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Abstract 

The endosomal network depicts a vast playground of multiple processing capabilities 

in terms of signaling. Distinct compartments of the endosomal machinery exert specific 

functions and thus contribute in signal termination, transduction, attenuation or 

amplification. Initially, these functions were attributed to early endosomes but recent 

research likewise considers late endosomes to be just as relevant in mediating such 

processes. Functionality as well as the molecular identity of these intracellular 

membranous platforms are orchestrated by a large superfamily of small Ras like 

GTPases. The collected data of this study particularly highlight the involvement of late 

endosomes and its associated regulator Rab7 in the early development of the African 

clawed frog Xenopus laevis. 

In particular, the first two chapters address the Rab7-dependent specification of the 

mesodermal germ layer by regulating intracellular pathway activity of Wnt and 

FGF/MAPK signaling. After fertilization formation of the germ layers is one of the first 

processes to be initiated. An essential part of mesoderm development comprises 

subdivision into different mesodermal regions, thus clustering it into ventrolateral and 

dorsal mesoderm. This patterning is crucial to promote further differentiation into 

various tissues arising from the mesodermal germ layer. It turned out, Rab7 regulates 

ventrolateral fates in a Wnt-dependent manner. The small GTPase exerts its function 

upstream of the Wnt co-transcription factor Ctnnb1 to ensure its nuclear relocalization. 

In addition to that, Rab7-positive endosomes are likewise required to mediate 

intracellular FGF/MAPK signal transduction in order to specify dorsal mesoderm. Here, 

Rab7 regulates proper signaling at the level or downstream of Ras and upstream of 

Erk/Mapk1. 
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The last chapter then elicits further regulative properties of the late endosomal 

platform, concerning Cd63 function. The tetraspanin Cd63, which constitutes a 

transmembrane protein, associates with late endolysosomal compartments and 

exhibits a similar expression pattern like the small GTPase Rab7 in Xenopus laevis. 

Contrary to Rab7, function of Cd63 seems to be dispensable whilst gastrulation. 

However, the presented studies in this chapter suggest a vital function of the 

tetraspanin Cd63 during axial elongation and correct eye development. Therefore, 

these investigations regarding Cd63 demonstrated an involvement of the regulative 

function of late endosomes as signaling platforms for embryonic development beyond 

mesoderm specification and gastrulation. 

Overall, the summarized data of this study provides further insights into the determining 

capacity of Rab7-positive endosomal platforms in intracellular signal transduction of 

different pathways during early embryonic development.
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Zusammenfassung 

Das endosomale Netzwerk stellt einen enormen Schauplatz für mannigfaltige 

Prozessierungsmöglichkeiten in Bezug auf Signalübertragung dar. Die verschiedenen 

Kompartimente der endosomalen Maschinerie üben spezifische Funktionen aus und 

tragen somit zur Signaltermination, -übertragung, -abschwächung oder -verstärkung 

bei. Anfänglich wurden diese Funktionen frühen Endosomen zugeschrieben, neuere 

Forschungen erachten jedoch auch späte Endosomen als gleichermaßen relevant für 

die Vermittlung solcher Prozesse. Sowohl die Funktionalität als auch die molekulare 

Identität dieser intrazellulären membranösen Plattformen werden durch eine große 

Superfamilie kleiner Ras ähnlicher GTPasen gesteuert. Die zusammengestellten 

Daten dieser Studie heben besonders die Beteiligung später Endosomen und des mit 

ihnen assoziierten Regulators Rab7 in der frühen Entwicklung des Afrikanischen 

Krallenfroschs Xenopus laevis hervor.  

Die ersten zwei Kapitel thematisieren jeweils die Rab7-abhängige Spezifizierung des 

mesodermalen Keimblatts durch Regulation der intrazellulären Signalwegsaktivität 

von Wnt und FGF/MAPK Signalen. Nach der Befruchtung ist die Entstehung der 

Keimblätter einer der ersten initiierten Prozesse. Ein wesentlicher Teil der 

Mesodermentwicklung umfasst die Unterteilung in unterschiedliche mesodermale 

Bereiche, wodurch dieses in ventrolaterales und dorsales Mesoderm gegliedert wird. 

Diese Strukturierung ist essentiell um die weitere Differenzierung in die verschiedenen 

Gewebe, welche aus dem mesodermalen Keimblatt entstehen, voranzutreiben. Es 

stellte sich heraus, dass Rab7 ventrolaterales Schicksal in einer Wnt-abhängigen 

Weise reguliert. Die kleine GTPase vermittelt ihre Funktion oberhalb des Wnt 

Ko-Transkriptionsfaktors Ctnnb1 um wiederum dessen nukleare Relokalisierung zu 

gewährleisten. Darüber hinaus werden Rab7-positive Endosomen ebenfalls für die 
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intrazelluläre Vermittlung der FGF/MAPK Signaltransduktion benötigt um dorsales 

Mesoderm zu spezifizieren. Hier reguliert Rab7 die korrekte Signalgebung auf Ebene 

oder unterhalb von Ras beziehungsweise oberhalb von Erk/Mapk1. 

Im letzten Kapitel werden die weiteren regulativen Eigenschaften später endosomaler 

Plattformen in Bezug auf die Funktion von Cd63, eruiert. Das Tetraspanin Cd63, 

welches ein Transmembranprotein darstellt, ist mit späten endolysosomalen 

Kompartimenten assoziiert und weist in Xenopus laevis ein ähnliches 

Expressionsmuster wie die kleine GTPase Rab7 auf. Im Gegensatz zu Rab7, scheint 

die Funktion von Cd63 während der Gastrulation entbehrlich zu sein. Allerdings lassen 

die in diesem Kapitel aufgeführten Studien eine entscheidende Funktion des 

Tetraspanins Cd63 während der axialen Elongation und der korrekten 

Augenentwicklung vermuten. Daher legen die Untersuchungen hinsichtlich Cd63 eine 

Beteiligung an der regulativen Funktion von späten Endosomen als Signalplattformen 

in der embryonalen Entwicklung dar, welche über die Mesodermspezifizierung und 

Gastrulation hinausgehen. 

Insgesamt bieten die gesammelten Daten dieser Studie weitere Erkenntnisse über die 

entscheidende Kapazität Rab7-positiver endosomaler Plattformen in der 

intrazellulären Signaltransduktion verschiedener Signalwege während der frühen 

embryonalen Entwicklung.
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Introduction 

Signaling pathways in early embryonic development 

A well-orchestrated regulation of (intracellular) signaling processes denotes embryonic 

development in vertebrates. Signaling pathways often intertwine or operate up- and 

downstream of each other to drive early embryonic tissue specification and patterning. 

Positioning of the newly formed tissues is initiated during gastrulation whereby great 

structural rearrangements take place. These early developmental processes are 

mainly governed by a small number of evolutionary conserved signaling pathways, 

such as transforming growth factor (TGF)-β, its subgroup member bone 

morphogenetic protein (BMP) (Kishigami and Mishina, 2005; Yamamoto and 

Oelgeschläger, 2004), Wingless and Int1 (Wnt) and fibroblast growth factor (FGF). 

Albeit vertebrates share a conserved body plan, the interplay amongst these signaling 

pathways will be considered below in more detail during early development of the 

African clawed frog Xenopus laevis, as it is the utilized model organism in the studies 

presented hereafter. 

As soon as fertilization takes place, one of the first signaling activities to occur is the 

shifting of Wnt signaling components from the vegetal hemisphere to the opposite side 

of sperm entry at the animal pole (De Robertis and Kuroda, 2004). Along parallel 

microtubule tracks, emanating from the sperm entry point, frequently rearranged in 

advanced T-cell lymphomas 1/Gsk3-binding protein (Frat1/Gbp) and Disheveled (Dvl) 

get translocated to the future dorsal side within the 1-cell embryo (Miller et al., 1999; 

Weaver et al., 2003). Shifting of these dorsalizing determinants is accompanied by a 

cortex rotation (Weaver and Kimelman, 2004). This motion process is stimulated by 

fertilization as well, whereby the eggs cortex rotates approximately 30° relative to its 

cytoplasm (De Robertis and Kuroda, 2004; Moon, 2005; Stennard et al., 1997). Wnt 
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pathway activity is mediated as consequence of shifted Frat1 and Dvl antagonizing 

glycogen synthase kinase 3 (Gsk3) function. Gsk3 negatively regulates Catenin beta 1 

(Ctnnb1), a downstream Wnt signaling co-transcription factor, by targeting it for 

degradation (Moon, 2005; Yost et al., 1996). Eventually nuclear accumulation of 

Ctnnb1 throughout ongoing cell divisions accounts for dorsoventral axis establishment, 

whereas the site of Ctnnb1 accumulation and concomitant target gene activation now 

represents the dorsal side (Moon, 2005). Besides dorsal specification via Wnt 

components, signaling from the vegetal hemisphere induces endomesodermal tissue. 

Shortly after fertilization signals of the T-box transcription factor Vegt protein (Vegt) 

initially determine the vegetal cells fate to become endoderm (Zhang et al., 1998). The 

overlying equatorial marginal zone of such early blastula stage embryos develops into 

mesoderm, as Vegt further initiates mesodermal gene activity via Nodal paracrine 

factors (Dale, 1997; Skirkanich et al., 2011; Smith et al., 1993), thus introducing TGF-β 

signaling in the early developmental processes. By the time of late blastula stages a 

lack of inducing signals in the animal hemisphere specifies this remaining tissue as 

ectoderm. As the dorsoventral body axis is established and the germ layers are 

specified by Wnt and TGF-β signaling respectively, conjunction of these two pathways 

is essential for preliminary mesoderm patterning. Intersection of prior established 

Ctnnb1 signals with the TGF-β member growth differentiation factor 1 (Gdf1/Vg1) 

creates a gradient of Nodal proteins within the endoderm (Agius et al., 2000; Heasman 

et al., 1994; Schneider et al., 1996). Due to this gradient two mesodermal territories 

are formed within the equatorial marginal zone of blastula stage embryos, a small 60° 

and larger 300° arc section (Dale and Jones, 1999; Slack et al., 1990). The 

Nodal-related protein gradient is highest at the pathways overlapping region from 

which the small 60° arc dorsal mesoderm section originates. The remaining 300° arc 

of mesoderm derives from the non-overlapping pathway region with decreasing 
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Nodal-related protein concentrations and is referred to as ventrolateral mesoderm 

(Agius et al., 2000). 

Dorsally, pathway activity of Wnt and TGF-β drives the formation of the Spemann 

organizer, a signaling center networking further patterning and developing properties 

(Agius et al., 2000; Kumar et al., 2021). In the ventral marginal zone, opposite to the 

currently established dorsal organizing center another signaling center emerges (De 

Robertis, 2009; De Robertis and Kuroda, 2004; Kumar et al., 2021; Niehrs and Pollet, 

1999). Both organizing centers express a specific set of secreted factors, thus eliciting 

an antagonizing nexus between them. BMP inhibitors, namely Chordin, Noggin and 

Follistatin are released by the dorsal organizer to counteract ventrally secreted BMPs, 

e.g. Bmp4 (De Robertis, 2009). Hereby, another signaling pathway gains determining 

influence on early embryonic development by further patterning the established 

mesodermal territories. The inhibitory impact emanating from the Spemann organizer 

results in a gradient formation of Bmp4 within the ventrolateral mesoderm. 

Contemporaneous to ventrolateral Bmp4, spatially likewise distributed zygotic Wnt 

signaling confines the dorsal organizers extent (Ramel and Lekven, 2004). Starting by 

late blastula stages and lasting during gastrulation, graded BMP signals induce diverse 

mesodermal gene activities. Therefore, the most ventral mesoderm is characterized 

by high levels of Bmp4, lateral mesoderm is specified by intermediate to low signals 

and absent Bmp4 represents dorsal mesoderm (Dale and Jones, 1999; Dosch et al., 

1997; Gawantka et al., 1995; Hemmati-Brivanlou and Thomsen, 1995). BMPs not only 

pattern mesodermal tissue, ectodermal cells receiving such signals are induced to 

become epidermis. Whereas restriction of BMP and Wnt signaling to the ventrolateral 

parts of the embryo permits neural tissue development on the dorsal side (Dale and 

Jones, 1999; Iemura et al., 1998; Piccolo et al., 1996; Wilson and Hemmati-Brivanlou, 

1995; Zimmerman et al., 1996). 
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Although not being pivotal in this early developmental processes of initially inducing 

and patterning the germ layers, FGF signaling incorporates in mesoderm formation as 

well as it has been described as competence factor for this purpose (Böttcher and 

Niehrs, 2005; Dorey and Amaya, 2010; Fletcher and Harland, 2008; Kumar et al., 

2021). Therefore, FGFs act in concert with TGF-β signaling specifically during 

mesoderm induction (Böttcher and Niehrs, 2005; Rodaway et al, 1999; Zhao et al, 

2003). Mesodermal specification and maintenance are effected by interaction of FGF 

and Wnt signaling with the early pan-mesoderm marker T-box transcription factor 

(Tbxt) (Conlon et al., 1996; Schulte-Merker et al., 1995; Smith et al., 1991; Strong et 

al., 2000; Vonica and Gumbiner, 2002). Even dorsoventral patterning requires FGF 

signals, due to accumulating evidence in correlation with BMP signaling (Böttcher and 

Niehrs, 2005; Fürthauer et al., 1997; Kumar et al, 2018 and 2021). At the onset of 

gastrulation, where cells start to invaginate and thus passing through the dorsal 

organizer tissue, Spemann’s organizer not only secretes BMP inhibitors but also Wnt 

antagonists (De Robertis, 2009; Glinka et al., 1997). Ongoing gastrulation and 

concomitant tissue rearrangement engender a Wnt gradient along the developing 

anterior to posterior axis, being lowest anterior and highest posterior (Kiecker and 

Niehrs, 2001). Inhibition of both, Wnt and BMP signals in the first involuting and later 

anterior most cells guaranties the formation of head and brain structures (De Robertis 

and Kuroda 2004; Niehrs, 2004 and 2010). Beyond mesodermal patterning within the 

marginal zone, FGFs differently participate in axial and paraxial mesoderm 

development (Dorey and Amaya, 2010). Especially in context of anterior to posterior 

specification FGF signals indirectly interact with the Wnt signaling pathway, as both 

pathways have been described to mediate caudal development (Pera et al., 2013; 

Wilson et al., 2009). 
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These early embryonic processes of germ layer induction and body axis establishment 

are governed by a plethora of cross-connections between different signaling pathways. 

Regarding this, the endocytic system could offer organizing platforms to regulate such 

tightly balanced intracellular signal transduction processes. 

 

Intracellular signaling via the endocytic pathway 

Endocytosis is generally addressed as procedure of internalizing extracellular or 

membranous cargo of different kinds and its subsequent translocation due to their 

multiple destinations. Processing throughout the endocytic pathway for instance 

includes sorting, recycling, storing, activating, silencing and often degrading of the 

endocytosed cargo (Huotari and Helenius, 2011). Signaling processes are often linked 

to various intracellular compartments such as endosomes. Recent studies have shown 

that endosomal compartments can either function as sorting platforms for signal 

termination or transduction (Platta and Stenmark, 2011). Initially, trafficking through 

the endocytic machinery is set up by local cell surface reorganization leading to an 

invagination of the plasma membrane. The primary endocytic compartments emerge 

by excision of the inward budding membrane. These newly formed vesicles then merge 

into/with early endosomes (EEs) and thereby membrane-anchored, carried along 

cargo like signaling receptors get internalized (Elkin et al., 2016; Sorkin and Zastrow, 

2002). Within the endosomal network, EEs mark the first main platform for sorting-

events, conducting stringent selection of uptaken cargo into recycling circuits or further 

passing through the degradative route (Elkin et al., 2016; Huotari and Helenius, 2011). 

Selection into either endosomal system results in distinct outcomes in context of the 

different signaling pathways. In terms of signal transduction and termination, recycling 

endosomes therefore mainly contribute to the maintenance of signaling capacity, 

whereas the more downstream, degradative endosomal system is largely considered 
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as termination platform for signaling activity (Cullen and Steinberg, 2018; Huotari and 

Helenius, 2011). Beyond the early endosomal sorting platform, EEs mature into late 

endosomes (LEs). Endosome maturation is accompanied by a change in the 

membrane composition and thus altered fusion partners occur. Moreover, their range 

of motion along microtubules shifts from the cell periphery to a more perinuclear area 

(Hoepfner et al., 2005; Huotari and Helenius, 2011; Nielsen et al., 1999). Large 

structural rearrangements distinguish the maturation process as well, whereby already 

EEs start to gain a multivesicular structure. Via inward budding of their limiting 

membrane endosomes form intraluminal vesicles (ILVs) and multivesicular bodies 

(MVBs)/LEs emerge during further maturation (Babst, 2011; Hurley and Hanson, 

2010). Essential for ILV biogenesis is the endosomal sorting complexes required for 

transport (ESCRT) machinery, as its distinct complexes facilitate membrane 

rearrangement and cargo sorting (Huotari and Helenius, 2011; Schuh and Audhya, 

2014). Acquisition of lysosomal components to LEs and fusion with each other and/or 

lysosomes constitute a point of no return in the endosomal pathway. In this progressed 

condition endolysosomes or lysosomes obtain a high density and exhibit a great 

number of hydrolases. Therefore, ultimate signaling termination and degradation of the 

transported cargo occurs when ILVs are subjected to lysosomal hydrolyses during 

fusion of endosomes and lysosomes (Elkin et al., 2016; Huotari and Helenius, 2011). 

Continuous acidification throughout the endosomal route from the plasma membrane 

to the lysosomal compartments provides functionality of the different compartments 

(Elkin et al., 2016). Decreasing pH within endosomal compartments promotes receptor 

ligand dissociation as well as hydrolase mediated digestion of the transported cargo 

placed in ILVs (Elkin et al., 2016; Huotari and Helenius, 2011; Mellman et al., 1996). 

The various platforms within the endosomal pathway constitute manifold options in 

terms of signaling attenuation, amplification, transduction and termination. Hereafter 
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Wnt and FGF signaling, two essential pathways in early developmental 

embryogenesis, will be introduced in context of the endosomal network. 

Wnt signal transduction is tightly associated with downstream endocytic processes 

ensuring the nuclear translocation of the Wnt co-transcription factor Ctnnb1. Upon 

internalization of an activated Wnt receptor, subsequent recruitment of the Ctnnb1 

destruction complex via Dvl to vesicular, receptor-bearing membranes takes place. 

Fusion of the vesicular structures to EEs, or so called signalosomes, is followed by the 

maturation into LEs/MVBs (Bilic et al., 2007). Endosome maturation is crucial to 

spatially separate the bound destruction complex from its target, preventing its 

continuous degradative turnover. Relocation of the Ctnnb1 destruction complex to ILVs 

of LEs eventually permits the sustained cytosolic accumulation of newly synthesized 

Ctnnb1, thus representing a signaling maintenance mechanism. Wnt signal 

transduction is obtained by Ctnnb1 nuclear translocation resulting in target gene 

activation (Platta and Stenmark, 2011; Taelman et al., 2010; Vinyoles et al., 2014). 

Intracellular signal transduction facilitated by endosomal processes is not only 

associated with Wnt signaling, as there is evidence for a requirement in FGF signaling, 

too (Auciello et al., 2013). Especially the mitogen-activated protein kinase (MAPK) 

pathway, one intracellular branch of FGF and other signaling pathways utilizes 

endosomal compartments (Sorkin and Von Zastrow, 2000; Teis et al., 2002). 

Regulation of MAPK signaling linked to endosomes is best examined in the context of 

epidermal growth factor (EGF) signal transduction, which is closely related to FGF. 

Initially, binding of FGF/EGF ligands to protein tyrosine kinase receptors (PTKR) 

results in receptor dimerization, allowing cross-phosphorylation of their cytosolic 

residue (Fehrenbacher et al., 2009; Schlessinger, 2000). Along with the pathway 

initiation, formation of the ligand-receptor complex stimulates its internalization and 

thus, entry into the endocytic system (Oksvold et al., 2001). Association of growth 
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factor receptor-bound protein 2 (Grb2) to the cytosolic domain of such an activated 

membrane-bound receptor then in turn recruits the guanine nucleotide exchange factor 

(GEF) Son of Sevenless (Sos). This GEF facilitates a conformational switch of the 

membrane-associated Ras proto-oncogene serine/threonine kinase (Ras) GTPase 

between its guanine diphosphate- (GDP-) to guanine triphosphate- (GTP-) bound form. 

Direct interaction between activated Ras and Raf proto-oncogene serine/threonine 

kinase/mitogen-activated protein 3 kinase (Raf/Map3k) then initiates a subsequent 

kinase cascade, characterized by successive phosphorylation of downstream MAPK 

pathway components (Fehrenbacher et al., 2009). Besides PTKR, also the Grb2-Sos 

complex as well as Ras, have all been found in endosomal structures after pathway 

initiation (Di Guglielmo et al, 1994; Jiang and Sorkin, 2002; Oksvold et al., 2001; Sorkin 

et al., 2000). The more downstream late endosomal compartment in particular is 

commonly considered as signal termination platform. However, similar to Wnt 

signaling, this downstream endosomal transport route sustains signal transduction, as 

the internalized (EGF) receptors' activity maintains until its entire assimilation in the 

endolysosomal lumen (Burke et al., 2001; Oksvold et al., 2001; Wouters and 

Bastiaens, 1999). Endosomal receptor trafficking and concomitant recruitment of Ras 

and Raf/Map3k to late endosomal structures fosters the colocalization with a complex 

consisting of late endosomal/lysosomal adaptor mapk and mtor activator 2 

(Lamtor2/p14), late endosomal/lysosomal adaptor mapk and mtor activator 3/Mek 

partner 1 (Lamtor3/Mp1) and mitogen-activated protein kinase/Erk kinase/mitogen-

activated protein 2 kinase (Mek/Map2k; p14-mp1-map2k complex) (Lu et al., 2009). A 

stable anchoring of this complex to late endosomal membranes is facilitated via the 

lipid raft adaptor late endosomal/lysosomal adaptor mapk and mtor activator 1 

(Lamtor1/p18) (Nada et al., 2009). The acquired spatial proximity between Raf/Map3k 

and the complex allows phosphorylation of Mek1/Map2k1 (Kolch, 2000; Lu et al., 
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2009), which is essential for subsequent activation and phosphorylation of 

extracellular-signal regulated kinase/mitogen-activated protein kinase (Erk/Mapk) 

(Fehrenbacher et al., 2009; Platta and Stenmark, 2011). Activated Erk/Mapk dimerizes 

and translocates to the nucleus and eventually accomplishes signal transduction from 

the plasma membrane via the endocytic machinery by a final phosphorylation step of 

members belonging to the E26 transformation specific (Ets) family of transcription 

factors (Fehrenbacher et al., 2009). 

The above mentioned signaling events depict the requirement of a well-orchestrated 

endocytosis machinery organizing the interplay of different membranous 

compartments, which is ensured by a various number of distinct organelle regulators. 

Many Ras-related in brain (Rab) family members, being enriched at those endosomal 

membranes, facilitate this regulatory function of intracellular membrane trafficking 

(Rink et al., 2005). 

 

Rab family members as regulators for intracellular signaling 

In 1983 the first rab gene has been identified by D. Gallwitz and colleagues in yeast 

(Gallwitz et al., 1983). Until today ongoing research lead to the discovery of at least 60 

different Rab proteins encoded in the human genome (Stenmark and Olkkonen, 2001; 

Zerial and McBride, 2001). Various investigations identified individual Rab proteins 

being associated to discrete functions in subcellular membrane-associated transport. 

Moreover, the entirety of Rabs provide a specific identity to each membrane 

compartment involved in such endosomal trafficking events (Martinez and Goud, 1998; 

Rodman and Wandinger-Ness, 2000; Stenmark and Olkkonen, 2001). Rab proteins 

are at large evolutionary conserved from yeast to humans and further represent the 

largest family of monomeric small GTPases. Their carboxyl termini required for 

subcellular membrane targeting are least conserved in Rab proteins whereas the 
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guanine-nucleotide binding domains are highly preserved (Stenmark and Olkkonen, 

2001). Membrane localization of this GTPases constitutes a transient state, as they 

oscillate between GDP- and GTP-bound conformations and therefore causing a 

dynamic equilibrium between a cytosolic and a membrane-associated entity (Rink et 

al., 2005; Zerial and McBride., 2001). Association with intracellular membranes 

functions via integration of a prenyl anchor and entails Rab proteins facing to the 

cytoplasm (Martinez and Goud, 1998; Stenmark and Olkkonen, 2001). Before entering 

the GDP/GTP cycle and performing repetitive rounds of membrane association and 

dissociation newly synthesized Rabs are bound by Rab escort proteins (REPs). REPs 

facilitate the initial delivery to appropriate intracellular membranes subsequent to 

presenting the small GTPase to a geranylgeranyl transferase. This enzyme catalyzes 

alterations in their cysteine motif at the carboxyl terminus, which are essential for 

proper membrane targeting. Once the GDP/GTP cycle is entered GTP/GDP exchange 

factor (GEF) mediates membrane binding by conversion from GDP to GTP and 

simultaneous release of REP. Vice versa conversion is rendered by GTPase-activating 

protein (GAP) and proximate membrane detachment is accompanied by GTPase 

dissociation inhibitor (GDI). Based on its structural similarity to REP and its higher 

abundance, GDI now functions as recycling factor in upcoming GDP/GTP cycles. GTP- 

and GDP-bound conformations are addressed as active and inactive states of Rab 

proteins. GTP-bound, membranous Rabs are regarded as active, due to their capability 

of interacting with downstream effectors in this conformation (Stenmark and Olkkonen, 

2001). 

 

Endosome maturation and Rab switch  

Endosomal compartments often depict mosaic distributions of different Rab proteins. 

These non-intermixing populations of distinct Rabs illustrate intermediate stages of 
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ongoing endosomal dynamics (Stenmark, 2009; Zerial and McBride, 2001). Maturation 

from early to late endosomes elucidate such membrane-associated Rab protein 

turnover at transforming compartments within the endosomal dynamics. Early and late 

endosomes, participating in this most evaluated maturation process, are characterized 

by RAB5 Member RAS Oncogene Family (Rab5) and RAB7 Member RAS Oncogene 

Family (Rab7), respectively. The Rab switch occurring during endosome maturation 

involves proceeding decrease of Rab5 and concomitant increase of Rab7 at the same 

membrane (Rink et al., 2005). As there is no direct replacement of one GTPase by 

another, hybrid organelles evolve and Rab5 and Rab7 positive domains develop (Rink 

et al, 2005; Skjeldal et al., 2021; Vonderheit and Helenius, 2005). The current model 

proposes a two-phase Rab5 to Rab7 conversion process during maturation, one being 

independent of Rab7 and the other relying on its function. At first, EE-associated Rab5 

briefly detaches from the endocytic membrane initiating the endosomal transition. 

Completing Rab5 dissociation then requires the appearance of downstream Rab7 at 

the endosomal membrane (Skjeldal et al., 2021). Gathering of Rab5 into domain like 

structures is assumed to activate the MON1 homolog A secretory trafficking 

associated-CCZ1 homolog vacuolar protein trafficking and biogenesis associated 

(Mon1-Ccz1) complex, which in turn facilitates recruitment of Rab7 (Langenmeyer et 

al., 2020; Skjeldal et al., 2021). Mon1-Ccz1 complex exerts a dual function by 

trespassing the Rab5 acquisition feedback loop and promoting homotypic fusion and 

protein-sorting (Hops) complex activation (Skjeldal et al., 2021). Disruption of the 

positive feedback loop is precipitated by displacing the Rab5 GEF from maturing 

endosomes, thus causing a further decrease of Rab5 levels (Poteryaev et al., 2010). 

On the contrary, complex interaction between Mon1-Ccz1 and Hops leads to Rab7 

accumulation at maturing endosomal membranes since the Hops complex exerts GEF 

function towards this LE-associated GTPase (Langenmeyer et al., 2020; Poteryaev et 
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al., 2010; Skjeldal et al., 2021; Zhang et al., 2009). Once established, Rab7-positive 

compartments are referred to as mature LEs. Assimilation in the endosomal machinery 

reveals the significance of Rab7 in membrane trafficking and traffic dependent events, 

like biogenesis of endosomal compartments or signal processing. Even interaction with 

downstream effectors of Rab7 seems to be crucial, i.e. in distribution and movement 

of LEs and lysosomes (Zhang et al., 2009). 

 

LE-associated transmembrane protein Cd63 

Along with Rab7, Cluster of differentiation 63 (Cd63) was found abundantly present in 

downstream endosomal structures. Its presence in LEs and lysosomes suggests a 

regulatory function in membrane trafficking for this membrane-associated protein, too 

(Hurwitz et al., 2018; Pols and Klumperman, 2009). Transmembrane protein Cd63 

belongs to the large superfamily of tetraspanins and was the first being characterized 

as such. In the human genome a total of 33 tetraspanins are encoded, whereas Cd63 

classifies an own subunit due to its more ancient origin beyond the others (Pols and 

Klumperman, 2009). Tetraspanins exhibit a conserved structure, consisting of four 

hydrophobic transmembrane domains, divided in two extracellular, an intracellular loop 

and are terminated by two short intracellular tails (Lupia et al., 2014; Pols and 

Klumperman, 2009; Termini and Gillette, 2017). Cd63, like other tetraspanins, is 

synthesized in the endoplasmic reticulum and travels via the Golgi apparatus to the 

plasma membrane (Kobayashi et al., 2000; Pols and Klumperman, 2009). However, 

along with its cell surface accumulation, a predominant enrichment of Cd63 can be 

found in LEs and lysosomes, particularly in ILVs (Pols and Klumperman, 2009; van 

Niel et al., 2011). Cell surface-associated Cd63 relocalizes to late endosomal 

compartments via classical endocytosis. The ESCRT machinery participates in 

intravesicular assimilation of Cd63 in ILVs (Hurwitz et al., 2018; Saksena et al., 2007; 
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Trajkovic et al., 2008). Its localization in late endosomal compartments supposes a 

protective mechanism against degradation of this specific tetraspanin (Pols and 

Klumperman, 2009). In general, tetraspanins exert a function as membrane protein 

organizers, as they aggregate in tetraspanin enriched microdomains (TEMs) by 

rearrangement of the plasma membrane (Hurwitz et al., 2018; Termini and Gillette, 

2017). Organized localization in TEMs facilitates the capacity of tetraspanins, e.g. 

Cd63 to interact with a various number of membrane proteins. Among this direct or 

indirect interaction partners are integrins, cadherins, kinases, signaling molecules, cell 

surface receptors, adaptor proteins and other tetraspanins (Hurwitz et al., 2018; Pols 

and Klumperman, 2009). Cd63s protein interactions and motile localization between 

the plasma membrane and the late endosomal system implies a participation in 

intracellular trafficking of such surface proteins (Hurwitz et al., 2018). 

  



   Introduction 

21 

 

Aim of this work 

Advancing research continuously reveals the importance of the endosomal machinery 

in intracellular signaling events. Initially endocytosis has been envisioned as a classical 

degradation pathway. Over time EEs emerged as crucial platforms in signal 

transduction and/or termination by constituting a first sorting nexus within the endocytic 

pathway. Nowadays even LEs increasingly come into focus in the context of 

intracellular signaling. So far, LEs for instance have been linked to signal transduction 

in Wnt and FGF signaling, two decisive pathways during early embryonic development. 

However, little is known about the regulation of this late endosomal mechanism. The 

studies listed here intended to elucidate the influence of intracellular membrane 

transport on early developmental processes governed by the LE-associated small 

GTPase Rab7 and the tetraspanin Cd63. Regarding Rab7, few in vivo studies have 

been accomplished, as its knockout causes early embryonic lethality in mice. 

Kawamura and colleagues could demonstrate, that in absence of Rab7 murine 

embryos die due to failure in gastrulation (Kawamura et al., 2012). Therefore, the main 

part of this work addresses the requirement of the LE regulator Rab7 for early signaling 

pathways in mesoderm patterning during gastrulation in the African clawed frog 

Xenopus laevis. The versatile use of this model organism allows comprehensive and 

tissue specific examination. Such investigations should enlighten how intracellular 

membrane transport via LEs drives early signaling pathways, in particular Wnt and 

FGF signaling. To further deepen the understanding about the regulatory capacity of 

the late endosomal membrane transport during embryonic development, the final part 

of the dissertation covers investigations of Cd63.
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Research chapter I: 

 

Rab7-mediated Wnt signal transduction  



   Research chapter I 

23 

 

Rab7 is required for mesoderm patterning and gastrulation 

in Xenopus  
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Research chapter II: 

 

Rab7-mediated intracellular FGF signal transduction  
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The late endosomal regulator Rab7 is required for FGF-

dependent mesoderm specification by regulating Ras-

mediated MAPK activation  
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Abstract 

Gastrulation denotes an important developmental step, as this process includes great 

structural tissue rearrangements and patterning events shaping the emerging 

organism. Specification of the mesoderm at the onset of gastrulation involves a variety 

of signaling pathways and further patterning demands subtle regulation among these. 

Endocytosis and the endosomal machinery offer manifold platforms for intracellular 

pathway regulation, and especially LEs claim increasing attention. LE-associated Rab7 

has been linked to mesoderm specification and patterning during gastrulation, as a 

positive regulator of canonical Wnt signaling. Distinct axial defects due to compromised 

dorsal mesoderm development in rab7-deficient Xenopus laevis embryos suggested 

an additional requirement of Rab7 for FGF/MAPK signaling. Here, we specifically 

addressed such a role of Rab7 by using different FGF/MAPK pathway components. 

We suggest a hierarchical placement of Rab7 upstream of MAPK dependent activation 

of the transcription factor Ets2, most likely at the level of the small GTPase Ras. 

Visualization of intracellular Ras relocalization upon FGF receptor activation supported 

a requirement of Rab7 in this process. Thus, this study affords an insight on how the 

Rab7-regulated endosomal machinery could participate in FGF/MAPK signal 

transduction to enable correct dorsal mesoderm specification.  
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Introduction 

Mesoderm development involves a variety of well-orchestrated signaling events at 

multiple levels. After mesoderm induction, patterning of the newly formed germ layer 

takes place. Initial identity of dorsal mesoderm depends on Wnt signaling (Moon, 

2005), specification of ventrolateral mesoderm however is mediated by signals of BMP 

and Wnt (Dale and Jones, 1999; Dosch et al., 1997; Hemmati-Brivanlou and Thomsen, 

1995). At the onset of gastrulation, dorsal Wnt activity gets downregulated in the dorsal 

most mesoderm to allow FGF/MAPK-dependent dorsal axial and paraxial tissue 

development (Amaya et al., 1993; Dorey and Amaya, 2010; Glinka et al., 1997; Itoh 

and Sokol, 1999). 

One way of regulating intracellular signal transduction is offered by endosomal 

membrane trafficking. For a long time, translocation of activated receptors from the 

plasma membrane through the endosomal system to their final degradation via 

lysosomes, was only considered in the context of signal termination (Platta and 

Stenmark, 2011). However, todays degree of knowledge understands individual 

endosomal compartments as potential or even crucial signaling platforms. 

In case of proper MAPK signal activation LEs are assumed to be critical mediating 

platforms (Platta and Stenmark, 2011; Teis et al., 2002). Ligand binding following 

receptor activation results in recruitment of further pathway components in order to 

form a complex. Through endocytosis relocalization of the receptor complex to EEs is 

initiated. Furthermore, complex formation promotes transition of the 

membrane-anchored small GTPase Ras in its activated state. Interaction of Ras with 

the downstream kinase Raf/Map3k, enables the kinase to initiate the MAPK signaling 

cascade. In the course of early to late endosome maturation, the receptor complex 

accompanied by interacting Ras and Raf/Map3k persists on the vesicular membrane. 
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Recruitment of a scaffold complex consisting of Lamtor2/p14, Mp1 and Mek1 to these 

late endosomal membranes leads to the phosphorylation of Mek/Map2k by Raf/Map3k, 

which in turn phosphorylates Erk/Mapk (Morrison, 2012; Teis et al., 2002). This last 

kinase forms dimers and eventually enters the nucleus to ensure transcription of target 

genes by phosphorylating the transcription factor Ets2 (Fehrenbacher et al., 2009). 

Trafficking within the endosomal system is regulated by a family of Rab proteins. 

Transient attachment of these small GTPases to their corresponding endosomal 

compartments orchestrates effector recruitment and provides membrane identity and 

functionality (Stenmark, 2009). The regulative function of LEs in terms of membrane 

trafficking is facilitated by Rab7. Interestingly, experimental examination of Rab7 null 

mice already demonstrated a specific role in mesoderm development. Knockout mice 

suffer from defective anteroposterior patterning paralleled by disruptive gastrulation 

leading to early embryonic death (Kawamura et al., 2012 and 2020). 

Knockdown analyses of rab7 in Xenopus laevis revealed similar results, as we 

demonstrated a role for Rab7 during gastrulation in regulating mesodermal 

specification (Kreis et al., 2021). Patterning of the ventrolateral marginal zone was 

linked to canonical Wnt signaling in a Rab7-dependent manner. However, the 

encountered dorsal phenotypes could not solely be linked to impaired Wnt signaling. 

Therefore, we hypothesized a function for Rab7 in other signaling pathways, 

specifically in terms of dorsal mesoderm development. The most auspicious candidate 

was FGF signaling, since the expression of several mesodermal genes requires MAPK 

signal transduction. Furthermore, rab7-deficient embryos developed an axial 

elongation phenotype reminiscent of tadpoles suffering from a FGF receptor loss-of-

function (LOF) (Amaya et al., 1991 and 1993; Kreis et al., 2021). 

Due to this, we focused on a potential role of Rab7 for FGF-dependent dorsal 

mesoderm specification in Xenopus. We found that Rab7 is required for Ets2-
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dependent induction of mesodermal identity upstream of MAPK activation. Loss of 

rab7 blocked dorsal mesodermal marker genes and inhibited downstream elongation 

of axial mesoderm in animal cap explants. Using FGF/MAPK pathway components in 

gain-of-function (GOF) analyses we concluded that Rab7 functions at the level or 

downstream of the GTPase Ras. Further, we demonstrate that loss of Rab7 interferes 

with FGF-induced translocation of endogenous Ras from the plasma membrane to 

intracellular vesicular membranes, suggesting a Rab7-dependent membrane 

trafficking mechanism required for MAPK activation.  
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Results 

Ets2 or activated Erk/Mapk1 rescues mesodermal identity in rab7 morphants 

We previously showed that depletion of rab7 via a translation blocking Morpholino 

oligomere (TBMO) in Xenopus embryos resulted in mesodermal patterning defects 

which were reminiscent of a loss of FGF signaling. Such embryos developed severe 

gastrulation defects (GDs) and failed to elongate their anteroposterior axis compared 

to their wildtype siblings (Figure 1A, B, D). To test our hypothesis that FGF signaling 

contributes to the observed phenotype, rescue experiments with the downstream 

transcription factor Ets2 were conducted in a dorsal rab7 LOF setting. Although, 

survival rates in tailbud stage morphants were low, introduction of ets2 mRNA was 

able to partially rescue the GDs, but failed in restoring the elongation of the body axis 

(Figure 1C, D). 

Hence, the rescue capacity of ets2 was evaluated in the context of mesodermal marker 

genes during gastrulation. First, specificity of ets2 was substantiated by dorsal ets2 

misexpression followed by a mesodermal marker analysis of tbxt and myogenic 

differentiation 1 (myod1), which encode for two transcription factors mediating 

mesodermal and somitic identity. Misexpression resulted in an ectopic myod1 

activation within the more anterior midline region of gastrulae, recapitulating recently 

reported findings (Supplement Figure 1A-C; Kjolby et al., 2019). Expression of tbxt and 

myod1 were severely diminished in rab7 morphants (Figure 1F, H; Supplement Figure 

1E, G), but ets2 was sufficient to compensate for the rab7 deficiency and partially 

restored expression of both factors (Figure 1G, H; Supplement Figure 1F, G). Again, 

an expansion of the myod1 expression domain in the anterior midline of rescued 

embryos was detectable (Supplement Figure 1F). 
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Activation of Ets2 is mediated through phosphorylation by the upstream kinase 

Erk/Mapk1. To further confirm the functional requirement of Rab7 for MAPK-dependent 

induction of mesodermal identity, rescue experiments with a stabilized Erk/Mapk1 

kinase were performed in the same experimental setting as before. erk/mapk1 mirrored 

the competence of ets2 to compensate for the marked reduction of tbxt and myod1 

transcripts after dorsal rab7 LOF (Figure 1I-L; Supplement Figure 1H-K).  
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Figure 1: Downstream FGF pathway components rescued GDs and pan-mesoderm marker tbxt. 

(A, B, D) Xenopus st. 32 tadpoles suffering from axial elongation and GDs due to dorsal rab7 deficiency 

compared to untreated siblings. (C) Severe manifestation of GDs attenuated by coinjection of ets2 

mRNA. (D) Quantification of dorsal phenotype. (E) Uniform circular appearance of tbxt expression of 

st. 10 Xenopus embryos (F) faded due to dorsal knockdown of rab7 (black arrows). (G) Rescue injection 

of ets2 mRNA restored expression almost back to wildtype level (outlined black arrows). (E'-G') Panels 

beneath depict corresponding sagittal sections. (H) Quantification of tbxt expression rescued by ets2 

mRNA. (I) Circular tbxt expression of st. 11 specimen (J) faded upon dorsal rab7 LOF (black arrow). 

(K) Coinjection of erk/mapk1 mRNA in morphant embryos partially restored lost dorsal tbxt expression 

(black outlined arrow). (L) Quantification of tbxt expression rescued by erk/mapk1 mRNA. 
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Supplement Figure 1: Downstream FGF pathway components rescued paraxial myod1 

expression. 

(A) Dorsal gap of wildtype myod1 expression of st. 10.5 embryos (B) depicted ectopic myod1 induction 

upon ets2 mRNA overexpression (white arrows), (A', B') clarified in sagittal sections respectively. 

(C) Quantification of dorsal myod1 induction. (D) myod1 horseshoe-shaped expression of st. 10 

specimen (E) displayed downregulated paraxial transcripts after dorsal loss of rab7 (black arrows). 

(F) ets2 mRNA injected dorsally rescued the paraxial mesoderm identity (outlined black arrows), 

moreover a gained expression pattern in animal areas above the dorsal gap was observed (white arrow). 

(G) Quantification of myod1 expression rescued by ets2 mRNA. (H) Horseshoe myod1 expression of 

st. 11 specimen (I) faded upon dorsal rab7 LOF (black arrows). (J) Coinjection of erk/mapk1 mRNA in 

morphant embryos partially restored lost dorsal myod1 expression (black outlined arrows). 

(K) Quantification of myod1 expression rescued by erk/mapk1 mRNA.  
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Rab7 acts upstream of Erk/Mapk1 within the FGF signaling pathway 

The previous collected data implied a hierarchical placement of Rab7 in the MAPK 

signaling cascade upstream of Erk/Mapk1. Interestingly, ligand free FGF pathway 

activation due to cellular remodeling events occurs in the posterior neural plate of late 

gastrulae/early neurulae (Kinoshita et al., 2020). Since Rab7 is required for MAPK-

dependent mesoderm patterning and presumably morphogenetic processes, 

putatively downstream of FGF receptor activation, neural plates were investigated 

(Figure 2A) in rab7-depleted embryos. As pathway activity is mediated by 

phosphorylated Erk/Mapk (pErk/pMapk1), immunofluorescence intensity of 

pErk/pMapk1 was evaluated in a Rab7-dependent manner to confirm its upstream 

requirement of Erk/Mapk1 (Figure 2B-D). The amount of nuclear and cellular 

pErk/pMapk1 of neural plate cells decreases via rab7 knockdown compared to wildtype 

siblings (Figure 2B, C, D). These results underline the role of Rab7 in FGF/MAPK-

related patterning events and morphogenetic cell movements in the dorsal mesoderm 

upstream of Erk/Mapk1.  
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Figure 2: Rab7 acts upstream of Erk/Mapk1 activation. 

(A) Localization of the imaged tissue of st. 12.5 embryos and (B) intensity quantification of pErk/pMapk1 

signal. (C, C'') Nucleic and cytosolic accumulation of pErk/pMapk1 (magenta) at posterior neural plate 

of wildtype specimen. (D, D'') Downregulation of pErk/pMapk1 signal intensity in rab7-morphant neural 

plates. (C', D') For lineage tracing and nuclear staining coinjection of h2b RNA (green) was performed, 

cell borders are highlighted by F-actin (blue).  
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Rab7 is required for FGF-dependent dorsal mesoderm induction and axial 

elongation 

Specification of the dorsal mesoderm in the endogenous setting is not interpretable in 

a Wnt-independent manner. In order to test Rab7 function in a setup without potential 

crosstalk of the Wnt signaling pathway, an assay based on artificial 

mesoderm/organizer induction in animal caps was utilized (Kurth and Hausen, 2000). 

Late blastula/early gastrula animal caps lack Wnt signaling activity, but exhibit FGF 

pathway activity (Kurth and Hausen, 2000; Slack et al., 1990), therefore providing an 

appropriate tissue for more precise examinations. Mesodermal organizer-like tissue 

was induced by a single injection of nodal homolog 1 (nodal1) mRNA into the animal 

hemisphere of early embryos (Figure 3A, B, D). Concomitant with endogenous 

organizer induction and dorsal lip formation, injected cells condensed pigment at the 

injection site, mimicking bottle cell formation, while surrounding cells ectopically 

expressed tbxt, as previously described (Figure 3B, D; Kurth and Hausen, 2000). Both, 

artificial bottle cell formation as well as circular expression of tbxt failed to emerge in 

the rab7 LOF situation (Figure 3B, E). A similar outcome was observed, when artificial 

organizers were induced via constitutive active smad family member 2 (smad2), 

excluding a potential upstream effect of LE-related Rab7 on Nodal1/TGF-β signal 

transduction itself (Supplement Figure 2A-D). Blocked circular tbxt expression and 

pigment condensation of artificial organizers in rab7-morphant caps revealed a 

participation of this small GTPase for general mesoderm specification, most likely in a 

FGF-dependent fashion. Importantly, equivalent results were achieved when a 

dominant negative FGF receptor (dn-fgfr) was utilized to counteract mesoderm 

induction (Figure 3B, F), thus strongly supporting the hypothesis of a Rab7-specific 

function in the FGF signaling pathway during mesodermal induction/maintenance. 
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Results of a second animal cap assay, moreover depicting elongation processes, 

underlined these findings. In terms of dorsal mesoderm behavior, this assay could state 

an involvement of Rab7 for such processes, too. Animal caps of either wildtype or rab7-

morphant stage 9 embryos were dissected and subsequently incubated with or without 

Activin (Figure 3G). Induced elongation of animal caps via Activin treatment, 

resembled the convergent extension movement of the endogenous dorsal marginal 

zone during gastrulation and the ring-shaped tbxt expression encircling the artificial 

organizers (Figure 3H, J; Symes and Smith, 1987), whereas untreated caps merely 

formed roundish tissue (Figure 3H, I). Loss of rab7 severely diminished elongation of 

animal caps (Figure 3H, L), thereby recapitulating the observed in vivo situation of 

impaired axial elongation upon rab7 deficiency (Figure 1B). 

Taken together, both assays suggest a role for Rab7 in mesoderm specification and 

furthermore an involvement in dorsal mesoderm rearrangements by facilitating FGF 

signaling in both processes. 
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Figure 3: Dorsal mesoderm induction and axial elongation depends on Rab7. 

(A) Experimental setup of artificial organizer induction in animal caps. (B) Quantification of induced 

artificial organizers in animal caps. (C) Wildtype animal caps of st. 10 embryos. (D) nodal1 mRNA 

injection induced pigment accumulation, indicating organizer induction (white arrow), induction site is 

sphered by tbxt expression. (E, F) Coinjection of either rab7 TBMO or dn-fgfr1 mRNA resulted in artificial 

organizer inhibition (outlined white arrows) and blocked tbxt expression in animal caps. (C'-F') Panels 

beneath show half sections of treated tissues and (C''-F'') zoom-ins of potential organizer induction sites, 

respectively. (C-F) For lineage tracing lacZ staining was used. (G) Experimental setup of animal cap 

elongation assay. (H) Quantification of animal cap elongation. (I) Untreated animal caps dissected of 

st. 10.5 embryos (J) elongated upon Activin treatment. (K) rab7-deficient, untreated animal caps 

remained in a roundish shape, (L) treated ones depicted partial or complete inhibition of elongation. 

(J) tbxt expression was only observed in Activin treated, elongated caps. 
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Supplement Figure 2: Rab7 is required for mesoderm induction downstream of TGF-β signaling. 

(A) Uniform animal caps of st. 10.5 specimen (B) exhibited artificial organizer and tbxt induction upon 

ca-smad2 mRNA injection (white arrow). (C) Induction was blocked in rab7-morphant animal caps. 

(D) Quantification of tbxt induction.  
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Loss of Rab7 blocks FGF-induced mesodermal identity at the level of Ras 

activation 

Rab7 seems to act upstream of Erk/Mapk1, since mesodermal marker gene 

expression was restored in rescue experiments (Figure 1I-L; Supplement Figure 1H-K) 

and pErk/pMapk1 levels were strongly reduced in rab7 morphants (Figure 2B-D). 

Therefore, FGF pathway components in the receptor’s vicinity were utilized to narrow 

down the hierarchical localization of this small GTPase within FGF-activated MAPK 

signaling. Mesodermal tissue was induced in animal caps of 4-cell stage embryos via 

the FGF ligand Fgf8 or constitutively active viral Ras (vRas) (Figure 4B, D, F, H), a 

membrane-associated GTPase known to interact with activated receptor complexes 

(Jiang and Sorkin, 2002). Exogenous induction of mesoderm was traced by tbxt 

expression in animal caps of gastrulating specimens (Figure 4B, D, F, H; Whitman and 

Melton, 1992). Intriguingly, in both cases parallel repression of rab7 efficiently 

prevented mesoderm induction (Figure 4C, D, G, H), supporting the conclusion that 

Rab7 acts downstream of FGF ligands and intracellular Ras to mediate MAPK 

activation in the mesoderm. 

 

Rab7 participates in FGF-induced Ras translocation in vivo 

The previous analyses of the small GTPase Rab7 enclosed its potential function at the 

level or downstream of Ras and upstream of Erk/Mapk1 (Figure 1I-L; Supplement 

Figure 1H-K; Figure 4A-H). As it was shown that some pools of Ras relocalize from the 

plasma membrane to endosomes during activation (Jiang and Sorkin, 2002; Teis et 

al., 2002), a potential Rab7-dependent subcellular shift of Ras was analyzed via 

immunofluorescence (Figure 4I). Intracellular distribution of Ras was evaluated in 

animal caps of gastrula stage embryos injected with membrane-anchored green 

fluorescent protein (mGFP) to highlight cell borders and membranes of intracellular 



   Research chapter II 

63 

 

vesicular structures (Figure 4K-M). In untreated cells Ras localized mainly to cell 

boarders and small vesicular structures (Figure 4J, K). Upon FGF pathway activation 

via a constitutively active Fgfr1 (ca-fgfr1) (Neilson and Friesel, 1996), Ras was 

enriched at enlarged intracellular mGFP-positive vesicles (Figure 4J, L). Depletion of 

rab7 greatly reduced the vesicle size and intracellular accumulations of Ras 

(Figure 4J, M). These results suggest that Rab7 is required to facilitate membrane 

trafficking events involving Ras to allow signal propagation of the FGF/MAPK pathway. 
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Figure 4: Rab7 acts at the level or downstream of Ras in MAPK signaling. 

(A, E) Wildtype animal caps of st. 11 embryos. (B) Induction of tbxt expression (white arrows) in animal 

caps by fgf8 or (F) vras mRNA overexpression. (C, G) Loss of rab7 in those animal caps blocked tbxt 

induction (white outlined arrows). (D, H) Quantification of tbxt induction via fgf8 or vras mRNA. 

(I) Experimental setup and (J) size quantification of vesicular structures within st. 10.5 animal caps. 

(K) Distribution of wildtype Ras protein (magenta) at the plasma membrane and mostly small 

intracellular vesicles. (L) Pathway activation via ca-fgfr1 mRNA coinjected with a coMO led to enriched 

distribution of Ras in larger vesicles. (M) Concomitant knockdown of rab7 reversed Ras accumulation 

to wildtype vesicular size. (K', L', M') High magnifications as indicated in (K, L, M); (K'', L'', M'') for lineage 

tracing coinjection of mGFP RNA (green) was performed; (K''', L''', M''') merged fluorescent channels. 
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Discussion 

Tissue rearrangements during gastrulation are substantially involved to shape the 

appearance of a post gastrula embryo and the later arising mature organism. 

Appropriate specification of the mesoderm is an essential precondition for this to occur. 

As the mesoderm gets subdivided into various regions, the demand of different 

signaling pathways becomes evident for such patterning events (Dale and Jones, 

1999; Slack et al., 1990; Smith, 1989). Hence, a balanced orchestration of the involved 

signaling pathways at tissue and even cellular level is key. Regulators of the 

endosomal machinery, namely Rab proteins, can mediate such intracellular signal 

transduction processes (Platta and Stenmark, 2011; Stenmark, 2009). Our previous 

data already revealed a function of the small GTPase Rab7 for ventral mesoderm 

specification, in a Wnt-dependent manner (Kreis et al., 2021). Concerning the 

specification of dorsal mesoderm, the obtained results of this study show a role for 

Rab7 in FGF/MAPK signaling, too. 

 

Rab7 is crucial for FGF/MAPK signaling during mesoderm development 

First implications were drawn from the bent and concomitant shortened anteroposterior 

axis upon dorsal rab7 LOF, which mirrored the phenotype observed in embryos 

overexpressing a dominant negative FGF receptor (Amaya et al., 1991 and 1993). The 

curved axis emerged as the defective FGF receptor-harboring cells fail to differentiate 

into muscle, somites and notochord and thus these embryos are lacking the sustaining 

tissues to form their elongated shape (Amaya et al., 1993). Besides failed specification, 

defects of morphogenetic rearrangements during gastrulation could likewise account 

for the formation of shortened axis (Wallingford et al., 2002). In agreement with that, 

rab7 knockout mice display GDs presumably due to misregulated morphogenetic 
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signaling, which resulted in early embryonic lethality (Kawamura et al., 2012). Their 

follow-up analyses considered that the observed GDs were caused by failed Wnt-

dependent mesodermal patterning (Kawamura et al., 2020). This was in line with our 

own observation that mesoderm differentiation was lost in rab7-depleted embryos 

based on marker gene expression. However, the only partial rescue of dorsal gene 

expression at the onset of gastrulation with lithium chloride, a known Wnt agonist, 

suspected another pathway to be involved in dorsal mesoderm specification (Kreis et 

al., 2021). 

Our animal cap assay, which based on artificial mesoderm/organizer induction, 

confirmed a role of Rab7 function during FGF-dependent mesoderm development in 

absence of Wnt signaling. Mesoderm induction via ca-smad2, a transcriptional effector 

of TGF-β signaling, further argued against a potential role for Rab7 in transducing this 

pathway, too. This was especially important, because analyses in animal caps are 

otherwise challenging in terms of differentiation between TGF-β and FGF signaling, as 

both pathways are necessary in exogenous mesoderm induction (Kimelman and 

Kirschner, 1987; Kurth and Hausen, 2000; Paterno and Gillespie, 1989; Slack et al., 

1990). The absence of ventralized or dorsalized phenotypes in rab7-deficient embryos 

likewise argues against a regulatory function within the TGF-β signaling pathway (De 

Robertis, 2009; Moos et al., 1995), nor has TGF-β signal transduction been linked to 

a late endosomal function or its regulator Rab7, yet. This, together with the remarkable 

rescue capacity of downstream FGF pathway components, demonstrates the 

regulative function of Rab7 for FGF/MAPK signaling during dorsal mesoderm 

differentiation.  
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Rab7 acts at the level or downstream of endosome-associated Ras 

Rescued mesodermal marker genes as well as attenuated pErk/pMAPK1 levels of 

morphant embryos led to the conclusion of Rab7 acting upstream of Erk/Mapk1. A 

more accurate placement of Rab7 function within the FGF signaling pathway was 

feasible by the use of more upstream signaling cascade components. rab7 LOF-

mediated inhibition of mesoderm specification induced by a FGF ligand or vRas in 

animal caps, likely localizes the Rab protein function at the level or downstream of Ras. 

Generally, Ras is found evenly at plasma membranes and intracellular compartments 

like e.g. vesicular structures (Jiang and Sorkin, 2002; Lu et al., 2009). EGF-stimulated 

cells unveiled that this GTPase was also found in the same endosomal structures as 

endocytosed receptor complexes (Jiang and Sorkin, 2002). According to the current 

knowledge, distribution of membrane-associated pathway components into the 

endocytic machinery could indicate (early) endosome dependent signal transduction 

(Platta and Stenmark, 2011). We show Ras accumulation at intracellular vesicles 

under FGF pathway-activated conditions. The observed colocalization of Ras and 

mGFP suggests that the accumulated vesicular structures are of (early) endosomal 

character as mGFP harbors a Glycosylphosphatidylinositol (GPI) anchor, which 

functions as a sorting determinant for internalization into endosomal compartments 

(Chatterjee and Mayor, 2001; Sabharanjak et al., 2002). This is line with results of 

another study demonstrating increased Ras localization at early endosome antigen 1 

(EEA1)-positive vesicular structures in EGF-stimulated cells (Lu et al., 2009). Of note, 

activated epidermal growth factor receptors (EGFRs) and their associated signal 

transducers were also detectable at/in multivesicular compartments being positive for 

Cd63 and Lysosome-associated membrane glycoprotein-1 (Lamp-1), both identifying 

more downstream structures within the late endosomal machinery. Such pathway 

components even persisted throughout the maturation from early to late endosomes 
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as intact complexes (Oksvold et al., 2001), indicating potential signaling activity at LEs. 

Therefore, the absence of Rab7 may affect transport of receptor complexes along 

endocytic routes, thus resulting in impaired signal transduction. 

 

Loss of Rab7 could impact signaling via disturbed late endosome formation 

Induced accumulation of Ras in larger intracellular structures dispersed when rab7 was 

downregulated. Hence, we assumed a LE-dependent function of Rab7 for Ras 

translocation to facilitate FGF/MAPK signal transduction. 

Downregulation of rab7 most likely affects the integrity of LEs as signaling platforms or 

even prevents LE formation in its entirety. Endosome maturation is a crucial step of LE 

formation, whereas the stepwise detachment of the EE regulator Rab5 is mediated by 

Rab7 (Skjeldal et al., 2021). Absence of Rab7 in the endosomal system may lead to 

an inability of LE synthesis, as Rab5 remains at the endosomal membranes and thus 

no maturation process takes place. Subsequently, Rab7-dependent recruitment of 

effectors promoting signal transduction would not occur. EEs may then constitute a 

dead end for further signal transduction or its maintenance, although this scenario 

probably entails an increased recycling circuit activity. Ras exiting EEs via recycling 

endosomes could explain the dispersion from larger to smaller vesicular structures 

upon Rab7 deficiency at an apparent constant Ras level. Defective endosome 

maturation or lost late endosomal identity may as well impact on even earlier endocytic 

events in a way that Ras accumulation does not occur at all. 

The here reported data suggest LEs as signaling platforms for FGF-induced MAPK 

signal transduction in Xenopus, as it was already assumed for intracellular EGF 

signaling (Oksvold et al, 2001). Rab7-positive endosomes could provide the spatial 

environment for certain pathway components to meet and exert their specific function 

to maintain the signaling cascade (Figure 5). To start the MAPK signaling cascade, 
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direct interaction of Ras and Raf/Map3k is essential (Kolch, 2000; Lu et al., 2009; 

Morrison, 2012). First initiated by Raf/Map3k, further phosphorylation steps of 

downstream kinases have been suggested to take place at LEs after recruitment of 

such kinases to their limiting membranes (Lu et al., 2009; Nada et al., 2009; Teis et al., 

2002). The rab7 LOF analyses of this study hierarchically placed Rab7 between Ras 

and Erk/Mapk1, two pathway components found on LEs, actively mediating signal 

transduction here. Inhibition of rab7 vastly impaired mesoderm specification and 

correct tissue rearrangement of the dorsal mesoderm as well. Altogether, this 

implicates that Rab7 is crucial to obtain the functionality of LEs serving as platforms 

for FGF/MAPK signal transduction during dorsal mesoderm specification in Xenopus 

embryos. 
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Figure 5: Model for Rab7-dependent FGF/MAPK signal transduction via LEs. 

After ligand activation receptor complex formations occurs. Receptor complex is transferred to Rab5-

associated EEs via endocytosis. Upon endosome maturation translocation of the activated receptor 

complex to Rab7-positive LEs occurs. This places Raf/Map3k in direct proximity to Mek/Map2k on LEs, 

which allows the MAPK phosphorylation cascade to start. Phosphorylated Erk/Mapk1 then forms dimers 

and dissolves from LEs to translocate to the nucleus to activate members of Ets family of transcription 

factors, eventually mediating transcription of target genes.  
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Material and Methods 

Animal treatment and handling 

Xenopus laevis frogs were purchased from Nasco (901 Janesville Avenue P.O. Box 

901 Fort Atkinson) and treated as approved by the Regional Government Stuttgart, 

Germany (V349/18ZO ‘Xenopus Embryonen in der Forschung’), according to German 

regulations and laws (§6, article 1, sentence 2, nr. 4 of the animal protection act). 

Animals were held in the animal facility of the Department of Zoology of the University 

of Hohenheim at the appropriate conditions as follows: pH=7.7, 20°C and a 12 h light 

cycle. To induce ovulation in Xenopus females subcutaneously injection of 

300-700 units of human chorionic gonadotropin (hCG; Sigma) was performed. 

Xenopus males were sacrificed to gain sperm for fertilization, testes were stored at 4°C 

in 1x MBSH (Modified Barth's saline with HEPES) solution. Staging of embryos was 

based on Nieuwkoop and Faber, 1994. 

 

Microinjection setup 

For mircroinjections a Havard Apparatus setup was used and drop size was set to 4 nl 

per injection. For lineage specific verification fluorescein dextran, mGFP mRNA, 

h2b mRNA or lacZ mRNA was coinjected and validated as described earlier (Kreis et 

al., 2021). Embryos were injected at the 4-cell stage either in the animal hemisphere 

or in the dorsal marginal zone. 

 

Microinjections 

The rab7a TBMO was used as published (Kreis et al., 2021); sequence is 

5‘-GTCTCCGCTTCCTACCCCTGCCAGC-3‘. A random control Morpholino oligomere 

(coMO) was used as a MO fill up in this study. Total amount of injected MO was: 
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0.7-1.4 pmol rab7 TBMO. For mRNA synthesis plasmids were linearized with NotI and 

transcribed in vitro (Sp6 polymerase) using Ambion message machine kit. Total 

amounts of injected mRNA per blastomere are as follows: 200 pg ca-smad2 mRNA, 

80 pg dn-fgfr1 mRNA, 400-480 pg ets2 mRNA, 400 pg fgf8 mRNA, 400 pg h2b-GFP 

mRNA, 400 pg lacZ mRNA, 12-20 pg mapk1/erk mRNA, 400 pg mGFP mRNA, 

20 pg nodal1 mRNA, 8 pg vras mRNA. 

 

Immunofluorescence analysis and quantification 

For IF analyses of animal caps or dorsal neural plates, mGFP mRNA or 

h2b-GFP mRNA was coinjected as lineage tracer, respectively. After reaching the 

appropriate stage, embryos were fixed in MEMFA for 1 h at room temperature, this 

was followed by 2 washes in 1x PBS- (phosphate buffered saline) for 15 min. Animal 

caps were dissected horizontally upon fixation. Afterwards whole mounts or animal 

caps were transferred to 24 well plates and washed two times for 15 min in PBST 

(PBS/0.1% Triton X-10). Then blocking for 2 h at room temperature in CAS-Block 

(1 : 10 in PBST; ThermoFisher, # 008120) was performed, blocking reagent was 

replaced by antibody solution (diluted in CAS-Block) for incubation over night at 4°C. 

Primary antibodies were used as follows: anti-pErk/pMapk1 (Cell Signaling, # 4370, 

1 : 200), anti-Ras (Abcam, EP1125Y; 1 : 500). Antibody solution was removed by 

washing twice for 15 min in 1x PBS-. Secondary antibodies (ThermoFisher, all 1 : 1000 

in CAS-Block) were applied for 2 h at room temperature or overnight at 4°C. F-actin 

was directly visualized via using AlexaFluorTMPlus 405 Phalloidin (ThermoFisher, 

A30104; 1 : 200 in PBS-) for cell boarder detection. Photo documentation was 

performed with whole mounts or animal caps being transferred to microscope slides. 

Fluorescence intensity of pErk/pMapk1 was measured with a Zeiss LSM 700 Axioplan2 

Imaging microscope running the Zeiss Zen 2012 Blue Edition. Each neural plate was 
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imaged with the same settings and box plot quantification was performed by using 

Excel 2016. 

 

Animal cap elongation assay 

Rab7 TBMO was injected 2x at the 4-cell stage into the animal hemisphere. Embryos 

were raised until stage 9 in 0,1x MBSH solution. Animal caps were manually dissected 

and individually transferred to 24 well plates, containing an Activin solution (10ng/mL 

in 0,5x MBSH) or buffer and incubated until stage 13-15. Used well plates have been 

coated with 2% BSA (bovine serum albumin) in 1x PBS- (pH=7,4). For subsequent 

in situ hybridization and photo documentation animal caps were fixed in 2-3 h at room 

temperature in MEMFA. 

 

In situ Hybridization 

RNA in situ probes were synthesized by using SP6 or T7 polymerases. Embryos were 

fixed 2-3 h at room temperature for in situ mRNA detection and further processed 

according to a customized (after R. Rupp, personal communication) standard protocol.  

 

Embryo sections 

Bisections of embryos were performed by using a razor blade. For more high-quality 

sections embryos were embedded in a glutaraldehyde-crosslinked gelatin-albumin mix 

and sectioned with a Leica VT1000S vibrating blade microtome. 

 

Photo Documentation 

IF images were taken by using a Zeiss LSM 700 Axioplan2 Imaging microscope and 

adjustment of such images was performed with the Zeiss Zen 2012 Blue Edition. Zeiss 

SteREO Discovery V12 microscope or Axioplan2 inverted microscope were used to 
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document all other experiments. Afterwards image editing was performed with Adobe 

Photoshop CS6 and Adobe Illustrator CS6. 

 

Statistical analysis 

Any probability of the collected data was calculated with Pearson's chi-square test 

(Bonferroni corrected, if required). Significance levels of all statistical analyses were 

grouped as follows: *=p<0.05, **=p<0.01, ***=p<0.001. N= or n= declares respectively 

number of experiments or number of embryos analyzed. 
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Research chapter III: 

 

Cd63 promotes developmental processes via late 

endosomal signaling platforms  
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The tetraspanin Cd63 is required for eye morphogenesis in 

Xenopus  
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Expression of an endosome-excluded Cd63 prevents axis 

elongation in Xenopus  
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Discussion 

This compilation of studies provides an insight in the versatile function of Rab7 and 

LEs during early embryonic development. Analyses during mesoderm specification 

revealed that Rab7 acts as essential mediator in Wnt and FGF signal transduction in 

distinct mesodermal tissues. After mesoderm specification Cd63, another LE-related 

protein, suggests the importance of these compartments in axial and eye development. 

 

Rab7 knockdown does not affect development before zygotic gene activation 

All data acquisitions presented here share a common feature, none of the knockdown 

approaches interfered with early maternal signal transduction to set up the 

dorsoventral body axis. Neither deficiency of Rab7 nor that of Cd63 resulted in 

dorsalized or ventralized embryos. Proper axis establishment, especially dorsal 

specification requires Wnt signaling activity (Heasman et al., 1994; Moon, 2005; Yost 

et al., 1996). As Wnt signal transduction was linked to late endosomal compartments 

(Taelman et al., 2010), the lack of an early altered axis phenotype was unexpected. 

Thus two different scenarios are conceivable: oocytes contain deposited Rab7 protein 

capable to associate with endosomes to mediate maternal Wnt signaling or 

endosomes are circumvented as signaling platforms in such early stages. 

Along the lines of the first scenario, already present MO-insensitive Rab7 protein could 

allow regular endosome maturation, thus ensuring destruction complex internalization 

in LEs/MVBs to maintain Wnt signaling. One could also hypothesize that maternal 

Rab7 protein exists on already mature endosomes in agreement with Dobrowolski and 

De Robertis who assumed MVBs opposite to the sperm entry point. Upon fertilization 

Wnt determinants tethered to maternally deposited EEs could travel along 

microtubules from vegetal to the future dorsal side. As MVBs and EEs meet, EE 
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incorporation would occur and sequestration of captured Gsk3 takes places. Hence, 

Wnt signal transduction is ensured due to spatial separation of the destruction complex 

from cytoplasmic Ctnnb1 (Dobrowolski and De Robertis, 2012). 

The second scenario postulated by Li and colleagues excludes endosomes in signal 

transduction, due to a fast acting response of an incoming Wnt signal. In this model 

Wnt stimulation results in Ctnnb1 saturation at destruction complexes accompanied by 

blocked ubiquitination. Since Ctnnb1 would then remain at the destruction complexes 

without being tagged for degradation by the proteasome, newly synthesized Ctnnb1 

could accumulate (Clevers and Nusse, 2012; Li et al., 2012). In either case, rab7 

knockdown could not interfere in Wnt signal transduction and therefore normal axis 

determination as observed. 

Dorsal organizer induction is a result of early dorsoventral axis establishment. This 

signaling center originates upon joint pathway activity of Wnt and TGF-β signaling 

(Nishita et al., 2000). However, Rab7 deficiency did not impact on organizer formation, 

either. The above mentioned settings provide an explanation, why loss of rab7 is not 

able to interfere with the Wnt-dependent induction. As there is no indication of Rab7-

associated LEs in TGF-β signal transduction so far, alterations in organizer induction 

in terms of this pathway were unexpected anyhow. Nonetheless, one cannot exclude 

a still undiscovered function of LEs as signaling platforms for TGF-β signaling. Maybe, 

such signal transduction is required in other developmental contexts, which have not 

been investigated yet. 

 

LE-associated Rab7 facilitates mesoderm specification after midblastula 

transition 

The first severe phenotypic alterations in the absence of Rab7 occurred at the onset 

of gastrulation. rab7-depleted embryos suffered from GDs, as depicted by suppressed 
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mesodermal gene expression. Since Wnt signaling activity is downregulated dorsally 

in favor of neural development after organizer induction, the following conclusions were 

related to the emerging ventrolateral Wnt activity. Zygotic Wnt activity, which 

participates in mesoderm patterning, is substantiated by wnt family member 8 (wnt8) 

expression in the ventrolateral mesoderm (Smith and Harland, 1991). Analyses of 

mesodermal markers in rab7-morphant specimens revealed impaired expression of 

Wnt-dependent genes, apposite to the requirement of LEs in Wnt signal transduction. 

Expression of ventrolateral myod1 and lateral myogenic factor 5 (myf5) is subjected to 

Wnt8 regulation and it was shown that inhibition of Wnt pathway components 

diminished transcripts of both transcription factors (Hoppler et al., 1996; Shi et al., 

2002) in a similar manner as in the rab7 LOF. Further, epistatic analyses with 

downstream Ctnnb1 underlined Rab7-mediated Wnt-dependent specification of the 

ventrolateral mesoderm. The partial rescue capacity by lithium chloride of dorsolateral 

fates in morphant embryos suggested a regulative function of Rab7 in other pathways, 

participating in dorsal mesoderm specification, as well. One putative relevant signaling 

pathway is FGF signaling, as its activity contributes to mesodermal development as 

well as in anteroposterior patterning (Christen and Slack, 1997; Harland, 2004). An 

overlapping and/or intertwining function of Wnt and FGF signaling has been described 

in several scenarios (Domingos et al., 2001; Hong et al., 2008; Kjolby et al., 2019; ten 

Berge et al., 2008), which is also true for some of the here analyzed genes during 

gastrulation. forkhead J1 (foxj1) and tbxt, two known Wnt targets are likewise dorsally 

regulated by Fgfr1 activity downstream of Nodal homolog 3 (Nodal3) (Glinka et al., 

1996; Kjolby and Harland, 2017; Schneider et al., 2019; Smith et al., 1995; Vick et al., 

2018; Walentek et al., 2012; Yamaguchi et al., 1999; Yokota et al., 2003). Even 

paraxial Wnt-dependent myf5 and myod1 require additional FGF signals for induction 

in the somitic/dorsolateral mesoderm (Hoppler et al., 1996; Osborn et al., 2020; Shi et 
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al., 2002). Kjolby and colleagues recently demonstrated that Wnt-dependent ring- and 

horseshoe-shaped mesodermal genes, all harbor additional Ets2 binding sites, making 

them responsive to FGF signaling. However, binding sites of the transcription factor 

and nuclear adaptor for Ctnnb1 T-cell factor (TCF) is located more proximal in the 

promotor region of horseshoe genes compared to ring-shaped genes. As TCFs usually 

act as transcriptional repressors in absence of Wnt i.e. nuclear Ctnnb1, repression of 

ring-shaped genes can be overcome by FGF components whereas the stronger 

repressive state in the dorsal most region leading to the horseshoe pattern cannot be 

overruled by Ets2 (Kjolby et al., 2019). Based on these perceptions one can conclude 

that Rab7 LOF in the dorsal most/axial regions caused a mere FGF phenotype, 

whereas knockdown in the dorsolateral/paraxial domains effects Wnt and FGF 

signaling equally. This could provide an explanation of the strong rescue capacity of 

the downstream FGF pathway components Ets2 and Erk/Mapk1 of ring- and 

horseshoe-shaped tbxt and myod1 in the axial and paraxial domains of Rab7-deficient 

embryos. 

Rab7-mutant mice likewise depict conditions of failed mesoderm specification during 

gastrulation (Kawamura et al., 2012 and 2020), which could imply a conserved 

cross-species function of LE-associated Rab7 in such developmental processes in 

general. Analyses in the mouse model confirmed that mesoderm specification depends 

on Rab7-mediated Wnt signaling as well. The authors showed that endocytic clearance 

of the Wnt antagonist Dickkopf (Dkk) was essential to facilitate spatial pathway activity 

thereby promoting mesodermal patterning. Knockout mice failed to remove Dkk 

proteins via endocytosis and delivery to vacuoles for degradation. Of note, these 

vacuoles are the equivalent to the late endosomal compartments and seemed to be 

impaired as these structures are fragmented in the absence Rab7 (Kawamura et al., 

2020). Unfortunately, the authors did not investigate the intracellular signal 
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transduction of Wnt or other pathways. The fragmentation of vacuoles in Rab7-mutant 

mice could likewise indicate lost integrity of the endosomal machinery, thus 

compromising the ability of signal propagation on their endosomal platforms. As 

suggested by our data this might not only have implications for the Wnt signal 

transduction but for other pathways as well. Although the authors did not rule out other 

pathways entirely (Kawamura et al., 2012 and 2020), they did not test for a specific 

role of Rab7 in FGF signaling, but instead analyzed the expression of fgf8 and sprouty 

RTK signaling antagonist 2 (spry2), which were unaffected. Importantly, similar to our 

results pan-mesodermal tbxt was severely affected in the absence of Rab7 (Kawamura 

et al., 2012 and 2020) and expression of this gene is regulated by Wnt and FGF 

signaling as mentioned before (Glinka et al., 1996; Kjolby and Harland, 2017; 

Schneider et al., 2019; Smith et al., 1995; Vick et al., 2018; Walentek et al., 2012; 

Yamaguchi et al., 1999; Yokota et al., 2003). Our data depicted that impaired tbxt 

expression in Xenopus could be rescued by FGF pathway components. If there is a 

conserved function across species, FGF/MAPK signaling could also be impaired in 

mice during mesoderm development. This assumption would even be more plausible 

as the results of another research group showed that knockout of the lipid raft adaptor 

Lamtor1/p18, a scaffold to anchor components of the MAPK signaling to LEs, caused 

a similar phenotype as Rab7 deficiency in mice. Knockout of either Rab7 or 

Lamtor1/p18 led to embryonic death during gastrulation in corresponding stages. In 

both knockout scenarios, this early lethality was a result of severely affected 

endosomal transport in the visceral endoderm as the intracellular compartment 

composition was disturbed (Kawamura et al., 2012 and 2020; Nada et al., 2009). Such 

defects of intracellular endosomal transport in the visceral endoderm prevented 

elongation of the primitive streak and anteroposterior patterning failed (Kawamura et 

al., 2012 and 2020). 
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The data from this study clearly depict the requirement of Rab7-mediated Wnt and 

FGF signaling in mesoderm specification and subsequent axial elongation. Since both 

pathways are active during gastrulation in the same tissue, it seems to be of great 

interest how such signals are orchestrated or intertwined. Stulberg and colleagues 

investigated crosstalk between these pathways and stated that a hierarchical 

placement to each other is difficult. Wnt as well as FGF signaling positively regulate 

each other. Phosphorylation of the Wnt pathway member Gsk3 increased Erk/Mapk1 

phosphorylation and conversely FGF signals promoted Wnt signaling by inhibiting the 

pathways antagonists such as Dkk. Although, they ascertained that genes which are 

accessed by both pathways are mostly regulated contrarily. Therefore, a balanced 

regulation of Wnt and FGF is crucial to maintain a reciprocal signaling activity in order 

to ensure axial elongation and somitogenesis (Stulberg et al., 2012). Hence, integrity 

of Rab7-associated LEs as signaling platforms contributes to maintain balanced 

activity levels of both pathways. 

In summary, mesoderm specification during gastrulation relies on Rab7-mediated 

signal activity of the Wnt and FGF pathways: ventral mesoderm is primarily regulated 

by Wnt activity and dorsolateral mesoderm most likely requires intracellular signal 

transduction of both pathways, whereas dorsal mesoderm putatively depends on FGF 

signals. 

 

LEs as crucial signaling platforms of Wnt and FGF pathway activation during 

mesoderm specification 

Wnt as well as FGF signaling are two essential pathways in mesoderm specification 

and proper signal transduction of these pathways is linked to Rab7. Besides its 

cytoplasmic and mostly inactive fraction, Rab7 commonly exerts its function associated 

to LEs (Rink et al., 2005; Zerial and McBride., 2001; Zhang et al., 2009). LEs are 
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characterized by their multivesicular structure, which is mediated by members of the 

ESCRT machinery. A connection to Wnt signaling was established for two of them: 

Hepatocyte growth factor-regulated tyrosine kinase substrate (Hrs) and Vacuolar 

protein sorting 4 homolog (Vps4) (Taelman et al., 2010). The first initiates complex 

formation of an ESCRT protein and the latter is essential for complex disassembly 

allowing excision of vesicles into LEs (Katzmann et al., 2002). Dysfunction of either 

component prevents ILV formation and therefore separation of the destruction 

complexes to propagate Wnt signaling. Attenuation of Hrs and Vps4 depicted a similar 

alteration of Wnt-dependent genes like in a rab7 knockdown situation. Additionally, 

epistatic analyses revealed that the Wnt-dependent mesoderm specification facilitated 

by Rab7 is mediated via LEs. 

In terms of FGF signal transduction, LEs are likely involved as signaling platforms, too. 

Components of the related EGF pathway have been shown to colocalize with (early) 

endosomal membranes (Jiang and Sorkin, 2002; Lu et al., 2009). Increasing size of 

Ras aggregates upon FGF stimulation implies an activated endosomal machinery. Ras 

was distributed to the same vesicular structures as GPI-anchored GFP used in our 

analyses, indicating an internalization to endosomal compartments (Chatterjee and 

Mayor, 2001; Sabharanjak et al., 2002). Rab7 deficiency inhibits GFP accumulation in 

larger intracellular structures, which may indicate a similar scenario as reported in 

mice. As endocytic uptake was blocked upon rab7 knockout in mice (Kawamura et al., 

2020), lost distribution of Ras in larger aggregates could as well be due to 

malfunctioning endocytosis. Interestingly, pathway components like Ras and 

Erk/Mapk1 were also noticed at late endosomal membranes to exert signaling activity 

(Lu et al., 2009; Nada et al., 2009). Our investigations of Rab7 placed its function 

between these two FGF pathway components, indicating signal transduction via LEs. 

Since the outer limiting membranes of LEs are crucial in correct FGF/MAPK signal 
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transduction, an involvement of the ESCRT machinery as shown for Wnt signaling 

seems elusive here (Katzmann et al., 2002; Taelman et al., 2010). Nevertheless, a 

requirement of ESCRTs could theoretically be conceivable for FGF signaling in terms 

of spatial separation of an inhibitor, too. Thus intraluminal incorporation of Spry, an 

inhibitor of MAPK signaling, could likewise promote FGF signal transduction as the 

relocalization of Gsk3 from the cytoplasm into ILVs in Wnt signaling does (Platta and 

Stenmark, 2011; Taelman et al., 2010; Vinyoles et al., 2014). However, neither MAPK 

components nor Spry have been reported inside of LEs, i.e. colocalized with ILV 

markers. Taken together, this creates a line of evidence that Rab7-regulated LEs 

constitute a crucial signaling platform not only for Wnt but also FGF signaling to ensure 

mesoderm specification. 

 

Cd63 suggests a requirement of LEs in development beyond mesoderm 

specification 

cd63 encodes a tetraspanin and exhibits an expression pattern mainly similar to rab7 

(Kreis et al., 2020a; 2020b and 2021). Both proteins exert regulative functions 

associated with LEs, indicating a requirement of this compartment for developmental 

processes. Indeed, Cd63 protein not only localizes to LEs and lysosomes, moreover, 

it is present in TEMs at the cell surface (Pols and Klumperman, 2009). This broad 

cellular abundance of Cd63 provides various regulative functions. Nonetheless, first 

alterations of embryonic development were detected during neurulation, when a 

mutant cd63 construct was introduced. Overexpression of an endosome-excluded 

cd63 resulted in impaired dorsal mesoderm elongation, whereas MO-mediated 

knockdown did not induce an axial phenotype. In our notion, knockdown of Cd63 

should affect LE functionality and thus preventing necessary signal transduction to 

promote axis elongation, presumably similar to Rab7 deficiency as previously noted 
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(Kreis et al., 2021). The lack of a comparable knockdown phenotype could be the result 

of a compensatory effect by another tetraspanin family member. Cd9, a tetraspanin 

present on RNA and protein level in the corresponding stages, could likely compensate 

a loss of Cd63 (Peshkin et al., 2019). Silencing of Cd9 in T-cells attenuated 

phosphorylation of Erk/Mapk1 (Rocha-Perugini et al., 2014), thus providing an 

interesting link between tetraspanins and FGF-dependent axial development. 

Structural analyses of the promotor region of cd63 revealed potential Ras-responsive 

elements (Hotta et al., 1992), which could allow a positive feedback loop as seen with 

countless other signaling pathway components in general. If LEs acted as operative 

signaling platforms, mutant Cd63 retained at the plasma membrane could intercept 

Cd63 interactors needed for normal LE-associated function, ultimately resulting in 

inhibited axial elongation. Additionally, retention at the plasma membrane could 

promote signaling by binding several adaptors, which otherwise would not have been 

accessed. Such pathway activations might also explain phenotypic differences to the 

cd63 LOF. 

The emerging eye phenotype in tadpoles caused by cd63 deficiency was phenocopied 

by the mutant Cd63. As rab7 knockdown impaired correct eye development as well, 

one can hypothesize that such defects are likewise occurring by a malfunctioning late 

endosomal compartment. This could indicate a compromised function of specialized 

LEs, namely melanosomes, which contribute to the formation of the optic system and 

retinal function. Apart from their function in eye development melanosomes constitute 

intracellular compartments of melanophores, the equivalent of higher vertebrates’ 

melanocytes (Raposo and Marks, 2007). In amphibians, these specific cell types 

originate from trunk neural crests and migrate laterally to their destination during 

development (Colazzo et al. 1993). Although cd63 expression analysis revealed a high 

enrichment in trunk neural crests, loss of this tetraspanin did not change their migratory 
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behavior nor their appearance. This may also be caused by a compensational effect, 

which was put forward before in skin melanocytes of mice suffering from defects in 

melanogenesis (Lopes et al., 2007). Conversely, this implies that eye formation 

probably lacks such a compensatory mechanism in terms of Cd63, and thus is more 

sensitive to alterations of normal development. 

In contrast to the rab7 LOF, analyses concerning a gain or loss of Cd63 did not reveal 

phenotypic alterations which could be clearly associated to impaired Wnt or FGF signal 

transduction. To date, evidence is scarce for a Cd63 participation in FGF signaling. 

This could be due to the fact, that the LE-associated fraction of Cd63 is primarily found 

in ILVs of these MVBs and FGF signal transduction occurs at the outer limiting 

membrane of such LEs. Thus, there may not be any level of interaction, even if there 

is a common localization at the same endosomal compartment. The lack of an early 

phenotype made it puzzling to draw conclusions in terms of Wnt signaling. Again, a 

connection to Wnt signaling could be obscured by the absence of a phenotype due to 

compensation by another tetraspanin during gastrulation. 

However, the disturbed eye morphogenesis of tadpoles upon Cd63 LOF may offer a 

link to Wnt signaling, as retinal stem cell properties are provided by signals of this 

pathway (Denayer et al., 2008; Van Raay and Vetter, 2004). 

Even though, Rab7 and Cd63 are both associated to LEs and thus exert functions in 

the same tissues and processes. The here noted investigations clearly demonstrated 

interesting differences in their mode of action. The variety of knockdown phenotypes 

could be the outcome of interactions with a number of different adaptors, effectors 

and/or binding partners to facilitate specific functions at a specific time.  
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Conclusion 

The objective of this study was to investigate the necessity of the late endosomal 

machinery to mediate intracellular signal transduction. The presented examples here 

demonstrate the requirement of LE-associated Rab7 in various mesodermal tissues in 

Xenopus laevis. Rab7-regulated LEs operate as signaling platforms to facilitate Wnt 

and FGF signals to promote correct mesoderm specification. Further analyses 

regarding Cd63 revealed that signal transduction via LEs could constitute a crucial 

feature of early developmental processes more generally. 
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