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RESUMEN 

Vegfr3 (Vascular Endothelial Growth Factor Receptor 3) es un miembro de la familia de receptores 
transmembrana con actividad tirosina quinasa del endotelio vascular y un impulsor clave del 
desarrollo de la vasculatura linfática y la linfangiogénesis. La expresión de este receptor está 
estrechamente regulada tanto en el endotelio vascular sanguíneo cómo linfático. Sin embargo, a pesar 
de su relevancia, los mecanismos moleculares que controlan la expresión de Vegfr3 en diferentes 
contextos fisiológicos y patológicos y las consecuencias fenotípicas de su desregulación no se han 
explorado suficientemente. 

Usando una estrategia de génetica directa, combinada con el sistema CRISPR/Cas de edición génica, 
hemos realizado cribados genéticos a nivel genómico en busca de genes potencialmente involucrados 
en la activación de la transcripción de Vegfr3. Primero, hemos generado dos líneas celulares reporteras 
de la transcripción de Vegfr3, una en células madre embrionarias (Vegfr3EGFPluc-ESCs) y la otra en 
células endoteliales linfáticas (Vegfr3Kat-LECs) en las que una proteína de fusión EGFP-luciferasa o la 
proteína fluorescente TurboFP365 (Katushka), respectivamente, se expresan bajo control 
transcripcional de Vegfr3. Empleando una librería CRISPR de activación transcripcional (CRISPRa 
SAM-3 pooled library) y la selección de células con niveles de flurescencia de EGFP o Katushka más 
altos que el de las células control, hemos identificado un nuevo gen potencialmente relacionado con 
la activación de Vegfr3 en Vegfr3EGFPluc-ESCs, Plpp2 y dos genes usando Vegfr3Kat-LECs: Wnt5a y 3-
Galnt1. La posible implicación de cada uno de estos genes en la regulación de la transcripción de 
Vegfr3 se discute en este trabajo. Sin embargo, es necesario un análisis más extenso in vitro e in vivo 
para dilucidar los mecanismos moleculares que conducen a la activación de Vegfr3 por estos genes y 
su relevancia fisiológica. 

En paralelo, hemos generado un nuevo modelo de ratón transgénico (BAC), reportero de la expresión 
de Vegfr3, Tg.Vegfr3Kat, que permite visualizar los vasos linfáticos y la linfangiogénesis mediante el 
seguimiento de la expresión y fluorescencia de Katushka. Los espectros de excitación y emisión en el 
rojo lejano de Katushka, con picos a 588 y 635 nm respectivamente, tienen ventajas importantes para 
la detección de este reportero en tejidos in vivo. Hemos comprobado que la expresión de Katushka en 
este modelo recapitula la expresión de Vegfr3 in vivo en todas las etapas del desarrollo y co-localiza 
con marcadores linfáticos pero no con marcadores sanguíneos. Además, mostramos que este modelo 
se puede utilizar para rastrear y cuantificar la linfangiogénesis in vivo, en adultos, asociada a procesos 
patológicos como la inflamación. 

Finalmente, hemos desarrollado un modelo de ratón único que permite la regulación espacial y 
temporal de la sobre-expresión de Vegfr3 in vivo. Este modelo combina los alelos knockin Vegfr3CreERT2 

y Rosa26LSL-rtTA-EGFP, generados anteriormente, con un transgén tetO-Vegfr3, integrado en el locus de 
Col1A1. En este modelo, la administración de tamoxifeno y doxiciclina conduce a la sobreexpresión 
reversible de Vegfr3 impulsada por el alelo Vegfr3CreERT2 y, por lo tanto, de forma exclusiva en aquellas 
células que expresan fisiológicamente Vegfr3. La caracterización inicial de este modelo muestra que 
la sobreexpresión de Vegfr3 en los vasos linfáticos de la piel durante el desarrollo posnatal causa 
hipoplasia linfática al inducir un brote excesivo de las LECs y un acortamiento de los vasos que 
interfiere con la formación normal de la red vascular linfática.Mecanísticamente, proponemos que la 
activación excesiva de ERK mediada por la sobreexpresión sostenida de Vegfr3 altera el equilibrio 
entre la señalización mediada por ERK y Notch en las LECs, que inhibe la proliferación e induce un 
fenotipo de hiperbrote que interfiere con el proceso de linfangiogénesis. 
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RESUMEN 

En resumen, esta tesis doctoral aporta nuevas herramientas para el estudio de la vasculatura linfática 
y de la linfangiogénesis en el desarrollo y la enfermedad y contribuye al descubrimiento de nuevos 
mecanismos moleculares que controlan la expresión y la función de Vegfr3. 
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ABSTRACT 

Vegfr3 (Vascular Endothelial Growth Factor Receptor 3) is a member of the vascular endothelial 
tyrosine kinase transmembrane receptor family and a key driver of lymphatic vessel development 
and lymphangiogenesis. The expression of this receptor is tightly regulated both in the blood and 
lymphatic endothelium. However, despite its relevance, the molecular mechanisms that control 
Vegfr3 expression in different contexts of physiology and disease and the phenotypic consequences 
of its deregulation have not been sufficiently explored. 

Using a forward genetic approach combined with the power of the CRISPR/Cas gene editing system, 
we have performed genome wide genetic screenings searching for genes potentially involved in 
Vegfr3 transcription activation. First, we have generated two Vegfr3 reporter cell lines, one in ESCs 
(Vegfr3EGFPluc) and the other in imLECs (Vegfr3Kat) in which an EGFP-luciferase fusion protein or the 
TurboFP365 (Katushka) fluorescent protein, respectively, are expressed under the endogenous 
transcriptional control of Vegfr3. Using the genome-wide transcription activation CRISPR library 
(CRISPRa SAM-3 pooled library) and sorting of cells with EGFP or Katushka fluorescene above the 
one of the control cells, we have identified a new gene potentially related with Vegfr3 activation in 
Vegfr3EGFPluc reporter ESCs, Plpp2, and two different genes using the Vegfr3Kat reporter LECs: Wnt5a 
and 3-Galnt1. The potential implication of each one of these genes in Vegfr3 transcription activation 
is discussed in this work, however, a more extensive analysis in vitro and in vivo is still required to 
elucidate the molecular mechanisms that lead to Vegfr3 activation by these genes and its physiological 
relevance. 

In parallel, we have generated a new reporter BAC-transgenic mouse that allows imaging of 
lymphatic vessels and lymphangiogenesis by monitoring Katushka expression and fluorescence. The 
far-red excitation and emission spectra of Katushka, with peaks at 588 and 635 nm, respectively, are 
important advantages for in vivo tissue detection of this reporter. We have verified that in the 
Tg.Vegfr3Kat reporter mouse, the expression of Katushka recapitulates Vegfr3 expression in vivo in all 
developmental stages and colocalizes with lymphatic markers but not with blood endothelial 
markers. Moreover, we show that this model can be used to trace and to quantify in vivo 
lymphangiogenesis associated to pathological processes such as inflammation in the adult. 

Finally, we have developed a unique mouse model that allows for the spatial and temporal 
upregulation of Vegfr3 expression in vivo. This mouse model combines the tamoxifen inducible 
Vegfr3CreERT2 and the Rosa26LSL-rtTA-EGFP knockin alleles, already established, with a tetO-Vegfr3 transgene 
targeted to the Col1A1 locus. In this model, administration of both tamoxifen and doxicycline leads 
to reversible overexpression of Vegfr3 driven by the Vegfr3CreERT2 allele, and therefore exclusively in 
those cells that physiologically express Vegfr3. The initial characterization of this model shows that 
Vegfr3 overexpression during postnatal dermal lymphatic development causes lymphatic hypoplasia 
by inducing excessive sprouting and vessel shortening that interferes with normal network 
formation. Mechanistically, we propose that excessive ERK activation mediated by Vegfr3 sustained 
overexpression, alters the balance between ERK and Notch signaling in LECs inhibiting proliferaton 
and inducing an hypersprouting phenotype that interferes with normal lymphangiogenesis. 

In summary, this PhD work provides new genetic tools to better understanding lymphangiogenesis 
in development and disease, and contributes to the discovery of new molecular mechanisms that 
control Vegfr3 expression and function. 
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INTRODUCTION 

1. The Lymphatic System 

In mammals, the lymphatic system complements the blood vascular system and has three 
interrelated functions to maintain homeostasis: to remove interstitial fluid from tissues, to absorb 
dietary fats in the intestine and to contribute to immune cell trafficking. The lymphatic vessels are 
also crucially involved in the pathogenesis of diseases such as tumor metastasis, lymphedema, and 
various inflammatory conditions. Attempts to control or treat these diseases have drawn a 
considerable attention to lymphatic vascular system during the past years. Several markers specific 
for lymphatic endothelium and models for lymphatic vascular studies have been characterized, 
accelerating progress in lymphatic vascular biology research in the last ten years. As a consequence, 
several critical regulators of lymphatic vessel growth have also been identified (González-Loyola & 
Petrova, 2021). Nevertheless, the molecular control of lymphatic vessel formation and function is still 
not sufficiently understood. 

1.1. Organization and Functions 

The lymphatic system is a characteristic feature of higher vertebrates, whose complex cardiovascular 
system and large body size require the presence of a secondary vascular system for the maintenance 
of fluid balance. It was first described by Gasparo Aselli in the 17th century as a system formed by 
lacteae venae, or milky veins. 

In contrast to the blood circulatory system, the lymphatic vasculature functions unidirectionally and 
is made up of two types of vessels: the capillaries, with blind ends and thin walls, and the collector 
vessels, of a larger width, whose function is to drain lymph from the extracellular spaces to the 
lymphatic ducts that finally empty lymph into one of the subclavian veins (Figure 1). Lymphatic 
capillaries are valve-less endothelial tubes in which lymphatic endothelial cells (LEC) partly overlap, 
forming valve-like openings, which allow easy access for fluid, macromolecules, and cells into the 
vessel lumen. Lymphatic capillaries lack vascular mural cells and have none or only an incomplete 
basement membrane (Figure 1). The fluid absorption occurs through the lymphatic capillaries, which 
collect the interstitial fluid, macromolecules, and immune cells that, once inside the lymphatic system 
form the lymph (Oliver et al., 2020). The lymph drains from the lymphatic capillaries to collecting 
lymphatic vessels, which are finally emptied into veins in the jugular region. The collecting lymphatic 
vessels have a basement membrane and are surrounded by vascular smooth muscle cells (vSMCs), 
with contractile activity which helps in propelling lymph forward, and numerous, irregularly located 
valves, which prevent backflow (Breslin et al., 2019). 

Also, part of the lymphatic system are the lymph nodes, composed of a three-dimensional network 
of fibroblast reticular cells, creating spaces that are filled with lymphocytes, with different niches for 
T and B cells. This network originates tubes through which the fluid, delivered by afferent lymphatic 
vessels, enters to the nodes only allowing the entry of small molecules and particles, including 
antigens. Apart of the lymph nodes and the lymphatic vascular network the lymphatic system also 
includes other lymphoid organs such as, tonsils, Peyer’s patches, spleen, and thymus, all of which 
play an important role in the immune response (Cueni & Detmar, 2008). 
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Figure 1. Structure of lymphatic vessels. Lymphatic vessels are thin walled and have a relatively 
wide lumen. The endothelial cells of lymphatic capillaries (green) lack tight junctions. Instead, the 
neighboring endothelial cells partly overlap, forming valve-like openings. Lymph drains from the 
lymphatic capillaries to precollecting and collecting lymphatic vessels, which finally empty it into 
veins. Precollecting and collecting lymphatic vessels have a basement membrane and are surrounded 
by vascular smooth muscle cells (vSMCs) (red) with contractile activity to promote lymph flow. They 
also contain valves that prevent back flow. In contrast, blood vessels have a distinct basement 
membrane, and are surrounded by pericytes/vSMCs, which form one or multiple layers increasing in 
thickness with vessel size. From Karpanen and Alitalo 2008. 

Lymphatic vessels have been found in almost every tissue. Exceptions have traditionally included 
bone marrow, cartilage, the cornea, and the central nervous system. However, recently, even within 
these tissues there has been found evidence of lymphatic drainage under normal conditions, or 
lymphangiogenesis under pathologic conditions (Breslin et al., 2019). Moreover, traditional functions 
of the lymphatic system include interstitial fluid drainage, fat absorption in the intestine and immune 
surveillance (reviewed in Petrova & Koh, 2020). However, with progress in lymphatic biology 
research, evidence arises suggesting an active role of the lymphatic vasculature in several 
physio- and patho- logical processes (reviewed in Oliver et al., 2020). For instance, the recent 
finding of lymphatic vessels in the central nervous system (Louveau A et al., 2018) has drawn 
attention at their potential role in a variety of neurological disorders, where lymphatic 
dysfunction may underlie pathophysiology or exacerbate disease progression (Oliver et al., 
2020). 

1.2. Development of the Lymphatic Vascular System 

Embryonic development of the lymphatic vascular network has been extensively studied during the 
beginning of the last century. For many years, however, the field has advanced relatively slow 
because of the lack of known specific lymphatic endothelial cell (LEC) markers, and, until recently, 
the histogenetic origin of lymphatic vessels has remained a controversial issue. In 1902, the anatomist 
Florence Sabin suggested, based on her studies of lymphatic development in pig embryos, that the 
first lymphatic ducts originated from veins (Sabin, 1902). Since then, this has been the most widely 
accepted theory of the origin of the lymphatic vasculature in mammals. On the other hand, the 
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anatomists George S. Huntington and Charles F. W. McClure suggested the existence of 
mesenchymal precursor cells, from which the lymph sacs originate independently of the veins and 
its connection with the circulatory system occurs later (Huntington & McClure, 1910). During the last 
century, several studies supporting one view or the other have underscored the active debate 
surrounding the field. Importantly, nowadays is being commonly accepted that the nature of the 
specific progenitors from which LECs can stem varies in different organs, suggesting that the origin 
of these LEC populations might be contingent to the specific tissue environments and driven by 
organ-specific signals (Oliver et al., 2020). 

Lymphangiogenesis, the formation of lymphatic vessels from pre-existing ones, starts in mice around 
embryonic day 9 (E9), after the blood vascular system has been established (Figure 2), when a 
subpopulation of endothelial cells, acquire lymphatic identity by inducing the expression of prospero 
homebox protein 1 (Prox1) the main driver of lymphatic commitment and differentiation (Sathish 
Srinivasan & Oliver, 2011; Wigle et al., 2002; Wigle & Oliver, 1999). Prox1 expression has been shown 
to be regulated by several transcription factors, such as Sox18 (François et al., 2008), Coup TFII 
(Srinivasan et al., 2010), Hhex (Gauvrit et al., 2018), and Gata2 (Kazenwadel et al., 2015). From E9.5 
until E14.5, Prox1 positive cells on one side of the anterior cardinal vein upregulate the expression of 
additional lymphatic markers like Vegfr3 (Alitalo, 2011; Karaman et al., 2018; Rauniyar et al., 2018), 
lymphatic vessel endothelial hyaluronan receptor 1 (Lyve1) and podoplanin (Pdpn) (Banerji et al., 
1999; Breiteneder-Geleff et al., 1999). Then, following secretion and processing of vascular endothelial 
growth factor C (Vegf-C) and through Vegfr3 receptor activation, responsive LECs sprout out of the 
veins and migrate to assemble the primitive lymphatic structures, the lymph sacs (Wigle et al., 2002; 
Wigle & Oliver, 1999). Subsequent sprouting and remodeling of the lymph sacs leads to the 
assembling of a mature lymphatic plexus (Figure 2). 

Figure 2. Development of the lymphatic vasculature in mice. Upon stimulation, a subset of venous 
endothelial cells becomes committed to the lymphatic endothelial cell (LEC) fate. These differentiating 
LECs express Lyve1, Prox1, Sox18 and Vegfr3. Stimulated by Vegf-C/Vegfr3 signaling they migrate and 
proliferate to form primary lymph sacs, from which lymphatic vessels start sprouting. The primary 
lymphatic vascular plexus becomes separated from the blood vessels and after remodeling and 
maturation creates the lymphatic vasculature. Adapted from Tammela and Alitalo 2010. 
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The lymphatic vasculature becomes separated from the blood vasculature and only the connection 
between the veins in the neck region and the thoracic ducts remains open to allow the collected lymph 
to set back to the blood circulatory system. The molecular mechanisms underlying this separation 
seem to involve the function of Pdpn, the tyrosine kinase Syk, phospholipase-Cg2 (PLCg2), and the 
signaling adaptor Slp-76: knockout of either of these genes in mice results in blood filled lymphatic 
vessels (Abtahian et al., 2003; H. Ichise et al., 2009; Uhrin et al., 2010). 
In general, maturation and remodeling of the lymphatic system including the development of the 
primitive lymphatic plexus into a hierarchical network of collecting lymphatic vessels and blind 
ending capillaries begins at E14.5 and lasts until after birth although not all tissues follow exactly the 
same timing. During this process, the transcription factor Foxc2, the growth factor angiopoietin-2, the 
non-kinase receptor neuropilin-2 (Nrp2) and the Eph receptor ligand EphrinB2 are up-regulated in 
collecting vessels (Cueni & Detmar, 2008). 

1.3. Lymphatic Endothelial Cell Markers 

The lymphatic vasculature is formed by LECs, which are highly related to blood endothelial cells 
(BEC). Although BECs and LECs represent two distinct cell populations, they can, under certain 
circumstances, gain the characteristics of one another (Hirakawa et al., 2003; Podgrabinska et al., 2002; 
Schacht et al., 2003; Wick et al., 2007). The knowledge and characterization of the lymphatic 
vasculature have advanced thanks to the discovery of specific markers, from both LECs and BECs 
(Annex Table 1). Among lymphatic markers, the Vegfr3 receptor was the first one identified and one 
of the best characterized (see Section 2. Vascular Endothelial Growth Factor Receptor 3). Due to its 
properties and expression pattern, it is a powerful marker of lymphatic endothelium especially in the 
adult organism in physiological conditions (Monaghan et al., 2020). In addition, other genes whose 
expression is associated with the lymphatic endothelial lineage such as Prox1, Lyve1 and Pdpn have 
also been identified, although all these markers are also expressed in other cell types, even though to 
a lesser extent. 

Prospero homeobox protein 1 (Prox1) is a transcription factor considered to be the most specific 
lineage marker of the lymphatic endothelium (Breslin et al., 2019). Mature LEC phenotype is a 
surprisingly plastic and reprogrammable condition that depends on constant Prox1 activity for its 
maintenance. For example, the conditional downregulation of Prox1 during embryonic, postnatal, or 
adult stages is sufficient to reprogram LECs back into BECs (Johnson et al., 2008). Although is a 
reliable marker of lymphatic endothelial cells, Prox1 can be detected in other non-endothelial cell 
types. These include heart valve endothelium, pancreatic epithelium, hepatocytes, bile duct cells, 
adrenal medullary neuroendocrine cells, megakaryocytes, cardiomyocytes, skeletal 
myocytes/satellite cells, and platelets (Breslin et al., 2019). 

Lymphatic vessel endothelial hyaluronan receptor 1 (Lyve1) is one of the most widely used lymphatic 
endothelial markers (Jackson, 2004). Is one of the first’s markers of lymphatic endothelial 
commitment and, in mice, it is expressed in a polarized manner in venous endothelium starting from 
E9.0. In adults, its expression is downregulated in the collecting lymphatic vessels but remains high 
in lymphatic capillaries but is also present in blood capillaries in some organs such as lung. The 
function of Lyve1 remains unclear since deficient mice do not exhibit any abnormal phenotype, 
including normal lymphatic development and immune cell trafficking (Gordon et al., 2008). Lyve1 
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has also been detected on macrophages and in liver and spleen sinusoid endothelium (Breslin et al., 
2019). 

Podoplanin (Pdpn) is a transmembrane mucin-type glycoprotein whose expression starts around E11 
and remains high in collecting lymphatic vessels and in lymphatic capillaries in the adult 
(Breiteneder-Geleff et al., 1999; Schacht et al., 2003). Pdpn deficient mice die at birth due to respiratory 
failure and have defects in lymphatic vessel formation, lymphatic transport, and congenital 
lymphedema. Pdpn is also expressed in other tissues and cell types, such as glomerular podocytes 
(hence its name), type I alveolar cells, osteocytes, mesothelial cells, choroid plexus, glia cells, some 
type of neurons, and different types of fibroblasts (Quintanilla et al., 2019). 

2. Vascular Endothelial Growth Factor Receptor 3 (Vegfr3) 

Vascular endothelial growth factors (VEGFs) are dimeric glycoproteins that contain eight cysteine 
residues that form a characteristic structure called cysteine knot. In humans the VEGFs members are 
VEGF or VEGF-A, PIGF, VEGF-B, VEGF-C and VEGF-D. Two factors of non-human origin have also 
been added to this family, VEGF-E (from viruses) and VEGF-F (from snake venom) (Jain, 2003; 
Karpanen & Alitalo, 2008; Ylä-Herttuala et al., 2007). 
These factors interact with a family of VEGF receptor tyrosine kinases, which are specific for 
endothelial cells. Signal transmission by these receptors promotes cell differentiation, development, 
proliferation, survival, and migration of endothelial cells. In mammals, there are three known 
vascular endothelial tyrosine kinase receptors: VEGFR1, VEGFR2 and VEGFR3 (Figure 3). In 
addition, two co-receptors, neuropilin 1 and 2 (NRP1and NRP2), have been identified that interact 
with VEGFRs and modulate their activity (Roy et al., 2006). 

Figure 3. The family of Vascular Endothelial Growth Factor Receptors (VEGFR). Schematic 
representation showing the structures, interactions, and ligands of VEGFR family members. Their 
physiological roles and associated pathologies are also shown. Ig, immunoglobulin-like domain; SS, 
disulphide bond. Adapted From Monaghan et al., 2020. 
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VEGFR3, also called Fms-like tyrosine kinase 4 (Flt4) differs structurally from VEGFR1 andVEGFR2, 
as it is proteolytically cleaved in the extracellular domain, after which a disulfide bond (-S-S-) keeps 
the fragments together (Pajusola et al., 1994). VEGFR3 has a dual role in embryonic blood and 
lymphatic vessel development and is considered one of the best molecular markers of lymphatic 
endothelium. VEGFR3 and its ligands VEGF-C and VEGF-D are mostly involved in regulating the 
growth of the lymphatic endothelium by stimulating lymphangiogenesis (Veikkola et al., 2001). 

2.1. VEGF-C/VEGFR3 Signaling 

Proliferation and migration of LECs and expansion of the lymphatic vasculature are mostly driven 
through signaling via the lymphangiogenic growth factor VEGF-C and its receptor VEGFR3 
(Karkkainen et al., 2004; Rauniyar et al., 2018). Binding of VEGF-C or VEGF-D to VEGFR3 induces 
receptor dimerization, autophosphorylation, recruitment of CRK1/II and GRB2 and activation of 
downstream signaling pathways including MAPK (ERK1/2), protein kinase B (AKT) and PI3K, which 
act to regulate lymphatic endothelial cell survival, proliferation and migration (Secker & Harvey, 
2021) (Figure 4). VEGFR3 can also form heterodimers with VEGFR2 that respond to signaling induced 
by VEGF-A and VEGF-C (Nilsson et al., 2010; Dixelius et al., 2003), although the degree to which this 
interaction contributes to regulate lymphangiogenic signaling remains to be determined. 

Figure 4. Vegfr3 signal transduction in LECs. Vegfr2 and Vegfr3, form homodimers or heterodimers 
upon binding to their ligands VEGF-C or VEGF-D. The co-receptor Nrp2 binds Vegfr3, Vegfr2, and 
VEGF-C and promotes Vegfr3 signaling. Membrane proteins that interact with Vegfr2 and Vegfr3 and 
regulate their signaling include Claudin-like protein 24 (Clp24), β1 integrin and EphrinB2 (required for 
Vegfr2 and Vegfr3 internalization). Tyrosine residues in the intracellular domain of Vegfr3 that are 
phosphorylated following ligand binding are indicated in bold. The pathways activated by these 
phosphorylation events lead to downstream signaling through JNK1/2, ERK1/2 and AKT pathways. 
From Genevieve A. Secker, Natasha L. Harvey 2014. 

Neuropilin 2 is an additional transmembrane receptor expressed by LECs that contributes to the 
activation of this pathway by binding VEGF-C and favoring lymphatic vessel sprouting (Yuan et al., 
2002). Moreover, β1-integrin, which is activated in response to mechanical stimulus of increased 
interstitial volume facilitates VEGFR3 phosphorylation and activation (Planas-Paz et al., 2012) 
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(Figure 4). All these interactions reveal a high level of complexity in the post-translational regulation 
of VEGFR3 activity. 

Generation of lack- and gain- of function mouse models for Vegf-C, Vegf-D and Vegfr3 have 
contributed to the understanding of the relevance of this pathway in lymphatic vessel biology. In 
Vegf-C null mice, lymphatic endothelial cells initially differentiate in the cardinal veins but fail to 
migrate and to form primary lymph sacs resulting in embryonic death around E16.5. Vegf-C 
heterozygous mice die during the first weeks after birth because of lipid absorption problems; a few 
mice may survive in certain genetic backgrounds, however, also these mice develop peripheral 
edema because of hypoplastic cutaneous lymphatic vessels (Karkkainen et al., 2004). Interestingly, 
lymphatic capillaries maintenance seems to be dependent on Vegf-C constant signaling in some 
tissues. In adult mice, Vegf-C deletion caused a degeneration of intestinal lacteals, whereas the 
maintenance of dermal lymphatic vessels was Vegf-C independent (Vaahtomeri et al., 2017). 
In contrast, while Vegf-D is a potent pro-lymphangiogenic stimulus, no defects in lymphatic 
endothelial progenitor cell migration from the embryonic veins have been observed in Vegf-D 
deficient mice (Baldwin et al., 2005). On the other hand, Vegfr3 KO mice die around E8.5 days of 
development due to failure of the blood vasculature to develop, as Vegfr3 is initially expressed in 
blood vessels during development. Interestingly, genetic ablation of both Vegf-C and -D in the mouse 
does not reproduce the phenotype of Vegfr3 deletion, suggesting functions of Vegfr3 independent of 
these ligands (Haiko et al., 2008).
In summary, Vegf-C/Vegfr3 signaling is necessary and sufficient for lymphangiogenesis as genetic 
ablation of any of the above components prevents lymphatic vascular development in mice 
(Karkkainen et al., 2004), whereas delivery of exogenous Vegf-C promotes the physiological and 
pathological lymphangiogenic response (González-Loyola & Petrova, 2021). 

Lymphatic vasculature malfunction due to changes in Vegfr3 expression or activity has been 
associated with pathological conditions such as primary and secondary lymphedema. Lymphedema 
is characterized by fluid accumulation and the chronic and disabling swelling of the extremities. 
Lymphedema may be caused by genetic alterations or by mechanical injury to the lymphatic 
vasculature. Vegfr3 missense mutations are responsible of Milroy’s disease or lymphedema and its 
inactivation in both humans and mice produces lymphatic vessel hypoplasia and a lymph drainage 
alteration (Monaghan et al., 2020). Unfortunately, lymphedema treatment is still mainly based on 
conservative palliative therapies, however, pharmacotherapy or pro-lymphangiogenic factors, such 
as VEGF-C, offer a promising alternative treatment for secondary lymphedema in the near future 
(Rockson et al., 2018). 

A role of lymphangiogenesis in tumor spread has also been shown in several systems. Active VEGF-
C/VEGF-D/Vegfr3 signaling in tumors or tumor microenvironment stimulate LECs proliferation and 
sprouting in peri and intra tumor areas promoting new vessel formation or lymphangiogenesis. The 
increased drainage activity of the interstitial fluid toward the lymphatic vasculature and lymph 
nodes significantly contributes to the lymphatic metastatic spread (Gutierrez-Miranda & Yaniv, 2020; 
Vaahtomeri et al., 2017). High levels of VEGF-C, increases tumor lymphatic vascular density, and 
lymph node (LN) metastasis are all linked to poorer clinical outcomes in multiple cancer types, with 
especially clear associations observed in melanoma, breast, prostate, and head and neck cancers 
(González-Loyola & Petrova, 2021). Moreover, the relevance of lymphangiogenesis in the formation 
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of metastases is supported experimentally. Inhibition of Vegfr3 signaling with soluble Vegfr3-Ig 
fusion protein in mice suppressed tumor metastasis to the lymph nodes, suggesting that tumor 
lymphangiogenesis involving lymphatic sprouting and vessel dilation may in fact be a rate-limiting 
step during lymphatic tumor metastasis (He Y et al., 2005), In melanoma, VEGF-C levels correlate 
with high tumor infiltration of T cells favoring immunotherapy response (Fankhauser et al., 2017). In 
addition, release of midkine by melanoma cells induces systemic premetastatic lymphangiogenesis 
through activation of mTOR signaling and further up-regulation of Vegfr3 in LECs (Olmeda et al., 
2017). Furthermore, the density of lymphatic vessels in the tumor is associated with the ability of the 
tumor to metastasize both in human and in mice (Olmeda et al., 2017). Overexpression of Vegf-C in 
the skin of transgenic mice resulted in lymphatic endothelial proliferation and vessel enlargement. 
Vegf-C induces selective hyperplasia of the lymphatic vasculature, which is involved in the draining 
of interstitial fluid and in immune function, inflammation, and tumor metastasis (Jeltsch et al., 1997). 
Furthermore, Vegf-C overexpression induces weight gain and insulin resistance indicating a role in 
the promotion of metabolic diseases (Karaman et al., 2016). On the other hand, in human colorectal 
carcinoma, increased lymphatic vessels and a high density of tumor infiltrating CD8+ and CD45RO+ 
T cells are associated with protection against metastasis (Vaahtomeri et al., 2017). So, lymphatic 
vessels may have a dual role during tumor progression, on one hand allowing the metastatic escape 
but on the other, regulating the immune recognition and critical checkpoints in anti-tumor responses. 

2.2. Vegfr3 Expression Pattern 

Although Vegfr3 protein was originally isolated from a human leukemia cell line (Pajusola et al., 
1992) its expression is mostly restricted to the vascular system. In mice, Vegfr3 expression starts at 
E8.5 in blood vascular endothelium and it is implicated in blood vascular remodeling. Throughout 
embryonic development, its expression decreases in the blood vasculature and at E12.5 becomes 
predominantly restricted to LECs (Kaipainen et al., 1995). Continuous ligand induced Vegfr3 
signaling is required for the formation of the lymphatic vascular network during development and 
is the major driver of lymphatic vessel sprouting and migration. Vegfr3 is also required postnatally 
for survival and maintenance of lymphatic vessels during a postnatal period of approximately two 
weeks (Figure 5), after which lymphatic vessels become mostly independent of Vegfr3 signaling 
(Karpanen & Mäkinen, 2006; Mäkinen et al., 2001). In adulthood, Vegfr3 remains expressed mainly in 
lymphatic capillaries (Mäkinen et al., 2005), but it is also detected in fenestrated vessels in several 
organs, like the liver, spleen, and endocrine organs, as well as in high endothelial venules (HEVs) 
(Lymboussaki et al., 1998; Partanen et al., 2000). 

Vegfr3 expression, although at lower level, has also been described in non-endothelial cells during 
embryonic development such as osteoblasts in the growth plate of long bones, and subpopulations 
of neuronal progenitors in some areas of the olfactory bulb and optic nerve (Le Bras et al., 2006; 
Orlandini et al., 2006; Schoppmann et al., 2002; Skobe et al., 2001). It has also been found in dendritic 
cells (Hamrah et al., 2004), hematopoietic progenitor cells (Thiele et al., 2012), corneal epithelia cells 
(Cursiefen et al., 2006) and in some populations of macrophages (SF Schoppmann et al., 2002). 

In the adult, Vegfr3 expression decreases in LECs but in several pathological situations or regenerative 
processes, including wound healing, tissue repair, inflammation, organ transplant and cancer, where 
angiogenesis and lymphangiogenesis lead to the formation of new lymphatic and blood vessels, the 
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expression of Vegfr3 is induced in LECs of lymphatic capillaries and in tip cells of blood capillaries 
(Oliver et al., 2020) (Figure 5). 

Figure 5. Schematic Vegfr3 expression dynamics in BECs and LECs. Vegfr3 is expressed in BECs until 
midgestation (E13.5), when its expression decreases in these cells while it is high in LECs that 
differentiate from embryonic veins at E9.5. The expression remains high in LECs until lymphatic 
vessel maturation, 3-4 weeks after birth. In the adult, expression decreases, and it is only turned on in 
pathological conditions where its induction is associated to lymphangiogenesis or angiogenesis. 

2.3. Vegfr3 Regulation 

Despite the central role of VEGFR3 signaling in lymphatic vessel function and development, still little 
is known about the mechanisms that regulate VEGFR3 in vivo and the number of molecular players 
known to control its expression and/or activity is relatively low. VEGFR3 modulation has been 
proposed to have therapeutic relevance in pathologies associated to lymphatic dysfunction. Different 
studies have been focused on finding natural modulators of VEGFR3 activity. 

Several proteins have been described to interact with VEGFR3 modifying its activity or availability. 
For instance, Epsin1 and Epsin2 bind to VEGFR3 favoring its internalization and degradation (X. Liu 
et al., 2014); Syndecan-4, interacts with VEGFR3 and potentiates its activity in some contexts (Johns 
et al., 2016), and integrin β1 interacts with Vegfr3 in response to LEC adhesion to fibronectin or VEGF-
C/Vegfr3 stimulation, increasing LEC migration in vitro (Vaahtomeri et al., 2017). Furthermore, other 
cell surface transmembrane proteins have been shown to interact with Vegfr3, such as CLP24 and 
CLEC14a, although their roles in lymphangiogenesis have not been fully described yet (Lee et al., 
2017; Saharinen et al., 2010). 

Vegfr3 signaling needs to be attenuated to prevent lymphatic overgrowth. Stimulation of VEGFR3 
kinase activity by VEGF-C promotes receptor degradation by the lysosomal pathway (Han KY et al., 
2014). Moreover, endothelial cell specific depletion of integrin-linked kinase (ILK) in mouse embryos 
hyper-activates Vegfr3 signaling. This activation leads to overgrowth of lymph sacs, thoracic ducts, 
edema, and embryonic lethality (Urner et al., 2019). ILK is further found to impede interactions 
between Vegfr3 and β1 integrin in vitro and in vivo, and endothelial cell-specific deletion of an Itgb1 
allele rescues the excessive lymphatic vascular growth observed upon ILK depletion. 

Fewer studies have been focused on the regulation of Vegfr3 expression. Modulation of Vegfr3 
expression is important for altering LECs characteristics, however the mechanisms underlying this 
modulation remain largely unknown. In this context, interaction between mechanisms of epigenetic 
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regulation and LEC differentiation, maintenance and function are of great interest. For instance, some 
transcription factors have been identified to bind directly to Vegfr3 promoter, modulating Vegfr3 
transcription. Studies in zebrafish have revealed that both Ccbe1 (collagen and calcium-binding EGF 
domain-1, involved in VEGF-C processing and maturation) and Vegfr3 are both direct targets of 
atypical E2Fs. While E2F7/8 bind and stimulate Ccbe1 promoter, recruitment of this E2Fs inhibits 
Vegfr3 promoter (Weijts et al., 2013). Importantly, inactivation of E2F7/8 in zebrafish impaired 
lymphangiogenesis with reduced Ccbe1 expression and increased Vegfr3 expression. Furthermore, a 
novel role in lymphangiogenesis for an ETS transcription factor, Etv2/Etsrp, has also been identified 
(Davis et al., 2018). Inducible Etv2 inhibition in zebrafish embryos at 1-day post-fertilization results 
in significant inhibition of lymphangiogenesis, reduction of lymphatic progenitors, absence or 
fragmentation of thoracic duct, and reduced lymphangiogenesis-associated marker expression 
(including Lyve1, Prox1 and Vegfr3). These results have been further supported by studies in 
differentiated mouse embryonic stem (ES) cells as well as in zebrafish embryos showing that Etv2 
directly binds the promoter regions of Vegfr3 and Lyve1, promoting their expression (Davis et al., 
2018). 

Several signaling pathways have also been shown to modulate Vegfr3 expression. LEC stimulation 
by NF-κB or NF-κB-dependent cytokines amplified the lymphangiogenic signals by increasing 
Vegfr3 expression. NF-κB p50 activates Vegfr3 transcription in cultured LECs and the NF-κB-
dependent mediators IL-3 and LPS, increase Vegfr3 expression and responsiveness of LECs to 
Vegfr3-activation factors (Flister et al., 2010). It has also been reported that the three Ras proteins (K-
RAS, N-RAS y H-RAS) regulate lymphatic vessel growth in mice in a dose-dependent manner (T. 
Ichise et al., 2010). Ras knockout mice present lymphatic vessel hypoplasia and overexpression or 
downregulation of Ras in a lymphatic endothelial cell lineage results in up- or down- regulation of 
Vegfr3 expression respectively. Activation of Ets transcription factors and of the histone acetyl 
transferase P300 via RAS-induced MAP kinase phosphorylation seems to be involved in Vegfr3 
transcription activation (T. Ichise et al., 2012). Moreover, Ets KO resulted in a decrease in both Vegfr3 
transcript levels and acetylated H3 on the Vegfr3 gene. Interestingly, in an independent study, Ets2 
has also been shown to interact with Prox1 to induce Vegfr3 expression and lymphangiogenesis 
(Yoshimatsu et al., 2011). 

Of special relevance is the interaction between Notch, a family of receptors that regulate cell fate 
determination through direct cell-cell interactions, and Vegfr3 signaling. The crosstalk between both 
molecular pathways is crucial for the regulation of sprouting angiogenesis and is a very complex and 
context dependent process. Vegfr3 is abundant in endothelial tip cells, where it activates Notch 
signaling by inducing expression of its ligand Dll4, facilitating the conversion of tip cells to stalk cells 
during the stabilization of vascular branches (Tammela et al., 2011). Subsequently, Notch activation 
suppresses Vegfr3 expression (Figure 6) in a negative feedback loop (Tammela et al., 2011). Genetic 
or pharmacological disruption of the Notch signaling pathway in vivo leads to widespread 
endothelial Vegfr3 expression and excessive sprouting (Tammela et al., 2008). Moreover, Vegfr3 
kinase-activity inhibitors but not ligand-blocking antibodies suppresses the sprouting of endothelial 
cells that had low Notch signaling activity (Benedito et al., 2012), suggesting that with low Notch 
activity, Vegfr3 upregulation allows strong ligand-independent and highly deregulated 
angiogenesis. While this crosstalk is clearly established in BEC it is not so well characterized in LECs. 
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Figure 6. VEGFR3 and Notch signaling cross talk. Tip cells are induced by VEGF-C that binds to 
VEGFR3 localized on the filopodia. VEGF-signaling induces the membrane-bound Notch ligand 
delta-like 4 (Dll4) in the tip cells, which leads to the activation of Notch1 in adjacent endothelial cells. 
Dll4–Notch signaling in turn suppresses VEGFR3 expression in adjacent cells, thereby inducing the 
stalk cell phenotype. 

At posttranscriptional level, microRNAs can also regulate Vegfr3 messenger stability. Mirtron (short 
hairpin intron) microRNA-1236 is expressed in endothelial cells and binds to the 3′ UTR of Vegfr3, 
resulting in translational inhibition of Vegfr3 (Jones et al., 2012). In addition, the endothelial specific 
microRNA miR-126, also implicated in vascular integrity, also regulates lymphatic development. In 
zebrafish, mir-126-/- animals fail to develop complete trunk and facial lymphatics, display severe 
edema and die as larvae (Kontarakis et al., 2018) and similarly, loss of mir-126 in Flt4+/- mice results 
in embryonic edema and lethality (Kontarakis et al., 2018). 

Besides all this work, still, the mechanisms that regulate Vegfr3 expression at the molecular level are 
not well understood. This question is, in general, difficult to address considering the differences in 
organ-specific lymphatic vessel growth and development, and the different physiological and 
pathological contexts in which Vegfr3 expression may be up- or down-regulated. 

3. Vegfr3 Mouse Models 

The study of Vegfr3 function and regulation in physiology and disease demands the use of genetically 
modified mouse models. Various genetic mouse models have been generated that carry mutations in 
genes of the Vegf-C/Vegf-D/Vegfr3 signaling pathway whose characterization has allowed an advance 
in the knowledge of this pathway both in physiological and pathological conditions. Table 1 shows a 
list of available mouse models related to Vegfr3, either for studying its function (constitutive or 
conditional knockouts), Vegfr3 expression reporters or to drive the expression of genetic tools, such 
as the Cre recombinase, for lymphatic endothelial cells-targeted genetic modification. 

3.1. Mouse Models to Study Vegfr3 Function in vivo 

The first Vegfr3 loss of function mouse model was created using a knockin strategy in which the β-
galactosidase gene (LacZ) was placed under the control of the endogenous transcriptional regulatory 
sequences of Vegfr3, deleting the beginning of the Vegfr3 protein-coding region and generating a 
knockout allele for Vegfr3 (Dumont et al., 1998). This model was used in heterozygosis to investigate 
the expression pattern of Vegfr3 in the mouse embryo for the first time. 
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Moreover, Vegfr3-null embryos die around day E8.5, before the differentiation of the lymphatic 
endothelium due to abnormal angiogenesis and blood vascular remodeling and maturation, no major 
defects occur in the differentiation of blood endothelial cells nor in the formation of primary vascular 
networks by vasculogenesis or by endothelial cell sprouting (Dumont et al., 1998). 

Table 1. Available genetically engineered mouse models for Vegfr3. Mouse strain, type of mouse 
model and reference are indicated in each case. BAC: bacterial artificial chromosome. 

Mouse strain Model Type Reference 

Vegfr3TKmut Loss of catalytic 
activity 

Lyon MF and Glenister PH, Chylous 
ascites (Chy). Mouse News Lett. 

1984;71:26 
Vegfr3KO (Vlcg) Knockout KOMP project (Lloyd, 2011) 

NorCOMM project by the Mammalian 
Vegfr3KO (Mfgc) Knockout Functional Genomics Centre (Mfgc), 

University of Manitoba 2010 
Vegfr3neo Knockout (Haiko et al., 2008) 
Vegfr3lox Conditional knockout (Haiko et al., 2008) 
Vegfr3Flox Conditional knockout (L. Zhang et al., 2010) 
Vegfr3EGFP Knockout/reporter (T. Ichise et al., 2010) 

Vegfr3lacZ Knockout/reporter 
knockin (Dumont et al., 1998) 

Vegfr3EGFPLuc Knockin/Reporter (Martínez-Corral et al., 2012) 
Tg.Vegfr3Venus 

(BAC) 
Reporter 

Transgenic-BAC (Calvo et al., 2011) 

Tg.Vegfr3Gap43-

Venus (BAC) 
Reporter 

Transgenic-BAC 
(Watanabe et al., 2019) 

Vegfr3CreERT2 Inducible Cre-model (Martinez-Corral et al., 2016) 
Vegfr3Cre Cre-model (T. Ichise et al., 2013) 

Tg.Vegfr3Cre 

(BAC) 
Cre-model 

Transgenic-BAC 
(T. Ichise et al., 2010) 

This phenotype contrasts with that of the Chy mouse mutant (Vegfr3TKmut) obtained by 
ethylnitrosourea-induced (ENU) mutagenesis and characterized by the accumulation of chylous 
ascites into the abdomen and swelling of the limbs. This phenotype is caused by a heterozygous 
missense mutation in the tyrosine kinase domain of Vegfr3 that interferes with its catalytic activity 
(Karkkainen et al., 2001). Blood vessel development in this mutant is normal, suggesting that the 
kinase activity of the receptor is only required for lymphangiogenesis but not for angiogenesis. 
Furthermore, a conditional mouse model targeting the Vegfr3 ligand-binding domain (Vegfr3ΔLBD) (L. 
Zhang et al., 2010) also confirmed this concept, since upon germline deletion of the LBD, lymphatic 
growth was disrupted in Vegfr3ΔLBD/ΔLBD as in Vegfr3TKmut/TKmut mice, but blood vessels developed 
normally in both embryo and yolk sac further demonstrating that Vegf-C activation of Vegfr3 is only 
essential for lymphangiogenesis. Therefore, Vegfr3 modulates angiogenesis mostly in a Vegf-C 
independent way probably by activating Vegfr2 by heterodimer formation. 

A conditional model for complete ablation of Vegfr3 has also been generated (Haiko et al., 2008). 
Furthermore, up to date there are no overexpression or gain-of-function mouse models available for 
Vegfr3. 
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3.2. Vegfr3-Driven Cre Recombinase Mouse Models 

Several groups have created mouse models of Cre or CreERT2 recombinases driven by Vegfr3 
transcription regulatory elements (T. Ichise et al., 2010, 2013; Martinez-Corral et al., 2016) to specific 
targeting gene modification to LECs. Unlike other lymphatic-specific markers such as Lyve1, Vegfr3 
is expressed in all LECs from lymphatic capillaries to collector vessels, at all stages of development. 
Importantly, since Vegfr3 is expressed in embryonic blood vessels before LEC differentiation, Vegfr3 
based models allow to study the initial events of lymphatic vessel development. Moreover, Vegfr3 
expression is induced in angiogenesis and lymphangiogenesis, therefore Vegfr3-driven Cre models 
are specifically useful for studying gene function in the context of new vessel formation. 

Our laboratory has previously generated a knockin mouse model in which the expression of the 
tamoxifen inducible Cre recombinase (CreERT2) is driven by the endogenous Vegfr3 gene promoter 
without altering Vegfr3 coding sequence or expression (Martinez-Corral et al., 2016). This was the first 
Vegfr3-driven CreERT2 mouse model created. Vegfr3CreERT2 model has been used for the study of the 
origin of lymphatic vessels in different tissues such as skin or mesentery, using a lineage tracing 
approach in combination with Cre activity reporters (Martinez-Corral et al., 2020; Stanczuk et al., 
2015; Y. Zhang et al., 2018). The Vegfr3CreERT2 mouse has also been used to create a mouse model of 
lymphedema in combination with Cre-inducible diphtheria toxin expressing allele (Gardenier JC et 
al., 2016). After ablating the lymphatic system of the hind limb, animals develop lymphedema that is 
indistinguishable from clinical lymphedema (Gardenier JC et al., 2016). 

3.3. Vegfr3 Reporter Models for Lymphatics Imaging 

Whole-body bioluminescent imaging in transgenic mouse models has been adopted as a powerful 
tool to study biological processes. Martinez-Corral et al. generated a unique reporter mouse model 
for bioluminescence imaging of lymphatic vessels and lymphangiogenesis and it is the only 
genetically modified model that allows in vivo detection and quantification of lymphangiogenesis in 
the mouse using non-invasive techniques (Figure 7). The model allows tracking lymphatic vessel 
development during embryogenesis as well as lymphangiogenesis induced by specific growth 
factors, associated to tissue regeneration (wound healing) or inflammation, or even more specific 
induction of lymphangiogenesis by VegfC-expressing adeno-associated vectors. Importantly, the 
Vegfr3-reporter also allows to track tumor-induced lymphangiogenesis providing a powerful tool to 
study mechanisms of tumor growth and metastatic spread (Martínez-Corral et al., 2012; Olmeda et 
al., 2017) (Figure 7). 

Fluorescent reporters are useful for visualization of lymphatic vessels at the cellular level. While this 
work was in progress, a novel transgenic mouse was reported that expresses a membrane-localized 
fluorescent protein, Gap43-Venus, under the control of Vegfr3 regulatory sequence (Watanabe et al., 
2019). Vegfr3Gap43-Venus BAC Tg recapitulates endogenous Vegfr3 expression in vascular and lymphatic 
endothelial cells during embryonic development and tumor development. Other lymphatic vessel 
fluorescence reporters have also been generated using alternative lymphatic markers such as Prox1 
or Lyve1 (Connor et al., 2016; Hägerling et al., 2011; Hong et al., 2016; Choi I et al., 2011; Jung et al., 
2017; Kang et al., 2016; Truman LA et al., 2012; Bianchi R et al., 2015). 
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Figure 7. Vegfr3EGFPluc mouse model. A. The GFP-Luciferase reporter recapitulates the transcriptional 
regulation of endogenous Vegfr3. Lymphangiogenesis was observed during development by GFP and 
associated to pathological processes due to Luciferase activity. B. Vegfr3EGFPluc mice were used to 
establish ESC to further explore mechanisms that regulate Vegfr3 expression. Adapted from Martinez-
Corral et al., 2012. 

With the availability of all these models, it is now possible to explore the effects of various inducers 
and inhibitors of lymphangiogenesis in vivo and in vitro as well as to gain insight into the molecular 
mechanisms involved in the formation of the lymphatic vasculature in development and pathological 
progression. 

4. Genome Wide Genetic Screenings 

Systematic and high-throughput genetic perturbation technologies within live model organisms is 
necessary for fully understanding gene function and epigenetic regulation (Boutros & Ahringer, 2008; 
Echeverri & Perrimon, 2006; Shalem et al., 2015). 

Two types of genetic strategies can be used for gene function perturbation: reverse and forward 
approaches. Reverse genetics takes a genotype-to-phenotype approach and is characterized by its 
intrinsic hypothesis-driven nature. By contrast, forward genetics stands for phenotype-to-genotype 
approaches that involve: an unbiased disruption of genes (genome-wide mutagenesis), the selection 
for cells or organisms with a particular phenotype and finally the identification of the genes whose 
modification resulted in that phenomenon. The design of in vitro forward genetic screens involves 
the choice of three key components: the cell line, the mutagen, and the method to identify the hits in 
the selected cells. 

4.1. Types of Mutagens for Forward Genetic Screenings 

Chemical, physical, and biological mutagens are the three main categories of agents that can be used 
to generate libraries of mutant cells. Each of them has its own characteristics for the efficiency, nature 
of mutations and genome coverage. In Annex Table 2 a summary of the best mutagens from each 
type is shown. 
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In the last decade, four main types of customizable DNA-binding proteins have been engineered for 
genome editing via introduction of site-specific DNA double-strand breaks (DSBs): meganucleases 
derived from microbial mobile genetic elements (Smith et al., 2006), zinc finger nucleases (ZFNs) 
based on eukaryotic transcription factors (Urnov et al., 2005), transcription activator-like effectors 
(TALENs) from Xanthomonas (Boch et al., 2009), and CRISPR/Cas from the adaptive immune system 
of many bacteria and Archaea (Cong et al., 2013; Malina et al., 2013). While meganucleases, ZFNs, 
and TALENs all recognize specific DNA sequences through protein-DNA interactions, the nuclease 
Cas is targeted by a guide RNA that recognizes the target DNA via base pairing. For this reason, these 
programmable nucleases have emerged as a promising new genetic perturbation technology capable 
of precisely recognizing and cleaving target DNA. 

4.2. CRISPR/Cas System 

Like RNA interference pathway used by eukaryotic cells to defend against foreign genetic material, 
prokaryotic organisms exploit CRISPR/Cas systems to defend themselves against foreign genetic 
material invasion from bacteriophage, virus, and plasmid DNA. CRISPR-containing organisms 
acquire and incorporate into their genomes DNA fragments from invading entities before 
transcribing them into CRISPR RNAs (crRNAs) to guide cleavage of the invading genetic material 
(Bolotin et al., 2005; Brouns et al., 2008; Garneau et al.,2010; Mojica et al., 2005). This system consists 
of a Cas endonuclease that is directed to cleave a target sequence by a complementary guide RNA. 
CRISPR systems have been divided into two major classes: class 1 systems (types I, III, and IV) which 
require a large complex of proteins for inducing DNA DS break , and class 2 systems (type II, putative 
types V and VI), where only one RNA-guided endonuclease is required (Makarova et al., 2015; 
Shmakov et al., 2015; Zetsche et al., 2015). 

Cas9, the endonuclease in the class 2 type II CRISPR system from Streptococcus pyogenes, is the most 
widely used for gene editing. Naturally, Cas9 cleavage is guided by a duplex of two RNAs: the 
crRNA that recognizes the invading DNA through an approximately 20 bp region (protospacer) and 
the tracrRNA that hybridizes with the crRNA and complexes with the Cas9 endonuclease (Jinek M 
et al., 2012). A protospacer-adjacent motif (PAM) in the target DNA is required for Cas9 recognition 
and cleavage, being 5’-NGG-3’ the canonical PAM sequence. Cas9 generates DSB 3-4 nucleotides 5’ 
of the PAM sequence. The repair of the DSB by non-homologous end joining (NHEJ) can create indels 
(small insertions and deletions) leading to a premature stop codon or a dysfunctional gene (Cong et 
al., 2013; Mali et al., 2013). If repaired by DNA homologous recombination (HR), this DSB can be used 
to direct specific mutations or sequences at the site of the lesion (Figure 8). 

Since 2012 when Doudna and Charpentier proposed for the first time that the CRISPR/Cas9 system 
of S. pyogenes could be used as a universal tool for genome editing in virtually any organism and cell 
type (Jinek M et al., 2012) the potential of this system has been demonstrated in a whole variety of 
gene editing contexts. Its application in genome-wide genetic studies enables large-scale screening 
for drug targets and other phenotypes facilitating pharmacological studies and the understanding of 
human diseases. 
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Figure 8. CRISPR/Cas9 genome editing. Cas9 is directed to the target DNA by base pairing between 
the sgRNA and the target DNA sequence. A protospacer-adjacent motif (PAM) downstream of the 
sgRNA-binding is required for Cas9 recognition and cleavage. Cas9 generates a double strand break 
(DSB), triggering repair via the error-prone non homologous end joining (NHEJ) pathway, which 
introduces indels (insertios or deletions) that can knock out gene function. If a donor template is 
provided, the DSB can also be repaired via the error-free homologous recombination (HR) pathway, 
resulting in the donor template integrating at the DSB site, resulting in a knockin allele. Adapted from 
Ran et al., 2013. 

4.3. Genome Wide Mouse CRISPR Libraries 

Currently, there are CRISPR libraries designed to cause three types of gene expression modification:
knockout (CRISPRko), transcription inhibition (CRISPRi), and transcription activation (CRISPRa).
The choice of one type or another depends mostly on the type of biological question being
investigated.
The CRISPR libraries described below utilize the Cas9 nuclease derived from S. pyogenes as part of a
pooled screening approach (Cong et al., 2013; Mali et al., 2013). While there are CRISPR libraries for
many species, mouse libraries will be only described as they are the ones used in this work (Annex
Table 3).

Genetic screenings using these libraries can be designed for either positive-, negative- or marker
expression- selection of essential gRNAs. The purpose of a negative selection screen is to identify
perturbations that affect the survival or proliferation of cells, which cause the perturbed cells to be
depleted during selection. The approach is to transduce two sets of cell populations and subject one
set to the selection while the other serves as a non-selected control. The gRNA abundance in both
populations is then analyzed to identify gRNAs that have been depleted in the selection. Such screens
have been used to identify both essential genes that are required for viability of the cell lines tested
and for a small set of genetic dependencies of specific cancer cell lines (Hart et al., 2015; Tzelepis et
al., 2016). In a positive selection screen, a strong selective pressure is introduced, such that the
probability of cells being selected without the genetic perturbation is low. These screens have been
used to identify perturbations that confer resistance to drugs (Hou et al., 2017; Shalem et al., 2014),
toxins (Koike-Yusa et al., 2014) and pathogen infections (Marceau et al., 2016; Park et al., 2017;
Puschnik et al., 2017). The signal for a positive selection is usually strong, as the abundance of relevant
gRNAs in such screens increases relative to the rest of the gRNAs, which allows for the easy detection
of resistant cells. The third type of selection is marker gene selection, in which the phenotype is based
on mutations that change marker expression. In this type of screening, the marker gene is either
endogenously tagged with fluorescent proteins or labelled with highly specific antibodies; then, cells
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with gRNAs that target genes whose perturbations contribute to the expression of the marker gene 
are isolated using fluorescence-activity cell sorting (FACS)-based approaches. There are few 
examples of this last type of screening selection, Parnas et al. have used a CRISPR KO screen to 
uncover the regulatory network in an innate immune system using primary mouse bone marrow-
derived dendritic cells (DCs) (Parnas et al., 2015). Pushupati et al. have also used a KO screen to 
identify regulators of the Sonic Hedgehog signaling pathway (Pusapati et al., 2018). Another 
important FACS-based screening, although it uses piggyBac transposon instead of CRISPR, identified 
496 naïve state-associated genes tightly connected to the in vivo epiblast state transition in Rex-GFPd2 
haploid ESCs (A. Lackner et al., 2021). FACS-based screenings are generally thought to have an 
advantage over lethality screens for the identification of genes that have intermediate phenotypes, 
however, secondary validation steps are usually required for high-confidence identification of genes. 

4.3.1. Knockout Libraries 

The most common CRISPR gRNA libraries used for in vitro screening are the genome-wide knockout 
libraries. In 2014, Koike-Yusa et al. constructed the first mouse genome-wide lentiviral CRISPR gRNA 
library to generate genome-wide mutant mouse ESC libraries for two recessive screens, leading to 
the identification of previously unknown host factors that modulate toxin susceptibility (Koike-Yusa 
et al., 2014). Later on, to increase CRISPR-Cas9 efficiency they optimized the library to increase 
detection of detecting cell-essential genes, and identified and characterized Kat2a as a potential acute 
myeloid leukemia therapeutic target (Tzelepis et al., 2016). Another screening uses Koike-Yusa first 
library to identify mechanisms of resistance to ATR inhibitors. Two independent screenings 
identified gRNAs targeting Cdc25a and Cnto8 that conferred resistance to these compounds (Ruiz et 
al., 2016). These results demonstrate the potential for efficient loss-of-function screenings using the 
CRISPR/Cas9 system. 

Feng Zhang group also designed a frequently used CRISPR library. They first designed a genome-
scale CRISPR knockout (GeCKO) library to identify loss-of-function mutations conferring 
vemurafenib resistance in a melanoma model (Shalem et al., 2014). However, initial lentiviral delivery 
had low viral titter or required a cell line already expressing Cas9. Therefore, they designed and 
synthesized new human and mouse GeCKOv2 gRNA libraries with several improvements. The new 
libraries have the option of a 1-plasmid or 2-plasmid system. The 2-plasmid system has the advantage 
of higher gRNA library titters and the ability to express Cas9 and the library of gRNAs from different 
constructs (Sanjana et al., 2014; Shalem et al., 2014) and allows for the generation and selection of an 
individual Cas9-expressing cell line clone. However, this system can require a longer generation time. 

Additionally, other knockout libraries have been designed to improve performance, such as the 
mouse CRISPR Brie lentiviral pooled library or the genome wide retroviral CRISPR gRNA library, 
that unlike lentiviral libraries is able to infect T cells in vivo in a transgenic mouse expressing Cas9 
(Henriksson et al., 2019) and characterized genes strongly affecting Th2 differentiation and activation. 

4.3.2. Expression Activation Libraries 

A slightly different approach in gene candidate identification can be employed by performing a gain 
of function screen using CRISPR gene activation (CRISPRa) libraries. These libraries use a specific 
Cas9 that can modulate transcription without modifying the genomic sequence through fusing 
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catalytically inactive Cas9 (dCas9) to transcriptional activation domains (Gilbert et al., 2014; 
Konermann et al., 2015; Perez-Pinera et al., 2013). 

The first generation of CRISPRa libraries fused a catalytically inactive dCas9 to a VP64 or p65 
activation domain to produce modest transcriptional upregulation, the range of which was not 
suitable for genome-scale screening (Gilbert et al., 2013; Maeder et al., 2013; Perez-Pinera et al., 2013). 
Second-generation CRISPRa designs produced more robust upregulation by recruiting multiple 
activation domains to the dCas9 complex. For instance, SunTag recruits multiple VP64 activation 
domains via a repeating peptide array of epitopes paired with single-chain variable fragment 
antibodies (Gilbert et al., 2014) (Figure 9). Another activation method, fuses three activation domains, 
VP64-p65-Rta (VPR), in tandem to dCas9 to enhance transcriptional activation (Chavez et al., 2015). 

Figure 9. Schematic description of synergistic activation mediator (SAM) and dCas9-SunTag-VP64 
activation systems. In both systems, a sgRNA binding to a specific targeted promoter region results 
in recruitment of multiple activator domains of transcription factors such as VP64, heat shock factor 
1 (HSF1), p65 etc. This SAM complex robustly drives transcriptional upregulation. Adapted from Liu 
et al., 2017. 

Feng Zhang group devised an alternative approach to CRISPRa libraries that involves incorporating 
MS2 binding loops into the gRNA backbone to recruit two different activation domains, p65 and heat 
shock factor 1 (HSF1), to a dCas9-VP64 fusion (Figure 9). By recruiting three distinct transcriptional 
effectors, this synergistic activation mediator (SAM) complex could robustly and reliably drive 
transcriptional upregulation (Konermann et al., 2015). A comparison of SunTag, VPR, and SAM 
across various cell types and species suggested that SAM induced more potent activation. CRISPRa 
systems have the capability to increase gene expression up to 40-fold above baseline levels, but the 
transcriptional induction will vary depending on the targeted gene. However, the addition of a third 
component for maximal transcriptional activation, either the scFv-VP64 or MS2-p64-HSF1 fusion 
protein, could add complexity to efficient transductions and expression depending on the cell line 
used for the screen. 

There are several examples, though not many yet, of the successful use of CRISPRa libraries in 
genome wide screenings. The SAM activation system was used to conduct a genome-wide activation 
screen in drug-sensitive A375 melanoma cell lines to identify factors whose expression causes 
resistance to drug treatment such as components of the ERK signaling pathway, multiple GPCRs that 
signal through the ERK, PI3K, cAMP and PKA pathways and ITG receptor family proteins that 
activate ERK and PI3K signaling cascades (Konermann et al., 2015). 
Moreover, Shuai Liu et al. found that interferon-γ (IFN-γ) induced by the SAM system could inhibit 
tumorigenesis. Their results revealed that the SAM system can modulate epigenetic traits of non-
immune cells through activating IFN-γ expression and triggering JAK-STAT signaling pathways. 
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This strategy could offer a novel approach to inhibit tumorigenesis without using exogenous IFN-γ 
(S. Liu et al., 2017). 

After the SAM CRISPRa library other activation libraries have been developed such as the Caprano 
P65-HSF activation library, designed to activate over 22,000 mouse genes (Sanson et al., 2018). The 
introduction of two MS2 and two PP7 stem loops to create tracr-v14, allows higher-order 
combinations of domain recruitment according to the authors. 

4.3.3. Expression Inhibition Libraries 

Alternative options to knockout libraries are the more recently described CRISPR-based interference 
(CRISPRi) libraries. In contrast to the gene knockout libraries, CRISPRi libraries use the catalytically 
inactive Cas9 (dCas9) to repress transcription. dCas9 protein, targeted to specific DNA sequences by 
sgRNA, can inhibit transcription by directly blocking the RNA polymerase or by repressing 
transcription as a fusion protein to a repressive effector domain (Qi et al., 2013). Because the dCas9 is 
not catalytically active, CRISPRi does not lead to permanent DNA alteration but instead represses 
transcription from the promoter to which dCas9 is recruited. The level of transcriptional repression, 
however, can vary depending on many factors such as gRNA and targeted DNA sequence (Qi et al., 
2013). In many cases, CRISPRi will not be as efficient as gene knockout and may be a preferred 
approach in cases where complete protein knockout is not required. CRISPRi is reversible if an 
inducible dCas9 is utilized, which allows for the additional variable of turning on/off transcription 
repression to be included in screen design (Gilbert et al., 2014). 

The studies reviewed here show the diversity of ways in which CRISPR/Cas9 screens can now be 
used to understand biological processes. CRISPR/Cas9-based perturbation studies therefore hold 
great promise for the systematic dissection of complex biological processes. 
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OBJECTIVES 

During the course of this Doctoral Thesis, we set the following objectives: 

1. 1 Identify new Vegfr3 transcription activation mechanisms by genome wide genetic screenings, 

using CRISPR activation libraries in Vegfr3-reporter cells. 

2. 1 Develop a mouse model for lymphatic vessel and lymphangiogenesis detection in vivo based 

on Vegfr3-driven expression of a fluorescent reporter. 

3. 1 Study the effect of Vegfr3 sustained signaling in lymphatic vessel development and 

homeostasis by the generation and characterization of a mouse model of conditional Vegfr3 

overexpression specifically in those cells in which the receptor is physiologically expressed. 
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MATERIALS & METHODS 

Part I: Genome Wide CRISPR Genetic Screenings 

1. Embryonic Stem Cell Establishment and Cell Culture Conditions 

Haploid ESCs were established following the method described by Martin Leeb and Anton Wutz 
(Leeb and Wutz, 2011). C57BL/6J female mice, of Vegfr3EGFPluc (KI/KI) genotype, were superovulated 
by intraperitoneal injection of 5 U of PMSG (Deltaclon S.L., HOR-272) and 5 U of hCG (Merck Life 
Sciences S.L.U., CG5-1VL), each in 100 μl of PBS and with 46-48 hours interval at 4PM (PMSG) and 
3PM (hCG) respectively. Unfertilized oocytes-cumulus complexes were harvested from the oviducts 
of the treated females at 8AM the following day. Complexes were treated with hyaluronidase (5 
mg/ml) (Sigma Aldrich, H4272) to release the oocytes and cell division was activated by incubating 
the denuded oocytes in mCZB medium containing 5 mM SrCl2 and 2 mM EGTA for 2h at 37°C in a 
cell culture incubator to induce parthenogenetic cell division as previously described (Wakayama et 
al., 2007). Activated oocytes were then transferred to KSOM (Merck Life Sciences S.L.U., MR-106-D) 
and incubated 96h in this medium. Under these conditions, activated oocytes develop in vitro to the 
blastocyst stage. Parthenogenetic blastocysts were treated with Tyrode´s acid solution for 5 min at 
room temperature to remove the zona pellucida, washed in M2 medium (Merck Life Sciences S.L.U., 
M7167) and then transferred to tissue culture plates containing feeders and NDIFF/N2B27 Serum-
free medium (Takara, #Y40002) supplemented with LIF (1000 U/ml; Millipore, ESG1107), 0.1 mM 
non-essential amino acids (Invitrogen, 11140-035), 1% penicillin/streptomycin (pen/strep; Invitrogen, 
15070-063) and 7.5 % BSA (Sigma Aldrich, 05470). To maintain ESCs in a naive ground state GSK3β 
(CHIR99021, Sigma Aldrich, SML1046) and MEK1/2 (PD0325901, Sigma Aldrich, PZ0162) inhibitors 
were added to the culture medium at 3 μM and 1 μM respectively. 

After approximately 4-6 days in culture, ICM outgrowths were individually picked, trypsinized in 
30 μl of 2.5% Trypsin solution at 37°C for 10 min in V-shaped 96 well plates, disaggregated by 
vigorous up and down pipetting and transferred to wells of 96 well plates with feeders. Haploid ESC 
lines are established by subsequent trypsinization and passage in ESC culture medium (KO-DMEM 
(Gibco, 10829-018) supplemented with 15% FBS (Gibco, 16141-079), LIF (1000 U/ml; Millipore, 
ESG1107), 0.1 mM non-essential amino acids (Invitrogen, 11140-035), 1% glutamax, 55 mM β-
mercaptoethanol (Gibco, 31350-010) and 1% penicillin/streptomycin (pen/strep; Invitrogen, 15070-
063). GSK3β and MEK 1/2 inhibitors were also added. For long term storage cells were frozen at a 
density of at least 1x106 cells/ml in 100% FCS containing 10% DMSO. 

For the experiments described in this Thesis, we used diploid Vegfr3EGFPluc-ESCs derived from the 
established haploid ESCs that spontaneously diploidized in tissue culture and had the correct 
chromosome counting. 

2. Immortal Lymphatic Endothelial Cell Culture 

Conditionally immortalized skin lymphatic endothelial cells (imLECs) were estblished from H-2Kb-
tsA58 (Immorto) mice by Cornelia Halin (Vigl et al., 2011) and kindly provided to us by Hector 
Peinado (CNIO). imLECs were cultured and expanded at 33°C in a 5% CO2/95% humidity tissue 
culture incubator on 10 μg/ml PureCol TypeI collagen (Advanced Biomatrix, #5005) and 10 μg/ml 
fibronectin (Merck Millipore, #FC010)-coated dishes in the following medium: DMEM/F-12 (Gibco, # 
10565018), 20% FBS, 56 μg/ml heparin (Sigma, #H3149), 10 μg/ml endothelial cell growth supplement 
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(AbD Serotec, #4110-5004), 1% pen/strep. Murine IFN-γ (Peprotech #315-05) 10 U/ml was also added 
to induce T-antigen expression. 
Before processing cells for the characterization experiments, to switch from the immortal to the 
lymphatic phenotype, cells were grown for 72h in the same culture conditions but in the absence of 
IFN-γ and at 37°C to prevent the expresion of the functional SV40 large T antigen. 

3. Vegfr3Kat LECs Generation and Characterization 

3.1. BAC Design and Amplification 

The BAC RP23-473C7 (Source BioScience) contains 176,542 kb of mouse genomic DNA, including the 
entire mouse Vegfr3 gene and 56,166 bp upstream and 120,376 bp downstream of the Vegfr3-ATG 
respectively. The BAC has been genetically engineered (Gene-H Genetic Engineering Heidelberg, 
Gmbh) to insert the TurboFP365 (Katushka) coding sequence followed by the bovine growth 
hormone (bGH) polyA sequence in the first coding exon of Vegfr3 immediately after, and in frame 
with the translation initiation codon (ATG) of Vegfr3. After the polyA sequence an frt-flanked PGK-
neo cassette was also inserted that allowed us to select for BAC integration after the transfection. 
The BAC reporter RP23-473C7-Vegfr3TurboFP635, called from now on BAC.Vegfr3Kat, was amplified from 
a bacteria glycerol stock, inoculated in in 500 ml of 2XYT medium containing Cm (15 μg/ml) and Kan 
(15 μg/ml) and grown for 12-16h in a shaker incubator at 37°C and 250 rpm. The BAC DNA was 
isolated using the PureLink™ HiPure Plasmid Maxiprep Kit (Invitrogen, # K210006) following the 
manufacturer’s protocol. The final product was quantified using the Qubit dsDNA BR Assay Kit 
(Invitrogen, # Q32850) according to manufacturer’s directions. 

3.2. BAC Transfection in imLECs 

To establish Vegfr3Kat reporter imLECs , the purified BAC.Vegfr3Kat DNA was transfected into 70-80% 
confluent (2 x p100 plates) imLECs by the CaPO4 method. Briefly, just prior transfection, medium 
was replaced with 9 ml of fresh DMEM/F-12 + 20% FBS containing 25 μM chloroquine and returned 
to incubator until set-up finished. Meanwhile, 4 μg of the BAC.Vegfr3Kat was mixed in 62.5 μl of 2M 
CaCl2 solution (final concentration 250 mM CaCl2) and added dropwise into a 2X HBS solution while 
mixing. Finally, 1 ml of the solution was added to each of the previous p100 plates of imLECs 
dropwise and swirled gently. Cells were incubated 8-12h at 37°C, and thereafter medium was 
changed to remove chloroquine and cells were incubated in standard conditions (See Materials & 
Methods PartI: Section 2. Immortal Lymphatic Endothelial Cell Culture). After 24h, selection with 
200 μg/ml Geneticin (Gibco 11811-031) started. After 7 days, GeneticinR colonies were pooled, 
expanded and Katushka positive cells were isolated by flow cytometry. 

3.3 Vegfr3Kat-LEC Isolation 

An Influx Cell Sorter equiped with the following filters: 670/30 nm and 710/50 nm was used for 
Vegfr3Kat-LECs isolation. Briefly, cells were tripsinized, counted and respuspended at a density of 3 x 
106 cells/ml in DMEM/F12 + 3% FBS medium and filtrated through a 100 μm nylon filter. TO-PRO-3 
was added to discriminate live from dead cells and Katushka positive cells were isolated and cultured 
in the same conditions described before. Two rounds of cell sorting were performed to obtain a > 80% 
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Katushka+ cell population. Flow citometry data were analyzed with the FlowJo software v10.7.1 
(FlowJo, LLC). 

In vivo fluoresence of established Vegfr3Kat-LECs was also detected by confocal microscopy. Cells were 
seeded on p35 glass bottom plates (Willco Wells, HBST-3522) coated with collagen and fibronectin. 
After 2-3 days Katushka was detected in a Leica TCS-SP5 confocal microscope (Leica-Microsystems) 
equipped with a 20x/0.7NA dry objective, and a tunable white light laser between 770 and 670 nm. 
Excitation was performed with a light laser tuned to 588 nm and emission was gathered from 595 to 
640 nm. Images where then processed with ImageJ program (Schindelin et al., 2012). 

4. imLECs Functional Assays 

Functional assays of imLECs were performed after 3 days of incubation at 37°C in the absence of IFN-
γ, to eliminate functional SV40 large T antigen in the cells. 

4.1 Tube Formation Assay 

For tube network formation, 24-well Matrigel (Corning® Matrigel® Basement Membrane Matrix, 
Phenol Red-free, #356237)-coated dishes (9.5 mg/ml; 100-200 μl per well) were used. Briefly, 200 μl of 
Matrigel matrix (8 to 11 mg/ml) was added into each well of pre-chilled 24-well plates, spread with a 
pipet tip and then incubated at 37°C for 30 minutes to allow the Matrigel matrix to solidify. Cells 
were then trypsinized and seeded on Matrigel-coated dishes at a density of 25,000 cells per well. Cells 
were then cultured in starvation conditions: DMEM/F-12 medium supplemented with 2% FBS in the 
presence or absence of 100 ng/ml Vegf-C (Peprotech, 100-20CD) at 37°C for 24h. 
Images were acquired at 8h and 24h after seeding using a Leica DMi8 manual microscope with 10x 
objective and LAS X software (EULA-en-2019-01). AngioTool software was used for quantification of 
lymphatic vessel parameters according to manufacturer’s instructions (Zudaire et al., 2011). 

4.2. Cell Migration Assay 

A scratch filling protocol was used to study cell migration. Cells were trypsinized and seeded at 
confluence in collagen and fibronectin coated 6-well tissue culture dishes. Next day, medium was 
changed and cells were cultured in starvation conditions (as described above) for 24h. Next day, a 
p200 pipet tip was used to create a scratch of the cell monolayer along the plate diameter. Wells were 
then washed with PBS and medium was replaced with DMEM/F-12 supplemented with 2% FBS in 
the presence or absence of 100 ng/ml Vegf-C. Images were acquired at 0h, 8h and 24h after the scratch 
using a Leica DMi8 manual microscope with 10x objective and LAS X software. For each image, the 
width (distance between the two borders) of the scratch was measured using Image J software. The 
width at 0h was considered as 100% width and values after 8h and 24h were calculated as percent of 
the initial scratch width. 

5. CRISPR/Cas9 Genome Wide Genetic Screenings 

5.1. Library DNA Amplification 

For genome wide CRISPR genetic screenings the mouse transcription activation CRISPR/Cas9 SAM 
pooled library (Addgene, cat #1000000075) was used. 
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This library consists of three components which were all provided by Addgene: 1) dCas9-VP64 
plasmid encoding a nucleolytically inactive dCas9-VP64 fusion protein (Addgene plasmid #61425); 
2) the MS2-P65-HSF1 plasmid which expresses the activation helper protein (Addgene plasmid 
#89308); 3) SAM guide RNA plasmid library cloned in the lenti gRNA(MS2)_puro backbone. 

Library amplification was performed as previously described (Joung et al., 2017). Briefly, 2 μl of 50 
ng/μl SAM gRNA library proviral DNA were electroporated into 25 μl of EnduraTM 

ElectroCompetent cells (Lucigen Corporation, cat #60242) using the manufacturer’s suggested 
parameters. After recovering cells in 975 μl of LB medium, they were transferred to a loosely capped 
tube containing 1 ml of LB medium. This was repeated for a total of 4 electroporations. Cells were 
then incubated with shaking at 250 rpm for 1 hour at 37°C. Then, all electroporated cells were pooled 
and mixed. In order to estimate transformation efficency, to ensure that full library representation 
was preserved, 20 μl of the mix were added to 1 ml of LB medium and 100 μl of the previous dilution 
was plated onto a pre-warmed 10 cm petri dish (Ampicillin) to obtain a 10,000-fold dilution of the 
full transformation. Finally, 400 μl of transformation mix were spread onto each one of 20 pre-
warmed petri dishes (Ampicillin) and grown overnight (12-14h) at 37°C. 

Next day, transformation efficency was calculated by counting the number of colonies on the dilution 
plate and multiply the number of colonies by 10,000 and the number of electroporations to obtain the 
total number of colonies on all plates as authors suggested (Joung et al., 2017). As the total number 
of plated colonies was higher than 7 x 107 (efficiency equivalent to a representation of 100X colonies 
per gRNA in the library) colonies were harvested using a cell scraper by pippeting 500 μl of LB per 
10 cm petri dish. After centrifugation at 6,000 x g, supernatant was discarded and bacterial pellet was 
weighed and DNA extracted using the EndoFree Plasmid Maxi Kit (Qiagen, cat#12362) following the 
manufacturer’s protocol (0.45 g of bacterial pellet per maxiprep column). Finally, the resulting 
plasmid DNA was quantified using the Qubit dsDNA BR Assay Kit (Invitrogen, # Q32850) according 
to manufacturer’s directions. 

5.2. Library DNA Quality Control 

In order to determine the gRNA distribution of the amplified gRNA library, next generation 
sequencing (NGS) was used. Primers were designed (Table 2) to amplify the gRNA target region with 
Illumina adaptor sequences as described in previous articles (Joung et al., 2017). 

To prepare the SAM gRNA library for NGS a simple PCR reaction was settled using 1 μl of the 
amplified gRNA library (final concentration 0.4 ng/μl) with the NGS-Lib-Fw primer and the NGS-
Lib-Rv47 barcoded primer (See conditions in Table 2). To minimize error in amplifying gRNAs, we 
used the high-fidelity polymerase Kapa HiFi (Kapa Biosystems, #KK2101 07958838001). After the 
reaction was complete, the product was run on a 2% agarose gel and successful reaction should yield 
a ~270–280 bp product. 

The amplified DNA was extracted from the agarose gel using the QIAEX II Gel Extraction Kit 
(Qiagen, # 20021) following manufacturer’s directions. Gel-extracted sample was quantified using the 
Qubit dsDNA HS Assay Kit (Invitrogen, #Q32851). 
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Table 2. Primer sequences and PCR conditions for amplifying gRNA library for NGS. 
Barcoded sequence is shown in red and P5/P7 specific sequences for library binding to 
Illumina instrument in blue. Binding site for i7 (Illumina sequencing primer) shown in bold 
was also added in Rv primers. Same primers were used for library DNA amplification 
(before transduction) and for amplification of cellular genomic DNA. 

Primer name Secuence (5’-3’) PCR conditions 
AATGATACGGCGACCACCGAGATCTACACGGACTATCA 

NGS-Lib-Fw TATGCTTACCGTAACTTGA 
CAAGCAGAAGACGGCATACGAGATCCATGCGTGACTG 

NGS-Lib-Rv47 GAGTTCAGACGTGTGCTCTTCCGATCGCCAAGTTGAT 
AACGGACTAGCCTT 

CAAGCAGAAGACGGCATACGAGATGCTATTGTGACTG 
NGS-Lib-Rv48 GAGTTCAGACGTGTGCTCTTCCGATCGCCAAGTTGAT 

AACGGACTAGCCTT 
CAAGCAGAAGACGGCATACGAGATTGGCACGTGACTG 

NGS-Lib-Rv49 GAGTTCAGACGTGTGCTCTTCCGATCGCCAAGTTGAT 
AACGGACTAGCCTT 

CAAGCAGAAGACGGCATACGAGATCCTCGAGTGACTG 
NGS-Lib-Rv50 GAGTTCAGACGTGTGCTCTTCCGATCGCCAAGTTGAT 

AACGGACTAGCCTT 
CAAGCAGAAGACGGCATACGAGATTTAGTGGTGACTG 

NGS-Lib-Rv51 GAGTTCAGACGTGTGCTCTTCCGATCGCCAAGTTGAT 
AACGGACTAGCCTT 

NGS-Lib-Rv52 
CAAGCAGAAGACGGCATACGAGATTATACCGTGACTG 
GAGTTCAGACGTGTGCTCTTCCGATCGCCAAGTTGAT 

AACGGACTAGCCTT 

NGS-Lib-Rv53 
CAAGCAGAAGACGGCATACGAGATCAGGCGGTGACTG 
GAGTTCAGACGTGTGCTCTTCCGATCGCCAAGTTGAT 

AACGGACTAGCCTT 

NGS-Lib-Rv54 
CAAGCAGAAGACGGCATACGAGATTTCATTGTGACTG 
GAGTTCAGACGTGTGCTCTTCCGATCGCCAAGTTGAT 

AACGGACTAGCCTT 

NGS-Lib-Rv55 
CAAGCAGAAGACGGCATACGAGATCGTTGTGTGACTG 
GAGTTCAGACGTGTGCTCTTCCGATCGCCAAGTTGAT 

AACGGACTAGCCTT 

NGS-Lib-Rv56 
CAAGCAGAAGACGGCATACGAGATGGATATGTGACTG 
GAGTTCAGACGTGTGCTCTTCCGATCGCCAAGTTGAT 

AACGGACTAGCCTT 

NGS-Lib-Rv57 
CAAGCAGAAGACGGCATACGAGATAGTACTGTGACTG 
GAGTTCAGACGTGTGCTCTTCCGATCGCCAAGTTGAT 

AACGGACTAGCCTT 

NGS-Lib-Rv58 
CAAGCAGAAGACGGCATACGAGATTCTTATGTGACTG 
GAGTTCAGACGTGTGCTCTTCCGATCGCCAAGTTGAT 

AACGGACTAGCCTT 

Denaturation: 95°C-5min
28 cycles of:

98°C-20s, 68°C-15s, 72°C-15s
Elongation: 72°C-2min

The quality of the amplified product was first checked by LabChip GX Touch Nucleic Acid Analyzer 
(PerkinElmer). Once verified the PCR product size (270-280 bp), it was sequenced on the Illumina 
NextSeq 550 (using the v2.5 reagent kit) with SingleRead 85 bases type run aiming for two million of 
lectures which corresponded to a coverage of 30 reads per gRNA. Primary data processing was 
performed by Orlando Domínguez (Head of the Genomics Unit at the CNIO) with Illumina Real 
Time Analysis software for image analysis, per-cycle basecalling and quality score assignment. 
Conversion of BCL files to FASTQ format was performed with Local Run Manager Generate FASTQ 
Analysis Module (Illumina). 
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5.3. Lentivirus Production 

Lentivirus were produced for the SAM gRNA library, after amplification (See Materials & Methods 
PartI: Section 5.1 Library DNA Amplification), and for the dCas9-VP64, and MS2-P65-HSF1 
components individually by co-transfecting each one of the constructs with 3rd generation packaging 
vectors: pMDL, pREV and pVSVg (Tiscornia et al., 2006) in 80–90% confluent 293 cells using CaPO4 

precipitation method. For dCas9-VP64 and MS2-P65-HSF1 2 x p100 plates of 293 cells for each 
component were transfected while for SAM gRNA library 10 x p100 plates of 293 cells were used for 
transfection. In this case for each p100 plate, 10 μg of each lentiviral plasmid (Table 3) were mixed 
with 6.5 μg of pMDL, 2.5 μg of pRev and 3.5 μg of pVSVg and the rest of the protocol was followed 
as described in Materials & Methods PartI: Section 3.2 BAC Transfection in imLECs. After 48h, 10 ml 
of supernatant were collected for each one, filtered through a 0.45 μM filter and frozen in 5 ml aliquots 
at -80°C. 

Lentivirus of all three components were then titrated by using a serial dilution of the viral 
supernatant and mixed with 100,000 Vegfr3EGFPluc-ESCs in suspension in 100 μl of normal culture 
medium supplemented with 10 μg/ml polybrene for 1 hour at 37°C with occasional shaking. After 
this incubation, cells were plated and selected in the corresponding antobiotics described in Table 3. 
Colony formation units (cfu) were evaluated by counting resistant colonies after seven days of 
antibiotic selection. We obtained viral titers of around 1 x 106 virus/ml in all cases. 

Table 3. Library plasmids used for viral supernatant production. In each case antibiotic selection 
and cell line used for infection is mentioned. 

Construct Selection Cell line infected 

dCas9-VP64 
5 μg/ml Blasticidin (Sigma Aldrich, 

15205) 
Vegfr3EGFPluc-ESCs and 

Vegfr3Kat-imLECs 

MS2-P65-HSF1 200 μg/ml Hygromycin B (Sigma 
Aldrich, 400051) 

Vegfr3EGFPluc-ESCs and 
Vegfr3Kat-imLECs 

gRNA cloned in lenti 
gRNA(MS2)_puro backbone 

1 μg/ml Puromycin (Sigma, P8833) 
Vegfr3EGFPluc-ESCs and 

Vegfr3Kat-imLECs 

lenti gRNA(MS2)_puro backbone 1 μg/ml Puromycin (Sigma, P8833) 
Vegfr3EGFPluc-ESCs and 

Vegfr3Kat-imLECs 

5.3.1. Generation of the SAM CRISPR gRNA library in Vegfr3EGFPluc-ESCs 

Before infecting with the gRNA lentiviral library, the two other components (dCas9-VP64 and MS2-
p65-HSF1) were introduced into Vegfr3EGFPluc-ESCs. Briefly, 500,000 cells were infected with dCas9-
VP64 and MS2-p65-HSF1 lentiviral supernatants at the same time, at MOI = 1 for each lentivirus, in 
suspension for 1 hour at 37°C in tissue culture incubator with 10 μg/ml polybrene in 1 ml of normal 
culture medium. Then cells were seeded in three 6-well tissue culture dishes in 2 ml of normal culture 
medium (See Materials & Methods PartI: Section 1 Embryonic Stem Cell Establishment and Cell 
Culture Conditions) supplemented with 10 μg/ml polybrene. Next day, medium was removed and 
replaced with culture medium containing 5 μg/ml Blasticidin and 200 μg/ml Hygromycin B. After 
seven days of selection, two independent clones of Vegfr3EGFPluc-ESCs were obtained and expanded in 
normal culture conditions as described before. 

For gRNA library infection, in order to maintain a coverage of > 500 cells expressing each gRNA, 30 
x 106 Vegfr3EGFPluc cells containig the dCas9-VP64 and MS2-P65-HSF1 were mixed in suspension with 
the titrated gRNA lentiviral library at MOI = 0.3 for 1 hour at 37°C. Cells were then seeded in 10 p100 
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plates in 10 ml of normal culture medium (See Materials & Methods PartI: Section 1 Embryonic Stem 
Cell Establishment and Cell Culture Conditions) supplemented with 10 μg/ml polybrene. Next day, 
medium was replaced and 1 μg/ml Puromycin was added for selection. After seven days of 
puromycin selection, cells were tripsinized, counted and frozen in aliquots each one with a gRNA 
representation of 50x (3 x 106 cells per aliquot). 

5.3.2. Generation of the SAM CRISPR gRNA library in Vegfr3Kat-LECs 

The generation of the CRISPR gRNA library in Vegfr3Kat-LECs was done basically as described in the 
previous sections for Vegfr3EGFPluc-ESCs. In this case, instead of selecting single clones of transfected 
reporter LECs, we used a pool of drug resistant colonies after selection for the corresponding drugs 
resistance. 

gRNA infection was done as explained in Materials & Methods Section 5.3.1. Generation of the SAM 
CRISPR gRNA library in Vegfr3EGFPluc-ESCs. After seven days of puromycin selection, cells were 
tripsinized, counted and frozen as aliquots with a representation of 200x (12 x 106 cells per aliquot). 

All transfections were done at standard culture conditions, at 33°C with IFN-γ (See Materials & 
Methods PartI: Section 2. Immortal Lymphatic Endothelial Cell Culture). 

5.4. Cell Library Screening 

Five aliquots of the Vegfr3EGFPluc-ESCs and four aliquots of the Vegfr3Kat-LECs transduced with the 
gRNA library were sorted individually using the Influx Cell Sorter equiped with filters 424/44 nm, 
530/40 nm, 580/30 nm for Vegfr3EGFPluc-ESCs and 424/44 nm, 670/30 nm and 750 LP for Vegfr3Kat-LECs. 
To start the screening, from each of the 50x or 200x coverage aliquots, cells were tripsinized, counted 
and resuspended at a density of 3 x 106 cells/ml in DMEM + 3% FBS or DMEM/F12 + 3% FBS for 
Vegfr3EGFPluc-ESCs or Vegfr3Kat-LECs respectively. Cells were filtered through a 100 μm nylon filter and 
0.2-0.5 μg/ml of DAPI was added to the filtered cell suspension to distinguish death cells. To establish 
the gates in each of the sorting experiments we used cells that had been infected with the empty 
gRNA library vector (lenti gRNA (MS2) puro) (as negative control) and cells previously infected with 
the gRNA2 targeted to Vegfr3 as positive control. 

In each case, the cell population with levels of EGFP or Katushka expression above the maximum 
detected for the negative control was isolated and expanded in the conditions described in Materials 
& Methods PartI: Section 1 and 2. Consecutive rounds of cell sorting were performed until obtaining 
a positive EGFP or Katushka cell population above the maximum fluorescence of the negative 
control. Flow citometry data were analyzed with the FlowJo software v10.7.1 (FlowJo, LLC). 

5.5. gRNA Identification 

For gRNA identification in the sorted cell population, bulk genomic DNA was extracted from 3 x 106 

Vegfr3EGFPluc-ESCs or Vegfr3Kat-LECs after cell sorting selection. This cell number corresponds to a 50x 
coverage of gRNA representation. In parallel, genomic DNA was extracted from the same number of 
cells of the whole cell library before sorting. Genomic DNA was extracted from samples digested in 
500 μl of lysis buffer (100 mM NaCl, 20 mM Tris-HCl pH 8, 10 mM EDTA, 0.5% SDS) containig 20 
μg/ml of Proteinase K (PanReac AppliChem, A7932) overnight at 55°C. Samples were transferred to 
ice and proteins were then precipitated by adding 300 μl of a saturated NaCl solution (> 5M) and 
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incubated in ice for 10 min. Samples were centrifuged for 15 min at 13,000 rpm at 4°C. Supernatant 
was collected and DNA precipitated by adding 800 μl of cold isopropanol. After centrifugation in the 
same conditions, pellets were washed with 70% ethanol and resuspended in 50 μl of TE (10 mM Tris-
HCl pH 8, 1mM EDTA) buffer. Extracted genomic DNA was quantified using the Qubit dsDNA HS 
Assay Kit (Invitrogen, #Q32851). 

To amplify the 20 nt gRNA variable region, the number of PCR reactions was scaled up in order to 
amplify all the gDNA harvested (See Materials & Methods PartI: Section 5.2. Library DNA Quality 
Control) from each sample. Each 50 μl reaction hold up 0.5 μg of gDNA. A different reverse primer 
with a unique barcode was used (Table 2) for each sample since this allows to pool and sequence all 
different samples in a single Illumina NextSeq 550 run. 

The quality of the amplified product was also checked by LabChip GX Touch Nucleic Acid Analyzer 
(PerkinElmer) and samples were sequenced as described in Materials & Methods PartI: Section 5.2. 
Library DNA Quality Control. NGS was performed aiming for one million lectures per sample which 
corresponded approximetly to a coverage of > 15 reads per gRNA in the case of the full gRNA cell 
library (samples before sorting). 

5.6. Library Screening Analysis 

Enrichment analysis have been carried out in collaboration with the Bioinformatics Unit of the CNIO. 

The first analysis of sorted Vegfr3EGFPluc-ESCs, from 5 different aliquots of the library, and one aliquot 
of Vegfr3EGFPluc-ESCs without any round of cell sorting was done in four basic steps by applying the 
MAGeCK-VISPR pipeline (W. Li et al., 2015). First, nucleotide sequences and its corresponding 
quality scores (FASTQ files) were aligned to the reference library gRNA list, in order to count the 
number of reads corresponding to each single guide in each sample. Second, the resulting count table 
was filtered to obtain and consider only genes reported in at least three of the sorted samples by using 
R software. Furthermore samples with high evenness of gRNA read counts (Gini index) were kept, 
as it is usual to find high indexes in positive selection experiments. Third, control and sorted samples 
were compared with each other. Here, a negative binomial (NB) model was used to test the 
differences between sorted and control samples and based on the p-values obtained, gRNAs were 
ranked using a modified robust ranking aggregation algorithm (RRA) in order to identify selected 
genes (both positively and negatively) (W. Li et al., 2014). Finally, to select positively enriched gRNAs 
for validation, we filtered from the analysis those gRNAs that were enriched in sorted samples with 
a false discovery rate (FDR ) < 0.05. FDR is an adjusted p-value to trim false positive results to know 
if that functional category is enriched in a significant manner in our set of gRNAs. 

For the Vegfr3Kat-LECs enrichment analysis the MAGeCKFlute tool was used following 
manufacturer’s directions (Wang et al., 2019). MAGeCKFlute is distinguished from other currently 
available tools by its comprehensive pipeline, which contains a series of specific functions for 
analyzing CRISPR screen data. First, the MAGeCK-VISPR tool was used to obtain the number of 
mapped reads, the percentage of reads mapped for each sample, the read count correlation between 
samples, the Gini index, and the number of gRNAs to which zero reads are mapped. Then, raw 
FASTQ files were aligned to the reference gRNA library content and the resulting count table was 
normalized using a library of negative controls as a reference. The beta scores for each condition 
(control and sorted) were calculated by comparing them to the gRNA proviral DNA library, in order 
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to evaluate each gene’s performance. For this purpose, a maximum likelihood estimation approach 
(mle) was implemented. This analysis allowed the examination of screenings with multiple 
conditions, in this case: the gRNA proviral DNA library, the control condition and the sorted 
condition. MAGeCK-VISPR calculates a beta score for all genes present in the samples. This beta score 
tries to describe the selection process similarly to a log fold-change: a positive beta score indicates 
positive selection and a negative beta score, negative selection (W. Li et al., 2015). 

Downstream analyses were carried out using the MaGeCKFlute tool to identify gene hits and then 
performs downstream functional analysis. Here, the previously obtained beta scores for each 
condition were compared between each other (control vs. sorted), enabling an identification of 
essential and non-essential genes (Wang et al., 2019). During this step, as cells exposed to different 
conditions may have different proliferation rates, a cell cycle normalization was applied to the 
previous beta scores. To overcome this bias, Wang et al. generated a list of 625 high-confidence core 
essential genes that MAGeCKFlute uses to perform this normalization. 
Finally, scatter and ranking plots were used to visualize the enriched hits, both used to summarize 
the changes between treatment and control conditions. To select gRNAs for validation, we filtered 
from the analysis those genes in the Topcenter group. 

5.7. gRNA Validation 

5.7.1. Single gRNA Expression 

To validate the candidate genes and to test the functionality of the screening, the gRNAs that targeted 
each of the selected genes and gRNAs targeting Vegfr3 as positive control, were individually cloned 
into the empty lenti gRNA(MS2)_puro vector(Table 3) as described by Joung et al. Complementary 
forward and reverse ssODNs were designed for assembling dsDNA fragments encoding each gRNA 
(Table 4). The 5´and 3´ends of the oligos were overhanging and were designed to be complementary 
to the overhangs generated by BsmBI (NEB, # R0580) digestion of the lenti gRNA(MS2)_puro 
plasmid. Each dsDNA fragment was ligated with plasmid DNA at a molar ratio of 3:1 using T4 Ligase 
(NEB, #M0202) and incubating overnight at 4°C. After ligation, the mix was transformed into DH5α-
competent bacteria and colonies were selected in Ampicillin plates. 

Table 4. Primers for gRNA cloning in validation. Forward and reverse primers designed for gRNA 
cloning. Insert-Rv primer was complementary to the U6 promoter for sequencing the gRNA. 20xN 
indicates the variable 20 nt in each gRNA. These 20 nt are complementary between the Fw and the Rv 
primers. 

Primer Sequence (5’-3’) Purpose 
gRNA-

Fw CACCgNNNNNNNNNNNNNNNNNNNN 
Top-strand primer for cloning gRNA into gRNA 

library backbone plasmid 
gRNA-

Rv 
AAACNNNNNNNNNNNNNNNNNNNNc Bottom-strand primer for cloning gRNA into gRNA 

library backbone plasmid 
insert-

Rv CGTGACGTAGAAAGTAATAATTTCTTGGG 
Sanger sequencing of gRNA cloned into gRNA 

library backbone plasmid 
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For each gRNA at least 10 colonies were picked. The correct insertion was confirmed by sequencing 
from the U6 promoter using the insert-Rv primer (Table 4). Once verified, plasmid DNA was isolated 
using the EndoFree Plasmid Maxi Kit (Qiagen, cat#12362) following the manufacturer’s protocol. 

Lentivirus supernatant for each gRNA encoding construct was prepared and transduced in 
Vegfr3EGFPluc-ESCs or Vegfr3Kat-LECs at a MOI < 0.5 as described in Materials & Methods PartI: Section 
5.3. Lentiviral Library Production. After seven days of puromycin selection, resistant Vegfr3EGFPluc-
ESCs or Vegfr3Kat-LECs expressing each gRNA were analyzed for EGFP or Katushka expression in a 
BD LSR Fortessa Cell Analyzer (BD Bioscience). Flow cytometry data were analyzed with the FlowJo 
software v10.7.1 (FlowJo, LLC). Western blot and RT-qPCR analysis were also used for further 
validation. 

5.7.2. Western Blot Analysis 

Total protein was extracted from cells grown on a 6-well tissue culture plate at 80% confluence. Cells 
were washed once with cold PBS and total protein was extracted with 500 μl of cold RIPA lysis buffer 
(NaCl 150 mM; EDTA 5 mM; Na deoxycholate 1%; Triton X-100 1%; SDS 0.1%; Tris-HCl 10 mM pH 
7,2) supplemented with 1x mix of protease inhibitors (cOmplete™ Roche, 11697498001) and 1 mM 
PMSF (Thermo Scientific™, 36978). For p-MAPK analysis, cells also grown on a 6-well tissue culture 
plate, were extracted with 200 μl of cold NP40 lysis buffer (150 mM sodium chloride, 1% NP-40, 50 
mM Tris pH 8.0) supplemented with 1x mix of protease inhibitors (cOmplete™ Roche, 11697498001) 
and samples were incubated 30 minutes in ice in this buffer. After that, samples were centrifuged 5 
min at maximum speed, and supernatants were collected. Final protein concentration was measured 
using the DC Protein Assay (Biorad #5000112) following the manufacturer’s protocol. 

Protein extracts (30 μg of total protein for Vegfr3EGFPluc-ESCs and 15 μg for Vegfr3Kat-LECs) were 
resolved by 10% SDS-polyacrilamide gel electrophoresis. Once separated they were transferred to 
AmershamTM ProtranTM 0.2 μm NC membranes (GE Healthcare, 10600001) in a wet transfer 
equipment (BioRad) for 1 hour at 360 mAmp. The transferred membranes were blocked in TPBS (PBS, 
0.1% Tween-20) containing 5% skim milk for 2 hours at room temperature. Subsequently washed in 
TPBS buffer to remove excess blocker and incubated with primary antibodies (Table 5) diluted in 
TPBS buffer containig 2% skim milk o/n at 4°C under orbital shaking. 
Once hybridized, membranes were washed 3 times in TPBS and incubated with the corresponding 
secondary antibody (Table 5) in TPBS buffer containig 2% skim milk for 1 hour at room temperature. 
After washing 3 times in TPBS, the membranes were analyzed with the Odyssey CLx Imaging 
System. 

Table 5. Primary and secondary antibodies. Antibodies and dilutions used for Western Blot 
analysis. 

Antibody Dilution Manufacturer 
VEGFR-3 (rat anti-mouse) 1:80 BD Pharmingen™ #552857 

Primary 
α-tubulin (mouse monoclonal) 

tRFP (rabbit anti-mouse) 
1:5000 
1:1000 

Sigma-Aldrich #T9026 
Evrogen #AB233 

p-p44/42 MAPK (ERK1/2) (rabbit anti-mouse) 1:500 Cell Signaling, #9101 
Goat anti-rat Alexa Fluor-680 1:5000 Life Technologies A21096 

Secondary Goat anti-mouse Alexa Fluor 680 1:5000 Invitrogen A21057 
Goat anti-rabbit Alexa Fluor 680 1:5000 Life Technologies A21076 
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5.7.3. RT-qPCR Analysis 

RNA from Vegfr3EGFPluc-ESCs and Vegfr3Kat-LECs growing in p60 tissue culture plates was extracted in 
1 ml of cold TRIzolTM (Thermo Fisher #15596018) following the manufacturer’s directions. 1 μg of 
extracted RNA quantified by NanoDrop (Thermo Scientific NanoDrop 1000) was retro transcribed 
by using the GoScriptTM Reverse Transcriptase Kit (Promega #A2791). For real-time quantitative 
reverse transcription PCR (RT-qPCR) the GoTaq RT-qPCR Master Mix (Promega #A2801), 
MicroAmp™ EnduraPlate™ Optical 96-Well Blue Reaction Plates (ThermoFisher, 4483343), and 
Eppendorf fluorescence thermocycler were used, all according to manufacturer’s instructions. The 
2ΔΔCT method (Livak & Schmittgen, 2001) was used to quantify amplified fragments. Expression levels 
were normalized using at least one housekeeping gene (Rps29 or Gapdh). Data are shown as relative 
mean and at least two independent experiments, each one with three replicates were performed. All 
primers used have been designed to work using the same PCR condition (Table 6). 

Table 6. RT-qPCR primers. Primer name, sequence and product size for all genes analyzed by RT-
qPCR. All of them work using the qPCR condition described. 

Name Sequence (5’-3’) Product size (bp) PCR condition 
Vegfr3-Fw 
Vegfr3-Rv 

ATTGCCCATGACCCCTACAA 
CAAACTCTTCTGAGGCCAGC 

83 

eGFP-Fw 
eGFP-Rv 

CAAGCAGAAGAACGGCATCA 
GGTGTTCTGCTGGTAGTGGT 

94 

Prox1-Fw 
Prox1-Rv 
Lyve1-Fw 
Lyve1-Rv 
Pdpn-Fw 
Pdpn-Rv 

TCACCTTATTCAGGAAGCGC 
GCGAGGTAATGCATCTGTTG 
GGTAGAGTCAGCGCAGAAAT 
TGGAGGGAGCATTCCAAATC 
GCCACTCTGTGGACAAGAAA 
GGCTAACAAGACGCCAACTA 

151 

143 

131 

Pre-incubation: 95°C-2min 
Amplification (40X): 95°C-15s, 

57°C-40s, 65°C-45s 
Melting curve: 95°C-15s, 60°C-

15s, 95°C-15s 

Gapdh-Fw 
Gapdh-Rv 

AACAGCAACTCCCACTCTTC 
CCTGTTGCTGTAGCCGTATT 

111 

Rps29-Fw 
Rps29-Rv 

ATGGGTCACCAGCAGCTCTA 
GCCTATGTCCTTCGCGTACT 152 
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Part II: Mouse Models 

Wild type and genetically modified mice were maintained under Specific Pathogen Free (SPF) 
conditions at the Animal Facility of the CNIO according to the recommendations of the Federation 
for Laboratory Animal Science Association (FELASA). All mouse experiments and procedures have 
been approved by the Internal Animal Care and Use Committee (IACUC), by the Animal Research 
and Welfare Ethics Committee of the Insituto de Salud Carlos III and by the Competent Authorities 
of the Comunidad de Madrid. The 3R´s principle was applied in all experimental designs. 

1. Vegfr3Kat-BAC Mouse Model Generation and Characterization 

1.1. BAC Microinjection and Founder Identification 

The engineered BAC.Vegfr3Kat, described in Materials & Methods PartI: Section 3.1. BAC Design and 
Amplification, was linearized with AscI, and purified by phenol extraction and ethanol precipitation 
and resuspended in microinjection buffer (10mM Tris-HCl pH 7.4; 0.1 mM EDTA in ultrapure water). 
For embryo microinjection, B6.CBA females (5-6 weeks of age) were superovulated as described in 
PartI: Section 1 Materials & Methods and mated with C57BL/6J males. The day of the vaginal plug 
(E0.5) females were sacrificed and zygotes were collected from the oviducts. Pronuclear injection of 
the BAC.Vegfr3Kat, diluted at 1 ng/ml in microinjection buffer, was performed by trained personnel 
from the Mouse Genome Editing Unit. Microinjected zygotes were transferred to Hsd:ICR (CD-1) 
pseudopregnant females for complete embryonic development. 

Positive pups for BAC integration in the F0 were identified by PCR of genomic DNA extracted from 
ear clipping samples at weaning following the same protocol described in Materials & Methods PartI: 
Section 5.5. sgRNA Identification. Genotyping was performed by a single PCR reaction from 1-2 μl 
of the purified DNA using primers and conditions described in Table 7. 

First a PCR was design to allow simultaneous amplification of the endogenous Vegfr3 wild type allele 
(SAO Fw + SAO Rv_wt, 389 bp) and the BAC transgene specific modification of the Vegfr3 locus (SAO 
Fw + SAO Rv_tg, 202 bp). Two specific PCRs were also designed to verify the complete integration 
of the BAC with primers located inside the backbone. The first PCR was designed to amplify a region 
of 342 bp with primers located 1,752 bp from the 5’ AscI restriction site. The second PCR amplified a 
region of 312 bp with primers located 6,295 bp from the 3’ AscI (Table 7). 

1.2. Mouse Breeding and Genotyping 

Tg.Vegfr3Kat founder was crossed with a WT C57BL/6J to generate the F1, and line was expanded by 
crossing hemyzygous +/T mice among themselves or with WT C57BL/6J mice. For routine genotyping 
primers that allowed the simultaneous amplification of the endogenous Vegfr3 wild type and the BAC 
transgene specific modification of the Vegfr3 locus were used (Table 7). The amplification of the 
endogenous WT allele provides an internal control of the PCR quality. 
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Table 7. Specific primers for Tg.Vegfr3Kat genotyping and BAC integration. Three primers were 
designed to genotype Vegfr3Kat mouse strain. SAO Fw primer is complementary to the 5 'UTR region 
of Vegfr3, SAO Rv_wt is located in the intron of Vegfr3 and SAO Rv_tg is located in Katushka. 
Tg.Vegfr3Kat mice will show the 202 bp transgene band. On the other hand, two specific pair of primers 
were designed to amplify the BAC backbone located at de 5’ and 3’ of AscI site. 

Primer Sequence (5’-3’) PCR condition Product 
size (bp) 

SAO Fw 
SAO Rv_wt 
SAO Rv_tg 

5’-GGCTGAGGCTACGGTGAC-3’ 
5´-CCATGACTTCCCTGGTTCCAG-3´ 

5´-TTCTCGGTGATCAGCACG-3´ 

Denaturation: 95°C-2min 
30 cylces of: 95°C-30s, 54°C-30s, 72°C-30s 

Elongation: 72°C-5min 

+ : 389 
T: 202 

P862 BAC Fw 1 
P862 BAC Rv2 
P862 BAC Fw 7 
P862 BAC Rv 8 

5’-GAAACGTACGGCGTCTCTCA-3’ 
5’-GTTGGCGTCGAACTTATCGC-3’ 
5’-TCACTAAGCCGAAACTGCGT-3’ 
5’-TCTGATGGCACCCTACAGGA-3’ 

Denaturation: 95°C-3min 
30 cylces of: 98°C-20s, 68°C-15s, 72°C-30s 

Elongation: 72°C-10min 

342 

312 

1.3. Contact Hypersensitivity Assay 

Contact hypersensitivity inflammation assays were performed as previously described (Martínez-
Corral et al., 2012). Animals +/T for the Vegfr3Kat construct and at six weeks of age, were pre-sensitized 
by topical administration of 50 μl of 2% oxazolone (OXA) (Sigma E0753) in a mix of acetone / oil (4:1 
v/v) on the previously shaved abdomen. Six days later (day 0), inflammation was induced by topical 
administration of 10 μl of 1% OXA (in the same vehicle) to the left ear of the animal. The right ear 
was treated only with vehicle as an internal control. 

Katushka emission was measured daily starting on day zero and for the following four days of 
treatment using an IVIS Spectrum (See Materials & Methods PartII: Section 1.4. Katushka 
Fluorescence Detection in vivo). Once the test was finished, animals were sacrificed, and ears were 
processed for IF or IHC analysis (See Materials & Methods PartII: Sections 1.5. Katushka 
Immunohistochemistry (IHC) and 1.7. Whole Mount Immunofluorescence). 

1.4. Katushka Fluorescence Detection in vivo 

Briefly, animals were anesthetized by isoflurane inhalation. For the induction of anesthesia, an initial 
isoflurane concentration of 4% was used, and a 2% concentration for maintenance. Once anesthetized, 
animals were observed in an IVIS Spectrum (Xenogen). In order to identify and separate interfering 
fluorescence signals we used the spectral unmixing (SPUM) tool to remove the interfering 
background fluorescence from the true target fluorescence signals of interest. The IVIS Spectrum 
automatically establishes the acquisition sequence of excitation/emission filter combinations that 
fully cover the spectral emission curve of Katushka (588-635 nm). 

The Guided mode utomatically substracts TissueAF from Katushka spectrum. Unmixed images 
represent only Katushka specific signal. The calculated SPUM spectrum was saved to apply it to the 
different imaging sessions. 

1.5. Katushka Immunohistochemistry (IHC) 

Tissues (skin, lymph nodes, lung, liver, and intestine) were fixed in 10% neutral buffered formalin, 
paraffin-embedded and cut at 3 μm, mounted in TOMO® slides and dried overnight. For different 
staining methods, slides were deparaffinized in xylene and re-hydrated through a series of graded 
ethanol solutions and finally in water. Consecutive sections were stained with hematoxylin and eosin 
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(H&E) and processed for IHC respectively. Immunohistochemistry reactions were performed in an 
automated immunostaining platform (Discovery XT-ULTRA, Ventana-Roche) at the CNIO Mouse 
Histopathology Unit. Antigen retrieval was first performed with the appropriate pH buffer (CC1 
Ventana, Roche), and endogenous peroxidase was blocked with 3% hydrogen peroxide. Then, slides 
were incubated with the primary antibody: rabbit polyclonal anti-Turbo-RFP (Katushka) (Evrogen, 
AB233) at a 1:3000 dilution. After the primary antibody, slides were incubated with the secondary 
antibody (OmniMap anti-Rabbit, Ventana, Roche) conjugated with horseradish peroxidase. 
Immunohistochemical reaction was developed using 3, 30-diaminobenzidine tetrahydrochloride 
(DAB) (ChromoMap DAB, Ventana, Roche) and nuclei were counterstained with Carazzi’s 
hematoxylin. Finally, the slides was dehydrated, cleared and mounted with a permanent mounting 
medium for microscopic evaluation. Images were acquired in a Leica DM3000 microscope. 

1.6. Direct Katushka Fluorescence Detection in Whole Embryos 

For monitoring Katushka fluorescence in whole embryos, crosses were established between 
Tg.Vegfr3Kat hemozygous animals and the presence of a vaginal plug was monitored. Females were 
sacrificed on days E9.5, E10.5, E11.5 or E13.5 (taking as day 0.5 the one in which the vaginal plug is 
observed) and embryos were extracted and sacrificed. They were washed extensively with PBS and 
observed directly with a Leica TCS-SP5 confocal microscope (Leica-Microsystems) equipped with a 
20x/0.7NA dry objective, and a tunable white light laser between 770 and 670 nm. For Katushka 
detection, excitation was performed with a light laser tuned to 588 nm and emission was gathered 
from 595 to 640 nm. Images were then processed with ImageJ program. 

1.7. Whole Mount Immunofluorescence 

Whole embryos up to day E.14.5 of development or dissected dorsal skin, ear skin and diaphragm 
from embryos at different stages of development were stained by whole mount immunofluorescence. 
Embryos were sacrificed by decapitation. Dorsal skin was dissected as described in Chapter 3. 
Lymphangiogenesis: Methods and Protocols, Methods in Molecular Biology, vol. 1846, part of 
Springer Nature 2018 from Guillermo Oliver and Mark L. Kahn and shown in Figure 10. Vegfr3Kat ear 
skin was dissected by separating the dorsal from the ventral skin with fine forceps under a 
stereomicroscope and removing the remains of cartilage from the dorsal skin if required. Vegfr3Kat 

whole embryos and dissected tissues were fixed overnight at 4°C in 4% PFA in PBS. After washing 
in PBST (1X PBS, 0.3% TritonX-100) embryos or tissues were blocked in PBST+ 3% skim milk at RT 
for 2 hours and incubated with the primary antibody (Table 8) o/n at 4°C in PBST+ 1% skim milk. 
Next day, they were washed in PBST at RT for 2 hours changing the solution every 15–30 min and 
incubated with the corresponding secondary antibody coupled to Alexa-488, 555 or 647 (Table 8) at 
RT for 2 hours in PBST+ 1% skim milk. After washing again for 2 hours with PBST tissues were 
mounted with Mowiol. Whole embryos were visualized directly without mounting. 

Acquisitions were performed in a Leica TCS-SP5 confocal microscope (Leica-Microsystems) 
equipped with a 10x/0.4NA dry objective and LAS AF v2.6 software. A Z-stack was captured and 
then the maximum projection was performed with ImageJ program. 
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Figure 10. Dissection and whole-mount analysis of embryonic back skin. A. E15 embryo is 
immobilized onto the dissection plate using insect pins. Dashed line indicates the outline of the skin 
sample to be dissected. B. Back skin of an E15 embryo immobilized to the dissection plate using insect 
pins (white dots). Dorsal midline and cervical, thoracic, and lumbar areas of the skin are indicated. 
Adapted from Oliver G. and Kahn Mark L. Springer Nature 2018. 

Table 8. Primary and secondary antibodies. Antibodies used for whole mount immunofluorescence, 
dilutions and source. 

Antibody Dilution Source 
VEGFR3 (goat-anti mouse) 1:200 R&D Systems AF743 
PECAM1 (rat-anti mouse) 1:1000 BD Biosciences 553370 

Primary tRFP (rabbit-anti mouse) 1:1000 Evrogen #AB233 
LYVE1 (rat-anti mouse) 1:200 R&D Systems MAB2125 
Prox1 (goat-anti human) 1:500 R&D AF2727 

Donkey anti-rabbit Alexa Fluor 555 1:500 Invitrogen A31572 
Secondary Donkey anti-goat Alexa Fluor 488 1:500 Invitrogen A11055 

Donkey anti-rat Alexa Fluor 647 1:500 Abcam AB150155 

2. Vegfr3tetO-Vegfr3 Mice Generation and Characterization 

2.1. Generation of the Col1A1tetO-Vegfr3 Knockin Allele 

The Col1A1tetO-Vegfr3 knockin allele was generated using the KH2 ESC line (Beard et al., 2006). The full 
length mouse Vegfr3-cDNA fused to a Flag sequence at the C-terminal end (4,135 bp total) was 
synthesized by ThermoFisher. EcoRI restriction sites were added at the 5´and 3´end of the sequence 
to facilitate cloning into the unique EcoRI site of the pBS31 vector, under the control of the tetO-CMV 
minimal promoter. 5,6 x 106 KH2 ESCs in 0.8 ml of PBS in a 0.4 cm cuvette were electroporated at 
1200V, 500 F in a BioRad electroporator with 10 μg of pBS31_Vegfr3 and 30 μg of a Flp recombinase 
expression plasmid (pCAG-FlpE). This co-electroporation targets the integration, mediated by the 
Flp recombinase, of the pBS31 construct to the frt homing site present in the engineered Col1A1 allele 
of the KH2 ESCs cells (Figure 11). Furthermore, Flp-mediated integration of the entire pBS31 
construct reconstitutes a functional PGK-HygroR cassette so recombinant clones can be selected in the 
presence of hygromycin (Figure 11). Two days after electroporation, 200 μg/ml of hygromycin was 
added to the medium and maintained for ten days. After selection, 11 resistant clones were obtained, 
expanded, and screened by PCR for the specific genotype (see Table 9). 
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Figure 11. Cloning strategy for Col1A1tetO-Vegfr3 knockin allele in KH2 ESCs. KH2 ESCs containing a 
reverse tet-transactivator (rtTA) located in the Rosa26 locus and an FRT-Δhygro-pA “homing” cassette 
in the Col1A1 locus were electroporated with pBS31_Vegfr3 which contains the full length mouse 
Vegfr3-cDNA fused to a Flag sequence under the control of the TetO-CMV promoter and FlpE 
recombinase (pCAG-FlpE). This coelectroporation targets the integration mediated by the Flp 
recombinase of the pBS31_Vegfr3 to the frt homing site present at the Col1A1 locus of the KH2 ESCs. 
In addition, this integration reconstitutes a functional PGK-HygroR cassette to select positive clones. 

2.2. KH2tetO-Vegfr3-ESCs Characterization 

The KH2tetO-Vegfr3-ESCs were genotyped for the Col1A1tetO-Vegfr3 and the Rosa26rtTA alleles using PCR 
conditions described in Table 10. Genomic DNA was extracted as described in Materials & Methods 
PartI: Section 5.5. sgRNA Identification. 

For KH2tetO-Vegfr3 IF, cells were seeded on coverslips, pre-treated with 0.1% gelatin, in 6-well plates. 
Cells were cultured for 48h in presence or absence of 1 μg/ml doxycycline (MERCK LIFE SCIENCES 
S.L.U., D9891). Then, cells were fixed with 4% paraformaldehyde (PFA) in PBS for 20 min at room 
temperature and permeabilized with 0.3% Triton X-100 in PBS for 10 min. Following steps were 
performed as described in Materials & Methods PartII: Section 1.7. Whole Mount 
Immunofluorescence. The following primary antibodies were used: Vegfr3/Flt-4 (R&D, AF743) and 
anti-Flag M2 (Sigma, F3165) diluted 1:100. Alexa Fluor 555 anti-goat (Invitrogen, A21432) and Alexa 
Fluor 555 anti-mouse (Life Technologies, A31570) diluted 1:500 were used as a secondary antibodies. 
Images were aquired using a Leica TCS-SP5 (AOBS) confocal microscope and analyzed using ImageJ 
software. 

For western blot characterization, total protein was extracted from cells growing in p60mm plates 
upon confluence. Cells were washed with PBS and total protein was extracted with NP40 lysis buffer 
(150 mM sodium chloride, 1% NP-40, 50 mM Tris pH 8.0) supplemented with 1x mix of protease 
inhibitors (cOmplete™ Roche, 11697498001). Samples were incubated 30 minutes in ice and final 
protein concentration was measured using the DC Protein Assay (Biorad #5000112). 30 μg of total 
protein was resolved by 10% SDS-polyacrilamide gel electrophoresis and analyzed by the Odyssey 
CLx Imaging System. Primary and secondary antibodies and their corresponding dilutions are shown 
in Table 6. Western blot was performed as described in Materials & Methods PartI: Section 5.7.2. 
Western Blot Analysis. 
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2.3. Vegfr3tetO-Vegfr3 Mice Generation 

Three independent KH2tetO-Vegfr3 recombinant clones: #9, #11 and #5 were microinjected for chimera 
generation. Microinjections were performed by trained personnel of the Mouse Genome Editing Unit, 
CNIO. Embryos were harvested by flushing the oviducts of C57Bl6-TyrC females at day E2.5 of 
gestation. Eight-cell embryos were then microinjected with 3 to 4 KH2tetO-Vegfr3 ES cells and transferred 
to the oviduct of pdesudopregnant Hsd: ICR (CD-1) females the day of the vaginal plug. Chimeras 
with high coat color contribution were crossed with C57BL/6TyrC albino females for analyzing germ 
line transmission and establishing the F1 generation. The final line was established from clone #11. 

F1 pigmented pups were genotyped for the Col1A1tetO-Vegfr3 and the Rosa26rtTA alleles using PCR 
conditions described in Table 10. Mice heterozygous (+/KI) for the Col1A1tetO-Vegfr3 allele and WT for 
the Rosa26rtTA allele were crossed with Rosa26LSLrtTA-IRES-GFP (Belteki et al., 2005) and Vegfr3CreERT2 

(Martinez-Corral et al., 2016) mice to obtain the triple knockin mouse line that we called Vegfr3tetO-

Vegfr3. 
Animals were genotyped by specific PCRs for each allele (Table 9). Genomic DNA was extracted 
from ear punch biopsies as described in Materials & Methods PartI: Section 5.5. sgRNA Identification. 

Table 9. Specific primers for Vegfr3tetO-Vegfr3 mice genotyping. Primers to genotype all mouse strains 
needed to obtain the Vegfr3tetO-Vegfr3 mice. The triple transgene strain should have the three locus. 

Locus Primer Sequence (5’-3’) PCR Condition 
Product size 

(bp) 

Col1A1tetO-

Vegfr3 

Coll-frt C1 
Coll-frt B 
Coll-frt A 

5’-GCAGAAGCGCGGCCGTCTGG-3’ 
5’-CCCTCCATGTGTGACCAAGG-3’ 
5’-GCACAGCATTGCGGACATGC-3’ 

Denaturation: 94°C-5min 
30 cycles of: 94°C-30s, 59°C-30s, 

WT: 300 
KI: 450 

Rosa26LSLrtTA-

IRES-GFP 

R1295 
R523 

R26F2 

5’-GCGAAGAGTTTGTCCTCAACC-3’ 
5’-GGAGCGGGAGAAATGGATATG-3’ 
5’-AAAGTCGCTCTGAGTTGTTAT-3’ 

68°C-45s 
Elongation: 72°C-5min WT: 650 

KI: 300 

V3CreF.1 5´-CTTCGCAGACAGCAGCTACT-3’ Denaturation: 95°C-3min 

Vegfr3CreERT2 V3CreR.1 

V3CreR.3 

5’-CTCACATTGCCAAAAGACGGC-3’ 

5’-GCAGTTGGAAGTAGAGGGAC-3’ 

30 cycles of: 95°C-30s, 54°C-30s, 
72°C-30s 

Elongation: 72°C-5min 

WT: 483 
KI: 400 

2.4. Doxycycline and Tamoxifen Treatments 

For Vegfr3 induction in neonates of the triple knockin line, males and females with the triple transgene 
genotype Vegfr3CreERT2 (KI/KI); Rosa26LSLrtTA-IRES-GFP (KI/KI); and Col1A1tetO-Vegfr3 (KI/+) were crossed 
among themselves. On the day of the vaginal plug, doxycycline was administrated to pregnant 
females (2 mg/ml in the drinking water containing 5% sucrose) and it was maintained until the 
offspring was sacrificed. 

For induction of Cre recombination, 30 μl (150 μg) of 4-hydroxytamoxifen (4-OHT) (MERCK LIFE 
SCIENCES S.L.U., H6278) dissolved in acetone (5 mg/ml) was applied topically to the abdominal skin 
of neonates every 48 hours from P2 to P8. From P8 pups were injected intraperitoneally with 60 μl 
(150 μg) of 4-OHT diluted in corn oil (2.5 mg/ml) every 48 hours until P15. 

2.5. Whole Mount Skin Immunofluorescence 

Pups treated as described in the previous section were sacrificed by CO2 inhalation and ear skin was 
processed for whole mount immunofluorescence as described in Materials & Methods PartII: Section 

71  



MATERIALS & METHODS 

1.7. Whole Mount Immunofluorescence. Primary and secondary antibodies used for Vegfr3tetO-Vegfr3 

mice characterization are shown in Table 10. 

Acquisitions were performed in a Leica TCS-SP5 confocal microscope (Leica-Microsystems) 
equipped with a 10x/0.4NA dry objective and LAS AF v2.6 software. A Z-stack was captured and 
then the maximum projection was performed with ImageJ program. 

Table 10. Primary and secondary antibodies for whole mount immunofluorescence. Antibodies, 
dilutions and manufacturers of antibodies used for whole mount IF of Vegfr3tetO-Vegfr3 ear skin. 

Antibody Dilution Manufacturer 
VEGFR3 (goat-anti mouse) 1:200 R&D Systems AF743 

Primary 
PECAM1 (rat-anti mouse) 
GFP (rabbit-anti mouse) 

1:1000 
1:100 

BD Biosciences 553370 
Merck Millipore AB3080 

LYVE1 (rabbit-anti mouse) 1:200 Abcam AB14917 
Donkey anti-goat Alexa Fluor 555 1:500 Invitrogen A21432 

Secondary Donkey anti-rabbit Alexa Fluor 488 1:500 Life Technologies A21206 
Donkey anti-rat Alexa Fluor 647 1:500 Abcam AB150155 

Statistical Analysis 

GraphPad Prism8 (GraphPad Software, San Diego, CA) was used for graphic presentation and 
statistical analysis of the data. Data are shown as mean ± SEM. Statistical significance between two 
groups was determined using unpaired two-tailed Student’s t test. Comparision between multiple 
gropus was done using two-way ANOVA with Tukey’s post hoc test. For all experiments, a p-value 
of < 0.05 was considered significant. 
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RESULTS 

Part I: Searching for Vegfr3 Expression Activators by Genome Wide CRISPR 
Genetic Screenings 

Vegfr3 is a central player in the control of the development and function of the lymphatic vasculature 
and its expression is tightly controlled during life. In the adult, there is a significant silencing of Vegfr3 
expression in lymphatic endothelial cells, while de novo angiogenesis and lymphangiogenesis relies 
on the induction of Vegfr3 expression in BECs and LECs respectively. Despite its relevance, the 
molecular mechanisms that regulate Vegfr3 expression induction or repression in different contexts 
are not well understood. We have searched for molecular activators of Vegfr3 expression by genome 
wide genetic screenings using CRISPR transcription activation (CRISPRa) libraries in two cellular 
systems: ESCs and LECs. 

1. Vegfr3EGFPluc Embryonic Stem Cells Establishment 

To study lymphangiogenesis in vivo, our lab has previously generated the Vegfr3_IRES-EGFP-
Luciferase (Vegfr3EGFPluc) mouse model (Martínez-Corral et al., 2012), a reporter of Vegfr3 expression 
(See Introduction section 3.3. Vegfr3 Reporter Models for Lymphatics Imaging). Briefly, in this 
reporter allele, an EGFPluc-encoding sequence, preceded by an IRES (internal ribosome entry site) 
element, was introduced into the 3′-UTR of the mouse Vegfr3 locus by gene targeting. The 
introduction of the IRES-EGFPluc cassette in the 3′-UTR gene does not alter Vegfr3 expression. 

Although basal EGFP fluorescence could be difficult to detect in ESCs, since the expression of Vegfr3 
is low in this cell type, ESCs have many advantages as a cellular system to work with so we initially 
decided to establish ESCs from this model to use them in search for Vegfr3 transcription activators 
by genome wide genetic screenings. We reasoned that overexpression of Vegfr3 and therefore EGFP 
could still be detected in these Vegfr3-reporter ESCs after Vegfr3 transcription induction. 

We first established haploid ESCs due to the advantage of the haploid karyotype for recessive 
mutation screening, especially for gene knockout-based strategies, using lentiviral CRISPR-guide 
RNA libraries and an active Cas9. Parthenogenetic haploid ESCs were established as described in 
Materials & Methods PartI: Section 1. Embryonic Stem Cell Establishment and Cell Culture 
Conditions and summarized in Figure 12. Oocytes from females of two different genetic 
backgrounds, inbred C57Bl6J and hybrid B6.CBA, were used. As shown in Table 11 the efficiency of 
parthenogenetic hESCs derivation is higher using a hybrid genetic background: 1 hESC line out of 
198 C57Bl/6 oocytes versus 29 hESC lines out of 123 B6.CBA oocytes. 

For the experiments described below, we have used ESCs of the hybrid B6.CBA genetic background. 
Although initially established as a parthenogenetic hESC line, we have worked with diploid ESCs 
obtained by spontaneous diploidization of the original hESC line. Maintaining the haploid karyotype 
in culture requires continous rounds of cell sorting and selection since the haploid karyotype is 
unstable and hESCs grow slower that normal diploid ESCs so they are counterselected in each 
passage. Since our screening is based in the use of transcription activating CRISPR libraries the 
haploid karyotype does not offer a practical advantage over the normal diploid one. 
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Figure 12. Vegfr3EGFPluc cell establishment. Vegfr3EGFPluc superovulated females were used to establish 
haploid ESC from parthenogenetic blastocysts. Cell division is activated by incubation with 5 mM 
strontium chloride (Sr2Cl) which triggers cell division without DNA replication. Activated oocytes 
develop in vitro to the blastocyst stage and from the ICM outgrowth hESC lines are established. 

Table 11. Summary of hESc establishment. Two different genetic backgrounds were used for 
Vegfr3EGFPluc hESC derivation. Activated oocytes represent the number of oocytes that retained good 
morphology after SrCl2 incubation. Parthenogenetic embryo development is shown after 24, 48, 72 
and 96 hours of incubation. At 96 hours, compacted morulae (cM) and Blastocysts (Bl) were processed 
for hESC derivation. 

Donor 
females 

# 

Age 
(weeks) 

Background Collected 
oocytes 

Activated 
oocytes 

EII 
embryos 

(24h) 

Morulae 
(48h) 

Compacted 
morulae 

(72h) 

Blastocysts 
(96h) 

ESC lines 
established 

2 7 C57Bl6 50 47 31 8 8 0 
2 6 C57Bl6 57 55 44 36 14 3Bl + 18cM 1 
1 8 C57Bl6 20 19 15 1 0 0 
4 8 C57Bl6 71 57 45 26 5 0 
4 6 B6.CBAxB6 123 105 56 42 32 5Bl + 24cM 28 

2. Genome Wide CRISPRa Screening in Vegfr3EGFPluc ESCs 

2.1. Validation of the Screening Set Up 

Our initial hypothesis was that CRISPR-induced genome wide overexpression of genes that directly 
or indirectly induce Vegfr3 expression will result in an increase of EGFP expression in ESCs 
containing the Vegfr3EGFPluc allele. Therefore, using a lentiviral CRISPRa library to infect Vegfr3EGFPluc 

ESCs and sorting cells with higher EGFP fluorescence than the one of control cells transduced with 
the library empty vector could potentially lead to the identification of new activators of Vegfr3 
expression. 

In order to conduct CRISPR/Cas9 activation screenings we used the mouse CRISPR/Cas9 SAM-3 
lentiviral pooled library which uses an engineered protein complex for the transcriptional activation 
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of endogenous genes (Joung et al., 2017; Konermann et al., 2015). The Mouse CRISPR activation SAM 
library targets 23,439 mouse genes with 69,225 gRNAs with at least three gRNAs per gene (Joung et 
al., 2017). For activation screening, the SAM libraries gRNAs are designed to target the 200 bp region 
upstream of the transcriptional start site of the target gene. 

This library consists of three lentiviral constructs (Figure 13A) that need to be co-transduced into the 
cells (See Materials & Methods PartI: Section 5. CRISPR/Cas9 Genome Wide Genetic Screenings). 

Figure 13. CRISPR/Cas9 Synergistic Activation Mediator (SAM-3) library. A. SAM is an engineered 
protein complex for the transcriptional activation of endogenous genes that consists of three 
components: 1) an endonuclease inactive dCas9-VP64 fusion, 2) a gRNA incorporating two MS2 RNA 
aptamers at the tetraloop and stem-loop 2 respectively and 3) the MS2-P65-HSF1 activation helper 
trimeric fusion protein. Psi packaging signal (psi+), rev response element (RRE), central polypurine 
tract (cPPT), elongation factor-1α short promoter (EF1α), 2A self-cleaving peptide (P2A), puromycin 
selection marker (puro), posttranscriptional regulatory element (WPRE), blasticidin selection marker 
(blast), hygromicin selection marker (Hygro). B. Programmable transcriptional activation can be 
achieved by using dCas9 (D10A/N863A) and transcription activation domains (e.g., VP64/p65/HSF1) 
to recruit transcriptional machinery to the transcriptional start site of the desired gene target, resulting 
in upregulation of the target transcript. Image from Joung et al., 2017. 

These three constructs express, respectively, a dCas9-VP64 fusion protein, the library of modified 
gRNAs that contain two RNA hairpin aptamers recognized by the protein MS2 and a trimeric fusion 
protein formed by the MS2 protein and two transcription activation domains from nuclear factor (NF-
κB p65) and heat shock factor 1 (HSF1) (Figure 13B). The trimeric fusion protein binds to each 
modified aptamer in the gRNA by MS2-aptamer interaction. The combination of VP64, p65, and HSF1 
activation domains synergistically increases gene expression of the targeted coding sequences. 

Before generating the CRISPRa library in ESCs cells, we first tested whether direct Vegfr3 promoter 
activation could be detected by an increase in EGFP fluorescence in the reporter ESCs. For this, we 
obtained lentivirus supernatants by transfecting constructs 1) and 3) into 293 packaging cells and 
these supernatants were used to infect Vegfr3EGFPluc ESCs to obtain clones that expressed dCas9-VP64 
and MS2-P65-HSF1 fusion proteins. Clones were selected in blasticidin and hygromycin at the same 
time obtaining two double resistant clones, that we called dCas9/TA (transcription activators)-ESC 
clones 1 and 2. We then generated lentiviral constructs expressing each one of the three gRNAs 
targeted to Vegfr3 promoter (Table 12) contained in our library (See Materials & Methods PartI: 
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Section 5.7. gRNA Validation) by cloning the variable sequences into the library empty vector (EV). 
We also produced EV-lentivirus as a negative control. The respective lentiviruses were produced as 
described in Materials & Methods PartI: Section 5.3. Lentivirus Production. 

Table 12. Sequences of the gRNAs targeted to Vegfr3. The 20 nt-sequences of the three gRNAs 
targeting the Vegfr3 promoter region present in the lentiviral CRISPR/Cas9 activation library are 
shown. 

gRNA 5’-3’ sequence 
1 TTGATGGCTGCTTTGGAACT 
2 CAGGAGAATCCAGCCTGGGT 
3 GCCCACTTTGCGTACGTTAA 

The dCas9/TA-ESC clone 1 was independently infected with each one of the lentiviral constructs 
described. After five days of puromycin selection, resistant colonies obtained in each infection were 
pooled and analyzed by FACs for EGFP expression. We observed that all three gRNAs were capable 
to induce EGFP expression in the pool of PuroR cells (Figure 14), although gRNA2 caused significantly 
more induction: 12% EGFP+ cells over the control versus around 1% for gRNA 1 and 3. 

Figure 14. Flow cytometry analysis of EGFP fluorescence in Vegfr3EGFPluc ESCs expressing three different 
gRNAs targeting Vegfr3. A significant increase of EGFP fluorescence over the one of the EV-transfected 
Vegfr3EGFPluc dCas9/TA ESCs could only be detected for Vegfr3-gRNA2 in this analysis. 

The EGFP fluorescence-induction by FACs correlated with an increase in Vegfr3 protein levels in 
whole extracts of the pooled ESCs observed for the three gRNAs (Figure 15A) Moreover, the 
induction of EGFP expression by gRNA2 was also confirmed by confocal microscopy (Figure 15B) 
and by real-time quantitative reverse transcription PCR (RT-qPCR) confirming that gRNA2 causes 
an efficient induction of both, Vegfr3 and GFP expression (Figure 15C). In all experiments, gRNA2 
was used as positive control of induction and was called gVegfr3. 
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Figure 15. Induction of Vegfr3 expression by the three gRNAs targeting Vegfr3 promoter in Vegfr3EGFPluc ESCs. 
A. WB illustrating the Vegfr3 expression observed in Vegfr3EGFPluc infected with EV and the three independent 
Vegfr3-targeting gRNAs. Tubulin levels are shown as a loading control. B. gRNA2 EGFP induction by confocal 
microscopy. Scale bar = 50 μm. C. Vegfr3 and EGFP mRNA levels evaluated by RT-qPCR (normalized to Rps29 
expression) in cells with EV and cells expressing gRNA2. Data represented as mean ± SEM (n=3). * p ≤ 0,05, ** p 
≤ 0,01, *** p ≤ 0,001, **** p ≤ 0,0001. 

Altogether, these results suggested that Vegfr3EGFPluc reporter ESCs cells were suitable to detect Vegfr3 
transcription activation by induction of EGFP-fluorescence, although the sensitivity of the system 
was variable depending on specific gRNAs sequences. 

2.2. Generation of Activation Libraries in Vegfr3EGFPluc ESCs 

For library proviral DNA amplification in E. coli, the protocol described by the manufacturer’s was 
followed (Joung et al., 2017) and is described in Materials & Methods PartI: Section 5.1. Library DNA 
Amplification. After amplification, we first evaluated the distribution of the gRNAs by NGS since 
throughout the amplification some potential bias may be generated that may affect the gRNA 
representation. The gRNA proviral DNA library was sequenced on the Illumina NextSeq 550 (with 
v2.5 reagent kits) aiming for two million lectures that corresponds to a coverage of 30 reads per gRNA 
(See Materials & Methods PartI: Section 5.2. Library DNA Quality Control). After NGS, we obtained 
approximately 7 x 105 lectures with a 72.8% of mapped reads (Figure 25A). Since mapped read 
percentage should be > 65% (Wang et al., 2019) this result suggested a good score in gRNA sequencing 
in spite of the low number of reads. In addition, within this total number of reads, we have 65,153 
different readings, corresponding to different gRNAs. As mouse CRISPR SAM-3 library contains 
69,225 gRNAs, we obtained a gRNA proviral DNA library with a 94.1% of represented gRNAs. 
Furthermore, we also obtained a Gini Index (a common measure of income inequality in economics) 
which measures the evenness of gRNA read counts of < 0.2, being 0.2 the maximum score to be 
considered a homogeneous distribution (Figure 25C). These results confirmed a good quality of the 
amplified proviral DNA library to be used in the screening. This library was used both for the 
screening in ESCs and in imLECs. 

Proviral DNA was transfected into 293 cells for generating an infective lentivirus supernatant 
containing the CRISPR gRNA library as described in Materials & Methods PartI: Section 5.3. 
Lentivirus Production. The viral supernatant was first titrated on ESCs. Different supernatant 
dilutions were used to infect the dCAs9/TA-ESC clone 1 and puromycin resistant colonies were 
selected and counted, obtaining a viral titer of 1 x 106 virus/ml. The titrated supernatant was then 
used to infect the Vegfr3EGFPluc dCAs9/TA-ESC clone 1 at low multiplicity of infection (MOI 0.3) to 
ensure that most cells incorporate only one stably integrated gRNA. Throughout the screening, it is 
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important to maintain sufficient library coverage to avoid losing gRNA representation or biasing the 
screening results. Therefore, we maintained a coverage of approximately 500 cells per gRNA (1,500 
cells/targeted gene) by infecting 30 x 106 cells. Then, infected cells were selected with puromycin to 
generate the gRNA library (Figure 16A). Puromycin resistant colonies were pooled and aliquots of 
3x 106 cells of the library were frozen in order to maintain a 50x coverage per gRNA in each aliquot. 

2.3. Screening and gRNA Selection 

For screening of EGFP-expressing cells, each aliquot was processed individually. Aliquots were 
plated and immediately after recovering from thawing cells were processed by cell sorting. To 
establish the gates in each of the sorting experiments we used clone 1 cells that had been infected 
with the EV as negative control and cells previously infected with the gVegfr3 as a positive control 
(Figure 16B). Once the gate was established, isolated cells were seeded and expanded. Three to four 
consecutive rounds of cell sorting were applied to finally obtain an enriched population of EGFP+ 

cells (Figure 16C). Enrichment at each consecutive sorter was 0.19% (S1), 0.9% (S2), 8.4% (S3) and 
48.3% (S4) respectively. We confirmed by WB that EGFP+ sorted cells had higher Vegfr3 expression 
(Figure 16D) validating our screening strategy. We repeated the same process with four more library 
aliquots to increase statistical significance of the results. 

Figure 16. Screening strategy. A. Pipeline for CRISPRa genome-wide genetic screenings. In brief, 
Vegfr3EGFPluc ESCs were first infected with dCas9-VP64 and MS2-P65-HSF1 expressing lentivirus at 
MOI = 1 and selected with Hygromycin and Blastcidin for 5-7 days. One selected clone (Vegfr3EGFluc 

dCas9/TA clone 1) was infected with the lentiviral gRNA SAM-3 library at a MOI of 0.3 and selected 
with puromycin at least for 5 days. To start the screen with a 50x coverage of the library, three million 
cells were initially plated and sorted for EGFP. After PCR amplification, enriched gRNAs were 
identified by NGS sequencing. B. Gate establishment in each sorting: Vegfr3EGFPluc dCas9/TA Clone 1 
cells infected with the empty vector (EV) and cells infected with the gRNA2 targeted to Vegfr3 were 
used as negative and positive control respectively. C. Example of cell sorting results (library aliquot 
1.5). EGFP+ cells were selected after 3–4 rounds of cell sorting (S1-S4). D. Western blot to confirm 
induction of Vegfr3 expression in sorted cells. Tubulin levels are shown as a loading control. 
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To identify candidate genes, next-generation sequencing (NGS) was used to compare the number of 
reads for each gRNA in the sorted populations relative to the control one. For that, variable gRNA 
sequences were PCR amplified from genomic DNA extracted from control and sorted cells as 
described in Materials & Methods PartI: Section 5.5. sgRNA Identification, using primers that 
hybridized with common sequences in all gRNAs. 

To analyze the results, we compared the control/reference condition which corresponded to cells 
infected with the gRNA library without any round of cell sorting enrichment, with cells from the five 
enriched aliquots after three or four rounds of cell sorting. Since the library contains non-targeting 
guides with sequences not present in the genome as negative controls, at the end of the screen, top 
hit guides in the experimental condition should be significantly enriched as compared with those in 
the control sample, whereas the representation of non-targeting guides should remain unchanged 
between experimental and control conditions (Joung et al., 2017). 

Results were analyzed with the help of the Bioinformatics Unit at the CNIO applying the MAGeCK-
VISPR pipeline (W. Li et al., 2015). First, the FASTQ files were aligned to the reference gRNA library 
to count the number of reads for each guide in the control and sorted populations (See Materials & 
Methods PartI: Section 5.6. Library Screening Analysis) and obtain a quality control report of our data 
including: the percentage of reads mapped, the Gini index and the number of gRNAs to which zero 
reads are mapped. With this analysis we observed that with a total number of lectures below 500.000 
in most samples we obtained a good mapping ratio (> 65%) in all of them (Figure 17B). However, in 
the 5 sorted samples there was still a high gRNA representation with 36,500 to 52,000 different reads, 
not very different from the 55,000 of the control non-sorted sample, suggesting a poor gRNA 
enrichment after selection (Figure 17A). In addition, a strong selection would result in a high Gini 
Index in all sorted samples and although we obtained a higher value in sorted aliquots than in the 
control one (0.5-1.0 versus 0.5), this score indicates not enough gRNA uneven distribution in the 
sorted cells (Figure 17C). 

Figure 17. Quality control assessment of data using MAGeCK-VISPR. These samples represent 
three conditions: Proviral DNA (the initial time point of the CRISPR library amplification), Control 
(one aliquot of Vegfr3EGFPluc-ESCs dCas9/TA gRNA library without sorting) and Sorted (five aliquots 
of Vegfr3EGFPluc-ESCs dCas9/TA gRNA library after three rounds of cell sorting). A. Number of different 
gRNAs obtained in each sample. Mouse SAM-3 library contains 69,225 different gRNAs. B. Read 
count and % of unmapped reads are shown for each sample. Unmapped percentage should be < 35%. 
C. The Gini Index measures inequality between read counts. It should be < 0.2 for plasmid or control 
(unsorted) samples. 
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Proceeding with data analysis, the count table was filtered with R software and only gRNAs found 
enriched over the reference count in at least three of the five aliquots were considered. Then, control 
and all sorted samples were compared for each of these gRNAs and, based on the p-values obtained, 
gRNAs were ranked using a modified robust ranking aggregation algorithm (RRA) in order to 
identify hit gRNAs. With this analysis, we obtained a list of enriched gRNAs in the samples after 
three (S3) or four (S4) rounds of EGFP+-cell sorting in the five aliquots analyzed. As expected, in both 
populations (S3 and S4) one of the predominant gRNAs identified was gVegfr3 validating the 
selection strategy. However, the number of gVegfr3 readings after S4 was too highly represented, 
suggesting that this cell population could have been over-selected, so we decided to analyze enriched 
genes in samples from S3. 

We finally obtained a list of 77 gRNAs significantly enriched in selected EGFP+ cells after S3 (Annex 
Table 4) with a False Discovery Rate (FDR) < 0.05. FDR is an adjusted p-value to trim false positive 
results used to discriminate if a particular gRNA is enriched in a significant manner in our set of 
selected gRNAs. Interestingly, in the position number 19 of the list of the enriched guides we found 
Prox1, a specific lineage marker of lymphatic endothelium throughout development and a key 
transcription factor that drives lymphatic cell fate specification by sustaining Vegfr3 expression (Semo 
et al., 2016). Based on this list of significantly enriched gRNAs, we chose initially those that were 
more highly represented for gRNA validation. We selected four gRNAs targeted to Ahr, Kdf1, Fbxo36 
and Plpp2 respectively, whose mean count in the sorted samples increased 4,000-fold compared to 
the control (non-sorted) sample (Table 13). Besides these 4 genes, we also included Prox1 for the 
validation. 

Although none of these genes has been specifically related to lymphangiogenesis or the vascular 
system before, further analysis could lead to the finding of new functions related to these genes and 
the regulation of Vegfr3. 

Table 13. gRNA enrichment analysis. List of selected enriched gRNAs in sorted EGFP+ Vegfr3EGFPluc 

cells. Control and sample means are indicated and a FDR < 0.05 was considered statistically 
significant. 

gRNA Gene Control mean Sample mean FDR (< 0.05) 
CCAACACTTCTTGCAGTCCG Ahr 950.73 478290 0 
CAGGAGAATCCAGCCTGGGT Vegfr3 26752 163720 0.038 
ATCATCGGGCAACAGTGCTT Kdf1 2489.8 119040 1.25e-264 
GCAGGGTTCCTTGTAAGCCC Fbxo36 50.196 17851 0 

AAAGGGCCCGGGCGAGGCGG Plpp2 119.22 4409.9 8.47e-174 
CACAGTCCCACTGACGTACC Prox1 125.19 814.26 0.019 

2.4. gRNA Validation 

To validate the selected gRNAs, we cloned each identified gRNA individually into the empty vector 
(lenti gRNA (MS2) puro), produced lentivirus in 293 cells and infected Vegfr3EGFPluc dCas9/TA reporter 
ESCs with each one of them individually. We determined whether each individual gRNA was able 
to induce expression of its corresponding target gene and consequently induce EGFP and Vegfr3 
expression. Unexpectedly, we did not observe a significant induction of EGFP+ by FACs analysis for 
gRNAs targeting Ahr (0.17%), Fbxo36 (0.73%), Prox1 (0.67%) and Kdf1 (0.012%). (Figure 18) while all 
of them significantly induced their corresponding target genes according to RT-qPCR data (Figure 
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19C). However, Fbxo36 and Prox1 gRNAs produced a similar induction (0.73 and 0.67% of EGFP+ 

cells) to the one observed for Vegfr3-gRNA3 which was 0.74% (Figure 14). 

Figure 18. Flow cytometry gRNA validation. FACs analysis of EGFP expression by individual 
gRNAs targeting Ahr, Fbxo36, Prox1 and Kdf1 or empty vector (EV) and gVegfr3 as negative and 
positive controls respectively. 

Nevertheless, when the expression of Vegfr3 was analyzed, either protein (by WB) (Figure 19A) or 
mRNA (by RT-qPCR) (Figure 19B) none of the mentioned gRNAs induced a significant increase. 

Figure 19. Selected gRNA validation. A. WB and B. RT-qPCR analysis of Vegfr3 expression in 
Vegfr3EGFPluc ESCs expressing individual gRNAs targeting Ahr, Fbxo36, Prox1 and Kdf1 or empty vector 
(EV) and gVegfr3 as negative and positive controls respectively. Tubulin levels are shown as a loading 
control in A. C. mRNA levels of each gene are induced efficiently by its gRNA. Data are normalized 
to Rps29 expression and represented as mean ± SEM (n=4) * p ≤ 0,05, ** p ≤ 0,01, *** p ≤ 0,001. 
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Only the gRNA targeting Plpp2 clearly induced an increase in EGFP expression by FACs (8.6% of 
EGFP+ cells) (Figure 20A). Higher EGFP fluorescence was also observed by confocal microscopy 
(Figure 20C). Moreover, both Vegfr3 and EGFP mRNA levels were induced in cells expressing Plpp2 
gRNA (Figure 20D) which correlates with a higherVegfr3 protein level (Figure 20B). We also checked 
that Plpp2 gRNA was able to induce expression of its corresponding gene (Figure 20D). 

Figure 20. Plpp2 gRNA validation. A. FACs analysis of EGFP expression in Vegfr3EGFPluc dCAs9/TA 
clone 1 ESCs expressing the gRNAs targeting Plpp2, empty vector (EV) and gVegfr3. B. Western blot 
of Vegfr3 expression in cells expressing Plpp2 gRNA. Tubulin levels are shown as a loading control. 
C. Confocal microscopy images confirmed EGFP+ induction by Plpp2 gRNA. Scale bar = 50 μm. D. 
Vegfr3, GFP and Plpp2 mRNA levels evaluated by RT-qPCR (normalized to Rps29 expression) in cells 
expressing Plpp2 gRNA. Data represented as mean ± SEM (n=4) * p ≤ 0,05, ** p ≤ 0,01, *** p ≤ 0,001, **** 
p ≤ 0,0001. 

3. Vegfr3Kat Reporter LECs Generation and Characterization 

3.1. imLEC Cell Line Characterization 

In order to generate the new Vegfr3 expression reporter we used a previously described conditionally 
immortalized cell line (imLECs) of dermal LECs (Vigl et al., 2011) isolated from mice (Immorto 
mouse) which express a temperature- sensitive SV40 large T antigen (Jat et al., 1991). These cells can 
be cultured in two different conditions. Under permissive conditions (PC), they are cultured at 33°C 
in the presence of IFN-γ to induce expression of the large T-antigen that is active at this temperature. 
In these conditions, the cells grow and proliferate as an immortalized cell line. Alternatively, in non-
permissive conditions (NPC), cells are cultured at 37°C without IFN-γ so that expression of the large 
T-antigen is not induced and, if expressed, is inactive so that cells behave as a normal primary LECs 
culture (See Materials & Methods PartI: Section 2. Immortal Lymphatic Endothelial Cell Culture). 

Before generating the reporter system in imLECs, we characterized the line to check that it maintained 
a LEC phenotype through consecutive passages in culture, since a detailed characterization of this 
cell line has not been previously reported. Cells growing in PC were transferred to NPC for these 
assays. First, we analyzed Vegfr3 expression by WB, observing that its expression did not show 
significant changes through passages (Figure 21A). MEFs and ESCs were used as negative controls. 
We then confirmed, by RT-qPCR analysis, the expression of the most relevant lymphatic markers 
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such as Vegfr3, Prox1, Lyve1 and Pdpn compared to ESCs (Figure 21B). Although by RT-qPCR some 
decrease in Vegfr3 and Prox1 mRNA is observed with passages, the levels of Vegfr3 by WB do not 
seem to change substantially. Likewise, no decrease in Lyve1 and Pdpn levels were detected by RT-
qPCR. Therefore, we concluded that the cells maintained a LEC identity in terms of expression of 
lymphatic markers used in the range of passages in which these assays are done. 

Moreover, we also confirmed that imLECs maintain their ability to form tubular structures in vitro 
(Figure 21C) by seeding cells in Matrigel at different passages. This capacity is slightly increased by 
adding VEGF-C to the culture medium which correlates with results previously described (Mäkinen 
et al., 2001). For quantitative analysis of vessel formation, we used the AngioTool software (Zudaire 
et al., 2011) Using this tool, we could quantify vessel length, and vascular density in each condition. 
In addition, we also calculated the branching index (branch points/unit area) providing a measurement 
of the sprouting activity (Figure 21C bottom panel). 

With these analyses, we concluded that, through passages, imLECs maintained their ability to form 
tubes and their branching capacity. Although vessel length seemed to increase slightly with passages 
the branching capacity was unchanged, suggesting that although at later passages cells may have 
more signals that promote lymphatic vessel elongation, they do not compromise their capacity of 
sprouting to generate new lymphatic vessels in vitro. 

Figure 21. imLECs characterization at different passages in culture. A. Western blot analysis of 
Vegfr3 expression in imLECs at different passages. MEFs and ESCs were used as negative controls. 
Tubulin levels are shown as loading control. B. RT-qPCR analysis of lymphatic markers (normalized 
to Rps29 expression) in ESC and imLECs. Data are represented as mean ± SEM (n=4). C. Tube 
formation assay at different passages. Quantification of the different parameters and graphical 
representations of the analysis was done using AngioTool on three control and Vegf-C (100 ng/ml) 
treated wells. Data represented as mean ± SEM (n=5). * p ≤ 0,05, ** p ≤ 0,01, *** p ≤ 0,001, **** p ≤ 0,0001. 
Scale bar = 100 μm. 
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3.2. Vegfr3Kat-LECs Generation 

To create a Vegfr3 expression reporter in imLECs we started from the BAC (RP23-473C7) which 
contains 176.542 kb of mouse genomic DNA, including the entire Vegfr3 gene. In this gene, we 
introduced the coding sequence for the fluorescent protein TurboFP635 (Katushka) followed by the 
polyA sequence bGH-pA, immediately after the initiation codon (ATG) of Vegfr3 and in the same 
reading frame. In this BAC (Vegfr3Kat), the expression of the Vegfr3 gene is abolished and Katushka is 
expressed instead, with the same transcriptional regulation. After the bGH-pA sequence a neomycin 
resistance marker flanked by frt sites has been inserted for the selection of BAC by neomycin 
resistance in imLECs (Figure 22A). From now on, the reporter BAC (RP23-473C7-Vegfr3Katushka) will 
be called BAC.Vegfr3Kat and the transfected imLECs, Vegfr3Kat-LECs. 

The imLECs at passage 20 were transfected with DNA of BAC.Vegfr3Kat (See Materials & Methods 
PartI: Section 3.2. BAC Transfection in imLECs) and after seven days of neomycin selection, Kat+ cells 
were sorted by flow citometry. Two rounds of cell sorting were needed to select a population of LECs 
stably expressing Katushka (Figure 22B). In parallel, the BAC.Vegfr3Kat DNA was transfected into 
MEFs and ESCs to verify that Katushka expression driven by Vegfr3 was specific of LECs. As 
expected, Katushka expression was significantly lower in MEFs and ESCs as monitored by flow 
cytometry (Figure 22C) and by confocal microscopy (Figure 22D). 

Figure 22. Generation of a Vegfr3 expression reporter in imLECs. A. Schematic BAC RP23-473C7-
Vegfr3Katushka design. The BAC contains 176,542 kb of mouse genomic DNA, including the mouse 
Vegfr3 gene, and was genetically engineered to insert the TurboFP635 (Katushka) coding sequence 
followed by the bGH pA sequence, immediately after the translation initiation codon (ATG) of Vegfr3. 
An frt-flanked neoR cassette was inserted after the polyA sequence. B. BAC.Vegfr3Kat was transfected 
into imLECs and after neomycin selection, Katushka positive cells were sorted by flow cytometry, 
generating the Vegfr3Kat-LECs. C. Katushka expression after Vegfr3Kat transfection in MEFs and ESCs 
showed cell type specifity. Data represented as mean ± SEM (n=3). * p ≤ 0,05, ** p ≤ 0,01, *** p ≤ 0,001. 
D. Confocal microscopy images from Vegfr3Kat-LECs, Vegfr3Kat-MEFs and Vegfr3Kat-ESCs. Scale bar = 50 
μm. 
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We further characterized the new reporter Vegfr3Kat-LECs generated in order to verify that after 
introducing the BAC.Vegfr3Kat reporter they retained LEC identity. 

Similar assays to the ones described previously for the parental imLECs were done using parental 
imLEC cells at passage p31 as control. We first performed WB to verify that Vegfr3 protein levels 
were not modified (Figure 23A). We also checked by RT-qPCR the expression of the most relevant 
lymphatic markers (Figure 23B). We saw that while Vegfr3, Lyve1 and Pdpn mRNA levels were 
maintained, those of Prox1 were significantly reduced, indicating that after additional passaging and 
selection the LEC identity of the reporter cells may be reduced to some extent. It has been previously 
shown that conditional down-regulation of Prox1 in LECs during embryonic, postnatal, or adult 
stages is sufficient to reprogram LECs into BECs (Johnson et al., 2008). Furthermore, Vegfr3Kat-LECs 
maintained their capacity to generate tubes in vitro (Figure 23C) to similar extent as that of the 
parental cells, and no differences were observed in their morphological and spatial parameters with 
or without Vegf-C induction compared to parental cells. 

Figure 23. Vegfr3Kat-LECs phenotype characterization. A. Western blot analysis of Vegfr3 expression 
in imLECs p31 and Vegfr3Kat-LECs. Tubulin levels are shown as a loading control. B. RT-qPCR analysis 
of lymphatic markers (normalized to Rps29 expression) in Vegfr3Kat-LECs compared to imLECs. Data 
represented as mean ± SEM (n=4). C. Tube formation assay with and without Vegf-C (100 ng/ml). 
Quantification of the different parameters (branching index, vessel length and vessel density) was 
performed using AngioTool on three control and Vegf-C treated wells. Data represented as mean ± 
SEM (n=5). * p ≤ 0,05, ** p ≤ 0,01, *** p ≤ 0,001, **** p ≤ 0,0001. Scale bar = 100 μm. 

Since the VegfC/Vegfr3 pathway stimulates LEC migration, we also performed a cell migration assay 
testing the Vegfr3Kat cells in a scratch wound healing assay in vitro with and without Vegf-C. As shown 
in Figure 24A, Vegfr3Kat-LECs migrate at the same rate as the parental imLEC line does in this assay. 
Quantifying the percentage of remaining wound width after 24h we observed that parental cells and 
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Vegfr3Kat-LECs respond in a comparable way to Vegf-C leaving only 20% of the wound open after 24h 
(Figure 24B). This result indicates that the VegfC/Vegfr3 pathway in the reporter cells is functional. 
Vegfr3 activation by Vegf-C leads to phosphorylation of the serine/threonine kinases AKT and ERK, 
which promote LEC proliferation, migration, and survival (Mäkinen et al., 2001). To further confirm 
the capacity of the reporter cells to respond to Vegfr3 stimulation we checked ERK phosphorylation 
in response to Vegf-C in these cells by WB with anti-p42/p44 ERK antibodies. Parental imLECs and 
Vegfr3Kat-LECs were first cultured in starvation conditions (2% of FCS) in NPC for 72 hours and then 
medium was replaced and cells were incubated with and without Vegf-C for 5 minutes to 1 hour. 
Medium containing 15% FCS was used as positive control. 
p44/p42 MAPK phosphorylation is induced between 5 and 10 minutes after Vegf-C or 15%FCS 
stimulation in both parental imLECs and Vegfr3Kat-LECs (Figure 24C) to the same extent. 

Figure 24. Vegfr3Kat-LECs migration capacity and MAPK activation A. Wound healing assay of 
Vegfr3Kat-LECs cultured with or without Vegf-C (100 ng/ml) during 24h. Scale bar = 100 μm. B. Graph 
showing the percentage of wound width after 24h of culture. Wound width at 0h was considered 
100% and 24h values were calculated as percent of the initial scratch. * p ≤ 0,05, ** p ≤ 0,01, *** p ≤ 0,001, 
**** p ≤ 0,0001. C. Western blots of p44/42 MAPK activation in Vegfr3Kat-LECs upon time without 
stimulation, with Vegf-C stimulation and with 15% FCS stimulation. Tubulin levels are shown as a 
loading control. 

After all these analyses, we concluded that we have generated a Vegfr3 expression reporter cell system 
in imLECs that maintains expression and functionality of Vegfr3 and, despite the difference in Prox1 
expression levels, Vegfr3Kat-LECs still retain endothelial identity which makes them suitable to be used 
for Vegfr3 expression activators screening. 
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4. CRISPRa Screening in Vegfr3Kat Cells for Vegfr3 Expression Activators 

4.1. Generation of CRISPRa Libraries in Vegfr3Kat-LECs 

The CRISPRa screening in the newly generated reporter LECs was performed basically as described 
for Vegfr3EGFPluc-ESCs with some variations. 

We first introduced in Vegfr3Kat-LECs the lentiviral constructs expressing the dCas9-VP64 and MS2-
P65-HSF1 and selecting cells resistant to blasticidin and hygromicin. In these cells, Vegfr3Kat-LECs-
dCas9/TA, we first validated the screening set-up by infecting with lentivirus expressing the gVegfr3 
or the empty vector (EV). As expected, expression of gVegfr3 in the reporter LECs efficiently activated 
Vegfr3 and Katushka expression that could be monitored both by FACs and confocal microscopy 
(Figure 25A and B) and verified by WB and RT-qPCR (Figure 25C and D). Quantification of 
fluorescence emission showed a 10-fold increase in mean fluorescence intensity in the gVegfr3 
expressing cells over the ones infected with the EV. 

Figure 25. Vegfr3Kat screening set-up validation. A. Flow cytometry analysis of Katushka fluorescence 
in Vegfr3Kat LECs-dCas9/TA expressing gVegfr3 or EV. Quantification of fluorescence detected by 
FACs analysis (n=3). B. Confocal microscopy of Vegfr3Kat LECs-dCas9/TA expressing gVegfr3 or EV. 
Scale bar = 50 μm. C. WB with anti-Vegfr3 and anti-Katushka antibodies. Tubulin levels are shown as 
a loading control. D. Vegfr3 mRNA levels evaluated by RT-qPCR (normalized to Rps29 expression) in 
Vegfr3Kat-LECs-dCas9/TA expressing gVegfr3 or EV. Data represented as mean ± SEM (n=3). * p ≤ 0,05, 
** p ≤ 0,01, *** p ≤ 0,001, **** p ≤ 0,0001. 

These results showed that Vegfr3 transcription activation in Vegfr3Kat-LECs-dCas9/TA could be 
efficiently detected by flow cytometry of Katushka fluorescence induction. In this case, direct Vegfr3 
promoter activation mediated by the CRISPR gRNA/dCas9-TA complex targeting Vegfr3 promoter 
induced a > ten-fold increase in Katushka fluorescence. Since this would be expected to be the 
maximum fluorescence induction observed, it provides a wide window of induction that can be 
detected in the screening (>1x and <10x). 
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4.2. Screening Strategy and gRNA Validation 

The screening strategy used is the one previously described for ESCs (See Results: Section 2.3. 
Screening and gRNA Selection). Since it is important to maintain a > 500 cells per gRNA coverage, 
30x 106 Vegfr3Kat-LECs-dCas9/TA cells were infected with the lentiviral gRNA library at a MOI of 0.3 
lentivirus/cell. For this screening, to reduce the risk of losing gRNA representation or biasing the 
screening results, we increased the coverage from 50x to 200x cells per gRNA in each library aliquot 
so that each one of them contained 12 x 106 cells of pooled puromycin resistant colonies. Four aliquots 
were processed individually by flow cytometry and Katushka+ cells with fluorescene emission higher 
than cells transfected with the empty vector were isolated by cell sorting. Three consecutive rounds 
of cell sorting were performed to obtain a highly enriched population of high Katushka expressing 
cells (Figure 26). 

Figure 26. Screening strategy. Cell sorting of high Katushka+ expressing cells from the Vegfr3Kat-LEC 
dCas9/TA gRNA library aliquot 2.2. S1 was performed from 12 x 106 cells and the selected population 
was expanded and subjected to two more rounds of cell sorting. The percentage of Katushka 
overexpressing cells after each sorter is shown. Histograms also show a population shift to the right 
in S3 similar to the gVegfr3 distribution. Cells expressing the gVegfr3 and EV were used in each sorter 
as positive and negative control respectively. 

At the end of the screen, to identify candidate genes, bulk genomic DNA was harvested, and NGS 
was used to compare number of reads in each sorted library aliquot and in the control population 
(not sored). In collaboration with the CNIO Bioinformatics Unit, this time we analyzed NGS results 
with a new computational analysis using MAGeCKFlute (Wang et al., 2019). 
MAGeCKFlute is a comprehensive CRISPR screen analysis pipeline that applies either MAGeCK or 
MAGeCK-VISPR (used previously in ES cells) to identify gene hits but also performs downstream 
functional analysis using FluteRRA or FluteMLE (See Materials & Methods PartI: Section 5.6. Library 
Screening Analysis). The advantage of this new analysis system over the one performed in ESCs 
(MAGeCK-VISPR) is that MAGeCKFlute, apart from the functions for analyzing CRISPR screen data 
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as read mapping, normalization, quality control (QC), hit identification and functional analysis it can 
be applied to remove batch effects and correct copy-number bias to obtain more accurate results. 
Furthermore, after QC, MAGeCKFlute identified differences between control and sorted samples and 
generated scatter and ranking plots. 
Figure 27 shows the results of the QC analysis of the screening in the reporter Vegfr3Kat dCas9/TA 
LECs performed by MAGeCKFlute including: the percentage of reads mapped, the read count 
correlation between samples, the Gini index, and the number of gRNAs to which zero reads are 
mapped. 

A high mapping rate (> 65%) in this screening suggests success in sample preparation and sequencing 
(Figure 27A). A low number of missing gRNAs, < 1% of total gRNAs or 692 gRNAs (Log10 of 692=2.8) 
is an indicator of good library representation. In our screening, the gRNA plasmid library has a log 
of around 3, however, the two control replicates before sorting have a higher number of missing 
gRNAs (log around 4) which represents approximately a 14% of gRNAs missing and it is the same % 
in both aliquots. Finally, we expect a high number of missing gRNAs in sorted samples (Figure 27D). 
Furthermore, in sorted samples, we also obtain a high Gini index, suggesting that the gRNA read 
count is distributed heterogeneously across the target genes. This is normal for later time points in 
positive selection experiments since few gRNAs with high counts could dominate the final pool 
(Figure 27B and C). On the contrary, plasmid library should have a low Gini Index (< 0.2) to consider 
that the gRNA read count is homogenous across the target genes (Wang et al., 2019) and a high 
distribution of gRNAs (Figure 27B and C). Although the plasmid gRNA library fulfills this criterion 
the control samples have a Gini index of around 0.35 before cell sorting. 

From this analysis we conclude that although we have amplified a proviral DNA library that has all 
the requirements to perform genetic screenings, when Vegfr3Kat-LECs are infected with this library, 
the distribution of the library changes, already losing some gRNAs (approximately 14%) so that the 
representation in each of the aliquots before cell sorting is not completely homogeneous for all the 
gRNAs in the library (Gini index > 0.2). In addition, the fact of being a screening based on FACs 
analysis increases the variability when selecting the Katushka+ population, especially since in the first 
round of sorting this population represents a very small percentage of the total cell population and 
therefore the Pearson coefficient between different sorted aliquots is between 0.3 and 0.53 instead of 
> 0.8 (Figure 27E). Nevertheless, Pearson coefficient was 0.94 for the two control unsorted library 
replicates in LECs which indicates a good correlation index for our cell library aliquots. Although 
this analysis indicated that the overall quality of the screening was not optimal for some of the 
parameters analyzed, considering the limitations of this type of screening, we continued with the 
analysis of the most represented gRNAs in the four sorted aliquots compared to the controls. 

Finally, as cells exposed to different conditions may have different proliferation rates it is important 
to normalize the data with a list of essential genes that authors provide, assuming that they are 
equally negatively selected between two samples, even if the two samples have a different baseline 
proliferation rate. With this normalization we obtained a mean close to 0 as recommended (Figure 
27F) which makes the beta scores comparable between control and sorted samples. 
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Figure 27. Quality control assessment of data. Samples represent three conditions: Proviral DNA 
(initial time point of the CRISPR library amplification), Control (two aliquots of Vegfr3Kat-LECs 
dCas9/TA gRNA library without sorting) and Sorted (four aliquots of Vegfr3Kat-LECs dCas9/TA gRNA 
library after three rounds of cell sorting). A. Read counts and % of unmapped reads are shown for 
each sample. Unmapped percentage should be < 35%. B. Number of gRNAs obtained in each sample. 
Mouse SAM-3 contained 69,225 different gRNAs. C. Gini Index which measures inequality between 
read counts. It should be < 0.2 for plasmid or control (unsorted) samples. D. Number of missed gRNAs 
in each sample. It should be < 1% of total gRNAs (<692 gRNAs missing) for plasmid or control 
samples. 1% of total gRNAs = 692 gRNAs. Log10 of 692=2.8. E. Pairwise sample correlations between 
normalized log10 read counts. Pearson correlation coefficient should be > 0.8 for replicates. F. Beta 
score distribution after normalization. The black dashed line indicates the mean of the simulated 
normal distribution. After a correct normalization, the mean of the beta score should be close to zero. 
Control (Orange); Sorted (Blue). 
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After performing this normalization, the next step is to identify differential hits between the two 
conditions (control vs sorted) by subtracting their beta scores. With that, we found 11,049 enriched 
genes (group A, pink dots) and 9,062 under-represented genes (group B, blue dots) in the selected 
cell population after cell sorting (treatment) as compared with the control (non-sorted) (Figure 28). 

Figure 28. Enrichment analysis results in Vegfr3Kat-LECs. A. Scatter plot of treatment and control β scores 
in Vegfr3Kat-LECs analysis. The β scores were normalized using the median of the β scores of the core 
essential genes provided by the authors (Wang et al., 2019). The two diagonal lines indicate ±1 s.d. of the 
difference between treatment and control β scores. Pink dots (group A) represent genes whose β score 
increase after treatment. Blue dots (group B) represent genes whose β score decrease after treatment. Beta 
score tries to describe the selection process similarly to a log fold-change: a positive beta score indicates 
positive selection and a negative beta score, negative selection (W. Li et al., 2015). 

MAGeCKFlute categorizes the differences between control and sorted samples into five groups: 
Topcenter (genes that are weakly selected in control samples and strongly positively selected in 
sorted samples), Midleft (genes strongly negatively selected in control samples and weakly selected 
(either positively or negatively) in sorted samples), Bottomcenter (genes weakly selected in control 
samples and strongly negatively selected in sorted samples), Midright (strongly positively selected 
in the control sample and weakly selected in sorted samples) and None (genes that do not fit in any 
of the above groups) (Wang et al., 2019). 
As we are interested in those genes strongly enriched in sorted samples, we filter the 11,049 enriched 
genes by those genes that belonged to the Topcenter group. With that, we obtained 73 genes 
potentially related to Vegfr3 transcription activation (Annex Table 5). To start with the validations, 
we sorted the genes based on the largest absolute value of the differential β score between control 
and sorted samples, and we focused on the first 10 genes (ranked from 1-10). Based on their properties 
and/or described functions we initially decided to start validating two of them: 3-Galnt1 and Wnt5a. 

gRNAs for the two target hits were then expressed individually in Vegfr3Kat-LECs-dCas9/TA for 
validation. We observed that expression of the two gRNAs resulted in the appearance of a small 
percentage of cells with Katushka fluorescence levels above all the population of the control cells: 
2.6% (g 3-Galnt1) and 3.2% (gWnt5a) (Figure 29A). We also observed a clear shift of the mean 
fluorescence peak in the population expressing each one the gRNAs compared to cells expressing the 
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empty vector (Figure 29B) and an increase in the mean fluorescence value from 0.18% to 18.5% and 
21.4% for 3-Galnt1 and Wnt5a respectively. 

Figure 29. gRNAs validation in Vegfr3Kat-LECs. A. FACs analysis of Vegfr3Kat-dCAs9/TA LECs 
expressing the gRNAs targeted to the selected genes: 3-Galnt1 and Wnt5a. B. Histogram of the 
analysis by FACs showed a distribution of the population shifted to the right indicating higher mean 
fluorescence level in Vegfr3Kat-LECs expressing 3-Galnt1 and Wnt5a gRNAs compared to cells 
containing the empty vector. Vegfr3 gRNA was used in the analysis as positive control. Empty vector 
(EV) was used as a negative control. 

Furthermore, these results correlated with an increase in Vegfr3 mRNA expression by RT-qPCR 
(Figure 30A). Vegfr3 protein levels also increased by expression of the two gRNAs, however Wnt5a 
gRNA generates a higher induction, increasing 4 times the amount of Vegfr3 protein levels (Figure 
30B) compared to control cells. 

Figure 30. Enrichment analysis validation in Vegfr3Kat-LECs. A. Vegfr3 mRNA levels evaluated by 
RT-qPCR (normalized to Rps29 expression) in Vegfr3Kat-LECs expressing the library empty vector (EV) 
and Wnt5a and 3-Galnt1 gRNAs respectively. Data represented as mean ± SEM (n=4). * p ≤ 0,05, ** p 
≤ 0,01, *** p ≤ 0,001, **** p ≤ 0,0001. B. Vegfr3 protein levels from whole extracts of Vegfr3Kat-LECs 
expressing EV -or Wnt5a and 3-Galnt1 gRNAs. Tubulin levels are shown as a loading control. 
Relative protein levels are shown over the EV control after normalization. 
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In summary, we have identified two genes that upon transcription activation by the dCas9/TA-gRNA 
complex, in turn may induce overexpression of Vegfr3 in LECs. Still, these results require further 
confirmation and a better and extensive analysis to elucidate the possible molecular mechanisms that 
lead to Vegfr3 induction. Furthermore, other enriched genes identified in this screening may also be 
related to Vegfr3 expression control, and therefore, it is important to continue validating other 
gRNAs. Moreover, although the focus of this work was identifying activators of Vegfr3 expression, 
the analysis of genes that are negatively selected in this screening may provide insight into molecular 
mechanisms that repress Vegfr3 expression and lymphangiogenesis. 
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Part II: Generation and Characterization of Two New Murine Models for the Study of 
Vegfr3 Expression and Regulation 

The second part of this work focus on the generation of two new mouse models that will contribute 
to the understanding of Vegfr3 expression, regulation, and function in the control of lymphatic vessel 
development, and lymphangiogenesis. 
The first one of these models is designed for imaging lymphatic vessels at the cellular level using a 
Vegfr3 promoter driven Katushka, a powerful fluorescent reporter for tissue imaging. The second 
model is a conditional overexpression model for Vegfr3. This model makes it possible to increase 
Vegfr3 expression specifically in those cells that normally express endogenous Vegfr3, mainly 
lymphatic endothelial cells (LECs), thus mimicking the upregulation of Vegfr3 expression associated 
to de novo lymphangiogenesis induced by processes such as inflammation or tumor-derived 
molecular signals. This model will help to understand the impact of Vegfr3 upregulation, without 
additional alterations, in the development, maturation and homeostasis of lymphatic vessels as well 
as to gain insight into the potential therapeutical applications of modulating Vegfr3 signaling in vivo. 

1. Vegfr3Kat Reporter Model 

Our lab has previously generated the Vegfr3EGFPluc reporter mouse model for in vivo imaging of 
lymphangiogenesis (Martínez-Corral et al., 2012) described in Results PartI: Section 1. Vegfr3EGFPluc 

Embryonic Stem Cells Establishment. In this knockin model, the endogenous Vegfr3 promoter drives 
expression of an EGFP-Luciferase fusion protein. Although this model has proven to be a valuable 
tool for in vivo imaging of lymphangiogenesis by monitoring Luciferase bioluminescence, the EGFP 
signal emitted by this reporter is relatively low. Although EGFP can be detected in lymphatic vessels 
at early stages of embryonic development, in the postnatal period and particularly in the adult vessels 
where Vegfr3 expression is downregulated, the EGFP signal is low preventing detection of lymphatic 
vessels at the cellular level. 
As described in the first part of the Results, Section 3.2. Vegfr3Kat-LECs Generation, in order to 
establish a Vegfr3 expression reporter system in imLECs we generated the BAC.Vegfr3Kat construct 
that expresses Katushka fluorescent protein under the control of the Vegfr3 transcription regulatory 
elements. We verified that this reporter BAC recapitulates endogenous Vegfr3 expression in imLECs 
and we did not detect Katushka expression in cells that are not from endothelial origin such as ESCs 
or MEFs. Based on this, we decided to use this construct to generate a BAC-transgenic mouse model 
to detect lymphatic vessels in vivo by monitoring Katushka expression and fluorescence emission at 
the cellular level more efficiently than in the previously generated Vegfr3EGFPluc reporter model. 

1.1. Generation of Tg.Vegfr3Kat(BAC) Mice 

The linearized BAC DNA was microinjected in the pronucleus of zygotes harvested from 
superovulated B6.CBA females, mated with C57BL6 males, the day in which the vaginal plug was 
observed (E0.5) (see Materials & Methods PartII: Section 1.1. BAC Microinjection). Four independent 
microinjection sessions were performed, and the global data are summarised in Table 14. 
To identify potential founders, a PCR was designed to detect Katushka in genomic DNA extracted 
from the ear punches applied for animal identification when the pups were weaned (3-4 weeks after 
birth). We also designed specific primers into the BAC backbone to verify its complete integration 
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(Figure 31B). Two out of the 83 pups analysed were positive for Katushka (number 27 and 34) (Figure 
31A). Of those, #27 did not transmit the BAC transgene to the progeny. Finally, the line was 
established from founder Tg [Vegfr3Kat].34, and will be called from now on Tg.Vegfr3Kat. 

Table 14. Summary of the four independent BAC microinjection sessions. 

Zygote 
Zygotes Zygotes Recipient Pups Positive Construct Concentration genetic 
injected transferred females born pups 

background 
BAC [RP23-

1 ng/ l B6.CBAxB6 270 213 15 (0.5) 83 473C7-Vegfr3Kat] 

Figure 31. Identification of Tg.Vegfr3Kat positive founders. A. PCR amplification of a 202 bp 
Katushka fragment from genomic DNA using primers described in Table 8 Materials & Methods of 
pups #27 and #34. B. Specific PCRs designed to test integration of BAC 3´and 5´ ends generated by 
AscI digestion. First image corresponds to the amplification of 342 bp of the BAC backbone with 
primers located in the 5´end, 1752bp after AscI site. Right image is from a PCR designed with primers 
located 3´, 6295 bp after AscI BAC digestion. NC: negative control. 

1.2. Imaging Lymphatics in the Tg.Vegfr3Kat Reporter Mouse During Embryonic Development 

As described in detail in Introduction Section 1.2. Structure and Development of the Lymphatic 
Vascular System, expression of Vegfr3 in the mouse embryo begins to be detected in blood vascular 
system from day E8.5 of development. Later on, at E9.5, groups of cells acquire lymphatic identity 
(LECs) and, in these cells, Vegfr3 signaling promotes cell proliferation and migration (Srinivasan et 
al., 2014). From day E13.5, Vegfr3 is predominantly expressed in lymphatic vessels, being 
downregulated in blood vessels where its expression is practically undetectable from this stage 
onwards except in the tip cells of the blood vessels during angiogenesis (Karpanen & Alitalo, 2008). 
After E14.5, the lymphatic network is established although remodeling and maturation of lymphatic 
vessels continues during a postnatal period of approximately two weeks (González-Loyola & 
Petrova, 2021). 

We monitored some of these early stages of lymphatic development in Tg.Vegfr3Kat reporter mice. 
Direct Katushka fluorescence was first analyzed in whole body embryos (+/T) from E9.5 to E13.5 days 
of development by confocal microscopy (Figure 32). 
At days E9.5 and E10.5, Katushka fluorescence emission is detected trough the dorsal skin of embryos 
in the entire blood vascular network where Vegfr3 is expressed previously to lymphatic vessel 
formation. At E11.5, strong Katushka signaling is detected from lymphatic primordial structures that 
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are not interconnected yet and are probably part of the primordial lymph sacs, while signal coming 
from the vascular network decreases. At day E13.5, a lymphatic plexus is already established where 
connections are observed between Katushka positive vessels, with intense Katushka fluorescence 
signal. 

Figure 32. Analysis of Katushka expression in Tg.Vegfr3Kat embryos at different stages of 
development. Confocal images of direct fluorescence emission in whole embryos between days E9.5 
and E13.5 of development. Arrows show structures with higher fluorescence emission that likely 
correspond to lymphatic primordia (E10.5-E11.5) and lymphatic vessels (E13.5). Maximum 
projections of captured Z-stacks are shown. Scale bar= 100 μm. 

Next, we checked the colocalization of endogenous Vegfr3 and Katushka expression from the 
Tg.Vegfr3Kat reporter. We performed immunofluorescence (IF) of Vegfr3 and Katushka in whole 
mount E9.5 and E14.5 embryos (+/T). As observed in Figure 33, there is virtually a 100% overlap 
between Vegfr3 and Katushka signals at both stages of development, corresponding to labelling of 
blood and lymphatic vessels, respectively. 

Figure 33. Colocalization of Vegfr3 and Katushka expression in Tg.Vegfr3Kat embryos. Confocal 
images of immunofluorescence detection of Vegfr3 (green) and Katushka (red) in whole mount 
Tg.Vegfr3Kat embryos at days E9.5 and E14.5 of development. Maximum projections of captured Z-
stacks are shown. Scale bar= 100 μm. 
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Therefore, these results indicate that the expression of Katushka in our reporter model recapitulates 
the expression and regulation of endogenous Vegfr3 during lymphatic development and that it is 
possible to monitor the embryonic development of the lymphatic system by direct monitoring of 
Katushka fluorescence emission in the generated Tg.Vegfr3Kat mouse model. 

We also monitored development of lymphatic vessels in the dorsal skin of Tg.Vegfr3Kat embryos at 
later stages (E14.5) when the lymphatic vascular network is being formed by sprouting from pre-
existing lymphatic vessels. It is known that LECs begin to invade the anterior dorsal skin by 
embryonic day E12.5, forming a stereotypical network of lymphatic vessels that reach the dorsal 
midline by E15.5-E16 (James et al., 2013). Immunofluorescence of the back skin of E14.5 Tg.Vegfr3Kat 

(+/T) embryos shows that Katushka positive vessels maintain their capacity to migrate within the 
sprouts of the dorsal midline area (Figure 34). By E14.5, the lymphatic network covers most of the 
dorsal skin, although migratory LECs have not yet reached the dorsal midline. The dermal 
lymphatics along the migratory front are actively moving towards the dorsal midline via LEC 
migration and sprouting lymphangiogenesis, reflecting a dynamic stage in lymphatic network 
patterning. We also confirm that there is no overlap between Katushka and Pecam1 staining, which 
demonstrates that Vegfr3 expression and therefore Katushka expression from the reporter allele is 
restricted to lymphatic vessels and not detected in blood vessels during development. 

Figure 34. Katushka specific expression in developing lymphatic vessels of the dorsal skin at E14.5. 
Confocal images of double Katushka (red) and Pecam1 (blue) immunofluorescence of whole mounts 
of dorsal skin from Tg.Vegfr3Kat embryos at E14.5. The Tg.Vegfr3Kat model recapitulates the expression 
of Vegfr3 during embryonic lymphatic vessel sprouting and lymphangiogenesis. Katushka expression 
is found where there is lymphatic sprouting towards the dorsal midline. Right panel shows a zoom 
of selected areas in white rectangles. Maximum projections of captured Z-stacks are shown. Scale bar= 
200 μm. 

99  



RESULTS 

1.3. Tg.Vegfr3Kat Postnatal Characterization 

As previously described, Vegfr3 is required for the survival, maturation, and remodeling of lymphatic 
vessels during embryonic development and up to a postnatal period of approximately three weeks, 
after which lymphatic vessels become independent of Vegfr3 signaling and concomitantly the 
expression of the receptor is downregulated in LECs (Karpanen & Mäkinen, 2006; Mäkinen et al., 
2001; Martínez-Corral et al., 2012). 

In order to monitor Katushka expression from the Tg.Vegfr3Kat reporter in postnatal development, we 
first analyzed the lymphatic vasculature on the dorsal skin of the ear at postnatal days P15 and P21. 
The lymphatic vasculature in the ear is formed by vessel sprouting between postnatal days P4 and 
P12. In this window of time a primary plexus is formed that is subsequently remodeled into a vascular 
network of blind-ended capillaries and valve-containing collector vessels between postnatal days P12 
and P21 (Lutter et al., 2012; Niessen et al., 2011). 

First, as expected, Katushka and Vegfr3 colocalize in lymphatic vessels, in the dorsal skin of the ear 
at P21 (Figure 35). 

Figure 35. Colocalization of Vegfr3 and Katushka staining in lymphatic vessels of the ear skin of 
Tg.Vegfr3Kat mice. Whole mount immunofluorescence of ear skin at day P21. Katushka expression 
recapitulates Vegfr3 expression during lymphatic remodeling. White arrows point to colocalization of 
Katushka and Vegfr3. Blue arrows point to vessels that are mostly stained by Katushka but not by 
Vegfr3 antibodies that may reflect higher cellular levels of Katushka than of Vegfr3 and/or different 
sensitivity of the antibodies. Maximum projections of captured Z-stacks are shown. Scale bar= 200 
μm. 

We next looked at the expression of Katushka both in blood endothelial cells (Pecam1+) and lymphatic 
endothelial cells (Lyve1+) respectively during ear dorsal skin lymphatics development at postnatal 
days P15 and P21 (Figure 36). We observed virtually almost 100% co-localization of Katushka and 
Lyve1 in blind ended lymphatic capillaries at both stages (white arrows), while collector vessels are 
mostly negative for Lyve1 and positive for Katushka (blue arrows). We also observed that most of 
the blood vessels, positive for Pecam1 (arrowheads) did not express Katushka at detectable levels 
validating that Tg.Vegfr3Kat model is specific for lymphatic endothelial cells. 
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Figure 36. Expression of Katushka in lymphatic and blood vessels of the postnatal ear skin. Whole 
mount immunofluorescence of ear skin at P15 and P21. Katushka (red), Lyve1 (green) and Pecam1 
(blue). Arrowheads indicate Pecam1+/Kat- blood vessels. White arrows point to colocalization of 
Lyve1 and Katushka in lymphatic capillaries. Blue arrows point to Lyve1-, Katushka+ lymphatic 
collector vessels. Maximum projections of captured Z-stacks are shown. Scale bar= 200 μm. 

The formation of the pleural lymphatic vessel network in the mouse diaphragm is another of the most 
widely used systems to study physiological lymphangiogenesis. The diaphragm has a unique vessel 
system that collects fluid from the peritoneal and pleural spaces in addition to absorbing interstitial 
fluid from the diaphragm skeletal muscle and carries it into the systemic lymphatic system. Its 
translucent and thin structure makes it suitable for imaging and can be used in whole mount 
preparations, what makes it easier to visualize and quantify lymphatic vessel sprouting. 
Nevertheless, the understanding of the morphology and function of this system is still incomplete 
due in part to technical challenges and has been largely limited to the pleural side of the lymphatic 
plexus. We were interested in exploring the potential of our Tg.Vegfr3Kat reporter model for imaging 
and studying the lymphatic vascular network of the diaphragm. 
Although lymphatics are detected in the subpleural space of the diaphragm periphery during 
embryogenesis (E16.0) the primary lymphatic plexus of the diaphragm is formed mostly postnatally 
in the mouse (Ochsenbein et al., 2016). 

During postnatal development, lymphatics (Lyve1+; Katushka+) on the muscular region of the 
diaphragm extend radially from the muscular thoracic wall to the central tendon, running parallel to 
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each other and to the muscular fibers, with multiple interconnections, thus creating a lattice-like (saw-
toothed) network called lacunae (Figure 37, superior panel). Subsequently they extend in the 
periphery of the central tendon, near blood vessels, from which they bud and expand forming a 
lymphatic vessel network that co-expresses Prox1 and Vegfr3/Katushka (Figure 37, middle panel). 
Lymphangiogenic growth of this network is highly dependent on Vegfr3 signaling (Ochsenbein et al., 
2016). The lower panel shows co-staining of Vegfr3 and Katushka of this expanding lymphatic 
network in the central tendon area. Sprouting, induced by Vegfr3 signaling, is indicated by arrows 
(Figure 37, inferior panel). 

Figure 37. Diaphragm lymphatic vessels in Tg.Vegfr3Katmice at postnatal day P15. Confocal images 
of whole mount IF of Katushka, Lyve1, Prox1 and Vegfr3 in the diaphragm. Upper panel: Lacunae 
lymphatics stained with Katushka and Lyve1. Middle panel: co- localization of Katushka and Prox1 
in lymphatic vessels in the periphery of the central tendon. Lower panel: colocalization of Vegfr3 and 
Katushka in newly formed lymphatic capillaries in the central tendon area. Arrows point to sprouting 
areas. Maximum projections of captured Z-stacks are shown. Scale bar= 200 μm. 

Co-staining of Katushka, Lyve1 and the blood vascular marker Pecam1 (Figure 38) allows a more 
detailed visualization of blood and lymphatic vessel disposition surrounding the central tendon area. 
At P15, Katushka is also detected in blood capillaries of the diaphragm that express Pecam1 but are 
negative for Lyve1 (Figure 38 upper panels, arrows). As development progresses from postnatal day 
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P15 to P21, Vegfr3 driven lymphangiogenesis and remodelling takes place, and the lymphatic 
network expands from pre-existing vessels forming a more intricate network that leads to the 
collecting lymphatics located on the periphery of the muscular portion. 

Figure 38. Development of the lymphatic vasculature in the central tendon area of the diaphragm 
in Tg.Vegfr3Katmice. Confocal images of whole mount immunofluorescence of Tg.Vegfr3Kat diaphragm 
at postnatal days P15 and P21. Blood and lymphatic vessels are distinguished by Pecam1 and Lyve1 
staining respectively. Arrows indicate Katushka+ blood capillaries. CT: central tendon; M: muscle. 
Maximum projections of captured Z-stacks are shown. Scale bar= 200 μm. 

These results indicate that overall lymphatic vascular development takes place normally in the 
diaphragm of our reporter mouse model and that detection of Katushka from the Tg.Vegfr3Kat reporter 
provides a new tool for lymphatics imaging in this organ. The study of postnatal diaphragm in 
Tg.Vegfr3Kat model provides a suitable study of physiological lymphangiogenic growth and 
maturation and could be a good tool for the identification of new modulators of lymphatic vessel 
growth in this and other organs. Furthermore, Tg.Vegfr3Kat reporter model can be useful to clarify the 
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relationship between structural and functional changes in diaphragmatic lymphatic vessels and 
peritoneal diseases. 

1.4. Detection of Katushka Expression by Immunohistochemistry in Paraffin Tissue Sections 

Unlike ear skin and diaphragm, whole mount analysis of the lymphatic vasculature in other organs 
such as liver, lung, intestine, brain etc. is technically challenging and lymphatics visualization relies 
mostly on IHC staining techniques of tissue sections. IHC staining is very much dependent on the 
quality and availability of antibodies for lymphatic endothelial markers. In the case of Vegfr3, few 
antibodies provide a robust staining of lymphatic endothelial cells in paraffin mouse tissue sections. 
Moreover, cross-reaction of the antibodies with other vascular endothelial receptors or other tyrosine 
kinase receptors may lead to false positive results. Since good Katushka antibodies are commercially 
available, Katushka IHC from the Tg.Vegfr3Kat reporter mice provides an alternative for the detection 
of Vegfr3 expression in paraffin embedded tissues and organs. 

As shown in Figure 39, Katushka immunostaining labels lymphatic vessels and other structures that 
normally express Vegfr3, such as Kupffer cells in the liver (white arrows), in tissue sections from all 
organs examined with no background signal detected in WT mice demonstrating one more 
application of the Tg.Vegfr3Kat reporter model. 

1.5. In vivo Imaging of Lymphangiogenesis in the Vegfr3Kat Model 

Inflammation and lymphangiogenesis are closely related processes (Kerjaschki, 2005; Kim et al., 
2014). Tissue inflammation is a natural defense mechanism. Acute inflammation takes place in 
response to different types of tissue injury such as pathogen invasion, mechanical injury, or 
transplantation, while chronic inflammation is normally associated to diseases such as psoriasis, or 
arthritis (Kim et al., 2014). Inflammatory cells, including macrophages, are recruited to the site of 
injury and secrete growth factors and cytokines that stimulate angiogenesis and lymphangiogenesis. 
Newly formed lymphatic vessels contribute to clear pathogens and drain the excess of accumulated 
fluid. Lymphangiogensis in the context of acute inflammation is normally a transitory process that 
reverts once the injury has been cleared or repaired with concomitant regression of lymphatic vessels. 

The topical administration of oxazolone is used as a model of acute skin inflammation. Oxazolone 
induces a process of contact hypersensitivity that takes place in two phases. In the sensitization phase, 
the cutaneous application of the chemical agent results in the activation and proliferation of 
lymphocytes. The second phase, occurs after a second application of the chemical agent to a pre-
sensitized individual, and produces a local inflammatory reaction with infiltration of T lymphocytes, 
neutrophils, and macrophages (N. Zhang et al., 2004). 

We have previously shown, in the Vegfr3EGFPluc reporter model, that topical administration of 
oxazolone in the skin induces an increase in Vegfr3 expression and lymphangiogenesis that peaks 
after 2 days and can be imaged in vivo by luciferase bioluminescence detection at the site of 
application (Martínez-Corral et al., 2012). However, increase in EGFP fluorescence could not be 
detected in vivo in this model. 

To analyze whether inflammation-associated lymphangiogenesis induced by oxazolone can be 
detected by in vivo imaging of Katushka direct fluorescence, a group of seven six-week-old 
Tg.Vegfr3Kat animals, were pre-sensitized by application of oxazolone (OXA) 2% in the abdomen. 
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RESULTS 

After six days, the same animals were topically administered 1% OXA in the left ear in a single dose. 
The right ear of each mouse was treated only with vehicle (acetone/oil 4:1) and was used as a negative 
control (full protocol is described in Materials & Methods PartII: Section 1.3. Contact Hypersensitivity 
Assay). 

Fluorescence emission in the treated and control ears was monitored in an IVIS spectrum once a day 
after OXA administration (Figure 40A). We observed that in the treated ear there is an increase in 
fluorescence emission, compared to the control ear, which peaks 2-3 days after treatment and that 
correlates with an increase in the inflammatory response measured by the thickening of the ear 
(Figure 40B) which is reduced after 7 days. 

Figure 40. In vivo imaging of inflammation-induced lymphangiogenesis in the Tg.Vegfr3Kat model. 
A. Representative images of in vivo Katushka fluorescence detection (IVIS spectrum) of the ears of a 
Tg.Vegfr3Kat mouse at the indicated times after OXA administration. Left ear (L) was treated with OXA, 
while right ear (R) was treated with vehicle. B. Thickness (mm) of OXA and vehicle treated ears at 
different time points after OXA administration. Data are represented as mean ± SD (n=7). 

Vegfr3 and Katushka immunofluorescence of the dorsal skin of the OXA- and vehicle treated-
ears at day three reveals an induction of Vegfr3 and Katushka expression as well as thickening 
of lymphatic vessels in the OXA treated ears that make them more easily detectable (Figure 41). 

Furthermore, quantification of lymphatic vessel density in paraffin sections of the treated ears at days 
0, 2, 3 and 4 after treatment stained with the anti- Katushka antibody reveals a 2-fold increase in the 
density of lymphatic vessels in OXA-treated ears (24-28 lymphatic vessels / 20X field), compared to 
the control (vehicle-treated) (13-17 lymphatic vessels / 20X field) (Figure 42B). In addition, the ear 
treated with OXA at day 4 shows thickening because of the inflammatory infiltrate and the presence 
of dilated vessels (Figure 42A). 

106  



RESULTS 

Figure 41. Whole mount IF staining of Vegfr3 and Katushka in the ear skin at day 3 after OXA 
administration. Lymphatic vessels are more easily detected by Vegfr3 or Katushka staining in OXA 
treated ears than in the corresponding control ones treated with vehicle. Maximum projections of 
captured Z-stacks are shown. Scale bar = 200 μm. 

Figure 42. Increase in lymphatic vessel density in OXA-treated ears. A. Katushka IHC of OXA- and 
vehicle-treated ear sections. Arrows point to Katushka+ lymphatic vessels. OXA treated ear section is 
thicker than the control one due to the inflammatory infiltrate and edema. The presence of dilated 
lymphatic vessels is also observed compared to the ear treated only with vehicle. Scale bar = 50μm B. 
Quantification of the lymphatic vessel density (number of Kat+ lymphatic vessels / 20x field) in control 
and OXA-treated ears (n=4). The result is shown as mean ± SEM. 

Altogether these results support the close relationship between inflammation and 
lymphangiogenesis and the use of the Tg.Vegfr3Kat reporter model to monitor these processes by non-
invasive in vivo imaging. They also open the possibility of using Tg.Vegfr3Kat model to test treatments 
to modulate inflammation. Moreover, the model can be used as an in vivo reporter of other processes 
such as tumor lymphangiogenesis or inflammatory disease-associated lymphangiogenesis such as 
psoriasis, arthritis, and others. 

2. Conditional Gain of Function Mouse Model for Vegfr3: tetO-Vegfr3 

Vegfr3 expression control and the consequences of its sustained upregulation in vivo, in development, 
maturation, and homeostasis of lymphatic vessels in different contexts has not been sufficiently 
explored. All the Vegf-C/Vegfr3 signaling gain of function models developed so far are based on 
upregulation of the ligand Vegf-C. Activation of this axis through ligand overexpression induces 
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lymphangiogenesis (Enholm et al., 2001), lymphatic hyperplasia (Jeltsch et al., 1997; Lohela et al., 
2008), and/or increased lymph node metastasis in several tumor models (He et al., 2005; Hirakawa et 
al., 2007; Mandriota et al., 2001). However, new functions of Vegfr3 that are independent of Vegf-C 
receptor activation are starting to emerge. Moreover, Vegfr3 levels are not constant during 
development in blood and lymphatic endothelial cells. How the expression of Vegfr3 is regulated and 
what are the consequences of alterations in this regulation are still not fully understood. For instance, 
unexpectedly, mosaic deletion of Vegfr3 in dermal lymphatics leads to lymphatic hyperplasia by 
hyperproliferation and exacerbated branching of remaining Vegfr3 expressing LECs, although the 
underlying molecular mechanism is not clear yet (Zhang et al., 2018). 
To better understand the effects of a transient overexpression of Vegfr3 specifically in the cells in 
which it is physiologically expressed during development and associated with pathological 
processes, we have developed a unique model that allows for the spatial and temporal regulation of 
Vegfr3 expression in vivo by combining a Cre recombinase transgenic line already established with 
the rtTA-tet-O system (Belteki et al., 2005). 

2.1. tetO-Vegfr3 Mouse Model Generation 

To generate an inducible gain of function model of Vegfr3 we have used the KH2 ESC system 
previously described in Materials & Methods PartII: Section 2.1. Generation of the Col1A1tetO-Vegfr3 

Knockin Allele. KH2 cells have been genetically modified twice. First, a defective hygromycin 
resistance cassette, lacking a promoter and an ATG codon and containing an frt site (recombination 
site) in the 5’ coding sequence is targeted, by Flp-mediated recombination, 500 bp downstream of the 
Col1A1 locus, after this gene polyA sequence. Second, an M2rtTA transactivator is knocked into the 
Rosa26 locus so that rtTA expression is driven by the Rosa26 endogenous promoter (Beard et al., 2006). 

The full-length mouse Vegfr3 cDNA (4,135 bp), followed by a Flag-tag sequence to facilitate detection, 
was cloned into the unique EcoRI site of the pBS31 vector, immediately after a tetracycline responsive 
element (tetO) and the minimal promoter of cytomegalovirus (CMV) (see Materials and Methods, 
PartII: 2.1. Generation of the Col1A1tetO-Vegfr3 Knockin Allele). This circular construct (10 μg) was then 
co-electroporated with 30 μg of a Flp recombinase expressing plasmid (pCAG-Flp) in KH2 ESCs. 
Expression of the Flp recombinase mediates the intermolecular recombination between frt sites 
present in the plasmid and the modified Col1A1 locus of the KH2 ESCs, leading to the targeted 
integration of the pBS31-Vegfr3-Flag vector downstream of the Col1A1 gene, therefore not interfering 
with Col1A1 expression. Flp-mediated integration of the entire pBS31 construct also reconstitutes a 
functional PGK-Hygro cassette so that recombinant clones can be selected in the presence of 
hygromycin. Moreover, the integration of the construct by Flp-mediated recombination also 
introduces a SA-polyA sequence preceding the CMV-tetO promoter, present in the pBS31 vector that 
contributes to interfere with potential transcription activating signals from the Col1A1 locus (Figure 
43A). 
Two days after electroporation, hygromycin selection (200 μg/ml) was started and after ten days we 
obtained 11 hygromycin resistant clones. The 11 clones were genotyped by PCR for targeted 
integration of the construct in the Col1A1 locus and for the presence of the Rosa26rtTA targeted allele. 
All the colonies that survived to hygromycin selection, presented the correct genotype (Figure 43B). 
All resistant clones are heterozygous for the two alleles, Col1A1 and Rosa26, thus indicating that the 
construct has been inserted correctly. 
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Figure 43. KH2 ESCs generation. A. Schematic representation of the KH2tetO-Vegfr3 knockin alleles and 
the Dox inducibility of the system. B. PCR screening of the KH2tetO-Vegfr3 hygromycin resistant clones 
to identify Flp-mediated recombinant clones. PCR of both knockin alleles, Rosa26 and Col1A1 were 
designed to have simultaneous amplification of the WT and KI alleles. C. WB analysis of Vegfr3 for 
KH2 (control) and two of the KH2tetO-Vegfr3 ESC clones with and without Dox treatment. Tubulin levels 
are shown as a loading control. 

Two of the resulting KH2tetO-Vegfr3 ESC clones (clones 9 and 11) were treated with Dox (1 g/ml) for 72h 
and cell extracts were analyzed for Vegfr3 expression by WB (Figure 43C). As expected, in the two 
clones, the expression of Vegfr3 increased after adding Dox in the culture medium confirming the 
correct integration of the Vegfr3 cDNA and the inducibility of the system. 

Since Vegfr3 is a transmembrane receptor, we wanted to confirm that upon Dox administration 
overexpressed Vegfr3 localized to the cell membrane in the KH2-ESC positive clones. Clones 9 and 11 
were cultured in the presence or absence of doxycycline for 48h and an IF was performed with an 
anti-Vegfr3 antibody. After Dox treatment, Vegfr3 IF signal is detected in the cell membrane, while 
in the same clones without Dox treatment, Vegfr3 signal cannot be detected (Figure 44A). 

To further characterize Vegfr3 activation in the KH2 clones, MAPK phosphorylation in response to 
VegfC was monitored in KH2tetO-Vegfr3 clone 11. KH2tetO-Vegfr3.11 ESCs were starved by reducing FCS to 
0.5% in the medium and then cultured + or – Dox for 72h in these conditions, after which medium 
was changed and VegfC was added (+ or – Dox, respectively) to activate the VegfC-Vegfr3 signaling 
pathway for 20 minutes MAPK phosphorylation was subsequently analyzed by WB (Figure 44B). 
Medium change (even still with 0.5% FCS) has an effect on MAPK activation in this assay. 
Nevertheless, addition of VegfC further increases MAPK phosphorylation in the presence of Dox, 
although weaker than the activation induced by the addition of 15% FCS. This result indicates that 
VegfC stimulates Vegfr3 activation in the KH2 recombinant clones overexpressing Vegfr3 in a Dox 
dependent manner, confirming the functionality of the receptor. 
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Figure 44. KH2tetO-Vegfr3 characterization. A. IF for Vegfr3 in KH2 and KH2tetO-Vegfr3 clone 9 and 11 after 
72h with or without doxycycline (Dox). Vegfr3 was activated and localized in cell membrane after 
Dox induction. Vegfr3 (red) counterstained with DAPI (blue). Scale bar = 20 μm. B. Western blot of 
p44/42 MAPK activation and Vegfr3 expression in KH2tetO-Vegfr3 clone 11 with and without Dox or 
VegfC. 15% FBS stimulation was used as a positive control. Tubulin levels are shown as a loading 
control. 

These results led us to conclude that the Col1A1tetO-Vegfr3 allele overexpressed a functional Vegfr3 in 
response to Dox in the KH2-recombinant clones. The overexpressed receptor localized in the cellular 
membrane and could be activated by its ligand VegfC. Once the clones were validated in this way, 
we proceeded to generate the tetO-Vegfr3 inducible mice. 

2.2. Generation of Col1A1tetO-Vegfr3 Knockin Mice 

In order to generate Col1A1tetO-Vegfr3 knockin mice, three independent recombinant clones: 9, 11 and 5, 
were microinjected into 8-cell embryos for chimera generation as described in Materials & Methods 
PartII: Section 2.3. Vegfr3tetO-Vegfr3 Mice Generation. Male chimeras with high level of contribution were 
obtained from the three clones (Table 15) and germ line transmission was achieved for the three 
clones. Finally, the line was established from clone KH2tetO-Vegfr3.11. Initially, chimeras derived from 
clone 11 were crossed with C57Bl6-TyrC females to test for germ line transmission by coat color and 
obtaining the N1 generation. From the N1, mice that were negative for the Rosa26rtTA allele were 
selected for subsequent breeding and generation of the strain described in the next section. 

Table 15. KH2tetO-Vegfr3 ESC clones microinjection. Summary of the microinjection sessions to generate 
the Col1A1tetO-Vegfr3 knockin mice. 

Session 
Clone and 

Passage 
Donor 

females 
Embryos 
Injected 

Embryos 
Transferred 

Recipient 
females 

Pregnant 
females 

Pups 
born 

Chimeras 
% 

Pigmentation 

1 

KH2-tetO-
Vegfr3.11 p7 
KH2-tetO-
Vegfr3.9 p8 

4 

3 

27 

32 

26 

30 

2 

2 

2 

2 

3 

10 

1 Male 

1 Male 

100% 

90% 

2 
KH2-tetO-
Vegfr3.5 p5 3 82 81 6 4 8 3 Males 100% 
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2.3. Generation of Vegfr3CreERT2; Rosa26LSL-rtTA; Col1A1tetO-Vegfr3 Triple Knockin Mice 

The final goal was to generate a mouse strain in which Vegfr3 expression could be conditionally 
induced specifically in those cells in which endogenous Vegfr3 is expressed. For that purpose, we 
used a triple allele genetic system that combines the tissue specificity (lymphatic endothelium) of a 
Cre-expressing line with the inducibility of the tetracycline transactivator (rtTA)/tetracycline 
responsive element (tetO)-driven transgene. We crossed Col1A1tetO-Vegfr3 mice with the Rosa26LSLrtTA-IRES-

GFP line (Belteki et al., 2005) and with the Vegfr3CreERT2 knockin strain (Martinez-Corral et al., 2016) to 
generate the triple knockin mice (Figure 45). This triple knockin strain will be called Vegfr3tetO-Vegfr3 

from now on. 

Figure 45. Vegfr3tetO-Vegfr3 mouse generation. A. Schematic representation of the triple knockin system 
for the induction of conditional Vegfr3 overexpression. First, the LEC-specific CreERT2 recombinase 
can be used to globally activate rtTA in Rosa26rtTA knock-in mice by tamoxifen administration. 
Subsequently, in the presence of Dox, Vegfr3 expression is induced specifically in LECs. 4-OHT: 4-
hydroxy-tamoxifen; rtTA: reverse tetracycline-dependent transactivator; Dox: doxycycline; TetO: Tet-
responsive element. B. Example of genotypes analysis of Vegfr3tetO-Vegfr3 mice. Genotypes are analyzed 
by specific designed PCRs from each locus (Table 10 Materials & Methods). 

In these mice, the expression of the CreERT2 recombinase from the Vegfr3CreERT2 knockin allele 
recapitulates the endogenous expression of Vegfr3. Activation of the CreERT2 recombinase by 
tamoxifen administration leads to the excision of the lox-STOP-lox cassette and consequent 
expression of rtTA from the ubiquitous Rosa26 promoter, so that rtTA expression is conditional to the 
Cre-mediated excision event and therefore it will be only expressed in those cells in which Cre is 
expressed (Figure 45A). Once Cre expression has been switched on and loxP-recombination occurs, 
rtTA is irreversibly expressed from the Rosa26 promoter together with a GFP reporter gene. However, 
the activation of the Col1A1tetO-Vegfr3 allele by rtTA is Dox-dependent, allowing for reversible temporal 
activation of Vegfr3 expression when Dox is administered (Figure 45A). Therefore, tamoxifen and 
Dox treatment, sequentially or simultaneously, leads to the reversible induction of Vegfr3 expression 
exclusively in those cells that express Vegfr3. 
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This new model allows the controlled overexpression of Vegfr3 specifically in the lymphatic 
endothelium and/or other cell types in which endogenous Vegfr3 is expressed. 

2.4. Impact of Vegfr3 Overexpression in Lymphangiogenesis in Vegfr3tetO-Vegfr3 Mice 

It has been previously described that, unlike in embryos where Vegfr3 deletion causes lymphatic 
vessel hypoplasia, unexpectedly, mosaic deletion of Vegfr3 in post-natal mice drives increased 
lymphatic vessel anastomosis and hyperplasia in the dermal lymphatics of the ear skin through a 
non-cell autonomous mechanism that is not completely understood (Zhang et al., 2018). Moreover, 
previous results from other groups had shown that endothelial deletion of Vegfr3, but not Vegfr3-
blocking antibodies, postnatally led to excessive angiogenic sprouting and branching, and decreased 
the level of Notch signaling, indicating that Vegfr3 possesses passive and active signaling modalities 
(Tammela et al., 2011). Based on these observations, we initially explored whether postnatal Vegfr3 
overexpression in LECs led to hypoplasia and reduced anastomosis of lymphatic vessels. 

For this purpose, we used a well-established assay of early post-natal lymphatic vessel development 
which is the lymphatic vasculature of the dorsal skin of the mouse ear. As described in previous 
sections, this lymphatic vascular network is formed after P4 by sprouting and formation of a primary 
plexus that is remodeled to form a vascular network of lymphatic capillaries and collecting vessels 
between P12-P21. First, Vegfr3tetO-Vegfr3 mice were mated to obtain a cohort of experimental mice that 
were WT (+/+), heterozygous (+/KI) or homozygous (KI/KI) for the Col1A1tetO-Vegfr3 allele and 
homozygous (KI/KI) for both the Vegfr3CreERT2 and the Rosa26LSLrtTA-IRES-GFP alleles. 

To induce Vegfr3 overexpression in these mice, since Dox has no toxicity during pregnancy, it was 
administered to pregnant females in the drinking water starting the day of the vaginal plug, and it 
was maintained until the offspring was sacrificed, so that the time of Vegfr3 induction was determined 
only by the time of Tamoxifen administration to the pups (Figure 46A). To maximize Cre-dependent 
deletion of the lox-STOP-lox cassette and expression of the rtTA transactivator, we administered 4-
hydroxytamoxifen (4-OHT) topically to abdominal skin to all neonates starting at P2, every 48 hours 
until P8. From P8 onwards, 4-OHT was injected intraperitoneally every 48 hours until P15 as 
previously described (Zhang et al., 2018)(Figure 46A). 

First, we tested the efficiency of Cre-mediated excision of the LSL cassette from the Rosa26rtTA-IRES-GFP 

allele after this regime of Dox/4-OHT treatment. EGFP expression was monitored by 
immunofluorescence in the ear of Vegfr3CreERT2 KI/KI; Rosa26rtTA-IRES-GFP KI/KI; Col1A1tetO-Vegfr3 +/+ treated 
animals at postnatal day 15 (P15) (Figure 46B). Expression of EGFP was detected in vessels that were 
also positive for Vegfr3 expression showing that this regimen of Tamoxifen administration induced 
an efficient recombination of the LSL cassette at the Rosa26 locus leading to expression of EGFP, and 
therefore of rtTA, that colocalizes with Vegfr3 expression (arrows). 
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Figure 46. CreERT2-mediated activation of rtTA/EGFP expression from the Rosa26LSL-rtTA-EGFP allele 
in Dox/4-OHT treated Vegfr3tetO-Vegfr3 mice. A. Time course of Dox and 4-OHT treatment regimes. 4-
OHT administration (n x 150μg) topically in the abdominal skin from P2 to P8 every other day and 
continued every other day via IP (n x 150μg) until P14. B. Whole mount immunofluorescence of ear 
skin of P15 mice treated with this regime. Efficient recombination is observed in animals double KI 
for Vegfr3CreERT2 and Rosa26LSL-rtTA-IRES-GFP. Arrows indicate lymphatic vessels where the colocalization 
of EGFP and Vegfr3 is observed. Maximum projections of captured Z-stacks are shown. Scale bar = 
200 μm. 

Once this was established, we then explored the consequences of Vegfr3 overexpression in the 
formation of the lymphatic plexus in the ear skin during the early post-natal period. 

Dox/4-OHT-treated pups were sacrificed at P15 and the morphology of blood and lymphatic vessels 
was analyzed by IF with specific markers. Lyve1 and Vegfr3 IF staining revealed an abnormal 
development of the dermal lymphatic network as a consequence of Vegfr3 overexpression, 
characterized by impaired vessel growth resulting in shortened, tortuous and not interconnected 
vessels with abnormal morphology that did not reach the distal tip of the ear (Figure 47). This 
phenotype was dose-dependent since it was stronger in homozygous than in heterozygous Col1A1tetO-

Vegfr3 KI animals and correlates with the intensity of Vegfr3 IF in the three different genotypes +/+, +/KI 
and KI/KI (Figure 47). We conclude that during postnatal development, levels of Vegfr3 higher than 
the physiological levels interfere with normal lymphatic vessel growth and lymphangiogenesis 
leading to lymphatic hypoplasia in the ear dermal lymphatics. 

Since Vegfr3 is also expressed in the tip cells of blood capillaries during angiogenesis, we explored 
the blood vessel phenotype in these mice by Pecam1 IF. We observed that in these conditions, 
induction of Vegfr3 overexpression leads also to abnormal angiogenesis. While large blood vessels 
are hardly detectable in induced KI/KI mice, it seems that the density of blood capillaries is increased 
(Figure 47). 
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RESULTS 

In order to confirm that Vegfr3 overexpression in LECs interferes with normal lymphatic vessel 
formation in a cell autonomous way and to have a closer look at the phenotype caused by Vegfr3 
overdose we took advantage of our in vitro model of Vegfr3Kat-dCas9/TA LECs infected with the Vegfr3 
-CRISPR activating gRNA2 to induce overexpression of endogenous Vegfr3 and analyzed the 
phenotype of these cells. In a tube formation assay, Vegfr3Kat-LECs overexpressing Vegfr3 show 
impaired capacity of tube formation, compared to control LECs, which is exacerbated upon addition 
of VegfC (Figure 48A). Apart from a drastic reduction of vessel density and vessel length, there is an 
important decrease on branching capacity, phenotypes similar to what is observed in the in vivo 
model of Vegfr3 overexpression (Figure 48B) Moreover, a clear hyper-sprouting phenotype was 
observed upon VegfC stimulation (Figure 48A, arrows). This result also suggests a cell-autonomous 
inability to generate new lymphatic vessels when Vegfr3 is overexpressed. 

Figure 48. Tube formation capacity of Vegfr3Kat-LECs overexpressing Vegfr3. A. Tube formation 
images from Vegfr3Kat-dCas9/TA-LECs expressing EV or Vegfr3 gRNA2, cultured with or without 
VegfC for 24h. Black arrows showed hyper-sprouting phenotype after VegfC addition. Scale bar = 100 
μm. B. Graphical representation of the AngioTool analysis to quantify Branching index, Vessel 
density and Vessel length. Data represented as mean ± SEM (n=4). * p≤0,05, ** p≤0,01, *** p≤0,001, **** 
p≤0,0001. 

On the other hand, in the scratch wound healing assay of cell migration (Figure 49A), we 
observed that cells overexpressing Vegfr3 had a slightly reduced migration capacity, 
approximately 20% less than the control cells, although it was not statistically significant and 
once cells were stimulated by VegfC, its capacity was equivalent to the control cells (Figure 49B). 
Finally, we compared VegfC/Vegfr3-mediated induction of ERK phosphorylation in Vegfr3 
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overexpressing and control LECs. We observed that p44/p42 MAPK phosphorylation is induced 
5 minutes after VegfC addition in Vegfr3Kat-LECs infected with the empty vector (EV) and lasted 
for very short time since after 10 minutes no increase in phosphorylation is observed. On the 
other hand, in Vegfr3 overexpressing cells phosphorylation was induced also between 5 and 10 
minutes after VegfC addition and persisted for at least 30 minutes indicating a more persistent 
response to VegfC stimulation and MAPK phosphorylation in Vegfr3-overexpressing cells. 

Figure 49. Scratch wound healing assay and MAPK activation of Vegfr3Kat-LECs overexpressing 
Vegfr3. A. Phase contrast images of scratch wound healing assay of Vegfr3Kat-dCas9/TA LECs infected 
with empty vector (EV) or Vegfr3 sgRNA2 cultured for 0h and 24h with and without VegfC. Scale bar 
= 100 μm. B. Quantification of wound width percentage after 24h. Wound width at 0h was considered 
100% and 24h values were calculated as percent of the initial scratch (n=4). * p≤0,05, ** p≤0,01, *** 
p≤0,001, **** p≤0,0001. C. WB of MAPK phosphorylation in Vegfr3Kat-LECs infected with EV or 
expressing Vegfr3 gRNA2 in the presence or absence of VegfC. 15% FCS stimulation was used as 
positive control. Tubulin levels are shown as loading control. 

All these results confirm the phenotype observed in vivo in Vegfr3tetO-Vegfr3 mice. In the absence of 
VegfC, overexpression of Vegfr3 by itself impairs vessel formation and branching. Upon VegfC 
stimulation, excessive MAPK signaling leads to hyper-sprouting which further impairs vessel 
formation exacerbating the phenotype. 
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DISCUSSION 

Part I: Searching for Vegfr3 Expression Activators by Genome Wide CRISPR Genetic 
Screenings 

Normal lymphatic vessel development and expansion requires a tight control of cell proliferation, 
migration and quiescence by molecular mechanisms that orchestrate, in time and space, the behavior 
of LECs. One of the major players of this molecular control is the Vegf-C/Vegfr3 signaling pathway. 
Although the function of these genes has been extensively studied in many different contexts by 
using different experimental approaches, the molecular mechanisms that control Vegfr3 expression 
in different tissues, in normal development and in disease have not been sufficiently explored. 

In this work, we have used a mouse CRISPRa gRNA library, to set up unbiased genome-wide genetic 
screenings in search for new activators of Vegfr3 transcription. Since Vegfr3 expression is induced in 
LECs undergoing lymphangiogenesis and in blood capillaries during angiogenesis, our initial 
hypothesis was that this screening would lead to the identification of new modulators of these 
processes in vivo, both in physiological and pathological contexts. A CRISPRa library, by inducing 
gene expression globally in the genome, would activate genes and pathways that through different 
molecular mechanisms could possibly lead to Vegfr3 transcription activation. 

When this work was started, the SAM-3 library from Feng Zhang laboratory (Joung et al., 2017) was 
the most optimized version of lentiviral CRISPRa pooled libraries available. As previously described, 
promoter activation by this library relies on the formation of a tertiary complex of transcription 
activators (VP64 as part of a dCas9-VP64 fusion and the p65-HSF1 fusion) targeted to specific 
promoter sequences by a dCas9/MS2-containing-modified gRNA complex. This library targets 23,439 
genes with 69,225 gRNAs with at least three gRNAs per gene, providing an almost full coverage of 
the mouse genome. 

A very important factor in this type of screenings is the cellular reporter system used. Initially we 
used a line of ESCs derived from Vegfr3EGFPluc reporter mice previously generated in our lab (Martínez-
Corral et al., 2012). ESCs constitute a powerful cellular system to study gene function due to their 
unlimited self-renewal potential in culture, clonal capacity and the possibility to differentiate into a 
variety of cell types under appropriate culture conditions. The development of haploid ESC lines in 
2011, opened a new venue for genome-wide forward genetic screens of recessive mutations (Elling 
et al., 2011; Leeb and Wutz, 2011; Li et al., 2014; Bai et al., 2019). However, despite the potential of 
haploid ESCs, their major limitation is that the haploid state is unstable in mammals, and their culture 
requires frequent cell sorting by flow cytometry selecting for the haploid karyotype. We initially 
established haploid ESCs (hESCs) from Vegfr3EGFPluc mice considering that hESCs would allow us to 
perform loss of function screenings more efficiently than diploid ESCs. However, a haploid genome 
does not represent an advantage over a diploid one for screenings based on transcription activation 
libraries. Given the difficulty in maintaining the haploid karyotype in culture and the fact that our 
screening was based on transcription activation and not loss of function mutations, we worked with 
spontaneous diploid ESCs derived from the Vegfr3EGFPluc hESC line initially established. Our 
hypothesis was that overexpression of genes that directly or indirectly induce Vegfr3 expression may 
result in an increase of EGFP expression from the reporter allele. However, since ESCs is not the 
physiological cell type in which Vegfr3 is expressed, the screening probably would preferably select 
genes that directly activate Vegfr3 gene promoter. 
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Direct Vegfr3 promoter activation by expressing either one of the three gRNAs targeting Vegfr3 
promoter contained in the SAM-3 library could indeed be detected by an increase in EGFP 
fluorescence (FACs) that correlated with an increase in Vegfr3 protein levels (Figure 14). This result 
allowed us to initially validate the screening setup and at the same time fix the upper window limit 
of activation detection in the system. However, a big difference in promoter activation intensity was 
observed between the three gRNAs, demonstrating that different guides in the library may have 
different transcriptional activation potential for the same targeted promoter element. Therefore, 
during library screening it may occur that some genes are not sufficiently induced by their 
corresponding gRNAs to result in a detectable change in Vegfr3 induction even when they may be 
potential activators of Vegfr3 expression. 

Several steps during library production may negatively influence the outcome of the screening. One 
of them is the initial step of gRNA-library DNA amplification in bacteria, process in which some 
gRNAs may be lost. However, in our case, after amplifying the library received from Addgene, by 
NGS we obtained a 72.8% of mapped gRNA reads, with a Gini Index < 0.2 which indicates a 
homogenous gRNA distribution in the sample (Wang et al., 2019) and with a 94.1% of gRNAs 
represented. Therefore, we concluded that the gRNA representation in our library after amplification 
in bacteria was good enough for it to be used in cellular screenings. 

Multiplicity of infection and gRNA representation are other relevant factors to consider for screening 
conditions. We used a low multiplicity of infection (MOI of 0.3 virus per infected cell) (Joung et al., 
2017) in order to reduce the probability of introducing multiple gRNAs in the same cell. To avoid 
losing gRNA representation we used a coverage of around 500 cells per gRNA for library 
transduction (as recommended by library authors) by infecting 30 million Vegfr3EGFPluc ESCs (actual 
coverage 433). However, since our screening is based in cell sorting of high EGFP expressing cells, in 
order to handle such high volume of cells, we then divided the library in aliquots containing a 
number of cells equivalent to a 50x gRNA coverage and analyzed them individually. This step 
reduced the recommended coverage rate by one order of magnitude and therefore, this library 
fractionation may reduce or bias the number of candidate target genes identified. However, we used 
five different library aliquots for cell sorting and selection independently so that reproducibility 
among different library aliquots could be used as a target gene selection criterion. 

Screening data were analyzed using the MAGeCK-VISPR pipeline (W. Li et al., 2015). The quality 
control analysis of the data indicated that after three rounds of EGFP+ cell sorting we still had a high 
gRNA representation in sorted samples compared to the control and the proviral DNA library (Figure 
17A). This also correlated with similar Gini Index among sorted samples and control ones indicating 
that the gRNA read counts were distributed among the different library gRNAs similarly in the 
sorted and control populations (Figure 17C). These results suggest a poor selection power in this 
screening. Although the power of selection could be increased with more rounds of cell sorting, this 
could also be counterproductive if by increasing the selection, we only select a population enriched 
with the gRNA targeting Vegfr3. In fact, after a fourth round of cell sorting, Vegfr3 gRNA was 
overrepresented, while no other gRNA was more significantly enriched than in sorter 3. Therefore, 
we decided to look for genes enriched in at least 3 different aliquots after 3 rounds of cell sorting. 

120  



DISCUSSION 

Based on the p-values obtained, gRNAs were ranked using a modified robust ranking aggregation 
algorithm and we obtained a list of 77 gRNAs significantly enriched in selected EGFP+ Vegfr3EGFPluc 

ESCs with an FDR < 0.05 (Annex Table 4). As the analysis is based on the number of reads for each 
guide, we decided to start validating those gRNAs in which the mean of reads in sorted samples 
increased around 4,000 times compared to the mean of reads in the control. Using this filter, we 
obtained six gRNAs potentially related with the Vegfr3 activation, besides the gRNA from Vegfr3 
which was a positive internal control, and we selected four of them for validation: Ahr, Kdf1, Fbxo36 
and Plpp2. Although none of these genes had previously been related to Vegfr3 activation or 
lymphangiogenesis their previously described functions or activities made them potentially 
interesting candidates. However, only the gRNA targeting Plpp2 induced significantly EGFP and 
Vegfr3 expression when introduced individually in the reporter Vegfr3EGFPluc ESCs and therefore was 
the only one that could be validated, out of the four genes selected, as a potential inducer of Vegfr3 
expression (Figure 18-20). 

However, we observed that both the proximal promoter region of the Vegfr3 gene, 200 nucleotides 
upstream of the ATG translation initiation codon, and the sequence of the Plpp2 gRNA selected in 
the screening have a high GC content and share some short stretches of homology (Figure 50). This 
made us argue that, although effective binding of CRISPR gRNA to its target sequence requires a 
higher level of sequence complementarity, it could still be that Vegfr3 expression induction by the 
Plpp2 gRNA was due to direct Vegfr3 promoter activation by unspecific binding of the gRNA to this 
region, instead of being mediated by Plpp2 overexpression. In order to clarify this point, we designed 
another validation strategy, based on the overexpression of Plpp2 cDNA from an expression vector 
transfected into the Vegfr3EGFPluc ESCs, however these results so far are not conclusive. Therefore, the 
role of Plpp2 in Vegfr3 activation requires further analysis. 

Figure 50. Homology between Plpp2 gRNA and Vegfr3 promoter. Plpp2 gRNA showed some 
complementary regions to the Vegfr3 promoter sequence (blue). Vegfr3 coding sequence is shown in 
red and the ATG translation initiation codon is underlined. 

Regarding the activity of Plpp2 and its potential connection with LECs or lymphangiogenesis, the 
lipid phosphate phosphatases (LPPs) are a family of enzymes that regulate lipid signaling by de-
phosphorylating S1P, LPA, PA, and C1P. The dephosphorylated products sphingosine, 
diacylglycerol, and ceramide regulate themselves other cellular processes. There are three major 
isoforms of LPPs, encoded by Plpp1, Plpp2 and Plpp3 genes respectively. Animal models have 
demonstrated that LPPs play important roles in regulating development, cell migration, tumor 
progression, and blood vessel formation. Although mice lacking Plpp2 have been reported to be 
viable, fertile, and not markedly different from wild-type littermates, the disruption of Plpp3 is lethal 
in embryos at E9.5, where it is essential for vasculogenesis and related to Wnt signaling (Escalante-
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Alcalde et al., 2003). Many reports have focused on the role of Plpp3 in angiogenesis relating it with 
stabilization of β-catenin (Humtsoe et al., 2010) or ERK activation (Blais et al., 2006). Furthermore it 
has also been described that bFGF and VEGF can stimulate the expression of Plpp3 in LECs and that 
its expression is induced in inflammation (Wary & Humtsoe, 2005). Based on this, we reasoned that 
if Plpp2 and Plpp3 have some functional redundancy and, Plpp3 is not as efficiently induced as Plpp2 
is by our gRNA library, it may be that the relevant phosphatase regulating Vegfr3 expression in vivo 
is Plpp3. Additionally, as LPPs modulate signaling pathways such as Ras/ERK/MAPK, Rac, Rho and 
PI3K involved in angiogenesis and lymphangiogenesis (Brindley, 2004; Moolenaar et al., 2004) it will 
be interesting to explore further the role of Plpp2/Plpp3 in these processes and the molecular 
mechanism that potentially leads to Vegfr3 expression activation. 

The fact that most of the target genes selected in this screening could not be validated when their 
corresponding gRNAs were expressed individually in the reporter ESCs made us conclude that ESCs 
may not be a suitable cell type to use for screeningVegfr3 expression activator genes, since they do 
not physiologically express Vegfr3. This would also explain why the selection was not strong enough 
in these cells. Therefore, we decided to establish a new Vegfr3 expression reporter system in LECs, 
the physiological cell type in which Vegfr3 is expressed, to perform CRISPR/Cas genome wide 
screenings of Vegfr3 expression activators. 

For this purpose, we used a previously described conditionally immortalized cell line of mouse 
dermal LECs (Vigl et al., 2011). This LEC cell line derives from the immorto mouse (Vigl et al., 2011) 
in which a thermosensitive SV40 large T antigen is expressed under the control of an IFN-regulated 
promoter. In this cell line we introduced a new generated BAC transgene that contains the entire 
Vegfr3 gene in which the coding sequence of the Katushka fluorescent protein is introduced in frame 
immediately downstream of the translation initiation codon of Vegfr3, so that expression of Vegfr3 
from the BAC is abolished and Katushka is expressed instead with the same transcriptional 
regulation as the endogenous Vegfr3 gene. 

Since immortalized cell lines may lose their original cell identity with increasing number of passages 
in culture, it was important initially to verify that the imLECs retained a lymphatic identity even after 
introduction of the reporter BAC and the dCas9-VP64 and MS2-P65-HSF1 expressing plasmids. By 
analysis of lymphatic marker expression, response to Vegf-C and functional assays of tube formation 
and migration we verified that we have generated a new Vegfr3Kat-LEC reporter system that does not 
alter the physiological expression of Vegfr3 and behave like the parental imLECs which justifies its 
use in genetic screenings. However, in this case, we did not select single clones of reporter Vegfr3Kat 

LECs since it would require increasing the number of passages to such extent that would likely 
compromise the lymphatic endothelial identity of the cells. Instead, we used a pool of cells transfected 
with the mentioned constructs after selecting them for drug resistance. Since the Vegfr3 reporter 
construct is an engineered BAC we do not expect to see strong positional effects on Katushka 
expression in different clones. The variability in behavior would be more dependent on the genetic 
or epigenetic alterations accumulated in different cells in this pool. In order to obtain a cell population 
with a more homogenous Katushka expression level we did two consecutive rounds of cell sorting, 
selecting for high Katushka expressing cells before infecting with the gRNA library. 

For setting up the screenings we followed the same strategy as described before for ESCs. However, 
in order to increase the quality of the screening we increased the gRNA coverage by dividing the 
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library in aliquots of a 200x cell coverage (200 cells per gRNA) instead of 50x as used for Vegfr3EGFPluc-
ESCs and used four independent aliquots in the screening. Data analysis was also done differently 
from ESCs. In this case we used MAGeCKFlute pipeline (Wang et al., 2019) to compare gRNA 
distribution in the control condition (LEC aliquots before sorting) versus cells from the four sorted 
samples (described in Results PartI: Section 4.2. Screening Strategy and gRNA Validation). 

CRISPR screening is a powerful technique, however it creates computational challenges to overcome 
such as: evaluate data quality, identify genes or pathway hits, assess their statistical significance and 
explore and visualize the screening results efficiently. Several algorithms commonly used for CRISPR 
data analysis have been previously developed for microarray or high-throughput sequencing data 
analysis (RIGER, RSA, HitSelect, MAGeCK) and they are designed based on a comparison of two 
conditions without taking into account that many screenings are conducted at different time points, 
over many cell lines or under many treatment conditions. Furthermore, these algorithms do not 
consider the knockout or activation efficiency of each single gRNA on target genes (W. Li et al., 2015). 
MAGeCKFlute differs from these algorithms because it uses a negative binomial model to address 
off-target gRNAs and includes read mapping, normalization, quality control measurements, hit 
identification and functional analysis of samples. MAGeCKFlute applies either MAGeCK (W. Li et 
al., 2014) or MAGeCK-VISPR (W. Li et al., 2015) to map the reads onto a CRISPR library, and 
normalize read counts to allow comparison between different samples, identify genes that are 
positively or negatively selected under the screening conditions, and explore enriched pathways for 
those selected genes (Wang et al., 2019). All these advantages made us decide to use this software for 
the new screening analyses. 

First, the quality of our data was analyzed at four different levels: sequencing (NGS), read counts, 
sample and gene levels (W. Li et al., 2015). In our screening, we obtained a high percentage of mapped 
reads (>65 %) in all samples, indicating a good quality of sample preparation and NGS sequencing. 
It is also important to have a low number of zero-count gRNAs in the plasmid library or early time 
points, of around 1 % of total gRNAs (Wang et al., 2019) (Figure 27). The SAM-3 library contains 
69,225 gRNAs, therefore we would expect to have a maximum of around 700 missed gRNAs in the 
plasmid library. In our case, we observed a reduction of 1,000 gRNAs during lentiviral DNA library 
amplification, but in the LECs library aliquots (samples before cell sorting and with 200x gRNA 
coverage) we had around 14% of gRNAs missing. This higher % of missing gRNAs may be due to a 
suboptimal efficiency of lentiviral production in 293 cells or a low efficiency of lentiviral infection of 
LECs, but it may be also due to the library distribution into aliquots, even when we maintained a 
200x coverage (200 cells/gRNA) in each aliquot. However, we needed to divide the library in several 
aliquots in order to handle the cells for cell sorting selection. 
Another quality control parameter analyzed is the Gini index, which measures the evenness of gRNA 
read counts in each sample. High Gini index in plasmid library preparation or in the control samples 
indicates unevenness in the gRNA distribution that may be due to suboptimal CRISPR 
oligonucleotide synthesis, low viral transfection efficiency and/or over selection. In contrast, it is 
normal to have higher Gini Index in positive selection or enrichment screenings since a few surviving 
clones could dominate the final selected cell pool, while most of the other cells die or are not selected 
(more gRNAs with zero-count) (W. Li et al., 2015). In this case, our data fit with the recommended 
values, although Gini index is > 0.2 in the control samples, in agreement with the loss of 14% of gRNA 
representation. Nevertheless, the Gini index of sorted samples is close to 1 which indicates a high 
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number of gRNAs with zero-counts as expected if the selection has worked (Figure 27). Even with 
14% gRNA loss after generating the gRNA library in LECs we still had more than 59,000 different 
gRNAs which could be predicted to cover a minimum of 20,000 genes in each aliquot. Moreover, we 
used 4 independent aliquots in the screening to increase the probability of identifying relevant target 
genes. 

After performing the analysis, 11,049 genes were enriched, and 9,062 genes were under-represented 
in the selected cell population after sorting as compared with the control (Figure 28). From those 
11,049 enriched genes, we focused on genes classified by MAGeCKFlute as the Topcenter group, 
corresponding to genes that are weakly selected in control samples and strongly positively selected 
in sorted samples obtaining 73 genes potentially related to Vegfr3 transcription activation (Annex 
Table 5). Then, these genes were sorted according to the absolute value of the differential β score 
between control and sorted samples, and we focused on the top 10 genes, classified by MAGeCKFlute 
into Rank 1-10 (Annex Table 5). From these 10 genes, we initially selected two genes, β3-Galnt1 and 
Wnt5a for validation (Figure 28). From those, Wnt5a could be the most interesting one due to its 
relation in lymphangiogenesis previously described. 

Both genes could be positively validated by expressing each one of the gRNAs in Vegfr3Kat-LECs. The 
expression of either one of them increased the mean of Katushka fluorescence when analyzed by 
FACs, and the expression of Vegfr3 both at mRNA and protein levels. However, the induction 
promoted by the expression of Wnt5a gRNA was stronger (Figures 29 and 30). Nevertheless, further 
analysis is required to validate β3-Galnt1 and Wnt5a as activators of Vegfr3 expression. 

So far, the specific connection between β3-Galnt1 (β-1,3-N-acetylgalactosaminyltransferase 1) and the 
lymphatic or vascular systems is not known, but not much is known about the in vivo function of β3-
Galnt1 in general. This gene is a member of the β-1,3-galactosyltransferase (β3GalT) gene family that 
encodes type II membrane-bound glycoproteins with diverse enzymatic functions using different 
donor substrates (UDP-galactose and UDP-N-acetylglucosamine) and different acceptor sugars (N-
acetylglucosamine, galactose, N-acetylgalactosamine). However, glycosylation allows the formation 
of glycoproteins, glycolipids and proteoglycans and impacts many pathways. It modulates the 
activity of key angiogenic factors such as VEGFR2 and Notch. In addition, glycan-galectin (Gal) 
interactions regulate vascular signaling programs and may contribute to tumor adaptations to anti-
angiogenic strategies. Novel pharmacological strategies targeting glycosylation, which could be used 
to decrease excessive angiogenesis in pathological conditions are being explored (Bousseau S et al., 
2018). Interestingly, targeted disruption of the gene encoding core 1 β-1-3-galactosyltransferase (T-
synthase) causes embryonic lethality and defective angiogenesis in mice ( Xia L, McEver RP, 2006). 
Another galactosyltransferase, β1,4-galactosyltransferase V, activates Notch1 signaling in glioma 
stem-like cells, where it is highly expressed and promotes their differentiation into endothelial cells 
(Cui et al., 2018). β3-Galnt1 may be involved in the glycosylation of proteins that modulate Vegfr3 
transcription, however this connection needs to be further explored. 

Particularly interesting is the finding of Wnt5a, a secreted glycoprotein, as a strong inducer of Vegfr3 
expression. Wnt signaling is classified in two types: β-catenin-dependent (canonical Wnt signaling) 
or β-catenin-independent signaling (non-canonical Wnt signaling). Wnt5a is representative of the 
non-canonical Wnt protein family (reviewed in Shi et al., 2017). Signaling by Wnt5a is complex and 
context dependent. It has been best characterized by signaling through the cGMP/Ca2+ pathway 
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activating PKC, CAMKII and NFAT, regulating cellular processes such as cytoskeleton remodeling 
and cell motility and through the PCP (planar cell polarity) pathway mediated by the RhoA or by the 
JNKs leading to polarized cell morphology and cell migration (Shi et al., 2017) (Figure 51). However, 
other findings have demonstrated that Wnt5a could mediate many cellular and extracellular 
functions by binding to receptors FZD1-8, which can activate both canonical and non-canonical Wnt 
signaling (Asem et al., 2016; Chen et al., 2015; Shao et al., 2016). Wnt5a signaling has attracted much 
attention recently as a regulator of vascular homeostasis and determinant of various neovascular-
diseases, however, its exact role is difficult to establish since it has been shown that it may have pro-
and anti- angiogenic activities depending on the cellular context (Shi et al., 2017). 

Interestingly, Wnt5a is an essential regulator of lymphatic development in the dermis of mice, since 
defects of the dermal lymphatic vascular system were demonstrated specifically in E18.5 Wnt5a null 
embryos (Buttler et al., 2013). Embryos showed a significantly reduced number of dermal lymphatics 
caused by a defect in its sprouting capacity rather than in LEC proliferation (Buttler et al. 2013), 
however, the mechanisms of action remains unclear. While this work was in progress, it has also been 
shown that non-canonical WNT-signaling is a major mechanism of extension lymphangiogenesis, 
and controls differentiation of lymphatics and that Wnt5a induces formation of elongated lymphatic 
networks through proliferation-independent WNT-signaling via RAC and JNK (Lutze et al., 2019). 
Our results indicate that overexpression of Wnt5a in dermal LECs strongly induce expression of 
Vegfr3 at mRNA and protein levels which reveals a role of Wnt5a in regulating Vegfr3 expression. 
Based on this finding, we will characterize the effects of Wnt5a overexpression in tube formation and 
migration assays in our Vegfr3Kat reporter LECs expressing the Wnt5a gRNA in order to clarify the 
functional consequences of Wnt5a overexpression. We predict that we will reproduce, to a lesser 
extent, the phenotype caused by overexpressing Vegfr3, exacerbated sprouting and impaired 
lymphangiogenesis (Results PartII: Section 2.4. Impact of Vegfr3 Overexpression in 
Lymphangiogenesis in Vegfr3teto-Vegfr3 Mice). Since Wnt5a is normally highly expressed in LECs, we 
will also compare this phenotype with the effect of treating our reporter Vegfr3Kat-LECs in culture 
with recombinant Wnt5a protein to discriminate between endogenous and exogenous Wnt5a 
activation. Interestingly, LGK947, an inhibitor of Wnt secretion, induces network formation in human 
dermal LECs (Lutze et al., 2019). Using specific inhibitors and gene silencing experiments in LECs we 
will also try to elucidate the mechanism by which endogenous or exogenous Wnt5a induce Vegfr3 
expression in our mouse reporter LECs and compare with the results of Lutze et al. in human dermal 
LECs. 

Moreover, other overexpression strategies such as expression of Wnt5a cDNA are also planned to 
reinforce our results and decode the possible mechanism by which Wnt5a could induce Vegfr3 
transcription activation. We will also induce expression of other Wnt family members using specific 
gRNAs in the Vegfr3Kat-dCAs9/TA reporter LECs that we have generated in this work and compare 
the effect with the induction of Wnt5a to try to elucidate differences between canonical and non-
canonical Wnt signaling in LECs. 

Furthermore, to get deeper in the biology and characterization of Vegfr3Kat-LECs overexpressing 
Wnt5a understanding the transcriptome could be key, so RNA-seq of these cells might help to get 
closer into the role of Wnt5a and its relationship with Vegfr3 activation. We will analyze differential 
expression of specific targets of Wnt5a in angiogenesis such as Tek, Cdkn1, Bax or Stat2 (non-
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canonical) or CyclinD1, VCAM-1, MMP2, MMP9 or VE-Cadherin (canonical) among others (Shi et 
al., 2017) in LECs treated with recombinant Wnt5a or overexpressing Wnt5a. 

Figure 51. Canonical and non-canonical Wnt5a signaling in angiogenesis. The molecular 
mechanisms by which Wnt5a control angiogenesis and lymphangiogenesis are complex and still 
obscure. Exogenous Wnt5a may signal by canonical (b-catenin-dependent) or non-canonical (b-
catenin independent signaling in endothelial cells and, depending on the context may activate or 
inhibit angiogenesis. The best characterized non-canonical signaling pathways are the cGMP/Ca/PKC 
pathway and the Rho/JNK pathways. Several transmembrane receptors such as FZD or Ror are 
activated by Wnt5a in endothelial cells. We have shown in this work that overexpression of Wnt5a in 
LECs by CRISPR-mediated promoter activation induces transcription of Vegfr3, however whether 
exogenous and endogenous Wnt5a signaling are equivalent in LECs and how these different 
pathways lead to Vegfr3 transcription activation is still unknown. 

Once validated in vitro, using an available tetO-Wnt5a inducible mouse model or with the design of 
a new one which overexpress Wnt5a specifically in LECs and taking advantage of our new reporter 
Vegfr3Kat model, we think that we could also demonstrate in vivo the possible relation between Wnt5a 
and Vegfr3. For instance, we could control the temporal overexpression of Wnt5a and easily monitor 
lymphangiogenesis specifically in lymphatic endothelial cells with Katushka fluorescence. 

Finally, since Plpp2 was identified in the ESC screening but did not appear as one of the hits in the 
LECs screening, we reasoned that an unspecific direct activation of the Vegfr3 promoter by the Plpp2 
gRNA, as we discussed before, would result in the selection of Plpp2 also in LECs. Therefore, we also 
interrogated the effects of Plpp2 gRNA expression in Vegfr3Kat-LECs. Interestingly, we saw that the 
overexpression of Plpp2 generates an increase in Katushka+ cells by FACs, Katushka fluorescence by 
confocal microscopy and Vegfr3 mRNA levels, although to a lesser extent compared to the one 
observed in Vegfr3EGFPluc-ESCs. Furthermore, this increase does not correlate with a significant increase 
in Vegfr3 protein by WB (Data not shown). This result is so far difficult to explain. We could propose 
that chromatin epigenetic modifications and availability of chromatin binding proteins in the Vegfr3 
promoter region in both cell types may be different and affect the capacity of Plpp2 gRNA to have 
access to the Vegfr3 promoter. Another possible explanation is that Plpp2 activation causes a stronger 
effect on Vegfr3 expression in ESCs, where Vegfr3 is not normally expressed. Also, Plpp2 basal 
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expression levels in LECs and ESCs may be different. Nevertheless, as mentioned before, we are 
planning to develop new strategies to elucidate the possible mechanisms by which Plpp2 may activate 
Vegfr3 expression. 

In summary, through the generation of CRISPR gRNA activation libraries in two different Vegfr3 
reporter cell types (Vegfr3EGFPluc-ESCs and Vegfr3Kat-LECs) and the power of the CRISPR/Cas system 
for genome wide screenings, we have initially identified and preliminary validated three new genes 
potentially related with Vegfr3 activation and therefore lymphangiogenesis: Plpp2, 3-Galnt1 and 
Wnt5a (Table 16). Other genes have also been identified but have not been validated yet. The fact that 
the genes identified in both screenings (ESCs and LECs) are different highlights the importance of 
the cellular context in the regulation of gene expression, as well as the selection of the cell type for 
this type of genetic screenings. However, extensive analysis in vitro and in vivo are still required to 
elucidate the possible molecular mechanisms that lead to Vegfr3 activation by these genes in different 
physiological and pathological settings as well as its physiological relevance. Moreover, we have 
generated Vegfr3Kat-dCas9/TA LECs primed for inducing expression of any particular gene by just 
expressing a specific gRNA from the MS2 library vector. This cellular system provides a powerful 
tool to easily test the function of any given gene in LECs. 

Table 16. gRNA summary validation in ESCs and LECs. FACs, WB and RT-qPCR have been used to 
validate each sgRNA in Vegfr3EGFPluc and Vegfr3Kat reporter cells. * not significant. 

Vegfr3EGFPluc-ESCs Vegfr3Kat-LECs 
sgRNA FACs WB RT-qPCR sgRNA FACs WB RT-qPCR 

Ahr No No No β3-Galnt1 Yes Yes Yes 
Fbxo36 No No No Wnt5a Yes Yes Yes 
Plpp2 Yes Yes Yes Plpp2 Yes No Yes* 
Prox1 No No No 
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Part II: Generation and Characterization of Two New Murine Models for the Study of 
Vegfr3 Expression and Function 

The second part of this work is focused on the generation of two new mouse models that will 
contribute to the study of the expression of Vegfr3 and its function in lymphatic vessel development 
and homeostasis as well as its contribution to lymphangiogenesis in physiological and pathological 
contexts. 

1. Vegfr3Kat Reporter Model 

Visualization of lymphatics in vivo and in vitro relies on the development of specific promoter-driven 
fluorescent reporter transgenic mice. However, there are some requirements in order to generate a 
successful florescent reporter mouse model (Dash et al., 2017). One of the most crucial is that 
fluorescence signal from the transgene should be bright enough to distinguish it above tissue auto-
fluorescence levels and in some fluorescence reporters this is difficult to differentiate (Doh et al., 2018) 
due to the choice of fluorescent reporter or to the low expression level achieved. 

Our lab generated a Vegfr3EGFPluc reporter mouse model for in vivo imaging of lymphangiogenesis 
(Martínez-Corral et al., 2012). Although this model is powerful for in vivo imaging of 
lymphangiogenesis by bioluminescence detection, the EGFP signal emitted is relatively low making 
it difficult to detect lymphatic vessels at the cellular level beyond embryonic development. For that 
reason, we decided to use the BAC.Vegfr3Kat construct, created to develop a Vegfr3 expression reporter 
system in LECs to generate a new BAC-transgenic mouse model to detect lymphatic vessels in vivo 
by monitoring Katushka expression and fluorescence at the cellular level more efficiently. 

A BAC-transgenic reporter model has the advantages of using the whole transcriptional regulation 
of the endogenous gene without interfering with its endogenous expression, the high copy number 
of the reporter that can be achieved by the integration in tandem of several copies of the transgene, 
increasing fluorescence intensity and the reduced positional effects on reporter expression since the 
BAC contains the entire genomic locus of the driver gene and its flanking sequences. 

A similar model as the one described here has been reported previously (Calvo et al., 2011) in which 
Vegfr3 drives expression of Venus-YFP from a BAC-transgene. Furthermore, during the course of this 
work, another Vegfr3 expression reporter was published (Watanabe et al., 2019). It is also a BAC-
based transgene using in this case a membrane-localized fluorescent reporter protein, Gap43-Venus, 
under the control of the Vegfr3 regulatory sequence. However, the close excitation and emission 
wavelengths between Venus and GFP hampers dual detection of both fluorophores simultaneously 
(Watanabe et al., 2019). Our reporter has the advantage of using Katushka as the fluorescent reporter 
which has a unique combination of high brightness, far-red emission, and fast rate of chromophore 
maturation. Excitation and emission spectra of Katushka peak at 588 and 635 nm respectively, which, 
unlike EGFP, are wavelengths relatively non absorbed by tissues and hemoglobin (Hoffman, 2008). 
These properties make Katushka one of the best far-red fluorescent proteins available for in vivo tissue 
imaging. In addition, Katushka has been previously used in our laboratory in a Cre reporter model 
(Diéguez-Hurtado et al., 2011) and it is efficiently detected in the vasculature. The far-red fluorescent 
protein in our Tg.Vegfr3Kat allows dual imaging with other GFP-reporter alleles. Therefore, the variety 
of Vegfr3-driven fluorescence reporter mouse models widens the repertoire of possibilities for in vivo 
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studies of the lymphatic system and lymphangiogenesis in different contexts and with different 
genetic/reporter combinations. 

The characterization of the Tg.Vegfr3Kat reporter showed its efficacy to monitor the embryonic 
development of the lymphatic system by direct Katushka fluorescence from E9.5 to E13.5 (Figure 32). 
Moreover, the maturation and remodeling of lymphatic vessels during the postnatal period in the 
dorsal skin of the ear and in other organs such as diaphragm can be efficiently monitored by Katushka 
immunofluorescence by whole mount preparation. Both the development of dermal lymphatics of 
the ear skin and the formation of the lymphatic network of the diaphragm are well stablished models 
to study postnatal lymphangiogenesis. 
Analysis of the lymphatic vasculature in other organs relies on IHC staining techniques on tissue 
sections, which is very dependent on the availability of reliable antibodies for lymphatic endothelial 
markers. In the case of Vegfr3, few antibodies provide a robust staining thus, this reporter is an 
advantage since there are good commercial antibodies for Katushka that work well in both IF and 
IHC. 

Furthermore, in vivo noninvasive imaging and quantification of lymphangiogenesis associated to 
inflammation can also be monitored in the Tg.Vegfr3Kat model. This result further supports the close 
relationship between inflammation and lymphangiogenesis with Vegfr3 expression. Although 
previously described in the Vegfr3EGFPluc reporter model by monitoring luciferase bioluminescence it 
was not detectable by EGFP fluorescence (Martínez-Corral et al., 2012). In Tg.Vegfr3Kat mice we 
monitor direct Katushka emission by noninvasive techniques that correlates with induction of 
lymphangiogenesis in response to inflammation with an increase in the density of lymphatic vessels 
in the inflamed area, as well as their widening (Figures 40-42). This result demonstrates the utility of 
our model for noninvasive imaging of lymphangiogenesis. 

In summary, our results validate the Tg.Vegfr3Kat model as a good reporter of lymphangiogenesis and 
opens the possibility of using it in other inflammatory processes such as wound healing, peritoneal 
inflammation and tumoral lymphangiogenesis. Besides, it will be a good tool for the identification of 
new modulators of lymphatic vessel growth in other organs and for the study of emerging new 
functions of Vegfr3 signaling and the lymphatic vasculature such as its role in obesity and 
cardiovascular diseases, atherosclerosis, myocardial infarction, neurological and neurodegenerative 
disorders, ocular diseases, inflammatory bowel disease (Oliver et al., 2020) as well as tumor 
development and metastasis. 

2. Vegfr3tetO-Vegfr3 Model 

For many years, Vegfr3 has been known to be a key regulator of lymphatic system development and 
maturation and has also been established as a pro-angiogenic vascular receptor in different contexts. 
In vivo studies on Vegfr3 function rely mostly in the use of loss of function mouse models. Both 
constitutive and conditional knockout mouse models of Vegfr3 have contributing to advance in the 
understanding of Vegfr3 function in lymphatic development, angiogenesis, and cardiac development 
(Haiko et al., 2008; Ichise, Yoshida and Ichise, 2010; Zhang et al., 2018; Monaghan et al., 2020). A 
transgenic mouse model that expresses a soluble form of Vegfr3 under the control of the K14 promoter 
(Mäkinen et al., 2001) has been widely exploited to interfere with Vegfr3 signaling by sequestering its 
ligand VegfC and to study the potential therapeutic benefit of this interference in several pathological 
contexts as tumor metastasis (Tammela et al., 2008). Gain of function models for Vegfr3 signaling, 
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however, have so far only been developed based on the overexpression of its ligand VegfC (Lohela 
et al., 2008). All these models have been crucial for understanding Vegfr3 function in vivo however, 
many aspects of Vegfr3 function and regulation remain obscure. 
It has been reported that Vegfr3 interacts with other transmembrane receptors such as Vegfr2 and 
neuropilin 2 (Nrp2) and that both VegfC and VegfA stimulate these heterodimeric receptors, 
suggesting that the balance between the availability of these receptors and their ligands may 
differentially stimulate or block different processes such as vasculogenesis, haematopoiesis, 
angiogenic sprouting and lymphangiogenesis (Favier et al., 2006; Hamada et al., 2000). Claudin-like 
protein CLP24, also interacts with Vegfr3 and Vegfr2 and is required for lymphatic vessel sprouting 
during hypoxia (Saharinen et al., 2010). Ligand-independent functions of Vegfr3 have been also 
suggested based on different observations (Monaghan et al., 2020). Some of these receptors 
dimerization have been reported to take place in the absence of ligand, although to a lesser extent 
and with reduced downstream signaling (Sarabipour et al., 2016). Unlike Vegfr3 knockout embryos, 
double knockout of VegfC and VegfD embryos displayed normal blood vasculature after embryonic 
day 9.5 suggesting ligand-independent functions of Vegfr3 during embryonic development (Haiko et 
al., 2008). Vegfr3 has also been suggested to be part of a mechano-sensitive molecular complex, that 
responds to blood flow and contributes to blood vessel formation by a ligand independent 
mechanism (Baeyens et al., 2015; Park et al., 2017). 

Besides all this complexity in Vegfr3 signaling that is not sufficiently explored, there are aspects of 
Vegfr3 expression regulation that remain unclear. It has recently been shown that, unexpectedly, 
incomplete deletion of Vegfr3 during post-natal development results in excessive lymphangiogenesis 
(Zhang et al., 2018). We and others have reported that Vegfr3 levels in lymphatic endothelium 
decrease drastically during the first weeks of age, up to 10-12 weeks in the skin lymphatics, when the 
process of lymphatic vessel remodeling and maturation is completed (Martinez-Corral et al., 2016; 
Martínez-Corral et al., 2012). However, the consequence of a sustained expression of Vegfr3 in 
lymphatic vessels after this period has not yet been explored. Moreover, bioluminescence signal in 
the Vegfr3EGFPLuc reporter mouse model increases rapidly in response to tissue inflammation or injury, 
earlier than de novo vessel sprouting and lymphangiogenesis takes place (Martínez-Corral et al., 2012). 
The functional relevance of this induction of Vegfr3 expression is not clear. Moreover, whether or not 
a temporary increase in Vegfr3 levels could be beneficial in situations of lymphatic system 
dysfunction or damage is not known. 

We have created a new mouse model that allows for the spatial, temporal, and reversible 
upregulation of Vegfr3 expression in vivo specifically in those cells in which Vegfr3 is physiologically 
expressed, during development or associated with pathological processes. This model is a triple 
knockin mouse model called Vegfr3tetO-Vegfr3, obtained by the combination of Col1A1tetO-Vegfr3 mice, newly 
generated in this work, with the Rosa26LSLrtTA-IRES-GFP line (Belteki et al., 2005) and with the Vegfr3CreERT2 

(Martinez-Corral et al., 2016) previously established. In these mice, activation of the CreERT2 
recombinase by tamoxifen administration leads to the expression of the rtTA from the Rosa26 locus, 
only in those cells that express CreERT2, and therefore Vegfr3. Subsequent Dox administration 
activates the Col1A1tetO-Vegfr3 allele allowing for reversible temporal induction of Vegfr3 expression in 
those cells that express Vegfr3 (Figure 45). 
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This triple knockin mouse model presents several advantages. Upregulation of Vegfr3 expression is 
dependent on the administration of two different drugs, tamoxifen and doxycycline, which makes 
the tetO system more tightly controlled. Besides, activation of the CreERT2 recombinase by tamoxifen 
would allow the concomitant inactivation of other floxed alleles specifically in LECs that could be 
embryonic lethal if deleted by a constitutive Cre recombinase, for instance Vegfr3Cre or Prox-1Cre. Still, 
it has the advantage of the reversibility of the Dox induction of the tetO-Vegfr3 allele and/or others 
tetO alleles simultaneously. Moreover, the Cre-dependent expression of GFP from the Rosa26LSL-rtTA-

IRES-GFP allele, allows monitoring the cells in which the Cre recombinase is active, allowing the creation 
of mosaic overexpression of Vegfr3 by a limited tamoxifen administration and further detection of 
cells that, upon Dox administration, overexpress Vegfr3 (GFP+). Finally, we have previously described 
that the dose of the Vegfr3CreERT2 allele, heterozygosis or homozygosis, makes the CreERT2 active more 
specifically in lymphatics or both in lymphatic and blood capillaries respectively (Martinez-Corral et 
al., 2016) which allows for further modulation of the model. 

Initially, we have studied the effect of Vegfr3 overexpression on the formation of the lymphatic 
vasculature of the dorsal ear skin, a well-established system of early post-natal lymphatic 
development. The ear dermal lymphatic network is formed by sprouting after postnatal day 4 and is 
remodeled into a network of blind-ended lymphatic capillaries and valve-containing vessels between 
P12 and P21 (Zhang et al., 2018). Vegfr3 overexpression was induced prior to initiation of lymphatic 
sprouting by administration of 4-OHT at P2 and every two days until P15 to maximize gene targeting 
efficiency. Dox had been administered in the drinking water to the pregnant mothers during 
gestation and was maintained until the offspring was sacrificed (Figure 46A). Matings had been set 
up so that all pups were homozygous for Vegfr3CreERT2 and Rosa26rtTA-IRES-GFP and either wild type, 
heterozygous or homozygous for Col1A1tetO-Vegfr3. In these conditions, initially chosen to maximize the 
efficiency of the induction system, we observed that all offspring had a developmental delay (smaller 
size) compared to untreated mice of the same age. Moreover, pups homozygous for the Col1A1tetO-

Vegfr3 showed abdominal ascites and intestinal fluid retention indicating defects in lymphatic function. 
These phenotypes are now being explored and suggest that lymphatic post-natal development may 
be abnormal in various organs by overexpression of Vegfr3 during early postnatal development. 

Our preliminary results show that ear skin lymphatic network formation is impaired in a dose 
dependent manner when Vegfr3 is overexpressed (Figure 47). We observe shortening and loss of 
directional growth of the lymphatic vessels, which stop growing by the middle section of the ear, not 
reaching the ear distal border and, at the same time, an exacerbated sprouting of Lyve1+ and Vegfr3+ 

vessels. Furthermore, we also observe a phenotype in blood vessels (Pecam1+). The number of large 
blood vessels that reach the tip of the ear is reduced while there is an apparent hyperplasia of blood 
capillaries in all the areas of the ear skin. All these observations need to be confirmed by image 
analysis and quantification and by increasing the number of treated animals. 

These initial observations have been complemented with in vitro studies in dermal Vegfr3Kat-LECs 
infected with the Vegfr3 gRNA2 to induce overexpression of Vegfr3. Tube formation experiments 
showed a reduction of vessel length and density and an important decrease on branching capacity in 
those cells that are overexpressing Vegfr3. Interestingly, exacerbated sprouting is also induced in 
these cells, similar to the phenotype observed in vivo. Furthermore, there is a small delay on their 
migration capacity which is restored upon Vegf-C administration. This could be related with ERK 
phosphorylation increase in Vegfr3 overexpressing LECs (Figures 48 and 49). 
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Therefore, although still preliminary, our results indicate that overexpression of Vegfr3 during 
postnatal lymphangiogenesis, leads to a hyper sprouting phenotype that interferes with lymphatic 
network formation, resulting in lymphatic vessel defective branching and hypoplasia. This 
phenotype is Vegfr3 dose dependent and, at least in vitro, is exacerbated by addition of Vegf-C. 
Interestingly, a hyper sprouting phenotype is also observed in blood vessels (Pecam1+), especially in 
homozygous tetO-Vegfr3 animals, where Vegfr3 is mostly expressed in tip cells of angiogenic 
capillaries. 

Endothelial cell behavior in vascular formation is considered to be the result of a balance between 
VEGF and Notch signaling (reviewed in Benedito R & Hellström M, 2013; Blanco R & Holger G, 2013). 
Notch signaling plays a critical role during sprouting angiogenesis to establish EC identity as 
migratory tip cells or proliferating stalk cells that respond differently to angiogenic growth factors. 
Moreover, Vegfr3 controls tip to stalk conversion at vessel fusion sites by reinforcing Notch signaling 
(Tammela et al., 2011). Our results are in agreement with recent observations that high mitogenic 
stimulation induced by VEGFs arrests proliferation of angiogenic vessels (Pontes-Quero et al., 2019). 
A model has been proposed by these authors where the dose- response to VEGF and MAPK follows 
a bell-shaped pattern counteracted by Notch and P21. According to this model, mitogenic stimulation 
in angiogenic tip cells with low Notch and high Vegf signaling leads to MAPK hyper activation that 
in turn induces P21 expression and cell-cycle arrest favoring sprouting and migration. In contrast, 
moderate levels of Vegf/MAPK activation and Dll4-dependent-Notch activation in adjacent stalk cells 
promotes EC proliferation (Figure 52A). Although we still have no data on Notch activation or P21 
levels in our system, we have found that ERK phosphorylation is increased in Vegfr3-overexpressing 
LECs with respect to control LECs and that addition of VegfC to Vegfr3-overexpressing LECs in 
culture exacerbates the hyper sprouting phenotype and interferes with tube formation. Therefore, 
based on these observations we propose that persistent mitogenic stimulus by Vegfr3 overexpression, 
leads to increased ERK phosphorylation and Dll4 activation in tip cells as well as to both increased 
ERK and Notch signaling in adjacent stalk cells that could lead to P21 accumulation and cell-cycle 
arrest preventing proliferation and favoring hyper sprouting and migration (Figure 52B). Further 
experiments are required to confirm this observation. 

However, our results are in contrast with those obtained in a VegfC-tetO inducible mouse model 
(Lohela et al., 2008). In this model, VegfC overexpression in neonates, driven by K14-rtTA and Dox, 
induces lymphangiogenesis in many different tissues including the ear skin. Lymphangiogenesis was 
also induced using a Tie1-tTA driver (tet-OFF) to overexpress VegfC in vascular endothelial cells 
postnatally. The strikingly different effect of ligand and receptor overexpression is not completely 
understood but suggests that Vegfr3 may play VegfC-independent functions in LECs. This concept 
is supported by the observation that genetic deletion of VegfC and VegfD, the two known ligands of 
Vegfr3, does not recapitulate the phenotype observed in Vegfr3 null embryos causing lethality at mid-
late gestation instead of at E9.5 as observed in Vegfr3 null embryos (Haiko et al., 2008). Moreover, 
endothelial deletion of Vegfr3 but not Vegfr3-blocking antibodies postnatally led to excessive 
angiogenic sprouting and branching and decreased the level of Notch signalling, indicating also that 
Vegfr3 has passive and active signaling modalities (Tammela et al., 2011). 
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Figure 52. Proposed model of impaired lymphangiogenesis driven by Vegfr3 overexpression. A. A bell-
shaped dose response to mitogenic stimulation regulated by Vegf/Vegfr, Notch, ERK and P21 has recently been 
proposed (Pontes-Quero et al. 2019) that determines whether endothelial cells sprout, proliferate, or remain 
quiescent (-DOX). B. Overexpression of Vegfr3 specifically in LECs, would induce Dll4 expression and over 
activation of Notch in neighboring cells with simultaneous hyper activation of ERK/MAPK and P21 induction 
leading to cell cycle arrest of stalk cells and to excessive sprouting and migration impairing lymphangiogenesis 
(+DOX). 

We predict that Vegfr3 overexpression in LECs will have different consequences depending on the 
tissue and developmental stage of lymphatic vessels as it has been observed with Vegfr3 ablation in 
mice (Zhang et al., 2018). Similarly, inhibition of Dll4-Notch1 signaling inhibits dermal lymphatic 
vessel growth and sprouting in neonatal mice, but promotes vessel hyperplasia in adult mouse skin 
(Niessen et al., 2011; Zheng et al., 2011). The complete characterization of our model will contribute 
to the understanding of Vegfr3 signaling and function in regulating lymphatic and blood vessels 
growth and homeostasis in different contexts of physiology and disease. 
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CONCLUSIONES 

Parte I: Búsqueda de Activadores de la Expresión de Vegfr3 Mediante Rastreos Genéticos Masivos 
Basados en la Tecnología CRISPR/Cas. 

1. 1 Se han desarrollado dos sistemas celulares reporteros de la expresión de Vegfr3, uno en 
células madre embrionarias (ESCs) y otro en células endoteliales linfáticas (LECs) de ratón, 
en los que las proteínas fluorescentes EGFP y Katushka, respectivamente, se expresan bajo la 
regulación transcripcional del gen Vegfr3. 

2. 1 En ambos sistemas, se han puesto a punto cribados a nivel genómico empleando la librería 
de activación transcripcional CRISPRa-SAM3 y selección por aumento de la intensidad de 
fluorescencia mediante citometría de flujo, para identificar genes activadores de la expresión 
del receptor Vegfr3. 

3. 1 En ambos tipos celulares, la expresión de CRISPRa gRNAs dirigidos al promotor de Vegfr3 
induce la expresión de Vegfr3 y del gen reportero, hasta un máximo de un orden de magnitud. 
Sin embargo, el nivel de inducción varía notablemente en función del gRNA utilizado. 

4. 1 Del cribado en ESCs se han identificado 77 genes potencialmente relacionados con la 
activación de Vegfr3, de los cuales se han seleccionado 5 genes para su posterior validación. 
Entre ellos, sólo Plpp2 ha sido inicialmente positivamente validado. 

5. 1 Del cribado en células LECs, se han identificado 73 genes potencialmente relacionados con 
la activación transcripcional de Vegfr3. Hasta ahora se han validado dos de estos genes: 3-
Galnt1 y Wnt5a. 

6. 1 La identificación de Wnt5a como un inductor de la expresión de Vegfr3 es especialmente 
relevante ya que la señalización no-canónica de Wnt (independiente de -catenina) controla 
la diferenciación y elongación de los vasos linfáticos, aunque el mecanismo molecular 
todavía es desconocido. 

7. 1 En ambos cribados los genes identificados son diferentes, lo que pone de manifiesto la 
importancia del contexto celular en la regulación de la expresión génica, así como de la 
selección del tipo celular para este tipo de cribados genéticos. 
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Parte II: Generación y Caracterización de Nuevos Modelos de Ratón para el Estudio de la 
Expresión de Vegfr3 y su Regulación. 

Modelo Vegfr3Kat BAC-Transgénico 

1. 1 Hemos generado un nuevo modelo de ratón, reportero de la expresión de Vegfr3, mediante 
la integración al azar en el genoma de un BAC que contiene el gen Vegfr3 murino, modificado 
genéticamente para expresar la proteína fluorescente Katushka con la regulación 
transcripcional del gen Vegfr3. 

2. 1 En este modelo, la expresión de Katushka recapitula la expresión endógena de Vegfr3 en 
todas las etapas del desarrollo y co-localiza con otros marcadores linfáticos como Prox1 y 
Lyve1 pero no con marcadores de endotelio sanguíneo como Pecam1. 

3. 1 La expresión de Katushka permite la visualización de la vasculatura linfática por 
fluorescencia directa durante el desarrollo embrionario y en etapas posteriores mediante 
detección de Katushka por inmunofluorescencia e inmunohistoquímica en parafina. 

4. 1 Además, el modelo permite la detección y cuantificación in vivo de la linfangiogénesis en 
animales adultos, por detección directa de la emisión de fluorescencia de Katushka mediante 
técnicas de imagen no invasivas. 

Modelo TetO-Vegfr3 

5. 1 Hemos desarrollado un modelo de ratón único que permite la regulación espacial y temporal 
de la sobreexpresión de Vegfr3, para estudiar las consecuencias de la señalización persistente 
de este receptor en el desarrollo de los vasos linfáticos, su homeostasis y en linfangiogénesis. 

6. 1 En este modelo, la administración de tamoxifeno y doxiciclina induce la sobreexpresión 
reversible de Vegfr3, impulsada por el alelo Vegfr3CreERT2, exclusivamente en aquellas células 
que expresan fisiológicamente el receptor. 

7. 1 La sobreexpresión inducible de Vegfr3 durante el desarrollo postnatal inhibe la 
linfangiogénesis causando un brote excesivo de las células endoteliales linfáticas y un 
acortamiento de los vasos interfiriendo con la formación de la red vascular linfática. 
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CONCLUSIONS 

Part I: Searching for Vegfr3 Expression Activators by Genome Wide CRISPR Genetic Screenings. 

1. 1 We have developed two Vegfr3 reporter cellular systems, one in mouse embryonic stem cells 
(ESCs) and other in mouse lymphatic endothelial cells (LECs) in which the fluorescence 
proteins EGFP and Katushka, respectively, are expressed under the transcriptional control 
of the Vegfr3 gene. 

2. 1 In both systems, we have developed genome wide genetic screenings using the transcription 
activation library CRISPRa-SAM3 and selection by fluorescence induction by flow 
cytometry to identify new activators of Vegfr3 expression. 

3. 1 In both cell systems, the expression of gRNAs targeted to the Vegfr3 promoter induce the 
expression of Vegfr3 and of the reporter gene to a maximum of one order of magnitude. 
However, the induction level is dependent on the particular gRNA used. 

4. 1 From the screening in ESCs we have identified 77 genes potentially related to Vegfr3 
activation, of which we have selected 5 genes for further validation. Among them, only Plpp2 
has been initially positively validated. 

5. 1 From the screening in LECs cells, 73 genes potentially related to the transcriptional 
activation of Vegfr3 have been identified. So far, two of these genes have been validated: β3-
Galnt1 and Wnt5a. 

6. 1 The identification of Wnt5a as an activator of Vegfr3 transcription is especially relevant since 
non-canonical Wnt signaling (independent of β-catenin) controls LECs differentiation and 
elongation of lymphatic vessels, although the molecular mechanism is still unknown. 

7. 1 The fact that the genes identified in both screens are different highlights the importance of 
the cellular context in the regulation of gene expression, as well as the selection of the cell 
type for this type of genetic screening. 
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Part II: Generation and Characterization of Two New Murine Models for the Study of Vegfr3 
Expression and Regulation. 

Vegfr3Kat BAC-Transgenic Model 

1. 1 We have generated a new mouse model, reporter of Vegfr3 expression, by the random 
integration of a BAC construct carrying the entire mouse Vegfr3 gene, and genetically 
modified to express the fluorescent protein Katushka with the transcriptional control of the 
Vegfr3 gene. 

2. 1 In this model, the expression of Katushka recapitulates the endogenous expression of Vegfr3 
at all stages of development and co-localizes with other lymphatic markers such as Prox1 
and Lyve1 but not with blood endothelial markers such as Pecam1. 

3. 1 Katushka expression allows the visualization of lymphatic vessels by direct fluorescence 
detection during embryogenesis and in later stages by Katushka detection by 
immunofluorescence and immunohistochemistry in paraffin. 

4. 1 Moreover, the model allows the in vivo detection and quantification of lymphangiogenesis 
in adult animals, by direct Katushka fluorescence detection using non-invasive imaging 
techniques. 

TetO-Vegfr3 Model 

5. 1 We have developed a unique mouse model that allows the spatio-temporal control of Vegfr3 
overexpression in vivo, to study the consequences of sustained Vegfr3 signaling in lymphatic 
vessel development, homeostasis and lymphangiogenesis. 

6. 1 In this model, tamoxifen and doxycycline administration induce the reversible 
overexpression of Vegfr3, driven by the Vegfr3CreERT2 allele, exclusively in those cells that 
physiologically express the receptor. 

7. 1 The inducible overexpression of Vegfr3 during postnatal development inhibits 
lymphangiogenesis, causing excessive LEC sprouting and vessel shortening interfering with 
the formation of the vascular network 
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ANNEX 

Table 1. Lymphatic and blood endothelial cell markers (LEC and BEC). Jurisic and Detmar 2009. (a) 
Also found in LECs. (b) expressed in blood capillaries during angiogenesis and in some tumor blood 
vessels. (c) Also expressed in veins. (d) LECs and BECs express CCL20 after activation. (e) Initial 
lymphatics lack or have an incomplete basement membrane. 

Marker Molecular function LEC BEC References 
Prox-1 Transcription factor ++ - Wigle and Oliver 1999 

Podoplanin Transmembrane glycoprotein ++ - Schacht et al. 2003 
CD31 Adhesion molecule + ++ Albelda et al. 1991 
CD34 Adhesion molecule -(+)a ++ Young et al. 1995 
CD44 Hyaluronan receptor - + Kriehuber et al. 2001 

Lyve-1 Hyaluronan receptor ++ - Jackson 2003 
VEGFR3 Tyrosine kinase receptor ++ -(+)b Kaipainen et al. 1995 
VEGFR1 Tyrosine kinase receptor - + Hirakawa et al. 2003 
VEGFR2 Tyrosine kinase receptor + ++ Quinn et al. 1993 
VEGF-C Growth factor - + Hirakawa et al. 2003 

Semaphorin and growth factor 
Nrp-1 - + Hong et al. 2002 

receptor 
Semaphorin and growth factor Nrp-2 + -(+)c Yuan et al. 2002 

receptor 
SLC/CCL21 CC-chemokine + - Gunn et al. 1998 

CCL20/MIP-3α CC-chemokine + - Hirakawa et al. 2003 
(++)d (++)d 

Endoglin/CD105 Low-affinity receptor for TGF-ß - ++ Hirakawa et al. 2003 
Meca-32 Unknown - ++ Penn et al. 1993 

Anchoring protein of adherens 
Desmoplakin + - Ebata et al. 2001 junctions 
VE-cadherin Adhesion molecule + ++ Baluk et al. 2007 

PAL-E Antibody recognizing Nrp1 - ++ Jaalouk et al. 2007 
Interleukin-8 CXC-chemokine - + Petrova et al. 2002 
Collagen IV Basement membrane molecule -(+)e ++ Hirakawa et al. 2003 

Hirakawa et al. 2003; Petrova et 
Collagen XVIII Basement membrane molecule -(+)e ++ al. 2002 

Adhesion molecule, VEGFR-3 Huang et al. 2000; Petrova et al. 
Integrin alpha9 + -

coreceptor 2002 
MRC1 L-selectin receptor + - Irjala et al. 2001 
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Table 2. Types of mutagens. Best mutagens for forward genetic screens and its characteristics. 

Type of mutagen Pros Cons 
- Efficient 

N-ethyl-N-nitrosourea 
(ENU), Ethyl 

methanesulfonate (EMS) 

- Generate point mutations, 
small insertions, and deletions 

- Mostly cause loss-of-
function mutations 

- Unbiased genome-wide 

-

-

Difficult to control number 
of mutations per cell 
Difficult to identify causal 

mutations 

mutagenesis 
- Medium efficiency 

Gamma ray 

-

-

-

Big insertions, deletions, 
and rearrangements 

Causes both loss- and gain-
of-function mutations 

Unbiased genome-wide 

-

-

Large genomic regions 
altered 

Laborious identification of 
the mutations 

mutagenesis 
- Efficient 

- Insertional mutagenesis 
- Causes both loss- and gain-

Retrovirus 
-

of-function mutations 
(depending on the design) 

Titratable copy number per 

-
-

Limited cargo size 
Prone to silencing 

cell 
- Molecular tag for mutant 

identification 
- Efficient 

- Insertional mutagenesis 

DNA transposon 

- Causes both loss- and gain-
of-function mutations 

(depending on the design) 
- Large cargo size 

- Molecular tag for mutant 
identification 

- Possible biased hot spots 
- Possible local hopping effect 

- Transposition efficiency can 
be locus and methylation status 

dependent 

- Can achieve genetic 
reversion without footprint 

Bi
ol

og
ic

al
 

Ph
ys

ic
al

C
he

m
ic

al
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ANNEX 

Table 3. Mouse CRISPR pooled libraries in Addgene. Types of CRISPR pooled libraries available in 
Addgene with its characteristics and description references. 

Name Library 
Type 

gRNAs per 
gene 

Total 
gRNAs 

Reference 

Broad GFP genome-wide Brie Knockout 4 78,637 Doench et al. 2016 
Mouse CRISPR Knockout Pooled Library 

(Gouda) 
Knockout 2 44,155 DeWeirdt et al. 

2020 
Mouse GeCKO v2 Knockout 6 130,209 Sanjana et al. 2014 

Mouse genome-wide library v1 Knockout 5 87,897 Koike-Yusa et al. 
2014 

Mouse improved genome-wide library 
v2 Knockout 5 90,230 Tzelepis et al. 2016 

Retroviral Mouse Genome-wide CRISPR 
Knockout Library 

Two plasmid mouse activity-optimized 
genome-wide library 

Broad GPP activation Caprano p65-HSF 

CRISPRa-v2 

SAM v1 - 3 plasmid system 

Knockout 

Knockout 

Activation 

Activation 

Activation 

5 

10 

3–6 

5 
10 
3 

90,230 

188,509 

67,187 (Set 
A) 

66,889 (Set 
B) 

107,105 
214,210 
69,716 

Henriksson et al. 
2019 

Wang et al. 2017 

Sanson KR et al. 
2018 

Horlbeck MA et al. 
2016 

Joung J et al. 2017 
67,366 (Set 

A) Sanson KR et al. Broad GPP inhibition Dolomiti Inhibition 3–6 
67,194 (Set 2018 

B) 
5 107,415 Horlbeck MA et al. 

CRISPRi-v2 Inhibition 
10 214,830 2016 
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Table 4. Enrichment gRNAs in Vegfr3EGFPluc ESC with robust rank analysis. Enriched genes in 
treatment with an FDR < 0.05. 

gRNA Gene 
Control_ 

mean 

treat_ 

mean 
FDR 

high_in_ 

treatment 

NM_013464_CCAACACTTCTTG 

CAGTCCG 
AHR 950,73 4,78E+05 0 TRUE 

NM_008029_CAGGAGAATCCA 

GCCTGGGT 
FLT4 26752,00 1,64E+05 0,037 TRUE 

NM_133707_ATCATCGGGCAAC 

AGTGCTT 
KDF1 2489,80 1,19E+05 

1,35 

E-264 
TRUE 

NM_025386_GCAGGGTTCCTTG 

TAAGCCC 
FBXO36 50,20 17851 0 TRUE 

NM_028293_CCTGCAATCTGAG 

TGAAGGC 
CEP55 79,48 5942,2 0 TRUE 

NM_027128_AACTGAATCAACT 

GTTTACT 
ODAM 21,81 5173,7 0 TRUE 

NM_001302389_AAAGGGCCCG 

GGCGAGGCGG 
PLPP2 119,22 4409,9 

8,47 

E-174 
TRUE 

NM_019437_CGCTCGCCGACAT 

CGTAGTG 
RFK 61,25 2180,3 

1,06 

E-163 
TRUE 

NM_199302_AACATGCACATAC 

CGCAAAC 
LRSAM1 44,22 1890,1 

7,36 

E-241 
TRUE 

NM_016780_TACCCATCACACT 

CAGCCTC 
ITGB3 242,91 1819 

0,00062 

879 
TRUE 

NM_018788_CCTGTGCCTTCGG 

ACGCGTC 
EXTL3 103,08 1272,6 

6,51 

E-16 
TRUE 

NM_013474_CCGTCAGGTGATA 

CGGAGAA 
APOA2 22,11 1192,5 0 TRUE 

NM_028547_TCAGCCAATACCC 

AGGTGCC 
KIF2B 82,47 1100,2 

2,91 

E-19 
TRUE 

NM_001093766_CTCTCCCAGAA 

CTTGCTGCG 
MYADM 48,10 1053,9 

3,67 

E-59 
TRUE 

NM_001161538_TGCCCACTAAT 

AGTGGCTAC 
ISLR2 15,84 1040,7 0 TRUE 

NM_029416_AGTGGTTTCCCGG 

ACCCTGC 
KLF17 40,34 1019,2 

1,55 

E-80 
TRUE 

NM_001195271_ACTCATGCTGC 

AAGGAATTC 
TEX13C1 33,46 969,78 

5,54 

E-108 
TRUE 

NM_145828_TCCGCTCGTTTCTG 

TCTCCA 
XYLT2 154,17 880,76 0,03780 TRUE 

NM_008937_CACAGTCCCACTG 

ACGTACC 
PROX1 125,19 814,26 0,01917 TRUE 
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NM_001198833_CCCAGCGCGTA 

GCCTCCACT 
DDR1 136,25 808,97 0,03780 TRUE 

NM_145490_AGCACAGTGGTTC 

CCAGCCC 
ZFP959 118,02 804,92 0,00610 TRUE 

NM_001164314_CAACGGTCCGG 

CCAGCACTC 
WARS 34,96 793,2 

3,26 

E-64 
TRUE 

NM_153419_ATAAGTCTTCTCA 

CTGAGCC 
GRWD1 79,78 723,97 

2,60 

E-07 
TRUE 

NM_001004193_ATTGAGAAGG 

CAGGCGAGTT 
RHOX8 16,73 626,79 

1,70 

E-185 
TRUE 

NM_133750_GACACGACAGCA 

CAGTCCGT 
FAM118A 23,01 554,12 

2,29 

E-73 
TRUE 

NM_146782_ATTGTGTATCTTTA 

GTTACC 
OLFR921 37,35 531,67 

6,85 

E-23 
TRUE 

NM_026665_TCAGACGTTGCCG 

TTCCCGC 
CEP57 77,68 504,69 0,01735 TRUE 

NM_026464_AACTTTAGTGAGC 

TGTAACT 
WDR55 40,64 495,16 

7,29 

E-16 
TRUE 

NM_198090_TCCACCGCGTTGG 

CGGGCCG 
HNRNPA3 2,39 483,21 0 TRUE 

NM_011607_CACTAACAACTAC 

TCTGCGG 
TNC 55,28 468,46 

4,19 

E-06 
TRUE 

NM_018805_CGCGAGCAGCAT 

GCAAATGC 
HS3ST3B1 74,70 455,04 0,03780 TRUE 

NM_011831_ACAGTGTTTACTA 

AGCACAT 
INSL5 67,82 423,27 0,03780 TRUE 

NM_026241_TTTCATTGGTTGCT 

AAGCTA 
ANKRD39 69,62 395,86 0,03780 TRUE 

NM_008552_ACATGTACCTATT 

GATTGTA 
MAS1 59,76 380,98 0,02404 TRUE 

NM_010162_GGGACCCAGGAG 

CGCACGGG 
EXT1 24,20 377,68 

2,14 

E-28 
TRUE 

NM_028474_CATCAGAACCTAG 

GAGGGAG 
PTCHD4 36,45 370,8 

4,01 

E-10 
TRUE 

NM_029840_GTGACTTGTTAAT 

GTAGCAA 
TSTD3 17,33 344,68 

1,19 

E-48 
TRUE 

NM_011334_CTTTCAAATGACG 

TCACCAC 
CLCN4 46,61 326,56 0,00223 TRUE 

NM_027843_GTAACCAGCATGT 

ATCACAG 
ARL14 52,29 311,75 0,03780 TRUE 

NM_008300_CGAAGTCTGGCGT 

CACGTCC 
HSPA4 66,03 305,15 0,03780 TRUE 
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NM_177150_ATTTACAATCACA 

TCAGACC 
CENPT 42,73 301,78 0,00177 TRUE 

NM_178065_TGTCGCGCTGCGA 

GCGATTC 
AREL1 65,73 300,09 0,03780 TRUE 

NM_026483_CCTAAAGTTCCGC 

CACACAC 
MPHOSPH10 34,96 291,95 

6,22 

E-06 
TRUE 

NM_001048228_AGAACGAACG 

CCCTCTGTCC 
DBNDD2 51,99 288,58 0,03780 TRUE 

NM_008579_AGTGATCATGGGA 

TGATGCC 
MEIG1 18,23 285,35 

1,25 

E-28 
TRUE 

NM_146215_CAACCGGGTCGCG 

GACAAAG 
CMTR2 22,41 278,75 

8,34 

E-17 
TRUE 

NM_146741_CATCTTGTCTTAG 

CCCTCAC 
OLFR1497 51,69 253,96 0,03780 TRUE 

NM_011072_GCGTGGCTTTCCA 

TCGAACT 
PFN1 15,24 248,29 

2,68 

E-31 
TRUE 

NM_025660_CAGGCGGAAGTG 

ACCATTTC 
RIBC1 54,68 244,28 0,03912 TRUE 

NM_145985_AAGCAGCACCAA 

ATAAACGC 
ARCN1 56,17 242,19 0,04576 TRUE 

NM_025631_TTGACAAGGCGAT 

GTTTGCA 
BPIFB2 25,70 238,47 

5,19 

E-08 
TRUE 

NM_029338_TAATGTGGAGTGC 

ACATATA 
RSPH9 28,98 222,65 

0,00012 

142 
TRUE 

NM_178802_TTCTGACGCACTG 

GGAGCTG 
TRIM65 13,74 208,4 

1,31 

E-26 
TRUE 

NM_007780_AATGTCGTGAGTA 

TTATCAG 
CSF2RB 34,36 207,83 0,03780 TRUE 

NM_001033286_GGGCTGGAGA 

CCGGAGCTGC 
SLC30A10 24,80 198,04 

3,10 

E-05 
TRUE 

NM_194268_GGGATGCCGGCG 

GGCTGGCT 
ONECUT2 17,93 194,32 

5,18 

E-12 
TRUE 

NM_028430_CACCGAAGGACCT 

AAGAATC 
PPIL6 19,72 188,03 

1,28 

E-08 
TRUE 

NM_001013379_GAGTCCTTGCT 

CTTGACCTG 
ZFP930 33,46 164,54 0,03780 TRUE 

NM_016897_CTCGGCTCGAGAT 

CGGGCTC 
TIMM23 16,13 163,25 

4,43 

E-10 
TRUE 

NM_201370_TCGAGATCTTGTG 

TTGCCAA 
WEE2 26,29 153,12 0,03780 TRUE 

NM_011580_CTGGCTTGACTGA 

GGAGCCC 
THBS1 25,10 151,73 0,03780 TRUE 
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NM_026884_ACGTCATAAACGT 

ATTTCTG 
FAM57B 16,13 150,12 

4,50 

E-08 
TRUE 

NM_007850_AGAACATCAAAG 

GGAACTTG 
DEFA3 16,73 129,83 

8,32 

E-05 
TRUE 

NM_178602_TGGGTTTGGCGGG 

CTTTCTC 
POLR2M 21,81 127,02 0,03780 TRUE 

NM_133794_AATGGCGTTGACT 

ACCTGGC 
QARS 6,87 123,77 

3,63 

E-38 
TRUE 

NM_026054_CCTGCCCGGCACT 

AGGACCG 
RESF1 17,63 100,62 0,03780 TRUE 

NM_001011751_TTCTCTGTGGC 

AAAGGAGTC 
OLFR298 10,16 86,177 

3,49 

E-06 
TRUE 

NM_026302_GTGACGGGTGCGC 

CGGGCGT 
DCTN4 0,90 80,815 0 TRUE 

NM_001083957_GAGATCTTAAG 

TGACACCAT 
CAR1 14,64 70,915 0,03780 TRUE 

NM_026194_GATGGTTGCTGGA 

CAGAAAC 
UFL1 16,43 69,431 0,04942 TRUE 

NM_001199244_TTGCAATTGCT 

TCAGGAGAG 
KCNIP4 9,26 53,464 0,03780 TRUE 

NM_139218_TTAGCATTAAAGT 

AGCCTGG 
DPPA3 2,09 34,42 

1,85 

E-26 
TRUE 

NM_001281812_TAGTGGGACA 

GCGTGGACTT 
PLCXD1 5,08 31,327 0,03780 TRUE 

NM_010331_GGGATGCAGTCAT 

GGCCAGT 
GPAA1 2,09 10,458 0,03780 TRUE 

NM_172633_TGGAGAGTGTGGG 

CGATGAG 
CBLN2 1,20 6,6 0,03780 TRUE 

NM_024240_TGGTTAGTGCTCC 

CGCAGCG 
GINS4 1,20 5,9732 0,04289 TRUE 

NM_008961_TGGCGCGGGCTCA 

CAGGGAG 
PTER 0,30 4,0098 

1,46 

E-05 
TRUE 
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Table 5. Enrichment genes in Vegfr3Kat LECs with MEGACKFLUTE. Filtered by Topcenter group 
and ordered by Rank column. 

Gene Con 
trol 

Treat 
ment 

Con 
trol 

Treat 
ment 

Diff group rank control. 
fdr 

Treat 
ment.fdr 

FLT4 1,4E-05 22,17 1,4E-05 22,17 22,16 topcenter 1 0,994 0 
COPB2 0,497 5,486 0,497 5,486 4,989 topcenter 2 0,967 0 
ZFP687 -0,714 4,954 -0,714 4,954 5,668 topcenter 3 0,936 0 

DYNLT1C 0,398 4,887 0,398 4,887 4,489 topcenter 4 0,981 0 
TDPOZ2 0,348 4,887 0,348 4,887 4,538 topcenter 5 0,981 0 
WNT5A 0,467 4,818 0,467 4,818 4,350 topcenter 6 0,965 0 
TRAF6 -0,001 4,755 -0,0016 4,755 4,757 topcenter 7 0,994 0 

1700010D01RIK 0,658 4,749 0,658 4,749 4,091 topcenter 8 0,951 0 
B3GALNT1 -0,559 4,727 -0,559 4,727 5,286 topcenter 9 0,948 0 

PPM1L 0,023 4,715 0,023 4,715 4,691 topcenter 10 0,994 0 
SLC9A8 -5,2E-05 4,680 -5,2E-05 4,680 4,680 topcenter 11 0,994 0 

AMBRA1 0,707 4,660 0,707 4,660 3,953 topcenter 12 0,942 0 
NDE1 -0,233 4,641 -0,233 4,641 4,874 topcenter 13 0,968 0 
CBR1 0,262 4,586 0,262 4,586 4,324 topcenter 14 0,993 0 

ABLIM1 0,0002 4,542 0,0002 4,542 4,542 topcenter 15 0,979 0 
NEFH 0,158 4,409 0,158 4,409 4,251 topcenter 16 0,997 0 

ADAD1 0,021 4,379 0,021 4,379 4,357 topcenter 17 0,994 0 
YWHAB 0,507 4,338 0,507 4,338 3,831 topcenter 18 0,967 0 
TRIM43A -0,545 4,307 -0,545 4,307 4,852 topcenter 19 0,953 0 

VMN1R207-PS 0,212 4,271 0,212 4,271 4,058 topcenter 20 0,994 0 
OLFR93 -0,279 4,259 -0,279 4,259 4,538 topcenter 21 0,967 0 
ABCB1A -0,198 4,242 -0,198 4,242 4,440 topcenter 22 0,973 0 
POLDIP3 0,644 4,228 0,644 4,228 3,584 topcenter 23 0,956 0 
ACADL 0,846 4,226 0,846 4,226 3,379 topcenter 24 0,921 0 
SETD3 -0,347 4,184 -0,347 4,184 4,531 topcenter 25 0,967 0 

TEC -0,145 4,173 -0,145 4,173 4,318 topcenter 26 0,981 0 
PRIM1 0,051 4,116 0,051 4,116 4,065 topcenter 27 0,995 0 

TMEM212 0,389 4,098 0,389 4,098 3,708 topcenter 28 0,977 0 
DNAJB4 -0,179 4,038 -0,179 4,038 4,218 topcenter 29 0,967 0 
MAST4 -0,348 3,995 -0,348 3,995 4,343 topcenter 30 0,967 0 

SLC20A1 0,162 3,994 0,162 3,994 3,831 topcenter 31 0,996 0 
DCP1B 0,451 3,993 0,451 3,993 3,541 topcenter 32 0,968 0 

OLFR1475 0,848 3,948 0,848 3,948 3,100 topcenter 33 0,958 0 
TAT 0,564 3,935 0,564 3,935 3,371 topcenter 34 0,966 0 

PSMG1 0,160 3,925 0,160 3,925 3,765 topcenter 35 0,996 0 
IL1R2 -0,488 3,898 -0,488 3,898 4,386 topcenter 36 0,957 0 

1700013F07RIK 0,161 3,894 0,161 3,894 3,733 topcenter 37 0,996 0 
WDFY2 0,579 3,855 0,579 3,855 3,275 topcenter 38 0,965 0 
KMT2C -0,157 3,849 -0,157 3,849 4,006 topcenter 39 0,979 0 

SAMD4B -0,385 3,840 -0,385 3,840 4,226 topcenter 40 0,967 0 
DNAH6 0,515 3,813 0,515 3,813 3,297 topcenter 41 0,967 0 
MS4A4C -0,041 3,810 -0,041 3,810 3,852 topcenter 42 0,989 0 
TBC1D9 0,412 3,755 0,412 3,755 3,342 topcenter 43 0,972 0 

WFDC15B 0,225 3,741 0,225 3,741 3,515 topcenter 44 0,994 0 
HMGN3 0,281 3,739 0,281 3,739 3,457 topcenter 45 0,988 0 
CEP290 -0,821 3,737 -0,821 3,737 4,558 topcenter 46 0,926 0 

VMN1R237 -0,503 3,734 -0,503 3,734 4,238 topcenter 47 0,957 0 
HCAR2 -0,562 3,728 -0,562 3,728 4,291 topcenter 48 0,948 0 

VMN1R14 0,803 3,712 0,803 3,712 2,909 topcenter 49 0,926 0 
LSM3 0,117 3,712 0,117 3,712 3,595 topcenter 50 0,999 0 

COX6C 0,504 3,707 0,504 3,707 3,203 topcenter 51 0,967 0 
KCTD15 0,884 3,661 0,884 3,661 2,776 topcenter 52 0,914 0 
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POLR2B -0,155 3,651 -0,155 3,651 3,806 topcenter 53 0,979 0 
OLFR1390 0,138 3,641 0,138 3,641 3,503 topcenter 54 0,997 0 

PTPRO 0,244 3,623 0,244 3,623 3,379 topcenter 55 0,990 0 
KIR3DL2 0,093 3,607 0,093 3,607 3,513 topcenter 56 0,997 0 
TSHZ3 -0,131 3,602 -0,131 3,602 3,733 topcenter 57 0,981 0 
SDHA 0,701 3,597 0,701 3,597 2,895 topcenter 58 0,942 0 

KRTAP19-5 0,077 3,582 0,077 3,582 3,505 topcenter 59 0,996 0 
ADGRF5 -0,011 3,535 -0,011 3,535 3,546 topcenter 60 0,994 0 
INPP5D 0,011 3,506 0,011 3,506 3,494 topcenter 61 0,994 0 
ABCA2 0,443 3,500 0,443 3,500 3,057 topcenter 62 0,968 0 

MYB 0,820 3,482 0,820 3,482 2,661 topcenter 63 0,924 0,031 
OLFR301 -0,247 3,462 -0,247 3,462 3,710 topcenter 64 0,968 0,031 

PNLIPRP1 0,646 3,460 0,646 3,460 2,813 topcenter 65 0,955 0,031 
RHD 0,061 3,446 0,061 3,446 3,385 topcenter 66 0,995 0,040 

BTBD8 0,639 3,153 0,639 3,153 2,513 topcenter 100 0,917 0,040 
TMEM138 0,359 3,131 0,359 3,131 2,772 topcenter 102 0,969 0,011 
TMEM29 0,825 3,112 0,825 3,112 2,287 topcenter 107 0,812 0 

ICA1 0,643 2,743 0,643 2,743 2,100 topcenter 159 0,924 0,021 
CAMK1D 0,586 2,721 0,586 2,721 2,134 topcenter 166 0,938 0,040 

MTF2 0,612 2,704 0,612 2,70 2,091 topcenter 171 0,931 0,040 
EFCAB6 0,213 2,553 0,213 2,553 2,340 topcenter 202 0,994 0,021 
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