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RAB proteins are small GTPases responsible for controlling membrane trafficking in eukaryotic 

cells. RAB24 is a unique RAB protein, due to its low GTPase activity. It is implicated to function 

at later stages of basal autophagy and in the endocytic degradation pathway. It is also required for 

normal cell division and plays a role in liver cell homeostasis. A point mutation in RAB24 causes 

hereditary ataxia in dogs, potentially through disruptions in the autophagic process. In addition, 

increased expression of RAB24 promotes a malignant phenotype of hepatocellular carcinoma 

(HCC) cells. 

The exact functional mechanisms of RAB24 are still unknown. Critical in this regard is to identify 

the proteins that RAB24 interacts with in the cell. Using proximity labeling, the Eskelinen group 

discovered new putative RAB24 interaction partners, of which three are studied in this thesis; 

Golgin subfamily A member 3 (GOLGA3), General vesicular transport factor p115 (USO1, also 

called VDP) and emerin.  

The aim of this thesis was to investigate whether GOLGA3, USO1 and emerin physically interact 

with RAB24, and whether they co-localize with RAB24 within the cell. We used co-

immunoprecipitation (co-IP) to study the physical interaction between the proteins, and 

immunofluorescence microscopy to visualize and quantify protein co-localization. Experiments 

were conducted using the human liver cancer-derived cell lines Hep G2 and Huh-7. Interaction 

between RAB24 and the three candidate proteins could not be confirmed, as the co-IP results 

were inconsistent. USO1 was found to partially co-localize with RAB24. 
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1 Introduction 

 

1.1 Membrane trafficking and RAB proteins 

 
Eukaryotic cells are divided into multiple different compartments with unique functions, 

separated by lipid bilayer membranes. These membranes are highly dynamic, which is 

essential for the process of membrane trafficking. Membrane trafficking forms a network 

inside the cell, through which the different cellular compartments communicate and 

coordinate their functions. It is a process where membrane vesicles containing cargo, such 

as neurotransmitters, hormones or plasma membrane receptors bud off from donor 

compartments and are transported to their specific destinations, either inside the cell or to 

the plasma membrane. The transportation of these vesicles is organized through 

directional routes that can be roughly divided into the exocytic and endocytic pathways. 

The exocytic pathway leads outward from the endoplasmic reticulum (ER) to the Golgi 

apparatus, from where the transport continues to several different destinations inside the 

cell, or all the way to the cell surface. Conversely, the endocytic pathway flows inward 

from the plasma membrane, delivering extracellular substances or plasma membrane 

components inside the cell in endocytic vesicles. From there, they may be returned to the 

plasma membrane, translocated to another side of the cell via the transcytotic pathway or 

sent to lysosomes for breakdown and reuse (Alfonso et al., 2009). Each step in membrane 

traffic has a return pathway to the opposite direction. This ensures the maintenance of the 

size and composition of the membrane-bound organelles.  

 

Membrane trafficking is tightly regulated at every step, from selecting cargo and forming 

vesicles to their transport, tethering, and fusion, ensuring that cargo reaches the correct 

destination. The diverse group of small GTPases are responsible for regulating membrane 

trafficking processes. To do this, each small GTPase specifically localizes to the 

membranes where it operates. Small GTPases switch between a GTP-bound active form 

and a GDP-bound inactive form. The nucleotide transition causes a change in the 

conformation of the GTPase, which promotes the activation or deactivation of effector 

molecules, such as vesicle tethers, motor proteins, kinases, or various adaptor proteins 

(Stenmark, 2009). GTPase Activating Proteins (GAPs) promote the hydrolysis of GTP to 
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GDP, while Guanine Exchange Factors (GEFs) facilitate the transition from GDP to GTP 

(Johnson & Chen, 2012).  

 

Most small GTPases are part of the extensive RAS superfamily, which includes over 150 

identified members. This superfamily is categorized into five families with overlapping 

functions: RAS, ARF/SAR, RHO, RAN and RAB GTPases (Song et al., 2019). With over 

60 members in humans, the RAB GTPases form the largest subfamily. They are involved 

in various membrane trafficking processes (Stenmark, 2009). RAB GTPases attach to 

their target membranes through hydrophobic geranylgeranyl groups that are post-

translationally added to their C-terminal cysteines (Pereira-Leal et al., 2001) 

 

Like other small GTPases, RAB GTPases cycle between a GTP-bound active form and a 

GDP-bound inactive form (Figure 1). Most effectors engage with the GTP-bound form 

of RAB proteins, although effectors binding to GDP-bound RABs have also been 

reported (Shirane & Nakayama, 2006). The structural variation between the active GTP-

bound and the inactive GDP-bound forms of RABs are subtle, primarily occurring in the 

Switch-1 and Switch-2 regions. Upon transition from GDP-bound to GTP-bound form or 

vice-versa, conformational changes in these two switch regions regulate the interaction 

with effectors and the following membrane trafficking steps. Generally, in the GTP-

bound form, Switch-I and Switch-II appear to have a well-defined structure, making them 

easily accessible to their specific downstream cellular partners (Pylypenko et al., 2018; 

Vetter & Wittinghofer, 2001).  

 

RABs have intrinsically slow GTPase and nucleotide exchange characteristics, which are 

stimulated by GAPs and GEFs, respectively. Other RAB regulatory proteins include 

GDP-dissociation inhibitors (GDIs) and RAB escort proteins (REPs). GDIs prevent the 

dissociation of GDP from RABs (Matsui et al., 1990) and increase the cytoplasmic pool 

and recycling of RAB proteins (Wilson et al., 1996) . REPs are a part of multisubunit 

enzymes known as RAB geranylgeranyl transferases (RAB-GGTases) and help in the 

recruitment of newly synthesized RABs to the catalytic component of the enzyme, where 

the RABs are geranylgeranylated from their C-terminus. Later, they escort the 

geranylgeranylated RABs to their specific membranes (Goody et al., 2005).  GDI-

displacement factor (GDF) is another reported RAB regulatory protein which acts to 

dissociate endosomal RABs from GDIs (Dirac-Svejstrup et al., 1997). However, a recent 
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study indicated that GDF is thermodynamically unnecessary and GDP-GTP exchange by 

GEF is sufficient to stabilize the GDI-dissociated form of RAB (Schoebel et al., 2009).  

 

    

 

Figure 1. RAB GTPase cycle. A guanine-nucleotide-exchange factor (GEF) replaces GDP 

bound to a RAB GTPase with GTP, causing a conformational change that allows specific effector 

proteins to recognize and interact with the RAB. These effector proteins help deliver the vesicle 

and its cargo to a specific destination. SNARE proteins (v-SNARE and t-SNARE) in the vesicle 

and target membranes mediate vesicle fusion. A GTPase-activating protein (GAP) enhances the 

GTPase activity of the RAB, leading to the hydrolysis of GTP to GDP and the release of an 

inorganic phosphate (Pi). A GDP dissociation inhibitor (GDI) facilitates the release of the RAB 

from the membrane and solubilizes it in the cytosol. A GDI displacement factor (GDF) then 

dissociates GDI from the RAB, allowing the RAB to reattach to the membrane. Picture from (Ylä-

Anttila & Eskelinen, 2018). 
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1.2 RAB24 is a unique RAB protein 

 

RAB24 is characterised as one of the primordial RAB proteins, found in the last common 

ancestor of all eukaryotes (Elias et al., 2012). It is conserved in many species, such as in 

mammals and zebrafish, but lost in others like Drosophila melanogaster and 

Caenorhabditis elegans. Olkkonen et al. first discovered RAB24 as localizing to the 

ER/cis-Golgi region and late endosomal structures. They found RAB24 to be expressed 

in various tissues throughout the body, with the highest levels found in the brain 

(Olkkonen et al., 1993). Later, RAB24 was also found to localize in autophagic vacuoles 

(Ylä-Anttila et al., 2015).  

 

Erdman et al. reported many unusual features of RAB24 contrasted to other RAB proteins 

(Erdman et al., 2000). Firstly, they found that RAB24 is primarily found in the GTP-

bound state, indicating that it has a low GTPase activity. This could be related to the 

presence of an unusual serine at position 67 in the nucleotide-binding region of RAB24. 

The corresponding amino acid in other RAB proteins is glutamine, and when Erdman et 

al. performed site-directed mutagenesis to replace the serine with glutamine, RAB24 was 

found mostly in the GDP-bound form, indicating increased GTPase activity. 

Interestingly, when the glutamine in other RAB proteins is replaced with a leucine, the 

mutation leads to a constitutively active, GTP-bound phenotype, whereas RAB24-S67L 

has reduced GTP binding. In addition, RAB24-S67L does not localize to any specific 

membranes but is cytoplasmic (Ylä-Anttila et al., 2015). Erdman et al. also found a 

difference in the NKxD motif of RAB24. The NKxD motif interacts with the guanine of 

GTP/GDP and is one of the five conserved motifs of the GTP-binding region of small 

GTPases (Rensland et al., 1995; Yin et al., 2023). The NKxD motif of RAB24 is unique 

among RAB proteins, as the motif has a substitution of asparagine in place of threonine 

(Thr-120) (Erdman et al., 2000). Besides RAB24, the threonine variation is found only in 

the functionally distinct CDC42/RAC family of GTPases. (Valencia et al., 1991; Valencia 

& Sander, 1995).  

 

Erdman et al. also found that compared to RAB1, RAB24 was insufficiently 

geranylgeranylated and mostly localized in the cytosol—not associated with membranes 

(Erdman et al., 2000). They discovered that the C-terminal cysteine residues that undergo 

geranylgeranylation in RAB proteins are uniquely organized in RAB24; the RAB24 C-
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terminal has a CCXX motif with two histidine residues in the terminal XX positions 

(CCHH). A CCXX motif occurs also in RAB5 and RAB17, but the two terminal histidine 

residues are found only in RAB24. However, they discovered that this was not the only 

cause for the insufficient geranylgeranylation, and that other unidentified features were 

involved. However, later studies showed that RAB24 geranylgeranylation was 

comparable to RAB7, and necessary for its localization to autophagic vacuoles (Ylä-

Anttila et al., 2015).  

 

Lastly, Ding et al. provided evidence for tyrosine phosphorylation of RAB24. Cytosolic 

RAB24 was phosphorylated more compared to membrane-bound RAB24 (Ding et al., 

2003). They found two phosphorylated tyrosines: Y172 in the YXXφ motif and Y17 in 

the conserved P-loop motif. The YXXφ motif is located in the hypervariable domain, 

which comprises the last 30 or more amino acid residues at the C-terminus of RAB 

proteins. The domain exhibits high sequence variation among RABs and is suggested to 

be crucial for their specific subcellular targeting (Chavrier et al., 1991). Interestingly, the 

second phosphorylated tyrosine in RAB24 is located in the P-loop, which is involved in 

GTP hydrolysis (Zhu et al., 2003). This could contribute to the reduced GTPase activity 

of RAB24.  

 

1.3 Functions of RAB24 

 

While the exact molecular mechanisms of RAB24 remain unknown, there has been 

progress in the research of its functions. Notably, RAB24 has been found to partake in 

the regulation of the autophagic pathway (Ylä-Anttila et al., 2015). Autophagy is an 

evolutionarily conserved process in eukaryotic cells, where the cell degrades its own 

cytoplasmic components using the lysosomal machinery. Autophagy helps maintain 

cellular homeostasis by providing metabolites for energy production and biosynthetic 

processes when the cell is undergoing starvation (Yorimitsu & Klionsky, 2005). 

Autophagy also aids in cellular maintenance by degrading unnecessary or impaired 

organelles and misfolded or aggregated proteins (Yang & Klionsky, 2010). In addition, it 

can degrade invading intracellular pathogens (Levine & Kroemer, 2008). In 

macroautophagy—generally referred to as autophagy—the cytoplasmic cargo is enclosed 

within a vesicle with two limiting lipid bilayers, called an autophagosome. 
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Autophagosomes subsequently merge with late endosomes to form amphisomes, which 

then merge with lysosomes to create autolysosomes, where the contents are broken down. 

(Parzych & Klionsky, 2014). 

 

Autophagy can be induced during nutrient starvation or cellular damage as a stress 

response, but there is also a form of autophagy that is constantly active, namely basal 

autophagy. Basal autophagy is responsible for cellular housekeeping by degrading protein 

aggregates and damaged organelles. Basal autophagy and starvation-induced autophagy 

differ in their regulation and substrate selectivity. The target of rapamycin (mTOR) kinase 

represses starvation-induced autophagy but affects basal autophagy to a lesser degree 

(Yamamoto et al., 2006). However, Musiwaro et al. demonstrated that overexpression of 

RHEB and RAG—two mTOR activators—did inhibit basal autophagy (Musiwaro et al., 

2013).  

 

RAB7 is required for the final maturation of starvation-induced autophagosomes (Jäger 

et al., 2004). RAB24, on the other hand, seems to be required for the final stages of basal 

autophagy, as Ylä-Anttila et al. demonstrated that during basal conditions, depletion of 

RAB24 led to the accumulation of acidic autolysosomes. RAB24 was not necessary for 

the formation, maturation and clearance of autophagosomes induced by starvation (Ylä-

Anttila et al., 2015). Currently, two pathways for autolysosome clearance are known. In 

lysosomal exocytosis, autolysosomes fuse with the plasma membrane. In the autophagic 

lysosome reformation (ALR) pathway lysosomes reform from autolysosomes (Y. Chen 

& Li, 2012; Settembre et al., 2013). Whether RAB24 plays a role in the regulation of 

these pathways remains to be seen.  

 

RAB24 expression increases in response to cellular stress, potentially due to increased 

autophagy as a response to the stress. Egami et al. found increased mRNA levels of 

RAB24 in nerve-injured hypoglossal motor neurons (Egami et al., 2005). They also 

reported the induction of microtubule-associated protein light chain 3 (LC3) mRNA and 

accumulation of LC3-II—common markers used for measuring autophagic flux—as a 

result of nerve cell injury, suggesting an increased autophagic activity in these cells. They 

also reported increased RAB24 mRNA and LC3 mRNA levels and accumulation of LC3-

II following proteasome inhibitor treatment (MG132) in differentiated PC12 cells, further 

suggesting that the increased RAB24 expression levels were a response to enhance the 
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degradation of unused and misfolded proteins. In addition, Seki et al. reported similar 

results in the trigeminal motor nucleus of rats, where RAB24 protein levels were 

increased after denervation (Seki et al., 2009).   

 

RAB24 has been implicated in another degradation pathway besides autophagy, namely 

the late endosome/lysosome pathway (Amaya et al., 2016). This degradation pathway 

begins with endocytosed cargo localizing to vesicles called early endosomes. The early 

endosomes act as sorting stations, recycling some cargo back to the plasma membrane 

while directing others along the degradation pathway. In this pathway, early endosomes 

mature into late endosomes, which then merge with lysosomes to degrade the cargo. As 

discussed earlier, the endocytic degradation pathway intersects with the autophagic 

pathway through the formation of amphisomes, when autophagosomes and late 

endosomes fuse together. The two pathways also share common regulatory proteins, such 

as RAB7. RAB7 is a necessary component in the final stage of both late endosome and 

late autophagosome maturation, where they fuse with lysosomes (Hyttinen et al., 2013; 

Jäger et al., 2004). Amaya et al. demonstrated that RAB24 participates in the late 

endosome maturation, as it physically interacts and co-localizes with RAB7, and is 

needed for endocytic cargo degradation (Amaya et al., 2016). The proper localization of 

RAB7 to vesicular structures also depends on RAB24, as overexpression or knockdown 

of dominant negative RAB24 caused RAB7 to distribute in the cytosol. In addition, 

RAB24 was found to interact physically with the RAB7 effector protein RILP (RAB7 

interacting lysosomal protein). This led the authors to hypothesize that RAB24 forms a 

complex on late endosomal/lysosomal compartments with RAB7 and RILP.     

 

RAB24 has also been implicated in cell division. Militello et al. observed that distribution 

of RAB24 changed during the mitotic cell cycle (Militello et al., 2013). During interphase, 

RAB24 displayed a diffuse, perinuclear localization. However, during the mitotic phase, 

RAB24 was redistributed to localize in the mitotic spindle during metaphase, to the 

midbody during telophase and to the cleavage furrow during cytokinesis. Interestingly, 

RAB24 co-localized with microtubules during all these stages, and microtubule 

sedimentation assay showed that RAB24 co-sedimented with microtubules, indicating an 

association between RAB24 and microtubules. Militello et al. also found that transient 

overexpression of Myc-RAB24 in HeLa cells led to the formation of abnormal 

chromosome bridges connecting the two daughter cells after cytokinesis. Also, in CHO 
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cells stably transfected with GFP-RAB24, several abnormalities were found, such as 

binucleated and multinucleated cells, extremely large cells, abnormal spindle formation 

during metaphase, delayed movement of the chromosomes during telophase and multiple 

cytokinesis. RAB24 knockdown in HeLa cells also resulted in chromosome misalignment 

and abnormal spindle formation during metaphase, delayed movement of the 

chromosomes during telophase and cytokinesis failures.  

 

Qiu et al. investigated the role of RAB24 in mouse oocyte meiosis (Qiu et al., 2019). 

During prophase RAB24 was diffuse but accumulated around the nucleus. During pre-

metaphase RAB24 accumulated around the chromosomes, and during metaphase 

localized to the spindle region. RAB24 knockdown resulted in significant retardation of 

meiotic progression. Also, a high percentage of RAB24 knockdown oocytes displayed 

atypical spindles, chromosome misalignment, longer spindle lengths and a higher number 

of lagging chromosomes compared to control cells. RAB24 knockdown disrupted the 

kinetochore-microtubule interaction—which is crucial for proper attachment between the 

spindle and the chromosomes—as abnormal attachment was significantly more prevalent 

in RAB24 knockdown oocytes. RAB24 knockdown oocytes also exhibited a greater 

number of aneuploid eggs.  

 

Taken together, the studies of Militello et al. (2013) and Qiu et al. (2019) suggest that 

RAB24 plays a role in the regulation of the cell division apparatus, possibly through 

association with microtubules.  

 

Another potential function for RAB24 was discovered by Seitz et al., as they observed 

that RAB24 levels impacted several parameters of energy homeostasis in hepatocytes, 

possibly through regulating mitochondrial dynamics (Seitz et al., 2019). Firstly, they 

demonstrated that hepatic RAB24 knockdown in mice improved hepatic glucose 

tolerance, reduced apolipoprotein B (Apo B) levels, as well as serum total and low-density 

lipoprotein (LDL) cholesterol levels. Improvement in glucose tolerance was dependent 

on fibroblast growth factor 21 (FGF21), as FGF21 homozygous knockout inhibited the 

RAB24 knockdown effects. They also showed that RAB24 knockdown ameliorated liver 

steatosis and inflammation in mice fed with the methionine-choline-deficient high-fat diet 

(MCD-HFD), and reduced Nonalcoholic Steatohepatitis (NASH) markers, demonstrating 

a favorable effect of hepatic RAB24 knockdown in NASH development. Secondly, they 
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discovered that RAB24 knockdown increased mitochondrial respiration and ATP 

production, with mitochondria becoming more elongated and interconnected. Similar 

morphological changes occur during starvation-induced autophagy, where mitochondria 

elongate by fusing together, thus avoiding autophagic degradation and maintaining ATP 

production. Conversely, blocking elongation pharmacologically or genetically causes 

mitochondria to consume ATP, leading to starvation-induced cell death (Gomes et al., 

2011). Seitz et al. demonstrated that RAB24 interacts with FIS1, a component of the 

mitochondrial fission complex. As the fission complex forms, it recruits dynamin-related 

protein 1 (DRP1) to the mitochondrial membrane, which in turn induces mitochondrial 

fission (Smirnova et al., 2001). RAB24 knockdown resulted in inefficient DRP1 

recruitment to mitochondrial membranes and thus reduced mitochondrial fission, 

suggesting that the increased mitochondrial activity after RAB24 knockdown was due to 

its role as a regulator of mitochondrial dynamics via interaction with FIS1 (Seitz et al., 

2019).   

 

RAB24 has also been associated with diseases. Chen et al. investigated the dysregulation 

of the small regulatory RNAs, known as microRNAs (miRNAs), in hepatocellular 

carcinoma (HCC) and found that miR-615-5p expression was significantly attenuated in 

HCC (Chen et al., 2017). Interestingly, miR-615-5p was found to downregulate RAB24. 

The downregulation of miR-615-5p in HCC cells resulted in increased RAB24 

expression. In cell cultures, RAB24 overexpression facilitated HCC cell growth and 

metastasis, thus implicating RAB24 as a promoter of the invasive phenotype of HCC 

cells. These findings align with the evidence showing that RAB24 plays a role in cell 

division, as discussed above (Militello et al., 2013; Qiu et al., 2019). Of note, 

Nonalcoholic fatty liver disease (NAFLD), and in particular its specific stage NASH, play 

a role in the formation of HCC. NASH is now the fastest-growing cause of HCC in 

Europe, South-East Asia and the United States (Llovet et al., 2021). As discussed above, 

RAB24 knockdown was found to ameliorate the symptoms of steatosis and inflammation 

in NASH (Seitz et al., 2019). Whether there is a connection in the molecular mechanisms 

of NASH and HCC in terms of RAB24 expression levels remains to be seen.    

 

Agler et al. identified a point mutation in RAB24 in Gordon Setters and Old English 

Sheepdogs with hereditary ataxia (Agler et al., 2014). Hereditary ataxias constitute a 

varied class of hereditary neurodegenerative diseases, characterised by the degeneration 
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of the cerebellar cortex, particularly the Purkinje neurons, leading to muscle coordination 

dysfunctions (Hersheson et al., 2012; Seidel et al., 2012). The observed mutation in 

RAB24 leads to the replacement of glutamine with proline at position 38 of the amino 

acid sequence, within the putative Switch I region of RAB24 (Agler et al., 2014). 

Glutamine 38 is highly conserved in RAB24 across species, and its location in the 

functional Switch I region suggests that the Q38P mutation might affect nucleotide or 

effector binding ( Gabe Lee et al., 2009; Eathiraj et al., 2005). RAB24-Q38P mutation 

resulted in the accumulation of ubiquitin-positive bodies in Purkinje neurons at the 

juncture of the granular and molecular layers, as well as in cells of the granular layer of 

the cerebellum. Accumulation of ubiquitin-positive bodies suggests a defect in the 

clearance of aggregated proteins within the neuronal cells. Interestingly, the accumulation 

of autophagic compartments in Purkinje cells was observed using electron microscopy, 

in line with the results implicating RAB24 as a necessary component in the clearance of 

late autophagic compartments (Ylä-Anttila et al., 2015).  

 

1.4 RAB24 molecular mechanisms 

  

Although there has been progress in the understanding of RAB24 functions, there are still 

many unanswered questions. Importantly, RAB24 effector proteins are unknown, 

although a few proteins have been shown to interact with RAB24. Several of these 

putative interacting proteins participate in membrane fusion events, consistent with 

studies linking RAB24 to autophagic and endocytic degradation pathways (Ylä-Anttila et 

al., 2015; Amaya et al., 2016). As discussed above, RAB24 was shown to co-precipitate 

with RAB7 and its effector RILP, known to be involved in the fusion process of 

endosomes and lysosomes (Amaya et al., 2016). Eskelinen group discovered that RAB24 

co-precipitates with Vacuolar protein sorting-associated protein 18 (VPS18) and VPS41, 

members of the homotypic fusion and protein sorting (HOPS) tethering complex 

(Kotiniitty, 2024, and unpublished results). HOPS is a RAB7 effector complex and 

facilitates the fusion of late endosomal vesicles and autophagosomes with lysosomes 

(Balderhaar & Ungermann, 2013).  

 

Schardt et al. observed co-precipitation between RAB24 and synaptosomal-associated 

protein 29 (SNAP-29) (Schardt et al., 2009). SNAPs are important components of the 
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SNARE complex, which mediates membrane fusion. The SNARE complex consists of a 

4-helix bundle of SNARE proteins, each containing an individual SNARE domain, 

termed Qa-, Qb-, Qc- and R-SNARE. R-SNAREs (a VAMP protein, or v-SNARE) are 

usually incorporated into the membrane of a transport vesicle, whereas Qa-SNAREs (a 

syntaxin, or t-SNARE) are in the target membrane. They are then complexed together via 

Qb- and Qc-SNAREs. The Qb- and Qc-domains can be provided by the SNAP protein 

family, including SNAP-29. Together the SNAREs zipper into a tight complex and bring 

opposing membranes into contact, providing the energy necessary to fuse two lipid 

membranes together (Hong, 2005). The interaction of RAB24 with SNAP-29 was GTP 

independent, contrary to the interaction between RAB3A and SNAP-29, which was GTP 

dependent (Schardt et al., 2009). Interaction between SNAP-29 and various syntaxins has 

been observed (Steegmaier et al., 1998). Interestingly, SNAP-29 was found to interact 

with Syntaxin17 (STX17) and VAMP8, and together they were required for 

autophagosome-lysosome fusion (Itakura & Mizushima, 2013). SNAP-29 is necessary for 

both starvation-induced and basal autophagy, unlike RAB24. Also, whereas SNAP-29 

and STX17 depletion led to the accumulation of double-membrane autophagosomes, 

RAB24 depletion resulted in the accumulation of acidic and degradative autophagic 

vacuoles bound by a single lipid bilayer membrane (Ylä-Anttila et al., 2015; Takáts et al., 

2013; Itakura et al., 2012).  

 

Behrends et al. performed a proteomic analysis of the autophagic interaction network 

(Behrends et al., 2010). The initial results of their mass spectrometry found HA-tagged 

RAB24 to co-precipitate with plakophilin 1, N-ethylmaleimide sensitive fusion protein 

(NSF) and GDP dissociation inhibitors 1 and 2 (GDI1 and GDI2). RAB24 was also 

among proteins co-precipitating with the SNARE protein Golgi SNAP receptor complex 

member 1 (GOSR1). Behrends et al.  further validated and delineated the interaction 

network by identifying high-confidence candidate interaction proteins (HCIPs) using the 

Comparative Proteomics Analysis Software Suite (ComPASS) and its preexisting 

database of protein interactions, and performed comparative analysis between the HCIPs 

and the mass spectrometry results. RAB24 was positioned in their analysis within the 

NSF subnetwork, alongside multiple SNARE proteins, including GOSR1 and SNAP-29. 

Direct interaction was predicted between RAB24 and NSF, with NSF facilitating 

interactions with other proteins in the subnetwork. These results support the idea that 

RAB24 participates in membrane fusion. The analysis also showed RAB24 to interact 
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directly with GDI1 and GDI2. Interestingly, this is in contrast to observation made by 

Erdman et al., where they did not see any interaction between RAB24 and GDI in cultured 

cells (Erdman et al., 2000). HCIP analysis also showed RAB24 to interact with 

plakophilin-1, but the meaning of this interaction is not known. 

 

Furthermore, many individual RAB24-interacting proteins have been reported, although 

the significance of these interactions is unknown. Tambe et al. reported co-precipitation 

of RAB24 with DRS, a tumor suppressor protein (Tambe et al., 2009). They demonstrated 

that DRS played a role in autophagy regulation under starvation conditions and that it was 

involved in the maturation of autophagosomes into autolysosomes. The interaction of 

RAB24 with DRS was also enhanced during autophagy induction. Schlager et al. reported 

weak interaction between RAB24 and Bicaudal-D-related protein 2 (BICDR-2) using 

GST pulldown assay (Schlager et al., 2010). Lastly, Fukuda et al. demonstrated that two 

RAB24 mutants—T21N and S67L—interacted with transcriptional corepressor C-

terminal-binding protein 1 (CtBP1) (Fukuda et al., 2008). CtBP1 potentially functions as 

a transcriptional regulator and is implicated in embryonic development and in adult 

biological processes (Hildebrand & Soriano, 2002). 

 

1.5 Discovering new RAB24 effectors and regulators 

 

In order to discover new putative RAB24 effectors and regulators, Eskelinen group 

performed an APEX2 proximity labeling assay (Ramm et al., unpublished results). The 

engineered ascorbate peroxidase 2 (APEX2)-based proximity labeling assay is a method 

for defining the molecular environment of a protein (Nguyen et al., 2020). APEX2 is an 

improved, more sensitive second-generation version of the APEX enzyme. APEX 

proximity labeling uses the protein of interest fused with the APEX2 peroxidase. When 

hydrogen peroxide (H₂O₂) and biotin-tyramide (biotin-phenol) are present, APEX2 

oxidizes biotin-phenols into biotin-phenoxyl radicals around the peroxidase. The radicals 

biotinylate nearby amino acids within several nanometers, allowing for sensitive labeling 

of proximal proteins around the APEX2 fusion protein. Streptavidin beads are used to 

enrich biotinylated proteins, which are then identified using mass spectrometry. In line 

with previous studies presented above, the results with Gene Ontology (GO) analysis of 

the APEX2 hits revealed many of the proteins near RAB24 to be associated with ER and 



 

13 

 

Golgi membranes and involved in ER-Golgi vesicular trafficking. We chose three 

potential interacting proteins that were among the top hits of the APEX2 assay for this 

thesis, to investigate their interaction with RAB24: GOLGA3, USO1 and emerin. 

 

1.5.1 GOLGA3 

 

GOLGA3 (formerly called golgin-160) belongs to the large protein family of golgins, that 

are broadly characterised by their long coiled-coil motifs and Golgi localization. Golgins 

appear to play a role in membrane trafficking and maintenance of Golgi structure, 

although their precise functions are in many cases unclear (Munro, 2011). GOLGA3 is a 

vertebrate-specific golgin, primarily found in the cis-Golgi cisternae (Hicks et al., 2006). 

Its functional domains include a long C-terminal coiled-coil domain, phosphorylation 

sites, nuclear export and import signals, and N-terminal Golgi targeting information 

(Hicks & Machamer, 2002).  Golgin-160B is a widely expressed isoform of GOLGA3 

without an exon encoding a leucine repeat sequence (Hicks & Machamer, 2005). Yadav 

et al. demonstrated that GOLGA3 recruits the dynein motor protein to Golgi membranes 

(Yadav et al., 2012). They showed that the seventh coiled-coil segment (cc7) of the C-

terminal section was necessary and sufficient for dynein binding, whereas localization of 

GOLGA3 to Golgi membranes was mediated by GTP-bound Arf1—a small GTPase—

directly binding the N-terminal end of GOLGA3. Dynein recruitment resulted in 

movement of the Golgi membranes towards the minus-ends of microtubules, to confer 

pericentrosomal Golgi positioning. GOLGA3 was absent from mitotic Golgi membranes 

and instead localized to the spindle poles, suggesting a mechanism for mitotic Golgi 

dispersal through the dissociation of GOLGA3 from mitotic membranes. 

 

The regulation of GOLGA3 by Arf1 does not exclude further interactions with other 

regulatory proteins, such as RABs. Sinka et al. demonstrated that several Drosophila 

melanogaster GRIP domain golgins in the trans-Golgi—whose C-terminal GRIP domain 

binds the Arf-like 1 G protein—can also bind four different RAB proteins (Sinka et al., 

2008). They also reported interaction of Drosophila orthologs of cis-Golgi golgins 

GM130 and GMAP-210 with RAB2 and RAB30. GMAP-210 and GM130 also bind Arf1 

and GRASP65, respectively, via their C termini. In addition, Golgi dispersal and 
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positioning are relevant in cancer research, as disruption and fragmentation of Golgi 

dynamics is one of the hallmarks of many cancer cells (Bui et al., 2021). 

 

1.5.2 USO1 

 

USO1 (also called p115) is a peripheral membrane protein of the golgin family, with a 

coiled-coil domain, two globular head domains and an acidic tail region, structurally 

reminiscent of myosin II (Sapperstein et al., 1995). It localizes to ER exit sites, the 

vesicular-tubular clusters (VTCs) and the cis-Golgi (Nelson et al., 1998; Waters et al., 

1992). USO1 is one of the most studied golgins and has been shown to participate in 

several membrane trafficking steps as a molecular tether. It was first shown to be 

necessary for transcytosis and the tethering of intra-Golgi membrane vesicles (Barroso et 

al., 1995). Later studies revealed that USO1 was also required for ER–Golgi traffic, as 

depletion of USO1 led to the accumulation of vesicular stomatitis virus (VSV) 

glycoprotein (VSV-G) in peripheral VTCs (Alvarez et al., 1999). USO1 is a direct 

effector of RAB1, which recruits USO1 to coat protein complex II (COPII) vesicles as 

they bud from the ER (Allan et al., 2000). Recruitment of USO1 to COPII vesicles might 

also depend on the assembly status of the vesicle SNAREs (Brandon et al., 2006). Further 

support for the role of USO1 as a tethering factor comes from experiments with the yeast 

homolog of USO1—Uso1p— as it was found to be an essential component of yeast ER–

Golgi trafficking by tethering COPII vesicles to Golgi membranes (Barlowe, 1997; 

Nakajima et al., 1991). It was suggested that the Uso1p tethering process is independent 

of SNAREs, as it remained unaffected when SNARE function was inhibited using 

inactive SNARE mutants or inhibitory anti-SNARE antibodies. (Cao et al., 1998). 

Despite their inhibited ability to catalyze vesicle fusion, SNAREs remained present and 

might still be involved in the tethering process. Indeed, a later study found that 

monomeric ER/Golgi SNAREs Sec22b and Rbet1 interacted stably with USO1, 

potentially functioning as USO1 binding sites on COPII vesicles (Wang et al., 2015). In 

addition to tethering COPII vesicles, USO1 has been shown to be important for tethering 

COPI vesicles to Golgi membranes (Sönnichsen et al., 1998). USO1 also participates in 

the reassembly of Golgi cisternae after mitosis (Nakamura et al., 1997). 
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Despite the extensive research of USO1, its exact roles in the tethering processes are still 

unknown. However, it is known that USO1 operates by interacting with many other 

proteins in addition to SNAREs and RAB1, namely the golgins GOLGA2 (also called 

GM130) and giantin, and the multisubunit complexes COG (conserved oligomeric Golgi) 

and TRAPP (transport protein particle) (Wang et al., 2015). Additionally, Yoon et al. 

discovered an alternatively spliced USO1 RNA-transcript, whose expression was linked 

to poorer prognostic outcomes in HCC patients. This transcript also promoted a more 

malignant form of HCC in vivo and in vitro  (Yoon et al., 2021).  

 

1.5.3 Emerin 

 

Emerin is unique among the candidate RAB24 interactors, because it is a protein that 

associates with the nuclear envelope. It was first identified as the gene responsible for the 

X-linked form of Emery-Dreifuss muscular dystrophy (EDMD) (Bione et al., 1994). 

Emerin localizes predominantly to the inner nuclear membrane (INM), although it has 

also been detected in the outer nuclear membrane (ONM) and in VTCs (Berk et al., 2013). 

Emerin is a part of the LAP2-emerin-MAN1-domain (LEM) protein family. LEM-

domain containing proteins are fundamental components of the nuclear lamina; a thin 

meshwork of lamin intermediate filaments located inside the INM. The nuclear lamina 

supports the nucleus mechanically. It also contributes to genome stability, DNA 

replication and gene regulation by providing a scaffold for various protein interactions 

(Gerace & Huber, 2012).  

 

Emerin binds to at least 16 other proteins, and the various binding partners suggest that 

emerin may function as an integrating factor for a variety of mechanical and signaling 

inputs, subsequently converting these inputs into circumstances that can lead to 

appropriate changes in gene activity (Berk et al., 2013). Among the interacting partners 

of emerin are lamin A, lamin C and Barrier-to Autointegration Factor (BAF) which, 

together with LEM-domain proteins, are necessary for the postmitotic assembly of the 

nuclear lamina (Margalit et al., 2005). Vaughan et al. found that in the absence of lamin 

A, emerin and lamin C mis-localized to the ER, suggesting that lamin A is required for 

anchoring lamin C and emerin to the INM and nuclear lamina (Vaughan et al., 2001). The 

double stranded DNA (dsDNA) binding protein BAF is directly bound by the LEM-
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domain of emerin (Lee et al., 2001). BAF is a highly conserved protein in multicellular 

eukaryotes, involved in various cellular functions such as gene transcription regulation 

and chromatin organization, roles in which emerin may also participate (Margalit et al., 

2007). Emerin also binds directly the two transcription factors Lim-domain-only 7 

(Lmo7) and β-catenin, further supporting a role for emerin as a transcription regulator 

(Markiewicz et al., 2006; Melcon et al., 2006). β-catenin is a well-known protein that 

mediates the canonical Wnt signaling pathway. In emerin-null fibroblasts, β-catenin 

accumulates at high levels in the nucleus, accompanied by increased β-catenin activity. 

Consequently, the cells grow rapidly and proliferate even in low serum conditions, 

suggesting that under normal conditions emerin attenuates Wnt signaling (Markiewicz et 

al., 2006). Similarly, emerin appears to inhibit the nuclear accumulation of Lmo7. Lmo7 

activates the emerin gene, with evidence suggesting mutual feedback regulation between 

Lmo7 and the emerin protein (Melcon et al., 2006). Emerin also binds directly to histone 

deacetylase 3 (HDAC3), the catalytic subunit of the nuclear co-repressor (NCoR) 

complex, recruiting HDAC3 to the nuclear periphery and stimulating its activity 

(Demmerle et al., 2012). HDACs remove acetyl groups from histones, decreasing 

chromatin accessibility for transcription factors and repressing gene expression (Milazzo 

et al., 2020). Emerging evidence suggests that emerin plays a role in tissue-specific gene 

silencing through its interaction with HDAC3 (Berk et al., 2013; Demmerle et al., 2012).  

 

Emerin is also implicated in nuclear movement and polarity. Actin-dependent nuclear 

movement is mediated by the linker of nucleus and cytoskeleton (LINC) complex which 

traverses the nuclear envelope. (Gundersen & Worman, 2013). The LINC complex 

connects to the cytoskeleton via nesprin proteins in the ONM, and to the nuclear lamina 

via SUN proteins in the INM (Folker et al., 2011). In migratory fibroblasts the nucleus 

polarizes via SUN2 and nesprin-2G, that arrange into transmembrane actin-associated 

nuclear (TAN) lines (Luxton et al., 2010). The INM protein SAMP-1 is also suggested to 

be a component of TAN-lines, as it localizes to TAN-lines and is required for nuclear 

movement in fibroblasts (Borrego-Pinto et al., 2012). TAN-lines attach to the nucleus via 

lamin A/C and SUN2, allowing the forces exerted by the actin filaments of the 

cytoskeleton to be transferred to the nucleus (Folker et al., 2011). Emerin interacts with 

SAMP-1 and the LINC complex components SUN1 and SUN2, as well as with nesprin-

1 and nesprin-2 (Haque et al., 2010; Zhang et al., 2005). Emerin also directly binds to and 

caps the pointed ends of actin filaments, stabilizing them in vitro (Holaska et al., 2004). 
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Chang et al. demonstrated that emerin interacts with myosin IIB, and together they are 

required for the polarization of actin flow and nuclear movement in fibroblasts (Chang et 

al., 2013). Later studies showed that emerin knockdown abolished the polarized 

distribution of several nuclear envelope proteins, indicating that emerin is crucial for 

nuclear polarity (Nastały et al., 2020). Emerin has also been shown to interact with tubulin 

and the centrosome. Emerin knockdown resulted in the disassociation of the centrosome 

from the nuclear envelope, suggesting a role for emerin in organizing the microtubule 

cytoskeleton (Salpingidou et al., 2007). Finally, Wu et al. demonstrated that emerin 

knockdown facilitated HCC cell migration and invasiveness in vitro and metastasis in 

vivo (Wu et al., 2022).  

 

1.6 Objectives of the work 

 

In summary, RAB24 is a unique member of the RAB protein family, with important 

differences compared to other RAB proteins. It plays a role at the later stages of the 

autophagic and endocytic degradation pathways, and is essential for Purkinje neuron 

survival. Normal cell division also requires RAB24. In hepatocytes, RAB24 affects 

cellular energy metabolism, potentially through influencing mitochondrial dynamics, and 

is associated with diseases such as HCC. Still, the exact functional mechanisms of RAB24 

are unknown, and crucial in this regard is to identify its effector proteins that mediate 

these functions. Several putative interacting and/or effector proteins have been found to 

associate with RAB24, but further research is still needed to clarify the molecular 

mechanisms of RAB24.  

 

This thesis investigates the association of RAB24 with three new putative interacting 

proteins; GOLGA3, USO1 and emerin. Our methodical approach is twofold: Firstly, 

physical interaction between the interactor and RAB24 is investigated using co-

immunoprecipitation. Secondly, immunofluorescence imaging with confocal microscopy 

is used to investigate the localization—and the potential co-localization—of the proteins 

within the cell, and co-localization is quantified with image analysis software. 
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2 Materials and methods 

 

2.1 Cell culturing and transfections 

 

RAB24-knockout Huh-7 cell line was primarily used in the experiments of this thesis. 

Preliminary antibody testing was performed using wild-type Huh-7 and Hep G2 cell lines. 

The Huh-7 cell line was created in 1982 from a hepatocyte-derived carcinoma, operated 

from the liver of a 57-year-old Japanese male (https://huh7.com/). The Hep G2 cell line 

also originates from liver cells, operated from the liver of a 15-year-old Caucasian male 

with hepatocellular carcinoma (https://www.cytion.com/). Similar to RAB24, USO1 and 

emerin have a demonstrated association with HCC malignancy (Z. Chen et al., 2017; Wu 

et al., 2022; Yoon et al., 2021), and GOLGA3 affects Golgi dynamics, which are known 

to be altered in many types of cancers (Bui et al., 2021; Yadav et al., 2012). Huh7 and 

Hep G2 cell lines were selected for their relevance in this context.  

 

RAB24-knockout Huh-7 cell line was produced by Lav Tripathi using the CRISPR/Cas9 

technology, prior to the experiments of this thesis. The cells were cultivated in standard 

+37 °C and 5 % CO₂ environment in T75 flasks. The cell medium used was α-MEM with 

added supplements (Appendix 1). The cells were regularly split in a 1:5 ratio when 

nearing confluency. Huh-7 is an adherent cell line, and during sub-culturing the cells were 

incubated in trypsin solution (0,25 % trypsin, 0,02 % potassium-EDTA) for 5 minutes, to 

detach them from the bottom of the flask. After that, the cells were resuspended in 10 ml 

of fresh media. 

 

In order to compare RAB24-expressing cells and knockout cells in the experiments, 

transient transfections were performed for the RAB24-knockout Huh-7 cells with two 

different plasmids, to create a treatment and a control group. The treatment group was 

transfected with a plasmid containing a GFP-RAB24 construct, whereas the control group 

was transfected with a GFP-Empty plasmid, and thus did not express RAB24 (Appendix 

2). The GFP-RAB24 and GFP-Empty plasmids were constructed by Lav Tripathi prior to 

the experiments of this thesis. For the purposes of this thesis, however, the plasmids were 

propagated in E. coli cultures and extracted and purified using a Nucleobond® Midiprep 
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kit according to the manufacturers protocol (Appendix 3). The plasmids were stored at     

-20 °C. The transfections were performed the day before each experiment using the 

jetOPTIMUS® transfection reagent, according to the manufacturers protocol (Appendix 

4).  

 

2.2 Co-immunoprecipitation 

 

Co-immunoprecipitation (co-IP) was used to study the physical interaction between 

RAB24 and the three potential effector proteins. Co-immunoprecipitation is a widely used 

method for studying protein-protein interactions (Takahashi, 2015). It uses microscopic 

beads coupled to antibodies for a specific target protein, to capture and precipitate the 

target proteins from a sample. Any proteins physically interacting, directly or indirectly, 

with the primary target proteins are precipitated with the primary target. After removing 

any unbound proteins with a series of washes, the resulting complexes are analyzed by 

immunoblotting.  

 

For co-IP 2 million cells were seeded in two 100-mm cell culture dishes and grown for 

24 h. The following day, the transient transfections were performed using the 

jetOPTIMUS® transfection reagent (Appendix 4). Per culture dish, 10 µg DNA and a 1:1 

ratio of DNA and jetOPTIMUS® reagent was used, and the mixture was added on the 

cells for 24 h. Transfection efficiency was visually assessed with a fluorescence 

microscope using the GFP signal intensity as a marker for successful transfection. After 

this, the cells were processed for co-IP. First, the medium was aspirated from the dishes 

and the cells were washed with 10 ml of PBS per dish. Then the cells were incubated in 

1 ml of trypsin (0,25 % trypsin, 0,02 % potassium-EDTA) for 5 minutes to detach the 

cells. After the incubation, 10 ml of fresh medium was added per dish. The cells were 

detached from the bottom and released into the medium by pipetting up and down several 

times around the dish. The detached cells were collected in separate 15 ml falcon tubes 

and centrifuged at 420 RCF/4 minutes at +4 °C. After this, the medium was removed and 

the remaining cell pellet was resuspended to 10 ml of PBS, following another 

centrifugation at 420 RCF/4 minutes at +4 °C. After the centrifugation, the PBS was 

removed and 500 µl of co-IP lysis buffer (Appendix 1) was added per falcon tube. The 

cells were lysed by pipetting the suspension up and down several times, and then the 
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suspension was left at +4 °C for 15 minutes. After the incubation, the lysates were 

centrifuged at 420 RCF/10 minutes at +4 °C, and the supernatants were collected in two 

Eppendorf tubes and kept on ice.  

 

Next, protein concentration was estimated for the supernatants using the BCA kit, as per 

the manufacturers protocol (Pierce™ BCA Protein Assay Kit, Thermo Scientific, 23225). 

Absorbance measurement was done at 562 nm using the Ensight™ Multimode Microplate 

Reader (PerkinElmer). For co-IP, anti-GFP magnetic beads (ChromoTek GFP-Trap® 

Magnetic Agarose) were used to precipitate the GFP-RAB24 and GFP-Empty constructs. 

First, 30 µl of anti-GFP beads were pipetted into empty Eppendorf tubes. Next, the beads 

were separated from their stock buffer using a magnetic Eppendorf stand, to hold the 

beads in place as the buffer was aspirated using a pipette. After this, the beads were diluted 

in 500 µl of wash buffer (Appendix 1), to equilibrate the beads with the buffer. The wash 

buffer was then discarded in the same fashion as the stock buffer, using the magnetic 

stand. Next, the volume of lysates was adjusted so that they had the same protein 

concentration. After that, the lysates were added to the beads. Due to inconsistencies in 

the protein yield extracted from the lysed cells, there was variability in the total protein 

content of the lysates, ranging from 600 µg to 2,5 mg. The amount of protein loaded onto 

the beads is an important variable in co-IP because the amount of interacting proteins may 

be too low for detection if there is not enough total protein in the lysate. Importantly, 

before adding the lysate onto the beads, 10 µg of protein from both lysates was extracted 

and stored for later analysis.  

 

Next, the lysate was allowed to incubate with the beads for 1 h at +4 °C in a tube rotator. 

Post incubation, the lysates were centrifugated at 500 g/5 minutes at room temperature 

(RT) to bring down excess liquid droplets stuck on the Eppendorf lid. After that, the beads 

were separated from the supernatant using the magnetic Eppendorf stand. The remaining 

supernatant (flow-through) was stored for later analysis. Next, the beads were washed 

three times with 500 µl of wash buffer. The last washing step was carried out in a separate 

fresh Eppendorf tube. Then, to prepare the samples for SDS-PAGE, 25 µl of 2X-Laemmli 

buffer (Appendix 1) was added to the beads. Similarly, the two other samples were also 

prepared at this time; the initial lysate sample that was collected before adding the beads, 

and the flow-through sample. After adding the Laemmli buffer, all samples were boiled 

at +95 °C for 10 minutes using a dry block heater. After that, the samples were centrifuged 
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to bring down the condensed liquid droplets stuck on the Eppendorf lid. All the samples 

were stored at +4 °C. 

 

Next, a 1.5 mm thick 10 % SDS-PAGE gel was prepared, and the samples were loaded 

into the wells. The total volume of the co-IP samples was loaded, whereas for the initial 

lysate and flow-through samples, 10 µg was loaded. Molecular weight protein ladder (1,5 

µl) was also loaded (PageRuler® Plus Prestained Protein Ladder, Thermo Fisher, 26619). 

The gel initially ran at 90 V for 30 minutes, after which the voltage was increased to 140 

V for 60 minutes or until the tracking blue dye reached the bottom of the gel. After the 

run, the gel was incubated in transfer buffer for 15 minutes on a shaker. The transfer 

buffer and running buffer recipes are found in Appendix 1. For the subsequent western 

blot, a PVDF membrane was activated in methanol for 2 minutes and incubated in transfer 

buffer for 10 minutes on a shaker. A wet transfer was then performed at 90 V for 90 

minutes at +4 °C.  

 

After the transfer, the PVDF membrane was carefully inserted into a 50-ml Falcon tube 

and blocked overnight at +4 °C in a tube rotator, using a 5 % non-fat dry milk powder 

(NFDM), diluted in TBST (Appendix 1). After blocking the membrane, immunostaining 

was performed using antibodies listed in Table 1. The antibodies were diluted in 5 % 

NFDM/TBST solution. The membrane was incubated with a primary antibody for 1.5 h 

at RT in a tube rotator, after which the membrane was washed three times in TBST, each 

wash incubating for 5 minutes. Then, the membrane was incubated with a HRP-

conjugated secondary antibody for 1 h at RT in a tube rotator, followed by another 3 x 5 

minutes TBST wash. After that, the membrane was placed on a rack and a 

chemiluminescent substrate (Clarity Max Western ECL Substrate, Bio-Rad, 1705062) 

was added to the membrane, followed by a 3-minute incubation. Subsequently, the 

chemiluminescence was imaged using Sapphire Biomolecular Imager (Azure 

Biosystems) with cumulative exposure time. After imaging, the membrane was stripped 

from antibodies, to allow further immunostaining. The membrane was first stained and 

imaged with GOLGA3, USO1 or emerin antibodies, then stripped, and after that stained 

and imaged with GFP antibodies, to confirm that the co-IP protocol was successful. 

Membrane stripping was performed by first rinsing the membrane with Milli-Q water, 

and then incubating it in stripping solution (Appendix 1) for 20 minutes in a shaker. After 

the first incubation, a 10-minute incubation in fresh stripping solution followed, after 
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which the membrane was stored overnight in 5 % NFDM/TBST solution at +4 °C in a 

tube rotator. GFP staining and imaging were performed the next day following the same 

protocol as described above.   

 

 

Table 1. The following antibodies were used in western blot immunostaining. 

Primary antibody Host Manufacturer, catalog number Dilution 

Emerin monoclonal α-human Mouse Invitrogen, MA5-31327 1:1000 

GOLGA3 polyclonal α-human Rabbit Proteintech, 21193-1-AP 1:1000 

USO1 monoclonal α-human Rabbit Invitrogen, MA5-44748 1:1000 

Anti-GFP Mouse Roche, 11814460001 1:1000 

Secondary antibody Host Manufacturer, catalog number Dilution 

HRP-conjugated α-Rabbit-IgG Goat Jackson ImmunoResearch, 111-035-003 1:10 000 

HRP-conjugated α-Mouse-IgG Goat Jackson ImmunoResearch, 115-035-003 1:10 000 

      

 

2.3 Immunofluorescence staining 

 

Immunofluorescence staining was performed in order to study potential co-localization 

of RAB24 with the three protein candidates. The samples were imaged using confocal 

microscopy, and statistical analyses measuring co-localization were conducted using the 

image data. Co-localization of proteins to the same compartments and structures within 

the cell, and especially a positive correlation in their abundance wherever they co-

localize, provides further support for a functional relationship between the proteins 

(Aaron et al., 2018). This is why a co-localization analysis complements the results of co-

immunoprecipitation, and provides more confidence in determining protein interaction. 

 

Immunofluorescence staining started by placing 13-mm coverslips at the bottom of wells 

in a 12-well culture plate. Then, 200 000 cells were seeded per well and left to grow 

overnight in an incubator at +37 °C and 5 % CO₂. Half of the wells were transfected with 

a GFP-RAB24 plasmid, and the other half with a GFP-Empty plasmid. The transfection 

was performed with the jetOPTIMUS® reagent as per the manufacturers protocol 

(Appendix 4). 1 µg of DNA and a 1:1 ratio of DNA and jetOPTIMUS® reagent was used, 
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and the mixture was left on the cells for 24 h. Transfection efficiency was assessed 

visually using the GFP fluorescent signal.  

 

After the transfection, the cells were processed for immunostaining. Medium was 

aspirated from the wells and the cells were washed once with PBS. Next, the cells were 

fixed using 1 ml of 4 % paraformaldehyde (PFA) solution in PBS per well. The cells were 

incubated in PFA for 20 minutes at RT. After the fixation, the cells were washed once 

with PBS, followed by permeabilization with 1 ml of 0,2 % Triton X-100 in PBS for 30 

minutes at RT. After the permeabilization, the cells were washed twice with PBS. Next, 

the cells were blocked using 1 % BSA in PBS for 30 minutes at RT, to inhibit unspecific 

binding of antibodies. After the blocking, immunostaining was performed by adding 50 

µl drops of primary antibody solution on parafilm, and the coverslip placed on top of the 

solution, with the side with cells facing down, using tweezers. Antibodies and their 

dilutions are listed in Table 2. The antibodies were diluted in 1 % BSA/PBS. Before 

placing the coverslip on top of the antibody solution, excess liquid was removed by 

touching the side of the coverslip on tissue paper. After placing the coverslips on the 

parafilm, they were left to incubate for 1 h at RT, covered from light. After the incubation, 

the coverslips were washed by adding three 1 ml drops of PBS on the parafilm, and 

placing the coverslip on the drop, one after the other. Between the washes, the coverslip 

was dried by touching its side on tissue paper. After washing the coverslips, they were 

then incubated with fluorescent secondary antibodies (Table 2.), using the same protocol 

as with the primary antibodies. Then, the coverslips were washed in PBS. After washing, 

50 µl of Mowiol mounting solution with DAPI (Appendix 1.) was added on microscope 

slides and the coverslips were placed on top of the slides. The slides were left to dry 

overnight at RT covered from light, after which they were transferred to +4 °C.  

 

Table 2. The following antibodies were used in immunofluorescence staining. 

Primary antibody Host Manufacturer, catalog number Dilution 

Emerin monoclonal α-human Mouse Invitrogen, MA5-31327 1:100 

GOLGA3 polyclonal α-human Rabbit Proteintech, 21193-1-AP 1:25 

USO1 monoclonal α-human Rabbit Invitrogen, MA5-44748 1:50 

Secondary antibody Host Manufacturer, catalog number Dilution 

Alexa Fluor Plus 647-conjugated α-rabbit-IgG Goat Invitrogen, A32733 1:500 

Alexa Fluor Plus 647-conjugated α-Mouse-IgG Goat Invitrogen, A32728 1:500 
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2.4 Imaging and co-localization analysis 

 

The slides were imaged with a 3i spinning disk confocal microscope (Marianas CSU-

W1), with Photometrics Prime BSI sCMOS camera, Zeiss alpha Plan-Apochromat 

100x/1.46 NA oil DIC M27 objective, and the SlideBook 6 application. GOLGA3, USO1 

and emerin—stained with the Alexa Fluor 647 secondary antibodies—were imaged using 

a 640-nm excitation wavelength, whereas GFP and DAPI were imaged with 488-nm and 

405-nm excitation wavelengths, respectively. The cells were imaged in optical sections 

with image z-stack step size of 0,23 µm and exposure time 100 ms. A total of 30 cells 

from GOLGA3 and USO1 stained cells were imaged, 15 from GFP-RAB24 cells and 15 

from GFP-Empty cells. Emerin-stained cells were excluded from further co-localization 

analysis, due to highly unexpected staining pattern with the antibody.   

 

Due to a significant chromatic shift in the microscope, we post-aligned our image data 

using the Chromagnon software, with a transformation matrix generated by imaging 200-

nm Tetraspeck Microspheres (for further information, see Matsuda et al., 2018). 

Pearson’s coefficient and Mander’s coefficient were used to quantify co-localization. 

This In order to remove diffuse background signal from the images before the co-

localization analysis, image data was processed by subtracting the average signal 

intensities from the 488 and 640 channels, so that only the signal above the average 

threshold remained. Due to lower signal intensity in the USO1/640 channel, a value of 

0.8 times the average intensity was subtracted for USO1-labelled samples for Pearson’s 

coefficient. Conversely, in the USO1 Manders’ correlation measurement, 1.1 times the 

average was subtracted, due to the saturation of the M2 metric (multiple values at the 

maximum correlation value of 1).  

 

After pre-processing the images, co-localization of the 488-nm GFP signal with the 640-

nm signal from USO1 and GOLGA3 was analyzed using the Coloc2 plugin in ImageJ. 

The plugin measures the two correlation coefficients: the Pearson’s coefficient r and the 

two Manders’ coefficients, M1 and M2. Pearson’s and Manders’ coefficients measure co-

localization in different manners (Aaron et al., 2018). Pearson’s coefficient calculates the 

correlation in signal intensity at every pixel where the signals overlap, thus providing 

information about the correlation of protein abundance in a specific location. It provides 

values between -1 and 1, where -1 signifies a perfect negative correlation and 1 perfect 
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positive correlation. Manders’ coefficients M1 and M2, on the other hand, measure the 

spatial co-occurrence, or overlap, of the two signals, without being affected by the 

intensities of the signals, with values ranging from 0 of no overlap, to 1 of total overlap. 

In this experiment, the M1 coefficient measured the proportion of pixels positive for the 

GFP/RAB24 signal that were also positive for the USO1/GOLGA3 signal and, 

conversely, the M2 calculated the proportion of USO1/GOLGA3-positive pixels that 

were also positive for GFP/RAB24 signal. 

 

As all the correlation measurement data sets were normally distributed—determined with 

the Jarque-Bera test—we used the Student’s t-test with one-tailed distribution and equal 

variance, to compare the means of the measurements between the treatment and the 

control groups. The p-value of 0.05 was assigned as the limit for statistical significance. 

Statistical tests were performed using Microsoft Excel, and graphs were created in the 

Origin software (2016 edition). 
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3 Results 

 

3.1 No consistent co-immunoprecipitation of USO1, GOLGA3 and 

emerin with RAB24 

 

In order to study the physical interaction between RAB24 and the three putative 

interacting protein candidates USO1, GOLGA3 and emerin, I used the co-

immunoprecipitation technique. With sample total protein content of 600 or 700 µg, no 

co-precipitation was observed between any of the candidate proteins and RAB24 (results 

not shown). Similarly, with 1-mg sample protein content, emerin and USO1 displayed no 

co-immunoprecipitation (Figure 2A). GOLGA3 was not tested with this total protein 

content. An experiment with 2 mg total protein content, on the other hand, showed co-

immunoprecipitation with all of the candidate interactors (Figure 2B). In another 

experiment with total protein content of 2.5 mg, emerin and GOLGA3 showed a signal 

in the precipitated samples (Figure 2C). However, the same signal was seen in both the 

GFP-Empty and GFP-RAB24 samples, suggesting non-specific binding to the beads. 

USO1 was not tested in this experiment. GOLGA3 consistently displayed two different 

bands in the blots—possibly two protein fragments—one with the expected molecular 

weight of 167 kDa, and another of roughly 100 kDa (Figure 2B and C). Emerin also 

displayed an additional band slightly larger than the expected 29 kDa in the input sample 

of the 1-mg and the 2.5-mg experiments (Figure 2A and C), as well as in the precipitate 

sample of the 2-mg and the 2.5-mg experiments (Figure 2B and C). In addition, some of 

the GFP-RAB24 fusion protein was degraded, made apparent by bands in the GFP-

RAB24 samples at a size of roughly 27 kDa (Figure 2A, B and C), which is the size of 

the individual GFP protein. 
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Figure 2. Testing co-immunoprecipitation of GOLGA3, USO1 and emerin with RAB24, 

using sample protein contents of 1 mg (A), 2 mg (B) and 2.5 mg (C). RAB24-knockout Huh7 

cells were transfected with either a GFP-RAB24 plasmid or a GFP-Empty plasmid. A. This 

experiment did not show co-immunoprecipitation of USO1 and emerin with GFP-RAB24. B. 

Note that the precipitate samples were loaded in an inverse order; the GFP-RAB24 precipitate is 

adjacent to the GFP-Empty input and flow-through samples, and vice versa. This experiment 

showed co-immunoprecipitation of GOLGA3, USO1 and emerin with GFP-RAB24 but not with 

GFP. C. This experiment showed co-immunoprecipitation of GOLGA3 and emerin with both 

GFP-Empty and GFP-RAB24, suggesting non-specific binding to the GFP-Trap beads.  

 

 

3.2 USO1 co-localized more with RAB24 

 

In order to investigate whether RAB24 co-localized within the cell with GOLGA3, USO1 

and emerin, I used immunofluorescence microscopy to compare the cellular co-

localization of the proteins with GFP-RAB24, and GFP as a control. Emerin was excluded 

from this analysis due to the unexpected staining pattern observed with the antibody. The 

anti-emerin displayed a signal with ubiquitous cytoplasmic localization, as opposed to the 

expected localization mainly in the nuclear envelope (Figure 3.).  
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Figure 3. Anti-emerin displayed a ubiquitous cytoplasmic localization, as opposed to the 

expected localization mainly in the nuclear envelope. For this reason, emerin was excluded 

from co-localization analysis. Single-plane confocal microscope images of immunofluorescence-

stained Huh7 and Hepg2 cells, with emerin in red and the nucleus in blue (DAPI).  

 

 

 For GOLGA3, no significant difference was observed in its co-localization with GFP 

and GFP-RAB24, as measured with the Pearson’s coefficient and the Manders’ 

coefficient M1 (Figure 4A, B and C). On the other hand, Manders’ coefficient M2 (Figure 

4D) was significantly different between GFP-RAB24 and GFP, however, GFP displayed 

more co-localization with GOLGA3 than GFP-RAB24.  

 

USO1 was found to co-localize more with GFP-RAB24 compared to GFP, as measured 

with the Pearson’s coefficient and the Manders’ coefficient M1 (Figure 5A, B and C). 

Manders’ coefficient M2 showed no significant difference between the two samples 

(Figure 5D).  
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Figure 4. Co-localization of endogenous GOLGA3 with GFP-RAB24 and GFP. RAB24-

knockout Huh7 cells were transfected with either GFP-RAB24 or GFP-Empty plasmids. A. 

Single-plane confocal microscope images of immunofluorescence-stained Huh7 cells, with 

GOLGA3 in red, GFP in green and the nucleus in blue (DAPI). Co-localization of GOLGA3 and 

GFP/GFP-RAB24 appears as orange to yellow. No significant difference in co-localization was 

found between GOLGA3 and GFP-RAB24 compared with GOLGA3 and GFP, as measured with 

(B) Pearson’s correlation coefficient r or (C) Manders’ coefficient M1. D. Manders’ correlation 

coefficient M2 was significantly higher (p < 0,01) for GOLGA3 and GFP, suggesting that the 

GFP co-localized more with GOLGA3 compared with GFP-RAB24. The error bars display the 

margin of error within a 95 % confidence interval.  
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Figure 5. Co-localization of endogenous USO1 with GFP-RAB24 and GFP. RAB24-knockout 

Huh7 cells were transfected with either GFP-RAB24 or GFP-Empty plasmids. A. Representative 

single-plane confocal microscope images of immunofluorescence-stained Huh7 cells, with USO1 

in red, GFP in green and the nucleus in blue (DAPI). Co-localization of USO1 and GFP/GFP-

RAB24 appears as yellow-to-orange. The arrow indicates a clear co-localization of USO1 with 

GFP-RAB24. B. GFP-RAB24 co-localized with USO1, as the Pearson’s correlation coefficient r 

was significantly higher (p < 0,01) in the GFP-RAB24. C. The Manders’ correlation coefficient 

M1 was also significantly higher for GFP-RAB24 (p < 0,05), while (D) the Manders’ coefficient 

M2 was not statistically different between GFP-RAB24 and GFP. The error bars display the 

margin of error within a 95 % confidence interval.  
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4 Discussion 

 

4.1 Optimizing co-immunoprecipitation 

 

In this thesis, I investigated the relationship between RAB24 and its three potential 

interactors GOLGA3, USO1 and emerin, using co-immunoprecipitation, and 

immunofluorescence imaging with confocal microscopy. My results with co-

immunoprecipitation were inconclusive. In one experiment, all three proteins co-

precipitated with GFP-RAB24 while no precipitation was observed with GFP as 

expected. However, the positive results could not be repeated in two other experiments.  

It is important to note, however, that in the negative co-IP experiments, the amount of 

total protein in the sample lysates was lower, which could have an effect on the results. 

In one experiment, GOLGA3 and emerin precipitated with both the GFP-RAB24 and the 

GFP control, suggesting that this result was due to non-specific binding to the beads, 

instead of interaction with RAB24.   

 

There are several possible reasons for the contradictory co-IP results. One possibility is 

that the co-IP protocol is not sufficiently optimized for the proteins under investigation, 

as protein-protein interactions can be very dynamic and/or labile and can easily be 

disturbed by unsuitable conditions during the protocol, leading to false negative results 

(Morató et al., 2021). In this regard, selection of an appropriate lysis buffer is a critical 

factor. The lysis buffer contains a detergent that is used in the first step of cell lysis. It 

ideally only disturbs the cellular membranes and lipid-protein interactions of the cells, 

and thus allows proteins of interest to be released into the lysate, without affecting the 

protein-protein interactions that are under investigation. Generally, ionic detergents tend 

to affect both protein-protein and lipid-protein interactions, whereas non-ionic detergents, 

such as NP-40 and Triton X-100 disrupt only lipid-protein interactions (Takahashi, 2015). 

In line with this, I used NP-40 as a detergent in the lysis buffer (Appendix 1). However, 

to further optimize the protocol, the detergent content in the wash buffer used in the 

subsequent steps after cell lysis could be diluted (Appendix 1), as this could better 

preserve easily disturbed interactions between the proteins under investigation. Indeed, 

Lav Tripathi performed a positive co-IP with reduced NP-40 content in both the lysis 
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buffer (0.5 %) and the wash buffer (0.25 %), where emerin precipitated with GFP-RAB24 

but not with GFP. For GOLGA3 and USO1, no precipitation was observed with either 

GFP-RAB24 or GFP. 

 

Also, if the protein-protein interactions are weak or occur at low endogenous levels, it is 

possible to increase the detection sensitivity by overexpressing the proteins of interest. 

RAB24 can already be considered overexpressed in these experiments, as the GFP-

RAB24-expressing cells were produced by transiently transfecting with the pEGFP-C1 

plasmid (Appendix 2). In addition to GFP-RAB24, the potential interacting protein could 

also be overexpressed, to allow possible weak interactions to be detected. It is important 

to note, however, that overexpression can also lead to non-physiological interactions and 

false positive results, so these types of results should be interpreted accordingly, and 

ideally confirmed in a more physiologically relevant context (Evans & Paliashvili, 2022).  

 

Protein crosslinking could also be used to identify transient or weak protein-protein 

interactions. In crosslinking, two or more proteins are covalently joined together via a 

crosslinker. Crosslinkers are reagents containing reactive groups that form covalent bonds 

with specific amino acid residues on proteins. This process ‘freezes’ protein-protein 

interactions in place, allowing for the isolation and characterization of weak and/or 

transient protein complexes (Wang et al., 2019).    

 

The relatively large GFP-tag in the GFP-RAB24-expressing cells might also affect the 

results. The GFP-RAB24 construct is roughly double the size of the wild-type RAB24 

protein, and this could potentially interfere with the molecular interactions of RAB24 

(Schneider & Hackenberger, 2017). The GFP-tag is useful because it enables the use of 

highly specific nanobodies against the GFP protein (GFP-Trap) to precipitate the GFP-

RAB24 construct from the sample, with limited cross-reactivity with any unwanted 

proteins. However, the GFP-tag could be substituted for a smaller one—such as FLAG 

or Myc-tag—that would still enable the use of specific tag antibodies. Using antibodies 

against RAB24 for co-IP has proven to be problematic, as it has resulted in high levels of 

unspecific binding (our unpublished results).  

 

Another possible reason for the negative results could be the fact that the APEX2 

proximity assay used for identifying proteins in close proximity to RAB24, was 



 

33 

 

performed using the mouse Neuro2a cell line, while the human Huh-7 cell line was used 

in the experiments of this thesis. It is possible that the three candidates GOLGA3, USO1 

and emerin localize nearby, and potentially interact with RAB24 in Neuro2a cells, but not 

in Huh-7 cells. However, considering the highly conserved nature of RAB proteins across 

species, especially within mammals, this is not likely (Krishnan et al., 2020).  

 

4.2 Interpreting co-localization  

 

The results from the co-localization analysis were also mixed. Firstly, emerin was 

excluded from the co-localization analysis, due to an unexpected staining pattern of the 

antibody in immunofluorescence staining. Second, for GOLGA3, no difference in co-

localization was observed between the GFP-RAB24 and GFP, except the Manders’ M2 

coefficient. In this case, however, the co-localization was higher for GFP than for GFP-

RAB24, which shows that there is no co-localization of GOLGA3 with GFP-RAB24. 

USO1, on the other hand, co-localized with GFP-RAB24 more than GFP, when 

monitored with Pearson’s correlation coefficient and with Manders’ coefficient M1. 

Importantly, when assessing whether two molecules could interact with each other, 

Pearson’s coefficient is a better metric. This is because the guiding assumption is that, if 

there is a functional relationship between two molecules, then their abundances should 

correlate wherever they exist together.  

 

Thus, the co-localization of USO1 with GFP-RAB24, assessed by Pearson’s correlation 

coefficient, is in agreement with a possible functional relationship between USO1 and 

RAB24. However, the conclusion of a functional relationship would need more 

experimental support. Firstly, although there was a statistically significant difference in 

the Pearson’s coefficients between the GFP-RAB24 and GFP-expressing cells, the 

difference was not very large. Secondly, based on the values of the Manders’ coefficients, 

there is only a small degree of overlap between the GFP-RAB24 and USO1 signals. 

Thirdly, only 15 cells were analyzed in each sample, and the analysis was not repeated 

(both due to time restrictions). The experiment should be repeated, and more cells should 

be analyzed to confirm the results. 
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In summary, the results of this MSc thesis do not allow conclusions on the protein-protein 

interactions of RAB24 with GOLGA3, USO1 and emerin. More co-IP and co-localization 

experiments are needed to draw conclusions.  

 

4.3 Conclusions and future perspectives 

 

As described above, there are ways to further optimize the experimental protocols in order 

to achieve more consistent results and possibly confirm the interaction between RAB24 

and the three putative interactors. However, it is also possible that GOLGA3, USO1 and 

emerin do not physically interact with RAB24. The APEX2 proximity biotinylation assay 

demonstrated their proximity to RAB24, but this assay does not confirm physical 

interactions. Indeed, a drawback of the APEX2 method is that the results are 

‘contaminated’ by noninteracting proteins that are localized to the same organelles.  

 

Considering possible follow-up studies, the next step would be to perform repeated co-

IPs with the protocol optimization outlined above. Then, if a physical interaction could 

be established using co-IP, further co-localization analyses with appropriate repetitions 

and a larger sample size should be performed. In addition, proximity ligation assay could 

be used to detect co-localization. When functioning optimally, this assay can detect co-

localization with high sensitivity and specificity (Alam, 2018). 

 

Overall, it is important to continue investigating RAB24 and its interaction partners to 

further elucidate the roles RAB24 plays at the late stages of autophagic and endocytic 

degradation processes, in cell division and cellular energy metabolism. Understanding 

these molecular processes could help the understating of disease pathogenesis and 

possibly also provide novel treatment targets for age-related diseases, such as 

neurodegenerative diseases and cancer (Debnath et al., 2023; Park et al., 2020).   
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Appendix 

 

Appendix 1. Solutions 

 

Cell culture medium 

MEM Alpha (Biowest, L0476) 

10 % FBS (Gibco, 10270-206) 

100 µM glycine, L-alanine, L-asparagine, L-aspartic acid, L-glutamic acid,  

L-proline and L-serine (MEM Non-Essential Amino Acids Solution 100X, Gibco, 11140050)   

2mM glutamine (GlutaMAX, Gibco, 35050061) 

Penicillin/Streptomycin (Biowest, L0022)  

 

PBS (pH 7,4) 

1,8 mM KH2PO4 

10,1 mM Na2HPO4 

2,7 mM KCl 

137 mM NaCl 

 

Co-immunoprecipitation lysis buffer 

150mM NaCl 

1% NP-40 

50mM tris-Cl (pH 7.4) 

0,5% Sodium deoxycholate (DOC) 

EDTA-free protease inhibitor tablet (Thermo Scientific, A32955) 

Phosphatase inhibitor tablet (Thermo Scientific, A32957) 

1,25 ul of Benzonase (approx. 400U/ul) per ml of buffer. i.e, final conc. is 500U/ml 

1mM MgCl2 

 

Co-immunoprecipitation wash buffer 

150mM NaCl 

1% NP-40 

50mM tris-Cl (pH 7.4) 

0,5% Sodium deoxycholate (DOC) 

1,25 ul of Benzonase (approx. 400U/ul) per ml of buffer. i.e, final conc. is 500U/ml 

1mM MgCl2 



 

 

 

 

4X Laemmli buffer 

8 % SDS 

0,2 M Tris-HCl (pH 6,8) 

48 % glycerol 

2 % mercaptoethanol 

0,02 % bromophenol 

 

Running buffer 

192 mM glycine 

0,1 % SDS 

25 mM Tris 

 

Transfer buffer 

192 mM glycine 

20 % methanol 

25 mM Tris 

 

TBST (pH 7,6) 

20 mM Tris-HCl 

0,1 % Tween-20 

150 mM NaCl 

 

Stripping buffer 

1 g SDS 

10 mL Tween 20 

15 g glycine 

Dissolve in 800 mL distilled water 

Adjust pH to 2,2 

Bring volume up to 1 L with distilled water 

 

Mowiol mounting solution 

12 ml 0,2 M Tris (pH 8,5) 

2,5 % DAPCO (1,4-diazabicyclo- [2,2,2]-octane; Sigma-Aldrich, D2522) 

1 µg/ml DAPI (4',6-diamidino-2-fenyyli-indoli; ThermoFisher Scientific, 62247) 

2,4 g Mowiol 4-88 (Sigma-Aldrich, 81381) 

6 g glycerol 

6 ml MQ-water 



 

 

 

Appendix 2. pEGFP-C1 plasmid used in the transient transfections 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

Appendix 3. Nucleobond® Midiprep protocol 

 



 

 

 

 

Appendix 4. jetOPTIMUS® DNA Transfection protocol 

 

 


