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Abstract 

CRN2 is an actin filament binding protein involved in the regulation of various cellular 

processes including cell migration and invasion. CRN2 has been implicated in the malignant 

progression of different types of human cancer. We used CRN2 knock-out mice for analyses 

as well as for crossbreeding with a Tp53/Pten knock-out glioblastoma mouse model. CRN2 

knock-out mice were subjected to a phenotyping screen at the German Mouse Clinic. 

Murine glioblastoma tissue specimens as well as cultured murine brain slices and 

glioblastoma cell lines were investigated by immunohistochemistry, immunofluorescence, 

and cell biological experiments. Protein interactions were studied by immunoprecipitation, 

pull-down, and enzyme activity assays. CRN2 knock-out mice displayed neurological and 

behavioural alterations, e.g. reduced hearing sensitivity, reduced acoustic startle response, 

hypoactivity, and less frequent urination. While glioblastoma mice with or without the 

additional CRN2 knock-out allele exhibited no significant difference in their survival rates, 

the increased levels of CRN2 in transplanted glioblastoma cells caused a higher tumour cell 

encasement of murine brain slice capillaries. We identified two important factors of the 

tumour microenvironment, the tissue inhibitor of matrix metalloproteinase 4 (TIMP4) and 

the matrix metalloproteinase 14 (MMP14, synonym: MT1-MMP), as novel binding partners 

of CRN2. All three proteins mutually interacted and co-localised at the front of lamellipodia, 

and CRN2 was newly detected in exosomes. On the functional level, we demonstrate that 

CRN2 increased the secretion of TIMP4 as well as the catalytic activity of MMP14. Our results 

imply that CRN2 represents a pro-invasive effector within the tumour cell microenvironment 

of glioblastoma multiforme. 

 

 

Highlights 

 CRN2 knock-out mice display neurological and behavioural alterations 

 glioblastoma cells overexpressing CRN2 more effectively encase capillaries 

 CRN2 interacts with TIMP4 as well as MMP14 

 TIMP4 secretion and MMP14 activity are increased by CRN2 

 CRN2 is present in exosome fractions 
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Introduction 

The coronin protein CRN2 (synonyms: coronin 1C, coronin 3, CRNN4) is a ubiquitously 

expressed member of the coronin family of proteins (Clemen et al., 2008), which belongs to 

the super family of eukaryotic-specific WD40-repeat domain proteins (Smith, 2008). Since 

the first description of a coronin protein in Dictyostelium discoideum (de Hostos et al., 1991), 

the coronin family of conserved actin cytoskeleton regulator proteins meanwhile has been 

studied in various model organisms. Phylogenetic analyses determined seventeen coronin 

subfamilies including alternatively spliced forms of specific coronins, coronin gene 

duplications in certain phylogenetic branches, a subfamily of chimeric coronins, and the 

most well-known seven coronin paralogs in mammals (Eckert et al., 2011; Morgan and 

Fernandez, 2008; Xavier et al., 2008; Xavier et al., 2009). The 474 amino acid coronin protein 

CRN2 with an apparent molecular mass of 57 kDa harbours a basic N-terminal signature 

motif (Rybakin and Clemen, 2005) followed by seven WD40-repeats which adopt the fold of 

a seven-bladed -propeller (Appleton et al., 2006; McArdle and Hofmann, 2008), a linker 

domain, and a C-terminal coiled coil mediating trimerization (Kammerer et al., 2005; Spoerl 

et al., 2002). 

CRN2 is present in the cytoplasm and enriched at actin filaments, lamellipodia and 

membrane ruffles (Spoerl et al., 2002). It plays a role in multiple, actin filament-dependent 

cellular functions like proliferation, migration, formation of cellular protrusions, endocytosis, 

and secretion (Rosentreter et al., 2007). CRN2 binds to actin filaments via different actin 

binding sites (Chan et al., 2012; Xavier et al., 2012). Its actin filament bundling, inhibition of 

actin polymerization, and Arp2/3 complex binding capacities are disabled by protein kinase 

CK2 dependent phosphorylation at serine residue 463 within the coiled coil region (Xavier et 

al., 2012). CRN2 function likely is also regulated by protein-tyrosine phosphatase 1B (PTP1B), 

as tyrosine-phosphorylated CRN2 has been identified as a substrate of PTP1B (Mondol et al., 

2014). In addition to its direct effects on actin filaments, CRN2 modifies the actin 

cytoskeleton in conjunction with small G-proteins. Binding of CRN2 to GDP-Rac1 and RCC2 

leads to an enrichment of GTP-Rac1 at membrane protrusions via vesicular trafficking 

(Williamson et al., 2014; Williamson et al., 2015), and its interaction with GDP-Rab27a 
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increased its F-actin bundling activity associated with endocytosis of the insulin secretory 

membrane for recycling in pancreatic beta-cells (Kimura et al., 2010). 

Several studies demonstrated an involvement of CRN2 in the progression of different forms 

of human cancer. For example, it was identified as a potential marker for melanoma 

progression, possibly via the Erk mitogen-activated protein kinase cascade (Roadcap et al., 

2008; Shields et al., 2007). Similarly, a marked increase of CRN2 expression was reported in 

hepatocellular carcinoma cells giving rise to pulmonary metastases (Wu et al., 2010). CRN2 

has also been reported to be associated with a poor prognosis of gastric cancer (Cheng et al., 

2019) and to promote the metastatic behaviour of gastric cancer cells including their 

migration and invasion (Ren et al., 2012). Furthermore, immunohistochemistry studies 

revealed a strong expression of CRN2 in the majority of primary effusion lymphoma cells 

(Luan et al., 2010). Notably, the expression of CRN2 was reported to correlate with the 

malignant phenotype of diffuse gliomas (Thal et al., 2008). In this respect, CRN2 knock-down 

in U373 and A172 human glioblastoma cells led to reduced levels of cell proliferation, cell 

motility and invasion into the extracellular matrix as compared to control cells (Thal et al., 

2008). In contrast, CRN2 overexpression as well as expression of a S463A phosphorylation-

resistant CRN2 variant in U373 glioblastoma cells increased proliferation, matrix degradation 

and invasion but decreased adhesion and formation of invadopodia-like extensions (Ziemann 

et al., 2013). 

 

 

Materials and Methods 

Generation of CRN2 knock-out mice and crossbreeding with a glioblastoma mouse model 

Generation of CRN2 knock-out mice was performed according to (Behrens et al., 2016). 

Validation of the correct gene targeting event, the CRN2 knock-out at the mRNA level, and 

the lack of CRN2 protein isoforms (Xavier et al., 2009) as well as potential truncated protein 

species was done by Southern blotting and PCR genotyping, RT-PCR in conjunction with 

sequencing, and immunoblotting using several mono- and polyclonal CRN2-specific 

antibodies, respectively (Fig. 1 and data not shown). 

Cryopreserved mouse embryos of a glioblastoma mouse model (GBM) that expresses an 

inducible form of the Cre recombinase under the control of the astrocyte-specific glial 

fibrillary acidic protein (GFAP-CreER) with additional floxed p53 (originally from Anton Berns, 
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Netherlands Cancer Institute, Amsterdam, The Netherlands) and Pten (originally from Tak 

Mak, University Health Network, Toronto, Canada) genes were generously provided by 

Suzanne Baker (St. Jude Children’s Research Hospital, Memphis, USA) (Chow et al., 2011; 

Chow et al., 2008). We revitalised this mouse strain and bred the mice to homozygosity for 

floxed p53 (p53-LoxP) and Pten (Pten-LoxP), and to heterozygosity for GFAP-CreER resulting 

in the GBM strain which we used for control. Subsequently, we crossbred the GBM strain 

with our conditional CRN2 knock-out mouse strain to obtain mice harbouring the 

heterozygous GFAP-CreER allele as well as the homozygous p53-LoxP, Pten-LoxP and CRN2-

LoxP alleles. After postnatal day five to eleven, mice received on three consecutive days the 

synthetic oestrogen analogue tamoxifen (Sigma-Aldrich, T5648-1G; dissolved at 20 mg/ml in 

corn oil, Sigma-Aldrich, C8267-500ML) via intraperitoneal injection (112 µl solution/10 g 

mouse) to selectively activate Cre recombinase in astrocytes and induce glioblastoma 

formation. 

Mice were handled in accordance with the German Animal Welfare Act (Tierschutzgesetz) as 

well as the German Regulation for the protection of animals used for experimental purposes 

or other scientific purposes (Tierschutz-Versuchstierverordnung). All investigations were 

approved by the governmental office for animal care (Landesamt für Natur, Umwelt und 

Verbraucherschutz North Rhine-Westphalia (LANUV NRW), Recklinghausen, Germany 

(reference number 8.87-50.10.31.09.045) as well as by the responsible authority of the 

district government of Upper Bavaria, Germany. 

 

Phenotypic analysis in the German Mouse Clinic 

Homozygous CRN2 knock-out mice and wild-type control littermates were subjected to a 

systematic, comprehensive phenotyping screen at the German Mouse Clinic at the 

Helmholtz Zentrum München (http://www.mouseclinic.de) as described previously (Fuchs et 

al., 2018; Fuchs et al., 2011; Fuchs et al., 2009; Fuchs et al., 2012; Gailus-Durner et al., 2005). 

This screen covers a broad range of parameters in the areas of allergy, behaviour, 

cardiovascular function, clinical chemistry, dysmorphology, energy metabolism, eye analysis 

and vision, hematology, immunology, neurology, and pathology. 

 

Magnetic resonance imaging (MRI) for glioblastoma screening 
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For detection of glioblastoma, T2-weighted images (RARE and MSME) were acquired on a 

9.4 T Biospec 94/20 USR small animal system equipped with 740 mT/m gradients and a dual 

resonator system (Bruker, Germany) composed of a transmit-only 1H quadrature resonator 

(active decoupled for Suc Coils, ID 72 mm, OD 112 mm) and a receive-only 1H Mouse head 

quadrature surface coil. Mice were kept under isoflurane anaesthesia in a mouse restrainer 

with monitoring of breathing and body temperature. Quantitative T2 maps were calculated 

using IDL. After co-registration and brain extraction using FSL, T2 maps were processed using 

in-house macros with Image J. The brain glioblastoma segmentation was obtained in each 

axial slice by selecting high intensity pixels related to tumour using two thresholds followed 

by manual erasing of ventricles or non-brain related areas. 

 

CD31 stains of organotypic brain slice cultures 

Organotypic brain slice cultures were generated and U373 glioblastoma cells were 

transplanted according to our previously described method (Ziemann et al., 2013). In brief, 

brains of 9 to 12 days old C57BL/6N mice were dissected, the frontal poles of the 

hemispheres and the cerebella removed, coronal slices of 350 µm prepared in cold 

carbogenated glycerol-based modified artificial cerebrospinal fluid with a vibratome (Leica 

VT100S), the slices were immediately transferred into carbogenated preparation medium, 

and finally grown on porous tissue culture inserts in cultivation medium at 37°C and 5% CO2. 

The U373 human glioblastoma cells were transplanted on the entorhinal cortex after three 

days of culture and developed into tumours within two days. 

For staining of endothelial cells, brain slices were washed with PBS and fixed with 4% 

paraformaldehyde in PBS for 30 min before washing again with PBS three times 15 min each. 

Subsequently, slices were incubated with PBS containing 2% Triton X-100 and 10% fetal calf 

serum for 30 min. The primary antibodies directed against CD31 and GFP were diluted in 2% 

Triton X-100 and slices were incubated with antibodies overnight at room temperature (RT). 

Next, slices were washed three times 15 min each and incubated at RT for 2h with the 

compatible secondary antibodies (coupled to DyLight550 and AlexaFluor488, diluted in PBS). 

Finally, slices were washed five times 10 min each before analysing in PBS in µ-dishes (Ibidi). 

 

Western blotting, immunofluorescence, immunohistochemistry, and antibodies 
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For Western blotting, cell samples were lysed in SDS-PAGE sample buffer (50 mM Tris-HCl 

pH 6.8, 4% 2-mercaptoethanol, 1% SDS, 0.002% bromophenol blue, 8% glycerol (Laemmli, 

1970)), separated by 10% or 12% SDS-PAGE, and transferred to 0.2 µm Nitrocellulose 

Blotting Membrane (GE Healthcare Life Sciences, #10600001) by the semi-dry method 

(Towbin et al., 1979). Membranes were blocked with Tris-buffered saline-Tween-20 (TBS-T) 

buffer (10 mM Tris-HCl pH 8.0, 150 mM NaCl, 0.2% Tween-20) containing 5% milk powder. 

Primary antibodies were diluted in TBS-T buffer and incubated overnight; secondary 

antibodies coupled to horseradish peroxidase (POD) were diluted in TBS-T and incubated for 

1h at RT. Visualisation was done by enhanced chemiluminescence, and signals were 

monitored by classical photographic film exposure (Amersham Hyperfilm ECL, #28906837). 

For immunofluorescence imaging, cells grown on coated (with 5 µg/ml vitronectin) or non-

coated coverslips were first fixed at RT for 20 min in formaldehyde prepared from 4% 

paraformaldehyde in PBS. For adhesion assay, cell suspension was seeded on vitronectin 

coated coverslips, incubated for 90 min at 37°C and washed once with PBS before fixation. 

Fixation was followed by permeabilisation of cells with 0.5% Triton-X-100 in PBS for 10 min. 

Residual formaldehyde was blocked by incubation of the fixed cells with 0.15% glycine in PBS 

for 10 min. After three washing steps with PBS, blocking of non-specific binding sites was 

performed with 1% BSA for 1h at RT. The primary antibody was diluted as recommended by 

the manufacturer in 0.5% BSA in PBS and cells were incubated for 1h at RT or 4°C overnight. 

Next, cells were washed with PBS, incubated at RT for 1h with the compatible secondary 

antibody (coupled to AlexaFluor 488/568/647, diluted in 0.5% BSA), and nuclei were stained 

with DAPI or F-actin with TRITC-phalloidin. To double-stain endogenous levels of CRN2 and 

TIMP4, the antibody directed against TIMP4 was first masked using an AffiniPure Fab 

fragment goat anti-mouse (H+L) (Jackson ImmunoResearch, #115-005-072) diluted as 

recommended before proceeding with the staining protocol. After additional washing steps 

in PBS, cells were rinsed once with ddH2O and embedded in Gelvatol before imaging. 

For histochemistry and immunohistochemistry, murine brains were formalin fixed, cut into 

slabs of 3 mm thickness, and embedded in paraffin. Each embedded slab was further cut 

with a microtome (Microm, Heidelberg, Germany) at 3 µm thickness and stained with 

haematoxylin and eosin (H&E). Immunohistochemical stains were performed using an 

automated staining apparatus (Ventana Benchmark, Roche Diagnostics, Mannheim, 

Germany). 
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Primary antibodies used were: mouse monoclonal anti-CRN2, K6-444-4 (Spoerl et al., 2002); 

mouse monoclonal anti-GFP, K3-184-2 (Noegel et al., 2004); rabbit polyclonal anti-GFP, A-

6455 (Thermo Fisher Scientific); mouse monoclonal anti-TIMP4, SB30c (Novus Biologicals); 

rabbit monoclonal anti-MMP14, EP1264Y (Abcam, #ab51074); mouse monoclonal anti-

Integrin αvβ3 (Merck-Millipore, #MAB1976); rat monoclonal anti-CD31 (BD Pharmingen, 

#550274); rabbit polyclonal anti-Hsp70 (R&D systems, AF1663); mouse monoclonal anti-

MAP-2 (supplied by Dr. B. Riederer). Secondary antibodies used were: anti-

mouse/rabbit/chicken/rat coupled to AlexaFluor 488/568/647 (Invitrogen) or coupled to 

POD anti-mouse/rabbit (Sigma). F-actin was stained with TRITC-phalloidin (Sigma, #P1951) 

and nuclei with DAPI (Roth, #6335.1). 

 

The luminescence-based mammalian interactome mapping (LUMIER) technique 

This method is based on a double- or triple-transfection with plasmids coding for the 

proteins of interest tagged with either Renilla luciferase, Firefly luciferase or Protein A. The 

original protocol of the LUMIER technique was modified and optimised as detailed in 

(Behrens et al., 2016; Clemen et al., 2015). For measurement of luciferase activity, first 

Firefly assay buffer (25 mM Tris-HCl pH 7.8, 15 mM MgSO4, 4 mM EGTA, 1 mM ATP, 200 µM 

AMP, 1 mM DTT, 100 µM Luciferin, final buffer pH adjusted to 7.8) was added and used for 

measurements of the luminescence signal intensities using an Infinite M1000 plate reader 

(Tecan) in luminescence acquisition mode with an integration time of 10 s/well and the filter 

“Lumi Green 1” (520-570 nm). Next, the Renilla assay buffer (300 mM NaCl, Na2EDTA pH 8.0, 

60 mM KH2PO4/K2HPO4 pH 7.5, 0.5 mg/ml BSA, 2.5 µM coelenterazine (dissolved in MeOH), 

final buffer pH adjusted to 7.0) was added to the wells and again the luminescence was 

measured with an integration time of 10 s/well using the “Blue 1” (370-480 nm) bandpass 

filter. 

 

Purification of bacterially expressed fusion proteins and pull-down analysis 

For the generation of different TIMP4 and MMP14 GST-fusion constructs, appropriate coding 

sequences were PCR amplified and cloned into the expression vector pGEX-6P-1 using EcoRI 

and XhoI sites. Combinations of the following primers were used: N-TIMP4-for 

CGGAATTCGACTACAAAGACGATGACGATAAAGGAGGTAGCGGCGGGAGTTGCAGCTGCGCCCCG

G, N-TIMP4-rev AAGGAAAAAAGCGGCCGCTCAGCCACAGTTCAGATGGTAGTG, C-TIMP4-for 
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CGGAATTCGACTACAAAGACGATGACGATAAAGGAGGTAGCGGCGGGAGTTGCCAAATCACCACCT

GCTAC, C-TIMP4-rev AAGGAAAAAAGCGGCCGCTCAGGGCTGAACGATGTCAACAAAC, ExCell-

MMP14-for 

CGGAATTCGACTACAAAGACGATGACGATAAAGGAGGTAGCGGCGGGAGTGCGCTCGCCTCCCTCG

, ExCell-MMP14-rev AAGGAAAAAAGCGGCCGCTCAGGCAGCCGCGCTCACC, InCell-MMP14-for 

CGGAATTCGACTACAAAGACGATGACGATAAAGGAGGTAGCGGCGGGAGTAGACGCCATGGGACC

CCC, InCell-MMP14-rev AAGGAAAAAAGCGGCCGCTCAGACCTTGTCCAGCAGGGAAC, ProP-

MMP14-rev AAGGAAAAAAGCGGCCGCTCAGCGCTTCCTTCGAACATTGG, PepAct-MMP14-for 

CGGAATTCGACTACAAAGACGATGACGATAAAGGAGGTAGCGGCGGGAGTTACGCCATCCAGGGTC

TCAAATG, PepAct-MMP14-rev AAGGAAAAAAGCGGCCGCTCAGGTAGTCCTGGGTTGAGGG, and 

Hem-MMP14-for 

CGGAATTCGACTACAAAGACGATGACGATAAAGGAGGTAGCGGCGGGAGTTCCCGGCCTTCTGTTC

CTG. ArcticExpress cells expressing the GST-fusion proteins were resuspended in lysis buffer 

(10 mM Tris-HCl pH 8.0, 50 mM NaCl, 1 mM EDTA, 5 mM DTT, 1 mM benzamidine, 1 mM 

PMSF, 1% sarcosyl, 100 µg/ml lysozyme), sheared by douncing, and the proteins were 

purified from the soluble fraction using Glutathione-Sepharose beads (Macherey-Nagel). For 

pull-down assays, the beads carrying bait proteins (GST-TIMP4 or MMP14 constructs) were 

incubated together with lysates (in 50 mM Tris-HCl pH 8.0, 50 mM NaCl, 0.5% Triton X-100, 

4 mM DTT, 1x protease inhibitor cocktail (Sigma, #P2714), 1x phosphatase inhibitor cocktail 

(Roche, #04906845001)) of U373 glioblastoma cell stably expressing the prey proteins (GFP-

CRN2, or GFP for control (Ziemann et al., 2013)). After an incubation time of 3h at 4°C on a 

rotator, beads were washed and boiled in SDS sample buffer, and protein samples were 

subjected to SDS-PAGE and Western blot analyses. 

 

Discontinuous sucrose gradient 

For cell fractionation, U373 glioblastoma cells were trypsinised, washed with PBS and 

resuspended in ice cold HEPES buffer (10 mM HEPES pH 7.4, 1 mM DTT, 0.5 mM PMSF, 

2 mM benzamidine, 1x protease inhibitor cocktail, 1x phosphatase inhibitor cocktail). Cells 

were gently homogenised by passages through a 22-gauge needle to avoid disruption of 

cellular organelles, the resulting suspension was centrifuged at 1,000x g for 10 min to 

remove unbroken cells and nuclei, and the procedure was repeated twice. The supernatants 

were pooled and applied on top of polypropylene tubes containing a gradient of sucrose in 
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0.9 ml steps of the following concentrations (from top to bottom): 0.15 M, 0.3 M, 0.45 M, 

0.6 M, 0.75 M, 0.9 M, 1.05 M, 1.17 M, 1.32 M, 1.47 M, and 2.49 M. Afterwards, the tubes 

were centrifuged in an ultracentrifuge with a SW41 swing-out rotor at 100,000x g and 4°C 

for 20h. Analyses of sucrose layer samples were performed by Western blot analysis. 

 

TIMP4 ELISA 

To measure secreted amounts of TIMP4 protein, 2x105 U373 glioblastoma cells were seeded 

in 6-well plates coated with 0.2% gelatine. After 24h incubation at 37°C and 5% CO2, the 

growth medium was collected and the TIMP4 protein concentrations were determined 

according to the protocol of the human TIMP4 ELISA Kit (RayBiotech, ELH-TIMP4-1). 

 

MMP14 activity assay 

For measurement of MMP14 activity, GST-tagged MMP14 fusion proteins were used that 

were purified as described above. To determine a putative influence of CRN2 on MMP14 

activity, U373 glioblastoma cells stably overexpressing GFP or GFP-CRN2 were resuspended 

in lysis buffer (see above), incubated for 30 min on ice and centrifuged for 15 min at 

10,000x g and 4°C. The supernatants were incubated with GFP-Trap beads (ChromoTek, Gta-

10) to immunoprecipitate GFP-CRN2 or GFP for control according to the manufacturers’ 

protocol. For the activity assay, GFP- or GFP-CRN2-carrying beads were mixed with GST-

MMP14 construct-carrying beads, activity assay buffer (50 mM Tris-HCl pH 7.5, 150 mM 

NaCl, 10 mM CaCl2, 0.05% Triton X-100) and 25 µm OMNIMMP substrate (Enzo Life Science, 

BML-P126-0001). To inhibit MMP catalytic activity, 10 µM NNGH (Enzo Life Science, BML-

PI115-0005) or vehicle (DMSO) were added to the samples, and kinetic measurements were 

performed every 2 min over 60 min at 37°C detecting fluorescence signal intensities using an 

Infinite M1000 plate reader (Tecan) at wavelengths of 328 and 393 nm for excitation and 

emission (bandwidth set to 10 nm for each), respectively. 

 

Purification of exosomes from cell culture supernatants 

For purification of exosomes according to (Redzic et al., 2014; Shin et al., 2013b), U373 

glioblastoma cells stably expressing GFP-CRN2 were kept in serum-free medium for 48h, 

before supernatants were collected and centrifuged at 200 xg and 4°C for 5 min to eliminate 

cell debris. Supernatants were further cleared by centrifugation at 20,000 ×g and 4°C for 
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20 min. Exosomes were pelleted from the latter supernatants by ultracentrifugation at 

100,000 ×g and 4°C for 16h in a SW41 Ti (III) rotor (Beckman Coulter), followed by washing 

with PBS and another ultracentrifugation step at 100,000 ×g and 4°C for 2.5h. The bottoms 

of the centrifugation tubes were incubated with SDS sample buffer to solubilize pelleted 

exosome fractions for analysis by SDS-PAGE. Total cell lysates were collected and used as a 

control. 

 

Confocal microscopy, image deconvolution, figure preparation, and data analysis  

All microscopic images were acquired with a TCS SP5 confocal laser scanning microscope 

equipped with HyD detectors (Leica, software LAS AF version 2.7.3.9723). Images were 

deconvolved using Huygens Essential (Jan 2016; Scientific Volume Imaging B.V.) as indicated 

in the figure legends. Images were processed and figures assembled using CorelDraw 

Graphics Suite X6 and X7. 

Data analyses and statistical evaluations were carried out using Microsoft Excel 2010 or 2016 

in conjunction with the add-in „Real Statistics Resource Pack” version 5.5 by Charles Zaiontz 

available at http://www.real-statistics.com as well as R (version 3.2.3). The number of 

independent experiments, technical replicates, mean values and standard errors are 

indicated in the figure legends. Statistical significance of the results was calculated by 

Student’s t-test, the Lord-test (calculated according to (Kesel et al., 1999)), Fisher’s exact 

test, Wilcoxon rank-sum test, the Kruskal-Wallis one-way analysis of variance in conjunction 

with post-hoc Mann-Whitney U (Wilcoxon rank-sum) test, linear models, or ANOVA as 

appropriate and indicated in the figure legends. 

 

 

Results 

Comprehensive phenotyping of CRN2 knock-out mice 

A cohort of 15 female and 7 male homozygous CRN2 knock-out mice (reporter insertion 

allele, Fig. 1A) and 8 female and 7 male wild-type siblings were subjected to a 

comprehensive phenotyping (“primary screen”) at the German Mouse Clinic, Munich. 

Analyses started with mice aged 9 weeks and ended with age of 21 weeks. The conducted 

tests and results are summarised, and values that are increased or decreased as compared 

to the wild-type controls are highlighted in green or orange, respectively (Fig. 2). The 
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analyses depicted neurological abnormalities, e.g. CRN2 knock-out mice needed higher 

sound pressure levels to respond to click and higher frequency tones indicating reduced 

hearing sensitivity. This correlates well with the reduced acoustic startle response detected 

in the behaviour screen. Furthermore, CRN2 knock-out mice were hypoactive and showed a 

slight reduction in urination frequency (modified SHIRPA). Moreover, several subtle 

phenotypic alterations were detected (echocardiography, clinical chemistry and 

haematology, immunology), which were predominantly sex-related. All results of the 

phenotypic screen in detail are available online at the German Mouse Clinic phenomap 

(www.mouseclinic.de). In addition, all organ systems of CRN2 knock-out mice also were 

histologically examined at the age of 1 year. Again, this analysis did not depict any obvious 

morphological alterations (Fig. 2). 

 

Glioblastoma formation in Tp53/Pten and Tp53/Pten/CRN2 knock-out mice 

To further analyse the effects of CRN2 in glioblastoma formation, we used a previously 

published glioblastoma model (Chow et al., 2011). The model expresses a tamoxifen-

inducible form of the Cre recombinase under the control of the astrocyte-specific glial 

fibrillary acidic protein (GFAP-CreER) (Chow et al., 2008) into which we crossbred the 

conditional CRN2 knock-out allele (Fig. 1A). Crossbreeding resulted in mice harbouring the 

heterozygous GFAP-CreER allele as well as the homozygous Tp53-LoxP, Pten-LoxP and CRN2-

LoxP alleles, thus enabling the combined deletion of Tp53, Pten and CRN2 in astrocytes. Out 

of a total number of 60 Tp53/Pten (double) knock-out (glioblastoma model) and 47 

Tp53/Pten/CRN2 (triple) knock-out (glioblastoma model with additional CRN2 allel) 

tamoxifen-injected and Cre-positive mice, brains of 14 Tp53/Pten knock-out and 24 

Tp53/Pten/CRN2 knock-out mice were dissected for histopathological and biochemical 

analyses. Histopathological evaluation verified the presence of highly cellular, pleomorphic 

glioblastoma with abundant mitoses (arrows), pseudopalisading necrosis (asterisks) and 

thrombosed tumour vessels (arrowheads) in both genotypes (Fig. 3A,B,D,E). 

Immunoreactivity for microtubule-associated protein 2 (MAP-2), a protein associated with 

the neuronal cytoskeleton (Fig. 3J,K) that is established as a marker of glioblastoma cells 

(Blümcke et al., 2001), was detected in virtually all tumour cells (Fig. 3C,F). Further 15 

Tp53/Pten knock-out and 8 Tp53/Pten/CRN2 knock-out mice were used for in vivo magnetic 

resonance imaging, which documented formation and rapid growth of glioblastoma 
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(Fig. 3G,H). Due to differences in the time point of glioblastoma occurrence we were unable 

to make statistically reliable MRI analyses of the glioblastoma growth rates. However, a 

determination of the survival rates based on 38 Tp53/Pten knock-out and 30 

Tp53/Pten/CRN2 knock-out mice with tamoxifen-induced glioblastoma showed no clear 

differences between the genotypes (Fig. 3I). 

 

CRN2 enhances the perivascular invasion of glioblastoma cells 

To further explore the effect of CRN2 on the invasion of glioblastoma cells, we transplanted 

previously established U373 human glioblastoma cell lines (see Fig. 1 within reference 

(Ziemann et al., 2013)) onto the entorhinal cortex of murine coronal brain slices. 

Subsequently, after two days of culture, confocal images were recorded with the 

immunostained CD31-positive capillaries (red) and the GFP-fluorescence (green) of the GFP-

CRN2 cells with stable overexpression of GFP-CRN2 in addition to the endogenous protein or 

CRN2-shRNA/GFP cells with shRNA-mediated knock-down of the endogenous CRN2 in 

conjunction with expression of GFP. U373 cells only expressing GFP in addition to the 

endogenous CRN2 were included as a control. This assay allowed the quantitation of the 

number of capillaries encased by the glioblastoma cells (Fig. 4A). Notably, transplantation 

and invasion of the GFP-CRN2 expressing cells into the brain slice tissue led to a higher rate 

of capillary encasement (79%) as compared to the CRN2-shRNA/GFP cells (32%; a level of 

80% encasement was set as a threshold value) (Fig. 4B). GFP cells exhibited an intermediate 

value (42%). Thus, the presence of CRN2 promotes the perivascular invasion of U373 

glioblastoma cells into the brain slice tissue. 

As focal adhesions dynamically link the actin cytoskeleton to the extracellular matrix and 

dysregulation of this cell migration processes is associated with tumour cell invasion 

(Carragher and Frame, 2004), we examined focal adhesions and the actin cytoskeleton of 

GFP-CRN2 and CRN2-shRNA/GFP expressing as well as GFP control U373 cells by 

immunostaining of αVβ3 integrin (CD51/CD61, in white) and TRITC-phalloidin (in red), 

respectively (Fig. 4C). Measurement of the dimensions of focal adhesions revealed small but 

significant reductions in their length and width upon any deviation of the endogenous level 

of CRN2 (Fig. 4D). Furthermore, GFP-CRN2 expressing cells showed a slightly but statistically 

significantly reduced focal adhesion width as compared to CRN2-shRNA/GFP cells. 
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CRN2-dependent expression of TIMP4 in glioblastoma tissue 

To shed more light on the molecular role of CRN2 in tumour progression, we searched for 

novel, cancer-related CRN2 binding partners and signalling pathways. For this purpose, we 

used the RT2Profiler PCR array “Tumour Metastasis” (Qiagen) to screen for differentially 

regulated genes using cDNA derived from tumour tissue specimens as well as unaffected 

brain areas from our glioblastoma mice with and without expression of CRN2. Here, we 

specifically focused on the comparison of results obtained from glioblastoma specimens with 

and without expression of CRN2. Out of the 89 genes included in this assay, a statistically 

significant, CRN2-dependent regulation in glioblastoma of more than two-fold was detected 

for 12 genes. We found that Etv4, Fn1, Kras, and Lpar6 were down-regulated, whereas Ccl7, 

Hpse, Igf1, Itga7, Nme1, TIMP4, B2m, and Gusb were up-regulated in the tumour specimens 

lacking CRN2. Here, we focused on the gene encoding the tissue inhibitor of 

metalloproteinases 4 (TIMP4), which was 2.14-fold upregulated (p = 0.005). The rationale for 

this selection is based on the previous observation that TIMP4 is expressed in human brain 

tumours and interacts with MMP14 (matrix metalloproteinase-14) (Groft et al., 2001). 

Moreover, TIMP4 has been reported as an effective inhibitor of the MMP14 catalytic activity 

(Bigg et al., 2001). Thus, we included all three proteins, CRN2, TIMP4, and MMP14, in our 

further analyses. 

 

Partial co-localisation of CRN2, TIMP4 and MMP14 at the front of lamellipodia 

As a next step, we addressed the subcellular localisations of CRN2, TIMP4, and MMP14 by 

immunofluorescence analysis of U373 glioblastoma cells. In addition to cytoplasmic pools, all 

three proteins showed marked enrichments at the plasma membrane, in particular at the 

front of lamellipodia (Fig. 5A). Single confocal planes recorded at higher magnification in 

conjunction with image deconvolution revealed co-localisations of CRN2 and TIMP4 (in 

yellow), CRN2 and MMP14 (in cyan), TIMP4 and MMP14 (in magenta), and, notably, of all 

three proteins (in white) predominantly at the leading edge of lamellipodia (highlighted by 

white arrows) (Fig. 5A lower row, 5B). A similar pattern of co-localisations, though with a 

more diffuse distribution of CRN2, was detected in U373 cells stably overexpressing GFP-

CRN2 (Fig. 5C). 

 

CRN2, TIMP4 and MMP14 mutually interact and form a ternary protein complex 
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Based on this immunofluorescence data, we performed luminescence-based mammalian 

interactome mapping (LUMIER) assays to detect putative protein interactions. CRN2, TIMP4, 

and MMP14 were expressed as Renilla luciferase, Firefly luciferase, and Protein A fusion 

proteins, and Renilla luciferase (left) and Firefly luciferase (right) luminescence values were 

recorded (Fig. 6A). This protein interaction assay showed TIMP4 and MMP14 as novel 

binding partners of CRN2. Moreover, the already described interaction between TIMP4 and 

MMP14 could be verified. Notably, we detected a complex formation of all three proteins by 

the simultaneous measurement of the Renilla and Firefly luciferase luminescence signal 

intensities. The formation of CRN2 oligomers was included as a positive control, and as a 

negative control the Protein A fusion protein was omitted (Fig. 6A). 

 

Mapping of the CRN2 – TIMP4 and CRN2 – MMP14 interaction domains 

We used bacterially expressed and purified TIMP4 GST-fusion constructs to precipitate full-

length GFP-CRN2 from lysates of stably expressing U373 glioblastoma cells. The following 

TIMP4 variants were used (Fig. 6F): (1) mature full-length form lacking the very N-terminal 

signal peptide, amino acids 30-224; (2) N-terminal domain, amino acids 30-157 and (3) C-

terminal domain, amino acids 158-224. Glutathione-Sepharose beads coated with a GST-

fusion protein were incubated with lysates from U373 glioblastoma cells either expressing 

GFP-tagged CRN2 or GFP alone, used for the pull-down, and analysed by GFP 

immunoblotting. Here, the N domain of TIMP4 could precipitate GFP-CRN2 from cell lysates 

but not GFP alone, which was used for control (Fig. 6C,F). Full-length TIMP4 also interacted 

with CRN2, however, much weaker (Fig. 6B,F). The C domain of TIMP4 showed no binding at 

all (Fig. 6F). 

We performed analogous experiments for CRN2 and MMP14 and used the following 

domains of MMP14 fused to GST (Fig. 6F): (1) mature full-length protein without the N-

terminal signal peptide, amino acids 21-582; (2) complete extra-cellular part, amino acids 21-

541; (3) propeptide domain, amino acids 21-111; (4) peptidase activity domain, amino acids 

112-300; (5) propeptide plus peptidase activity domain, amino acids 21-300; (6) hemopexin 

domain, amino acids 301-541; and (7) the small intra-cellular part, amino acids 563-582. In 

these pull-down assays, the mature full-length MMP14 protein (Fig. 6D,F), the extra-cellular 

part (Fig. 6F), the peptidase activity domain (Fig. 6E,F), and the propeptide including the 

peptidase activity domain (Fig. 6F) were able to pull-down GFP-CRN2. In contrast, for the 
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propeptide domain alone, the hemopexin domain, and the intra-cellular part of MMP14 no 

binding of GFP-CRN2 could be detected (Fig. 6F). Thus, these data suggest that the peptidase 

activity domain of MMP14 is the minimal binding region for the interaction with CRN2. 

 

CRN2-dependent secretion of TIMP4 and activity regulation of MMP14 

To address putative functional effects of CRN2 on TIMP4 and MMP14, we measured the 

secretion of TIMP4 by U373 glioblastoma cells and the catalytic activity of recombinant 

MMP14. Growth medium supernatants from GFP-CRN2 and CRN2-shRNA/GFP U373 

glioblastoma cells were collected after 24 to 72h and used for ELISA measurements using 96-

well plates coated with an antibody specific for human TIMP4. This analysis revealed that 

GFP-CRN2 U373 cells on average secreted 612 pg/ml TIMP4 as compared to 501 pg/ml in 

case of CRN2-shRNA/GFP U373 cells (Fig. 7A). 

For MMP14 catalytic activity measurements, we used a quenched fluorogenic peptide in 

conjunction with the above peptidase activity domain (construct 4). For control, we added 

NNGH (N-isobutyl-N-(4-methoxyphenylsulfonyl)glycyl hydroxamic acid), a potent inhibitor of 

matrix metalloproteases, and also performed measurements using the enzymatically 

inactive small intra-cellular MMP14 peptide (construct 7). The reaction mixtures further 

contained either GFP-CRN2 or GFP for control immunoprecipitated from the stably 

expressing U373 glioblastoma cells. The MMP14 enzyme activity measurements revealed 

that the presence of CRN2 significantly enhanced the catalytic activity of the peptidase 

domain (Fig. 7B). Reactions containing the intra-cellular MMP14 peptide or with the addition 

of NNGH showed background fluorescence intensity levels. Thus, binding of CRN2 to MMP14 

increased the MMP14 catalytic activity. 

 

CRN2, TIMP4, and MMP14 – protein interaction in a shared compartment 

The detection of a ternary complex composed of CRN2, TIMP4 and MMP14, their co-

localisation at lamellipodia, and the CRN2-dependent regulation of MMP14 catalytic activity 

raise the question of a shared intracellular compartment of the three proteins or, 

alternatively, the secretion of CRN2. Firstly, the subcellular localisation of CRN2 in relation to 

TIMP4 and MMP14 was analysed using sucrose density gradient fractionation (Fig. 7C). CRN2 

distributed between fractions 5 and 24 with peaks in fractions 6-8 (0.15-0.3 M sucrose), 17 

(1 M sucrose), and 22-23 of high sucrose density (2.49 M). Fractions of low sucrose density 
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most likely represent CRN2 bound to the membrane-associated actin cytoskeleton, whereas 

in fractions of higher density CRN2 is associated with membranes that were reported to co-

fractionate with ER-markers (Spoerl et al., 2002). TIMP4 was only present in the low-density 

fractions 4-7 containing approximately 0.15 M sucrose, while MMP14 could be detected 

starting from fraction 11 until the high-density fractions of the sucrose gradient. Fractions 6 

as well as 17 and 21 containing the peak intensities of CRN2/TIMP4 and CRN2/MMP14, 

respectively, were subjected to SDS-PAGE in conjunction with mass spectrometry. While the 

lower density fraction mainly contained cytosolic and cytoskeleton-related proteins, both 

higher density fractions additionally contained membrane receptors and proteins regulating 

lamellipodium assembly and vesicle trafficking. Notably, the latter fractions contained the 

Ras GTPase-activating-like protein IQGAP1 which regulates the dynamics and assembly of 

the actin cytoskeleton and also the exocytosis of MMP14 (Sakurai-Yageta et al., 2008). 

Secondly, we tested the possibility that CRN2 is released from the cell via exosomes, which 

have been implicated in cell migration, signalling, and cancer (Bobrie et al., 2012). We 

purified exosomes from conditioned growth medium of U373 glioblastoma cells stably 

expressing GFP-CRN2 for immunoblot analysis, and the purified particles were positive for 

the exosome marker Hsp70. Notably, the exosomes were also positive for both endogenous 

and GFP-tagged CRN2. Furthermore, they contained MMP14, but we could not detect TIMP4 

(Fig. 7D). This data provides first evidence that CRN2 may be transported to the extracellular 

space via exosomes, where it could become available for its interactions with TIMP4 and 

MMP14. 

 

 

Discussion 

The goal of the present study was to further explore the functional role of the actin filament-

binding protein CRN2 in the context of glioblastoma multiforme. For this purpose, we 

crossbred our CRN2 knock-out mice with an inducible Tp53/Pten knock-out glioblastoma 

mouse model (Chow et al., 2011; Maire and Ligon, 2011). Our prior comprehensive analysis 

of the CRN2 knock-out mouse line revealed mild neurological and behavioural alterations. A 

reduced hearing sensitivity had been described for other WD40-repeat domain proteins 

(Bassi et al., 1999), and low abundance of CRN2 has been described in the ventricular hair 

bundles of chicken inner ear (Shin et al., 2013a). A tumour phenotype could not be detected 

Jo
ur

na
l P

re
-p

ro
of



18 
 

in this mouse line. Comparing the Tp53/Pten knock-out (glioblastoma) and Tp53/Pten/CRN2 

knock-out (glioblastoma with additional CRN2 knock-out) mice, we could not detect a clear 

difference in the survival rates, which might at least in part be explained by the overall fast 

growth of this tumour entity. 

In a next step, we assessed the role of CRN2 in glioblastoma formation by transplanting 

U373 glioblastoma cells onto the entorhinal cortex of murine coronal brain slices. Tumour 

cell infiltration into the surrounding brain tissue was visualized by the extent of capillary 

encasement, as it had been reported that glioblastoma cells spread from the solid tumour by 

migrating along blood vessels (Yu et al., 2011). Consistent with our previous findings 

(Ziemann et al., 2013) we observed a higher encasement of capillaries by glioblastoma cells 

overexpressing GFP-CRN2 than by CRN2-shRNA/GFP knock-down cells. Since a dysregulated 

focal adhesion network has been shown to be associated with tumour cell invasion 

(Carragher and Frame, 2004), we also analysed adhesion sites by visualising the αVβ3 

integrin (CD51/CD61) complex and found focal adhesions with the smallest dimensions in 

our GFP-CRN2 expressing cells. Albeit the observed differences seem to be rather small, GFP-

CRN2 glioblastoma cells also have been reported to exhibit a reduced level of cell adhesion 

as compared to CRN2-shRNA/GFP cells (Ziemann et al., 2013), and a CRN2 knock-down in 

intestinal epithelial cells led to an elevated adhesion (Samarin et al., 2010), which supports 

our results. 

 

In a second line of experiments, we searched for cancer-related CRN2 interacting proteins 

and identified TIMP4 as well as MMP14 as novel CRN2 binding partners. CRN2 

predominantly interacted with the N domain of TIMP4, the region of TIMPs which commonly 

is involved in matrix metalloproteinase inhibition (Lee et al., 2002), and with the peptidase 

activity domain of MMP14. TIMPs are inhibitors of MMPs and regulate extracellular matrix 

turnover in normal and diseased conditions (Arpino et al., 2015; Lukaszewicz-Zajac et al., 

2014). TIMP4 has been shown to be upregulated in early stages of gliomas, breast and 

prostate cancers, while being downregulated in advanced stages (Groft et al., 2001; Lee et 

al., 2006; Zhao et al., 2004). It inhibits the MMP14-mediated activation of pro-MMP2 (Bigg 

et al., 2001). MMP14 exerts a key role during cancer dissemination, where its expression 

correlates with the malignancy of gliomas and several more types of cancer (Castro-Castro et 

al., 2016; Seiki et al., 2003a; Seiki et al., 2003b). Notably, all three proteins, CRN2, TIMP4 and 
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MMP4, were co-localised at the front of lamellipodia in U373 glioblastoma cells. The 

localisations of CRN2 at lamellipodia, invadopodia, and cytosolic vesicular structures 

(Rosentreter et al., 2007; Ziemann et al., 2013) and of MMP14 at invadopodia (Artym et al., 

2006; Steffen et al., 2008) have been reported earlier. A more recent study showed that 

CRN2 is required for invadopodia formation and matrix degradation by breast cancer cells 

via accumulation at proteolytically active invadopodia formed in close association with 

collagen fibrils (Castagnino et al., 2018). This study further demonstrated an actin filament-

dependent presence of CRN2 on the cytosolic side of MMP14-containing late 

endosomes/lysosomes that are involved in MMP14 recycling and delivery to invadopodia for 

surface exposure (Castagnino et al., 2018; Steffen et al., 2008; Williams and Coppolino, 

2011). Another way of MMP14 secretion that has been described is the route via exosomes 

(Hakulinen et al., 2008; Hoshino et al., 2013). Our data adds more complexity to this picture, 

as we also detected CRN2 in exosomes, and determined a higher secretion of TIMP4 as well 

as an increased MMP14 catalytic activity in presence of CRN2. 

In the context of glioblastoma, our biochemical and subcellular localisation data points into 

the direction that CRN2 may act as a pro-invasive effector within the tumour cell 

microenvironment, and we hypothesise that the cell surface might be the shared 

compartment in which CRN2, TIMP4, and MMP14 could form a functional protein complex. 

In this respect, the current model of MMP2 activation at the cell surface involves a transient 

ternary complex of one MMP14 molecule of a MMP14 homo-dimer that interacts with the N 

domain of TIMP2, which further binds to proMMP2 via its C domain. The latter is converted 

to active MMP2 by the second MMP14 molecule (Fig. 2 within reference (Gifford and Itoh, 

2019)). Thus, TIMP2, originally described as MMP14 inhibitor, rather has a role in the 

activation of MMP14-mediated proMMP2 conversion. Since it has been shown that TIMP4 

cannot replace MMP2 in this functional trimer, it only can inhibit MMP14 and its 

intermolecular autocatalytic processing, but neither form a MMP14-TIMP4-proMMP2 

complex nor convert proMMP2 (Bigg et al., 2001; Hernandez-Barrantes et al., 2001). 

How could a complex composed of CRN2, TIMP4 and MMP14 operate? We propose a model 

in which cell surface exposed MMP14 via its peptidase domain would interact with a 

bridging CRN2 that additionally would interact with the N domain of TIMP4. In such a 

MMP14-CRN2-TIMP4 protein complex (Fig. 6A) the cell surface bound MMP14 would not be 

inhibited by the potent inhibitor TIMP4, as the N domain of TIMP4 would be engaged in the 

Jo
ur

na
l P

re
-p

ro
of



20 
 

interaction with CRN2. However, CRN2 could activate MMP14 as shown in our assay 

(Fig. 7B). The active MMP14 could then directly degrade components of the pericellular 

extracellular matrix and shed adhesion molecules. In this scenario, the primary function of 

the sequestrated, surface bound TIMP4 would not be the inhibition of MMPs like e.g. MMP2 

(Kai et al., 2002; Melendez-Zajgla et al., 2008). Thus, the C domain of TIMP4 could interfere 

with signalling pathways, as it has previously been shown for TIMP4 to promote tumour 

growth by inhibiting tumour cell apoptosis via interaction with the tetraspanin CD63 of 

neighbouring cells (Melendez-Zajgla et al., 2008; Pruefer et al., 2016; Rorive et al., 2010; 

Stetler-Stevenson, 2008). 

 

 

Conclusions 

In the present study, we further explored the functional role of the actin filament-binding 

protein CRN2 in the context of glioblastoma multiforme. We performed a multi-scale 

analysis of the tumour-promoting effects of CRN2 in vivo, ex vivo, and in vitro. Key findings of 

our study are, a) the detection of neurological and behavioural alterations in CRN2 knock-

out mice, b) a higher tumour cell encasement of murine brain slice capillaries by 

glioblastoma cells overexpressing CRN2, c) the identification of two novel and tumour-

relevant CRN2 interaction partners, TIMP4 and MMP14, d) a CRN2-dependent secretion of 

TIMP4 and activity regulation of MMP14, and e) the presence of CRN2 in exosomes. In the 

context of glioblastoma, these newly established CRN2 functions are suggestive of CRN2 as a 

pro-invasive effector within the tumour cell microenvironment. 
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Figure Legends 

Figure 1 

CRN2 gene targeting approach and validation of the CRN2 knock-out allele. We generated 

CRN2 knock-out mice from two different ES cell clones, EPD0343_2_B04 and 

EPD0343_2_F09, which were obtained from the NCRR-NIH supported KOMP Repository 

(www.komp.org) and generated by the CSD consortium for the NIH funded Knockout Mouse 

Project (KOMP); see also (Behrens et al., 2016). CRN2 gene targeting was performed 

according to the “knockout first allele” strategy (Testa et al., 2004). (A) The CRN2 wild-type 

allele comprises 11 exons with an untranslated exon 1, a start codon (ATG) in exon 2, and a 

stop codon (TGA) in exon 11. The CRN2 reporter insertion allele was generated by 

homologous recombination of the CRN2 targeting vector and consists of a 5’ flippase 

recognition target (FRT) site, a splice acceptor, an internal ribosome entry site (IRES), a -gal 

reporter cassette, three locus of X-over P1 (loxP) sites flanking a neomycin selection cassette 

and exon 5, and another 3’ FRT site. Positions of the 5’-, neo-, and 3’-Southern blot probes as 

well as the PCR primers GF3, VF1, LAR3, RAF5, Ex5F, GR6, and GR3 are indicated. Removal of 

the -gal reporter and neomycin selection cassettes by flippase (Flp)-mediated site-directed 

recombination results in the CRN2 conditional allele with the remaining, floxed (flanked by 

loxP) exon 5. Further cyclization recombination (Cre)-mediated deletion of exon 5 results in 

the CRN2 deletion allele causing a premature stop codon in exon 6. The 5’ and 3’ homology 

arms of the targeting vector were derived from C57BL/6N genomic DNA. (B) Validation of 

the reporter tagged insertion allele in heterozygous and homozygous CRN2 knock-out mice 

by Southern blotting of BglII restriction digested genomic DNA as well as PCR analyses for 

the presence of the 5’- (primer pair GF3/LAR3) and 3’-arms (RAF5/GR3) and the loxP sites 

(Ex5F/GR6) of the targeting vector. (C) Immunoblotting verifies the lack of CRN2 in 

homozygous mice, the presence of only one CRN2 allele resulted in a haploinsufficiency. 

Equal loading was confirmed using a GAPDH antibody. 
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Figure 2 
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Comprehensive phenotypic analysis of CRN2 knock-out mice. A cohort of 15 female and 7 

male homozygous CRN2 knock-out mice and 8 female and 7 male wild-type siblings were 

subjected to a phenotyping screen at the German Mouse Clinic (GMC). The conducted tests 

and results of this standardised workflow are summarised in this simplified figure; analyses 

started with mice aged 9 weeks and ended with age of 21 weeks. Additional mice were 

histologically examined at age of 1 year. Values that are increased or decreased as compared 

to the wild-type controls are highlighted in green or orange, respectively. Data was analysed 

using R (version 3.2.3), and statistical significance was calculated by Student’s t-test, Fisher’s 

exact test, Wilcoxon rank sum test, linear models, or ANOVA as appropriate. A p-value of 

<0.05 has been used as level of significance; a correction for multiple testing has not been 

performed as about 500 parameters belonging to 14 different disease areas are measured 

during the primary screening. All results in detail are available online at the German Mouse 

Clinic phenomap (www.mouseclinic.de). LA, locomotor activity. 
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Figure 3 

Glioblastoma formation in Tp53/Pten and Tp53/Pten/CRN2 knock-out mice. (A,B,D,E) H&E 

stained tumour specimens derived from a Tp53/Pten and a Tp53/Pten/CRN2 knock-out 
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mouse show the presence of glioblastoma with abundant mitoses (arrows), microvascular 

proliferation (arrowheads) and tumour necrosis (asterisks). (C,F) MAP-2 is robustly expressed 

in all tumour cells. (G,H) After tamoxifen injection, the occurrence and development of 

glioblastoma was monitored by magnetic resonance imaging in Tp53/Pten and 

Tp53/Pten/CRN2 knock-out mice. T2-weighted images were acquired at 9.4 T under 

isoflurane anaesthesia and further processed for visualisation and data analysis. The 

magnetic resonance images show coronal brain sections with large tumours (black asterisks) 

containing haemorrhagic parts (white asterisks) derived from a Tp53/Pten and a 

Tp53/Pten/CRN2 knock-out mouse at 135 and 150 days after tamoxifen injection, 

respectively. (I) Kaplan-Meier plot of the survival of 38 Tp53/Pten and 30 Tp53/Pten/CRN2 

knock-out mice. No obvious difference in their life span was observed after tamoxifen-

induction of glioblastoma. (J,K) In normal brain regions, as shown here in tumour-free 

neocortex (J) and cerebellum (K) of a Tp53/Pten knock-out mouse, MAP-2 expression is 

basically limited to neurons. 
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Figure 4 

CRN2 enhances the perivascular invasion of glioblastoma cells and reduces the size of focal 

adhesions. (A) U373 glioblastoma cells were transplanted onto the entorhinal cortex of 

murine coronal brain slices and cultured for two days. Slices were stained with an antibody 

directed against CD31 and confocal images were recorded showing the CD31-positive 

capillaries (red) and the GFP-fluorescence (green) of the GFP-CRN2 or CRN2-shRNA/GFP 

expressing U373 cells. Nuclei were stained with DAPI (blue). (B) Quantitation of the 

perivascular invasion of U373 glioblastoma cells. Capillaries that were encased or not 
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encased by glioblastoma cells were counted to calculate the rate of glioblastoma cell 

encasement. The stacked column chart indicates the percentage of capillaries with more 

than 80% encasement (dark grey), which was set as a threshold value. While after 

transplantation of GFP-CRN2 expressing cells 79% of encasement was observed, this value 

decreased to 32% in case of CRN2-shRNA/GFP cells; GFP cells showed an intermediate value 

of 42%. Mean values and standard errors were calculated from capillaries of three to four 

different areas per tumour derived from three to four independent experiments, resulting in 

a total number of 660, 939, and 865 capillaries that were analysed for GFP-CRN2, CRN2-

shRNA/GFP, and GFP expressing U373 cells, respectively. Statistical significance was 

calculated by Student’s t-test. (C) Focal adhesions (white) and the actin cytoskeleton (red) of 

GFP-CRN2 and CRN2-shRNA/GFP U373 cells were visualised using an antibody directed 

against αVβ3 integrin (CD51/CD61) and TRITC-phalloidin, respectively. Nuclei were stained 

with DAPI (in blue). (D) Quantitation of focal adhesions length and width in GFP-CRN2 and 

CRN2-shRNA/GFP as well as GFP U373 glioblastoma cells. Mean values and standard errors 

were calculated from the measurement of 110, 100, and 90 focal adhesions of 11 GFP-CRN2, 

10 CRN2-shRNA/GFP, and 9 GFP cells, respectively, obtained from 3 independent 

experiments. Statistical significance was calculated by Student’s t-test. 
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Figure 5 

Distribution of CRN2, TIMP4 and MMP14 in U373 glioblastoma cells revealed partial co-

localisation of all three proteins. (A) U373 glioblastoma cells were stained with antibodies 

directed against CRN2 (green), TIMP4 (red) and MMP14 (blue); overview and higher 

magnification of the boxed area. Arrows highlight co-localisation of all three proteins at the 

front of lamellipodia (white). (B) The leading edge of another U373 glioblastoma cell is 

shown. (C) GFP-CRN2 (green) overexpressing U373 glioblastoma cells were stained with 

antibodies directed against TIMP4 (red) and MMP14 (blue). (A-C) Asterisks indicate the 

cytoplasmic side of the higher magnified lamellipodial region. All images were deconvolved 

using Huygens Essential (Scientific Volume Imaging). 
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Figure 6 

Mutual interaction of CRN2, TIMP4 and MMP14. (A) Analysis of protein-protein interactions 

using the luminescence-based mammalian interactome mapping (LUMIER) technique. CRN2 

was fused to Renilla luciferase and expressed together with the interaction partners of 

interest fused either to Protein A or Firefly luciferase as indicated. Renilla luciferase 

luminescence (left) and firefly luciferase luminescence (right) are depicted; the dotted lines 

indicate the non-specific background luminescence intensity levels. The formation of CRN2 

homo-oligomers was included as positive control; in the negative control the Protein A 

fusion protein was omitted. Mean values and standard errors were calculated from four to 
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17 independent experiments, depending on which interaction was tested. Statistical 

significance was calculated by Student’s t-test, (***) p ≤ 0.0003. (B-E) Selected pull-down 

assays employing full-length GFP-CRN2 together with TIMP4 and MMP14 domain constructs 

as indicated. White asterisks mark degradation products of GFP-CRN2 in (B,C,E). Glutathione-

Sepharose beads coated with the respective GST-fusion proteins were incubated with lysates 

from U373 cells expressing GFP-CRN2 or GFP for control. Ponceau S stains show the GST-

fusion proteins. Probing was performed with a GFP mAb. (F) Overview of all domain 

constructs tested for CRN2 interaction. The symbol  indicates interaction, whereas the 

symbol  indicates no interaction with GFP-CRN2. The symbol () indicates weak binding. 

Assays were performed as described for (B)-(E). 
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Figure 7 

Functional effects of CRN2 on TIMP4 and MMP14. (A) ELISA-based quantitation of secreted 

TIMP4 using cell culture supernatants of U373 glioblastoma cells with overexpressed and 

downregulated levels of CRN2. GFP-CRN2 U373 cells showed significantly more secretion of 

TIMP4 than CRN2-shRNA/GFP cells. Mean values and standard errors were calculated from 

30 measurements of three independent experiments; statistical significance was calculated 

by Student’s t-test. (B) Immunoprecipitated GFP or GFP-CRN2 protein was added to purified 

MMP14-domain constructs together with a quenched fluorogenic peptide displaying 

fluorescence upon cleavage by an active MMP. GFP-CRN2 but not GFP alone enhanced the 

peptidase activity of MMP14. The intra-cellular domain of MMP14 does not possess 

cleavage activity and was included as a control. Addition of the MMP inhibitor NNGH 

decreased the detected fluorescence intensities to background levels. This experiment was 

performed in a 96-well microplate and repeated four times independently. Mean values and 

standard errors from one representative experiment with all samples in triplicate is shown. 

(C) Discontinuous sucrose density gradient fractionation (0.15 M to 2.49 M sucrose) of 

nucleus-free, organelle-preserved lysates from U373 glioblastoma cells. CRN2 is present in 

fractions of low density partially co-distributing with TIMP4 in fractions 5-7 as well as in high 

density fractions co-distributing with MMP14 in fractions 16-23. Dotted lines indicate 

separate photographic film exposures of the fractions that were combined for better 

illustration. (D) Exosomes were purified from conditioned growth medium of U373 

glioblastoma cells stably overexpressing GFP-CRN2 and analysed by immunoblotting using 

antibodies directed against CRN2, TIMP4, MMP14, and the exosome marker Hsp70. 
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