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Abstract

:

Protein kinase CK2 is a crucial regulator of endothelial cell proliferation, migration and sprouting during angiogenesis. However, it is still unknown whether this kinase additionally affects the angiogenic activity of other vessel-associated cells. In this study, we investigated the effect of CK2 inhibition on primary human pericytes. We found that CK2 inhibition reduces the expression of nerve/glial antigen (NG)2, a crucial factor which is involved in angiogenic processes. Reporter gene assays revealed a 114 bp transcriptional active region of the human NG2 promoter, whose activity was decreased after CK2 inhibition. Functional analyses demonstrated that the pharmacological inhibition of CK2 by CX-4945 suppresses pericyte proliferation, migration, spheroid sprouting and the stabilization of endothelial tubes. Moreover, aortic rings of NG2−/− mice showed a significantly reduced vascular sprouting when compared to rings of NG2+/+ mice, indicating that NG2 is an important regulator of the angiogenic activity of pericytes. In vivo, implanted Matrigel plugs containing CX-4945-treated pericytes exhibited a lower microvessel density when compared to controls. These findings demonstrate that CK2 regulates the angiogenic activity of pericytes through NG2 gene expression. Hence, the inhibition of CK2 represents a promising anti-angiogenic strategy, because it does not only target endothelial cells, but also vessel-associated pericytes.
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1. Introduction


Protein kinase CK2 is an ubiquitously expressed serine/threonine kinase consisting of two catalytic CK2α and CK2α’ subunits as well as two regulatory CK2β subunits [1]. To date, more than five hundred proteins have been identified as substrates of CK2, including structure proteins, membrane proteins and transcription factors [2]. CK2 is involved in various cellular processes, including thrombus formation, insulin secretion and angiogenesis [3,4,5,6]. Hence, a broad spectrum of CK2 inhibitors was developed in recent decades [7]. Commonly used CK2 inhibitors are 2-dimethylamino-4,5,6,7-tetrabromo-1H-benzimidazole (DMAT) [8], 4,5,6,7-tetrabromobenzotriazole (TBB) [9] and CX-4945 [10]. The latter is orally bioavailable [11] and has entered phase II clinical trials (ClinicalTrials.gov Identifier: NCT02128282).



There is a growing number of studies reporting that, besides endothelial cells, pericytes have a leading function in supporting vascular sprouting and blood vessel formation [12]. Pericytes are embedded within the basal membrane of small arterioles, capillaries and venules [13]. They interact directly with neighboring endothelial cells and the extracellular matrix (ECM), leading to the activation of pro- or anti-angiogenic pathways [14,15]. In recent decades, several surface proteins on pericytes have been identified, which contribute to their angiogenic potential [13]. One of these is nerve/glial antigen (NG)2, also known as chondroitin sulphate proteoglycane 4 (CSPG4), high molecular weight melanoma-associated antigen (HMW-MAA) or melanoma chondroitin sulfate proteoglycane (MCSP) [16,17,18]. NG2 consists of a large, posttranslational modified extracellular domain, which interacts with β1-integrin (CD29), resulting in enhanced cell proliferation [19,20]. Moreover, the extracellular domain binds to collagen VI [21,22,23], and thus promotes the detachment of pericytes from the vascular wall and their migration into the surrounding tissue as a major prerequisite for angiogenic sprout formation [24]. Accordingly, the loss of NG2 reduces the angiogenic potential of pericytes [25].



In the present study, we analyzed, for the first time, the regulatory function of CK2 on NG2-mediated angiogenic activity of primary human pericytes. We found that inhibition of CK2 suppresses the ability of pericytes to proliferate, migrate and stabilize endothelial tubes. Additional analyses revealed that CK2 inhibition reduces NG2 gene expression. Vascular sprouting out of aortic rings from wild type (NG2+/+) and NG2 knockout (NG2−/−) mice further confirmed the suppressive effect of CK2 inhibition on the angiogenic activity of pericytes. These in vitro results were finally verified by means of an in vivo Matrigel plug assay.




2. Materials and Methods


2.1. Chemical and Biological Reagents


Pericyte growth medium (PCGM) and endothelial growth medium were from PromoCell (Heidelberg, Germany). Dulbecco's Modified Eagle's Medium (DMEM), Lipofectamine3000 reagent, PureLinkTM Genomic DNA Mini Kit and the restriction enzymes HindIII and XhoI were from Thermo Fisher Scientific (Karlsruhe, Germany). Matrigel was from Corning (Wiesbaden, Germany). Vascular endothelial growth factor (VEGF) and basic fibroblast growth factor (bFGF) were from R&D systems (Wiesbaden, Germany). Heparin was from Braun (Melsungen, Germany). Methylcellulose, Cycloheximide (CHX) and PKH67 green fluorescence linker were from Sigma-Aldrich (Taufkirchen, Germany). CX-4945 was from ActivateScientific (purity > 95%, Prien, Germany), TBB and bovine serum albumin (BSA) from Santa Cruz Biotechnology (Heidelberg, Germany). 4′,6-Diamidine-2′-phenylindole dihydrochloride (DAPI) and Bromdesoxyuridin (BrdU) was from Roche (Mannheim, Germany). Cell lysis reagent QIAzol was purchased from Qiagen (Hilden, Germany). The qScriber™ cDNA Synthesis Kit, ORA™ SEE qPCR Green ROX L Mix and SampleINTM Direct PCR Kit were from HighQu (Kraichtal, Germany). The set of three small interfering RNA (siRNA) duplexes directed against CK2α, CK2α’ and non-targeting siRNA control (ON-TARGET plus SMARTpools) was from GE Healthcare Dharmacon (Freiburg, Germany). Luciferase Assay System was from Promega (Walldorf, Germany). The NG2-plasmid (pEF6-CSPG4-myc-his) was from addgene (Watertown, MA, USA).




2.2. Antibodies


The anti-NG2 antibody (sc-166251) and CK2β antibody (E9) were from Santa Cruz Biotechnology. The anti-α-tubulin (B-5-1-2/T5168) antibody was from Sigma-Aldrich. The anti-Akt1/2/3 antibody (11E7) was from Cell Signaling (Frankfurt am Main, Germany). The anti-CK2α #26 and anti-CK2α’ #30 antibodies were generated as described previously [26]. The human anti-CD31 antibody and anti-AKT1 (phospho S129) antibody [EPR6150] was from Abcam (Cambridge, UK). The mouse anti-CD31 antibody (DIA310) was from Dianova (Hamburg, Germany). The peroxidase-labeled anti-rabbit antibody (NIF 824) and peroxidase-labeled anti-mouse antibody (NIF 825) were from GE healthcare (Freiburg, Germany). The flow cytometry antibodies anti-CD29 (555443), anti-activated CD29 (556049), anti-CD31 (555446), anti-chondroitin sulfate proteoglycan 4 (NG2) (562415) and IgG1-κ isotype control (555749) were from BD Biosciences (Heidelberg, Germany). The BrdU antibody (BU20A) was from eBioscience™ Fisher Scientific (Schwerte, Germany).




2.3. Cell Culture and Treatment


Primary human placenta-derived pericytes, primary normal human dermal fibroblasts (NHDF) and human umbilical vein endothelial cells (HUVEC) from PromoCell were cultivated at 37 °C under a humidified 95%/5% (vol/vol) mixture of air and CO2. The cells were passaged at a split ratio of 1:3 after reaching confluence. All experiments were carried out with confluent cells between the third and seventh passage. They were treated with 10 µM CX-4945, 50 µM TBB or vehicle (DMSO) for 48 h before the analyses.




2.4. Water-Soluble Tetrazolium (WST)-1 Assay


A WST-1 assay (Roche, Mannheim, Germany) was used to evaluate the mitochondrial activity as a parameter of cell viability of pericytes, as described previously in detail [27].




2.5. Lactate Dehydrogenase (LDH) Assay


An LDH assay (Cytotoxicity Detection KitPLUS, Roche) was used to analyze the cytotoxic effects of CX-4945 on pericytes, as previously described in detail [27]. Briefly, pericytes were treated with vehicle (DMSO) or CX-4945 (10 µM) for 48 h. For the high toxicity control (HC), pericytes were incubated with a lysis reagent containing Triton-X100 (0.1%) to permeabilize their cell wall. To investigate the LDH release, pericytes were then incubated with the Dye-Catalyst mixture and analyzed with a microplate reader.




2.6. Scratch Assay


The migratory capacity of pericytes was assessed by a scratch assay. For this purpose, pericytes were seeded in a 24-well plate. After reaching confluence, the cell monolayer was scratched with a pipette tip and then rinsed twice with phosphate-buffered saline (PBS) to remove non-adherent cells. Phase-contrast light micrographs were taken immediately (0 h), as well as 16 and 24 h after scratching. The gap area was measured by means of ImageJ software; version 1.52a (U.S. National Institutes of Health (NIH), Bethesda, MD, USA).




2.7. Growth Curves


Pericytes (2 × 106 cells per well) were seeded in a 24-well plate and cultivated overnight. Then, the cells were treated with 10 µM CX-4945 or vehicle for 24 and 48 h. Thereafter, they were detached, centrifuged and suspended with fresh culture medium. Aliquots of the suspended cells were stained with trypan blue (0.4%) and counted by a LUNA™ Automated Cell Counter according to the manufacturer's protocol.




2.8. Transwell Migration Assay


The migratory activity of pericytes exposed to vehicle or 10 µM CX-4945 for 48 h was assessed using 24-well chemotaxis chambers and polyvinylpyrrolidone-coated polycarbonate filters with a pore size of 8 mm (BD Biosciences, Heidelberg, Germany). After overnight incubation (37 °C, 5% CO2) of the filters in PCGM without any supplements, medium was removed and 750 µL PCGM supplemented with 5% FCS was added to each of the lower wells and 500 µL PCGM/0.1% FCS containing 2.5 × 105 treated cells were added to the upper well. After 5 h cultivation, non-migrated cells were removed from the upper surface of the filters by cotton swabs. Migrated cells (adherent to the lower surface) were fixed with methanol and stained with Dade Diff-Quick (Dade Diagnostika GmbH, München, Germany). The number of migrated cells was counted in 20 microscopic regions of interest at 20× magnification (BZ-8000; Keyence, Osaka, Japan).




2.9. Spheroid Sprouting Assay


For the generation of spheroids, pericytes were suspended in medium containing 0.24% (w/v) methylcellulose and seeded (500 cells/100 µL) in non-adherent, round-bottom, 96-well plates (Greiner Bio-One, Frickenhausen, Germany). After incubation for 24 h, the newly developed spheroids were collected and resuspended in collagen solution, as previously described in detail [28]. After 48 h of incubation with 10 µM CX-4945 or vehicle, the spheroid-sprouting capacity was quantified by measuring the cumulative length of sprouts.




2.10. Tube Formation Assay


To assess the ideal ratio of pericytes and HUVEC for tube formation in co-culture experiments, both cell types were first seeded in different ratios (1:4 and 1:10) in a 96-well plate (overall cell number: 1.5 × 104 per well), which contained 50 µL Matrigel. In a second set of experiments, pericytes were pretreated with 10 µM CX-4945 or vehicle for 48 h. Thereafter, the cells were washed twice with PBS and stained with PKH67 green fluorescence linker according to the manufacturer's instructions. Then, the pretreated pericytes were co-cultivated with HUVEC in a ratio of 1:10. Phase-contrast light micrographs and fluorescence images were taken after 6 or 24 h. Tube formation was quantified by measuring the number of tube meshes (i.e., areas completely surrounded by endothelial tubes) per high power field (HPF) using ImageJ software; version 1.25a (U.S. NIH, Bethesda, MD, USA).




2.11. NG2 Promotor Analyses


Genomic DNA was isolated from primary human pericytes by means of PureLinkTM Genomic DNA Mini Kit according to the manufacturer’s instructions. A region of 2677 bp in front of the NG2 gene was amplified and fragmented by polymerase chain reaction (PCR) (for primer sequences see Table S1). All expression plasmids were derived from the pGL4.10 basic vector. The NG2 promotor fragments were cloned by XhoI and HindIII digestion and verified by DNA sequencing (Eurofins Genomics, Ebersberg, Germany).




2.12. Reporter Gene Assay


The transcriptional activity of the putative NG2 promoter fragments was assessed by reporter gene assays according to the manufacturer’s instructions. Briefly, HEK cells were transfected with the generated pGL4.10 expression vectors by means of Lipofectamine3000 for 24 h. After incubation, the cells were immediately lysed or incubated with 10 µM CX-4945 or vehicle (DMSO) for an additional 24 h. Luciferase activity was detected by a luminescence plate reader.




2.13. Cell Transfection


Pericytes were transfected with siRNA duplexes (100 nM) directed against CK2α and CK2α’ or with control (ctrl)-siRNA using HiPerFect transfection reagent for 48 h. For NG2 overexpression, the cells were transfected with pEF6-CSPG4-myc-his or a ctrl-plasmid using Lipofectamine3000 reagent for 24 h. Subsequently, the cells were used for flow cytometry or Western blot analyses.




2.14. Western Blot Analysis


Whole cell or tissue extracts were separated through a 7.5% or 12.5% SDS polyacrylamide gel and transferred onto a polyvinylidene difluoride (PVDF) membrane. The membrane was blocked with 5% dry milk in Tris-buffered saline TBS (0.1% Tween20) for 1 h and then incubated with the primary antibodies (anti-CK2α, anti-CK2α’, anti-CK2β, anti-NG2, anti-pAkt, anti-Akt and anti-α-tubulin; dilution 1:500) in TBS (0.1% Tween20) containing 1% dry milk overnight (4 °C). The membrane was incubated with a peroxidase-coupled secondary antibody (anti-rabbit 1:1500 or anti-mouse 1:2000) for 1 h. Protein expression was visualized by luminol-enhanced chemiluminescence (ECL; GE Healthcare).




2.15. Flow Cytometry


Cells were washed in PBS and harvested by scratching. Subsequently, the cells were incubated with the phycoerythrin (PE)-labeled primary antibodies and the PE-labeled IgG control antibodies for 1 h at room temperature. Then, the cells were washed in PBS and the mean fluorescence intensity (MFI) of 5000 cells was analyzed in the FL-2 channel by a FACScan flow cytometer (Becton Dickinson, San Antonio, USA) using the CellQuest software (version 5.1).



Proliferative cells were detected by a BrdU-assay (Thermo Scientific Bremen, Germany) according to the manufacturer’s protocol. Briefly, pericytes were incubated with BrdU. Then, the cells were washed, fixed and permeabilized. BrdU was detected by using a BrdU-antibody provided by the manufacturer. The MFI of 5000 cells was analyzed in the FL-1 and FL-2 channel by a FACScan flow cytometer using the CellQuest software (version 5.1).




2.16. Quantitative Real-Time PCR (qRT-PCR)


RNA was isolated by using QIAzol lysis reagent and cDNA was prepared by means of qScriber™ cDNA Synthesis Kit. The amount of mRNA was analyzed by qRT-PCR using ORA™ SEE qPCR Green ROX L Mix according to the manufacturer's instructions. Forward and reverse primers were used at a concentration of 500 nM. Data collection and analyses were performed by MiniOpticon Real-Time PCR Detection System and the 2−ΔΔCt method.




2.17. Animals


All experiments were approved by the local governmental animal protection committee (Landesamt für Verbraucherschutz, Abteilung C Lebensmittel und Veterinärwesen, Saarbrücken, Germany with the approval number: 012019) and were conducted in accordance with the European legislation on protection of animals (Directive 2010/63/EU) and the NIH Guidelines for the Care and Use of Laboratory Animals (http://oacu.od.nih.gov/regs/index.htm. 8th Edition; 2011).



Homozygous NG2-CreERT2 knock-in mice (TgH(NG2-CreERT2)) [29] were crossbred with reporter mice (B6;129S6-Gt(ROSA)26Sortm9(CAG-tdTomato)Hze/J (Ai14)) [30]. Homozygous NG2-CreERT2xRosa26-tdTomato mice lacking NG2 (NG2−/−) [29] as well as C57BL/6N wild type mice (NG2+/+) with a body weight of 25–35 g were used as donors for aortic rings. For Matrigel plug assays, 8- to 12-week-old male CD1 nu/nu mice with a body weight of 25–30 g were used.




2.18. Genotyping


To distinguish between NG2−/− and NG2+/+ mice, we used SampleINTM Direct PCR Kit. Genomic DNA was extracted from ear notches and then subjected to PCR using a designed primer set: Genotypes (NG2 wt allele: 557 bp and mutant allele: 829 bp) were determined by resolving PCR products by means of agarose gel electrophoresis.




2.19. Aortic Ring Assay


Aortic rings of NG2+/+ and NG2−/− mice were embedded in Matrigel. After 1 h, the Matrigel was polymerized and DMEM supplemented with 10% FCS was added. The aortic rings were then incubated at 37 °C for 6 days with 10 µM CX-4945 or vehicle (DMSO), including a medium change on day 3. The rings were analyzed by phase-contrast microscopy to assess the sprouting area.




2.20. Matrigel Plug Assay


Matrigel plugs consisting of 150 µL endothelial growth medium were mixed with the same volume of growth factor-reduced Matrigel (~20 mg/mL) containing VEGF (2 µg/mL), bFGF (2 mg/mL) and heparin (100 IU/mL) were subcutaneously injected into NG2+/+ and NG2−/− mice. Moreover, pericytes were treated with 10 µM CX-4549 or vehicle for 48 h. Thereafter, the cells were washed twice with PBS. Treated pericytes (1.5 × 104 cells) and HUVEC (1.5 × 105 cells) in a total volume of 150 µL endothelial growth medium were mixed with the same volume of growth factor-reduced Matrigel (~20 mg/mL) containing VEGF (2 µg/mL), bFGF (2 mg/mL) and heparin (100 IU/mL). Then, 300 µL Matrigel admixed with the cell suspension were subcutaneously injected into CD1 nu/nu mice. After 7 days, the Matrigel plugs were isolated for immunohistochemical analyses.




2.21. Immunohistochemistry


Paraformaldehyde-fixed specimens of Matrigel plugs were embedded in paraffin for the cutting of 3 µm-thick sections. The sections were stained with a human anti-CD31 antibody followed by the corresponding secondary-coupled fluorescence antibody. As negative controls, we used sections solely incubated with the secondary antibody. Microvessel density was quantified by counting human CD31-positive microvessels in six HPFs of each plug at 200× magnification (BX60, Olympus, Hamburg, Germany).




2.22. Statistical Analysis


All in vitro and in vivo experiments were reproduced at least three times. For in vivo studies, we used five animals per group and no mice were excluded from the statistical analysis. After testing the data for normal distribution and equal variance, differences between two groups were assessed by the unpaired Student's t-test. To test differences between multiple groups, one way ANOVA was applied. This was followed by the Tukey post-hoc test by means of Prism software 8 (GraphPad). All values are expressed as mean ± SD. Statistical significance was accepted for p < 0.05.





3. Results


3.1. Effect of CK2 Inhibition on NG2 Expression


First, we investigated the effect of CK2 inhibition on NG2 expression. The treatment of pericytes with CX-4945 or TBB significantly reduced the protein levels of NG2 when compared to controls, as shown by flow cytometry (Figure 1A) and Western blot analyses (Figure 1B,C). In addition, CX-4945 and TBB treatment diminished the CK2-dependent phosphorylation of Akt on serine 129 (pAkt) (Figure 1B,D). Moreover, silencing of the catalytic subunits CK2α and CK2α’ resulted in reduced protein levels of NG2 and pAkt (Figure 1E–H). To assess whether CK2 inhibition affects NG2 protein stability, pericytes were treated with vehicle or the two CK2 inhibitors CX-4945 and TBB in the presence of the CHX, which is an inhibitor of protein translation. NG2 protein levels progressively decreased throughout an observation period of 48 h without any significant differences between the groups indicating that CK2 inhibition does not affect NG2 protein stability (Figure 1I). This finding was confirmed by the observation that NG2 overexpression in pericytes is not altered by the inhibition of CK2 activity (Figure 1J). On the other hand, CK2 inhibition significantly reduced NG2 mRNA levels (Figure 1K). Accordingly, it can be concluded that the kinase regulates NG2 gene expression.



β1-integrin binds to NG2 and the interaction of the two proteins mediates signal transduction, resulting in cell proliferation [31]. To exclude the fact that CK2 inhibition also affects β1-integrin, we determined the expression of this surface protein after CX-4945 and TBB treatment. We found that neither the protein levels nor the activation of β1-integrin is affected by CK2 inhibition (Figure 1L,M).




3.2. Effect of CK2 Inhibition on NG2 Promoter Activity


The human NG2 promoter differs from the murine NG2 promoter in its chromosomal localization [32]. To characterize the human NG2 promotor, we first determined a 2677 bp region upstream of the NG2 start codon as a putative transcriptional active region (Figure 2A). To assess the activity of this region, we generated overlapping fragments (NG2p1 and NGp2), which were cloned into the luciferase vector pGL4. Of interest, we only detected an enhanced transcriptional activity of NG2p1, as shown by an increased luciferase signal (Figure 2B). Accordingly, we stepwise generated overlapping truncated fragments of NG2p1 (Figure 2C). Out of these fragments, NG2p1.2.4.1 was finally identified as the enhancing region of the NG2 promoter (Figure 2C).



To investigate the effect of CK2 inhibition on NG2 promotor activity, HEK cells were transfected with the luciferase vectors pGL4-NG2p1.2.4 or pGL4-NG2p1.2.4.1 and subsequently treated with CX-4945, TBB or vehicle. As expected, we detected a significantly decreased luciferase activity after CK2 inhibition when compared to vehicle-treated controls (Figure 2D,E). In silico analyses of NG2p1.2.4.1 revealed a consensus site for the transcription factor SP1 (Figure 2F).




3.3. Effect of CK2 Inhibition on Proliferation, Migration and Sprouting of Pericytes


CX-4945 is the first CK2 inhibitor in clinical trials (ClinicalTrials.gov Identifier: NCT02128282). In addition to its pro-apoptotic activity, this drug has been shown to exert anti-angiogenic properties [10]. Therefore, we analyzed the effect of CX-4945 on the intrinsic migratory and networking ability of pericytes because these processes crucially support angiogenesis. To exclude that the observed effects are mediated by cytotoxicity of CX-4945, we performed different viability assays (Figure 3A–D). WST-1 assays showed a significantly reduced mitochondrial activity of CX-4945-treated pericytes when compared to vehicle-treated controls (Figure 3A). However, LDH assays revealed that this concentration is not cytotoxic, which could be confirmed by additional growth curves and BrdU assays (Figure 3C,D). The effect of CK2 inhibition on the proliferative and migratory activity of pericytes was determined by means of a scratch assay. Treatment of the cells with CX-4945 significantly reduced their proliferation and migration, as indicated by a larger gap area 16 and 24 h after scratching when compared to vehicle-treated controls (Figure 3E,F). To verify the inhibitory effect of CK2 inhibition on cell migration, we performed transwell assays. From this, we could show that CK2 inhibition significantly reduces the migratory capacity of pericytes (Figure 3E,G). Moreover, we generated spheroids consisting of human pericytes and assessed their cellular sprouting capacity. In line with the results of the scratch and transwell assays, CX-4945 markedly decreased the length of newly developing sprouts (Figure 3E,H).




3.4. Effect of CK2 Inhibition in Pericytes on Endothelial Tube Stabilization


In contrast to endothelial cells, pericytes do not form tubes in the tube formation assay (Figure 4A). However, they are capable of stabilizing endothelial tube meshes on their branching sites. For this purpose, pericytes were co-cultivated with HUVEC in a ratio of 1:4 or 1:10. Of interest, we found that pericytes solely integrate in endothelial tube meshes when co-seeded in a ratio of 1:10 (Figure 4A). To perform co-culture experiments with CX-4945-pretreated pericytes, we determined the biosynthesis time of NG2. For this, the extracellular domain of NG2 was completely cleaved by trypsin and the recovery of full-length NG2 was analyzed by flow cytometry over time. We found that full-length NG2 levels are restored from 0% of control to ~40%, ~100%, ~140% and ~120% of control after 24, 48, 72 and 96 h, indicating that physiological protein expression takes ~48 h (Figure 4B). We next pretreated pericytes with CX-4945 for 48 h and then cultivated the cells without CX-4945 to assess the long-lasting inhibitory effect of CX-4945 on NG2 expression. Pretreatment of pericytes with CX-4945 reduced the NG2 protein levels by up to ~40% (Figure 4C).



The following analysis of recovery of the full-length NG2 protein after the removal of CX-4945 revealed an increase of only ~15%, ~85%, and ~80% of control after 24, 48 and 72 h, resulting in overall NG2 protein levels of ~55%, ~125% and ~120% of control. This clearly demonstrates a long-lasting inhibitory effect of CX-4945 on NG2 expression (Figure 4C). Based on these findings, we used CX-4945-pretreated pericytes with endothelial cells in a ratio of 1:10, to investigate the effect on endothelial tube stabilization. As expected, pretreatment of pericytes significantly reduced the number of tube meshes when compared to vehicle-pretreated controls (Figure 4D,E).




3.5. Effect of CK2 Inhibition in Pericytes on the Angiogenesis


Based on our in vitro results, we next investigated the effect of CK2 inhibition on the angiogenic activity of pericytes by means of ex vivo aortic ring assays. We treated aortic rings from NG2+/+ mice with CX-4945 or vehicle. Treatment with the CK2 inhibitor markedly suppressed the outgrowth of vascular sprouts from aortic rings when compared to vehicle-treated controls (Figure 5A,B). The comparison of aortic rings from NG2+/+ and NG2−/− mice further showed that the loss of NG2 significantly reduced aortic sprouting (Figure 5C,D). Additional treatment of aortic rings from NG2−/− mice with CX-4945 strengthened the anti-angiogenic effect of NG2 loss (Figure 5E).



Vessel sprouts consist of endothelial cells, pericytes and fibroblasts [33]. It is known that the latter also support angiogenesis and are positive for NG2 [34,35,36]. Our Western blot and flow cytometric analyses revealed that NHDF express NG2 (Figure 5F,G) and inhibition of CK2 significantly decreases NG2 expression (Figure 5H–J). Hence, the anti-angiogenic effect of CK2 inhibition may not only be caused by the reduced NG2 expression on pericytes, but also by the reduction in NG2 expression on fibroblasts.



Finally, we confirmed our results by an in vivo Matrigel plug assay. We first injected Matrigel plugs without cells into the flank of NG2+/+ and NG2−/− mice to investigate the angiogenic potential of NG2 knockout mice. As expected, we determined a markedly decreased microvessel density in Matrigel plugs of NG2−/− mice after 7 days when compared to controls (Figure 6A,B). Next, we assessed the effect of CK2 inhibition in pericytes on angiogenesis. For this purpose, pericytes were treated with vehicle or CX-4945 for 48 h and subsequently mixed in Matrigel with HUVEC in a ratio of 1:10. The cell suspension was injected subcutaneously into the flank of immunodeficient CD1 nu/nu mice. Immunohistochemical analyses of the Matrigel plugs 7 days after implantation revealed a significantly reduced density of CD31-positive microvessels in plugs with CX-4945-treated pericytes when compared to controls (Figure 6C,D).





4. Discussion


In the present study, we analyzed, for the first time, the effect of CK2 inhibition on the angiogenic activity of human pericytes. We found that CK2 inhibition significantly diminishes the expression of the surface protein NG2. Gene regulatory analyses revealed that CK2 inhibition decreases the activity of a transcriptional active region close to the translational start of NG2. In addition, the suppression of CK2 activity in pericytes markedly reduces the formation of human microvessels in vitro and in vivo. Taken together, these findings indicate that CK2 is a crucial regulator of NG2-mediated angiogenic activity of pericytes.



Pericytes have a leading function in supporting endothelial sprouting and blood vessel formation. Signal transduction via angiopoietin-1 (Ang-1)/Tie-2 is one of the best characterized paracrine loops and has been shown to regulate endothelial maturation, stability and vascular leakage [13]. In recent decades, further surface proteins were identified on pericytes contributing to the angiogenic potential of these cells, including NG2 [13,16,17,18]. In this study, we detected a significantly reduced expression of NG2 in pericytes after CK2 inhibition. This was achieved both by pharmacological inhibition and knockdown of the catalytic CK2 subunits. Further analyses revealed that CK2 inhibition decreases NG2 gene expression.



The regulatory mechanisms of NG2 expression are still largely unknown [37]. To date, only a few transcription factors have been identified, which activate or repress NG2 gene expression. Sellers et al. [32] characterized the mouse NG2 promoter by generating truncated promotor fragments. However, the human NG2 promoter region varies from that of mouse NG2 due to the different chromosomal localization. Accordingly, we herein characterized the human NG2 promoter for the first time. We determined a 2677 bp region upstream of the transcriptional start. The generation of overlapping truncated fragments of this region revealed a 114 bp transcriptional active region (P1.2.4.1). Of interest, CK2 inhibition significantly decreased the transcriptional activity of this region. However, CK2 cannot directly affect gene expression. Hence, we assume that the kinase may regulate NG2 expression via transcription factors. In silico analyses demonstrated that the sequence of P1.2.4.1 contains a bona-fide SP1 consensus sequence. This transcription factor can activate or repress transcription in response to physiological and pathological stimuli [38]. Moreover, SP1 is a substrate of CK2 and the loss of the phosphorylation increases its DNA-binding capacity [39,40]. Based on these findings, it is tempting to speculate that CK2 inhibition increases the ability of SP1 to repress NG2 transcription.



Promoters could cover a large region upstream of genes, which harbors enhancer as well as silencer regions [41]. Therefore, it should be noted that silencer regions might be crucially involved in NG2 gene expression. In fact, we detected decreased activity of NG2P2 when compared to pGL4-basic, indicating that silencer elements upstream of NG2P1 may influence NG2 expression. However, whether these elements are involved in NG2 expression has yet to be clarified by further studies.



Cell proliferation, migration and sprouting capacity are important steps in the development of new microvessels. It is well known that these steps are affected in endothelial cells after CK2 inhibition [10]. The effects of CK2 inhibition in pericytes have not been studied to date, although these perivascular cells are known to be involved in angiogenesis [12]. Upon angiogenic stimulation, pericytes migrate from the wall of mature blood vessels, and thus allow endothelial cells to form angiogenic sprouts [14]. Ozerdem et al. [25] showed that knockout of NG2 results in a decreased neovascularization of retinal tissue after ischemia. Hence, we speculated that the reduced NG2 expression after CK2 inhibition may decrease the angiogenic potential of pericytes. In fact, the treatment of pericytes with CX-4945 significantly inhibited their proliferation, migration and sprouting capacity.



Mono-cultured pericytes are not capable of forming vessel-like structures in contrast to endothelial cells [42]. However, pericytes have a stabilizing effect on endothelial tubes [43]. To test this, we co-cultured pericytes with HUVEC in the ratio of 1:4 and 1:10. Our results revealed that pericytes are integrated into tube meshes when using a ratio of 1:10, whereas a ratio of 1:4 disturbed tube formation. This could be explained by the fact that in vitro mono-cultured pericytes form spheroids, and thus the high cell number in a ratio of 1:4 could promote, under these in vitro conditions, the formation of spheroidal structures instead of tube stabilization [42]. However, it should be noted that the tube formation assay does not reflect the physiological situation in vivo, in which blood vessels are embedded in the stabilizing ECM. In addition, the pericytes are not capable of forming spheroidal structures in vivo, hence ratios of pericytes to endothelial cells from 1:1 to 1:100 can be found depending on the tissue [44].



We further assessed the effect of CK2 inhibition on blood vessel development by means of aortic ring assays. Treatment of aortic rings from wild type mice with CX-4945 efficiently prevented sprout formation. This is not surprising considering the fact that the CK2 inhibitor has previously been shown to suppress the proliferation, migration and tube formation of endothelial cells [10]. Next, we compared the angiogenic sprouting activity of aortic rings from NG2+/+ and NG2−/− mice and analyzed the sprouting activity of aortic rings from NG2−/− mice in the presence of CX-4945. We could demonstrate that NG2 knockout also decreases vessel sprouting. Previous studies have shown that NG2 loss in genetically modified mice does not only directly suppress angiogenesis but also the number of pericytes covering newly formed microvessels [45,46]. Although not analyzed in the present study, it may be interesting to clarify whether the latter mechanism contributed to the herein observed reduced sprouting activity of aortic rings from NG2−/− mice. Our aortic ring assays additionally demonstrated that the reduced vessel sprouting in NG2−/− mice is further strengthened by the additional inhibition of CK2. This result indicates that CK2 inhibition has additive NG2-independent effects on angiogenesis.



Beside endothelial cells and pericytes, fibroblasts also contribute to angiogenesis. These cells support the angiogenic process by synthesis and maintenance of the ECM [34] and by releasing pro-angiogenic factors [35]. We herein found that CX-4945 decreases the NG2 expression not only in pericytes but also in fibroblasts. Hence, the reduced NG2 protein levels in fibroblasts may contribute to reduced angiogenesis after CK2 inhibition.



In vivo, we found a significantly reduced microvessel ingrowth into empty Matrigel plugs of NG2−/− mice when compared to NG2+/+ mice. This is in line with previous studies showing a decreased pericyte proliferation and motility in NG2−/− mice leading to diminished numbers of blood vessels [25,45]. To study the effect of downregulated NG2 expression after CK2 inhibition, we prepared Matrigel plugs containing CX-4945-treated pericytes in combination with untreated HUVEC. Of interest, we detected a significantly lower microvessel density after CK2 inhibition. This may be caused by decreased NG2 expression during the initial angiogenic phase, as it takes ~48 h to restore NG2 protein levels after treatment with CX-4945. These findings support the view that CK2 regulates the NG2-mediated angiogenic activity of pericytes.



CK2 phosphorylates more than five hundred proteins [2]. Hence, beside NG2, further proteins in pericytes are regulated by CK2. For instance, Di Maira et al. [47] have demonstrated that the inhibition of CK2 reduces Akt phosphorylation on serine 129. This, in turn, reduces the activity of transcription factor forkhead box (FOXO)3A [48]. Of interest, Teichert et al. [49] recently identified FOXO3A as an important downstream molecule of Tie2-mediated Akt signal transduction in pericytes. They found that autocrine stimulation of pericytes with Ang1 attenuates FOXO3A activity, which promotes the maturation of blood vessels [49]. Because vessel maturation counteracts angiogenesis [50], it is tempting to speculate that CK2 inhibition also suppresses blood vessel development by lowering FOXO3A activity in pericytes.



Besides the well-described angiogenic function of CK2 in endothelial cells [10], we herein demonstrate that CK2 inhibition reduces the proliferation and migration of pericytes, resulting in a decreased angiogenesis. Further insights into the regulatory mechanism revealed that this is due to a diminished NG2 gene expression. Of interest, NG2 is not only expressed in pericytes but also in other cells, such as oligodendrocyte progenitor cells [51] and several different cancer cells [52]. However, how CK2 inhibition affects NG2-mediated functions in these cells needs to be clarified by further studies.








Supplementary Materials


The following are available online at https://www.mdpi.com/2073-4409/9/6/1546/s1, Table S1: List of primers





Author Contributions


Conceptualization, E.A., A.S.B. and B.M.S.; Methodology, E.A., B.M.S., A.S.B., V.B., Y.G., C.G. and L.N.; Software, E.A., A.S.B. and B.M.S.; Validation, E.A., B.M.S., A.S.B., V.B., Y.G., C.G. and L.N.; Formal Analysis, E.A., B.M.S, M.W.L. and M.D.M.; Investigation, E.A., B.M.S., A.S.B., V.B., Y.G., C.G. and L.N.; Resources, M.W.L. and M.D.M; Data Curation, E.A., B.M.S.; Writing – Original Draft Preparation, E.A., B.M.S. and M.W.L.; Writing – Review & Editing, C.G. and M.D.M; Visualization, E.A. and B.M.S.; Supervision, E.A., M.W.L and M.D.M.; Project Administration, E.A.; Funding Acquisition, E.A. All authors have read and agreed to the published version of the manuscript.




Funding


The study was supported by HOMFORexzellenz 2016/2017.




Acknowledgments


We are grateful for the excellent technical assistance of Caroline Bickelmann. We gratefully acknowledge Hongkui Zeng (Allen Institute for Brain Science, Seattle, Washington, USA) for providing reporter mice. We acknowledge support by the Deutsche Forschungsgemeinschaft (DFG, German Research Foundation) and Saarland University within the funding programme Open Access Publishing.




Conflicts of Interest


The authors have declared that no conflict of interest exists.




References


	



Litchfield, D.W. Protein kinase CK2: Structure, regulation and role in cellular decisions of life and death. Biochem. J. 2003, 369, 1–15. [Google Scholar] [CrossRef]

	



Meggio, F.; Pinna, L.A. One-thousand-and-one substrates of protein kinase CK2. FASEB J. 2003, 17, 349–368. [Google Scholar] [CrossRef]

	



Ampofo, E.; Schmitt, B.M.; Laschke, M.W.; Menger, M.D. Function of protein kinase CK2 in thrombus formation. Platelets 2018, 30, 421–427. [Google Scholar] [CrossRef]

	



Al Quobaili, F.; Montenarh, M. CK2 and the regulation of the carbohydrate metabolism. Metabolism 2012, 61, 1512–1517. [Google Scholar] [CrossRef]

	



Feng, D.; Welker, S.; Körbel, C.; Rudzitis-Auth, J.; Menger, M.D.; Montenarh, M.; Laschke, M.W. Protein kinase CK2 is a regulator of angiogenesis in endometriotic lesions. Angiogenesis 2012, 15, 243–252. [Google Scholar] [CrossRef] [PubMed]

	



Montenarh, M. Protein Kinase CK2 and Angiogenesis. Adv. Clin. Exp. Med. 2014, 23, 153–158. [Google Scholar] [CrossRef] [PubMed]

	



Cozza, G.; Pinna, L.A.; Moro, S. Kinase CK2 inhibition: An update. Curr. Med. Chem. 2013, 20, 671–693. [Google Scholar] [CrossRef] [PubMed]

	



Pagano, M.; Meggio, F.; Ruzzene, M.; Andrzejewska, M.; Kazimierczuk, Z.; Pinna, L.A. 2-Dimethylamino-4,5,6,7-tetrabromo-1H-benzimidazole: A novel powerful and selective inhibitor of protein kinase CK2. Biochem. Biophys. Res. Commun. 2004, 321, 1040–1044. [Google Scholar] [CrossRef] [PubMed]

	



Ruzzene, M.; Penzo, D.; Pinna, L.A. Protein kinase CK2 inhibitor 4,5,6,7-tetrabromobenzotriazole (TBB) induces apoptosis and caspase-dependent degradation of haematopoietic lineage cell-specific protein 1 (HS1) in Jurkat cells. Biochem. J. 2002, 364, 41–47. [Google Scholar] [CrossRef]

	



Siddiqui-Jain, A.; Drygin, D.; Streiner, N.; Chua, P.; Pierre, F.; O’Brien, S.E.; Bliesath, J.; Omori, M.; Huser, N.; Ho, C.; et al. CX-4945, an Orally Bioavailable Selective Inhibitor of Protein Kinase CK2, Inhibits Prosurvival and Angiogenic Signaling and Exhibits Antitumor Efficacy. Cancer Res. 2010, 70, 10288–10298. [Google Scholar] [CrossRef] [PubMed]

	



Chon, H.J.; Bae, K.J.; Lee, Y.; Kim, J. The casein kinase 2 inhibitor, CX-4945, as an anti-cancer drug in treatment of human hematological malignancies. Front. Pharmacol. 2015, 6, 70. [Google Scholar] [CrossRef]

	



Ribatti, D.; Nico, B.; Crivellato, E. The role of pericytes in angiogenesis. Int. J. Dev. Boil. 2011, 55, 261–268. [Google Scholar] [CrossRef]

	



Armulik, A.; Genové, G.; Betsholtz, C.; Keller, A. Pericytes: Developmental, Physiological, and Pathological Perspectives, Problems, and Promises. Dev. Cell 2011, 21, 193–215. [Google Scholar] [CrossRef]

	



Stapor, P.C.; Sweat, R.S.; Dashti, D.C.; Betancourt, A.M.; Murfee, W.L. Pericyte dynamics during angiogenesis: New insights from new identities. J. Vasc. Res. 2014, 51, 163–174. [Google Scholar] [CrossRef]

	



Franco, M.; Roswall, P.; Cortez, E.; Hanahan, U.; Pietras, K. Pericytes promote endothelial cell survival through induction of autocrine VEGF-A signaling and Bcl-w expression. Blood 2011, 118, 2906–2917. [Google Scholar] [CrossRef]

	



Pankova, D.; Jobe, N.; Kratochvílová, M.; Buccione, R.; Brábek, J.; Rösel, D. NG2-mediated Rho activation promotes amoeboid invasiveness of cancer cells. Eur. J. Cell Boil. 2012, 91, 969–977. [Google Scholar] [CrossRef]

	



Wilson, B.; Ruberto, G.; Ferrone, S. Immunochemical characterization of a human high molecular weight? melanoma associated antigen identified with monoclonal antibodies. Cancer Immunol. Immunother. 1983, 14, 196–201. [Google Scholar] [CrossRef]

	



Stallcup, W.B. The NG2 proteoglycan: Past insights and future prospects. J. Neurocytol. 2003, 31, 423–435. [Google Scholar] [CrossRef]

	



Stallcup, W.B. NG2 Proteoglycan Enhances Brain Tumor Progression by Promoting Beta-1 Integrin Activation in both Cis and Trans Orientations. Cancers 2017, 9, 31. [Google Scholar] [CrossRef]

	



Schiffer, D.; Mellai, M.; Boldorini, R.; Bisogno, I.; Grifoni, S.; Corona, C.; Bertero, L.; Cassoni, P.; Casalone, C.; Annovazzi, L. The Significance of Chondroitin Sulfate Proteoglycan 4 (CSPG4) in Human Gliomas. Int. J. Mol. Sci. 2018, 19, 2724. [Google Scholar] [CrossRef]

	



Burg, M.A.; Tillet, E.; Timpl, R.; Stallcup, W.B. Binding of the NG2 Proteoglycan to Type VI Collagen and Other Extracellular Matrix Molecules. J. Boil. Chem. 1996, 271, 26110–26116. [Google Scholar] [CrossRef]

	



Stallcup, W.B.; Dahlin, K.; Healy, P. Interaction of the NG2 chondroitin sulfate proteoglycan with type VI collagen. J. Cell Boil. 1990, 111, 3177–3188. [Google Scholar] [CrossRef]

	



Tillet, E.; Gential, B.; Garrone, R.; Stallcup, W.B. NG2 proteoglycan mediates beta1 integrin-independent cell adhesion and spreading on collagen VI. J. Cell Biochem. 2002, 86, 726–736. [Google Scholar] [CrossRef]

	



Stallcup, W.B.; You, W.; Kucharova, K.; Cejudo-Martín, P.; Yotsumoto, F. NG2 Proteoglycan-Dependent Contributions of Pericytes and Macrophages to Brain Tumor Vascularization and Progression. Microcirculation 2016, 23, 122–133. [Google Scholar] [CrossRef]

	



Ozerdem, U.; Stallcup, W.B. Pathological angiogenesis is reduced by targeting pericytes via the NG2 proteoglycan. Angiogenesis 2004, 7, 269–276. [Google Scholar] [CrossRef]

	



Faust, M.; Schuster, N.; Montenarh, M. Specific binding of protein kinase CK2 catalytic subunits to tubulin. FEBS Lett. 1999, 462, 51–56. [Google Scholar] [CrossRef]

	



Ampofo, E.; Rudzitis-Auth, J.; Dahmke, I.N.; Rössler, O.G.; Thiel, G.; Montenarh, M.; Menger, M.D.; Laschke, M.W. Inhibition of protein kinase CK2 suppresses tumor necrosis factor (TNF)-α-induced leukocyte–endothelial cell interaction. Biochim. et Biophys. Acta (BBA) Mol. Basis Dis. 2015, 1852, 2123–2136. [Google Scholar] [CrossRef]

	



Gu, Y.; Ampofo, E.; Menger, M.D.; Laschke, M.W. miR-191 suppresses angiogenesis by activation of NF-kappaB signaling. FASEB J. 2017, 31, 3321–3333. [Google Scholar] [CrossRef]

	



Huang, W.; Zhao, N.; Bai, X.; Karram, K.; Trotter, J.; Goebbels, S.; Scheller, A.; Kirchhoff, F. Novel NG2-CreERT2 knock-in mice demonstrate heterogeneous differentiation potential of NG2 glia during development. Glia 2014, 62, 896–913. [Google Scholar] [CrossRef]

	



Madisen, L.; Zwingman, T.A.; Sunkin, S.M.; Oh, S.W.; Zariwala, H.A.; Gu, H.; Ng, L.L.; Palmiter, R.D.; Hawrylycz, M.J.; Jones, A.R.; et al. A robust and high-throughput Cre reporting and characterization system for the whole mouse brain. Nat. Neurosci. 2009, 13, 133–140. [Google Scholar] [CrossRef] [PubMed]

	



Chekenya, M.; Krakstad, C.; Svendsen, A.; Netland, I.A.; Staalesen, V.; Tysnes, B.B.; Selheim, F.; Wang, J.; Sakariassen, P.O.; Sandal, T.; et al. The progenitor cell marker NG2/MPG promotes chemoresistance by activation of integrin-dependent PI3K/Akt signaling. Oncogene 2008, 27, 5182–5194. [Google Scholar] [CrossRef]

	



Sellers, D.L.; Maris, D.O.; Horner, P.J. Post-injury niches induce temporal shifts in progenitor fates to direct lesion repair after spinal cord injury. J. Neurosci. 2009, 29, 6722–6733. [Google Scholar] [CrossRef]

	



Newman, A.C.; Nakatsu, M.; Chou, W.; Gershon, P.D.; Hughes, C.C. The requirement for fibroblasts in angiogenesis: Fibroblast-derived matrix proteins are essential for endothelial cell lumen formation. Mol. Boil. Cell 2011, 22, 3791–3800. [Google Scholar] [CrossRef]

	



Chang, H.Y.; Sneddon, J.B.; Diehn, M.; Sood, R.; West, R.B.; Montgomery, K.; Chi, J.-T.; Van De Rijn, M.; Botstein, D.; O Brown, P. Gene Expression Signature of Fibroblast Serum Response Predicts Human Cancer Progression: Similarities between Tumors and Wounds. PLoS Boil. 2004, 2, e7. [Google Scholar] [CrossRef]

	



Karen, J.; Rodriguez, A.; Friman, T.; Dencker, L.; Sundberg, C.; Scholz, B. Effects of the Histone Deacetylase Inhibitor Valproic Acid on Human Pericytes In Vitro. PLoS ONE 2011, 6, e24954. [Google Scholar] [CrossRef]

	



Tsioumpekou, M.; Cunha, S.I.; Ma, H.; Ahgren, A.; Cedervall, J.; Olsson, A.K.; Heldin, C.H.; Lennartsson, J. Specific targeting of PDGFRbeta in the stroma inhibits growth and angiogenesis in tumors with high PDGF-BB expression. Theranostics 2020, 10, 1122–1135. [Google Scholar] [CrossRef]

	



Ampofo, E.; Schmitt, B.M.; Menger, M.D.; Laschke, M.W. Regulatory mechanisms of NG2/CSPG4 expression. Cell Mol. Biol. Lett. 2017, 22, 4. [Google Scholar] [CrossRef]

	



O’Connor, L.; Gilmour, J.; Bonifer, C. The Role of the Ubiquitously Expressed Transcription Factor Sp1 in Tissue-specific Transcriptional Regulation and in Disease. Yale J. Boil. Med. 2016, 89, 513–525. [Google Scholar]

	



Armstrong, S.A.; Barry, D.A.; Leggett, R.W.; Mueller, C.R. Casein Kinase II-mediated Phosphorylation of the C Terminus of Sp1 Decreases Its DNA Binding Activity. J. Boil. Chem. 1997, 272, 13489–13495. [Google Scholar] [CrossRef]

	



Zhang, S.; Kim, K.-H. Protein Kinase CK2 Down-Regulates Glucose-Activated Expression of the Acetyl-CoA Carboxylase Gene. Arch. Biochem. Biophys. 1997, 338, 227–232. [Google Scholar] [CrossRef]

	



Levine, M.; Tjian, R. Transcription regulation and animal diversity. Nature 2003, 424, 147–151. [Google Scholar] [CrossRef] [PubMed]

	



Herrmann, M.; Bara, J.J.; Sprecher, C.M.; Menzel, U.; Jalowiec, J.M.; Osinga, R.; Scherberich, A.; Alini, M.; Verrier, S. Pericyte plasticity—comparative investigation of the angiogenic and multilineage potential of pericytes from different human tissues. Eur Cell Mater. 2016, 31, 236–249. [Google Scholar] [CrossRef] [PubMed]

	



Bagley, R.G.; Weber, W.; Rouleau, C.; Teicher, B.A. Pericytes and Endothelial Precursor Cells: Cellular Interactions and Contributions to Malignancy. Cancer Res. 2005, 65, 9741–9750. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Z.-S.; Zhou, H.-N.; He, S.-S.; Xue, M.-Y.; Li, T.; Liu, L. Research advances in pericyte function and their roles in diseases. Chin. J. Traumatol. 2020, 23, 89–95. [Google Scholar] [CrossRef]

	



You, W.-K.; Yotsumoto, F.; Sakimura, K.; Adams, R.H.; Stallcup, W.B. NG2 proteoglycan promotes tumor vascularization via integrin-dependent effects on pericyte function. Angiogenesis 2013, 17, 61–76. [Google Scholar] [CrossRef]

	



Huang, F.-J.; You, W.-K.; Bonaldo, P.; Seyfried, T.N.; Pasquale, E.B.; Stallcup, W.B. Pericyte deficiencies lead to aberrant tumor vascularizaton in the brain of the NG2 null mouse. Dev. Boil. 2010, 344, 1035–1046. [Google Scholar] [CrossRef]

	



Di Maira, G.; Salvi, M.; Arrigoni, G.; Marin, O.; Sarno, S.; Brustolon, F.; A Pinna, L.; Ruzzene, M. Protein kinase CK2 phosphorylates and upregulates Akt/PKB. Cell Death Differ. 2005, 12, 668–677. [Google Scholar] [CrossRef]

	



Chatterjee, A.; Chatterjee, U.; Ghosh, M.K. Activation of protein kinase CK2 attenuates FOXO3a functioning in a PML-dependent manner: Implications in human prostate cancer. Cell Death Dis. 2013, 4, e543. [Google Scholar] [CrossRef]

	



Teichert, M.; Milde, L.; Holm, A.; Stanicek, L.; Gengenbacher, N.; Savant, S.; Ruckdeschel, T.; Hasanov, Z.; Srivastava, K.; Hu, J.; et al. Pericyte-expressed Tie2 controls angiogenesis and vessel maturation. Nat. Commun. 2017, 8, 16106. [Google Scholar] [CrossRef]

	



Wietecha, M.S.; Cerny, W.L.; DiPietro, L.A. Mechanisms of Vessel Regression: Toward an Understanding of the Resolution of Angiogenesis. Curr. Top. Microbiol. Immunol. 2012, 367, 3–32. [Google Scholar] [CrossRef]

	



Kucharova, K.; Stallcup, W.B. The NG2 proteoglycan promotes oligodendrocyte progenitor proliferation and developmental myelination. Neuroscience 2009, 166, 185–194. [Google Scholar] [CrossRef] [PubMed]

	



Nicolosi, P.A.; Dallatomasina, A.; Perris, R. Theranostic impact of NG2/CSPG4 proteoglycan in cancer. Theranostics 2015, 5, 530–544. [Google Scholar] [CrossRef] [PubMed]








[image: Cells 09 01546 g001 550] 





Figure 1. Effect of CK2 inhibition on NG2 expression. (A) Pericytes were treated with vehicle (DMSO), CX-4945 (10 µM) or TBB (50 µM) for 48 h. The cells were scratched and the mean fluorescence intensity (MFI) of NG2-positive cells was assessed by flow cytometry. Vehicle-treated cells were set 100%. Mean ± SD. * p < 0.05 versus vehicle (n = 4). (B–D) Pericytes were treated as described in (A). The cells were lysed and the expression of NG2, Akt, pAkt and α-tubulin (as loading control) was analyzed by Western blot (B). NG2/α-tubulin (C) and pAkt/Akt (D) were assessed by quantitative analysis of Western blots. Vehicle-treated cells were set at 100%. Mean ± SD. * p < 0.05 versus Vehicle (n = 4). (E–H) Pericytes were treated with a combination of CK2α and CK2α’ siRNA or with ctrl siRNA. The cells were lysed and the expression of NG2, Akt, pAkt, CK2α, CK2α’ and α-tubulin (as loading control) was analyzed by Western blot (E). CK2α/α-tubulin was assessed by quantitative analysis of Western blots (F). pAkt/Akt was assessed by quantitative analysis of Western blots (G). MFI of NG2-positive cells was detected by flow cytometry (H). ctrl siRNA-treated cells were set as 100%. Mean ± SD. * p < 0.05 versus ctrl siRNA (n = 4). (I) Pericytes were treated with vehicle (DMSO), CX-4945 (10 µM) or TBB (50 µM) in the presence of Cycloheximide (CHX) for 0, 24 and 48 h. Then, the cells were scratched and the MFI of NG2-positive cells was assessed by flow cytometry. Cells at 0 h were set 100%. Mean ± SD (n = 4). (J) Pericytes were transfected with ctrl-plasmid or NG2-plasmid for 24 h following treatment with vehicle or CX-4945. The cells were lysed and the expression of NG2 and α-tubulin (as loading control) was analyzed by Western blot. (K) Pericytes were treated as described in (A) and total RNA was isolated. The relative gene expression of NG2 was examined by qRT-PCR normalized to GAPDH as housekeeping gene. Vehicle-treated cells were set 100%. Mean ± SD. * p < 0.05 versus vehicle (n = 4). (L and M) Pericytes were treated as described in (A) and the MFI of β1-integrin (L) and activated β1-integrin (M) was assessed by flow cytometry. Vehicle-treated cells were set as 100%. Mean ± SD (n = 4). 
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Figure 2. Characterization of the NG2 promotor region and identification of putative transcription factor binding sites. (A) Schematic illustration of the 2677 bp NG2 promoter region in front of the translational start, which contains the two overlapping truncated fragments P1 (1369 bp) and P2 (1382 bp). (B) HEK cells were transfected with pGL4-basic, pGL4-NG2p1 or pGL4-NG2p2 and the transcriptional activity was detected after 48 h by means of luciferase activity. Luciferase activity of pGL4-basic-transfected cells was used as control and set as 100%. Mean ± SD. * p < 0.05 versus pGL4-basic (n = 4). (C) HEK cells were transfected with the indicated truncated fragments of pGL4-NG2p1 and the transcriptional activity was detected after 48 h by means of luciferase activity. Luciferase activity of pGL4-basic-transfected cells was used as control and set 100%. Mean ± SD. * p < 0.05 versus pGL4-basic (n = 8). (D and E) HEK cells were transfected with pGL4-NG2p1.2.4 (D) or pGL4-NG2p1.2.4.1 (E) for 24 h and treated with vehicle (DMSO), CX-4945 (10 µM) or TBB (50 µM). After 24 h, transcriptional activity was determined by luciferase activity. Luciferase activity of pGL4-basic-transfected cells was used as control and set as 100%. Mean ± SD. * p < 0.05 versus vehicle (n = 4). (F) Nucleotide sequence of NG2p1.2.4.1 (114 bp). The SP1 consensus sequence is highlighted in grey. 






Figure 2. Characterization of the NG2 promotor region and identification of putative transcription factor binding sites. (A) Schematic illustration of the 2677 bp NG2 promoter region in front of the translational start, which contains the two overlapping truncated fragments P1 (1369 bp) and P2 (1382 bp). (B) HEK cells were transfected with pGL4-basic, pGL4-NG2p1 or pGL4-NG2p2 and the transcriptional activity was detected after 48 h by means of luciferase activity. Luciferase activity of pGL4-basic-transfected cells was used as control and set as 100%. Mean ± SD. * p < 0.05 versus pGL4-basic (n = 4). (C) HEK cells were transfected with the indicated truncated fragments of pGL4-NG2p1 and the transcriptional activity was detected after 48 h by means of luciferase activity. Luciferase activity of pGL4-basic-transfected cells was used as control and set 100%. Mean ± SD. * p < 0.05 versus pGL4-basic (n = 8). (D and E) HEK cells were transfected with pGL4-NG2p1.2.4 (D) or pGL4-NG2p1.2.4.1 (E) for 24 h and treated with vehicle (DMSO), CX-4945 (10 µM) or TBB (50 µM). After 24 h, transcriptional activity was determined by luciferase activity. Luciferase activity of pGL4-basic-transfected cells was used as control and set as 100%. Mean ± SD. * p < 0.05 versus vehicle (n = 4). (F) Nucleotide sequence of NG2p1.2.4.1 (114 bp). The SP1 consensus sequence is highlighted in grey.



[image: Cells 09 01546 g002]







[image: Cells 09 01546 g003 550] 





Figure 3. Effect of CK2 inhibition on proliferation, migration and sprouting of pericytes. (A) Pericytes were treated with vehicle (DMSO) or CX-4945 (10 µM) for 48 h and the mitochondrial activity was analyzed by a WST-1 assay. Vehicle-treated cells were set 100%. Mean ± SD. * p < 0.05 versus vehicle (n = 4). (B) Pericytes were treated as described in (A) and the cytotoxicity was assessed by a LDH assay. Vehicle-treated cells were used as control and set 100% (n = 4). Cells were permeabilized with Triton-X100 (0.1%) and used as high toxicity control (HC) for the LDH assay. Mean ± SD. * p < 0.05 versus vehicle (n = 4). (C) Pericytes were cultured for 24 h and thereafter treated with vehicle (DMSO) or CX-4945 (10 µM). The cell number was determined 0, 24 and 48 h after the onset of treatment. Vehicle-treated pericytes (0 h) were set 100% (n = 3). Mean ± SD. (D) Pericytes were treated as described in (A) and the MFI of BrdU-positive cells (% of total gated cells) was assessed by flow cytometry (n = 4). Mean ± SD. (E) Pericytes were pretreated for 48 h with vehicle (DMSO) or CX-4945 (10 µM) and analyzed by scratch assays (scale bar: 200 µm) and transwell migration assays (scale bar: 50 µm) at the indicated time points. For sprouting assays, spheroids were treated with vehicle (DMSO) or CX-4945 (10 µM) for 48 h and cumulative sprout length was analyzed (scale bar: 200 µm). (F) Quantitative analysis of gap area after 0, 16 and 24 h (scratch assay). The gap area at 0 h was set 100%. Mean ± SD. * p < 0.05 versus vehicle (n = 4). (G) Quantitative analysis of migrated cells after 5 h (transwell migration assay). Vehicle-treated cells were set as 100%. Mean ± SD. * p < 0.05 versus vehicle (n = 4). (H) Quantitative analysis of cumulative sprout length after 48 h (spheroid sprouting assay). The cumulative sprout length of vehicle-treated spheroids was set as 100%. Mean ± SD. * p < 0.05 versus vehicle (n = 4). 
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Figure 4. Effect of CK2 inhibition in pericytes on endothelial tube stabilization. (A) Tube formation assays were performed with HUVEC, pericytes as well as co-cultivated pericytes and HUVEC (ratio: 1:4 and 1:10). The formation of vessel-like structures was analyzed 6 and 24 h after seeding. Scale bar: 250 µm. (B) Pericytes were trypsinized and NG2 protein levels were detected by flow cytometry at the indicated time points. NG2 protein levels of scratched pericytes was set 100%. Mean ± SD. * p < 0.05 versus ctrl (n = 4). (C) Pericytes were treated with CX-4945 for 48 h (black bars) and subsequently incubated without CX-4945 (white bars) for the indicated time points. The NG2 protein levels were detected by flow cytometry. Pericytes at the time point -48 h were used as control and set 100%. Mean ± SD. * p < 0.05 versus -48 h (n = 4). (D and E) Pericytes were treated with vehicle (DMSO) or CX-4945 (10 µM) and cultivated for 48 h. Then, the pretreated pericytes were stained with a green fluorescence dye and co-cultivated with HUVEC (ratio: 1:10) (D). Arrows show green-stained pericytes at the branching points. Scale bar: 250 µm. Quantitative analysis of the number of tube meshes (per HPF) after 24 h (E). Mean ± SD. * p < 0.05 versus vehicle (n = 4). 
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Figure 5. Effect of CK2 inhibition on the angiogenic activity of pericytes. (A and B) Aortic rings of wild type mice (NG2+/+) were embedded in Matrigel and treated with vehicle (DMSO) or CX-4945 (10 µM) for 6 d and sprouting of vessel-like structures from the aortic wall into the surrounding Matrigel was analyzed (A). Scale bar: 300 µm. Quantitative analysis of the sprouting area after 6 d (B). Vehicle-treated rings were set 100%. Mean ± SD. * p < 0.05 versus vehicle (n = 3). (C and D) Aortic rings of NG2+/+ and NG2−/− mice were embedded in Matrigel for 6 d and the sprouting of vessel-like structures from the aortic wall into the surrounding Matrigel was analyzed (C). Scale bar: 300 µm. Quantitative analysis of sprouting area after 6 d (D). NG2+/+ aortic rings were set 100%. Mean ± SD. * p < 0.05 versus NG2+/+ (n = 3). (E) Aortic rings of NG2+/+ and NG2−/− mice were embedded in Matrigel and treated as described in (A). Quantitative analysis of the sprouting area after 6 d. Vehicle-treated rings (NG2+/+) were set 100%. Mean ± SD. * p < 0.05 versus vehicle (NG2+/+), #P < 0.05 versus vehicle (NG2−/−), (n = 3). (F) Pericytes, NHDF and HUVEC were lysed and the expression of NG2, CK2α, CK2α’, CK2β and α-tubulin (as loading control) was analyzed by Western blot. (G) Pericytes, NHDF and HUVEC were scratched and the MFI of NG2-positive cells was assessed by flow cytometry. Pericytes were set 100%. Mean ± SD. * p < 0.05 versus pericytes, # p < 0.05 versus NHDF (n = 3). (H–J) NHDF were treated with CX-4945 (10 µM) or vehicle (DMSO) for 48 h. The cells were lysed and the expression of NG2 and α-tubulin (as loading control) was analyzed by Western blot (H). NG2/α-tubulin was assessed by quantitative analysis of Western blots (I). The MFI of NG2-positive NHDF was detected by flow cytometry (J). Vehicle-treated cells were set as 100%. Mean ± SD. * p < 0.05 versus vehicle (n = 4). 
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Figure 6. (A) Immunohistochemical detection of murine CD31-positive cells in empty Matrigel plugs of NG2+/+ and NG2−/− mice after 7 d. Arrows show CD31-positive blood vessels; dotted lines represent edge of the plugs; SC = subcutaneous tissue. Scale bar: 150 µm. (B) Quantitative analysis of the microvessel density of Matrigel plugs after 7 d. Matrigel plugs of NG2+/+ mice were set as 100%. Mean ± SD. * p < 0.05 versus NG2+/+ (n = 5). (C) Immunohistochemical detection of human CD31 positive-cells in Matrigel plugs containing HUVEC mixed with vehicle- or CX-4945-treated pericytes in a ratio 10:1 after 7 d. Arrows show CD31-positive blood vessels. Scale bar: 150 µm. (D) Quantitative analysis of the microvessel density of Matrigel plugs after 7 d. Matrigel plugs containing vehicle-treated pericytes were set 100%. Mean ± SD. * p < 0.05 versus vehicle (n = 5). 
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