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Abstract 

Glycogen synthase kinase-3βeta (GSK-3β) is a serine/threonine protein kinase involved in a 

number of signaling processes. Pharmacological inhibition of GSK-3β has been shown to 

have neuroprotective effects, and its dysregulation is present in a variety of 

neurodegenerative, neuromuscular, developmental, and psychiatric disorders. GSK-3β is an 

essential component of the canonical Wnt pathway, which is involved in nervous system 

development. Notch signaling, like Wnt, plays a key role in development, but its relationship 

to GSK-3β remains unclear.  The existing literature indicates that GSK-3 phosphorylates 

Notch intracellular domain but contradicts whether GSK3β affects Notch positively or 

negatively. Thus, such molecular "cross-talk" is highly complex and interactions may exist 

at multiple levels beyond simple phosphorylation with other components being involved. 

Myotonic dystrophy is a genetic neuromuscular disease that causes dysregulated protein 

expression of many proteins, including GSK-3β, and features developmental, muscle, and 

neurological symptoms. Studying molecular interactions in the context of myotonic 

dystrophy may help uncover effects that GSK-3β and Notch have on development and 

disease of nervous and muscular systems.   

This thesis presents a review of previous studies concerning the relationship between GSK-

3 and Notch and reports my attempts to expand on past research using a different approach. 

VDAC1, a protein reportedly interacting with both GSK-3β and N1ICD was selected from 

GSK-3β interactome in myotonic dystrophy muscle cells (unpublished mass spectrometry 

results provided Laboratory of Structural Biology and Cell Signaling) and the molecular 

“toolset” for further studies was prepared. GSK-3β, N1ICD and VDAC1 were visualized 

experimentally using immunocytochemistry and in silico using modern Alphafold-based 

techniques.  

Keywords: GSK-3, Glycogen synthase kinase 3, Notch signaling, crosstalk, 

neurodegeneration, myotonic dystrophy, signal transduction, protein-protein interaction 
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Abstrakt 

Glykogensyntázakináza-3β (GSK-3β) je serin/threoninová proteinkinása účastnící se řady 

signálních procesů. Farmakologická inhibice GSK-3β má neuroprotektivní a 

neuroregenerativní účinky a a její dysregulace se vyskytuje u řady neurodegenerativních, 

neuromuskulárních, vývojových a psychiatrických poruch. GSKB3 je základní součástí 

kanonické dráhy Wnt, která se podílí na vývoji nervové soustavy. Signalizace Notch, stejně 

jako Wnt, hraje klíčovou roli ve vývoji, ale její vztah ke GSK-3β zůstává nejasný.  Existující 

literatura uvádí, že GSK-3 fosforyluje intracelulární doménu Notch, ale rozchází se v tom, 

zda GSK3β ovlivňuje signalizaci Notch pozitivně nebo negativně. Takový molekulární 

"cross-talk" je velmi komplexní a kromě prosté fosforylace mohou interakce existovat na 

více úrovních za účasti dalších proteinů. Myotonická dystrofie je genetické nervosvalové 

onemocnění, které způsobuje dysregulovanou expresi mnoha proteinů, včetně GSK-3β, a 

vyznačuje se vývojovými, svalovými a neurologickými příznaky. Studium molekulárních 

interakcí v kontextu myotonické dystrofie může pomoci odhalit účinky, které mají GSK-3β 

a Notch na vývoj a onemocnění nervové a svalové soustavy. 

Tato práce představuje přehled předchozích studií týkajících se vztahu mezi GSK-3 a Notch 

a uvádí mé pokusy o rozšíření předchozího výzkumu s použitím jiného přístupu. Z 

interaktomu GSK-3β ve svalových buňkách myotonické dystrofie byl vybrán protein 

VDAC1, který údajně interaguje jak s GSK-3β, tak s N1ICD (nepublikované výsledky 

hmotnostní spektrometrie poskytla Laboratoř strukturní biologie a buněčné signalizace), a 

byly připraveny molekulární nástroje umožňující rozsáhlejší studium tématu. GSK-3β, 

N1ICD a VDAC1 byly vizualizovány experimentálně pomocí imunocytochemie a in silico 

pomocí moderních technik založených na Alphafold.  

 

Klíčová slova: GSK-3, glykogen syntáza kináza 3, Notch signalizace, crosstalk, 

neurodegenerace, myotonická dystrofie, přenos signálu, proteinová interakce 
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9 

 

Part 1:  Literature review 

1.1  Glycogen synthase kinase-3 

1.1.1          Introduction 

“Phosphorylase a produced from phosphorylase b in the presence of 32P-ATP has been 

isolated and found to contain firmly bound isotopic phosphate,” [1] that is how biochemists 

Edmond Fischer and Edwin Krebs summarize the findings of their 1956 study, almost forty 

years later awarded with a Nobel Prize [2]. They identified the first kinase, an enzyme 

catalyzing the transfer of a phosphate group from ATP to another substrate. What became 

evident in the following years was that this enzyme was not unique – the human “kinome” 

alone counts more than 500 kinases [3] and they can be considered highly conserved and at 

the same time very diverse [4]. Why that is not necessarily a contradiction is well 

demonstrated by glycogen synthase kinase 3 (GSK-3), at its core resembling a textbook 

kinase example with no additional functional domains but uses the few tools available in less 

usual ways. 

The most apparent GSK-3’s feature is constitutive activity – it is active in steady state, 

phosphorylating its substrates, while upstream signaling effectors, usually in the form of 

other protein kinases, inhibit its kinase activity [5]. The inverse activity of GSK-3 is crucial 

for the glycogen metabolism, as the cell’s glycogen synthesis is inhibited by phosphorylation 

of glycogen synthase until it receives a signal, for example through the insulin receptor, GSK-

3 stops phosphorylating glycogen synthase, triggering glycogen synthesis [6]. This function 

gave it its name, after it was initially isolated from rabbit muscle [7] (it also gave names to 

GSK-1 [8], GSK-2 [9] GSK-4 and GSK-5 [10]; none of these are in use).  

Soon after the discovery of GSK-3’s function in glycogen metabolism and insulin signaling, 

further studies revealed multiple other roles of GSK-3 in the cell1.  The enzyme attracted 

attention after being demonstrated to phosphorylate substrates such as the transcription factor 

and oncogene c-Jun or tau protein, characteristic for Alzheimer’s disease [11], [12]. In 1992, 

Siegfried and colleagues described the mechanism of Drosophila wingless signaling 

including the repression by the insect homologue of GSK-3 [13]. In mammals, wingless 

 
1 This can be seen by using the NCBI search service Pubmed search for all articles mentioning “glycogen 

synthase” – around results 22 000 as of 1/2024, and compare that to all articles mentioning “glycogen synthase” 

but not including “kinase-3” – only around 7 500 results as of 1/2024 [149] 
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signaling is known as Wnt and wingless/Wnt is one of the major developmental signaling 

pathways in all animals [14].  

1.1.2  Structure and catalytic activity 

In mammals, two paralogs of GSK-3 were found: GSK-3α and the more studied GSK-3β 

[15]. GSK-3α and GSK-3β consist of 483 and 420 amino acids respectively, and one rarer 

alternatively spliced isoform of GSK-3β, consisting of 433 amino acids, has been described 

as well [16], [17]. The eukaryotic kinases are broadly divided into three groups: 

serine/threonine-protein kinases, tyrosine-protein kinases, and dual-specificity protein 

kinases. GSK-3 is a serine/threonine-protein kinase. The subfamily of GSK-3 includes the 

well characterized GSK-3α and GSK-3β of vertebrates or Shaggy kinase of drosophila, but 

also a large number of GSK-3-like kinases in non-animal eukaryotes, such as various plants 

[18]. 

The first crystallographic studies of GSK-3β dating revealed phosphorylation sites involved 

in the mechanisms regulating GSK-3β activity [19], [20]. Today, PDB lists 99 different 

structures of GSK-3β and its complexes, all solved by X-ray crystallography [21]. 

GSK-3’s structure is defined by the catalytic domain, while the additional N- and C-terminal 

“domains” are disordered. Catalytic domain resembles that of many other kinases and 

includes the highly conserved glycine-rich sequence (although that is mostly absent in GSK-

3β, reviewed in [22]), and catalytic aspartate, necessary for directing the substrate hydroxyl, 

and a single “signature” residue of all kinases [23]. This aspartate is preceded by arginine 

and that puts GSK-3 to the category of “RD” kinases, represented by majority [24]. 

GSK-3 has a wide range of various substrates and recognizes most of them by their already 

phosphorylated (“primed”) serine/threonine. This is possible thanks to a positively charged 

binding pocket formed by several arginines/lysines, including the “RD” arginine [25], [26]. 

In GSK-3β these are Arg-96, Arg-180 (RD) and Lys205, as pictured in  Fig. 2 (page 12). 

GSK-3’s catalytic core and primed phosphate-binding pocket (hereinafter referred to as 

binding pocket) are relatively close and the target Ser/Thr is usually located three amino acids 

from the primed residue in N-terminal direction (S/T-X-X-X-pS/pT motif) [27]. Already 

phosphorylated proteins make up most of known GSK-3 substrates – though there are some 

notable exceptions [28].  

1.1.3  Regulation 

The primed substrate recognition pocket serves another purpose – it is the basis of the best 

characterized mechanism of GSK-3 inhibition. That is inhibition by phosphorylation of its 
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N-terminal serine, Ser-9 in GSK-3β or Ser-21 in GSK-3α [29].  This serine is separated from 

the catalytic domain by a short but flexible disordered sequence and after being 

phosphorylated, it acts as a competitive inhibitor of primed substrate binding by displacing 

the substrates from the recognition pocket [30]. This could be reversed by increasing the 

concentration of substrates, true to the kinetics of competitive inhibition. The “constitutively 

active” S9A mutant of GSK-3β has an established use as a control in experiments [31], [32]. 

The list of kinases known to inactivate GSK-3 includes protein kinase A, protein kinase C 

and, perhaps most notably, protein kinase B (Akt) [33]. Akt is a component of 

phosphoinositide 3-kinase (PI3K) signaling 

pathway (reviewed in [34]), the cell’s response to 

various stimuli, such as growth factors, anti-

apoptotic signals, and importantly insulin. Insulin 

receptor activates PI3K which, through a cascade 

of different events, activates Akt.  Akt acts as the 

central node in insulin signaling (Fig. 1), as it 

phosphorylates a large number of substrates which 

mediate different metabolic responses - besides 

GSK-3 phosphorylation, which initiates glycogen 

synthesis, there is activation of mammalian target 

of rapamycin (mTOR) – promoter of protein 

synthesis, marking of glucose transporters for their 

export to the cell membrane, or downregulation of 

transcription factor FoxO.  

Phosphorylation on a tyrosine residue of GSK-3’s 

activation loop has opposite effects, promoting its catalysis, although it appears to be present 

most of the time and believed to be a result of rapid autophosphorylation [35]. 

There are other ways of regulating the activity of GSK-3, such as previously mentioned 

priming, inter-substrate competition, formation protein complexes that mediate its contact 

with a specific substrate or intracellular vesicles. All of these can be demonstrated on a single 

signaling pathway – Wnt/β-catenin. 

Fig. 1: Very simplified scheme of GSK-3's role 

in insulin signaling. In the off state, GSK-3 

inhibits glycogen synthase by phosphorylation. 

After activation of insulin receptor (IR), PI3K 

becomes active and subsequently causes 

activation of Akt. Akt inhibits GSK-3, 

phosphorylating its N-terminal serine. 
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Fig. 2: The GSK-3β protein structure. (Top) GSK-3β structure [36] with important residues 

highlighted. Green and yellow mark the N-terminal and C-terminal lobes of the structurally conserved 

kinase catalytic domain. The gray N-terminal sequence is not modeled in the original PDB due to its 

disordered nature and was added manually to illustrate the position of Ser9. Catalytic center includes 

magnesium ion (blue) and ADP (orage), along with the essential catalytic aspartate (green) and basic 

residues for primed substrate recognition (cyan). (Bottom) Scheme of GSK-3β protein based on, 

additionally showing Tyr216. The  primed substrate sequence is represented in purple. “P” symbolizes 

phosphate, not phosphorus. 
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1.2  Glycogen synthase kinase-3 in Wnt/β-catenin signaling 

1.2.1          Introduction 

The unusual word Wnt, denoting a large family secreted ligand proteins [37] and the three 

completely distinct cascades they activate (reviewed in [38]), came into being after it was 

discovered [39] that mammalian cancer-related proteins “int” are in fact highly conserved 

homologues of the Drosophila protein family “wingless” [39]. In most cases [40], however, 

“Wnt” is intended to be synonymous with Wnt/β-catenin pathway, also known as the 

canonical Wnt pathway. 

Wnt/β-catenin signaling is essential both for embryonic development, adult homeostasis, and 

when deregulated, often leads to cancer [41]. The pathway is activated through a Frizzled 

receptor, which is homologous to G-protein coupled receptors (GPCRs) albeit 

mechanistically completely different from most of them [42]. Upon activation by a Wnt 

protein, signal is further transferred through interaction with the cytoplasmic phosphoprotein 

Disheveled. The membrane-bound Disheveled can subsequently disrupt the function of β-

catenin destruction complex (DC). Biochemical characterization of this large assemblance of 

proteins has been a long challenging task with the initial lead, and a starting point for many 

early contributions, being the presence of GSK-3 [13], [43], [44], [45], [46]. DC inherits 

GSK-3’s inverse activity and Disheveled-mediated inhibition of GSK-3 terminates the 

constitutive phosphorylation-dependent degradation of β-catenin, allowing it to translocate 

to the nucleus and alter gene expression.  

1.2.2  Beta-catenin destruction complex 

The primary structure of β-catenin makes it a standard GSK-3 substrate. Its Ser-45 is 

phosphorylated by casein kinase 1 (CK1), the priming kinase, which allows GSK-3 to 

sequentially phosphorylate Thr-41, Ser-37 and Ser-33 [45]. However, even though the 

priming site is followed by three perfect GSK-3 consensus motifs, priming by CK1 is not 

enough for the phosphorylation process to begin. Other DC components, Axin and 

Adenomatous polyposis coli (APC) act as scaffolds and bind β-catenin. Ranes et al. provided 

a good demonstration of structural and enzymatic functions of individual DC components by 

reconstituting the complex from purified proteins, in some experiments also with purified 

ubiquitination enzymatic apparatus and 26S proteasome [47]. It shows evidence of how APC 

and Axin influence phosphorylation and highlight the central role of GSK-3β in the whole 

process. 
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1.2.3  Inhibition of GSK-3 

Intriguingly, GSK-3β inhibition by Wnt is independent of the well characterized Ser9 

phosphorylation [48]. After this discovery, extensive research of biochemical mechanisms 

involved in Wnt pathway followed and multiple distinct models of Wnt-mediated GSK-3β 

inhibition were proposed [49]. After Wnt activation, GSK-3β can target the phosphoserine of 

frizzled-interacting transmembrane protein low-density lipoprotein receptor-related protein 

6 (LRP6) which, being more kinetically favorable than phosphorylation of β-catenin, acts as 

a competitive inhibitor. Additionally, it has been observed that the membrane-bound protein 

complexes undergo endocytosis by multivesicular bodies, this could also prevent GSK-3β 

from targeting β-catenin [50] . Recent publications have both challenged [51] and supported 

[52] the relevance of endocytosis/membrane trafficking in Wnt signaling. 

Fig. 3: Destruction Complex scheme. APC is necessary for the phosphorylation of beta catenin – allows 

for its capture (1) and directs it to the Axin-kinases complex (2). The subsequent ubiquitination was also 

shown to require APC, as it is likely involved in the recruitment of E3 enzyme (3). Axin, which captures 

APC-bound beta catenin, is usually present as a polymer of variable length; the degree of polymerization 

was found to affect kinase activity of DC. Illustration created by the study’s authors, reproduced and 

unmodified from [47]. 
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In addition to the canonical role in Wnt/β-catenin signaling, GSK-3 appears to regulate signal 

transduction by interaction with the components of other biochemical pathways.  

However, the signaling function of GSK-3 outside Wnt/β-catenin and PI3K/Akt is not well 

characterized, and the proposed biochemical mechanisms are often conflicting. An intriguing 

example is the GSK-3 crosstalk with Notch signaling. 

 

Fig. 4: Simple overview of Wnt/β-catenin pathway. Without stimulation, GSK-3 phosphorylates β-

catenin, causing its degradation. After Wnt binds Frizzled, GSK-3 becomes inhibited and β-catenin 

can accumulate in the nucleus and alter transcription. 
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1.3  Glycogen synthase kinase-3 and Notch signaling  

1.3.1         Canonical Notch pathway 

The first observations of Notch signaling come from as early as 1914 when John S. Dexter 

noticed notched the notched appearance of the wings of some Drosophila melanogaster 

specimens [53]. Thomas H. Morgan, American biologist who first recognized the usefulness 

of Drosophila melanogaster as a model for genetic research, then characterized the gene 

responsible for the notched wing phenotype as a X chromosome-linked gene whose biallelic 

mutation is lethal [54], [55]. Nowadays it is known that Notch signaling is one of the integral 

molecular mechanisms that animal cells use to communicate with each other in order to form 

complex multicellular systems [56]. As such, it is highly evolutionary conserved, and present 

in all metazoan animals, with homologues existing also within the genomes of plants, bacteria 

or protists [57].  

What makes its emerging molecular interactions with additional biochemical systems 

specially interesting is its “simple” architecture. The architecture of most signaling pathways 

is composed of a cascade of distinct proteins that pass the “signal” one to another, commonly 

utilizing de/phosphorylation, conformation change, alteration of enzymatic activity or 

recruitment of non-macromolecular mediators – “secondary messengers”. However, Notch 

signaling pathway doesn’t have such cascade and, in essence, the signal is carried by a sole 

protein – Notch receptor [55]. In this aspect, Notch signaling has more in common with 

signaling by nuclear receptors (reviewed in [58]) but unlike them, Notch receptors are 

transmembrane proteins and directly in contact with extracellular environment.  

Signal transduction through the “canonical” Notch pathway begins when a ligand binds to 

the Notch receptor extracellular domain (NECD). Uniquely, these ligands are also membrane 

proteins partially homologous to Notch receptors, which means that the activation of Notch 

requires direct contact of two cells – referred to as signal sending and signal receiving cell. 

This makes Notch signaling a form of asymmetrical cell-cell interaction [59], and allows for 

the emergence of unique mechanisms involved in the complex patterning needed for animal 

development [60], [61]. It has been shown that the mechanical “pulling” force, generated by 

endocytosis of the ligand, induces a conformational change of Notch receptor and the two 

subsequent proteolytic cleavages. A protease known as ADAM (a disintegrin and 

metalloprotease) targets and cleaves Notch receptor at a newly exposed site; this is known as 

site 2 (S2) cleavage [62], [63]. The following S3 cleavage, catalyzed by γ-secretase, releases 

the intracellular domain of Notch (NICD) into the cytosol (reviewed in [64]). Cleaved NICD 
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localizes to the nucleus where it forms transcriptional complex, with DNA-binding protein 

CSL (acronym for the orthologues CBF1/RBP-jk - mammals, Su(H) - Drosophila, Lag-1 - 

Caenorhabditis elegans) [65] and a protein of the mastermind family (in mammals called 

MAML – mastermind-like) [66], and drive expression of the Notch target genes.  

1.3.2  Regulation of Notch receptor activity 

Notch receptors are large transmembrane proteins (all four human isoforms contain at least 

2000 amino acids) and are formed by the extracellular (NECD), intracellular (NICD) and 

transmembrane (TM) domain. Fully functional Notch receptor has quaternary structure, as 

its processing in Golgi apparatus includes proteolysis into two chains linked by non-covalent 

interactions [67] - S1 cleavage. Other characteristic post-translational modification of NECD 

is O-glycosylation, (most notably the additions of fucose or N-acetylglucoasamine), which 

is a major way of regulating receptor-ligand contacts [63]. Although the research of receptor-

ligand binding and “Notch glycobiology” is itself an expansive and active field (reviewed in 

[68]), this thesis is about processes happening inside the cells and thus concerns the NICD.  

Because no amplification step is present (in other pathways the output signal intensity is often 

amplified by several orders of magnitude – for example, this ratio in MAPK pathway 

measured around 106 as calculated by Chen and Wu [69]), while even subtle alteration of 

Notch protein activity or levels, such as changes in expression, post-translational 

modifications (PTMs), or protein-protein interactions (PPIs), can alter the outcome of the 

signaling, and lead to disease (reviewed in [70]). 

In canonical Notch signaling, NICD is essentially a transcriptional co-factor, but growing 

number of studies show evidence of its interactions with other biochemical systems and how 

it mutually modulates other signaling pathways [71]. Developmental biologists have been 

aware of a link between the pathways of Notch and Wnt (or wingless in Drosophila) for more 

than 20 years [72], but the molecular mechanisms behind it are not well understood. This is 

especially true for the relationship between Notch and Wnt’s key component GSK-3, where 

results of both in vitro and in vivo experiments have been inconsistent and often conflicting 

(Table 1). 

1.3.3  Notch and GSK-3 

The involvement of GSK-3β in Notch signaling was first proposed in a study of homologous 

proteins in Drosophila neural development [73]. A 2002 research article by Foltz et al showed 

evidence of GSK-3β phosphorylating the intracellular domain of Notch1 in mammalian cells, 
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[73] positively regulating Notch signaling, possibly by protection of N1ICD from 

degradation in proteasome [74]. Expression of Hes1, the major Notch1-regulated gene, was 

decreased in GSK-3β null mouse embryonic fibroblasts (MEFs) compared to control, wild 

type MEFs. Mouse N2a neuroblastoma cells treated with LiCl (an GSK-3β inhibitor, with 

relatively low target specificity [75]) showed decrease in N1ICD concentration in the span 

of 4 hours. To support the hypothesis of GSK-3 protecting NICDs from degradation, they 

reported that in proteasome inhibitor-treated samples, GSK-3β manipulation affected Notch 

signaling to a lesser degree.  

In the following years, a study by Espinosa and colleagues reported that GSK-3β regulated 

Notch2 signaling negatively, as observed in HEK-293T cells [76]. Another study showed 

negative regulation of Notch1 signaling, this time in MEF cells, a conclusion which 

contradicts with Foltz and colleagues  [77]. This study also suggested that the phosphorylated 

residues on Notch1 were Thr1851, 2123, and 2125. However, this was performed using 

truncated N1ICD constructs and comparing their change in intensity after LiCl treatment. 

An in vivo study by Kim et al focused on the role of GSK-3 in neural progenitor homeostasis, 

a process in which Notch signaling is essential [78]. They produced Gsk3α-null mice, as well 

as loxP-flanked Gsk3β, excised by Cre recombinase expressed in Nestin-positive cells - 

resulting in conditional deletion of Gsk3β in neural progenitors. As apparent from 

immunohistochemistry and western blots of 14-day embryonic (E14) telencephalon, the 

Gsk3α−/−; Gsk3βloxP/loxP brains showed higher distribution of undifferentiated progenitors, 

which correlated with the upregulation of Notch target genes Hes1 and Hes5. NICD itself 

was also upregulated. It is not clear to what extent this is the observed phenotype caused by 

upregulated β-catenin signaling and to which by altered NICD activity. However, inhibition 

of β-catenin effects by dominant-negative form of Wnt effector transcription factor TCF only 

partially suppressed the maintenance of progenitors in culture, suggesting a Wnt-independent 

effect of GSK-3 on Notch-mediated cellular response. The article shows that GSK-3 is 

important negative regulator of several signaling pathways in embryonic brain development 

but stopped short of dissection of the underlying molecular mechanisms [78]. 

Zheng and Conner produced results consistent with negative regulation. Knocking down 

GSK-3β with siRNA in U2OS cells resulted in a significant increase in measured Notch 

signaling activity, and so did inhibition with a specific inhibitor [79]. A time dependent 

increase in Notch receptors on membrane was observed, at least partly related to the enhanced 

endosomal recycling, as supported by immunofluorescence experiments. 
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Conversely - in vascular smooth muscle cells, GSK-3β was shown to positively regulate 

Notch signaling and proliferation [80]. Activity of both GSK-3 and Notch was observed to 

correlate with MAPK/ERK signaling, suggesting it as their main upstream regulator.  

Notch signaling is also widely studied in the context of leukemia. De Falco et al suggests that 

in chronic lymphoblastic leukemia GSK-3β affects Notch signaling negatively, and, at least 

partially, by assisting with the degradation of NICD. This was supported by proximity assays 

of GSK-3β – Notch – ubiquitin and modulating GSK-3β by specific inhibitors and known 

upstream regulators – Akt, PP2A [81]. 

Additional phosphorylation sites were suggested to be in N1ICD’s nuclear localization signal 

(NLS) by Han et al. Their results indicate that these residues (Thr2122, Thr2124, Ser2126, 

Thr2128) need to be phosphorylated in order to initiate transport of N1ICD to the nucleus 

[82]. 
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Table 1: Overview of major publications focused on GSK-3/Notch cross-talk. Colored based on 

whether the authors identified GSK-3 as a positive (green) or negative (red) regulator of Notch 

signaling. IP – immunoprecipitation, WB – western blot, IF – immunofluorescence, PLA – proximity 

ligation assay. 

 

 

 

Study Cells 
Manipulation 

with GSK-3 
Detection of Notch 

Detection of 

Notch 

phosphorylation 

Notch 

isoform 

GSK-3 

isoform 
Conclusions 

Foltz et al, 2002 [55] MEF, N2a 

LiCl, 
dominant-

negative 

mutant 

Hes1-
luciferase assay, 

pulse-chase analysis, 

IP/WB 

in vitro assay 
based on 

treatment with 

GSK-3 in 

presence of 32P-

labeled ATP 

1 β 

GSK-

3β  phosphorylates N1ICD 

and protects it from 
degradation, positively 

regulating Notch 

Espinosa et al, 2003 

[57] 

HEK-293T, NIH-

3T3 (mef),  
LiCl, Wnt1 

IP/WB, IF, Hes1-

luciferase assay 

32 P labeling, site 

identification 

using different 
NICD fragments 

2 (ICD and 
full-

length) 

β 

GSK-3β  phosphorylates 
T2068, S2070, T2074, T2093 

of N2ICD,  but 

not full length N2, inhibits 
target transcription. Notch 

affects localization of GSK-3β 

Kim et al, 2009 [59] Mice (13 – 17E) 
Cre + loxP of 
Gsk3β , KO of 

Gsk3α 

Histological 

analyses, IF (Hes1), 

WB, comparison 
with other 

developmental 

pathways 

Indirect 

1, but 

mostly 
indirect – 

(Hes1, 

phenotype) 

α,  β 

GSK-3 inhibits NICD and 

Hes1 in vivo, inhibits neural 
stem cell maintenance, 

partially Notch-dependent 

unrelated to Wnt 

Jin et al, 2009 [58] MEF LiCl, siRNA 
IP/WB, RT-PCR, 

luciferase assay 

Site 

identification  

using truncated 
N1ICD 

1 (full-

length, 
ICD,  

fragments 

) 

α ,  β 

GSK-3β  decreases expression 

of N1ICD, Hes1, 
phosphorylates at T1851, 

2123, and 2125. GSK-3α, 

interacts with Notch1. 

Guha et al, 2011 [61] Rat vascular SMC  

SB-216763, 

siRNA, 
transfection 

with S9A 

mutant 

IF, WB, RT-PCR of 

target genes Hrt1 and 

Hrt3. proliferation 
and viability assays 

Indirect 1, 3 β 

GSK-3β  positively regulates 

levels of N1ICD1 N3ICD, 

Hrt-3, 
promoting vSMC proliferation 

Han et al, 2012 [63] HEK293T, Cos7 

Transfection 

with WT and 

dominant 
negative, LiCl 

Fluorescence of 

GFP-tag with focus 
on nuclear 

localization, IP/WB, 

luciferase assay 

32P labeling, site 

identification 

using truncated 
N1ICD 

1 (ICD, 
derived 

fragments) 

β 

GSK-3β  phosphorylates 

T2122, T2124, S2126, T2128  

of N1ICD's NLS, promotes its 
transport to nucleus. These 

sites differ from the usual 

GSK-3β  consensus 

Zheng and Conner, 2017 

[60] 
HeLa, U2OS  

siRNA, XXVII 
(specific 

inhibitor) 

Luciferase assay, IF+ 

endosome 

localization, pulse 
chase analysis, WB 

Indirect 1 β 
GSK-3β negatively 

regulates Notch transport and 

recycling 

De  Falco et al, 2022 

[62] 

CLL patient-

derived leukocytes 

SB-216763, 

Akt inhibitor 
SB216763, 

PP2A activator 

DT-061 

IP/WB, RT-PCR 

(Notch1, Hes1, 
Deltex), IF, PLA, IP, 

and PLA of Notch1-

ubiquitin 

Indirect 1- β 

GSK-

3β inhibits Notch activity in 

CLL cells, promotes 
degradation. Akt and PP2A 

can serve as pharmacological 

targets for GSK-3β  activation 
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1.4  Glycogen synthase kinase-3, Notch and muscular dystrophy 

1.4.1  Introduction 

Tau protein has been long known for its involvement in neurodegenerative disease [83], and, 

when it was discovered that the enzyme previously known as “Tau kinase 1” was in fact the 

GSK-3β [84], researchers started to uncover all the possible roles that “non-canonical” action 

of GSK-3 can play in pathology. Besides Tau phosphorylation, developmental roles, 

mitochondrial metabolism, or inflammation [85] have been discussed as possibly GSK-3-

mediated means of pathological degeneration withing the central, peripheral nervous system 

and the connected skeletal muscle system. Notably, therapeutic targeting of GSK-3 has 

shown promises in the treatment of myotonic dystrophy (DM), a relatively (compared to 

diseases of similar nature) prevalent although scarcely studied [86] disease [87], [88]. Several 

recent reviews also discuss the important and complex function of Notch signaling in muscle 

health [89], [90], [91]. With inconclusive results of direct interaction between GSK-3 and 

Notch from the tissue cultures (Table 1) I thus focused my thesis further into testing if a link 

could be found in pathological process with cojoint involvement of GSK-3 and Notch 

receptor. 

1.4.2  Myotonic dystrophy 

Myotonic dystrophy is a genetic disease caused by two different forms (DM1 and DM2), 

both caused by expanded DNA tandem repeats, although each in a different gene. Myotonia 

describes the delay in one’s ability to relax muscles after contraction [92]. Myotonia is 

considered a characteristic symptom of DM, but it can appear in other diagnoses as well [93]. 

DM1 is more severe and more common – it is the most diagnosed muscular dystrophy in 

adults. 

The specific DNA regions affected are 3′ untranslated region of myotonic dystrophy protein 

kinase (DMPK) for DM1 and intron 1 of zinc finger protein 9 (ZNF9) for DM2 (reviewed on 

[94]). The fact that these repeats are outside of the protein-coding sections indicates that the 

primary molecular cause is on the level of DNA and RNA, rather than stemming from the 

DMPK and ZNF9 proteins themselves – the two are also not very similar in function. The 

expanded transcripts interfere with RNA-interacting proteins, resulting in increased amounts 

of CUGBP/Elav-like family member 1 (CELF1), a protein upregulated by GSK-3-mediated 

phosphorylation (reviewed in [95]). However, although RNA processing is implicated to be 

the core  mechanism of DM pathogenesis, further supported by the promising efficiency of 



 

 

22 

 

targeting RNA pharmacologically [96], the impaired physiological processes are presumably 

mediated by diverse set of dysregulated proteins, as seen in some proteomic studies [97], 

[98]. In the following section, several physiological mechanisms relevant in neuromuscular 

health are reviewed from the  perspective of their regulation by GSK-3 and Notch. 

 

1.4.3  Pathophysiological mechanisms 

 Development and differentiation 

Notch, as mentioned previously, regulates development of many different tissues, including 

nervous system, as well as musculoskeletal system [99]. 

The earliest phase of embryonic muscle development is the periodic formation of somites. 

These mesodermal structures will give rise to muscles, bones and vertebra, and represent a 

critical step in vertebrate embryogenesis [100].  The need for precise timing makes use of 

Notch signaling and its oscillatory capabilities. Notch, along with other pathways (mainly 

Wnt and FGF) give rise to the “segmentation clock” [101]. Canonical Notch signaling 

primarily blocks muscle differentiation and maintains muscle stem cell identity [99]. 

In post-embryonic development, muscle cells stem cells are referred to as satellite cells and 

are indispensable for muscle regeneration [95]. Notch, maintaining the pool of quiescent 

satellite cells [96], has been shown to become activated after muscle injury [97], as well as 

during puberty through the action of sex hormones [98]. GSK-3β inhibition also improves 

renewal and survival of satellite cells [99], while Wnt signaling effects on myogenesis seem 

to be dependent on the specific Wnt ligand isoform [102]. 

Although not nearly as large as in muscle, neural stem cell pool of homeostasis is also 

implicated in health [103], with Notch displaying comparable function as with their muscle 

counterparts [104].   

 

 Metabolism and mitochondrial dysfunction 

Another characteristic shared by both muscle cells and neurons is their high energetic activity 

and dependence on mitochondrial function. GSK-3 has been shown to regulate multiple 

mitochondrial processes by phosphorylating various mitochondrial proteins, both on the 

membranes and inside, since small amounts of GSK-3β are present in mitochondria [105]. 

Notably, GSK-3β is an important regulator at the mitochondria-ER contact sites[106], where 
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its phosphorylation of VDAC affects the ER-mitochondria calcium exchange. VDAC 

proteins are also the key binding partners of hexokinase 2 (HK2) and this interaction allows 

for HK2’s localization on mitochondria. The VDAC-HK2 complex formation is suppressed 

by phosphorylation, with GSK-3β being one of the dominant kinases in this process [107]. 

Hexokinase 2 is the catalysator of glucose (and to lesser extent also other hexoses) 

phosphorylation - the first step of carbohydrate catabolism, and its ratio between 

mitochondrial and cytoplasmic localization is an important way of regulation [108].  

In the past years, Notch signaling was shown to play a role in the regulation of mitochondrial 

activity, both by canonical regulation of transcription [109], and by non-canonical extra-

nuclear protein-protein interactions [110]. Notably, the relationship between Notch and 

mitochondrial membrane dynamics has been observed multiple times [110], [111], including 

the pathogenesis of muscle atrophy [112].  

As evidence suggests, GSK-3 and Notch co-regulate a number of processes affected in 

neuromuscular disease. Understanding these pathophysiological mechanisms may help us 

uncover a more precise molecular context in which GSK-3 and NICD could potentially meet 

and perhaps provide insight into the elusive nature of their crosstalk.  
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Part 2:  Goals 

In my thesis I chose neurodegenerative and muscular disorders as the main topic and 

biological context. Due to the above stated role of GSK-3 and Notch and conflicting literature 

on their direct interaction I attempt to use insights from literature about their complex 

pathophysiology and select a potentially relevant protein interactor with both GSK-3 β and 

Notch 1.  

• In silico analysis of proteomic data of GSK-3β-interacting proteins in DM patient muscle 

cells, provided by RNDr. Petr Novák, PhD  

• Cloning with PCR amplification, restriction digest and ligation 

• Optimizing the expression in HEK-293 cells 

• Immunochemical experiments for possible interactions 
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Part 3:  Materials and methods 

3.1  Materials 

3.1.1         Chemicals 

Acrylamide/Bis-acrylamide  Sigma-Aldrich A3574 

Agarose Standard  ROTH 3810.2 

Ammonium persulfate (APS) Sigma-Aldrich A3678 

Ampicillin sodium salt Sigma-Aldrich A9518 

Albumin bovine, Fraction V SERVA 11930.03 

Dimethyl sulfoxide (DMSO) Sigma-Aldrich D8418 

Ethanol 96% (w/w) Penta Chemicals 64-17-5 

Ethylenediaminetetraacetic acid (EDTA) Sigma-Aldrich E5134 

Formaldehyde 36%  (w/w) VWR 20909.290 

Glycine Penta Chemicals 56-40-6 

Isopropyl alcohol Penta Chemicals 

17510-

11000 

Methanol A. G. Penta Chemicals 67-56-1 

N,N,N',N'-Tetramethyl-ethylenediamine (TEMED) Sigma-Aldrich T9281 

Polyethylenimine, linear Sigma-Aldrich 765090 

Sodium chloride Penta Chemicals 

16610-

31000 

Sodium dodecylsulphate (SDS) ROTH S 19501 

Tris(hydroxymethyl)aminomethane (Tris) ROTH 2449.2 

Triton X-100  Sigma-Aldrich T8787 

Tween® 20 Sigma-Aldrich 93773 
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3.1.2  Buffers 

• Phosphate buffered saline (PBS) 

o PBS-T = PBS with 0.1 % (w/v)Triton 100   

• Tris-acetate-EDTA (TAE) 

• Tris buffered saline (TBS) 

o TBS-T = TBS with 0.1 % (w/v) Tween 20   

• Tris-chloride buffers for polyacrylamide gels, pH 6.8, 8.8 

• Running buffer for SDS-PAGE (Tris-glycine, 0.1 % (w/v) SDS, pH 8.3) 

• Transfer buffer (Tris-glycine, 20 % (v/v) methanol, pH 8.3) 

• Minipreparation buffers  

o P1 buffer (Tris-chloride buffer, 10 mM EDTA, 1 % (w/v) glucose, Rnase A, pH 8) 

o P2 buffer (0.2M sodium hydroxide, 1% (w/v) SDS)  

o P3 buffer (Potassium acetate buffer, pH 5) 

3.1.3  Restriction enzymes 

    BamHI-HF                                              G/GATCC 

New England Biolabs 

(NEB) R3136 

EcoRI-HF    G/AATTC NEB R3101 

     HindIII-HF  

  

 A/AGCTT NEB R3104 

NotI-HF  GC/GGCCGC NEB R3189 

XhoI    C/TCGAG NEB R0146 

3.1.4  Antibodies 

Donkey anti-Rabbit IgG (H+L) Highly Cross-

Adsorbed Secondary Antibody, Alexa Fluor Plus 

594 2 mg/ml 

Invitrogen A32754 

Donkey anti-Mouse IgG (H+L) Highly Cross-

Adsorbed Secondary Antibody, Alexa Fluor Plus 

488 2 mg/ml 

Invitrogen A32766 

Donkey anti-Rabbit IgG (H+L) Highly Cross-

Adsorbed Secondary Antibody, Alexa Fluor Plus 

488 2 mg/ml 

Invitrogen A32790 
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Goat Anti-Mouse IgG H&L (HRP) 2 mg/ml Abcam ab205719 

Goat Anti-Rabbit IgG H&L (HRP) 2 mg/ml Abcam ab205718 

Mouse Anti-Beta-Actin (C4) 0.2 mg/ml Santa Cruz 

Biotechnology 

sc-47778 

Mouse HA tag antibody 0.5 mg/ml GenScript A01244S 

Recombinant Anti-DDDDK tag antibody (Anti-

FLAG) 0.675 mg/ml 

Abcam ab205606 

3.1.5  Cloning enzymes 

Q5 High-Fidelity DNA Polymerase Master mix NEB M0492S 

Quick CIP (phosphatase) NEB M0525S 

T4 DNA Ligase  NEB M0202S 

3.1.6  Commercial solutions  

   

4× Laemmli Sample Buffer Bio-Rad 1610747 

DMEM, high glucose, GlutaMAX™ Supplement, 

pyruvate Gibco 31966047 

EliDNA PS Green 

 

Elisabeth Pharmacon ED01 

Fetal Bovine Serum, qualified, Brazil Gibco 10270106 

     Gel Loading Dye, Purple (6×) NEB B7024S 

Gelatin solution, type B  Sigma-Aldrich 

G1393-

20ML 

    GeneRuler DNA Ladder Mix, ready to use Thermo Fisher Scientific SM0333 

Lysogeny broth (LB) medium IMG -- 

MitoTracker™ Red CMXRos Thermo Fisher Scientific M7512 

Mowiol® 4-88 Polysciences 17951-500 

     Opti-MEM™ I Reduced Serum Medium  Gibco 11058021 

     PageRuler Prestained Protein Ladder Thermo Fisher Scientific  

Penicillin-Streptomycin (10,000 U/ml) Gibco 15140122 

    Pierce™ ECL Western Blotting Substrate Thermo Fisher Scientific 32209 
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Pierce™ Hoechst 33342 Solution (20 mM) Thermo Fisher Scientific 62249 

    Pierce™ IP Lysis Buffer Thermo Fisher Scientific     87787 

Pierce™ RIPA Buffer  Thermo Fisher Scientific 89900 

Plate ampicilin IMG -- 

Pierce™ Protease and Phosphatase Inhibitor   Thermo Fisher Scientific PIERA32961 

rCutSmart™ Buffer NEB B6004S 

     SuperSignal™ West Femto Maximum    Sensitivity 

Substrate Thermo Fisher Scientific 34096 

Trypan Blue stain 0.4% (w/w) Invitrogen T10282 

TrypLE™ Select Enzyme   Gibco 12563029 

3.1.7  Kits 

DNA Clean & Concentrator-5  Zymo Research D4004 

GeneJET Gel Extraction and DNA Cleanup Micro 

Kit 

 

Thermo Fisher Scientific K0831 

GeneJET Plasmid Miniprep Kit  Thermo Fisher Scientific K0502 

Pierce™ BCA® Protein Assay Kits and Reagents  Thermo Fisher Scientific 23227 

3.1.8  Cells 

• HEK-293  

• Escherichia coli, TOP10 Competent strain 

3.1.9  Oligonucleotides 

VDAC_F1  TGCAATGAGCGGCCGCATGTGTTCATTCTTTCTCGTGCTTTTG 
VDAC_F2  AGTAGAATAAGAATTCCACTATCGCCACCATGGCCGTGCCTCCCACATAC 
VDAC_R1  TTATTGACTCTCGAGTTACTTATCGTCGTCATCCTTGTAATCTGCTTGAAATTCCAGTCCTAG 
VDAC_R2  TTATTGACTCTCGAGTTACTTATCGTCGTCATCCTTGTAATCTGCTTGAAATTCCAGTCCTAG 
BGH_rev  TAGAAGGCACAGTCGAGG 

     T7_F  TAATACGACTCACTATAGGG 
 

3.1.10  Vectors 

• pBlueScript 2 (plasmid vector, not transcribed in eukaryotic systems) 

• pcDNA3.1 (plasmid vector for mammalian expression) 
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o pcDNA3.1hNOTCH1-HA (codes for human NOTCH1 protein with a C-terminal 

hemagglutinin tag) 

o pcDNA3.1hGSK3β-FLAG (codes for human GSK-3β protein with a C-terminal 

FLAG tag) 

o pcDNA3.1hGSK3β-HA 

o pcDNA3.1eGFP  

 

3.1.11  Equipment 

Models of equipment are specified in relevant parts of Methods section. 

3.2  Methods 

3.2.1  Proteomic data interpretation and potential target search 

Filtered mass spectrometry data of proteins co-immunoprecipitated with GSK-3β from 

immortalized skeletal muscle cells of anonymized DM1 patients was provided by Dr. Petr 

Novák (Laboratory of Structural Biology and Cell Signaling at BIOCEV, currently 

unpublished). List of all protein IDs was analyzed, visualized and clustered using the internet-

accessible tool String-db [113] and gene ontology analyzer g:Profiler [114] was queried with 

the proteins in separate clusters.  

In the next part of the analysis, tool LFQ-Analyst [115] was used to compare the control and 

DM groups. 

3.2.2  In silico protein-protein interaction and structure predictions 

Alphafold2-multimer [116] was ran using the SpeedPPI/FoldDock protocol [117] to generate 

scored predictions of PPIs. Computational resources for Alphafold 2 predictions were 

provided by the e-INFRA CZ project (ID:90254). Later, Alphafold 3 was used on the same 

queries and additionally to predict structures involving phosphorylation (public server, 

[118]). Pymol [119] was used to visualize and evaluate outputs. Non-protein components in 

Alphafold 2 models were added using the AlphaFill tool [120], while Alphafold3 allows them 

without any additional tools.  
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3.2.3  Plasmid preparation 

Primer design 

FLAG-tagged mouse VDAC1 plasmid, along with a tag-less version, was cloned from 

cDNA. PCR primers were designed based on the Ensembl [121] canonical cDNA sequence 

of mouse VDAC1. Nucleotide BLAST [122] confirmed the lack of similar sequences. The 

overhangs included restriction sites for NotI (forward) and XhoI (reverse). Two variations of 

reverse primers were made, one with FLAG tag-coding sequence and one without. 

PCR  

Reaction mixture was prepared from following reagents: 12.5 μl of Q5 Hotstart Mastermix 

(2× concentrated), 2.5 μl of cDNA solution, 1.25 μl of VDAC_F1 and 1.25 μl of VDAC_R1 

or VDAC_R2 primer, and 7.5 μl of nuclease-free water. PCR reaction was performed in 

Biometra TRIO Thermocycler with following setting: 

Temperature (°C) Time Cycles 

98 2:45 min 1 

98 20 s 35 

60 30 s 

72 35 s 

72 2 min 1 

 

After PCR, the mixtures with NEB Gel Loading Dye Purple were loaded into 1.5 % agarose 

gels with EliDNA Green Dye (2.5 μl in Dye 50 ml TAE). Electrophoresis was performed at 

90 V for 1 h. The amplicons of expected size were cut out and DNA was extracted using 

standard agarose gel extraction protocol for the NucleoSpin PCR DNA Cleanup Kit. 

Nanodrop One Spectrophotometer (Thermo Fisher Scientific, ND-ONE-W) was used to 

quantify the product. Resulting solution was additionally purified and concentrated with 

Zymo Research DNA Clean and Concentrator due to low purity.  

Digestion with restriction endonucleases 

The purified PCR products were mixed with 0.5 μl of both NotI and XhoI, 1.5 μl of rCutSmart 

buffer (10× concentrated) and diluted to 15 μl with nuclease free water. 1 μg of vector was 

mixed with 1 μl of both enzymes, 1.5 μl of rCutSmart buffer, 1 μl of QuickCIP phosphatase 

and diluted to 15 ul. 
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Mixtures were incubated at 37 °C for 1 h. They were separated on 1 % agarose gel 

electrophoresis at 90 V, and desired bands were cut out and extracted with NucleoSpin PCR 

DNA Cleanup Kit. 

Ligation and transformation 

Ligation mixtures were prepared with insert/vector stoichiometry of 2:1, aiming for total 17 

fmol of vector. Separate ligation mixture was prepared from the remaining vector DNA 

without insert DNA, serving as self-ligation control. Mixtures composed of 2 μl 10× 

concentrated T4 ligase buffer, 1 μl T4 ligase, appropriate volumes of DNA extracts, and 

diluted to 20 μl with water. Each mixture was separated into different reaction, one was 

incubated at room temperature for 2 hours, one at 16 °C overnight (more effective according 

to ligase manufacturer).  

Following the room temperature incubation, 5 μl of the solution was used for the 

transformation of 50 μl TOP10 competent bacteria. Bacteria were thawed and mixed with the 

DNA. Mixture sat on ice for 30 minutes, then a 45 second heat shock at 42 °C was performed 

before returning the mixture back on ice for 2 minutes. 200 μl of antibiotic-free LB medium 

was added to the mixture and bacteria expanded in a shaker (Eppendorf ThermoStat C; 37 

°C, 600 RPM) for 1 h. 100 μl of this suspension was seeded on an ampicillin plate overnight 

at 37 °C. Identical process was performed for 5 μl of the control solution. Because of positive 

results, the solutions incubated at 16 °C were not used.  

Miniprep 

Five colonies (two transformed with non-tagged, three with tagged plasmid) were expanded 

overnight in 3 μl of LB with 100 μg/ul ampicillin, (37 °C; agitated at 250 RPM). Plasmid 

DNA was extracted from these cultures using alkaline lysis minipreparation protocol: 

Cultures were centrifuged in a table centrifuge at 13 000 g for 1 min, pellet was resuspended 

in 300 μl of P1 buffer, lysis of bacterial cells was performed by the addition of 300 μl of P2 

buffer and incubation for 5 min at room temperature. Lysate was neutralized with 300 μl of 

P3 buffer and centrifuged at 13 000 g for 10 min. DNA was precipitated with 550 μl 

isopropanol, suspension centrifuged at 13 000 g for 10 min and resulting pellets washed with 

250 μl ethanol. After all ethanol was dried, pellets were dissolved in nuclease free water. 

Screening 

Restriction digestion with EcoRI was used for validation of different clones, because VDAC1 

insert contains an additional EcoRI restriction site and the vector contains another one, which 

means that restriction of positive clones should result in two DNA fragements. This was 
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performed for isolated plasmids of three clones for tagged and two for untagged variation. 

Reaction mixtures of 10 μl included 0.25 μl of EcoRI-HF, 1 μl of rCutSmart, 3 μl of 

minipreparated DNA solution and 5.75 μl of nuclease free water.  

After 40 minutes of digestion at 37 °C, samples were analyzed with agarose gel 

electrophoresis (1 % agarose, 90 V, 40 min).  

Sanger sequencing of positive clones was performed by DNA Sequencing Laboratory at 

BIOCEV, each clone was sequenced from two different primers, T7 and BGH_rev (opposite 

sides of insert). Received sequencing data was aligned and validated on Benchling.com.   

 Midiprep 

Standard protocol for the GeneJET Plasmid Miniprep Kit for low-speed centrifuge (<4000 

g) was used to yield 350 μl solutions of isolated plasmid DNA, which was stored at -17 °C.  

 Reinsertion  

The protein-coding sequence of the final tagged plasmid was later reinserted into pcDNA3.1 

because of a suspected mutation in non-coding regions. Reaction mixtures of total volume of 

15 μl were prepared with 1 μg of both the plasmid and vector, 1 μl of BamHI-HF and XhoI, 

1.5 μl of rCutSmart buffer concentrate. 1 μl of CIP was added to the pcDNA3.1 mixture.  

After 1 h of incubation at 37 °C, separation was performed using agarose gel electrophoresis 

(1 %, 90 V, 40 min). The shorter fragment of the plasmid and the only visible product of 

pcDNA3.1 were extracted with NucleoSpin PCR DNA Cleanup Kit. Ligation, 

transformation, selection of clones and isolation were done same way as previously. 

3.2.4  Expression in HEK 

 Cell culture maintenance 

A vial of HEK-293T Cells was thawed, seeded in DMEM medium with 1 % (v/v) penicillin-

streptomycin (stock solution), 10 % (v/v) fetal bovine serum (hereinafter referred to as 

DMEM Complete) and incubated in CO2 incubator at 37 °C for 48 h. Light microscope was 

used to monitor confluency. Cells were split into 6 well plates 18-24 hours before 

transfection. 
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  Transfection for WB 

Transfection was performed the day after seeding, with the intention to transfect at around 

80 % confluency. mVDAC1-FLAG was transfected, along with eGFP-pcDNA3.1, which 

served as a control of transfection efficiency.  

PEI was mixed with 50 μl of OptiMEM and incubated at room temperature for 15 minutes. 

This mixture was added to the solution of desired plasmids, also diluted in 50 μl of Optimem. 

The ratio of PEI:DNA was 3 μl of working solution for 1 μg of plasmid DNA. Total amount 

of 2 μg DNA was usually used for a single well (6-well plates, 9.6 cm2). The final transfection 

mixture was incubated for 20 minutes and added to cells in drop-wise manner.  

Transfections with different lipid-based commercial reagents were also attempted, but with 

lower efficiency than PEI. 

Several hours (3 – 6) after transfection, media were changed. At least 24 hours post-

transfection, cells were lysed with RIPA buffer + protease/phosphatase inhibitor cocktail and 

lysates were collected into 1.5 ml tubes. 

 SDS PAGE  

BCA protein assay kit was used to determine protein concentrations in the lysates; 10 μl of 

BSA standards  (dissolved in RIPA buffer at concentrations of 2000, 1000, 500, 250, 125, 25 

μg/ml) and 10x diluted lysates were added to the reagent, incubated at 37 °C for 1 hour and 

Artel BioTek ELX800NBART Microplate Reader was used to measure absorbance at 562 

nm. Relevation DSX software generated calibration curve and the protein concentrations of 

lysates. Samples of consistent protein concentrations were prepared by diluting lysates i 

accordingly and mixing with appropriate volume of 4x concentrated Laemmli buffer. Based 

on the measured concentration samples were diluted in RIPA buffer to reach a uniform 

concentration of 1.25 μg/ul (20 ul loading volume would contain 25 μg of total protein). The 

samples were denatured at 98 °C for 5-10 minutes.  

12 %  polyacrylamide gels were prepared from 3.75 ml 1.5 M Tris-Cl buffer (8.8 pH), 5 ml 

H2O, 75 μl 20 % (w/v) SDS, 6 μl 30 % (w/v) acrylamide/bisacrylamide, 7.5 μl TEMED and 

35 μl APS per one gel and casted in Bio-Rad MiniPROTEAN system. Stacking was made of 

2.5 ml H2O 0.8 ml 30 % acrylamide/bisacrylamide, 0.5 ml 1 M tris-Cl (6.8 pH), 20 μl 20 % 

(w/v) SDS, 5 μl of TEMED and 35 μl 10 % (w/v) APS. 

Wells were loaded with 3 μl of pre-stained protein ladder and 20 μl of prepared samples 

Electrophoresis was performed in running buffer at 90 V. Line formed by bromophenol-blue 
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(contained in Laemmli) was used to monitor progression. The voltage was increased to 130 

V after samples left the stacking gel.  

 Western blot 

TransBlot Turbo system was used to transfer protein from the gel to a PVDF membrane. The 

parameters were set as: 25 V, 2.5 A and 15 minutes. Membrane with transferred proteins was 

blocked in 10 % (w/v) non-fat milk in TBS-T buffer for 1 hour and then incubated with anti-

FLAG antibody (diluted 1:1000 in TBS-T with 1 % (w/v) BSA) overnight at 4 °C. Membrane 

was washed 3 times with TBS-T and incubated with anti-rabbit HRP-conjugated secondary 

antibody (1:2000, TBS-T with 1 % BSA). After washing the membrane 3 times, membrane 

was incubated with ECL substrate solutions for 5 minutes and chemiluminescence was 

detected using ChemiDoc Imaging System (Bio-Rad, 12003153). Later, the antibody 

incubation process was repeated but with anti-beta-actin primary antibody (mouse) and anti-

mouse secondary antibody. 

3.2.5  Immunocytochemistry 

 Cell seeding for immunofluorescent sample preparation 

Sterilized coverslips were inserted in the wells of 24 well plate, coated in 0.1 % (w/w) gelatin 

for 20 minutes, after which gelatin was aspirated and coverslips dried at room temperature.  

HEK-293T cells were grown for 2 days in a 10 cm plate. After that, cells were detached using 

TrypLE and suspended in medium. Automatic cell counter was used to calculate the number 

of cells. Suspension was centrifuged at low speed for 3 minutes and the pellet was diluted in 

DMEM Complete to a concentration of 600 cells/μl and 100 μl (60 000 cells) was added to 

each of 10 wells containing coated coverslips and 600 μl of DMEM Complete.  

 Transfection  

After 24 h from seeding, transfection was performed. 12 μl PEI (equivalent to final ratio of 

3 μl PEI per 1 μg DNA) was incubated in 500 μl Optimem for 20 minutes. Plasmid mixtures 

according to Table 2 were diluted each in 50 μl of Optimem. 50 μl of the PEI solution was 

added to each DNA mixture which was incubated for 20 minutes. The 100 μl mixtures were 

carefully dropped in each well. After 3.5 hours, the PEI-containing medium was replaced 

with fresh pre-heated DMEM Complete.    
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 Mitotracker  

The Mitotracker solution was prepared by mixing 0.5 μl of 1 mM Mitotracker in DMSO and 

5 ml serum free medium to yield final concentration of 100 nM. 24 hours post transfection, 

medium of the indicated samples (see Table 2) was replaced with 500 μl of the 100 nM 

Mitotracker solution and cells were incubated at 37 °C for 30 minutes.  

 Fixing and blocking 

Medium was aspirated and cells were rinsed once with PBS followed by addition of 200 μl 

4 % formaldehyde for 15 minutes in room temperature. Fixing solution was then removed 

and cells washed 3 times with PBS-T.  

Non-specific binding of the primary antibody was prevented by 45 min incubation in 3 % 

BSA in PBS-T at RT.  

 Primary antibody incubation  

Three solutions were prepared by diluting primary antibodies in PBS-T with 3 % BSA – anti-

FLAG (diluted 1:100), anti-HA (at 1:500) and a solution containing both antibodies at same 

total dilution. 200 μl of the appropriate solution (see Table 2) was added to each well. The 

plate was then incubated overnight at 4 °C.   

 Secondary antibody incubation and mounting  

Cells were washed with PBS-T for 10 min three times and then incubated for 1 hour at room 

temperature in 200μl solutions of Alexa Fluor-conjugated secondary antibodies. Three 

different antibodies were used – donkey anti-mouse Alexa Fluor 488, donkey anti-rabbit 

Alexa Fluor 488 and 594. Stock solutions of both 488-conjugated antibodies were diluted 

1:2000, while the 594 was diluted 1:1000 in PBS-T.   

Secondary antibodies were removed, and wells were washed in PBS-T 3 times. After the last 

wash, PBS-T was replaced with 0.1 μg/ml solution of Hoechst 33342 in PBS and incubated 

at room temperature for 20 minutes. Wells were washed with PBS. Microscope glass slides 

were cleaned with ethanol. Each cells-containing coverslip was removed from its well and 

placed onto the microscopy glass slide with 20 μl Mowiol between the slide and the cell-

covered side of coverslip.  
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Table 2: All prepared samples for immunocytochemistry with plasmids used in transfection and 

antibodies/Mitotracker added. AF – AlexaFluor. 

 

Plasmid 

 

Sample 

pcDNA3.1h

NOTCH1-

HA 

pcDNA3.1hGS

K3β-FLAG 

pcDNA3.1h

GSK3β-HA 

pcDNA3.1m

VDAC1-

FLAG 

pcDNA3.

1 
pBlueScript 2 Mitotracker  

Primary 

antibodies 

Secondary 

antibodies 

Control - - - 

 

- 150 ng 250 ng +  

Anti-Mouse, 

AF 488 

Notch1+Mito 50 ng - - - 100 ng 250 ng + anti-HA 
Anti-Mouse, 

AF 488 

GSK3B+Mito - 50 ng - - 100 ng 250 ng + anti-FLAG 
Anti-Rabbit, 

AF 488 

VDAC1+Mito - - - 50 ng 100 ng 250 ng + anti-FLAG 
Anti-Rabbit, 

AF 488 

Notch1+GSK3B 50 ng 50 ng - - - 250 ng - 
anti-FLAG, 

anti-HA 

Anti-Rabbit, 

AF 594 + 

Anti-Mouse, 

AF 488 

Notch1+VDAC1 50 ng - - 50 ng 50 ng 250 ng - 
anti-FLAG, 

anti-HA 

Anti-Rabbit, 

AF 594 + 

Anti-Mouse, 

AF 488 

Notch1+Mito 

with GSK3B and 

VDAC1 

overexpression 

50 ng 50 ng - 50 ng - 250 ng + anti-HA 
Anti-Mouse, 

AF 488 

GSK3B+VDAC1 - - 50 ng 50 ng 50 ng 250 ng - 
anti-FLAG, 

anti-HA 

Anti-Rabbit, 

AF 594 + 

Anti-Mouse, 

AF 488 

GSK3B+Mito 

with N1 

overexpression 

50 ng 50 ng - - 50 ng 250 ng + anti-FLAG, 
Anti-Rabbit, 

AF 488 

VDAC1+Mito 

with N1 

overexpression 

50 ng - - 50 ng 50 ng 250 ng + anti-FLAG, 
Anti-Rabbit, 

AF 488 
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3.2.6   Fluorescence microscopy and image analysis 

For the analysis of stained cells, widefield fluorescent microscope Leica DMi8 was used. For 

initial observations, objective 10x was used, for image acquisition the objectives 20x and 

40x. All objectives were “dry” - without immersion liquid. LAS X software was used to 

optimize exposure settings, capture, export images and scalebar.   

3.2.7  Immunoprecipitation of HA-tagged Notch1 in HEK-293T 

 Cell cultures  

HEK-293T cells were used for the experiment. 18 hours prior to transfection, 1.2 million 

cells per plate were passaged to 4x 10cm plates with DMEM Complete and expanded in the 

incubator overnight.  

 Transfection 

Each plate was transfected with 5 μg DNA using PEI (ratio kept as previously mentioned). 

The control plate was transfected with 2.5 μg pcDNA3.1 and 2.5 μg pcDNA3.1eGFP, two 

samples were transfected with 2.5 μg pcDNA3.1 and 2.5 μg of a single plasmid, and last 

sample included 2.5 μg of both pcDNA3.1hNOTCH1-HA and pcDNA3.1mVDAC1-FLAG 

plasmids. 

Cells were incubated for 5 hours after which the medium was replaced. Transfection 

efficiency was confirmed with GFP fluorescence of control. 

 Immunoprecipitation 

Cells were incubated until 24 h from their transfection. Then, media were aspirated, cells 

were washed with cold PBS and lysed in 4 °C for 20 minutes using 1 ml of CoIP Lysis buffer 

+ protease/phosphatase inhibitor cocktail. Lysates were scraped into 1,5 ml tubes and 

centrifuged in 4 °C at maximal speed (14 000 g, swing-bucket rotor) for 15 minutes. Two 

samples of 400 μl from each tube were collected, along with separate 60 ul/sample later used 

as total lysate reference. The 400 μl of protein solutions were incubated with 2,5 μl of 

antibody for 1 h at 4 °C. For each lysate, one sample was incubated with mouse anti-HA 

antibody and one with control mouse IgG. Sepharose G protein beads were washed with CoIP 

lysis buffer and 40 μl of bead suspension was added to each sample. Following overnight 

incubation at 4 °C, beads were purified by washing with PBS, centrifuging at 4 °C (0.1 g, 1 

min) and removing the supernatant (3x repeated). Beads were then diluted in 42 μl of 2× 
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concentrated Laemmli buffer and boiled for 5 minutes at 95 °C. The total cell lysate samples 

were diluted with 15 μl of 4× concentrated Laemmli and boiled for 5 minutes at 95 °C.  

Western blot  

12 % polyacrilamide gel was prepared and 20 μl of following samples were loaded, along 

with 2× 5 μl of pre stained ladder: HA-precipitate sample per each (4×), IgG precipitates of 

cells transfected with pcDNA3.1mVDAC1-FLAG and co-transfected with 

pcDNA3.1mVDAC1-FLAG + pcDNA3.1hNOTCH1-HA (2×), and the corresponding total 

cell lysates. SDS-PAGE ran at 100 V, later increased to 115 V. Proteins were transferred to 

PVDF membrane with TransBlot Turbo system (25 V, 2.5 A, 15 min). Membrane was blocked 

with 10 % non-fat milk in TBS-T for 1 h at room temperature and then incubated with primary 

antibodies (anti-FLAG, anti-HA, 1:1000 dilution in TBST with 1 % (w/v) BSA) overnight at 

4 °C. Membrane was washed with TBST and incubated with secondary antibodies (HRP 

conjugated, 1:20000 dilution in TBST with 1 % (w/v) BSA) for 1 h at room temperature. 

Membrane was washed in TBST and incubated for ~5 minutes with ECL substrate. 

Chemiluminescence was measured with Chemidoc. 

3.2.8  Optimizing VDAC1 expression in HEK cells 

HEK-293T cells in the quantities of 50 000 were seeded in a 24-well plate with DMEM 

Complete and incubated overnight. Transfection with PEI followed the same general protocol 

as previously with amounts of 20, 50, 100, 200, 300 ng of either pcDNA3.1hGSK3β-FLAG 

or pcDNA3.1mVDAC1-FLAG and pBluescript2 adding up to 500 ng per well. Medium was 

changed after 4 hours. Cells were lysed and harvested after 36 hours, lysates were quantified, 

and samples were prepared by mixing lysates with appropriate volume of RIPA buffer and 

4× concentrated Laemmli to final protein concentration of 750 ng/ul (15 μg in 20 μl). Samples 

were denatured as described previously. SDS-PAGE/Western blot protocol was also identical 

to previous VDAC1 expression experiments, except for the addition of FemtoWest 

peroxidase substrate to visualize low-concentration proteins. 
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Part 4:  Results 

 

4.1  In silico prediction of glycogen synthase kinase 3 beta and 

Notch 1 intracellular domain interactions 

I used several in silico approaches to model possible interactions between GSK-3B and 

N1ICD. AlphaFold2-based protocol SpeedPPI was queried with amino acid sequences and 

generated interaction predictions. The models with full-length NICD possibly indicate 

involvement of the residue Thr-1898. This threonine has not been experimentally shown as 

a substrate of GSK-3. However, it has been shown to be phosphorylated following the 

phosphorylation of Ser-1901 by casein kinase 2 [123], a common priming kinase for GSK-

3.  

The full length NICD includes highly disordered regions so the following predictions were 

done only with parts of NICD. Fragments C-terminally of the ankyrin repeats produced low-

confidence results with few-to-no secondary structures. Ankyrin repeats, despite having large 

interface for PPIs, did not seem to contain any Ser/Thr that could be properly oriented 

towards the GSK-3 binding pockets. The N-terminal part of N1ICD was involved in the 

intriguing complexes, based on the proximity between Ser/Thr and GSK-3 catalytic site. Thr-

1861, reported as a GSK-3 target (Fig. 5A, Fig. 5A,B), appeared to interact with the primed 

phosphate binding site rather than the catalytic center itself. As Alphafold 2 uses only the 20 

canonical amino acids with no modifications, its predicted models have no phosphorylated 

residues. Manually adding phosphate to Thr-1861 created a model resembling primed 

phosphate binding to GSK-3β (Fig. 5B). Although nearby Ser-1856 would seem like the 

expected target, the active site was occupied by a different part of N1ICD with closest Ser/Thr 

being Ser-1791 (Fig. 5C,D). Unlike Ser-1856, Ser-1791 has been reported to be 

phosphorylated in phospho-proteomic studies  [124]. The RBP-Jκ/CBF1-associated module 

(RAM), which contains Ser-1791, is linked by a flexible disordered sequence and known to 

interact allosterically with CSL [125], [126].   

Predictions using the recently introduced Alphafold 3 [118] can expand on these ideas. With 

the option to specify PTMs and cofactors, kinase model prediction is more reliable. Alphafold 

produced models with Ser-1791 in the proximity of GSK-3β’s catalytic site, while 

phosphorylation of Thr-1861 caused interaction trough the binding pocket and displaced the 
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RAM domain. The possible structures of GSK-3β phosphorylating reported residues in the 

NLS  were still low in confidence (Fig. 5E). 

These predictions are in no way accurate representations of the nature of this interaction but 

show Ser-1791 as a possible target of GSK-3β and propose the role of other PTMs, as well 

as competition between different N1ICD sites, in influencing the outcome of its 

phosphorylation. As such, a hypothetical mediator could regulate the interaction for example 

by binding different NICD domains. 
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Fig. 5: In silico modelling of GSK-3β interaction with N1ICD. A: Scheme of N1ICD and a list of Ser/Thr 

residues either directly reported as GSK-3 targets or listed as in PhosphoSitePlus database [150], [151], [152], 

[153], [154]. NICD has another NLS sequence, C-terminal to ANK, not shown in the scheme. B: N-terminal 

fragment of N1ICD (cyan) in predicted interaction with GSK-3β’s binding site (green). C: GSK-3β surface 

with approximate locations of the active site (pink) and binding site (yellow). The two cyan strands are regions 

of N1ICD containing Ser-1791 (left) and Thr-1861 (right). D: Full model of predicted GSK-3β (green) and 

N1ICD (cyan) showing both Ser-1791 interacting with the active site and phosphorylated Thr-1861 in the 

binding pocket. Predicted model was manually extended with ankyrin repeats using alignment with different 

model. E: Models predicted with Alphafold3 with no PTMs (left) and phosphorylated Thr-1861 (right). 
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4.2  Characterization of GSK-3Β interactome 

Dataset provided by Petr Novák, representing statistically significant interactors of GSK-3β 

from immortalized muscle cell lines isolated from patients with DM1 included 87 proteins. 

Gene ontology tools and String-db generation of functional protein network successfully 

provided basic overview of the interactome.  

The change of individual proteins’ quantities between control and patient cells is a way to 

predict their pathological relevance. Generated quantitative results indicate that proteins that 

are the most significantly downregulated are (based on p value) TNNI1 (troponin I 1), WFS1 

(wolframin) and RAB1B (Ras-related protein-1B), and downregulated FN1 (fibronectin), 

PPHLN1 (periphilin 1), RPL12 (ribosomal protein L12). These results are plotted on a 

volcano plot (Fig. 6).  

Fig. 6: Volcano plot. Fold change of label-free quantity measured in control samples in comparison to 

DM. Colored dots represent the proteins with p < 0.05 and |log2 FC| > 0.1, and the four upregulated and 

downregulated proteins with highest significance are marked with their abbreviated names.  Selected 

protein, VDAC1, was on avarege slightly higher in DM samples, but this difference is not significant. 
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We couldn’t find any plausible link between the GSK-3β and Notch using these top 

candidates and we thus employed StringDB to uncover deregulated processes, which would 

point at candidate target facilitating Notch-GSK3 interaction. The resulting protein network 

could be divided into 3 functional clusters – 1. nuclear or nucleic acid-interacting proteins, 

2. proteins of mitochondria, ER, Golgi apparatus and vesicles and 3. proteins of cytosol, 

membrane, and ECM. Prevalent gene ontology terms for the different clusters included 

various RNA-related processes for nuclear, striated muscle contraction and structure for 

compartmented, and axon and cytoskeleton for cytosolic. 

  

  

Fig. 7: StringDB-generated network. Proteins from MS data were clustered and interlinked using 

StringDB. The network is missing ribosomal proteins, histones and chaperones involved in folding, as 

they were removed due to large numbers of interactions. 



 

 

44 

 

  

Particularly interesting region was mitochondrial and ER/SR proteins, such as voltage-gated 

anion channel 1 (VDAC1) or SR/ER calcium ATPase 2 (ATP2A2), with the top gene 

ontology terms being muscle related. Although StringDB-generated network didn’t show a 

direct link between VDAC1, ATP2A2 and GSK-3β, both proteins were shown to be direct 

interactors [106], [107], [127]. VDAC1 was chosen for further experiments because of its 

relevance in disease, established link with GSK-3 and recent advances in the research of 

Notch’s role in mitochondria and muscle dystrophy [112], including a possible PPI with 

VDAC1 [128]. 

 

Table 3: Top gene ontology terms for individual clusters, as determined by gProfiler. The order was based on adjusted 

p value which considers the number of positive proteins in a cluster against total in database. Used sources for terms: 

GO molecular function, GO cellular component, GO biological process, KEGG, Reactome, Wikipathways. 

 Term  p value Term  p value Term  p value 

1.  
Striated Muscle 
Contraction  

4.20×10-05 axon 7.02×10-08 RNA binding 3.08×10-09 

2.  
Striated muscle 
contraction pathway 

4.55×10-05 neuron projection 6.40×10-07 organelle lumen 3.18×10-08 

3.  sarcomere 5.20×10-05 supramolecular fiber 2.92×10-06 
intracellular 
organelle lumen 

3.18×10-08 

4.  Muscle contraction 5.37×10-05 
supramolecular 
polymer 

3.09×10-06 
membran×10-
enclosed lumen 

3.18×10-08 

5.  
cardiac muscle 
contraction 

5.80×10-05 
polymeric 
cytoskeletal fiber 

1.29×10-05 mRNA binding 9.56×10-07 

6.  
striated muscle thin 
filament 

7.61×10-05 
supramolecular 
complex 

3.05×10-05 
spliceosomal 
complex 

7.28×10-06 

7.  myofibril 8.33×10-05 
plasma membrane 
bounded cell 
projection 

6.74×10-05 mRNA processing 9.39×10-06 

8.  contractile fiber 1.02×10-04 dendrite 7.57×10-05 nucleoplasm 1.27×10-05 

9.  myofilament 1.26×10-04 dendritic tree 7.71×10-05 
Large Drosha 
complex 

1.73×10-05 

10.  
striated muscle 
contraction 

2.58×10-04 cell projection 1.02×10-04 
cytoplasmic 
ribonucleoprotein 
granule 

2.58×10-05 

 Compartmented Cytosol Nuclear 
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4.3  Cloning of VDAC1 plasmid  

To test interactions of VDAC1 experimentally I first 

needed to prepare an expression vector carrying its 

sequence. Because of high conservation of VDAC1 

between mouse and human (Fig. 8), PCR was used to 

amplify protein-coding mVDAC1 sequence from an 

available sample of mouse cDNA. PCR also served the 

purpose to add FLAG tag (DYKDDDDK); a non-tagged 

variation was produced alongside.   This step yielded an 

amplicon of expected size (around 900 bp) for both 

variations, as confirmed by agarose electrophoresis. 

Restriction digest was analyzed on agarose electrophoresis 

as well, but due to small difference between input and 

expected product, the success couldn’t be determined 

confidently. The yields had been low, barely enough to 

prepare the 17 fmol ligation mixture (corresponding to 

56.78 ng of total vector DNA, ca. 19.4 ng of insert).  

Vector/insert ligate transformed bacteria grew desirable number of ampicillin-resistant 

colonies, as opposed to the vector self-ligation control which didn’t grow any colonies. 

Fig. 9: Original screening of plasmid clones digested by EcoRI. Left side shows Benchling-generated 

virtual digestion of both cloned plasmid variants, controls C1 (empty pcDNA3.1 vector) and C2 

(pcDNA3.1hGSK-3β plasmid). Right image shows the actual results after agarose electrophoresis. 

 

Fig. 8: The conservation of VDAC1 in 

mouse and human. Differing residues 

are highlighted in red. Structures from 

PDB – 3EMN (mouse) [155], 5XDO 

(human) [156]. 
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Restriction screening produced expected bands of sizes around 6000 and 600 bp (Fig. 9), and 

two colonies (one for each variant) were selected and sent for Sanger sequencing.  

Sequencing confirmed the correct sequence for the non-tagged clone but showed a single 

point mutation (162W>stop) for the selected FLAG-tagged one. Different tagged clone was 

later sequenced, and the correct sequence and orientation of insert was determined. This 

plasmid was used for following experiments, but consistently showed suboptimal expression 

(as described in the next section). The insert sequence was later excised and ligated into a 

new pcDNA3.1 vector. However, this step didn’t significantly improve its expression.  

4.4  Expression in HEK-293T 

The cloned pcDNA3.1mVDAC1-FLAG has been transiently transfected and validated 

multiple times, consistently showing low expression and “double band” appearance on 

western blot. Linear PEI was concluded to be the most effective transfection reagent and 

different alternatives were not used further (see Chyba! Nenalezen zdroj odkazů.).    

 

Fig. 10: Western blot of first VDAC1 expression in HEK-293T. CK1a serves as a positive control 

for FLAG antibody. With ECL substrate, VDAC1 could be detected only in the sample with PEI 

used as a transfection reagent. Other reagents used, with no visible bands in the image, were: 

Mirus Bio™ TransIT™-LT1, GenJet™ In Vitro DNA Transfection Reagent, FugENE HD 

Transfection Reagent, Lipofectamine 2K.  
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Detecting VDAC1 at correct size and assuming that the 

lack of expression in other samples was due to inefficient 

reagents or inadequate protocol, the plasmid and PEI 

were used for other experiments. However, it later 

became clear that the expression was very low, and the 

plasmid needed to be optimized to perform less sensitive 

PPI experiments, such as co-immunoprecipitation. 

Multiple western blot experiments were performed, 

yielding consistent results, with other plasmids in same 

vector and promoter being expressed much more 

effectively.   

4.5  Optimizing mVDAC1 expression in HEK cell lines 

To test if the overexpression is toxic to the cells or induces a different dose-dependent 

response, cells were transfected with varying amounts of pcDNA3.1mVDAC1-FLAG and 

pcDNA3.1hGSK3β, and the lysates were compared on western blot.  However, contrary to 

our hypothesis, differences between both protein’s intensities were very apparent in all 

samples. The first scan with only ECL substrate showed 300 and 200 ng samples of GSK-3β 

as saturated while only the 300ng sample of VDAC1 could be detected. After applying 

FemtoWest, the other VDAC1 samples were revealed without any noticeable non-linear 

relationship to the transfected plasmid amount.  

Detection of beta-actin in the same blot confirmed that the samples were of approximately 

equal sizes. Adjusted volume of 100 ng GSK-3β band (the highest non-saturated on ECL 

scan) and 300 μg VDAC1 band (the only visible on ECL scan) results and normalizing per 

plasmid mass results in the ratio of GSK-3β:VDAC1 (all three visible bands combined) of 

around 14. Assuming complete linearity, this would mean that the amount of transfected 

VDAC plasmid would need to be 14 times higher for them to have the same intensity.    

VDAC1 signal appeared in three separate bands of sizes 33.7, 36.8, 39.6 kDa (from 

ImageLab MW tool). The protein coded by my plasmid has theoretical MW of 33 346 Da 

(expasy.org, ProtParam [129]). The two additional bands were detected around 3 and 6 kDa 

above the presumed intact protein, which would indicate addition of PTMs rather than 

proteolysis (that would result in bands below expected size). However, western blot is not a 

Fig. 11: An example of replicated WB 

experiment. Samples transfected with 10 μg 

plasmids and grown in 10cm plates were lysed 

and detected for FLAG (both proteins are FLAG-

tagged). 
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precise method for determining molecular weight and in previous experiments, only 2 

defined bands were observed, making this result an outlier.   

After closer inspections of different VDAC1 protein sequences, I realized that the canonical 

mouse VDAC1, which the cloning primers were based on, is a less usual splice variant, 

referred to as pl-VDAC1, which has been reported only in mice (reviewed in [130]). The 

variant contains an additional N-terminal sequence with MW around 1.6 kDa (ProtParam), 

which would correspond to the spacing between bands more than common PTMs. 

4.6  Immunocytochemistry 

HEK cells were transfected with different combinations of plasmids carrying human Notch1, 

human GSK-3β and mouse VDAC1, along with Mitotracker. VDAC1-transfected cells 

Fig. 12: Western blot showing the dependence of transfected plasmid amount on expression of VDAC1 vs 

GSK-3 (control). VDAC1 expression is much lower than GSK-3 and this apparent difference occurs at any 

transfected amount. β-actin was used as a loading control. (Original, high-quality, Chemidoc files of the 

FemtoWest scan have been lost)  
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displayed very low intensity signal with only few cells that could be used for assessments of 

subcellular localization. While this is consistent with the WB experimetns, analysis was 

further complicated by the negative control sample loss in the process of sample preparation. 

In the selected cells VDAC1 localization clearly overlapped mitochondria, as would be 

expected from VDACs other than the mouse pl-VDAC1 variant.  

Fluorescence of GSK-3β and Notch1 was much easier to differentiate from background, 

albeit less mitochondria-associated than VDAC1. GSK-3β appeared to be ubiquitously 

present within the cell with highest intensity in the cytoplasm and lower in the nucleus. 

Notch1 was present mostly in the cytoplasm compared to lower quantities in the membrane 

or nucleus. The lack of strong Notch1 signal in the membrane is not unusual, as this receptor 

constantly undergoes dynamic vesicular trafficking.  However, the spread of these two 

proteins indicates that some degree of overlap with each other and/or with mitochondria, 

Fig. 13: Fluorescence imaging of transfected proteins and mitochondria. GSK-3 β localized throughout the 

whole cell also overlapping the mitochondria. VDAC1 localized mostly on mitochondria. Majority of Notch1 

localized in the cytoplasm and indicated a partial overlap with mitochondria. Overexpressing Notch1 had no 

noticeable effect on localization of VDAC1 or GSK-3β. Images were adjusted independently for visibility; 

in unaltered images captured with identical exposure time the positive VDAC1 transfected cells would be 

less fluorescent than GSK-3 β or Notch1. 
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although quantification of the incidence would require confocal microscopy and probably 

higher quality samples. 

This experiment served as a basic exploration of how the three proteins localize when 

transfected in HEK cells. It also shows that despite low expression, VDAC1 can be detected 

in mitochondria, something that would be more surprising knowing the nature of its splice 

“canonical” splice form. 

4.7  Immunoprecipitation in HEK-293 

Immunoprecipitation of pcDNA3.1hNOTCH1-HA and pcDNA3.1mVDAC1-FLAG 

transfected samples was attempted with the intention to confirm the presence of stable 

complexes in HEK cells but was unsuccessful due to low expression of VDAC1. NOTCH1-

HA2 successfully precipitated and the specificity was confirmed with WB detection of b-

actin, which was present only in the untreated lysates (Fig. 14).   

 

Fig. 14: Western blot detection of HA and actin after the immunoprecipitation experiment. Four 

samples were prepared – non-transfected (0), transfected with pcDNA3.1hNOTCH1-HA (N) or 

pcDNA3.1mVDAC1-FLAG (V) or co-transfected with both (NV). Part of each sample was 

precipitated through anti-HA mouse antibody; a visible band was detected only in N. Its absence in 

NV is unexpected as it was transfected with the same Notch1-coding plasmid and treated in the same 

conditions as N. Samples V and NV were also precipitated with non-specific mouse IgG and some   

non-specific signal was observed in NV. Notch1 was also detected in the expected untreated lysate 

 
2 Apparent MWs of Notch receptors on a western blot may seem unintuitive at first. Mature Notch is a 

heterodimer, broken down after lysis and denaturation. Used NOTCH1-HA tagged on the C-terminus and thus 

a band at around 120-130 kDa typically indicates the presence of full-length, mature Notch. Band at the 

“correct” 300 kDa indicates yet unprocessed Notch, before S1 cleavage. Released NICD itself weighs around 

100-110 kDa and may appear as third band.   
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samples (N, NV). β-actin, present only in untreated lysates, indicates that it did not carry over to 

precipitated samples. VDAC1 bands were not visible in any sample and so the FLAG tag detection is 

not pictured. Images were adjusted for better visibility and serve no quantitative purpose.   

Besides proteins in Fig. 14, some additional 

bands were observed. Most of these were 

determined to be antibody subunits carried over 

from precipitation and later bound by secondary 

antibodies.  A band around 35 kDa was initially 

hypothesized to be VDAC but this idea was 

rejected because no such band appeared in 

untreated lysates. 

 

 

  

Fig. 15: Additional proteins detected in HA precipitates. 

Bands were present exclusively in precipitate lanes, 

consistently in blots incubated with different primary 

antibodies. Illustration of a (mouse) IgG on the right 

includes molecular mass of the two subunits. 
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Part 5:  Discussion 

5.1  Voltage-dependent anion channel 1 

A plasmid for mammalian expression system containing mouse VDAC1 sequence has been 

prepared. Cloning of the splice variant known as pl-VDAC1 was unintended, but provided 

some interesting preliminary results, and may potentially serve as a useful tool for more 

detailed research. Attempts to express this variant in human cells yielded very low amounts 

of protein, while the fluorescence images suggest that the localization was mostly 

mitochondrial and no significant presence in the plasma membrane was detected. 

Characteristic double band is most likely the result of pl-VDAC1 being cleaved (or perhaps 

translation starting with the second methionine) and shows that the cleaved and non-cleaved 

proteins are present in comparable quantity. The third band was detected only in one 

experiment. The reason for this is unknown, a possibility is the presence of PTMs. For 

example, oxidized cysteine residues can affect electrophoretic mobility and can appear during 

the process of SDS-PAGE after treatment with reducing agents [131]. 

The western blot results in 3.2.4 are reminiscent of those in the original study characterizing 

mouse pl-VDAC1 [132]. On the other hand, immunolocalization images from the same 

publication differ from ours and show strong extramitochondrial signal. A likely explanation 

is the use of HEK-293, a human cell line.  Processing of VDAC proteins is complicated and 

unexpected results have been reported. VDACs don’t contain any mitochondrial targeting 

sequence and their correct localization is dependent on the function of various chaperons 

[133], [134]. For example, the unpredictable behavior of exogenous VDAC was reported in 

a Xenopus oocytes transfected with human VDAC1 [135]. The authors show how the 

expressed VDAC1 localized mostly in the plasma membrane, and these results were even 

partially dependent on the used protein tag. Cells also have multiple mechanisms that provide 

checkpoints and readjustments during protein localization, such as “ER-SURF“ which 

redirects mislocated mitochondrial proteins from ER to the mitochondria [136].  

Although human VDAC1 does not appear have any isoform equivalent to the pl-VDAC1 of 

mouse, plasmalemmal VDACs have been reported in human cells with a function that seems 

elusive and possibly related to disease [137]. Localization of VDAC was recently studied in 

the context of muscular dystrophy [138], while plasma membrane localized VDAC appear 

to have cytotoxic effects in neurons [139], [140]. Along with the evidence that pathogenesis 
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of myotonic dystrophy is largely mediated by impaired mRNA splicing [97], [141], studying 

how these mouse VDAC1 isoforms behave in human cells may be helpful for understanding 

neurodegenerative and muscular diseases. Designing and “troubleshooting” the  (pl-)VDAC1 

plasmid ended up being the majority of my thesis’ experimental part but, with mt- variant in 

the process of cloning, more detailed look on VDAC1, its isoforms and mainly its protein-

protein interactions can soon begin. 

5.2  Glycogen synthase kinase-3 and Notch 

The interaction between GSK-3 and Notch signaling is shown experimentally in multiple 

publications, most of them reviewed are in this thesis (Table 1). The conclusions of different 

studies are inconsistent and even methodically similar experiments on the same cell type have 

yielded opposite results. The reviewed studies are well designed and published in respected 

journals; there is not much reason to question the core results of any of them – GSK-3 can 

phosphorylate NICD (1 and 2), inhibiting GSK-3 can have consequences on Notch signaling 

that vary in their scale and mechanism depending on the biochemical context. We can, 

however, point out some possibly relevant factors that did not receive much discussion. 

Articles rarely mention the characteristic structural features of GSK-3 even though they are 

well documented. One of them is the priming of its substrates. Most of the reported GSK-3 

target residues on NICD are not within the common consensus sequence (S/T-X-X-X-Sp/Tp), 

which raises questions such as: is there a “primeable” residue that is further within the 

primary structure or is NICD an atypical, non-primed substrate? As the latter cannot be ruled 

out, GSK-3 may possibly act unexpectedly, for example when it comes to inhibition. 

Phosphorylation of N-terminal serine is mechanistically well characterized way inhibition of 

GSK-3 but measuring it (for example with phospho-specific antibodies) may not be an ideal 

assay of GSK-3 activity [142], [143]. This phosphoserine binds to the binding site, competing 

with primed substrates. However not every substrate of GSK-3 is primed, and these appear 

unaffected - notable example is AMP-activated protein kinase (AMPK) which was shown to 

be phosphorylated by pSer9-GSK-3β after Akt activation [28]. The most well-known and 

available GSK-3 inhibitor, lithium, has complex pharmacology and inhibits GSK-3 in several 

different ways, partially involving N-terminal serine phosphorylation [75] and thus, besides 

hypothetically affecting non-primed substrates differently, its physiological effects are not 

strictly related to GSK-3.   
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Unlike GSK-3, NICD structural insight is limited the RAM domain and Ankyrin repeats, 

while the unstructured c-terminal, part, containing multiple phosphorylation sites and the 

PEST domain, crucial for the NICD stability remains a challenge [126], [144], [145], [125]. 

Machine learning-based structure prediction is a rapidly growing field, and the accuracy of 

predictions is improving. However, as mentioned by the creators of Alphafold 3, its 

functionality is limited when it comes to proteins with disordered regions  [118]. 

Demonstrated in section 4.1 , somewhat satisfiable results for NICD PPIs were achieved only 

when its C-terminal part (at least around 400 amino acids) was excluded.    

5.3  A larger complex? 

Using Alphafold 3 to predict relevant interactions produced more realistic-looking 

complexes, formed on top of the cytoplasmatic side of VDAC, than some previous attempts 

with Alphafold 2. Running Alphafold 3 with the sequences for VDAC1, GSK-3β, Grp75 (a 

component of VDAC1 complexes [146], in one study immunoprecipitated with N1ICD 

[128]) and N1ICD missing the TAD/PEST domains produced a model where the RAM 

domain of N1ICD interacts with Grp75, while GSK-3β approaches it from the C-terminal 

part, not too far from the reported residues in NLS (Fig. 16). Phosphorylating S2136 made it 

interact with GSK-3 β binding pocket, but the other residues were not correctly oriented 

towards the active site. In these models, Grp75 functioned as the central scaffold, which 

would be expected. However, to assess the accuracy, an experimentally determined structure 

of VDAC-Grp75 complex would be needed. Both VDAC1 and Grp75 have available 

structures but solving them together would be difficult, as they are usually part of the 

VDAC1-Grp75-IP3 complex – a contact site between mitochondria and ER.  

In a mentioned study proteins in proximity of N2ICD have been analyzed at different times 

after its release [147]. The full data (Supplementary material) includes VDAC1, VDAC2, 

VDAC3 and other mitochondrial membrane proteins. However, their quantity peaked shortly 

after N2ICD release and, after 30 minutes, nuclear proteins started appearing and gradually 

replaced virtually all non-nuclear proteins identified in earlier samples. If NICD binds to 

proteins such as VDAC, the interaction is likely dynamic and short-lived. Nevertheless, the 

nature of cell’s response to activated Notch is sensitive to alterations of NICD and even a 

small departure from NICD’s canonical behavior could potentially be of relevance.  

Unfortunately, my immunoprecipitation experiment intended to test Notch1-VDAC1 

interaction did not yield any results because of complications with plasmid. The sample with  
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VDAC1 and Notch1 lacked an observable band when precipitated, whether that was 

somehow related to the co-transfection would need to be tested by repeating the experiment. 

However it seems unlikely as there was almost no VDAC1 present in any samples. Bands 

detected around the size of VDAC1 were likely fragments of antibodies or even protein G 

(part of the beads used in immunoprecipitation) which would hypothetically bind antibodies 

non-specifically. The collected samples/blots could still have some value if specific VDAC 

antibodies were available – as that would allow for WB detection of endogenous VDAC. 

Regardless, the suggested short-lived nature of NICD PPIs with components such as VDAC 

could also explain some discrepancy in the past research on GSK-3 and Notch. Even though 

timing is an important aspect of Notch signaling, it is difficult to study [148] and rarely given 

enough consideration.  

Having prepared the needed toolset and methodology, we can start experimentally test some 

of the speculations above, ideally not only in HEK but also in DM patient muscle cells. 

 

  
Fig. 16: Predicted complex of GSK-3 (green), N1ICD (cyan), VDAC1 (pink), Grp75 (yellow). The red part of 

N1ICD includes reported GSK-3 β phosphorylation sites, the blue part includes S1791 which was shown 

interacting with GSK-3 β in previous Alphafold predictions.  
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Part 6:  Conclusions 

Provided proteomic data were analyzed and VDAC1, reportedly a common interactor of 

Notch and GSK-3 potentially relevant in neurodegenerative and muscular diseases, was 

selected for future PPI-related experiments. The coding sequence of mouse VDAC1 was 

successfully amplified from a cDNA sample and inserted into a plasmid vector, along with 

FLAG tag on its C-terminus. Since the mouse and human VDAC1 are almost identical, this 

interaction between GSK-3β, N1ICD and VDAC1 was then studied in HEK cells (using 

transient transfection), however VDAC1 was expressed inadequately. The cause of this was 

later determined to be an additional N-terminal sequence specific to a minor splice variant of 

mouse VDAC1 which was unintentionally cloned instead of the standard variant highly 

conserved in various organisms.   
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