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Proteomic Dissection of Nanotopography-Sensitive Mechanotransductive Signaling Hubs that Foster Neuronal Differentiation in PC12 Cells
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Neuronal cells are competent in precisely sensing nanotopographical features of their microenvironment. The perceived microenvironmental information will be “interpreted” by mechanotransductive processes and impacts on neuronal functioning and differentiation. Attempts to influence neuronal differentiation by engineering substrates that mimic appropriate extracellular matrix (ECM) topographies are hampered by the fact that profound details of mechanosensing/-transduction complexity remain elusive. Introducing omics methods into these biomaterial approaches has the potential to provide a deeper insight into the molecular processes and signaling cascades underlying mechanosensing/-transduction but their exigence in cellular material is often opposed by technical limitations of major substrate top-down fabrication methods. Supersonic cluster beam deposition (SCBD) allows instead the bottom-up fabrication of nanostructured substrates over large areas characterized by a quantitatively controllable ECM-like nanoroughness that has been recently shown to foster neuron differentiation and maturation. Exploiting this capacity of SCBD, we challenged mechanosensing/-transduction and differentiative behavior of neuron-like PC12 cells with diverse nanotopographies and/or changes of their biomechanical status, and analyzed their phosphoproteomic profiles in these settings. Versatile proteins that can be associated to significant processes along the mechanotransductive signal sequence, i.e., cell/cell interaction, glycocalyx and ECM, membrane/f-actin linkage and integrin activation, cell/substrate interaction, integrin adhesion complex, actomyosin organization/cellular mechanics, nuclear organization, and transcriptional regulation, were affected. The phosphoproteomic data suggested furthermore an involvement of ILK, mTOR, Wnt, and calcium signaling in these nanotopography- and/or cell mechanics-related processes. Altogether, potential nanotopography-sensitive mechanotransductive signaling hubs participating in neuronal differentiation were dissected.
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INTRODUCTION

Cells can sense nanotopographical cues deriving from the extracellular matrix (ECM), predominantly through integrin adhesion complexes (IAC), and the microenvironmental information is converted into alterations of the cytoskeletal organization and mechanics. Mechanosensitive signaling cascades and nuclear rearrangements eventually translate these modulations into cellular responses; this entire sequence is defined as mechanotransduction. Mechanosensing of the substrate nanotopography and the subsequent mechanotransduction strongly impact many physiological cellular behaviors, in particular in the context of cell differentiation (Geiger et al., 2009; Wang et al., 2009; Chen et al., 2014; Dalby et al., 2014; Jansen et al., 2015), but they might also influence pathophysiological processes, such as metastatic cell migration (Park et al., 2016).

Many aspects regarding the cellular capacity of sensing nanoscale topographical cues and how the information is integrated into complex mechanotransductive signals are still largely unknown (Chen et al., 2014; Dalby et al., 2014). Artificial nanostructured surfaces produced by diverse top-down microfabrication techniques (typical of the semiconductor industry) have been useful tools that helped to understand principal surface topography-related parameters controlling mechanotransductive processes (Chen et al., 2014; Dalby et al., 2014) which are hard to access in vivo. This approach has two major limitations. First of all, starting from simple surface motifs it is extremely difficult to reconstruct the morphological complexity of the ECM. Secondly, achieving an in-depth comprehension of the mechanotransductive processes and signaling requires systematic high-throughput and omic approaches (Cranford et al., 2013; Groen et al., 2016). Admittedly, many micro-/nanofabrication techniques have technical limitations hindering a feasible and cost-effective scale-up necessary to provide sufficiently large surface areas with a defined nanotopography (Chen et al., 2014). However, the yield of a reasonable amount of cellular material is mandatory for the implementation of omics approaches.

In this framework, we use the bottom-up nanofabrication method supersonic cluster beam deposition (SCBD) to quantitatively address the influence of nanoscale surface topography on mechanotransduction. SCBD permits the engineering of nanostructured surfaces with a reproducible nanoscale roughness parameter by assembling transition metal oxide clusters (Schulte et al., 2017), thereby realizing topographies that mimic ECM nano-features (Gasiorowski et al., 2013). SCBD can be applied efficiently to produce biocompatible substrates (made by titania or zirconia clusters) on large macroscopic areas rendering it compatible with profound biological analyses, such as proteomic studies (Schulte et al., 2017).

Recently, using PC12 cells as a broadly accepted model system for neuronal differentiation, we demonstrated that appropriate biophysical stimuli; provided by the cellular interaction with nanotopographical cues of titania or zirconia surfaces produced by SCBD, promote neuronal differentiation processes (Tamplenizza et al., 2013; Schulte et al., 2016a). This potential of the cluster-assembled surfaces was also confirmed in hippocampal neurons (Schulte et al., 2016b). In both cellular models we applied label-free shotgun proteomics as an essential technique to examine the impact of the nanotopography on cellular differentiation processes since this quantitative approach can achieve simultaneously: (a) the identification of thousands of proteins isolated from a cellular model and (b) the quantification of each protein/phosphosite. It is therefore well suited to study differences in global protein expression between different samples, providing substantial information to delineate and profoundly understand cell signaling pathways and modulations of the cellular program (Toffolo et al., 2014; Zanotti et al., 2016), in particular also in the context of integrin-mediated mechanotransduction (Humphries et al., 2015; Robertson et al., 2015).

Neuronal differentiation is a specifically interesting biological process in this mechanobiological context. It is accompanied by drastic morphological and cytoskeletal rearrangements throughout the realization of neurites, dendrites and axons, strongly controlled by point contact-mediated neuron/ECM interaction (Myers et al., 2011; Flynn, 2013; Kerstein et al., 2015). In fact, in PC12 cells the extent of nanotopography-triggered differentiation (even in the absence of a biochemical stimulus) was comparable to the canonical differentiation mediated by NGF-induced TrkA activation. In each case, either NGF- or nanotopography-induced, the outcome was the outgrowth of neurites and a differentiated cell. Our previous study furthermore revealed that in the latter condition, complex mechanotransductive events were at the basis of cellular processes that lead to the onset of neuritogenesis and neuronal differentiation. However, at the proteome level we only compared the nanostructured surface with a roughness parameter Rq of 15 nm root mean square (RMS) (which induced the strongest neuritogenesis, called ns-Zr15 hereafter) against a flat zirconia surface (which even after NGF stimulus impeded neuronal differentiation, named flat-Zr herafter). The cells on ns-Zr15 were found to have small IAC (predominantly focal contact (FC) size), few to none stress fibers and a low cell rigidity, contrary to the large IAC (focal adhesion (FA) size), stress fibers and an increased cellular rigidity on flat-Zr (Schulte et al., 2016a).

Besides these two conditions (ns-Zr15 and flat-Zr), the proteomic analyses in this study comprise instead PC12 in more versatile experimental conditions including a surface nanotopography with higher roughness, the biochemically NGF-induced canonical neuronal differentiation and manipulations that affect the biomechanical status of the PC12 cell. The characteristics of these additional experimental conditions evaluated in this extended proteomic analyses are (summarized in Figure 1):

(1) The surface with an increased roughness Rq of 25 nm RMS (ns-Zr25) has asperities that display subtle differences in diameter and dimension compared to ns-Zr15. This roughness induced neuritogenesis to a lower extent with respect to ns-Zr15 (Schulte et al., 2016a).

(2 and 3) As canonical reference, representing the broadly studied biochemically triggered neuritogenesis and neuronal differentiation, PC12 cells on PLL-coated glass, in the absence (PLL) or presence of NGF (NGF), were introduced into the analysis. The cells exhibited large IAC (FA size), stress fibers and an intermediate cell rigidity without the NGF stimulus. The IAC size (to FC), stress fibers frequency and cellular rigidity decreased upon NGF-induced differentiation (Schulte et al., 2016a).

Moreover, the role of cellular biomechanics in this mechanotransductive sequence was approached by adding two conditions affecting the cellular tension:

(4) Cells grown on ns-Zr15 in hypoosmotic medium to increase the cellular tension by osmotic swelling which counteracts the lower rigidity of the cells on ns-Zr15 and inhibits the nanotopography-triggered neuritogenesis (Schulte et al., 2016a).

(5) Cells on PLL exposed to a short hyperosmotic shock (decrease in cellular tension), a treatment that morphologically triggered the outgrowth of neurites (Figure S1).
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FIGURE 1. Representations of the cell morphology in the different conditions and a summary of the results presented in a previous publication (Schulte et al., 2016a). The figure summarizes the results of our previous publication (Schulte et al., 2016a) which provided the basis for the selection of the experimental conditions of the extended phosphoproteomic analyses of this work. In the upper row representations of the surface nanotopographies are displayed which were also used in this work (PLL-coated glass, flat-Zr, ns-Zr15, and ns-Zr25). Underneath example photos demonstrate the morphology of PC12 cells in the indicated conditions. In the table the impact of these different conditions on examined cellular parameter are recapitulated (FA, focal adhesions; FC, focal complexes; IAC, integrin adhesion complex; n.a., not analyzed).



A correlation of these alterations in cellular and topographical characteristics to changes in the PC12 neuronal proteome allowed us to obtain a deeper understanding of cellular nanotopography sensing and mechanotransductive signal integration. We were able to define potentially relevant surface nanotopography-sensitive mechanotransductive proteins and signaling networks/hubs that might play a key role in the signal integration driving, in this case, neuronal differentiation. For the sake of clarity (considering the many diverse conditions), in the main text we will talk more generally about signaling pathways and cellular processes affected or modulated in the different experimental settings, highlighting only a few particularly interesting proteins dissected from the global picture that introduce new aspects. Further examples of proteins and information on their to-date reported functions relevant in this context will be provided in the corresponding tables we refer to. The precise analysis of biomolecular events triggered by cell/nanotopography interaction, combined with the technical capacities of SCBD, constitutes the necessary foundation for efficient near-future exploitation of SCBD for versatile bio-applications.

EXPERIMENTAL PROCEDURES

Substrate Preparations

As a basis for all substrates standard microscope glass slides with the dimensions of 76 × 26 mm (surface area ~20 cm2) were used.

On this carrier, we produced the cluster-assembled nanostructured films by supersonic cluster beam deposition (SCBD) of zirconia clusters obtained through a pulsed microplasma cluster source. Specific details on this bottom-up nanofabrication approach can be found in Wegner et al. (2006) and Schulte et al. (2017). These cluster-assembled zirconia surfaces are given the abbreviation ns-Zr throughout the manuscript. The number after Zr indicates the roughness parameter Rq. Two batches were fabricated for this work with roughness parameters of 15 nm RMS (ns-Zr15) and 25 nm RMS (ns-Zr25). The roughness and the morphological parameters have been systematically characterized by atomic force microscopy (AFM) (Podestà et al., 2015; Borghi et al., 2016). The capacity of SCBD to reliably cover large macroscopic areas with nanostructured films of a predefined roughness allowed us to perform the experiments on microscope glass slides with the dimensions of 76 × 26 mm (~20 cm2 surface area). This rendered possible the yield of sufficient cellular material from the different experimental situations to obtain the analyzed information, e.g., also data on the phosphorylation status of the proteins.

The flat zirconia surfaces (flat-Zr) with a roughness of ~0.4 nm RMS were obtained with electron beam evaporation. For the canonical reference, the microscope glass slides were coated with poly-L-lysine (PLL) (Sigma-Aldrich, St. Louis, USA, Missouri) for 30 min at room temperature (RT), after cleaning with 70% ethanol and washing twice with PBS. This coating was done directly before plating the cells.

All substrates were sterilized with UV light for 10 min before seeding the cells.

Cell Culture and Preparation of the Cells for the Experiments

PC12 cells (PC-12 Adh ATCC Catalog no. CRL-1721.1™) were routinely kept in culture in RPMI-1640 medium (Sigma-Aldrich) which was supplemented with 10% horse serum (HS, Sigma-Aldrich), 5% fetal bovine serum (FBS, Sigma-Aldrich), 2 mM L-glutamine, 10 mM HEPES, 100 units/ml penicillin, 1 mM pyruvic acid, and 100 μg/ml streptomycin. The culture conditions were 37°C and 5% CO2 (98% air-humified). Subculturing was performed every 2–3 days by detaching the cells with 1 mM EDTA in HBSS or a trypsin solution (Sigma-Aldrich), centrifugation at 1,000× g (5 min) and resuspension in the culture medium.

For the experiments the PC12 cells were detached with 1 mM EDTA in HBSS and centrifuged at 1,000× g (5 min), washed with low serum medium (RPMI-1640 with all the supplements, but only 1% HS and without FBS), and centrifuged again at 1,000× g (5 min). Before plating the cells on the different substrate conditions, the cells were counted with an improved Neubauer chamber and then seeded with the concentration of ~4,000 cells/cm2 (after resuspension in RPMI low serum medium) onto the microscope slides that were placed into non-treated 4 well dishes with the dimensions 127.8 × 85.5 mm (Thermo Fisher).

For the NGF condition, the NGF stimulus (human NGF-β, Sigma-Aldrich) was added to the medium right after plating the cells making a final concentration of 50 ng/ml. For the ns-Zr15 hypo condition, the cells were re-suspended in RPMI low serum medium diluted 7.5/2.5 with deionised water (supplements were kept at the aforementioned concentrations) and pre-incubated in the hypoosmotic medium for 15 min before plating the cells eventually into the well, always in the hypoosmotic medium. For the PLL hyper condition, after the adhesion of the cells (1 h after plating) a hyperosmotic shock was applied to the cells (150 mM sucrose final concentration in the RPMI low serum medium) for 15 min, and washed once with RPMI low serum medium. The cells were left in RPMI low serum medium for the rest of the experiment.

The cells were left in the incubator for 24 h in all conditions. After washing twice with PBS, the cellular material was yielded for the proteomic analysis by scratching the cells from the microscope slides with cell scrapers (TPP, Trasadingen, Switzerland) in the presence of icecold PBS supplemented with protease (Roche, Basel, Switzerland) and phosphatase inhibitors (phosphatase inhibitor cocktail (Cell Signaling Technology), calyculine A (serine/threonine phosphatase inhibitor) 10 nM (Cell Signaling Technology), microcystin-LR 10 nM (Enzo Life Sciences).

For the inhibition experiments with SKF96365 (Sigma-Aldrich) and GsMTx4 (Alomone Labs, Israel), the resuspended cells were preincubated with the inhibitors (SKF96365 15 μM; GsMTx4 10 μM) in RPMI low serum medium (supplemented with 50 ng/ml NGF in the PLL +NGF condition) for 15 min in suspension before plating. The inhibitor treatment was maintained for 1 h, and then the medium was discarded and exchanged with new RPMI low serum medium (plus 50 ng/ml NGF in the PLL +NGF condition). For the rapamycin inhibition (Sigma-Aldrich), the cells were treated with the indicated rapamycin concentrations for the whole duration of the experiment. After 24 h, respectively 48 h for the rapamycin experiments, the morphology of the PC12 cells was recorded with an inverted Axiovert 40 CFL microscope (Zeiss, Oberkochen, Germany) equipped with LD A-Plan 20x/0.3 Ph1 or CP-ACHROMAT 10x/0.25 Ph1 objectives (both Zeiss) and the analysis was performed with ImageJ (NIH, New York, USA). Cells with neurites >10 μm were counted as differentiated and only neurites with a length >10 μm were considered for neurite length quantification. If cells have multiple neurites only the longest two were taken into the quantification, and in case of neurite branching the longest branch was measured. The neurite morphology was comparable between the canonical biochemically (NGF-)induced and the nanotopography-triggered neuritogenesis with 1.82 ± 0.42 neurites per cell for the first and 1.66 ± 0.21 for the latter (in total 160 differentiated cells for each condition were quantified from 8 independent experiments) (Figure S2). In both cases the median was 2 neurites per cell and the vast majority of cells bore 1 or 2 neurites (together 82%, respectively 90%).

All the inhibition experiments were performed on coverslips with a diameter of 13 mm. The substrate preparation itself was the same as in the precedent section.

Shotgun Mass Spectrometry and Label Free Quantification

After reduction and derivatisation, the proteins were digested with trypsin sequence grade (Roche) for 16 h at 37°C using a trypsin:protein ratio of 1:20. LC-ESI-MS/MS analysis was performed on a Dionex UltiMate 3000 HPLC System with a PicoFrit ProteoPrep C18 column (200 mm, internal diameter of 75 μm) (New Objective, USA). Gradient: 1% ACN in 0.1% formic acid for 10 min, 1–4% ACN in 0.1% formic acid for 6 min, 4–30% ACN in 0.1% formic acid for 147 min and 30–50% ACN in 0.1% formic for 3 min at a flow rate of 0.3 μl/min. The eluate was electrosprayed into an LTQ Orbitrap Velos (Thermo Fisher Scientific, Bremen, Germany) through a Proxeon nanoelectrospray ion source (Thermo Fisher Scientific). The LTQ-Orbitrap was operated in positive mode in data-dependent acquisition mode to automatically alternate between a full scan (350–2,000 m/z) in the Orbitrap (at resolution 60000, AGC target 1000000) and subsequent CID MS/MS in the linear ion trap of the 20 most intense peaks from full scan (normalized collision energy of 35%, 10 ms activation). Isolation window: 3 Da, unassigned charge states: rejected, charge state 1: rejected, charge states 2+, 3+, 4+: not rejected; dynamic exclusion enabled (60 s, exclusion list size: 200). Four technical replicate analyses of each sample were performed. Data acquisition was controlled by Xcalibur 2.0 and Tune 2.4 software (Thermo Fisher Scientific). Mass spectra were analyzed using MaxQuant software (version 1.3.0.5). The initial maximum allowed mass deviation was set to 6 ppm for monoisotopic precursor ions and 0.5 Da for MS/MS peaks. Enzyme specificity was set to trypsin, defined as C-terminal to arginine and lysine excluding proline, and a maximum of two missed cleavages were allowed. Carbamidomethylcysteine was set as a fixed modification, while N-terminal acetylation, methionine oxidation and Ser/Thr/Tyr phosphorylation were set as variable modifications. The spectra were searched by the Andromeda search engine against the rat Uniprot sequence database (release 29.05.2013). Protein identification required at least one unique or razor peptide per protein group. Quantification in MaxQuant was performed using the built in XIC-based label free quantification (LFQ) algorithm using fast LFQ. The required false positive rate (FDR) was set to 1% at the peptide, 1% at the protein and 1% at the site-modification level, and the minimum required peptide length was set to 6 amino acids.

The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE (Vizcaíno et al., 2016) partner repository with the dataset identifier PXD007644.

Statistical and Bioinformatics Analyses

Statistical analyses were performed using the Perseus software (version 1.4.0.6, www.biochem.mpg.de/mann/tools/). Only proteins/phosphopeptides present and quantified in at least 3 out of 4 technical repeats were considered as positively identified in a sample and used for statistical analyses. An Anova test (Permutation based FDR 0.05) was carried out to identify proteins/phosphopeptides differentially expressed among the different conditions. To tackle specific biological issues we then compared subsets of three proteomic data related to specific conditions, namely: [ns-Zr15, NGF, PLL], [ns-Zr15, NGF, flat-Zr], [ns-Zr15, NGF, ns-Zr25]. Therefore, proteins/phosphopeptides were considered differentially expressed if they were present only in one condition or showed a Post-hoc Bonferroni test p < 0.0167.

Regarding the proteomic data of ns-Zr15 hypo and PLL hyper which refer to peculiar cell conditions, the following comparisons were performed: [ns-Zr15, ns-Zr15 hypo], [PLL hyper and PLL], and [ns-Zr15 hypo, PLL hyper]. Proteins/phosphopeptides were considered differentially expressed if they were present only in one condition or showed a significant Welch t-test difference (cut-off at 5% permutation based FDR).

Bioinformatic analyses were carried out by DAVID software (release 6.7) (Huang et al., 2009), Panther software (Mi et al., 2017), ClueGO application of Cytoskape software (release 3.2.0) (http://www.cytoscape.org/), and Ingenuity Pathway Analysis (IPA®) (QIAGEN Redwood City, www.qiagen.com/ingenuity) to cluster enriched annotation groups of Molecular Function, Biological Processes, Pathways, and Networks within the set of identified proteins/phosphopeptides. The compared data sets are indicated in the relative figures. Functional grouping was based on a Fisher Exact test p ≤ 0.05 and at least two counts.

RESULTS AND DISCUSSION

Similarities and Differences between Biochemically and Mechanotransductively Promoted Neuronal Differentiation at the Protein Level

Focus on ns-Zr15, NGF, PLL, flat-Zr

The versatile conditions included in the extended proteomic approach presented here are summarized in the introduction and in Figure 1. Altogether, they address different aspects of surface nanotopography of the substrate and/or biomechanics of the cell, integrating also information on the phosphorylation status of the proteins.

To dissect similarities and differences between the biochemically and mechanotransductively promoted neuronal differentiation at the proteome level we compared the data sets of ns-Zr15 (neuritogenesis-triggering cluster-assembled zirconia surface), PLL and NGF [canonical condition on PLL-coated glass, in the presence (NGF) or absence (PLL) of NGF]. The Venn diagram (Figure S3A), the work flow (Figure S3B), the Volcano plots (Figure S3C) and the corresponding lists of differently expressed proteins (Tables S1–S6) are reported in the indicated Supplementary Information.

The proteomic analysis of NGFvsPLL (Table S1) compared to ns-Zr15vsPLL (Table S3) highlights the common outcome of neuronal differentiation, independent of whether initiated canonically by NGF stimulation (NGF) or instead by mechanotransductive processes (ns-Zr15). 11 out of 35 proteins found to be significantly altered in NGFvsPLL are differentially expressed in the same manner also in ns-Zr15vsPLL (the common proteins are marked in gray in Table S3). Several of these proteins indeed have prominent and versatile known roles in the regulation of neuronal functioning and neurogenic processes [such as e.g., Htra1 (Launay et al., 2008; Tennstaedt et al., 2012); Vps35 (Wang et al., 2012; Tang et al., 2015); Fasn (Knobloch et al., 2013); Pdia3/ERp57 (Castillo et al., 2015; Bargsted et al., 2016); C3 (Stevens et al., 2007); RPL19 (Zhou et al., 2010); details in Table 1: Similarities].


Table 1. Similarities between biochemically and mechanotransductively promoted neuronal differentiation at the protein level by comparing the conditions ns-Zr15, NGF, and PLL.
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The comparison of ns-Zr15vsPLL (Table S3) with ns-Zr15vsflat-Zr (Schulte et al., 2016a) shows that the impact of ns-Zr15 on the protein expression profile is very similar (24 proteins altered in the same manner; marked X in Table S3) with respect to the two flat surfaces (flat-Zr and PLL).

Pointing instead more specifically toward the differences between ns-Zr15 and NGF (ns-Zr15vsNGF, Table S2), the comparison reveals that 19 proteins (37%) are involved in cell proliferation and differentiation, 11 (22%) are receptors or players in signal transduction processes and 4 (8%) are related to Ca2+ signaling. Moreover, the ClueGo analysis highlights that these proteins are mainly involved in neurofilament formation and assembly (e.g., vimentin, an intermediate filament protein needed during initiation of neuritogenesis; Boyne et al., 1996) and some in protection against oxidative damage (Figure S3D).

For some of these proteins [including also proteins appearing only in ns-Zr15vsPLL (Table S3) and not in NGFvsPLL (Table S1), or expressed exclusively in ns-Zr15 (Table S5)] crucial and versatile functions in (post-)transcriptional and epigenetic regulation have been observed [e.g., DDB1 (Cang et al., 2006), Nedd4 (Drinjakovic et al., 2010; Wiszniak et al., 2013; Hsia et al., 2014); Dpy30 (Jiang et al., 2011); Nsun2 (Blanco et al., 2014; Hussain and Bashir, 2015), HMGB2 (Abraham et al., 2013), hnRNP A1 (Han et al., 2005; Li et al., 2007), Vbp1/prefoldin 3 (Millán-Zambrano and Chávez, 2014); details in Table 2: Differences–Neuronal differentiation/function]. Moreover, various proteins are of particular interest regarding a potential connection of mechanotransductive signaling and neuronal differentiation processes in the nanotopography-induced setting [e.g., Fat4 (Katoh, 2012; Zakaria et al., 2014; Ito et al., 2015), Versican (Wu et al., 2004; Paszek et al., 2014), Thrombospondin (Goicoechea et al., 2000; Adams et al., 2001; Barker et al., 2004; Xu et al., 2010; Paszek et al., 2014), ADAM12 (Kawaguchi et al., 2003; Eckert et al., 2017), Talin (Tan et al., 2015; Schulte et al., 2016c), NCoa2 (Voegel et al., 1996; Wyszynski et al., 2002; Spangler and Hoogenraad, 2007; Essmann et al., 2008; Asperti et al., 2009, 2010; Selak et al., 2009; Dasgupta et al., 2014; Geiger et al., 2014; Heisler et al., 2014), Ran(bp3/GAP) (Yudin and Fainzilber, 2009); marked in gray in Tables S2, S5; details in Table 2: Differences–IAC/Mechanotransduction]. This information is additionally validated by the IPA bioinformatics analysis of the proteins differentially expressed in ns-Zr15vsNGF (Table S2). This evaluation detected relevant protein networks modulated by the surface nanotopography related to: cell morphology, cellular assembly and organization, cellular movement, molecular transport, cell signaling, vitamin and mineral metabolism, cancer and invasion (Table 3).


Table 2. Differences between biochemically and mechanotransductively promoted neuronal differentiation at the protein level by comparing the conditions ns-Zr15, NGF, and PLL.
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Table 3. IPA bioinformatics analysis of the proteins differentially expressed in ns-Zr15vsNGF.
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Influence of the Surface Nanotopography Roughness on the Protein Expression

Focus on ns-Zr15, ns-Zr25, NGF, PLL

As shown in Figure 1, the higher surface roughness Rq 25 nm RMS (ns-Zr25) also induced neuritogenesis in PC12 but to a lower degree (Schulte et al., 2016a). The rationale of this phenomenon is not completely clear yet. Therefore, in addition to the mentioned ns-Zr15, we have included ns-Zr25 into this proteomic approach (Tables S7–S12). The Venn diagram and work flow for the comparison of NGF, ns-Zr15, ns-Zr25 are shown in Figures S4A,B, respectively.

Several proteins (7 out of 26; marked in light gray in Table S8) found to be upregulated in ns-Zr25vsNGF (Table S8) are also upregulated in the comparison ns-Zr15vsNGF (Table S2) or ns-Zr15vsPLL (Table S3), suggesting that the biological processes triggered by the cell/nanostructure interaction are partially similar, even if the roughness parameter is increasing.

The proteins upregulated only in ns-Zr25vsNGF (Tables S8, S12), and not in the other conditions, are e.g., stress-induced proteins (such as CASC5, GPX3, A1M, and HSP90) and proteins involved in transport and trafficking. The data further demonstrates that the interaction of PC12 cells with higher roughness is accompanied by an increase of proteins related to formation/degradation of atherosclerosis plaques (APOB, SERPIND1), secretion, anti-inflammation activity and stress response (HMOX1, LOC681468, TXN, HMGN1, Cybasc3) while others are directly involved in gene expression control. Accordingly, the enrichment analysis of GO biological processes carried out by Panther on the proteins upregulated or only expressed in ns-Zr25 (Table 4) shows that the roughness increase triggers the expression of proteins involved in response to oxygen-containing compounds.


Table 4. Comparison of ns-Zr15vsns-Zr25 with respect to biological processes.
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The proteome analysis of cells grown on ns-Zr25 also displays an increased expression of proteins involved in regulation of cell proliferation, differentiation and apoptosis, adhesion and trafficking, as well as intercellular signaling pathways. Some of these proteins indicate a strong neuronal differentiation-promotive effect also for this substrate [e.g., syntaxin 4 (Kennedy et al., 2010; Mohanasundaram and Shanmugam, 2010), clathrin (Heuser and Reese, 1973; Cosker and Segal, 2014), HMGN1 (Deng et al., 2013; Nagao et al., 2014), and SCN1B (Namadurai et al., 2015), details in Table 5], consistent with our results in primary hippocampal neurons where ns-Zr25 had the most significant effect on neuron differentiation and maturation (Schulte et al., 2016b). However, the induction of many stress-related proteins suggests that the substrate situation is becoming suboptimal for PC12 cells leading to the altered expression of proteins that are essential for the regulation of neuronal survival [e.g., CREM (Mantamadiotis et al., 2002; Wu et al., 2012), NPM1 (Qing et al., 2008; Pfister and D'Mello, 2015); details in Table 5].


Table 5. Comparison of ns-Zr25vsns-Zr15 regarding the influence of the surface nanotopography roughness on the protein expression.
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Compared to ns-Zr15, in ns-Zr25 (Table S7) there was decreased protein expression of tumor suppressors involved in apoptosis (PARK7, GZMB, SRSF1, FAT4) and cytoskeletal proteins that play essential roles in the integrin signaling. The IPA confirms the latter observation by identifying ILK (integrin-linked kinase) signaling as the only canonical pathway significantly decreased on ns-Zr25 (Z score-1, proteins CDH1, FN1, ACTN4, TMSB10/TMSB4X) (Table 6). Intriguingly, this pathway has been reported to be pivotal in the regulation of IAC architecture/composition and to be sensitive to integrin ligand density of the substrate (Elad et al., 2013). In the context of mechanosensing, lysophosphatidylcholine acyltransferase (Lpcat2b) expression only in the ns-Zr25 condition is intriguing (Table S12). This protein converts lysophosphatidylcholine in phosphatidylcholine; a process essential in the regulation of membrane dynamics (i.e., curvature/bending, tension), recruitment of F-BAR proteins and membrane/f-actin linkage (Anitei and Hoflack, 2012). Also regarding cell/cell contact, IAC and actomyosin organization some changes are noteworthy [such as Rab14 (Linford et al., 2012), clathrin (Ezratty et al., 2009), nischarin (Alahari et al., 2000, 2004; Zhang and Abdel-Rahman, 2006; Ding et al., 2008, 2015; Pouwels et al., 2012), ArhGEF1/P115-RhoGEF (Hart et al., 1998; Kozasa et al., 1998; Dubash et al., 2007); details in Table 5]. In addition, SF3B2 and 5 (upregulated in the cells on ns-Zr15, Table S11), are components of the spliceosomal U2 small nuclear ribonucleoprotein particle that has an important role in neuronal transcriptional regulation (Jia et al., 2012) (details in Table 5).


Table 6. IPA bioinformatics comparison of ns-Zr15vsns-Zr25.
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In conclusion, it emerges that several critical proteins for membrane dynamics and configuration, integrin activation, IAC assembly and linkage to the f-actin are affected even by relatively subtle differences in the nanotopographical characteristics (Schulte et al., 2016a). This impact suggests a prominent role of the mentioned proteins in mechanosensing of topographical surface features.

Impact of the Cellular Interaction with the Neuritogenesis-Inducing Cluster-Assembled Zirconia Surface on Protein Phosphorylation

Phosphoproteomic Data of ns-Zr15, ns-Zr25, NGF, PLL, flat-Zr

The proteomic data presented here are complemented by an analysis of the phosphorylation state of proteins in the outlined experimental conditions, providing more profound information on the signaling pathways and potential specific key mediators (Tables S13–S22). A detailed analysis of individually identified phosphorylated proteins with interesting functions in the framework of this study is displayed in Table 7.


Table 7. Comparison of the conditions ns-Zr15, ns-Zr25, NGF, PLL and flat-Zr to analyse the impact of the cellular interaction with the neuritogenesis-inducing cluster-assembled zirconia surface on protein phosphorylation.
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Specifically, the phosphoproteomic data shows that the cell/nanotopography interaction (ns-Zr15) leads to a differential phosphorylation of various proteins reported to be important in controlling IAC dimension/composition, the actin cytoskeleton, and the cellular mechanics [e.g., ADAM12 (Kawaguchi et al., 2003; Eckert et al., 2017); Table 2, nidogen-1 (Vasudevan et al., 2010), brorin (Miyake et al., 2017), Ptprf/LAR (den Hertog et al., 1994; Johnson and Van Vactor, 2003; Dunah et al., 2005; Kuo et al., 2011; Um and Ko, 2013; Sarhan et al., 2016), Gpr56 (Piao et al., 2004; Iguchi et al., 2008; Gong et al., 2010; Shen et al., 2012; Jeong et al., 2013; Bae et al., 2014), ROCK (Yamaguchi et al., 2001; Loudon et al., 2006; Lee et al., 2010; Schulte et al., 2010), GFRA1 (Cao et al., 2008; Marks et al., 2012; Konishi et al., 2014), G3BP1 (Meng et al., 2004; Martin et al., 2013; Moschner et al., 2014), ArhGAP18 (Gurok et al., 2004; Potkin et al., 2009; Maeda et al., 2011; Porazinski et al., 2015; Zamboni et al., 2016), ASPM (Buchman et al., 2011; Rujano et al., 2013), cofilin (Hawkins et al., 1993; Jovceva et al., 2007; Flynn et al., 2012), septin-2 (Spiliotis and Nelson, 2006; Joo et al., 2007); details in Table 7]. Furthermore, several proteins essential in epigenetic and (post-)transcriptional regulation of gene expression are modulated at the phosphorylation level [e.g., KMT2D (Dhar et al., 2012), RtcB (Kosmaczewski et al., 2015), E2F4 (Persengiev et al., 1999); details in Table 7]. Regarding this latter aspect, it is noteworthy that lipin-1 phosphorylation is affected by the interaction with ns-Zr15. This phosphatidic acid phosphatase is important in lipid synthesis and SREBP-mediated transcriptional regulation (e.g., Fasn expression, see Table 1). Its phosphorylation is regulated by mTOR which thereby also controls its intracellular localisation and the lamin A-dependent nuclear organization (Peterson et al., 2011; Eaton et al., 2013).

The alterations (regarding expression and phosphorylation levels) extend in a consistent manner our previous results (Schulte et al., 2016a), accentuating additionally the impact of the cell/nanotopography interaction on mechanotransductive processes and defining more precisely nanotopography-sensitive signaling hubs (Figure 2).
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FIGURE 2. Schematic representation of the potential relation and crosstalk among different signaling pathways modulated by the neuron/nanotopography interaction. On the left the illustration arranges proteins dissected from the whole (phospho)proteomic data set [i.e., proteins with altered expression and/or phosphorylation level in the indicated conditions, including also some proteins from Schulte et al. (2016a)] into several categories and sets them into a (potential) relation to each other with respect to their reported cell biological function and context. The main categories are visualized as follows; cell/cell interaction (green box), glycocalyx and ECM (box with gray patterned filling), cell substrate interaction and IAC (gray box, gray oval represents the IAC), membrane/f-actin linkage and integrin activation (yellow box), actomyosin organization/cellular mechanics (red box), nuclear organization, and transcriptional regulation (blue circle, representing the nucleus). Further information on the reported specific functions of the individual proteins, justifying their categorisation, can be found in the corresponding tables throughout the manuscript. Moreover, on the right a selection of proteins is listed with association to their functions in neuronal differentiation processes, particularly in neurite growth cones.



To find relevant patterns and specific differences in signaling processes related to the diverse conditions (PLL, NGF, ns-Zr15, ns-Zr25, and flat-Zr) a principal component analysis (PCA) was carried out on the corresponding phosphoproteomes. The analysis, applied to all the peptides found phosphorylated in these 5 conditions, reveals at a glance that the phosphoproteomes of NGF and ns-Zr15 cluster together (confirming again the common outcome of a differentiated cell). Flat-Zr and PLL instead are at the opposite ends of the plot (Figure 3A), suggesting that the cells on these two substrates behave very differently as far as protein phosphorylation concerns, in agreement with the other data reported so far.
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FIGURE 3. Principal component analysis (PCA) on the phosphoproteome of PC12 cells grown in different experimental conditions. (A) PCA analysis of the phosphopeptides of PC12 cells in the experimental conditions PLL, NGF, ns-Zr15, ns-Zr25, and flat-Zr. (B) PCA analysis of the sequence phospho-motifs present in the phosphoproteome data of PLL, NGF, ns-Zr15, ns-Zr25, and flat-Zr. (C) Visual representation of the PCA analysis of the sequence phospho-motifs. All the substrate motifs that are more relevant in the PCA analysis are marked in green. (D) PCA analysis of the phosphopeptides of PC12 cells in the experimental conditions PLL, NGF, ns-Zr15, PLL hyper, and ns-Zr15 hypo.



If the same analysis is carried out focusing only on the sequence phospho-motifs present in the phosphoproteome data, a similar plot can be obtained (Figure 3B), but in this case a more evident separation can be observed between NGF and ns-Zr15, indicating that the kinases and phosphatases involved are, at least in part, different. Figure 3C reports in green all the substrate motifs that are more relevant in the PCA analysis, accounting for the 16% of all the phospho-motifs present in the phosphopeptides.

The enrichment analysis of these phospho-motifs, carried out by Panther and David, shows that there is a highly significant enrichment (p ≤ 0.05) of few signaling pathways in the cells on ns-Zr15 (Table 8). The angiogenesis and VEGF signaling pathways are in line with the processes mentioned throughout this work as they comprise many players also involved in focal adhesion, MAPK and Ca2+ signaling. In addition, the results suggest that the differences between PC12 cells grown on ns-Zr15 (compared to the NGF condition) could be partially ascribed to a modulation within the Wnt pathway (Table 8). An indicator is e.g., the downregulation of E-cadherin in the cells on ns-Zr15, considering the known crosstalk between (E-)cadherin cell adhesion and canonical Wnt signaling by release of β-catenin (Heuberger and Birchmeier, 2010). Interestingly, Wnt expression in PC12 cells leads to an upregulation of E-cadherin and a flat epithelial-like cell morphology associated with unresponsiveness to NGF-induced neuritogenesis (Bradley et al., 1993). In epithelial cells E-cadherin-mediated cell/cell adhesions are essential in mechanically connecting the intercellular actomyosin machineries to regulate tissue organization (Lecuit and Yap, 2015). Moreover, it has been demonstrated in human embryonic stem cells that the surface nanotopography has an impact on E-cadherin expression level (Chen et al., 2012). The potential impact of the substrate nanotopography on Wnt signaling in a neuronal setting is therefore an interesting issue for further investigations.


Table 8. Enrichment analysis of the kinases substrate motifs that are more relevant in the PCA analysis of phospho-sites differently expressed in ns-Zr15vsNGF.
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In the comparison ns-Zr15vsns-Zr25 (Tables S20–S22), apart from various already mentioned proteins, lamin A appeared as differentially phosphorylated. This protein is particularly interesting in the context of mechanotransduction representing one of the intermediate filaments that forms the interior of the nuclear envelope. It was found to be involved in the regulation of nuclear architecture/biophysics, chromatin organization, and transcription regulation at the end of mechanotransductive signaling cascades that influence differentiative processes (Swift et al., 2013). Its differential expression during adult neurogenesis proposes a potential role in it; however, to date details remain still unclear (Takamori et al., 2007). Further proteins found to be phosphorylated on ns-Zr25 are Galectin-8 (Hadari et al., 2000; Zick et al., 2004), and Rab23 (Eggenschwiler et al., 2001; Evans et al., 2003) which have essential reported functions in cell adhesion/survival and neuronal development, respectively (Table 7).

Altogether, many proteins that are important in neurogenic and/or mechanotransductive processes are differentially expressed and/or phosphorylated upon cellular interaction with the cluster-assembled zirconia surface that promotes neuritogenesis. Combining the analysis of our proteomic data with information available on these proteins and their functions, suggests a dynamic and complex modulation of an entire signaling network by the cell/nanotopography interaction that is in control of cellular behavior and fate, i.e., in this case neuronal differentiation. We were able to dissect potential nanotopography-sensitive key elements regulated within a mechanotransductive sequence, identifying many proteins that can be assigned to these principal categories: cell/cell adhesion, ECM and glycocalyx, cell/substrate interaction and IAC, integrin activation and membrane/f-actin linkage, integrin adhesion complexes, actomyosin organization/cellular mechanics and nuclear organization and transcriptional regulation (Figure 2).

Alterations in Cellular Processes and Signaling by the Modulation of Cellular Tension

Focus on Phosphoproteomic Data of ns-Zr15, ns-Zr15 hypo, PLL hyper

In our previous paper we identified the alteration of the cellular nanomechanical properties as critical for the signal integration within the nanotopography-dependent mechanotransductive sequence that fostered neuronal differentiation. The interaction with the nanostructured surface dictated the IAC nanoarchitecture/dynamics and cytoskeletal organization in a manner that consequentially resulted in a softer membrane/cytoskeletal layer of the neuronal cell. Compensating this effect by a hypoosmotic gradient (causing cell swelling and an increase of cell tension) counteracted gradually the nanostructure-induced neuritogenesis on the morphological level (Schulte et al., 2016a).

The mechanotransduction dependency of the nanotopography-promoted differentiation was broadly validated by a proteomic comparison (Tables S23–S24) of PC12 cells interacting with the ns-Zr15 in the isoosmotic standard medium (ns-Zr15) or instead in the presence of hypoosmotic medium (ns-Zr15 hypo). Many proteins found to be expressed only in ns-Zr15 (Table S24) or to be downregulated in ns-Zr15 hypo (Table S23) can be classified as proteins involved in RhoGTPase-controlled cytoskeletal organization according to the IPA canonical pathways enrichment analysis (Figure 4). Consistent with the hypoosmotic manipulation of the membrane tension, clathrin- and caveolar-mediated endocytosis appeared among the five most affected pathways in this evaluation (Figure 4). These pathways are regulated by and respond to modulations of the membrane tension and are crucially involved in cell volume and shape control (Raucher and Sheetz, 1999; Sinha et al., 2011; Gauthier et al., 2012).
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FIGURE 4. Comparison of ns-Zr15vsns-Zr15 hypo. IPA canonical pathways enrichment analysis of ns-Zr15vsns-Zr15 hypo.



Intriguingly, mTOR signaling emerged as the strongest modulated pathway in this analysis (Figure 4). mTOR signaling represents a highly conserved pathway known to be an integrative master regulator of many cellular processes/pathways at the interface of intracellular and extracellular signals (Laplante and Sabatini, 2009), also in regard to neurogenic events (Garza-Lombó and Gonsebatt, 2016). Inhibition of mTOR(C1) with rapamycin had different effects on flat and nanostructured substrates. On PLL there was an increase of neurite outgrowth upon rapamycin inhibition both in the absence, or presence, of NGF. In the latter, the effect was additive to the NGF-induced increase, reproducing data reported by others (Parker et al., 2000). On ns-Zr15 instead no significant impact, neither promotive nor inhibitory, with respect to neurite outgrowth was observable (Figure 5). It can be speculated that the boosted neuritogenesis on PLL is due to an induction of mTORC2 activation triggered by the rapamycin-mediated inhibition of mTORC1 as a negative feedback between the two mTORCs is known (Xie and Proud, 2013). Moreover, mTORC2 has been shown to be involved in the regulation of actin dynamics and morphology of neurons in a Rac/PAK-dependent signaling pathway that controls cofilin phosphorylation (Huang et al., 2013; Thomanetz et al., 2013). Very recently, it has been demonstrated in DRG neurons that topographical features can potentiate mTORC2 guiding neurite outgrowth (Thomson et al., 2017). On ns-Zr15 the mTORC2 might already be induced by the cell/nanotopography interaction and thus rapamycin treatment does not further affect neurite outgrowth. The altered cofilin phosphorylation (Table 7) is in line with this (Huang et al., 2013). The varying impact of mTOR(C1) inhibition by rapamycin depending on whether the cells interact with a flat or a nanotopographical surface makes mTOR signaling an interesting and promising target for further studies in this context but goes beyond the scope of this work.
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FIGURE 5. Effect of rapamycin inhibition on neurite outgrowth of PC12 cells on PLL and ns-Zr15. The phase contrast images and the graph display the reaction of PC12 cells on PLL (± NGF) or on ns-Zr15 after rapamycin treatment at two different concentrations: 0.1 and 1 μM. The graph summarizes the global statistics of two independent experiments showing the change of the differentiation rate and neurite length compared to the PLL –NGF Ø inhibition, with in total 367–943 cells and 216–661 neurites quantified for the differentiation rate (black bars), respectively neurite length (white bars). The bars show the average (mean ± s.d.) of the two experiments.



Moreover, prominent markers for (developing) neurons and neurite outgrowth [such as BASP1, MAP1B, or β-tubulin (TUBB5)] are strongly downregulated in the hypoosmotic condition. The same is true for many proteins involved in the actin polymerisation machinery and the cytoskeletal organization [(e.g., Capg, Arpc1b, 3 and 5, Capzb, fascin) which are crucial for the realization of neuritogenesis (da Silva and Dotti, 2002; Fletcher and Mullins, 2010); (Tables S23, S24)]. The alterations in the protein expression profile are largely mirror-inverted to those seen in the comparison ns-Zr15vsflat-Zr (Schulte et al., 2016a). 37 proteins have an opposite expression level in these two comparisons (marked X in Table S23), whereas only 5 proteins are altered in the same way (marked x in Table S23).

On the other hand, a hyperosmotic shock applied to cells on PLL-coated glass (resulting in a decrease of membrane tension) led morphologically to the outgrowth of neurites (Figure 1, Figure S1). The proteomic data (Table S25) disclosed that the neuritogenesis was accompanied by a modification of the protein profile similar to those found in ns-Zr15vsflat-Zr (Schulte et al., 2016a). 39 proteins had the same alteration of the expression level (marked in x in Table S25). However, proteins known to be involved in IAC (abundant e.g., in the ns-Zr15vsflat-Zr comparison; Schulte et al., 2016a) are basically missing here. In addition, 16 proteins also showed an opposite expression level modification (marked X in Table S25).

The PCA analysis carried out on the phosphopeptides differentially expressed in these conditions (ns-Zr15, ns-Zr15 hypo, NGF, PLL hyper, PLL) indicates that either hypoosmotic swelling on ns-Zr15, as well as the hyperosmotic shock on PLL, moves the profiles partially closer to the NGF condition. This emphasizes again that ns-Zr15 hypo basically lost its nanotopography-specific features, whereas PLL hyper has gained at least some characteristics of the NGF condition (Figure 3D).

Overall, these proteomic data further reinforce that the modulation of the cellular nanomechanical properties is a key integrating signal causally linked to the change of the cellular program and the differentiation processes that we discussed in our previous work (Schulte et al., 2016a), with a potential involvement of mTOR signaling constituents.

Calcium Signaling/Homeostasis-Related Proteins Affected by the Cell/Nanotopography Interaction

Focus on Proteins Involved in Calcium Signaling and Homeostasis

Alterations of the integrin/ECM interaction (e.g., in growth cone filopodia; Kuhn et al., 1998; Gomez et al., 2001; Gui et al., 2006) and cellular biomechanics can modulate another important mechanotransduction-susceptible pathway; that is calcium signaling regulated by Ca2+ influx passing mechanosensitive membrane channels (Vogel and Sheetz, 2006; Sukharev and Sachs, 2012). In turn, it has long been known that integrin/ligand binding is affected by divalent cations (also Ca2+) (Zhang and Chen, 2012). Local changes in calcium concentration influence integrin adhesion dynamics in growth cones and axon guidance in a calpain/talin-dependent manner (Kerstein et al., 2017), mediated e.g., by Piezo1/Fam38A (McHugh et al., 2010). However, despite this acknowledged role of calcium signals in neuronal differentiative processes, the exact spatiotemporal regulation and impact of calcium signaling is rather complex and intricate with many details still elusive (Gomez and Zheng, 2006; Leclerc et al., 2012; Kerstein et al., 2013; Toth et al., 2016).

To study the involvement of mechanosensitive channel types in our experimental context, we used the inhibitors SKF-96365 for transient receptor potential cation channels (TRPC) and GsMTx4 for stretch-activated channels (SAC, such as e.g., Piezo). With respect to the canonical NGF-stimulated outgrowth our results were in line with findings published by others, i.e., the two inhibitors showed opposing effects on neurite outgrowth (Jacques-Fricke et al., 2006; Gottlieb et al., 2010; Kerstein et al., 2013). SKF-96365 impeded differentiation and neurite outgrowth, whereas GsMTx4 had a minor differentiation-enhancing effect (Figure 6). This is consistent with the reported crosstalk between NGF/TrkA and TRPC-mediated calcium signaling (De Bernardi et al., 1996; Cohen et al., 2015). More interestingly and despite its independence of NGF/TrkA activation (Schulte et al., 2016a), the outcome was practically in the same range for the nanotopography-promoted neuritogenesis (Figure 6) suggesting a contribution of calcium signaling also in this mechanotransductively fostered differentiation.
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FIGURE 6. Impact of treatment with drugs affecting different types of calcium channels (SKF-96365 and GsMTx4). The phase contrast and the graph show the effect of the drugs SKF-96365 (15 μM) and GsMTx4 (10 μM), affecting transient receptor potential cation channels (TRPC), respectively stretch-activated channels (SAC), on PC12 differentiation grown in the PLL +NGF and ns-Zr15 condition. The graph represents the global statistics of two independent experiments with the change of differentiation rate (left graph) and neurite length (right graph) in comparison to the corresponding condition Ø inhibition (white bars: PLL + NGF, gray bars: ns-Zr15). The bars represent the average (mean ± s.d.) of the two experiments (comprising in total 434–650 cells and 108–387 neurites quantified).



This reflected in the phosphoproteomic analysis. Independent of whether the neuritogenesis-inducing stimulus was NGF or the nanotopography, numerous proteins with reported roles in the regulation of calcium signaling or homeostasis were differentially expressed and/or phosphorylated in the differentiated cells, compared to the PLL condition [e.g., Cacna1g (Perez-Reyes et al., 1998; Frank, 2014), collagen XVIII (Wang et al., 2014), Slc24a3 (Lytton, 2007), Camta1 (Henrich et al., 2011), Ubr4 (Nakatani et al., 2005; Belzil et al., 2013; Parsons et al., 2015), eIF3e (Green et al., 2007); Tables S1–S6, S13–S22 and details in Table 9; Ptprf/LAR (den Hertog et al., 1994; Johnson and Van Vactor, 2003; Dunah et al., 2005; Kuo et al., 2011; Um and Ko, 2013; Sarhan et al., 2016), G3bp1 (Martin et al., 2013); details in Table 7]. However, the phosphoproteomic data insinuate potential differences in calcium signaling-involved proteins between the ns-Zr15 and the NGF condition. Some proteins e.g., are only upregulated in ns-Zr15vsPLL (Table S3) and not in NGFvsPLL (Table S1), such as annexin A8, thrombospondin-1, and versican. Annexin A8 is particularly interesting regarding mechanotransduction due to the fact that this protein is recruited in a Ca2+-dependent manner to PIP2-rich membrane domains at F-actin accumulation sites. It might therefore be important in the organization of specific membrane/cytoskeleton contacts (Goebeler et al., 2006). To our best knowledge, roles of annexin A8 in neuronal cells have not been reported yet. The ECM glycoproteins thrombospondin-1 and versican; beyond the already mentioned involvement in IAC dynamics and neurito/synaptogenesis (Table 2), bind calcium which affects their structure/function and participates in the regulation of calcium concentration (Ney et al., 2006; Carlson et al., 2008).


Table 9. Comparison among all conditions with focus on proteins involved in calcium signaling and homeostasis.
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Other proteins related to calcium signaling can be found upregulated comparing directly ns-Zr15vsNGF (Table S2), such as Ahnak, Fat4 (protocadherin 4) and Prkcsh/PKC substrate 80K-H. Ahnak is a scaffolding protein that partakes in versatile cellular processes, many in fact related to calcium signaling (Davis et al., 2014) and/or membrane morphogenesis (together with S100A10) (Benaud et al., 2004; Lorusso et al., 2006). In the neuronal context, it is also a marker of enlargeosomes. These exocytic vesicles can contribute to the membrane supply for neurite outgrowth in a REST-regulated manner (Borgonovo et al., 2002; Racchetti et al., 2010; Schulte et al., 2010). Fat/Protocadherin 4 belongs to the calcium-dependent cadherin cell adhesion protein family and has been reported to be involved in the regulation of neuroprogenitor proliferation and differentiation upstream of YAP. Fat4 downregulation lowers differentiation of neuroprogenitors into neurons in the cerebellum (Cappello et al., 2013). Prkcsh/PKC substrate 80K-H, which colocalises with IP3R1, modulates IP3-induced calcium release and might therefore have a role in synaptic plasticity (Kawaai et al., 2009).

In comparison to ns-Zr25, in addition to already mentioned ones (here or in the tables, such as e.g., Fat4, Cacna1g, G3BP1), the S100 calcium-binding protein A10 (Benaud et al., 2004; Rescher and Gerke, 2008; Jung et al., 2010) differentially phosphorylated in the cells on ns-Zr15 (details in Table 9).

In summary, Ca2+ signaling is important for both, NGF- and nanotopography-triggered neuritogenesis, but the proteomic data suggest that the cell/nanotopography interaction might influence some specific proteins prominently involved in calcium homeostasis and/or signaling.

CONCLUSIONS

In recent years the relevance of microenvironmental and cellular mechanobiological aspects with respect to differentiation processes have become evident (Geiger et al., 2009; Wang et al., 2009; Dalby et al., 2014; Jansen et al., 2015), particularly in the neuronal context (Franze et al., 2013). However, many details regarding the mechanosensing of the microenvironment, the signal transmission, and integration within the mechanotransductive sequence remain elusive (Dalby et al., 2014; Humphries et al., 2015; Jansen et al., 2015). In previous publications we have introduced how ECM-like nanotopographical features of cluster-assembled titania and zirconia sufaces, produced by SCBD, can foster important events in neuronal differentiation (such as e.g., neuritogenesis; Schulte et al., 2016a,b, synaptogenesis and network maturation; Schulte et al., 2016b) through mechanotransductive pathways.

The presently adopted quantitative proteomic approach (associated to a systematic characterization) challenges PC12 cells with diverse experimental situations that address the impact of substrate nanotopography and/or cellular biomechanics on neuronal cell fate. The analyzed conditions comprised the canonical PC12 cell differentiation setting with a biochemical stimulus (PLL ±NGF; i.e., PLL and NGF), three different zirconia surface topographies with distinct nanoscale roughness parameters (flat-Zr, ns-Zr15, ns-Zr25) and treatments that affect the tensional state of the cell (ns-Zr15 hypo, PLL hyper). This approach enabled us to acquire an extensive molecular image of the processes and pathways that are sensitive to changes in the microenvironmental nanotopography and/or cellular nanomechanical properties, and to identify potential key elements therein. The data thus provide various starting points and indications on how the nanotopographical sensitivity is achieved and integrated into signaling pathways.

We found various common, but also distinctive features in the protein expression and phosphorylation profiles comparing the canonical biochemically (NGF-)induced neuronal differentiation and the one triggered by the cell/nanotopography interaction. In this neuron-like PC12 cell model the mechanotransductive stimulus provided by an appropriate nanotopography is alone sufficient to achieve the necessary change in the cellular program that implements the neuronal differentiation. There are indications in the phosphoproteomic data that the nanotopographical stimulus is even more effective. A robust engagement of proteins involved in cell morphology, cellular assembly and organization, and cellular movement (see IPA, Table 3) was observed and many proteins with acknowledged roles related to IAC/mechanotransduction were altered. In addition, versatile proteins with tasks in neuronal functioning and differentiation have been identified to be modulated in the nanotopography setting; as well as several proteins essentially involved in epigenetic and (post-)transcriptional regulation during neuronal differentiation (Tables 1, 2, 5, 7). This is in line with the hypothesis of a potential epigenetic regulation of cell reprogramming and differentiation dependent on cellular mechanics and microenvironmental cues (such as in this case surface nanotopography) (Downing et al., 2013; Crowder et al., 2016).

We have seen on the morphological level that only specific roughness parameters of the cluster-assembled zirconia surfaces (for PC12 cells ns-Zr15) provide appropriate biophysical cues to gain full neuritogenesis. An increased nanotopography roughness (ns-Zr25) instead leads to an only partial effect on neuritogenesis (Schulte et al., 2016a). In line with this, the proteomic analysis demonstrated that there is a partial overlap in the molecular alterations between ns-Zr15 and ns-Zr25, compared to NGF. Yet, the comparison revealed and specified also some decisive differences regarding proteins important for integrin activation and cytoskeletal organization. Notably, the IPA emphasized the importance of IAC in the mechanosensing to interpret the distinct natures of the topographies as ILK (integrin-linked kinase) signaling is the only decreased pathway (Table 6). This is striking because ILK signaling is essentially involved in determining the molecular architecture of IAC and its signaling is sensitive to variations in ligand spacing/density. The proteomic data suggests furthermore that the increase in roughness starts to cause cellular stress in this PC12 cell model.

In summary, many of the proteins found to be altered at the expression and/or phosphorylation level (Tables 2, 5, 7) can be associated with the following categories which all have high relevance with respect to mechanotransductive signaling: cell/cell adhesion, glycocalyx and ECM, integrin activation and membrane/f-actin linkage, cell/substrate interaction and IAC, actomyosin organization/cellular mechanics, and nuclear organization and transcriptional regulation. By integrating the dissected alterations into a potential context, a complex nanotopography-sensitive network with broad crosstalk opportunities crystallizes, capable of regulating the cell/microenvironment interface and consequentially cellular cytoskeletal mechanics and signaling, here in control of neuronal differentiation processes (Figure 2).

This comprehensive proteomic analysis insinuates that other pathways with strong correlation to mechanotransduction, such as Wnt (Table 8), mTOR (Figures 4, 5) and Ca2+ signaling (Table 9, Figure 6), might also be affected by, and involved in, the nanotopography-triggered cellular processes. However, more profound future studies are required regarding these pathways.

Altogether, this proteomic-based analysis defined nanotopography-sensitive signaling hubs and key elements potentially important in the promotion of neuronal differentiation by nanotopographical cues. It delivered several interesting starting points to evaluate in more specific studies, and in a wider context with respect to the role of certain proteins in mechanotransductive signaling that regulates neuron development and maturation. In the framework of biomaterials that are based on nanoscale surface features, an in-depth understanding of the impact of cell/nanotopography interaction on cellular processes and fate is the indispensable prerequisite. An improved insight might help to harness and effectively control the potential of these biomaterials in biomedical applications. Vice versa, information obtained by advanced biomaterial approaches could provide conclusions for a better comprehension of the difficult to access in vivo mode of operation of microenvironmental and cellular mechanobiological processes, e.g., regarding epigenetic regulation.
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Figure S1. Induction of neurite outgrowth in PC12 cells by hyperosmotic shock on PLL. The phase contrast images in the panel illustrate the response of PC12 cells on PLL after applying a hyperosmotic shock (15 min, 150 mM sucrose), with the conditions PLL ± NGF as references. The graph represents the global statistic of two independent experiments (in total 343–398 cells and 226–251 neurites quantified). The bars show the average (mean) change compared to the PLL –NGF condition (white bars: differentiation rate; black bars: neurite length) and are flanked by the standard deviation (s.d.).

Figure S2. Comparison of the neurite morphology of PC12 cells in the between NGF and ns-Zr15 condition. The graph shows on the left the average number neurites per differentiated PC12 cell grown on PLL and stimulated with NGF (white bar) or interacting with ns-Zr15 (gray bar). The bars are flanked by the standard deviation (s.d.). On the right, the bars demonstrate the frequency of the different categories indicating the number of neurites per differentiated cells in the two conditions. Representative examples of the cell morphology in these conditions can be found in the phase contrast images of Figures 1, 5, 6. In total 160 cells from 8 independent experiments were quantified.

Figure S3. Comparison of PLL, NGF and ns-Zr15. (A) Venn diagram; (B) work flow; (C) Vulcano plots; (D) ClueGo analysis of proteins upregulated or expressed only in cells grown on ns-Zr15vsNGF. Functional grouping was based on p ≤ 0.05 and at least two counts.

Figure S4. Comparison of NGF, ns-Zr15, ns-Zr25. (A) Venn diagram; (B) work flow

Table S1. Proteins differently expressed comparing NGFvsPLL. List of the proteins annotated with Perseus software. Categorical annotation was supplied in form of Gene Ontology (GO) biological process (BP), molecular function (MF), cellular component (CC), keywords as well as in participation in a KEGG pathway, Reactome and molecular complexes (CORUM).

Table S2. Proteins differently expressed comparing NGFvsns-Zr15. List of the proteins annotated with Perseus software. Categorical annotation was supplied in form of Gene Ontology (GO) biological process (BP), molecular function (MF), cellular component (CC), keywords as well as in participation in a KEGG pathway, Reactome and molecular complexes (CORUM). Proteins that are of particular interest regarding a potential connection of IAC/mechanotransductive signaling and neuronal differentiation processes in the nanotopography-induced setting are marked in gray.

Table S3. Proteins differently expressed comparing ns-Zr15vsPLL. List of the proteins annotated with Perseus software. Categorical annotation was supplied in form of Gene Ontology (GO) biological process (BP), molecular function (MF), cellular component (CC), keywords as well as in participation in a KEGG pathway, Reactome and molecular complexes (CORUM). X = proteins differentially expressed in the same manner in ns-Zr15vsflat-Zr and ns-Zr15vsPLL. In gray, proteins differentially expressed in the same manner in NGFvsPLL and ns-Zr15vsPLL.

Table S4. Proteins expressed only in NGF (with respect to the comparison PLL, NGF, ns-Zr15). List of the proteins annotated with Perseus software. Categorical annotation was supplied in form of Gene Ontology (GO) biological process (BP), molecular function (MF), cellular component (CC), keywords as well as in participation in a KEGG pathway and molecular complexes (CORUM).

Table S5. Proteins expressed only in ns-Zr15. List of the proteins annotated with Perseus software. Categorical annotation was supplied in form of Gene Ontology (GO) biological process (BP), molecular function (MF), cellular component (CC), keywords as well as in participation in a KEGG pathway and molecular complexes (CORUM). Proteins that are of particular interest regarding a potential connection of IAC/mechanotransductive signaling and neuronal differentiation processes in the nanotopography-induced setting are marked in gray.

Table S6. Proteins expressed only in PLL. List of the proteins annotated with Perseus software. Categorical annotation was supplied in form of Gene Ontology (GO) biological process (BP), molecular function (MF), cellular component (CC), keywords as well as in participation in a KEGG pathway and molecular complexes (CORUM).

Table S7. Proteins differently expressed comparing ns-Zr25vsns-Zr15. List of the proteins annotated with Perseus software. Categorical annotation was supplied in form of Gene Ontology (GO) biological process (BP), molecular function (MF), cellular component (CC), keywords as well as in participation in a KEGG pathway and molecular complexes (CORUM).

Table S8. Proteins differently expressed comparing ns-Zr25vsNGF. List of the proteins annotated with Perseus software. Categorical annotation was supplied in form of Gene Ontology (GO) biological process (BP), molecular function (MF), cellular component (CC), keywords as well as in participation in a KEGG pathway, Reactome and molecular complexes (CORUM). Proteins found to be upregulated in ns-Zr25vsNGF and also up-regulated in the comparison ns-Zr15vsNGF or ns-Zr15vsPLL are marked in gray.

Table S9. Proteins differently expressed comparing ns-Zr15vsNGF. List of the proteins annotated with Perseus software. Categorical annotation was supplied in form of Gene Ontology (GO) biological process (BP), molecular function (MF), cellular component (CC), keywords as well as in participation in a KEGG pathway and molecular complexes (CORUM).

Table S10. Proteins expressed only in NGF (with respect to the comparison NGF, ns-Zr15, ns-Zr25). List of the proteins annotated with Perseus software. Categorical annotation was supplied in form of Gene Ontology (GO) biological process (BP), molecular function (MF), cellular component (CC), keywords as well as in participation in a KEGG pathway and molecular complexes (CORUM).

Table S11. Proteins expressed only in ns-Zr15 (with respect to the comparison NGF, ns-Zr15, ns-Zr25). List of the proteins annotated with Perseus software. Categorical annotation was supplied in form of Gene Ontology (GO) biological process (BP), molecular function (MF), cellular component (CC), keywords as well as in participation in a KEGG pathway and molecular complexes (CORUM).

Table S12. Proteins expressed only in ns-Zr25. List of the proteins annotated with Perseus software. Categorical annotation was supplied in form of Gene Ontology (GO) biological process (BP), molecular function (MF), cellular component (CC), keywords as well as in participation in a KEGG pathway and molecular complexes (CORUM).

Table S13. Proteins differently phosphorylated in NGFvsPLL. The table lists all phosphorylated proteins annotated with Perseus software. Annotated terms include GOBP, GOMF, GOCC, Keywords, KEGG, CORUM, together with the enriched sequence motifs of phosphopeptides data set.

Table S14. Proteins differently phosphorylated in ns-Zr15vsPLL. The table lists all phosphorylated proteins annotated with Perseus software. Annotated terms include GOBP, GOMF, GOCC, Keywords, KEGG, CORUM, together with the enriched sequence motifs of phosphopeptides data set.

Table S15. Proteins phosphorylated only in NGF. The table lists all phosphorylated proteins annotated with Perseus software. Annotated terms include GOBP, GOMF, GOCC, Keywords, KEGG, CORUM, together with the enriched sequence motifs of phosphopeptides data set.

Table S16. Proteins phosphorylated only in ns-Zr15. The table lists all phosphorylated proteins annotated with Perseus software. Annotated terms include GOBP, GOMF, GOCC, Keywords, KEGG, CORUM, together with the enriched sequence motifs of phosphopeptides data set.

Table S17. Proteins differently phosphorylated in ns-Zr15vsflat-Zr. The table lists all phosphorylated proteins annotated with Perseus software. Annotated terms include GOBP, GOMF, GOCC, Keywords, KEGG, CORUM, together with the enriched sequence motifs of phosphopeptides data set.

Table S18. Proteins exclusively phosphorylated in ns-Zr15 (with respect to the comparison PLL, NGF, ns-Zr15, flat-Zr). The table lists all phosphorylated proteins annotated with Perseus software. Annotated terms include GOBP, GOMF, GOCC, Keywords, KEGG, CORUM, together with the enriched sequence motifs of phosphopeptides data set.

Table S19. Proteins exclusively phosphorylated in flat-Zr. The table lists all phosphorylated proteins annotated with Perseus software. Annotated terms include GOBP, GOMF, GOCC, Keywords, KEGG, CORUM, together with the enriched sequence motifs of phosphopeptides data set.

Table S20. Proteins differently phosphorylated in ns-Zr15vsns-Zr25. The table lists all phosphorylated proteins annotated with Perseus software. Annotated terms include GOBP, GOMF, GOCC, Keywords, KEGG, CORUM, together with the enriched sequence motifs of phosphopeptides data set.

Table S21. Proteins differently phosphorylated in ns-Zr25vsNGF. The table lists all phosphorylated proteins annotated with Perseus software. Annotated terms include GOBP, GOMF, GOCC, Keywords, KEGG, CORUM, together with the enriched sequence motifs of phosphopeptides data set.

Table S22. Proteins exclusively phosphorylated in ns-Zr15 (with respect to the comparison ns-Zr15, ns-Zr25). The table lists all phosphorylated proteins annotated with Perseus software. Annotated terms include GOBP, GOMF, GOCC, Keywords, KEGG, CORUM, together with the enriched sequence motifs of phosphopeptides data set.

Table S23. Proteins differently expressed comparing ns-Zr15 hypovsns-Zr15. List of the proteins annotated with Perseus software. Categorical annotation was supplied in form of Gene Ontology (GO) biological process (BP), molecular function (MF), cellular component (CC), keywords as well as in participation in a KEGG pathway and molecular complexes (CORUM). X = proteins with an opposed alteration of the expression level comparing ns-Zr15vsflat-Zr with ns-Zr15 hypovsns-Zr15; Y = proteins altered in the same way in ns-Zr15vsflat-Zr and ns-Zr15 hypovsns-Zr15.

Table S24. Proteins expressed only in ns-Zr15 (with respect to the comparison ns-Zr15, ns-Zr15 hypo). List of the proteins annotated with Perseus software. Categorical annotation was supplied in form of Gene Ontology (GO) biological process (BP), molecular function (MF), cellular component (CC), keywords as well as in participation in a KEGG pathway and molecular complexes (CORUM).

Table S25. Proteins differently expressed comparing PLL hypervsPLL. List of the proteins annotated with Perseus software. Categorical annotation was supplied in form of Gene Ontology (GO) biological process (BP), molecular function (MF), cellular component (CC), keywords as well as in participation in a KEGG pathway and molecular complexes (CORUM). x = proteins with a similar alteration of the expression level comparing ns-Zr15vsflat-Zr and PLL hypervsPLL; X = proteins altered in an opposite manner in ns-Zr15vsflat-Zr and PLL hypervsPLL.

ABBREVIATIONS

AFM, Atomic force microscopy; ECM, Extracellular matrix; FA, Focal adhesion(s); FBS, Fetal bovine serum; FC, Focal complex(es); HS, Horse serum; IAC, Integrin adhesion complex(es); IPA, Ingenuity pathway analysis; min, Minutes; mM, Milli molar; NGF, Nerve growth factor; ns-Zr, Nanostructured zirconia; PCA, Principal component analysis; PLL, Poly-L-lysine; RMS, Root mean square; SAC, Stretch-activated channels; SCBD, Supersonic cluster beam deposition; SD, Standard deviation; TrkA, Tropomyosin receptor kinase A; TRPC, Transient receptor potential cation channels.
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Impact of the cellular interaction with the neuritogenesis-inducing cluster-assembled zirconia surface on protein phosphorylation
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Nidogen-1

e basement membrane protein nidogen-1 is known to be important in
the regulation of hippocampal synaptic. plasticity and network excitabilty.

Vasudevan et al,, 2010

Brorin

Galectin-8.

Brorin has been reported to favor neurogenesis and to inhibit astrogenesis
contributing to axon guidance in the zebrafish forebrain.

Galectin8 s a secreted ECM protein and matricelllar modulator of cell
adhesion that is bound by integrins which regulates cell adhesion and
survival, promoting or inhibiting, dependent on whether it is present in a
soluble or immobilized manner.

Miyake et al., 2017

Hadari et al,, 2000; Zick et al., 2004

I ceveainteraction
Glycocalyx and ECM

Membrane/t-acin inkage and integin activation
[Cell/substrate interaction, IAC

myosin organization/Celular mechanics

INuciear organization and transcription

Other functions

Plprf (receptor-type
tyrosine-protein
phosphatase FYLAR
(leukocyte common
antigen-related)

Gprs6 @
protein-coupled
receptor 56)

ROCK
(Rho-associated,
colled-coil-containing
protein kinase)

‘The PIpH/LAR receptor, a neuronal adhesion molecule essential in
synapse maturalion, s particularly interesting vith respect to 1AC,
mechanotransduction and calcium signaling. The presence of this
receptor in focal adhesions (FA) is controlled in a negative manner by
myosin ll-generated foroe and has been shown to have the capacity to
regulate FAS (in mouse embryonic fibroblasts). It interacts in a CaMKI
(Ca?*/calmodulin-dependent protein kinase ll-regulated way with fiprin-a
1. The liprin-a 1/LAR interaction determines LAR distribution and therefore
synapse morphogenesis. Moreover, PIprt/LAR can be found, to a minor
extent, tyrosine-phosphorylated n the adultbrain. The function of this.
phosphoryation is yet unknown but could be important for the binding of
SH2/SH3 domain-containing adaptor proteins.

Meafunctions of Gprs6 can cause the neurodevelopmental disease
polymicrogyria. In the brain it is predominantly expressed in neuronal
progenitor cells (NPC) in regions of postatal neurogenesis where it is
involved in the control of brain convolution/patterning in the cerebral
cortexin an integrin a3p1-dependent manner. Moreover, Gpr6 operates.
together with Ga13 in the Rho-mediated regulation of NPC
adhesiorvmigration. Ga13 again is essential n integrin signaling.

ROCK/RNoA activity has a complex role in neuritogenesis. Although on the
one hand it is known to be inhibitory for neuritogenesis, and in particular
for the inital neurite formation, on the other hand spatially restricted
ROCK/RhoA activity is aiso essential to suppress lamelipodial protrusions,
thereby consolidating neurites/axons by maintaining the growth cone
polarity. ROCK and its RnoA binding activty is tighty reguiated by
phosphorylation downstream of stc and contributes to the moduiation of
focal adhesion tumover.

den Hertog et al., 199¢; Johnson and
Van Vactor, 2003; Dunah et al, 2005;
Kuo et al., 2011; Um and Ko, 2013;
Sarhan etal., 2016

Piao et al,, 2004; Iguchi et al., 2008;
Gong et al, 2010; Shen et al., 2012;
Jeong et al., 2013; Bae et al., 2014

Yamaguchi et al., 2001; Loudon et al
2006; Lee et al., 2010; Schulte et al.,
2010

GFRAT (GONF family
receptor a-1)

G3BP1 (Ras
GTPase-activating
protein-binding
protein 1)

AGAP18 (Rho
GTPase activating
protein 18)

ASPM (Abnormal
spindie-lke
microcephaly-
associated
protein)

Cofiinvdestrin/ADF
(actin depolymerising
factor)

Septin-2

KMT2D (nistone-lysine
N-methyltransferase
2DYMLLA
(mixed-ineage
leukemia 4)

RTCB (RNA 2/ 3'-cyclic
phosphate and §'-OH
ligase)

E2F4

Rab23 (Ras-related
protein 23)

‘GFRA1 was found to form a complex with B1 integrin, together with Ret
and NCAM-140, and to play an important role n the differentation of
neurons in the olfactory system and the survival of glutamatergic cortical
neurons.

GIBP1 has been reported to have an impact on neuronal sprouting by
promoting the formation of tau MRNA ribonuceaprotein granules and can
be found associated with a5 1 integrin-containing complexes. Moreover,
G3BP1 deficency impairs the synaptic plasticity and calcium homeostasis
inhippocampal neurons.

AfGAP18 has been shown to be involved, as negative regulator, in the
control of RNoA activity and stress fiver formation by increasing the
GTPase activty of Ao and stabilizing the RhoA-GDP inactive form. The
protein,interacting with RhoA, has been described recently as YAP
effector in the actomyosin-dependent regulation of tissue tension. A
specifi role of this protein in neurons has not been reported o far but its
expression level decreases in neurospheres during differentiation and it
appeared as a gene assodiated with schizophrenia in a screening for
single nucleotide polymorphisms. For another AIGAP family member,
AGAP15, a contribution in the neurogeness of hippocampal neurons
has been shown very recently

ASPM s known to contribute to the reguiation of neuronal differentiation
processes by actomyosin-dependent actions. As the protein name
indicates, this protein is involvedin the control of brain size and mutations
of this protein can be responsible for developing the neural disorder
microcephaly. ASPM is a positive regulator for Wt signaling and its
expression is essential for accurate neurogeness. Furthermore, recently it
has been found that the drosophiia ortholog of this protein interacts with
and regulates myosin Il localization, thereby controling neuroepithelum
morphogenesis by mechanobiological events.

Gofiin s essentia for actin cytoskeletal organization by regulating the
severing of f-actin and the turnover rate of actin and therewith, in the
neuronal context, the actin retrograde flow in neurite growth cones of the
developing brain. Phosphorylation negatively regulates s actin binding
and thereby controis the f-actin homeostasis.

Septin-2 modulates actomyosin contractiity by binding myosin Il and
recniting regulatory proteins. Septin phosphonytation controls the.
‘assembly of septins into highly ordered polymers. Interestingly, septin-2
has been found to be phosphorylated in post-mitotic neurons.

“This protein is a mammalan histone H3 lysine 4 (H3K4)
mono-methyltransferase essential in difierentiation-specifc gene
‘activation. It has been shown to participate in the regulation of neuronal
differentiation, faciitating the activation of differentiation-specific genes
(eg., nestin)

“This RicB RNA ligase participates in tRNA ligation and it is involved in the
regulation of neuronal growth and axon regeneration.

“This transcription factor has been shown to play a role in neuronial
differentiation and neuritogenesis.

Rab23 participates to endocytc vesicle trafficking and is involved in the
regulation of sonic hedgehog signaiing in neural tube patterning.

Cao et al,, 2008; Marks et al, 2012;
Konishi et al., 2014

Meng et al., 2004; Martin et al., 2013;
Moschner et al,, 2014

Gurok et al,, 2004; Potkin et al,, 2009;
Maeda et al., 2011; Porazinski et a.,
2015; Zamboni et al, 2016

Buchman et al,, 2011; Rujano et al,
2013

Hawkins et al., 1993; Jovoeva et al.,
2007; Fiynn etal., 2012

Spiiotis and Nelson, 2006; Joo et al.,
2007

Dhar etal., 2012

Kosmaczewski et al, 2015

Persengiev et al., 1999

Eggenschwier et al., 2001; Evans
etal., 2003

Caloium homeostasis.

Wnt signaling

Vesicle trafficking

Selected proteins found to be differentially phosphoryiated that have essential known functions with respect to processes relevant for mechanotransductive signaling and/or neuronal functioning and differentiation.
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Glalpha12/13 Signaling 3,98E-02 NaN CDH1, ARHGEF1

Actin Cytoskeleton Signaling 2,34E-03 0 FN1, ARHGEF1, ACTNA, TMSB10/TMSBAX
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IL-10 Signaling 1,29E-02 NaN HMOX1, BLVRB
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Proteins expressed in  differential manner in the comparion ns-Zr15,sns-Z25 were analyzed by IPA to identify canonical pathways affected by the diferent nanotopography
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Calcium signaling/homeostasis-related proteins affected by the cell/nanotopography i

Protein name

Cacnalg (voltage-dependent, T-type,
1G subunit calcium channel)

Collagen XVl

Sic24a3 (solute carrier family 24,
sodium/potassium/calcium exchanger,
member 3YNCKX3
(Nal+YK(+)/Ca(2+)-exchange protein 3)

CAMTA1 (Calmoduiin-binding transcription

activator 1)

Ubr4 (3 ubiuitin-protein ligase)/p800

elF3e (eukaryotic initiation factor 3 subunit)

S100A10 (100 calcium-binding protein
A10)

Reported protein functions

Cacnatg is a member of the CaV famiy, a protein

family which is essential for the postsynaptic
homeostasis of synaptic plasticity and thus the
proper functioning of synapses.

‘The drosophiia homologue of collagen

XVillendostatin have been found to be involved in
the homeostatic presynaptic plasticity by interacting

with CaV2.1 calcium channels and regulating
calcium influx.

The potassium-dependent sodium/calcium
exchanger slc24a3/NCKX3 exchanges, as the

name implies, in a potassium-dependent manner

‘sodium or calcium primrlly in neurons.

CAMTA1, which is deleted in neuroblastoma,
induces neurites and expression of neuronal
differentation markers.

Ubrd s involved in membrane morphogenesis and
integrin signaling. It s required for neuronal survival
in a calcium/calmodulin-dependent mechanism.

‘The protein has versatile functions in the ONS,

calcium signaling and cytoskeletal organization. The
phosphorylation level of p00 at cyciin-dependent
consensus site varies during cel cycle. The function
of this phosphorylation, in particular in a neuronal

context, is unknown, though.

This tumor suppressor has been shown to

contribute o the trafficking of CaV’ cacium channels.
and therefore the regulation regulation of calcium
influx and intracelluar calcium levels by these type

of channels.

This protein is, as the only member of the $100

family, not capable of Ca2* binding. Itis
nevertheless known to be implicated in cal

signaling, e.g., by regulating the traficking of ion

channels (also TRP). It participates also to the
transport of neurotransmitter (receptors).

Furthermore, together with AHNAK, it is involved in
govering f-actin and cell membrane organization.

References

Perez-Reyes et al., 1998;
Frank, 2014

Wang etal., 2014

Lytton, 2007

Henrich et al., 2011

Nakatani et al., 2005; Belzil

etal, 2013; Parsons et al.,
2015

Green et al.

Benaud et al., 2004;
Rescher and Gerke, 2008;
Jung etal., 2010

Selected proteins differentially expressed after celinanotopography interaction that have reported functions in calcium signaling/homeostasis.

Category

Channel

Extracellular matrix

Channel

Transcription factor

Neuronal survival, membrane
remodeling, integrin signaling,
cytoskeletal organization

Transcription, trafficking

Trafficking, membrane
remodelng, cytoskeletal
organization
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The ns-2r15,sNGF analysis of the phospho-moltfs was caried out by Panther and David

(o < 0.05).
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I ceveeliinteraction
Glycocalyx and ECM
- Membrane/-actin linkage and integrin activation
I celvsubstrate interaction, IAC
[l <tomyosin organization/Celluar mechanics
- Nuclear organization and transcription

Other functions
Rab14 up Rab14 is involved in endocytic recyciing and regulates Linford et al., 2012 Vesicle trafficking
therewith ADAM-dependent N-Cadherin shedding
aftecting cell-cell adherens junctions, cell polarization and
migration.
CLTC(clatinheawy  down Clthin's long-known to play a orucial ol in newronal Heuser and Ress, Vesic raficking
chain 1) sgnaling by mediating synaplic vesice endocytosis, 1973 Ezraty ot al.,
receplor retrieval and relrograde transport reguiating 2009; Cosker and
neuronal functons (e.g. neuron survival, axon growthand  Segal, 2014
quidance). Apart from this role in newronal signaling by
mediating endocytosis of synaplic receptors, clathrin
controls also focal adhesion dimensions in migrating cells
by reguiating the endocytosis of nastive integrins.
Nischarin w Nischarin is associated vith versatie and complex Aahar ot . 2000, H-imidazolne receptor
processes. It has been reported to negatively reguiate cell  2004; Zhang and
migration but to foster neurite outgrowth, also in PC12 Abdel-Rahman, 2006;
cals. It binds non-ligated inerins (e.g. a5p1), acting asa  Ding et al, 2008, 2015;
sort of integrin inhibitor, and modulates the LIMK/cofilin Pouwels et al., 2012
pathway and PAK/Ract activation affecting thereby the
actin dynamics. In addition, in differentiated PC12
ischarin behaves as I1-imidazoiine receptor and activates
protein kinase C (PKC), extracellular signal-regulated
Kinase (ERK) and c-jcn N-temminal kinase (INK) promoting
the neuronal differentiation and survival.
AGEFIP115- w AGEFT interacts with Ga13 and regulates RhoGTPase Hart et al., 1998;
RhoGEF aclivity and controls focal achesion and stress fiber Kozasa et ., 1998;
formation in response to fibronectin. Dubash et al., 2007
HMGN1 (high mobiity ~ down HGMNT, a nucleosome-binding protein, is important for Deng etal., 2013;
group nucleosome the structural organization of the chromatin and fine-tunes  Nagao etal,, 2014
binding domin 1) ranscription profes along the netronal ineage. The loss
of this protein lowers the amount of neural progenitor cels
inthe brain, whereas increased expression fosters
astrogeness instead of neurogenesis.
SFSB2and5 (spicng up SF3B2 and 5 belong to the U2 snNP spliceosome Jaetal, 2012
factor 3B subunit 2 complex and is therefore involved in the splicing
and9) pre-mANA, Dysfunction of this complex leads to a general
perturbation of alternative splicing causing
neurodegeneration. Apoploses
CREM ‘CREM is a member of the cAMP-responsive element Mantamadiotis et al.,
(cAMP-responsive binding protein family and important in the transcriptional 2002; Wu et al.,, 2012
element modulator) regulation. It is upregulated as response to nerve tissue. P—
injury and repair, probably as a pro-apoptotic factor.
NPM1 (rucleolar down NPM1 is a nucleolar protein with versatie funciion, Qing et al., 2008;
phosphoprotein 823, espacily also n a neuronal context where s involved i Pister and D'Villo,
numatin)nucleophosmin/ the control of growh, diferentiation and apoptosis. 2015
823 Expressed in levels higher than the physiological ones, i Veskio refékig
can cause neuronal death.
Stxd syntascn 4) down Syntaxin 4 s an essential postsynaptic t SNARE protein Kennedy et al 2010;
involved in exocytosis and synaptic plasticty. Mohanasundaram and
Shanmugam, 2010
SCN1B (sodium down 'SCN1B belongs to the NaV channel family which is Namadurai et al., 2015 Channel
voltage-gated channel important in the initiation of action potentials. The beta
beta subunit 1) ‘subunits are associated to the pore-forming alpha subunits

and fine-tune the channels’ excitabilty.

Selected proteins with reported roles in neuronal survival, functioning, differentiation and/or mechanotransduction that showed differential expression in the ns-Zr15,sns-Zr25 comparison.
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Gene Ontology Biological Process enrichment analysis by Panther on the proteins

upregulated and expressed only in ns-Zr25.
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Networks

Cell Morphology, Cellular Assembly
and Organization, Gellular Movement

Cancer, Neurological Disease,
Organismal Injury and Abnormalities

Cancer, Organismal Injury and
Abnormalities, Reproductive System
Disease

Molecular Transport, Cell Signaling,
Vitamin and Mineral Metabolism

Cell Oycle, Cellular Development, Hair
and Skin Development and Function

Cardiovascular Disease, Connective
Tissue Disorders, Dermatological
Diseases and Conditions

Proteins differentially expressed in ns-Zr15,sNGF, either up- or downregulated or only expressed in the two conditions, were analyzed by IPA to identify possible networks.

Molecules in network

Actin, AHNAK, AK!, Ap1, APIS, caspase, CD3, Cg, CNIH4, Creb, ERK, estrogen receptor, FSH,
GOTY, Gsk3, GZMB, HDLBP, Histone h, HN1, IDH2, Lh, MAP2K1/2, MCAM, NCOA2, NGF,
P85 (pikdr), PARP, Pkefs), PLC gamma, RANGAP1, ROCK2, TMSB10/TMSBAX, Vegf, VGF,
VIM

26sProteasorme, ACADL, ALAD, CD163, CFH, DDB1, DYNC1H1, EML2, HISTONE, Histone
hd, 1gG, IL1, IL12 (complex), IL12 (family), Immunoglobulin, ING, Insulin, Jnk, NEDDAL, NFKB.
(complex), Nrh, P38 MAPK, PIBK (complex), Pka, PSMA1, PSMD11, Ras, Ras homolog, RNA
polymerase Il, RPA2, RPL6, RPL15,Tnf (family), TUBB2A,TXNL

ACY1, Alpha Actinin, collagen, Collagen Aiphat, Collagen type I, Collagen type IV, Gollagen(s),
CTGF, ERK1/2, F10, F Actin, Focal adhesion kinase, HTRA1, INHBA, Integrin, Laminin, LDL,
Mek, Mmp, Myosin, NEB, Pdgf (complex), PDGF BB, RANBP3, Rock, SELP, SERPINBS,
Smad, Smad2/3, Sphk, TAGLN, Tgf beta, THBS1, TLN1, VCAN

12-hydroxyeicosatetraenic acid, ADGRB2, AMT, ATPGV1A, C1QBP,

Ca2+, CHAT, CNBP, CYP208, DLD, EGF, FAM136A, FFAR4, GCSH, GPX3, growth factor
receptor, Hmgb2 (includes others), HNF4A, HTT, ILK, MGSTS, MYC, Nefm, Neurotrophin,
Nurki dimer, PNPLAG, potassium channel, quinolinic acid, $1PR2, SCG2,SHC1, SLC24A3,
sn-glycero-3-phosphocholine, TUBAL3, VGF

12-hydroxyeicosatetraenoic acid, ADAM12, CARS, CCDC80, CDK4, CDKN2A, GHRNB4,
GTNND2, DPY30, DUSP4, E2F4, EIF5A, KIFSC, KRAS, LIFR, Mapk, mir-1260a, miR-1913
(and other miRNAs w/seed CUGCCCO), miR-378a-3p (and other miRNAS w/seed
CUGGACU), neuroprotectin D1, NPM1, PRKCSH, Rac, RALB, Rho gdi, ROR1, RPS15,
S100A12, S1PR2, SH3RF1, STMN2, TGFB1, TNF, TRIO, VTA1

LBR, Oifr1320

Score

34

34

26

23

14
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Examples of proteins differentially expressed in the same manner in NGFysPLL (Table $1) and ns-Zr15ysPLL (Table $3) and their reported roles in a neuronal context

Protein name

Hira (high temperature
responsive antigen 1)

Vps35 (vacuolar protein
sorting-associated protein 35)

Fasn (fatty acid synthase)

Pdiad (protein

disulide-isomerase 3/ERpS7

€3 (complement component 3)

RPL1S (60S ribosomal protein
L19)

NGF and

ns-zr5

up

up

up.

down

Reported protein functions

Htra is a microtubule-associated serine protease that Launay et al., 2008; Tennstaedt

has been found to be crucial for neuronal protein
quality control (e.g., tau), survival and maturation.

Vps35 belongs to the retromer complex and
contributes therefore essentially to endosomal

trafficking. It promotes e.g., neuronal morphogenesis in
hippocampal neurons by contributing to the retrograde

trafficking of BACET. In addition, mitochondria were
found fused and dysfunctional in Vps35-deficient
dopaminergic neurons, causing the loss of these
neurons.

Fasn s essential in the lipogenesis control of neural

stem cells and its deletion impairs adult neurogenesis.

This disulfide isomerase belongs to the endoplasiric
reticulum proteostasis network vith a neuroprotective
function against misfolded prions. It s involved in
axonal regeneration after peripheral nerve injury.

G3is downregulated in the adult central nervous
system and known to participate in synapse
efmination.

RPL19 was recommended as a very stable
differentiation reference independent of the
diferentiation stimulus.

References

otal, 2012

Wang etal., 2012;
2015

Knobloch et al., 2013

Castillo et al., 2015; Bargsted

etal, 2016

Stevens et al,, 2007

Zhouet al., 2010

Category

Neuronal protein quality
control

Vesicle trafficking

Lipogenesis

Proteostasis network

Complement system

Further information on  selection of proteins with versatie known roles in the regulation of neuronal functioning and neurogenic processes found to be differentially expressed in the
same manner in NGF and ns-Zr15, compared to PLL.
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Examples of differentially expressed proteins comparing ns-Zr15 with NGF (Tables $1-S5) and their reported roles in neuronal differentiation/function and IAG/mechanotransduction

Protein name ns-zr5 Reported protein functions References Categories (Figure 2)

INEURONAL DIFFERENTIATION/FUNCTION.

[ cetveet interaction
- Glycocalyx and ECM
- Membrane/f-actin linkage and integrin activation
[ cetisubstrate interaction, 1AC
[l #ctomyosin organization/Celular meshanics
- Nuclear organization and transcription
Other functions

DDB1 (ONA w DDB1 and Neddé are both involved in ubiquitn igation Cang etal, 2006 Ubiaitin igation
damage-binding and are essential for the regulation of neuronal cell survival,
protein 1) axon branching and the maintenance of stem cell
properties of neural crest cells. Neddé has many
Neddé (neuronal down Subsiraies Wih importent inclion In nsufons (5.g;fon Drinjakovic et al., 2010; Ubiquitin ligation
channels, receptors). The mANA expression of Nedd itself
precursor cell expressed et ol s PTENIIORC et Wiszniak et al, 2013;
and developmentally " Hsactal, 2014
downvegulated
protein 4)
Dpya0 (histone w Dpy30, with its ol in histone methylation, has been found  Jiang et al. 2011
methylrasferase o control embryonic stem cel fate specifcation, in
complex reguiatory partcular toward the neural ineage.
subunit)
Nsun2 (NOP2/sun w Mutations in this cytosine-5 ANA methylransferase can Blanco et al., 2014;
domin farmiy, member lead to microcephaly (Dubowitz syndrome) and other Hussain and Bashir,
2 neurodevelopmental disorders. Nsun2 can be found in 2015
neuronal dendites and due to its mANA methylation
aotiviy it i involed in the epigenatic control of
posteynaptic functions and plasticty.
HMGB? (high mobilty down HMGB2 belongs to the family of chromatin structural Abraham et al, 2013
group B2) proteins and is important in the control of neural stem cell
prolferation and the reguiation of neurogenesis and
neuronal differentiation.
hnRNP AT down hnRNP At is known to be involved n aternalive pre-mANA  Han et al., 2005; Li
(heterogencous nuclear spicing, n the neuronal setting as a slencing factor etal., 2007
ribonucieoprotein Af)
Vobi (Von down “The best known function of Vbp1 /prefoicin 3 s its Milln-Zambrano and
Hippel-Lindau binding involvement, as a chaperone, in the folding processes of Chévez, 2014

protein 1)/prefoldin 3 ‘actin and tubulin monomers. Furthermore, it has been
reported to participate in the regulation of the RNA
polymerase Il, chromatin dynamics and transcription.

Faté (protocadherin 4) w Ahippo pathway-mediated roke in neuronal migr Katoh, 2012; Zakaria aloium signaling
polarization for this protein has been reported recently. etal, 2014; ltoetal.,
Interestingly and n line with our results, the Fatd expression 2015

is controlled in a src-dependent manner by actin dynamics.
The FAT4 protein is also thought to function upstream of
YAP as a tumor suppressor, keeping cels from growing and
dividing too rapidly or in an uncontrolled way. Further
information on this protein regarding its role in calcium
signaling-related processes can be found in the section
Calcium Signaling/Homeostasis-Related Proteins Affected
by the CellNanotopography Interaction.

Vean (versican) uwp Versican, a proteoglycan, promotes the outgrowth of Wu et al., 2004; Gelclum homeostasis
neurites in NSC, hippocampal neurons and PC12. These Paszek et al., 2014
effeots were shown to be B1 integrin- and Erk-dependent.
Proteins of the glycocalyx, such as thrombospondin 1 and
Versican are of partioular interest regarding mechanosensing
and -transdution, because the glycocalyx (especially bulky
glycoproteins) has been recently found to have an important
impact on integrin clustering and integrin-mediated signaling.
Thost w This achesive extracelular matrix glycoprotein has been Goicoechea et al., Calcium homeostasis
(thrombospondin 1) found to influence focal achesion disassembly and 2000; Adarms et al.,
cytoskeletal organization in a fascin-medated manner. In 2001; Barker et .,
hippocampal neurons it can enhance synaptogenesis. 2004; Xu et al, 2010;
Paszek ot al, 2014
ADAMI12 (A disintegrin down /ADAMI12 has been reported to be capable of regulating 1 Kawaguchi et al., 2003;
and metaloprotease 12) egrin, the actin cytoskeleton and focal adhesion turnover,  Eckert t al, 2017
Talin wp Talin is a crucial protein in integrin activation and the initial Tan etal., 2015;
phase of IAC formation, providing the first link between Schulte etal., 2016c
integrins and f-actin. It is therefore essential for the build-up
of tension in lamelliipodia. In a neuronal context, activated
talinis necessary in the growth cones and enhances
neuritogenesis.
NCoa2 (nuclear receptor  up NCoA2 represents on the one hand a transcriptional Voegel et al,, 1996 Vesicle trafficking
coactivator coregulator for various nuclear receptors (e.g., androgen, Wyszynski et al., 2002;
2YGRIPI/TIF-2 estrogen, glucocorticoid, steroid receptor) and facitates. Spangler and
the access for DNA transcription by histone acetylation. Hoogenraad, 2007;
On the other hand it has been reported to be important for  Essmann et al., 2008;
ssential neuronal functions and dendito- or Aspert etal, 2009,
synaptogenesis, in particular by coordinating neuronal and  2010; Selak et .,
synaptic cargo and receptor (kainite, AMPA) traficking. It 2009; Dasgupta et al,
can cooperate with other crucial proteins in these. 2014; Geiger et .,
processes, such as SNAP25, 14-3-3 orlprin-a. The latter 2014 Heiser ctal,
protein is furthermore known to be involved in the 2014
distribution and regulation of BT integrin activation by
stabilizing it in its inactive conformation at the cell
membrane.
Ran(bpd) w The Ran GTPase (and its regulators) have versatile roles in Yudin and Fainziber, Trafficking
RanGAP1 down neuronal cells, such as nudleocyloplasmic transport, 2009
traffcking, axon retrograde signaling and cytoskeletal
dynamics.

Further information on a selection of proteins with prominent reported roles in the regulation of neuronal functioning and neurogenic processes and/or relevance for mechanotransduction differentially expressed comparing ns-Zr15
and NGF
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