa expression. 

 

 

 

 

Figure 4. Normal blood vessel density but altered VEGFa and endothelial cell 

gene expression upon Smad1/5 inactivation. (A) Immunolabeling for E-cadherin 

(red) and platelet endothelial cell adhesion molecule 1 (PECAM, green) reveals 

preserved blood vessel density in Smad1/5dKO mice from E14.5 to E18.5. (B) 

Expression of endothelial VE-cadherin (Cdh5), Protocadherin 12 (Pcdh12) and 

Tyrosine Kinase with Immunoglobulin-like and EGF-like domains 1 (Tie1) are 

significantly reduced after epithelial inactivation of Smad1/5 at E16.5. (C) Vegfa 

expression is reduced in Smad 1/5dKO thyroid (black bars) as compared to control 

(grey bars). (D) E14.5 thyroid lobes treated with 3 µM of the BMPR inhibitor, 

DMH1, for 16 hours have reduced Id2 and Vegfa mRNA levels. (E) Expression of Id2 

and Vegfa in FRTL-5 cells is rapidly (8 hours) stimulated by a mix of BMP-2, -4, -5, -

7 ligands in a dose-dependent manner. *p<0.05; ** p<0.001; *** p<0.0001 using 

Mann Whitney U test (n≥5). All mRNAs were normalized to either RPL27 or β-actin. 

Data are presented as means ± S.E.M. Bar, 50 µm. 
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Production of the basement membrane proteins laminin and type IV 

collagen, is decreased in Smad1/5dKO and VegfaKO thyroid glands 

We next turned to the identification of the follicle promoting factor(s). Knowing 

that thyrocytes and endothelial cells form their own continuous basement 

membrane, that extracellular matrix components promote epithelial cell 

organization, and that contact with laminin was partly impaired in Smad1/5dKO, we 

postulated that the basement membrane could stimulate folliculogenesis. We first 

looked for a possible defect of laminin and type IV collagen expression in 

Smad1/5dKO and VegfaKO (Fig. S2). Laminins are a family of 5 α, 3 β and 3 γ chains 

forming αβγ heterotrimers that span the basement membrane. Collagen type IV 

family has 6 α chains forming trimers interconnected with the laminin network.  

In Smad1/5dKO, expression of laminins α2, α3, β1 and β3 chains were significantly 

albeit transiently reduced (Fig. S2A, B). Expression of laminin α3 and α4 was 

significantly reduced in VegfaKO (Fig. S2C). Of note, laminin α4 displays an 

endothelial-specific pattern in E16.5 embryos (Matrixome). A similar analysis 

revealed a reduction of most of type IV collagen genes in Smad1/5dKO (Fig. S2D). 

There was an important and sustained reduction in collagen α3-6 (IV) chains. 

Collagen α1(IV) and α2(IV) were modestly reduced or delayed. In VegfaKO, 

expression of collagen α1(IV) and α2(IV) was significantly reduced (Fig. S2E); both 

genes being reportedly endothelial-specific (Matrixome). In conclusion, gene 

expression analysis revealed decreased expression of a number of basement 

membrane proteins in Smad1/5dKO and VegfaKO. 

We next examined by immunofluorescence staining whether decreased gene 

expression resulted in impaired basement membrane assembly. In line with the 

gene expression analysis, collagen type IV signals were severely affected in both 

KO (Fig 5Ab, d). Pan-laminin signals were also reduced in Smad1/5dKO and only 

modestly in VegfaKO (Fig 5Af, h). Taken together, these data indicated that 

expression and/or deposition of basement membrane proteins depends on 

endothelial cells and Smad1/5 signaling in thyrocytes, and suggested an essential 

role for basement membrane assembly in folliculogenesis. 
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Epithelial laminin production is affected in Smad1/5dKO  

Mature angio-follicular units are characterized by the close proximity between 

endothelial and epithelial cells. To determine the respective contribution of 

epithelial and endothelial cells to basement membrane proteins synthesis, we 

analyzed the expression of laminin and collagen type IV genes in FACS-sorted 

epithelial population (Fig. S3). Epithelial thyrocyte progenitors were selected 

based on YFP expression after Pax8-cre mediated recombination of ROSA-STOP-

YFP locus. This population was compared to YFP- cells, which thus included C-cells, 

endothelial and mesenchymal cells but also non-recombined thyrocyte 

progenitors. Yfp mRNA was only found in the YFP+ cells. Pax8 and the epithelial 

marker E-cadherin showed a two-fold enrichment in this population, while Vegfr2 

was enriched four-fold in the YFP- population as expected (Fig. S3A). mRNAs for all 

collagens type IV as well as laminins α3, β1-3 and γ1-2 were equally distributed in 

YFP+ and YFP- thyroid cells. In contrast, laminin α1 and α5 chains were enriched in 

the YFP+ epithelial population while laminin α2 and α4 chains showed a strongest 

expression in YFP- population (Fig. S3B).  

Since laminins α1 and α5 were enriched in the epithelial population, we studied 

their expression by immunolabeling using specific antibodies. In control thyroid 

glands, epithelial follicular structures were surrounded by almost continuous 

laminin α1 and α5 signal. In Smad1/5dKO thyroids, laminin α1 signal was severely 

reduced (Fig. 5B), supporting the RT-qPCR analysis (Fig. S2A). Laminin α5 signal 

was comparable to controls, although the pattern was affected due to epithelial 

organization defect (Fig. 5C). These data indicated that the basement membrane 

proteins, laminin and collagen type IV, are naturally produced by epithelial and 

endothelial cells of angio-follicular units, and that Smad1/5dKO epithelial cells have 

impaired ability to produce and assemble laminin α1-containing heterotrimers. 
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Figure 5. Production of the basement membrane proteins laminin and type IV 

collagen, is decreased in Smad1/5dKO and in VegfaKO thyroid glands. Thyroid 

gland sections from Smad1/5dKO at E16.5 and VegfaKO at P0 were analyzed by 
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immunolabeling for basement membrane markers and compared to age-matched 

control thyroid. (A) Comparative multiplex immunolabeling for thyrocyte epithelial 

E-cadherin (red), polarity marker, ezrin (white) and basal markers, pan-laminin or 

type IV collagen (green). Type IV collagen signal is decreased in Smad1/5dKO and 

VegfaKO. Pan-laminin signal shows subtle changes as compared to that in control 

mice. (B) Immunolabeling of laminin α1 (white, green), found around epithelial 

cells (E-cadherin; white, red) in control, is markedly decreased in Smad1/5dKO at 

E16.5. (C) Immunolabelling of laminin α5 (white, green), found around epithelial 

cells (E-cadherin; white, red) in control is marginally affected in Smad1/5dKO at 

E16.5. Bars, (A) 50 µm, (B, C) 10 µm. See also Fig.S2 and S3 in the Supplementary 

materials. 

 

Medium conditioned by endothelial cells contains folliculogenic factor(s) 

and rescues follicle formation defect of Smad1/5dKO and VegfaKO 

To investigate the mechanism of follicle formation, we resorted to an ex vivo 

culture system of thyroid lobes. Pharmacological depletion of endothelial cells in 

E12.5 thyroid explants prevents folliculogenesis. Addition of CM by embryonic 

endothelial progenitor cells (eEPC), herein referred to as eEPC-CM, can rescue and 

stimulate follicle formation (Hick et al., 2013). Using an improved thyroid lobe 

culture system (Delmarcelle et al., 2014), we now demonstrated that addition of 

eEPC-CM to wild-type thyroid lobes promotes follicle formation within 3 days of 

culture (Fig. 6A). This medium thus contains folliculogenic factor(s). We thus 

addressed whether eEPC-CM can rescue defective folliculogenesis of Smad1/5dKO 

and VegfaKO. We first confirmed that E14.5 Smad1/5dKO thyroid lobes have 

impaired follicle formation in ex vivo culture. Only very small ezrin+ structures 

could be observed in untreated Smad1/5dKO lobes (Fig. 6B). Incubation of control 

thyroid lobes with eEPC-CM stimulated folliculogenesis up to six-fold (Fig. 6C). 

Most importantly, eEPC-CM significantly induced follicle formation not only in 

Smad1/5dKO thyroid lobes (Fig. 6B, C), but also in VegfaKO (Fig. S4). We concluded 

that eEPC-CM contains folliculogenic factor(s) able to rescue the follicle formation 

defect of Smad1/5dKO and VegfaKO thyroid glands, consistent with the model that 

eEPC-derived folliculogenic factor(s) act downstream of epithelial Smad1/5 

signaling and of endothelial cells. 



124 
 

 

Figure 6. Medium conditioned by endothelial cells contains folliculogenic 

factor(s) and rescues follicle formation defect of Smad1/5dKO and VegfaKO. (A) 

Within 3 days of culture, epithelial cells (E-cadherin+, red) from wild-type E14.5 

thyroid lobes polarize apically (ezrin+, green) and form small follicles. Addition of 

eEPC-CM to the culture stimulates polarization and follicle formation. (B) As 

compared to control, ezrin+ (green) structures are smaller in untreated Smad1/5dKO 

thyroid lobes, but are enlarged when cultured with eEPC-CM. (C) The number of 

large ezrin+ luminal follicles per thyroid explants section was calculated. *** 

p<0.0001 using One-way ANOVA followed by Bonferroni’s multiple comparison 

test (n≥23). Data are presented as means ± S.E.M. Bars, (A) 20 µm and (B) 50 µm. 

See also Fig. S4 in the Supplementary materials. 
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Laminins deposited and assembled around thyroid epithelial cells, 

promote folliculogenesis 

As the eEPC-CM can rescue folliculogenesis in these two thyroid mutants, we 

examined whether eEPC express and release basement membrane proteins in the 

medium. We first determined the expression of all laminin and collagen type IV 

genes in eEPC. We found that eEPC express very high level of laminin α1, β1 and 

γ1 mRNAs, which almost reached the level of β-actin housekeeping gene (Fig. 7A). 

Among collagen type IV genes, α6 showed the highest level of expression, albeit 

approximately 1000X lower than laminin β1. To verify that eEPC can secrete 

laminins in the medium, most probably as laminin-111 (heterotrimer of α1, β1 

and γ1), we analyzed eEPC-CM by silver staining, western blotting and mass 

spectrometry. Silver staining revealed a band migrating at a similar Mr as purified 

laminin-111 (Fig. 7B). Western blotting with anti-laminin α1 antibody 

demonstrated that laminin α1 is detected in eEPC-CM (Fig. 7B). Mass 

spectrometry easily detected laminin α1, laminin β1 and laminin γ1 peptides in 

the CM (Table S1). Next, we asked whether laminin-111 from eEPC-CM was 

deposited on cultured E14.5 thyroid lobes. Immunolabeling for laminin α1 

revealed a much stronger signal after 1 day of incubation with the CM, as 

compared to untreated explants. Laminin α1 signal further increased after 2 and 3 

days of culture and became organized around epithelial structures (Fig. 7C). These 

data indicated that laminin-111, which is expressed and secreted by eEPC in the 

medium, can be assembled around epithelial structure of thyroid lobes. 

To confirm that laminin-111 acts as a folliculogenic factor we inhibited its 

production in eEPC. Silencing of laminin α1 in eEPC by shRNA yielded CM with no 

folliculogenic activity on thyroid lobes (Fig. 7D, E), and no increased deposition of 

laminin α1 in thyroid lobes (Fig. 7E). Similar results were obtained with laminin β1 

and laminin γ1 shRNAs (data not shown). These data indicated that laminin-111 in 

eEPC-CM is a key actor of thyroid folliculogenesis. 
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Figure 7. Laminins deposited and assembled around thyroid epithelial cells, 

promote folliculogenesis. (A) eEPC cells express high level of selected laminin 

genes and much lower level of collagen IV genes. All mRNAs were normalized to β-

actin. Data are presented as means ± S.E.M. (n≥3) (B) Laminin α1 (400 kDa) is 
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secreted by eEPC and accumulates in eEPC-CM. (C) E14.5 thyroid lobes cultured 

with eEPC-CM show intense signal for laminin α1 (green) around thyroid epithelial 

cells (E-cadherin, red), and larger follicles (ezrin, white) as compared to untreated 

lobes. (D) shRNA-mediated laminin α1 silencing in eEPC decreases laminin α1 in 

eEPC extract and CM, as compared to control shRNA. Ezrin is used as a loading 

control for eEPC extracts. (E) As compared to thyroid lobes cultured with control 

shRNA eEPC-CM, lobes cultured in the presence of CM from laminin α1 shRNA 

eEPC do not show laminin α1 deposition and have small follicles, similar to those 

of untreated lobes. Bar, 20 µm. 
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Discussion  

In this paper, we examined if and how BMP/Smad signalling is required for 

thyroid follicle formation. We found that BMP signalling was activated in thyroid 

epithelial cells at the time of follicle formation. Inactivation of Smad1/5 in thyroid 

epithelium caused major alterations of follicular structures, hypothyroidism and 

growth retardation but no loss of viability. Defective follicular formation was 

associated with impaired basement membrane assembly, and was highly 

reminiscent of the follicle formation defect of VegfaKO embryos, in which 

endothelial cells are absent. Follicle formation defects in Smad1/5dKO and VegfaKO 

could be rescued with laminin-rich conditioned medium. Taken together, our 

findings support a model in which thyroid follicle formation depends on basement 

membrane assembly, a process controlled by epithelial Smad1/5 signaling and 

endothelial cells. 

Ten weeks old Smad1/5dKO were smaller and had a reduced body weight 

as compared to their control littermates. Failure to grow is readily explained by 

the very low levels of thyroid hormones, T3 and T4, and extremely high TSH values 

demonstrated non-compensated hypothyroidism. Thyroid unresponsiveness 

despite huge TSH values is well known in KOs mice for the TSH receptor, Nkx2.1, 

Foxe1 and Pax8 (De Felice and Di Lauro, 2004). Defects of folliculogenesis due to 

absence of Smad1 and Smad5, followed by thyroid involution with adipogenesis 

explain TSH unresponsiveness and emphasize the need for follicle formation for 

proper thyroid hormone production. 

Our work reveals that follicle formation occurs by reorganization of the 

thyroid primordium epithelial cells mass into polarized monolayers surrounding a 

central lumen. This process is thus comparable to the cord hollowing model of de 

novo lumen formation (Andrew and Ewald, 2010) and apico-basal polarization 

during de novo lumen formation in MDCK cells cultured in matrigel. In this culture 

system, fusion of vesicles to the Apical Membrane Initiation Site (AMIS) allows 

apical lumen opening and cyst formation (Bryant et al., 2010). In thyroid, we also 

observed ezrin+ intracellular vesicles and their exocytosis towards the center of 

cell clusters to generate apical lumen. However, de novo thyroid lumen formation 

in vivo requires concomitant individualization and vascularization of the pre-

follicular structures or rosettes. In Smad1/5dKO, ezrin+ vesicles appeared, fused 
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with membranes, but fragmentation of the mass, individualization of pre-follicular 

structures and lumen expansion were affected, despite endothelial invasion.  

Follicle formation defect observed in the absence of Smad1 and Smad5 is 

reminiscent of the defect observed in the absence of endothelial cells, upon Vegfa 

inactivation in thyroid epithelium (Hick et al., 2013). Although endothelial cell 

density in Smad1/5dKO was comparable to that of control thyroid glands, 

expression of several endothelial cell identity markers (Cdh5, Pcdh12 and Tie1) 

was impaired, consistent with reciprocal paracrine communications. BMP/Smad 

signaling in thyroid epithelial cells indeed controlled the expression of Vegfa. BMP 

are known to control Vegfa gene expression in different cell types (Bai et al., 

2013; Deckers et al., 2002; Shao et al., 2009; Shimizu et al., 2012b) and this 

regulation can be positive or negative, as demonstrated in zebrafish for Smad1 

and Smad5, respectively (He and Chen, 2005). BMP9 repressed VEGF expression 

during angiogenesis (Shao et al., 2009). BMP also directly influence endothelial 

cells. Functional deletion of BMP4 and the BMP type I receptor in mice impairs 

differentiation of mesoderm precursors, which are necessary for vascular 

development (Beets et al., 2013; Mishina et al., 1995; Winnier et al., 1995). 

Smad1KO and Smad5KO are embryonic lethal and exhibit angiogenesis defects 

(Lechleider et al., 2001; Yang et al., 1999). Smad1 and Smad5 have been 

implicated in endothelial cell “fate” decision during angiogenesis (Moya et al., 

2012). Our findings in developing thyroid suggest instead that BMPs could control 

endothelial gene expression program indirectly, at least by regulating Vegfa 

expression. Besides decreased expression of several endothelial cell identity 

markers, few endothelial-enriched basement membrane proteins (type IV 

collagen α1, α2 and laminin α3) were also affected. Collagen α1 and α2 indeed 

showed an endothelial-specific expression pattern (Matrixome), and expression of 

collagen α1, α2 and laminin α3 was also decreased in VegfaKO, i.e. in the absence 

of endothelial cells. Gene expression changes in endothelial cells could in turn 

impact on follicle formation. Several studies have emphasized the critical role 

played by endothelial cells via angiocrine factors in the regulation of organ 

morphogenesis (Ramasamy et al., 2015). Taken together, this supports a 

reciprocal paracrine communication in which thyrocyte progenitors, under the 

influence of BMP, participate in the maturation of thyroid endothelial cells via 

VEGFa. In turn, endothelial cells could modify thyroid environment, at least by 
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producing their own basement membrane proteins, which facilitate 

folliculogenesis. 

Defective follicle formation in both VegfaKO and Smad1/5dKO was rescued 

by CM containing laminin-111. Although only Smad1/5dKO showed reduced 

laminin α1 expression, the expression and assembly of type IV collagen was 

significantly affected both in Smad1/5dKO and VegfaKO. Besides laminins, type IV 

collagens are essential for integrity, stability and functionality of the basement 

membrane (Poschl et al., 2004; Yurchenco, 2011). Since laminin deposition is 

indeed a primary event in basement membrane formation and triggers assembly 

of a type IV collagen network (Morrissey and Sherwood, 2015; Poschl et al., 2004), 

we suggest that exogenous laminin-111 stimulated the organization of epithelial 

cells in follicles in control thyroids and rescued follicle formation defect in 

Smad1/5dKO and VegfaKO by promoting assembly of endogenous laminins and type 

IV collagens scaffold.  

The importance of the extracellular environment for cell polarization in 

tissue culture experiments has long been recognized (Wang et al., 1990a; Wang et 

al., 1990b). Culture of epithelial cells such as the MDCK (Madin-Darby Canine 

Kidney) in collagen-rich gel or matrigel triggers production of laminin and 

assembly of a basement membrane, then formation of cystic structures, which 

can be directly compared to thyroid follicles (Bryant et al., 2010). Moreover, ES 

cells, forced to transiently co-express Pax8 and Nkx2.1 transcription factors, 

differentiate into thyrocytes progenitors that can form functional follicles when 

further cultured in matrigel (Antonica et al., 2012; Ma et al., 2015). These in vitro 

studies support the critical role of basement membrane and extracellular matrix 

proteins in development of a 3D, cyst-like, follicular structure.  

In vivo, we observed reduced expression and immunoreactivity on 

sections from Smad1/5dKO for laminin α1 and collagen type IV. Few reports have 

suggested a direct role for BMP signaling in basement membrane synthesis and 

deposition. During ductus arteriosus closure BMP9 and BMP10 are required to 

stimulate endothelial cell differentiation and extracellular matrix deposition 

(Levet et al., 2015). Smad1 directly controls the expression of collagen type IV α1 

and α2, and in mesangial cells this leads to glomerular basement membrane 

thickening (Abe et al., 2004; Matsubara et al., 2015). Thus, cumulative evidences 
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indicate that BMP and Smad can regulate tissue morphogenesis by controlling 

expression and/or deposition of extracellular matrix proteins.  

In conclusion, we present evidence that BMP-Smad signaling is essential in 

thyrocyte progenitors for follicle formation, together with endothelial cells. 

Besides positively controlling Vegfa expression, and indirectly endothelial-specific 

gene expression, epithelial BMP signaling also regulate the expression and 

assembly of laminins and type IV collagens. Altogether, we propose that epithelial 

BMP-Smad signaling and endothelial cells control thyroid follicle formation via 

basement membrane production.  
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Materials and Methods 

Animals 

Smad1/5-floxed, Vegfa-floxed, Pax8-Cre and BRE-YFP mice were obtained from A. 

Zwijsen and E.J. Robertson (Arnold et al., 2006; Umans et al., 2003), N. Ferrara 

(Genentech) (Gerber et al., 1999), M. Busslinger (Bouchard et al., 2004) and S.M. 

Chuva de Sousa Lopes (Monteiro et al., 2008), respectively. All other mice were of 

the CD1 strain. Mice were raised and treated according to the guidelines of 

laboratory animal care of the University Animal Welfare Committee, UCL. 

Dissection and culture of thyroid explants 

Thyroid lobes were microdissected from E14.5 mouse embryos and processed as 

described (Delmarcelle et al., 2014). DMH1 (Sigma-Aldrich) was dissolved in 

DMSO and used at 3 or 10 µM. Recombinant mouse BMP4 (R&D Systems) was 

reconstituted at 100 µg/ml in 4 mM HCl containing 0.1% BSA and added at 20 

ng/ml in the culture medium. Control explants were exposed to the same 

concentration of vehicle as the test samples. Thyroid lobes were maintained in 

culture during 3 or 4 days, and processed for RNA extraction and immunolabeling 

as described (Delmarcelle et al., 2014). 

Histology, Oil Red O, immunolabeling and morphometric analyses 

Thyroids were microdissected and fixed for 1 hour with 4% formaldehyde in PBS 

and processed for paraffin embedding. 8 µm-thick sections were stained with 

hematoxylin and eosin staining. Immunofluorescence on sections thyroid gland 

sections from embryos or explants was performed as described previously 

(Pierreux et al., 2006) . Antibodies and dilutions are shown in Table S2. Nuclei 

were counterstained with Hoechst (Sigma) in PBS during incubation with 

secondary antibody. For immunoperoxidase, the envision system (Dako) was 

used. Whole histological sections were recorded with Mirax Scan (Zeiss). 

Fluorescence on sections was observed with a Zeiss Cell Axiovert 200 inverted 

fluorescence microscope or with a Zeiss Cell Observer Spinning Disk (COSD). For 

quantification of follicles, at least 18 sections in 4 independent explants were 

counted. Endothelial and epithelial surface was quantified using the Axiovision 

4.8.2 software (Zeiss). Briefly, images were prepared as binary mask, filled and the 
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surface area was calculated on 6 images/sections spanning 360 µm of 3 controls 

and 3 Smad1/5dKO thyroids. The epithelial: endothelial surface ratio was finally 

calculated. 

T3, T4 and TSH level measurements 

T3 and T4 concentrations were measured by coated-tube RIA (Siemens Medical 

Solution Diagnostics). Plasma Thyroid-stimulating hormone (TSH) concentrations 

were measured using a sensitive, heterologous, disequilibrium double-antibody 

precipitation RIA as described previously (Pohlenz et al., 1999). Hormone levels 

were measured in 16 female and 15 male mice. 

RNA extraction and Real-time RT-PCR 

Total RNA was extracted from microdissected thyroid lobes, cultured explants or 

FRTL-5 cells using Trizol reagent and phenol/chloroform extraction (Delmarcelle et 

al., 2014). RNA (0.5–1 µg) was reverse-transcribed with random hexamers using 

Moloney Murine Leukemia Virus reverse transcriptase (Invitrogen). Real-time 

quantitative PCR was performed by using KAPATM SYBR® Fast qPCR kit 

(Sopachem). Primers sequences are described in Table S3. β-actin and RPL27 were 

used as reference genes and relative changes in target gene/reference gene 

mRNA ratio were determined by transformation of threshold cycles to absolute 

mRNA numbers (Dupasquier et al., 2014) or using the ∆∆Ct method. 

Endothelial progenitor cells (EPCs) conditioned medium (CM) 

Previously established mouse embryonic EPCs (Hatzopoulos et al., 1998; Kupatt et 

al., 2005) were used for no more than 6 months after being thawed, as described 

(Sbaa et al., 2006).  The preparation of CM was adapted from (Hick et al., 2013). 

Briefly, 90% confluent cells were incubated for 24 h in M199 medium without 

serum (6 ml for a 7.8 cm2 dish). Supernatant was first centrifuged at 1900 g for 5 

min to remove floating cells or large debris, then at 17000 g for 20 min and finally 

concentrated 10-x by centrifugation at 1900 g for 5 min in Amicon Ultra 50K units. 

10-x concentrated medium was supplemented with 10% FCS before use. Mass 

spectrometry was performed as described (Cho et al., 2014). 
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Cell culture 

Fisher rat thyroid follicular FRTL-5 cells (Sigma) were cultured in Coon’s modified 

F12 medium as previously described (Craps et al., 2015) and were used within 6 

months of purchase. Cells were grown in 12-well tissue culture dishes for 24 h 

before treatment with BMP ligands. Recombinant mouse BMP 2, -4, -5 and -7 

(R&D Systems) were reconstituted in 4 mM HCl containing 0.1% BSA at 100 – 150 

µg/ml and used as a mix of 25 ng/ml (BMP2), 5 ng/ml (BMP4), 150 ng/ml (BMP5) 

and 75 ng/ml (BMP7). After 8 h, cells were lysed in Trizol reagent and RNA was 

extracted.    

Lentiviral infection 

Lentiviral constructs driving expression of shRNA against laminin α1 were 

generated as described previously (Gerin et al., 2010). Briefly, the pGIPZ lentiviral 

vectors containing a shRNA against laminin α1, α5, β1 and γ1 or the pGIPZ empty 

vector (Openbiosystems) were transfected in HEK293T for lentiviral production. 

Packaging was performed using a second generation plasmid system (psPAX2 and 

pMD2.G; Addgene plasmids 12,259 and 12,260, respectively) by transient 

transfection with the calcium phosphate co-precipitation method. We used 8.4 µg 

of lentiviral vectors, 8.4 µg of psPAX2 and 4.2 µg of pMD2.G per 6-cm tissue 

culture dish. After 24 h of transfection, EPC cells were infected with filtrated 

lentiviral particles and 4mg/ml of Polybrene (Sigma). Infected cells were selected 

for 4 days with 2 µg/ml of puromycin (Merck). CM was prepared as above. 

Western blotting 

Western blotting was performed as described (Cominelli et al., 2014). Briefly, cells 

were lysed in RIPA buffer and protein concentration was measured using 

bicinchoninic acid. 30 µg of cell protein extract or a corresponding volume of 10-x 

CM was loaded with 2% SDS and 10 mM DTT sample buffer on 5% polyacrylamide 

gels (4% stacking gel), resolved by SDS-PAGE and transferred onto PVDF 

membrane (Polyscreen ® PVDF Transfer Membrane, Perkin Elmer). Blots were 

blocked and incubated overnight at 4°C with the primary antibody (rabbit anti-

laminin α1, 1/1000, gift from Takako Sasaki; mouse anti-ezrin, 1/1000, Thermo 

Scientific). After washes and incubation with the appropriate secondary antibody, 

immunoreactive bands were visualized using chemiluminescence (Supersignal 
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West Femto Maximum sensitivity substrate mixed with Supersignal West Pico 

chemiluminescent substrate, Thermo Scientific) and acquired using a 2000MM 

Kodak Image Station (Eastman Kodak Co.). For silver staining, gels are stained 

using the Silverquest Staining Kit (Invitrogen). 

Electron microscopy 

Control and Smad1/5dKO thyroid lobes were rinsed with 155 mM NaCl, fixed by 2% 

(v/v) glutaraldehyde in 0.1 M sodium cacodylate buffer, pH 7.4 for 30 min at 4oC 

and washed thrice with 50 mM Tris-HCl, pH 6.0 for 10 min. Cells were post-fixed 

with 1% (w/v) OSO4-2%KFe(CN)6 solution (reduced osmium) and stained “en bloc” 

with 1% uranyl acetate for 2 h and pelleted in 2% agar. Pellets were dehydrated in 

graded ethanol and embedded in Spurr. Ultrathin (70 nm nominal) sections were 

obtained with a Reichert ultramicrotome (Reichert), collected on rhodanium 400 

mesh grids and contrasted with 3% uranyl acetate followed by lead citrate, each 

for 10 min. Grids were washed with water, dried, and analyzed in a FEI CM12 

electron microscope operating at 80 kV.  

Statistics 

Sample size was defined based on previous expertise. Mann Whitney U test and 

One-way ANOVA followed by Bonferroni’s multiple comparison tests were 

performed using Prism software. 
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Supplementary figures 

 

Figure S1. Apical polarity is not affected in Smad1/5dKO at E18.5. (A) Apical 

polarity marker, Par3 and cytoplasmic stratification marker, F-actin, show no 

difference in signal intensity and localization between Smad1/5dKO and control. 

Numbers illustrate counting of cells facing lumina (see Fig. 3D). (B) Transmission 

electron microscopy of control thyroid reveals cuboidal epithelial cells 

surrounding a large lumen filled with homogeneous colloid (*), in which tight 

junctions and apical microvilli are projecting. In Smad1/5dKO, columnar thyrocytes 

also display tight junctions and apical microvilli projecting in non-expanded and 

smaller lumen (*). Inset illustrates microvilli inclusion body at a distance from 

apical lumen. Bar, (A) 10 µm and (B) 2 µm. 
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Figure S2. Expression of laminin α, β and γ chains in Smad1/5dKO and VegfaKO 

mice. (A) Quantification of laminin α in control and Smad1/5dKO from E14.5 to 

E18.5. Expression of laminin α1 shows a trend to a decrease from E14.5 to E18.5. 

Variability may come from remaining parathyroid cells, highly expressing this 

laminin isoform. Laminin α2 expression was significantly reduced at E14.5 and 

E16.5 but was normal at E18.5. Laminin α3 was significantly reduced at E18.5. 

Expression levels of laminin α4 and α5 were statistically not different from E14.5 

to E18.5. (B) Quantification of laminin β and γ in control and Smad1/5dKO from 

E14.5 to E18.5. Expression of laminin β1 was reduced from E16.5. Expression of 

laminin β3 showed 50% reduction at E14.5 and no change at E18.5. Laminin β2, γ1 

and γ2 expression were comparable to control. (C) Quantification of laminins in 

VegfaKO at P0. Laminin α3 and α4 were significantly reduced as compared to 

control. All the other laminins were normally expressed. (D) Quantification of 
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collagen IV genes in Smad1/5dKO from E14.5 to E18.5. Expression of collagen IVα1 

and IVα2, showed no change at E14.5 and E16.5 but their expression levels were 

significantly reduced at E18.5. Collagen IVα3 and IVα4 showed no difference at 

E14.5 but significantly reduced at E16.5 and E18.5. Collagen IVα5 and IVα6 were 

reduced from E14.5 onwards, but only statistically at E16.5. (E) Quantification of 

collagen IV genes in VegfaKO at P0. Collagen IVα1, α2 were significantly reduced as 

compared to control. All the other collagen IV genes were normally expressed. All 

mRNAs were normalized to either RPL27 or β-actin *p<0.05; ** p<0.001; *** 

p<0.0001 using Mann Whitney U test (n≥3). Data are presented as means ± S.E.M. 
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Figure S3. Expression of laminin and collagen in FACS-sorted Pax8/CRE+ cells. (A) 

Percent of expression of selected genes in YFP+ and YFP- populations reveals 

enrichment of YFP, E-cadherin and Pax8 in YFP+ (i.e. thyrocytes progenitors) 

population and absence of Vegfr2 in this population. (B) Percent of expression of 

laminin α, β, and γ and collagen type IV in YFP+ and YFP- populations reveals 

enrichment of laminin α1 and α5 in YFP+ population and enrichment of laminin 

α2, α4 and collagen α1(IV) in YFP- population. All mRNAs were normalized to β-

actin. Data are presented as means ± S.E.M. (n=4).  

  

%
 o

f 
e
x
p
re

s
s
io

n
 i
n
 t

h
y
ro

id

0

50

100

150

YFP E-cadherin Pax8 Vegfr2

YFP-YFP+

0

50

100

150

%
 o

f 
e
x
p
re

ss
io

n
 i
n
 t

h
y
ro

id

a1 a2 a3 a4 a5 b1 b2 b3 g1 g2 IVa1 IVa2 IVa3 IVa4 IVa5 IVa6

laminin collagen

YFP-YFP+

A

B



148 
 

 

Figure S4. eEPC-CM rescues follicle formation defect in VegfaKO thyroid glands. 

Treatment of E14.5 thyroid glands of control and VegfaKO mice with eEPC-CM 

during 3 days, stimulates follicle formation and lumen size enlargement, as 

visualized by ezrin (white) and E-cadherin (red) labeling. Bar, 20 µm. 
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SUPPLEMENTARY TABLES 

Table S1. List of candidate folliculogenic factors found by mass 

spectrometry analysis of eEPC-CM.  

Accession Name Score MW (kDa) 

Q5NCU4 SPARC 71.04 34.3 

P07724 Serum albumin 67.97 68.6 

F8VQJ3 Laminin subunit gamma 1 60.83 177.1 

P06151 L-lactate dehydrogenase A chain 53.01 36.5 

P09103 Protein disulfide-isomerase 50.57 57.0 

P02469 Laminin subunit beta 1 48.94 197.0 

P08113 Endoplasmin 40.42 92.4 

G3x9D5 Histone H2B 35.83 13.4 

P14211 Calreticulin 35.32 48.0 

F8VQ40 Laminin subunit alpha-1 34.57 337.9 

P60710 Actin, cytoplasmic1 31.37 41.7 

P68033 Actin, alpha cardiac muscle 25.63 42.0 

Q01768 Nucleoside diphosphate kinase B 23.24 17.4 

P20029 78kDa glucose-regulated protein 21.38 72.4 

Q5SQB0 Nucleophosmin 19.06 29.5 

 

Table S2. List of primary antibodies used.  

Primary antibody Species Dilution Source Catalog 

number 

E-cadherin mouse 1/200 BD Biosciences 610182 

Pan-Laminin rabbit 1/100 Sigma L9393 

PECAM rat 1/100 BD Biosciences 550274 

PECAM rat 1/20 Dianova DIA 310 

Ezrin mouse 1/300 Thermo sceintific MS-661 

Calcitonin 

GFP 

Par3 

Laminin α1 

Laminin α5 

Collagen IV 

rabbit 

rabbit 

rabbit 

rabbit 

rabbit 

rabbit 

1/1000 

1/200 

1/200 

1/1000 

1/1000 

1/500 

Dako 

Cell Signaling 

Merck/Millipore 

Gift from Dr. T. Sasaki 

Gift from Dr. T. Sasaki 

Merck/Millipore 

A0576 

2956S 

07-330 

 

 

AB756P 
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Thyroglobulin 

pSmad158 

pSmad15 

iodo-

thyroglobulin 

mouse 

rabbit 

rabbit 

mouse 

1/500 

1/100 

1/100 

1/100 

Dako 

Cell Signaling 

Cell Signaling 

Gift from Dr. Ris-

Stalpers 

M0781 

9511S 

9516S 

 

 

Table S3. List of primer sequences  

Gene Primer sequences (5’-3’) 
Fragment 
size (bp) 

E-cadherin 
AGGGAGCTGTCTACCAAAGTG 
CCAGTCTCGTTTCTGTCTTC 

146 

Ve-cadherin 
GGATGTGGTGCCAGTAAACC 
ACCCCGTTGTCTGAGATGAG 

173 

Vegfr2 
GCATGGAAGAGGATTCTGGA 
CGGCTCTTTCGCTTACTGTT 

142 

Vegfa mouse 
GTACCTCCACCATGCCAAGT  
CTGCATGGTGATGTTGCTCT 

265 

Vegfa rat 
GAGTATATCTTCAAGCCGTCCTGT 
TTTTCTGGCTTTGTTCTATCTTC 

193 

β-actin 
TCCTGAGCGCAAGTACTCTGT 
CTGATCCACATCTGCTGGAAG 

77 

Nkx2.1 
ATCTGAGCTGGGGTGCTGGG 
GCCCTGTCTGTACGCTGCGA 

244 

Pax8 
TGCCTTTCCCCATGCTGCCTCCGTGTA 
GGTGGGTGGTGCGCTTGGCCTTGATGTAG 

298 

Foxe1 
GGCGGCATCTACAAGTTCAT 
GGATCTTGAGGAAGCAGTCG 

115 

Hhex 
TCAGAATCGCCGAGCTAAAT 
ACTGCGAACGATCCAAAGAG 

152 

Tpo 
TGCCAACAGAAGCATGGGCAAC 
GCACAAAGTTCCCATTGTCCAC 

424 

Tg 
TGGGACGTGAAAGGGGAATGGTGC 
GTGAGCTTTTGGAATGGCAGGCGA 

394 

Nis 
AGCAGGCTTAGCTGTATCCC 
AGCCCCGTAGTAGAGATAGGAG 

235 

Tshr 
CTGCGGGGCAAAGAGTGTGC 
AGGGGAGCTCTGTCAAGGCA 

325 
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Calcitonin 
TGGTTGTCAGCATCTTGCTC 
CTTAGATCTGGGGCTGTCCA 

221 

Smad1 
GCCTCTGGAATGCTGTGAGT 
GAACTGAGCCAGAAGGCTGT 

137 

Smad5 
GCAGAGCCATCACGAGCTAA 
CCAGAAGGCTGTGTTGTGGA 

169 

Smad8 
CACCGACCCTTCCAATAAC 
CTGGACAAAGATGCTGCTG 

153 

RPL27 
GCCCTGGTGGCTGGAATTGACC 
AAACTTGACCTTGGCCTCCCGC 

233 

ID2 
CATCCTGTCCTTGCAGGCAT 
CCATTCAACGTGTTCTCCTGG 

199 

PECAM 
ATAGGCATCAGCTGCCAGTC 
TCCGCTCTGCACTGGTATTC 

157 

Pcdh12 
TGCCCCTCACCACCAATTAC 
GTGCTGCCCCAACAACATTT 

171 

Tie1  
CAGGGACCTTGACCTTGACC 
ATCATGGCCCGGATCACTTG 

135 

Esm1 
ACCTTCGGGATGGAATGCAA 
AGAGGTCCTGCTGGGAGATT 

125 

YFP 
CCTCGTGACCACCTTCGG 
CTCAGGTAGTGGTTGTCGG 

400 

BMP2 
CAGCGCAATCTCCATGTTG 
GGGAAATATTAAAGTGTCAGCTGG 

197 

BMP4 
GGATCTTTACCGGCTCCAG 
CCAGATGTTCTTCGTGATGG 

130 

BMP5 
TTCCACATGGAGAAGCAGTG 
AAGCCCAAATTGTTCTGTGG 

246 

BMP7 
TCCGGTTTGATCTTTCCAAG 
TGGCTGTGATGTCAAACACC 

224 

Laminin α1 

AGCTGTGTGCTTCTGGCTAC 
TCACTGTCACCTTCCACGAC 
Or 
CCGACAACCTCCTCTTCTACC 
TCTCCACTGCGAGAAAGTCA 

123  
Or 
59 

Laminin α2 

CTGGAGTTGGTCCTCTCAGC 
TGAACATCAACCTCACGGGC 
Or 
TTGCCCTCTGCCAACTGAAT 
TGAACATCAACCTCACGGGC 

240 
Or 

135 
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Laminin α3 
ATGAACAGTGAGGCAGGTGG 
GGACGCCTCCAATGTGTAGT 

198 

Laminin α4 
ACGGGGAATACCTGAACGTG 
TCTGTGCCATCTGCCATCAC 

124 

Laminin α5 
ACCCAAGGACCCACCTGTAG 
TCATGTGTGCGTAGCCTCTC 

168 

Laminin β1 
TGGACAAGAGCAACGAGGAC 
TTCTGTAACTGCTGTGGCGT 

147 

Laminin β2 
GTGTGGCTTGCATAGCCCT 
TCCGATGACTATTTGGGTTGTCT 

121 

Laminin β3 
GGGAGACCATGGAAATGATG 
GATCTGCTCCACACGCTTCT 

121 

Laminin γ1 
TGCCGGAGTTTGTTAATGCC 
CTGGTTGTTGTAGTCGGTCAG                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                   

184 

Laminin γ2 
GGCAGTCAGCATCAGAACAG 
CCCCACGTAGTGCTCAGAAG 

125 

Integrin α3 
CCCTTCCAGACACCTCCAAC 
ACCACAGCTCAATCTCAGCC 

230 

Integrin α6 
TGGACATTCTCCTGAGGGCT 
TGAGGGAAACACCGTCACTC 

100 

Integrin α7 
AAGGTGGAGCCTAGCACATC 
TCAAAGCTGTAGAGTGGGCAG 

121 

Integrin β1 
ATGGCCGGGGTATTTGTGAA 
GAAGTGGGAGCACTCCTGTG 

181 

Integrin β4 
CAGGGAGGCTGGCTTTCAAT 
TTCTTGGGGTTGTCCACGAG 

171 

Collagen IV α1 
AACAACGTCTGCAACTTCGC 
CTTCACAAACCGCACACCTG 

135 

Collagen IV α2 
GGATGCCAGGGCTTAAAGGT 
CTGTCTCCAGGCAAACCTCC 

159 

Collagen IV α3 
GGCCCTGAGTGGAAGGAAAG 
GACTCCTTGGGCTCCCTTTG 

138 

Collagen IV α4 
GCCAGAAAGGACCAATGGGA 
TACTGGCCCTTTTCTGCCTG 

106 

Collagen IV α5 
CCCCAGGACCAGATGGATTG 
TACTGAAGCGACGAAGGCAG 

224 

Collagen IV α6 
GGCCTGAAAGGAGACCAAGG 
CTCAAATGTGCGACCAGGTG 

128 
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VIII. DISCUSSION AND CONCLUSION 

1. Discussion and perspectives 

Adult thyroid is composed of polarized epithelial monolayers organized in 

closed spherical structures, the follicles. Epithelial cells rest on a basement 

membrane, are closely encircled by endothelial cell and surround a closed lumen, 

the colloid, where iodo-thyroglobulin is formed and stored. This epithelial 

architecture and close association with blood vessels dictates the ultimate 

endocrine thyroid function, which is the production and secretion of thyroid 

hormones (T3-T4) in the bloodstream. Our first study not only demonstrated that 

epithelial VEGF-A is necessary for the recruitment of endothelial cells during 

thyroid development: recruited endothelial cells penetrate and invade the thyroid 

mass to become finally closely associated with follicles, but also that endothelial 

cells are required for thyrocytes organization in follicles even in the absence of 

blood supply in explants. Indeed, in the absence of Vegfa (VegfaKO), endothelial 

cell density is reduced and follicles are smaller. Pharmacological ablation of 

endothelial cells in wild-type thyroid explant culture also impaired follicle 

formation. Of greatest interest, addition of embryonic endothelial progenitor cells 

(eEPC), or medium conditioned (CM) by these cells, rescued and stimulated 

folliculogenesis. This indicated that folliculogenic activity of endothelial cells is 

contact-independent and that eEPC produce and secrete one (or several) 

folliculogenic factor(s). Most of my thesis work was devoted to the identification 

of the soluble folliculogenic factor(s) secreted by eEPC and to the comprehension 

of its mode of action.  

Several complementary approaches abundantly highlighted the 

importance of laminins during folliculogenesis. I found that laminins α1, β1 and γ1 

were produced by WT-eEPC, secreted in the CM and assembled around thyroid 

explants in culture. Conversely, eEPC specifically silenced for laminin α1 did not 

stimulate folliculogenesis. Another piece of the puzzle was that thyroid-specific 

Smad1/5dKO displayed smaller follicle lumina, similarly to the VegfaKO and we 

found that both KO had defective basement membrane assembly, due to reduced 

expression of type IV collagen and laminins. Bringing the two pieces of evidence 

together, addition of laminin-rich eEPC-CM to Smad1/5dKO and VegfaKO rescued 
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and stimulated folliculogenesis. We conclude that basement membrane assembly 

is necessary for follicle formation during thyroid development.  

To avoid repetitions with discussions from the papers, I decided to focus 

this last section on data not presented in the papers and on the comparison of de 

novo lumen formation in the well-studied MDCK system with our ex vivo culture 

system. 

1.1. Thyroid explant culture 

1.1.1. System improvement 

The first thyroid culture system, developed by Anne-Christine Hick, used 

thyroid dissected at E12.5 and cultured during 4 days (Hick et al., 2013). This stage 

was chosen because culture of pancreas and submandibular gland, routinely 

performed in the lab, were performed at this stage. However, E12.5 thyroid is still 

very small and cannot be visualized under standard stereomicroscope. Moreover, 

the different anlagen (the midline thyroid bud and the two lateral ultimobranchial 

bodies) have not yet fused. Hence, the microdissected tissue had to encompass a 

large region containing part of the trachea, which extended from the pharyngeal 

arch arteries up to the arytenoid swelling and its surrounding mesenchymal 

tissue. Upon culture on filter, the E12.5 midline anlage continued its extension 

laterally on each side of the trachea and merged with the ultimobranchial bodies 

to form two thyroid lobes connected by the isthmus. After 4 days, histological 

analysis of the explants revealed the presence of two vascularized lobes, 

containing follicles. Thus, culture of thyroid explant at this stage allows bilobation, 

angiogenesis and folliculogenesis. Nevertheless, this culture system has a major 

drawback: the dissected tissue is strongly heterogeneous. In particular, when 

extracting RNA for gene expression analyses, we measure RNAs not only from the 

thyroid but also from the trachea and other surrounding tissues present in the 

explant.  

We improved this system by using thyroid microdissected at E14.5. At this 

developmental stage, thyroid lobes are located at their final positions, on each 

side of the trachea, and fused with the ultimobranchial bodies. Thyrocyte 

progenitors are also at the start of folliculogenesis and differentiation. This E14.5 

thyroid lobe culture system is thus more adequate to study folliculogenesis. In 
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addition, at this stage, we obtain two separated lobes (useful for comparison) 

larger and easier to visualize. 

In our initial study on the role of endothelial cells during thyroid 

development, we used an inhibitor of VEGFR-2 (SU5416), which prevents 

endothelial cell survival. Treatment with SU5416 lasted 40h to allow ablation of 

endothelial cells, and was followed for rescue by the addition of eEPC or 

conditioned medium during 56h. We can estimate that the age of the explants 

treated with eEPC or CM was approximately at E14 (E12.5 + 40h), i.e. at the start 

of folliculogenesis. When thyroid lobes were microdissected at E14.5, we tested 

the CM without pretreatment with SU5416. Since follicle formation was 

stimulated as compared to untreated explants, depletion of endothelial cells was 

no longer necessary. This indicated that the folliculogenic activity present in eEPC-

CM is strong. As endothelial cell density was not affected by the CM, we favored a 

model in which folliculogenic factor(s) act downstream of endothelial cells. To 

analyze the time window in which the CM can stimulate folliculogenesis, it would 

be interesting to test if follicle formation is also stimulated in E12.5 explants 

directly treated with CM. 

Culture of thyroid explants on semi-permeable filters provides several 

advantages as compared to other systems in which thyrocytes are grown in 

monolayers or in 3D collagen gels. First, the natural composition and topological 

relation of the dissected tissue which encompasses thyrocytes, C-cells, endothelial 

and mesenchymal cells but also extracellular matrix, is maintained in culture. 

Secondly, our 3D organ culture faithfully reproduces in vivo development, thus 

allows studying the apico-basal polarization process of thyrocyte progenitors. 

Thirdly, an important aspect is the oxygen concentration. Grown on filters, thyroid 

explants are at the interface between air and medium. On the contrary, when 

grown on coated plastic culture chambers or in collagen gels, oxygen 

concentration is difficult to evaluate due to the presence of medium or collagen 

around the explants. It was demonstrated that when E13.5 rat pancreas are 

cultured in collagen gels, cells suffer from hypoxia and endocrine differentiation is 

compromised. On the contrary, E13.5 rat pancreas cultured on filter are not 

hypoxic and endocrine differentiation is preserved (Heinis et al., 2010). Finally, 

immunolabeling of our explants cultured on filters is direct, easy and antibody 

penetration is very efficient. Indeed, in the course of a collaboration with Russian 
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scientists (3D Bioprinting Solutions), we observed that thyroids lobes grown in 

collagen were not correctly labeled in whole-mount: the collagen around thyroid 

lobes impaired antibodies penetration. Whole-mount protocol should thus be 

adapted, by increasing primary antibody incubation time from 16h to 24, if not 

48h. 

1.1.2. Embryonic endothelial progenitor cells (eEPC) 

To demonstrate the implication of endothelial cells on follicle formation in 

thyroid explants, we tested rescue of the folliculogenic defect of SU-treated 

explants with different endothelial cell lines; eEPC, Bend3 (Brain endothelial cells) 

and HUVEC (Human Umbilical Vein Endothelial Cells). In our hands, only eEPC 

stimulated lumen formation and we thus focused on this cell line. eEPC were 

isolated from murine embryos at E7.5. These cells have endothelial 

characteristics: they express Tie-2 (Angiopoietin-1 receptor) and Thbd 

(Thrombomodulin), display cobblestone morphology and form tubes in Matrigel 

(Hatzopoulos et al., 1998). eEPC enhance vascularization and tissue recovery after 

ischemia, and, according to their transcriptome, they express factors known to 

induce angiogenesis, organogenesis and tissue remodeling (Kupatt et al., 2005). 

These observations supported our choice of eEPC as an interesting cell line for the 

identification of the folliculogenic factor(s). In addition to these theoretical 

considerations, a technically important issue is that eEPC are easily cultured and 

grow rapidly.  

Other cell lines have been used to prepare conditioned medium to study 

morphogenetic activities. For example, medium conditioned by human hair 

follicle-derived mesenchymal stem cells enhances cell organization and 

multilumen formation in mouse submandibular gland (Maruyama et al., 2015). 

Medium conditioned by HUVEC stimulates branching morphogenesis in lung 

explants (Lazarus et al., 2011). A recent review highlights the role of factors 

secreted by endothelial cells, collectively called angiocrine factors, in 

development and regeneration (Ramasamy et al., 2015). 
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1.1.3. Preparation and manipulation of conditioned 

medium (eEPC-CM) 

Apart from a slight increase in the duration of conditioning time 

(prolonged from 16 to 24h) and cell confluence (85-90% instead of 50-70%), 

preparation of CM remained unchanged during my PhD. 

eEPC are cultured in DMEM containing 20% of serum (FBS) while our 

explants are cultured on M199 medium with only 10% FBS. For conditioning, 

DMEM was thus aspirated and replaced by M199 without FBS. Traces of FBS 

remained and appeared critical. Indeed, we observed that if eEPC were 

thoroughly washed with PBS to remove all traces of FBS and albumin (i.e. for mass 

spectrometry analysis) before conditioning in M199, folliculogenic activity was 

strongly reduced. This suggested that the presence of low amount of FBS was 

required for the production or for the stability/activity of the folliculogenic factor. 

Addition of low amount of FBS (up to 2%) at the end of the conditioning did not 

restore folliculogenic activity. We thus concluded that efficient production by 

eEPC of bioactive folliculogenic factor requires traces of FBS in the conditioning 

medium. 

To initiate characterization of the folliculogenic factor, we first wished to 

determine the biological nature of the factor (RNA or protein). eEPC-CM was thus 

incubated with either RNase or trypsine/pronase, to degrade RNA or proteins 

respectively. RNase treatment had no effect. When we tried to test the protease-

treated CM on culture, we faced rapid degradation of the explants by pronase 

(even after inactivation). After several rounds of dilution/concentration to 

eliminate pronase activity, folliculogenic activity of the CM was lost. Although not 

perfect, these experiments suggested that the folliculogenic factor was most 

probably a protein. 

We then focused on the estimation of the molecular weight of the active 

folliculogenic protein(s). Separation of the CM into sedimentable and soluble 

material by ultracentrifugation revealed that both materials stimulated 

folliculogenesis in thyroid explant culture (Hick et al., 2013). The sedimentable 

folliculogenic fraction, currently studied by Jonathan Degosserie, could contain 

exosomes and/or microvesicles. We also fractionated the CM based on protein 



158 
 

size (Superdex 75 column) and tested the fractions on thyroid lobes. We focused 

on two reproducible extreme fractions containing part of the folliculogenic 

activity: one fraction of high (433-902 kDa) and one fraction of low (5-11 kDa) 

molecular weight (Figure 19). The high-molecular weight fraction led us on the 

track of laminins, a large component of the basement membrane, with a 

molecular weight from 400 to 800kDa for heterotrimers. The very low molecular 

weight fraction could contain growth factors such as EGF (~5kDa), Activin 

(~15kDa) or BMP (~15kDa). However, we did not consider a candidate approach 

on this low molecular weight fraction, as the list of candidate factors was very 

long. Instead we focused on laminins as they are required for polarization and 

lumen formation in MDCK (O'Brien et al., 2001) and we found abundant laminin 

peptides by mass spectrometry analysis of the CM.  

 

Figure 19. CM fractionation highlights two fractions with higher folliculogenic activity. 

Large follicles were counted in explants and divided by the number of section. We 

compared the activity of each fraction to the first fraction (902-1879). We observed that 

three fractions are pro-folliculogenic. A high-molecular weight fraction (433-902), a low-

molecular weight fraction (5-11) and a less reproducible intermediate molecular weight 

fraction (48-99) (note higher standard deviation).  

The difficulty of this biochemical approach resides in its complexity 

(volume of CM, concentration before and after fractionation, “sterile” condition) 

and the variability in the distribution of fractions collected. Not only very 
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demanding, this biochemical fractionation approach, yielded less solid 

information on the candidate folliculogenic factor than mass spectrometry. A 

posteriori, I would recommend analyzing CM by mass spectrometry, and if no 

obvious candidate emerges then, start fractionation experiments. 

1.2. CM is endowed with different activities 

1.2.1. CM effect on the thyroid 

A priori, stimulation of follicle formation by CM could be the result of 

increased proliferation of cells around a developing lumen, of increased 

differentiation of thyrocyte progenitors, then combination or just another 

mechanism. We tested these possibilities in E14.5 explants cultured for 3 days and 

found that proliferation (as measured by phosphohistone H3 immunolabeling) 

was actually decreased in CM-treated thyroid explants as compared to control. 

We concluded that increased size of follicles was not caused by an increase in 

thyrocyte proliferation. We also observed that differentiation markers (Na/I 

symporter, thyroglobulin and thyroperoxidase) were also reduced in CM-treated 

explants based on mRNA (Figure 20 A.) and immunofluorescence (thyroglobulin) 

(Figure 20 B.). These results indicate that eEPC-CM prevents thyrocytes 

differentiation and that the stimulation of follicle formation is not caused by 

increased differentiation.  

As CM stimulates neither proliferation nor differentiation, we turned our 

attention on the polarization process. In explants incubated with CM we found 

larger ezrin+ lumina, accumulation of Par3 protein at the apical pole and abundant 

F-actin localization in the subapical region and increased basal laminin a1 signal 

(see below). 
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Figure 20. Reduced thyroid differentiation by eEPC-CM. A. Thyrocytes differentiation 

genes are decreased in thyroid lobes treated with CM after 2 and 3 days in culture, as 

compared to control. B. Thyroglobulin immunolabeling signal was decreased by eEPC-CM 

at E14.5+3 days. 

In most biological systems and in development in particular, an inverse 

correlation between proliferation and differentiation/polarization is often 

observed. Along embryonic development, proliferation decreases when tissue 

differentiate and polarize. For example, our lab showed that the transcription 

factor ZONAB simultaneously stimulates proliferation and represses 

differentiation in renal proximal tubular cells (Lima et al., 2010), indicating that 

ZONAB behaves as a master gene oppositely controlling proliferation and 

differentiation (i.e. switch). During thyroid development, only after intense 

proliferation of thyrocyte progenitors do thyrocytes acquire polarity and 

differentiate. In thyroid lobes treated with eEPC-CM, we observed a decrease in 

proliferation in parallel with a stimulation of polarization, but surprisingly, 

differentiation was also decreased. Thus, upon eEPC-CM treatment, polarization 
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seems to be uncoupled from differentiation and CM may be a mixture of pro-

polarization factor(s) and anti-differentiation factor(s). 

Candidate proteins for these pro-polarization and anti-differentiation 

activites could come from mass spectrometry analyses of the CM. Indeed, we 

reproducibly found the presence of the protein SPARC (secreted protein acidic 

cysteine rich) as a very abundant protein in our EPC-CM. SPARC, also called 

osteonectin, is an ECM-associated protein which binds collagen and is required for 

the assembly and organization of basement membrane (Bradshaw, 2009). SPARC 

has also been shown to act as a positive regulator of angiogenesis (Rivera et al., 

2011). Thus, SPARC could act in concert with, or independently from, laminin on 

the folliculogenic process. However, we did not study the role of SPARC during 

folliculogenesis as mass spectrometry results were obtained at the very end of my 

experimental work. It would be interesting to measure its expression in both 

Smad1/5dKO and VegfaKO mice and analyze its localization in CM-treated explants. 

1.2.2. CM effect on the pancreas 

Our group has shown that pancreatic endothelial cells, localized closed to 

ductal cells in the developing organ, prevent these to differentiate into acinar 

cells. Targeted overexpression of VEGFa in acinar progenitors induces endothelial 

cells recruitment and repression of acinar differentiation (Pierreux et al., 2010). In 

this context, the goal of the master thesis of Charlotte Heymans was to further 

understand the mechanisms of acinar differentiation by endothelial cells. I 

supervised her work at the bench and we demonstrated that eEPC-CM can indeed 

limit acinar differentiation (Figure 21 A. and B.), and that this effect is probably 

mediated by the downregulation of a trimeric transcription factor complex (Ptf1a, 

Rbpjl and E-protein) required for pancreas acinar differentiation (Figure 21 C.). 

This suggests that the CM here limits acinar differentiation by preventing 

expression of an acinar-specific transcriptional complex.  
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Figure 21. Inhibition of acinar differentiation by eEPC-CM. A. Amylase mRNA expression 

is increased about 8 fold in control pancreas explants from day 2 to day 3. CM abrogates 

this induction. B. Amylase immunolabelling is reduced at E12.5+3 days in the presence of 

CM, as compared to control pancreas. C. As for amylase, expression of the transcription 

factor Rbpjl does not increase from 2 to 3 days of culture in the presence of eEPC-CM.  

Rbpjl is a paralog of Rbpj, the vertebrate Suppressor of Hairless and Notch 

dependent transcriptional regulator. During pancreas development, Rbpjl 

progressively replaces Rbpj in the heterotrimeric complex with Ptf1a and the E-

protein, thereby triggering acinar differentiation at the expense of a progenitor 

fate. Nothing is known about the expression of Rbpj and Rbpjl in the thyroid, but 

since we observed a repression of thyroid differentiation by eEPC-CM, it could be 

interesting to study if these factors, and Notch signaling, are implicated in thyroid 

development. Along this line, the expression of the four transcription factors 

critical for thyroid development (Nkx2.1, Hhex, Foxe1 and Pax8) should also be 

measured.  

1.3. Laminin-111 from CM is a stimulator of follicle 

formation 

Based on the proteic nature of the folliculogenic factor and the bioactivity 

of the high-molecular weight fraction, we postulated that laminins with a 
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molecular weight comprised between 400 and 800kDa in trimers, could be a 

critical folliculogenic factor. 

Various experiments were performed to test the involvement of laminins 

in folliculogenesis. First, we demonstrated by RT-qPCR that eEPC highly express 

laminins isoforms, especially laminin α1, β1 and γ1. Second, mass spectrometry, 

silver staining and western blotting revealed the presence of laminin α1, β1 and 

γ1 in the CM. Third, abundant laminin α1 was deposited and assembled around 

thyroid lobes cultured with eEPC-CM. Lastly, CM from laminin α1-silenced eEPC 

did not stimulate follicle formation. In addition, two different KO mice (VegfaKO 

and Smad1/5dKO), which display defective folliculogenesis and basement 

membrane formation, were rescued by eEPC-CM. Altogether, these results 

pointed towards a critical role of laminins in folliculogenesis. 

Despite several trials, gain-of-function experiments were not conclusive. 

Replacement of eEPC-CM by commercial and non-commercial (Sasaki et al., 2010) 

purified laminin 111 on thyroid lobes neither increased laminin α1 

deposition/assembly in the explants and nor stimulated folliculogenesis. 

Misassembly of purified laminin might result from loss of a post-translational 

modification or absence of a critical partner. It is also possible that purified 

laminin still assembled around the explants but did not properly organize, thereby 

preventing recognition by anti-laminin antibody, as reported previously (O'Brien 

et al., 2001). 

Laminin α1 and α5 are recognized as the main epithelial laminins and their 

expression varies during embryonic development: laminin α1 appearing first, then 

being replaced by laminin α5. During thyroid development, we also observe 

decreasing expression levels for laminin α1, suggesting that laminin α1 is essential 

at the beginning of folliculogenesis then becomes less important at the end of 

gestation, reminiscent of bile duct development where laminin α1 is necessary to 

start, and laminin α5 to complete, epithelial morphogenesis (Tanimizu et al., 

2012). Type IV collagen is also important for basement membrane stability (Pöschl 

et al., 2004). In thyroid explants, no change in type IV collagen labeling was 

observed in the presence of CM. Rescue of folliculogenesis in VegfaKO and 

Smad1/5dKO, which display reduced collagen IV labeling, could be explained by the 

large quantities of laminin 111 present in the eEPC-CM. Laminin 111 abundance 
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could allow its assembly and stabilization around KO thyrocytes and be sufficient 

even in the absence of type IV collagen, to stimulate folliculogenesis.  

We also tested the involvement of integrin signaling in lumen formation 

and observed that treatment with a blocking anti-integrin β1 antibody did not 

prevent folliculogenesis triggered by the CM. However, immunofluorescence on 

sections of thyroid explants incubated with the blocking antibody failed to detect 

it in the tissue, raising the possibility of poor penetration into the explant and 

preventing one to conclude on to the implication of integrin β1 in transducing the 

effects of eEPC-CM. Second, utilization of inhibitors against integrin downstream 

signaling kinases such as Src and Fak showed only a partial blockade of the 

folliculogenic effect with the Src inhibitor, PP2. Despite non-conclusive results, we 

keep the possibility open that integrins transduce signal received from laminins 

through the Src pathway. 

1.4. A role for CM in lumen expansion? 

After de novo lumen formation, expansion is necessary for physiological 

functions. Lumen expansion requires two activities: (1) deposition at the apical 

membrane of anti-adhesive factors such as podocalyxin or glycosylated mucins, 

which avoid lumen collapse, and (2) fluid secretion and induction of hydrostatic 

pressure by activation of apical channels and pumps such as Na+/K+ ATPase or 

CFTR (Sigurbjörnsdóttir et al., 2014). Two studies in zebrafish gut lumen and in 

mouse salivary glands have shown the role of CFTR activation by cAMP/PKA in 

opening and expansion of lumen (Bagnat et al., 2010; Nedvetsky et al., 2014). We 

thus tested if eEPC-CM could act on lumen expansion through CFTR. Although 

CFTR expression was increased from the first day of culture in the presence of 

eEPC-CM, pharmacological inhibition of CFTR or of cAMP/PKA did not prevent 

eEPC-CM to stimulate folliculogenesis. This suggests that the increase in CFTR 

expression could be a consequence rather than a cause of lumen expansion. 

1.5. De novo lumen formation in in vitro and ex vivo 

culture systems 

A widely used system to study de novo lumen formation is the MDCK cell 

line. MDCK are derived from immortalized kidney distal tubular cells. Grown in 2D, 
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these cells form a monolayer with apical surface facing the culture medium. In 

suspension, they form cysts with an inverted polarity, i.e. with apical pole facing 

the culture medium and basolateral surface in the center of the cystic structure. 

In 3D collagen, cysts are correctly polarized with the apical pole facing the central 

lumen and the basolateral membrane contacting the collagen matrix 

(Sigurbjörnsdóttir et al., 2014; Zegers et al., 2003). I thought it would be 

informative to compare de novo lumen formation in MDCK cultured in collagen 

with our thyroid lobe culture system and thus summarize here the main steps 

already described in the introduction (Figure 22). Initially, single MDCK cell seeded 

in collagen has no surface polarity: apical and basolateral proteins are randomly 

distributed throughout the cell surface (1), and the cell contacts the surrounding 

stroma rich in fibrillar collagen (2). After one cell division, the new cell-cell contact 

together with cell-ECM contact give cues to promote polarized secretion and 

production/assembly of a laminin-rich basement membrane (red), and to allow 

endocytosis of apical proteins and lipids (red vesicles) of the cell membrane facing 

the ECM (3). Increased cell-basement membrane (red & yellow) contacts and 

asymmetric targeting of intracellular polarity complexes Par, Crumbs and Scribble 

trigger lumen opening (4, 5). Polarity complexes and stabilized basement 

membrane (yellow) provide further information for oriented organization of the 

cytoskeleton (6), and polarized membrane trafficking contributes to de novo 

lumen formation and expansion (7). Cyst growth is maintained via oriented cell 

division (8). 

 

Figure 22. Schematic representation of steps involved in de novo lumen formation and 

polarity acquisition in epithelial cells. See details in the text (Manninen, 2015). 

A cystic organization with a closed lumen is an abnormal architecture for 

MDCK cells, originating from distal tubules of the kidney and better resembles to 

a closed thyroid follicle than to an open kidney tubule. Indeed, comparison of 
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MDCK de novo lumen formation to thyroid folliculogenesis reveals some telling 

differences. First, at two cells stage MDCK are already polarized, quite different 

from thyrocyte progenitors which first expand as a mass without polarity markers 

up to the start of folliculogenesis. Indeed, after their budding from the endoderm 

(E10.5), thyrocyte progenitors form a mass of non-polarized cells, which will 

migrate collectively and reach their final localization at approximately E13.5. At 

E13.5-E14.5, only the rim of cells at the periphery is in contact with laminin-rich 

basement membrane and is thus partially polarized with a basal, but no apical 

pole. Within the mass, ezrin positive clusters (vesicles) and tight junction proteins 

(ZO-1) progressively appear in some cells. Thus, during thyroid development, we 

do not observe the apical marker ezrin all around the cell surface of progenitors, 

and we do not observe inverse polarity. As a consequence, transcytosis of future 

apical proteins recaptured from the (basal) cell surface contacting the 

extracellular matrix, to be redirected to the opposite (apical) membrane is not 

observed in our ex vivo culture system.  

The formation of the apical pole (initiated around E14.5 in some cells) 

(steps 4-5) occurs when intracellular ezrin+ vesicles fuse with a membrane, which 

will become the apical membrane. An intrinsic or an extrinsic program could 

trigger the formation of these vesicles in cells within the mass. Our observations 

suggest that this early apical specification, i.e. appearance of ezrin+ clusters, is not 

controlled by extrinsic signal since ezrin+ structures preferentially appear in cells 

localized deep within the mass, not predominantly in the peripheral cells, as is the 

case in the pancreas (Hick et al., 2009).  

Later on, signal for polarization are probably controlled or reinforced by 

extrinsic cues. During mass reorganization, thyrocytes secrete VEGF-A to recruit 

endothelial cells (Hick et al., 2013). Invasion of endothelial cells into the thyroid 

mass results in disruption of epithelial cell-cell junctions. Involvement of C-cells in 

this process could also be hypothesized. The loss of epithelial cell-cell contacts 

and the development of contact with the stroma provide thyrocytes with signals 

to develop their basolateral membrane. Maturation and stabilization of the latter 

will further contribute to lumen opening and apico-basal polarization. Indeed, 

solutes injection into the apical lumen first requires basolateral transporters and 

pumps in contact with the internal milieu. 



167 
 

A last difference is that MDCK cells receive the polarization signal from the 

ECM, and polarization then occurs from basal to apical. In thyroid, our analysis 

suggested that apical specification either appears within the mass, in response to 

an intrinsic signal, or stochastically. Upon fusion of ezrin+ vesicles with a 

membrane, different scenarios can be proposed from that cell with a newly 

formed apical pole. First, formation of the apical lumen disrupts cell-cell contact 

with neighboring cell(s) and induces in these cells a polarization signal starting 

from the new apical surface. Secondly, fusion of ezrin+ vesicles with a membrane 

in one cell, can induce polarization of its neighboring cells through tight junction 

formation. In both cases, polarization would develop from apical to basal. 

Reinforcement and maturation of apico-basal polarity would require basement 

membrane assembly. Simultaneously, and as in MDCK, gain of cell-matrix 

interaction at the expense of cell-cell contact, in the mass or at its periphery, will 

cause polarization from basal to apical. 

In conclusion, MDCK cell is an excellent system to study and identify 

molecules implicated in de novo lumen formation. However, we believe that steps 

1, 2 and 3 are in vitro artefacts that do not occur in vivo in the presence of non-

polarized progenitors. In thyroid, ezrin and apical markers are not present ad 

initio but appear during lumen formation. This was also observed during pancreas 

(Hick et al., 2009; Villasenor et al., 2010) and bile duct development (Antoniou et 

al., 2009). However, in these two organs, acquisition of apico-basal polarity occurs 

predominantly at the periphery of the parenchyme; that is in progenitor cells in 

contact with the surrounding stroma or the portal mesenchyme. Thus, in vivo 

lumen formation requires basement membrane assembly and stabilization 

(similar to steps 4 to 8 in the MDCK) and de novo appearance of apical markers. 

1.6. Intracellular lumen: microvillus inclusion disease? 

In the early stage (E14.5) of folliculogenesis, we observed clusters of the 

apical protein ezrin localized just underneath of the future apical pole. We believe 

that these are intracellular vesicles loaded with apical proteins, as observed in 

MDCK system, and that their fusion with the membrane triggers first lumen 

formation and then expansion. Both VegfaKO and Smad1/5dKO have reduced follicle 

lumen size and this is associated with the presence of an “intracellular lumen”, as 

visualized by electron microscopy (Figure 23 A.). These appear as round 
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structures, delineated by a membrane but not in contact with tight junctions. 

Their lumen is filled with microvilli similar to those normally facing the follicular 

lumen (Hick et al., 2013) (Villacorte*, Delmarcelle* et al., in revision). 

 

Figure 23. De novo lumen formation and MIVD. A. Visualization of intracellular lumen 

(red asterisk) by electronic microscopy in Vegfa
KO

 and Smad1/5
dKO

. B. Schematic 

representation of intestinal epithelial polarity in normal and MIVD conditions. In normal 

intestine, microvilli are present in high number at the apical domain facing the lumen and 

apical vesicles (av) fuse with the apical membrane. In MIVD, the apical endocytic 

trafficking is defective and microvilli inclusion vacuoles and apical vesicles accumulate in 

the cell. In few cases, the accumulation of basolateral vesicles is also observed (Overeem 

et al., 2015). 

Similar structures have been observed and mainly described in the so 

called microvillus inclusion disease (MIVD) (Figure 23 B.). In this rare intestinal 

disease, intestinal cells have defective microvilli at the apical pole, thereby causing 
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nutrient malabsorption and severe diarrhea. The lack of apical microvilli is 

explained by the presence of microvilli-containing intracellular structures. MIVD is 

mostly associated with mutation in the myosin-VB gene or in few case, in the 

syntaxin-3 gene. Myosin-VB is a motor protein, which interacts with actin 

filaments and enables trafficking of intracellular vesicles toward the apical 

membrane. Syntaxin-3 is an apical SNARE involved in fusion of intracellular 

vesicles with the apical membrane. Mutations in these two genes cause 

accumulation of microvillus inclusion bodies and subapical vesicles in the cell 

(Overeem et al., 2015; Szperl et al., 2011; Wiegerinck et al., 2014). 

Mechanistically, it would thus be interesting to measure the expression of 

myosin-VB and syntaxin-3, or visualize their localization in VegfaKO and 

Smad1/5dKO. Intracellular lumina have also been observed in cancer cell lines: in 

intestinal cell line (Caco-2) after pharmacological inhibition of microtubules 

polymerization (Gilbert and Rodriguez-Boulan, 1991), and in breast cancer cell line 

(MCF-7), when cell adhesion is not yet established (Vega‐Salas et al., 1993). A 

common defective mechanism leading to the presence of intracellular vesicles in 

both VegfaKO and Smad1/5dKO may exist. We could hypothesize that the defect in 

basement membrane assembly prevents production of an intracellular signal 

required for actin filaments or microtubules polymerization/stabilization, or for 

the fusion of vesicles with the apical membrane. Although we did perform few 

experiments, in another context, on microtubules stability in CM-treated thyroid, 

we never analyzed microtubules integrity in the two KO. 

2. General conclusion 

In conclusion, our work refines the developing thyroid model presented in 

the introduction (Compare Figure 3; see chapter 1.2.1., with Figure 24). First, we 

demonstrated that soon after thyroid bud formation, epithelial production of 

VEGF-A allows recruitment of endothelial cells (red) around the bud (blue). 

Around E14, some thyrocyte progenitors within the mass acquire apical markers, 

visualized as intracellular ezrin+ clusters (green dots). Concomitantly, endothelial 

cells progressively invade the thyroid mass (blue), thereby disrupting epithelial 

cell-cell contacts and creating new cell-matrix contacts and development of a 

laminin-rich basement membrane (orange). Further development and maturation 

of apico-basal polarity require (i) fusion of ezrin+ vesicles, containing microvilli and 

loaded with apical proteins (transporters, channels and pumps) with the apical 
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membrane, and (ii) stabilization of basement membrane scaffold. Extended 

contacts with endothelial cells and concerted and oriented apico-basal 

polarization of adjacent thyrocytes are critical aspects for thyroid function (Figure 

24).  

 

Figure 24. Refinement in thyroid development and folliculogenesis models. On the left: 

global thyroid morphogenesis, on the right: cellular behavior. Endothelial cells (red) are 

recruited upon VEGF-A secretion and progressively invade the thyroid cell mass (blue). 

Their presence and invasion are required for follicle formation. In parallel, cell polarization 

by apical specification (green) and basement membrane (orange) deposition and assembly 

allows lumen formation and expansion. BMP signaling (purple), active from E15 is also 

required for follicle formation  (adapted from (Fagman and Nilsson, 2010)). 
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We propose the following model based on our cellular and molecular 

observations. During folliculogenesis, follicular epithelial cells (blue) produce the 

pro-angiogenic factor VEGF-A which will bind VEGFR2 on endothelial cells (red) to 

recruit them around thyroid bud. With invasion and penetration of endothelial 

cells in the mass, epithelial cell contacts will be disrupted and new ECM-epithelial 

cell contacts will be created. This physical role is necessary for cell polarization 

and reorganization. In addition, endothelial cells may secrete a factor (X) required 

for folliculogenesis. Following contact disruptions, epithelial cells will assemble 

their own basement membrane (orange) by production and secretion of laminins 

and type IV collagen. This assembled BM will reinforce polarization signals. In 

parallel, BMP-Smad1/5 signaling (purple) is active during thyroid development 

and is also required for correct follicular reorganization of thyroid cells. Smad1/5 

pathway supports endothelial cells function by controlling VEGFA expression, in 

addition to promoting basement membrane production. In vitro, we discovered 

that endothelial progenitor cells directly produce laminin 111 which promotes 

follicles formation. We hypothesize that in vivo, the X factor could be laminins 

(Figure 25). 

 

Figure 25. Reciprocal paracrine interactions during epithelial cell reorganization into 

follicles. See text for details. 
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