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1 ABSTRACT 

Phosphatase and tensin homolog (PTEN) is a tumour suppressor, which antagonises the PI3K / 

AKT pathway and thereby regulates cell growth, maturation, proliferation, and cellular survival. 
PTEN signalling might influence neuronal survival after brain ischemia, but results are 

controversial and the neuroprotective mechanism is not clear. The recently identified 
translational variant PTEN-L has not been examined in the context of brain ischemia. PTEN-L is 

transcribed from an alternative CTG start codon N-terminal and in frame with the PTEN 
sequence, which results in a longer protein with 173 additional amino acids. In the present 

study, PTEN-L was identified in murine primary neurons and brain lysates by mass 
spectrometry. I established an in vitro model using primary neurons derived from conditional 

PTEN knock-out mice to analyse the effect of PTEN and PTEN-L independently while avoiding 

overexpression. PTEN-L, unlike PTEN, localised predominantly in the cytosol of neurons and a 
rapid cellular re-distribution was observed after neurons were exposed to ischemic-like stress. 

Neurons with genomic ablation of both PTEN variants were compared to neurons expressing 
PTEN or PTEN-L in terms of neuronal survival after oxygen-glucose deprivation (OGD): PTEN 

knock-out neurons showed increased cell death and vulnerability to OGD, while replacement 
with either PTEN-L or PTEN protected neurons against stress. However, neurons expressing 

PTEN-L fared best and showed significantly less cell death than PTEN transduced neurons. 
Forced expression of PTEN-L NLS to the nucleus did not rescue neurons against ischemic-like 

stress. To get an insight into the molecular mechanisms, which could explain the resilience of 
PTEN-L expressing neurons, protein binding-partners were identified via mass spectrometry, 

using cellular fractions of nucleus and cytosol. The stress-regulated interactome of PTEN-L and 

PTEN differed significantly, which speaks for a specific function of the N-terminal unstructured 
region in regulating neuronal survival via protein-protein interactions. One candidate specifically 

enriched with PTEN-L in the cytosolic compartment was GRB2-associated-binding protein 2 
(Gab2), which is an adaptor protein of tyrosine kinase receptors that influences several 

downstream pathways including PI3K / AKT signalling. A proximity-ligation assay confirmed that 
Gab2 was enriched with PTEN-L close to the plasma membrane and the PTEN-L / Gab2 

complex was dissolved in response to ischemic-like stress.  
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In summary, the results show that PTEN-L and PTEN have distinct functions in response to 

cellular stress in neurons. PTEN-L might promote neuronal survival after cerebral ischemia by 
interacting with proteins via binding sites located in the N-terminal region, such as Gab2. 
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2 ZUSAMMENFASSUNG 

Phosphatase and tensin homolog (PTEN) ist ein Tumorsuppressor, welcher die PI3K / AKT 

Signalkaskade antagonisiert und unter anderem Zellwachstum, Zelldifferenzierung, 
Zellproliferation und Zellüberleben beeinflusst.  Es gibt Hinweise, dass die PTEN Regulation mit 

neuronalem Überleben nach ischämischem Stress in Verbindung steht, allerdings werden die 
Ergebnisse kontrovers diskutiert und der neuroprotektive Mechanismus ist bisher unklar. Der 

Einfluss der kürzlich identifizierten translationalen Variante PTEN-L wurde im Kontext von 
zerebraler Ischämie noch nicht untersucht. PTEN-L wird von einem alternativen CTG 

Startkodon translatiert, welches N-terminal und im offenen Leserahmen des PTEN Proteins 
liegt. Dadurch entsteht ein Protein mit 173 zusätzlichen Aminosäuren am N-terminus. In der 

vorliegenden Studie wurde PTEN-L in primären Neuronen und im Gehirn von Mäusen durch 

Massenspektrometrie nachgewiesen. Ein in vitro Model mit primären Neuronen von 
konditionalen PTEN knock-out Mäusen wurde etabliert, welches einen direkten Vergleich von 

PTEN-L oder PTEN exprimierenden Zellen ermöglicht und Überexpression vermeidet. Im 
Gegensatz zu PTEN lokalisierte PTEN-L größtenteils im Zytosol von Neuronen und reagierte 

auf ischämie-ähnlichen Stress mit einer schnellen subzellulären Umverteilung auf Nukleus und 
Zytosol. PTEN knock-out Neurone wurden mit PTEN-L oder PTEN exprimierenden Neuronen in 

Bezug auf ihr zelluläres Überleben nach experimentellem Sauerstoff- und Glukoseentzug 
(OGD) verglichen. PTEN knock-out Neurone waren vulnerabler und zeigten vermehrten Zelltod 

nach OGD, während die Expression von entweder PTEN-L oder PTEN das Zellüberleben 
verbesserte. Im direkten Vergleich schnitten PTEN-L exprimierende Neurone besser ab und 

zeigten signifikant weniger Zelltod als PTEN exprimierende Neurone. Kein gesteigertes 

Zellüberleben wurde beobachtet, wenn Neurone ausschließlich PTEN-L NLS im Nukleus 
exprimierten. Um einen Einblick in die molekularen Mechanismen zu bekommen, welche die 

Resilienz der PTEN-L exprimierenden Neurone erklären könnten, wurden via Zellfraktionierung 
in nukleäre und zytosolische Kompartimente und Massenspektrometrie Proteinbindungspartner 

identifiziert. PTEN-L und PTEN zeigten ein unterschiedliches stressreguliertes Interaktom was 
darauf hinweist, dass die N-terminale unstrukturierte Region durch Protein-Protein Interaktionen 

neuronales Überleben regulieren könnte. Eines der interagierenden Proteine, welches sich 
ausschließlich mit PTEN-L im zytosolischen Kompartment anreicherte, war GRB2-associated-

binding protein 2 (Gab2). Gab2 ist ein Adaptorprotein der Tyrosinkinase Rezeptoren, welches 
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unter anderem den PI3K / AKT Signalweg beeinflusst.  Ein Proximity-Ligation Assay bestätigte, 

dass Gab2 mit PTEN-L in der Nähe der Plasmamembran einen Komplex bildet, welcher sich 
nach ischämie-ähnlichem Stress auflöst.  

Zusammenfassend zeigen die Ergebnisse, dass PTEN-L und PTEN nach ischämie-ähnlichem 

Stress unterschiedlich reguliert werden und wahrscheinlich unabhängig zu der Stressantwort 
von Neuronen beitragen. PTEN-L könnte zelluläres Überleben nach zerebraler Ischämie 

fördern, indem es mit Proteinen wie zum Beispiel Gab2 über Proteinbindungsstellen in seiner N-
terminalen Sequenz interagiert.   
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3 SUMMARY DISSERTATION RESEARCH 

3.1 Introduction 

Stroke is globally one of the deadliest diseases, causing 11% of all deaths worldwide (Roth et al., 

2018). Patients affected by stroke are among the ones losing the most years of life, after patients 

suffering from ischemic heart disease or neonatal disorders (Roth et al., 2018). Although up to 

90% of the global burden imposed by stroke can be attributed to modifiable risk factors such as 

smoking, high body mass index or air pollution, rising incidence rates require to develop both 

preventive and novel therapeutic strategies (Feigin et al., 2016). To date, two treatment strategies 

have been developed that can effectively reduce death and disability following an ischemic 

stroke, which affects about half of the patient population: Intravenous application of the 

thrombolytic agent recombinant tissue plasminogen activator (rt-PA) (NINS, 1995) and 

mechanical thrombectomy via an endoscopic intravascular procedure (Berkhemer et al., 2014, 

Goyal et al., 2015, Jovin et al., 2015, Saver et al., 2015, Campbell et al., 2015). Both treatment 

strategies attempt to dissolve the blood clot, which is occluding a blood vessel in the brain, and 

thereby restore blood flow to the ischemic brain tissue. However, the currently available 

treatment options are highly time-sensitive and only improve the outcome when applied within 

4.5 hours after the onset of stroke (Hacke et al., 2008, Ahmed et al., 2010). Specialized stroke 

units were implemented in hospitals to diagnose and treat stroke earlier and more effectively, 

which in fact led to better outcomes for stroke patients (Stroke Unit Trialists, 2013). But the 

extremely narrow time-window for clinical intervention still excludes patient populations who 

are living in rural areas or in countries with an underdeveloped health-care system. Therefore, it 

is highly important to continue to develop novel treatment strategies that might improve the 

long-term functional outcome even when applied at a later time point. This is especially relevant 

since so far none of the pre-clinically developed medications improved survival rates or long-

term functional impairment when tested in clinical trials (Dirnagl and Macleod, 2009, Dirnagl et 

al., 2013, Bosetti et al., 2017).  

A pre-requisite to develop new treatments for ischemic stroke is to understand the molecular 

processes leading to cell survival or death in neurons, which are cut off from blood supply and 

are thus exposed to ischemic stress. With the goal to add to our understanding of those 
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mechanisms, I investigated a protein that has been recently identified (Hopkins et al., 2013) and 

that is linked to a prominent cell survival pathway: The phosphoinositide-3-kinase (PI3K) / AKT 

pathway influences cellular survival, cell growth and cell proliferation, among other functions 

(Vanhaesebroeck et al., 2010, Vanhaesebroeck et al., 2012, van Diepen and Eickholt, 2008). 

Pathway activation has been correlated with neuroprotective effects of treatment with 17-beta 

estradiol, glucocorticoids or erythropoietin (Harms et al., 2007, Harms et al., 2001, Ruscher et 

al., 2002). Phosphatase and tensin homolog (PTEN) is a lipid and protein phosphatase that 

antagonizes the PI3K / AKT pathway and thereby suppresses uncontrolled cell proliferation and 

tumour formation (Worby and Dixon, 2014). PTEN is thought to interact with a number of other 

cytosolic pathways and might also have nuclear functions, such as DNA repair (Bassi et al., 

2013). In the context of brain ischemia, it was shown that PTEN changes its intracellular 

distribution in response to an ischemic trigger (Zhang et al., 2013, Goh et al., 2014, Howitt et al., 

2012). However, it remains unclear if this mechanism is beneficial or detrimental for neuronal 

survival. Furthermore, those earlier studies did not distinguish between PTEN and a longer 

variant termed PTEN-L or PTENα, which has been newly discovered in 2013 (Hopkins et al., 

2013). PTEN-L is transcribed from an alternative start codon (CTG) N-terminal of the PTEN 

start site (ATG) and in frame with the PTEN sequence (Hopkins et al., 2013). Therefore, PTEN-

L contains 173 amino acids in addition to the protein domains of PTEN. In tumour research, 

several new functions of PTEN-L have been described, including that it can be secreted and 

taken up by recipient cells (Hopkins et al., 2013).  

Since PTEN-L had not been described in neurons at the start of my project and since the role of 

different PTEN isoforms in neuroprotection have not been investigated to date, I first tested 

whether PTEN-L is expressed in neurons and if neurons secrete PTEN-L. After those initial steps 

I focused on the intracellular regulation of PTEN-L and PTEN caused by an ischemic trigger and 

compared the vulnerability of neurons expressing different PTEN variants towards ischemic-like 

stress. Furthermore, I examined the interactome of both PTEN-L and PTEN with the goal to 

identify the molecular pathways underlying an early neuronal response to ischemia.  
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3.2 Methods 

Cell culture model 

An in vitro approach was chosen to identify the PTEN-L protein in murine neuronal and brain 

lysates and examine PTEN-L secretion in primary neurons derived from C57BL/6 mice. To 

compare the regulation of PTEN-L and PTEN in response to ischemic-like stress in primary 

neurons, a novel PTEN knockout and replacement model was established (Fig. 1): In short, 

primary neurons were prepared from conditional PTEN knockout mice (Trotman et al., 2003) as 

previously described (Harms et al., 2004) and cultured under standard cell culture conditions. 

Neurons were transduced with lentiviral particles (LVPs) delivering Cre recombinase on day in 

vitro (DIV) 1 for excision of the PTEN gene flanked with two loxP sites. On DIV 3, neurons 

were transduced with LVPs delivering different PTEN variants tagged with either hemagglutinin 

(HA) or enhanced green fluorescent protein (EGFP). The expression level of PTEN or PTEN-L 

protein was then titered via immunoblotting and densitometry to match endogenous overall 

PTEN levels. This step was performed to be able to compare PTEN-L and PTEN functions 

without disturbing the balance of the PI3K / AKT pathway, which is essential to normal cell 

development and morphology of neurons.  

 

Figure 1  PTEN knockout and replacement model. Primary neurons derived from conditional PTEN knockout were transduced 
with CRE virus to knock out endogenous PTEN and PTEN-L. Tagged versions of either PTEN or PTEN-L were then re-
introduced by a second transduction step. Interventions were performed after replacement of endogenous PTEN species with 
exogenous PTEN-L or PTEN on day in vitro 9. Adapted from Jochner at al. 2019 (see 7. Publication). 
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Identification of PTEN species 

Lysates of neuronal cultures or murine cortex were derived from C57BL/6 mice. For purification 

and immunoprecipitation of PTEN, lysates containing 500 µg protein were purified by HiTrap 

Heparin HP column (GE Healthcare) and incubated with 10 µl PTEN (D4.3) XP rabbit 

monoclonal antibody conjugated to sepharose beads (Cell Signaling Technology) over night at 

4°C. Immunoprecipitates were washed four times with 0.5 % Nonidet P-40 buffer and released 

from beads by incubation in 50 µl of 1 x SDS sample buffer at 95°C for 5 minutes (min). 10 µl 

of these samples were loaded on 10 % SDS-polyacrylamide gels, which were either transferred 

onto polyvinylidene fluoride (PVDF) membrane for subsequent immunoblotting with an 

antibody against PTEN or silver stained as previously described (Chevallet et al., 2006). Bands 

at 57 kilo Dalton (kD) and 75 kD were cut from the silver-stained gel and sent to our 

collaborators for detection of peptides matching the PTEN-L sequence. Mass spectrometry 

methods are described in the original publication (7. Publication).  

Lentiviral particle generation and transduction 

The cloning strategy and primer sequences are described in full length in the methods section of 

the original publication (7. Publication). In short, the human PTEN-L sequence was generated by 

gene synthesis and the alternative start site CTG was replaced with an ATG start codon. 

Ubiquitin-driven second-generation lentiviral transfer vectors were used as backbone. Plasmids 

delivering PTEN variants and a control vector were tagged on the C-terminus with either HA or 

EGFP (Fig. 2). Cre-delivering plasmids were tagged with mCherry. All vectors were sequence 

verified. Lentiviral particles were produced in human embryonic kidney (HEK) cells by co-

transfection with transfer vectors and second generation lentiviral packaging plasmid psPAX2 

(Addgene plasmid #12260) and VSV-G envelope expressing vector pMD2.G (Addgene plasmid 

#12259). Lentiviral particles were precipitated from conditioned HEK cell medium and titered in 

wildtype neurons by analysing transduction efficiencies (95% of neurons) and multiplicity of 

infection using EGFP or mCherry fluorescence as a reporter. 
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Figure 2  Schematic overview of the EGFP-tagged PTEN vectors used to express different PTEN variants in primary neuronal 
cultures.  

Immunoprecipitation and immunoblotting 

For immunoblotting, cells were harvested in either 1 x sodium dodecyl sulfate (SDS) buffer or 

0.5 % Nonidet P-40 buffer containing 1 mM Dithiothreitol (DTT) and 10 mM 4-(2-

aminoethyl)benzenesulfonyl fluoride hydrochloride and processed as previously described (An et 

al., 2012, An et al., 2013). For immunoprecipitation, 20 ml of conditioned medium was filtered 

with a 0.45 µm filter (Millex) and cOmplete protease inhibitor cocktail (Roche) and 1mM DTT 

was added. Protein was then purified by HiTrap Heparin HP column (GE Healthcare) and 

incubated with 10 µl PTEN (D4.3) XP rabbit monoclonal antibody conjugated to sepharose 

beads (Cell Signaling Technology) over night at 4°C for immunoprecipitation of PTEN. 

Immunoprecipitates were washed four times with 0.5 % Nonidet P-40 buffer and boiled in 50 µl 

of 1 x SDS sample buffer. Samples were loaded on 10 % SDS-polyacrylamide gels and 

transferred onto polyvinylidene fluoride (PVDF) membrane. Membrane was blocked in 5 % 

milk, incubated with primary antibodies over night at 4°C and secondary antibodies (1:2500 

dilution) for 1 h at room temperature. An enhanced chemiluminescence system (GE Healthcare) 

was used to detect immunocomplexes. Anti-Actin (1:1000 dilution), anti-AKT (1:1000 dilution), 

anti-phospho-AKT (Ser473; 1:1000 dilution) and anti-PTEN (1:1000 dilution) antibodies were 

purchased from Cell Signaling Technology. Anti-GAPDH antibody (1:2500) was obtained from 

Millipore. Anti-HA.11 antibody (1:1000) was purchased from Covance. Anti-EGFP antibody 

(1:500) was purchased from Santa Cruz Biotechnology.  

Densitometry and quantification of protein levels 

Fiji software (Schindelin et al., 2012) was used to quantify the intensity signal of immunoblots 

derived from three independent experiments. Measured intensities were transferred to Excel and 
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PTEN values were normalised against loading controls and the total intensity of PTEN signals on 

a given blot. Phosphorylated AKT was normalised against matching AKT values.  

Ischemic-like stress 

To simulate exposure to ischemia in vitro, primary neuronal cultures were exposed to oxygen-

glucose deprivation (OGD) or 50 µM glutamate at DIV 9. For OGD, neurons were incubated in a 

hypoxic chamber (0.3 % oxygen) in glucose-free medium for 2.5 hours and subsequently re-

oxygenated with conditioned medium. Parallel control plates were handled in the same way then 

experimental plates, but were placed in buffer containing 5% glucose into an incubator (20 % 

oxygen) for the duration of the experiment. To assess cell death, lactate dehydrogenase (LDH) 

release was measured in neuronal culture medium before OGD treatment and 24 h after re-

oxygenation of the cells, which has been previously described (Freyer and Harms, 2017). LDH 

increase after OGD was compared between neurons expressing different PTEN species by two-

way analysis of variance (ANOVA). In case of a significant ANOVA, Tukey’s multiple 

comparisons test was calculated to compare the LDH increase between neurons expressing 

different PTEN species. In some of the experiments, ischemic-like stress was induced by 

exposing neuronal cultures to 50 µM glutamate in the cell culture medium versus Phosphate-

buffered Saline as a control. Exposure to glutamate stress resembles neurodegeneration and cell 

death induced by oxygen-glucose deprivation, since both methods lead to excess influx of 

calcium via NMDA receptor gated channels (Goldberg and Choi, 1993, Harms et al., 2004).  

Live cell microscopy 

Primary neurons were seeded in 8-well microscopy dishes (Ibidi) and were imaged while 

maintaining culturing conditions (20 % oxygen, 5 % CO2 and 37°C). A confocal microscope 

(Nikon Ti2) with uniform spinning disk illumination (Andor Borealis), an EMCCD Camera 

(iXon3 DU-888 Ultra) and 60x Plan Apo oil objective (Nikon) was used to acquire images. Eight 

positions across four wells were selected and images of z-planes (30 - 40 µM with 1 µM 

intervals) were taken with a laser exciting at 488 nm (>8 mW; 20 %) detecting EGFP and a laser 

exciting at 561 nm (>15 mW; 9 %) detecting mCherry. Next, cells were treated with 50 µM 

glutamate or PBS as a control and each position was imaged every 10 min for 90 min using 

above described settings. Time laps videos were compiled from the observation period and the 

intensity change of EGFP fluorescence was measured over time to quantify nuclear translocation 
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of PTEN-L. Translocation of PTEN isoforms in response to glutamate stress was analysed by 

two-way repeated measurements ANOVA and subsequent Holm-Sidak’s post hoc tests.  

Interactome analysis 

Primary neurons derived from n = 4 conditional PTEN knockout mice were plated and 

transduced with cre- and PTEN-delivering LVPs as described above. Neurons were transduced 

with either PTEN:EGFP, PTEN-L:EGFP or EGFP control and treated with either 50 µM 

glutamate or PBS for 60 min before they were harvested in 80 µl cold cell lysis buffer per well. 

Lysates were incubated with 1 % NP-40 for 10 min and centrifuged to separate the crude 

cytosolic fraction. The pellets containing the cell nuclei were washed and incubated with nuclear 

extraction buffer for 30 min, sonicated 4 x 5 seconds and centrifuged to extract the pure nuclear 

fractions. Crude cytosolic fractions were purified by ultracentrifugation for 60 min at 98400 x g 

(40 000 rpm), using an Optima™Max-XP ultra centrifuge and a TLA-55 rotor (Beckman & 

Coulter). Pull-down of PTEN protein complexes was performed by incubating the purified 

nuclear and cytosolic fractions with anti-GFP-coupled magnetic agarose beads (GFP-Trap_M, 

ChromoTek) for 1 h at 4°C on tumble end-over-end rotator. Beads were washed three times with 

tris-buffered saline containing 0.05 % NP-40, separated with a magnet and shock frozen for mass 

spectrometry (See original publication below for methods). Differences in protein abundance 

between EGFP-PTEN variants and EGFP control samples for the different treatments (PBS 

control and Glutamate) were calculated using two-sided Student´s t test. Proteins passing the 

significance cut-off (p-value ≤ 0.05, log2 t-test difference > 2) were considered specific PTEN 

binders. 

Immunocytochemistry and proximity-ligation assay 

See original publication below for methods of immunocytochemistry. Anti-GAB2 (HPA001368, 

Sigma-Aldrich) and anti-PTEN-L (MABS1680, Merck) primary antibodies were used to 

determine the intracellular distribution of each protein before and after exposure to 50 µM 

glutamate stress. To detect interactions between GAB2 and PTEN-L below a distance of 40 nm, 

a proximity-ligation assay was performed using the Duolink® PLA kit (Sigma Aldrich) 

according to manufacturer`s instructions. PLA-complexes were counted and a two-sided, 

unpaired t-test with Sidak-Holm’s correction was performed to compare interactions in 

glutamate and PBS-treated neurons.  
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Data analysis 

Statistical analysis was performed and graphics were created with GraphPad (Version 6.07). 

Multiple regression analysis was performed using IBM SPSS software (Version 22). The alpha 

error of all statistical tests was set to 0.05 and P-values of < 0.05 were considered significant. In 

Fig. 3, which was not part of the publication attached below, LDH release was compared before 

and after exposure to different OGD durations by two-way repeated measures analysis of 

variance (ANOVA) using GraphPad software (Version 6.07). Main effects of the two-step 

repeated measures factor treatment (Pre OGD versus 24 hours post OGD) and five-step factor 

OGD duration and interaction between treatment and OGD duration were calculated. Holm-

Sidak`s post hoc tests were performed to analyse LDH increase in each treatment condition 

(Holm, 1979). Significant differences in LDH increase were reported as a ratio of the means. See 

original publication below for a detailed description of the statistical methods of all other 

experiments.  

Methods to prevent bias 

To prevent bias, wells on cell culture plates were randomly assigned to treatment conditions and 

image analysis was performed blinded to the PTEN variant expressed. 
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3.3 Results 

Remark to the readers: Most of the results presented in this section have been published in the 

journal article attached below (7. Publication). Here, I summarise my results using cross-

references to the figures of the journal article, which are named Paper Fig. x and displayed in 

italic letters in the text. Please refer to the original journal article for an in depth description of 

the results and statistical analysis of respective data. Furthermore, I present data, which was part 

of my dissertation research and is currently unpublished (Fig. 3). This data is described in greater 

detail, including the statistical analysis, and referred to as Fig. 3 in the text.  

A pre-requisite to start my project was to show that neurons express the PTEN-L protein. When 

neuronal lysates or lysates from mouse brain were immunoblotted with an antibody against 

PTEN, a second band appeared around 75 kD (Paper Fig. 1a). To test if that band signifies 

PTEN-L, I prepared neuronal cultures from conditional knockout mice and transduced them with 

CRE delivering LVPs: Within six days in vitro both the PTEN band at 57 kD and the upper 

bands disappeared, indicating a knock-out of the PTEN and the PTEN-L variant (Paper Fig. 1b). 

A subsequent proteomics analysis found peptides matching the first 173 aa of the PTEN-L 

sequence in samples from mouse brain and primary neuronal cultures (Paper Fig. 1c-d), 

confirming that neurons express PTEN-L. 

Since it was shown that some cell types secrete PTEN-L (Hopkins et al., 2013), I tried to identify 

secreted PTEN-L in the culture medium of primary neuronal cultures: Over the course of 

neuronal maturation (DIV 1 – 12) no PTEN-L protein was detectable in the culture medium after 

concentration with heparin column and immunoprecipitation with PTEN antibody (Fig. 3a). 

Next, I tested if an ischemic trigger would induce secretion of PTEN-L: Neuronal cultures were 

exposed to different durations of oxygen-glucose deprivation and no PTEN-L protein was 

detected in the medium (Fig. 3b). Protein amounts of PTEN-L in neuronal lysates were stable 

and did not change in response to OGD (Fig. 3c). To test whether applied OGD durations were 

sufficient to cause cell death, a lactate dehydrogenase (LDH) assay was performed that indicates 

loss of outer cell membrane integrity: LDH release was tested before and 24 h after OGD 

treatment in samples of conditioned medium and was normalized to the cell number plated. LDH 

release depended on both, OGD duration and time point of sample taking (before versus after 
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OGD), as well as the interaction of those factors (F(4,10) = 15.66; P < 0.001. F(1,10) = 48,08; P 

< 0.001. F(4,10) = 15,66; P < 0.001), which was calculated by a two-way ANOVA. Significant 

cell death was observed when cells were exposed to either 2 h of OGD or 2.5 h of OGD (t(20) = 

3.81; p = 0.003; t(20) = 9.45; p < 0.001). To test the sensitivity of the applied methods to detect 

secreted PTEN-L, I harvested conditioned medium of HEK cells: In fact, after concentration 

with heparin column or the combination heparin column and immunoprecipitation with PTEN 

antibody coupled sepharose beads, a 75 kD band appeared in the respective immunoblot (Fig. 

3e). In summary, this indicates that PTEN-L was not secreted by neurons in contrast to other cell 

types, such as HEK cells.  
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Figure 3  PTEN-L is not secreted in primary neuronal cultures. Conditioned medium from neuronal culture was tested for the 
presence of PTEN isoforms by immunoprecipitation of PTEN. (a) PTEN-L was not detected in the conditioned medium at 
different time points during neuronal development and (b) after indicated durations of oxygen-glucose deprivation (OGD). (c) 
Neuronal lysates served as a reference for intracellular PTEN (~57 kD) or PTEN-L (~75 kD) amounts, which did not change in 
response to OGD. (d) Cellular damage caused by different OGD durations was quantified by measuring the activity of lactate 
dehydrogenase (LDH) in the conditioned medium. A significant increase of LDH was observed when OGD was applied for 2 h 
or 2.5 h, indicating cell death. (e) Conditioned medium of human embryonic kidney cells (HEK) transduced with PTEN-L:HA 
was tested for secreted PTEN isoforms after immunoprecipitation of PTEN. A strong PTEN and HA positive band higher than 57 
kD was detected in the conditioned medium of HEK cells. 

In the following, I concentrated my research on the intracellular regulation of PTEN-L after 

ischemic-like stress. A first mile-stone was to establish a model, which enables the direct 

comparison of both protein isoforms in neurons. Since PTEN and PTEN-L share the same 

mRNA, a knockdown approach targeting one of the protein isoforms was not feasible. Knock-

out of both PTEN alleles in mice results in an embryonic lethal phenotype and heterozygous 

mice develop tumours (Suzuki et al., 1998). Cell-type specific knockout of PTEN in neurons of 

mice leads to hypertrophic cell somas, neurological deficits and pre-mature mortality (Backman 

et al., 2001). Therefore, I designed a model using primary neuronal cultures derived from 

conditional PTEN knockout mice, in which both PTEN isoforms can be knocked out and 

simultaneously be replaced by exogenous variants of either PTEN or PTEN-L (Paper Fig. 2a). 

The lentiviral particles delivering the exogenous PTEN variants were titered to express a protein 

amount of either PTEN or PTEN-L that was comparable to the endogenous total PTEN amount 

in neurons (Paper Fig. 2b). AKT phosphorylation was measured since one of the main targets of 

PTEN is to antagonize the PI3K / AKT pathway. The PTEN-L variant was as effective as PTEN 

to antagonize Akt phosphorylation when PTEN protein amounts were correlated with the pAKT 

/ AKT ratio (Paper Fig. 2c). Therefore, it was possible to directly compare the effects of PTEN-

L versus PTEN expression in neurons while maintaining an overall balance of the PI3K / Akt 

pathway, which was essential to perform subsequent ischemia experiments.  

When examining the neurons replaced with EGFP-tagged PTEN variants (PTEN:EGFP or 

PTEN-L:EGFP) with live cell confocal microscopy, they showed a distinct phenotype: 

PTEN:EGFP was distributed in the cytosol and nucleus of neurons, while PTEN-L:EGFP 

localised predominantly in the cytosol of neurons, sparing the nucleus (Paper Fig. 3a) , 

Supplementary Fig. 4). In response to an ischemic-like trigger, 50µM glutamate, PTEN-L:EGFP 

re-distributed in the cell and partially translocated to the nucleus (Paper Fig. 3a, Movie 1, 

Supplementary Fig. 2). The re-distribution response of PTEN-L was rapid and peaked within the 

first 20 min after glutamate treatment. PTEN:EGFP, on the other hand, did not show signs of re-
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distribution early after ischemic-like stress (Paper Fig. 3a-b, Movie 2, Supplementary Fig. 2-3). 

Next, I tested if expression of PTEN-L or PTEN affects the overall vulnerability of neurons 

towards ischemic-like stress. PTEN knockout neurons showed an increased vulnerability towards 

oxygen-glucose deprivation, evident by an increased release of the cell death marker lactate 

dehydrogenase (LDH) 24 h after exposure (Paper Fig. 3c). Both PTEN:EGFP and PTEN-

L:EGFP replaced neurons showed less vulnerability to ischemic-like stress then PTEN knockout 

neurons. However, PTEN-L:EGFP expressing neurons were more resilient and significantly 

better protected then neurons expressing the shorter variant PTEN:EGFP (Paper Fig. 3c). 

Additionally, I examined neurons which expressed PTEN-L exclusively in the nuclear 

compartment (PTEN-L NLS:EGFP), to test if nuclear PTEN-L alone is sufficient to protect 

neurons against ischemic-like stress: Nuclear PTEN-L NLS:EGFP expression was not able to 

rescue the vulnerable phenotype observed in PTEN knockout neurons. This indicated that re-

distribution of PTEN-L in the cytosol or the combination of nuclear and cytosolic functions were 

required for neuronal survival after ischemic-like stress (Paper Fig. 3c).  

The final part of my project was to identify interacting proteins of PTEN-L or PTEN, which 

could possibly explain the observed neuroprotective effect and provide a novel insight into 

PTEN regulation in the context of ischemia. Neurons expressing either PTEN-L or PTEN were 

harvested one hour after being exposed to 50µM glutamate or PBS as a control. A cell 

fractionation was conducted to separate nuclear and cytosolic fractions and protein complexes 

were purified by immunoprecipitation with GFP-Trap. Subsequently, mass spectrometry was 

performed by our collaborators. Results showed that PTEN-L interacted with different proteins 

in response to ischemic-like stress compared to PTEN. There was only a small overlap of 

proteins, which interacted with both PTEN variants and were regulated after glutamate stress 

(Paper Fig. 4a). This indicates that the N-terminal region of PTEN-L might contain additional 

protein binding sites that might be relevant for the neuronal response to ischemia. Among the 

several novel PTEN-L binding partners identified, I chose to focus on the interaction with 

GRB2-associated-binding protein 2 (Gab2), which is an adaptor protein of tyrosine-kinase 

receptors and interacts with a number of intracellular pathways including PI3K / AKT (Breitkopf 

et al., 2016, Zhang et al., 2017). Gab2 was regulated after glutamate stress and highly enriched 

with PTEN-L in the cytosolic fraction of the mass spectrometry screen. Immunocytochemistry 

with an antibody against Gab2 showed that Gab2 co-localised with PTEN-L at the cell 
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membrane under PBS conditions, but was distributed across the cytosol and nucleus of neurons 

in the glutamate stress condition (Paper Fig. 4b). A proximity-ligation assay confirmed the 

interaction of PTEN-L and Gab2 in proximity of the plasma membrane (Paper Fig. 4c), which 

was lost when neurons were exposed to ischemic-like stress (Paper Fig. 4c).  
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3.4 Discussion and Outlook 

The present study identified the PTEN-L protein in neurons and described its specific functions 

in response to ischemic-like stress. In previous studies it was shown that PTEN translocation 

from the cytosol to the nucleus might be neuroprotective (Goh et al., 2014, Howitt et al., 2012), 

while another study found that preventing PTEN translocation leads to better neuronal survival 

(Zhang et al., 2013). Those studies did not distinguish between different PTEN isoforms, which 

could have contributed to the opposing results. Here, I investigated the phenotype of both PTEN 

and the longer variant PTEN-L and found that only the latter re-distributed within neurons early 

after exposure to an ischemic trigger (Paper Fig. 3a-b). Additionally, neurons expressing PTEN-

L were protected against ischemic-like stress when cellular survival was tested after 24 hours 

(Paper Fig. 3c). This indicates that PTEN-L might have specific functions in protecting neurons 

against ischemic stress, which are independent from PTEN. Since PTEN-L is derived from an 

alternative start codon in frame with the PTEN sequence, both proteins share 488 amino acids 

and most of their protein domains (Hopkins et al., 2013). The N-terminal region of PTEN-L is 

largely unstructured, which could explain its different functions through additional protein-

protein binding sites (Malaney et al., 2015, Babu et al., 2011). One study examining PTEN-L in 

neurons was recently published, showing that PTEN-L binds to CaMKII with its N-terminus and 

thereby controls several cognitive functions (Wang et al., 2017). The mass spectrometry data 

presented here revealed that PTEN-L and PTEN have several unique protein binding partners 

(Paper Fig. 4a) and that interactions are modulated in response to ischemic-like stress. This 

indicates that another function of the N-terminal PTEN-L region might be to regulate the 

neuronal response to ischemic-like stress through protein-protein interactions. I confirmed the 

interaction between PTEN-L and Gab2, an adaptor protein of tyrosine kinase receptors, with an 

independent method and found that both proteins were individually re-distributed in neurons 

upon exposure to ischemic-like stress (Paper Fig. 4b-c). Among the few studies examining Gab2 

in the brain, Gab2 has been associated with perinatal hypoxic brain injury (Trollmann et al., 

2010), the late onset form of Alzheimer’s disease (Reiman et al., 2007, Zou et al., 2013) and it 

plays a role in neuronal branching and differentiation (Zhou et al., 2015, Mao and Lee, 2005). 

Furthermore, Gab2 was shown to interact with the P85 subunit of PI3K, which is a functional 

antagonist of PTEN that enables PIP2 phosphorylation and activates the protein kinase AKT 
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(Harir et al., 2007). Therefore, it is interesting and surprising that Gab2 interacts specifically with 

PTEN-L, but not with PTEN. This significant mechanistic insight increases our understanding of 

neuronal PTEN-L signaling and its changes in response to ischemic-like stress. It remains to be 

determined if modulating PTEN-L / Gab2 signaling improves neuronal survival or recovery after 

ischemia and further in vitro and in vivo studies are needed to answer this question. Furthermore, 

several novel protein interactions of PTEN-L were identified in the present study and their 

possible role in neuroprotection will have to be studied.  

In addition to the intracellular regulation of PTEN-L after ischemia, I presented data indicating 

that PTEN-L is not secreted by neurons (Fig. 3). This was unexpected since previous studies 

showed that PTEN-L can be secreted and taken up by recipient cells (Hopkins et al., 2013). 

However, proliferating cell lines were used and PTEN-L might have different functional 

relevance in post-mitotic neurons. It would be interesting to examine if other cell types of the 

central nervous system capable of cell proliferation, such as glial cells, secrete PTEN-L and if it 

is taken up by neurons. Such a glial-neuronal or glial-glial communication signal could be 

relevant in the context of brain ischemia and stroke recovery.  

In summary, the presented data provides a novel insight into a molecular pathway involved in 

neuronal survival after brain ischemia. PTEN-L expression improves the resilience of neurons 

when they are exposed to ischemic stress and rapidly changes its cellular distribution, possibly 

via protein-protein interactions of its N-terminal unstructured region. The release of the 

interaction between PTEN-L and Gab2 in response to ischemia might act as a molecular switch, 

enabling a neuroprotective response. More research is needed to determine downstream targets 

of Gab2 and PTEN-L and to study this mechanism in vivo, with the goal to establish novel 

therapeutic targets for stroke treatment.  
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