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1 Introduction 

1.1 Phospho-regulation by kinases and phosphatases 

Regulation of enzyme activity is critical for cellular signal transduction and for governing cell 

behavior. One major way to alter protein function consists of reversible, posttranslational 

modifications. The predominant eukaryotic modification is phosphorylation of proteins (Khoury 

et al., 2011). Phospho-regulation is the dynamic and highly organized process of 

phosphorylation and its counterpart, dephosphorylation, and is governed by the opposing 

functions of kinases and phosphatases. Phosphorylation is the addition of the gamma 

phosphate group (PO4)3-, derived from adenosine triphosphate (ATP) to particular amino acids 

in proteins, or to small substrates with a free hydroxyl group such as lipids, sugars or other 

metabolites. There are nine amino acids, which can function as a phosphate acceptor, namely 

arginine, lysine, aspartate, cysteine, glutamate, histidine, serine, threonine and tyrosine. The 

majority of phosphorylation events occurs on serine, threonine and tyrosine residues with a 

distribution of 86.5%, 11.8% or 1.8%, respectively (Olsen et al., 2006). Protein phosphorylation 

typically leads to changes of protein conformation because a highly polar, two times negatively 

charged phosphate group is introduced. By affecting the chemical and sterical properties, 

phosphorylation can directly alter the enzymatic activity of a protein, or otherwise change its 

interactions with other binding partners, and thereby modulates its function (Cohen, 2000).  

Dephosphorylation is the removal of covalently bound phosphate by hydrolysis, and is 

accomplished by the action of phosphatases. The regulation of protein activity and/or their 

subcellular localization by phosphorylation and dephosphorylation is involved in almost every 

known signaling pathways (Graves and Krebs, 1999) and plays a fundamental role in a wide 

range of cellular processes such as cell proliferation, migration and adhesion. Abnormal 

phospho-regulation is associated with a variety of pathophysiological processes and diseases 

such as cancer, diabetes or cardiovascular disorders (Blume-Jensen and Hunter, 2001, 

Cohen, 2001). 

In eukaryotes, it has been estimated that approximately 30% of all cellular proteins are 

phosphorylated on at least one residue (Cohen, 2000) and around 700,000 phosphorylation 

sites have been characterized in vivo using mass spectrometry (Newman et al., 2013, Ubersax 

and Ferrell, 2007). Because of the enormous number of potential phosphorylation sites, 

kinase- as well as phosphatase signaling has to be tightly regulated to coordinate cellular 

processes. 

Meanwhile, more than 500 protein kinases and about 20 lipid kinases have been identified, 

making kinases one of the largest protein families (Duong-Ly and Peterson, 2013). Protein 
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kinases have emerged as promising therapeutic targets because mutations in their activities 

are often linked to cancer and have been extensively studied.  

Right now, about 200 catalytic subunits of human phosphatases have been identified (Liberti 

et al., 2013). This comparatively small number, together with the promiscuous activity of some 

isolated phosphatase catalytic domains in vitro, has led to the assumption that phosphatases 

are broadly specific and dephosphorylate many substrates. However, whereas kinases are 

derived from a common ancestor and exhibit a highly conserved sequence similarity in their 

catalytic domains, protein phosphatases have many ancestors and display therefore, a higher 

diversity (Virshup and Shenolikar, 2009).  

In the last decades, it has become clear that phosphatases can indeed be highly specific and 

control signal transduction in a dominant and non-redundant manner (Ren et al., 2011, Seifried 

et al., 2014, Shi, 2009). 

 

1.2 Classification of phosphatases 

According to their structural and mechanistic properties, protein phosphatases are classified 

into six subfamilies (Figure 1). Four families, representing ~80% of the identified 

phosphatases, control the phosphorylation state of serine, threonine and tyrosine residues 

(Pils and Schultz, 2004, Hunter, 1995).  

The largest class is constituted by protein tyrosine phosphatases (PTPs), which are further 

subdivided into classical PTPs (receptor-like and non-transmembrane PTPs), the dual 

specificity PTPs (DUSPs) and low molecular weight PTPs (Cdc25 isoforms) (Alonso et al., 

2004). Protein serine/threonine phosphatases comprise phosphoprotein phosphatases (PPPs) 

and the metal-dependent protein phosphatases (PPMs) (Shi, 2009). The fourth class consists 

of the largely unexplored family of haloacid dehalogenase- (HAD-) type phosphatases (Seifried 

et al., 2013). The phosphoglycolate phosphatase AUM, which is characterized in this thesis, 

belongs to this family. 

The remaining two phosphatase families are lipid phosphatases, which dephosphorylate 

phosphorylated lipids, such as sphingosines (Sigal et al., 2005) and NUDT (nucleoside 

diphosphate linked to moiety X, also termed Nudix) phosphatases, acting on pyrophosphates 

and nucleotide sugars (Mildvan et al., 2005). 
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1.3 Haloacid dehalogenase (HAD) phosphatases 

The superfamily of HAD hydrolases is a very large, ubiquitous and conserved archaic family 

of proteins, present in organisms from all three super kingdoms of life (Pandya et al., 2014, 

Seifried et al., 2013). Most members of this superfamily are phosphotransferases (~79% 

phosphatases and ~20% ATPases) (Allen and Dunaway-Mariano, 2009).  

1.3.1 Structural features of HAD phosphatases  

Although the overall sequence similarity between HAD phosphatases is very low on the amino 

acid level, members of this family can nevertheless be identified based on the presence of four 

HAD signature motifs containing the conserved catalytic residues. HAD signature motif 1 

hhhDXDXT/V (h, hydrophobic residue; D, aspartate; X, any amino acid; T, threonine; V, valine) 

contains the essential nucleophilic aspartate, which catalyzes the phosphoryl transfer. 

Together with the second aspartate, it additionally coordinates the obligatory cofactor Mg2+ in 

the active site. Dephosphorylation of a substrate occurs by forming a phosphoaspartate 

intermediate. After removal of the substrate-leaving group, a water molecule exerts a 

nucleophilic attack on the phosphoaspartate intermediate, resulting in the release of free 

Figure 1: Human phosphatome.  
The pie chart shows the classification of 218 human phosphatase catalytic subunits into six subfamilies: 
Protein tyrosine phosphatase (PTP), phosphoprotein phosphatases (PPPs), metal-dependent protein phosphatases 
(PPMs), haloacid dehalogenase phosphatases (HAD), lipid phosphatases and nucleoside –diphosphate-linked 
moiety X phosphatases (NUDT). The numbers of the constituent family members are displayed in parentheses. The 
figure was adapted from (Liberti et al., 2013) and (Seifried et al., 2013). 
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phosphate and the regeneration of the aspartate (Allen and Dunaway-Mariano, 2009, Seifried 

et al., 2013).  

HAD phosphatases can dephosphorylate, often highly specifically, a broad field of low and 

high molecular weight substrates, ranging from metabolite, carbohydrates or lipids to 

serine/threonine - or tyrosine-phosphorylated proteins (Allen and Dunaway-Mariano, 2009, 

Aravind and Koonin, 1998). A structural element inserted in the catalytic domain of HAD 

phosphatases, termed cap domain, plays a decisive role in the selectivity for low or high 

molecular weight substrates (Burroughs et al., 2006). According to their structure and their 

insertion sites, caps can be divided into three classes, C0, C1 and C2. Figure 2 shows the 

structural diversity of HAD phosphatase cap domains. 

 

 

C0 domains are very small and structurally simple. Phosphatases containing this domain are 

termed cap-less and generally prefer high molecular weight substrates. Some members may 

also dephosphorylate small substrates by ‘pseudocapping’ after oligomerization via cap 

domains (Lu et al., 2009).  

C1 and C2 cap domains are much larger and sterically restrict access to the active site (see 

Figure 2). Thus, C1 and C2 phosphatases generally process low molecular weight substrates.  

Figure 2: Structural diversity of HAD phosphatase cap domains. 

Displayed are X-ray crystal structures of polynucleotide 5’- kinase 3’-phosphatase (PNKP, with an 
unstructured loop as cap), phosphoserine phosphatase (PSPH, with a C1 cap consisting of a four-helical 
bundle), and phosphomannomutase1 (PMM1, with a C2 cap consisting of an α/β fold). The catalytic 
domain is depicted in gray, cap domains are colored in orange and the catalytic aspartates of the HAD 
signature motif 1 are colored in red. The figure is adapted from (Seifried et al., 2013).  
John Wiley and Sons license: 3736980762499. 
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However, two members of C1 and C2 phosphatases are known which exceptionally 

dephosphorylate also high molecular weight protein substrates (Seifried et al., 2013). The C2-

capped phosphatase Chronophin (gene name pyridoxal phosphatase; PDXP) for example 

dephosphorylates as a small molecule pyridoxal 5’-phosphate (PLP; Vitamin B6) (Fonda, 

1992) and targets as protein substrates serine 3- phosphorylated cofilin (Gohla et al., 2005) 

and the serine/threonine -phosphorylated steroid receptor 3 (Li et al., 2008), and the C1-

capped Eyes absent family member Eya 3 dephosphorylates tyrosine-phosphorylated histone 

H2AX (Krishnan et al., 2009).  

1.3.2 HAD phosphatases in health and diseases 

HAD-type phosphatases are a very large and diverse family of at least 40 human members. A 

growing number of them has been linked to human diseases such as cardiovascular or 

metabolic disorders and cancer (Seifried et al., 2013).  

One prominent example is the Eyes absent (Eya) phosphatase family consisting of four 

paralogs in humans. They were originally characterized in eye development of Drosophila 

melanogaster and are involved in tissue- and organ formation of muscle, eye, ear and kidney 

(Jemc and Rebay, 2007, Rebay et al., 2005). Eya proteins are defined by a conserved so-

called Eya domain that mediates protein-protein interactions with DNA binding proteins. Eyes 

absent phosphatases were initially identified as transcription factors, acting through interaction 

with homeodomain-containing Sine oculis proteins (also known as Six) and their phosphatase 

activity was discovered later (Li et al., 2003, Tootle et al., 2003, Rayapureddi et al., 2003). 

Thus, the characterization of Eya revealed for the first time the existence of transcription factors 

that also exhibit phosphatase activity. As already mentioned, Eya 3 proteins dephosphorylate 

tyrosine-phosphorylated histone H2AX, resulting in the recruitment of DNA repair complexes 

and an increase in the resistance of cells to apoptotic signals (Krishnan et al., 2009). Mutations 

in Eya proteins are linked to various congenital disorders including the multi-organ diseases 

bronchio-oto-renal syndrome (BOR1) and bronchio-otic syndrome (BOS1) (Abdelhak et al., 

1997, Clarke et al., 2006). Overexpression of Eya proteins results in tissue overgrow and 

malignant tumors and downregulation suppresses tumor growth (Zhang et al., 2005, 

Reichenberger et al., 2005). Recently, it was shown that the tyrosine phosphatase activity of 

Eya is essential to promote cell migration and invasion of tumor cells (Pandey et al., 2010). 

Another phosphatase family whose causal link to human diseases is supported by genetic 

data, are the lipins 1-3. All lipins, but mainly lipin-1, catalyze the magnesium-dependent 

dephosphorylation of phosphatidic acid to form diglyceride. They may also regulate the 

expression of genes involved in lipid metabolism in the nucleus (Donkor et al., 2007, Csaki and 

Reue, 2010). Lipin-1 polymorphisms in humans are linked to rhabdomyolysis (Zeharia et al., 
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2008) and metabolic disorders such as insulin resistance and diabetes, whereas lipin-2 

deficiency causes multifocal bone and skin inflammation, known as Majeed syndrome (Reue, 

2009). 

Our research group is interested in the characterization of two novel members of the HAD- 

phosphatase family, namely chronophin and phosphoglycolate phosphatase AUM (gene 

annotation PGP). Chronophin was initially identified as pyridoxal 5’-phosphate (PLP) 

phosphatase (gene annotation PDXP) (Fonda, 1992). Fundamental processes for example 

synthesis of neurotransmitters (Awapara et al., 1962, Baxter and Roberts, 1958), amino acid 

metabolism (Schirch and Szebenyi, 2005, Raboni et al., 2003, Bettati et al., 2000), and lipid 

metabolism (Combs, 2008), are PLP-dependent. Many diseases are associated with PLP 

deficiencies, such as epilepsy, depression, cardiovascular diseases and cancer (Zhang et al., 

2013, Hvas et al., 2004, Mills et al., 2014, Lin et al., 2006). Additionally, chronophin 

dephosphorylates the actin severing protein cofilin on its inhibitory serine residue (Gohla et al., 

2005). Recently, our group was able to demonstrate that chronophin regulates glioblastoma 

growth and invasiveness in a cofilin-dependent manner (Schulze et al. 2015). Thus, 

chronophin acts on the one hand, as a metabolic phosphatase by dephosphorylation of PLP 

and on the other hand, as a protein phosphatase. 

 

1.4 Characterization of phosphoglycolate phosphatase PGP 

The closest paralog of chronophin is the mammalian phosphoglycolate phosphatase AUM 

(from now on referred to as PGP). PGP was identified by database mining and phylogenetic 

analysis (Seifried et al., 2014). A sequence alignment demonstrated that PGP and chronophin 

share 45% identity on amino acid level and 87% similarity of predicted secondary structure 

motifs (Seifried et al., 2014). The murine protein has a predicted molecular weight of 34.5 kDa 

and consists of 321 amino acids. PGP was termed AUM (aspartate-based, ubiquitous, Mg2+-

dependent phosphatase) because of its biochemical characteristics. As a HAD phosphatase, 

PGP needs an aspartate as a nucleophile in its active site. The point mutation of aspartate on 

position 34 in the HAD motif 1 to an asparagine leads to a phosphatase inactive mutant 

(PGPD34N) (Seifried et al., 2014). Phosphatase activity of this mutant was tested against the 

artificial substrate para-nitrophenylphosphate (pNPP). PGPWT was able to dephosphorylate 

pNPP, whereas PGPD34N was not. For catalytic activity of PGP, Mg2+ is required as cofactor. 

Western blot analysis using a PGP specific polyclonal antibody, showed that PGP is 

ubiquitously expressed in all major tissues. The highest expression was detected in testis 

(Seifried et al., 2014).  
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1.4.1 PGP dephosphorylates phosphoglycolate in vitro 

In vitro phosphatase assays with phosphoglycolate (PG) as a substrate showed that highly 

purified, recombinant murine PGP acts as a PG phosphatase in vitro, with Km = 0.3 mM, 

kcat = 2.13 ± 0.05 s-1, and a kcat/Km = 7.1 × 103 s-1 mM-1 (Figure 3). To confirm the specificity of 

this reaction, the phosphatase-inactive catalytic point mutant PGPD34N (PGPDN) and the closest 

PGP homolog chronophin (PDXP) were tested in parallel. However, neither PGPDN, nor PDXP 

exhibited in vitro phosphatase activity against PG. Additionally, PGP did not detectably 

dephosphorylate other substrates containing PG-like structural features (unpublished data).  

 

 

 

1.4.1.1 Source of mammalian phosphoglycolate (PG)  

The origin of mammalian phosphoglycolate (PG) is not known with certainty. In plants, PGP is 

one of the core enzymes of photosynthetic carbon dioxide (CO2) assimilation. Here, PG is 

formed during photorespiration, and PGP is essential to provide glycolate that can be salvaged 

by re-entry into the Calvin cycle (Bauwe et al., 2010).  

In humans, there is one source of PG known in the context of DNA-repair. Life in aerobic 

conditions favors the formation of oxygen free radicals that constantly cause DNA damage. 

Reactive oxygen species (ROS) generated by endogenous oxidative stress or by ionizing 

radiation can trigger single- or double-strand DNA breaks (SSBs, DSBs), which typically bear 

a 3’-phosphate or a 3’-phosphoglycolate (3’-PG) terminus (Iyama and Wilson, 2013) as a 

Figure 3: PGP is a PG phosphatase in vitro. 
In vitro phosphatase activity of purified recombinant murine PGP towards phosphoglycolate (PG; n=8), 
dihydroxyacetone phosphate (DHAP), phosphoenolpyruvate (PEP), fructose 1,6-bisphosphate (F-1,6-BP) or 2,3-
bisphosphoglycerate (2,3 BPG) (n=2 for each of these compounds). Free inorganic phosphate that was released 
after PGP-catalyzed dephosphorylation was quantified using a malachite green assay. PGPD34N (PGPDN; n=6) and 
PDXP (n=2) were tested as well. Results represent mean values ± S.E.M. Experiments were performed with two 
independently purified protein batches. Note that some error bars are masked by the symbols. n.d., not detectable.
The experiments were performed by Annegrit Seifried. 
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consequence of free radical attack on the DNA sugar moiety. Mass spectrometric 

quantification showed that 3’-PG termini constitute ~10% of all DNA sugar oxidation products 

produced by γ-irradiation or by treatment with the radiomimetic drug bleomycin (Chen et al., 

2007); earlier studies estimated that ~25% of oxidative stress-induced (Bertoncini and 

Meneghini, 1995), or up to 50% of radiation-induced DNA strand breaks bear 3’-PG termini 

(Henner et al., 1983). Because these 3’-ends preclude direct DNA re-ligation, they need to be 

enzymatically processed to enable DNA repair and thus to maintain genomic integrity. 

Phosphodiesterases (PDEs) cleave 3’-PG DNA ends and release free PG (Zhou et al., 2009, 

Zhou et al., 2005). This step enables DNA repair. Free PG is further hydrolyzed to glycolate 

by dedicated phosphoglycolate phosphatases (PGPs) in the cytosol (Figure 4).  

 

 

1.4.1.2 Function of mammalian phosphoglycolate (PG)  

The function of PG or glycolate is not yet known in mammals. Despite the widespread 

expression of mammalian PGPs in all tissues and cells examined so far (Seifried et al., 2014, 

Knight et al., 2012), their biological roles remain elusive. Human PGP was first purified and 

biochemically characterized from red blood cells, based on the biochemical enrichment of a 

PG-hydrolyzing activity (Badwey, 1977, Zecher and Wolf, 1980, Rose, 1981). PG was initially 

thought to activate the bisphosphoglycerate mutase-dependent hydrolysis of 

2,3-bisphosphoglycerate (2,3-BPG), a major modifier of the oxygen affinity of hemoglobin. 

However, a physiological role of PGP and PG for controlling 2,3-BPG levels in human 

erythrocytes could not be substantiated (Somoza and Beutler, 1983). Early genetic linkage 

studies suggested an involvement of the Pgp gene locus in polycystic kidney disease and 

manic depressive illness, but these associations were later weakened (Breuning et al., 1990, 

Ewald et al., 1995).  

Figure 4: Origin of mammalian phosphoglycolate (PG). 
Oxidative damage triggers single- and double-strand DNA breaks with a 3’-phosphoglycolate (3’-PG) terminus. 
After cleavage of these ends by phosphodiesterases (PDE), PG is released to the cytosol and can be 
dephosphorylated by dedicated PGPs. 
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There are some reports identifying PG as an inhibitor of enzymes involved in glucose 

homeostasis. PG inhibits phosphoenolpyruvate carboxykinase (Stiffin et al., 2008), an enzyme 

used in gluconeogenesis and inhibits two enzymes involved in glycolysis, the pyruvate kinase 

(Dougherty and Cleland, 1985) and triose phosphate isomerase (Hartman et al., 1975) in vitro 

because of its structural similarity to the endogenous substrates of these enzymes.  

Pyruvate kinase catalyzes the final step of the glycolytic pathway, the transfer of a phosphate 

group from phosphoenolpyruvate to ADP. Triosephosphate isomerase (TPI) isomerizes 

dihydroxyacetone phosphate (DHAP) and glyceraldehyde 3’-phosphate (GADP), which are 

produced in glycolysis from glucose-derived fructose 1,6-bisphosphate. 

It was demonstrated that PG inhibits purified TPI activity in vitro by functioning as a reversibly 

binding transition state analog of TPI substrates (Wolfenden, 1969) (Figure 5).  

 

Figure 5: TPI inhibition by phosphoglycolate. 
For details, see text below. 
 

The isomerization of GADP and DHAP occurs via a proposed enediol intermediate. Because 

of its structural similarity to this intermediate, PG can bind at the active site of TPI and inhibits 

catalytic activity towards the endogenous substrate (Dwyer et al., 2004).  

The inhibition of TPI activity as a potential physiological PG function is especially interesting 

because TPI constitutes a branch point between carbohydrate and lipid metabolism. 
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1.4.1.3 TPI controls a branch point between glucose- and lipid metabolism 

The reversible interconversion of DHAP and GADP by TPI constitutes the transition from 

glycolysis to lipogenesis. Glycerol 3-phosphate dehydrogenase converts DHAP to glycerol 3-

phosphate that provides the carbohydrate backbone that activated fatty acids (FA-CoA) are 

esterified with to build triglycerides (TGs) during lipogenesis. Fatty acids derived from cellular 

uptake or from fatty acid synthesis are activated by acyl-CoA synthase (ACSL) and utilized 

together with glycerol 3-phosphate (G3P) for lipogenesis (Figure 6).  

 

During lipogenesis, several intermediate lipids are generated. Initially, lysophosphatidic acid 

(LPA) is formed after condensation of G3P with FA-CoA. LPA further reacts to phosphatidic 

acid (PA). PA is acylated to form diglycerides (DG). DG acylation to triglyceride (TG) is the 

final step of lipogenesis. DG can also be utilized after conversion to cytidine diphosphate 

activated diglycerides (CTP)-DG for the production of phospholipids (PL) such as 

phosphatidylcholine, phosphatidylethanolamine and phosphatidylserine, which are abundant 

Figure 6: Carbohydrate- and lipid metabolism. 
Together with free fatty acids, activated by acyl-CoA synthase (ACSL), DHAP-derived G3P forms lysophosphatidic 
acid (LPA) and drives triglyceride (TG) synthesis. By acylation of LPA phosphatidic acid (PA) is formed, which is 
acylated to diglyceride (DG). DGs are utilized as precursor for phospholipids (PL) or acylated to form TGs. During 
lipolysis, TG is hydrolyzed by the adipose TG lipase (ATGL) to DG, which is hydrolyzed to monoglyceride (MG) by 
the hormone sensitive lipase (HSL). The released fatty acids (FFA) can be utilized for ATP production by β-oxidation 
in the mitochondria. (Berg JM, Tymoczko JL, Stryer L. Biochemistry. 5th edition; 2002).  
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in the plasma membrane. Lipolysis is the breakdown of TGs and starts with hydrolysis of TG 

to DG, which is further hydrolyzed to monoglycerides (MG). Two different lipases are 

responsible for this process, the adipose TG lipase (ATGL) which hydrolyzes TG and releases 

DG, and the hormone sensitive lipase (HSL) which hydrolyzes DG to MG. The released fatty 

acids can be utilized for ATP production by β-oxidation in the mitochondria (Berg JM, 

Tymoczko JL, Stryer L. Biochemistry. 5th edition; 2002). 

So far, PG was only used experimentally as an in vitro inhibitor of pyruvate kinase (PK) and 

TPI. It has not been proven, if PG physiologically inhibits PK- or TPI activity and if there are 

any consequences for carbohydrate and lipid metabolism. 

1.4.2 PGP acts as a tyrosine-directed phosphatase in vitro 

Similar to its closest relative chronophin which dephosphorylates the small molecule PLP 

(Fonda, 1992) as a metabolic phosphatase (Kestler et al., 2014), our data show that PGP 

dephosphorylates the low molecular weight substrate PG (see Figure 3;unpublished data), 

and suggest that it might thereby play a role in carbohydrate and lipid metabolism. In contrast 

to the serine/threonine -directed phosphatase chronophin (Li et al., 2008, Gohla et al., 2005), 

it was demonstrated that PGP acts as a tyrosine-directed phosphatase in vitro. In a phospho-

peptide screen with over 720 phosphorylated peptides, purified PGP exclusively 

dephosphorylates a small number of tyrosine-phosphorylated peptides and directly hydrolyzes 

tyrosine-phosphorylated proteins from HeLa cell extracts in a phosphatase overlay assay 

(Seifried et al., 2014). Additionally, it was shown in spermatogonial GC1 cells that stimulation 

with the epidermal growth factor (EGF) leads to an increase of tyrosine phosphorylation 

especially of high molecular weight proteins upon RNA interference-mediated depletion of 

endogenous PGP (Figure 7). 

Figure 7: PGP is implicated in growth factor signaling. 
Control shRNA and PGP shRNA expressing spermatogonial GC1 cells were seeded on poly-L-lysine coated 
surface, serum-starved overnight and stimulated with 100 ng/mL EGF for the indicated time points. Cells were 
lysed, and proteins were separated by SDS-PAGE and transferred onto nitrocellulose membranes for 
immunoblotting. Cellular tyrosine phosphorylation levels were analyzed with 4G10 α-phosphotyrosine antibody. 
After 3 min of stimulation, specific changes in tyrosine phosphorylation levels were detectable (Seifried et al., 2014).
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Though it was shown that high concentrations of purified PGP can directly dephosphorylate 

tyrosine-phosphorylated peptides and proteins from HeLa cell extracts (Seifried et al., 2014), 

a physiological tyrosine-phosphorylated substrate has not been identified yet. 

In the peptide screen, the EGF receptor (EGFR) itself and some of its downstream signaling 

molecules have appeared as possible substrates of PGP (Seifried et al., 2014).  

The EGFR is a transmembrane receptor and constitutes a member of the ErbB receptors, a 

subfamily of four closely related receptor-tyrosine kinases (RTK) (Herbst, 2004). Upon ligand 

binding, the receptor dimerizes and its intrinsic intracellular protein-tyrosine kinase activity is 

induced. This leads to the auto-phosphorylation on multiple tyrosine residues (pY) including 

pY992, pY1045, pY1068, pY1148 and pY1173 and to the recruitment and binding of 

scaffolding and downstream effector proteins such as GRB2, SHC, GAB1 or PLCγ (Downward 

et al., 1984, Carpenter, 2000).  

A simplified model of EGF-dependent signaling is displayed in Figure 8. 

 

 

GRB2 can either bind directly to the EGFR (pY1068) or indirectly via SHC (binds at pY1173) 

binding which results in the activation of the RAS GTPases (Lowenstein et al., 1992) and 

mitogen-activated protein kinases (MAPKs) (Avruch et al., 2001). GRB2 interacts with several 

proteins including dynamin, which is implicated in EGFR endocytosis (Wang and Moran, 1996) 

and recruits them to the EGFR.  

Figure 8: Simplified model of EGF receptor signaling.  
After ligand binding, the receptor dimerizes and the enhancement of the intrinsic tyrosine kinase activity leads to 
auto-phosphorylation of tyrosine residues 992, 1045, 1068, 1148 and 1173 and subsequently to the recruitment 
and binding of effector proteins. For details, see text below. The figure is adapted from (Kolch and Pitt, 2010). 
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The E3 ubiquitin-protein ligase CBL is also a substrate of the EGFR. CBL associates with the 

receptor either by binding to GRB2 or by direct binding to the EGFR (pY1045) leading to 

lysosomal sorting and ubiquitination of the receptor (Grovdal et al., 2004). 

GAB1, another GRB2 interacting protein, recruits PI3K to the EGFR by the binding of its p85 

subunit (Rodrigues et al., 2000) resulting via protein kinase B activation in survival signaling 

(Brunet et al., 1999).  

The tyrosine kinase Src is activated by the EGFR upon receptor activation and phosphorylates 

the receptor on tyrosine 845 resulting in the modulation of the mitogenic function of the receptor 

(Biscardi et al., 1999). 

Another prominent enzyme activated by EGFR is PLCγ1 (Rotin et al., 1992, Kim et al., 1991) 

which catalyzes the hydrolysis of PIP2, leading to the generation of the second messengers 

diglyceride (DG) and inositol trisphosphate (IP3). IP3 production results in the release of stored 

Ca2+ from the endoplasmic reticulum (Kadamur and Ross, 2013). Together with DG, Ca2+ 

activates protein kinase C (PKC) (Huang, 1989). By PKC-mediated phosphorylation of several 

proteins, PLCγ1 is involved in the regulation of growth (Xia et al., 1996) or actin remodeling 

(Nishizuka, 1995, Laux et al., 2000). 

These examples represent only a fraction of signaling proteins and signaling pathways 

involved in RTK signal transduction.  

PGP-dependent changes in tyrosine phosphorylation of proteins upon EGFR activation 

suggest a role of PGP in RTK signaling. However if PGP directly dephosphorylates a 

tyrosine-phosphorylated substrate downstream of EGF receptor signaling has not been proven 

yet. 

1.4.3 PGP is a regulator of integrin-dependent cell adhesion  

PGP was also identified as a regulator of integrin-mediated cell adhesion. By performing cell 

adhesion assays with control shRNA or PGP shRNA expressing GC1 cells, it was shown that 

cells lacking PGP adhere faster on different integrin ligands such as fibronectin, vitronectin and 

collagen I/IV (PhD thesis, A. Saxena and Diploma thesis, M. Radenz).  

Figure 9 shows fibronectin-mediated cell adhesion of control shRNA or PGP shRNA 

expressing GC1 cells. 

Fibronectin is a high molecular weight glycoprotein and one of the main components of the 

extracellular matrix (Halper and Kjaer, 2014, Wierzbicka-Patynowski and Schwarzbauer, 

2003). It contains an Arg-Gly-Asp (RGD) motif, which is recognized by integrins and results in 

ligand binding (D'Souza et al., 1991). Peptides containing a RGD motif and thereby inhibiting 

integrin-ligand interaction normalized PGP-dependent cell adhesion on fibronectin, 
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demonstrating that integrin engagement is critical for PGP-dependent effects on cell adhesion 

(PhD thesis, A. Saxena).  

 

 

 

Based on the biochemical and cellular characteristics of PGP discussed so far, an emphasis 

of this thesis was to study the role of PGP for cell adhesion and migration downstream of 

integrin- and RTK-signaling and to elucidate PGP-dependent signaling. Therefore, integrin-

signaling leading to cell adhesion and migration will be explained in more detail in the following 

sections. 

1.5 Integrins  

Integrins are heterodimeric transmembrane receptors consisting of an α- and β-subunit. They 

are required for cell-extracellular matrix (ECM) adhesion by mediating interactions between 

the actin cytoskeleton of the cell and ECM, and are needed for cell-cell adhesion by binding to 

adhesion proteins such as intercellular adhesion molecule-1 (ICAM-1) (Diamond et al., 1991) 

or vascular cell adhesion protein-1 (VCAM-1) (Klemke et al., 2007), expressed on the plasma 

membrane of neighboring cells.  

Integrins have a large N-terminal extracellular part (~800 amino acids), which binds to the 

ECM, a transmembrane helix (~20 amino acids) and a shorter intracellular C-terminal domain 

(~13-70 amino acids) lacking enzymatic activity (Hynes, 1992). Integrins are ubiquitously 

expressed and show a great diversity in higher organisms. The non-covalent hetero-

dimerization of 19 α and 8 β subunits is thought to yield 25 integrins. Additionally, splice 

variants increase the diversity. Each integrin heterodimer has a preferred ECM molecule that 

Figure 9: Role of PGP for cell adhesion. 
Control shRNA and PGP shRNA expressing cells were labeled with calcein, seeded on fibronectin (15 µg/mL) pre-
coated surface and allowed to attach for the indicated time points. Unbound cells were washed away and the 
fluorescence was measured. Calcein was excited at 485 nm and the light emitted at 520 nm was recorded. The 
resulting fluorescence intensity was plotted and is proportional to the number of cells that adhered to the surface.  
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it can bind to. RGD containing proteins such as fibronectin are the main ligands of α5β1 

integrins. Vitronectin is a ligand of αVβ3 integrins, and α1β1 and α2β1 are the major collagen-

binding integrins (Campbell and Humphries, 2011, Plow et al., 2000). 

1.5.1 Integrin signaling  

Structural studies showed that integrins exist in an inactive (low affinity) and an active (high 

affinity) conformation (Campbell and Humphries, 2011). Integrins exclusively bind to the ECM 

in their active extended conformation and are capable for signaling (Zhu et al., 2008, Arnaout 

et al., 2002). Different signaling pathways lead to integrin activation. Integrin activators such 

as kindlin and talin are FERM domain containing proteins. FERM (four-point-one, ezrin, radixin, 

moesin) is a widespread domain, which localizes and links cytosolic proteins to the plasma 

membrane (Chishti et al., 1998). After translocation to the membrane, talin and kindlin can bind 

to the β-subunit of integrins (Tadokoro et al., 2003a, Moser et al., 2008, Harburger et al., 2009). 

The interaction between talin and kindlin and their binding to the β-subunit lead to a 

conformational change of the integrin. The extracellular domain is extended resulting in the 

transition to a high affinity state. (Tadokoro et al., 2003b, Ye and Petrich, 2011). Concomitantly, 

talin can bind directly to actin, whereas kindlin bind actin through adaptor proteins such as 

α-actinin, thereby providing a link between the receptor and the cytoskeleton (Moser et al., 

2009). This signaling pathway leading to integrin activation is termed inside out signaling and 

allows the cell to react for example to adhesion- or migration stimuli (Ginsberg et al., 1992). 

As signaling receptors located at the plasma membrane, integrins are also able to transduce 

external signals inside cells. Integrins are converted to their active conformation by binding to 

their ligands. After ECM binding, integrins start to cluster at the plasma membrane and protein-

interaction sites of the cytoplasmic domain get modified for the recruitment and binding of 

signaling- and adaptor proteins. The so-called outside-in signaling mediates processes such 

as cell polarity, cell adhesion and cell migration (Legate et al., 2009).  

Thus, signal transduction of integrins occurs bi-directionally across the plasma membrane 

(Figure 10).  

Figure 10: Integrin activation signaling. 
Integrin activation upon talin- and kindlin binding is termed inside-out signaling. Integrin ligand binding to external 
domains leads to a conformational change into the high affinity state and to integrin activation via outside in 
signaling. 
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Upon integrin clustering, adhesive structures, the so-called focal adhesions are formed (Zaidel-

Bar, 2009). Concomitantly, cytoplasmic α- and β- tails of integrins are more separated from 

each other in their active, extended conformation and allow the recruitment of integrin signaling 

proteins. The interaction of the cytoplasmic domain with downstream signaling molecules 

leads to the formation of a large multi-protein complex, the so-called adhesion complex or 

adhesome (Wozniak et al., 2004, Zaidel-Bar and Geiger, 2010) and to the activation of a 

number of signal transduction cascades (Winograd-Katz et al., 2014). 

Integrins do not have any enzymatic activity. Thus, the formation of the adhesome is critical 

for integrin signal transduction. Many enzymes of this complex are actin-binding proteins such 

as vinculin and talin. They link integrins to the actin cytoskeleton to provide mechanical stability 

to the cell (Mitra et al., 2005). Additionally, adaptor proteins such as p130cas, kindlin and 

paxillin, transmembrane proteins and effector proteins such as kinases and phosphatases are 

involved. The interplay between kinases and phosphatases has to be a well-orchestrated to 

ensure proper signal transduction.  

Especially tyrosine phosphorylation of signaling- and cytoskeletal proteins is critical for integrin 

signaling (Bass et al., 2008, Maher et al., 1985). The tyrosine kinases focal adhesion kinase 

(FAK) and Src kinase are key players in integrin signaling leading to cell adhesion and 

migration (Sieg et al., 1999, Cary et al., 2002). Upon integrin activation, FAK initially gets auto-

phosphorylated on tyrosine residue 397, which leads to an activation of FAK. After FAK 

binding, Src is also activated and carries out subsequent phosphorylation events, such as 

phosphorylation of the adaptor proteins p130cas or paxillin (Mitra and Schlaepfer, 2006, Webb 

et al., 2004, Pellicena and Miller, 2001).  

The protein tyrosine phosphatases PTP-PEST, PTP1B and PTPα are key phosphatases in 

integrin signal transduction. They regulate integrin-mediated cell adhesion and migration for 

example by regulation of p130cas phosphorylation (Liang et al., 2005, Angers-Loustau et al., 

1999, Garton et al., 1996) or by dephosphorylation and thereby activation of Src (Pallen, 2003). 

Besides tyrosine kinases, serine/threonine kinases such as members of protein kinase C 

family and lipid kinases such as PI3 kinase are also involved in integrin signaling (Miranti et 

al., 1999, Guidetti et al., 2015) 

1.5.2 Integrin-dependent cell adhesion, spreading and migration 

A balance between cell adhesion and migration is essential for many physiological processes 

including tissue homeostasis, wound healing and immune responses. A mismatch in the 

balance often results in pathophysiological processes such as metastasis and inflammation.  
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Cell-cell adhesion as well as cell-matrix adhesion enable cells to communicate with their 

environment, and both processes are essential for maintaining multicellular structures. 

Adhesive interactions are also critical for cell migration. Movement of a cell starts by building 

membrane protrusions and the formation of adhesion sites at the cell front, the so-called 

leading edge. After ECM binding of integrins at the leading edge, initially dot-shaped and short-

lived nascent adhesion are formed (Webb et al., 2002). After integrin clustering, they start to 

grow to focal complexes and afterwards to even more organized focal adhesions 

(Kanchanawong et al., 2010). Through the formation of the adhesion complex, the actin 

cytoskeleton is linked via adaptor proteins such as talin to the ECM, and traction force can be 

generated. In parallel, old adhesion sites at the rear end have to be removed by dispersal of 

adhesion components to enable movement of the cells (Huttenlocher and Horwitz, 2011). The 

dynamic process of assembly and disassembly of focal adhesion structures is termed focal 

adhesion turnover and is controlled by a complex interplay of kinases and phosphatases. 

Prominent examples in the regulation of this process are FAK, Src or PTP1B (Westhoff et al., 

2004, Burdisso et al., 2013) 

 

1.6 Cytoskeletal rearrangements during cell adhesion and migration 

Next to FA turnover, a highly dynamic and well-orchestrated cytoskeleton remodeling enables 

cells to carry out cellular processes such as cell adhesion, spreading and migration.  

The cytoskeleton of eukaryotic cells consists of three main components (Alberts B, Johnson 

A, Lewis J, et al. Molecular Biology of the Cell. 4th edition; 2002).  

Microfilaments are composed of polymerized actin monomers and provide protrusive and 

contractile forces for cell movement. They undergo rapid cycles of polymerization and 

depolymerization to allow the cell to react properly to internal and external cues.  

The second component consists of microtubules. The diameters of microtubules are larger 

than actin filaments, consist of tubulin and play a role in cell communication, directed cell 

migration and cell division.  

The third type of cytoskeleton filaments are flexible intermediate filaments. They are composed 

of different monomer proteins and provide mechanical stability to the cell.  

The cytoskeleton needs to be highly dynamic to react to requirements of the cell. For cell 

events such as cell adhesion, spreading and migration actin microfilaments play a critical role 

because of their contractile capacity (Fletcher and Mullins, 2010, Wehrle-Haller and Imhof, 

2003).  

Therefore, actin remodeling and its regulation will be described in greater detail. Figure 11 

shows actin reorganization, which accompanies and enables cell adhesion, cell spreading and 

cell migration. 
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Upon cell attachment to the ECM, actin cytoskeleton is extended and linked via integrins to the 

extracellular, ventral cell surface. During cell spreading, actin is reorganized near the plasma 

membrane and initially builds cortical actin fibers. At later time points, thin stress fibers are 

formed, which are anchored to the plasma membrane at focal complexes and focal adhesions. 

Stress fibers are composed of cross-linked actin filaments and myosin, together forming 

contractile actomyosin bundles. Anchoring of these fibers to focal adhesions results in 

mechano-transduction. Concomitantly, traction force exerted by actomyosin contractions 

promote adhesion maturation. 

After receiving migratory stimuli, adhering cells form protrusions, the so-called lamellipodia and 

filopodia at the leading edge of the cells. These structures consist of a branched network of 

actin filaments and are driven by the polymerization of actin. Small GTPases such as Rho and 

Rac mediate stress fiber assembly (Arthur and Burridge, 2001, Fukata et al., 2003, Guillou et 

al., 2008). 

Figure 11: Actin dynamics and focal adhesion turnover during cell spreading and migration. 
After attachment to the substratum, nascent adhesion are formed and actin is assembled as cortical actin bundles   
near the plasma membrane. During cell spreading, stress fibers are formed concomitantly with adhesion maturation. 
After receiving migratory stimuli, the cell forms protrusions (lamellipodia and filopodia) at the leading edge and the 
more adhesive lamellum. The lamellipodium as well as the lamellum consist of a dendritic, branched actin network. 
After integrin clustering and the formation of focal adhesion complexes, the actin cytoskeleton is linked to the 
substratum and traction force can be generated. In parallel, old adhesion sites at the rear end have to be 
disassembled by dispersal of adhesion components to enable movement of the cell. (Huttenlocher and Horwitz, 
2011, Chhabra and Higgs, 2007) 
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1.6.1 Regulation of actin remodeling  

Actin binding proteins are important modulators of actin reorganization by promoting assembly 

and disassembly of actin filaments. Profilin elongates and actin-depolymerizing factor (ADF, 

also known as cofilin) shortens the size of actin filaments. The ARP2/3 complex nucleates and 

branches new filaments by binding actin monomers and the side of pre-existing actin filaments. 

Repetition of actin branching results in a dendritic actin meshwork (Chhabra and Higgs, 2007).  

Mature actin filaments are often crosslinked. Actin cross-linking proteins such as α-actinin and 

fascin regulate actin filaments organization into secondary structures. Disassembly of actin 

filaments is coordinated by capping and severing proteins such as cofilin (Dos Remedios et 

al., 2003, Bamburg and Bernstein, 2010).  

Kinases as well phosphatases contribute to the upstream regulation of actin cytoskeleton 

reorganization by phosphorylation and dephosphorylation of actin binding proteins. 

LIM-kinases, which phosphorylate and inactivate the actin severing protein cofilin, and 

chronophin, which dephosphorylates and reactivates cofilin (Arber et al., 1998, Gohla et al., 

2005) are only two examples for kinases and phosphatases involved in actin turnover.  

The serine-threonine kinase PKC is another important regulator of actin reorganization. It was 

demonstrated that PKC isoforms influence actin dynamics and thereby regulate cellular 

processes that are affected by remodeling of actin microfilaments, such as cell adhesion and 

migration (Harrington et al., 1997, Iwabu et al., 2004, Volkov et al., 2001). PKCs control these 

processes either by modulating integrin localization and their signal transduction or by direct 

phosphorylation of cytoskeletal regulators (Larsson, 2006). Several PKC substrates are 

involved in cytoskeleton reorganization. The myristoylated alanine-rich C kinase substrate 

(MARCKS) is one of the first characterized PKC substrates and identified as an actin cross-

linking protein, involved in the regulation of anchoring actin cytoskeleton to the plasma 

membrane (Hartwig et al., 1992). 

Activation of PKC isoforms leads on the one hand to the suppression of stress fibers and the 

formation of pro-migratory ruffles, but on the other hand also induces stress fiber formation 

(Larsson, 2006). For example, it was demonstrated that PKC induces the formation of focal 

adhesions and stress fibers in fibroblasts after spreading on fibronectin (Woods and 

Couchman, 1992). 

1.6.2 Actin-based membrane structures 

To regulate cellular processes such as cell adhesion and migration actin filaments can be 

assembled into various cellular structures at the plasma membrane including lamellipodia, 

filopodia and membrane ruffles (Figure 12). 
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Lamellipodia are sheet-like protrusive structures. Together with the lamellum, they build the 

protrusive edge of the cell as a thin sheet of membrane-enclosed cytoplasm (Pollard et al., 

2000). The lamellum is thicker, more adhesive and closer to the cell body than the 

lamellipodium (Abercrombie et al., 1971). Actin filaments are dendritically branched at the 

protrusive edge (Svitkina and Borisy, 1999) and it was shown that two filament populations, 

which are independently nucleated, exist in in the lamellipodium and the lamellum (Ponti et al., 

2004).  

Filopodia are finger-like actin structures protruding from the leading edge of motile cells. They 

contain long parallel actin filament bundles, which are anchored deep into to the lamellipodium 

and the lamellum (Svitkina et al., 2003). 

Ruffles are transient, sheet-like actin structures and can be classified into peripheral ruffles, 

occurring at the leading edge of motile cells, and circular dorsal ruffles (also known as dorsal 

ruffles or actin waves), assembling on the apical cell surface. When the attachment between 

the leading edge and the substratum is lost, actin filaments and plasma membrane move 

rearward leading to the formation of peripheral ruffles. There is evidence that lamellipodia and 

peripheral ruffles are generated by the same actin filament assembly mechanisms 

(Abercrombie et al., 1970). Dorsal ruffles are assembled at the apical surface and form ring-

like structure before they disappear. The function of this membrane structure as well as the 

signaling leading to circular dorsal ruffle formation are just poorly understood. 

Figure 12: Protrusive actin structures. 
For details, see text below. The figure is adapted from (Chhabra and Higgs, 2007). 
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1.6.3 Circular dorsal ruffles (CDRs) 

CDRs were first observed in migrating fibroblasts (Abercrombie et al., 1970). In contrast to 

peripheral ruffles which are formed upon stimulation and persisitently cycle between assembly 

and disassembly, CDRs are transient and assemble only once upon cell stimulation (Hoon et 

al., 2012). 

CDRs appear after 3 to 5 minutes of growth factor stimulation and disappear within 10 to 20 

minutes. It is assumed, that they are formed by the generated force of newly polymerized 

F-actin against the dorsal plasma membrane (Orth et al., 2006). Some proteins, which are 

involved in actin remodeling and are associated with the actin cytoskeleton, such as cortactin, 

dynamin 2 and actin-related protein 2/3 (Arp 2/3), localize to CDRs (Krueger et al., 2003). 

CDR formation has also been observed in primary cells. Mouse embryonic fibroblast display 

CDRs upon platelet-derived growth factor (PDGF) stimulation (Mellström et al., 1988), and 

endothelial cells upon vascular endothelial growth factor (VEGF) stimulation (Wu et al., 2003). 

Though CDRs were mentioned in the literature almost five decades ago (Abercrombie et al., 

1970), the function of circular dorsal ruffles still remains unclear. 

1.6.3.1 Functions of CDRs 

CDRs are implicated in macropinocytosis. It has been demonstrated that macropinosomes are 

generated concomitantly with the closure of CDRs (Dowrick et al., 1993). Cells use 

macropinocytosis for example for nutrient uptake or membrane transfer (Commisso et al., 

2013, Dharmawardhane et al., 2000).  

CDR are mostly linked to receptor internalization. Receptor tyrosine kinases (RTK), in 

particular the EGF receptor is sequestered and internalized via CDRs (Orth et al., 2006). Upon 

internalization, RTKs can be either recycled or degraded (Sigismund et al., 2008). It was also 

reported that several other RTKs such as PDGF receptor (Huang et al., 2011a) and the 

hepatocyte growth factor receptor (HGFR) (Abella et al., 2010) are internalized by CDR 

formation.  

In the last few years, it has become clear that integrins can be endocytosed via CDRs. After 

internalization, integrins are then delivered to endosomes and are recycled back on the ventral 

surface to create new adhesive sites (Gu et al., 2011, Margadant et al., 2011). 

It is also assumed that CDRs are involved in the transition of a cell from a static to a motile 

state. As mentioned in 1.6, upon a migratory stimulus, cells have to rearrange their actin 

cytoskeleton. Lamellipodia are formed at the leading edge and the rear edge has to retract to 

promote cell motility. During this process, actin has to re-localize to the leading edge and has 

to be reorganized there. In parallel, plasma membrane and potentially also integrins are 



Introduction 
 

22 
 

internalized by macropinocytosis via CDRs and translocate to the leading edge to form 

lamellipodia and to mediate cell-substrate adhesion (Hoon et al., 2012). CDRs contain a 

dendritically branched meshwork of actin, which is potentially derived from the disassembly of 

stress fibers close to CDRs. Consistently, proteins that are involved in actin branching such as 

cortactin and the Arp 2/3 complex localize to CDRs (Krueger et al., 2003). When CDRs are 

disassembled, actin might be recycled for lamellipodia formation to promote cell migration 

(Hoon et al., 2012). 

1.6.3.2 CDR formation signaling 

Next to actin bundling and branching proteins, more than 20 proteins are already identified 

which localize to CDRs and regulate their formation (Hoon et al., 2012). Many of these proteins 

regulate CDR formation at multiple stages in the same pathway. Because of the complexity 

and the still existing open questions, signaling pathways leading to CDR formation will be 

discussed only briefly below. 

As already mentioned, CDRs are induced by RTK signaling. However, previously it was 

demonstrated that β1 integrin crosstalk with RTKs is also critical for CDR formation (Azimifar 

et al., 2012). Cells lacking β1 integrin are not able to form CDRs (King et al., 2011). Integrin 

activation triggers FAK- and Src-mediated activation of p130CAS, resulting in CDR formation 

(Rivera et al., 2006).  

In addition, Src activation by RTK- or integrin signaling leads to the activation of PI3 kinase 

(PI3K). PI3K phosphorylates phosphatidylinositol (4,5)-bisphosphate (PIP2) to 

phosphatidylinositol (3,4,5)-trisphosphate (PIP3). Upon PIP3 accumulation, the large GTPase 

dynamin and other actin remodeling proteins such as WASP/WAVE family proteins, Arp 2/3 

complex and cortactin are recruited to the plasma membrane (Krueger et al., 2003, Legg et 

al., 2007). Furthermore, increased PI3K activity also activates the small GTPase Rac1. Rac1 

activation and the recruitment of actin remodeling proteins to the plasma membrane results in 

CDR formation (Welch et al., 2003, Dharmawardhane et al., 2000) (Figure 13). 
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1.7 Role of PGP in vivo 

The second main emphasis of the thesis was to investigate the physiological role of PGP. For 

this purpose, Pgp-deficient mice were characterized. 

Conditionally PGP-inactivated mice were generated by using a Cre/loxP-based conditional 

Pgp-knockout approach linked to the simultaneous knockin of a minigene encoding for the 

phosphatase-inactive Pgp point mutant PgpD34N (PgpDN) (Seifried et al., 2014) into the 

endogenous Pgp locus of C57BL/6J mice (Figure 14).  

 

Figure 13: CDR formation signaling. 
Stimulation of RTKs and or integrins leads to activation of Src and PI3K, resulting in the activation of the small 
GTPases Rac1 and the accumulation of PIP3 at the cell membrane. Dynamin, Arp 2/3 complex and cortactin are 
recruited to the membrane leading to actin remodeling at the plasma membrane and subsequently to CDR 
formation. The actin, which is required for CDR formation is likely derived from disassembly of stress fibers. CDRs 
are implicated in macropinocytosis and receptor internalization, for example of integrins. Integrin trafficking results 
in the formation of new adhesive sites, required for cell migration. After CDR disassembly, actin is recycled to form 
lamellipodia, promoting cell migration. The figure is adapted from (Hoon et al., 2012). 
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Upon FLPe-mediated removal of the neomycin resistance cassette and Cre-mediated excision 

of the floxed Pgp, PgpDN is expressed under the control of the endogenous Pgp promoter. By 

using different tissue specific Cre-lines, various conditional phosphatase inactive mouse 

models can be generated.  

 

 

 

Two Cre-lines were used. Breeding Pgpflx/flx mice with the whole-body Cre deleter strain EIIa-

Cre led to a global PGP inactivation in every mouse tissue (Pgpflx/flx; EIIa-Cre) and breeding 

with the Tie2-Cre driver line led to a PGP inactivation in endothelial cells and in cells of the 

hematopoietic system such as red blood cells or lymphocytes (Pgpflx/flx; Tie2-Cre). 

Figure 14: Pgp targeting strategy.  
For details, see text above. 
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2 Aim of the study 

Mammalian haloacid dehalogenase (HAD)-type phosphatases are a large and ubiquitous, yet 

poorly understood class of enzymes. Although a growing number of these phosphatases is 

linked to important diseases such as cardiovascular or metabolic disorders and cancer, the 

cellular and physiological functions of many HAD phosphatases remain elusive.  

Our laboratory has previously identified the mammalian phosphoglycolate phosphatase PGP 

(also referred to as AUM) as a member of the HAD-type superfamily of hydrolases. In vitro 

experiments had identified PGP as a tyrosine-directed phosphatase, implicated in RTK 

signaling and initial cellular studies suggested that PGP was involved in cell adhesion 

downstream of integrin signaling.  

 

The aim of the present study is to provide a mechanistic understanding of the cellular functions 

of PGP and to gain first insights into in vivo roles.  

 

Four main questions were addressed: 

 

(1) What is the physiological substrate of PGP? 

(2) Does PGP depletion affect cell migration? 

(3)  What are the mechanisms underlying the effects of PGP depletion on actin 

reorganization?  

(4) What are the consequences of whole-body ablation of PGP activity in mice? 

 

Answering these questions is expected to provide important insights into the physiological 

roles of PGP. 
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3 Materials and Methods 

3.1 Materials 

3.1.1 Chemicals and reagents 

2-Propanol         Carl Roth 

3-(N-morpholino)propanesulfonic acid (MOPS)   Sigma Aldrich 

12-O-tetradecanoylphorbol-13-acetate    Sigma Aldrich 

acetic acid (glacial)       Carl Roth 

acetone        Carl Roth 

acrylamide/bisacrylamide (30% /0.8%)    Carl Roth 

adenosine triphosphate (ATP)     Sigma Aldrich 

agarose (gene technology quality, GTQ)    Carl Roth 

ammonium chloride       Carl Roth 

ammonium persulfate (APS)       Sigma Aldrich 

amphotericin B       Sigma Aldrich 

aprotinin         Sigma Aldrich 

ascorbic acid        Lifeline 

benzamidine        AppliChem 

bis-benzimide trihydrochloride (Hoechst 33342)   Sigma Aldrich 

bovine serum albumin, fraction V (BSA)    AppliChem 

bromophenol blue       Merck Millipore 

calcium chloride (CaCl2)      Merck Millipore 

citric acid        Carl Roth 

collagenase type II       Worthington 

4′,6-diamidino-2-phenylindole (DAPI)    Sigma Aldrich 

deoxyribonucleotide triphosphates (dNTPs)    Invitrogen 

dextran sulfate (Mr >500,000)     AppliChem 

dextrose        Carl Roth 

dimethyl sulfoxide (DMSO)      AppliChem 

dithiothreitol (DTT)       Sigma Aldrich 

di-sodium hydrogen phosphate dehydrate (Na2HPO4)  AppliChem 

Dulbecco`s phosphate buffered saline     PAN Biotech 

[PBS (w/o MgCl2/CaCl2)]       

Dulbecco's modified Eagle's medium (DMEM)   PAN Biotech  
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Dulbecco's modified Eagle's medium    PAN Biotech  

[DMEM (w/o phenolred)] 

Dynabeads        Invitrogen 

endothelial cell growth supplement (EnGS)    Lifeline  

epidermal growth factor (EGF, human)    Sigma Aldrich 

ethanol        Carl Roth 

ethidium bromide solution (1%)     Carl Roth 

ethylene-glycol tetraacetic acid (EGTA)    AppliChem 

ethylenediamine tetraacetic acid (EDTA)    Merck 

fetal bovine serum (FBS, Lifefactor)     Lifeline 

fetal calf serum (FCS)      PAN Biotech GmbH 

fibronectin (FN, human)      Calbiochem 

Ficoll PM 400        AppliChem 

formamide        AppliChem 

gelatin from porcine skin      Sigma Aldrich 

glacial acetic acid (CH3CO2H)      Sigma Aldrich 

glucose        Merck Millipore 

glycerol        AppliChem 

glycine         Carl Roth 

goat serum        Sigma Aldrich  

heparin sulfate       Lifeline 

hydrochloric acid (HCl)      Carl Roth 

hydrocortisone hemisuccinate     Lifeline 

hydrogen peroxide (30%)      AppliChem 

leupeptin        Carl Roth 

L-glutamine        PAN Biotech GmbH 

L-glutamine (LifeFactor)      Lifeline 

Lipofectamine 2000       Invitrogen 

malachite green solution      Enzo Life sciences 

methanol        Carl Roth 

N, N, N', N'-tetramethylethylenediamine (TEMED)   Carl Roth 

nonfat dry milk powder      AppliChem 

nonyl phenoxypolyethoxylethanol (NP-40)    Fluka 

Opti-MEM        Invitrogen 

para-formaldehyde (PFA)      Carl Roth 

Pefabloc SC        Roche 

penicillin G sodium salt      PAN Biotech GmbH 
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pepstatin A        Sigma Aldrich 

phosphatase inhibitor cocktail I and II    Sigma Aldrich 

poly-L-lysine (PLL)       Sigma Aldrich 

polyvinylpyrrolidone (Mr ~360,000)     AppliChem 

Ponceau S        Invitrogen 

potassium hydrogen carbonate (KHCO3)    AppliChem 

Protein G sepharose       GE Healthcare 

Precision Plus Protein Standard Dual Color    Bio-Rad 

ProLong mounting medium      Invitrogen 

puromycin        Calbiochem 

recombinant human epidermal growth factor (rh EGF)  Lifeline 

RPMI 1640        PAN Biotech GmbH 

salmon sperm DNA (sheared)     Ambion 

sodium azide (NaN3)       Merck 

sodium chloride (NaCl)      Carl Roth 

sodium citrate (Na3C6H5O7)      Carl Roth 

sodium dihydrogen phosphate (NaH2PO4)    Merck 

sodium dodecyl sulfate (SDS), ultra pure     Carl Roth 

sodium fluoride (NaF)       Sigma Aldrich 

sodium hydroxide (NaOH)      Carl Roth 

sodium orthovanadate (Na3VO4)     Sigma Aldrich 

sodium pyrophosphate (Na4P2O7)     Sigma Aldrich 

sodium sulfite (Na2SO3)      Carl Roth 

soybean trypsin inhibitor (STI)     Sigma Aldrich 

streptomycin sulfate       PAN Biotech GmbH 

stromal derived factor-1 (SDF-1)     Immunotools 

triethanolamine (TEA)      AppliChem 

tris(hydroxymethyl)aminomethan (Tris) base/Tris-HCl  Carl Roth 

trisodium 2-hydroxypropane-1,2,3-tricarboxylate   Sigma Aldrich 

trisodium citrate       Sigma Aldrich 

Triton X-100        Sigma Aldrich 

Trypan Blue        Sigma Aldrich 

Tween-20        AppliChem 

VascuLife Basal medium      Lifeline 

β-glycerophosphate       Sigma Aldrich 

β-mercaptoethanol       Sigma Aldrich 

XF Calibrant        Seahorse Bioscience 
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3.1.2 Technical equipment 

5424 R centrifuge       Eppendorf 

5804 centrifuge       Eppendorf 

BBD 6229 incubator       Heraeus  

BDK laminarflow       Thermo Scientific 

C1000TM thermal cycler      Bio-Rad 

DMI6000 Total internal reflection (TIRF) microscope   Leica 

DMIL LED fluorescence microscope     Leica 

E.A.S.Y Win32 gel documentation system    Herolab 

Eclipse TE 2000 epifluorescence microscope   Nikon 

EnVision 2104 multilabel reader     Perkin Elmer 

FACS Calibur flow cytometer      BD Biosciences 

H35 hypoxystation       Don Whitley Scientific  

hypoxia incubator chamber       Stemcell-Technologies 

ImageQuant LAS 4010 Digital Imaging System   GE Healthcare 

Lab 850 pH meter       Schott Instruments 

Laborvert FS microscope      Leitz 

Mini-PROTEAN Tetra cell polyacrylamide gel system   Bio-Rad 

Mini-Sub Cell GT agarose gel system    Bio-Rad 

MM 301 Mixer Mill;        Retsch GmbH  

MR Hei-MixL magnetic stirrer     Heidolph 

Neubauer counting chamber      Marienfeld 

Seahorse XF96e extracellular flux analyzer   Seahorse Bioscience 

Systec V-150 autoclave      Systec 

TCS SP5 confocal microscope     Leica 

Thermomixer comfort 1.5 mL      Eppendorf 

Trans-Blot SD semi-dry transfer cell     Bio-Rad 

Unimax 1010 plate mixer      Heidolph 

Universal 16R centrifuge      Hettich 

VORTEX-GENIE 2 mixer      Scientific Industries 

3.1.3 Consumable supplies 

8-well chamber (uncoated, ibidi treated)    Ibidi 

12-well chamber (removable: microscopy glass slide)  Ibidi 

96-well plate Nunclon Delta Surface     Thermo Scientific 

96-well plate, white       Thermo Scientific 

Amicon Ultra-0.5 mL centrifugal filters    Merck Millipore 
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culture dishes Nunclon Delta Surface     Nunc  

culture multi-well dishes Nunclon Delta Surface (6-,12-, 48 well) Nunc  

cell scraper        Biologix 

cell strainer (70 µM)       Corning 

cryo vials        Nalgene 

Falcon tubes (15 and 50 ml)      BD Biosciences 

Hybond C nitrocellulose membrane     Amersham 

Omnifix - F syringe and needles     B. Braun 

PCR tubes        Hartenstein 

polystyrene tubes       BD Biosciences 

ProbeQuant G-50 micro columns     GE Healthcare 

reaction tubes (1.5 and 2 mL)      Eppendorf 

Sartolon polyamide 0.2 µm filter     Sartorius Biotech 

SuperFrost Plus cover slips       Thermo Scientific 

surgical disposable scalpel      B. Braun 

Transwell inserts 6.5 mm, 3.0 µm     Costar 

Whatman paper       Ahlstrohm 

3.1.4 DNA- and protein ladders 

100 bp DNA ladder       NEB 

1 kb DNA ladder       NEB 

GeneRuler 100bp DNA ladder     Fermentas 

Precision Plus Protein Standards Dual color   Bio-Rad 

3.1.5 Commercial kits 

ATP determination kit (A22066)     Molecular Probes 

Click-iT EdU Alexa Fluor 488 imaging kit    Invitrogen  

Deca Prime II DNA labeling kit     Invitrogen 

DNeasy kit        Qiagen 

Glycerol-3-phosphat (G3P) colorimetric assay kit   Biovision 

Micro BCA kit        Thermo Scientific 

PKC activity assay       Enzo Life sciences 

Super Signal West Pico chemiluminescent substrate  Thermo Scientific 

Triose Phosphate Isomerase (TPI) activity assay kit  Biovision 

XF Cell Mito stress kit      Seahorse Bioscience 
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3.1.6 Commercial buffers 

10x Dream tag buffer       Invitrogen 

10x Pfx buffer        Invitrogen 

3.1.7 Cell lines and mouse models 

GC1 spg        ATCC  

B6.Cg-Tg(Tek-cre)1Ywa/J (Tie2-Cre)    The Jackson Laboratory 

B6.FVB-Tg(EIIa-cre)C5379Lmgd/J      The Jackson Laboratory 

C57Bl/6J mice       Charles River Laboratories 

C57Bl/6 PgptmlGoh mice      Ozgene Ltd. 

3.1.8 Cell culture medium 

Complete DMEM:  

DMEM supplemented with:      4.5 g/L glucose  

          10% FCS 

2 mM L-glutamine 

100 U/mL penicillin  

100 µg/mL streptomycin 

DMEM starving medium:  

DMEM supplemented with:      4.5 g/L glucose  

2 mM L-glutamine 

100 U/mL penicillin 

100 µg/mL streptomycin 

Phenol red-free DMEM: 

DMEM w/o phenol red supplemented with:    4.5 g/L glucose  

          10% FCS 

2 mM L-glutamine 

100 U/mL penicillin  

100 µg/mL streptomycin 
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RPMI:  

RPMI supplemented with:      2.0 g/L glucose  

2 mM L-glutamine 

100 U/mL penicillin 

100 µg/mL streptomycin 

Complete VascuLife:  

VascuLife Basal Medium supplemented with:   5% FBS 

0.2% EnGS 

5ng/mL rh EGF 

50 µg/mL ascorbic acid 

10 mM L-glutamine 

1.0 µg/mL hydrocortisone 

hemisuccinate 

0.75U/ml heparine sulfate 

100 U/mL penicillin  

100 µg/mL streptomycin 

25 µg/mL amphotericin B 

VascuLife starving medium:  

VascuLife Basal medium supplemented with:   10 mM L-glutamine 

100 U/mL penicillin 

100 µg/mL streptomycin. 

25 µg/mL amphotericin B 

3.1.9 Antibodies  

α-Actin mouse monoclonal (clone C4)    Merck Millipore 

α-AUM rabbit polyclonal, anti-full-length protein antibodies  Charles River,  

glycine /magnesium eluate      A. Seifried, PhD thesis 

α-AUM rabbit polyclonal anti-peptide antibodies   Charles River, 

         P. Duraphe, PhD thesis 

α-alpha-tubulin mouse monoclonal (DM1A)     Sigma Aldrich 
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α-CD 3 anti-mouse monoclonal (DaA3)    Immunotools 

α-CD 28 anti-mouse monoclonal (37.51)    Immunotools 

α-CD 31/ Pecam rat anti-mouse monoclonal (MEC 13.3)  BD Biosciences 

α-CD 102/ ICAM-2 rat anti-mouse monoclonal [3C4(mlC2/4)] BD Biosciences 

α-rat/ α-rabbit biotinylated goat antibodies     BD Biosciences 

α- EGF receptor rabbit polyclonal     Cell Signaling technologies 

α-rabbit and α-mouse secondary antibodies, HRP-conjugated Thermo Scientific 

α- PLCγ1 total rabbit monoclonal (D9H10)    Cell Signaling technologies 

α-pY416 Src family rabbit polyclonal     Cell Signaling technologies 

α-pY527 Src family rabbit polyclonal     Cell Signaling technologies 

α-pY783 PLCγ1 rabbit monoclonal (D6M9S)   Cell Signaling technologies 

α-pY1068 EGF receptor mouse polyclonal    Cell Signaling technologies 

α-pY1173 EGF receptor rabbit monoclonal (53A5)   Cell Signaling technologies 

3.1.10 Immunocytochemistry reagents 

Alexa Fluor 488 phalloidin      Invitrogen 

Alexa Fluor 546 phalloidin      Invitrogen 

Alexa Fluor 488 conjugated goat anti-rabbit    Invitrogen 

Alexa Fluor 488 conjugated goat anti-rat     Invitrogen 

Alexa Fluor 546 conjugated goat anti-rabbit    Invitrogen 

Alexa Fluor 633 conjugated goat anti-rabbit    Invitrogen 

3.1.11 Pharmacological inhibitors and negative controls 

Dynasore        Sigma Aldrich 

GÖ6983        Sigma Aldrich 

PP2         Merck Millipore 

PP3         Merck Millipore 

sotrastaurin        Selleckchem 

U73122        Tocris 

U73334        Tocris 

wortmannin        Sigma Aldrich 
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3.1.12 Inhibitors for metabolic studies 

2-Deoxyglucose       Sigma Aldrich 

antimycin A        Seahorse Bioscience 

atglistatin        Sigma Aldrich 

etomoxir        Sigma Aldrich 

oligomycin A        Seahorse Bioscience 

rotenone        Seahorse Bioscience 

3.1.13 Enzymes and purified proteins 

Catalase (#219261)       Calbiochem 

Dreamtaq polymerase (#EP0701)     Invitrogen 

EcoRV  (#RO195)       New England Biolabs 

ICAM-1, recombinant mouse (#796-IC)    RD systems 

Pfx polymerase (#12344-024)     Invitrogen 

PGPwt, recombinant, purified      Annegrit Seifried 

PGPD34N, recombinant, purified     Annegrit Seifried 

PLCγ1 human (#TP316448-OR)     Origene 

superoxide dismutase (#574591)     Calbiochem 

Syk, active (#14-314)       Merck Millipore  

trypsin/EDTA        PAN Biotech GmbH 

3.1.14 Radioactive nucleotides 

[α-32P] dCTP        Hartmann Analytik 

3.1.15 Plasmids 

pcDNA3         Invitrogen  

pdEYFP        Invitrogen 

pdEYFP-C1-hAUM (human)      A. Saxena, PhD thesis 

pdEYFP-C1-hAUMD34N (human)     A. Saxena, PhD thesis  
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3.1.16 Solutions and buffers 

Unless otherwise noted, chemicals given in percent (%) designate volume per volume (v/v). 

 

SDS-PAGE 

 

SDS-PAGE sample buffer (Laemmli’s buffer, 4 x):  62.5 mM Tris-HCl 

        10%  glycerol 

        5%  β-mercaptoethanol 

        2% (w/v) SDS 

        0.02% (w/v) Bromophenol Blue 

        pH 6.8 

 

running buffer (SDS-PAGE):     25 mM  Tris base 

        200 mM glycine 

        1% (w/v) SDS 

        pH 8.7 

 

SDS-PAGE stacking gel:     4% (w/v) acrylamide 

0.02%  APS 

0.002% TEMED 

0.1%  SDS 

125 mM Tris-HCl 

pH 6.8 

 

SDS-PAGE running gel (8%):    8% (w/v) acrylamide 

0.05%  APS 

0.003% TEMED 

0.1%  SDS 

375 mM Tris-HCl 

pH 8.8 

 

SDS-PAGE running gel (12%):    12% (w/v) acrylamide 

0.05%  APS 

0.003% TEMED 

0.1%  SDS 

375 mM Tris-HCl 

pH 8.8 
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Immunoblotting 

 

anode buffer I:      0.3 M  Tris base 

        40%  methanol 

 

anode buffer II:      25 mM  Tris base 

        40%  methanol 

 

cathode buffer:      25 mM  Tris base 

        40 mM  glycine 

        10%  methanol 

 

For the transfer of high molecular weight proteins, 20% methanol was used in anode buffers I 

and II, and 0.005% SDS was added to the cathode buffer.  

 

 

blocking buffer:      50 mM  Tris-HCl 

        2 mM  CaCl2 

        80 mM  NaCl 

5% (w/v) nonfat dry milk 

        0.2%  NP-40 

        pH 8.0 

 

stripping buffer:      62.5 mM Tris-HCl 

        2% (w/v) SDS 

       100 mM β-mercaptoethanol  

pH 6.7 

 

TBS (10x):       0.5 M  Tris-HCl 

        1.5 M  NaCl 

        pH 7.5 

 

TBS-T:        50 mM  Tris-HCl 

        150 mM NaCl 

        0.05 %  Tween-20 

        pH 7.5 
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antibody diluent:      10 mM  HEPES 

        0.5 M  NaCl 

        1% (w/v) BSA 

        0.2%  Tween-20 

        0.02% (w/v) NaN3 

        pH 7.4 

          

Ponceau S solution:      0.1% (w/v) Ponceau S 

5%  CH3CO2H 

Tissue and cell lysis buffer 

 

digestion buffer:      25 mM  NaOH 

        0.2 mM EDTA 

 

neutralization buffer:      40 mM  Tris-HCl 

        pH 5.5 

 

lysis buffer (for cell lysates and IPs):    50 mM  Tris-HCl 

        150 mM NaCl 

        1%  Triton X-100 

1 mM  EDTA 

        1 mM  β-glycerophosphate 

       7.5 mM sodium  

         pyrophosphate 

3 mM  orthovanadate 

        10 µg/mL aprotinin 

       10 µg/mL leupeptin 

1 mM  Pefabloc 

10 µg/mL  pepstatin 

1:300  phosphatase 

inhibitor cocktail I 

1:300  phosphatase 

Inhibitor cocktail II 

  pH 7.5 

 

PKC lysis buffer:    20 mM  MOPS 

50 mM  β-glycerophosphate 
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    50 mm  sodium fluoride

   1 mM  sodium 

      orthovanadate 

    5 mM  EGTA 

    2 mM  EDTA 

    1 mM  benzamidine  

    1 mM  Pefabloc 

    10 µg/mL leupeptin 

    10 µg/mL aprotinin 

        10 µg/mL pepstatin 

        1%  Triton X-100 

 

red blood cell lysis buffer (RBC):    155 mM NH4Cl 

        12 mM  KHCO3 

        0.1 mM EDTA 

        pH 7.3 

 

others 

 

ACD (acid-citrate-dextrose) buffer:    39 mM  citric acid 

75 mM  sodium citrate 

135 mM dextrose 

pH 7.4 

 

prehybridization solution     50%  formamide 

        10%  dextran sulfate 

        1 M  NaCl 

        1%  SDS 

        50 mM  Tris base 

        pH 7.4 

        0.2%  BSA 

        0.2%  polyvinylpyrrolidone 

        0.2%  Ficoll PM 400 

        3.76 mM sodium  

          pyrophosphate 

        0.01%  salmon sperm DNA 
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reaction buffer:      150 mM NaCl 

        25 mM  HEPES 

        10%  glycerol 

        1%  NP-40 

        125 U/mL superoxide  

          dismutase 

        250 U/mL catalase 

        0.5 µg/mL leupeptin 

        0.5 µg/mL aprotinin 

 

   

SCC (saline sodium citrate) buffer I:    0.1%  SDS 

15 mM  NaCl 

        1.5 mM Na3C6H5O7 

        pH 7.0 

 

SCC (saline sodium citrate) buffer II:    0.5%  SDS 

15 mM  NaCl 

        1.5 mM Na3C6H5O7 

        pH 7.0 

 

Syk kinase buffer:      40 mM  Tris base 

        20 mM  MgCl2 

        0.1 mg/mL BSA 

        50 µM  DTT 

 

TAE:        40 mM  Tris base 

20 mM  CH3CO2H 

1 mM  EDTA 

pH 8.5 

 

TMN:         50 mM  TEA 

5 mM  MgCl2 

250 mM  NaCl 

pH 7.5 
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Trypan Blue solution:      0.4% (w/v) Trypan blue 

        in PBS 

 

3.1.17 Software 

GraphPad Prism version 6.0      GraphPad software 

ImageJ version 1.45i      NIH 

ImageJ colocalization finder     NIH 

ImagePro Software version 7.0    Media Cybernetics 

MassLynx software version 4.1    Waters 

QuantLynx software      Waters 

RLA-Tools       developed by Dr. Agnes Fekete  

and Prof. Dr. Martin J. Müller, 

Julius von Sachs Institute, 

Pharmaceutical Biology, University 

of Würzburg 

TransOmics software      Waters 

Wave software version 2.2.0     Seahorse Bioscience 
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3.2 Methods 

3.2.1 Generation and breeding of Pgp knockout PGPD34N knockin mice  

Floxed Pgp mice (Pgptm1Goh; Pgpflx/flx) were generated on a C57Bl/6J background by Ozgene 

Pty Ltd. Australia. The neomycin resistance cassette was removed by breeding with the global 

FLPe deleter strain B6.129S4-Gt(ROSA)26Sor<tm1(FLP1)Dym>/RainJ. Whole-body or 

hematopoietic/endothelial cell-specific PGP inactivation was achieved by breeding with 

B6.FVB-Tg(EIIa-cre)C5379Lmgd/J (EIIa-Cre) or B6.Cg-Tg(Tek-cre)1Ywa/J (Tie2-Cre) 

transgenic mice. Transgenic mice were obtained from The Jackson Laboratory. Timed matings 

were determined by vaginal plugs. Mouse experiments were approved by the Regierung von 

Unterfranken, and all analyses were carried out in strict accordance with all German and 

European Union applicable laws and regulations concerning care and use of laboratory 

animals. 

3.2.2 Genotyping of mice 

For Southern blotting, genomic DNA was isolated from mouse tail tips with DNeasy and 

digested with EcoRV. DNA was subjected to agarose gel electrophoresis, denatured, blotted 

onto nitrocellulose and crosslinked with UV light. The probe was generated by PCR using Pfx 

polymerase and labeled with [α-32P] dCTP employing the DecaPrime II DNA labeling kit. 

Unincorporated labeled nucleotides were removed with illustra ProbeQuant G-50 micro 

columns. The labeled probe was added to the prehybridization solution, incubated overnight 

at 42°C, and washed extensively in SCC buffer I at 42°C and in SCC buffer II at 68°C. Products 

are 3.5 kb (PgpWT), 2.6 kb (Pgp floxed) and 1.2 kb (PgpD34N).  

For genotyping by PCR, yolk sacs or ear-punch biopsies of Pgpflx/flx or Pgpflx/flx; EIIa-Cre mice 

were lysed for 60 min at 95°C in 35 µL digestion buffer, lysates were neutralized with 35 µL of 

neutralization buffer, and insoluble material was removed by centrifugation for 3 min at 

1,500 × g. PCR was performed using DreamTaq polymerase. The primers are complementary 

to the 50 bp intron that is lacking in the knocked-in Pgp minigene, and detect the wildtype 

(212 bp) or targeted (163 bp) allele.  

Genotyping of Tie2-Cre-transgenic mice was performed as recommended by The Jackson 

Laboratory. Primers detect the Pgp wildtype allele at 367 bp and the floxed allele at 401 bp.  

 
Primer:            Pgp intron forward: 5’-AAT GAG CGT CCC GGA GGC-3’ 

Pgp intron reverse: 5’-AAA CCC AAG CGCCTT AGC-3’ 
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The PCR reaction mix contained:  

2 µL 10x DreamTaq-Buffer  

0.6 µL 10mM dNTP  

1 µL 10µM forward primer  

1 µL 10µM reverse primer  

2 µL DNA 

0.2 µL DreamTaq polymerase  

sterile H2Odest. was added to reach a final volume of 20 µL. 

 

PCR protocol:             

(1) initialization step:  95°C � 3 min 

(2) denaturation step:  98°C � 20 sec 

(3) annealing step:   51°C � 15 sec 

(4) final elongation step:  72°C � 25 sec 

(5) final hold:   12°C � ∞ 

(2) to (4) 35 reaction cycles 

 

3.2.3 Agarose gel electrophoresis 

For the separation of DNA fragments after PCR, agarose gel electrophoresis was performed. 

The required gel was generated by melting 2.5% agarose (w/v) in TAE buffer, which was also 

used as running buffer. Before pouring the gel, 0.005% ethidium bromide was added. As a 

standard, a 100 bp ladder was used. DNA was separated electrophoretically according to 

molecular size at a constant voltage of 80 V. For UV-light detection, a gel documentation 

system was used. 

 

3.2.4 Embryo explants and isolation of primary cells 

E8.5 embryos from Pgpflx/flx or Pgpflx/flx; EIIa-Cre mice were explanted on 24-well microtiter 

plates precoated with 0.1% porcine gelatin (see 3.2.5.5 coating protocols) and cultured in 

complete DMEM in a 37°C, humidified cell culture incubator (5% CO2). 
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To generate mouse embryonic fibroblasts (MEFs), explants were trypsinized after seven 

days, and isolated MEFs were cultured in complete DMEM in a 37°C, humidified cell culture 

incubator (5% CO2). 

For the isolation of red blood cells, ~600 µL blood from Pgpflx/flx or Pgpflx/flx; Tie2-Cre+/- mice 

was collected into 250 µL acid citrate dextrose (ACD) buffer. Blood was centrifuged at 410 x g 

for 5 min at room temperature, the supernatant and buffy coat was discarded, and the pellet 

was washed three times in 500 µL 0.9% NaCl.  

Lymphocytes were isolated from lymph nodes of Pgpflx/flx or Pgpflx/flx; Tie2-Cre+/- mice. Here, 

superficial (cervical, axillary, brachial and inguinal) lymph nodes and deep mesenteric lymph 

nodes (Figure 15) were dissected and washed in RPMI medium. Afterwards, lymph nodes 

were homogenized with a plunger of a sterile syringe and passed through a cell strainer 

mounted on a 50 mL Falcon tube. The strainer was rinsed five times with 1 mL RPMI. The cell 

suspension was centrifuged at 800 x g for 8 min at room temperature and the supernatant was 

discarded. The cell pellet was resuspended in 1 mL of RBC lysis buffer and incubated for 8 min 

at room temperature. Afterwards, 9 mL RPMI was added, and the suspension was centrifuged 

again at 800 x g for 8 min. The supernatant was removed, and the lymphocytes were 

resuspended in RPMI medium containing 10% fetal calf serum. 

 

Figure 15: Lymph node atlas. 
adapted from (Dunn, 1954). 
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For the isolation of endothelial cells, lungs of 6 day old Pgpflx/flx or Pgpflx/flx; Tie2-Cre+/- mice 

were dissected and washed in DMEM on ice. The medium was carefully removed, and the 

lobes mashed with a scalpel. The mashed lung was taken up into a 15 mL Falcon tube using 

5 mL of 0.2% collagenase type II solution in DMEM and digested under rotation for 60 min at 

37°C. After 30 min, the lung suspension was passed through a 20G-needle ten times. The 

procedure was repeated ten times at the end of the 60 min incubation period before passing 

the cell/tissue suspension through a cell strainer mounted on a 15 mL falcon tube. The cell 

strainer was washed with 5 ml DMEM supplemented with 20% FCS, and the cell suspension 

was centrifuged for 5 min at 250 x g at room temperature. The supernatant was removed, and 

the cell pellet was resuspended by pipetting in 1 mL of ice-cold PBS + 0.1% BSA. The cell 

suspension was transferred into a 5 mL polystyrene tube, and 6 µL of α-CD31 (PECAM1)-

coated dynabeads (see coating protocols, 3.2.5.5) were added. The mixture was rotated for 

30 min at 4°C and transferred to a reaction tube fixed on a magnetic rack. After 2 min the 

medium was removed, and 1 mL cold PBS + 0.1% BSA was added. The tube was removed 

from the magnet and the cells/beads were resuspended. The tube was placed again on the 

magnetic rack, and the washing steps were repeated four times. The cells/beads were 

resuspended in 1 mL of complete VascuLife medium and plated in a gelatin-precoated 6 cm 

dish (see coating protocols, 3.2.5.5) containing 4 mL of medium. As soon as the cells were 

confluent, the second sorting was performed. For this purpose, cells were washed with PBS, 

trypsinized and resuspended in DMEM containing 20% FCS. The cell suspension was then 

centrifuged for 5 min at 250 x g at room temperature, the pellet was resuspended in 1 mL of 

ice-cold PBS containing 0.1% BSA, and the cell suspension was transferred to a 5 mL 

polystyrene tube. Six µL of α-CD102 (ICAM-2)-coated beads (see coating protocols, 3.2.5.5) 

were added. After 30 min rotation at 4°C, five washing steps, as described above for the first 

sorting step, were performed. The cells were resuspended in 1 mL of complete VascuLife 

medium and plated on a 10 cm gelatin-precoated dish containing 9 mL of VascuLife medium. 

3.2.5 Cell culture techniques 

3.2.5.1 Cell lines, primary cells and cell culture 

Besides primary cells, a murine spermatogonial cell-line, termed GC1-spg (from now on 

referred to as GC1 cells), was used. For RNA interference-mediated knockdown of PGP, 

lentiviral particles containing PGP-directed or nontargeting control shRNAs (MISSION shRNA 

panel SHCLND-NM_025954 or SHC002) were generated as previously described (Seifried et 

al., 2014). Cells stably expressing the shRNA constructs were selected for 2-3 days in 

complete DMEM containing 1 µg/mL puromycin. The cells were maintained at 37°C and 

7% CO2 in a humidified cell culture incubator.  
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E8.5 embryos from Pgpflx/flx or Pgpflx/flx; EIIa-Cre mice were explanted on 24-well microtiter 

plates precoated with 0.1% porcine gelatin and cultured in complete DMEM. Heart beats were 

assessed daily and the medium was changed every third day.  

MEFs derived from the explants were cultured in complete DMEM. Isolated red blood cells 

were used immediately. Lymphocytes were maintained for 24 h in RPMI supplemented with 

10% FCS before performing experiments. Three million lymphocytes were seeded per well. 

Endothelial cells were cultured for up to two weeks in complete VascuLife medium on plates 

precoated with 2% porcine gelatin. 

Primary cells as well as embryo explants were cultured at 37°C and 5% CO2 in a humidified 

cell culture incubator. 

3.2.5.2 Freezing cells 

A 10 cm dish with confluent cells was washed with PBS. Cells were trypsinized and 

resupended in complete DMEM. After centrifugation at 250 x g for 5 min at room temperature, 

cell pellet was resuspended in 1.5 mL of complete DMEM. Afterwards, 1.5 mL of complete 

DMEM containing 10% sterile DMSO was added, and the cell suspension was immediately 

aliquoted into three 2 mL cryo vials. The vials were stored in a cryo box overnight at -80°C. 

The next day, the vials were transferred to a liquid nitrogen tank. 

3.2.5.3 Thawing cells 

The frozen cells were thawed in a waterbath at 37°C. When only a small ice crystal was left in 

the cryo vial, the cell suspension was resuspended and transferred into 9 mL of prewarmed 

complete DMEM. After centrifugation at 250 x g for 5 min, the cell pellet was resuspended in 

1 mL of complete DMEM and transferred to a 10 cm dish containing 9 mL of prewarmed 

complete DMEM. After 24 h the medium was changed. 

3.2.5.4 Transfection 

Cells were transiently transfected with Lipofectamin 2000. For PGP add-back experiments, 

150,000 of control shRNA or PGP shRNA expressing cells were seeded on 3 cm diameter 

dishes. After 24 h, PGP shRNA cells were transfected either with 140 ng of RNA interference-

insensitive human PGPWT-YFP construct or with 130 ng RNA interference-insensitive human 

PGPDN–YFP construct. As controls, PGP shRNA or control shRNA expressing cells were either 

transfected with 140 ng pcDNA3-YFP, or with 140 ng empty pcDNA3 vector. For the 

transfection, the plasmid DNA was added to 250 µl Opti-MEM, and 3 µL Lipofectamine 2000 

were mixed separately with 250 µL Opti-MEM in polystyrene tubes. After a 5 min incubation 

period, DNA- and Lipofectamine 2000 solutions were mixed together and incubated for another 

20 min to allow formation of transfection complexes. Meanwhile, cells were washed with 1 mL 
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of warm Opti-MEM and 1 mL of Opti-MEM as well as 0.5 mL of DNA/Lipofectamine/Opti-MEM 

mix was added to the cells. After a 4 h incubation at 37°C, medium was replaced with 2 mL of 

complete DMEM. To check transfection efficiency, YFP expression was examined by 

fluorescence microscopy 24 h after transfection. 

3.2.5.5 Coating of cell culture dishes, endothelial cell sorting and lymphocyte 

activation 

The culture dishes of endothelial cells were precoated with an autoclaved solution of 

2% porcine gelatin in desalted water. The solution was added to the cell culture dishes to 

cover the surface completely and removed after 2 min. Afterwards, dishes were air-dried in a 

laminar flow hood before medium or cells were added. 

For the cultivation of E8.5 embryo explants, surface of culture dishes was coated with a 

solution of 0.1% porcine gelatin in desalted water and processed as described above. 

For fibronectin coating, plates were incubated for 90 min at 37°C with 10 µg/mL fibronectin in 

PBS (unless otherwise specified). Afterwards, plates were rinsed with PBS, and cells were 

added.  

Poly-L-lysine coated plates were prepared with a 0.1 mg/mL poly-L-lysine solution in PBS. 

After one hour incubation at 37°C, liquid was removed, plates were dried in a laminar flow hood 

and were washed two times with PBS prior to addition of cells. 

For endothelial cell sorting, magnetic dynabeads were coated either with α-CD31 or 

α-CD102 antibodies. Here, 200 µL of anti-rat IgG Dynabeads were transferred to a reaction 

tube and resuspended in 1 mL of sterile 0.1% BSA in PBS. Afterwards, the tube was fixed on 

a magnetic rack, medium was removed, and the beads were resuspended in 1 mL of sterile 

0.1% BSA in PBS. After three washing steps, the beads were taken up in 500 mL 0.1% BSA 

in PBS and 10 µL of the antibody (either α-CD 31 or α-CD 102) was added. The tubes were 

tumbled for 2 h at room temperature. After two washing steps with 0.1% BSA in PBS, beads 

were resuspended in 200 µL of PBS containing 0.1% BSA and stored at 4°C. 

For lymphocyte activation, 12-well culture dishes were precoated for 2 h with α-CD3 

antibodies in PBS (5 µg/mL). Afterwards, dishes were washed three times with PBS. Three 

million lymphocytes were seeded per well and were co-activated by the addition of 

α-CD 28 (5 µg/mL) and IL-2 (100 U/mL) for 18 h. 

Lymphocyte two-dimensional (2D) migration assays were performed on ICAM-1 coated 8-well 

slides. Slides were coated for 2 h with ICAM-1 in PBS (3 µg/mL) prior to blocking 3 times for 5 

min with 2% BSA in PBS. 
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3.2.5.6 Immunocytochemistry 

For immunostaining, cells were fixed in 4% para-formaldehyde (PFA) for 20 min at room 

temperature. After permeabilization with 0.5% Triton-X-100 for 15 min and blocking with 3% 

BSA in PBS for 1 h, primary antibodies were added at a 1:200 dilution in 1% BSA in PBS, and 

cells were incubated for 1 h at room temperature. The cells were washed 3 times for 5 min 

with PBS before Alexa-conjugated secondary antibodies or phalloidin was added at a 1:400 

dilution in 1% BSA in PBS. Afterwards, cells were incubated for 1 h at room temperature in the 

dark and washed 3 times for 5 min with PBS. In the last washing step, DAPI was added at a 

concentration of 1 µg/mL to counterstain the nuclei. After 3 min, cells were washed again with 

PBS, and coverslips were mounted in Pro Long mounting medium. 

3.2.6 Cellular assays 

3.2.6.1 Pharmacological inhibitors  

Pharmacological inhibitors with their appropriate negative control or with a solvent control were 

used as follows (unless otherwise specified): PP2/PP3 (10 µM, 30min), dynasore (100 µM, 

30min), wortmannin (50 nM, 30min), Gö6983 (3.3 µM; 3h), sotrastaurin (500 nM; 4h) and 

U73122/U73343 (0.5 µM, 30min). 

3.2.6.2 Proliferation assays 

Per condition, 1,000 MEFs were seeded in complete DMEM in duplicate wells of 96-well 

microtiter plates precoated with 0.1% gelatin. The effect of hypoxia on cell proliferation was 

assessed using a hypoxia chamber, and cells were kept either at ~20% O2, 5% CO2 or at ~1% 

O2, 5% CO2 for 16 h in the presence of 10 µM 5-ethynyl-2′-deoxyuridine (EdU) to assay for 

DNA synthesis. Cells were counterstained with DAPI and imaged on a Nikon TE Eclipse 

epifluorescence microscope equipped with a 4 × objective, and EdU- and/or DAPI-labeled cells 

were analyzed using Image Pro software version 7.0. Approximately 500-800 cells were 

scored per condition. Growth curves of GC1 cells stably expressing PGP-directed shRNA or 

control shRNA were obtained by seeding 250 cells per time point in duplicate wells of a 96-well 

microtiter plate precoated with fibronectin (10 µg/mL). Cells were cultured in phenol red-free 

complete DMEM. Each day, cells in predetermined wells were stained with Hoechst 33342 and 

imaged on a Nikon TE Eclipse epifluorescence microscope as described above. 

3.2.6.3 Quantification of circular dorsal ruffles (CDR) 

For analysis of CDR formation, GC1 cells expressing PGP shRNA or control shRNA were 

seeded on 12-well slides (8,000 cell per well) precoated with fibronectin or poly-L-lysine. After 

4 h, cells were serum-starved overnight. The next day, cells were treated with or without 

inhibitors (see 3.2.6.1), and CDR formation was stimulated with EGF (100 ng/mL) for 3 min at 
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37°C. The reaction was stopped by fixing cells in 4% PFA and cells were stained as described 

in 3.2.5.6 with Alexa-Fluor-488-conjugated phalloidin to stain filamentous (F)-actin and with 

DAPI to counterstain the nuclei. Cells were analyzed on a Leica confocal microscope equipped 

with Leica Application Suite software. Per condition, 200-300 cells were counted and the 

percentage of cells showing CDRs was calculated. For the determination of the number of 

CDRs per ruffling cell, 150 cells showing CDRs were scored per condition. 

3.2.6.4 Cell spreading assays 

For spreading experiments, 1 x 106 control shRNA and PGP shRNA expressing cells were 

seeded on 6 cm dishes and serum-starved for 4 h after seeding. Next day, cells were treated 

with or without inhibitors (see 3.2.6.1), washed with PBS, trypsinized and resuspended in 

starving medium containing 0.1% BSA and 0.5 mg/mL soybean trypsin inhibitor (STI). The 

cells were centrifuged at 250 x g for 5 min at room temperature and resuspended in starving 

medium containing 0.1% BSA to a concentration of 120,000 cells/mL. Inhibitors with a 

reversible mode of action were added again, and cells were stimulated or not with EGF 

(100 ng/mL) in suspension. Afterwards, 70 µL of the cell suspension were added to 8-well 

slides, which had been precoated with fibronectin (10 µg/mL) and blocked with 0.1% BSA in 

starving medium for 1 h. The cells were allowed to attach and spread for 10 min before they 

were fixed with 4% PFA for 20 min at room temperature. The cells were permeabilized and 

stained with phalloidin and DAPI, as described in 3.2.5.6. Afterwards, they were imaged on a 

Nikon TE Eclipse epifluorescence microscope. The spread cell areas of 30-50 cells per 

condition were determined by using ImagePro software. 

3.2.6.5 PGP-rescue experiments 

To determine the impact of PGP activity on CDR formation, 8,000 GC1 cells, either transfected 

with human PGPWT-YFP constructs or with human PGPDN–YFP constructs (see 3.2.5.4), were 

seeded per well of 12-well slides precoated with fibronectin. After 4 h, cells were serum-starved 

overnight and CDR formation was stimulated by addition of EGF (100 ng/mL). To allow the 

identification of transfected cells, cells were additionally stained with an α-GFP/YFP antibody 

(see 3.2.5.6). Only YFP-positive cells were considered for the evaluation. 

For spreading experiments, 2 x 105 transfected cells were seeded on 3 cm diameter dishes, 

and medium was changed to starving medium 4 h later. The next day, spreading experiments 

and identification of transfected cells were performed as described above. Cell areas of 30-50 

cells per condition were determined by using ImagePro software. Also here, only YFP-positive 

cells were considered for the calculation. 
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3.2.6.6 Endothelial cell spreading assays 

Endothelial cells derived from lungs of Pgpflx/flx or Pgpflx/flx; Tie2-Cre+/- mice were seeded on 

gelatin-precoated 3 cm dishes (70,000 cells/dish). Four h later, cells were serum-starved 

overnight. The next day, cells were washed with PBS, trypsinized and resuspended in 

Vasculife starving medium containing 0.1% BSA and 0.5 mg/mL STI. Cells were centrifuged 

at 250 x g for 5 min at room temperature, resuspended in starving medium containing 0.1% 

BSA to a concentration of 400,000 cells/mL and stimulated or not with EGF (100 ng/mL). One 

hundred µL of the cell suspension were added to 8-well slides (precoated with fibronectin and 

blocked with 0.1% BSA in starving medium for 1 h). Cells were allowed to attach and spread 

for 15 min before they were fixed with 4% PFA for 20 min at room temperature. Afterwards, 

cells were stained with phalloidin, with DAPI and with an α-CD31 antibody (see 3.2.5.6) to 

identify endothelial cells. Imaging was performed on a Nikon TE Eclipse epifluorescence 

microscope. Cell areas of 30-50 endothelial cells per condition were determined by using 

ImagePro software. 

3.2.6.7 Time lapse cell migration assays 

For 2D migration assays, 6,000 GC1 cells expressing PGP shRNA or control shRNA were 

seeded on 8-well slides precoated with fibronectin at concentrations ranging from 0 to 

15 µg/mL and serum-starved overnight 4 h later. The next day, cells were stimulated or not 

with EGF (100 ng/mL), the accumulated distance was monitored on Nikon TE Eclipse 

epifluorescence microscope for 17 h and determined by tracking 40 cells per condition using 

ImagePro software. 

To assay 2D cell migration of lymphocytes isolated from Pgpflx/flx or Pgpflx/flx; Tie2-Cre+/- mice, 

cells were activated overnight by seeding on 12-well dishes precoated with α-CD3 and addition 

of α-CD28 and IL-2 (see 3.2.5.5). Next day, cells were resuspended and counted in a 

Neubauer chamber. Dead cells determined by Trypan blue uptake were excluded from the 

analysis. To follow lymphocyte migration, 10,000 cells were seeded per well of a 8-well slide 

precoated with ICAM-1 (see 3.2.5.5). Cells were stimulated or not with SDF-1 (200 ng/mL), 

and cell tracks were followed for 30 min on a Nikon TE Eclipse epifluorescence microscope. 

The accumulated distances (= length of cell migration track from starting point A to end point B) 

were determined by tracking 40 cells per condition using ImagePro software. 

3.2.6.8 Transwell cell migration assays 

Lymphocytes were isolated from Pgpflx/flx or Pgpflx/flx; Tie2-Cre+/- mice and seeded overnight in 

a 12-well culture dish as described in 3.2.5.1. Next day, cells were treated with or without 

inhibitors (see 3.2.6.1), counted and a cell suspension at a concentration of 106 cells/100 µL 

in RPMI/0.25% BSA was prepared. One hundred µL of the suspension was added to the upper 
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compartment of 3.0 µm pore diameter transwell inserts precoated with fibronectin or 

poly-L-lysine. The lower compartment of the transwell chamber contained 600 µL of 

RPMI/0.25% BSA. To start the migration assay, 100 ng/mL SDF-1 was added as a 

chemoattractant to the medium reservoir in the lower chamber (Figure 16). 

 

 

 

After 3 h, the assay was stopped by removing the insert. Transmigrated cells were stained 

using Hoechst 33342 for 30 min and imaged on a Nikon TE Eclipse epifluorescence 

microscope. Cell numbers were counted semi-automatically using ImagePro software. 

3.2.6.9 PKC activity assay 

To analyze PKC activity lymphocytes were isolated from Pgpflx/flx or Pgpflx/flx; Tie2-Cre+/- mice 

and seeded overnight in a 12-well culture dish as described above (3.2.5.1). Next day, cells 

were counted in a Neubauer chamber. Dead cells were assessed by using Trypan blue solution 

and were excluded from cell number determination. A concentrated cell suspension of 

16 x 106 cells per 100 µL of RPMI was prepared and stimulated with 200 ng/mL SDF-1. One 

hundred µL of the stimulated cell suspension was added to a 3 cm dish precoated with 

fibronectin and blocked with 0.1% BSA in starving medium for 1 h. The cells were allowed to 

attach for 10 min, and were subsequently lysed with 200 µL of ice-cold PKC lysis buffer. After 

10 min incubation on ice, cells were scraped from the plate using a rubber policeman and 

collected in pre-chilled tubes. Cell lysates were incubated for 20 min at 4°C under constant 

agitation. Insoluble cell components were removed by centrifugation at 10,000 × g for 12 min 

at 4°C. The supernatant was collected and protein concentrations were determined using the 

Micro BCA Protein Assay Kit. Lysates were diluted with PKC lysis buffer to comparable protein 

concentrations, and PKC activity was determined in 30 µL of the cell lysates according to the 

manufacturer’s instructions. 

Figure 16: Transwell assay based on the Boyden chamber method. 
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3.2.6.10 Flow cytometry 

Flow cytometry is a method for quantification of fluorescently labeled molecules either on the 

cell surface or -after permeabilization- inside the cell. This method can also be used to analyze 

cell size. Flow cytometric analysis was performed with non-starved or overnight serum-starved 

endothelial cells isolated from Pgpflx/flx or Pgpflx/flx; Tie2-Cre+/- mice. To this end, cells were 

washed with PBS, trypsinized and resupended either in Vasculife complete medium or in 

Vasculife starving medium. After counting the cells in a Neubauer counting chamber, a cell 

suspension of 100,000 cells per condition was centrifuged at 250 x g for 5 min at room 

temperature and cell pellets were resuspended in 1 mL of PBS. Cell size was analyzed by 

detection of forward scatter signals in a FACS Calibur flow cytometer. 

3.2.7 Metabolic studies 

3.2.7.1 Determination of glycerol 3-phosphate (G3P) levels 

Glycerol 3-phosphate levels in E8.5 embryo explant cultures were determined using a Glycerol 

3-phosphate Colorimetric Assay Kit. Three embryo explants per genotype were pooled and 

lysed in 120 µL of ice-cold G3P assay buffer. Lysates were centrifuged at 10,000 × g at 4°C 

for 5 min to remove insoluble cell components, and cell supernatants were kept on ice. Fifty µL 

of the cleared embryo explant lysates were used, and glycerol 3-phosphat levels were 

determined according to the manufacturer’s instructions. To calculate G3P levels per µg of 

protein, protein concentrations of the embryo lysates were determined using the Micro BCA 

Protein Assay Kit. 

3.2.7.2 Lipidomics 

The analysis of results from lipidomic studies was performed by Matthias Zundler according to 

published procedures (Schiebel et al., 2013) with modifications, and will be explained in more 

detail in his MD thesis (unpublished). Briefly, all solvents were LC-MS grade and purchased 

from Biosolve. Lipids were extracted using tert-butylmethylether (TBME) as described with 

minor modifications (Chen et al., 2013). Per experiment, ten pooled E8.5 embryos (PgpWT/WT, 

PgpWT/DN or PgpDN/DN; ~50 µg total protein) were extracted with 600 µL ice-cold 100% methanol 

for at least 24 h at -80°C. After the addition of 200 µL distilled water, samples were treated for 

5 min at 21 Hz in a ball mill equipped with 5 mm zirconium oxide grinding balls. One mL TBME 

was added. Samples were rocked on a thermocycler for 1 h at room temperature, vortexed for 

1 min, 250 µL of distilled water was added, samples were vortexed again for 1 min, and 

centrifuged at 9,400 × g for 3 min to achieve phase separation. The upper phase was 

evaporated, dissolved in 50 µL isopropanol and analyzed by LC/MS as described previously 

(Schiebel et al., 2013). Processing of chromatograms, peak detection and integration were 
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performed using MassLynx software. TransOmics software was used for data preprocessing 

for untargeted metabolomics and for marker identification. Glycerolipid profiling was conducted 

using the in-house developed software RLA-Tool (developed by Dr. Agnes Fekete and Prof. 

Dr. M. Müller, Julius von Sachs Institute/Pharmaceutical Biology, University of Würzburg). 

Defined lipid species were searched for in the samples based on their exact m/z in the low 

energy function and two integral fragments (fatty acyl side chains) in the high energy function 

with an error tolerance of 3 mDa. The identification was confirmed by the linear coherence 

between retention time and m/z (Hummel et al., 2011). The identified species were then 

assembled into an automated method within QuantLynx embedded in MassLynx for the 

systematic integration of the identified lipid species in the extracts. For the analysis of GC1 

control shRNA or PGP shRNA cells, 5.5 × 106 cells per cell type and experiment were extracted 

in 450µL ice-cold 100% methanol for at least 24 h at -80°C. After the addition of 150 µL distilled 

water, samples were processed and analyzed as described above.  

3.2.7.3 Determination of ATP levels 

ATP levels of GC1 cells and E8.5 embryos from Pgpflx/flx or Pgpflx/flx; EIIa-Cre mice were 

quantified with recombinant firefly luciferase using an ATP determination kit. GC1 cells seeded 

in 3 cm dishes were grown to a confluent monolayer by overnight culture in complete DMEM. 

Cells were then serum-starved for six h, and incubated for 1 h in the absence or presence of 

glucose, sodium palmitate [coupled to fatty acid- and globulin-free bovine serum albumin (for 

details see www.seahorsebio.com); final concentration, 200 µM] or inhibitors [final 

concentrations of atglistatin and etomoxir, 50 µM; 2-deoxyglucose (2-DG), 100 mM]. ATP 

concentrations were determined according to the manufacturer’s instructions, using 10 µL of 

the cell lysates. To calculate ATP levels per µg of protein, protein concentrations were 

determined using the Micro BCA Protein Assay Kit. 

3.2.7.4 Analysis of triose phosphate isomerase (TPI) activity 

TPI activity in E8.5 embryo explant cultures from Pgpflx/flx or Pgpflx/flx; EIIa-Cre mice and red 

blood cells isolated from Pgpflx/flx or Pgpflx/flx; Tie2-Cre+/- mice was determined using the Triose 

Phosphate Isomerase activity kit. Embryo explants were lysed in 175 µL, and snap-frozen red 

blood cell pellets were lysed in 1 mL of the provided TPI assay buffer. Lysates were kept on 

ice for 10 min, and cell debris was removed by centrifugation for 10 min at 10,000 × g. Fifty µL 

of the cleared embryo explant lysates, or 5 µL of the cleared red blood cell lysates were used 

in a final assay volume of 50 µL. Enzyme kinetics were followed spectrophotometrically at 

450 nm in 96-well microplates on a multilabel plate reader, and the values were extrapolated 

to a NADH standard curve. To calculate TPI activity per µg of protein, protein concentrations 

were determined using the Micro BCA Protein Assay Kit. 
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3.2.7.5 Analysis of cellular respiration 

Oxygen consumption rates (OCRs) were measured using a Seahorse XF96e extracellular flux 

analyser and XF Cell Mito Stress kits according to the manufacturer’s recommendations. Each 

assay cycle consisted of a 1 min mix, 2 min wait, and 3 min measurement period. The 

mitochondrial ATP synthase inhibitor oligomycin (2 µM) was added after three basal assay 

cycles to determine the fraction of respiration used to drive ATP synthesis. Carbonyl cyanide-

4-(trifluoromethoxy)phenylhydrazone (FCCP, 0.5 µM) was injected after three further assay 

cycles to uncouple ATP synthesis from electron transport and thus to induce maximal 

respiration. After another three assay cycles, a mix of the complex I inhibitor rotenone (0.5 µM) 

and the complex III inhibitor antimycin A (0.5 µM) was added to determine the non-

mitochondrial respiratory rate. For inhibitor experiments, cells were pretreated for 30 min with 

40 µM etomoxir, 50 µM atglistatin or 100 mM 2-DG. The principle of a mitochondrial stress 

assay is depicted in Figure 17.  

 

For OCR measurements under oxygen-deprived conditions, cells were grown overnight in a 

hypoxia incubator at 3% O2 and 5% CO2. The oxygen scavenger sodium sulfite (final 

concentration, 100 mM) was added to wells containing only XF Calibrant to provide a ‘zero’ 

oxygen reference parameter. Cells were washed twice under hypoxic conditions with 

bicarbonate-free XF assay medium, followed by a 1 h preincubation at 37°C and 3% O2. OCR 

measurements were conducted as described above. Analyses were performed using Wave 

software. To correct the OCR values for variations in cell numbers, cells were fixed in 75% 

ethanol for 15 min, dried and stained with 0.1% (w/v) crystal violet in 20% ethanol for 20 min. 

Cells were dried overnight, the dye was extracted with 10% acetic acid, and A562 was read on 

a microplate reader. Standard curves were constructed by extrapolating the crystal violet 

values to a protein concentration standard curve determined using the Micro BCA Protein 

Assay Kit, obtained from cells seeded in parallel. 

Figure 17: Mitochondrial stress assay. 
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3.2.8 Protein analytics 

3.2.8.1 Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 

Proteins were separated according to their molecular mass using SDS-PAGE. In the first step, 

proteins were denatured by boiling in sample buffer for 3 min. Proteins with lower molecular 

mass such as PGP (~34 kDa), were run on 12% SDS-PAGE gels, and larger proteins such as 

Src (~60 kDa) or PLCγ1 (~155 kDa) were resolved in 8% SDS-PAGE gels (Laemmli, 1970). 

Proteins were concentrated in the stacking gel at a constant voltage of 75 V and the separation 

took place at a constant voltage of 130 V in the running gel. 

3.2.8.2 Western Blot analysis 

Proteins separated by SDS-PAGE were transferred onto nitrocellulose membranes via semi-

dry transfer. For this purpose, a “Western blot sandwich” was built (Figure 18). Two sheets of 

Whatman paper soaked with anode buffer I and one sheet soaked in anode buffer II formed 

the bottom of the sandwich. The nitrocellulose membrane was first soaked in H2Odest and then 

in anode buffer II and added to the Whatman paper sheets. The gel rinsed in cathode buffer 

was added on the membrane followed by three sheets of Whatman paper equilibrated in 

cathode buffer. Proteins with lower molecular mass were electrophoresed in “low” buffers, and 

proteins with higher molecular mass in “high” buffers. “Low” transfer buffers contain more 

methanol than “high” buffers to promote binding of lower MW proteins to the membrane. SDS 

is added to “high” buffers to promote elution of the higher MW proteins from gels. Proteins 

were blotted at a constant electric current of 70 mA per gel. 

Blotting times ranged from 30 min for PGP to 90 min for PLCγ1. Afterwards, membranes were 

stained with Ponceau S to visualize the transferred proteins, and scanned for documentation. 

After incubation with blocking buffer for 20 min to avoid unspecific binding of the antibodies, 

membranes were rinsed with H2Odest and incubated with primary antibodies overnight at 4°C 

under agitation. The primary antibodies were diluted 1:1,000 in antibody diluent. The next day, 

membranes were rinsed three times with H2Odest and incubated with horseradish peroxidase  

Figure 18: Western blot sandwich. 
For details, see text above. 
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(HRP)-labelled secondary antibodies for 1 h at room temperature. Secondary antibodies were 

diluted 1:10,000 in blocking buffer. For analysis of tubulin expression levels, the first antibody 

was diluted 1:10,000, and the membrane was incubated for 1 h at room temperature, followed 

by washing and the incubation with the secondary antibody. The blot was developed using 

Super Signal West Pico Stable Peroxide Solution and Luminol/Enhancer Solution mixed in a 

ratio of 1:1 for 3 min. ImageQuant LAS 4010 Digital Imaging System was used to detect protein 

signals. Bands were densitometrically analyzed with ImageJ software (see 3.2.10). 

3.2.8.3 Immunoblot stripping 

The membrane was placed in 50 mL Falcon tubes containing freshly prepared stripping buffer 

and was incubated for 45 min at 50°C. The tube was vigorously vortexed every 5 min. 

Afterwards, membrane was extensively rinsed with desalted water for 15 min before washing 

three times with 200 mL of TBS containing 0.05% Tween for 10 min under constant agitation. 

Prior to reprobing, the membrane was incubated with blocking buffer for 30 min. 

3.2.8.4 Preparation of cell lysates 

Lysates generated to assess PGP expression levels in cultured or primary cells or tissues were 

prepared in Laemmli`s sample (2 x) buffer. For analysis of phosphorylation levels of PLCγ1, 

Src family kinases or of the EGF receptor, cells expressing control or PGP-directed shRNAs 

were seeded on fibronectin or poly-L-lysine, serum-starved overnight after 4 h, and stimulated 

or not with EGF (100 ng/mL) for 0, 3 or 5 min before lysis with ice-cold lysis buffer on ice. For 

inhibitor experiments, cells were pretreated with the Src family kinase inhibitor PP2 or its 

negative control PP3 before stimulation with EGF and cell lysis. The lysates were rotated for 

15 min at 4°C, and insoluble material was removed by centrifugation at 21,000 x g for 15 min. 

Protein concentrations of the cleared supernatants were determined using the Micro BCA kit, 

according to the manufacturer`s instructions. To adjust protein concentrations Laemmli`s 

sample buffer (4 x ) was added. 

3.2.8.5 Immunoprecipitation 

To immunoprecipitate tyrosine-phosphorylated (pY783) PLCγ1, 1.5 x 106 control shRNA or 

PGP shRNA expressing GC1 cells were seeded on fibronectin-coated 10 cm dishes. To 

analyze maximal PLCγ1 phosphorylation levels, a second dish with GC1 cells expressing 

control shRNA was prepared in parallel. Four h after seeding, these cells were serum-starved 

overnight and subsequently treated with 100 µM freshly prepared pervanadate solution 

(obtained by a 1:1 mixture of 100 mM H2O2 and 100 mM NaVO4) for 30 min (Daum et al., 

1998). Cells were stimulated with 100 ng/mL EGF for 3 min before cell lysis in 500 µL ice-cold 

lysis buffer. The lysates were rotated for 15 min at 4°C, and insoluble material was removed 

by centrifugation at 21,000 x g for 15 min. Protein concentrations of the cleared supernatants 
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were determined using the Micro BCA kit, and samples were diluted to comparable protein 

concentrations in a final volume of 500 µL lysis buffer. Five µL of pY783 PLCγ1 antibody was 

added per sample, and lysates were rotated overnight at 4°C. The next day, protein G 

sepharose beads (20 µL packed beads per sample) were pre-equilibrated and blocked in lysis 

buffer containing 3% BSA for 1.5 h at room temperature. The beads were washed three times 

with 1 mL lysis buffer by centrifugation at 400 x g for 2 min at room temperature. After the last 

washing step, beads were resuspended in 1.2 mL lysis buffer. Four hundred µL of the 

resuspended beads were aliquoted in three 1 mL reaction tubes. After centrifugation (400 x g; 

2 min) the supernatant was removed, and 500 µL of the cell lysates were added to the beads. 

The mixture was rotated for 2 h at 4°C. After washing the beads three times in lysis buffer, 

proteins were eluted from the beads by boiling in 30 µL of Laemmli’s buffer (2 x) for 5 min. 

After a high speed centrifugation step (10,000 x g; 10 min) the entire supernatant was used for 

Western blot analysis. 

3.2.9 Experiments with purified proteins 

3.2.9.1 Cellular PLCγ1 dephosphorylation assays 

To analyze whether PLCγ1 is a direct substrate of PGP, 1.5 x 106 GC1 cells expressing control 

shRNA were seeded on fibronectin-coated 10 cm dishes and serum-starved overnight. Three 

dishes were prepared in parallel. The next day, cells were treated for 30 min with 100 µM 

freshly prepared pervanadate solution (prepared as decribed above, 3.2.8.5). The cells were 

stimulated with 100 ng/mL EGF for 3 min before cell lysis in 500 µL ice-cold lysis buffer. The 

lysates were rotated for 15 min at 4°C, and insoluble material was removed by centrifugation 

at 21,000 x g for 15 min. After pooling the lysates, an immunoprecipitation of 

tyrosine-phosphorylated (pY783) PLCγ1 was performed as described above (3.2.8.5). After a 

2 h incubation period under agitation at 4°C, the beads–lysate mixture was aliquoted into three 

reaction tubes. The beads were washed three times by centrifugation (400 x g, 2 min, 4°C) 

with 1 mL lysis buffer and resuspended in 300 µL of TMN buffer containing 1 mM DTT. Highly 

purified, recombinant murine PGPWT or PGPDN (10 µg each) or 1% BSA control protein were 

added to the samples. After a 2 h rotation step at 37°C, the beads were washed with TMN 

buffer, and proteins were eluted from the beads by boiling in Laemmli’s buffer (2 x) for 5 min. 

The samples were centrifuged at 10,000 x g for 10 min, and the supernatant was subjected to 

Western blotting to determine phosphorylation levels of tyrosine 783 of PLCγ1. For this 

purpose, lysates were blotted onto nitrocellulose, and Western blots were performed with total 

PLCγ1 or pY783-PLCγ1 antibodies. The assay was also performed with lower concentration 

of purified PGP (0.05 µg, 0.5 µg and 1 µg), with shorter incubation times (45/60 min) and in 

presence or absence of 10 µM of the Src family kinase inhibitor PP2. 
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3.2.9.2 Recombinant PLCγ1 dephosphorylation assays  

One µg of purified PLCγ1 was incubated with 1 µg of active Syk and 500 µM ATP in 300 µL of 

Syk kinase buffer. The solution was rotated for 1 h at 37°C. Afterwards, proteins were 

concentrated and washed three times with TMN using Amicon Ultra-0.5 mL Centrifugal Filters 

(14,000 x g, 10 min, room temperature) according to the manufacturer’s instructions. In the 

last centrifugation step, the concentrated proteins were collected in a reaction tube, 500 µl of 

TMN containing 1 mM DTT was added, and two 250 µL aliquots were prepared and incubated 

either with 1 µg PGPWT or with 1 µg PGPDN. After 1 h of incubation at 37°C under agitation, the 

proteins were again concentrated using Amicon Ultra-0.5 mL Centrifugal Filters as described 

above. Laemmli’s buffer (2 x) was added, and samples subjected to Western blotting using a 

pY783-PLCg1 antibody to analyze phosphorylation levels of this residue. 

3.2.10 Image quantification  

Western blots were analyzed densitometrically using ImageJ, version 1.45i. To normalize for 

protein loading, values were adjusted to tubulin expression levels. For the evaluation of 

phosphorylation levels of the EGF receptor the values were adjusted to total EGF receptor 

expression levels. 

3.2.11 Statistical analysis 

Unpaired Student`s t-test were performed using Graph pad prism version 6.0. Data are 

expressed as mean ± S.E.M. * P< 0.05; ** P< 0.01; *** P< 0.001; **** P< 0.0001 
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4 Results 

4.1 Role of phosphoglycolate phosphatase (PGP) for cell spreading 

and cell migration 

The first part of the thesis deals with the question how PGP regulates integrin- and RTK-

mediated cell adhesion. Additionally, the question arises if PGP also regulates other cellular 

functions that are mediated by actin cytoskeleton reorganization, such as cell migration.  

As already mentioned. PGP-depleted cells adhered faster on integrin ligands such as 

fibronectin (see 1.4.3). For cell adhesion, cells have to profoundly reorganize their actin 

cytoskeleton. This suggests that PGP might play a role in integrin-dependent actin 

reorganization. Previously, PGP was identified as a regulator of receptor tyrosine kinase- 

(RTK-) induced signaling (Seifried et al., 2014). Important pathways through which RTK 

activation influences actin dynamics include the regulation of phosphatidylinositide 3- (PI3-) 

kinase- (Jimenez et al., 2000) and protein kinase C- (PKC-) signaling (Laux et al., 2000, Brandt 

et al., 2002). 

Cellular processes such as cell spreading and cell migration also require a dynamic and 

organized rearrangement of the actin cytoskeleton. To study the role of PGP for cell spreading 

and migration downstream of integrin- and RTK-signaling, the following cell lines were used.  

The spermatogonial cell line GC1 is a suitable model to study actin dynamics because GC1 

cells exhibit a well-elaborated actin cytoskeleton. They are derived from mouse testis and 

express high levels of PGP. Targeting of PGP by RNA interference using short hairpin RNA 

(shRNA) resulted in a reduction of PGP protein levels by ~80%, as determined by 

densitometric analysis of PGP expression in control shRNA and PGP shRNA expressing cells 

(Figure19). 

Figure 19: Spermatogonial GC1 cell line. 
A: Control shRNA cells stained with phalloidin to visualize actin filaments.  
B: Western blot showing the expression levels of endogenous PGP in murine GC1 cells stably expressing control 
(ctrl) shRNA or shRNA directed against murine PGP. 
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The regulation of cell adhesion and migration in lymphocytes as well as in endothelial cells is 

essential for physiological processes such as wound healing and immune responses. To begin 

to analyze a potential role of PGP in these processes, primary endothelial cells and 

lymphocytes were isolated from Pgpflx/flx and Pgpflx/flx; Tie2-Cre+/- mice. Breeding of Pgpflx/flx 

mice with the Tie2-Cre driver line leads to a Pgp inactivation in endothelial cells and in cells of 

the hematopoietic system such as red blood cells or lymphocytes (see 1.7). Mouse lung 

endothelial cells were isolated from the lung lobes of five to seven day old pubs, and primary 

lymphocytes were isolated from superficial (cervical, axillary, brachial and inguinal) and deep 

mesenteric lymph nodes.  

4.1.1 Cellular effects of PGP 

4.1.1.1 PGP activity regulates integrin- and RTK- induced circular dorsal ruffle 

formation 

As a first step, EGF- and integrin-mediated actin reorganization was analyzed in 

spermatogonial GC1 cells. Control shRNA as well as PGP-directed shRNA expressing cells 

were seeded on the integrin ligand fibronectin and were serum-starved overnight. Upon EGF 

stimulation, cells were monitored for 45 minutes by differential interference contrast (DIC) 

microscopy using an epifluorescence microscope. After about three minutes, a ring-like 

membrane structure appeared on the dorsal plasma membrane of the cells and disappeared 

after some minutes. To characterize this transient membrane projections further, 

immunostaining experiments were performed. Control shRNA and PGP shRNA expressing 

cells were treated, as described above, and fixed after three minutes of EGF stimulation. To 

visualize actin filaments, the cells were stained with phalloidin and stained with DAPI to identify 

the nucleus. The ring-like membrane ruffle was enriched with F-actin.  

There were some reports published describing a ring-like, transient and actin-rich dorsal 

membrane structure which is inducible by growth factor stimulation, the so-called circular 

dorsal ruffle (see 1.6.3) (Suetsugu et al., 2003, Orth and McNiven, 2006). Thus, the dorsal 

membrane projections observed in GC1 cells upon EGF stimulation may also represent 

circular dorsal ruffles (CDRs, see Figure 20). 

The percentage of cells showing CDRs was quantified. CDR formation was significantly 

increased in PGP-depleted cells, and the numbers of CDRs per ruffling cell was also markedly 

higher after PGP depletion (Figure 20A and 20B). As already mentioned, growth factor 

stimulation is necessary for the induction of CDRs (Mellstrom et al., 1988, Tamura and 

Iwamoto, 1989, Wu et al., 2003). Recently, it was reported that integrin activation is essential 

for this process as well (Azimifar et al., 2012). To examine whether this was the case for 

PGP-dependent CDR formation, GC1 cells expressing PGP shRNA or control shRNA were 
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seeded on poly-L-lysine (PLL), a positively charged polymer. PLL interacts with the negatively 

charged plasma membrane of seeded cells and improves cell adherence. In contrast to cell 

seeding on fibronectin, attachment of cells on PLL does not lead to integrin activation. 

Figure 20C shows that a dramatic decrease in CDR formation was observed in both control- 

and PGP-depleted cells upon seeding on PLL compared to seeding on fibronectin and that this 

decrease was particularly pronounced in PGP-deficient cells.  

 

Figure 20: Characterization of PGP-dependent CDR-formation. 
A: For immunofluorescence analysis of CDR formation control shRNA and PGP shRNA expressing cells were 
seeded on fibronectin, serum-starved overnight, fixed 3 min after EGF stimulation (100 ng/mL) and stained with 
Alexa 488-conjugated phalloidin to identify CDRs and with DAPI to counterstain the nuclei. For the quantification of 
CDR formation, 200-300 cells per condition and experiment were analyzed and the percentage of cells showing 
CDRs was calculated. Results are mean values ± S.E.M. of n=4 independent experiments. *, p< 0.05. 
B: For the quantification of the numbers of CDRs per ruffling cells, 150 cells showing CDRs for each cell type were 
analyzed and the numbers of CDRs per cell were counted. n=3 independent experiments were performed. Data are 
expressed as means ± S.E.M. **p< 0.01. 
C: Quantification of CDR formation in GC1 cells seeded on poly-L-lysine (0.1 mg/mL) in comparison to cells seeded 
on fibronectin (10 µg/mL) demonstrated that integrin activation is essential for PGP-dependent CDR formation. 
Results are mean values ± S.E.M. of n=4 independent experiments. 
 *, p< 0.05; **, p< 0.01; ***, p< 0.001. 
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Integrin- and RTK- signaling is mediated by a complex network of effector- and scaffolding 

proteins. To investigate whether the catalytic phosphatase activity of PGP, or the potential 

functions of PGP as scaffolding protein were essential for PGP-dependent CDR formation, 

PGP add-back experiments were performed (Figure 21). If the loss of PGP phosphatase 

activity was responsible for the observed effect, the re-expression of PGPDN should 

recapitulate the PGP shRNA phenotype, whereas the re-expression of wildtype PGP should 

phenocopy the degree of CDR formation in control shRNA cells. In contrast, if PGP would 

function primarily as a scaffolding protein to regulate CDR formation, re-expression of either 

wildtype or the inactive mutant should abolish the enhanced CDR formation observed upon 

PGP depletion.  

 

To exclude that CDR formation was affected by cell transfection per se, control shRNA and 

PGP shRNA expressing cells were transfected with an empty YFP-tagged vector. The 

transfected cells displayed same levels of CDR-formation as non-transfected cells 

(Figure 22B). 

For the add-back experiments, cells expressing PGP shRNA were transfected either with RNA 

interference-resistant human PGPWT or with the phosphatase-inactive catalytic point mutant 

PGPDN to endogenous PGP expression levels (Figure 22A). The remaining endogenous PGP 

expression in PGP shRNA cells (which was about 20% of PGP expression in control cells) was 

also considered. Cells, transfected with the inactive point mutant showed CDR formation levels 

similar to PGP-depleted cells. Only cells, transfected with wild type PGP showed the same 

effects on CDR formation as control shRNA cells. Thus, PGP phosphatase activity regulates 

integrin- and RTK- mediated CDR formation (Figure 22B). 

 

 

Figure 21: The principle of PGP add-back experiments. 
For details, see text above. 
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Taken together, it was demonstrated that PGP activity controlled EGF-induced CDR formation 

in an integrin-dependent manner. 

 

 

 

Figure 22: Effects of add-back experiments with phosphatase active- or inactive PGP versions on CDR 
formation. 
A: Lysates of cells expressing PGP shRNA and transfected either RNA interference-resistant human PGPWT or with 
human PGPDN were immunoblotted with an α-PGP antibody to make sure that PGPWT or PGPDN were re-expressed 
at endogenous levels. The remaining PGP expression in PGP silenced cells, which was about 20% of control 
shRNA cells was also considered. PGP expression in control shRNA cells was used as standard, and tubulin 
expression was examined as loading control. 
B: PGP shRNA expressing cells transfected with either PGPWT or PGPDN to endogenous expression levels of PGP 
were seeded on fibronectin, serum-starved overnight, fixed 3 min after EGF stimulation (100 ng/mL) and stained 
with Alexa 546-conjugated phalloidin to identify CDRs, with DAPI to counterstain the nuclei and with an α-YFP/GFP 
antibody to detect transfected cells. For the quantification of CDR- formation 100-200 of YFP-positive cells per 
condition and experiment were scored, and the percentage of cells showing CDRs was calculated. Results are 
mean values ± S.E.M. of n=4 (non-transfected cells) n=5 (PGPWT - or PGPDN -transfected cells). As a control PGP 
shRNA and control shRNA expressing cells were transfected with an empty-YFP vector and CDR formation of YFP-
positive cells was determined as described above. n=3 independent experiments were performed. *, p< 0.05; **, 
p< 0.01. 
Data are expressed as mean ± S.E.M.; * p< 0.05; **p< 0.01. 
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4.1.1.2 PGP localizes to circular dorsal ruffles 

It is already known that important proteins involved in actin remodeling such as the Neural 

Wiskott-Aldrich syndrome protein (N-WASP), the actin related protein 2/3 (ARP2/3) complex, 

WASP-family verprolin-homologous protein (WAVE) or Src are required for the formation of 

CDRs, and localize to CDRs (Legg et al., 2007, Suetsugu et al., 2003, Azimifar et al., 2012, 

Yang et al., 2006). To further characterize the transient actin-rich membrane structure, whose 

formation was enhanced upon PGP depletion, subcellular localization of endogenous PGP 

during EGF- and fibronectin- induced CDR formation was analyzed by immunocytochemistry. 

To this end, control shRNA expressing cells were seeded on fibronectin and were serum-

starved overnight. The next day, cells were stimulated with EGF for three minutes before 

fixation and staining. By using an antibody against endogenous PGP, it was demonstrated that 

PGP localized to circular dorsal ruffles. The co-localization of PGP with F-actin, stained with 

phalloidin, was confirmed with a co-localization finder software provided from Image J. The 

Pearson`s correlation coefficient (PCC) is a statistic measure of linear correlation and is often 

used to quantify co-localization. Here, peak maxima of signal intensities of different channels 

are compared. A PCC value of 1 indicates a perfect linear correlation/co-localization, and a 

PCC value close to zero indicates that the fluorescence intensities of two images are 

uncorrelated (Dunn et al., 2011). PCC was set to a value higher than 0.75. Co-localized data 

points are displayed in white (Figure 23). 

 

 

 

Figure 23: Analysis of the subcellular localization of endogenous PGP localization. 
Control shRNA cells were seeded on fibronectin (10 µg/mL), were serum-starved overnight and stimulated with 
EGF (100 ng/mL). After fixation with 4% PFA, cells were stained for endogenous PGP expression (shown in red) 
and with Alexa 633-conjugated phalloidin (shown in cyan) to visualize actin structure. Co-localization studies were 
performed using ImageJ co-localization finder software. Co-localized data points with a Pearson’s correlation 
coefficient above 0.75 are displayed in white. 
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4.1.1.3 PGP regulates integrin- and RTK-induced cell spreading in a CDR-dependent 

manner 

CDRs have been implicated in integrin trafficking (see 1.6.3). Integrins are internalized via 

CDRs at the apical surface, traffic through the cell and are recycled to the ventral surface to 

create new adhesive sites (Gu et al., 2011, Margadant et al., 2011). In this way, CDRs can 

regulate integrin-mediated cellular processes such as cell adhesion, spreading and migration. 

To investigate if increased CDR formation in PGP-depleted cells affects these processes, cell 

spreading experiments were performed. To this end, cells were kept in suspension, and the 

spreading of PGP shRNA or control shRNA expressing GC1 cells on integrin ligand fibronectin 

was analyzed. The cells were serum-starved overnight and brought in suspension before 

seeding on a fibronectin-precoated dish for 10 minutes. The reaction was stopped by fixation 

of the cells. In preliminary experiments, we observed that GC1 cells exhibit prominent cortical 

actin bundles during initial cell spreading. These actin filaments can be stained with phalloidin, 

thus enabling the visualization and quantification of the cell spread area. Figure 24A 

demonstrates that PGP-depleted cells showed significantly increased cell spread areas upon 

seeding on fibronectin.  

To investigate how RTK- and integrin co-stimulation affects PGP-dependent cell spreading, 

control shRNA and PGP shRNA cells were stimulated with EGF in suspension before seeding 

on fibronectin for 10 min. Co-activation of both receptors further increased the PGP-dependent 

effect on cell spreading (Figure 24A).  

As a next step, it was investigated whether the catalytic phosphatase activity of PGP or PGP 

as scaffolding protein was essential for PGP-dependent cell spreading. For this purpose, PGP-

add-back experiments were performed (see Figure 21). Comparable cell spreading of 

PGP-depleted cells transfected with the catalytically inactive point mutant PGPDN and non-

transfected control shRNA cells would indicate that PGP functions as a scaffolding protein. If 

cell spreading of PGP-depleted cells transfected with wildtype PGP and non-transfected 

control shRNA were comparable, it would mean that PGP phosphatase activity is essential for 

the observed effects on cell spreading.  

To make sure that cell spreading was not affected by cell transfection per se, control shRNA 

and PGP shRNA expressing cells were transfected with an empty YFP-tagged vector. After 

quantification of cell spread areas of YFP positive cells, PGP-dependent effect on cell 

spreading was still observable (Figure 24B).  

The re-expression of wildtype PGP in PGP shRNA expressing cells led to equal cell spreading 

as observed in control shRNA cells (Figure 24B).  
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Taken together, these data demonstrated that PGP phosphatase activity regulates RTK- and 

integrin- induced cell spreading and that cells lacking PGP activity formed more CDRs and 

displayed accelerated cell spreading. 

 

Figure 24: Cell spreading assays.  
A: For immunofluorescence analysis and quantification of cell spreading, control shRNA and PGP shRNA 
expressing cells were seeded on 6-cm dishes and serum-starved after 4 hours. The next day, cells were washed 
with PBS, trypsinized, resuspended in starving medium containing 0.1% BSA and stimulated or not with EGF 
(100 ng/mL). Cells were plated on a 8-well slides, precoated with fibronectin (10 µg/mL) and allowed to spread for 
10 minutes before fixation and staining with Alexa 488-conjugated phalloidin to visualize cell area and with DAPI to 
counterstain the nuclei. Cells were imaged with a Nikon epifluorescence microscope. Cell areas [µm2] of 30-50 cells 
per condition were determined by using ImagePro software. Results are mean values ± S.E.M. of n=5 independent 
experiments. *, p< 0.05; **, p< 0.01. 
B: To analyze whether effects on cell spreading were dependent on PGP activity, PGP add-back experiments were 
performed. PGP-silenced cells were transfected with PGPWT or the inactive point mutant PGPDN to endogenous 
PGP expression levels. Cell spreading assays were performed as explained in A, and cells were additionally stained 
with an α-YFP/GFP antibody to identify transfected cells. Cell areas [µm2] of 30-50 YFP-positive cells were 
determined. n=5 (non-transfected cells) and n=6 (PGPWT or PGPDN transfected cells) independent experiments were 
performed. As a control experiment control shRNA or PGP shRNA expressing cells were transfected with an empty-
YFP vector and cell spreading of the YFP-positive cells were determined as described above. Results are mean 
values ± S.E.M. of n=3 independent experiments. Data are expressed as mean + S.E.M. **, p< 0.01; ***, p< 0.001.



  Results
 

 

69 
 

Whereas some key players of CDR formation signaling have recently been identified (Hoon et 

al., 2012), signal pathways leading to the formation of dorsal ruffles after growth factor 

stimulation remain poorly understood. Integrin- and growth factor signaling lead to the 

activation of Src family kinases, resulting in the activation of PI3 kinase (PI3K). PI3K 

phosphorylates phosphatidylinositol (4,5)-bisphosphate (PIP2) to phosphatidylinositol (3,4,5)-

trisphosphate (PIP3). PIP3 accumulation leads to the recruitment of the large GTPase dynamin 

to the plasma membrane. Increased PI3K activity also activates the small GTPase Rac1. 

Dynamin recruitment (Krueger et al., 2003) and Rac1 activation (Welch et al., 2003, 

Dharmawardhane et al., 2000) subsequently result in the formation of CDRs.  

To investigate the effect of CDR on RTK- and integrin- induced cell spreading, CDR formation 

was blocked by pharmacological inhibition of important signaling molecules that have been 

implicated in CDR formation. Src family kinase (SFK) activities were blocked with PP2, PI3K 

activity with wortmannin and the activity of dynamin with dynasore (Figure 25). 

 

 

The inhibition of PI3K and dynamin activities led to a complete blockade of CDR formation. 

Treatment with PP2 normalized the PGP-dependent effect on CDR formation (see 4.1.2.2). 

To examine the impact of CDR formation on cell spreading, control shRNA and PGP shRNA 

expressing cells were serum-starved overnight before treatment with either wortmannin, 

dynasore, or PP2 for 30 minutes. The cells were brought in suspension, and inhibitors with a 

reversible mode of action (PP2 and dynasore) were added again. After stimulation with EGF, 

cells were plated on a fibronectin-precoated well. The inhibition of SFK activities, PI3K activity 

as well as the inhibition of dynamin activity led to a complete normalization of PGP-dependent 

effects on integrin- and RTK- induced cell spreading (Table 1). 

Figure 25: Simplified model of key signaling pathways involved in CDR-formation. 
Pharmacological inhibitors that were used to probe PGP-dependent CDR formation are indicated. 
The figure is adapted from (Hoon et al., 2012).  
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 control PP2 wortmannin dynasore 

shRNA ctrl PGP ctrl PGP ctrl PGP ctrl PGP 

cell area [µm2]  

(mean± S.E.M.)  

588.0 

 ± 30.3 

949.6 

± 84.4 

785.3 

± 117.7 

729.3 

±136.2 

530.0 

± 14.1 

475.3 

±15.9 

716.0 

±98.1 

644.5 

±83.6 

p-value: 0.0038 ns ns ns 

 

These data argued that PGP activity regulated RTK- and integrin-induced cell spreading in a 

CDR-dependent manner. 

 

4.1.1.4 Loss of PGP activity increases cell spreading of mouse lung endothelial cells 

Cell spreading as well as cell adhesion are cellular processes, which have to be well 

coordinated, for example in endothelial cells to ensure vascular integrity (Dejana et al., 2009). 

To investigate if cell spreading of endothelial cells is also regulated in a PGP-dependent 

manner, mouse lung endothelial cells (MLECs) were isolated from lungs of 6 day-old Pgpflx/flx; 

and Pgpflx/flx; Tie2-cre+/-mice, and spreading assays of wildtype and PGP-inactivated MLECs 

were performed. Consistent with the results obtained in GC1 cells, PGP-inactivated endothelial 

cells displayed larger cell spread areas after seeding on fibronectin (Figure 26A) and the co-

activation of integrins and RTKs increased PGP-dependent effects on cell spreading 

(Figure 26A). Thus, elevated cell spreading of PGP-depleted GC-1 cells was confirmed in 

genetically PGP-inactivated endothelial cells. 

To examine whether the genetic approach lead to the expression of the same levels of 

wildtype-PGP and catalytic inactive PGP, lysates of endothelial cells isolated from Pgpflx/flx; and 

Pgpflx/flx; Tie2-cre+/-mice were run in a SDS-gel and immunoblotted using an antibody against 

endogenous PGP. It was shown that PGPWT and PGPDN were expressed in comparable levels. 

(Figure 26B).  

 

Table 1: Inhibition of CDR formation signaling proteins. 
In control (ctrl) shRNA and PGP shRNA expressing GC1 cells, activities of Src family kinases were blocked with 
PP2 (10 µM), PI3K activity with wortmannin (50 nM) and dynamin activity with dynasore (100 µM). The cells were 
stimulated with EGF and allowed to spread for 10 min on fibronectin-coated wells. The area of 30-50 cells per 
condition was determined by using ImagePro software. n=4 independent experiments were performed. Data are 
expressed as means ± S.E.M. ns = not significant. 
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Flow cytometry was used to examine relative cell sizes of wildtype and PGP-inactivated 

MLECs. The cells were either unstarved or starved overnight.  

In both cases, cell sizes of endothelial cells lacking PGP activity were comparable to wildtype 

endothelial cells (Figure 26C).  

Thus, it was demonstrated that loss of PGP activity led to elevated RTK- and integrin-mediated 

cell spreading, and that this was not due to differences in cell size or PGPWT/PGPDN expression 

levels.  

 

Figure 26: Effects of PGP on cell spreading of mouse lung endothelial cells (MLECs). 
A: Endothelial cells were isolated from lungs of Pgpflx/flx; and Pgpflx/flx; Tie2-cre+/-mice. The cells were serum-starved 
overnight, brought in suspension, stimulated or not with EGF (100 ng/mL) and allowed to spread on fibronectin-
precoated surfaces for 15 min. Afterwards, cells were stained with phalloidin to identify the cell area, with DAPI to 
counterstain the nuclei and with a α-Pecam antibody to identify endothelial cells. Cells were imaged with a Nikon 
epifluorescence microscope and cell areas [µm2] of 30 MLECs per genotype and condition were determined. Results 
are normalized mean values of cell spread areas ± S.E.M. of n=3 independent experiments.  
**, p< 0.01; ***p, < 0.001. 
B: PGP expression levels were analyzed by immunoblotting of cell lysates of mouse lung endothelial cells isolated 
from Pgpflx/flx; and Pgpflx/flx; Tie2-cre+/-mice using and α-PGP antibody. 
C: Cell sizes of unstarved and starved endothelial cells were analyzed with flow cytometry. Forward light scatter 
(FSC-H) was measured. 
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4.1.1.5 PGP regulates cell migration 

The results obtained so far demonstrate that PGP activity regulates CDR-formation, cell 

adhesion and spreading in an integrin and RTK-dependent manner. In order to investigate 

whether PGP is also involved in the regulation of cell migration, time-lapse experiments were 

performed. Cell migration of GC1 cells upon integrin activation was analyzed first. Control 

shRNA and PGP shRNA expressing cells were seeded on fibronectin and serum-starved 

overnight before the experiment was started. Cell migration was monitored for 17 hours. Single 

cell tracks were analyzed and the accumulated distance was determined. PGP-depleted cells 

showed a significant increase in migration (Figure 27A). To investigate if co-stimulation of 

integrins and RTKs affects PGP-dependent cell migration, cells were plated on fibronectin and 

serum-starved overnight. The experiment was started by the addition of EGF into the medium 

and the accumulated distance after 17 hours was analyzed. Consistent with the effects of RTK- 

and integrin- co-stimulation on PGP-dependent cell spreading, stimulation of both receptors 

classes further increased the difference in migration between control shRNA and PGP shRNA 

expressing cells.  

In the next step, the impact of different fibronectin concentrations on PGP-dependent cell 

migration was assessed. Cell motility is a balance between cell adhesion and cell migration. 

Low fibronectin concentrations lead to decline of adhesive force between the cell and its 

substratum, resulting in a decrease of cell migration. Likewise, high fibronectin concentrations 

can also lead to an attenuation of cell motility because fibronectin-mediated cell adhesion 

predominates over cell migration (DiMilla et al., 1993). Thus, cell migration as function of 

fibronectin concentration results in a Gaussian distribution curve, depicted in a simplified 

manner in Figure 27B.  

Cells were seeded on different fibronectin concentrations and serum-starved overnight. The 

next day, cells were stimulated or not with EGF. The experiment was started and the 

accumulated distance after 17 hours was analyzed. In every condition PGP-depleted cells 

show elevated cell migration and the effect was further augmented upon EGF stimulation. The 

highest accumulated distance and thus, cell speed was observed at low fibronectin levels 

(2.5 µg/mL). High fibronectin concentrations (>10 µg/mL) led to a shift from cell migration to 

the side of cell adhesion, resulting in decreased cell motility. Interestingly, the PGP-dependent 

effect on cell migration was also observable without integrin- and RTK activation (Figure 27C). 
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Figure 27: Analysis of PGP-dependent cell migration. 
A: For 2D-migration assays, PGP shRNA and control shRNA expressing cells were seeded on 8-well slides, pre-
coated with fibronectin (10 µg/mL). After 4 hours, cells were serum-starved overnight and stimulated or not with 
EGF (100 ng/mL). The accumulated distance was monitored in a Nikon epifluorescence microscope for 17 hours 
and determined by tracking 40 cells per condition using ImagePro software. n=5 independent experiments were 
performed Data are expressed as means ± S.E.M. *, p< 0.05; **, p< 0.01. 
B: Scheme representing the effect of different fibronectin concentrations on the balance of cell adhesion and cell 
migration.  
C: 2D-migration assays with various concentrations of fibronectin (0-15 µg/mL). PGP shRNA and control shRNA 
expressing cells were seeded on 8-well slides, pre-coated with different concentrations of fibronectin. After 4 hours,
cells were serum-starved overnight and were stimulated or not with EGF (100 ng/mL). The accumulated distance 
was monitored in a Nikon epifluorescence microscope for 17 hours and determined by tracking 40 cells per condition 
using ImagePro software. The number of n independent experiments performed for each condition is indicated 
above the bars. 
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4.1.1.6 PGP inactivation in lymphocytes lead to an increase in cell migration 

To investigate PGP-dependent cell motility in primary cells, lymphocytes were isolated from 

lymph nodes of Pgpflx/flx; and Pgpflx/flx; Tie2-cre+/- mice. Lymphocytes are fast moving cells and 

a well-established cell model to analyze cell migration.  

By performing a genomic PCR screening of isolated lymphocytes, the purity of the cells was 

confirmed and it was demonstrated that our genetic approach led to the removal of the Pgpflx/flx 

intron in lymphocytes (Figure 28A).  

As a first step, lymphocyte motility was analyzed in a 2D-migration assay. To this end, 

lymphocytes were activated overnight by stimulation with α-CD3 and α-CD28 antibodies. The 

co-stimulation partially mimics stimulation by antigen-presenting cells and activates the T-cell 

receptor (Zappasodi et al., 2008). Additionally, the autocrine cytokine IL-2 was added to boost 

activation (Weiss and Littman, 1994, Cho et al., 2013). The next day, cells were seeded on 

dishes precoated with the intercellular adhesion molecule-1 (ICAM-1). ICAM-1 is expressed 

on the surfaces of endothelial cells and lymphocytes and is a ligand of the lymphocyte function-

associated antigen-1 (LFA-1, αLβ2), an integrin found on lymphocytes. As a chemoattractant 

stromal derived factor-1 (SDF-1) also known as C-X-C motif chemokine 12 (CXCL12) was 

added or not to the medium. SDF-1 is a cytokine usually produced in inflamed areas to induce 

the recruitment of lymphocytes. Cell migration was monitored for only 30 minutes. Single cell 

tracks were analyzed and the accumulated distance was determined. Interestingly, PGP-

inactivated primary lymphocytes showed no difference in cell migration in the absence of the 

chemokine SDF-1. However, in the presence of the chemoattractant, PGP-inactivated 

lymphocytes displayed significant higher accumulated distances (Figure 28B). To investigate 

the effect of PGP activity on lymphocyte migration further, transwell assays in Boyden 

chambers were performed. By adding a chemoattractant to the lower chamber, a concentration 

gradient is generated and cells start to migrate towards higher concentrations of the 

chemoattractant. In contrast to 2D-migration assays, in which un-directed cell migration 

(chemokinesis) can be analyzed, transwell assays allow analysis of directed cell migration. 

The semi-permeable membrane of the insert was coated with fibronectin and 10% FCS was 

initially added to the medium as chemoattractant (Figure 28C). Cells were inoculated into the 

upper chamber and those, which transmigrated through the pores of the membrane and 

reached the lower chamber after a defined time, were quantified semi-automatically with an 

epifluorescence microscope. A higher number of PGP-inactivated lymphocytes migrated 

through the membrane and was counted in the lower chamber. Next, SDF-1 was used as 

chemoattractant. PGP-inactivated lymphocytes again displayed elevated migration levels 

(Figure 28C). However, without fibronectin coating (that is, without integrin activation), no 

difference was observable (Figure 28C). Without supplying a chemoattractant cell migration 
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was also comparable in transgenic and wildtype lymphocytes (Figure 28C). This was 

consistent with the results made in the 2D-migration assays.  

Figure 28: Analysis of PGP-dependent lymphocyte migration. 
A: Genotyping by PCR. The wildtype or targeted Pgp allele is detected at 212 or 163 bp, respectively. 
B: For 2D-migration assays, lymphocytes were activated overnight by co-stimulation with α-CD3/α-CD28 antibodies 
and with IL-2, and seeded on 8-well slides pre-coated with ICAM-1 (3 µg/mL). The next day, cells were stimulated 
or not with SDF-1 (200 ng/mL). The accumulated distance was monitored with a Nikon epifluorescence microscope 
for 30 minutes and determined by tracking 40 cells per condition using ImagePro software. n=3 independent 
experiments were performed. Data are expressed as normalized means of the accumulated distance ± S.E.M. 
 ***, p< 0.001. ns = not significant. 
C: Lymphocytes were kept in culture for 24 hours before performing transwell assays. The membrane of the insert 
was coated either with fibronectin or poly-L-lysine. A chemoattractant (either 10% FCS or 200 ng/mL SDF-1) or no 
chemoattractant was added. Results are normalized mean values ± S.E.M. The number of n independent 
experiments performed for each condition is indicated above the bars. **, p< 0.01. ns = not significant. 
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EGFR is thought to be absent in hematopoietic cells. However, there are some reports that 

suggest that EGFR signaling plays also a role within the immune system (Zaiss et al., 2013, 

Chan et al., 2009). Hence, EGF as chemoattractant was tested. However, there was no 

directed cell migration observable (data not shown). Thus, EGF turned out to be an unsuitable 

chemoattractant for lymphocytes. 

Taken together, PGP-dependent lymphocyte migration occurred in an integrin- and SDF-1-

dependent manner. SDF-1 is a ligand of the C-X-C chemokine receptor type 4 and 7 (CXCR4 

and CXCR7), which belong to receptor classes of G-protein coupled receptors (GPCRs). 

Downstream effects are Gi protein-mediated. Thus, the co-activation of both receptor classes 

was essential for the PGP-dependent effects on lymphocyte migration. The impact of PGP 

depletion on cell motility was confirmed in PGP-inactivated lymphocytes. Thus, it was 

demonstrated that cell motility is regulated by PGP phosphatase activity. 

4.1.2 Molecular mechanisms of PGP-dependent effects on CDR formation, cell 

spreading and cell migration 

To understand how PGP regulates CDR-formation, cell spreading and cell migration, PGP-

dependent signaling has to be clarified in more detail. The data obtained so far indicated that 

cellular effects can take place downstream of three surface receptor classes, namely integrin-, 

RTK- and G-protein coupled-receptors (Figure 29). 

 

Figure 29: Model of PGP-dependent signaling. 
PGP is a negative regulator of CDR-formation, cell spreading and cell migration downstream of integrin-, RTK- and 
GPCR signaling. 
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4.1.2.1 Role of PGP in EGF-receptor signaling 

Because PGP was identified as a tyrosine-directed phosphatase involved in RTK signaling, it 

initially was investigated if PGP affects EGF receptor signaling on receptor level. As described 

in 1.4.2, PGP-depleted cells show an increase in tyrosine-phosphorylated proteins 3 min after 

EGF stimulation. The EGFR is a ~180 kDa tyrosine kinase receptor, and EGF binding leads to 

auto-phosphorylation on multiple tyrosine residues (Bazley and Gullick, 2005). As a 

consequence, various adaptor- and scaffolding- proteins are recruited to propagate growth 

factor signaling affecting for example cytoskeletal changes, cell adhesion and motility (Biscardi 

et al., 2000). In a peptide screen with over 720 tested phospho-peptides, the EGFR itself and 

some of its downstream signaling molecules have appeared as possible substrates of PGP 

(Seifried et al., 2014). Additionally, it was shown that total EGFR expression levels were 

increased after PGP depletion, and that tyrosine residue 1045 of the EGFR, which plays a 

potential role in EGFR ubiquitination and trafficking (Grovdal et al., 2004) was hyper-

phosphorylated in PGP-depleted cells upon EGF stimulation (PhD thesis; Prashant Duraphe). 

These results argued that an increase in total EGFR levels might be due to changes in receptor 

ubiquitination and degradation.  

After co-stimulation with fibronectin and EGF, elevated EGFR expression levels were observed 

in PGP-deficient compared to control shRNA cells (Figure 30A). Interestingly, the difference 

was most pronounced after 3 minutes of EGF treatment. To examine the phosphorylation 

status of the receptor upon integrin and EGFR co-activation, cells expressing either control 

shRNA or PGP shRNA were seeded on fibronectin and serum-starved overnight. The next 

day, cells were stimulated with EGF (100 ng/mL) for different time points before cell lysis. The 

lysates were used for Western blot analysis of phosphorylation levels using phospho-specific 

antibodies against different phosphorylation sites of the EGF receptor. Due to technical 

limitations, the same blot could subsequently not be re-probed with other phospho-specific 

EGFR antibodies. Cell lysates from the same experiment were therefore loaded on separate 

gels and probed for total EGFR expression and changes in phosphorylation levels. Protein 

expression was adjusted to tubulin expression as a loading control, and possible differences 

in the phosphorylation status were adjusted to total EGFR levels. The EGF receptor was hyper-

phosphorylated in PGP-depleted cells on two auto-phosphorylation sites, tyrosine residues 

1068 and 1173 upon three minutes of EGF stimulation and co-activation with fibronectin 

(Figure 30B). Phosphorylation on tyrosine 1068 leads to GRB2 or GAB1 binding and 

subsequently activates downstream signaling pathways via RAS GTPase and MAP kinase 

activation to regulate actin-based cell motility (Giubellino et al., 2008). Phosphorylated tyrosine 

residue 1173 provides a docking site of SHC scaffold protein, and signaling proteins such as 

PLCγ1 can bind to this residue and subsequently get activated (Soler et al., 1994, Kim et al., 
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1991, Rotin et al., 1992). Without EGF treatment, no phosphorylation of these two tyrosine 

residues was detectable. Interestingly, already 5 minutes after EGF stimulation, no significant 

differences in phosphorylation levels of tyrosine 1068 and 1173 were observable any more 

when comparing control shRNA and PGP shRNA expressing cells, indicating that PGP-

dependent effects on RTK signaling occurred very early upon stimulation and were rapidly 

reversible. 
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Figure 30: Effects of PGP on EGF receptor expression and phosphorylation levels upon co-stimulation 
with EGF and fibronectin. 
A: Densitometric analysis of total EGF receptor expression levels. Control shRNA and PGP shRNA expressing 
GC1 cells were seeded on fibronectin and serum-starved overnight. The next day, cells were stimulated with EGF 
(100 ng/mL) for different time points. The cells were lysed on ice. To determine EGF receptor levels lysates were 
immunoblotted and probed for total EGFR and for α-tubulin to control for comparable protein loading. The 
densitometric analysis of EGFR band intensities normalized to α-tubulin is displayed beside. n=5 independent 
experiments were performed. Results are normalized mean values ± S.E.M. *, p< 0.05. ns = not significant. 
B: Densitometric analysis of tyrosine 1068- (top) and tyrosine 1173- (bottom) phosphorylated EGF receptor. 
Control shRNA and PGP shRNA expressing GC1 cells were treated as explained in A. To determine EGF receptor 
phosphorylation status lysates were immunoblotted and probed for tyrosine 1068 phosphorylated EGFR and for 
α-tubulin to control for comparable protein loading. The densitometric analysis of band intensities normalized to 
α-tubulin and total EGFR amounts is displayed beside. n=4 independent experiments were performed. Results 
are normalized mean values ± S.E.M. *, p< 0.05. ns = not significant. 
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4.1.2.2 PGP regulates CDR–formation and cell migration by modulating PLCγ1 

activity downstream of Src kinase family signaling 

To elucidate the signaling pathways affected by PGP in more detail, key enzymes downstream 

of the EGF receptor, which may play a role in the cross-signaling between integrins and 

GPCRs, were inhibited pharmacologically.  

The role of phospholipase C (PLC), a key protein family that acts downstream of the EGF 

receptor was analyzed first. The mammalian PLC family consists of thirteen members 

classified according to their structural properties into six isoform classes, namely PLCβ, PLCγ, 

PLCδ, PLCε, PLCζ and PLCη. PLC can hydrolyze the membrane-bound phospholipid 

phosphatidylinositol 4,5-bisphosphate (PIP2) into diglycerides (DG) and inositol 1,4,5-

trisphosphate (IP3) (Kadamur and Ross, 2013). Thus, PLC can transduce signals that activate 

extracellular plasma membrane receptors such as integrins or the EGF receptor to mediate 

cellular effects. The isoform PLCγ1 for example was identified as an integrator of integrin and 

EGF receptor signaling to regulate cell motility (Jones et al., 2005, Piccolo et al., 2002).  

To analyze the role of PLC in integrin-, RTK- and GPCR- induced PGP-dependent effects the 

pan-PLC activity inhibitor U73122 and its negative control U73343 were used. 

Control shRNA and PGP shRNA expressing GC1cells were treated with U73122 or its negative 

control prior to analysis of CDR formation. The inhibition of PLC activity led to a normalization 

of CDR-formation levels, whereas treatment with the negative control did not (Figure 31A).  

Furthermore, U73122, but not U73343 (negative control) treatment of lymphocytes abolished 

the increased chemotaxis observed upon PGP inactivation (Figure 31B).  

As described in 4.1.2.1, it has been reported that the PLC isoform PLCγ1 is recruited to the 

EGF receptor upon EGF stimulation (Soler et al., 1994). PLCγ1 binds to different tyrosine 

residues of the EGF receptor and subsequently gets activated (Kim et al., 1991). In addition, 

PLCγ1 has been involved in integrin signaling to mediate cell adhesion (Tvorogov et al., 2005). 

The fact that PLCγ1 has been implicated in both integrin and growth factor signaling suggested 

that PLCγ1 may function in PGP-dependent signaling.  

PLCγ1 can be phosphorylated on different tyrosine residues. By determination of the 

phosphorylation level on tyrosine 783 (Y783), it is possible to make a statement about PLCγ1 

activity (Kim et al., 1991). Besides to activation after RTK binding, PLCγ1 is activated by Syk 

kinase-mediated phosphorylation on Y783 (Law et al., 1996). The receptor-type protein 

tyrosine phosphatase PTPmu can dephosphorylate PLCγ1 on Y783, leading to attenuation of 

PLCγ1-mediated cellular processes such as cell migration (Phillips-Mason et al., 2011). 
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The role of PLCγ1 was examined in more detail. By Western blot analysis, phosphorylation 

levels on Y783 of PLCγ1 were analyzed in GC1 cells. PGP-depleted cells seeded on poly-L-

lysine, serum-starved overnight and stimulated for three minutes with EGF displayed higher 

phosphorylation levels compared to control shRNA expressing cells (Figure 31C). This was 

even clearer when cells were plated on fibronectin-precoated wells and co-stimulated with 

EGF. Without EGF treatment, only a slight phosphorylation of tyrosine 783 was detectable, 

and no difference between control- and PGP shRNA cells was observable (Figure 31D).  

PLCγ1 can also be activated in a Src-dependent manner (Haendeler et al., 2003). To test if 

altered Src activity influences changes in phosphorylation levels of PLCγ1, phosphorylation 

levels on tyrosine residue 416, the mayor activation site of Src (Roskoski, 2005), was 

examined. There were no detectable differences between control shRNA and PGP shRNA 

expressing cells (Figure 31D).  

Taken together, these results argued that PGP regulates CDR-formation as well as lymphocyte 

motility downstream of PLC signaling. PLCγ1 was hyper-activated upon EGF stimulation in 

PGP-depleted cells and this was even more marked after co-stimulation of integrins.  
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Figure 31: Analysis of PLC-mediated effects on PGP-dependent CDR formation and lymphocyte migration.
A: Quantification of CDR formation of control shRNA and PGP shRNA expressing GC1 cells pretreated with 
phospholipase C inhibitor U73122 (0.5 µM) or its negative control U73343 (0.5 µM).The inhibition normalizes 
PGP-dependent effects on CDR formation. n=5 independent experiments were performed. Data are expressed as 
means ± S.E.M. *, p< 0.05. ns = not significant.  
B: Analysis of migration of lymphocytes isolated from Pgpflx/flx; and Pgpflx/flx; Tie2-cre+/-mice with PLC inhibitor 
U73122 (0.5 µM) or its negative control U73343 (0.5 µM). PLCγ inhibition normalizes PGP-dependent effect on 
lymphocyte migration. Results are normalized mean values ± S.E.M. of n=3 experiments. ***, p< 0.001.  
C: Densitometric analysis of tyrosine 783 phosphorylated PLCγ 1. Control shRNA and PGP shRNA expressing 
cells were seeded on poly-L-lysine and serum-starved overnight. The next day, cells were stimulated with EGF 
(100 ng/mL). After 3 minutes of stimulation, the cells were lysed on ice. To determine PLCγ1 activity the cell lysates 
were immunoblotted and probed for Y783 phosphorylated PLCγ1 and for α-tubulin to control for comparable protein 
loading. The densitometric analysis of band intensities normalized to α-tubulin is displayed below. n=9 independent 
experiments were performed. Results are normalized mean values ± S.E.M. *, p< 0.05.  
D: Control shRNA and PGP shRNA expressing cells were seeded on fibronectin and serum-starved overnight. On 
the next day the cells were stimulated or not with EGF (100 ng/mL).Cell lysates were prepared as described above, 
were immunoblotted and probed for Y783 phosphorylated PLCγ1, for tyrosine 416-phosphorylated Src and for α-
tubulin to control for comparable protein loading. The densitometric analysis of band intensities normalized to α-
tubulin is displayed below. Results are normalized mean values ± S.E.M. of n=7 experiments. *, p< 0.05. 
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Src family kinase (SFK) members including the tyrosine kinases Src, Hck, Fyn, Lck, Lyn and 

Yes1 play a key role in intracellular signal transduction (Parsons and Parsons, 2004). Src is 

the prototype of this family and ubiquitously expressed. It acts downstream of integrin-, EGFR- 

as well as GPCR- signaling and is implicated in CDR-formation, cell spreading and migration.  

To test if Src activity plays a role for PGP-dependent effects in general, its activity was inhibited 

with the SFK inhibitor PP2. Treatment of control shRNA and PGP shRNA expressing cells with 

PP2 led to a normalization of CDR-formation, whereas treatment with the negative control PP3 

did not (Figure 32A). Lymphocyte migration was examined in transwell assays using cells 

isolated from Pgpflx/flx; and Pgpflx/flx; Tie2-cre+/-mice and treated with PP2 or its negative control 

PP3. Inhibition of Src kinase activities led to an equalization of lymphocyte migration levels 

(Figures 32B).  

To analyze if SFK activity per se is essential for the PGP-dependent modulation of PLCγ1 

activity, cells expressing either control shRNA or PGP-directed shRNA were seeded on 

fibronectin, treated with PP2 or its negative control PP3 and stimulated with EGF. PP2 treated 

cells exhibited no phosphorylation on tyrosine residue 783 and phosphorylation levels on 

tyrosine residue 527, the inhibitory site of Src kinase, was also unaltered (Figure 32C).  

Taken together, PGP regulates PLCγ1 activation downstream of SFK signaling, whereas Src 

activity seems not to be affected, but required. Furthermore, these results do not exclude the 

possibility that other ubiquitously expressed SFK members such as Fyn and Yes are 

responsible for PGP-dependent effects on PLCγ1 activation, PLC-mediated CDR-formation 

and lymphocyte migration. 

 

 

 

 

 

 

 

 

 

 



Results 
 

84 
 

 

 

4.1.2.3 Decrease in PLCγ1 activity leads to a reduction of PKC-mediated effects 

Activated PLCγ1 catalyzes the cleavage of the membrane phospholipid 

phosphatidylinositol 4,5-bisphosphat (PIP2) to inositol 3-phosphate (IP3) and diglycerides 

Figure 32: Analysis of the role of Src kinases for PGP-dependent cellular effects. 
A: Quantification of CDR formation of control shRNA and PGP shRNA expressing GC1 cells pretreated with Src 
kinase inhibitor PP2 (10 µM) or its negative control PP3 (10 µM).The inhibition of Src kinase activities normalizes 
the PGP-dependent effects on CDR formation. n=5 independent experiments were performed. 
Data are expressed as normalized means ± S.E.M. *, p< 0.05. ns = not significant. 
B: Analysis of migration of lymphocytes isolated from Pgpflx/flx; and Pgpflx/flx; Tie2-cre+/-mice, pretreated with Src 
kinase inhibitor PP2 (10 µM) or its negative control PP3 (10 µM). The inhibition of Src kinase activities normalizes 
PGP-dependent effects on lymphocyte migration. Results are normalized mean values ± S.E.M. of n=3 independent
experiments. **, p< 0.005. ns = not significant. 
C: Cells expressing control shRNA or PGP shRNA cells were seeded on fibronectin, serum-starved overnight, 
treated either with PP2 or with PP3 and stimulated with EGF for 3 minutes before cell lysis. The cell lysates were 
immunoblotted and probed for tyrosine 783-phosphorylated PLCγ1, for tyrosine 527-phosphorylated Src kinase 
and for α-tubulin to control for comparable protein loading. The densitometric analysis of band intensities normalized 
to α-tubulin is displayed in the right-hand panel. n=5 independent experiments were performed.  
Data are expressed as normalized means ± S.E.M. *, p< 0.05. ns = not significant. 
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(DG). DG stays membrane-bound, whereas IP3 is released into the cytosol and can bind to its 

receptor at the endoplasmic reticulum resulting in calcium release (Kadamur and Ross, 2013). 

Calcium and DG activate protein kinases C (PKCs) at the plasma membrane.  

PKCs belong to the large superfamily of serine /threonine kinases. By phosphorylation of their 

substrates, they mediate essential cellular signals for proliferation, actin reorganization, CDR-

formation and cell motility (Even-Faitelson and Ravid, 2006, Xing et al., 2013, Laux et al., 

2000). There are more than ten PKC isoforms known, which differ in tissue expression and 

function. They are subdivided into three classes based on their structure and activation 

mechanisms. Classical PKCs (cPKCs) contain α-, β1-, β2- and γ-isoforms. They get activated 

by calcium, DG and the phospholipid phosphatidylserine. The novel PKCs (nPKCs) consist of 

δ- , ε-, η-, and θ- isoforms. For their activation only DG is required. Thus, these two PKC 

classes get activated by the same second messengers that PLCs require for their activation. 

The last class consists of the atypical ζ-, and ι/λ-PKCs (aPKCs), which exclusively require 

phosphatidylserine for their activation (Mochly-Rosen et al., 2012).  

To assay the impact of PKCs on PGP-mediated effects, their activity was inhibited using the 

pan-PKC inhibitor GÖ6983 (Gschwendt et al., 1996). Upon treatment with GÖ6983, CDR 

formation was completely normalized in control shRNA and PGP shRNA expressing cells 

(Figure 33A). Furthermore, directed primary lymphocyte migration, examined in transwell 

assays, was also normalized after treatment with the inhibitor (Figure 33B).  

The main PKC isoform in lymphocytes is the novel PKC theta (Evenou et al., 2009). Using a 

specific inhibitor of this isoform, namely sotrastaurin, the elevated migration of PGP-deficient 

lymphocytes was also abolished (Figure 33C).  

To investigate if hyper-activation of PLCγ1 leads to changes in PKC activity, a PKC activity 

assay was performed with lymphocytes isolated from Pgpflx/flx; and Pgpflx/flx; Tie2-cre+/-mice. 

The assay is based on the specific phosphorylation of a pan-PKC peptide substrate precoated 

onto the assay wells. By using a phospho-specific antibody, phosphorylation levels of the PKC 

substrate can be detected as a measure of PKC activity. Figure 33D demonstrates that upon 

fibronectin and SDF-1 stimulation (that is, under the conditions that reveal PGP-dependent 

effects on lymphocyte migration), PKC was more active in PGP-inactivated lymphocytes. 

Without fibronectin and SDF-1 stimulation, PKC activity was unaltered.  

Taken together, these data argue that the loss of PGP activity increases PLCγ1 activation 

downstream of Src kinase family signaling, leading to elevated PKC activity and finally to 

elevated PKC-mediated cellular effects such as CDR-formation and lymphocyte motility. 
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4.1.2.4 Loss of PGP catalyzes PKC-mediated effects on cytoskeleton 

Interestingly, PGP-depleted/inactivated cells adhere, spread and migrate faster than control 

cells. All these cellular processes are dependent on a rapid reorganization of the actin 

cytoskeleton. It was therefore hypothesized that actin remodeling proceeds faster in the 

Figure 33: Role of protein kinase C for PGP-dependent cellular effects. 
A: Quantification of CDR formation of control shRNA and PGP shRNA expressing GC1 cells pretreated with the 
pan-PKC inhibitor Gö6983 (3.3 µM) or with the same percentage of DMSO as control. PKC inhibition normalized
PGP-dependent effects on CDR formation. n=5 independent experiments were performed. Data are expressed as 
means ± S.E.M. *, p< 0.05. ns = not significant. 
B: Analysis of cell migration of lymphocytes isolated from Pgpflx/flx; and Pgpflx/flx; Tie2-cre+/-mice, pretreated with the 
pan-PKC inhibitor Gö6983 (10 µM) or with the same percentage of DMSO as control. PKC inhibition normalizes 
PGP-dependent effects on lymphocyte migration. Results are normalized mean values ± S.E.M. of n=3 independent 
experiments. *, p< 0.05. ns = not significant. 
C: Analysis of cell migration of lymphocytes isolated from Pgpflx/flx; and Pgpflx/flx; Tie2-cre+/-mice pre-treated with the 
selective PKC theta inhibitor sotrastaurin (0.5 µM) or with the same percentage of DMSO as control. PKC theta 
inhibition normalizes PGP-dependent effect on lymphocyte migration. Results are normalized mean values ± S.E.M. 
of n=4 independent experiments; *, p< 0.05. ns = not significant. 
D: PKC activity assay of lymphocytes isolated from Pgpflx/flx; and Pgpflx/flx; Tie2-cre+/-mice and stimulated or not with 
10 µg/mL fibronectin and 200ng/mL SDF-1. Results are from three individual mice per genotype and condition; 
shown are mean values ± S.E.M. of n=3 independent experiments. *, p< 0.05. ns = not significant. 
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absence of PGP activity. Because PKC is a well-known regulator of actin dynamics a time 

course experiment was performed with control shRNA cells and PGP shRNA expressing cells 

plated on fibronectin and stimulated with 12-O-tetradecanoylphorbol-13-acetat (TPA) also 

known as phorbol 12-myristat-acetat (PMA). TPA is a phorbol ester and is able to activate 

classical and novel PKCs because of its structural similarity to diglycerides (Arcoleo and 

Weinstein, 1985). 

The cells were treated with TPA for up to one hour. After three minutes of stimulation, cells 

showed CDR-like transient actin structure, as described in human bronchial epithelial cells 

(Xiao et al., 2009). At later time points, it became more and more obvious that the 

PKC-mediated breakdown of the actin cytoskeleton was much more pronounced and faster in 

PGP-depleted cells (Figure 34).  

 

Figure 34: Effects of PKC activation by TPA on PGP-dependent actin cytoskeletal reorganization. 
GC1 cells expressing control shRNA or PGP shRNA were seeded on a 12-well slide precoated with fibronectin 
(10 µg/mL). The next day, cells were treated with TPA (1 µM) and fixed after indicated time points. The cells were 
stained with phalloidin to visualize actin stress fibers and with DAPI to counterstain the nuclei. Images were taken 
on a confocal microscope. A magnified detail is displayed below the respective image. 
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The results suggest that elevated CDR-formation, cell spreading and migration in absence of 

PGP activity were due to accelerated PKC-mediated actin cytoskeleton remodeling. 

4.1.2.5 PLCγ1 is not a direct protein substrate of PGP 

PGP was previously described as a tyrosine-directed phosphatase (Seifried et al., 2014). To 

answer the question how exactly PGP regulates actin dynamics downstream of integrin-, RTK- 

and GPCR-signaling, it was investigated whether PGP can directly dephosphorylate PLCγ1 

on tyrosine 783. The dephosphorylation on this residue is expected to attenuate PLCγ1 activity 

(Kim et al., 1991) and would therefore lead to a decrease of PKC-mediated effects on the actin 

cytoskeleton. To confirm the results of hyper-phosphorylation made by Western blot analysis 

of whole cell lysates (see Figure 31), an immunoprecipitation of tyrosine 783-phosphorylated 

PLCγ1 was performed. Here, control and PGP shRNA expressing cells were seeded on 

fibronectin, were serum-starved overnight and stimulated with EGF for 3 minutes. To induce 

maximal phosphorylation levels of PLCγ1, control cells were additionally treated with freshly 

prepared pervanadate, a general phosphatase inhibitor. The hyper-phosphorylation of PLCγ1 

of tyrosine residue 783 was clearly observable in PGP shRNA expressing cells compared to 

control shRNA cells (Figure 35A).  

To analyze if PLCγ1 is a substrate of PGP, in vitro dephosphorylation assays were performed. 

For this purpose, immunoprecipitation was repeated with control shRNA expressing cells 

pretreated with pervanadate. The beads conjugated with tyrosine 783-phosphorylated PLCγ1 

were washed several times to remove pervanadate and unspecifically bound proteins, and 

were incubated with either BSA control protein, purified wildtype PGP or with the phosphatase 

inactive point mutant PGPDN. Figure 35B shows that no PGP-mediated dephosphorylation of 

PLCγ1 could be observed. Neither variations of PGP concentrations or incubation times, nor 

the addition of the SFK inhibitor PP2 (to avoid re-phosphorylation at this tyrosine residue by 

SFKs that may be present in the immunoprecipitates) led to a detectable effect of PGP on 

PLCγ1 phosphorylation on tyrosine 783 (data not shown).  

The next attempt was to dephosphorylate purified PLCγ1. To this end, PLCγ1 was site-

specifically phosphorylated on tyrosine 783 by incubation with Syk kinase in the presence of 

ATP. However, the subsequent incubation with purified wildtype PGP did not show any 

detectable dephosphorylation of PLCγ1 (Figure 35C).  

Thus, these data demonstrate that PGP is not able to dephosphorylate PLCγ1 on Y783 and 

exclude PLCγ1 as potential protein substrate of PGP. 
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Figure 35: PLCγ1-dephosphorylation assays. 
A: Immunoprecipitation of tyrosine 783-phosphorylated PLCγ1 performed with control shRNA or PGP shRNA 
expressing GC1 cells, seeded on fibronectin, serum-starved overnight and stimulated with EGF. The cells were 
pretreated or not with the general phosphatase inhibitor pervanadate (100 µM). The lysates were immunoblotted 
using an α-pY783 PLCγ1 antibody. 
B: Immunoprecipitation of tyrosine 783-phosphorylated PLCγ1 in control shRNA expressing cells pretreated with 
freshly prepared general phosphatase inhibitor pervanadate (100 µM). The beads conjugated with tyrosine-
phosphorylated PLCγ1 were incubated for 2 h at 37°C either with BSA control protein or with wildtype PGP or the 
phosphatase inactive point mutant PGPDN (10 µg each). Samples were immunoblotted using an α-pY783 PLCγ1 
antibody.  
C: Purified recombinant PLCγ1 (1 µg) was pre-phosphorylated on tyrosine 783 by incubation with Syk and 
afterwards incubated either with wildtype PGP or the phosphatase inactive point mutant PGPDN. The lysates were 
immunoblotted using an α-pY783 PLCγ1 antibody. 
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4.1.2.6 PGP inactivation leads to altered membrane composition 

Next, a potential link between PGP-mediated phosphoglycolate dephosphorylation and actin 

cytoskeleton remodeling was investigated. As explained in 4.2 in more detail, studies on the 

role of PGP in vivo have revealed a new function of PGP in the regulation of lipid metabolism. 

During lipogenesis not only triglycerides, but also lipid signaling molecules such as DG or 

membrane lipids such as phosphatidylcholine, phosphatidylethanolamine and 

phosphatidylserine are generated (Fagone and Jackowski, 2009).  

PGP-dependent effects on cell adhesion and migration are downstream of transmembrane 

receptors localized at the plasma membrane, and mediated by key proteins such as PLC and 

PKC, which are recruited to the plasma membrane to promote signal transduction. It was 

therefore hypothesized that the described PGP-regulated effects could be due to altered 

membrane composition.  

An untargeted lipidomic analysis of control shRNA and PGP shRNA expressing GC1 cells 

using high resolution liquid chromatography/mass spectrometry were performed together with 

Matthias Zundler. More than 1400 compounds with different abundance in the two cell types 

were found. TransOmics software was used for data preprocessing and glycerolipid profiling 

was conducted using software RLA-Tool (developed by Dr. A. Fekete and Prof. Dr. M. Müller, 

Julius von Sachs Institute/Pharmaceutical Biology, University of Würzburg).  

After statistical sorting and further sorting steps (e.g. by chemical properties and similarities), 

four high abundance (Figure 36A) and 20 low abundance compounds (Figure 36B) were 

identified, which were highly up-regulated in PGP-deficient cells. After data bank analysis 

(Metabolite and Tandem MS Database Metlin), the exact mass to charge ratio (m/z) of the 

compounds and the corresponding retention times were examined (Hummel et al., 2011). With 

help of the received fragmentation patterns (Kirkwood et al., 2013), the high abundance 

compounds were identified as phosphatidylserine species.  
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Phosphatidylserine (PS) is a negatively charged membrane phospholipid. It consists of a 

glycerol backbone, which is esterified with two fatty acids. The hydroxyl group of the third 

glycerol carbon (C1) is esterified with a phosphoric acid-serine ester (Figure 37).  

 

Figure 37: Structural formula of phosphatidylserine. 
R1,R2 = (un-)saturated fatty acyl chains. The glycerol backbone is marked by the light gray box, the phosphate 
is shown in blue and serine is displayed in red. 

Figure 36: Mass spectrometry-based glycerolipid profiling of control shRNA and PGP shRNA GC1 cells. 
Unstimulated control shRNA and PGP shRNA expressing GC1 cells were analyzed. Four high (A) and 20 low (B) 
abundance compounds were found, which were highly up-regulated in PGP-deficient cells. The high abundance 
compounds were identified as phosphatidylserine species. Mass to charge ratio (m/z) is displayed on the x-axis 
and peak areas on the y-axis. Results are mean values ± S.E.M. of n=3 experiments. *, p<0.05.   
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PS is a well-known regulator of apoptosis. It is located on the inner side of the plasma 

membrane because it is bound by the enzyme flippase (Leventis and Grinstein, 2010). When 

a cell undergoes apoptosis, PS moves to the extracellular side of the membrane, which is a 

signal for phagocytosis by macrophages (Marino and Kroemer, 2013b). PS also is implicated 

in signal transduction by recruitment and binding of signal proteins such as vinculin, a protein 

of the integrin adhesome (Case and Waterman, 2015). Importantly, PLCs and PKCs also can 

bind to PS (Stace and Ktistakis, 2006), and as already mentioned, PS is necessary for the 

activation of classical and atypical PKCs (Geraldes and King, 2010).  

In summary, the data obtained so far, are consistent with the hypothesis that accumulation of 

PS in the plasma membrane of PGP-depleted cells might lead to a pre-assembly of signaling 

molecules such as PLCγ1 or PKCs that couple the activation of integrins, the EGF receptor 

and GPCRs to accelerated cytoskeletal remodeling (Figure 38).  

Future experiments (see discussion) will address the validity of this model.  

 

 

 

   

Figure 38: Model of PGP-dependent signaling. 
Accumulation of phosphatidylserine (PS) in the plasma membrane after loss of PGP activity may lead to the pre-
recruitment and PS-binding of signaling protein such as PLCs and PKCs. As a result, RTK-, integrin- and GPCR-
induced and PLCγ1/PKC-mediated effects on the actin cytoskeleton may be accelerated and enhanced. 
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4.2 The role of phosphoglycolate phosphatase in vivo 

The second part of the thesis addresses the physiological roles of PGP.  

To study the function of PGP activity in vivo, conditionally PGP-inactivated mice were 

generated. For this a Cre/loxP-based conditional Pgp-knockout approach linked to the 

simultaneous knockin of phosphatase-inactive PgpD34N (PgpDN) into the endogenous Pgp locus 

of C57BL/6J mice was used. Upon FLPe-mediated removal of the neomycin resistance 

cassette and Cre-mediated excision of the floxed Pgp locus, the expression of PgpDN is placed 

under the control of the endogenous Pgp promoter (see 1.7).  

4.2.1 Whole-body PGP inactivation (EIIa-mouse) is embryonic lethal 

Breeding of Ppgflx/flx mice with the whole-body Cre deleter strain EIIa-Cre is expected to lead 

to a loss of PGP phosphatase activity in all mouse tissue. The EIIa promoter drives Cre 

recombinase expression already in the early embryo, prior to implantation in the uterine wall 

(Lakso et al., 1996). Southern blot analysis of EcoRV-digested genomic DNA demonstrated 

homologous recombination (Figure 39A) and the same results were obtained by PCR 

screening that detects the wildtype (212 bp) or targeted (163 bp) allele (Figure 39B). By 

immunoblotting experiments using an antibody against endogenous PGP, it was shown that 

PGP protein expression became detectable in the embryo as well as in the allantois and yolk 

sac around embryonic day 8.5 (E8.5) (Figure 39C). Additionally, it was demonstrated that 

protein expression levels of wildtype or point-mutated PGP yolk sacs isolated from PgpWT/WT 

and PgpDN/DN embryos were comparable at E11.5 (Figure 39D).  

 
Figure 39: Generation and breeding of Pgp knockout/ PgpDN knockin mice. 
A: Southern blot analysis for the detection of homologous recombination after breeding Pgpflx/flx mice with the global
Cre-deleter strain EIIa-Cre. Upon removal of the FRT-flanked neomycin resistance cassette, Cre-mediated excision 
of the floxed Pgp gene and knockin of PgpD34N (PgpDN) results in the generation of a 1.2 kb fragment that can be 
detected with the probe (pr). PgpWT is detected at 3.5 kb.  
B: Genotyping by PCR. The wildtype or targeted Pgp allele are detected at 212 or 163 bp, respectively. 
C: Western blot analysis of PGP protein expression levels in allantois, yolk sac and in the embryo proper at E8.5.  
D: Comparison of PGP protein expression levels in E11.5 yolk sacs isolated from PgpWT/WT and PgpDN/DN embryos. 
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Heterozygote PgpWT/DN mice were indistinguishable from their wildtype littermates in terms of 

fertility and growth. Intercrossing PgpWT/DN mice produced offspring, of which ~64% were 

heterozygotes, and ~36% wildtype (Table 2). However, no PgpDN/DN mice were born indicating 

an essential function for PGP before birth. 

To investigate embryonic lethality upon EIIa-Cre-driven whole body Pgp inactivation further, 

embryos from timed matings of heterozygous parents were analyzed by Kerstin Hadamek. The 

examination of more than 600 embryos from PgpWT/DN intercrosses at different stages of 

gestation revealed that genotype ratios were consistent with the expected Mendelian 

distribution between E8.5 and E11.5, whereas only one homozygous Pgp mutant embryo was 

found at E12.5 (Table 2). Thus, PgpDN/DN embryos seemed to die around E11.5.  

Table 2: Characterization of progeny from heterozygous intercrosses. 

 genotype 

stage PgpWT/WT PgpWT/DN PgpDN/DN 

E8.5 69 147 52 

E9.5 13 34 12 

E10.5 25 49 30 

E11.5 16 29 18 

E12.5 6 18 1 

P21 30 53 0 

E, embryonic day; P, postnatal day. 
 

 

Somite pair numbers were comparable at E8.5 in PgpWT/WT, PgpWT/DN and PgpDN/DN embryos, 

but further somitogenesis stagnated in PgpDN/DN embryos already one day later (Table 3). This 

indicates that PGP inactivation led to an impaired development beyond E8.5.  

Table 3: Embryo staging.  
The number of somite pairs in the different genotypes is indicated at E8.5 and E9.5 
n are the numbers of scored embryos. n.d. = not definable. 

  
 
 
 
 
 
 

 

 number of somite pairs  
stage PgpWT/WT PgpWT/DN PgpDN/DN 

E8.5 
4-6 

(n=4; n.d.=2) 
4-6 

(n=12; n.d.= 3) 
4-6 

(n=4; n.d.=1) 

E9.5 
18-24 

(n=4; n.d.= 2) 
16-23 

(n=9; n.d.=6) 
4-6 

(n=3; n.d.=1) 
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Figure 40 demonstrates that at E9.5, PgpDN/DN embryos resembled E8.5 PgpWT/WT embryos in 
size. 

 

Additionally, PgpDN/DN embryos showed a delay in axial rotation (turning), a hallmark of the 

transition from the E8.5 to E9.5 stage of development. Eight of ten PgpWT/WT and 22 of 24 

PgpWT/DN embryos, but none of eight investigated PgpDN/DN embryos had concluded the turning 

by day E9.5. Table 4 shows that at E10.5, ~80% of PgpDN/DN embryos were growth-retarded, 

as judged by a size comparable to E9.5 PgpWT/WT embryos. In addition, beating hearts could 

only be detected in a fraction of PgpDN/DN embryos. Whereas heart beats were detectable in 

almost 50% of the embryos at E10.5, one day later heart beats could only be observed in a 

third of PgpDN/DN embryos. Interestingly, some embryos displayed cranial, dorsal and 

abdominal bleedings in addition to the growth defect, and these characteristics were 

aggravated from embryonic day E10.5 to E11.5.  

Table 4: Phenotypes of PgpDN/DN embryos. 

Parameter E10.5 E11.5 

Growth retardation  19 of 24  21 of 26  

Heart beat 11 of 24  6 of 19  

Internal hemorrhage 0 of 10 normal-sized embryos 

3 of 14 growth-retarded embryos 

3 of 5 normal-sized embryos 

7 of 14 growth-retarded embryos 

E, embryonic day. The numbers of embryos showing the respective phenotypes relative to the 
total number of scored PgpDN/DN embryos are given. Embryo size (growth retardation) was 
assessed relative to PgpWT/WT littermate embryos. Massively deteriorated embryos were not 
included in the analysis. 

Figure 40: Comparison of PgpDN/DN and PgpWT/WT embryos from the E8.5 to E11.5 stage of development. 
The scale bar represents 1 mm in all panels. 
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4.2.2 Deletion of PGP activity in endothelial and hematopoietic cells  

To examine whether these bleedings were caused by a functional defect of the endothelium 

or caused by a defect of the hematopoietic system, a second mouse model was generated. 

Breeding Pgpflx/flx mice with the Tie2-Cre driver line lead to a PGP inactivation in endothelial 

cells and in cells of the hematopoietic system such as red blood cells or lymphocytes. In 

contrast to the embryonic lethality observed upon whole-body ablation of PGP activity, mice 

with a deficiency of PGP activity in endothelial and hematopoietic cells (Pgpflx/flx; Tie2-Cre+/-) 

were born at the expected Mendelian ratios. Furthermore, these mice showed no 

hemorrhages, and were comparable to wildtype mice in terms of viability, growth and fertility 

(Segerer, Hadamek et al.; unpublished).  

This indicates that PGP activity in endothelial and hematopoietic cells including red blood cells 

is not indispensable for life (Somoza and Beutler, 1983). 

4.2.3 Effects of whole-body PGP inactivation on the cardiovascular system 

Midgestation lethality in the mouse embryo is frequently due to an inadequate establishment 

of the embryonic cardiovascular system or to defective embryonic-maternal connections 

(Conway et al., 2003). A linear heart tube is formed and begins to beat by early E8.0 and blood 

and vessel formation is concurrently initiated in the embryo proper and in the extraembryonic 

yolk sac. By E8.5, a capillary plexus is established in the yolk sac. These primitive vessels 

undergo remodeling between E8.5 and E9.5, and ultimately connect to the embryo, thus 

providing a circulatory loop between the yolk sac and the embryo proper.  

However, analysis of vascularization of globally PGP-deficient embryos and their yolk sac 

showed no obvious differences compared to their wildtype counterparts. Histochemical 

inspection showed that PGP inactivation resulted in a reduction of the embryonic blood vessel 

density in the placental labyrinth. Furthermore, examination of chorioallantoic placenta 

formation showed that none of six analyzed PgpDN/DN embryos had accomplished 

chorioallantoic fusion (attachment of the allantois to the chorion, followed by the folding of the 

chorion into villi, into which the vasculature of the allantois grows to elaborate the placental 

labyrinth) by E8.5 (Segerer, Hadamek et al.; unpublished). 

The vascular cell adhesion molecule 1 and its binding partner integrin α4β1 (expressed in the 

allantoic mesoderm or chorionic trophoblast, respectively) are known to be critical for 

chorioallantoic fusion (Rossant and Cross, 2001). However, it was demonstrated that 

allantoides of all genotypes adhered to and spread on immobilized α4β1 in vitro suggesting 

that the delay in chorioallantoic fusion in homozygously PGP-inactivated embryos was not 



  Results
 

 

97 
 

caused by a defect in integrin-mediated cell adhesion, but rather was a result of their general 

growth retardation (Segerer, Hadamek et al., unpublished).  

Given the important role of protein tyrosine phosphorylation in vascular development and the 

previously observed involvement of PGP for EGF-induced signal transduction (Seifried et al., 

2014), protein tyrosine phosphorylation levels in E10.5 PgpDN/DN embryos compared to their 

wildtype counterparts were examined. Nevertheless, with the exception of a very faint band at 

~150 kDa that appeared to be slightly increased in PGP-deficient embryos (see also ref. 

(Seifried et al., 2014)) there were no obvious alterations under these steady-state conditions 

(Segerer, Hadamek et al., unpublished). 

Analysis of PgpDN/DN embryo phenotypes as well as experiments to investigate potential effects 

of whole-body PGP inactivation on the cardiovascular systems were performed by Kerstin 

Hadamek. 

Taken together, these data and the fact that Tie2-Cre-driven PGP inactivation did not result in 

embryonic lethality, argue that embryonic lethality upon whole-body PGP inactivation is not 

caused by a defect of the cardiovascular system. Additionally, it was demonstrated that loss 

of PGP phosphatase activity led to a growth defect with developmental delay after E8.5, 

resulting in a gradually deterioration and death of PgpDN/DN embryos between E9.5 and E11.5 

in utero. 

4.2.4 Loss of PGP activity causes an oxygen-dependent proliferation defect  

As described in 1.4.1, it was shown that PGP is a phosphoglycolate phosphatase in vitro. Thus, 

the question arose if loss of phosphoglycolate phosphatase activity of PGP caused embryonic 

lethality.  

To investigate the potential function of PGP as a PG phosphatase in vivo, the mechanisms 

leading to growth arrest in PGP-inactivated embryos had to be clarified in more detail. In the 

time between embryonic day E8.5 and E12.5, the growth of murine embryos is nearly 

exponential (Burns and Hassan, 2001) and embryo size increases such that systemic oxygen 

and nutrient supply by the mother become essential for the embryo. The supply of oxygen is 

ensured by the elaboration of the embryonic cardiovascular system and nutrient supply by 

placenta formation. At the same time, midgestational embryos transition from an environment 

that is physiologically low in oxygen (<2% O2) to conditions that approach normoxia once 

maternal/fetal gaseous exchange has been established (Dunwoodie, 2009).  

The potential impact of oxygen on PGP-dependent cell proliferation was investigated first. Here 

mouse embryonic fibroblasts (MEFs) generated from E8.5 embryos were analyzed. At 
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embryonic day E8.5 somite pair numbers (Table 3), as well embryo size were comparable in 

PgpWT/WT, PgpWT/DN and PgpDN/DN embryos (Figure 40).  

However, whereas MEFs could easily be generated and cultivated from PgpWT/WT and 

heterozygote PgpWT/DN embryos at E8.5, MEFs derived from E8.5 PgpDN/DN embryos did not 

grow under these standard culture conditions and died shortly after embryo dissociation and 

plating. In contrast, undissociated E8.5 embryo explants of all genotypes could be kept in 

culture for up to seven days and cellular outgrowths were observed in all explants. Although 

fewer cells grew out from PgpDN/DN embryos, the explants did not die. Embryonic heart beats 

started within hours and were observed over the entire time period in explants of all genotypes. 

However, upon dissociation of the embryo explants and the reseeding of single cells, the 

percentage of proliferating PgpDN/DN cells was again markedly reduced compared to PgpWT/WT 

and PgpWT/DN cells. PgpDN/DN cells could not be cultured for longer than 72 hours after 

dissociation of the explants because they immediately stop growing and died. These 

observations suggested that hypoxic conditions –which are likely present in the interior of 

embryo explants – may sustain the viability and proliferation of PGP-deficient cells. To test this 

hypothesis a cell proliferation assay under normoxic (~20% O2) and hypoxic (~1% O2) 

conditions were performed. Indeed, when PGP-deficient MEFs were obtained by dissociation 

of embryo explants, their proliferation under normoxic conditions was clearly impaired 

compared to wildtype MEFs. Under hypoxic conditions however, the proliferation of PGP-

inactivated MEFs was completely normalized (Figure 41).  

 

 

Figure 41: Cell proliferation assay of PGP-proficient or –deficient MEFs derived from embryo explant 
cultures under normoxia and hypoxia. 
DNA synthesis was assessed based on the incorporation of the nucleotide analogue EdU. Nuclei were 
counterstained with DAPI, and the proportion of EdU-positive nuclei was quantified by fluorescence microscopy.
Normoxic conditions were defined as ~20% O2. For hypoxia, cells were kept at ~1% O2 for 16 h. Shown are the 
mean values ± S.E.M. of n=3 independent experiments per condition and genotype. *, p<0.05; **, p<0.01. 
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These results clearly demonstrate that the oxygen tension present under in vitro normoxic 

conditions causes a cell-autonomous proliferation defect in PGP-inactivated cells.  

The next step was to investigate the mechanistic link between exposure to normoxia and the 

block in proliferation observed in PGP-deficient cells or embryos.  

The PGP substrate PG is produced during the repair of DNA strand breaks with 3’-PG termini 

that are generated after hydroxyl radical attack by oxidative stress before cleavage by 

phosphodiesterases (PDE) (Zhou et al., 2009, Zhou et al., 2005). DNA repair is crucial for the 

maintenance of genomic integrity during embryo growth and development. DNA repair genes 

capable of trimming 3’-PG ends are already expressed in E8.5 - E11.5 mouse embryos 

(Jaroudi and SenGupta, 2007). The time between embryonic day E8.5 - E11.5 is a 

developmental stage of nearly exponential DNA replication and cell proliferation (Burns and 

Hassan, 2001).  

Thus, it was hypothesized that the DNA damage resulting from increasing exposure to oxygen 

during midgestation through systemic oxygen and nutrient supply by the mother may cause a 

PG-dependent inhibition of cell proliferation.  

Little is known about the function of PG. As explained in more detail in 1.4.1.2, it was 

demonstrated that PG is an inhibitor of enzymes involved in glucose homeostasis, such as 

triose phosphate isomerase (TPI), pyruvate kinase (Dougherty and Cleland, 1985) and 

phosphoenolpyruvate carboxykinase (Stiffin et al., 2008). Our focus was on TPI because it is 

an important metabolic regulator in cells. 

Midgestational mouse embryos rely on both proliferative glycolytic and energy-producing 

oxidative metabolism (Johnson et al., 2003). TPI deficiency in humans results in a rare disease 

involving haemolytic anaemia (Stincone et al., 2014).  

Thus, TPI activity in red blood cells isolated from Pgpflx/flx and Pgpflx/flx; Tie2-Cre+/- mice was 

analyzed. Figure 42 shows that the absence of PGP hydrolyzing activity and the potential, 

subsequent accumulation of phosphoglycolate in red blood cells isolated from Pgpflx/flx; Tie2-

Cre+/- mice indeed reduced TPI activity by ~25% compared to erythrocyte lysates obtained 

from Pgpflx/flx mice. In lysates of E8.5 PgpDN/DN embryos, TPI activity was inhibited by ~34% 

compared to PgpWT/WT embryos as well. 
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An attenuation, but not a complete PG-mediated inhibition of TPI activity is consistent with the 

fact that PG is a reversibly binding transition state analog of TPI substrates (Schnackerz and 

Gracy, 1991).  

4.2.5 Loss of PGP activity leads to a metabolic shift towards increased 

lipogenesis  

TPI constitutes a major branch point between carbohydrate and lipid metabolism (see 1.4.1.3). 

In cells, TPI catalyzes the isomerization of dihydroxyacetone phosphate (DHAP) and 

glyceraldehyde 3’-phosphate (GADP), which are produced during glycolysis from glucose-

derived fructose 1,6-bisphosphate. While DHAP exhibits a higher chemical stability, and 

consequently its formation is thermodynamically strongly favored over GADP production, only 

GADP can be utilized for the subsequent steps of glycolysis. TPI isomerizes DHAP to GADP 

to ensure the process of glycolysis. Because of that, the inhibition of TPI activity by 

phosphoglycolate even increases the thermodynamically favored formation of DHAP (Ralser 

et al., 2007).  

Glycerol 3-phosphate dehydrogenase catalyzes the reduction of DHAP to glycerol 3-

phosphate that provides the carbohydrate backbone that activated fatty acids are esterified 

with to build triglycerides (TGs) during lipogenesis. 

Figure 42: TPI activity assay of erythrocytes isolated from Pgpflx/flx and Pgpflx/flx; Tie2-Cre+/- mice and in E8.5 
embryo explant cultures. 
Results are from three independent erythrocyte isolations from three individual mice or from three embryo explants 
per genotype and condition; Shown are the mean values ± S.E.M. of n=3 independent experiments per condition 
and genotype. **, p<0.01. 
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Figure 43 shows that glycerol 3-phosphate (G3P) levels were elevated in E8.5 PgpDN/DN 

embryos compared to PgpWT/WT embryos. This is consistent with the hypothesis that by 

inhibition of TPI activity more DHAP is generated which can be converted to G3P. 

 

 

To study the potential effects of PGP-inactivation on lipid metabolism, the lipid composition of 

E8.5 PgpWT/WT and PgpDN/DN embryo extracts was explored in lipidomic analyses using high 

resolution liquid chromatography/mass spectrometry together with Matthias Zundler.  

Base peak ion chromatograms were analyzed first (Figure 44A). Whereas only few 

compounds were down-regulated, several compounds were up-regulated in PgpDN/DN embryos 

(Figure 44B). Manual inspection of the two statistically most relevant down- and up-regulated 

PGP lipid markers showed only a slight decrease (7 and 9%) of the down-regulated markers 

in PgpDN/DN embryos. In contrast, the peak areas of the two up-regulated compounds were 

3-4 times higher in PGP mutant compared to wildtype embryos.  

By comparing accurate masses of the molecular ions with the Metabolite and Tandem MS 

Database Metlin, the two up-regulated PGP lipid markers were identified as diglyceride (DG) 

species (DG-16:0-18:0 and DG-18:0-18:0). 

Figure 43: Determination of G3P levels of E8.5 embryo explant cultures by performing G3P colorimetric 
assays.  
Results are from three pooled embryo lysates (consisting of 3-5 embryos) per genotype; Shown are the mean 
values ± S.E.M. of n=3 independent experiments per condition and genotype. ***, p<0.001. 
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Figure 44: Glycerolipid profiling of E8.5 embryos by LC/MS. 
A: Base peak ion chromatogram of total lipid extracts of pooled PgpWT/WT (top) and PgpDN/DN (bottom) embryos.  
B: Identification of differentiating lipid compounds. After data preprocessing, 494 of the 3780 aligned compounds 
were significantly different in total lipid extracts of PgpWT/WT and PgpDN/DN embryos (p≤0.02, fold change ≥ 3). 
Orthogonal partial least square discriminant analysis (OPLS-DA) of all aligned compounds was performed to filter 
out statistically relevant lipid compounds that discriminate between PgpWT/WT and PgpDN/DN embryos. Lipid features 
that were significantly down- or up-regulated in the mutant embryos are marked with a dotted or dashed line box, 
respectively. By comparing accurate masses of the molecular ions with the Metabolite and Tandem MS Database 
Metlin, the two up-regulated PGP lipid markers were identified as diglyceride (DG) species (DG-16:0-18:0 and DG-
18:0-18:0). The experiments were performed in collaboration with Dr. A. Fekete and Prof. Dr. M. J. Müller (Julius 
von Sachs Institute/Pharmaceutical Biology, University of Würzburg). 
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In an independent experiment using optimized ionization of DGs, glycerolipids in total lipid 

extracts of pooled E8.5 PgpWT/WT and PgpDN/DN embryos were profiled by Matthias Zundler 

using an in-house developed profiling software RLA-Tool (developed by Agnes Fekete and 

Prof. Dr. Martin J. Müller). Figures 45B show that retention time-aligned molecule ion and 

fragment ion spectra led to the identification of 14 DG-species. Consistent with the first 

experiment, an increase of total DGs in PgpDN/DN embryos, with elevated levels of almost all 

profiled DGs was detected. Highly unsaturated DG species (DG-36:5, DG-36:6) were only 

found in PgpDN/DN embryos (Figure 45A). Total DG content and the content of the identified 

DG species was normalized to the total endogenous phosphatidylcholine (PC) content 

determined by LC-MS, which was not affected by PGP activity. 

 

Figure 45: Mass spectrometry-based diglyceride profiling in total lipid extracts of pooled E8.5 embryos.  
A: The total DG content was normalized to the total endogenous phosphatidylcholine (PC) content determined by 
LC-MS, which was not affected by PGP activity. The fold-change of individual DG species in PgpDN/DN compared to 
PgpWT/WT embryos was plotted according to the number of double bonds (columns) and carbons (rows) of the fatty 
acids esterified to glycerol. *, p<0.05; **, p<0.01; ****, p<0.0001. 
B: Determination of endogenous DG species levels in E8.5 PgpWT/WT (black columns), PgpWT/DN (gray columns) or 
PgpDN/DN embryos (light gray columns). 
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Furthermore, retention time-aligned molecule ion and fragment ion spectra led to the 

identification of 47 TG-species (Figure 46A).  

The total TG content was also elevated in PgpDN/DN embryos, and TG accumulation was more 

predominant for the unsaturated species, independent of the carbon number of the acyl chains 

(Figure 46B). Total TG content and the content of the single TG species were normalized to 

the total endogenous phosphatidylcholine (PC) content. 

Unfortunately, monoacylglycerols (MGs) could not be reliably identified. Thus, it was not 

possible to distinguish whether increase in DG is caused by elevated lipogenesis (MG�DG) 

or by elevated lipolysis (TG�DG). 

Taken together, these data argue that attenuated TPI activity caused by the inhibition by 

phosphoglycolate observed in PgpDN/DN embryos diminishes the isomerization of DHAP to 

GADP. This leads to a shift toward DHAP formation and by accumulation of DHAP-derived 

glycerol 3-phosphate, which is utilized for TG-synthesis to elevated lipogenesis.  
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Figure 46: Mass spectrometry-based triglyceride profiling in total lipid extracts of pooled E8.5 embryos. 
A: The total TG content was normalized to the total endogenous phosphatidylcholine (PC) content determined by 
LC-MS, which was not affected by PGP activity. The fold-change of individual TG species in PgpDN/DN compared 
to PgpWT/WT embryos was plotted according to the number of double bonds (columns) and carbons (rows) of the 
fatty acids esterified to glycerol. *, p<0.05; **, p<0.01; ****, p<0.0001. 
B: Determination of endogenous TG levels in E8.5 PgpWT/WT (black columns), PgpWT/DN (gray columns) or PgpDN/DN

embryos (light gray columns).  
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4.2.6 PGP loss elevates energy-producing metabolism in an oxygen-

dependent manner 

Triglycerides function as a storage for fatty acids (FAs). FAs are an important source of energy 

by utilizing for ATP production. The process of TG breakdown starts with lipolysis, carried out 

by lipases and resulting in the occurrence of free FA, which are oxidized in the mitochondria 

(β-oxidation). Here, reduced nicotinamide adenine dinucleotide (NADH) and Flavin adenine 

dinucleotide FADH2 are produced and utilized in the electron transport chain to produce ATP 

by oxidative phosphorylation (Berg JM, Tymoczko JL, Stryer L. Biochemistry. 5th edition; 

2002).  

Thus, it was investigated if PGP-deficiency-induced triglyceride elevation lead to changes of 

energy metabolism.  

For this purpose, E8.5 embryos were analyzed. As an overall indicator of cellular energy status, 

total ATP content of E8.5 PgpDN/DN and PgpWT/WT embryos was initially measured using a 

luciferase-based ATP assay. Interestingly, ATP levels were markedly higher in PGP-

inactivated embryos compared to wildtype embryos (Figure 47). 

 

 

The effect of PGP inactivation on energy metabolism was investigated in more detail. Given 

the fact that it was not possible to keep PgpDN/DN MEFs in culture under normoxic conditions 

(see 4.2.4), the spermatogonial cell line GC1 as a model system was used to study PGP-

dependent energy metabolism. In spermatogenesis, DNA repair proteins that trim 3’-PG ends 

and produce PG are thought to play an important role for chromatin dynamics (Jaroudi and 

SenGupta, 2007).  

Figure 47: Determination of ATP levels. 
Total ATP concentrations in PGP-proficient and PGP-deficient embryos. Shown are mean values ± S.E.M. of n=5
PgpWT/WT and n=3 PgpDN/DN embryos dissected at E8.5. *, p<0.05. 
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PGP is ubiquitously expressed but exhibits high expression levels in testis (Seifried et al., 

2014). GC1 cells are derived from mouse testis and express high levels of PGP. Targeting of 

PGP by RNA interference using short hairpin RNA (shRNA) resulted in a reduction of PGP 

protein levels by ~80% (see Figure 19).  

Similar to PGP-inactivated MEFs, PGP-depletion in GC1 cells decreased proliferation 

compared to control shRNA cells under normoxic conditions. Also in this case proliferation 

levels were normalized under hypoxic conditions (Figure 48A and 48B). 

 

 

 

Lipidomic analyses using high resolution liquid chromatography/mass spectrometry as 

described above were performed with GC1 cells as well.  

The analysis of TG content revealed an increase in GC1 cells upon PGP downregulation. 

Especially longer chain and polyunsaturated TGs were significantly enriched (Figure 49A). 

Seventy TG-species were identified (Figure 49B). Total TG content and the content of the 

identified TG species were normalized to the total endogenous phosphatidylcholine (PC) 

content, which was not affected on PGP expression. 

Figure 48: Cell proliferation of GC-1 cells. 
A: Proliferation assay of GC1 cells stably expressing PGP-directed shRNA or control shRNA under normoxic  
(~20% O2) conditions. Cell proliferation was assessed by staining with H33342; the number of nuclei per well was 
quantified semi-automatically by fluorescence microscopy.  
B: Effect of PGP depletion on the proliferation of GC1 cells cultured for 16 h under normoxic (~20% O2) or hypoxic 
(~1% O2) conditions. Cell proliferation was measured by EdU incorporation. Nuclei were counterstained with DAPI, 
and the proportion of EdU-positive nuclei was quantified by fluorescence microscopy. For (A) and (B), each data 
point represents mean values ± S.E.M. of n=3 independent experiments. *, p<0.05; **, p<0.01; ***, p<0.001. 
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Figure 49: Mass spectrometry-based triglyceride (TG) profiling in total lipid extracts of control or PGP-
depleted GC1 cells.  
A: Total (left panel), or long-chain (middle panel) TG contents were compared after normalization to the total 
endogenous phosphatidylcholine (PC) contents. Right panel, fold-change of individual TG species in PGP-depleted 
compared to control shRNA cells. 
B: Endogenous TG species levels in GC1 cells expressing control shRNA (black columns) or PGP shRNA (gray 
columns). Total TG content was normalised to the total phosphatidylcholine (PC) content determined by LC-MS.
Results are mean values ± S.E.M. of n=3 experiments. *, p<0.05; **, p<0.01. 
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Thus, characteristics of genetically PGP-inactivated cells and embryos such as proliferation 

defect under normoxic conditions and the enrichment of triglycerides were recapitulated in 

PGP-depleted GC1 cells.  

As a next step, total ATP content as an overall indicator of cellular energy status was 

determined in GC1 cells (Figure 50). Here, the luciferase-based ATP assay was used again. 

It was shown that cells in which PGP expression was suppressed by shRNA tended to have 

higher steady-state ATP levels compared to control shRNA cells under regular growth 

conditions, or when serum-starved cells were growing in the presence of glucose overnight. 

This difference was completely ablated by pre-incubation with atglistatin (Mayer et al., 2013), 

an inhibitor of the rate-limiting lipolytic enzyme adipose triglyceride lipase ATGL, suggesting a 

contribution of lipolysis-derived fatty acids to the elevated cellular ATP levels present in 

PGP-depleted cells.  

To investigate the underlying mechanism further, palmitate was conjugated to BSA to make it 

bioavailable and used to study utilization of exogenous fatty acids. Serum-starved cells were 

incubated with palmitate in the presence or absence of glucose. In the presence of both 

palmitate and glucose, ATP levels in PGP-depleted cells were over 30% higher than in control 

shRNA cells. In comparison to serum-starved cells growing in the presence of glucose 

overnight, only ATP content of PGP shRNA expressing cells were slightly increased, 

suggesting that palmitate was utilized for fatty acid oxidation. However, serum-starved cells 

growing in the absence of glucose showed decreased ATP content to comparable levels in 

both cell types, suggesting that control shRNA and PGP shRNA cells differed in the utilization 

of glucose. This was consistent with the hypothesis that there is a shift towards energy-

producing oxidative metabolism in cells lacking PGP activity.  

The glucose- and palmitate-dependent overshoot of ATP levels in PGP-deficient cells was 

completely prevented by atglistatin-mediated inhibition of TG-breakdown. This was also the 

case by etomoxir-mediated inhibition of the carnitine palmitoyltransferase-1 

(CPT-1) -dependent mitochondrial import of long-chain fatty acyl-CoA (Lopaschuk et al., 1988). 

These results strengthen the hypothesis that elevated ATP levels after loss of PGP activity 

were caused by increased lipolysis and fatty acid oxidation.  

The impact of glucose supply was investigated in more detail. The glycolysis inhibitor 2-deoxy-

D-glucose (2-DG, (Wick et al., 1955)), which competitively inhibit the isomerization of glucose 

6-phosphate to fructose 6-phosphate, thereby blocking the supply of fructose 1,6-bisphosphate 

for GADP and DHAP generation was used. Treatment with 2-DG strongly reduced the cellular 

ATP content in both cell types, and abolished the ATP level elevation in PGP-deficient cells 

indicating again that the increased lipogenesis was dependent on the supply of DHAP which 
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functions as precursor of the glycerolipid backbone glycerol 3-phosphate. Thus, the 

downregulation of PGP in GC1 cells increased their ATP content in a glycolysis-, lipolysis-, 

and fatty acid oxidation-dependent manner. 

 

 

Because of these results, GC1 cells seemed to be an appropriate cell model to analyze the 

functions of PGP for energy metabolism further.  

Oxygen consumption rates (OCR) were measured with an extracellular flux analyzer. Figure 

51A shows that the basal and maximal mitochondrial respiration was elevated in PGP-deficient 

compared to control shRNA cells. Spare respiratory capacity and ATP production were 

increased as well in PGP-deficient cells whereas proton leak and mitochondrial coupling 

efficiency were not affected. Treatment of cells with the glycolysis inhibitor 2-deoxy-D-glucose 

(2-DG), the triglyceride lipase inhibitor atglistatin, or inhibition of mitochondrial fatty acid import 

and -oxidation with etomoxir before measuring oxygen consumption rates, abolished the 

elevated OCR of PGP-deficient GC1 cells and normalized ATP production.  

Thus, increased energy production of PGP-deficient cells was a consequence of increased 

lipogenesis, lipolysis and fatty acid oxidation. Since 2-DG blocks the formation of fructose 1,6-

bisphosphate-derived DHAP, these results strongly suggest that the increased lipogenesis 

was dependent on the supply of DHAP, and emphasize the key role of TPI as a branch point 

between glucose and lipid metabolism. The fact that the impact of inhibition with 2-DG on 

normalization of oxygen consumption rate was a bit lower than inhibition of lipolysis and fatty 

Figure 50: ATP determination of GC1 cells.  
Control cells (ctrl) were grown in FCS- and glucose-containing medium. For all other conditions, cells were serum-
and glucose starved, and either incubated with glucose (glc) or not (“−“ in upper row) and/or with 2-deoxyglucose 
(2-DG), atglistatin (atgli), palmitate (palm), or etomoxir (eto). The number of n independent experiments performed 
for each condition is indicated above the bars. *, p<0.05; **, p<0.01, ***, p<0.001. 
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acid oxidation suggests that the cells had still lipid storage available for mitochondrial 

respiration and ATP production. 

Importantly, when PGP-depleted GC1 cells were cultured under hypoxic conditions (which 

increased the diminished proliferation of PGP-deficient cells, see Figure 48A and 48B), OCR 

and ATP production in PGP-deficient or -proficient GC1 cells became indistinguishable 

(Figure 51B). 

 

 

These data demonstrate that the deficiency of PGP lead to elevated oxidative, energy-

producing metabolism under normoxic conditions but not under hypoxic conditions.  

 

Figure 51: Analysis of cellular respiration. 
A: Analysis of mitochondrial oxygen consumption rates (OCR) in PGP-depleted GC1 cells versus control shRNA 
cells cultured under normoxic (~20% O2) conditions in the absence (n=6) or presence (n=3) of the indicated 
inhibitors. 2-DG, 2-deoxyglucose. Spare RC, spare respiratory capacity; ATP prod, ATP production. Mean values 
± S.E.M. are given.  
B: Mitochondrial OCR measurements in PGP-depleted GC1 cells and control shRNA cells cultured for 16 h under 
normoxic (~20% O2) or hypoxic conditions (~3% O2). Results are mean values ± S.E.M. of n=4 independent 
experiments. *, p<0.05; **, p<0.01.  
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5 Discussion 

This thesis provides mechanistic insights into the role of the mammalian HAD-type 

phosphatase phosphoglycolate phosphatase PGP (also known as AUM) for receptor-induced 

cell spreading and cell migration. In addition, it describes for the first time a physiological 

function of PGP in cellular energy metabolism.  

A model of the cell biological and physiological functions of PGP is displayed in Figure 52. 

The remaining open questions are indicated with a question mark and will be discussed in the 

following sections. 

 

Figure 52: Model of a link between PGP-dependent bioenergetics and PGP functions for cell adhesion and 
migration. 
As consequences of ROS-induced, oxidative DNA damage, 3’-PG termini are formed under homeostatic, normoxic 
conditions (bottom panel). Phosphodiesterases (PDEs) release PG, which is hydrolyzed by PGP in the cytosol.
Genetic PGP inactivation by replacement of endogenous PGP with the catalytically inactive point mutant PGPD34N

(PGPDN) prevents PG hydrolysis. PG attenuates TPI activity, causing a re-routing of the carbohydrate flux into 
triglyceride biosynthesis (lipogenesis), accompanied by an accumulation of the phospholipid phosphatidylserine 
(PS) in the plasma membrane of PGP-depleted GC1 cells. In GC1 cells and in PGP-inactivated mouse embryos, 
elevation of triglycerides is accompanied by increased triglyceride breakdown (lipolysis) and mitochondrial fatty acid 
oxidation. The resulting elevation of ATP levels, likely contributes to impaired cell proliferation.  
Upper panel, elevated PS levels in the plasma membrane might lead to the pre-recruitment of signaling proteins 
such as PLCs and PKCs. In this way, RTK-, integrin- and GPCR-induced and PLC/PKC-mediated effects on the 
actin cytoskeleton are accelerated and enhanced. 



Discussion 
 

114 
 

5.1 Role of PGP for cell spreading and cell migration 

Using the spermatogonial GC1 cell line, mouse lung endothelial cells and lymphocytes from 

Pgpflx/flx and Pgpflx/flx; Tie2-Cre+/- mice, this study shows for the first time that PGP regulates cell 

spreading and cell migration downstream of fibronectin-binding integrins-, EGF receptors- and 

SDF1-induced GPCR signaling. PGP-inactivated cells were characterized by elevated CDR-

formation and increased cell spreading and migration. 

5.1.1 Does PGP primarily act as a PG phosphatase and/or as a tyrosine-

directed phosphatase during cell spreading and migration? 

Previous findings from our group suggested that PGP/AUM functions as a tyrosine-directed 

phosphatase in vitro and in cells, and as a regulator of RTK signaling. In a phospho-peptide 

screen with over 720 phosphorylated peptides, purified PGP exclusively dephosphorylated a 

small number of tyrosine-phosphorylated peptides and directly hydrolyzed tyrosine-

phosphorylated proteins from HeLa cell extracts in a phosphatase overlay assay (Seifried et 

al., 2014). Furthermore, we demonstrated that PGP deficiency led to elevated tyrosine 

phosphorylation of some higher molecular weight proteins upon EGF stimulation (Seifried et 

al., 2014) and to elevated integrin-mediated cell adhesion (PhD thesis Ambrish Saxena).  

In the beginning of this study, one emphasis was to find (a) potential tyrosine-phosphorylated 

substrate(s) of PGP, which might be involved in the regulation of integrin-mediated cell 

adhesion. 

The integrin adhesome consists of a huge complex of tyrosine-phosphorylated proteins and 

many of these focal adhesion proteins are known to be tyrosine-phosphorylated after activation 

by cell adhesion to the ECM (Bass et al., 2008, Maher et al., 1985). Therefore, we postulated 

the existence of a tyrosine-phosphorylated protein substrate of PGP because it might explain 

the role of PGP for integrin-mediated cell adhesion, spreading and migration.  

However, neither analysis of tyrosine phosphorylation levels of focal adhesion proteins in 

immunofluorescence experiments using TIRF microscopy, nor Western blot- or 

immunoprecipitation experiments showed changes in tyrosine phosphorylation of proteins 

involved in integrin signaling such as talin, paxillin or vinculin (data not shown).  

We also observed PGP-dependent effects which occurred without integrin engagement. PGP-

depleted cells migrated faster under basal conditions without fibronectin stimulation (see 

Figure 27), and PLCγ1 was also hyper-activated in cells seeded on poly-L-lysine and 

stimulated with EGF (see Figure 31), indicating that integrin engagement is not exclusively 

essential for PGP-dependent effects on cell migration and PLCγ1 activation. Another 
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possibility could be that PGP-depleted cells seeded on poly-L-lysine produce and secrete more 

fibronectin leading to integrin engagement and the observed cellular effects. 

Cell adhesion, cell spreading and cell migration experiments were performed on the β1 integrin 

ligand fibronectin. There are at least two tyrosine phosphorylation sites located at the 

cytoplasmic domain of β1 integrin that modulate integrin function (Sakai et al., 1998). However, 

whether PGP affects integrin signaling directly at the level of the integrin receptor, has not yet 

been addressed. 

Integrin-mediated effects were further augmented upon co-stimulation of GC1 cells with EGF. 

The activation of the EGF receptor is known to trigger a cascade of tyrosine phosphorylation 

events (Carpenter, 2000). Phosphorylation of tyrosine residues pY1045 (PhD thesis; Prashant 

Duraphe), pY1068 and pY1173 of the EGFR and phosphorylation on tyrosine residue 783 of 

PLCγ1 (this work, see Figures 30 and 31) were elevated in PGP-depleted cells.  

PLCγ1 was extensively tested as a potential protein substrate of PGP. The results clearly 

demonstrate that PLCγ1 is not a direct PGP substrate. Thus, it appears more likely that the 

observed hyper-activation of PLCγ1 is a direct consequence of hyper-phosphorylation of the 

EGFR upon receptor activation. Especially, tyrosine residue pY1173 has been implicated in 

PLCγ1 binding and activation (Soler et al., 1994, Kim et al., 1991, Rotin et al., 1992).  

In contrast to PLCγ1, it cannot currently be excluded that the EGFR itself might be a potential 

substrate of PGP. However, elevated lymphocyte migration in PGP-inactivated cells, which 

was observed independently of EGFR activation, and the observation that cell adhesion and 

migration on fibronectin were already elevated in PGP-depleted cells in the absence of EGF 

are arguments against this theory.  

Several other proteins, which play roles in the crosstalk of RTK- and integrin signaling such as 

FAK, Src or p130cas (Moro et al., 2002) were also tested by Western blot analysis as potential 

PGP substrates, yet no changes in tyrosine phosphorylation levels were detected (data not 

shown).  

Special attention was given to the analysis of Src as a potential PGP protein substrate. It was 

shown that PP2-mediated inhibition of Src family kinase (SFK) activity normalized PGP-

dependent CDR formation and cell spreading upon integrin- and EGFR activation (see Figures 

25 and 32). Furthermore, PP2 abolished PGP-dependent effects on lymphocyte migration 

upon GPCR- and integrin activation. In addition, hyper-phosphorylation of PLCγ1 was not 

detectable when SFK activity was inhibited.  

However, phosphorylation levels at residues pY416 and pY527 of Src and other SFKs (that 

can also be detected because of cross-reactivity of the phospho-specific antibodies) were 
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unaltered in control shRNA and PGP shRNA expressing cells under basal conditions and also 

upon EGFR- and integrin activation, indicating that SFK activity itself was not changed in a 

PGP-dependent manner (see Figures 31 and 32).  

It was reported that, SFK activity is essential for integrin-EGFR transactivation because Src 

mediates the integrin-EGFR macromolecular complex association (Moro et al., 2002).  

Thus, it appears that although SFK activity is not directly altered by PGP, it is nevertheless 

required for integrin-, RTK- and GPCR cross-signaling to mediate PGP-dependent effects on 

CDR-formation, cell spreading and migration. 

Therefore, the data obtained in this thesis do not support the hypothesis that PGP primarily 

acts as a tyrosine-directed protein phosphatase, but rather provide evidence that PGP 

regulates actin cytoskeleton reorganization, CDR formation, cell adhesion and migration by 

acting as a PG-directed phosphatase -as discussed in more detail in the following section. 

Nevertheless, considering the large number of tyrosine-phosphorylated proteins involved in 

integrin-, RTK- and GPCR signaling (Case and Waterman, 2015, Zaidel-Bar and Geiger, 2010) 

and considering the fact that the closest PGP paralog chronophin dephosphorylates both the 

low molecular weight substrate pyridoxal 5’-phosphate and the protein substrates cofilin or the 

steroid receptor coactivator-3, the existence of PGP protein substrates cannot be excluded.  

5.1.2 What is the link between upregulated PS levels and PGP-dependent 

effects on cell spreading and cell migration? 

5.1.2.1 Functions of PS 

In an untargeted lipidomic analysis of control shRNA and PGP shRNA expressing cells PS 

was found to be highly upregulated upon PGP depletion.  

PS is a negative charged membrane-phospholipid which is actively held at the inner leaflets of 

the plasma membrane by the enzyme flippase (Segawa et al., 2014) and often associated with 

apoptosis (Marino and Kroemer, 2013a). During apoptosis, PS can flip to the extracellular 

leaflet, which acts as a signal for macrophages to engulf the cell (Fadok et al., 1998). This 

raises the question whether the accumulation of PS in PGP-depleted cells may indicate 

apoptosis.  

In a TUNEL assay, which detects DNA fragmentation as a characteristic of apoptosis, it was 

shown that PGP-inactivated embryos do not display more apoptotic cells than wildtype 

embryos.  
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PGP-deficient GC1 cells and PGP-inactivated mouse embryonic fibroblasts (MEFs) isolated 

from E8.5 embryos proliferate less (see Figures 41 and 48). If these cells additionally undergo 

apoptosis at a higher rate was not tested yet. Therefore, it will be important to analyze the 

localization of PS in the plasma membrane. Accumulation of PS at the inner leaflets of the 

plasma membrane would substantiate our hypothesis that signal transduction is triggered by 

PS accumulation due to PGP loss, whereas PS accumulation in the extracellular leaflet of the 

plasma membrane would be a strong indicator of apoptosis. To analyze the subcellular 

localization of PS, FACS or immunostaining experiments of permeabilized versus non-

permeabilized cells could be performed using a specific PS antibody (Mourdjeva et al., 2005) 

or Annexin V, which specifically binds to PS (Vermes et al., 1995).  

PS is also implicated in signal transduction by recruitment and binding of signaling proteins 

such as vinculin, a protein of the adhesome (Case and Waterman, 2015). Importantly, PLCs 

and PKCs can bind to PS (Stace and Ktistakis, 2006, Kay and Grinstein, 2013), and PS is 

required for the activation of classical and atypical PKCs (Geraldes and King, 2010).  

Potential mechanisms how elevated PS levels can lead to the observed PGP-dependent and 

PKC-mediated effects on cell adhesion, cell migration and CDR formation are discussed in the 

following section. 

5.1.2.2 PS accumulation leads to catalyzed PKC-mediated signal transduction 

It was demonstrated that PKC activity was upregulated in PGP-inactivated cells. This could be 

a result of a hyper-activation of PLCγ1 observed in cells lacking PGP. PLC activates PKCs by 

cleavage of the membrane phospholipid phosphatidylinositol 4,5-bisphosphat (PIP2) to 

inositol 3- phosphate (IP3) and diacylglyceride (DG). DG and Ca2+ released upon IP3 receptor 

activation activate PKCs (Mochly-Rosen et al., 2012). However, it is also possible that classical 

and atypical PKCs are directly activated by PS at the plasma membrane independent of RTK-

, integrin- or GPCR activation (Figure 53(I)).  

Whereas, PS levels were found to be upregulated in unstimulated PGP-depleted cells, 

elevated PKC activity in PGP-inactivated lymphocytes was detected only after integrin- and 

GPCR activation. Thus, an activation of PKCs by PLC-mediated signaling upon receptor 

stimulation might be more likely than a direct activation by PS. 

As mentioned above, PS is implicated in signal transduction by binding of signaling proteins. 

Thus, it is possible that upregulation of PS in the plasma membrane leads to a pre-recruitment 

of signaling proteins such as PLCs and PKCs (Figure 53(II)). After receptor activation, signal 

transduction might be triggered resulting in accelerated PKC-mediated cytoskeletal 

remodeling. 
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Upon loss of PGP activity, cell spreading and cell migration were elevated in a PKC-dependent 

manner, suggesting that actin reorganization proceeded faster. In addition, EGFR- as well as 

PLCγ1 hyper-activation resulting in PKC activation was detected already 3 minutes after EGF 

stimulation. Together with the described accelerated actin-breakdown after PKC activation in 

cells lacking PGP (see Figure 34), these data are consistent with the idea that a pre-assembly 

of signaling proteins leads to accelerated PKC-mediated actin reorganization.  

To confirm this hypothesis in subsequent studies, it will be necessary to visualize a potential 

pre-recruitment of PKCs or PLCs to the plasma membrane. With fluorescently-tagged PKC or 

PLC constructs, subcellular localization in living cells could be investigated before and after 

receptor activation. By using activity sensors such as YFP-PH[PLCδ] (pleckstrin homology 

domain of human PLCδ1 fused to YFP), which specifically binds to PIP2 in the plasma 

membrane, it may be possible to analyze subcellular localization as well as the activation of 

PLC (Sinnecker and Schaefer, 2004). 

Another possibility of how PGP-dependent changes in PS levels may influence PGP-regulated 

cellular effects could be that PS accumulation in the plasma membrane leads to a receptor 

clustering of integrins and/or the EGFR (Figure 53(III)). As a consequence, transactivation of 

the receptors might be facilitated because of their close spatial proximity, or signal transduction 

might be accelerated as a result of assembly of signaling molecules involved in signal 

transduction of all these three receptors. 

 

 

To test this hypothesis, a potential receptor clustering should be visualized by immunostaining 

of the receptors. By using antibodies that specifically detects active conformations of integrins 

Figure 53: PKC activation mechanisms. 
For details, see text above. 
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or by using phospho-specific antibodies against EGFR, it is additionally possible to make a 

statement about a potential transactivation of the receptors. The assumed pre-recruitment of 

signaling proteins may even increase the effect of receptor clustering. 

One could also speculate if elevated PS levels lead to altered membrane fluidity. PS is a 

phospholipid with a negatively charged head group. Lipids in a cell membrane enriched with 

PS might be less densely packed and more motile because of the repulsion of the negatively 

charged head groups. 

Alternatively, elevated PS levels may affect lipid raft composition and/or abundance. Lipid rafts 

are glycolipoprotein microdomains which are implicated in signal transduction by assembling 

signaling molecules and in receptor- and membrane protein trafficking (Pike, 2009). It was 

reported that PS levels are elevated 2-to 3-fold in lipid rafts compared with the plasma 

membrane (Pike et al., 2002).  

To test if altered membrane composition influences membrane structure, transmission electron 

microscopy (TEM) and scanning electron microscopy (SEM) analyses of control shRNA and 

PGP shRNA expressing GC1 cells are currently ongoing.  

5.1.3 Untargeted lipidomic analysis of GC-1 cells 

In the untargeted lipidomic analysis of control shRNA and PGP shRNA expressing cells, 24 

compounds were found to be highly upregulated in PGP-depleted cells in addition to 

triglycerides (see Figure 36). The four high abundance compounds were identified as PS 

species. However, there are still 20 low abundance compounds, which have not been identified 

yet.  

During triglyceride biosynthesis also lipid signaling molecules and second messenger such as 

DG are generated (Spiegel et al., 1996). These compounds are usually not present in large 

quantities. Thus, it would be very important in order to better understand PGP-dependent 

signaling downstream of integrin-, EGFR and GPCR activation to identify the low abundance 

compounds as well.  

Additionally, it is necessary to test if PS or other membrane lipids are upregulated in 

lymphocytes lacking PGP activity to strengthen the hypothesis that changes in plasma 

membrane composition causes PGP-dependent effects on cell migration.  

To confirm that elevated PS levels in PGP-depleted cells leads to the observed effects on cell 

spreading and migration, it may be interesting to interfere in PS synthesis by modulating 

phosphatidylserine synthases with a shRNA approach or with a phosphatidylserine synthase 
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inhibitor such as inositol (Kelley et al., 1988). Intervention of PS synthesis should affect PGP-

dependent cellular processes. 

5.1.4 Inhibitor studies 

To elucidate signaling pathways leading to elevated CDR formation and lymphocyte migration 

upon loss of PGP activity, key enzymes downstream of the integrins, EGFR and GPCRs were 

pharmacologically inhibited to show their involvement in PGP dependent cellular processes. It 

was demonstrated that PGP regulates CDR formation and directed lymphocyte migration in a 

PLC-, Src- and PKC-dependent manner (see Figures 31, 32 and 33). Although, structurally 

related negative controls of the employed inhibitors were used, off-target effects of the 

inhibitors cannot be excluded. Protein kinase inhibitors are not completely selective (Bain et 

al., 2007) and the phospholipase C inhibitor U73122 was shown to additionally possess activity 

against estrogen receptors (Cenni and Picard, 1999).  

To further confirm the results achieved with the inhibitor studies, siRNA- or shRNA mediated 

downregulation of involved enzymes or the expression of catalytically inactive mutants can be 

performed. 

5.1.5 Do elevated cellular ATP levels affect actin reorganization? 

Another possibility could be that PGP inactivation elevates cell adhesion and cell migration 

through elevated ATP levels. It was demonstrated that downregulation of PGP in GC1 cells 

led to an increase of cellular ATP levels in a glycolysis-, lipolysis-, and fatty acid oxidation-

dependent manner (see Figure 50 and 51).  

In migrating cells, energy derived from ATP is utilized for cell movement. As explained in detail 

in 1.6, during cell migration, actin filaments are reorganized in a highly dynamic manner. A 

process called treadmilling plays a critical role for actin remodeling at the leading edge of 

migrating cells (Pantaloni et al., 2001). Treadmilling describes the process of assembly of actin 

monomers at the plus end (barbed end) of actin filaments associated with the disassembly of 

actin at the minus end (pointed end) (Wegner, 1976) (Figure 54).  

For polymerization of actin filaments ATP-bound actin (ATP-actin) is added at the barbed end. 

Profilin promotes the exchange of ADP-actin to ATP–actin under ATP hydrolysis. In addition, 

it binds to ATP-actin and directs it to the barbed end (Pring et al., 1992).  

The extent of actin polymerization depends on the concentration of free ATP–actin. At high 

levels, the rate of actin assembly exceeds the rate of disassembly resulting in actin filament 

growth (Carlier et al., 2015).  
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Filament elongation towards plasma membrane leads to protrusions such as lamellipodia and 

is the driving force for cell motility. Hydrolysis of the bound ATP to ADP induces a 

conformational change of actin leading to weaker association with neighboring actin molecules 

and destabilization of the actin filaments. ADF/cofilin binding leads to the filament disassembly 

into shorter fragments and ADP-bound actin monomers (Carlier et al., 1997).  

 

 

 

Thus, actin reorganization is an energy-dependent process. It was reported that chronophin, 

the closest relative of PGP, forms an ATP-sensing biosensor with the chaperone Hsp90 that 

regulates cofilin-dependent actin dynamics in an ATP-dependent manner (Huang et al., 2008). 

Cellular ATP depletion leads to a dissociation of the inhibitory chronophin/Hsp90 complex, and 

to elevated dephosphorylation and activation of cofilin by chronophin. Bamburg et al. could 

show that due to an inhibition of actin remodeling during anoxic stress in neurons, cellular ATP 

consumption is reduced by 50% (Bernstein and Bamburg, 2003). Thus, attenuation of actin 

turnover is a mechanism to save ATP under energy-deprived conditions. In addition, it was 

reported that cellular ATP depletion by treatment with the respiratory chain complex III inhibitor 

antimycin A leads to a decrease in ATP-actin monomers levels whereas ADP-actin levels stay 

unaltered. (Atkinson et al., 2004).  

To the best of my knowledge, there are no reports connecting increased cellular ATP content 

to changes in actin-based processes such as cell adhesion and migration. It was demonstrated 

that elevated ATP levels in cells lacking PGP activity were caused by increased lipolysis and 

Figure 54: Treadmilling of actin filaments involved in the formation of plasma membrane protrusions and 
cell movement. 
For details, see text above. The figure is adapted from (Carlier et al., 2015). 
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fatty acid oxidation. To analyze if PGP-dependent cell migration is regulated by cellular ATP 

contents, control shRNA and PGP shRNA expressing cells could be treated with etomoxir, an 

inhibitor of the carnitine palmitoyltransferase-1 (CPT-1)-dependent mitochondrial import of 

long-chain fatty acyl-CoA or with atglistatin, an inhibitor of the rate-limiting lipolytic enzyme 

adipose triglyceride lipase ATGL to adjust lipolysis-induced changes in cellular ATP content, 

before analysis of cell migration. 

 

5.1.6 CDR formation 

PGP-depleted cells showed elevated formation of a ring-like membrane protrusion on the 

dorsal surface upon EGF stimulation. We identified this membrane structure as circular dorsal 

ruffle (CDR).  

5.1.6.1 Signaling pathways involved in CDR formation 

The signaling pathways leading to the formation of CDRs are currently poorly understood. Until 

now, about 20 proteins which localize to CDRs and are involved in their formation have been 

identified in the last few years (Hoon et al., 2012).  

In this study, it was shown that PGP localizes to CDRs and decreases CDR formation. Next to 

the tumor suppressor p53, PGP is the only identified protein which negatively regulates CDR 

formation (Payne et al., 2014).  

PGP-depleted cells showed significantly more CDRs. However, if this was due to altered 

signaling leading to the formation of CDRs is not fully answered yet. 

It was shown that the EGFR was hyper-phosphorylated at auto-phosphorylation sites pY1173, 

pY1068 (this work) and pY1045 (PhD thesis Prashant Duraphe) upon EGF stimulation of PGP-

depleted cells. In addition, PLCγ1 which is involved in PGP-dependent CDR formation was 

hyper-activated. Thus, CDR formation might be increased because EGFR signaling is 

elevated/hyper-activated upon loss of PGP activity.  

PGP-depleted cells showed higher EGFR expression levels under basal conditions and 

thereby might be more responsive to EGF stimulation. Furthermore, the EGFR seemed to be 

degraded to a greater extent in control shRNA cells, upon EGF stimulation (see Figure 30). 

This suggests that the EGFR might exhibit prolonged signaling from the plasma membrane, 

which also might lead to elevated CDR formation in PGP shRNA expressing GC1 cells. 

Interestingly, a similar mechanism has been very recently proposed. It was reported that the 

tumor suppressor Merlin inhibits internalization and signaling of the EGFR by controlling 

tension at the actomyosin cytoskeleton (Chiasson-MacKenzie et al., 2015). 
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Another explanation for elevated CDR formation could be that PS accumulation, observed in 

PGP-depleted cells, alters plasma membrane composition and facilitates the formation of 

CDRs. 

5.1.6.2 CDR functions 

Until now the cellular functions of these transient, actin-rich membrane structures are not fully 

understood.  

CDRs are often linked to receptor internalization. RTKs, in particular the EGF receptor, is 

known to be sequestered and internalized via CDRs (Orth et al., 2006). Upon internalization, 

RTKs can be either recycled or degraded (Sigismund et al., 2008).  

As mentioned above, EGFR signaling is increased and prolonged (hyper-phosphorylation of 

the EGFR) in PGP-depleted cells. Elevated CDR formation and subsequent EGFR 

downregulation by degradation could be a negative feedback mechanism to limit EGFR 

signaling.  

To analyze if EGFR is endocytosed via CDRs, internalization experiments were attempted in 

living cells by using labeled EGF. However, only a very low signal was detectable, indicating 

low expression levels of the EGFR, and receptor internalization was not observable in control 

shRNA or in PGP shRNA expressing cells.  

Furthermore, Western blot analysis demonstrated that EGFR expression levels were higher in 

PGP-depleted cells upon EGF stimulation (see Figure 30), arguing against a potential 

degradation of the receptor due to elevated CDR formation. 

Recently, a model was discussed that implicates CDR formation in integrin trafficking. It was 

demonstrated that αvβ3 integrins are internalized through macropinocytosis in CDRs on the 

dorsal cell surface upon PDGF stimulation (Gu et al., 2011). It is well established that integrin 

trafficking from the dorsal to the ventral surface leads to the creation of new adhesive sites to 

mediate cell spreading, adhesion or migration (Margadant et al., 2011). Integrins can be 

internalized by clathrin-dependent and caveolar endocytosis as well as via circular dorsal 

ruffles (Pellinen et al., 2008, Shi and Sottile, 2008, Gu et al., 2011).  

Thus, the question arose if loss of PGP leads to increased cell spreading and cell migration 

because of elevated integrin internalization and/or trafficking via CDRs.  

To answer this question, CDR formation was pharmacologically blocked by inhibition of 

signaling proteins, which are known to be essential for CDR formation (see Figure 25). The 

activity of the large GTPase dynamin was inhibited with dynasore, the activity of PI3K with 

wortmannin and Src family kinase (SFK) activities with PP2 before cell spreading assays were 
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performed. In every case, PGP-dependent cell spreading was normalized. These data led to 

the conclusion that PGP regulates cell spreading in a CDR-dependent manner and were 

consistent with our hypothesis that an increase in cell spreading of PGP-depleted cells is a 

consequence of increased integrin trafficking via CDRs.  

It needs to be considered that inhibition of dynamin, PI3K and SFK not only dampens CDR 

formation, but also affects cell spreading per se. Especially Src is an important regulator of 

integrin-mediated cell adhesion (Cary et al., 2002). Furthermore, SFKs activate proteins 

involved in actin polymerization machinery such as WASP and WAVE (Takenawa and 

Suetsugu, 2007). PI3K, also identified as a regulator of integrin-mediated cell spreading (Zeller 

et al., 2010) activates the ARP2/3 complex via PAK1, a key molecule in the actin dynamics 

machinery (Yang et al., 2011, Vadlamudi et al., 2004). Dynamin regulates cell spreading either 

by promoting Rac trafficking (Schlunck et al., 2004) or by regulation of phospholipase D activity 

(Lee et al., 2015). 

Thus, it will be difficult, if not to say impossible, to find a specific protein, which is only critical 

for CDR formation and which is not involved in signaling pathways leading to cell adhesion, 

cell migration and/or the reorganization of the actin cytoskeleton downstream of integrin- or 

RTK activation. 

Furthermore, cell spreading was also elevated in PGP-inactivated mouse lung endothelial cells 

(isolated from Pgpflx/flx; Tie2-cre+/- mice) after co-stimulation with fibronectin and EGF. Though 

it was reported that endothelial cells display CDR formation upon vascular endothelial growth 

factor (VEGF) stimulation (Wu et al., 2003), stimulation with EGF, VEGF or PDGF did not 

induce CDR formation in wildtype or PGP-inactivated MLECs when plated on fibronectin.  

These arguments are against the hypothesis that increased integrin trafficking via CDRs 

elevates cell spreading in PGP-depleted cells.  

To analyze if PGP-dependent CDR formation affects integrin trafficking, internalization and 

recycling of integrins need to be investigated in living cells. In preliminary experiments which 

have already been performed, labeled fibronectin was used to visualize the receptors after 

ligand binding. However, no fibronectin internalization was observable upon EGF stimulation.  

Taken together, it has so far not been possible to visualize integrin and RTK- trafficking. To 

strengthen the hypothesis that PGP-dependent effects on cell spreading and migration are a 

consequence of altered integrin trafficking, more experiments are required. 
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5.2 Physiological functions of PGP 

To study the biological functions of PGP activity, E8.5 PgpWT/WT and PgpDN/DN embryos, MEFs 

generated from E8.5 embryos, red blood cells isolated from Pgpflx/flx; Tie2-Cre+/- mice and GC1 

cells were analyzed. It was shown that ablation of PGP activity causes (via inhibition of triose 

phosphate isomerase activity by PG) a switch from a predominantly glycolytic, proliferative, to 

an oxidative, energy-producing metabolism resulting in a block of cell proliferation. This 

metabolic shift is reversible upon oxygen deprivation and could explain why whole-body PGP 

inactivation results in growth arrest and the death of PgpDN/DN embryos.  

Because PG is likely derived from the repair of oxidative DNA damage (see 1.4.1.1), PGP 

might play a role in the adaption of cellular bioenergetics and cell proliferation to the extent of 

DNA damage. 

5.2.1 PGP inactivation leads to cell proliferation arrest 

As a consequence of DNA damage, a well-known DNA damage response (DDR) mechanism 

is initiated to stop proliferation to ensure DNA repair or to trigger apoptosis, when the damage 

is not repairable (Jackson and Bartek, 2009). In eukaryotic cells, there are distinct control 

points, so-called cell cycle checkpoints, which ensure that cells pass accurate copies of their 

genomes on to the next generation. With the help of these checkpoints, the cell is able to detect 

damaged DNA and to coordinate cell-cycle progression with DNA repair. One prominent 

example of a DDR mechanism is the ATM (Ataxia telangiectasia mutated)/ATR (ATM- and 

RAD3-related) system. ATM and ATR are protein serine/threonine kinases and transduce 

signals after sensing DNA damage to effector proteins, which control cell cycle progression, 

such as p53 (Abraham, 2001). 

In contrast to these well-studied cell cycle checkpoints, our potential DDR mechanism 

combines proliferation arrest and changes in metabolism. The PGP-dependent shift towards 

energy producing oxidative metabolism results in increased triglyceride formation and lipolysis-

dependent ATP production.  

It has been estimated that the repair of a single double-strand break (DSB) requires more than 

104 ATP molecules (Hoeijmakers, 2009). Oxidative single-strand break (SSB) DNA repair also 

consumes ATP, and over-activity of the DNA repair enzyme poly(ADP-ribose) polymerase 

(PARP) can even deplete cellular ATP pools (Ha and Snyder, 1999) through inhibition of 

glycolysis (Andrabi et al., 2014).  

Since ATP-consuming DNA repair processes are not expected to be altered by PGP-

deficiency, the resulting ATP production in excess of demand likely contributes to the 
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proliferation arrest, for example by inhibition of rate limiting steps in glycolysis that are inhibited 

by a high ATP/AMP ratio (Locasale and Cantley, 2011). However, PGP-dependent 

mechanisms that inhibit cell proliferation warrant further investigation. 

Previously, our group has shown that PGP dephosphorylates both ATP and ADP in vitro 

(Seifried et al., 2014). Given that intracellular ATP concentrations are generally in the range of 

1-10 mM and about fivefold higher than the concentrations of ADP, the steady-state enzyme 

kinetics previously determined with purified PGP (ADP: Km 0.4 mM, ATP: Km 1.2 mM; (Seifried 

et al., 2014)) are consistent with an additional function of PGP as a cellular ATP/ADP 

phosphatase. It is possible that the rise in ATP levels upon PGP inactivation or depletion is a 

combined result of increased ATP production through fatty acid oxidation and decreased ATP 

hydrolysis. 

To investigate the role of PGP as potential ATP/ADP phosphatase it may be informative to 

measure cellular ATP levels under hypoxic conditions. Elevated ATP levels in PGP-inactivated 

cells would indicate that missing ATP hydrolysis leads to ATP overshoot under hypoxia and 

that the cell proliferation defect of PGP-depleted/inactivated cells is not caused by an increase 

in cellular ATP levels. 

5.2.2 Is PGP a PG phosphatase in vitro and in vivo? 

The Km of 0.3 mM PG (see Figure 3) that was determined for recombinant, murine PGP is 

similar to the value reported for the specific phosphoglycolate phosphatase GPH from E. coli 

(Km 0.2 mM), which is involved in the hydrolysis of PG released by the activity of DNA repair 

enzymes (Teresa Pellicer et al., 2003).  

Mass spectrometric quantification showed that 3’-PG termini constitute ~10% of all DNA sugar 

oxidation products produced by γ-irradiation or by treatment with the radiomimetic drug 

bleomycin (Chen et al., 2007); earlier studies estimated that ~25% of oxidative stress-induced 

(Bertoncini and Meneghini, 1995), or up to 50% of radiation-induced DNA strand breaks bear 

3’-PG termini (Henner et al., 1983). Given the abundance of 3’-PG-containing lesions in DNA, 

the enzymatic properties of murine PGP appear to be well-adapted to a physiological function 

for PG dephosphorylation downstream of DNA repair but nevertheless further experiments are 

required.  

Most important is to confirm the PGP hydrolyzing activity in vivo. For this purpose, it would be 

necessary to measure PG levels in cells, tissue and whole organs and to compare these levels 

in wildtype and PGP-inactivated cells/mice.  
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Established methods to determine PG levels include highly sensitive gas 

chromatography/mass spectrometry (Chen et al., 2007) and initial experiments to determine 

PG levels in blood samples from Pgpflx/flx and Pgpflx/flx; Tie2-Cre+/- mice are currently ongoing. 

5.2.3 Analysis of the link between DNA damage-derived PG and inhibition of 

TPI activity 

To examine whether PG released after DNA damage is critical for TPI inhibition, enzymes 

involved in processing 3’-PG ends from DNA strand breaks such as tyrosyl-DNA 

phosphodiesterase (TDP1) (Chen et al., 2001) or AP endonuclease 1 (APE1) (Parsons et al., 

2004) can be pharmacologically blocked (Al-Safi et al., 2012, Huang et al., 2011b). Treatment 

of PGP-inactivated cells with TDP1 and/or APE1 inhibitors should normalize TPI activity, 

demonstrating that PG derived from DNA damage causes TPI inhibition.  

Another possibility could be to cultivate control and PGP-inactivated cells under hypoxia. 

Under hypoxic conditions, formation of 3’-PG DNA ends should be suppressed. A 

normalization of TPI activity of wildtype and PGP-inactivated cells would demonstrate that DNA 

damage and the resulting release of PG causes TPI inhibition upon PGP inactivation. 

Additional cellular PG sources may also exist. Pyruvate kinase isolated from skeletal muscle 

has been reported to phosphorylate glycolate (Sasaki et al., 1987). However, the 

corresponding enzyme from red blood cells only exhibits low glycolate kinase activity, and a 

physiological relevance of pyruvate kinase for the maintenance of erythrocyte PG 

concentrations has been questioned. 

5.2.4 Ablation of PGP activity only moderately inhibits TPI activity 

As already mentioned in 1.4.1.2, there are some reports identifying PG as an in vitro inhibitor 

of enzymes involved in glucose homeostasis. Because of its structural similarity to 

intermediates of glycolysis and the gluconeogenesis/glyceroneogenesis pathways, PG can 

inhibit triosephosphate isomerase (TPI) (Hartman et al., 1975), the phosphoenolpyruvate 

carboxykinase (PEPCK) (Stiffin et al., 2008), an enzyme critical for gluconeogenesis and 

glyceroneogenesis and pyruvate kinase (PK), another enzyme involved in glycolysis 

(Dougherty and Cleland, 1985).  

PG inhibits purified TPI activity as a reversibly binding transition state analog of TPI substrates 

in vitro (Wolfenden, 1969). Consistent with this finding, TPI activity in PGP-deficient embryos 

and -cells was only moderately inhibited by ~34% (see Figure 42). A comparable reduction 

has been measured in a TPI-deficient yeast strain reconstituted with human TPI (Ralser et al., 

2007). Using mass spectrometry, the authors of this study showed that an attenuation of TPI 
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activity by ~30% augmented intracellular DHAP and glucose 6-phosphate levels by ~25%, and 

doubled the concentration of the pentose phosphate pathway (PPP) intermediate 6-

phosphogluconate. However, no marked changes of ribose 5-phosphate levels were detected 

under these conditions (Ralser et al., 2007). Thus, the attenuation of TPI activity observed in 

PGP-deficient embryos and cells is consistent with a TPI-dependent metabolic re-routing of 

carbohydrates into lipid biosynthesis and a concomitant increase in flux through the PPP 

(Stincone et al., 2014). The oxidative arm of the PPP supplies NADPH as an essential cofactor 

for antioxidant systems, allowing the cell to cope with an increased ROS load caused by 

elevated fatty acid oxidation. NADPH is also required for fatty acid biosynthesis, and the 

observed build-up of polyunsaturated fatty acids upon PGP loss may therefore be facilitated 

by PPP-mediated NADPH production. 

So far, PG was only experimentally used as an in vitro inhibitor of PK, PEPCK and TPI. In this 

study, it was demonstrated that cellular PG levels were sufficient to attenuate TPI activity in 

PGP-inactivated cells. Whether the inhibition of PG hydrolysis upon loss of PGP activity affects 

the activities of the PG-dependent enzymes PK and PEPCK in cells and in vivo, has not yet 

been tested. 

5.2.5 Glycolysis, gluconeogenesis and glyceroneogenesis as potential PG-

regulated processes 

PK catalyzes the phosphoryl-transfer from phosphoenolpyruvate (PEP) to ADP, which 

constitutes the final step of the glycolytic pathway leading to pyruvate production (Berg JM, 

Tymoczko JL, Stryer L. Biochemistry. 5th edition; 2002). Pyruvate is a key intermediate in 

several metabolic pathways including fatty acid synthesis.  

PK and TPI inhibition might result in a complete block of glycolysis, and pyruvate as the final 

product of glycolysis cannot be used for ATP production in the tricarboxylic acid (TCA) cycle. 

PEPCK catalyzes the conversion of oxaloacetate derived from pyruvate to 

phosphoenolpyruvate (PEP) which constitutes the rate-limiting step of gluconeogenesis (Berg 

JM, Tymoczko JL, Stryer L. Biochemistry. 5th edition; 2002). The following steps are almost 

the same as reversed glycolysis. Gluconeogenesis takes place mainly in the liver and to a 

small fraction in the kidney upon glucose deprivation. For gluconeogenesis non-carbohydrate 

substrates such as pyruvate derived for example from glucogenic amino acids, lactate or fatty 

acids are utilized for glucose biosynthesis to maintain blood glucose levels.  

PEPCK is also a key enzyme in the metabolic pathway of glyceroneogenesis, which takes 

place upon glucose deficiency in the liver, but mainly in adipose tissue (Hanson and Reshef, 

2003). Glyceroneogenesis is the branched arm of gluconeogenesis because the first steps 
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including the decarboxylation of oxaloacetate to PEP by PEPCK are the same as in 

gluconeogenesis. After DHAP production, glyceroneogenesis and gluconeogenesis diverge. 

DHAP is converted to G3P, which is usually derived from glucose under non-starvation 

conditions. G3P is esterified with activated fatty acids (FA-CoA) and provides the carbon 

backbone of triglycerides. Interestingly, about 30% of released fatty acids in adipose tissue 

and about 50% in non-adipose tissue are usually re-esterified during glyceroneogenesis 

(Reshef et al., 2003).  

An overview over potential PG-regulated metabolic pathways is depicted in Figure 55.  

 

 

Human PEPCK can be found within the mitochondria and the cytosol. Very recently, it was 

reported that mitochondrial PEPCK enables tumor cells, which are growing under glucose 

deprivation, to use PEP supplied by glutamine to drive TCA cycle metabolism and for the 

production of glycolytic pathway intermediates required for cell proliferation (Vincent et al., 

2015).  

Figure 55: Glycolysis, gluconeogenesis and glyceroneogenesis as PG-regulated metabolic pathways. 
For details, see text above. 
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PG inhibits TPI and PK and thereby attenuates glycolytic cell proliferation. The inhibition of 

mitochondrial PEPCK by PG would even exclude the possibility for the cell to use glutamine 

for the synthesis of glycolytic pathway intermediates to ensure cell proliferation. 

Taken together, our findings do not exclude the possibility that in addition to TPI, alterations in 

the activity of other PG-dependent enzymes contribute to the observed phenotype (Gruning et 

al., 2014, Gruning et al., 2011). The potential inhibition of PK- and PEPCK activity by PG 

reveals new roles for PGP as a kind of detoxification enzyme by dephosphorylating PG and 

thereby as an important regulator of carbohydrate and lipid metabolism. 

5.2.6 TPI inhibition results in the accumulation of long-chain polyunsaturated 

fatty acids 

The inhibition of TPI causes a block of glycolysis and increased lipogenesis. Interestingly, 

triglyceride (TG) species esterified with especially long-chain and polyunsaturated fatty acids 

accumulated after loss of PGP activity in cells and E8.5 embryos (see Figures 46 and 49).  

The location of the double bonds within the unsaturated fatty acids can be critical for biological 

functions. Unfortunately, with our technical approach (see 3.2.7.2) it was not possible to 

determine the exact positions of the double bonds within the fatty acids. There are already 

several well established methods to identify double bond positions in fatty acids using gas 

chromatography or high performance liquid chromatography (Mitchell et al., 2009) 

Long-chain polyunsaturated fatty acids (PUFAs) are ligands of the peroxisome proliferator-

activated receptors (PPARs) and have been implicated in the regulation of energy metabolism 

(Nakamura et al., 2014). In the last years, it became clear that PUFAs have some potential 

benefits. It was for example reported that the supply of ω-3 family of PUFAs reduces the risk 

of cardiovascular diseases (Thies et al., 2003, Hirafuji et al., 2003).  

PUFAs also play a role in lipid rafts (Stillwell et al., 2005). The incorporation of PUFAs into 

membrane glycerolipids such as phosphatidylcholine, -ethanolamine and -serine affects 

formation, stability and fluidity of these membrane microdomains (Stillwell and Wassall, 2003). 

Phosphatidylserine levels were elevated in PGP shRNA expressing cells. Therefore, it would 

be interesting to determine whether the PS species in PGP-deficient cells contain PUFAs. 

Furthermore, it was reported that the ω-3 family of PUFAs functions as antioxidants and 

decreases ROS production (Richard et al., 2008). In this context, consideration should be given 

to a potential role of PUFAs as antioxidants and as a protective mechanism in response to 

ROS production caused by elevated lipolysis.  
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Another interesting finding is that PUFAs can inhibit glycolysis by blocking the expression of 

glycolytic enzymes such as pyruvate kinase (Xu et al., 2006, Andrade-Vieira et al., 2013), and 

that they have also been reported to downregulate lipogenic enzymes such as fatty acid 

synthase (Dentin et al., 2005). This suggests that after lipolysis of TG species containing long-

chain polyunsaturated fatty acids, the released PUFAs may on the one hand boost the 

metabolic shift towards lipogenesis by inhibiting the expression of glycolytic enzymes and on 

the other hand attenuate the increase of lipogenesis as a negative or protective feedback by 

inhibiting lipogenic enzymes. 

5.2.7 PG inactivation leads to elevated lipogenesis and lipolysis 

Triglyceride biosynthesis is an ATP-consuming process. However, ATP levels were increased 

in PGP-inactivated embryos and in cells (see Figures 46 and 49). By analyzing control shRNA 

and PGP shRNA expressing GC1 cells it was demonstrated that this overshoot of ATP was 

due to elevated lipolysis and fatty acid oxidation. In addition, measurements of oxygen 

consumption rates (OCR) showed that mitochondrial respiration and ATP production was 

elevated in a lipolysis and fatty acid oxidation dependent manner (see Figure 51). Thus, 

lipogenesis as well as lipolysis seem to be concomitantly elevated. 

Therefore, the question arises, how these two functionally opposite processes that typically 

occur in a mutually exclusive manner can be concomitantly increased.  

When nutrients are supplied, G3P derived from glucose is esterified either with exogenous 

fatty acids (FA) or with FA derived from de novo synthesis. Fatty acid biosynthesis starts by 

the generation of malonyl-CoA from acetyl-CoA catalyzed by the enzyme acetyl-CoA 

carboxylase (ACC) under ATP consumption (Currie et al., 2013). Acetyl-CoA is either derived 

from FA oxidation or from pyruvate in the mitochondria. It can be only provided for fatty acid 

synthesis under non-starving conditions when acetyl-CoA is not utilized for oxidation in the 

TCA cycle. After conversion to citrate via a tricarboxylate system, mitochondrial acetyl-CoA is 

transferred to the cytoplasm and is then utilized together with malonyl-CoA for fatty acid de 

novo synthesis. Lipogenesis takes place under ATP consumption in the cytosol of every cell 

but mainly in adipocytes (Ahmadian et al., 2007). Triglycerides are stored for future energy 

demand. 

Under fasting conditions, when cellular ATP levels are low, lipolysis is induced. Lipolysis starts 

with the breakdown of triglycerides in the cytosol and the release of fatty acids (Zechner et al., 

2012). The released fatty acids are activated by acyl-CoA synthase under ATP consumption. 

Activated fatty acids with a shorter chain can pass through the outer mitochondrial membrane, 

whereas longer chain fatty acids require a carnitine palmitoyltransferase 1 (CPT1) carrier to 

pass through the membrane (McGarry and Brown, 1997). Via a second carnitine-mediated 
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transfer, fatty acids reach the mitochondrial matrix and can be oxidized to acetyl-CoA 

(β-oxidation). Acetyl-CoA can enter the TCA cycle and generate NADH and FADH2, which are 

utilized in the electron transport chain for ATP production by oxidative phosphorylation 

(OXPHOS) (Berg JM, Tymoczko JL, Stryer L. Biochemistry. 5th edition; 2002).  

In order to react to energy requirements, the processes of lipolysis and lipogenesis are tightly 

regulated. One control point is the regulation of acetyl-CoA carboxylase (ACC) activity. In 

mammals, two isoforms have been identified. ACC1 is cytosolic and mainly expressed in liver 

and adipose tissue. ACC2 is located at the mitochondria associated with CPT1 (Brownsey et 

al., 1997). 

The synthesis of malonyl-CoA from acetyl-CoA by ACC2 inhibits CPT1 (Rasmussen et al., 

2002). Especially, longer chain fatty acids require CPT1 to enter the mitochondria for fatty acid 

oxidation. Hence, fatty acid oxidation is blocked while fatty acid synthesis takes place. 

The activities of both isoforms are tightly regulated (Brownsey et al., 2006). Citrate, for 

example, activates ACC and longer chain fatty acids inhibit ACC activity. Hormone-mediated 

phosphorylation of ACC leads to changes of its activity. When cellular ATP levels are low, 

AMP-activated protein kinase (AMPK) can phosphorylate ACC and thereby inhibits its activity 

(Winder and Hardie, 1996). Glucagon release leads to PKA activation and ACC inhibition upon 

phosphorylation by PKA.  

Figure 56 shows a simplified overview over the regulation of lipogenesis and lipolysis. 

 
Figure 56: Regulation of lipogenesis and lipolysis. 
For details, see text above. 
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So, how is it possible that PGP shRNA expressing GC1 cells show elevated lipogenesis and 

increased lipolysis-mediated mitochondrial respiration and ATP production?  

Inhibition of TPI leads to a metabolic shift towards DHAP. In a reversible reaction, DHAP is 

reduced to G3P under NADH oxidation. It was reported that TPI deficiency results in DHAP 

accumulation. DHAP can be spontaneously degraded to cytotoxic methylglyoxal (Ahmed et 

al., 2003). To prevent this, G3P is utilized for TG synthesis to ensure that G3P is not converted 

back to DHAP by oxidation. Thus, de novo fatty acid synthesis might be activated and TGs are 

stored in lipid droplets. 

Lipogenesis is an ATP-consuming process. However, glycolysis as an ATP-producing 

metabolic pathway might be completely blocked by PG-induced TPI and PK inhibition. Should 

this indeed be the case, PGP-depleted cells, will not be able to utilize glucose or glycolytic 

intermediates for their energetic or biosynthetic demands. Instead, they may have to use 

triglycerides, stored in lipid droplets for TCA cycle metabolism and OXPHOS to maintain 

energy homeostasis.  

Breakdown of triglycerides leads to the release of fatty acids and glycerol. Since CPT1, which 

is necessary for mitochondrial transfer of long-chain fatty acids, might be blocked by malonyl-

CoA upon de novo synthesis of fatty acids, only shorter chain fatty acids are oxidized and 

utilized for ATP production. Longer chain fatty acids, which are not able to enter the 

mitochondrial membrane, might be re-esterified for TG biosynthesis. This could be an 

explanation for the accumulation of especially long-chain triglyceride species upon PGP 

inactivation.  

To answer the question how lipogenesis and lipolysis can take place at the same time, more 

experiments are required. For example, it has to be examined whether glycolysis is indeed 

blocked upon loss of PGP activity and if triglyceride levels are also elevated under oxygen 

deprivation conditions in PGP-deficient cells. 

Taken together, this thesis characterizes the PG-directed phosphatase PGP as a metabolic 

phosphatase involved in the regulation of cell migration and cellular bioenergetics and 

suggests functional roles of PGP in glucose and lipid metabolism.  

It will be of interest to study tissue-specific functions and regulation of PGP in the adult 

organism, which might provide new insights into important metabolic diseases, such as 

diabetes and adiposity (Zechner et al., 2012, Unger and Scherer, 2010). 
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6 Summary 

Mammalian haloacid dehalogenase (HAD)-type phosphatases are a large and ubiquitous 

family of at least 40 human members. Many of them have important physiological functions, 

such as the regulation of intermediary metabolism and the modulation of enzyme activities, yet 

they are also linked to diseases such as cardiovascular or metabolic disorders and cancer. 

Still, most of the mammalian HAD phosphatases remain functionally uncharacterized. 

This thesis reveals novel cell biological and physiological functions of the phosphoglycolate 

phosphatase PGP, also referred to as AUM. To this end, PGP was functionally characterized 

by performing analyses using purified recombinant proteins to investigate potential protein 

substrates of PGP, cell biological studies using the spermatogonial cell line GC1, primary 

mouse lung endothelial cells and lymphocytes, and a range of biochemical techniques to 

characterize Pgp-deficient mouse embryos.  

To characterize the cell biological functions of PGP, its role downstream of RTK- and integrin 

signaling in the regulation of cell migration was investigated. It was shown that PGP 

inactivation elevates integrin- and RTK-induced circular dorsal ruffle (CDR) formation, cell 

spreading and cell migration. Furthermore, PGP was identified as a negative regulator of 

directed lymphocyte migration upon integrin- and GPCR activation.  

The underlying mechanisms were analyzed further. It was demonstrated that PGP regulates 

CDR formation and cell migration in a PLC- and PKC-dependent manner, and that Src family 

kinase activities are required for the observed cellular effects. Upon integrin- and RTK 

activation, phosphorylation levels of tyrosine residues 1068 and 1173 of the EGF receptor were 

elevated and PLCγ1 was hyper-activated in PGP-deficient cells. Additionally, PGP-inactivated 

lymphocytes displayed elevated PKC activity, and PKC-mediated cytoskeletal remodeling was 

accelerated upon loss of PGP activity. Untargeted lipidomic analyses revealed that the 

membrane lipid phosphatidylserine (PS) was highly upregulated in PGP-depleted cells.  

These data are consistent with the hypothesis that the accumulation of PS in the plasma 

membrane leads to a pre-assembly of signaling molecules such as PLCγ1 or PKCs that couple 

the activation of integrins, EGF receptors and GPCRs to accelerated cytoskeletal remodeling. 

Thus, this thesis shows that PGP can affect cell spreading and cell migration by acting as a 

PG-directed phosphatase. 

To understand the physiological functions of PGP, conditionally PGP-inactivated mice were 

analyzed. Whole-body PGP inactivation led to an intrauterine growth defect with 

developmental delay after E8.5, resulting in a gradual deterioration and death of PgpDN/DN 

embryos between E9.5 and E11.5. However, embryonic lethality upon whole-body PGP 

inactivation was not caused by a primary defect of the (cardio-) vascular system. Rather, PGP-
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inactivated embryos died during the intrauterine transition from hypoxic to normoxic conditions. 

Therefore, the potential impact of oxygen on PGP-dependent cell proliferation was 

investigated. Analyses of mouse embryonic fibroblasts (MEFs) generated from E8.5 embryos 

and GC1 cells cultured under normoxic and hypoxic conditions revealed that normoxia 

(~20% O2) causes a proliferation defect in PGP-inactivated cells, which can be rescued under 

hypoxic (~1% O2) conditions. Mechanistically, it was found that the activity of triosephosphate 

isomerase (TPI), an enzyme previously described to be inhibited by phosphoglycolate (PG) in 

vitro, was attenuated in PGP-inactivated cells and embryos. TPI constitutes a critical branch 

point between carbohydrate- and lipid metabolism because it catalyzes the isomerization of 

the glycolytic intermediates dihydroxyacetone phosphate (DHAP, a precursor of the glycerol 

backbone required for triglyceride biosynthesis) and glyceraldehyde 3’-phosphate (GADP). 

Attenuation of TPI activity, likely explains the observed elevation of glycerol 3-phosphate levels 

and the increased TG biosynthesis (lipogenesis). Analyses of ATP levels and oxygen 

consumption rates (OCR) showed that mitochondrial respiration rates and ATP production 

were elevated in PGP-deficient cells in a lipolysis-dependent manner. However under hypoxic 

conditions (which corrected the impaired proliferation of PGP-inactivated cells), OCR and ATP 

production was indistinguishable between PGP-deficient and PGP-proficient cells. We 

therefore propose that the inhibition of TPI activity by PG accumulation due to loss of PGP 

activity shifts cellular bioenergetics from a pro-proliferative, glycolytic metabolism to a 

lipogenetic/lipolytic metabolism. 

Taken together, PGP acts as a metabolic phosphatase involved in the regulation of cell 

migration, cell proliferation and cellular bioenergetics. This thesis constitutes the basis for 

further studies of the interfaces between these processes, and also suggests functions of PGP 

for glucose and lipid metabolism in the adult organism. 
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Zusammenfassung 

Haloazid Dehalogenase (HAD)-Typ Phosphatasen in Säugetieren gehören zu einer großen 

ubiquitären Proteinfamilie, zu der auch mindestens 40 Phosphatasen, die im menschlichen 

Organismus vertreten sind, zählen. Eine Vielzahl dieser Phosphatasen hat wichtige 

physiologische Funktionen beispielsweise als regulatorische Enzyme im Metabolismus. 

Gleichzeitig werden sie in Verbindung mit Erkrankungen des kardiovaskulären Systems, 

Stoffwechselstörungen und Krebs gebracht. Dennoch sind die Funktionen vieler Mitglieder 

dieser Phosphatasen Familie bis heute weitestgehend unbekannt. 

In der vorliegenden Arbeit wurden die zellbiologischen und physiologischen Funktionen der 

Phosphoglykolat-Phosphatase PGP, auch AUM genannt, charakterisiert. Zu diesem Zweck 

wurde mit gereinigtem Enzym nach potenziellen Protein-Substraten von PGP gesucht. 

Weiterhin wurden zellbiologische Studien mit der spermatogonialen GC1 Zelllinie sowie mit 

primären Endothelzellen und Lymphozyten durchgeführt. Mit biochemischen Methoden 

wurden zudem PGP-defiziente Mausembryonen charakterisiert. 

Es wurde zunächst die Rolle von PGP für RTK- und integrin- induzierte Zellmigration 

untersucht. Dabei zeigte sich, dass PGP Inaktivierung die Zelladhäsion und Zellmigration 

steigerte. Gleichzeitig wurde eine vermehrte Bildung von RTK- und integrinvermittelten 

ringförmigen Plasmamembranausstülpungen, sogenannten Circular Dorsal Ruffles (CDR) auf 

der dorsalen Zelloberfläche beobachtet. PGP wurde zudem als negativer Regulator integrin- 

und GPCR-induzierter gerichteter Lymphozytenmigration identifiziert. Der zugrundeliegende 

molekulare Mechanismus wurde näher untersucht. Es konnte gezeigt werden, dass PGP die 

Bildung von CDRs und die gerichtetete Zellmigration in Abhängigkeit der Phospholipase C- 

(PLC-), Proteinkinase C- (PKC-) sowie Src Kinase-Aktivität steuert. Nach Integrin- und RTK-

Aktivierung waren die Tyrosinreste 1068 und 1173 des EGF-Rezeptors in PGP-depletierten 

Zellen vermehrt phosphoryliert und PLCγ1 in diesen Zellen hyperaktiviert. Interessanterweise 

wurde zudem eine beschleunigte PKC-vermittelte Reorganisation des Zytoskeletts 

beobachtet. In stimulierten Lymphozyten führte PGP-Inaktivierung zu einer erhöhten PKC-

Aktivität. Durch massenspektrometrische Analysen konnten erhöhte Spiegel des 

Membranlipids Phosphatidylserin (PS) in PGP-defizienten Zellen nachgewiesen werden. 

Diese Ergebnisse sind konsistent mit der Hypothese, dass die Anreicherung von PS in der 

Plasmamembran PGP-defizienter Zellen zu einer Vor-Rekrutierung von Signalproteinen führt, 

die die Aktivierung von Integrinen, EGF-Rezeptoren und GPCRs mit einer beschleunigten 

Zytoskelett-Reorganisation verbindet. Hierdurch konnte gezeigt werden, dass PGP durch die 

Dephosphorylierung von Phosphoglykolat die Zelladhäsion und Zellmigration reguliert. 
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Um die physiologischen Funktionen von PGP zu verstehen, wurden konditional PGP-

inaktivierte Mäuse untersucht. Die Inaktivierung von PGP im gesamten Organismus führte zu 

einem Wachstumsdefekt ab Tag E8.5 und dem Tod der Embryonen im Uterus zwischen Tag 

E9.5 und E11.5. Die beobachtete embryonale Letalität war nicht durch einen Defekt des 

(kardio-)vaskulären Systems zu erklären. 

PGP-inaktivierte Embryonen starben zu einem Zeitpunkt, an dem der intrauterine Übergang 

von einem hypoxischen zu einem normoxischen Millieu stattfindet. Der Einfluss von Sauerstoff 

wurde deshalb weiter untersucht. Zellwachstumsanalysen unter normoxischen und 

hypoxischen Bedingungen mit GC1 Zellen und embryonalen Maus-Fibroblasten, die aus E8.5 

Embryonen gewonnen wurden zeigten, dass normoxische Bedingungen (~20% O2) einen 

Wachstumsdefekt PGP-inaktivierter Zellen verursacht, wohingegen dies unter hypoxischen 

Bedingungen (~1% O2) nicht der Fall war. Mechanistisch konnte gezeigt werden, dass die 

Aktivität der Triosephosphatisomerase (TPI), ein durch PG in vitro gehemmtes Enzym, in PGP 

inaktivierten Zellen und Embryonen vermindert war. TPI stellt einen entscheidenden 

Verzweigungspunkt des Glukose- und Lipidstoffwechsels dar. TPI katalysiert die 

Isomerisierung der aus der Glykolyse stammenden Intermediate Dihydroxyacetonphosphat 

(DHAP, eine Vorstufe des für die Triglycerid-Biosynthese benötigten Glycerol-Grundgerüsts) 

und Glyceraldehyd-3’-phosphat (GADP). Eine Verringerung der TPI-Aktivität in PGP-

inaktivierten Zellen resultierte in erhöhten Glycerol-3-phosphat Spiegeln und einer 

gesteigerten Triglycerid-Biosynthese. Die Analyse des zellulären ATP Gehalts und des 

Sauerstoffverbrauchs bei der mitochondrialen Atmung zeigte, dass sowohl die ATP Produktion 

als auch die mitochondriale Atmung in Abhängikeit der Lipolyse in PGP-defizienten Zellen 

erhöht waren. Unter hypoxischen Bedingungen, die zu einer Normalisierung der  

Zellproliferation führten, wiesen PGP-profiziente und -defiziente Zellen keinen Unterschied 

bezüglich ATP Produktion und mitochondrialer Atmung auf. 

Wir vermuten deswegen, dass die Inhibierung der TPI-Aktivität durch PG-Anreicherung 

aufgrund ausbleibender Hydrolyse durch PGP zu einer Verschiebung des zellulären 

Energiehaushaltes von Seiten eines pro-proliferativ glykolytischen auf die Seite eines 

lipogenetisch/lipolytischen Metabolismus führt.  

Zusammenfassend konnte gezeigt werden, dass PGP als eine metabolische Phosphatase 

Zellmigration, Zellproliferation wie auch den zellulären Energiehaushalt reguliert. Die 

vorliegende Arbeit stellt somit die Grundlage für weitere Untersuchungen an der 

Schnittschnelle dieser zellulären Prozesse dar und lässt auf eine wichtige Rolle von PGP im 

Glukose- und Lipidstoffwechsel im adulten Organismus schließen. 
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