
Gupta et al. (2020) 

1 
 

Constitutively active TrkB kinase signalling reduces actin filopodia dynamics and cell 1 

migration 2 

 3 

Rohini Gupta1, Melanie Bauer1, Gisela Wohlleben2, Vanessa Luzak1,6, Vanessa Wegat1,7, Dennis 4 

Segebarth1, Elena Bady1,8, Georg Langlhofer1,9, Britta Wachter1, Steven Havlicek1,10, Patrick 5 

Lüningschrör1, Carmen Villmann1, Bülent Polat2, Camelia M. Monoranu3, Jochen Kuper4, & Robert 6 

Blum1,5* 7 

Running title: Self-active TrkB signalling  8 

1 Institute of Clinical Neurobiology, University Hospital Würzburg, Würzburg, Germany 9 

2 Department of Radiation Oncology, University of Würzburg, Würzburg, Germany 10 

3 Department of Neuropathology, Institute of Pathology, University of Würzburg, Würzburg, 11 

 Germany 12 

4 Rudolf Virchow Center for Experimental Biomedicine, Institute for Structural Biology, 13 

 University of Würzburg, Würzburg, Germany 14 

5 Comprehensive Anxiety Center, University of Würzburg, Würzburg, Germany 15 

 16 

Current addresses:  17 

6 Ludwig-Maximilians-Universität München, Biomedizinisches Zentrum, Planegg, Germany 18 

7 Fraunhofer-Institut für Grenzflächen- und Bioverfahrenstechnik IGB, Bio-, Elektro- und 19 
Chemokatalyse BioCat, Straubing, Germany 20 

8 Institut für Pathologie, UKE, Hamburg, Germany 21 

9 Rudolf-Boehm-Institut für Pharmakologie und Toxikologie, Universität Leipzig, Medizinische 22 

Fakultät, Leipzig, Germany 23 

10 Neurona Therapeutics, 170 Harbor Way, South San Francisco, CA, USA 24 

 25 

* Corresponding author. Robert Blum, Tel: +49 931 20144031; E-mail: Blum_R@UKW.de 26 

Key words: receptor tyrosine kinase, phosphorylation, NTRK, TrkB, actin, cell migration, FAK, 27 
glioblastoma 28 

 29 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted September 12, 2020. ; https://doi.org/10.1101/2020.09.11.292565doi: bioRxiv preprint 

https://doi.org/10.1101/2020.09.11.292565
http://creativecommons.org/licenses/by-nc-nd/4.0/


Gupta et al. (2020) 

2 
 

Conflict of interest 30 

We declare no conflict of interest. 31 

 32 

Word count main text (without methods and figure legends): xxxx 33 

  34 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted September 12, 2020. ; https://doi.org/10.1101/2020.09.11.292565doi: bioRxiv preprint 

https://doi.org/10.1101/2020.09.11.292565
http://creativecommons.org/licenses/by-nc-nd/4.0/


Gupta et al. (2020) 

3 
 

Abstract  35 

Trk receptors and gene fusions of NTRK are targets in precision oncology. Classical Trk signalling 36 

concepts fail to explain ligand-independent signalling of intracellular TrkB or NTRK fusion proteins. 37 

Here, we show that abundance of the intracellular domain of TrkB is sufficient for ligand-38 

independent autophosphorylation. This constitutive TrkB signalling reduced actin filopodia 39 

dynamics, could phosphorylate FAK, and changed cell morphology. Mutating Y705 in the kinase 40 

domain of TrkB alone specifically blocked these pathways. Engineered intracellular kinase domain 41 

proteins and a cancer-related intracellular NTRK2-fusion protein (SQSTM1-NTRK2) also 42 

underwent constitutive activation. In migrating glioblastoma-like U87MG cells, self-active TrkB 43 

kinase reduced cell migration. Moreover, we found evidences for constitutively active, intracellular 44 

TrkB in tissue of human grade IV glioblastoma. Structural modelling of the kinase domain let us 45 

postulate that ‘release from cis-autoinhibition by abundance’ is sufficient for TrkB/FAK/Actin 46 

signalling via Y705. These constitutive signalling pathways could be fully blocked within minutes by 47 

clinically approved, anti-tumorigenic Trk inhibitors. In conclusion, our data provide an explanation 48 

and biological function for TrkB kinase domain signalling in the absence of a ligand. 49 

  50 
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Introduction 51 

Trk (tropomyosin receptor kinase) receptors belong to the family of membrane bound receptor 52 

tyrosine kinases (Barbacid, 1994; Klein et al, 1991a; Klein et al, 1989; Martin-Zanca et al, 1986). 53 

The three NTRK genes Ntrk1, Ntrk2, and Ntrk3 encode the neurotrophin receptors TrkA, TrkB, 54 

and TrkC, respectively (Barbacid, 1994; Klein et al., 1991a). The Trk receptor was originally 55 

discovered as oncogenic driver in a human colon carcinoma (Martin-Zanca et al., 1986). Trk 56 

receptors or pathological NTRK gene fusions behave pro-tumorigenic in various adult and 57 

paediatric tumour types (Cocco et al, 2018; Cook et al, 2017; Douma et al, 2004; Martin-Zanca et 58 

al., 1986). Furthermore, overexpression and genomic high-level amplification of NTRK has been 59 

observed in a variety of human cancers and abundance of NTRK transcripts can correlate with 60 

poor outcomes in affected individuals (Cocco et al., 2018; Eggert et al, 2001). To target Trk activity 61 

in cancer, membrane-permeable small molecule inhibitors were developed (Roskoski, 2020). Trk 62 

kinase inhibitors such as Larotrectinib or Entrectinib are approved modern pharmaceuticals for 63 

precision oncology and have high response rates when used to treat NTRK fusion-positive 64 

cancers (Cocco et al., 2018; Doebele et al, 2020; Drilon et al, 2018). 65 

Under physiological conditions, Trk receptors are activated by neurotrophins (Klein et al., 1991a; 66 

Levi-Montalcini, 1987; Levi-Montalcini et al, 1954; Thoenen, 1995). Neurotrophins are secretory 67 

proteins of about 27 kDa (homodimer) and are high-affinity ligands for Trk receptors (Chao & Ip, 68 

2010; Levi-Montalcini, 1987; Levi-Montalcini et al., 1954; Thoenen, 1995). Binding of 69 

neurotrophins to extracellular domains of Trk induces receptor dimerization and subsequent trans-70 

autophosphorylation (Chao, 2003; Huang & Reichardt, 2003; Lemmon & Schlessinger, 2010). In 71 

TrkA, the transmembrane domain and the juxtamembrane regions carry specific molecular 72 

determinants for forming a dimer interface structure that is essential for neurotrophin-dependent 73 

Trk dimerization and kinase activation (Franco et al, 2020). Ligand-dependent 74 

autophosphorylation of Trk recruits a wide variety of cancer-related signalling pathways including 75 

the Shc/Ras/Erk-, Pi3K/Akt-. mTOR-, or PLC/Ca2+ signalling (Chao, 2003; Cocco et al., 2018; 76 
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Huang & Reichardt, 2003; Sasi et al, 2017). The receptor TrkB can also be transactivated in the 77 

absence of neurotrophins (Andreska et al, 2020; Lee & Chao, 2001). This has been shown in 78 

specific types of neurons or neuronal progenitor cells, where membrane-bound, intracellular TrkB 79 

becomes activated by metabotropic adenosine (Lee & Chao, 2001; Rajagopal et al, 2004; Wiese 80 

et al, 2007), dopamine signalling (Iwakura et al, 2008), or EGF receptor tyrosine kinase signalling 81 

(Puehringer et al, 2013). Trk receptors can also become constitutively active at intracellular sites, 82 

for instance when glycosylation and maturation of the receptor domain is blocked (Watson et al, 83 

1999).  84 

While much is known about the physiological Trk kinase signalling, concepts of how atypically 85 

activated receptors affect cellular signalling are not fully conclusive (Cocco et al., 2018; Sasi et 86 

al., 2017). For instance, in studies looking at NTRK fusion events in cancer, RNA-seq datasets 87 

suggest protumorigenic, kinase-active NTRK2 fusion proteins lacking not only the extracellular-88 

ligand-binding domain, but also the transmembrane and juxtamembrane domains (Cocco et al., 89 

2018; Gatalica et al, 2019; Stransky et al, 2014). This raises the question how intracellular TrkB 90 

kinase domains become kinase active, especially when the signals for physiological Trk 91 

dimerization are missing (Cocco et al., 2018).  92 

Here we hypothesised that constitutive activation of TrkB at intracellular sites (Chao, 2003; Cocco 93 

et al., 2018; Watson et al., 1999) is best explained by self-activation of the intracellular domain 94 

(ICD). In our experiments, we confirm that the sole ICD is sufficient for intracellular TrkB kinase 95 

activation. Furthermore, we found new signalling properties of TrkB that occur when a high 96 

abundance of the kinase domain is available at intracellular sites. In this signalling process, Y705 97 

of TrkB, previously known to be involved in kinase activity, is now shown to be directly involved in 98 

downstream signalling to cytoskeletal features. We suggest that this TrkB signalling property could 99 

be most relevant in case of constitutive activation of TrkB in glioblastoma or NTRK-fusion activity 100 

in other types of cancer. 101 
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Results 102 

In order to characterize the functional prerequisite of TrkB for constitutive activation, we used site-103 

directed mutagenesis and PCR techniques to clone a set of mouse TrkB mutants (based on 104 

reference sequence: NP001020245, Fig EV1). For overview, Fig 1A shows a model of the TrkB 105 

receptor that indicates critical structural components, phosphorylation sites and the binding sites 106 

of the antibodies against TrkB used in this study. The specificity and properties of the antibodies 107 

were verified with the help of the designed TrkB mutants by means of immunofluorescence (EV2A-108 

D) or Western blotting techniques and are summarized in detail in table EV2E. 109 

TrkB kinase activity causes abundance-dependent changes in cell morphology 110 

We transiently transfected HEK293 cells with wildtype mouse TrkB (TrkB-wt) and performed 111 

Western blotting to test for TrkB expression. TrkB was highly expressed and constitutively active, 112 

as expected (Dewitt et al, 2014; Watson et al., 1999) (lane 1 in Fig. 1B). Immunoblotting of pTrk 113 

was performed with anti-pTrk-kin, an antibody specific for phosphorylation at Y705 in TrkB (EV2E). 114 

Total and pTrk appeared at 130 kDa, representing the mature, glycosylated TrkB kinase, and 90 115 

kDa, representing a typical immature Trk (Watson et al., 1999). To exclude that serum 116 

components in the growth medium were responsible for the pronounced phosphorylation of TrkB, 117 

in the absence of neurotrophins, we performed a 3h serum-depletion, which did not reduce the 118 

phosphorylation at Y705 of TrkB (Fig 1B, C). In addition, we treated the cells with the small molecule 119 

K252a, a prototypical and potent Trk inhibitor (Tapley et al, 1992). Treatment of HEK293-TrkB 120 

cells with 150 nM K252a for 30 min could acutely reduce TrkB phosphorylation, both under control 121 

conditions and after 3h serum-depletion (Fig 1B, C). Stimulation with 20 ng/ml BDNF was unable 122 

to increase the pTrkB-kin levels any further after serum depletion (Fig 1B, C). This shows that 123 

during TrkB overexpression, K252a interrupts an ongoing kinase activity in the absence of 124 

neurotrophins. Serum depletion was not sufficient to stop the constitutive activity of overexpressed 125 

TrkB, but MAPK phosphorylation downstream of TrkB was reduced (Fig. 1B). 126 
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After an expression time of 30–48 h, in the absence of neurotrophins, cells were triple-labelled for 127 

TrkB, phospho-TrkB-PLC and filamentous actin (F-actin). F-actin was labelled with a phalloidin-128 

Cy5 conjugate, which also stained the gross morphology of the cell. The majority of TrkB-wt 129 

expressing cells had a round cell body and showed a pronounced Trk phosphorylation signal  130 

(Fig 1D, G). In contrast, the Y705-TrkB mutant (TrkB-YFY) did not show an obvious phosphorylation 131 

at the PLC-site (pPLC), indicating a reduction of autophosphorylation in this mutant (Fig 1D). 132 

Furthermore, TrkB-YFY expressing cells formed typical filopodia (Fig 1E). This indicates that Y705 133 

is important for regulating cytoskeletal features in constitutively active TrkB. 134 

Next, we determined the potency of diverse TrkB mutants to affect the F-actin in HEK293 cells 135 

(Fig 1F, G, EV3). Transfection of cells with the kinase-dead TrkB mutant (TrkB-ATP) or mutants 136 

of the kinase Y705 (TrkB-YFY and TrkB-YFF) did not alter actin/TrkB+ filopodia formation and the 137 

cells showed, like untransfected HEK293 cells, typical filopodia (EV3). However, cells expressing 138 

either TrkB-wt or any of the other tested TrkB mutants for the Shc, PLC or TIAM/Rac1/CDC42 139 

interaction sites showed a roundish cell shape. In TrkB-wt cells and in cells expressing the 140 

constitutive active TrkB (TrkB-YDY), the roundish cell phenotype could be reversed by K252a 141 

treatment for 30 min, indicating that kinase activity is involved in the observed cell morphology 142 

changes. For downstream signalling of TrkB, the Shc- and PLC-adapter sites are crucial (Chao, 143 

2003; Huang & Reichardt, 2003). However, even the double mutant TrkB-Shc-PLC disrupted the 144 

filopodia-like phenotype (Fig 1F, G, EV3), indicating that the classical Shc/PLC signalling 145 

pathways of TrkB did not cause the change in cell morphology.  146 

To test for abundance effects, we overexpressed TrkB in HEK293 cells and labelled them with 147 

either anti-TrkB or anti-pTrkB-kin. We determined the integrated density of corresponding 148 

immunolabels on the single cell level in confocal microscope images. The data confirmed a linear, 149 

statistically significant correlation between the abundance of TrkB and pTrkB-kin intensity (Fig 150 

1H). 151 
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TrkB protein is expressed as either the TrkB receptor kinase or as the kinase-deficient TrkB splice 152 

isoform TrkB-T1 (Klein et al, 1991b; Middlemas et al, 1991). TrkB-T1 consists of the complete 153 

extracellular region and transmembrane domain but carries only a short cytoplasmic tail of 23 154 

amino acids. Overexpression of TrkB-T1 (Rose et al, 2003) did not cause a round cell morphology 155 

and did not destroy filopodia formation (EV4A,B). Overexpression of the other Trk kinase family 156 

members, TrkA and TrkC, also caused a roundish cell shape (EV4C,D). We did not look further at 157 

TrkA and TrkC, but instead focused solely on TrkB for the scope of this study. 158 

Confocal imaging of the TrkB phosphorylation signal suggested that most of the phospho-Trk-wt 159 

signal was localized at intracellular sites (Fig 1D). For this reason, we performed a series of control 160 

experiments to test whether constitutively active TrkB is localized at intracellular sites, as observed 161 

earlier for TrkA (Watson et al., 1999). These experiments revealed that TrkB-wt, but not kinase-162 

dead TrkB-ATP, shows a tendency to be already active at intracellular sites (EV5A). Furthermore, 163 

mutating 12 predicted N-glycosylation sites in the receptor domain did not block constitutive TrkB 164 

activation (EV5B). Finally, TrkB cell surface labelling confirmed phospho-active TrkB at 165 

intracellular sites, in the absence of a ligand (EV5C). 166 

Actin filopodia formation is disturbed in TrkB overexpressing cells 167 

To better describe the actin-phenotype in TrkB-expressing cells, confocal live cell imaging was 168 

performed (Fig. 2). Cells were co-transfected with TrkB, TrkB mutants (representatively shown in 169 

Fig 2 is the mutant TrkB-YFF), and GFP-actin. In TrkB-wt cells, two phenotypes were typically 170 

observed: (1.) round cells with low GFP-actin dynamics, or (2.) some single cells forming bleb-like 171 

structures (Fig 2A, video EV 6,7). Bleb formation is a type of cell motility that is observed when 172 

the cytoskeleton is decoupled from the plasma membrane (Charras et al, 2006). In contrast, cells 173 

expressing TrkB-YFF showed typical actin filopodia dynamics (Fig. 2B, video EV 8,9).  174 

  175 
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TrkB overexpression induces phosphorylation of Focal Adhesion Kinase (FAK) 176 

The blebs observed in actin live cell imaging led us to ask whether constitutively active TrkB kinase 177 

induces the phosphorylation of proteins involved in actin dynamics (Blanchoin et al, 2014; Parsons 178 

et al, 2010). We overexpressed diverse TrkB mutants and probed total cellular protein with anti-179 

Trk and anti-pTrk (PLC). Furthermore, we tested for phosphorylated Cofilin, a protein involved in 180 

reorganization of F-actin, and Focal Adhesion Kinase (FAK), a cytosolic tyrosine kinase regulating 181 

focal adhesion site assembly, membrane protrusion formation and cell motility (Parsons et al., 182 

2010). Anti-phospho-Cofilin immunoblotting was inconspicuous, but a strong phosphorylation of 183 

FAK at Y576/577 was seen in TrkB-wt expressing cells (Fig 3A). FAK phosphorylation could be 184 

acutely inhibited by the Trk inhibitor K252a (Fig. 3B,D). Cells expressing the kinase-dead TrkB-185 

ATP mutant, or cells expressing TrkB with a site-directed missense mutation in Y705 or Y706 did not 186 

show phosphorylation of FAK. Moreover, constitutively active TrkB-YDY, a protein typically 187 

associated with a round cell phenotype (Fig. 1G,F), did not show pFAK activation (Fig. 3A). This 188 

indicates that the round cell phenotype depends on kinase-active TrkB which can be mimicked by 189 

substituting Y705 with D705 or E705 but this does not necessarily cause pFAK activation. The data 190 

show that pFAK activation by TrkB depends on Y705 and Y706.  191 

The intracellular domain of TrkB is sufficient to induce FAK phosphorylation 192 

Most of the constitutively active pTrkB was found at intracellular sites (EV5). As FAK is a cytosolic 193 

protein kinase, we asked whether cytosolic expression of the intracellular domain of TrkB would 194 

be sufficient to induce FAK phosphorylation. To test this, we cloned two prototypical intracellular 195 

kinase domain constructs. The construct TrkB-ICD, carried the complete intracellular domain of 196 

TrkB (K454 to C-terminal end) (Fig 4A). Myr-ICD, consisted of the TrkB ICD coupled to an 197 

aminoterminal myristoylation (Myr) / S-acylation targeting motif, combined with a GGSGG-linker 198 

sequence. This motif was used to target Myr-ICD to the plasma membrane (Kabouridis et al, 1997; 199 

Rathod et al, 2012) (Fig 4A). We expressed both constructs in HEK293 cells, performed 200 
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immunolocalization experiments (Fig. 4B), and probed total protein lysates with diverse antibodies 201 

(Fig. 4C). Immunolabelling confirmed that both, TrkB-ICD and Myr-ICD were phosphoactive at 202 

Y705/Y706, albeit the cellular localization profile was different (Fig 4B). TrkB-ICD appeared at 203 

intracellular sites throughout the cytosol (Fig 4B, magenta arrows), while phospho-active Myr-ICD 204 

outlined the cell surface, indicating its efficient targeting to the plasma membrane from the 205 

intracellular site (Fig 4B, yellow arrows). Western analysis confirmed that ICD-protein and Myr-206 

ICD were phospho-active and migrated at the predicted relative molecular weight of 40-45 kDa. 207 

Surprisingly, the ICD domain was sufficient to cause a dramatic induction of pFAK phosphorylation 208 

at Y397 (Fig 4C, E) and at Y576/577. The constitutive active ICD did not induce MAPK phosphorylation 209 

(Fig 4C, F). In striking contrast, Myr-ICD caused almost no FAK phosphorylation, but led to 210 

activation of MAPK (Fig. 4C). Again, TrkB-wt was able to induce both, pFAK and pMAPK, and 211 

K252a could reduce pTrk and pFAK signals (Fig 4B-F). The kinase mutant TrkB-YFF did not show 212 

pFAK activation, but induced MAPK phosphorylation (Fig 4F). From these data we assume that 213 

Myr-ICD, when targeted to the plasma membrane, can provide a platform for adapter proteins and 214 

thereby support a certain level of constitutive Ras/MAPK signalling, even in the absence of 215 

neurotrophins. The fact that the ICD alone does not promote MAPK activation is in line with earlier 216 

data by the group of R.S. Segal showing that unglycosylated, constitutively active TrkA, in 217 

tunicamycin-treated PC12 cells, does not activate MAPK (Erk) (Watson et al., 1999). 218 

 219 

Structural features of TrkB with phosphorylated or unphosphorylated Y705  220 

Our data show that Y705 in TrkB plays an important role in abundance-dependent activation and 221 

downstream signalling of TrkB. Structural models for the activation mechanism of TrkB are mainly 222 

based on generalized models of receptor tyrosine kinase activation (Artim et al, 2012; Hubbard et 223 

al, 1994). These models suggest that in the absence of a ligand, receptor tyrosine kinases are 224 

autoinhibited in cis and that autoinhibition is released following ligand-induced receptor 225 
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dimerization. In order to understand the molecular basis of this activation, we had a closer look at 226 

Y705 utilizing a TrkB crystal structure (pdb code 4AT4). If self-activation and constitutive signalling 227 

depends mostly on Y705, we asked whether there are unusual structural features in TrkB compared 228 

to TrkB-YFY that allow for intracellular self-activation in the absence of a ligand. We used the TrkB 229 

model for molecular dynamics (MD, GROMACS) and performed a 1 ns run. The resulting structure 230 

was compared to the kinase domain of the insulin receptor (1gag) to see how a fully triple 231 

phosphorylated autoinhibition loop looks like (Fig 5A). We observed large structural 232 

rearrangements between the TrkB model and the activated insulin receptor. Interestingly the 233 

inactive form of the insulin receptor closely matched the conformation of the MD TrkB model, 234 

indicating a similar autoinhibited state (Fig 5A). In a next step, we performed identical MD runs 235 

using two TrkB variants (phospho Y705 and Y705F) and compared the resulting models. In silico 236 

phosphorylation of Y705 in the TrkB model suggests that the phosphorylation changes the 237 

autoinhibition loop position. This is indicated by the significant shift of the YxxxYY motif (3.7 Å at 238 

Gly712 located at the tip of the loop, Fig 5B). Interestingly a similar change can be observed with 239 

the Y705F variant. These small but significant differences indicate structural transitions in the 240 

receptor structure that may underlie TrkB activation by a ligand-independent release from cis-241 

autoinhibition upon overexpression. 242 

Trk inhibitors acutely block constitutive Trk and cytosolic NTRK2-fusion signalling 243 

The clinically approved Trk inhibitors LOXO-101 (Larotrectinib) and Entrectinib are used to 244 

suppress classical and oncogenic Trk activity (Doebele et al., 2020; Drilon et al., 2018), but 245 

whether they would also block downstream signalling of intracellular TrkB has not been tested. 246 

Here we show that all small molecule Trk inhibitors efficiently blocked constitutive TrkB activation 247 

and pFAK phosphorylation within 60 min (Fig. 6A,B). Constitutive pMAPK activation by TrkB (see 248 

Fig. 4C,F) was efficiently blocked by LOXO-101 and Entrectinib (Fig. 6). A side observation was 249 

that K252a could block TrkB kinase self-activation and pFAK downstream of Trk. However, in case 250 

of K252a, MAPK remained active (see Fig. 1C or Fig. 6B,D, lane 2). We looked at this effect in 251 
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more detail and saw that 150 nM K252a promotes phosphorylation of MAPK, for instance in 252 

serum-depleted cells (Fig. 1B) and potentiates EGF signalling to MAPK (EV10). This shows an 253 

unexpected off-target effect of K252a. 254 

Some cancer-related NTRK fusion proteins lack the aminoterminal receptor domain and are fused 255 

to cytosolic proteins (Martin-Zanca et al., 1986; Stransky et al., 2014). Structural features suggest 256 

that these proteins are localized at intracellular sites and become oncogenic drivers due to kinase 257 

activation by a yet elusive mechanism (Cocco et al., 2018). In order to investigate whether such 258 

NTRK-fusion proteins behave like the TrkB-ICD, we expressed the protein SQSTM1-NTRK2 in 259 

HEK293 cells. SQSTM1-NTRK2 was found in a lower grade glioma in RNA-seq data. In this fusion 260 

protein, exon 1 – 5 of sequestosome 1 (SQSTM1), a multifunctional signalling adapter involved in 261 

autophagy, are fused to exon 16 - 20 of NTRK2 (Cocco et al., 2018; Gatalica et al., 2019; Stransky 262 

et al., 2014). This creates an open reading frame and links the aminoterminal part of SQSTM1 263 

with the kinase domain of human TrkB. The TrkB domain includes the complete kinase region and 264 

an intact C-terminus but lacks the Shc adapter site and the juxtamembrane region. SQSTM1-265 

NTRK2 showed constitutive phosphorylation, caused a roundish cell phenotype, was able to 266 

induce phosphorylation of FAKY576/577 and, in contrast to the Trk-ICD, also MAPK (Fig. 6C,D). The 267 

Trk kinase inhibitors K252a, LOXO-101 and Entrectinib blocked the kinase-related, constitutive 268 

activation of FAK and MAPK.  269 

Together, these data indicate intracellular signalling of constitutively active TrkB to actin filopodia 270 

dynamics and FAK which are both involved in cell migration. Therefore, we used migratory-active 271 

glioblastoma-like cells to investigate constitutive active TrkB signalling in cell migration. 272 

Constitutive active TrkB inhibits migration of U87MG cells  273 

Human U87MG glioblastoma-like cells are commonly used in brain cancer research but have an 274 

unknown patient origin. The clone U87MG (ATCC) is of CNS origin and carries bona fide 275 
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glioblastoma-like characteristics (Allen et al, 2016). The cells are migratory and are suited to better 276 

understand how candidate proteins interfere with non-directed cell migration (Diao et al, 2019).  277 

To better control protein abundance in this cell model, we expressed the TrkB-wt, TrkB-YFY, and 278 

the NTRK gene fusion construct SQSTM1-NTRK2 in a doxycycline-inducible lentiviral expression 279 

system (Wang et al, 2014). A second resistance gene cassette was used to select Trk-positive 280 

cells with 1µg/ml puromycin after lentiviral transduction. In absence of doxycycline, expression of 281 

all proteins was below detection limits (exemplarily shown for TrkB-wt in Fig. 7 and EV11). 282 

However, induction of expression with 1µg / ml doxycycline for 48 h led to TrkB expression and 283 

constitutive activation of TrkB (Fig. 7B, EV11). In this cell system, TrkB was strongly enriched 284 

close to F-actin-rich protrusions (EV11, arrows in magenta). Notably, two fractions of pTrk-kin 285 

immunoreactivity were observed. The most prominent pTrk-kin signal was close to the perinuclear 286 

region, in a Golgi apparatus-like localization. This signal was negative for the receptor domain 287 

antibody (EV11, cyan arrows; see also EV5). The distribution pattern of TrkB and F-actin was 288 

reminiscent of typical cell morphology in non-migrating cells (Etienne-Manneville, 2008). The 289 

intracellular protein SQSTM1-NTRK2 also became constitutively active (Fig. 7B, EV11).  290 

Next, we seeded the U87MG cells expressing the different constructs into 2-well silicon inserts 291 

with a defined cell-free gap for testing random migration (Fig. 7A). With cell seeding, we added 1 292 

µg/ml doxycycline to induce the expression of the three constructs. For control, we added the 293 

solvent DMSO. After another 24 h, we removed the silicon insert and observed whether induction 294 

of TrkB did speed up or slow down random cell migration. The experiment showed that expression 295 

induction significantly reduced the cell migration of TrkB-wt expressing cells compared to TrkB-296 

YFF expressing cells (Fig. 7A, C). Morphological alterations and cell migration effects of SQSTM1-297 

NTRK2 expressing cells were extreme (Fig. 7A,D, EV11). The cells were roundish. Cell migration 298 

was rather weak (Fig. 7A,C), but cell clone formation was observed (Fig. 7A, EV11). In absence 299 

of neurotrophins, the pure abundance and expression of the construct was responsible for the 300 
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dramatic changes of the cellular properties with respect to random migration and cell clone 301 

formation. Another interesting observation was that the SQSTM1-NTRK2 protein, with a predicted 302 

molecular weight of 61 kDa appeared at about 60 and 120 kDa under standard SDS-PAGE 303 

Western blotting conditions (Fig. 7B). This indicates that the protein tends to aggregate and to 304 

form a rather stable, SDS-resistant dimer. After expression induction, U87MG cells expressing 305 

TrkB-wt, TrkB-YFF or SQSTM1-NTRK2 retained their ability to grow (EV12).  306 

Up to here, our experiments revealed an unusual, novel signalling property of the intracellular Trk 307 

kinase domain via Y705. However, Trk effects were seen in a rather artificial situation, namely 308 

constitutive Trk signalling after recombinant expression of TrkB or TrkB mutants. Consequently, 309 

we examined human glioblastoma (grade IV) tissue samples, to investigate, whether we find 310 

evidence for intracellular, constitutively active TrkB under pathological, yet physiological 311 

conditions. 312 

TrkB kinase in human glioblastoma samples 313 

The TrkB-encoding gene NTRK2 is abundantly expressed in neural cells during neural 314 

development and in the adult brain. Besides that, the receptor is also highly abundant in diverse 315 

types of glioblastoma, the most common tumours of the brain (Wadhwa et al, 2003). Constitutive 316 

Trk receptor signalling is pro-tumorigenic in glioblastoma (Lawn et al, 2015; Wang et al, 2018) and 317 

fusions of NTRK1, NTRK2, and NTRK3 genes belong to the genomic landscape of diverse types 318 

of gliomas (Cook et al., 2017; Lawn et al., 2015; Wu et al, 2014). In this context, we asked whether 319 

there is evidence for intracellular Trk-kinase signalling in grade IV glioblastoma.  320 

Glioblastoma tissue was harvested during brain surgery of patients suffering from glioblastoma 321 

(first diagnosis or recurrence, male and female, age 33 – 80 years old). For this study, we took 322 

tissue categorized by histological examination as grade IV glioma. Frontal brain tissue (post-323 

mortem, male and female, 33 – 72 years old) was used as control. To localize pTrk in glioblastoma 324 
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tissue, we took frozen sections and performed immunofluorescence labelling with anti-Nestin. 325 

High Nestin expression can be used to distinguish glioma cells from unaffected brain tissue with 326 

high probability (Ma et al, 2008; Zhang et al, 2008). Morphologies ranged from Nestin-positive 327 

clone-like cell clusters, cells rich in neurites, to cell clumps or dense cell masses (EV13). 328 

Cryosections were then labelled with anti-Nestin and anti-TrkB. We could identify TrkB in many 329 

Nestin+ cells in certain areas of the glioma tissue (EV14). Then we labelled for pTrk and Nestin 330 

and performed high-resolution z-stack confocal microscopy of pTrk-positive cells (Fig. 8A). Single 331 

Nestin+ cells carried intracellular pTrk-positive clusters and even pTrk-positive bleb-like 332 

formations (Fig. 8A). It is important to note that the observation was seen in single cells or selected 333 

areas within the rather heterogeneous glioblastoma multiforme. To be sure that the tissue 334 

expresses the TrkB kinase splice variant, we harvested tissue RNA from cryosections, isolated 335 

the RNA and performed reverse-transcriptase qPCR (Fig. 8B). The upper primer was positioned 336 

to an exon encoding for the receptor domain and the lower primer was bound to an exon encoding 337 

for the TrkB kinase domain (table 3). By this strategy, transcripts for truncated TrkB-T1 are not 338 

detected. Relative expression was compared to RNA-Polymerase II transcripts and revealed a 339 

rather high expression level of the TrkB kinase transcript in the control samples of frontal brain 340 

tissue (about 50% of the housekeeping gene RNA polymerase II, Fig. 8B). In glioblastoma 341 

cryosections a rather high, but variable expression of TrkB kinase was found (Fig. 8B). 342 

Next, we took bigger tissue samples (approximately 1cm3), dissected these in smaller pieces and 343 

prepared total cell lysates. Fig. 8C shows representative Western blots for two samples, a sample 344 

from a first diagnosis (N1249/16) and a recurrence sample from another patient (N50/18). Due to 345 

the neural origin of glioblastoma, probing samples with anti-TrkB gave a pronounced signal around 346 

90 – 100 kDa, indicating the rather strong expression of the truncated TrkB-T1. Due to the strong 347 

immunoblotting signal at 90 kDa, we could not clearly resolve the mature TrkB-kinase at 130 kDa. 348 

Probing with anti-Trk, an antibody detecting all Trk isoforms, verified the expression of Trk-kinase 349 

(Fig 8C). The band at 90 KDa may suggest expression of the non-glycosylated immature Trk as 350 
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well as the typical 130 kDa band. Notably, the Trk kinase receptor was not equally distributed in 351 

the tissue. One of the six tissue pieces showed a much higher abundance of Trk kinase (Fig 8C, 352 

lane 2). Furthermore, probing with pTrk (PLC-site)-antibodies confirmed strong phosphorylation 353 

signal at 90 kDa, suggesting phosphorylation of the immature Trk isoform (Fig 8C). In one of the 354 

lysates with very high Trk kinase protein expression, the 130 kDa band also showed an anti-pTrk 355 

signal (Fig 8C). In the second tissue sample (N50/18), neither the Trk kinase, nor the pTrk could 356 

be detected (Fig. 8C). Next, we compared protein lysates from human frontal brain with protein 357 

lysates from different grade IV glioblastoma samples (recurrence samples) (Fig. 8D). Again, we 358 

saw pronounced TrkB and Trk-kinase signals in Western blots. However, the 90 kDa Trk kinase 359 

signal was exclusively observed in glioblastoma samples. Trk kinase in frontal brain controls 360 

showed the typical 130 kDa mature Trk band (Fig 8D). pTrk signals were abundant in glioblastoma 361 

and barely visible in control brain tissue (Fig 8D). This experiment points to immature, phospho-362 

positive Trk kinase in glioblastoma and shows that this is a common phenomenon.  363 

 364 

Discussion 365 

Like all tyrosine kinase receptors, the TrkB receptor is activated by dimerization and subsequent 366 

autophosphorylation of intracellular tyrosine residues (Jura et al, 2011; Lemmon & Schlessinger, 367 

2010). Release of cis-autoinhibition, following ligand-induced receptor dimerization, is the key 368 

event that has been proposed to trigger receptor tyrosine kinase activation (Artim et al., 2012; 369 

Bertrand et al, 2012; Hubbard et al., 1994; Lemmon & Schlessinger, 2010). However, classical 370 

concepts for ligand-dependent  TrkB kinase activation fail to fully explain signalling mechanisms 371 

of intracellular TrkB (Watson et al., 1999), or cancer-related, cytosolic NTRK fusion proteins 372 

(Cocco et al., 2018). 373 

  374 
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Trk activation and release from cis-autoinhibition 375 

Our data are in accordance with observations in the 90s of the last century, showing that the 376 

isolated ICD of TrkB undergoes abundance-dependent autophosphorylation (Iwasaki et al, 1997). 377 

This biphasic effect was thought to be mediated by a intramolecular (cis) activating step and a 378 

second abundance-dependent intermolecular (trans) step (Iwasaki et al., 1997). In our Myr-ICD 379 

or ICD constructs, typical dimerization domains such as the juxtamembrane region or the single 380 

span transmembrane domain (Franco et al., 2020) are missing. We assume that the release of 381 

cis-autoinhibition happens in ICD monomers and subsequently a high abundance of ICD domains 382 

is needed to enable transactivation between ICDs. In this concept, cis-autoinhibition is not a stable 383 

conformation. Sequential cis/trans-activation and subsequent downstream signalling might be a 384 

contributing factor for ligand-independent TrkB functions. In silico phosphorylation of Y705 or the 385 

Y705F mutation, cause a structural shift (Fig. 5). This transition could be indicative for the concept 386 

that the release from cis-autoinhibition initiates Y705-mediated signalling. Why phosphorylation and 387 

a variant (Y705F) that cannot be phosphorylated have a similar outcome remains, however, elusive. 388 

 389 

Self-activation of TrkB ICDs – an option for constitutive signalling by Y705 390 

Downstream signalling of TrkB typically occurs via the TIAM/Rac -, Shc-adapter -, or PLC/Ca2+-391 

dependent signalling cascades (Cocco et al., 2018; Huang & Reichardt, 2003; Sasi et al., 2017). 392 

The finding that Y705 is critical for intracellular, constitutive activation of TrkB is, in the context of 393 

the literature, at least at a first view, not surprising (Chao, 2003; Cocco et al., 2018; Franco et al., 394 

2020; Iwasaki et al., 1997; Watson et al., 1999). What’s surprising is rather the following: (1.) 395 

Persistent activity of intracellular Y705 of TrkB is upstream of a very specific signalling event that 396 

interrupts actin filopodia dynamics. (2.) It can inhibit random cell migration and (3.) induce focal 397 

adhesion kinase (FAK) phosphorylation. (4.) It persists in the absence of neurotrophins or serum 398 

components and (5.) can be stopped acutely with Trk inhibitors.  399 
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The signalling is different from typical BDNF-dependent (Klein et al., 1991b) or neurotrophin-400 

independent TrkB activation by adenosine, EGF or dopamine (Iwakura et al., 2008; Lee & Chao, 401 

2001; Puehringer et al., 2013; Rajagopal & Chao, 2006; Rajagopal et al., 2004; Wiese et al., 2007). 402 

Intracellular ICD-mediated, constitutive activation is an independent category of signalling options 403 

of the TrkB kinase domain via Y705. We thus suggest referring to this phenomenon as ‘TrkB kinase 404 

self-activation’. 405 

 406 

TrkB ICD-signalling to FAK 407 

Constitutive activation of TrkB interrupts actin filopodia formation. Cells become round and show 408 

membrane blebbing (Fig. 1, Fig. 2). This led us to investigate whether focal adhesion kinase (FAK) 409 

(Westhoff et al, 2004), is downstream of Y705 signals. However, we saw that Y705 signalling to FAK 410 

and to cell migration are different events. Constitutive active TrkB-wt, but also YxxxYY-mutants 411 

such as YYF, YDY, or YEY, all interrupt actin filopodia formation, but do not activate FAK 412 

phosphorylation (Fig. 2, Fig. 3 and Fig.4). Under controlled expression, TrkB also undergoes self-413 

activation and interrupts cell migration. We consider it important, because it might be part of a yet 414 

undefined NTRK-fusion signalling pathway or ligand-independent TrkB signalling in cancer. The 415 

specificity of Y705 signalling is remarkable because it is blocked in so-called ‘constitutive active 416 

YDY’ mutants, or YYF mutants. In future studies, it will be interesting to find out whether a high 417 

on-off dynamic of the pathway might contribute to the turnover rate of focal adhesion sites in TrkB 418 

expressing cells in absence of ligands, before transactivating ligands or BDNF promote actin 419 

filopodia dynamics and chemotactic migration events. 420 

 421 

Constitutive TrkB kinase self-activation in grade IV glioblastoma? 422 

In human grade IV glioblastoma tissue, we found marked differences in the TrkB profile, when 423 

compared with frontal brain control tissue. In GBM, Trk kinase phosphorylation was strong in the 424 
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90 kDa TrkB band, typical for non-glycosylated, immature TrkB. Immunolocalization and high-425 

resolution microscopy confirmed intracellular pTrk-positive clusters, at least in some Nestin+ cells. 426 

These results and do not exclude the possibility that the natural TrkB ligand BDNF from neurons, 427 

microglia, serum (Naegelin et al, 2018) or platelets (Fujimura et al, 2002) is stimulating Trk 428 

phosphorylation. However, it has been shown that recombinant expression of a TrkB construct 429 

lacking the immunoglobulin-like domains of TrkB, meaning the BDNF-binding domain, is sufficient 430 

to confer an aggressive carcinogenic phenotype to a neural crest-derived cell line (Dewitt et al., 431 

2014). Therefore, in the context of the overall literature and our results here, we should be open 432 

for the possibility that there is, among other signalling pathways, also abundance-dependent self-433 

activation of endogenous, unmutated intracellular TrkB, which is upstream of cytoskeletal 434 

functions and pro-tumorigenic. Because of this idea, we suggest testing multiple tissue pieces of 435 

GBM biopsies (first diagnosed and recurrence samples) for pTrk-Y705 abundance. In clinical 436 

studies, it should be tested whether anti-Trk treatment can contribute to a better outcome for 437 

glioblastoma patients with a pronounced pTrk signal.  438 

Furthermore, our study suggests that a pharmacologic, small molecule block of the release from 439 

cis-autoinhibition at Y705 or the stabilization of the YFY-like confirmation (Fig. 5) would be rather 440 

interesting strategic options to block constitutively active NTRK in cancer, for instance in case of 441 

acquired resistance to prior Trk kinase inhibition (Drilon et al, 2017; Okamura et al, 2018). 442 

  443 
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Materials and Methods 444 

Cloning and plasmids 445 

All mammalian expression vectors used in this study were constructed in pcDNA3, or in the 446 

lentiviral vector FuGW (Lois et al, 2002). We refer to the cDNA sequence Ntrk2 (trkB full-length – 447 

trkB.FL) (reference: NM_001025074 / NP001020245) for all mouse TrkB constructs. Doxycycline-448 

inducible lentiviral expression of TrkB constructs was performed with a vector backbone based on 449 

pCW (Wang et al., 2014). The pCW vector expresses a puromycin resistance gene cassette under 450 

the ubiquitous hPGK1 promoter. All constructs used in this study are listed in table 1. Lentiviral 451 

constructs in FuGW carried an aminoterminal HA-tag between a signal peptide and the first amino 452 

acid of the mature TrkB receptor (Nikoletopoulou et al, 2010). Mutants were generated with site-453 

directed mutagenesis using synthetic oligonucleotides and Quick Change II XL mutagenesis kit 454 

(Agilent Technologies). An additional human Ntrk2 fusion construct (SQSTM1 fused to TrkB 455 

kinase (Stransky et al., 2014) was generated by gene synthesis (Eurofins). 456 

 457 

Cell culture and transfections 458 

HEK293 cells (ACC #305) were grown in DMEM, high glucose, with GlutaMAX (Gibco), 10% FCS 459 

and 100 units / ml of penicillin and 100 µg / ml of streptomycin (Gibco). U87MG, a glioblastoma-460 

like cell line (Allen et al., 2016), was purchased from ATCC (#HTB-14) and grown in the same 461 

medium. Cells were incubated at 37C in 5% CO2. For transfection, lipofectamine 2000 462 

(Invitrogen) was used in a ratio 1 µg DNA per 2 µl lipofectamine. Media was replaced after 24 h 463 

and the expression was maintained for 30 h – 72 h.  464 

 465 

Lentivirus and LV-generated TrkB-expressing U87 MG cells 466 

Lentiviral particles were packaged in HEK293TN producer cells (SBI biosciences) with pCMV-467 

VSVG and pCMVΔR8.91 (Zufferey et al, 1997) helper plasmids. Cells were transfected with 468 

Lipofectamine 2000 (Invitrogen) in OptiMEM medium with 10% FCS for 12–14 h. Viral 469 
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supernatants were harvested 72 h after transfection by ultracentrifugation. Viral particles were 470 

suspended in (in mM) 50 Tris–HCl, pH 7.8, 130 NaCl,10 KCl, 5 MgCl2 and stored at −80°C. The 471 

viral titer was tested in HEK293 cells. The number of infectious particles was determined using 472 

serial dilutions of the viral vectors on HEK293 cells. For transduction of U87MG, a multiplicity of 473 

infection (m.o.i.) of one was used. One day after transduction, U87MG cells were cultured in 474 

presence of 1 µg/ml puromycin. 475 

 476 

Cell migration assay 477 

U87MG cells expressing the TrkB constructs were seeded at a density of 20.000 cells per well 478 

into a 2-well silicone insert (Ibidi, #81176), positioned in a 35 mm µ-dish (35mm, high, Ibidi, 479 

#81156). One day after seeding, 1 mg/ml doxycycline was added to induce expression of the 480 

corresponding TrkB-related constructs (Dox on). For control, the solvent DMSO was added. 24 h 481 

after Dox-induction, the cell culture dishes were filled with growth medium and the silicone insert 482 

was removed. Cells were monitored using brightfield microscopy directly after removal of the insert 483 

and after 24 h, to analyze cell migration. Subsequently cells were fixed and labelled by 484 

immunofluorescence. 485 

The detection and quantification of cells in the acquired brightfield images was automatized with 486 

custom written code in ImageJ (Rasband, W.S., ImageJ, U.S. National Institutes of Health, 487 

Bethesda, Maryland, USA, https://imagej.nih.gov/ij/). Images were converted to 8-bit grayscale 488 

and smoothed by replacing each pixel with the mean of its neighbourhood (5-pixel radius). Cells 489 

were defined as local maxima with a prominence greater than 7.5 in the smoothened images 490 

(representative images shown in EV12). The area of the removed silicon insert was annotated 491 

manually in each image and the number of cells detected within this area was quantified.  492 

 493 

  494 
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Antibodies 495 

Primary antibodies were used for indirect immunofluorescence labelling or Western blot analysis 496 

at indicated dilutions (see table 2).  497 

 498 

Indirect immunofluorescence  499 

Coverslips (10 mm, Marienfeld) were placed in 4-well tissue culture dishes (Greiner) and coated 500 

with 0.1 mg/ml poly-L-lysine (PLL, Sigma). Cells were seeded on these coverslips (150,000 cells 501 

per dish). After transfection and indicated expression times, cells were fixed with PBS-buffered 502 

4% paraformaldehyde (pH 7.4) for 15 min at 37°C. Blocking solution contained 1% BSA or 10% 503 

horse serum in PBS supplemented with 0.1% Triton X100 and 0.1% Tween 20. Antibodies were 504 

diluted in blocking solution. Coverslips were then washed 8 times in 0.1% Tween 20/PBS). 505 

Fluorochrome-conjugated secondary antibodies (Alexa-Fluor 488, Cy3, and Cy5 (Jackson 506 

laboratories) were used for 1 h at room temperature (21 – 23°C). Cell nuclei were labelled with 507 

DAPI (2 mg/ml stock solution, freshly diluted 1:5000 in PBS) for 5 min at RT. For some 508 

experiments, cells were also further incubated for 30 min with Alexa-670-phalloidin (Cytoskeleton 509 

#PHDN1) to label for actin filaments. Following DAPI treatment, cells were washed twice with 510 

PBS. The coverslips were finally mounted with Aquapolymount (Polyscienes).  511 

 512 

Confocal Laser scanning microscopy and image processing 513 

Images were acquired using an inverted IX81 microscope equipped with an Olympus FV1000 514 

confocal laser scanning system, a FVD10 SPD spectral detector and diode lasers of 405, 473, 515 

559 and 635 nm. All images shown were acquired with an Olympus UAPO 20x (air, numerical 516 

aperture 0.70) or UPLSAPO 60x (oil, numerical aperture:1.35) objective. For high-resolution 517 

confocal scanning a pinhole setting representing one Airy disc was used. In case of high-resolution 518 

imaging, confocal settings were chosen to meet an optimum resolution of at least 3 pixels per 519 

feature in x-y direction. In z-direction, 300 nm steps were used. 12-bit z-stack images were 520 
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processed by maximum intensity projection and were adjusted in brightness and contrast using 521 

Image J software (Rasband, W.S., ImageJ, U.S. National Institutes of Health, Bethesda, Maryland, 522 

USA, https://imagej.nih.gov/ij/) (Schneider et al, 2012). Images are shown as RGB images (8-bit 523 

per colour channel). Fluorescence images were processed for final presentation using Adobe 524 

Photoshop CS5.  525 

 526 

Live Cell Imaging 527 

For live cell imaging experiments, µ-high 35 mm Ibidi dishes (Ibidi #81156) were utilized. These 528 

dishes were first coated with poly-L-ornithine (PORN). HEK293 cells were grown on the coated 529 

dishes – 100,000 cells per dish. Cells were transfected with TrkB mutants and GFP-actin plasmids. 530 

After 24h, old media was replaced with prewarmed HEPES-buffered DMEM (containing 10% FCS, 531 

100 units / ml of penicillin and 100 µg / ml of streptomycin and 1 mM sodium pyruvate). Cells were 532 

imaged using Leica SP5 inverted confocal microscope equipped with Leica objectives (HC PL Apo 533 

×20/0.7; HCX Apo ×60/1.4–0.6 oil). GFP actin was excited with a 488 nm laser line. Fluorescence 534 

was detected with a spectral detector (12 bit) at Airy disc1 settings. 535 

 536 

TrkB kinase domain modelling 537 

As basis for the modelling process, the pdb entry 4AT4 was chosen. MD runs were performed 538 

using the gromacs 5.1 package. After solvation, the addition of ions, energy minimization, and 539 

equilibration, productive MD was run for 1 ns. The TrkB variants were generated using the 540 

program COOT and simulated with the same protocol as the original model. 541 

 542 

Western blot analysis 543 

HEK293 cells were grown on 35 mm cell culture dishes (Falcon). 200,000 cells per dish were 544 

transfected with DNA plasmids using Lipofectamine 2000. Cells were lysed at 30h on ice using a 545 

cell scraper and 150 µl cold lysis buffer (1% NP40, 50 mM HEPES pH 7.5, 150 mM NaCl, 10% 546 
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Glycerol, 1 mM sodium fluoride, 10 mM sodium pyrophosphate, 2 mM sodium orthovanadate, 547 

5 mM EDTA, supplemented with one EDTA-free protease inhibitor mini tablet / 5 ml of buffer 548 

(Roche #4693159001). Lysates were incubated on ice for 15 min, sonicated twice for 5 s 549 

(Hielscher sonifier UP50, M1 sonotrode, 80% power, 10 cycles à 0.5 s) and placed back on ice 550 

for 10 min. Lysates were centrifuged for 5 min at 4°C at 15,000xg. Protein concentration of the 551 

samples was determined by Pierce BCA protein assay kit (Thermo Scientific). For SDS-PAGE, 552 

the supernatant was mixed with Laemmli sample buffer and heated for 5 min at 95°C. After SDS-553 

PAGE, proteins were transferred onto PVDF membranes (Immun-Blot, BioRad). Western blotting 554 

was done at 4°C using Mini Trans-Blot Cell Assembly (BioRad) at 25 V, 0.3 A for 15 h. Blocking 555 

solution contained 5% milk powder (BioRad) in Tris-buffered saline containing 0.2% Tween 20. 556 

After blocking for 30 min at RT, primary antibody were used in blocking solution for 3 h at RT. 557 

Blots were washed thrice (20 min each) with TBST and then incubated with secondary antibody 558 

for 2 h at RT. Blots were developed using ECL (Immobilon Western HRP Substrate, Merck 559 

Millipore) and X-ray films (Fujifilm Super RX). For quantification, these developed X-ray films were 560 

first photographed with a 12MP Canon camera by placing them on a white transilluminator plate 561 

inside the PeqLab Gel Documentation system and were saved as 12-bit images. The integrated 562 

densities were then calculated for the protein bands using ImageJ. 563 

For analysis of human glioblastoma tissue, frozen tissue samples were briefly thawed at RT and 564 

washed twice in 1x PBS. Small chunks were then distributed into microfuge tubes and lysed with 565 

cold lysis buffer as mentioned above. Sonification and centrifugation steps were repeated as 566 

needed until a homogenous suspension was obtained. Samples were loaded onto SDS-PAGE 567 

gels after BCA protein quantification and then immunoblotted, as described above. 568 

 569 

RNA isolation and quantitative RT–PCR 570 

Patient glioblastoma frozen samples were thawed and washed twice in 1x PBS. Small chunks 571 

were then distributed into microfuge tubes and RNA isolation was performed using the RNeasy 572 
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Mini Kit (Qiagen). To generate cDNA, Superscript III Reverse Transcriptase first strand synthesis 573 

kit (Invitrogen, #12371-019) was used with 500 ng RNA and 50 ng random hexamer primer. cDNA 574 

reaction was 5-times diluted in 10 mM Tris-HCl, pH8.5 containing 1 mg/ml BSA. Light cycler 96 575 

Detection System (Roche) was used to perform RT-qPCR using the Luminaris HiGreen qPCR 576 

Master Mix Kit (Thermo Fischer) with a standard amplification protocol (denaturation: 95°C, 15 s; 577 

annealing: 60°C, 30 s; 72°C, 30 s) and an equivalent of 5 ng RNA as input. Primer information is 578 

given in table 3. Signals were normalized either to RNA Pol II expression levels using the ΔΔCT 579 

method. 580 

 581 

Patient glioblastoma tissue 582 

Retrospective investigation of biomarkers in glioblastoma tissue samples with the help of 583 

immunohistochemistry and molecular biology methods was approved by our institutional Ethics 584 

Committee (#103/14). Glioblastoma tissue was harvested during brain surgery. Fresh tissue was 585 

snap frozen in tissue tek (O.C.T compound, Sakura) at -30°C. For fast histological examination, 586 

cryosections were labelled with hematoxylin and eosin stain. After histological examination, tissue-587 

tek embedded, tumor-positive tissue was stored at -80°C in a local tissue bank (Institute of 588 

Pathology, Neuropathology, University Hospital, Würzburg). Tissue categorized as grade IV 589 

glioma was selected and used for Western blotting, reverse transcriptase qPCR or 590 

immunohistochemistry. For immunofluorescence labelling, tissue was embedded in paraffin 591 

according to standard procedures. For control, paraffin-embedded frontal brain post-mortem 592 

tissue was used. 593 

 594 

Immunohistochemistry (glioblastoma tissue) 595 

For immunohistochemical staining of glioblastoma tissue, formalin-fixed paraffin-embedded 596 

sections were deparaffinized in 100% xylene and rehydrated using a graded alcohol series (100%, 597 

96%, 70% for 5 min each). For antigen retrieval, specimens were heat-treated for 10 min in 20 mM 598 
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citric acid buffer (pH 6.0), in a pressure cooker. Sections were rinsed with dH20 and 1× TBS and 599 

blocked with a solution containing 10% horse serum, 0.3% Triton X100 in TBS, for 1h at RT. 600 

Afterwards, tissues were incubated over night at 4°C with primary antibodies. For glioblastoma 601 

IHC, the following antibodies were used: anti-human Nestin (R&D Systems, MAB1259, 1:2,400), 602 

goat anti-TrkB (R&D Systems, AF1494, 1:1,000), rabbit anti-pY674/675-TrkA (anti-pY706/707–603 

TrkB) C50F3 (1:500). All antibodies were diluted in antibody-dilution buffer (DCS - Innovative 604 

Diagnostik Systeme, Hamburg, Germany). Next day sections were washed twice in TBS and 605 

treated with the corresponding secondary antibodies (table 2) for 3 h at RT. Sections were washed 606 

twice in 1× TBS and stained with DAPI (2mg/ml stock solution, freshly diluted 1:5,000 in 1× TBS) 607 

for 5 min. Sections were washed twice in 1× TBS and were finally embedded in Aquapolymount 608 

(Polysciences). Positive control for the primary antibody directed against Nestin was kidney tissue. 609 

For negative controls, biopsy samples from healthy donors (from autopsies) were used. Cross-610 

reactivity of secondary antibodies was tested by using secondary antibodies in the absence of 611 

corresponding primary antibodies. 612 

 613 

Statistical analysis 614 

Statistical analyses were performed with Origin Pro 2019b. Data are presented with standard error 615 

of the means (± SEM). Column statistics were run to check for Gaussian distribution to decide 616 

whether to use parametric or non-parametric tests. If one of the groups to be analysed failed the 617 

normality test or if value number was too small to run the normality test, non-parametric tests were 618 

chosen for further analysis. Normality was tested with the Shapiro-Wilk test and Equality of 619 

variances (Levene’s test) and based on the results either the 2-sample t-test or the Mann-Whitney-620 

U-test was used. Results were considered statistically significant at p < 0.05. 621 

 622 

 623 
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tables 651 

table 1. mammalian expression vectors 652 

pcDNA3 vectors & identifier LV FuGW vectors LV pCW vectors 

pcDNA3-TrkB wt (#715) pFU-HA-TrkBwt (#717) pCW-TrkB wt (#1029) 

pcDNA3-TrkB Shc (#747) pFU-HA-TrkB Shc (#780)  

pcDNA3-TrkB ATP (#749) pFU-HA-TrkB ATP (#761)  

pcDNA3-TrkB YFF (#759) pFU-HA-TrkB YFF (#788) pCW-TrkB YFF (#1030) 

pcDNA3-TrkB PLC (#752) pFU-HA-TrkB PLC (#792)  

pcDNA3-TrkB YYF (#837) pFU-HA-TrkB YYF (#847)  

pcDNA3-TrkB YFY (#838) pFU-HA-TrkB YFY (#846)  

pcDNA3-TrkB YDY (#871) pFU-HA-TrkB YDY (#917)  

pcDNA3-TrkB YEY (#872)   

pcDNA3-TrkB Shc/PLC (#873) pFU-HA-TrkB Shc/PLC (#918)  

pcDNA3-TrkB ATP-YDY (#894) pFU-HA-TrkB ATP-YDY (#919)  

pcDNA3-TrkB ATP-YEY (#895)   

pcDNA3-TrkB S478A (#974)   

 pFU-TrkB-ICD (#993) pCW-TrkB ICD (#1032) 

 pFU-TrkB-myrICD (#995) pCW-TrkB MyrICD (#1033) 

 pFU-SQSTM1-NTRK2 (#1020) pCW-SQSTM1-NTRK2 (#1035) 

 pFUGW (Lois et al., 2002)  

  653 
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table 2. antibodies 654 

Primary antibodies – dilution from stock source catalog number 
(#) 

Rabbit monoclonal anti-panTrk (C-term) – A7H6R 
(1:500) 

Cell Signaling  92991 

Rabbit monoclonal anti-pY490-TrkA (anti-pY516-TrkB) 
C35G9 – Shc site (1:500) 

Cell Signaling  4619 

Rabbit monoclonal anti-pY674/675-TrkA (anti-
pY706/707–TrkB) C50F3 (1:500) 

Cell Signaling 4621 

Rabbit monoclonal anti-pY785-TrkA (anti-pY816-TrkB) 
C67C8 – PLC� site (1:500) 

Cell Signaling  4168 

Goat polyclonal anti-TrkB (receptor domain) (1:1,000) R&D Systems AF1494 

Rabbit polyclonal anti-FAK (1:500) Cell Signaling  3285 

Rabbit polyclonal anti- pY397-FAK (1:500) Cell Signaling  3283 

Rabbit polyclonal anti-pY576/577-FAK (1:500) Cell Signaling 3281 

Rabbit polyclonal anti- pY925-FAK (1:500) Cell Signaling 3284 

Rabbit monoclonal anti-44/42-MAP Kinase 137F5 
(1:1,000) 

Cell Signaling  4695 

Rabbit monoclonal anti-p44/42-MAP Kinase 
(D13.14.4E) (1:1,000) 

Cell Signaling  4370 

Rabbit polyclonal anti-Cofilin (1:1,000) Cell Signaling  3312 

Rabbit monoclonal anti-pS3-Cofilin 77G2 (1:1,000) Cell Signaling  3313 

Mouse monoclonal anti-Nestin (human) 10C2 (1:1,000) 
(Western) 

Merck Millipore 5326 

Mouse monoclonal anti-hNestin (1:2,400) (IHC) R&D Systems MAB1259 

Mouse monoclonal anti--Adaptin (1:1,000) BD 
Biosciences 

610385 

Rabbit polyclonal anti-p75 NTR (human) (1:1,000) Promega G3231 

Mouse monoclonal anti-Vinculin 7F9 (1:1,000) Santa Cruz  sc-73614 

Secondary antibodies (all stored as 0.5 mg/ml)  

Donkey anti goat IgG affiniPure (H+L)-Alexa488 
(1:800) 

Jackson 705-545-147 

Donkey anti goat affiniPure-Alexa647 Jackson 705-605-003 

Donkey anti goat HRP IgG (H+L) (1:5,000) Jackson 705-035-147 

Donkey anti rabbit IgG affiniPure (H+L)-Cy3-550 
(1:800) 

Jackson 711-165-152 

AffiniPure Goat Anti-Rabbit IgG (H+L) (1:5,000) Jackson 111-005-003 

Goat anti mouse IgG affiniPure (H+L)-Alexa488 (1:800) Invitrogen A11029 
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Goat anti mouse IgG affiniPure (H+L) (1:5,000) Jackson 115-035-146 

Goat Anti-Mouse IgG1 affiniPure, Cy3-conjugated, Fc� 
Subclass 1-specific (human glioblastoma tissue) 

Jackson 115-165-205 

 655 

table 3. primer sequences 656 

Primer 
name 

Reference 
sequence 

Amplicon (in reference) Primer sequence 

hTrkB 

splice* 
NM_006180 (position 1836 – 2019) 

5´– CTGTGGTGGTGATTGCGTCT –3´ 

3´– GGGCTGGCAGAGTCATCATC –5´ 

RNApol II 

(POLR2A) 
NM_000937 (position 4466 – 4732) 

5´– GCACCACGTCCAATGACAT –3´ 

3´– GTGCGGCTGCTTCCATAA –5´ 

* The primers span two splice sites in the human NTRK2 gene. This includes the splice site for 657 
TrkB-kinase versus truncated TrkB-T1. 658 

  659 
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Figure 1. Abundance-dependent self-activation of TrkB kinase and changes in actin morphology 
strongly depend on phosphorylation of Y705 in the YxxxYY-motif. 

A Model depicting TrkB-kinase signalling. Neurotrophin (BDNF / NT-4)) binding induces conformational 
changes and supports receptor dimerization. The kinase is released from cis-autoinhibition, ATP 
binds to the intracellular kinase domain and allows trans-autophosphorylation. Three tyrosine 
residues in the consensus motif YxxxYY, Y701, Y705 and Y706 are phosphorylated in the activation loop 
of the receptor. ATP-binding and phosphorylation of the YxxxYY motif are upstream of further 
autophosphorylation and downstream signalling. In the intracellular domain (ICD), phosphorylation of 
the Y515 recruits Shc and activates the Ras/ERK and Pi3K-Akt pathways. Y816 forms the adaptor site 
for PLC. S478 signals to the TIAM-Rac1 pathway. 

B TrkB phosphorylation in absence of BDNF is unaffected by serum depletion. Western blotting of 
whole-cell lysates generated from HEK293 cells expressing TrkB. Control cultures were kept in serum 
before total lysates were produced. Cell cultures were treated as indicated. Serum-depletion was 
performed for 3h. To inhibit TrkB kinase activity, cultures were preincubated with 150 nM K252a, a 
Trk kinase inhibitor, for 30 min. DMSO served as solvent control. When indicated, cells were also 
treated with 10 nM BDNF for 15 min and were compared with BDNF stimulated cells under K252a 
treatment. 

C Quantification of Western blots for pTrkB-kin normalized to total TrkB levels with densitometry. 
Relative integrated densities are shown. K252a treatment for 30 min causes a reduction in TrkB 
phosphorylation levels under control, serum-depleted and BDNF-stimulation conditions. Bar graph: 
mean ± SEM, overlaid with single data points; n = 3. 

D In the absence of neurotrophins, TrkB overexpression induces TrkB phosphorylation and changes in 

cell morphology. Immunofluorescence of TrkB receptor (green) and pTrk-PLC (red). F-actin was 
labelled with Acti-stain-670 phalloidin (blue). HEK293 cells were transfected with either TrkB-wildtype 
or TrkB-YFY kinase mutant. Cells were immunostained after 30h. Yellow arrows point to roundish, 
pTrk-positive cells. Cyan arrows point to filamentous, pTrk-negative cells. Confocal images; scale 
bar: 25 µm. 

E Filopodia phenotype of TrkB expressing cells (high-resolution confocal stack image). 

F Round-shaped cells express kinase-active TrkB mutants. Immunostaining of HEK293 cells 
expressing either TrkB-wt or indicated TrkB mutants (for details see EV1). Cells expressing TrkB-wt 
or the constitutive active mutant TrkB-YDY were also subjected to K252a treatment. Typically, 
filamentous cells express the kinase-dead ATP mutant of TrkB or the YxxxYY mutants (YFY and 
YFF). Treatment with 150 nM K252a for 30 min reverses the round shape of cells expressing TrkB-
wt or TrkB-YDY. Confocal images; scale bar: 25 µm. 

G Quantification of the percentage of cells showing either a round shape or typical filopodia. Round 
cells were further subdivided into those that were either positive (+) or not (-) for pTrk. Stainings with 
anti-pTrk and Acti-stain-670 phalloidin in corresponding TrkB mutants are given in EV3. Data acquired 
from 10 fields of view in 3 independent experiments. Scale bar: 25 µm. 

H TrkB phosphorylation correlates with TrkB abundance. Linear, positive correlation of the integrated 

density of TrkB and pTrkB-kin immunoreactivity in TrkB-expressing HEK293 cells. 
Immunolabels per cells were measured as integrated density per cell from maximum intensity 
projection images of confocal z-stacks. Shown are single cell data, n = 280 cells; data collected from 
20 confocal image fields and 4 cell cultures.   
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Figure 2. Mutating of the YxxxYY-motif in TrkB restores actin filopodia dynamics.  

A, B Overexpression of TrkB kinase induces a round-shaped cell morphology and loss of actin filopodia 
dynamics. HEK293 cells co-expressing GFP-actin and TrkB-wt (in A) or the TrkB-YFF mutant. Time-
lapse images (in seconds) are shown. Living cells were imaged using a confocal laser-scanning 
microscope. GFP-actin was excited with a 488 nm laser line and fluorescence was detected with a 
spectral detector (510 – 570 nm). (In A) Arrows point to a roundish cell that forms typical blebs. (in B) 
Arrow points to typical dynamic filopodia, labelled by GFP-actin. The corresponding time-lapse videos 
are provided as extended videos (EV6, TrkB-wt, overview; EV7 TrkB-wt, blebbing; EV8 Trk-YFF 
overview; EV9 TrkB-YFF, filopodia). Scale bar: 25 µm.  
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Figure 3. Self-active TrkB is upstream of Focal Adhesion Kinase (FAK) phosphorylation.  

A Self-active TrkB with an intact kinase domain induces phosphorylation of Focal Adhesion 
Kinase (FAK), a key player of actin dynamics, but not of Cofilin. Western blotting of whole-
cell lysates generated from HEK293 cells expressing indicated TrkB mutants. To inhibit TrkB 
kinase activity, cultures were preincubated with 150 nM K252a for 30 min. DMSO served as 
solvent control. Antibodies against total FAK, Cofilin and -Adaptin served as loading control. 

B Self-active TrkB induced phosphorylation of FAK can acutely be blocked with the Trk kinase 
inhibitor K252a. Western blotting of whole-cell lysates generated from HEK293 cells 
expressing TrkB-wt. To inhibit TrkB kinase activity, cultures were preincubated with 150 nM 
K252a for 30 min. DMSO served as solvent control. 

C Quantification of Western blots for pTrkB-kin normalized to total TrkB levels with 
densitometry. Relative integrated densities are shown. K252a treatment causes a reduction 
in TrkB phosphorylation levels. Bar graph: mean ± SEM, overlaid with single data points; n 
= 7; 2-sample-t-test was performed: t(12) = 4.295, p = 0.00104. 

D Quantification of Western blots for pFAK normalized to total FAK levels with densitometry. 
Relative integrated densities are shown. K252a treatment causes a reduction in FAK 
phosphorylation levels. Bar graph: mean ± SEM, overlaid with single data points; n = 6; 
Mann-Whitney-U-test was performed: U=32, p = 0.03064. 
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Figure 4. The intracellular domain (ICD) of TrkB transduces signals to FAK, while a membrane-
targeted ICD of TrkB is linked to MAPK phosphorylation. 

A Intracellular, kinase-active domain constructs of TrkB. In Myr-ICD, an N-terminal myristoylation 
consensus motif with a glycine-serine (GGSGG)-linker was used to target the ICD to the plasma 
membrane. In contrast to TrkB-wt, the ICD (intracellular domain) construct lacks the ligand-binding 
and transmembrane domain. The model includes the result of the experiment. Constitutive active 
TrkB-wt signals to MAPK and FAK, while the Myr-ICD activates MAPK, but not FAK. The ICD 
activates FAK, but not MAPK. 

B TrkB-ICD and TrkB-Myr-ICD undergo self-activation but differ in their cellular localization pattern. 
Immunofluorescence of pTrk-kin (red) and DAPI (blue). F-actin was labelled with Acti-stain-670 
phalloidin (phall, green). HEK293 cells were immunostained 30 h after transfection. TrkB-ICD is 
preferentially seen at intracellular sites. The Myr-ICD construct is shows typical plasma membrane 
targeting. Note morphology changes in DAPI of ICD-expressing cells, indicating changes in chromatin 
compaction (cyan arrows). Single plane confocal images; scale bar: 20 µm.  

C TrkB-ICD, but not TrkB-Myr-ICD induce FAK phosphorylation. Western blotting of whole-cell lysates 
generated from HEK293 cells expressing TrkB-ICD, TrkB-Myr-ICD, TrkB-wt and TrkB-YFF. K252a 
was used to inhibit Trk kinase activity. TrkB-wt expression increases MAPK and FAK phosphorylation. 
ICD signals to FAK, but not MAPK. In striking contrast, Myr-ICD induces MAPK phosphorylation, but 
fails to activate FAK.  

D-F  Quantification of Western blots for pTrkB-kin normalized to total TrkB levels (in D), pFAK to total FAK 
(in E) and pMAPK to total MAPK (in F). Relative integrated densities are shown. Bar graph: mean ± 
SEM, overlaid with single data points; n = 4. 

  

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted September 12, 2020. ; https://doi.org/10.1101/2020.09.11.292565doi: bioRxiv preprint 

https://doi.org/10.1101/2020.09.11.292565
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

Figure 5. Modelling of TrkB  

(A)  Superimposition of TrkB MD model (blue) with the activated form of the insulin receptor (1gag, 
green). The YxxxYY motif is depicted in ball and stick mode. The YxxxYY motif of the autoinhibited 
insulin receptor is shown in grey and ball and stick mode. The backbone has been omitted for 
clarity.  

(B) The upper panel shows a superimposition of three MD models for TrkB. Wild type is shown in blue. 
Phospho Y705 in orange and Y705F in purple. The YxxxYY motif is shown in ball and stick mode and 
the movement is indicated by an arrow. 
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Figure 6. Treatment of TrkB-wt and SQSTM1-NTRK2 (a TrkB fusion product) with small molecule Trk 
inhibitors reduces or hinders downstream Trk activated pathways. 

A Immunostaining of HEK293 cells expressing TrkB-wt. Immunofluorescence of TrkB (green), pTrk-kin 
(red) and Acti-stain-670 phalloidin (phall, blue). Cells were treated with small molecule Trk inhibitors 
like K252a, LOXO-101 and Entrectinib. TrkB self-activity is reduced upon inhibitor treatment. Confocal 
images; scale bar: 100 µm. 

B Western blotting of whole-cell lysates generated from HEK293 cells expressing TrkB-wt. After 
transient transfection, TrkB was expressed for 30 h and then treated with small molecule Trk inhibitors 
like K252a, LOXO-101 and Entrectinib (concentrations are as depicted). Lysates were probed with 
the indicated antibodies. Trk, FAK and MAPK activity is reduced upon inhibitor treatment. 

C Immunostaining of HEK293 cells expressing a synthetically designed TrkB fusion construct – 
SQSTM1-NTRK2. This particular fusion product was chosen because it lacks the TrkB 
juxtamembrane domain and the Shc site, thereby making it primarily an intracellular protein with an 
intact kinase domain. Cells were co-transfected with GFP-actin. Immunofluorescence of GFP-actin 
(green), pTrk-kin (red) and Acti-stain-670 phalloidin (phall, blue). Cells were treated with small 
molecule Trk inhibitors like K252a, LOXO-101 and Entrectinib. TrkB fusion self-activity is reduced 
upon inhibitor treatment. Confocal images; scale bar: 100 µm. 

D  Western blotting of whole-cell lysates generated from HEK293 cells expressing TrkB fusion construct 
– SQSTM1-NTRK2. After transient transfection, TrkB fusion was expressed for 30 h and then treated 
with small molecule Trk inhibitors like K252a, LOXO-101 and Entrectinib (concentrations are as 
depicted). Lysates were probed with the indicated antibodies. While Trk activity is not hampered, 
downstream activity of FAK and MAPK is reduced upon inhibitor treatment.  
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Figure 7. Constitutive active TrkB kinase reduces the migratory activity of glioblastoma-like cells 

A Representative phase contrast microscopy images of migration assay. Shown are U87MG cells 
expressing either TrkB-wt, TrkB-YFF or the fusion protein SQSTM1-NTRK2. The image in the upper 
left corner shows the cells in culture after removing the silicon insert (t=0). The other images 
representatively show the situation 24 h later. Note the cell morphology changes in TrkB-wt and 
SQSTM1-NTRK2 expressing cells versus TrkB-YFF.  

B Western blotting of whole-cell lysates generated from U87MG cells expressing indicated TrkB kinase 
construct. Cells transduced with indicated lentiviral constructs were kept as polyclonal cell line and 
puromycin was used to select transduced cells. In absence of Doxycycline, cells did not express the 
corresponding proteins. Doxycycline was added to induce Trk-construct expression for 48h. 
Constitutive activation of Trk was verified with pTrk-kin. Adaptin = loading control.   

C Migratory activity of U87MG cells, expressing indicated Trk-kinase constructs. Shown are relative 
numbers of cells to the initially cell-free gap. Cell count was normalized to the mean of TrkB-YFF 
expressing cells. Migratory activity is shown relative to TrkB-YFF, which expresses the same 
structural protein domains as TrkB-wt, but is mutated at Y705 and Y706. (See also EV12) 

D Immunostaining of U87MG cells expressing inducible TrkB-wt, TrkB-YFF and the NTRK fusion 
construct SQSTM1-NTRK2. Immunofluorescence of TrkB receptor domain (green), pTrk-kin (red) 
and Acti-stain-670 phalloidin (phall, blue). Yellow arrows point to constitutive pTrk close to F-actin. 
TrkB-YFF-expressing cells were labelled with anti-pTrk-PLC because the antibody binding site of 
anti-pTrk-kin is mutated in this construct (EV2E). SQSTM1-NTRK2 does not have a receptor domain, 
as indicated. Confocal z-stack images; scale bar: 50 µm. 

  

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted September 12, 2020. ; https://doi.org/10.1101/2020.09.11.292565doi: bioRxiv preprint 

https://doi.org/10.1101/2020.09.11.292565
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

Figure 8. Localization and expression of TrkB, Trk and pTrk in grade IV glioblastoma. 

A Immunofluorescence analysis of a representative glioblastoma tissue cryosection. Confocal images 
are shown. Sections were labelled for anti-Nestin, for identification of the glioblastoma and pTrk. 
Single Nestin+ cells show a high abundance of pTrk (upper panel, cyan arrows). Second and third 
panel: High-resolution confocal image stack showing pTrk in intracellular, immunoreactive clusters. 
Lower panel. Membrane bleb-like structures in single cells with strong intracellular pTrk label. 

B RT-qPCR reveals the abundant expression of the TrkB kinase transcript in grade IV glioblastoma. 
TrkB kinase expression levels are given in relation to RNA polymerase II. Single data points, the 
mean and the standard deviation are indicated. The size of the amplicons was verified by agarose 
gel electrophoreses, as indicated. 

C TrkB and phospho-active Trk kinase in glioblastoma. Western blotting of whole-cell lysates generated 
from frozen, post-mortem glioblastoma samples with indicated antibodies. Lane 1–6 shows lysates 
generated from different tissue pieces of the same glioblastoma sample. Note high abundance of Trk 
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kinase and pTrk in one tissue piece (lane 2). Lane 7-9 shows a representative TrkB-positve, Trk 
kinase negative, pTrk-negative glioblastoma sample. -Adaptin, loading control.  

D TrkB and phospho-active Trk kinase in glioblastoma. Western blotting of whole-cell lysates generated 
from human brain samples or glioblastoma samples. Lane 1–5 shows lysates generated from control 
brain samples (frontal brain). Trk kinase immunoreactivity is seen at 130 kDa, indicating mature Trk. 
Lane 6 – 9 represent total lysates from different grade IV glioblastoma. Note high abundance of Trk 
kinase and pTrk at about 90 kDa, indicating immature, phosphorylated Trk. 
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Mouse TrkB (reference sequence NM_001025074; NP001020245)  

  1 MSPWLKWHGP AMARLWGLCL LVLGFWRASL ACPTSCKCSS ARIWCTEPSP GIVAFPRLEP 
           signal peptide                                                  +1 
 61 NSVDPENITE ILIANQKRLE IINEDDVEAY VGLRNLTIVD SGLKFVAYKA FLKNSNLRHI 
121 NFTRNKLTSL SRRHFRHLDL SDLILTGNPF TCSCDIMWLK TLQETKSSPD TQDLYCLNES 
181 SKNMPLANLQ IPNCGLPSAR LAAPNLTVEE GKSVTLSCSV GGDPLPTLYW DVGNLVSKHM 
241 NETSHTQGSL RITNISSDDS GKQISCVAEN LVGEDQDSVN LTVHFAPTIT FLESPTSDHH 
301 WCIPFTVRGN PKPALQWFYN GAILNESKYI CTKIHVTNHT EYHGCLQLDN PTHMNNGDYT 
361 LMAKNEYGKD ERQISAHFMG RPGVDYETNP NYPEVLYEDW TTPTDIGDTT NKSNEIPSTD 
421 VADQSNREHL SVYAVVVIAS VVGFCLLVML LLLKLARHSK FGMKGPASVI SNDDDSASPL 
                                      transmembrane domain                                start ICD (intracellular kinase domain)      +478 
481 HHISNGSNTP SSSEGGPDAV IIGMTKIPVI ENPQYFGITN SQLKPDTFVQ HIKRHNIVLK 
                                                                                                           +515 (Shc) 
541 RELGEGAFGK VFLAECYNLC PEQDKILVAV KTLKDASDNA RKDFHREAEL LTNLQHEHIV 
                                                                                                +571 (ATP-binding) 
601 KFYGVCVEGD PLIMVFEYMK HGDLNKFLRA HGPDAVLMAE GNPPTELTQS QMLHIAQQIA 
 
661 AGMVYLASQH FVHRDLATRN CLVGENLLVK IGDFGMSRDV YSTDYYRVGG HTMLPIRWMP 
                                                                                                                                    YxxxYY (tyrosine triplett) 
721 PESIMYRKFT TESDVWSLGV VLWEIFTYGK QPWYQLSNNE VIECITQGRV LQRPRTCPQE 
 
781 VYELMLGCWQ REPHTRKNIK SIHTLLQNLA KASPVYLDIL G 
                                                                                                              +816 (PLC) 
 

constructs synonym Features, signaling pathway regulation 

TrkB - wt wildtype Wildtypic TrkB, BDNF / NT4/5 receptor 

TrkB – S478A TrkB – S478A Interaction to TIAM1 / Rac1 pathway 

TrkB - Y515F Shc mutant 
Shc adaptor site, Ras / MAPK pathway,  
Pi3K / Akt pathway 

TrkB – K571N ATP mutant ATP-binding, kinase-dead mutant 

TrkB – Y705F YFY mutant 
YxxxYY motif mutant, critical mutation in the in 
the activation loop 

TrkB – Y706F YYF mutant YxxxYY motif mutant mutant, kinase-active 

TrkB – Y705,706F YFF mutant YxxxYY motif double mutant  

TrkB – Y705D YDY mutant Phospho-mimicking mutation YxxxYY motif  

TrkB – Y705E YEY mutant Phospho-mimicking mutation YxxxYY motif 

TrkB – Y816F PLC mutant Adaptor site for PLC / IP3 / calcium pathway 

TrkB - Y515F, Y816F Shc-PLC double mutant Shc adaptor site and PLCsite are mutated 

TrkB – K571N, Y705D YD-ATP double mutant 
Double mutant: phospho-mimicking mutation in 
YxxxYY motif, and kinase-dead mutation at 
K571 

TrkB – K571N, Y705E YD-ATP double mutant 
Double mutant: phospho-mimicking mutation in 
YxxxYY motif, and kinase-dead mutation at 
K571 

TrkB-Myr ICD Myr-ICD 
Intracellular domain: K454 – STOP, membrane 
anchored by N-terminal myristoylation motif 

TrkB-ICD ICD cytosolic, intracellular domain K454 – STOP 

TrkB-12×NmutA TrkB12gly Mutation of 12 predicted N-glycosylation sites  

SQSTM1-NTRK2 SQSTM1-NTRK2 SQSTM1-NTRK2 kinase fusion construct 
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EV1. TrkB model and construct 

A Deduced amino acid sequence of Ntrk2 (trkB full-length – trkB.FL) encoded by Mus 
musculus (reference: NM_001025074; NP_001020245). In the depicted amino acid 
sequence, in blue is the initiating methionine and signal peptide, in orange is the 
transmembrane domain, in purple the lysine residue of the ATP binding site and in green 
are the important serine or tyrosine residues of the kinase domain. Putative N-glycosylation 
sequons are indicated in red and yellow. 

B Table explaining the various TrkB constructs generated for use in this study.  
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EV2A. Confirmation of anti-Trk immunoreactivity of TrkB mutants 

Immunostaining of HEK293 cells expressing either TrkB wildtype or indicated TrkB mutants. 
Cells were co-transfected with GFP. Immunofluorescence of GFP (green) and panTrk (red, 
anti-panTrk (C-term) – A7H6R), together with DAPI as nuclear counterstain (blue). Cells 
were immunostained after an expression time of 48 h. panTrk binds to the C-terminus of the 
receptor and shows there the integrity of the open reading frame of all mutants. HEK293 
themselves do not express TrkB. Confocal images; scale bar: 100 µm. 
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EV2B. Constitutive activation of TrkB by overexpression and immunoreactivity profile of 
anti-pTrk-kin. 

Immunostaining of HEK293 cells expressing either TrkB wildtype or indicated TrkB mutants. 
Cells were co-transfected with GFP. Immunofluorescence of GFP (green) and pTrk-kin (red, 
anti-pY674/675-TrkA (anti-pY706/707–TrkB) C50F3), together with DAPI (blue). Cells were 
immunostained 48 h after transfection. pTrk-kin antibody binds to the phosphorylated 2nd 
and 3rd Y residues in the YxxxYY motif of the Trk kinase domain. When these sites are 
mutated (Y705,706F), there is no fluorescence seen as the antibody no longer recognizes them 
(YYF, YFY, YEY). When the ATP site is mutated (K571N), lack of ATP prevents TrkB 
autophosphorylation and the Y residues in the kinase domain remain unphosphorylated 
(ATP, YD-ATP). All missense mutations in Y705 for D,E,or F, interrupted the anti-pTrk-kin 
immunoreactivity TrkB. Mutations in the Shc (Y515F) and PLC (Y816F) sites did not affect the 

phosphorylation of the YxxxYY residues and cells remain positive for pTrk-kin (Shc, PLC, 
Shc- PLC).  Confocal images; scale bar: 100 µm. 
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EV2C. Constitutive activation of TrkB by overexpression and immunoreactivity profile of 
anti-pTrk-PLC. 

Immunostaining of HEK293 cells expressing either TrkB wildtype or indicated TrkB mutants. 
Cells were co-transfected with GFP. Immunofluorescence of GFP (green) and pTrk-
PLC(red, anti-pY785-TrkA (anti-pY816-TrkB) C67C8), and a DAPI counterstain (blue). 
Cells were immunostained 48 h after transfection. Confocal images; scale bar: 100 µm. In 
kinase-dead TrkB mutants (ATP, YD-ATP) TrkB remains unphosphorylated. This shows that 
the antibody is phospho-specific in TrkB. Constitutive phosphorylation is seen in all other 
mutants, albeit at different intensities. A directed missense mutation at the PLC-site (Y816F) 
creates a phospho-independent, immunoreactive site after paraformaldehyde fixation (see 
also EV2D for anti-pTrk-Shc). 
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EV2D. Constitutive activation of TrkB by overexpression and immunoreactivity profile of 
anti-pTrk-Shc. 

Immunostaining of HEK293 cells expressing either TrkB wildtype or indicated TrkB mutants. 
Cells were co-transfected with GFP. Immunofluorescence of GFP (green) and pTrk-Shc 
(red, anti-pY490-TrkA (anti-pY516-TrkB) C35G9), and a DAPI counterstain (blue). Cells 
were immunostained 48 h after transfection. Confocal images; scale bar: 100 µm. In kinase-
dead TrkB mutants (ATP, YD-ATP) TrkB remains unphosphorylated. This shows that the 
antibody is phospho-specific in TrkB. Constitutive phosphorylation is seen in all other 
mutants, albeit at different intensities. A directed missense mutation at the Shc-site (Y515F) 
creates a phospho-independent, immunoreactive site after paraformaldehyde fixation (see 
Shc and Shc-PLC double mutant). 
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antibody 
TrkB wt 
(western) 

TrkB wt 
(ICC) 

TrkB-ATP 
mut. (western) 

TrkB-ATP 
mut. (ICC) 

human 
tissue 

comment 

panTrk (C-term) – 
A7H6R + + + + + detects TrkA, TrkB, TrkC 

anti-TrkB (receptor 
domain)  + + + + + 

detects TrkB kinase at 
130kDa (glycosylated) and 90 
kDa 

detects TrkB-T1 

anti-pY674/675-TrkA 
(anti-pY706/707–TrkB) 
C50F3 

+ + - - + 
Detects YYF mutant, does not 
detect YFY, YDY, YEY 
mutants 

pY785-TrkA (anti-pY516-
TrkB) C35G9 – Shc site + + - - n.d. detects Shc mutant Y515F in 

ICC 

pY490-TrkA (anti-pY816-
TrkB) C67C8 – PLCsite + + - - + detects PLC mutant Y816F in 

ICC 

 

EV2E. Table describing properties of anti-Trk antibodies used for TrkB detection.  

In the kinase-dead TrkB-ATP mutant, corresponding tyrosine residues are not mutated, 
but autophosphorylation is inhibited due to a missense mutation (K571N).   
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EV3. Abundance-dependent auto-activation of TrkB kinase changes in actin morphology (extended 
visualization for Fig 1 F).  

Round-shaped cells express kinase-active TrkB mutants. Immunostaining of HEK293 cells 
expressing either TrkB wildtype or indicated TrkB mutants. Immunofluorescence of TrkB 
receptor (green) and pTrk-PLC (red). PLC (Y816F) mutants (TrkB-PLCɣ, TrkB-Shc-PLCɣ) 
were stained with pTrk-kin (red). F-actin was labelled with Acti-stain-670 phalloidin (blue). 
Typically, filamentous cells express the kinase-dead ATP mutant of TrkB or the YxxxYY 
mutants (YFY and YFF). Treatment with 150 nM K252a for 30 min reverses the round shape 
of cells expressing TrkB wt or TrkB-YDY. Confocal images; scale bar: 25 µm. 
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EV4. Filopodia formation is preserved in the kinase deficient TrkB-T1 expressing cells, 
but not in Trk kinase expressing cells.  

A, B TrkB overexpression causes changes in actin morphology of HEK293 cells. This effect can 
acutely be reversed by the Trk inhibitor K252a. HEK293 cells expressing the kinase-
deficient, truncated slice variant TrkB-T1 remain phospho-inactive and filamentous for 
control and K252a-treated conditions. Immunofluorescence of TrkB receptor (green) and 
pTrk-kin (red). F-actin was labelled with Acti-stain-670 phalloidin (blue). Confocal images; 
scale bar: 25 µm. 

C, D TrkA and TrkC kinase overexpression leads to roundish cells. Immunofluorescence of 
panTrk receptor or pTrk-kin (red). Note that TrkC autophosphorylation is not detected by 
anti-pTrk-kin. F-actin was labelled with Acti-stain-670 phalloidin (blue). Confocal images; 
scale bar: 25 µm. 

  

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted September 12, 2020. ; https://doi.org/10.1101/2020.09.11.292565doi: bioRxiv preprint 

https://doi.org/10.1101/2020.09.11.292565
http://creativecommons.org/licenses/by-nc-nd/4.0/


Explanation and detailed description of the results in EV5 

 

Confocal imaging of the TrkB phosphorylation signal suggested that most of the phospho-Trk-wt 

signal was localized at intracellular sites (Fig 1E). For this reason, we performed a series of 

experiments to test whether TrkB auto-activation occurs at intracellular sites. First, we expressed 

TrkB-wt and the kinase-dead TrkB-ATP. Western blotting confirmed TrkB-wt at 90 and 130 kDa. 

However, after an expression time of about 30 – 48 hours, the TrkB-ATP mutant typically appeared 

exclusively at 130 kDa (Fig. EV5A), indicating that it was already fully glycosylated. The 90 kDa 

band of TrkB-wt could be probed with antibodies against the receptor domain (anti-TrkB) and 

carboxyterminal end of the receptor (anti-pan-Trk) suggesting that the 90 kDa band was not a 

degradation product. This immature 90 KDa is typically observed after transient expression of 

TrkB after transfection. In stably expressing TrkB cells, for instance after lentiviral transduction or 

stable expression, we don’t see this 90KDa TrkB band. Under stable expression, or induced 

expression from genomic sites, TrkB appears at 130 kDa (see also Fig. 7).  

To further test how glycosylation affects the relative molecular weight and constitutive 

phosphorylation, we mutated first four (TrkB4gly), then seven (TrkB7gly) and finally 12 (TrkB12gly) 

predicted N-glycosylation sites. Glycosylation sites were predicted with the program NetNGlyc 

(labelled in EV1), an attempt to distinguish potentially glycosylated sequons from non-glycosylated 

ones. Mutation of the N-glycosylation sites led to a reduced relative molecular weight and the loss 

of the 130 kDa band, but the effect of constitutive activation by overexpression remained 

unchanged, as expected EV5B (see also (Watson et al, 1999)). 

For cell surface life labelling of TrkB, we cloned a hemagglutinin-affinity (HA) tag between the 

signal peptide and the aminoterminal end of TrkB. Putting an HA-tag at this side of the TrkB 

receptor is known to keep its functionality (Nikoletopoulou et al, 2010). Living HEK293 cells 

expressing either HA-TrkB-wt or the mutant HA-TrkB-ATP were incubated with an HA-antibody 

for 15 min at 37°C. Cells were washed to remove residual anti-HA. Fixed cells were permeabilized 
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with Triton X100 and labelled against total TrkB and pTrk-Shc. Secondary antibodies against all 

three labels were added after permeabilization. High-resolution confocal microscopy showed that 

cell surface labels against the HA-tag barely overlap with pTrk, thus verifying that most of the pTrk 

signal was labelled at intracellular sites (EV5C). In cells expressing HA-TrkB-ATP, the cell surface 

label was also present in filopodia (EV5C) and in vesicle-like structures that are typical after 

cellular uptake of cell-surface bound antibody/receptor complexes at 37°C (Blum & Lepier, 2008). 

Vesicle-like pTrk signals were not co-labelled by anti-TrkB (strongly labelled vesicles in the colour-

merged image), indicating that these pTrk signals do not carry the epitope for the receptor domain 

or were not accessible for the label. 
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EV5. Intracellular localization and delayed glycosylation of constitutive active TrkB  

A Western blotting of whole-cell lysates generated from HEK293 cells expressing TrkB-wt or the kinase 
dead mutant TrkB-ATP. After transient transfection, TrkB was expressed for 30 h. Lysates were 
probed with anti-panTrk, an antibody that detects TrkB at the intracellular C-terminus. TrkB-ATP 
shows a Mr of about 130 kDa, while TrkB-wt also runs at 90 kDa, a western blotting band typical for 
immature TrkB. 

B Western blotting of whole-cell lysates generated from HEK293 cells expressing TrkB-wt, the kinase 
dead mutant TrkB-ATP or the TrkB-glycosylation mutants. After transient transfection, TrkB was 
expressed for 30 h. Lysates were probed with anti-pTrk-kin. All mutants are self-activated except for 
the kinase dead ATP mutant. The glycosylation mutants appear at different heights depending on the 
number of mutated glycosylation sites. 

C Life labelling of TrkB-wt and TrkB-ATP. Cells expressing TrkB were life-labelled via an extracellular 
HA-tag for 15 min. Then cells were fixed and post-labelled with pTrk and anti-TrkB. Note accumulation 
of pTrk at intracellular, perinuclear sites and in vesicular clusters.  
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EV6. Time-lapse video showing GFP-actin dynamics of HEK293 cells expressing TrkB-wt. 
Overview. Time-lapse created from confocal x.y-t image series. Scale bar 25 µm.  

 

EV7. Time-lapse video showing GFP-actin dynamics of HEK293 cells expressing TrkB-wt. 
Detail of membrane blebbing. Time-lapse created from confocal x.y-t image series. Scale bar 25 
µm.  

 

EV8. Time-lapse video showing GFP-actin dynamics of HEK293 cells expressing TrkB-
YFF. Overview. Time-lapse created from confocal x.y-t image series. Scale bar 25 µm.  

 

EV9. Time-lapse video showing GFP-actin dynamics of HEK293 cells expressing TrkB-
YFF. Detail of filopodia dynamics. Time-lapse created from confocal x.y-t image series. Scale 
bar 25 µm.  
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EV10. Description of an unexpected off-target effect of K252a. 

A K252a blocks BDNF-induced MAPK phosphorylation, but potentiates EGF signalling to MAPK. 
Western blotting experiment with indicated antibodies. Hek293 cells expressed TrkB-wt for 30 h. 
Serum-depletion (depleted) was performed for 3h. To inhibit TrkB kinase activity, cultures were 
preincubated with 150 nM K252a for 30 min. DMSO served as solvent control. When indicated, cells 
were also treated with 20 ng/ml BDNF or 20 ng/ml EGF for 15 min. Western blots show the 
potentiation of EGF signalling to MAPK. The effect is independent of TrkB and also seen in 
untransfected HEK293 cells. 

B Quantification of western blots for pMAPK normalized to MAPK levels with densitometry. Relative 
integrated densities are shown. K252a treatment for 30 min causes a reduction in TrkB 
phosphorylation levels after BDNF-stimulation conditions and a potentiation of EGF-induced MAPK 
phosphorylation. Bar graph: mean ± SEM, overlaid with single data points; n = 3. 
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EV11. Constitutive active TrkB localizes to the perinuclear Golgi-like region and 
accumulates in actin-rich protrusions of U87MG cells. Immunofluorescence of TrkB 
receptor (green) and pTrk-kin (red). F-actin was labelled with Acti-stain-670 phalloidin 
(blue). 

A In absence of Doxycyline, TrkB expression is not detectable. Staining as indicated. 

B Induction of TrkB expression with Doxycycline leads to constitutive activation of TrkB. 
pTrk signals are pronounced at the perinuclear, Golgi apparatus-like region (cyan 
arrows). Confocal image; scale bar: 50 µm.  

C Confocal stack. pTrk-kin localizes also to F-actin rich protrusions (arrows in magenta). 
Scale bar: 10 µm.  

 

  

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted September 12, 2020. ; https://doi.org/10.1101/2020.09.11.292565doi: bioRxiv preprint 

https://doi.org/10.1101/2020.09.11.292565
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

EV12. U87MG cells expressing Trk-kinase constructs 

A Migration of U87MG cells. Representative phase contrast microscopy images. Indicated in 
magenta are cells that were automatically counted by unbiased cell counting with ImageJ 
(see Material and methods). 

B U87MG cells expressing TrkB-wt or SQSTM1-NTRK2 were not dying within the indicated 
time span of 96 hours, albeit the cells express a rather high amount of intracellular Trk kinase 
activity (Fig. 7). Representative phase contrast microscopy images. 
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EV13. Nestin immunoreactivity in glioblastoma.  

A-I Nestin (green) immunofluorescence signals in cryosections of post-mortem glioblastoma 
tissue. DAPI was used as nuclear counter stain (blue). Confocal images, maximum intensity 
projections, scale bar: 50 µm. In A,B: Different areas of the same patient sample. Nestin+ 
cells are more roundish and form a globular mass. In C: Neurite-like morphology of Nestin+ 
cells, In D: Diverse Nestin-morphologies ranging from cells with rather big somata, to smaller 
cells with disordered neurites. In E: Small spindle-like Nestin+ cells. In F: Individual Nestin+ 
cell clones. In G: Nestin+ cells ‘stretch’ their neurites in direction of a Nestin-negative area. 
In H: Small, Nestin-positive cells from a cell mass. The hole in the right lower part of the 
image shows an intratumoral haemorrhage full of erythrocytes. In I: Nestin+ cells show a 
disordered neuron-like morphology. 
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EV14. Nestin+ TrkB receptor + cells in glioblastoma and corresponding regional 
differences in the same sample.  

Nestin / TrkB positive cells in glioblastoma. Immunofluorescence staining of a representative 
glioblastoma tissue. Sections were labelled for anti-Nestin, for identification of the 
glioblastoma and the TrkB receptor. Different areas in the same sample are shown. Confocal 
laser scanning images. To avoid background fluorescence in the green light channel, Nestin 
was labelled with Cy3 and TrkB was labelled in far red (Cy5). Dapi was used as counterstain. 
Many Nestin+ cells show a high abundance of Trk (cyan arrows). In area 3, strong label of 
TrKB and only rare Nestin immunoreactivity. In area 4, Nestin+ cell masses are organized 
around a necrosis-like tissue part in the middle of the image.  
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