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Zusammenfassung 

TMEM55B ist ein lysosomales Membran Protein mit bislang unbekannter Funktion in vivo. 

Initial wurde TMEM55B eine Funktion als Phosphatidylinositol-4,5-bisphosphat-4-

phosphatase zugeschrieben, aktuellere Ergebnisse zeigten allerdings mögliche Funktionen in 

der Cholesterinhomöostase, dem mTORC1 Signalweg und vor allem dem retrograden 

Transport von Lysosomen. Durch Bindung an das Gerüstprotein JIP4 kann TMEM55B den 

Transport von Lysosomen in retrograder Richtung entlang des Mikrotubuli-Zytoskeletts in 

Zusammenarbeit mit dem Motorproteinkomplexe Dynein/Dynactin vermitteln.  

In der vorliegenden Arbeit wurde die physiologische Rolle des TMEM55B-vermittelten 

lysosomalen Transports untersucht. Es konnte gezeigt werden, dass der Verlust von 

TMEM55B in Mäusen zu morphologischen Veränderungen in den Epithelzellen der 

Hodenkanälchen führte. In den betroffenen Sertoli Zellen war neben der Verteilung der 

Lysosomen auch die Größe der Lysosomen durch den Verlust von TMEM55B bedingt 

verändert, was zu einer milden Subfertilität bei männlichen Mäusen führte. Bei der Analyse 

von TMEM55B-defizienten Mäusen wurden außerdem mehrere veränderte Blutwerte sowie 

eine Verknöcherung der Gelenke in den hinteren Gliedmaßen festgestellt, die mit einer 

Einschränkung von Knochenmark bezogenen Funktionen in Verbindung gebracht wurde. 

Im Rahmen dieser Dissertation wurde weiterhin nach potenziellen unbekannten 

Interaktionspartnern für TMEM55B gesucht, die an Regulationsprozessen im retrograden 

Transport beteiligt sein könnten. Das GTPase-aktivierende Protein GBF1, sowie das 

Guanosintriphosphat austauschende Protein TBC1D9B wurden als potenzielle 

Interaktionspartner von TMEM55B identifiziert. Darauf basierend konnte eine Hypothese 

entwickelt werden, nach welcher die Bindung von TMEM55B an JIP4 mittels GBF1 und 

TBC1D9B reguliert werden könnte.  

Außerdem wurde untersucht, ob die zuvor für TMEM55B-defizienten Neuronen beschriebene 

Akkumulation von Lysosomen im Initialsegment von Axonen einen Einfluss auf die Pathologie 

in einem Mausmodell für Morbus Alzheimer und spezifisch der Bildung von amyloiden Plaques 

hat. Es konnte gezeigt werden, dass der Verlust von TMEM55B keine Auswirkungen auf die 

Bildung amyloider Plaques hat und damit nicht zu erhöhter Neurodegeneration beiträgt. Die 

Analyse von Mäusen mit doppelter Defizienz für TMEM55B und TMEM106B zeigte allerdings 

weiterhin, dass es wahrscheinlich mehrere Proteinpaare von lysosomalen 

Transmembranproteinen und Gerüstproteinen gibt, die für den retrograden Transport von 

Lysosomen eingesetzt werden. Es gab Hinweise darauf, dass der Verlust eines einzelnen 

Proteins die Überlebensfähigkeit von Neuronen nicht beeinträchtigt, währen Einschränkungen 

in mehr als einem retrograden Transportweg zu erhöhter Neurodegeneration führten. Es kann 
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vermutet werden, dass in neurodegenerativen Krankheiten, die Akkumulation von Lysosomen 

auslösen, mehr als nur ein einzelner lysosomaler Transportweg inhibiert ist. 

Ferner konnten mehrere Ergebnisse generiert werden, die in vivo auf eine redundante oder 

additive Funktion des zu TMEM55B paralogen Proteins TMEM55A in Mäusen hindeuten und 

damit gegen bisher veröffentlichte Daten sprechen.  
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Abstract 

TMEM55B is a lysosomal membrane protein with relatively unknown functions in vivo. While 

TMEM55B was initially described as a phosphatidylinositol-4,5-bisphosphate-4-phosphatase, 

the protein has now been linked to other processes such as cholesterol homeostasis, mTORC1 

signalling and the retrograde transport of lysosomes. By binding to the scaffold protein JIP4, 

TMEM55B mediates the transport of lysosomes in the retrograde direction along the 

microtubules using the motor protein complex dynein/dynactin.  

In the present study, the physiological role of TMEM55B-mediated lysosomal transport was 

investigated. It could be revealed that a TMEM55B deficiency in mice resulted in morphological 

changes within the seminiferous epithelium of the testis. The lysosomal positioning and size 

of lysosomes was altered by the loss of TMEM55B in Sertoli cells leading to a mild case of 

subfertility in male mice. This was potentially caused by the release of immobile and 

morphologically conspicuous spermatozoa. The analysis of Tmem55B KO mice did reveal a 

change of multiple blood values and an ossification of hind leg joints in older animals, indicating 

an impairment of bone marrow functions.  

Another focus of this thesis was the identification of potential new interaction partners for 

TMEM55B, to link the lysosomal membrane protein to already known pathways and 

mechanisms. The GTPase-activating protein GBF1 and the guanosine triphosphate exchange 

factor TBC1D9B were identified as interaction partners for TMEM55B. A hypothesis was 

suggested in which GBF1 and TBC1D9B might regulate TMEM55Bs binding to the scaffold 

protein JIP4 and thereby regulate for how long the complex stays attached to the motor protein.  

Furthermore, it was investigated, if the lysosomal positioning phenotype previously described 

for Tmem55B KO neurons influences Alzheimerôs Disease pathology and amyloid plaque 

formation. The loss of only TMEM55B did not obviously influence the formation of amyloid 

plaques and neurodegeneration was not found to be enhanced. Analysis of a double deficiency 

of TMEM55B and TMEM106B in a wildtype background however revealed, that there are 

multiple proteins able to mediate lysosomal transport. It was indicated that loss of a single 

protein might not severely impact neuron survivability, while the impairment of multiple 

retrograde transport pathways increases neurodegeneration. It may be assumed, that in 

neurodegenerative diseases with lysosomal accumulation phenotypes more than one 

trafficking pathway is disturbed.  

Lastly, multiple results in this study present evidence, that the paralogue protein of TMEM55B, 

TMEM55A, fulfils redundant or additive functions in vivo in mice contradicting to so far 

published data. 
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1. Introduction 

 

1.1 Lysosomes 

Lysosomes were first described in 1955 by Christian de Duve (De Duve, Pressman et al. 1955) 

as cellular organelles with an acidic lumen (pH 4.5-5) coated by a 7-10 nm thick phospholipid 

bilayer (Ohkuma and Poole 1978, Saftig, Schroder et al. 2010, Rudnik and Damme 2020). At 

first thought to be a mere storage and degradation unit, lysosomes have emerged as a key 

organelle in multiple important cellular processes such as gene regulation and immunity, as 

well as being a centre of nutrient exchange. Lysosomes are nowadays considered a metabolic 

signalling hub (Settembre, Di Malta et al. 2011, Settembre, Zoncu et al. 2012, Lawrence and 

Zoncu 2019, Ballabio and Bonifacino 2020). 

The characteristic acidic pH of lysosomes is mediated by the vacuolar ATPase (V-ATPase), 

localized in the phospholipid bilayer that separates the lysosomal lumen from the cytosol. The 

V-ATPase translocates protons from the cytosol into the lysosomal lumen (Forgac 1999), and 

the low pH that is achieved guarantees optimal conditions for more than 60 hydrolases and 

other soluble proteins (Saftig 2006). Most of these enzymes such as proteases, phosphatases, 

glycosidases, nucleases, and non-enzymatic proteins such as sphingolipid-activator proteins 

saposins A, B, C and D (SAPs), are involved in the degradation processes of macromolecules 

including carbohydrates, proteins, lipids and nucleic acids (Saftig and Klumperman 2009, 

Ballabio and Bonifacino 2020). Many severe diseases, such as lysosomal storage diseases 

(LSD), have been linked to a malfunction or deficiency of one or multiple lysosomal hydrolases 

(Saftig, Hetman et al. 1995, Marques, Di Spiezio et al. 2020). Next to the characteristic soluble 

enzymes and proteins, lysosomes also contain numerous, often highly glycosylated 

transmembrane proteins (Eskelinen, Tanaka et al. 2003, Saftig and Klumperman 2009). 

Examples are lysosomal integral membrane proteins (LIMPs) and lysosomal associated 

membrane proteins (LAMPs), the two apparently most abundant lysosomal membrane 

proteins. Not only are those proteins commonly used as lysosomal markers, they also play a 

key role in protecting other membrane proteins and the lysosomes membrane from 

degradation by the lysosomal hydrolases. With their large carbohydrate-rich lysosomal 

domains they form a glycocalyx, which coats the complete inner membrane towards the 

lysosomal lumen (Fukuda 1991, Wilke, Krausze et al. 2012). Finally, there is a group of 

proteins that are not permanently part of the lysosomes. Cytosolic proteins can be recruited 

towards the membrane and interact with lysosomal membrane proteins and lipids to mediate 

cell responses to for example a lack of nutrients (Zoncu, Bar-Peled et al. 2011) or help to move 

the organelle through the cell along the cytoskeleton (Pu, Guardia et al. 2016, Cabukusta and 

Neefjes 2018). 
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1.2 Function of lysosomes 

1.2.1 Recycling pathways 

Degrading cargo such as proteins, lipids, nucleic acids and polysaccharides is one of the key 
abilities of lysosomes (Hasanagic, Waheed et al. 2015). Mainly involved in these degradation 
processes are the lysosomal hydrolases such as for example cathepsins which are used to 
degrade proteins (Patel, Homaei et al. 2018, Li and Zhang 2019). Macromolecules designated 
for degradation can reach the lysosome through multiple pathways (Figure 1: Schematic 
overview of the endolysosomal system. 

Depiction of the endolysosomal system with the lysosome as its key component. Cargo destined for 

degradation reaches the lysosomes via different pathways: Extracellular components reach the 

lysosomes over phagocytosis or endocytosis as phagosome or endosome content, while intracellular 

components are subjected to autophagy and are degraded in autolysosomes. Figure modified according 

to (Rudnik 2020). Created with BioRender.com.). Intracellular macromolecules can reach the 

lysosomes via macroautophagy, while extracellular components reach lysosomes over 

endocytosis and pinocytosis. Microorganisms or apoptotic cells marked for degradation can 

be internalized via phagocytosis and will be delivered to the lysosomes for degradation as a 

Figure 1: Schematic overview of the endolysosomal system. 
Depiction of the endolysosomal system with the lysosome as its key component. Cargo destined for 
degradation reaches the lysosomes via different pathways: Extracellular components reach the lysosomes 
over phagocytosis or endocytosis as phagosome or endosome content, while intracellular components are 
subjected to autophagy and are degraded in autolysosomes. Figure modified according to (Rudnik 2020). 
Created with BioRender.com. 
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defence mechanism (Asare, Roscioli et al. 2020). Components that cannot be reused by the 

cell after degradation can be excreted via exocytosis (Perera and Zoncu 2016).  

1.2.1.1 Autophagy  

Macroautophagy (from here on referred to as autophagy) describes an important self-

degradative process in which cytosolic components or cell organelles from the cellôs interior 

can be targeted and degraded in so-called autolysosomes (Razi, Chan et al. 2009, Tooze and 

Razi 2009). While this process can be used as a protective measure for the cell by for example 

removing misfolded or aggregated proteins, damaged organelles or intracellular pathogens, it 

is also a critical pathway for cells during emergency situations such as nutrient stress. In 

nutrient stress conditions proteins can be degraded and their components reused to ensure 

survival (Russell, Yuan et al. 2014). Autophagy is a tightly regulated process controlled by 

multiple proteins, and is induced by intracellular or extracellular signals. Nutrient deprivation 

for example inhibits the mechanistic Target of Rapamycin Complex 1 (mTORC1), which in turn 

starts the activation of multiple downstream targets including Unc-51 like autophagy activating 

kinase (ULK1) and Autophagy-related 13 (ATG13) (Glick, Barth et al. 2010, Russell, Yuan et 

al. 2014). Through multiple steps this activation leads to an increased phosphoinositol-3-

phosphate (PI(3)P) production at the membrane of the endoplasmic reticulum (ER) forming 

PI(3)P enriched membrane domains (Itakura and Mizushima 2010), which enable the 

assembly of the  LC3-conjugation complex. The so-called isolation membrane is formed by 

lipidation and through accumulation of bound LC3 (LC3-II) (Fujita, Itoh et al. 2008, Dooley, 

Razi et al. 2014, Asare, Roscioli et al. 2020) at these membrane domains and can then be 

released into the cytosol. This isolation membrane (also referred to as phagophore) can 

specifically target cytosolic components marked by autophagy receptors such as 

p62/SQSTM1, which detects poly-ubiquitinated protein aggregates (Komatsu, Waguri et al. 

2007, Glick, Barth et al. 2010). The phagophores close around their target to form the double 

membraned autophagosome. Autophagosomes first fuse with endosomes to form 

amphisomes, and lastly the amphisomes fuse with lysosomes to form autolysosome (Zhang 

and Zhao 2019). Through the fusion with lysosomes the autolysosomes now carry the typical 

lysosomal hydrolases and other degradative enzymes and are therefore able to degrade their 

cargo (Zhang and Zhao 2019). 

The last and final step of autophagy is the so-called autophagic lysosome reformation (ALR), 

a process that is needed to ensure lysosomal homeostasis (Rong, Liu et al. 2012, Chen and 

Yu 2013, Asare, Roscioli et al. 2020). To guarantee not all lysosomes end up being used in 

long term autophagic phases, mTORC1 can be reactivated which causes the formation of 

tubules at the autolysosomes in areas where phosphatidylinositol(4,5)bisphosphate (PI(4,5)P2) 

is accumulating. The motor protein Kinesin family 5B (KIF5B) is recruited to these 
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microdomains and initiates the formation of a cytoskeleton to enable ALR. At these contact 

sides between tubules and autolysosomes, small vesicles bud off in dependency of clathrin 

and Adaptor protein 2 (AP2): the so-called proto lysosomes (Rong, Liu et al. 2012). These 

lysosomal precursors already carry multiple lysosomal membrane proteins; however, they 

initially display a neutral pH, and they are completely deprived of all typical lysosomal 

hydrolases. Therefore, they only regain full function after maturation back into a lysosome 

(Chen and Yu 2013, Chen and Yu 2017). 

1.2.1.2 Endocytosis 

Endocytosis is a process where extracellular liquids, nutrients and parts of the cells own 

plasma membrane are being taken up by invagination processes at the plasma membrane 

(Miaczynska and Stenmark 2008). While autophagy is part of the immune response to 

intracellular pathogens and an emergency answer to starvation, endocytosis is also important 

for nutrient uptake, receptor signalling and downregulation, as well as playing a role in 

neurotransmission (Miaczynska and Stenmark 2008). The endocytosis process can be 

categorized into at least three different groups: clathrin-mediated endocytosis, caveolin/flotillin-

mediated endocytosis and macropinocytosis (Lim and Gleeson 2011, Kaksonen and Roux 

2018). Clathrin-mediated endocytosis is initiated by transiently bound proteins, that cause the 

recruitment of clathrin and other endocytic proteins from the cytosol to the plasma membrane 

(Kaksonen and Roux 2018). Caveolin/flotillin-mediated endocytosis on the other hand is 

independent of clathrin and initiated by an accumulation of caveolin-1 in microdomains of the 

plasma membrane. This accumulation results in the curvature of the plasma membrane and 

the formation of the so-called caveolae (Kiss and Botos 2009). The last process, 

macropinocytosis is also independent on clathrin, and instead makes use of accumulated actin 

to achieve a curvature of the membrane, initiated and regulated by growth factors (Lim and 

Gleeson 2011). The actin accumulation close to the membrane causes the formation of large 

membrane ruffles, which are able to bud of small parts of themselves to form macropinosomes. 

This process is potentially regulated by differing concentrations of phosphatidylinositol at the 

plasma membrane (Canton 2018).  

Independent of which way was used to internalize the cargo, the resulting vesicles ripen into 

or fuse with early endosomes, in which their contents are being sorted (Miaczynska and 

Stenmark 2008). During this process it is decided whether the cargo returns to the plasma 

membrane or is designated for degradation. Membrane proteins marked by ubiquitylation are 

sorted by the Endosomal sorting complex required for transport (ESCRT) into intraluminal 

vesicles (Henne, Stenmark et al. 2013), which in turn form multivesicular bodies/late 

endosomes. Through extensive fusion processes with other endosomes, lysosomal hybrid 
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organelles and lysosomes the late endosomes then turn into mature lysosomes (Luzio, Gray 

et al. 2010).   

1.2.1.3 Phagocytosis 

If the cargo internalized via endocytic pathways includes extracellular particles larger than 

0.5 µm, extracellular pathogens or apoptotic cells, the process used is called phagocytosis 

(Rosales and Uribe-Querol 2017). Cells recognize and bind pathogens on the extracellular 

side of their plasma membrane with one of their various phagocytosis-receptor proteins 

(Brubaker, Bonham et al. 2015). The bound cargo is internalized into a vesicle deriving from 

the plasma membrane called phagosome, which shows similar characteristics to early and late 

endosomes during their maturation (Rosales and Uribe-Querol 2017). As the last step of the 

maturation process phagosomes fuse with lysosomes to form phagolysosomes, in which the 

internalized particles, pathogens or apoptotic cells are then inactivated and degraded by the 

lysosomal hydrolases, antimicrobial peptides and reactive oxygen species (Kissing, Saftig et 

al. 2018). While there are cells that specialize in phagocytosis, so-called professional 

phagocytes, which include monocytes, macrophages, or dendritic cells, it has also been shown 

that fibroblasts, epithelial cells and endothelial cells are capable of phagocytosis. While they 

are unable to ingest microorganisms, they take care of the phagocytic clearance of apoptotic 

cells (Panneerdoss, Viswanadhapalli et al. 2017, Rosales and Uribe-Querol 2017, Asare, 

Roscioli et al. 2020). 

1.2.2 Function of lysosomes in signalling 

As all the above-mentioned pathways ultimately end in fusion of vesicles with or delivery of the 

cargo to the lysosome, lysosomes are a pivotal centre of cellular catabolism. At the same time 

lysosomes also surprisingly emerged to be the cellular centre of metabolic signalling. The 

master growth regulator mTORC1 for example is recruited from the cytosol and activated at 

the lysosomal membrane in the presence of growth factors or nutrients (Saxton and Sabatini 

2017, Saftig and Puertollano 2021). Activation of mTORC1 by different molecules for example 

amino acids can lead to enhanced protein or lipid biogenesis (Lawrence, Cho et al. 2018). This 

recognition of the nutrition availability in the cytosol as well as recognition of the available 

storage of amino acids in the lysosomes (Zoncu, Bar-Peled et al. 2011) enables the mTORC1 

pathway to tightly regulate the cells balance between anabolism and catabolism (Thoreen, 

Chantranupong et al. 2012).  

Not only do lysosomes play an important role in cellular homeostasis, they are also able to 

dynamically interact with other organelles. While fusions with vesicles derived from the 

endolysosomal pathways were discovered early, newer data suggest that lysosomes also 

engage and form contact sites with other organelles, for example mitochondria, peroxisomes, 

and the endoplasmic reticulum (Lawrence and Zoncu 2019, Peng, Wong et al. 2020). These 
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interactions and the formation of contact sites between organelles are mediated by membrane 

proteins classed as tethering proteins which are specific to the respective organelles between 

which a contact is formed. These contacts mediated by tethering proteins do not result in 

membrane fusion, but instead keep the organelles close enough for interaction (Lawrence, 

Cho et al. 2018). Lysosome-organelle contact is necessary for interorganellar lipid transports 

of for example cholesterol (Meng, Heybrock et al. 2020) or the direct transfer of metabolites 

between the organelles (Lawrence, Cho et al. 2018).  

Overall, the lysosome has been proven to be part of a refined regulatory network, and 

malfunction of any of these regulatory pathways is usually directly connected to one or multiple 

diseases. 

1.3 Sorting of lysosomal proteins 

Lysosomes heavily rely on their specific composition of soluble proteins as well as membrane 

proteins to ensure full functionality and the tight regulation of pathways they are involved in. 

Therefore, the correct sorting of newly synthesised lysosomal proteins and their targeting from 

the ER to the trans-Golgi network (TGN) towards lysosomes is crucial.  

1.3.1 Sorting of soluble luminal lysosomal proteins 

Soluble lysosomal proteins are synthesised in the lumen of the ER where they are modified 

co-translational by adding preformed oligosaccharides to selected asparagine residues 

(Braulke and Bonifacino 2009) resulting in a process described as N-linked glycosylation. Via 

vesicular transport the soluble lysosomal proteins exit the ER and are transferred into the 

Golgi, where oligosaccharide chains can be trimmed or modified. One of these modifications 

includes the formation of a mannose 6-phosphate residue (M6P), which is recognized by M6P 

receptors (M6PR). The membrane bound receptors bind the proteins carrying an M6P ligand 

in the neutral pH environment in the Golgi-apparatus and transport them into endosomes 

(Braulke and Bonifacino 2009). This anterograde transport of vesicles carrying the cargo is 

mediated by Golgi-localized, gamma-ear-containing, ADP-ribosylation factor (ARF) binding 

proteins (Puertollano, Aguilar et al. 2001). In the endosome the proteins are sorted and 

released from the receptors due to a drop in pH to 5-6. While the receptors return to the Golgi 

(Bajaj, Lotfi et al. 2019), the lysosomal proteins ultimately reach the lysosomes by endosome-

lysosome fusion. Alternatively, soluble lysosomal proteins can be recognized by integral 

lysosomal membrane proteins such as LIMP2 and reach the lysosomes together with the 

membrane proteins in a piggy-back-like fashion (Blanz, Groth et al. 2010, Bajaj, Lotfi et al. 

2019). 
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1.3.2 Sorting of lysosomal membrane proteins 

Like their soluble counterpart, lysosomal membrane proteins are synthesised in the ER, more 

specifically, directly into the ER membrane. Upon reaching the Golgi network via vesicular 

transport they can be forwarded to the lysosomes via at least two different pathways: the direct 

way from the TGN over endosomes into lysosomes, or the indirect route from the TGN to the 

cell surface and from there using endocytosis into the lysosomes. Tyrosine- (NPXY or YXXū) 

or dileucine-based ([DE]XXXL[LI] or DXXLL) motifs in the cytosolic domains of the membrane 

proteins are recognized (Eskelinen 2008, Braulke and Bonifacino 2009) by adaptor proteins 

(AP) or GGAs at the Golgi membrane, which causes the formation of clathrin-coated transport 

vesicles, enriched in cargo material (Canagarajah, Ren et al. 2013). Depending on the target 

membrane different APs mediate the formation of transport vesicles. The direct transport from 

TGN to endosomes is mediated by AP-1 for example, while the indirect transport and most of 

the endocytosis pathways are carried out by AP-2 (Bonifacino and Traub 2003). Which AP 

recognizes the sorting signal is partially dependent on the distance of the sorting signal from 

the membrane and most likely other determinants, as it has been shown for other proteins 

containing dileucine motifs (Vergarajauregui and Puertollano 2006). While several lysosomal 

membrane proteins are already known more modern techniques in proteomics such as 

sequencing methods and mass spectrometry enable the identification of novel lysosomal 

membrane proteins with so far unknown functions (Timp and Timp 2020). Two of the more 

novel proteins discovered include the lysosomal transmembrane proteins TMEM55A and 

TMEM55B. 

1.4 Lysosomal transmembrane proteins 55A and B  

Transmembrane protein 55A (TMEM55A) and TMEM55B are paralogue proteins with 51% 
homology in humans. Both proteins are highly conserved in mammals while predecessors with 
a high level of conservation are found in simple organisms such as the nematode 
Caenorhabditis elegans (C. elegans) and Drosophila melanogaster. The human form of 
TMEM55A consists of 257 amino acids, while TMEM55B is slightly larger and consists of 277 
amino acids (Ungewickell, Hugge et al. 2005). Both proteins are predicted to display a long, 
cytosolic N-terminus (~220 amino acids), two transmembrane domains spanning the 
lysosomal membrane linked by a short loop that reaches into the lysosomal lumen (~10-15 
amino acids) and a short cytosolic C-terminus (~11 amino acids) (Figure 2: Prediction of 
TMEM55A and 55Bsô schematic protein topology and position within the lysosomal membrane. 

Created with BioRender.com.). Initially both proteins were described as phosphatidylinositol-4,5-

bisphosphate-4-phosphatases in mammals (Ungewickell, Hugge et al. 2005), due to the 

conserved putative CX5R phosphatase motif they share with other proteins of the phosphatase 

class, such as the virulence factor BopB (Outer protein B) found in the bacterium Bordetella 

bronchiseptica. There BopB is responsible for the formation of pores in the hosts plasma 
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membrane to enable transition of effector proteins into the host cell (Nogawa, Kuwae et al. 

2004). In vitro both recombinant proteins exert a phosphatase activity against the 4-phosphate 

group of PI(4,5)P2, while displaying no activity against any other member of the phosphatidyl 

inositol (PI) family (Ungewickell, Hugge et al. 2005).  

In cells TMEM55A and TMEM55B are located in late endosomes and lysosomes under 

overexpression conditions, while TMEM55B could later on also be detected in these organelles 

under endogenous conditions (Ungewickell, Hugge et al. 2005).  

In a follow up study, it was furthermore shown, that TMEM55B is transported into the nucleus 

in response to stress induced by DNA damage. There it should lead to an increase in PI5P 

levels at the nuclear membrane, stabilizing p53 through acetylation, which ultimately leads to 

cell apoptosis (Zou, Marjanovic et al. 2007). While this specific interaction seemed to be 

exclusive for TMEM55B, a similar function was later found for TMEM55A in the regulation of 

different PI levels during phagocytosis (Morioka, Nigorikawa et al. 2018). Macrophages 

expressing shRNA targeting TMEM55A, showed increased phagocytosis of large particles 

when only 20% of TMEM55A remained. With lowered TMEM55A levels, PI(4,5)P2 is only 

slowly dephosphorylated into PI5P, which leads to an increased time of F-actin assembly on 

the phagocytic cup and the inhibition of the cups´ closure (Morioka, Nigorikawa et al. 2018). 

While it could be shown that both TMEM55A and TMEM55B would accumulate on 

phagosomes, a decrease in TMEM55B levels did not influence phagocytosis or phagocytic 

cup formation at all (Morioka, Nigorikawa et al. 2018). This would suggest that TMEM55A and 

TMEM55B do carry out similar roles at different places within the cell, with activation of one 

protein or the other, depending on the pathway that is involved. However, the work released 

by Morioka and colleagues in 2018 was the so far only additional confirmation of 

Figure 2: Prediction of TMEM55A and 55Bsô schematic protein topology and position within 
the lysosomal membrane. 
Created with BioRender.com. 
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TMEM55As´phosphatase activity. Multiple studies trying to reproduce the initial results of 

Ungewickell et al., especially for TMEM55B failed to confirm the proteins phosphatase activity 

(Willett, Martina et al. 2017, Takemasu, Nigorikawa et al. 2019, Rudnik 2020) and the 

measured activity might be explained by a contamination of the enzyme preparation. 

TMEM55B for example was found to strictly localize to lysosomes in immunofluorescence 

screenings, with PI(4,5)P2 showing no signs of colocalization (Rudnik 2020). Additionally, 

TMEM55B did not display any phosphatase activity in cell based phosphatase assays using 

PI(4,5)P2 as substrate (Takemasu, Nigorikawa et al. 2019). 

While the involvement of TMEM55A in early steps of phagocytosis was the only documented 

role of TMEM55A so far, the knowledge about roles and functions of TMEM55B has developed 

more in recent years. In a study investigating cellular cholesterol homeostasis, it was shown 

that expression of TMEM55B is regulated by the availability of the sterol-dependent factors 

Sterol response element binding factor 1 (SREBF1) and SREBF2 (Medina, Bauzon et al. 

2014). It was suggested that TMEM55B is involved in the intracellular recycling of the low-

density lipoprotein receptor (LDLR) between the plasma membrane and endosomes, and 

thereby is responding to and indirectly regulating the cellular cholesterol level (Medina, Bauzon 

et al. 2014). Interestingly, TMEM55B expression also responded to different amino acid levels 

within the cell, mediated by the Transcription factor EB (TFEB). In both cases of starvation, 

low sterol, or low amino acid levels, TMEM55B expression is transcriptionally upregulated, 

causing an increased repositioning of lysosomes into the perinuclear regions of the cell (Willett, 

Martina et al. 2017). Both SREBF and TFEB are part of the described mTORC1-signalling 

pathway, which is as mentioned before essential for nutrient sensing. In an interactome study 

FLAG-tagged TMEM55B was found to interact with proteins of the mTORC complex including 

v-ATPase, subunits of the RAGULATOR/Rag-complex, LAMTOR1, LAMTOR3, RagC as well 

as mTOR itself (Hashimoto, Shirane et al. 2018). It was suggested that TMEM55B directly 

interacts with LAMTOR1 and the membrane-bound v0-Domain of the V-ATPase within 

detergent resistant microdomains (DRMs) of the lysosomal membrane. Potentially it even 

actively recruits them together and thus is the starting point of the assembly of the mTORC1 

complex (Zoncu, Bar-Peled et al. 2011, Hashimoto, Shirane et al. 2018). 

As overexpression of TMEM55B did result in altered positioning of lysosomes towards the cell 

centre, the obvious question came up how exactly TMEM55B is involved in the process of 

cellular lysosome transport. This function seemed to be unrelated to the initial role as a 

PI(4,5)P2 phosphatase, as a mutation of the CX5R catalytic centre thought to mediate its 

phosphatase activity did not interfere with the lysosomal clustering in the perinuclear area upon 

TMEM55B overexpression (Willett, Martina et al. 2017), and together with the findings of its 

vast interactome strengthened the idea of TMEM55B being a key interaction platform for the 
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lysosome. The membrane bound TMEM55B recruits and interacts with JNK-interacting 

protein 4 (JIP4, also called SPAG9), a cytosolic scaffold protein also known to bind to both 

dynein/dynactin and kinesin, two of the cellular microtubule motors (Kelkar, Standen et al. 

2005, Montagnac, Sibarita et al. 2009, Willett, Martina et al. 2017).  

In this specific case TMEM55B and dynein/dynactin bind to JIP4 at the same time, therefore 
mediating the retrograde transport of lysosomes from the cell periphery towards the 
perinuclear area (Figure 3: TMEM55B/JIP4-mediated transport of lysosomes along microtubules.  

The lysosomal membrane protein TMEM55B is phosphorylated by Erk/MAPK which enables interaction 

with the cytosolic scaffold protein JIP4, mediating a link to the motor protein complex dynein/dynactin. 

Dynein/dynactin initiate the retrograde transport of the bound organelle towards the minus end of the 

microtubules, close to the cellôs nucleus. Figure modified according to (Rudnik 2020). Created with 

BioRender.com.). This retrograde transport is not relying on the Ras-related protein 7 

(RAP7)/Rab-interacting lysosomal protein (RILP) complex, which is able to mediate the 

transport of lysosomes to the minus ends of microtubules (Jordens, Fernandez-Borja et al. 

2001). 

Since TMEM55B seems to rely on interaction partners posttranslational regulation of 

TMEM55B plays a pivotal role in the regulation of interactions. Phosphorylation of two serine 

groups, serine 76 and serine 169 by the kinases extracellular signal-regulated Kinase (ERK) 

and mitogen-activated protein (MAPK), has been shown to actively influence lysosome 

positioning in macrophages (Takemasu, Nigorikawa et al. 2019). While it could not be shown 

directly, it is speculated that these phosphorylation events modulate the binding of TMEM55B 

Figure 3: TMEM55B/JIP4-mediated transport of lysosomes along microtubules.  
The lysosomal membrane protein TMEM55B is phosphorylated by Erk/MAPK which enables interaction 
with the cytosolic scaffold protein JIP4, mediating a link to the motor protein complex dynein/dynactin. 
Dynein/dynactin initiate the retrograde transport of the bound organelle towards the minus end of the 
microtubules, close to the cellôs nucleus. Figure modified according to (Rudnik 2020). Created with 
BioRender.com. 
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to potential interaction partners such as JIP4 (Takemasu, Nigorikawa et al. 2019). 

Furthermore, it was shown, that posttranslational S-palmitoylation of TMEM55B is important 

for the recruitment of the protein into lysosomes (Rudnik 2020, Rudnik 2022). S-palmitoylation 

is characterized by a reversible attachment of a C16 saturated fatty acyl chain to cytoplasmic 

cysteine residues of proteins by palmitoyl acyltransferases, a process pivotal for protein 

localization into detergent-resistant microdomains and protein trafficking (Charollais and Van 

Der Goot 2009). TMEM55A and TMEM55B both are S-palmitoylated proteins. In case of 

TMEM55B it was shown, that S-palmitoylation was necessary for post-Golgi sorting and 

trafficking, as a mutant variant of the protein without any cysteine groups showed Golgi-

retention (Rudnik 2022). While posttranslational modifications of TMEM55B have been 

identified as pivotal factors for the sorting of TMEM55B into the correct compartment and for 

its functionality, the regulation of the intricate TMEM55B-mediated retrograde transport 

pathway is yet to be fully understood.  

1.5 Cellular transport of lysosomes 

Lysosomes are cellular organelles able to rapidly move through the cell along the cytoskeleton 

in a tightly regulated ñstop and goò fashion (Pu, Guardia et al. 2016, Cabukusta and Neefjes 

2018). The work of Willet et al. specifically put an emphasis on TMEM55Bôs role in retrograde 

transport (Willett, Martina et al. 2017), however TMEM55B is not the only protein involved in 

lysosomal positioning. 

In cells lysosomes and their positioning underly a heavily regulated equilibrium that is upheld 

by constant dynamic transport processes. Lysosomes can be classed into at least two different 

pools: a rather immobile pool of lysosomes that are concentrated in a ñcloudò around the 

microtubule-organizing centre (MTOC) and highly dynamic lysosomes in the cellôs periphery 

(Cabukusta and Neefjes 2018). To transition from the immobile cloud into the periphery or 

generally to adjust positioning especially in large cells, large organelles such as lysosomes 

cannot simply rely on diffusion. Instead, they use an active transport system to move through 

the cell (Reits and Neefjes 2001). This active transport can be mediated by one of three motor 

class protein families: kinesins, dyneins and myosins (Cabukusta and Neefjes 2018). Myosins 

are responsible for the transport along the actin cytoskeleton mostly over short distances, as 

the myosin-dependent transport is relatively slow (Kapitein, van Bergeijk et al. 2013). For 

longer distances and faster transport, the microtubule motors kinesin and dynein are used 

instead. Not only is the microtubule-based system a lot faster, the microtubule network also 

does span a greater portion of the cell, all the way from the cellôs periphery to the nucleus, 

whereas actin fibres tend to mostly (but not exclusively) accumulate in the vicinity of the plasma 

membrane (Cabukusta and Neefjes 2018).  In a standard non-polarized cell microtubules are 

found radiating from the MTOC in perinuclear position, where their minus-end lies, to the cellôs 
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periphery, where their plus-end is found (Meiring, Shneyer et al. 2020). Vesicles and 

organelles can be transported along these polarized microtubules in a bidirectional fashion: 

Kinesins are mainly responsible for the anterograde transport towards the plus ends in the cell 

periphery, while dyneins take care of the retrograde transport from the cellôs periphery towards 

the perinuclear region (Bonifacino and Neefjes 2017). Whether a vesicle or organelle binds to 

kinesin or dynein is tightly regulated, however not all mechanisms are fully understood yet. 

In total, humans encode for over 40 kinesin proteins, with anterograde transport usually relying 

on one or multiple kinesin motors to be employed (Cabukusta and Neefjes 2018). One of the 

mechanisms known to be able to recruit kinesin to lysosomes is initiated by the small GTPase 

Ras-related protein 7 (Rab7). If Rab7 in its activated GTP-bound form binds the effector protein 

FYVE and coiled-coil domain-containing protein 1 (FYCO1) at the lysosomal membrane, 

kinesin-1 motor protein can be recruited, and anterograde transport is initiated (Pankiv, Alemu 

et al. 2010). Alternatively, the BLOC-one-related complex (BORC) together with small GTPase 

Arf-like GTPase 8 (Arl8) and its effector protein SifA and kinesin-interacting protein (SKIP) can 

also recruit kinesin and thereby link lysosomes to the motor protein (Li, Alper et al. 2016). While 

Rab7-mediated binding only enables recruitment of kinesin-1, the BORC based process can 

recruit two different types of kinesin: kinesin 1 (KIF5B), which prefers to move on microtubules 

in the perinuclear region, and kinesin-3 (KIF1Bɓ and KIF1A), which functions well in the cellôs 

periphery (Guardia, Farias et al. 2016). This redundancy does show that cells do not only rely 

on one single mechanism to drive plus-end transport and could hint, that different lysosomes 

are already prepared to carry out their differing biological functions early on based on their 

spatial distribution (Cabukusta and Neefjes 2018).  
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Other than kinesins where a multitude of proteins involved in transport are known, only one 

dynein protein has been shown to enable retrograde transport of cargoes (Cabukusta and 

Neefjes 2018). Dynein requires fusion with the multiprotein complex dynactin to facilitate 

retrograde transport and like kinesin, must be recruited to the lysosome first. In many cases, 

Rab7 in its active form is again responsible for recruiting effector proteins to the lysosome, 

such as Rab-interacting lysosomal protein (RILP). RILP then binds to the p150glued subunit 

of the dynein/dynactin light intermediate chain and initiates full recruitment of the motor 

complex (Johansson, Rocha et al. 2007, Rocha, Kuijl et al. 2009, Tan, Scherer et al. 2011).  

  

Figure 4: Effect of TMEM55B loss and overexpression on lysosomal positioning.  
Graphical depiction of the effect of TMEM55B knock-out or overexpression experiments in cell-based 
experiments (based on experiments in Willet et al. 2017 and Rudnik 2020). TMEM55B deprivation 
causes accumulation of lysosomes in the cell periphery, while overexpression causes an accumulation 
of lysosomes found in the perinuclear region at the MTOC. Created with BioRender.com. 
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Additionally, it has been shown, that the dynein/dynactin complex is also able to interact and 
bind other scaffold proteins, such as Apoptosis-linked gene 2 (ALG2) or JIP4 to drive 
retrograde transport independently of RILP (Willett, Martina et al. 2017). JIP4, as previously 
mentioned a known interaction partner of TMEM55B (1.4), shows an increased recruitment to 
the lysosomal membrane under TMEM55B overexpression conditions (Willett, Martina et al. 
2017). Interestingly, loss of JIP4 leads to lysosomal clustering in the cell periphery, while JIP4 
overexpression leads to clustering of lysosomes in the perinuclear region, results that are also 
found upon loss or overexpression of TMEM55B (Figure 4: Effect of TMEM55B loss and 
overexpression on lysosomal positioning.  

Graphical depiction of the effect of TMEM55B knock-out or overexpression experiments in cell-based 

experiments (based on experiments in Willet et al. 2017 and Rudnik 2020). TMEM55B deprivation 

causes accumulation of lysosomes in the cell periphery, while overexpression causes an accumulation 

of lysosomes found in the perinuclear region at the MTOC. Created with BioRender.com.) (Willett, 

Martina et al. 2017, Takemasu, Nigorikawa et al. 2019, Rudnik 2020).  

1.6 Physiological relevance of lysosomal positioning in cells 

Lysosomes do not only occur in spatial and dynamically different pools; these pools are also 

able to execute different biological functions and unsurprisingly the lysosomes show vastly 

different features (Korolchuk and Rubinsztein 2011, Pu, Guardia et al. 2016, Cabukusta and 

Neefjes 2018). Lysosomes found in the perinuclear cloud for example display a lower pH than 

those found in the periphery, resulting in a higher activity of degrading enzymes such as 

cathepsin L (Johnson, Ostrowski et al. 2016). Autophagosomes formed at the plasma 

membrane are usually targeted to fuse with these highly acidic lysosomes in perinuclear 

regions (Korolchuk and Rubinsztein 2011, Korolchuk, Saiki et al. 2011) instead of fusing with 

lysosomes found close by in the cellôs periphery. It can be presumed, that this is due to the 

perinuclear lysosomes ability to degrade cargo more efficiently thanks to their lower pH. 

Peripheral lysosomes on the other hand participate in plasma membrane repair (Encarnacao, 

Espada et al. 2016) and display an increased mTORC1 activation rate compared to perinuclear 

lysosomes (Korolchuk, Saiki et al. 2011, Jia and Bonifacino 2019). Having distinct pools of 

lysosomes responsible for different biological roles also enables the cells to dynamically react 

to changing environmental conditions such as pH or nutrient availability. High nutrient 

availability for example causes lysosomes to be scattered into the cells periphery and thereby 

enhancing cell growth and protein synthesis, while starvation causes a collapse of lysosomes 

towards the MTOC lysosome cloud and increased autophagy to ensure the cells survival 

(Korolchuk and Rubinsztein 2011, Cabukusta and Neefjes 2018).   

Failure to dynamically control the positioning of lysosomes within the cell can lead to multiple 

issues such as inability to degrade bacteria invading the cell (Dumont, Boucrot et al. 2010, 

D'Costa, Braun et al. 2015) and can cause lysosomal storage diseases due to dysfunctionality 
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of lysosomal proteins (Marques and Saftig 2019). Defects of proteins essential for lysosomal 

positioning such as BORC subunits or the motor protein dynein furthermore prove to be lethal 

in mouse models, highlighting the importance of lysosome mobility and functionality (Zhang, 

He et al. 2014, Guardia, Farias et al. 2016). 

1.7 Lysosomal positioning in polarized cells 

While lysosomal positioning and its regulation is important in any cell type, it plays an even 

more important role within polarized cells such as epithelial cells and neurons. These highly 

specialized cell types do not often follow the ñstandard rulesò in terms of microtubule 

organization but can have mixed microtubule orientation with plus and minus end pointing in 

the same direction (Pu, Guardia et al. 2016, Yau, Schatzle et al. 2016). The regulation of 

lysosomal positioning within these cells is complex and not all factors are yet fully understood. 
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1.7.1 Lysosomal positioning in Sertoli cells 

Sertoli cells are the epithelial cells of the seminiferous tubules found in mammalian testis, first 

discovered by Enrico Sertoli in 1865 (Sertoli 1865). They are among the most complex cell 

types found in mammals not only due their complex structure, but also due to their function to 

create a unique microenvironment to allow and control germ cell development (Meroni, 

Galardo et al. 2019).  

Also referred to as ñnurse cellsò for spermatogenesis, Sertoli cells form a lining layer within the 
tubular walls of the seminiferous epithelium and due to tight cell-cell contacts in combination 
with specialized Sertoli-tight junctions create the blood-testis-barrier (BTB) (Cheng and Mruk 
2012, Mruk and Cheng 2015). The BTB is the division of the seminiferous epithelium into the 
basal and the adluminal compartments (Figure 5: Spermatogenesis in the seminiferous 
epithelium. 

Schematic depiction of the different stages of germ cells during spermatogenesis. Lysosome distribution 

corresponds to stage XIV of the Sertoli-cell-cycle. Sertoli cells are shown in orange. AC: adluminal 

compartment, BC: basal compartment; MY: Peritubular myocytes; SpG: Spermatogonia (dark green: 

Figure 5: Spermatogenesis in the seminiferous epithelium. 
Schematic depiction of the different stages of germ cells during spermatogenesis. Lysosome distribution 
corresponds to stage XIV of the Sertoli-cell-cycle. Sertoli cells are shown in orange. AC: adluminal 
compartment, BC: basal compartment; MY: Peritubular myocytes; SpG: Spermatogonia (dark green: 
stem cells, light green: proliferating spermatogonia); SpC1: spermatocytes; eSpt: early spermatids; lSpt: 
late spermatids; Lys: Lysosomes; R: residual body; tj: Sertoli tight junction.  
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stem cells, light green: proliferating spermatogonia); SpC1: spermatocytes; eSpt: early spermatids; lSpt: 

late spermatids; Lys: Lysosomes; R: residual body; tj: Sertoli tight junction.) in a similar fashion to the 

better understood blood-brain-barrier (Cheng and Mruk 2012, Meroni, Galardo et al. 2019). 

While mostly not being lethal, breaches in the BTB can cause errors during spermatogenesis 

and lead to subfertility and even infertility (Mruk and Cheng 2015). Additionally, to the close 

Sertoli cell-Sertoli cell interactions the nurse cells are also in direct contact with developing 

germ cells and provide physical, nutritional and regulatory support during the full development 

(Schulz 2011). Sertoli cells actively change their shape and cellular organization following the 

16 stages of spermatogenesis (Kerr 1988, de Franca, Ghosh et al. 1993, Cheng and Mruk 

2012, Meroni, Galardo et al. 2019).  

To start of spermatogenesis, spermatogonial stem cells (SSC) residing within their 

spermatogonial stem cell niche in the basal compartment of the Sertoli cells differentiate into 

a single spermatogonium (De Rooij 2009) (Figure 5: Spermatogenesis in the seminiferous 

epithelium. 

Schematic depiction of the different stages of germ cells during spermatogenesis. Lysosome distribution 

corresponds to stage XIV of the Sertoli-cell-cycle. Sertoli cells are shown in orange. AC: adluminal 

compartment, BC: basal compartment; MY: Peritubular myocytes; SpG: Spermatogonia (dark green: 

stem cells, light green: proliferating spermatogonia); SpC1: spermatocytes; eSpt: early spermatids; lSpt: 

late spermatids; Lys: Lysosomes; R: residual body; tj: Sertoli tight junction.). This spermatogonium 

undergoes multiple divisions to differentiate into spermatogonia type A. After a further 6 mitotic 

divisions 1024 primary spermatocytes are formed (Cheng and Mruk 2012). These so-called 

preleptotene spermatocytes are actively transported through the blood-testis-barrier by the 

surrounding Sertoli cells (Fawcett 1961, Miething 2010). In the adluminal compartment they 

differentiate into zygotene and diplotene spermatocytes which after two meiotic divisions 

(meiosis I and II) form a total of 4096 haploid spermatids derived from one single SSC (Cheng 

and Mruk 2012). 

However, due to strict quality control less than 25% of these spermatids will be released into 

the seminiferous lumen as spermatozoa during spermiation, while the rest is undergoing 

apoptosis in earlier stages and is degraded by the Sertoli cells after phagocytosis 

(Panneerdoss, Viswanadhapalli et al. 2017). During initiation of spermatogenesis (Stages I ï 

VII) Sertoli cell nourish the newly differentiating spermatogonia while still being in contact with 

the last batch of late spermatids (Leblond and Clermont 1952).  

Stage No. Surface density (basal) in µm²/µm³ Surface density (adluminal) in µm²/µm³ 

II 0.55 0.3 

VII 0.7 0.2 
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Table 1: Surface density of basal and adluminal lysosomes during different stages of 
spermatogenesis. Data from Kerr 1988. 

In the first half of spermatogenesis the lysosome population is declining, and lysosomes mostly 

reside in the basal cell area (Table 1). In stages VIII until XIV only one generation of germ cells 

is in contact with the nurse cells and the transition of developing spermatogonia from basal to 

adluminal compartment is observed. After passage of the germ cells to the adluminal side in 

stage VIII the lysosome population decreases in the basal compartment and increases slowly 

closer in the adluminal compartment. Spermatogenesis restarts with the next generation of 

germ cells during stage XV, in which the almost matured spermatocytes shed excess 

cytoplasm. It finally ends with the current generation during stage XVI, the spermiation step in 

which spermatocytes are released (Leblond and Clermont 1952, Kerr 1988). After spermiation 

the lysosome population in the adluminal compartment of the Sertoli cells quickly drops 

(Chemes 1986). This special cyclic lysosomal pattern is connected to two pivotal roles Sertoli 

cells carry out during germ cell development: Apoptosis of defective germ cells and 

phagocytosis of residual bodies. Developing germ cells failing to pass the strict quality control 

are forced into apoptosis by the Sertoli cells, engulfed by them via identification of 

phosphatidylserine presented at their outer membrane, and ultimately entered in the 

degradation pathways via LC3-associated phagocytosis (LAP) (Panneerdoss, 

Viswanadhapalli et al. 2017). LAP describes a pathway in which LC3, a protein typically related 

to autophagy, shows a non-canonical function (Heckmann and Green 2019), more specifically, 

LC3 conjugates with phagosome membranes and initiates parts of the autophagy machinery, 

for example after recognition and internalization of apoptotic cells or pathogens, making it a 

hybrid immune response between autophagy and phagocytosis (Asare, Roscioli et al. 2020). 

Residual bodies on the other hand, containing excess cytoplasm that the spermatids shed 

during spermiation, are being phagocytosed by Sertoli cells via the standard phagocytosis 

machinery to make leftover nutrients available for the next developing germ cell generation 

(Kerr 2010). The residual bodies and the bigger part of apoptotic germ cells are taken up via 

phagocytosis at the adluminal side of the Sertoli cells and travel along microtubules towards 

their minus end at the base of the Sertoli cell (Kerr 2010, Wen, Yuan et al. 2017). The cycling 

increase and decrease in lysosome numbers hence is directly related to certain steps of 

spermatogenesis. 

In Sertoli cells in which phagocytosis and therefore lysosomes play such a pivotal role, it is 

understandable that correct lysosomal transport and positioning is crucial for the cells overall 

function. There is data available confirming that a loss of proteins known to be involved in 

lysosomal transport can be devastating for male fertility. Loss of the previously mentioned JIP4 

VIII 0.45 0.5 

IX-XI 0.3 0.4 

XIII-XIV 0.1 0.85 



Introduction 

19 
 

for example leads to subfertility in male mice caused by drastically lowered sperm numbers 

produced by JIP4 knock-out mice (Iwanaga, Wang et al. 2008) hinting towards an impaired 

spermatogenesis.  

1.7.2 Lysosomal positioning in neurons 

Another cell type with a need for a highly specialized targeted transport of organelles are 

neurons. Due to their asymmetric and polar shape divided into the cell body (soma), dendrites 

and the long axon, lysosome related organellar transport is more intricate than in other cells 

and lysosomes must travel longer distances. 

A typical multipolar neuron is comprised of the soma, from which multiple cell processes 

(neurites) extend: the shorter dendrites and one long nerve fibre also called the axon (Ludwig, 

Reddy et al. 2021). Depending on the shape and number of dendrites, neurons can be divided 

into unipolar, bipolar, multipolar and pseudo unipolar nervous cells (Gilbert 2000). The 

dendrites are branching cell protrusions extending out-ward from the cell body, that are 

specialized to receive chemical signals from the axon termini of other neurons (Lin and Koleske 

2010). The cell body contains the nucleus and is the main site of synthesis of almost all 

neuronal proteins and membrane components. The axon is a long nerve fibre covered by glia-

cells initially extending out of the cell body in a linear fashion. Towards its end, the axon 

terminus can split up and branch out to create multiple cell-cell contacts with other neurons. 

For some time, it was heavily discussed (Britt, Farias et al. 2016, Ferguson 2018), whether 

lysosomes are present in the axonal compartment.  Vesicles thought to be lysosomes, that 

were positive for lysosomal acid phosphatase activity, were found in all parts of neuronal cells, 

including rare occurrences in the axon (Becker, Goldfischer et al. 1960). Dynamic imaging 

studies provided evidence, that endosomes and autophagosomes in the distal regions of the 

axon fuse. During fast retrograde transport towards the soma the hybrid organelle acidifies 

and matures into a lysosome-like vesicle (Overly, Lee et al. 1995). With live cell imaging this 

theory could be confirmed. Also, it was possible to show, that acidification is accompanied by 

accumulation of LAMP1 within these organelles (Maday, Wallace et al. 2012, Cheng, Zhou et 

al. 2015). However, even after acidification these axonal hybrid organelles display a significant 

lower expression of cathepsins than actual lysosomes found in the somatodendric 

compartment, indicating that ñlysosomesò might exist in the axon, however they might not fully 

maturate during their transport back to the soma (Ferguson 2018). 

The transport of vesicles containing components needed in the axonal termini and also 

organelles like lysosomes is pivotal to ensure full functionality of the neuron itself (Goldstein 

and Yang 2000, Lasser, Tiber et al. 2018). Due to the length of the axon a large part of the 

transport is microtubule-associated. While dendrites display a non-uniform polarization of their 
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microtubule network (Kelliher, Saunders et al. 2019) axonal microtubules display a uniform 

alignment with their plus-ends found in the axon initial segment (AIS) and their minus-ends 

positioned towards the axon terminals, a ñhighwayò used to transport organelles from the soma 

into the axon or vice versa (Kelliher, Saunders et al. 2019). However, not all proteins 

synthesised in the cell body are destined for the axonal region of the neuron, hence a selective 

sorting and transport process of proteins and organelles is necessary.  

 In the AIS, a 20-60 µm long domain found at the proximal axon/soma interface, these sorting 

processes are enabled by a specialized composition of proteins (Huang and Rasband 2018). 

The AIS region displays a high density of voltage-gated ion channels, membrane proteins such 

as neuronal navigator 1 (NAV1) or disintegrin and metalloproteinase domain-containing 

Figure 6: Schematic depiction of the PAEZ and AIS in a unipolar neuron.  
(A) Morphology of a unipolar neuron. Shown are the axon and the soma. (B) Schematic depiction of the 
localization of the pre-axonal exclusion zone (PAEZ) and the axon initial segment (AIS). The PAEZ is 
found at the cytosolic side of the axon hillock, the AIS is found at the axonal side. (C) Schematic 
overview of the motor switch and transition of lysosomes from microtubule of the somatodendric domain 
over to microtubule of the axonal domain, taking place in the PAEZ. Figure modified according to (Britt, 
Farias et al. 2016, Rudnik 2020). Created with BioRender.com. 

A 

B 

C 
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protein 22 (ADAM22) and a large number of submembranous cytoskeletal scaffolds, most 

prominently ankyrin G (Bennett and Baines 2001). Ankyrin G (ankG) also called the master 

regulator of AIS assembly and function efficiently regulates the formation of the AIS in multiple 

ways.  

By creating an ankG/betaIV spectin/actin-based cytoskeleton that acts as a ñpicket fenceò 

(Salzer 2019), it prevents lateral diffusion of membrane proteins and hinders large molecules 

from passing into the axon through diffusion (Nakada, Ritchie et al. 2003, Huang and Rasband 

2016).  

This function however, is under debate, since it has been shown that the sorting processes of 
axon- and soma-exclusive proteins in developing neurons can already take place before the 
AIS is fully formed (Britt, Farias et al. 2016). To cross this blockade in the AIS lysosomes 
employ the microtubule-based transport, however for a long time it was poorly understood how 
sorting of organelles destined for the axon worked. Recently a new domain responsible for 
these sorting processes was described to play a pivotal role in the regulation of organelle 
transport into the axon: the pre-axonal exclusion zone (PAEZ) (Farias, Guardia et al. 2015) 
(Figure 6: Schematic depiction of the PAEZ and AIS in a unipolar neuron.  

(A) Morphology of a unipolar neuron. Shown are the axon and the soma. (B) Schematic depiction of the 

localization of the pre-axonal exclusion zone (PAEZ) and the axon initial segment (AIS). The PAEZ is 

found at the cytosolic side of the axon hillock, the AIS is found at the axonal side. (C) Schematic overview 

of the motor switch and transition of lysosomes from microtubule of the somatodendric domain over to 

microtubule of the axonal domain, taking place in the PAEZ. Figure modified according to (Britt, Farias 

et al. 2016, Rudnik 2020). Created with BioRender.com.). This zone shows to deny entry to 

somatodendric carriers, the Golgi complex and rough ER selectively, allowing only vesicles 

and organelles bound to certain motor proteins (for example kinesin-1) to enter the axon. 

Kinesin-1 is known to preferably transverse on microtubules rich in GTP-tubulin and acetylated 

tubulin, a microtubule modification found often in the axon (Nakata, Niwa et al. 2011, Farias, 

Guardia et al. 2015, Britt, Farias et al. 2016). Hence sorting depends on two factors: the 

interaction of the cargo and the motor protein and the interaction of motor protein and 

cytoskeleton, thereby offering a multitude of regulation opportunities for controlled vesicle and 

organelle transport. In a still unpublished study it could be shown, that disturbance in lysosomal 

transport by the loss of TMEM55B is leading to an accumulation of lysosomes in the PAEZ 

and AIS of neurons (Rudnik 2020). As a loss of TMEM55B has been linked to lysosome 

accumulation at the minus-end of microtubules (Willett, Martina et al. 2017), these findings 

appeared to be odd, as the axonal microtubules have their minus-ends located in the axon 

terminals, however no lysosomal clustering was detected in these areas. Since JIP4, the 

interaction partner of TMEM55B promotes retrograde transport it is also able to interact with 

kinesin-1 in neurons (Nguyen, Lee et al. 2005), it could be, that both an interaction with 

dynein/dynactin in the soma, as well as an interaction with kinesin-1 in the axonal compartment 
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is mediated by binding of JIP4 and TMEM55B and a switch between the motor proteins could 

occur in the PAEZ or the AIS explaining the lysosomal clustering in these areas (Rudnik 2020). 

An accumulation of lysosomes as a result of impaired lysosome transport can cause severe 

damage to the neurons, resulting in neuronal degeneration (Lie and Nixon 2019, Rudnik 2020). 

The most common neurodegenerative dementia, Alzheimerôs disease (AD) and frontotemporal 

lobar degeneration (FTLD) both show pathologies potentially caused by defective lysosomal 

transport (Gowrishankar, Wu et al. 2017, Kang, Lim et al. 2018, Luningschror, Werner et al. 

2020) and highlight the importance of understanding the complex processes involved in. 

1.8 Lysosomal positioning in Alzheimerôs disease 

AD is the most common type of dementia, accounting for 80% of all dementia diagnoses in 

human patients, characterized by two pathologies: the occurrence of ɓ-amyloid plaque 

deposition and neurofibrillary tangles of hyperphosphorylated tau (Weller and Budson 2018). 

Specifically the ɓ-amyloid plaques displaying extracellular aggregates of the ɓ-amyloid 

peptide, surrounded by microglia and an abundance of swollen axons (Fiala 2007) are 

interesting in terms of lysosome biology. The swollen axons found in close vicinity of the toxic 

Aɓ aggregates usually contain a massive accumulation of organelles resembling lysosomes 

or organelles closely related to lysosomes (Nixon, Wegiel et al. 2005, Gowrishankar, Yuan et 

al. 2015). The amyloid precursor protein (APP), the precursor of Aɓ, and beta-site APP 

cleaving enzyme 1 also known as beta-secretase (BACE1) the aspartic acid protease 

responsible for cleaving APP and producing the Aɓ fragment are enriched within the swollen 

lysosome-filled dystrophic neurites (Sannerud, Esselens et al. 2016), hinting that the 

accumulation of lysosomes might indeed play a role in the molecular pathology. Interestingly 

presenilin 1 and 2 (PSEN1/2), part of the gamma secretase complex also involved in 

generation of the Aɓ fragment show subcellular localization to lysosomes, strengthening the 

relation between high levels of Aɓ in amyloid plaques and accumulation of lysosomes 

(Sannerud, Esselens et al. 2016). In 2017 Gowrishankar et al. were able to demonstrate that 

a loss of JIP3, a close paralogue to JIP4 found to be enriched in neurons and also involved in 

retrograde lysosomal transport, revealed signs of axonal swelling, comparable to the ones 

found in Alzheimerôs patients (Gowrishankar, Wu et al. 2017). The lysosomes found in the 

swollen areas displayed a lower level of lysosomal proteases in comparison to normal 

lysosomes and APP, BACE1 and PSEN levels were increased in JIP3 KO neurons 

(Gowrishankar, Wu et al. 2017). Upon introducing JIP3 haploinsufficiency into the 5xFAD 

mouse model of AD (full JIP3 KO was lethal perinatally (Gowrishankar, Wu et al. 2017)) they 

could show a striking increase in overall plaque burden within the mice as well as a significant 

increase in Aɓ42 in the cortical regions, proving that impaired lysosome transport is a risk 

factor for severe cases of AD (Gowrishankar, Wu et al. 2017). Additionally, to these findings 
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other proteins involved in lysosome transport such as the lysosomal membrane protein 

TMEM106B are risk factors for FTLD and AD, another type of neurodegenerative disease, 

which under knock out conditions also displayed an accumulation of lysosomes within axonal 

compartments and axonal swellings (Kang, Lim et al. 2018, Luningschror, Werner et al. 2020). 
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2. Objectives 

Lysosomes have been identified as key players of many cellular processes. Not only do they 

play a pivotal role in degradation and recycling of macro molecules and organelles, they also 

represent an important signalling platform for cellular signalling cascades regulating both 

anabolism and catabolism. Lysosomal positioning has emerged to be a deciding factor for 

lysosome functionality and regulation of lysosomal processes. It is mediated by multiple 

lysosomal anchor proteins, that link the lysosomes to motor proteins. One of these anchor 

proteins it the integral lysosomal transmembrane protein TMEM55B.  

The present work focused on analysing TMEM55B knockout mice in multiple aspects including 

bone structure and fertility to allow conclusions about the physiological role of TMEM55B in 

these organs. Male fertility was especially addressed, as the protein showed high levels of 

expression in the testis. It was investigated what effects the loss of TMEM55B had on the male 

reproductive organ and if these changes somehow impacted male fertility by for example 

altering spermatogenesis. Additionally, it was elucidated if the accumulation of lysosomes in 

the AIS of neurons under Tmem55B KO conditions has an effect on known pathogenic 

processes related to pathologically altered positioning of lysosomes as seen in AD. By crossing 

Tmem55B KO mice into the 5xFAD mouse line, a mouse model for AD, it was possible to 

investigate, if the accumulation of lysosomes in the AIS caused by the loss of TMEM55B would 

positively or negatively affect the amyloid plaque pathology of AD.  

A second focus was the attempt to identify new interaction partners for both TMEM55B, as 

well as its paralogue protein TMEM55A to reach a better understanding of the pathways these 

two lysosomal transmembrane proteins are involved in. In a proteomics experiment, 

immunoprecipitation assays were combined with mass spectrometry analysis to identify new 

potential interaction partners for both TMEM55A and TMEM55B and candidate proteins were 

validated.  

Lastly, a proposed interaction of the lysosomal transmembrane protein TMEM106B with 

TMEM55B was investigated in cell-based experiments as well as in knockout mice deficient 

for TMEM55B, TMEM106B or both proteins at once. As TMEM106B also has a proposed role 

in retrograde transport of lysosomes, it was investigated, if there is a genetic interaction and if 

the two proteins fulfil redundant or additive functions in cells and especially in neurons.
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3. Material and methods 

 

3.1 Material 

3.1.1 Biochemicals 

All chemicals were purchased with the purity grade ñpro analysisò (p.a.) from Sigma-Aldrich, 

Carl Roth, AppliChem or Merck, unless stated otherwise. 

3.1.2 Mouse strains 

All animals apart from the 5xFAD mice were generated with a C57BL/6NCrl background. 

Mouse strain Mutation Source Reference 

Tmem55A Deletion of 8 

nucleotides in Exon 2 of 

Tmem55A 

Radislav Sedlacek 

Czech Centre for 

Phenogenomics 

(BIOCEV/IMG) 

- 

Tmem55B  Deletion of 4 

nucleotides in Exon 2 of 

Tmem55B 

Radislav Sedlacek 

Czech Centre for 

Phenogenomics 

(BIOCEV/IMG) 

- 

Tmem55A/B Compare Tmem55A 

and Tmem55B 

Generated during the 

course of the study 

(started by Dr. S. 

Rudnik) 

- 

5xFAD APP KM670/671NL 

(Swedish) 

Commercially 

available from the 

Jackson Laboratory 

(Oakley et al. 2006)  

5xFAD Tmem55B Compare 5xFAD and 

Tmem55B 

Generated during the 

course of the study 

- 

Tmem106B CRISPR generated, 

targeting Exon 3, 2 bp 

deletion in Tmem106B 

Radislav Sedlacek 

Czech Centre for 

Phenogenomics 

(BIOCEV/IMG) 

(Lüningschrör et al. 

2020) 

Tmem55B/106B Compare Tmem55B 

and Tmem106B 

Generated during the 

course of the study 

- 

Table 2: List of transgenic mouse strains. 
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3.1.3 Cell lines 

Cell line Description Reference 

HeLa Human cervix carcinoma 

cells (Henrietta Lacks) 

DMSZ, established cell line 

Table 3: Detailed information about used HeLa cells. 

 

3.1.4 Bacteria 

The amplification of plasmids was performed using Escherichia Coli XL1-blue either suitable 

for chemical transformation or electroporation (Agilent Technologies). 

Genotype:  

recA1 endA1 gyrA96 thi-1 hsdR17 supE44 relA1 lac [Fô proAB laclqZȹM15 Tn10(Tetr)] 

3.1.5 Cell culture media and additives 

Material Reference 

Accutase Sigma-Aldrich 

Bafilomycin A1 Calbiochem 

Dulbeccoôs modified eagle medium 

(DMEM) 

Life Technologies 

Earleôs Balanced Salt Solution (EBSS) Sigma-Aldrich 

Fetal Bovine Serum (FBS) Biochrom 

Hankôs Balanced Salt Solution (HBSS) Sigma-Aldrich 

HBSS modified (Ø calcium/magnesium) Sigma-Aldrich 

Hyaluronidase Sigma-Aldrich 

Latex beads, polystyrene 0.8 µm mean 

particle size without azide 

Sigma-Aldrich 

Penicillin-Streptomycin (Pen/Strep) Life Technologies 

Trypsin/Ethylendiaminetetraacidic acid 

(EDTA) 

Sigma-Aldrich 

Trypanblue Life Technologies 

Table 4: List of cell culture media and additives. 
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3.1.6 Antibodies 

3.1.6.1 Primary antibodies 

Antigen Clonality Host Relevant 

dillution 

Reference 

Actin,  

TR-phalloidin 

/ / 1:300 (IF) Life Technologies #T7471 

Amyloid 

Precursor 

Protein 

monoclonal mouse 1:500 (IF) Sigma-Aldrich #A2066 

Ankyrin G  monoclonal mouse 1:500 (IF) NeuroMAb #75-146 

ɓ-Actin  polyclonal rabbit 1:2000 (WB) Sigma-Aldrich #A2066 

Cathepsin D  polyclonal goat 1:2000 (WB) 

 

R&D Systems 

AF1014 

EEF2  monoclonal rabbit 1:2000 (WB) Abcam ab40812 

FLAG  monoclonal rabbit 1:2000 (WB) Cell signalling 

#14793 

GAPDH  polyclonal rabbit 1:4000 (WB) Santa Cruz Biotechnology 

#sc-25778 

GFAP Monoclonal Mouse 1:4000 (WB) 

1:2000 (IF) 

Sigma-Aldrich # G3893 

GFP  monoclonal mouse 1:2000 (WB) Sigma-Aldrich 

HA  monoclonal rat 1:2000 (WB) 

1:300 (IF) 

Sigma-Aldrich #3F10 

JIP4  monoclonal rabbit 1:2000 (WB) Cell Signalling Technology 

#5519 

JIP4  polyclonal rabbit 1:2000 (WB) Abcam ab12331 

LAMP1  monoclonal rat 1:300 (IF) 

1:1000 (WB) 

DSHB #1D4B 

mLAMP2  monoclonal rat 1:2000 (WB) DSHB #Abl93 

hLAMP2  monoclonal mouse 1:2000 (WB) 

1:300 (IF) 

DSHB #H4B4 

LC3  polyclonal rabbit 1:2000 (WB) 

1:300 (IF) 

MBL #PM036 

mCherry  monoclonal mouse 1:2000 BioLegend 

#8C5.5 
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p62  polyclonal rabbit 1:2000 (WB) EnzoLife Science #BHL-

PW-9860 

TBC1D9B  polyclonal rabbit 1:1000 (WB) Bethyl Laboratories 

#A304-654A 

TMEM55A  polyclonal rabbit 1:500 (WB) Pineda Antibody Service 

TMEM55B  polyclonal rabbit 1:4000 (WB) 

1:300 (IF) 

Proteintech #23992-I-AP 

TMEM106B polyclonal rabbit 1:300 (IF) Sigma Aldrich 

HPA058342 

Tubulin monoclonal mouse 1:1000 (WB) DSHB #E7 

Tubulin-a 

(IgM)  

monoclonal mouse 1:300 (IF) BioLegend 

#10D8 

Vimentin  monoclonal mouse 1:2000 (WB) 

1:300 (IF) 

Santa Cruz Biotechnology 

sc-373717 

Table 5: List of primary antibodies. Dilution factors are presented for immunofluorescence (IF) or 
Western blotting (WB). 

 

3.1.6.2 Secondary antibodies 

Antibody Coupled to Host Dilution Reference 

Anti-goat HRP Rabbit 1:10000 Dianova 305-035-

003 

Anti-mouse HRP Goat 1:10000 Dianova 115-035-

166 

Anti-rabbit HRP Goat 1:10000 Dianova 111-035-

144 

Anti-rat HRP Goat 1:10000 Dianova 112-035-

143 

Anti-mouse Alexa Fluor 488 Goat 1:500 Cell Signalling 

Technology 

Anti-mouse Alexa Fluor 488 Donkey 1:500 Cell Signalling 

Technology 

Anti-mouse Alexa Fluor 594 Goat 1:500 Cell Signalling 

Technology 

Anti-mouse Alexa Fluor 594 Donkey 1:500 Cell Signalling 

Technology 

Anti-mouse Alexa Fluor 647 Goat 1:500 Cell Signalling 

Technology 
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Anti-mouse Alexa Fluor 647 Donkey 1:500 Cell Signalling 

Technology 

Anti-rabbit Alexa Fluor 488 Goat 1:500 Cell Signalling 

Technology 

Anti-rabbit Alexa Fluor 594 Goat 1:500 Cell Signalling 

Technology 

Anti-rat  Alexa Fluor 488 Goat 1:500 Cell Signalling 

Technology 

Anti-rat Alexa Fluor 488 Donkey 1:500 Cell Signalling 

Technology 

Anti-rat  Alexa Fluor 594 Goat 1:500 Cell Signalling 

Technology 

Anti-rat  Alexa Fluor 594 Donkey 1:500 Cell Signalling 

Technology 

Table 6: List of secondary antibodies. 

3.1.7 Plasmids 

Plasmid Resistance Reference 

pcDNA3.1/Hygro+ Ampicillin/hygromycin (Huang, Morielli, and Peralta 1993) 

pEGFP-N1 Kanamycin/neomycin (T.T. Yang et al. 1998) 

Table 7: List of plasmids. 

 
 Construct Encoded protein Tag Source 

hGBF1 WT-GFP GBF1 GFP Gift from Prof. Dr. E. 

Sztul 

hGBF1 E794K-GFP GBF1 E794K GFP Gift from Prof. Dr. E. 

Sztul 

hTBC1D9B-mCherry TBC1D9B mCherry Gift from Dr. Xiao-Ming 

Yin 

hTBC1D9B-HA-pcDNA3.1/H+ TBC1D9B HA Self-produced 

HA-mTmem106B-pcDNA3.1/H+ TMEM106B HA Bern Schröder 

HA-mTmem55A-pcDNA3.1/H+ TMEM55A HA Self-produced 

mTmem55A-HA-pcDNA3.1/H+ TMEM55A HA Self-produced 

mTmem55A-pEGFP-N1 TMEM55A GFP Self-produced 

mTmem55B-pEGFP-N1 TMEM55B GFP Self-produced 

HA-mTmem55B-pcDNA3.1/H+ TMEM55B HA Self-produced 

mTmem55B-HA-pcDNA3.1/H+ TMEM55B HA Self-produced 

Table 8: List of expression constructs. m = murine; h = human; H+ = hygro plus 
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3.1.8 Oligonucleotides 

All oligonucleotides listed have been acquired from Sigma-Aldrich. 

Oligonucleotide name Sequence 5ôŸ3ô 

5xFAD 1644 AATAGAGAACGGCAGGAGCA 

5xFAD 1645 GCCATGAGGGCACTAATCAT 

5xFAD 7338 CTAGGCCACAGAATTGAAAGATCT 

5xFAD 7339 GTAGGTGGAAATTCTAGCATCATCC 

Tmem55A for CCACCTCCGTATACAGCCAT 

Tmem55A rev GCCACTTACCGTAGCTTCAT 

Tmem55B for CCCTTGACTAGCCCGGATAG 

Tmem55B rev CTTCGTTGCAGACACCACAT 

Tmem106B for GGCGTTACATCGACAGACAA 

Tmem106B rev TGAGAGACATCTCCATTTCTTCC 

Table 9: List of oligonucleotides used for genotyping. 

 
Oligonucleotide name Sequence 5ôŸ3ô 

hCDK5RAP3 NheI for GTATGCTAGCATGGAGGACCATCAGCACGTG 

hCDK5RAP3-Ct-HA XbaI rev GATCAGATCTTTAAGCGTAGTCTGGGACGTCGTAT

GGGTACAGAGAGGTTCCCATCAGGTT  

hTBC1D9B HindIII for GTATAAGCTTATGTGGCTGAGCCCGGAGGAG 

hTBC1D9B Ct-HA BamHI rev GATCCCTAGGTTAAGCGTAGTCTGGGACGTCGTAT

GGGTAGCCGGAAACTCCAGGCTGCTC 

hTBC1D9B Ct-GFP BamHI rev GATCGGATCCCCGCCGGAAACTCCAGGCTGCTC 

mTmem55A HindIII for GTATAAGCTTATGGCGGCAGACGGAGAGCGC 

mTmem55A Ct-GFP BamHI rev GATCGGATCCCCAGCAAAGCCGTGCTCTGGATA 

Table 10: List of oligonucleotides used for cloning. 

 
Oligonucleotide name Sequence 5ôŸ3ô 

CMV for CGCAAATGGGCGGTAGGCGTG 

BGH rev TAGAAGGCACAGTCGAGG 

hTBC1D9B CRISPR 3 rev GGACTCGCTGATCAACTTCA 

TMEM55B CRISPR for TAGGCTGTGGTCGCGATTAC 

TMEM5B CRISPR rev CCACTGGTTGCGGAGTGAG 

TMEM106B CRISPR for TGGCTCCGAATAAATCCCTTCA 

TMEM106B CRISPR rev GTGGTTCCTGAGACCCACAG 

Table 11: List of oligonucleotides used for sequencing. 
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3.1.9 Guide RNAs for CRISPR-Cas9 genetic manipulation 

All CRISPR guide RNAs have been acquired from SYNTHEGO. 

Guide RNA Label Sequence 

TBC1D9B + guide_#0 *A*G*G*GUGCCCACGAGAAGACC + Synthego modified EZ 

Scaffold 

TBC1D9B + guide_#1 *C*C*U*GUUCCCAGGUCUUCUCG + Synthego modified EZ 

Scaffold 

TMEM55B + guide_#0 G*U*G*GCGGCCAUGGCGGCAGA + Synthego modified EZ 

Scaffold 

TMEM55B + guide_#1 A*C*G*GUUUAGUGGGGCCCGGC + Synthego modified EZ 

Scaffold 

TMEM55B + guide_#2 A*C*C*GGCUCCGUACGGUGGUG + Synthego modified EZ 

Scaffold 

TMEM106B + guide_#0 C*U*U*CCUGUAAAUUCCACAUA + Synthego modified EZ 

Scaffold 

TMEM106B + guide_#1 A*G*U*GAAGUCCAUAAUGAAGA + Synthego modified EZ 

Scaffold 

TMEM106B + guide_#2 U*C*U*UCUUUGCUUGAAUGCAA + Synthego modified EZ 

Scaffold 

Table 12: List of guide RNAs used for CRISPR-Cas9 gene editing. 

3.1.10 Enzymes 

DreamTaq DNA Polymerase Thermo Fisher Scientific 

Phusion High-Fidelity DNA Polymerase Thermo Fisher Scientific 

Collagenase type 4 Thermo Fisher Scientific 

DNase 1 Roche 

Hyaluronidase Sigma-Aldrich 

BamHI restriction enzyme Thermo Fisher Scientific 

HindIII restriction enzyme Thermo Fisher Scientific 

NheI restriction enzyme Thermo Fisher Scientific 

XbaI restriction enzyme Thermo Fisher Scientific 

T4 DNA Ligase Thermo Fisher Scientific 

Proteinase K Roche 

3.1.11 Substrate for ɓ-hexosaminidase activity assay 

p-nitrophenyl N-acetyl-ɓ-D-glucoseaminide Sigma-Aldrich 
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3.1.12 Protein and DNA standards  

PageRuler Plus Prestained Protein Ladder Thermo Fisher Scientific 

GeneRuler 100bp Plus DNA Ladder Thermo Fisher Scientific 

GeneRuler 1kb DNA Ladder Thermo Fisher Scientific 

3.1.13 Ready-made reagents and kits 

cOmplete Protease Inhibitor Cocktail Tablets Roche 

Direct Tail PCR Lysis reagent tail VWR 

ECL Ultra (TMA-6) Lumigen 

High Pure PCR purification kit Roche 

GeneJet Plasmid Miniprep kit Thermo Fisher Scientific 

Nucleospin RNA plus kit Macherey-Nagel 

Neon transfection system Invitrogen 

Pierce BCA Protein Assay kit Thermo Fisher Scientific 

PureYield Plasmid Midiprep System Promega 

RevertAid First Strand cDNA Synthesis Kit Thermo Fisher Scientific 

 

3.1.14 Frequently used buffers and aqueous solutions 

 

Lysogeny broth (LB) Medium: 1 % (w/v) Tryptone/Peptone 

0.5 % (w/v) Yeast extract 

1 % (w/v) NaCl 

pH 7.0 

 

LB agar: 1.5 % (w/v) Agar-agar 

in LB medium 

 

Phosphate buffer (0.1 M): 77.4 mM Na2HPO4 

22.6 mM NaH2PO4 

 

Phosphate-buffered saline (PBS) (10x): 100 mM Na2HPO4 

18 mM KH2PO4 

1.37 M NaCl 

27 mM KCl 

pH 6.8 
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Mounting medium: 1x PBS pH 7.4 

17 % (w/v) Mowiol 4-88 

33 % (v/v) Glycerol 

20 mg/ml 1,4-diaza-bicyclo-2,2,2- 

octane (DABCO) 

 

10x SDS running buffer: 15 % Glycine 

250mM Tris/HCl 

1 % SDS 

 

Semi-dry transfer buffer: 100 mM Glycine 

25 mM Tris/HCl 

10 % Methanol 

 

50x Tris-acetate-EDTA (TAE) buffer: 2 mM Tris/HCl  

5,5 % (v/v) acidic acid  

50 mM EDTA  

pH 8,0  

 

Tris-buffered saline (TBS): 13,7 mM NaCl  

0,27 mM KCl  

2,5 mM Tris/HCl  

pH 7,4  

 

Table 13: List of frequently used buffers and their contents. 

 

3.1.15 Devices  

MicroStar 17 VWR 

Heraeus Fresco 21 Thermo Fischer Scientific 

Heraeus Multifuge 3SR+ Thermo Fischer Scientific 

Universal 32R centrifuge Hettich 

J2-HS (Rotor JA14 and JA17) Beckman 

Thermomixer 5436 Eppendorf 

T-Gradient Thermocycler Biometra 

Flex Cycler2 Analytics Jena 

Table Shaker  Edmund Bühler GmbH 

Tumbler REAX2 Heidolph 
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RM5 Roller Assistant 348 Hecht 

Vortex  Heidolph 

Glass homogenizer type 853202 B.Braun 

Agarose chambers BioRAD 

SDS-gel chambers BioRAD 

BioRAD PowerPACS 200/300/HC BioRAD 

Combimag RCT IKA 

Syringe pumps Harvard Apparatus 

Accu-jet pro Brand 

Pipetts (1000µl, 100µl,10µl) Eppendorf 

Heat chamber Memert 

Water bath GFL 

Cell culture hood VFR1806 clanLAF 

Hera cell 240 Thermo Fischer Scientific 

Neon transfection system Invitrogen 

SM2000R sliding microtome Leica 

Branson Sonifier Emerson Industrial Automotion 

Gel Jet Imager Intas 

Reprostar CAMAG 

Amersham Imager680 GE Healthcare 

Qiaxel Advanced Qiagen 

Tecan Reader Synergy HT BioTek 

FACS Canto II BD Bioscience 

CanoScan 8800F Canon 

Olympus CKX41 Microscope Olympus 

Olympus S761 Olympus 

FV1000 confocal laser microscope Olympus 

Leica DMi8 Microscope Leica 

LSM980 Airyscan 2 Zeiss 
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3.2 Methods 

3.2.1 Molecular biological methods 

3.2.1.1 PCR 

Table 14: Example of a genotyping PCR reaction. 

 
The polymerase chain reaction (PCR) is used to amplify DNA fragments in vitro. The 

components needed include DNA-polymerase, dNTPs, a DNA template and two specific 

oligonucleotides (primers) that are framing the DNA sequence coding for the region that is 

supposed to be amplified. During the PCR reaction the change between the different phases 

of amplification is initiated by a change in temperature. In the first, the so-called denaturing 

phase high temperatures (96°C) cause a separation of the double strand DNA template, into 

single stand DNA. In the following annealing phase, the two primers and the complementary 

single strand DNA hybridize. This stepsô temperature depends on the melting point of the 

individual primers and should be carried out 3-5°C below their melting points. Lastly in the 

elongation phase the DNA-polymerase synthesises the complementary DNA strand from 

5ôŸ3ô at 72ÁC, where DNA-polymerase activity is optimal. These phases are cycled through 

between 30 and 40 times. For cloning purposes, Phusion High Fidelity DNA polymerase with 

proofreading activity (Thermo Fisher Scientific) was used, and for genotyping purposes 

DreamTaq DNA polymerase (Thermo Fisher Scientific) was chosen instead.  

3.2.1.2 Cloning: Restriction enzyme digestion and DNA ligation 

For further usage PCR products derived from the PCR reaction described in (3.2.1.1) were 

inserted into a cloning vector. The insert and the chosen vector (2 µg) were digested by 

restriction enzymes. The activity of restriction enzymes varies depending on the buffer used 

for the digestion, therefore a matching pair of enzymes was chosen according to the 

suggestion of the `DoubleDigest Calculator´ on the Thermo Fisher Scientific webpage 

(https://www.thermofisher.com/de/de/home/brands/thermo-

scientific/molecularbiology/thermo-scientific-restriction-modifying-enzymes/restriction-

enzymes-thermo2.scientific/double-digest-calculator-thermo-scientific.html). After one hour of 

Component Volume 

10xDreamTaq Buffer 5 µl 

dNTPs 10 mM  1 µl 

10 µl primer forward 1 µl 

10 µl primer reverse 1 µl 

Template  1 µl 

DreamTaq Polymerase 0.4 µl 

H2O 41.6 µl  
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incubation at 37°C, FastAP was added to the vector and incubated for an additional hour to 

ensure dephosphorylation of the DNA blunt ends. All enzymes were inactivated at 75°C and 

the digestion products were separated in an agarose gel, purified (3.2.1.6) and their 

concentration was determined (3.2.1.4). For the ligation, the insert and vector (1:5 volume 

ratio) were incubated with 1 µl of T4-ligase, 1 µl of 10x T4 DNA ligase buffer and filled up to a 

volume of 10 µl with distilled water. The incubation was kept at 4°C overnight, and the ligase 

was inactivated at 60°C for 10 min on the following day. 

3.2.1.3 Amplification and purification of expression vectors in Escherichia 

Coli 

To amplify expression plasmids or to retransform established expression vectors between 0.1 

and 1 µg of plasmid DNA were added to chemically- or electro-competent E. Coli cells. For the 

chemically competent cells the DNA was added to an aliquot of ice-cold E. coli and incubated 

for 15-20 min at 4°C. The bacteria were then heat shocked for 1 min at 42°C and afterwards 

incubated on ice for 5 min. 400 µl of room temperature LB medium were added and the cell 

suspension further incubated at 37°C on a shaker for at least 1 hour. For electro-competent 

cells, the DNA was also added to ice cold E. coli and the suspension was transferred to a 

precooled cuvette. The bacteria membrane was then permeabilized via electroporation with a 

voltage of 2.5 kV (C = 25 µF and R = 400 W). 400 µl of RT LB medium were added and the 

suspension incubated for at least 1 hour at 37°C on a shaker. For both methods, the cells were 

spun down at 6000 rpm for 5 min, 250 µl of the supernatant were discarded and the cells 

resuspended in the remaining medium. The cell suspension was then plated on LB agar plates 

containing selection antibiotics (50 µg/ml ampicillin or 30 µg/ml Kanamycin) and incubated at 

37°C overnight. The following day single colonies could be picked and grown in 3 ml or 200 ml 

LB medium with selection antibiotics (50 µg/ml ampicillin or 30 µg/ml Kanamycin) at 37°C 

overnight in a shaking incubator. The DNA could be isolated and purified using the GeneJet 

Plasmid miniprep kit or the PureYield Plasmid Midiprep System for small or large volumes, 

respectively. The isolation was carried out according to the manufacturers` protocols.  

3.2.1.3.1 Generation of chemically- or electro-competent Escherichia Coli 

To enable E. coli to internalize plasmid DNA the bacteria had to be treated before use. E. coli 

XL1-blue were be plated on a LB-agar plate containing 20 mg/ml tetracycline. A colony was 

picked, transferred into 50 ml LB-medium (+tetracycline) and incubated as a preculture over 

night at 37°C. This preculture was then added into 1l of preheated LB-medium (+tetracycline) 

and incubated on a shaker at 37°C until the optical density (OD) reaches 0.5 ï 0.8. Chemically 

competent cells were first cooled down on ice for 30 min, then spun down with 1000 g for 

15 min at 4°C. The pellet was washed twice with 100 ml of 100 mM CaCl2 and pelleted again 

(1000 g, 4°C, 15 min). The supernatant was discarded, the cells resuspended and then 
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incubated in 50 ml of CaCl2-solution on ice for 90 min. After incubation, the cells were spun 

down again, and the pellet was resuspended in 10 ml 100 mM CaCl2 + 15% (v/v) Glycerol and 

finally aliquoted into Eppendorf tubes containing 50 µl of competent cells each. For electro-

competent cells, the bacteria were spun down immediately after reaching an OD of 0.5 -0.8 

with 31000g at 4°C for 15 min. The pellet was washed twice with 250 ml ice-cold distilled water 

and once with 100 ml 10% (v/v) glycerol solution and spun down with 2210g at 4°C for 20 min. 

The supernatant was discarded, and the pellet resuspended in 4 ml 10% (v/v) glycerol solution. 

The suspension was then also aliquoted into Eppendorf tubes containing 50 µl of competent 

cells each.  

3.2.1.4 Measuring nucleic acid concentration 

DNA and RNA concentrations were measured using a Synergy HT microplate reader (Biotek). 

The maximum peak of adsorption for DNA and RNA (260 nm) was measured. The 

concentration of the sample was calculated on the base of an OD of 1 at 260 nm correlating 

with a concentration of 50 µg/ml (DNA) or 40 µg/ml (RNA), respectively. Additionally, the 

adsorption at 280 nm was measured to ensure sample purity. The ratio of A260/A280 should be 

between 1.8 and 2 for a clean sample.  

3.2.1.5 cDNA synthesis 

To synthesize complementary DNA (cDNA) the RevertAid First Strand Synthesis kit was used 

according to the manufacturer`s instructions. 2 µg of total RNA (provided by colleagues, 

isolated with the Nucleospin RNA plus kit) and random hexamer or oligo(dT) primers were 

used for the transcription.  

Component Amount 

Template RNA 0.1-5 µg 

Primer  1 µl 

ddH2O Fill to 12 µl 

5x Reaction Buffer 4 µl 

RiboLock RNase Inhibitor (20 U/µl) 1 µl 

10 mM dNTP Mix 2 µl 

RevertAid M MuLV RT (200 U/µl) 1µl 

Table 15: Overview for the cDNA synthesis reaction volumes divided by reaction step. 

 

3.2.1.6 Agarose gel electrophoresis 

Separation of DNA or RNA samples was carried out using agarose gel electrophoresis. 6xDNA 

gel loading dye (6xLD or TriTrack; both Thermo Fisher Scientific) was added and the samples 

loaded onto an agarose gel. Based on the size of the DNA or RNA samples the gel was casted 

with 1xTAE buffer (3.1.14) containing between 1 and 2% (w/v) agarose and 500 ng/ml ethidium 



Materials and methods 

38 
 

bromide. Electrophoresis was performed at 120V in 1x TAE buffer, and the size of the DNA 

samples could be compared to a size standard loaded next to them (GeneRuler 100 bp Plus 

DNA ladder or GeneRuler 1kb DNA ladder; both Thermo Fisher Scientific). The detection of 

the nucleic acids was performed using the Gel Jet Imager (Intas), or with the Reprostar 

(CAMAG) at a wavelength of 312 nm. 

3.2.1.7 Extraction of DNA from agarose gels 

If needed the DNA fragments separated via agarose gel electrophoresis could be cut out of 

the gel to then be isolated and purified using the High Pure PCR-Purification Kit from Roche.  

3.2.2 Cell Biological Methods 

3.2.2.1 Maintenance of cell lines 

All cells were kept in an incubator at constant 37°C and 5% CO2 under sterile conditions. The 

cells were cultivated in DMEM containing 4.5 g/L of D-glucose and L-glutamine (Thermo 

Fischer Scientific) and were supplemented with 10% (v/v) FBS. For primary cells and cells that 

underwent CRISRP-Cas9 gene editing 1% (v/v) Penicillin/Streptomycin was added 

additionally. The handling of cells was performed exclusively under a laminar flow clean bench 

to ensure sterile conditions. Cells were split up to two times a week upon reaching 100% 

confluency by using accutase treatment.  For this the medium was removed, the cells washed 

with PBS and then incubated with accutase for approximately 4 minutes in the incubator until 

they detached from the culture dish. New culture medium would be added, the cells 

resuspended and diluted 1:5, 1:10 or 1:20 depending on the intended use.  

3.2.2.2 Isolation of primary Sertoli cells 

Primary Sertoli cells were isolated from mouse testes following the protocol from de Rooij et 

al. from 2009 with slight alterations. In brief, testes of 8ï15-week-old mice were collected, and 

carefully decapsulated with forceps in modified 1x Hanks Balanced Salt Solution (HBSS, no 

calcium/no magnesium). After two washes with PBS the seminiferous tubules were dispersed 

in 0.1% collagenase (type IV) and 0.04% DNase I (in modified HBSS) and incubated at 37°C 

on a rotating wheel for 15 min. The tubules were carefully washed twice with PBS and 

fragmented by incubation with modified HBSS containing 0.04% DNase I, 0.05% 

hyaluronidase and 0.5% trypsin for 20 min at 37°C with agitation. The fragmented tubules were 

washed twice with PBS and resuspended in 10 ml of DMEM supplemented with 10% FCS. 

The suspension was repeatedly pipetted up and down to ensure the release of the Sertoli cells 

and to break up remaining clusters. The cells were then centrifuged at 900 rpm for 3 min, the 

supernatant discarded, 10 ml of fresh medium for resuspension added, and again centrifuged 

at 700 rpm for 3 min. The Sertoli cells now remaining in the supernatant were transferred onto 

a 10 cm culture dish. After 3 hours in culture the medium was carefully removed, the cells 
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washed with PBS and new medium was added. Overnight Sertoli cells attach firmly to the 

culture dish, while remaining germ cells can be removed by repeated washing for 20 days, at 

which point the purity of the Sertoli cells reaches around 99%.   

3.2.2.3 Differentiation of bone marrow cells into macrophages and 

osteoclasts 

To generate macrophages or osteoclasts, bone marrow had to be extracted out of long bones. 

Mice were sacrificed and the hind legs including parts of the hip bone were separated. The 

bones were cleaned of muscle and tendon tissue, and the hind leg carefully separated at the 

joints without damaging the bones. Femur and tibia from both legs were quickly disinfected in 

70% ethanol, and the upper and lower parts of the bones were carefully cut off with a 

disinfected scalpel. The bone marrow was flushed out of the bone into a 6 cm dish using a 

24 G needle to slowly press 5 ml prewarmed PBS through the medullary cavity. The extracted 

bone marrow is filtered through a cell strainer with 100 µm diameter filter. Cells were harvested 

by centrifugation (800g; 5 min; RT). Cells are resuspended in 4.5 ml ice cold sterile H2O 

(deionized) to lyse erythrocytes. 0.5 ml 10xPBS and 5 ml ŬMEM complete (MEMalpha-medium 

supplemented with 10% FCS (Sigma), 50 µg/ml gentamycin, 100 U/ml penicillin and 100 µg/ml 

streptomycin and 2 mM GlutaMAX; all from Gibco unless stated otherwise) are added and the 

intact cells harvested by centrifugation (800g; 5 min; RT). Cells are resuspended in 14 ml 

ŬMEM complete, and 30 ng/ml mouse recombinant macrophage colony-stimulating factor 

(rmM-CSF; R&D Systems) is supplemented. Cells are seeded into two 10 cm cell culture 

dishes. Bone marrow cells will differentiate into macrophages within 2-3 days. After two days 

the dishes are washed with PBS (3 times) to remove all non-attached cells. Macrophages are 

detached with 5 ml prewarmed 0.02% EDTA in PBS (deficient of Ca2+ and Mg2+). Once 

detached, 5 ml of ŬMEM complete are added and the cells are harvested by centrifugation 

(800g; 5 min; RT). The pellet is resuspended in 2 ml ŬMEM complete, and the number of 

isolated macrophages is determined. A 24-well plate is then spot seeded with 20000 cells in 

20 µl ŬMEM complete on top of a coverslip. The cells were allowed to attach to the coverslip 

for 5 minutes. 1 ml of prewarmed ŬMEM complete supplemented with 30ng/ml rmM-CSF and 

4 ng/ml of recombinant mouse receptor activator of nuclear factor kappa-ȸ ligand (rmRANKL; 

R&D Systems) was carefully added to not flush off the seeded macrophages. Medium was 

changed every day (ŬMEM complete plus differentiation factors) until osteoclasts can be seen 

(4-5 days after initiating differentiation with rmRANKL). 

3.2.2.4 Cryo-preservation of cell lines 

Cell lines were preserved as cryo-cultures in liquid nitrogen for long time storage. Cells 

designated for cryo-preservation were detached from the dishes using 1ml accutase, 

resupplied with 9 ml medium and spun down at 210g for 5 min at room temperature. The cells 
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were then resuspended in 1 ml DMEM containing 20 % (v/v) FBS and 10% (v/v) DMSO and 

frozen at -80°C. After one night in the freezer, they were transferred into the gas phase of a 

liquid nitrogen tank.  

3.2.2.5 Transfection of mammalian cells 

The introduction of foreign nucleic acids into eukaryotic cells is called transfection. 

Transfections can be carried out in different ways and for this work transient transfection using 

polyethyleneimine (PEI) and electroporation were used.  

3.2.2.5.1 Transient transfection 

The transient transfections protocol for experiments were all conducted using PEI. PEI 

condenses DNA resulting in positively charged DNA particles, that will bind to anionic cell 

surface residues and thereby enter the cell via endocytosis. Inside of the endocytic vesicle PEI 

is protonated, resulting in an influx of counter-ions that causes osmotic swelling, which 

ultimately leads to vesicle burst and release of the foreign DNA into the cell. For the 

transfection of HeLa cells between 1 µg and 5 µg of DNA were incubated with 2.5-fold the 

volume of PEI. As an example: 1 µg of DNA used would result in 2.5 µl of PEI needed for the 

reaction. The DNA and PEI would be added to 300 µl of DMEM containing no additives, left to 

incubate for 20 min at RT before being applied onto the dish containing the cells. After 5 hours 

the media was exchanged. The transfected cells were collected and analysed 48 hours post 

transfection.  

3.2.2.5.2 Gene editing via CRISPR-Cas9 system using electroporation 

To generate gene edited HeLa cells with defined deficiencies the Neon electroporation system 

from Invitrogen was used to introduce guide RNAs and Cas9 into the target cells for CRISPR-

Cas9 mediated gene editing. The guides were acquired from SYNTHEGO. The protocol and 

recommendations of the manufacturers were followed; each transfection was carried out in 

double badges for 150000 cells per electroporation (1005 V, 35 width, 2 pulses). After 

transfection, the medium was changed the next day, and then up to twice a week until the plate 

reached 100% confluency. Single clones were then separated and plated out on a 96-well 

plate, with the remaining cells being cryo-preserved for possible repetition. Growing single 

clones would be transferred to increasingly bigger dishes, until they grow to full confluency on 

a 10 cm cell culture dish. They were then split, and one half was stored, the other one analysed 

via genotyping PCR and agarose gel or Immuno-Blot. Possible candidates were sent for 

sequencing. Confirmed knock out cells were then used for further experiments.  
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3.2.2.6 Indirect immunofluorescence labelling of cells 

Quenching solution 1xPBS pH 7.4 

0.2 % (w/v) Saponin 

0.12 % (w/v) Glycine 

Blocking solution 1xPBS pH 7.4 

0.2 % (w/v) Saponin 

10% (v/v) FBS 

Table 16: List of solutions used for immunofluorescence labelling of cells. 

 

To visualize the subcellular localization of proteins indirect immunofluorescence labelling was 

used. The protein of interest is targeted by a specific primary antibody, that then can be labelled 

by a secondary antibody coupled to a fluorophore. Cells grown on coverslips were first washed 

three times with PBS and then fixed with 4% (w/v) paraformaldehyde (PFA) in PBS for 20 min. 

After three additional washing steps with PBS, a solution of 0.2% (w/v) saponin in PBS was 

added and the cells were permeabilized for 5 min. After that the quenching solution was added 

and incubated for another 10 min. The quenching solution was removed, and the coverslips 

rinsed with PBS three times. To prevent unspecific binding of primary antibody the samples 

were incubated with blocking solution for one hour at room temperature. Next the samples 

were incubated with diluted primary antibody (3.1.6.1) in blocking solution overnight at 4°C. 

The coverslips were then washed 5 times with 0.2% (w/v) saponin in PBS and incubated for 

90 min with secondary antibodies conjugated to AlexaFluor fluorophores (1:500) in blocking 

solution (3.1.6.2). After the incubation with secondary antibody the coverslips were washed 

five times in 0.2% (w/v) saponin in PBS and then twice in distilled water. They were then 

mounted onto microscope slides with mounting medium containing 1 µl/ml DAPI (4-,6-

diamidino-2-phenylindole) to stain nuclei. For visualization of the samples three different 

microscopes were used: 

Microscope Manufacturer Objective   

magnification 

Objective name NA 

LSM980 

Airyscan2 

Zeiss 20x 

40x 

63x 

Plan-Apo 10x/0.8 M27 

C-Apo 40x/1.20 W Corr 

Plan-Apo 63x/1.40 O DIC M27 

0.80 

1.20 

1.40 

DMi8 

 

Leica 

 

5x 

20x 

40x 

63x 

N PLAN 

HCX PL Fluotar L `Corr0-2´ 

HCX PL Fluotar `0.17´ 

HCX PL APO `0.17´ 

0.12 

0.40 

0.80 

1.4 

FV1000 

 

Olympus 

 

20x 

40x 

U Plan S-Apo 20x  

U Plan S-Apo 40x 2 

0.75 

0.95 
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60x 

100x 

U Plan S-Apo 60x Oil  

U Plan S-Apo 100x Oil 

1.35 

1.40 

Table 17: List of used microscopes and objectives. 

 

3.2.2.7 Labelling cells for flow cytometry 

To analyse spermatogenesis in mice the number of germ cells extracted out of testes 

containing 1, 2 and 4 nuclei was counted using flow cytometry. Testes were collected and 

decapsulated (3.2.2.2). Seminiferous tubules were homogenated by pipetting carefully in 1 ml 

HBSS (w/o Calcium and Magnesium) containing 1%FCS until no cell clumps remained. The 

homogenate was passed through a 100 µm cell strainer (BD Biosciences) and the filter washed 

4 times with a total of 4 ml HBSS. Cells were spun down at 800g at 4°C for 5 min. The 

supernatant was removed and 1 ml HBSS added. 50 µl of this suspension were transferred 

into a fresh Eppendorf tube and diluted 1:10 with HBSS to a total volume of 500 µl. Propidium 

iodide (Thermo Fisher Scientific) with a final concentration of 1 µg/ml and Triton X-100 with a 

final concentration of 0.1% (v/v) were added and incubated for 5 min. The cells were then 

counted with a FACS Canto II (BD Bioscience).  

3.2.2.8 Sperm extraction out of cauda epididymis 

Component Final concentration (in mg/100 ml) 

NaCl 697.6 

KCl 35.6 

MgSO4 x 7 H2O 29.3 

KH2PO4 16.2 

NaHCO3 210.6 

Na pyruvate 5.5 

Glucose (d+) 100 

CaCl2 x 2H2O 25.1 

Penicillin G 7.5 

Streptomycin 5.0 

Methyl-b-cyclodextrin (MBCD) 98.3 

Polyvinylalcohol (MW 30-70,000) 100.0 

Table 18: TYH buffer for sperm isolation. 

 

To analyse sperm motility and morphology living sperm cells were isolated out of the cauda 

epididymis of male mice. The cauda epididymis was extracted, transferred into 2 ml of 

prewarmed TYH-medium (Table 18) and 4 incisions were made to allow motile sperm to swim 

out of the tissue. After 20 min of incubation at 37°C the organ fragment was removed, sperm 

cells spun down carefully at 300 g for 5 min, the medium removed, and the sperm cells 
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resuspended in 2 ml of fresh TYH buffer. The amount of sperm cells isolated could be 

determined using a Neubauer counting chamber (the sample for counting must be treated for 

10 min with PFA to inactivate and fixate sperm cells). 

3.2.2.9 Phagocytosis assays 

Phagocytosis assays were carried out with primary Sertoli cells isolated (3.2.2.2). After 

reaching 99% purity after 20 days the cells were incubated with washed with fluorescent red 

latex beads with a 0.5 µm mean particle size and incubated for 15 min, 30 min, 1, 2 and 3 

hours, respectively. The cells were fixated and further treated for indirect fluorescent labelling 

and visualized with via fluorescence microscopy.  

3.2.3 Protein biochemical methods  

3.2.3.1 Generation of cell lysates for protein extraction 

Depending on the experiment between one and three culture dishes of cells were washed 

twice with PBS. 600 µl of PBS supplemented with 1x cOmplete Protease inhibitor cocktail 

(Roche) were added, and the cells harvested with a cell scraper. The suspension was 

transferred into an Eppendorf tube und centrifuged at 6000 rpm, at 4°C for 10 min. The cells 

were resuspended in lysis buffer (PBS + cOmplete + 1% (w/v) TritonX-100), sonicated twice 

at 4°C (15 pulses ,90%, level 7; Branson Sonifier 450) and further lysed on ice for 60 min 

(homogenizing every 15 min). The cell suspension was centrifuges at 13100 rpm for 10 min at 

4°C, and the protein containing supernatant was transferred into a new tube for protein 

concentration determination (3.2.3.3). 

3.2.3.2 Preparation of tissue homogenates 

For mouse tissue homogenisation 20 µl of lysis buffer (3.1.14) were added for every 1 µg of 

organ, and the tissue was homogenized with 12-14 strokes at 1000 rotation per minute using 

a Glass homogenizer (B.Braun type 853202). The lysates were sonicated twice at 4°C (15 

pulses ,90%, level 7; Branson Sonifier 450) and lysed on ice for 60 min (homogenizing every 

15 min). After centrifugation at 13100 rpm for 15 min at 4°C the supernatant containing the 

extracted protein was transferred into a fresh tube for protein concentration determination 

(3.2.3.3).  

3.2.3.3 Determination of protein concentration 

The protein concentration determination was performed using the Pierce BCA Assay kit 

(Thermo Fisher Scientific) according to the manufacturerôs instructions. The samples were 

diluted 1:10 with distilled water and incubated with 200 µl of the assay mixture for 15 min at 

37°C, next to a calibration series with defined concentrations of bovine serum albumin (BSA) 

between 0 and 2.0 mg/ml. The absorbance at 562 nm was measured using a Synergy HT 

(BioTek) microplate reader.  
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3.2.3.4 Co-immunoprecipitation 

 In case two proteins are suspected to show interaction, co-immunoprecipitation (Co-IP) 

assays can be used to confirm potential interaction partners. For this, one of the two partners 

can be pulled out of cell or tissue lysates (3.2.3.1 and 3.2.3.2) using either a combination of 

protein G coupled Dynabeads and a specific antibody against the protein/a protein-tag or GFP-

Nanotrap agarose beads that are coupled to anti-Green Fluorescent Protein (GFP) Nanobody 

(VHH) specifically for cloned proteins carrying a GFP-tag. The beads will bind the specific 

antibody targeting one of the partners, or the GFP-tag in case of a GFP-Nanotrap, resulting in 

the protein being stuck to the beads. If there is in fact an interaction between the main target 

of the pull down and the suspected interaction partner, both proteins will remain bound to the 

beads due to their interaction through the washing steps and will only be removed after 

treatment with 2x Laemmli dye at 95°C for 15 min. Both proteins are then detectable in the 

bead-fraction via Western blotting. Though it must be noted that Co-IP assays are no 

guarantee for interaction of two proteins, as it is also possible that both tested targets are 

binding to an unknown intermediate player.   

3.2.3.4.1 IP with Dynabeads 

Cells or tissue were lysated  in EBC buffer (120 mM NaCl, 0.2 mM sodium orthovanadate, 

100 mM NaF, 50 mM Tris-HCl (pH 7.4), 1% (v/v) NP-40) for the lysis step, but generally 

following the described protocol (3.2.3.1 and 3.2.3.2). The protein concentration was 

determined and between 1 and 2 mg of total protein in 500 µl of buffer were used for the 

experiment. 2 µl of antibody against the precipitation target were added and incubated on a 

tumbling wheel over night at 4°C. At the same time 50 µl protein G coupled Dynabeads 

(Thermo Fisher Scientific) were washed in EBC buffer three times, before being incubated in 

EBC supplemented with 5% BSA on a tumbling wheel at 4°C overnight. The next day the 

Dynabeads were washed three times with EBC-buffer and the protein-antibody preparation 

was added to the beads. They were incubated for 2 hours on the tumbling wheel at 4°C. After 

incubation, the Dynabeads were pulled down using a magnetic rack, the supernatant 

transferred to a new Eppendorf tube and the beads were washed three times with EBC buffer 

supplemented with 1% (v/v) NP-40 for 10 min each on the tumbling wheel at 4°C. After 

removing the last wash, 1x Laemmli-buffer was added and the sample prepared for SDS-

PAGE analysis.  

3.2.3.4.2 IP with GFP-Nanotrap  

Transfected cells containing one GFP-tagged protein of interest were lysated (altered protocol 

from 3.2.3.1) in GFP-Nanotrap lysis buffer (Table 19) in a final volume of 500 µl. The protein 

concentration of the lysate was determined before using it for the Nanotrap-assay. Instead of 

Dynabeads, this method made use of GFP-Nanotrap agarose beads (ChromoTek), and the 
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GFP-Nanotrap-buffer 

 

 

 

(only for lysis buffer) 

10 mM Tris/Cl pH 7.5 

150 mM NaCl 

0.5 mM EDTA 

cOmplete Protease inhibitor cocktail  

(add 0.5% (v/v) NP-40) 

Table 19: Solutions for GFP-Nanotrap assays. 

pull down was carried out mostly following the manufacturers recommendation with small 

alterations. In short, 50 µl of beads per sample were prepared by washing them three times 

with GFP-Nanotrap buffer, before the cell lysate was added. The suspension was incubated 

on a tumbling wheel at 4°C for 2 hours, the supernatant removed, and the beads washed with 

GFP-Nanotrap buffer four times for 10 min, again on the tumbling wheel at 4°C. After the last 

wash, 2x Laemmli-buffer was added and the sample was prepared for SDS-PAGE analysis.  

3.2.3.5 SDS-Polyacrylamide gel electrophoresis 

Laemmli buffer (5x): 625 mM Tris/HCl pH 6.8 

50 % (v/v) Glycerol 

5 % (w/v) SDS 

DTT 

Traces of Bromophenol blue 

Separating gel buffer: 1.5 M Tris/HCl pH 8.8  

0.4 % (w/v) SDS 

Stacking gel buffer:  0.5 M Tris/HCl pH 6.8 

0.4 % (w/v) SDS 

Table 20: List of buffers used for SDS-PAGE gel electrophoresis and their contents. 

 

  Separating gel Stacking gel 

 Units 10% 12.5% 15% 5.25% 

Separating/Stacking buffer [ml] 2.6 2.6 2.6 1.35 

30% (w/v) Acrylamide/bisacrylamide 

Rotophorese Gel 30 (37, 5:1) 

[ml] 3.3 4.2 5.0 1.75 

     

H2O [ml] 4 3.1 2.3 6.85 

10% (w/v) ammonium persulfate [µl] 60 60 60 60 

Tetramethyletylenediamine (TEMED) [µl] 30 30 30 30 

Table 21: Content list of different percentage of polyacrylamide gels. 

 
Proteins can be separated according to their molecular weight and independent of charge and 

tertiary structure by sodium dodecyl polyacrylamide gel electrophoresis (SDS-PAGE). The 
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protein samples were prepared in 1x Laemmli-buffer and denaturized for 15 min at 85 or 95°C 

depending on their running behaviour. They were then loaded next to a protein-size standard 

(Thermo Fisher Scientific) in a 10-15% self-made polyacrylamide separating gel, combined 

with a 4.5% polyacrylamide stacking gel (Table 21). The gel was then exposed to constant 

voltage (80-120V) in 1x SDS running buffer (3.1.14).  

3.2.3.6 Western blotting 

To visualize proteins separated by SDS-PAGE using antibodies, Western blotting can be used. 

The proteins were transferred from the polyacrylamide gels into a nitrocellulose membrane 

(GE Healthcare) using a semi-dry blot system. The membrane (6*9 cm) and 4 pieces of 

Whatman-filter paper (6*9 cm) were equilibrated in transfer buffer (3.1.14) and placed between 

two electrodes inside of a semi-dry blot chamber as shown (Figure 7).  

 

Figure 7: Scheme of a typical semi dry blot apparatus. 

 

The blot was then subjected to constant electric current of 80 mA/blot for 2 hours. The 

membrane was shortly washed with TBS buffer (3.1.14) supplemented with 0,1% (v/v) 

Tween20 (TBS-T) to remove residue methanol, before being incubated in blocking solution 

(TBS-T and 5% (w/v) milk powder) for 30-60 min. The membrane was then transferred into a 

50 ml reaction tube and 4 ml of blocking solution containing a dilution of the primary antibody 

were added (3.1.6.1) and incubated on a roller overnight at 4°C.  

3.2.3.7 Protein detection using the AmershamTM Imager 680 

Detection solution A 0.1 M Tris/HCl pH 8.6 

0.025 % (w/v) luminol 

Detection solution B 0.11 % (w/v) p-Coumaric acid in DMSO 

ECL solution 1 ml detection solution A 

100 µl detection solution B 

50 µl ECL Advance Western blotting Kit solution 1 

50 µl ECL Advance Western blotting Kit solution 2 

3 µl 30 % H2O2 

Table 22: Solutions used to detect secondary antibodies on nitrocellulose membranes. 
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To detect proteins tagged by a primary antibody after Western blotting, the membrane was 

washed three times for 10 min at RT with TBS-T, before a secondary antibody coupled to 

peroxidase in blocking solution (secondary antibody: 1:10000; 3.1.6.2) was added. The 

secondary antibody was incubated at RT for 60 min, before the membrane was washed three 

times with TBS-T for 10 min again. The secondary antibody could then be detected in an 

AmershamTM Imager 680 with 300 µl of ECL solution (Table 22Table 22: Solutions used to 

detect secondary antibodies on nitrocellulose membranes.), which was carefully pipetted on 

top and evenly spread over the blot. The quantification of the detected signal was then 

accomplished with the ImageJ Software.  

3.2.3.8 In-vitro measurement of lysosomal hydrolase activity  

Substrate buffer: 0.1 M Sodium citrate pH 4.6 

0.2 % (w/v) BSA 

0.04 % (w/v) Sodium azide 

Stop solution: 0.4 M NaOH pH 10.4 

0.4 M Glycine 

Table 23: Solutions needed for measuring hydrolase activity. 

 
To investigate the activity of the lysosomal hydrolase ɓ-hexosaminidase the release of the 

artificial substrate p-nitrophenyl-ɓ-D-glucoseaminide (Sigma-Aldrich) was measured. At acidic 

pH, the substrate is hydrolysed into glucose and p-nitrophenol. The addition of a basic solution 

stops this process and p-nitrophenol becomes fully protonated which causes a yellow colour 

shift in the solution. The intensity in the colour shift can be quantified by analysing the 

absorbance of the samples as 405 nm. In this thesis the experiment was conducted with testis 

lysates (3.2.3.2). 10 µl sample were mixed with 90 µl distilled H2O as well as 100 µl of 10 mM 

p-nitrophenyl N-acetyl-ɓ-D-glucoseaminide in substrate buffer and the solution was incubated 

for 30 min at 37°C with agitation. The reaction was stopped by adding 500 µl of the stopping 

solution. 200 µl of the mixture were transferred into a 96-well plate and the absorbance at 

405 nm was measured and compared to control samples without lysate added. The activity 

could be calculated using the following equation:  
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DE = Esample-Eblank; test volume = Volume of the reaction including stopping solution; sample volume = Volume of 

the lysate analysed; F = dilution factor; e = Extinction coefficient; t = time; d = thickness of the cuvette  
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3.2.4 Histological methods 

3.2.4.1 Preparation of semi-thin cryosections 

After mouse perfusion and post fixation in 4% PFA (3.2.5.5) the fixative was removed, and the 

tissues washed with 0.1 M phosphate buffer. The tissues were then incubated with 30% (w/v) 

saccharose in 0.1 M PBS for at least 24 hours or until the tissue pieces ceased floating in the 

saccharose solution and sank to the bottom of the tube. Semi thin sections (40 µm for testis; 

35 µm for all other organs) were prepared using a Leica SM 2000 R sliding microtome (Leica 

Microsystems) cooled by dry ice. The cryosections were then stored in 0.1 M phosphate buffer 

containing 0.02% (w/v) sodium azide.  

3.2.4.2 Immunofluorescence staining of semi-thin cryosections 

 

Blocking solution 0.1 M Phosphate buffer pH 7.4 

4 % (v/v) Goat serum 

0.5 % (w/v) Triton X-100 

Washing buffer  0.1 M Phosphate buffer pH 7.4 

0.25 % (w/v) Triton X-100 

Table 24: Solutions needed for immunofluorescence staining of semi-thin sections. 

 

Proteins of interest were visualized via indirect immunofluorescence staining performed on 

semi-thin cryosections (3.2.4.1). The sections were washed three times with 0.1 M phosphate 

buffer to remove remaining sodium azide. To reduce unspecific binding, the sections were 

incubated with blocking solution for two hours at room temperature with slight agitation. After 

the blocking step the solution was removed and fresh blocking solution containing diluted 

primary antibodies was added (3.1.6.1). The cryosections were incubated over night at 4°C 

while slowly shaking. The next day the sections were washed three times with washing buffer 

and then incubated with diluted AlexaFluor conjugated secondary antibody (1:500; 3.1.6.2) in 

blocking solution for two hours at room temperature, constantly shaking and covered to prevent 

bleaching of the fluorophores. The buffer was removed, and the sections washed once with 

washing buffer for 10 min, then incubated with washing buffer containing 1 µl/ml DAPI for 

10 min and rinsed one last time with washing buffer before being mounted onto microscopy 

slides with mounting medium (3.1.14). 

3.2.5 Animal experimentation 

3.2.5.1 Animal housing  

All mice used in the experiments were kept in a pathogen free environment by housing in 

individually ventilated cages (IVC). The room temperature was kept at a constant 21°C (± 5°C) 
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with a set humidity of 45 ï 60 %. Cycles of 12 hours of light and 12 hours of darkness were 

applied. The mice had access to water and food ad libitum. The animal handling and care were 

performed in agreement with the German animal welfare law and according to the guidelines 

of the Christian Albrecht University of Kiel. All experiments involving animals were approved 

by the Ministry of Energy, Agriculture, the Environment and Rural Areas, Schleswig-Holstein.   

3.2.5.2 Tail biopsy and isolation of genomic DNA 

To determine the genotype of mice, tail biopsies were executed on three- to five-week-old 

mice. The tissue was digested with DirectPCR® Lysis Reagent Tail (Peqlab) containing 

0.3 mg/ml Proteinase K at 55°C overnight. Proteinase K was inactivated afterwards at 85°C 

for 15 min. The samples were centrifuged and used as templates for genotyping PCRs 

(3.2.5.3).  

3.2.5.3 Genotyping via polymerase chain reaction 

Tail samples derived from tail biopsies (3.2.5.2) were used for genotyping PCRs (3.2.1.1). The 

generated DNA-fragments were separated using capillary get electrophoresis in the QIAxcel 

Advance System combined with the QIAxcel DNA High Resolution Kit (1200) from QIAGEN 

for DNA analysis (Table 25). Separation times during the electrophoresis were adjusted 

according to the manufacturerôs recommendations for the respective fragment size. 

Cartridge  QIAxcel DNA High Resolution Gel Cartridge 

Buffers QX Separation Buffer 

QX Wash Buffer 

QX Mineral Oil 

Size marker QX DNA Size Marker 25ï500 bp 

Alignment marker QX Alignment Marker 15 bp/600 bp 

Table 25: Overview of used markers and materials from QIAGEN. 

 

3.2.5.4 Mouse anaesthesia 

Mice were anaesthetized with an intraperitoneal injection of 10 mg/ml ketamine and 6 mg/ml 

Rompun® in 0.1 M phosphate buffer pH 7.4. For every gram of body weight 10 µl anaesthetic 

were used.  

3.2.5.5 Mouse perfusion  

Anaesthetized mice were perfused through the left heart ventricle with 30 ml PB followed by 

30 ml 4% PFA in PB with a flow rate of 2 ml/min using a Plus Syringe Pump (Harvard 

apparatus). After extraction the organs were post-fixated for additional 4 hours in 4% PFA in 

0.1 M PB at 4°C.  
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3.2.5.6 Euthanasia of mice  

For organ extraction mice were either killed by perfusion (3.2.5.5) or via cervical dislocation.  

3.2.6 Programs and Analysis techniques 

3.2.6.1 Analysis of immunofluorescence staining 

For adjusting brightness and contrast in pictures of 

immunofluorescent staining received after laser scanning or 

confocal microscopy (3.2.4.2) either ImageJ or the ZenBlue 

software from Zeiss were used. Quantitative analysis of 

pictures taken was predominantly executed with ImageJ. 

For analysis of lysosome sizes or amount of signal in a 

certain area the internal ImageJ tool ñAnalyse Particlesò was 

used. Multichannel images were separated into single 

channels and the staining in question was chosen for 

analysis. One single cell or a tissue section is marked and 

either the complete percentage of positive signal was 

determined in the marked area or the number of particles in 

different previously defined size groups were counted using 

a self-written macro and successive commands for ñAnalyse particlesò (7.1.1). For lysosomal 

distribution analysis the cumulative intensity distribution of lysosomal marker (e.g., LAMP1, 

LAMP2 or TMEM55B) was measured in single cells. The cell was traced around its plasma 

membrane and the mask defined as 100%. The area was then downscaled by 10% 9 

consecutive times, measuring signal intensity every time (Figure 8). The amount of signal 

measured in each area was normalized against the 100% measured in the total cell. If 

lysosomes show perinuclear clustering the overall measured signal will remain high in the first 

steps of analysis as the predominant amount of signal is found close to the nucleus. If they 

show clustering at the cell periphery the overall signal amount decreases quickly, as those 

areas are falling out of analysis range within the first few downscale events.   

3.2.6.2 Creating histological overview images, graphs and schematic 

images 

Most overview images and schematics were created with BioRender (https://biorender.com/) 

or Adobe Illustrator 2020. Graphs were created in GraphPad Prism 8 and Microsoft Excel 2019.  

3.2.6.3 Analysis of Immunoblots 

Brightness and contrast in immunoblot images were adjusted in Adobe Photoshop 2020 while 

detection of signal intensity was carried out in ImageJ. Finally, statistical analysis was carried 

out using GraphPad Prism 8. 

Figure 8: Example for cumulative 
intensity distribution analysis. 
Shown is a HeLa cell stained 
against the lysosomal marker 
LAMP2. The cell is traced around 
the plasma membrane and the 
area is segmented by scaling the 
perimeter in 10% decrements.  

https://biorender.com/


Results 

51 
 

4. Results  

 

TMEM55Bôs role in different tissues has so far not been studied and many questions about its 

function remain unanswered. The aim of this study was to analyse the function of TMEM55B 

in vivo in mice, as well as revealing potential interactions with other cellular players, to link 

TMEM55B-related pathways to the overall cell homeostasis, the function of the lysosomal 

compartment, and maybe known pathogenic processes. 

4.1 Studying the expression of TMEM55B in mouse tissues 
 

4.1.1 TMEM55B is expressed ubiquitously in mouse tissues 

To identify organs in which TMEM55B might be physiologically relevant, the overall protein 

expression of murine TMEM55B in different organs was analysed by immunoblot. Organ 

samples of brain, heart, lung, liver, spleen, kidney, smooth muscle, uterus and testis were 

taken, tissue lysates generated and analysed by Western blot (3.2.3.6). TMEM55B was 

detected with an anti-murine TMEM55B antibody, binding to an epitope close to the cytosolic 

N-terminus of the protein (aa 15-83). The immunoblot analysis revealed that TMEM55B was 

expressed in most analysed murine tissues (Figure 9 A). TMEM55B with a predicted molecular 

weight of 29.5 kDa was detected at 35 kDa, as it was previously described for TMEM55B 

(Willett, Martina et al. 2017). While only one band was visible in brain, heart, lung and smooth 

muscle tissue, an additional weaker band could be detected in liver, spleen, uterus and testis 

at around 32 kDa. Kidney even displayed a third band at 31 kDa.  

  

Figure 9: TMEM55B is ubiquitously expressed in mice. 
(A) Western blot analysis of TMEM55B expression in different organ tissues of two 25-week old WT 
mouse with a C57BL/6N background (one male, one female) (B) Analysis of relative TMEM55B 
expression in different mouse tissues. The band intensity detected with anti-TMEM55B was normalized 
against the signal intensity of the internal loading control Glyceraldehyde 3-phosphate dehydrogenase 
(GAPDH). sm: smooth muscle tissue.  
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The expression level of TMEM55B was normalized against Glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH) as an internal loading control (Figure 9 B). TMEM55B showed 

strong expression levels in lung, spleen, uterus, and the strongest overall expression in testis 

followed by the second strongest expression in brain. Low expression levels were detected in 

the heart, the liver, and the kidney. TMEM55B was almost undetectable in smooth muscle 

tissue (Figure 9 B). Since the testes displayed the overall highest expression level, they 

became the primary candidate for further investigations of the physiological role of TMEM55B 

in mice.  

4.1.2 TMEM55B is highly expressed in organs of the reproductive system 

The testis and the uterus, parts of the male and female reproductive system respectively, 

displayed high expression levels of TMEM55B (4.1.1). To further investigate TMEM55B 

expression in other reproductive organs of both genders, the uterus and ovaries from a female 

mouse as well as the cauda epididymis, the testis and sperm cells from a male specimen were 

extracted and analysed (Figure 10 A). Expression levels detected were normalized against the 

internal loading control actin. TMEM55B was strongly expressed in the uterus and the testis 

confirming the previous analysis. The additional second weaker immunoreactive band at 32 

kDa in the Western blot was detectable in the uterus and testis lysates. Lysates generated 

from the ovaries, the cauda epididymis as well as sperm cell lysates did not show additional 

bands. While all analysed organs did show high relative levels of TMEM55B expression, the 

expression levels found in testis remained by far the highest relative expression levels detected 

(Figure 10 B). These initial immunoblot studies indicate, that TMEM55B could play an 

important role in the reproductive system of male mice. A function in early spermatogenesis 

and maturation of spermatozoa in the testis can be assumed.  

Figure 10: Male reproductive organs display high expression levels of TMEM55B. 
(A) Western Blot analysis of expression levels of TMEM55B in different organs of the female and male 
reproductive system of 20-week old mice. (B) Analysis of relative expression level of TMEM55B 

normalized against the internal loading control actin. Cauda Epi. = Cauda Epididymis. 

B 
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4.1.3 Expression levels of TMEM55B in testis during aging 

The scaffold protein JIP4 is a confirmed interaction partner of TMEM55B (Willett, Martina et al. 

2017). JIP4 is expressed in an age-dependent manner in murine testis and a loss of JIP4 has 

been linked to subfertility in male mice (Iwanaga, Wang et al. 2008). TMEM55B shows 

comparable strong expression levels in testis and its expression pattern roughly resembles 

that of the published JIP4 expression pattern. Assuming that TMEM55B expression might 

show a similar age dependency, the age-dependent expression during early development and 

maturation of murine testis was investigated. Mice were sacrificed at a postnatal age of 15, 25 

and 35 days (p15, p25 and p35), their testes were isolated and organ lysates were prepared 

for immunoblot analysis. It was revealed that, like JIP4, TMEM55B is already expressed in the 

testis of p15 mice before full maturation (Figure 11 A and B). TMEM55B was detected at 35 

kDa within all age groups, with an additional weaker band detected at 32 kDa. The relative 

expression of TMEM55B was normalized against the internal loading control GAPDH, even 

though GAPDH itself displayed an age dependent expression within testis, decreasing from 

p15 to p25 and from p25 to p35. Attempts to use other internal loading controls such as actin, 

tubulin or EEF2 instead did not solve this issue as they displayed a similar expression pattern 

(data not shown). From p15 to p25 the relative expression level of TMEM55B doubles (from 

1.75 to 3.9) and proceeds to moderately rise in the following 10 days (from 3.9 to 5.2). At p35 

the mice displayed an expression level comparable to that of a 3-month-old mouse (data not 

shown), indicating that TMEM55B levels increase until the animal reaches full maturity and 

fertility at an age between 28 and 35 days (Manzano Nieves, Schilit Nitenson et al. 2019).  

Figure 11: TMEM55B expression in testis increases during aging. 
(A) Age dependent analysis of TMEM55B expression levels in the testis of young mice aged 15, 25 and 
35 days via Western blotting (n = 3 for each respective age group). (B) Analysis of relative expression 
level of TMEM55B normalized against Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) in the 
three different age groups. Mean + SEM. Dataset subjected to paired T-test analysis. p15, p25, p35 = 
post-natal day 15,25,35. n.s. = non-significant. 
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4.1.4 TMEM55B is expressed highest in Sertoli cells of the testis 

To further investigate the role that TMEM55B plays in murine testis, an immunohistological 

analysis of TMEM55B expression was carried out. Semi-thin cryosections of the testis were 

prepared (3.2.4.1) and the localization of TMEM55B was studied by fluorescence microscopy 

(3.2.4.2). TMEM55B colocalizes with the lysosomal marker LAMP1 in testis and both proteins 

were found within the seminiferous epithelium inside of the seminiferous tubules (Figure 12 A). 

The predominant cell type found within seminiferous epithelium are specialized epithelial 

supporting cells called Sertoli cells (Franca, Hess et al. 2016). An additional co-staining of 

TMEM55B and Vimentin, a marker that stains the intermediate filaments of mature Sertoli cells 

independent of the cycle stage the Sertoli cells (Hanley, Ball et al. 1999) revealed a 

colocalization of both proteins, confirming that TMEM55B is expressed within Sertoli cells 

(Figure 12 B). Interestingly it could be shown that TMEM55B not only localized to vesicles 

positive for LAMP1, but also showed signals in the basal areas of the Sertoli cells in vesicles 

that are not positive for LAMP1.  

4.2 Study of testis in mice deficient in TMEM55B 

One way to investigate the physiological functions of a protein in an organism is the ñLoss of 

functionò (LOF) condition. To create a LOF condition the DNA, RNA or protein levels of a 

specified target are reduced significantly or depleted fully in order to impair specific gene 

functions. This method enables in depth analysis of phenotypes caused by the loss of one 

specific gene. The outcome and phenotypic differences can heavily rely on the specific method 

chosen for editing of the genome or overall system and should be considered in the analysis 

B 

Figure 12: TMEM55B colocalizes with LAMP1 in Sertoli cells. 
Semi-thin cryosections of 10-month-old WT mice with indirect fluorescence labelling against (A) 
TMEM55B and LAMP1 and (B) TMEM55B and Vimentin respectively. Cell nuclei are stained with DAPI. 
Yellow coloration in the merged image indicates colocalization of TMEM55B with either LAMP1 or 
Vimentin. Scale = 10 µm 
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(Housden, Muhar et al. 2017). In case of TMEM55B it has been stated that full deficiency in 

mice results in a lethal embryonic phenotype with retardation of embryos at embryonic days 

8.5 - 9.5 (Hashimoto, Shirane et al. 2018). However, in so far unpublished results from Dr. S. 

Rudnik (Institute of Biochemistry, CAU Kiel), it could be shown that mice deficient of TMEM55B 

in a C57B6/N background after CRISPR-Cas9 gene editing are viable during embryogenesis 

and after birth. While the previous studies executed by Dr. Rudnik focused on the effect of 

TMEM55B deficiency in the brain, where the loss of TMEM55B leads to a lysosomal positioning 

effect causing an accumulation of lysosomes in the axon initial segment of neurons (personal 

discussion with Dr. Rudnik), a different approach was chosen to analyse the TMEM55B-

deficient mice even further in the context of other tissues. As the genetically altered mice were 

subjected to standard analysis in the Czech Centre for Phenogenomics (BIOCEV/IMG), there 

was a few deviations found within the Tmem55B KO animals from their Tmem55B WT (WT) 

comparison group. These alterations were used as leads to investigate a potential effect of 

LOF of TMEM55B in the mouse model. Based on the basic expression studies, male fertility 

was chosen to be an additional focal point of this analysis.  

4.2.1 Deficiency of TMEM55B results in 

a decreased size of mouse testis 

The testis of mice deficient in TMEM55B did not show 

apparent gross morphological changes. However, 

testis derived from Tmem55B KO animals appeared to 

be smaller in size. To elaborate, if the smaller testis size 

is correlating with an overall smaller body of animals or 

an effect of TMEM55B deficiency, the weight of the 

testis was normalized to overall body weight of the 

individual animal. Mice with a deficiency for TMEM55B 

displayed a significantly lowered testis weight per g 

body weight than the WT control mice. The testis 

weight did decrease from 3.16 mg/g body weight in WT 

mice to 2.44 mg/g body weight in Tmem55B KO mice 

(Figure 13). It can be concluded that a loss of 

TMEM55B does decrease testis size, while the weight 

of the mice was not affected by the loss of TMEM55B. 

Figure 13: Loss of TMEM55B leads to 
a decrease in testicular weight in 
mice. 
Comparison of the weight of mouse 
testicles derived from WT (n = 4) and 
Tmem55B KO (n = 4) mice normalized 
against their body weight. Mean + SEM. 
Dataset subjected to paired T-Test 
analysis, ** = p-Value > 0.01. 
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4.2.2 TMEM55B-deficient seminiferous tubules contain giant 

multinucleated germ cells 

The decrease in testis size gave rise to the question, whether the morphology of the testis is 

also impacted by the loss of TMEM55B.  

  

Figure 14: Loss of TMEM55B does lead to the generation of giant multinucleated germ cells in 
the seminiferous epithelium.  
Haematoxylin and eosin (HE) staining of testis (A and B) and cauda epididymis (C) of 18-week-old WT 
and Tmem55B KO animals (n = 2 each). (A) Comparison of testis sections in WT and Tmem55B KO 
testis. Giant multinucleated germ cells are marked by black arrowheads. (B) Close up on one selected 
tubule for WT and Tmem55B KO respectively. Giant multinucleated germ cell marked with an arrow 
head. (C) Cauda epididymis sections with a focus on one single ductus containing spermatozoa during 
maturation. Giant cell lumps are indicated by arrowheads. Scale bar: 50 µm. 
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In collaboration with Prof. Dr. med. G. Wennemuth and Dr. C. Wiesehöfer (both: Institute of 

Anatomy, University Duisburg-Essen) haematoxylin and eosin (HE) staining of testis and 

cauda epididymis sections derived from 18-week-old WT and Tmem55B KO animals were 

prepared and analysed by microscopy. Neither shape nor size of the seminiferous tubules did 

change due to the loss of TMEM55B (Figure 14 A and B). Instead, the deficiency of the 

lysosomal membrane protein caused formation of giant multinucleated germ cells within the 

seminiferous epithelium (indicated by arrow heads; Figure 14 A and B), which were found in 

both the basal as well as the apical part of the seminiferous epithelium. Additionally, cauda 

epididymis sections were analysed to include a tissue involved in sperm cell maturation. 

TMEM55B deficiency had no impact on the epithelial cells of the ductus found in the 

epididymis. Within the ducti of Tmem55B KO epididymis, the area in which maturing 

spermatozoa are transported, giant lumps of cells were found amidst the spermatozoa (Figure 

14 C; indicated by arrow heads). WT samples did not contain comparable accumulation of 

cells or cell debris. These clustered cells were significantly larger than the single spermatozoa 

also found in the lumen of the ducti and did not resemble their shape.  

4.2.3 Loss of TMEM55B does not significantly alter expression of 

lysosomal marker proteins 

So far, the role of TMEM55B is linked directly to lysosomal functions due to TMEM55Bôs 

involvement in retrograde lysosomal transport and participation in regulating pathways 

surrounding lysosomal functions. To investigate whether a loss of TMEM55B leads to changes 

of the protein levels of lysosomal proteins in mouse testis, organs were harvested, and lysates 

prepared to be analysed via immunoblot analysis (3.2.3.6) (Figure 15). The Tmem55B KO was 

validated by the detection with an anti-TMEM55B antibody in immunoblot analysis (Figure 15 

A).  

Next to different markers connected to lysosome biology, expression levels of proteins 

important for Sertoli cell morphology were chosen to be surveyed. All measured expression 

levels were normalized against the internal loading control ɓ-tubulin. The expression of the 

lysosomal marker LAMP1 was investigated using a monoclonal antibody targeting the luminal 

region of LAMP1. Mice deficient in TMEM55B did show a non-significant decrease of LAMP1 

expression (Figure 15 A; WT average relative intensity 4.33, KO average relative intensity 

3.59), suggesting an effect on lysosomes. Since TMEM55B is found in Sertoli cells as shown 

in 4.1.4, the expression level of the Sertoli cell marker Vimentin was analysed using a 

monoclonal antibody binding close to the N-terminus of Vimentin. The loss of TMEM55B did 

result in a mild but non-significant decrease of the type III intermediate filament protein (WT = 

2.1 average relative intensity, KO = 1.17 average relative intensity), potentially indicating a 

change in morphology of the seminiferous epithelium cells. Lastly the effect of TMEM55B 
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depletion on a known direct interaction partner, JIP4, was studied, revealing that loss of 

TMEM55B did result in a mild but non-significant increase of JIP4 expression within the 

analysed tissue (WT = 1.59 average relative intensity; KO 2.38 average relative intensity). In 

a smaller experimental setup, the expression levels of the lysosomal hydrolase cathepsin D 

and the autophagy marker LC3 were analysed, but both proteins showed no changes caused 

by TMEM55B deficiency (Figure 15 C and D).  

 

Figure 15: Loss of TMEM55B does not significantly alter lysosomal marker. 
(A) Western Blot analysis of lysates derived from WT testes (n = 4) and Tmem55B KO testes (n = 4) of 
14-week-old animals. Proteins were detected with anti-TMEM55B antibody, anti-LAMP1 monoclonal 
antibody, anti-Vimentin monoclonal antibody and anti-JIP4 monoclonal antibody. (B) Analysis of 
average relative signal intensities of (A) of the detected protein bands after normalization against the 
internal loading control ɓ-tubulin. Mean + SEM. All datasets were subjected to paired T-test analysis. * 
= p-Value > 0.05. (C) Western Blot analysis of 55B WT [n = 3] and 55B KO [n = 3] testis lysates of 20-
week-old animals. The expression of Cathepsin D and LC3-I was analysed. (D) Analysis of average 
relative signal intensities of (C) of the detected protein bands after normalisation against the internal 
loading control ɓ-tubulin. Mean + SEM. All datasets were subjected to paired T-test analysis. hC = heavy 
chain; n.s. = non-significant, pCTSD = Procathepsin D, iCTSD = intermediate Cathepsin D, mCTSD = 
mature Cathepsin D 
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4.2.4  TMEM55B deficiency does not change ɓ-hexosaminidase activity in 

testis tissue  

Immunoblot analysis revealed a mild but non-

significant decrease in LAMP1 levels which could 

indicate that lysosomes potentially are impacted by 

the loss of TMEM55B. To elucidate if any changes 

concerning lysosomes interfered with the activity of 

lysosomal enzymes, the activity of the lysosomal 

hydrolase ɓ-hexosaminidase within testis lysates 

was measured. The ɓ-hexosaminidase activity was 

determined (3.2.3.8) in testis lysates from 

Tmem55B KO animals and compared to a control 

derived from WT animals. The ɓ-hexosaminidase 

assay revealed a mild but non-significant increase 

in ɓ-hexosaminidase activity of the Tmem55B KO 

samples, increasing from an average activity of 

3.69 mU/mg to an average activity of 4.1 mU/mg 

(Figure 16).  

4.2.5 Loss of TMEM55A and TMEM55B leads to an increased size of 

LAMP1 positive vesicles in testis 

Considering TMEM55Bs known role in retrograde lysosome transport (Willett, Martina et al. 

2017, Takemasu, Nigorikawa et al. 2019) it could be hypothesized, that a loss of TMEM55B 

could result in a lysosomal positioning effect in testis similar to the one described in neurons 

and HeLa cells (personal communication with Dr. S. Rudnik). Semi-thin cryosections of WT 

and Tmem55B KO testis were prepared to investigate lysosomal distribution. TMEM55A 

deficient mice generated after CRISPR-Cas9-mediated gene editing were additionally included 

in the histological analysis of testis tissue. Using both mouse lines (Tmem55A KO and 

Tmem55B KO) it was feasible to test for a possible redundancy of TMEM55A and TMEM55B 

in the seminiferous epithelium which so far has not been touched on. Testes of mice from WT, 

Tmem55A KO and Tmem55B KO were analysed via high-resolution confocal laser scanning 

microscopy (3.2.5.5 and 3.2.4.1) (Figure 17 A-C). Next to LAMP1 as a lysosomal marker, 

TMEM55B was stained in all tissues, to confirm the knock-out and ensure the specificity of the 

used antibody. Furthermore, it was possible to analyse if Tmem55A KO mice display any 

changes in localization of TMEM55B within the seminiferous epithelium. The 

immunofluorescence staining confirmed the TMEM55B depletion in the Tmem55B KO animals 

and showed that a loss of TMEM55A does not lead to differences in the localization of 

Figure 16: Tmem55B KO animals show no 
significant changes in the ɓ-
hexosaminidase activity measured in 
testis tissue. 
ɓ-hexosaminidase assay of testis lysates 
generated from 3 vs 3 (WT vs 55B KO) 
animals at an age of 20 weeks. Showing 
mean + SEM. Dataset subjected to paired T-
test analysis. n.s. = non-significant. 
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TMEM55B between WT and Tmem55A KO specimen. The vast majority of LAMP1 positive 

vesicles did colocalize with TMEM55B in the WT mice as well as in the Tmem55A KO mice. 

Both Tmem55B and Tmem55A KO tissues show a significantly increased number of enlarged 

LAMP1 positive vesicles (called lysosomes for simplification) and an increase in areas with 

accumulation of lysosomes. The lysosome size distribution was quantified using ImageJôs 

ñAnalyse particlesò tool on the LAMP1 staining (3.2.6.1). The loss of TMEM55A led to a 

significant increase of large and/or clustered lysosomes with a size >5 µm², with only marginal 

non-significant decreases in lysosome populations of normal and slightly enlarged sizes 

(>5µm²: 5.5% [WT] vs. 8% [55A KO]) (Figure 18). TMEM55B deficiency had a striking impact 

on the size distribution of lysosomes.  

Figure 17: Loss of TMEM55A and TMEM55B leads to the occurrence of large LAMP1 positive 
vesicles in the seminiferous epithelium. 
Immunofluorescence staining of semi-thin cryosections derived of 60-week-old (A) WT, (B) Tmem55B 
KO and (C) Tmem55A KO animals. The sections were stained against the lysosomal marker LAMP1 
(green) and the lysosomal transmembrane protein TMEM55B (red). Nuclei were stained with DAPI 
(blue). Colocalization of both proteins in the merged images is indicated by yellow coloration. Scale bar 
= 20 µm.  

A 
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The tissue showed a significant decrease of small LAMP1 positive vesicles between a size of 

0-0.5 µm² (0-0.25 µm²: 15.5% [WT] vs. 12.5% [55B KO] and 0.25-0.5 µm²: 16.5% [WT] vs. 

13% [55B KO]) as well as a significant increase of lysosome populations with a size bigger 

than 2 µm² (2-3 µm²: 9,5% [WT] vs. 12% [55B KO]; 3-4 µm²: 5% [WT] vs. 8% [55B KO]; >5 

µm²: 6% [WT] vs.13% [55B KO]) which are already considered to be enlarged. There can be 

multiple reasons causing enlargements in lysosomes including higher fusion or fission rate or 

lysosomal accumulation of storage material due to lysosomal positioning defects (Durchfort, 

Verhoef et al. 2012, de Araujo, Liebscher et al. 2020). A direct analysis of lysosomal positioning 

in Sertoli cells however is difficult, as they display a complex three-dimensional morphology 

within the tissue and as previously stated cycle through the 16 stages during spermatogenesis 

(Franca, Hess et al. 2016). Hence an easier approach to analyse lysosomal positioning within 

Sertoli cells was chosen.   

4.2.6 Loss of TMEM55B causes an abnormal lysosomal positioning in 

isolated Sertoli cells 

Primary Sertoli cells were derived from murine testis to bypass difficulties with the analysis of 

lysosomal distribution in tissue (3.2.2.2; adjusted from (Ahmed, Barten-van Rijbroek et al. 

2009)). Cells were isolated and cultured from WT, Tmem55A KO and Tmem55B KO mice. 

Figure 18: Loss of TMEM55B leads to a significant decrease in the number of small sized 
lysosomes and increases the number of enlarged lysosomes. 
Analysis of lysosome sizes found in the seminiferous epithelium. 20 tubules of 4 (3 for Tmem55A KO) 
individual animals per genotype were analysed. Loss of TMEM55B and TMEM55A resulted in the 
formation of large LAMP1 positive vesicles and a decrease in smaller sized LAMP1 positive vesicles in 
Tmem55B KO mice. Mean + SEM. Dataset subjected to paired T-test analysis. * = p-value < 0.05; ** = 
p-value < 0.01; **** = p-value < 0.001. n.s. = non-significant. 
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Figure 19: TMEM55A and TMEM55B deficiency cause a mild positioning effect in primary isolated 
Sertoli cells and leads to the occurrences of giant lysosomes. 
Immunohistological analysis of Sertoli cells derived out of 9- to 11-week-old WT, Tmem55A KO and 
Tmem55B KO mice. (A) Immunofluorescence staining of primary Sertoli cells. LAMP1 in green, nuclei 
in blue. Scale = 20 µm. (B) Example for lysosome positioning analysis. Shown are the outer 20%, 35% 
and 50% measurement areas. (C) Analysis of the spatial distribution of LAMP1 signal within the three 
groups of Sertoli cells (3.2.6.1). Mean + SEM. Dataset was subjected to paired T-test analysis. p-value 
* = p < 0.05; ** = p < 0.01 (D) Quantification of the occurrence of giant lysosomes per cell for all three 
Sertoli cell types. Vesicles with an area > 4 ÕmĮ were marked with ImageJôs ñanalyse particleò tool and 
defined as ñenlarged lysosomesò. Clusters of lysosomes were manually excluded. Datasets subjected 
to paired T-test analysis. *** = p-value < 0.005. (nCells = 60 [WT] 3 animals; 65 [55A KO] 2 animals; 78 
[55B KO] 3 animals). n.s. = non-significant. 
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20 days after isolation they were subjected to immunofluorescence staining against LAMP1 

and Vimentin. Using high-resolution confocal microscopy Sertoli cells were preselected based 

on their size and whether they displayed the typical Vimentin staining (Ahmed, Barten-van 

Rijbroek et al. 2009). Images of single cells or cells in clusters were both analysed (Figure 19 

A). To test if loss of TMEM55A or TMEM55B results in differences in lysosomal positioning, 

images were analysed regarding the distance of lysosomes from the nucleus using ImageJ 

(3.2.6.1). Surprisingly, primary Sertoli cells from both mouse lines (TMEM55A and TMEM55B) 

showed a positioning effect of lysosomes, as in both cases less lysosomes were found in the 

perinuclear cloud around the nucleus, but instead accumulated more in the outer periphery of 

the cell (Figure 19 B). This might be the first indication, that TMEM55A and TMEM55B have 

redundant functions in lysosomal positioning in testis. However, the effect seen in both cases 

of TMEM55 deficiency was rather mild (half of the overall signal intensity found in the outer 

41% in WT animals vs 39% in Tmem55B KO (55B KO) mice and 35% in Tmem55A KO (55A 

KO) specimen).  

Additionally, the cells were analysed in terms of the existence of large lysosome-like vesicles 

similar to the findings made in situ in testis tissue (3.2.6.1). Cell types of all analysed genotypes 

(WT, 55A KO, 55B KO) contained enlarged LAMP1 positive vesicles (Figure 19 C). While 

Tmem55A KO testes showed a significant increase in large lysosomes and/or areas of 

lysosomal clustering in situ, isolated primary Sertoli cells from Tmem55A KO mice did not show 

similar tendencies and behaved like WT Sertoli cells (average 2 giant lysosomes in WT vs 3 

giant lysosomes in Tmem55A KO).  In the Sertoli cells derived from Tmem55B KO mice a 

significant increase in the occurrence of giant lysosomes was observed. Averaging at 4.5 giant 

lysosomes per cell the Tmem55B KO Sertoli cells contained two-times as many giant 

lysosomes as the WT Sertoli cells. In the most extreme case one single Sertoli cell contained 

a total of 43 giant lysosomes, almost 4 times more than the highest number observed in WT 

Sertoli cells. While the occurrence of large LAMP1 positive vesicles could be confirmed, it is 

not possible to analyse their structure/content with immunofluorescence analysis, and other 

analysis methods needed to be employed to further investigate the nature of the enlarged 

vesicles.  

4.2.7 Deficiency of TMEM55B leads to formation of large vesicles filled with 

unknown cargo in Sertoli cells 

To elucidate the morphology and morphological details of the enlarged LAMP1 positive 

vesicles, testis samples were prepared for electron microscopy (EM). Testes were harvested 

after perfusion and additional fixative was injected with a fine needle through the Tunica 

albuginea directly into the ducts of the seminiferous tissue.  
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EM sample preparation and imaging were performed in collaboration with Dr. Philip Arnold 

(former: Institute of Anatomy CAU Kiel; now Anatomy department Erlangen-Nürnberg). 

Qualitative analysis of the high-resolution EM images revealed a seemingly disturbed 

organisation of the Sertoli cells in Tmem55B KO mice, with big gaps between cells leading far 

into the seminiferous epithelium (Figure 20, indicated by * mark). While smaller gaps can also 

be found in the seminiferous epithelium of WT animals, the ones present in TMEM55B-

deficient tissues appeared to be larger in size and more pronounced. Additionally, Tmem55B 

KO testis samples seemed to have an increased number of smaller vacuolation, and large 

Tmem55B KO 

Figure 20: TMEM55B deficiency leads to the formation of large vesicles filled with undigested 
material and vacuoles in the seminiferous tissue.  
Transmission electron microscopy images of 40-week-old testis deriving out of WT and Tmem55B KO 
mice fixated with 4% PFA and 3% glutaraldehyde in 0.1 M PB pH= 7.3. TMEM55B-deficient mice show 
large vesicles filled with undigested materials (black arrow heads) and furthermore show a seemingly 
disrupted organisation of Sertoli cells with large gaps leading far into the basal areas of the seminiferous 
epithelium (red arrow heads). Images were taken and processed by Dr. Philipp Arnold.   

* 
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vesicles found in the Sertoli cells (Figure 20, indicated by red arrowheads), that were partly 

filled with undigested material (Figure 20, enlarged bottom images, black arrow heads). While 

vesicles filled with debris can also be found in the WT tissue, their number increased in 

Tmem55B KO testis samples and they were no longer exclusive to the adluminal side of the 

seminiferous epithelium, but also found in the basal area. Furthermore, in WT testis vesicles 

carrying cargo decreased in size the farther they moved from the adluminal side of the Sertoli 

cells towards the basal side, while the size of vesicles filled with cargo barely decreases in 

Tmem55B KO testis.  

4.2.8  Tmem55A and Tmem55B KO mice show subfertility 

The observed changes occurring in Tmem55B KO testis gave rise to questions concerning the 

effectiveness and functionality of the seminiferous epithelium. As Sertoli cells are the key-

player in spermatogenesis the intracellular changes discovered under TMEM55B deficiency 

might result in impairments in the maturation of germ cells into spermatozoa. It would be 

expected that those impairments would impact the overall fertility of male mice. Hence, we 

revisited our past mice mating history (Figure 21). WT mice paired with each other were able 

to generate litters in 96.3% of all breeding attempts. Compared to the WT animals, the breeding 

efficiency of Tmem55A KO mice was slightly reduced. Only 90% of all paired Tmem55A KO 

animals were able to produce offspring. In case of TMEM55B deficiency this effect is even 

more pronounced, as the overall breeding efficiency dropped to 85.71 %. Overall, the loss of 

TMEM55A or TMEM55B appeared to lead to mild subfertility in mice.  

Figure 21: Tmem55A and Tmem55B KO mice show signs of subfertility.  
Statistical analysis of the percentage of successful mating attempts between WT/WT mice, Tmem55A 
KO/Tmem55A KO and Tmem55B KO/Tmem55B KO. Male and female mice were left as a pair for a 
minimal period of two weeks. This analysis also includes breeding attempts in which pups were born 
but died later during development. n = 45 [WT]; 25 [55A KO]; 40 [55B KO].  
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4.2.9 The loss of TMEM55B does not impact the number of germ cells 

undergoing spermatogenesis  

A potential cause for subfertility could be the reduction of germ cell undergoing 

spermatogenesis caused by the previously described effects a TMEM55B deficiency has on 

the seminiferous epithelium. These effects might result in an overall reduction of spermatozoa 

released at the spermiation stage, right before the spermatozoa leave the testis to fully mature 

in the epididymis. To analyse the population of developing germ cells FACS analysis of testis 

derived germ cells was carried out (3.2.2.7). Populations of single germ cells (1n), and germ 

cells in their joint stages (2n and 4n) during development were counted and compared between 

WT and Tmem55B KO samples (Figure 22 A and B). Mice deficient in TMEM55B did show a 

significant decrease by 21% of 1n-cells present in the seminiferous tubules in comparison to 

the WT animals (37.77 average 1n-cells [WT] compared to 29.85 average 1n-cells [Tmem55B 

KO] (Figure 22 B)). The significant decrease in the population of 1n-germ cells did not directly 

translate into a significant decrease of the 2n- and 4n-cell population. While the number of 

detected 2n-germ cells did drop from 10.44 [WT] to 8.98 [55B KO] in case of the 2n-cells 

(decreased by 14%) and from 6.99 [WT] to 5.71 [55B KO] (decreased by 18%) in case of the 

4n-cell population, the decrease was not as severe as it might have been expected based on 

the 21% decrease of 1n-cells. While it seems like less germ cells initiate spermatogenesis in 

Tmem55B KO testis compared to WT testis, the lowered number of available 1n-germ cells 

might not be the limiting factor for spermatogenesis.  

Figure 22: Loss of TMEM55B results in reduced numbers of spermatogonia and primary 
spermatocytes. 
FACS analysis comparison of germ cell populations derived of 30-week-old testis from 3 WT and 3 
Tmem55B KO mice. 1n = spermatogonia and primary spermatocytes; 2n = secondary spermatocytes; 
4n = spermatids. (A) Percentage distribution of the germ cells in different development stages. Mean + 
SEM. Dataset subjected to paired T-test analysis.  (B) Analysis of overall number of germ cells found in 
each population. Mean + SEM. Datasets subjected to paired T-test-analysis. * = p-value <0.05 

     1n                2n              4n 
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The cell population equilibrium did not shift due to the decrease of 1n-germ cell numbers, 

indicating that the spermatogenesis itself progresses unhindered.  

The decrease in 1n germ cells in Tmem55B KO testis provides a possible explanation for the 

mild subfertility discovered in Tmem55B KO mice, however, it is unknown so far if there are 

additional negative effects on spermatozoa maturation caused by TMEM55B deficiency. 

4.2.10 TMEM55B-deficient mice show reduced sperm numbers and changes 

in sperm morphology 

While a reduction in germ cells undergoing spermatogenesis could possibly explain the 

subfertility detected in the Tmem55B KO mice, it is so far unknown, if this effect alone caused 

reduced fertility or if a cumulative effect of lowered numbers and changes in sperm morphology 

caused by the loss of TMEM55B contributed to the reduced fertility. Therefore, sperm cells 

were extracted out of the cauda epididymis of WT and Tmem55B KO mice and analysed 

(3.2.2.8). Sperm numbers after extraction were determined using a Neubauer-counting 

chamber (Figure 23 A). It was apparent, that the number of sperm cells isolated from 

Tmem55B KO cauda epididymis was significantly decreased from an average 5.4 x 106 sperm 

cells in WT to not even half of the number in Tmem55B KO specimen, averaging at 2.4 x 106 

sperm cells. To analyse sperm cell morphology, smears were prepared and subjected to 

immunofluorescence staining (Figure 23 C). It was not possible to detect either TMEM55B or 

LAMP1 within the matured spermatozoa. Sperm cells without staining displayed a similar 

signal at 488 nm and 594 nm excitation wavelength, compared to sperm cells that were stained 

against LAMP1 and TMEM55B with fluorescent secondary antibodies at the respective 

wavelengths, indicating that spermatozoa display strong autofluorescence (Figure 23 C). The 

images received could still be used to determine and compare the morphology of WT and 

Tmem55B KO spermatozoa. All of the analysed WT spermatozoa showed a normal sperm cell 

morphology as expected. Interestingly, spermatozoa derived out of cauda epididymis deficient 

in TMEM55B, showed striking morphological differences. While around 80% of the sperm-cells 

isolated out of Tmem55B KO animals were morphologically inconspicuous and resembled the 

WT spermatozoa, the remaining 20% showed abnormalities regarding the head shape or in 

the tail region. 19.9% of the Tmem55B KO derived spermatozoa displayed a ñrolled inò head 

morphology (Figure 23 B and C, red arrowhead). The tail of these sperm cells is bend inwards 

at an angle of 180° directly behind the head at the connecting piece towards the tail. 0.1% of 

spermatozoa showed rare but very extreme changes, ranging from abnormal head shapes to 

swellings in the tail region and sharp bends in the middle of the tail (Figure 23 B and C, green 

arrow heads).  



Results 

68 
 

Based on the morphological differences seen in some of the Tmem55B KO spermatozoa it 

was estimated that loss of TMEM55B might impact sperm movement which could be 

determined by sperm motility analysis.  

4.2.11  Sperm cells deficient in TMEM55B show reduced overall motility 

The abnormalities observed in Tmem55B KO sperm cells raised the question if these 

morphological conspicuous spermatozoa can still transverse through a three-dimensional 

room. To elucidate their motility, computer-assisted sperm analysis (CASA) was conducted in 

collaboration with Prof. Dr. med. G. Wennemuth and Dr. C. Wiesehöfer (both: Institute of 

Anatomy, University Duisburg-Essen). It could be reconfirmed, that the cauda epididymis of 

Tmem55B KO mice contained less sperm cells than the epididymis of WT animals (Figure 24 

A). The CASA analysis furthermore revealed a severely impaired motility of sperm cells derived 

from mice deficient for TMEM55B (Figure 24 B-E). 

Figure 23: TMEM55B-deficient mice showed lowered sperm numbers and altered sperm head 
morphology. 
(A) Determination of cauda epididymis sperm numbers of three WT and three Tmem55B KO animals 
after 30 min swim out in prewarmed THY-medium using a Neubauer chamber. Mean + SEM. Dataset 
subjected to paired T-test analysis. * = p-value < 0.05. (B) Quantitative analysis of occurrence of 
abnormalities within Tmem55B KO spermatozoa and schematic depiction of normal as well as abnormal 
sperm cells derived from Tmem55B KO animals. n = 45. (C) Immunofluorescence images of normal WT 
and Tmem55B KO sperm cells displaying abnormalities. Red arrow head indicates abnormal bend head 
morphology, with the tail wrapping around the head. Green arrow heads indicate Abnormal head shape 
and tail swellings. Sperm head stained with DAPI. Sperm autofluorescence at 488 and 594 nm excitation 
is shown in white and was used for a better visualization of sperm morphology. Scale = 10 µm. 
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The overall percentage of sperm cells, that were showing any motility in prewarmed HS-buffer 

supplemented with 5% BSA to induce sperm cell capacitation was lowered from 50% in WT 

animals to 10% in Tmem55B KO mice. Sperm cell capacitation usually would increase sperm 

motility during the last step of spermatozoa maturation taking place in the female tracts after 

ejaculation (Xia and Ren 2009, Puga Molina, Luque et al. 2018).  Capacitation is furthermore 

necessary to enable the sperm cell to penetrate the outer layer of the oocyte and is facilitated 

Figure 24: Sperm cells of Tmem55B KO animals showed significantly lowered motility. 
Computer-assisted sperm analysis (CASA) of sperm cells derived from WT (n =6 unless stated 
differently) and Tmem55B KO (n = 9) animals. (A) Comparison of overall sperm cell numbers between 
WT and Tmem55B KO derived sperm cells. (B) Analysis of percentage of motile sperm derived from 
WT or Tmem55B KO animals.  (C) Beat frequency measurement of Tmem55B KO sperm cells (n =9) 
compared to a standard WT control group (n=50). Measurement in standard high saline (HS) buffer and 
HSB-buffer (HS buffer with NaHCO3). (D) Measurement of different sperm velocity parameters: VAP = 
Average Path Velocity, VSL = Straight-line velocity, VCL = Curvilinear velocity. (E) Determination of the 
Amplitude of lateral head displacement (ALH) of Tmem55B KO sperm cells compared to their WT 
counterpart. All measurements and analysis were performed in collaboration with Prof. Dr. med. G. 
Wennemuth and Dr. C. Wiesehöfer (both: Institute of Anatomy, University Duisburg-Essen). All datasets 
were subjected to paired T-test analysis. * = p-value < 0.05, ** = p-value < 0.01, **** = p-value < 0.001. 
n.s. = non-significant 

 
Percentage motility  Velocity parameter  

 
KO 

                ALH 

C D 

E 



Results 

70 
 

by the removal of sterols and glycoproteins from the spermatozoa membrane (Okabe 2013). 

Inability to react to capacitation might impact the spermatozoa functionality. The remaining 

motile sperm cells in Tmem55B KO samples additionally showed reduced straight-line velocity 

(VSL, time-average velocity of a sperm head along a straight line), curvilinear velocity (VCL, 

average velocity of the actual point-to-point track followed by the cell including all directions 

instead of a one-dimensional line) and average path velocity (VAP; measures the sperm head 

along its spatial average trajectory; smoothed version of VCL). This is also accompanied by a 

lowered amplitude of lateral head displacement (ALH; maximum lateral displacement of the 

sperm head during its travel). These limitations in mobility might be related to impaired tail 

movement. When the tail beat frequency of the motile sperm cells was measured in high saline 

(HS) buffer there was no significant differences between Tmem55B KO sperm and WT sperm 

cells (WT and 55B KO: 2 Hz in average). In HSB-buffer (HS buffer with additional NaHCO3) 

however, in which the sperm cells are hyperactivated (Babcock, Wandernoth et al. 2014) 

Tmem55B KO sperm cells displayed a significantly lower response in comparison to WT sperm 

cells. This results in a less pronounced hyperactivation with an average activated beat 

frequency of 4.1 Hz in the Tmem55B KO mice, versus an activated beat frequency of 5.85 Hz 

in WT mice, potentially contributing to the impaired mobility of the sperm cells. 

The CASA did reveal that motility of TMEM55B-deficient sperm cells is impaired, and that the 

few motile sperm cells also display a lower response to activation mimicking processes 

happening during the fertilization of the female oocyte. This might help to explain the described 

subfertility for male Tmem55B KO mice. 

4.2.12   Effect of TMEM55B loss on phagocytosis  

Impaired phagocytotic clearance of apoptotic germ cells within the seminiferous epithelium 

results in subfertility or infertility and can cause sperm cell abnormalities (Lu, Gore et al. 1999, 

Panneerdoss, Viswanadhapalli et al. 2017) with effects resembling the ones discovered for 

Tmem55B KO mice. Therefore, the phagocytic activity of isolated Sertoli cells was analysed 

to elucidate, if the loss of TMEM55B might impact phagocytosis in the seminiferous epithelium. 

Primary Sertoli cells were isolated (3.2.2.2) and subjected to a phagocytosis assay using latex 

beads covered with mouse serum after 21 days of cultivation (3.2.2.9). The cells were fixed 

after the assay and analysed after immunofluorescence staining using high-resolution confocal 

laser scanning microscopy (Figure 25 A). WT Sertoli cells internalized the fluorescent latex 

beads covered with mouse serum after 30 min. The number of internalized beads in the WT 

cells consistently increased from 30 to 60 min and from 60 to 120 min. After 120 min they 

remained at a constant number of around 120 beads per cell (Figure 25 B). Tmem55B KO 

Sertoli cells were unable to internalize the latex beads as rapidly.  
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After 30 min the beads were found mostly outside of the cell (no LAMP1 staining around the 

beads) and only a few beads were detected per cell (average 3.1 beads/cell). After 120 min 

the average bead number per cell was comparable with the WT bead count at 30 min (average 

of 45 beads/cell). While the WT cells uptake of beads stagnated after 120 min, the uptake of 

Tmem55B KO cells did further increase from 120 to 180 min, but still failed to reach a bead 

Figure 25: Tmem55B KO Sertoli cells did show a lowered rate of phagocytosis. 
Phagocytosis assay with Sertoli cells derived from WT (n = 3) or Tmem55B KO (n = 3) animals. 
Fluorescent latex beads (size 0.5 µm) were covered with mouse serum proteins to promote uptake. (A) 
Immunofluorescent staining of Sertoli cells after phagocytosis assay. Close-ups on the cells incubated 
with latex beads for 30, 60 and 180 min. Scale = 2 µm (upper left image)/ 5 µm (all remaining images). 
(B) Quantification of latex beads found within lysosomes (LAMP1 positive) after 0, 15, 30, 60, 120 and 
180 min in WT or Tmem55B KO Sertoli cells (n = 6 cells [WT/55B KO] in a single experiment). Datasets 
were subjected to paired T-test analysis. * = p-value < 0.05; **** = p-value < 0.001. 
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uptake comparable to the WT Sertoli cells (average 82.3 beads/cell in Tmem55B KO Sertoli 

cells vs. 120 beads/cell in WT Sertoli cells). 

Overall, it can be assumed, that a loss of TMEM55B results in a decrease of phagocytic ability 

of Sertoli cells. However, only the LAMP1 staining around the beads served as a control of 

internalization. An additional control for the internalization could not be included, as the latex 

beads displayed fluorescence signal at all wavelengths except the very short wavelengths in 

which DAPI was detected, instead of the advertised 575 nm.  

4.2.13  Male mice double deficient for TMEM55A and TMEM55B are showing 

severe subfertility 

As shown during this study, a loss of TMEM55A or TMEM55B led to mild subfertility in mice 

(4.2.8). As the two proteins are paralogue proteins with an amino acid similarity of 51% and a 

loss of either of them negatively affected breeding efficiency, it may be assumed that a joint 

loss of both proteins at the same time leads to an even more pronounced effect on fertility. To 

investigate this hypothesis Tmem55A/B double knock-out (55A/B dKO) mice were generated 

by breeding Tmem55A KO and Tmem55B KO mice together and analysed (3.1.2; initial 

analysis by Dr. S. Rudnik, personal communication/unpublished data). 

The breeding efficiency of multiple mouse strains was elucidated over a time span of 2 years 

and revealed a stronger case of subfertility for mice deficient for both TMEM55A and 

TMEM55B at the same time compared to the single KO mice individually (Figure 26 A). If two 

55A/B dKO mice were paired with each other, only 15.63% of all breeding attempts were 

successful compared to 96.30% in WT breeding attempts, as well as 90% and 85.71% for 

Tmem55A KO and Tmem55B KO pairs respectively. This higher rate of subfertility made 

breeding with two dKO mice unattractive for the continuous generation of mice needed for 

further experiments. To bypass the subfertility of the 55A/B dKO animals, they were subjected 

to breedings with mice that were homozygous KO for either TMEM55A or TMEM55B and 

heterozygous KO for the other protein (example: TMEM55A -/-; TMEM55B +/-) instead. Mice 

that displayed this genotype exert a higher degree of subfertility, than the respective single KO 

mice, but retained a fertility of 62.5% for male mice and 52.63% for female mice and thereby 

were more likely to be able to generate offspring (Figure 26 B). During these breeding attempts 

it became apparent, that female 55A/B dKO mice still were able to give birth to offspring in 

40.5% of the cases (Figure 26 B). Male 55A/B dKO only were able to impregnate their partner 

in 10.25% of the breeding attempts, dropping male fertility of 55A/B dKO mice by over 50% in 

comparison to TMEM55A -/-; TMEM55B +/- specimen.  
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Overall, these findings may indicate, that male fertility relies on TMEM55A and TMEM55B, 

while female fertility can still be maintained even without the two proteins. 

4.2.14  Combined deficiency of TMEM55A and TMEM55B leads to histological 

abnormalities in testis 

Single knock-out mice for either TMEM55A or TMEM55B displayed an occurrence of large 

LAMP1 positive vesicles in cells of the seminiferous epithelium. To decipher if a combined loss 

of both paralogue proteins increases the phenotypic differences or causes additional 

histological changes the testis of Tmem55A/B dKO mice were analysed. Due to the high 

degree of subfertility mouse numbers were limited for this analysis. One WT and one 

Tmem55B KO mouse were perfused as comparison for one Tmem55A/B double KO mouse 

(3.2.5.5). Additional fixative was injected through the tunica albuginea post perfusion and semi-

thin cryosections were prepared (3.2.4.1 and 3.2.4.2). The tissue sections were stained using 

an antibody directed against LAMP1 (Figure 27).  

High-resolution confocal laser scanning microscopy revealed that loss of both paralogue 

proteins resulted in the occurrence of a new type of heavily enlarged LAMP1 positive vesicle 

with a defined LAMP1-positive membrane in the basal compartment of the seminiferous 

epithelium.  
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Figure 26: Male Tmem55A/B double KO mice display subfertility. 
Quantification of successful breeding attempts in different mouse lines for male and female mice. (A) 
Quantitative analysis of successful breedings for WT, 55A KO, 55B KO and 55A/B dKO (breedings 
included: WT with WT; 55A KO with 55A KO etc.). Successful breedings were defined as breedings that 
resulted in viable offspring. n = 45 [WT]; 25 [55A KO]; 40 [55B KO]; 30 [55A/B dKO]. (B) Quantitative 
analysis of successful breeding attempts of mice with a homozygous KO for TMEM55A and a 
heterozygous KO for TMEM55B in comparison to mice with a double deficiency for both TMEM55A and 
TMEM55B related to their gender. All breedings involving at least one 55A/55B dKO animal were 
included in this analysis. Successful breedings were defined as breedings that resulted in viable 
offspring. n = 20 [male 55A -/- 55B +/-]; 15 [female 55A -/- 55B +/-]; 41 [male dKO]; 40 [female dKO].  
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These vesicles occurred in all analysed mouse lines (WT, 55B KO and 55A/B dKO), but were 

smaller in size, displayed a defined round shape and did not contain any debris material in the 

WT or Tmem55B KO control mice. In Tmem55A/B dKO mice they were doubled in size, 

displayed an irregular shape, and contained LAMP1-positive particles (Figure 27, red arrow). 

In combination with DAPI staining it could be revealed, that these LAMP1 membranes 

surround a diffuse DAPI stained nucleus (not shown). The Tmem55A/B dKO animals also 

contained enlarged lysosomes in the seminiferous epithelium, comparable to what was 

described for Tmem55A and Tmem55B single KO previously (4.2.5). Due to the limitations in 

mouse numbers a proper quantitative analysis could not be conducted.  

4.3  In depth analysis of TMEM55B-deficient mice 

The Tmem55B KO mice were originally generated at the Czech Centre for Phenogenomics 

(BIOCEV/IMG) using CRISPR-Cas9 gene editing (more detailed description of the genomic 

background: 3.1.2). Knockout mice that were generated at BIOCEV underwent a standard 

check-up and were compared to WT mice. The mice were thoroughly checked and analysed 

in regard to weight, bone volume and bone mass, grip strength and general blood values (data 

not shown). In these tests the Tmem55B KO mice already displayed significant gender 

independent changes in three categories: body weight, bone mass/volume and haematology. 

Figure 27: Deficiency of both TMEM55A and TMEM55B does result in the occurrence of large 
abnormal LAMP1 positive vesicles. 
High resolution confocal laser scanning microscopy images of testes of 40-week-old mice including 
WT, 55B KO and 55A/B dKO mouse lines. Semi-thin cryosections were stained with an anti-LAMP1 
antibody. High resolution imaging revealed the existence of larger round vesicles with pronounced 
LAMP1 positive membrane towards the basal area of the seminiferous epithelium. These vesicles were 
abnormal in shape and even larger in Tmem55A/B dKO tissue. They additionally contained further 
vesicles and/or debris also reactive to the anti-LAMP1 antibody (red arrow). Scale = 20 µm. 
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An additional weight analysis that was executed in Kiel, in which the weight of Tmem55B KO 

mice was compared to the weight of WT mice during the first 15 weeks of their life did not 

reveal any differences (personal communication with Dr. Rudnik). The bone mass/volume and 

haematology, the two other features that showed changes in the analysis at BIOCEV were not 

yet addressed. 

4.3.1 Tmem55B KO mice display signs of mild inflammation in thorough 

blood analysis 

 
As the standard laboratory phenotype testing indicated alterations of blood values for 

Tmem55B KO mice, an in-depth blood test was carried out. The haematologic analysis was 

conducted in collaboration with Dr. med. Felix Stahl (Department of Clinical Chemistry; UKE 

Hamburg). Blood of six WT and six Tmem55B KO mice was analysed in a complete blood 

count (CBC) (Table 26).  

The mean corpuscular volume (mean volume of all blood cells) of blood cells was not affected 

by a loss of TMEM55B. This indicates that TMEM55B deficiency did not cause significant 

changes in population distribution between red and white blood cells as well as platelets. 

Tmem55B KO mice did display no signs of anaemia, as their red blood cell count, haemoglobin 

level and haematocrit were comparable to the WT mice values (red blood cell count in cells/µl: 

10.6 [WT], 10.7 [55B KO]; haemoglobin in g/dl: 14.9 [WT], 15.0 [55B KO]; haematocrit in %: 

52.3 [WT], 51.7 [55B KO]). The red cell distribution width variability and variation coefficient 

were not affected by a loss of TMEM55B. It can be assumed, that red blood cell size was not 

altered by TMEM55B deficiency and that the deficiency did not give rise to abnormal red blood 

cell populations. While the amount of mature red blood cells did not show any changes due to 

TMEM55B deficiency, the number of reticulocytes was significantly decreased in Tmem55B 

KO mice. Reticulocytes are red blood cell precursor cells, which are developed in the bone 

marrow. They circulate the blood stream for a day on average before they mature into red 

blood cells (Riley, Ben-Ezra et al. 2001). In comparison to WT mice which displayed an 

average reticulocyte count of 762.9 cells/µl, the reticulocyte count is significantly lower in 

Tmem55B KO animals with 411.3 cells/µl. Additionally to the lowered amount of immature red 

blood cells, TMEM55B-deficient mice showed a significant decrease in the number of 

thrombocytes, from 1231.8 cells/µl to 1014.4 cells/µl. These thrombocytes also showed further 

morphological changes, as Tmem55B KO mice displayed a significantly increased platelet 

large cell ratio. The platelet large cell ratio is defined as the percentage of platelets that display 

an above average volume in the total platelet count.  
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Table 26: Haematologic analysis of WT and Tmem55B KO animals. 
Blood analysis of 6 WT (5 male, 1 female) and 6 Tmem55B KO (6 male) mice at an age of 25 weeks. 
Values that were significantly altered in the KO animals are indicated in bold fond. * = p-value < 0.05; ** 
= p-value < 0.01; *** = p-value < 0.005. This dataset was generated in collaboration with Dr. med. Felix 
Stahl (Department of Clinical Chemistry; UKE Hamburg). 

The ratio increased from 6.8% in WT to 8.8% in Tmem55B KO mice which indicated, that an 

increase in platelets with a smaller size must occur at the same time, since the mean platelet 

volume did not change (6.9 fL in WT, 7.2 fL in 55B KO). Analysing white blood cells as the last 

group of blood cells, it became apparent, that the white blood cell count is significantly 

increased in Tmem55B KO mice. Focusing on the different white blood cells, the highest 

contribution to the increase from 7.2 cells/µl in WT animals to 10.3 cells/µl in 55B KO mice is 

the increase in the neutrophil count. TMEM55B deficiency increased the neutrophil count 3-

fold from 0.97 cells/µl (WT) to 2.9 cells/µl (55B KO). Additionally, the number of lymphocytes 

was slightly but not significantly increased (from 5.9 cells/µl in WT to 6.5 cells/µl in 55B KO). 

The number of the otherwise rare monocytes also increased significantly from 0.21 cells/µl for 

Value WT KO 

Red blood cell count (RBC in cells/µl) 10.6 10.7 

Haemoglobin (HBG in g/dl) 14.9 15.0 

Haematocrit (HTC in %) 52.3 51.7 

Mean corpuscular volume (MCV in fL) 49.3 48.4 

Mean corpuscular/cellular haemoglobin (MCH in pg) 14.0 14.1 

Mean platelet volume (MPV in fL) 6.9 7.2 

Mean cellular haemoglobin concentration (MCHC in g/dL) 28.5 29.0 

Red cell distribution width, variability (RDW-SD in fL) 35.5 34 

Red cell distribution width, variation coeff. (RDW-CV in %) 27.2 27.1 

Platelet large cell ratio (P-LCR in %) 6.8 8.8 (*) 

Reticulocyte count (Ret# in cells/µl) 762.9 411.3 (**) 

Reticulocyte Percentage (Ret% in %) 7.3 3.9 (**) 

Thrombocytes (PLT in cells/µl) 1231.8 1014.4 (*) 

Platelet distribution width (PDW in fL) 8.1 8.7 

Platelet crit (PCT in %) 0.85 0.72 

White blood cell count (WBC in cells/µl) 7.2 10.3 (**) 

Neutrophil count (NEUT# in cells/µl) 0.97 2.9 (***) 

Lymphocyte count (LYMPH# in cells/µl) 5.9 6.5 

Monocyte count (MONO# in cells/µl) 0.21 0.73 (***) 

Eosinophil count (EO# in cells/µl) 0.11 0.11 

Basophil count (BASO# in cells/µl) 0.01 0.008 
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WT animals to 0.73 cells/µl in 55B KO mice. The eosinophil and basophil count remained 

unchanged.  

It could be shown that the loss of TMEM55B does affect multiple blood parameters. Increased 

lymphocyte number and decreased reticulocyte and thrombocyte numbers could be an 

indicator for different pathologies, such as inflammation (Fest, Ruiter et al. 2018) or defects 

during haematopoiesis (Silva, Anderson et al. 2011) and further analysis would be required to 

narrow down the possible factors that contribute to the detected changes in blood values. 

4.3.2 Bone analysis of Tmem55B KO mice 

Lysosomes are pivotal for bone resorption, as they are the key players in osteoclasts, 

responsible for acidifying the resorption lacuna as well as delivering enzymes needed to break 

down the organic bone tissue at the osteoclast-bone contact sites. Defects in lysosome 

transport might impact the function of osteoclasts, hence the effect of TMEM55B deficiency on 

bone resorption was analysed.  

4.3.2.1 Older mice deficient in TMEM55B display lower mobility in their hind 

legs 

While young Tmem55B KO mice showed no apparent phenotypic differences, it was noticed, 

that animals older than one year had irregularly stiff hind legs.  

Figure 28: Tmem55B KO mice display lower hind leg mobility. 
Qualitative comparison of the bone structure of WT against Tmem55B KO mice. Shown is one hind leg 
each of 2 WT and 2 Tmem55B KO mice at an age of 1 year. The shown position is the maximal mobility 
the legs did display. Red arrows indicate abnormal joint structures in the Tmem55B KO hind legs.  
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Despite this stiffness these mice behaved normally inside the cage and showed no obvious 

signs of gait disturbance. After sacrificing one-year-old WT and Tmem55B KO mice front and 

hind legs were isolated, and all muscle tissue and tendons were removed as thoroughly as 

possible. The frontal extremities showed no differences, while the observation of the hind legs 

revealed changes especially around the joints. Both joint regions (knee and heel) were thicker 

in mice with TMEM55B deficiency (Figure 28; red arrows). Figure 28 displays the isolated hind 

leg bones at the maximum of their mobility and even without muscles attached the hind legs 

remained locked, while the WT hind legs were able to move freely.  

With these findings a more in-depth analysis of the hind legs via X-ray, histology and µCT was 

to reveal, how the loss of TMEM55B is affecting bone structure in mice.  

Figure 29: X-ray analysis of WT and Tmem55B KO mice reveals thickened joints. 
Bones of the extremities of two WT and two Tmem55B KO animals were isolated and one front and one 
back limb X-ray scanned. Areas of high bone density appear white. Red (knee) and orange (heel) circles 
correspond to the enlarged pictures of the joints on the right in red and orange squares. WT (top) and 
Tmem55B KO (bottom) respectively. X-ray scans executed by Prof. Dr. Thorsten Schinke (Institute of 
Osteology and Biomechanics; UKE Hamburg) 

Tmem55B WT 

Tmem55B KO 






























































































































































































