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Neuroblastoma (NB) is the most common extracranial pediatric solid tumor originating from the abnormal development of cells of the sympathoadrenal lineage of the neural crest. Targeting GD2 ganglioside (GD2), a glycolipid expressed on neuroblastoma cells, with GD2 ganglioside-recognizing antibodies affects several pivotal signaling routes that drive or influence the malignant phenotype of the cells. Previously performed gene expression profiling helped us to identify the PHLDA1 (pleckstrin homology-like domain family A member 1) gene as the most upregulated gene in the IMR-32 human neuroblastoma cells treated with the mouse 14G2a monoclonal antibody. Mass spectrometry-based proteomic analyses were applied to better characterize a role of PHLDA1 protein in the response of neuroblastoma cells to chimeric ch14.18/CHO antibody. Additionally, global protein expression profile analysis in the IMR-32 cell line with PHLDA1 silencing revealed the increase in biological functions of mitochondria, accompanied by differentiation-like phenotype of the cells. Moreover, mass spectrometry analysis of the proteins co-immunoprecipitated using anti-PHLDA1-specific antibody, selected a group of possible PHLDA1 binding partners. Also, a more detailed analysis suggested that PHLDA1 interacts with the DCAF7/AUTS2 complex, a key component of neuronal differentiation in vitro. Importantly, our results indicate that PHLDA1 silencing enhances the EGF receptor signaling pathway and combinatory treatment of gefitinib and ch14.18/CHO antibodies might be beneficial for neuroblastoma patients. Data are available via ProteomeXchange with the identifier PXD044319.
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1 INTRODUCTION
Neuroblastoma is an embryonal malignancy of neuroectodermal origin, characterized by an impaired neuronal differentiation (Louis and Shohet, 2015). The International Neuroblastoma Risk Group Staging System regards tumor differentiation grade, histological category, stage, age, MYCN amplification status, DNA ploidy, and chromosome 11q status as the most important prognostic features (Cohn et al., 2009). Targeting GD2 ganglioside (a glycolipid over-expressed on neuroblastoma cells) with the therapeutic antibodies constitutes now an important way to treat chemotherapy-resistant form of high-risk neuroblastoma in children. Our in vitro studies showed that treating of IMR-32 neuroblastoma cells with 14G2a monoclonal antibody causes a significant decrease in cell viability and proliferation and an increase in apoptotic cell death confirmed by activation of caspase 3 (Kowalczyk et al., 2009). Moreover, a decrease of aurora kinases protein level and the phosphorylation on key amino acid residues of the kinases was observed (Horwacik et al., 2013). The effects were accompanied by a decreased survival of neuroblastoma cells, a decrease of the cytoplasmic level of MYCN oncogene, an increase in levels of P53 and downregulation of the AKT/mTOR network (Horwacik et al., 2013; Durbas et al., 2015). Gene expression profiling showed that PHLDA1 is the most upregulated gene in the studied human neuroblastoma cells (Horwacik et al., 2015).
Some functions of PHLDA1 in cancer are already indicated by other studies. However, its roles remain controversial due to described pro- and anti-cancer properties in various types of cancer. PHLDA1 was proposed as a marker of epithelial and follicular stem cells that contributes to the tumorigenesis of the intestine (Sakthianandeswaren et al., 2011; Sellheyer and Krahl, 2011). Similar properties of PHLDA1 were proposed by Kastrati et al. in ER + mammospheres formation of breast cancer (Kastrati et al., 2015). Coutinho-Camillo et al. reported association of PHLDA1 and PAR-4 with cases of clinically advanced oral squamous cell carcinomas (Coutinho-Camillo et al., 2013). Xu et al. reported that PHLDA1 is required for resistance to oxidative stress-induced cell death in ovarian cancer cells (Xu et al., 2021). Finally, Liu et al. showed that PHLDA1 promotes glioma growth in vivo (Liu et al., 2019). On the other hand, PHLDA1 downregulation was shown to induce chemoresistance of breast cancer (Fearon et al., 2018). Li et al. suggest that PHLDA1 might have key inhibitory functions in ErbB2-driven lung and breast cancer cells (Li et al., 2014). Additionally, in a model of apoptosis induced by oxidative stress in mouse embryonic fibroblasts and apoptosis induced with hydrogen sulfide in an oral cancer cell line Ca9-22, the lack of PHLDA1 was linked to activation of caspase 3. This suggests that the protein is a suppressor of apoptosis (Park et al., 2013; Murata et al., 2014). Based on the data gathered above, it can be concluded that PHLDA1 is a multifaceted protein with context-dependent functions in cancer.
Previously, to investigate the role of PHLDA1 in IMR-32 cells, we characterized effects of the PHLDA1 gene silencing using lentiviral vectors (Durbas et al., 2016). IMR-32 cells with stable downregulation of PHLDA1 showed enhanced cellular ATP levels and an increase in mitochondrial membrane potential as compared to control cells. Most importantly, PHLDA1-silenced cells were less susceptible to apoptosis and showed an increase in aurora A kinase expression as well as its activating phosphorylation at Thr288. Additionally, downregulation of PHLDA1 caused a significant decrease in the cell cycle inhibitor, CDKN1A (P21) and an increase in expression of TRKB that are among other markers of poor prognosis in neuroblastoma. Therefore, our study has shed a new light on functions of PHLDA1 in the neuroblastoma cells, suggesting its role as a pro-apoptotic protein (Durbas et al., 2016).
In the present study, we investigated the functional relevance of PHLDA1 in IMR-32 cells in a broader context by using a proteomic-based approach. Using publicly available data sets, we have also assessed clinical relevance of PHLDA1, and proteins directly or indirectly regulated by PHLDA1. We showed that high level of expression of PHLDA1 positively correlates with survival of MYCN-amplified subset of neuroblastoma patients, but proteins regulated by PHLDA1 exhibit both positive and negative correlation with survival of neuroblastoma patients. Our semi-quantitative proteome analysis indicates that ch14.18/CHO-antibody-treatment alters PHLDA1 interactome in IMR-32 cells and we confirmed that PHLDA1 interacts directly with the DCAF7/AUTS2 complex, described to be crucial for neuronal differentiation. We show that PHLDA1 inhibition modulates balance of two AUTS2 isoforms and leads to a global phosphoproteome changes. Furthermore, PHLDA1 knock-down leads to differentiation-like phenotype of IMR-32 cells, accompanied by a pronounced increase of proteome involved in mitochondrial processes. Our proteomic analysis revealed a strong involvement of PHLDA1 protein in the axon guidance pathway of neuronal development. Finally, we confirmed that PHLDA1 silencing upregulates EGFR pathway and sensitizes IMR-32 cells to EGFR inhibitors. Additionally, we provided evidence that combinatory treatment of gefitinib and ch14.18/CHO antibodies might possess translational potential.
2 MATERIALS AND METHODS
2.1 Cell culture
IMR-32 human neuroblastoma cells (ATCC, United States, CCL-127) were cultured in Eagle’s minimum essential medium (EMEM) supplemented with 10% fetal bovine serum, 1% non-essential amino acid solution, 1 mM sodium pyruvate and 50 μg/mL gentamicin at 37 °C in a 5% CO2 atmosphere.
2.2 Co-immunoprecipitation of PHLDA1
IMR-32 cells, PBS- and ch14.18/CHO-treated (Qarziba, EUSA Pharma, Hemel Hempstead, United Kingdom), were seeded into 6-well plates (1 × 106 per well) for 48 h in 5 mL of complete medium. Then cells were lysed with buffer containing 50 mM Tris-HCl pH 7.6, 150 mM NaCl, 0.5% NP-40 supplemented with protease inhibitors (cat. no. P8340, Sigma-Aldrich, Saint Louis, United States) for 15 min on ice. Samples were centrifuged at 16,000 × g for 15 min at 4°C, and supernatants were transferred to new tubes for further analysis. Protein concentration was measured using the Bicinchoninic Acid assay (B9643, Sigma-Aldrich). 2 mg of total protein extracts were used for pre-clearing to remove human heavy and light chains of ch14.18/CHO antibodies (Abs) internalized upon treatment. Pre-clearing of lysates was performed using magnetic Dynabeads™ Protein G (cat. no. 10003D, Invitrogen, Carlsbad, United States) for 1 h at 4°C on a roller. Then, pre-cleared lysate was split in two (a half for IP using anti-PHLDA1, the other half for IP with isotypic control Ab) and transferred to new tubes, while Dynabeads™ Protein G was discarded. Prepared lysates were used for immunoprecipitation performed using the Dynabeads™ Protein G Immunoprecipitation Kit (cat. no. 10007D, Invitrogen, Carlsbad, United States), according to the manufacturer’s protocol. Shortly, mouse anti-PHLDA1 Abs (sc-23866, Santa Cruz Biotechnology, Dallas, United States) and isotypic control mouse IgG2a Abs (sc-3878, Santa Cruz Biotechnology) were diluted in PBS-Tween-20 (0.1%), added to magnetic beads and incubated for 30 min on the rotating platform. Following washing of beads, pre-cleared cell lysates containing antigen of interest (Ag) were added to beads and resuspended. Samples were incubated overnight at 4°C on a roller. The following day, supernatants were removed, sampled, and beads-Abs-Ag complexes were washed 2 times in buffer containing 50 mM Tris-HCl pH 7.6, 150 mM NaCl and 0.5% NP-40 and last 3 times in buffer containing 50 mM Tris-HCl pH 7.6 and 150 mM NaCl. Then, beads were collected and used for mass spectrometry analysis. A small portion of beads-Abs-Ag complexes was sampled before the last washing step to proceed with the elution step. For DCAF7 and AUTS2 detection in Co-IP experiments, all the sample was subjected to elution. Elution buffer was added (100 mM Tris-HCl pH 6.8, 4% SDS, 10 mM EDTA, 100 mM DTT) to beads-Abs-Ag complexes and samples were heated for 5 min at 65°C. After removing beads, samples were loaded on a polyacrylamide gel and the SDS PAGE electrophoresis was performed.
2.3 Mass spectrometry analysis of proteins co-immunoprecipitated with PHLDA1
To each sample, 20 µL of 100 mM NH4HCO3 and 2.5 µL of 200 mM TCEP [tris(2-carboxyethyl) phosphine] were added; samples were vortexed and placed in a horizontal shaker (10,000 rpm) at room temperature for 30 min. Subsequently, 2 µL of MMTS (methyl methanethiosulphonate) were added and samples were shaken for 20 min at room temperature. Trypsin (Promega) was dissolved in 100 mM NH4HCO3, to a final enzyme concentration of 0.02 g/L and 50 µL of the solution was added to each sample. Samples were incubated with shaking at 37°C overnight. Next, samples were acidified with 10 µL of 5% trifluoroacetic acid (TFA). MS analysis was performed by LC-MS in the Laboratory of Mass Spectrometry (IBB PAS, Warsaw) using a nanoAcquity UPLC system (Waters, Milford, Massachusetts, United States) coupled to an Orbitrap QExactive or Orbitrap Elite mass spectrometer (Thermo Fisher Scientific, Waltham, Massachusetts, United States). The mass spectrometer was operated in the data dependent MS2 mode, and data were acquired in the m/z range of 300–2000. MS1 resolution was 70,000 or 30,000, with AGC target 1e6. For MS2, resolution was set to 35,000 or 15,000, AGC target 5e5 or 2e5, with fragmentation of 12 or 10 ions between scans. Peptides were separated by a 160 min linear gradient with 0.1% formic acid in water as phase A and 0.1% formic acid in acetonitrile as phase B on RP-C18 column (BEH130 C18 column, 75 µm ID., 25 cm long, Waters, Milford, Massachusetts, United States). The measurement of each sample was preceded by washing runs to avoid cross-contamination. Data were analyzed with the Max-Quant (Version 2.0.1.0) platform. The human reference proteome database from UniProt was used (version 2022_01, 79,502 entries) with contaminants included. Initial precision for parent and fragment ion mass was set to 20 ppm, with subsequent re-calibration performed by MaxQuant. Variable modifications were set for methionine oxidation, acetyl N-term, constant modification: methylation on cysteines. Other parameters were as follows: PSM and protein FDR – 0.01 (with reversed database), enzyme–Trypsin/P, missed cleavages - 2.
The list of identified proteins with MaxQuant software was further analyzed in Perseus software (version 1.6.15) in a semi-quantitative analysis to determine which proteins co-purify with the bait protein PHLDA1. Four experimental conditions in two repetitions were studied, including two negative controls. After data cleanup (proteins identified by site, from reversed database, contaminants), missing values were inputed by constant “1”. Relative protein intensity sample/control (Supplementary Table S1. columns Q-T) was used as a quantitative value to identify proteins enriched in one or both repetitions (Supplementary Table S1. columns J-L).
2.4 PHLDA1 silencing
IMR-32 cells (1 × 106 cells per well of a 6-well plate) were seeded 24 h before transfection. Then medium was replaced with 1.8 mL of complete medium followed by adding 0.2 mL of transfecting mixture containing 3 µg of DNA (plasmid expressing shRNA toward PHLDA1, cat. no. HSH005478-nH1-a, GeneCopoeia, Rockville, United States), 6 µL of Jet-PRIME reagent (cat. no. 114-07, Polyplus, Illkirch, France) and Jet-PRIME buffer, prepared according to the manufacturer’s instructions. Additionally, cells were transfected with a plasmid carrying non-targeting control shRNA (cat. no. CSHCTR001-nH1, GeneCopoeia, Rockville, United States) and a plasmid expressing control shRNA and eGFP (cat. no. CSHCTR001-CH1, GeneCopoeia, Rockville, United States) as a control of transfection efficiency. One well was used as the non-transduced control. The plate was centrifuged for 15 min, 1,000 x g at room temperature. After 4 h of incubation, medium was replaced. After 5 days of cell culture propagation, puromycin (cat. no. sc-108071, Santa-Cruz Biotechnology, Dallas, TX, United States) was added at the concentration of 0.25 μg/mL to select cells stably expressing shRNA. Puromycin concentration was lowered to 0.05 μg/mL when a small number of cells remained attached to the bottom of the culture flasks. Then puromycin concentration was gradually increased to 0.5 μg/mL. The ability of shRNA to inhibit PHLDA1 gene expression was assessed by Western blot (WB) analysis.
2.5 The phosphoproteome profiling antibody array
PHLDA1-stably silenced clones of IMR-32 cells (S2 and S4), control (Mock) cells and non-transduced (WT) IMR-32 cells were prepared using the shRNA lentiviral particles as previously described (Durbas et al., 2016) and seeded into a 6-well plate (1 × 106 per well). S2, S4 and Mock cells were grown in 5 mL of selection medium with addition of puromycin dihydrochloride (concentration - 0.5 μg/mL), while WT cells were cultured in 5 mL of complete medium. Following 48 h of culture, cells from the respective groups were lysed in Lysis Buffer provided from the human phospho-RTK Array Kit (cat. no. ARY001B, R&D systems, Minneapolis, United States) 300 μg of total protein extract was used for the phosphoproteome profiling antibody arrays. Detection of tyrosine kinase receptors was performed according to the manufacturer’s instruction.
2.6 Receptor tyrosine kinases inhibitors and antibody treatment
Wild type or genetically modified IMR-32 cells (shPHLDA1 - PHLDA1 silenced and shCtrl - mock) were incubated on ice for 1 h and treated with tyrosine kinases inhibitors in concentrations 0.1–10 μM for gefitinib (cat. no. SML1657, Sigma-Aldrich, Saint Louis, United States) and 0.5–15 μM for lapatinib (cat. no. CDS022971, Sigma-Aldrich, Saint Louis, United States) diluted in DMSO (cat. no. D2650, Sigma-Aldrich, Saint Louis, United States) and seeded for 72 h. Final concentration of DMSO in cell cultures was 0.1%. Inhibitors were used alone or in combination with ch14.18/CHO antibodies (5 μg/mL) on ice for 1 h, then cells were incubated for 72 h in 37°C, 5% CO2. IC50 values were determined by fitting a dose response curve to the data points using non-linear regression analysis with the Excel software (Microsoft, Redmond, United States). To isolate proteins, cells were seeded on 6-well plates (1 × 106/5 mL/well). Control cells were treated with DMSO (for inhibitors) and PBS (for ch14.18/CHO).
2.7 hEGF stimulation
IMR-32 cells (5.6 × 105 cells per well of 6-well plate) were seeded for 48 h in 5 mL of complete medium. Then medium was replaced with 0.5% FBS medium for additional 24 h, followed by stimulation with recombinant hEGF (cat. no. 236-EG, R&D, Minneapolis, United States of America) at concentration of 20 ng/mL for 15 min in case of shPHLDA1 and shCtrl IMR-32 cells and 20 or 100 ng/mL for 15 min, 1 h and 24 h in unmodified cells. Control cells were treated with equivalent volume of 0.1% BSA in PBS (solvent for hEGF).
2.8 ATP level measurements
IMR-32 (2 × 104) cells were cultured for 72 h in 100 μL of complete medium in a 96-well plate, in triplicates. Comparison of metabolic activity/viability was made by measuring cellular ATP levels using the ATPlite - luminescence ATP detection assay kit (cat. no. 6016947, Perkin-Elmer, Warszawa, Poland) according to the manufacturer’s protocol. Relative ATP levels were calculated as follows: relative ATP level = ATP level in cells treated with inhibitor or antibody/ATP level in control cells. Samples were analyzed using the Infinite M200 reader (TECAN, Männedorf, Switzerland).
2.9 Trypan blue viability tests
Modified IMR-32 cells: shPHLDA1 and shCtrl, were treated with EGFR inhibitors, according to the previously described procedure, and cultured at density of 2 × 105 cells in 1 mL of complete medium in a 24-well plate for 72 h. Then, media above the cells were collected, adherent cells were treated with 0.125 mL of TrypLE™ (cat no. 12604021, ThermoFisher, Waltham, United States) per well and incubated for 1–2 min in 37 C. Afterwards, the TrypLE™ reagent was neutralized by addition of the previously collected media. In order to dissociate clumps, cell suspensions were submitted to a slow pipetting (35x per sample) by pushing the 1 mL tip against the bottom of the tube. Single cell suspensions were stained with trypan blue (cat. no. T8154, Sigma-Aldrich, Saint Louis, United States) in 1:1 ratio and cells were counted manually in a Bürker counting chamber.
2.10 Protein isolation and immunoblotting
Cells were lysed in RIPA buffer supplemented with protease (cat. no. P8340, Sigma-Aldrich, Saint Louis, United States) and phosphatase inhibitors (PhosSTOP, cat. no. 4906845001, Roche, Basel, Switzerland) or lysed with TRI-Reagent® (cat. no. TR118, Lab Empire, Rzeszow, Poland). Protein concentration was measured using the Bicinchoninic Acid assay (BCA) method. Aliquots (10–60 μg of total protein) of cell lysates were used for electrophoresis in 10 or 12% polyacrylamide gels by standard SDS-PAGE procedures and electro-transferred to polyvinylidene difluoride (PVDF) membranes (Millipore Corporate, MA, United States). After the transfer, blots were blocked with 5% nonfat dry milk in TBS, 0.1% Tween 20 for 1 h. Then, blots were incubated overnight at 4°C with respective primary antibodies (Supplementary Table S8). Next, membranes were incubated with proper secondary antibodies conjugated to HRP for 1 h at RT. Protein bands were detected by chemiluminescence with a luminol reagent (cat. no. WBKLS0500, Millipore Corporate, MA, United States or cat. no RPN2105 Amersham, Cytiva, MA, United States) on ChemiDoc (Bio-Rad laboratories, Hercules, CA, United States). ImageLab software (Bio-Rad laboratories, Hercules, CA, United States) was used to visualize the protein bands. Some membranes were stripped with 0.2–0.4 M NaOH and incubated with antibodies against other proteins. GAPDH, α-tubulin and β-actin were used as reference proteins.
2.11 Microscopic imaging
ShPHLDA1 and shCtrl IMR-32 cells (2 × 104 and 4 × 104 cells per well of a 24-well plate) were seeded in 0.7 mL of complete medium. Microscopic observations were made after 24, 48, 72, 96 h and 7, 8, 9 days under the ×20 magnification, using the light microscope DMi1 with FLEXACAM C1 Camera (Leica Microsystems, Wetzlar, Germany). Media were replaced after 7 days from seeding.
2.12 Mass spectrometry analysis of proteome and post-translational modifications
ShPHLDA1 and shCtrl IMR-32 cells (1 × 106 cells per well of 6-well plate) were seeded for 48 h in 5 mL of complete medium. Then cells were lysed with buffer containing 25 mM Tris-HCl pH 7.6, 150 mM NaCl, 1% sodium deoxycholate, 0.1% SDS, supplemented with protease (cat. no. P8340, Sigma-Aldrich, Saint Louis, United States) and phosphatase inhibitors (PhosSTOP, cat. no. 4906845001, Roche, Basel, Switzerland). Protein concentration was measured using Bicinchoninic Acid assay (BCA) method. 40 μg of total protein extract was precipitated by adding four times the volume of cold (−20 °C) acetone, followed by 1 h incubation in −20°C and centrifugation for 10 min at 14,000 x g at 4°C. Five biological replicates per group were submitted for MS analysis at the Mass Spectrometry Laboratory of the Institute of Biochemistry and Biophysics (PAS, Warsaw, Poland). Protein pellets were resuspended in 50 µL of 100 mM ammonium bicarbonate buffer (ABC) by 30 min vortexing and sonication. Cysteines were reduced by 1-h incubation with 50 mM tris(2-carboxyethyl) phosphine (TCEP) at 60°C followed by 30 min incubation at a room temperature with 20 mM 2-chloroacetamide (CAA). Digestion was performed at 37°C overnight with 2 µg of trypsin (Promega). After digestion, peptides were diluted to 120 µL with water and acidified to a final concentration of 0.1% formic acid (FA).
Samples were analysed using LC-MS system composed of Evosep One (Evosep Biosystems, Odense, Denmark) coupled to an Orbitrap Exploris 480 mass spectrometer (Thermo Fisher Scientific, Bremen, Germany). Samples were loaded onto disposable Evotips C18 trap columns (Evosep Biosystems, Odense, Denmark) according to the manufacturer protocol. Chromatography was carried out at a flow rate 220 nL/min using the 88 min (15 samples per day) preformed gradient on EV1106 analytical column (Dr Maisch C18 AQ 1.9 µm beads, 150 µm ID, 15 cm long, Evosep Biosystems, Odense, Denmark). Data was acquired in positive mode with a data-dependent method using the following parameters. MS1 resolution was set at 60,000 with a normalized AGC target 300%, Auto maximum inject time and a scan range of 300–1,600 m/z. For MS2 mode, resolution was set at 15,000 with a Standard normalized AGC target and top 40 precursors considered for MS/MS analysis.
Raw files were analyzed with MaxQuant platform as described in 2.3, with modifications: activated “Match between runs” option and additional variable modifications–Phospho (STY) and GlyGly(K). Further analysis was performed in Perseus (version 1.6.15). Data were cleaned, log transformed (log2) and t-test with permutative FDR was performed on proteins with more than 3 quantitative values in each group to identify significantly changed proteins. Proteins absent in one of the groups were defined as proteins lacking quantitative values in one group (or having just 1 out of 5), with more than 3 quantitative values in the second group (Supplementary Table S2). Similar analysis was performed for modification sites identified in the same data (five replicates from each group), based on measured peptide intensities (Supplementary Table S3 for ubiquitination, Supplementary Table S4 for phosphorylation). Detailed protein identification and quantification data, detailed peptide data and detailed peptide fragmentation data for shPHLDA1 and shCtrl, are shown in Supplementary Table S5, Supplementary Table S6 and Supplementary Table S7, respectively. Annotated spectra are made available through Protein Prospector MS-Viewer interface https://msviewer.ucsf.edu/prospector/cgi-bin/mssearch.cgi?report_title=MS-Viewer&search_key=fhlhfe0mek&search_name=msviewer.
2.13 Bioinformatic analysis
Bioinformatic analysis was performed by using tools implemented in R2 (http://r2.amc.nl, http://r2platform.com) on the datasets referred to in the text as Cancer Cell Line Encyclopedia (CCLE-Broad) (Ghandi et al., 2019; Nusinow et al., 2020) Cangelosi-786 (Cangelosi et al., 2020), Kocak-649 (GSE45547) (Kocak et al., 2013), SEQC (GSE62564) (Su et al., 2014), Mixed Pediatric Pan Cancer dataset (Gröbner et al., 2018), George-12 (GSE165748) (Sengupta et al., 2022) Versteeg/Etchevers-34 (R2 internal id: ps_avgpres_gsenatgengeo34_u133p2), Mabe (GSE180514) (Mabe et al., 2022) and Mabe (GSE180515) (Mabe et al., 2022). Protein-protein interaction network analysis was prepared and visualized using STRING v10 platform (Szklarczyk et al., 2015). Gene Ontology molecular function, biological process and cellular component terms enrichment analysis were prepared using the DAVID 6.8 (Huang et al., 2009; Sherman et al., 2022) and Reactome platform (Gillespie et al., 2022). Prediction of site-specific kinase-substrate relations from phosphoproteome data was performed using the iGPS 1.0 software (Song et al., 2012). Venn diagrams were prepared using InteractiVenn platform (Heberle et al., 2015).
2.14 Statistical rationale
Four experimental conditions in two repetitions were studied for co-IP semi-quantitative analysis, based on sample/control ratios without further statistical steps. For shPHLDA1/shCtrl quantification, five replicates per group were employed, with two-sample t-test and permutation-based FDR to establish statistical significance. Data is presented as means ± SEM (a standard error of the mean). All experiments were performed in at least three independent experiments, unless stated otherwise in the figure legends. Statistical analyses for inhibitors and combined treatment experiments were performed using t-test and one-way or two-way analysis of variance (ANOVA) followed by Tukey’s post hoc comparison test to determine which values differed significantly from controls. The analyses were performed with R (R version 3.2.1 Patched) and Excel software (Microsoft, Redmond, United States). Data were considered statistically significant at p < 0.05 [p-values: p < 0.05 (*), p < 0.01 (**), p < 0.001 (***)].
3 RESULTS
3.1 PHLDA1 expression positively correlates with the survival of MYCN-amplified neuroblastoma patients
To compare the PHLDA1 protein level, between different cancer cell lines we used R2: Genomics Analysis and Visualization Platform (http://r2.amc.nl, http://r2platform.com). Analysis of Cancer Cell Line Encyclopedia proteomics dataset of 378 samples from 24 different cancer types (Nusinow et al., 2020) revealed the lowest level of PHLDA1 protein in leukemia-derived cell lines and the highest in neuroblastoma (Supplementary Figure S1A). To evaluate the correlation of PHLDA1 expression level with survival of neuroblastoma patients we re-analyzed mRNA microarray results of Tumor Neuroblastoma SEQC dataset from 378 samples (Su et al., 2014), available on R2 platform. The analysis revealed that PHLDA1 mRNA level positively correlates with event-free and overall survival of 92 neuroblastoma patients with MYCN-amplification (Supplementary Figures S1B, C).
3.2 Identification of PHLDA1 protein binding partners in neuroblastoma cells
To investigate how the ch14.18/CHO-treatment affects PHLDA1 protein interactors in neuroblastoma cells, we compared potential PHLDA1 binding proteins in control- and the antibody-treated IMR-32 cells by co-immunoprecipitation, using anti-PHLDA1 antibodies followed by mass spectrometry. Efficiency of immunoprecipitation was confirmed by Western blot before mass spectrometry (Supplementary Figure S2). Overall, the analysis yielded 111 potential PHLDA1-binding partners in control- or ch14.18/CHO-treated cells (Supplementary Table S1). To extract the proteins that were previously described to exist in physical complexes we used the network analysis platform, STRING (Szklarczyk et al., 2015). The visualization indicated that the great majority (103 out of 111) of detected PHLDA1 binding candidates exist in the experimentally confirmed complexes (Figure 1A). 56 proteins were enriched in both PBS-treated and ch14.18/CHO groups, whereas after treatment with the anti-GD2 antibodies, 43 new proteins appeared, not detected in the control cells. 13 proteins that were detected in the control cells, were no longer present after the ch14.18/CHO treatment (Figure 1A, Supplementary Table S1). The signaling pathways enrichment analysis performed using Reactome platform (Gillespie et al., 2022) revealed that detected PHLDA1 binding candidates participate in plethora of pathways with significant enrichment of the antimicrobial response and signaling by Rho GTPases in ch14.18/CHO-specific PHLDA1 interactome (Supplementary Figure S3A, Supplementary Table S1). On the other hand, PHLDA1 binding candidates specific only for control cells relate most significantly to the glutamate and glutamine metabolism. Furthermore, PHLDA1 potential interactors enriched in both control and antibodies treated cells relate to the protein and RNA metabolism (Supplementary Figure S3C). Among detected binding candidates, interaction of endogenous PHLDA1 with DCAF7 and AUTS2 was confirmed by co-immunoprecipitation and immunoblotting, nevertheless we observed very low expression of endogenous AUTS2 protein in IMR-32 cells (Figure 1B).
[image: Figure 1]FIGURE 1 | PHLDA1 directly interacts with DCAF7 and AUTS2 proteins. Control and ch14.18/CHO antibodies treated IMR-32 cells were subjected to co-IP using anti-PHLDA1 antibody. An IgG2a antibody served as the isotypic control. A subset of mass spectrometry analysis results is presented as the interaction network of PHLDA1-binding candidates previously described to exist in physical complexes, as found by STRING-DB. Proteins enriched only in control or antibodies treated cells were colored blue and red, respectively. PHLDA1 interactors enriched in both groups were colored grey. Edges indicate previously described physical interactions between proteins (A). See also Supplementary Table S1. Binding proteins detected at the higher level in the isotypic control than in the test samples were regarded as contaminants. Representative Western blot analysis of three independent co-IP experiments. INP-input (10 μg), IP-immunoprecipitation (1 mg of full protein used for IP), INP - input before pre-clearing, INP pre-clear - input after pre-clearing (B).
3.3 Ch14.18/CHO treatment affects levels of PHLDA1 binding proteins
Previously, we have shown that targeting GD2 ganglioside in IMR-32 with 14G2a antibody strongly enhances PHLDA1 expression (Horwacik et al., 2015). To broaden the knowledge about PHLDA1 pathways, we incubated IMR-32 cells for 24, 48 and 72 h with 40 μg/mL of ch14.18/CHO in order to show what effect this would have on selected PHLDA1 partner proteins (e.g., DCAF7 and AUTS2). Control cells were treated with equivalent volumes of PBS. Next, we collected the protein lysates and Western blot analyses were performed (Figure 2). The level of DCAF7, which was confirmed as PHLDA1 partner with two different methods in this work, decreases after 48 h of the ch14.18/CHO antibody treatment in comparison to control. Additionally, we detected a slight decrease in AUTS2 protein level after 48 and 72 h of the ch14.18/CHO antibody treatment.
[image: Figure 2]FIGURE 2 | Ch14.18/CHO treatment affects levels of PHLDA1 partner proteins. IMR-32 cells were treated with 40 μg/mL ch14.18/CHO antibodies for 24, 48 and 72 h α-tubulin or β-actin were used as reference proteins. Representative immunoblots are presented. Experiments were performed at least three times. 20–60 μg protein lysate per well was used.
3.4 PHLDA1 silencing leads to differentiation-like phenotype
To better characterize the role of PHLDA1 in IMR-32 cells, we diminished its expression using shRNA. Microscopic observations of PHLDA1-silenced cells revealed that they developed differentiation-like phenotype, demonstrated by a significant neurite outgrowth in comparison to control cells (Figure 3A, Supplementary Figure S4). Furthermore, we evaluated levels of several proteins using Western blot analysis (Figure 3B, Supplementary Figure S5). PHLDA1 silencing clearly diminishes the level of pluripotent marker Nanog and at the same time strongly upregulates Nestin, a marker of neuronal progenitor cells (Geng et al., 2022) and SCG2, a marker of neuronal differentiation into sympathetic neurons (Weiler et al., 1990). Furthermore, PHLDA1 silencing significantly upregulates EGFR, downregulates IGF-1R and affects levels of a few of previously detected potential PHLDA1 binding partners, such as CaMKII and the aforementioned AUTS2, which together with DCAF7 was described as a member of PRC1 multiprotein complex, essential for neuronal differentiation of mouse stem cells (Wang et al., 2018). The best described molecular function of the PRC1 complex is mono-ubiquitination of histone H2A at lysine-119, necessary for repression of gene expression. Therefore, we examined the level of this modification in PHLDA1-silenced cells, but we did not observe significant changes in comparison to control (Supplementary Figure S5). Nevertheless, our bioinformatic analysis of datasets available on R2 platform stress out the importance of different isoforms of AUTS2 in patients with neuroblastoma (Supplementary Figures S6, S7).
[image: Figure 3]FIGURE 3 | PHLDA1-silenced IMR-32 cells develop a differentiation-like phenotype. Stable PHLDA1 silencing was obtained using shRNA-carrying plasmid. Microscopic observations were made on following days from seeding (See also Supplementary Figure S4). Representative images were captured 7 days from seeding of 4 × 104 cells (A). Cells were seeded for 48 h, lysed and Western blot analysis was performed using indicated antibodies. α-tubulin was used as a reference protein. Results are shown as representative blots of three independent experiments (B). shPHLDA1 (shP) – IMR-32 cells transfected with shRNA against PHLDA1, shCtrl (shC)– IMR-32 cells transfected with control plasmid, WT–IMR-32 cells non-transfected with plasmid. *band of unknown origin - see also Supplementary Figure S16.
3.5 PHLDA1 inhibition globally upregulates mitochondrial proteome
To resolve the biological roles of PHLDA1 in neuroblastoma, we performed quantitative proteomic analysis of PHLDA1-silenced vs. control IMR-32 cells. Overall, we detected around 3,500 proteins that exhibited at least 3 quantitative signals values in shPHLDA1 and/or shCtrl group (Supplementary Table S2). 439 proteins reached significance threshold after the multiple comparison correction (q < 0.05), out of which 250 exhibited at least 1.5-fold change between groups. 114 of these proteins were upregulated and 136 downregulated after PHLDA1 inhibition (Figure 4A, Supplementary Table S2). 168 proteins were detected only in shPHLDA1 cells, and 199 proteins were specific only for shCtrl cells (Figure 4B, Supplementary Table S2). Proteins that were significantly altered and specific for one group were subjected to gene ontology annotation analysis using the DAVID 6.8 platform (Huang et al., 2009; Sherman et al., 2022). It appears that PHLDA1 silencing causes the most pronounced changes in mitochondrion related proteome (Figure 4C), whereas proteins associated with cellular components of the cytoplasm are decreased in the cells (Figure 4D).
[image: Figure 4]FIGURE 4 | PHLDA1 silencing leads to global upregulation of mitochondrial proteins. The volcano plot represents results from MS-based quantification of shPHLDA1 and shCtrl cells with five replicates in each group. Difference between averages of log2 protein intensities is plotted against -log10 q-value. Significantly altered proteins in shPHLDA1 that reached at least 1.45 – fold change (∓ 0.54 Difference threshold) and are below q value of 0.05 are colored green (upregulated) and red (downregulated) (A). The Venn diagram displaying overlap between shPHLDA1 and shCtrl proteins on yellow background, shPHLDA1 and shCtrl specific proteins are presented on white backgrounds with top 15 proteins listed below, in order from the highest to the lowest signal difference between shPHLDA1 and shCtrl group. For a protein to be considered but present in only one group (shCtrl or shPHLDA1), it had to have at least three values in one group and one or zero in the other (see also Supplementary Table S3) (B). Gene Ontology molecular function, biological process and cellular component terms enrichment analysis were prepared using the DAVID 6.8 platform for proteins statistically upregulated (C) and downregulated (D) in shPHLDA1 cells in comparison to shCtrl.
3.6 Low level of PHLDA1 is associated with adrenergic cell type of neuroblastoma
Recently it has been shown that neuroblastoma cells are composed of two, mesenchymal (MES) and adrenergic (ADRN), differentiation states (van Groningen et al., 2017). Our bioinformatic analyses of multiple datasets available on R2 revealed that the low level of PHLDA1 gene expression associates with the adrenergic, more neuronal-directed state of neuroblastoma (Supplementary Figures S8A–D). Finally, we compared the set of genes coding for statistically upregulated and downregulated proteins, identified in our mass spectrometry analysis in PHLDA1-silenced vs. control cells, and previously described mesenchymal- and adrenergic-signature genes in neuroblastoma (van Groningen et al., 2017). Analysis revealed that the largest group of genes overlaps between the adrenergic and shPHLDA1 upregulated group (Supplementary Figures S8E).
3.7 PHLDA1 silencing affects the phosphorylation of multiple proteins
To further explore the function of PHLDA1 we performed analysis of post-translational modifications of proteins in shPHLDA1 vs. shCtrl cells, using mass spectrometry. We can observe slight changes in ubiquitination levels of a few proteins, where only one, C1R, reached the significance threshold after the multiple comparison correction (Supplementary Table S3). Analysis of global phosphorylation changes revealed 156 peptides from 128 different proteins that had their phosphorylation status altered upon PHLDA1 downregulation (Supplementary Figure S9A, Supplementary Table S4). The great majority (100) of the phosphorylated peptides exhibits downregulated phosphorylation status in shPHLDA1 vs. shCtrl cells whereas only 56 of peptides shows upregulation of phosphorylation pattern. Detected proteins were associated with multiple signaling pathways (Supplementary Figures S9B, S9C) and various kinases were predicted to potentially affect the phosphorylation status of detected proteins (Supplementary Figures S9D, S9E).
3.8 PHLDA1 silencing augments EGF signaling pathway
Using the phospho-RTK protein array in the preliminary studies, we discovered that phosphorylation of EGFR is activated, while phosphorylation of IGF-1R is inhibited upon PHLDA1 downregulation in IMR-32 neuroblastoma cells transduced with a lentiviral PHLDA1-silencing vector as compared with control (Supplementary Figure S10). Thus, we extended the research to further investigate the role of EGFR and its connotation with PHLDA1 in human neuroblastoma. We compared the effect of stimulation with hEGF (20 ng/mL) and EGFR inhibitors treatment (lapatinib/gefitinib, 5 µM) on PHLDA1-silenced and control cells (Figures 5A,B). The results of Western blot imaging revealed that cells with silenced PHLDA1 display the significantly higher EGFR phosphorylation level at tyrosine 1,068 (the main EGFR activating phosphorylation), what indicates a stronger stimulation of the EGF receptor pathway. However, the higher level of the phosphorylated form can be the result of the increased total EGFR level in shPHLDA1 cells, confirmed by mass spectrometry analysis (Supplementary Table S2) and Western blot (Figure 3B). Similarly, PHLDA1-silenced cells display enhanced activation of ERK1/2, which is one of the downstream targets of the EGF/EGFR signaling pathway (Ho et al., 2005).
[image: Figure 5]FIGURE 5 | Inhibiting the EGFR signaling pathway decreases viability of neuroblastoma cells. shCtrl and shPHLDA1 IMR-32 cells were stimulated with hEGF, at concentration of 20 ng/mL for 15 min (A) or treated with EGFR inhibitors, lapatinib or gefitinib, at concentration of 5 μM for 72 h (B). 0.1% BSA in PBS and DMSO were used as solvent controls for hEGF and inhibitors treatment, respectively. Then, cells were lysed, and Western blot analysis was performed using indicated antibodies. α-tubulin was used as a reference protein. shPHLDA1 – cells with silenced PHLDA1. shCtrl–mock cells, transfected with control plasmid. Results are shown as representative immunoblots of three independent experiments. IMR-32 cells were treated with lapatinib (1–15 μM) (C) or gefitinib (0.1–10 μM) (D), and combinations of inhibitor and ch14.18/CHO antibody (5 μg/mL) for 72 h. Viability was assessed via ATP content measurements, in comparison to controls treated with diluents (DMSO for lapatinib/gefitinib and PBS for ch14.18/CHO, set as 1). Data are shown as means of three independent experiments ( ± SEM). Statistical significance of changes between different concentrations of inhibitors and diluent was determined by t-test (*p < 0.05, **p < 0.01, ***p < 0.001). Statistical significance between inhibitor alone and combination was determined by two-way ANOVA with the post hoc Tukey test (*p < 0.05, **p < 0.01, ***p < 0.001).
The EGF signaling pathway overactivation is strongly involved in cancer progression and is often targeted during anti-cancer treatment (Ayati et al., 2020). To investigate whether inhibition of EGFR signaling might have beneficial effect for neuroblastoma patients we treated IMR-32 neuroblastoma cells with increasing doses of EGFR inhibitors: lapatinib (0.1–10 μM) and gefitinib (0.5–15 μM) alone and in combination with 5 μg/mL of ch14.18/CHO therapeutic antibody for 72 h and performed ATP measurements (Figures 5C,D). The observed cytotoxic effects were dose-dependent and statistically significant for both inhibitors, when compared to unstimulated control (*p < 0.05, **p < 0.01, ***p < 0.001). The obtained values of measured relative ATP levels were significantly lower for cells treated with gefitinib and antibodies (*p < 0.05, ***p < 0.001) than with gefitinib alone (Figure 5D). In case of lapatinib, combinatory treatment significantly decreased the relative ATP values in comparison to inhibitor alone only for the dose of 0.1 μM, (*p < 0.05) (Figure 5C). These observations are further supported by the comparison of calculated IC50 values for combination vs. inhibitor alone treatment. IC50 was lower for combination of gefitinib and ch14.18/CHO (IC50 = 5.38 ± 0.01) than for single gefitinib treatment (IC50 = 9.74 ± 0.03). However, there was no decrease of IC50 value of combinatory treatment than lapatinib treatment alone.
3.9 Impact of EGF inhibitors on PHLDA1-silenced IMR-32 cells
To investigate whether PHLDA1 silencing affects the cytotoxicity caused by EGF inhibitors, we treated the modified IMR-32 cells with lapatinib or gefitinib and measured ATP levels, protein concentrations and viability via the trypan blue test. We observed that the relative ATP level is decreased in shPHLDA1 and shCtrl cells treated with both inhibitors: lapatinib and gefitinib (Figure 6A). Statistically significant decrease was observed for both shPHLDA1 (p < 0.05) and shCtrl (p < 0.05) in lapatinib-treated cells, while only in shCtrl (p < 0.05) in gefitinib-treated cells. Moreover, the ATP test pointed that cells with PHLDA1 downregulation manifest nearly 2-fold increase in ATP level than shCtrl cells (p < 0.05, p < 0.01), which corresponds to upregulation of mitochondria-related proteins discovered via mass spectrometry analysis and increased mitochondrial membrane potential, previously shown by our group (Durbas et al., 2016). The protein concentration significantly decreases in shPHLDA1 cells treated with both EGFR inhibitors (Figure 6B) and in shCtrl cells treated with lapatinib (p < 0.05). Relative number of the living cells heavily decreases in shPHLDA1 and shCtrl cells treated with lapatinib (p < 0.01) and shPHLDA1 cells treated with gefitinib. On the contrary, the number of the dead cells exhibits growing tendency in inhibitors-treated cells (Supplementary Figure S13A). Both inhibitors treatments significantly decrease total cell number of PHLDA1-silenced cells. Taken together, our data imply that PHLDA1 silencing enhances the EGF receptor signaling pathway, but the influence is unidirectional since neither EGFR activation, nor inhibition does not generate changes in the PHLDA1 level in shCtrl cells (Figures 5A,B) and IMR-32 neuroblastoma cells (Supplementary Figures S11, S12).
[image: Figure 6]FIGURE 6 | PHLDA1 silencing sensitizes neuroblastoma cells to EGFR inhibitors treatment. PHLDA1-silenced (shPHLDA1) and control (shCtrl) cells were treated with 5 μM gefitinib/lapatinib or DMSO and seeded for 72 h. Relative ATP levels (A), protein concentration in lysate (B) and the relative number of the living cells (C) were measured. The relative ATP levels and numbers of the living cells were compared to DMSO-treated shCtrl cells (set as 1). Protein concentration was measured via the BCA method in cell lysates isolated with RIPA buffer. Data are shown as a mean ( ± SEM) of at least three independent experiments. Statistical significance was determined by two-way ANOVA with post hoc Tukey test (*p < 0.05, **p < 0.01).
4 DISCUSSION
Our transcriptomic and proteomic analyses aimed at elucidation of the role of PHLDA1 in neuroblastoma, as its role in different cancers remains not yet fully elucidated. Analysis of the publicly available dataset revealed that the level of mRNA of PHLDA1 is positively correlated with survival of neuroblastoma patients with MYCN-amplification, but no significant correlation was found for the larger group of patients with MYCN-non-amplified status in the analyzed dataset. This suggests that patients with MYCN-amplification might benefit the most from anti-GD2 treatment which significantly activates PHLDA1 expression, at least in IMR-32 neuroblastoma cell line (Horwacik et al., 2015). Nevertheless, more data is needed to establish whether PHLDA1 is activated upon anti-GD2 treatment in neuroblastoma patients. The correlation of the PHLDA1 expression and the MYCN-amplification status might be associated with aurora A kinase activity, as we have previously shown that PHLDA1 silencing increases the aurora A level (Durbas et al., 2016). Additionally, the kinase is the main factor responsible for MYCN stability in neuroblastoma (Otto et al., 2009). Thus, it would be of interest to establish, if the higher expression of PHLDA1 in NB patients decreases aurora A levels and consequently destabilizes MYCN.
In order to investigate how the ch14.18/CHO-treatment affects PHLDA1 protein interactors in neuroblastoma cells, we compared potential PHLDA1 binding proteins in the control- and the ch14.18/CHO antibody-treated IMR-32 cells by co-immunoprecipitation, using anti-PHLDA1 antibodies followed by mass spectrometry. This proteomic approach enabled confirmation of previously described- and presentation of new PHLDA1-binding proteins. PHLDA1 binding partners, 103 out of 111, exist in the experimentally confirmed complexes (Figure 1A). They belong to different processes (Supplementary Figure S3), such as signaling of Rho GTPases, which are associated with the phosphatidylinositol signaling pathway, where PHLDA1 was also described to be involved in (Chen et al., 2018).
We would like to point out that two novel PHLDA1-binding proteins, DCAF7 and AUTS2, gained our attention in our model, as treatment of IMR-32 cells with ch14.18/CHO affected levels of both proteins. Importantly, their binding to PHLDA1 protein was confirmed by us by mass spectrometry and co-immunoprecipitation, although a very low expression of endogenous AUTS2 protein in IMR-32 cells was observed. Moreover, a chaperone CCT3 was identified among the constitutive PHLDA1 binding candidates (Figure 1A) and it was already described to exist in physical complex with DCAF7 protein (also known as WDR68), which was also described to interact with AUTS2 (Figure 1A) (Miyata et al., 2014; Wang et al., 2018). Interestingly, we also stress the importance of AUTS2 in neuroblastoma by presenting its mRNA positive correlation with survival of neuroblastoma patients (Supplementary Figures S6C, D). DCAF7 and AUTS2 belong to the Polycomb Repressive Complex 1 (PRC1) and together they are involved in the transcriptional activation of neurodevelopmental genes (Wang et al., 2018). This may suggest that treating neuroblastoma cells with anti-GD2 antibodies may lead to a reduction in the differentiation process. Here we show that PHLDA1 might inhibit differentiation, because PHLDA1-silenced IMR-32 cells exhibit differentiation-like phenotype accompanied by profound increase of the mitochondrial proteome. Furthermore, our bioinformatic analysis indicates that PHLDA1 downregulation might weaken the mesenchymal and enhance adrenergic state of neuroblastoma cells (Supplementary Figure S8). The mechanism by which PHLDA1 is involved in regulation of neuroblastoma differentiation might relay on its direct interaction with DCAF7/AUTS2 complex, what might lead to alteration in the AUTS2 isoforms balance observed in this study. AUTS2 manifests a different expression pattern in IMR-32 cells with PHLDA1 silencing - the level of the shorter AUTS2 isoform (around 100 kDa) decreases, while the level of the longer form (around 115 kDa) rises (Figure 3B). Different AUTS2 isoforms patterns were previously described repeatedly (Hori et al., 2014; Monderer-Rothkoff et al., 2021). Hori et al. suggested that deletion of one of AUTS2 isoforms is leading to a potentially compensatory increase of another AUTS2 isoform (Hori et al., 2014), what is also observed after PHLDA1 silencing in our study (Figure 3B). Furthermore, mass spectrometry analysis of PHLDA1-co-immunoprecipitated proteins did not reveal any other members of the PRC1 other than DCAF7 and AUTS2 (Supplementary Table S1). Thus, it is also possible that PHLDA1 interacts with the DCAF7/AUTS2 complex that acts independently of the PRC1 complex. Recent study suggests that the DCAF7/AUTS2 complex can indeed promote neuronal differentiation through inhibition of BMP signaling, independently of the activity of the PRC1 complex (Geng et al., 2022). Furthermore, to analyze the biological roles of PHLDA1 in neuroblastoma, we performed quantitative proteomic analysis of PHLDA1-silenced vs. control IMR-32 cells and found that PHLDA1 silencing causes the most spectacular increase in biological functions of mitochondria (Figure 4C), whereas proteins associated with cellular components of the cytoplasm are decreased in the cells (Figure 4D). Increase of mitochondrial biomass is a well-known feature of neuronal differentiation due to the higher need for ATP, necessary for neurite outgrowth and synaptic functions (Cheng et al., 2010).
The anti-GD2 immunotherapy was proven to significantly increase survival of neuroblastoma patients, but due to relatively high rate of relapse there is still high need for therapy improvement (DuBois et al., 2022). PHLDA1 is the most upregulated gene in IMR-32 cells treated with the anti-GD2 14G2a antibody. Our previous data indicates that it probably has pro-apoptotic role in IMR-32 cells, but results presented here, with application of anti-GD2 ch14.18/CHO antibodies, indicate that at the same time PHLDA1 might inhibit differentiation of neuroblastoma cells. Our proteomic data from PHLDA1-silenced cells showed multiple proteins that are regulated by PHLDA1. We propose that our mass spectrometry data might be used to select new potential therapeutic targets in neuroblastoma. Our analysis revealed that in shPHLDA1-up-regulated group of proteins there is similar number of proteins which expression level is negatively and positively correlated with survival of patients, however in shPHLDA1 downregulated group, the number of proteins which expression negatively corelates with survival of patients is around 50% higher than the number of proteins linked to positive correlation with survival (Supplementary Figure S14A). Potentially, proteins that are downregulated in shPHLDA1 cells might be upregulated after ch14.18/CHO treatment and therefore they might be potential new targets that can be used in combination with ch14.18/CHO therapy if their expression negatively correlates with survival of neuroblastoma patients. We propose several such potential new targets (Supplementary Figures S14C–F).
Finally, we have investigated the molecular mechanism by which PHLDA1 upregulates the EGFR protein level, which might be associated with enhanced EGFR receptor stability, due to direct interaction of EGFR receptor with the CaMKII kinase. It has been shown that CaMKII regulates both EGFR kinase activity and the rate of its endocytosis (Sánchez-González et al., 2010). CaMKII was identified in this study as potential PHLDA1-binding partner and PHLDA1 silencing leads to downregulation of the CaMKII kinase level what might decrease rate of EGFR endocytosis and lysosomal degradation. Observed differences between impact of lapatinib and gefitinib on IMR-32 cells might result from different specificity spectrum of these two inhibitors, as gefitinib is EGFR (HER1)-specific and lapatinib also inhibits other members of receptor tyrosine kinases (Gilmer et al., 2008; Segovia-Mendoza et al., 2015). Additionally, combined treatment with ch14.18/CHO does not improve the cytotoxicity of lapatinib (Figure 5C), but enhances the cytotoxic effect of gefitinib, especially when treated with low doses of the inhibitor (Figure 5D). Presented data indicated that PHLDA1 silencing alone causes significant upregulation of ATP content and concentration of isolated proteins in samples. It is most likely not the result of an increased proliferation rate of shPHLDA1 cells, as proved by cell counting and previously showed an upregulated percentage of PHLDA1-silenced cells in the G0/G1 phase of the cell cycle (Durbas et al., 2016). Furthermore, almost all measured parameters (except the number of dead cells) show stronger impact of EGFR inhibitors on PHLDA1-silenced cells than on shCtrl cells. This phenomenon might result from increased expression of EGFR in PHLDA1-silenced cells and consequently a higher dependence of these cells on the EGFR signaling pathway. Taken together, our data indicate that silencing of PHLDA1 sensitizes IMR-32 neuroblastoma cells to EGFR inhibitors treatment.
Additionally, our combined analysis of PHLDA1 binding candidates and shPHLDA1-altered proteome pointed to the involvement of PHLDA1 in the axon guidance pathway (Supplementary Figure S15). Axon guidance molecules are considered as tumorigenic and anti-cancer targets (Chédotal et al., 2005; Rached et al., 2016; Zaatiti et al., 2018), however, in neuroblastoma, genes involved in axon guidance are often mutated (Li et al., 2017). More detailed analysis revealed that among several signaling pathways affected by PHLDA1 within “axon guidance pathway”, “L1CAM interactions” and “signaling by ROBO receptor” are the most significantly enriched (Supplementary Figure S15B). Regulation of ROBOs receptors and Rho GTPases were also detected among pathways affected by PHLDA1-binding candidates in control and ch14.18/CHO-treated cells (Supplementary Figure S3) what indicates the involvement of these pathways in PHLDA1-dependent ch14.18/CHO response of neuroblastoma.
To summarize our results, we can conclude that the presented experimental data broaden our knowledge on direct cytotoxicity of the ch14.18/CHO mAb on IMR-32 cells, its effects on changes of cellular proteome, extend our understanding of a role of PHLDA1 in signaling pathways regulating neuroblastoma cell fate in the studied model, and propose new protein candidates relevant to neuroblastoma biology for further studies.
5 SCOPE STATEMENT
Neuroblastoma is the most common extracranial pediatric solid tumor in which GD2 ganglioside is a marker in diagnosis and a target in neuroblastoma immunotherapy with GD2 ganglioside-binding antibodies. We have used human neuroblastoma cells as a research model to investigate the direct cytotoxicity phenomenon induced upon binding of the clinically approved anti-GD2 ganglioside ch14.18/CHO antibody. Targeting the ganglioside with the therapeutic antibodies affects several pivotal signaling routes that drive or influence the malignant phenotype of the cells. One of our research goals is to deepen knowledge on mechanism of signaling involving gangliosides that leads to tumor cell death without involvement of the immune system. Previously performed gene expression profiling helped us to identify the PHLDA1 (pleckstrin homology-like domain family A member 1) gene as the most upregulated gene in human IMR-32 neuroblastoma cells treated with the mouse 14G2a monoclonal antibody. In the present study, cell culture experiments combined with proteomic analyses (mass spectrometry, co-immunoprecipitation, Western blotting) were applied to better characterize a role of PHLDA1 protein in the response of IMR-32 human neuroblastoma cells to chimeric ch14.18/CHO antibody. For example, our analyses suggest that PHLDA1 directly interacts with the DCAF7/AUTS2 complex, a key component of neuronal differentiation in vitro.
DATA AVAILABILITY STATEMENT
The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/Supplementary Material. Data are available via ProteomeXchange (https://www.ebi.ac.uk/pride/), with the identifier PXD044319.
ETHICS STATEMENT
Ethical approval was not required for the studies on humans in accordance with the local legislation and institutional requirements because only commercially available established cell lines were used. Ethical approval was not required for the studies on animals in accordance with the local legislation and institutional requirements because only commercially available established cell lines were used.
AUTHOR CONTRIBUTIONS
BB: Conceptualization, Data curation, Investigation, Visualization, Writing–original draft. MD: Investigation, Visualization, Writing–original draft. MK: Formal Analysis, Investigation, Visualization, Writing–original draft. AM: Data curation, Formal Analysis, Investigation, Software, Validation, Visualization, Writing–original draft. IH: Conceptualization, Funding acquisition, Investigation, Writing–review and editing. HR: Conceptualization, Funding acquisition, Supervision, Writing–original draft, Writing–review and editing.
FUNDING
The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This research was funded by a grant from National Science Center (to HR, grant no. 2018/29/B/NZ7/01564) and funds from the Ministry of Education and Science (DS8/WBBiB). The open-access publication has been supported by the Faculty of Biochemistry, Biophysics and Biotechnology under the Strategic Programme Excellence Initiative at Jagiellonian University in Krakow, Poland.
ACKNOWLEDGMENTS
Technical and administrative assistance of Anna Gontarska is kindly acknowledged.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphar.2024.1351536/full#supplementary-material
ABBREVIATIONS
ADRN, adrenergic; AUTS2, autism susceptibility gene 2 protein; BMP, bone morphogenetic protein 1; CaMKII, calcium/calmodulin-dependent protein kinase type II; CCT3, T-complex protein 1 subunit gamma; CDKN1A, cyclin dependent kinase inhibitor 1A; C1R, complement C1r; DCAF7, DDB1- and CUL4-associated factor 7; EGFR, epidermal growth factor receptor; GD2, disialoganglioside GD2; IGF-1R, insulin-like growth factor 1 receptor; L1CAM, neural cell adhesion molecule L1; MES, mesenchymal; MYCN, N-myc proto-oncogene protein; NB, neuroblastoma; PAR-4, prostate apoptosis response-4; PHLDA1, pleckstrin homology-like domain family A member 1; PRC1, polycomb repressive complex 1; ROBO, roundabout family receptors; SCG2, secretogranin-2; TRKB, neurotrophic receptor tyrosine kinase 2.
REFERENCES
 Ayati, A., Moghimi, S., Salarinejad, S., Safavi, M., Pouramiri, B., and Foroumadi, A. (2020). A review on progression of epidermal growth factor receptor (EGFR) inhibitors as an efficient approach in cancer targeted therapy. Bioorg Chem. 99, 103811. doi:10.1016/j.bioorg.2020.103811
 Cangelosi, D., Morini, M., Zanardi, N., Sementa, A. R., Muselli, M., Conte, M., et al. (2020). Hypoxia predicts poor prognosis in neuroblastoma patients and associates with biological mechanisms involved in telomerase activation and tumor microenvironment reprogramming. Cancers (Basel) 12, 2343. doi:10.3390/cancers12092343
 Chédotal, A., Kerjan, G., and Moreau-Fauvarque, C. (2005). The brain within the tumor: new roles for axon guidance molecules in cancers. Cell. Death Differ. 12, 1044–1056. doi:10.1038/sj.cdd.4401707
 Chen, Y., Takikawa, M., Tsutsumi, S., Yamaguchi, Y., Okabe, A., Shimada, M., et al. (2018). PHLDA1, another PHLDA family protein that inhibits akt. Cancer Sci. 109, 3532–3542. doi:10.1111/cas.13796
 Cheng, A., Hou, Y., and Mattson, M. P. (2010). Mitochondria and neuroplasticity. ASN Neuro 2, e00045. doi:10.1042/AN20100019
 Cohn, S. L., Pearson, A. D. J., London, W. B., Monclair, T., Ambros, P. F., Brodeur, G. M., et al. (2009). The international neuroblastoma risk group (INRG) classification system: an INRG task force report. J. Clin. Oncol. 27, 289–297. doi:10.1200/JCO.2008.16.6785
 Coutinho-Camillo, C. M., Lourenço, S. V., Nonogaki, S., Vartanian, J. G., Nagai, M. A., Kowalski, L. P., et al. (2013). Expression of PAR-4 and PHLDA1 is prognostic for overall and disease-free survival in oral squamous cell carcinomas. Virchows Arch. 463, 31–39. doi:10.1007/s00428-013-1438-9
 DuBois, S. G., Macy, M. E., and Henderson, T. O. (2022). High-risk and relapsed neuroblastoma: toward more cures and better outcomes. America: American Society of Clinical Oncology Educational Book, 768–780.
 Durbas, M., Horwacik, I., Boratyn, E., Kamycka, E., and Rokita, H. (2015). GD2 ganglioside specific antibody treatment downregulates PI3K/akt/MTOR signaling network in human neuroblastoma cell lines. Int. J. Oncol. 47, 1143–1159. doi:10.3892/ijo.2015.3070
 Durbas, M., Horwacik, I., Boratyn, E., and Rokita, H. (2016). Downregulation of the PHLDA1 gene in IMR-32 neuroblastoma cells increases levels of aurora A, TRKB and affects proteins involved in apoptosis and autophagy pathways. Int. J. Oncol. 49, 823–837. doi:10.3892/ijo.2016.3572
 Fearon, A. E., Carter, E. P., Clayton, N. S., Wilkes, E. H., Baker, A. M., Kapitonova, E., et al. (2018). PHLDA1 mediates drug resistance in receptor tyrosine kinase-driven cancer. Cell. Rep. 22, 2469–2481. doi:10.1016/j.celrep.2018.02.028
 Geng, Z., Wang, Q., Miao, W., Wolf, T., Chavez, J., Giddings, E., et al. (2022). AUTS2 controls neuronal lineage choice through a novel PRC1-independent complex and BMP inhibition. Stem Cell. Rev. Rep. Epub 19, 531–549. ahead of print. doi:10.1007/s12015-022-10459-0
 Ghandi, M., Huang, F. W., Jané-Valbuena, J., Kryukov, G. V., Lo, C. C., McDonald, E. R., et al. (2019). Next-generation characterization of the cancer cell line Encyclopedia. Nature 569, 503–508. doi:10.1038/s41586-019-1186-3
 Gillespie, M., Jassal, B., Stephan, R., Milacic, M., Rothfels, K., Senff-Ribeiro, A., et al. (2022). The reactome pathway knowledgebase 2022. Nucleic Acids Res. 50, D687–D692. doi:10.1093/nar/gkab1028
 Gilmer, T. M., Cable, L., Alligood, K., Rusnak, D., Spehar, G., Gallagher, K. T., et al. (2008). Impact of common epidermal growth factor receptor and HER2 variants on receptor activity and inhibition by lapatinib. Cancer Res. 68, 571–579. doi:10.1158/0008-5472.CAN-07-2404
 Gröbner, S. N., Worst, B. C., Weischenfeldt, J., Buchhalter, I., Kleinheinz, K., Rudneva, V. A., et al. (2018). The landscape of genomic alterations across childhood cancers. Nature 555, 321–327. doi:10.1038/nature25480
 Heberle, H., Meirelles, G. V., da Silva, F. R., Telles, G. P., and Minghim, R. (2015). InteractiVenn: a web-based tool for the analysis of sets through venn diagrams. BMC Bioinforma. 16, 169. doi:10.1186/s12859-015-0611-3
 Ho, R., Minturn, J. E., Hishiki, T., Zhao, H., Wang, Q., Cnaan, A., et al. (2005). Proliferation of human neuroblastomas mediated by the epidermal growth factor receptor. Cancer Res. 65, 9868–9875. doi:10.1158/0008-5472.CAN-04-2426
 Hori, K., Nagai, T., Shan, W., Sakamoto, A., Taya, S., Hashimoto, R., et al. (2014). Cytoskeletal regulation by AUTS2 in neuronal migration and neuritogenesis. Cell. Rep. 9, 2166–2179. doi:10.1016/j.celrep.2014.11.045
 Horwacik, I., Durbas, M., Boratyn, E., Sawicka, A., Węgrzyn, P., Krzanik, S., et al. (2015). Analysis of genes involved in response to doxorubicin and a GD2 ganglioside-specific 14G2a monoclonal antibody in IMR-32 human neuroblastoma cells. Acta Biochim. Pol. 62, 423–433. doi:10.18388/abp.2015_1035
 Horwacik, I., Durbas, M., Boratyn, E., Węgrzyn, P., and Rokita, H. (2013). Targeting GD2 ganglioside and aurora A kinase as a dual strategy leading to cell death in cultures of human neuroblastoma cells. Cancer Lett. 341, 248–264. doi:10.1016/j.canlet.2013.08.018
 Huang, D. W., Sherman, B. T., and Lempicki, R. A. (2009). Systematic and integrative analysis of large gene lists using DAVID bioinformatics resources. Nat. Protoc. 4, 44–57. doi:10.1038/nprot.2008.211
 Kastrati, I., Canestrari, E., and Frasor, J. (2015). PHLDA1 expression is controlled by an estrogen receptor-nfκb-MiR-181 regulatory loop and is essential for formation of ER+ mammospheres. Oncogene 34, 2309–2316. doi:10.1038/onc.2014.180
 Kocak, H., Ackermann, S., Hero, B., Kahlert, Y., Oberthuer, A., Juraeva, D., et al. (2013). Hox-C9 activates the intrinsic pathway of apoptosis and is associated with spontaneous regression in neuroblastoma. Cell. Death Dis. 4, e586. doi:10.1038/cddis.2013.84
 Kowalczyk, A., Gil, M., Horwacik, I., Odrowaz, Z., Kozbor, D., and Rokita, H. (2009). The GD2-specific 14G2a monoclonal antibody induces apoptosis and enhances cytotoxicity of chemotherapeutic Drugs in IMR-32 human neuroblastoma cells. Cancer Lett. 281, 171–182. doi:10.1016/j.canlet.2009.02.040
 Li, G., Wang, X., Hibshoosh, H., Jin, C., Halmos, B., and Li, J. (2014). Modulation of ErbB2 blockade in ErbB2-positive cancers: the role of ErbB2 mutations and PHLDA1. PLoS One 19, e106349. doi:10.1371/journal.pone.0106349
 Li, Y., Ohira, M., Zhou, Y., Xiong, T., Luo, W., Yang, C., et al. (2017). Genomic analysis-integrated whole-exome sequencing of neuroblastomas identifies genetic mutations in axon guidance pathway. Oncotarget 8, 56684–56697. doi:10.18632/oncotarget.18079
 Liu, L., Shi, Y., Shi, J., Wang, H., Sheng, Y., Jiang, Q., et al. (2019). The long non-coding RNA SNHG1 promotes glioma progression by competitively binding to MiR-194 to regulate PHLDA1 expression. Cell. Death Dis. 10, 463. doi:10.1038/s41419-019-1698-7
 Louis, C. U., and Shohet, J. M. (2015). Neuroblastoma: molecular pathogenesis and therapy. Annu. Rev. Med. 66, 49–63. doi:10.1146/annurev-med-011514-023121
 Mabe, N. W., Huang, M., Dalton, G. N., Alexe, G., Schaefer, D. A., Geraghty, A. C., et al. (2022). Transition to a mesenchymal state in neuroblastoma confers resistance to anti-GD2 antibody via reduced expression of ST8SIA1. Nat. Cancer 3, 976–993. doi:10.1038/s43018-022-00405-x
 Miyata, Y., Shibata, T., Aoshima, M., Tsubata, T., and Nishida, E. (2014). The molecular chaperone TRiC/CCT binds to the trp-asp 40 (WD40) repeat protein WDR68 and promotes its folding, protein kinase DYRK1A binding, and nuclear accumulation. J. Biol. Chem. 289, 33320–33332. doi:10.1074/jbc.M114.586115
 Monderer-Rothkoff, G., Tal, N., Risman, M., Shani, O., Nissim-Rafinia, M., Malki-Feldman, L., et al. (2021). AUTS2 isoforms control neuronal differentiation. Mol. Psychiatry 26, 666–681. doi:10.1038/s41380-019-0409-1
 Murata, T., Sato, T., Kamoda, T., Moriyama, H., Kumazawa, Y., and Hanada, N. (2014). Differential susceptibility to hydrogen sulfide-induced apoptosis between PHLDA1-overexpressing oral cancer cell lines and oral keratinocytes: role of PHLDA1 as an apoptosis suppressor. Exp. Cell. Res. 320, 247–257. doi:10.1016/j.yexcr.2013.10.023
 Nusinow, D. P., Szpyt, J., Ghandi, M., Rose, C. M., McDonald, E. R., Kalocsay, M., et al. (2020). Quantitative proteomics of the cancer cell line Encyclopedia. Cell. 180, 387–402. doi:10.1016/j.cell.2019.12.023
 Otto, T., Horn, S., Brockmann, M., Eilers, U., Schüttrumpf, L., Popov, N., et al. (2009). Stabilization of N-myc is a critical function of aurora A in human neuroblastoma. Cancer Cell. 15, 67–78. doi:10.1016/j.ccr.2008.12.005
 Park, E.-S., Kim, J., Ha, T., Choi, J.-S., Soo Hong, K., and Rho, J. (2013). TDAG51 deficiency promotes oxidative stress-induced apoptosis through the generation of reactive oxygen species in mouse embryonic fibroblasts. Exp. Mol. Med. 45, e35. doi:10.1038/emm.2013.67
 Rached, J., Nasr, Z., Abdallah, J., and Abou-Antoun, T. (2016). L1-CAM knock-down radiosensitizes neuroblastoma IMR-32 cells by simultaneously decreasing MycN, but increasing PTEN protein expression. Int. J. Oncol. 49, 1722–1730. doi:10.3892/ijo.2016.3625
 Sakthianandeswaren, A., Christie, M., D’Andreti, C., Tsui, C., Jorissen, R. N., Li, S., et al. (2011). PHLDA1 expression marks the putative epithelial stem cells and contributes to intestinal tumorigenesis. Cancer Res. 71, 3709–3719. doi:10.1158/0008-5472.CAN-10-2342
 Sánchez-González, P., Jellali, K., and Villalobo, A. (2010). Calmodulin-mediated regulation of the epidermal growth factor receptor. FEBS J. 277, 327–342. doi:10.1111/j.1742-4658.2009.07469.x
 Segovia-Mendoza, M., González-González, M. E., Barrera, D., Díaz, L., and García-Becerra, R. (2015). Efficacy and mechanism of action of the tyrosine kinase inhibitors gefitinib, lapatinib and neratinib in the treatment of HER2-positive breast cancer: preclinical and clinical evidence. Am. J. Cancer Res. 5, 2531–2561.
 Sellheyer, K., and Krahl, D. (2011). PHLDA1 (TDAG51) is a follicular stem cell marker and differentiates between morphoeic basal cell carcinoma and desmoplastic trichoepithelioma. Brit J. Dermatol 164, 141–147. doi:10.1111/j.1365-2133.2010.10045.x
 Sengupta, S., Das, S., Crespo, A. C., Cornel, A. M., Patel, A. G., Mahadevan, N. R., et al. (2022). Mesenchymal and adrenergic cell lineage states in neuroblastoma possess distinct immunogenic phenotypes. Nat. Cancer 3, 1228–1246. doi:10.1038/s43018-022-00427-5
 Sherman, B. T., Hao, M., Qiu, J., Jiao, X., Baseler, M. W., Lane, H. C., et al. (2022). DAVID: a web server for functional enrichment analysis and functional annotation of gene lists (2021 update). Nucleic Acids Res. Epub 50, W216–W221. doi:10.1093/nar/gkac194
 Song, C., Ye, M., Liu, Z., Cheng, H., Jiang, X., Han, G., et al. (2012). Systematic analysis of protein phosphorylation networks from phosphoproteomic data. Mol. Cell. Proteomics 11, 1070–1083. doi:10.1074/mcp.M111.012625
 Su, Z., Fang, H., Hong, H., Shi, L., Zhang, W., Zhang, W., et al. (2014). An investigation of biomarkers derived from legacy microarray data for their utility in the RNA-seq era. Genome Biol. 15, 523. doi:10.1186/s13059-014-0523-y
 Szklarczyk, D., Franceschini, A., Wyder, S., Forslund, K., Heller, D., Huerta-Cepas, J., et al. (2015). STRING V10: protein-protein interaction networks, integrated over the tree of life. Nucleic Acids Res. 43, D447–D452. doi:10.1093/nar/gku1003
 van Groningen, T., Koster, J., Valentijn, L. J., Zwijnenburg, D. A., Akogul, N., Hasselt, N. E., et al. (2017). Neuroblastoma is composed of two super-enhancer-associated differentiation states. Nat. Genet. 49, 1261–1266. doi:10.1038/ng.3899
 Wang, Q., Geng, Z., Gong, Y., Warren, K., Zheng, H., Imamura, Y., et al. (2018). WDR68 is essential for the transcriptional activation of the PRC1-AUTS2 complex and neuronal differentiation of mouse embryonic stem cells. Stem Cell. Res. 33, 206–214. doi:10.1016/j.scr.2018.10.023
 Weiler, R., Meyerson, G., Fischer-Colbrie, R., Laslop, A., Pahlman, S., Floor, E., et al. (1990). Divergent changes of chromogranin A/secretogranin II levels in differentiating human neuroblastoma cells. FEBS Lett. 265, 27–29. doi:10.1016/0014-5793(90)80875-j
 Xu, J., Bi, G., Luo, Q., Liu, Y., Liu, T., Li, L., et al. (2021). PHLDA1 modulates the endoplasmic reticulum stress response and is required for resistance to oxidative stress-induced cell death in human ovarian cancer cells. J. Cancer 12, 5486–5493. doi:10.7150/jca.45262
 Zaatiti, H., Abdallah, J., Nasr, Z., Khazen, G., Sandler, A., and Abou-Antoun, T. J. (2018). Tumorigenic proteins upregulated in the MYCN-amplified IMR-32 human neuroblastoma cells promote proliferation and migration. Int. J. Oncol. 52, 787–803. doi:10.3892/ijo.2018.4236
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2024 Bugara, Durbas, Kudrycka, Malinowska, Horwacik and Rokita. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphar-15-1351536-g005.gif
SHPHLOAT shCt
[ a—
PHLDAT: s s e
pEGHR- 3
reeel
e -
prvcn e e

Gravaraos
Ctubulin. | ————

ERK T2 S e e e
b

8 lopatinb______gefitinib

ke s b e a -+ ow
P 0 BB R A 2
cGrR. s

By - -

EGFR. e s s < s s e e
LU e s s s e e

o s PR o 5 10 15
Concentration of apatinib [uM] Concentration of gefitinib [uM]
amlapstn e s S/l IO —@—gaflind  —O—pgef. »S uglinl hiA.1H/OIO






OPS/images/fphar-15-1351536-g006.gif
a 2
o S99 Bu i jo sequnu sngeres

a3

193 B 04 Jo o ongeres






OPS/images/fphar-15-1351536-g003.gif
PHLDAT-
o-tubulin-

AUTS2:

atubulin-

DCAF7-
EGFR-
Pro-IGF-1R-
IGF-1R-

otubulin-

CaMKil uIBN/b{

a-tublin-
scG2-
a-tubulin-
Nanog-

o-tubulin-

Nestin-

atubuin-






OPS/images/fphar-15-1351536-g004.gif
SPHLDAT _shel

4 +






OPS/xhtml/nav.xhtml
Contents

		Cover

		Silencing of the PHLDA1 leads to global proteome changes and differentiation pathways of human neuroblastoma cells		1 Introduction

		2 Materials and methods		2.1 Cell culture

		2.2 Co-immunoprecipitation of PHLDA1

		2.3 Mass spectrometry analysis of proteins co-immunoprecipitated with PHLDA1

		2.4 PHLDA1 silencing

		2.5 The phosphoproteome profiling antibody array

		2.6 Receptor tyrosine kinases inhibitors and antibody treatment

		2.7 hEGF stimulation

		2.8 ATP level measurements

		2.9 Trypan blue viability tests

		2.10 Protein isolation and immunoblotting

		2.11 Microscopic imaging

		2.12 Mass spectrometry analysis of proteome and post-translational modifications

		2.13 Bioinformatic analysis

		2.14 Statistical rationale





		3 Results		3.1 PHLDA1 expression positively correlates with the survival of MYCN-amplified neuroblastoma patients

		3.2 Identification of PHLDA1 protein binding partners in neuroblastoma cells

		3.3 Ch14.18/CHO treatment affects levels of PHLDA1 binding proteins

		3.4 PHLDA1 silencing leads to differentiation-like phenotype

		3.5 PHLDA1 inhibition globally upregulates mitochondrial proteome

		3.6 Low level of PHLDA1 is associated with adrenergic cell type of neuroblastoma

		3.7 PHLDA1 silencing affects the phosphorylation of multiple proteins

		3.8 PHLDA1 silencing augments EGF signaling pathway

		3.9 Impact of EGF inhibitors on PHLDA1-silenced IMR-32 cells





		4 Discussion

		5 Scope statement

		Data availability statement

		Ethics statement

		Author contributions

		Funding

		Acknowledgments

		Publisher’s note

		Supplementary material

		Abbreviations

		References









OPS/images/cover.jpg
, frontiers | Frontiers in Pharmacology

Silencing of the PHLDA1 leads to
global proteome changes and
differentiation pathways of
human neuroblastoma cells





OPS/images/fphar-15-1351536-g001.gif





OPS/images/fphar-15-1351536-g002.gif
DCAFT - e o s s










OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
& frontiers | Frontiers in Pharmacology





