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Abstract 

Although the biological effects of titanium dioxide nanoparticles (TiO2-NPs) have been studied for 

more than two decades, the mechanisms governing their toxicity are still unclear. We applied 2D-gel 

proteomics analysis on A549 epithelial alveolar cells chronically exposed for 2 months to 2.5 or 50 

µg/mL of deeply characterized TiO2-NPs, in order to obtain comprehensive molecular responses that 

may reflect functional outcomes. We show that exposure to TiO2-NPs impacts the abundance of 30 

protein species, corresponding to 22 gene products. These proteins are involved in glucose 

metabolism, trafficking, gene expression, mitochondrial function, proteasome activity and DNA 

damage response. Besides, our results suggest that p53 pathway is activated, slowing down cell cycle 

progression and reducing cell proliferation rate. Moreover, we report increased content of chaperones-

related proteins, which suggests homeostasis re-establishment. Finally, our results highlight that 

chronic exposure to TiO2-NPs affects the same cellular functions as acute exposure to TiO2-NPs, 

although lower exposure concentrations and longer exposure times induce more intense cellular 

response. 
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Introduction 

Titanium dioxide microparticles (TiO2) have been used for over a century as a pigment in paints and 

cements. Since the use of TiO2 nanoparticles (TiO2-NPs) is continuously increasing, for instance as a 

catalyst or in self-cleaning surfaces, the production of TiO2-NPs is predicted to soon overtake that of 

TiO2 microparticles [1]. Original properties of nanoscale particles implies that they may cause different 

types of adverse effects [2]. So far, the mechanisms governing TiO2-NP toxicity are not totally 

understood. Studies related to the toxicity of particulate matter have mainly focused on the lung, as it 

is the most problematic exposure route [2]. They were historically based on results obtained by the 

community working on the impact of environmental pollution with ultrafine particles. On this target, 

ultrafine particles (less than 2.5 µm in diameter) are known to induce oxidative stress, inflammation, 

genotoxicity, apoptosis, cytotoxicity and eventually cancer [3]. Therefore in vitro and in vivo studies 

related to TiO2-NP toxicity have focused on the same endpoints, and particularly oxidative stress, 

inflammation and genotoxicity, leading to conflicting results [4]. Besides these endpoints, original 

effects of TiO2-NP have also been described, e.g. impairment of cellular adhesion as well as 

autophagy [5-7]. Contrary to ultrafine particles, epidemiology failed to demonstrate a direct link 

between exposure to TiO2-NPs and cancer. Large-scale –omics techniques, particularly proteomics, 

have been used in order to identify new pathways and endpoints for TiO2-NP toxicity. These studies 

report that acute exposure to TiO2-NPs induces a marginal cellular response [8] still it impacts 

cytoskeleton organization, cell metabolism, mitochondrial activity and induces a global stress 

response [9-12].  

Most of the toxicology studies related to TiO2-NPs have been conducted on cell lines exposed to very 

high concentrations of NPs and for very short times [4]. The cellular response to chronic exposure to 

low concentrations of TiO2-NPs has only been approached very recently in a couple of articles. Briefly, 

long-term exposure to TiO2-NPs alters cell cycle progression [13-15] and genome segregation during 

mitosis due to interference with mitotic spindle assembly and centrosome maturation [13]. It causes 

reactive oxygen species accumulation in exposed cells [15] as well as chromosomal instability [13] 

and cell transformation [13, 16].  

In this context, the present study aimed at investigating proteome perturbations in A549 cells exposed 

for 2 months to a low or a high TiO2-NP concentration, i.e. 2.5 µg/mL and 50 µg/mL, respectively. For 

cell exposure we used NM105 TiO2-NPs from the nanoparticle library at Joint Research Center of the 

European Commission (JRC, Ispra, Italy), i.e. AEROXIDE® P25 TiO2-NPs from Evonik. The rationale 

for using epithelial alveolar cells in this study is that, due to their physicochemical properties, NPs are 

prone to deposit in the alveolar region of the lung [2, 17].  We used 2D-gel proteomics to achieve this 

goal, because this technique investigates changes in protein abundances on a large scale, thereby 

providing a wider and untargeted view of the cellular functions impacted by biological stimuli of interest 

[18] while keeping the analysis at the protein level and not only at the peptide level. To the best of our 

knowledge, proteomics have never been used to assess cell response to a chronic exposure to TiO2-

NPs. 

 

Materials and methods 
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Chemicals and reagents 

Unless otherwise indicated, all chemicals and reagents were purchased from Sigma-Aldrich and were 

>99% pure. 

 

Nanoparticles dispersion and characterization 

TiO2-NPs (AEROXIDE® P25, Evonik, Germany; NM105 as referenced in JRC, European 

Commission) were dispersed in ultrapure sterile water, to the concentration of 10 mg/mL, by applying 

high energy sonication at 4°C for 30 min (1s on/1s off), as described previously [19], using a probe 

sonicator equipped with a 3-mm microtip. The energy delivered by our sonicator was measured, 

amplitude of 28% corresponds to 16.7 W [20]. The physico-chemical properties of these TiO2-NPs 

have already been described in our previous articles [19, 21]. Briefly, their crystalline structure is 

mixed anatase/rutile (86%/14%) [21], their primary diameter is 25±7 nm and their specific surface area 

is 46±1 m²/g [19]. Upon dispersion in water they form a stable suspension with average diameter (in 

number) of 44±25 nm and polydispersity index (PdI) 0.146±0.009 (data not shown). Suspensions in 

ultrapure water were stored in the darkness at room temperature. Just before cell exposure they were 

diluted in cell culture medium containing 10% FBS after vigorous vortexing. The average 

hydrodynamic diameter then reached 342±15 nm (in number) and PdI increased to 0.236±0.048, 

indicating that NPs agglomerated (data not shown). 

 

Cell culture   

A549 human lung carcinoma cells were purchased from ATCC (Manassas, VA, USA, reference CCL-

185). Cells were subcultured in DMEM containing 4.5 g/L glucose (Life Technologies, Carlsbad, CA, 

USA) supplemented with 2 mM/L glutamine, penicillin/streptomycin (50 IU/mL and 50 mg/ml 

respectively, Life Technologies) and 10% vol./vol. FBS (Life Technologies). They were maintained at 

37°C in a 5% CO2/air incubator. 

 

Exposure to NPs 

During 2 months, cells were passed twice a week in 58 cm² petri dishes in cell culture medium 

containing NPs, using the following protocol: they were rinsed with PBS, trypsinized and counted after 

trypan blue staining. 1.25×10
6
 cells per condition were then seeded in a new 58 cm² petri dish, using 

one petri dish per condition i.e. one petri dish per TiO2-NP exposure concentration (0, 1, 2.5, 5, 10 or 

50 µg/mL TiO2-NPs). Therefore cells were exposed twice a week to a fresh suspension of NPs. The 

10 mg/mL NP stock suspension was the same during the whole exposure period.  

 

Proteomics 

Sample preparation, 2D gel analysis and mass spectrometry were performed as already described 

[22]. Only the specific methods are described here.  

 

Sample preparation 

Cells exposed for 2 months to 2.5 or 50 µg/mL TiO2-NPs (10
7
 cells per condition, with three 
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independent biological replicates per condition, i.e. per exposure concentration) as well as control 

cells (also 10
7
 cells in triplicate, not exposed to TiO2-NPs) were collected by scraping and washed 

three times with PBS. They were then washed with TSE buffer (Tris-HCl 10 mM pH 7.5, sucrose 0.25 

M, EDTA 1 mM), and the volume of the cell pellet was estimated by resuspension of the pellet in a 

known volume of TSE buffer and measurement of the suspension volume. Then 4 volumes of lysis 

buffer (urea 8.75 M, thiourea 2.5 M, CHAPS 5% w/v, TCEP-HCl, 6.25 mM, spermine base 12.5 mM) 

were added. After 1 h of incubation at room temperature, nucleic acids were removed by 

ultracentrifugation (270,000 g at room temperature for 1 h), and protein concentration in the 

supernatant was measured using the Bradford assay. Carrier ampholytes (Pharmalytes pH 3-10) were 

added to a final concentration of 0.4% (w/v). Samples were stored at -20°C until proteomic analysis. 

 

Isoelectric focusing  

Homemade long 4-8 linear pH gradient gels [23] were cast according to published procedures [24]. 

This pH interval was chosen as a good compromise between resolution and scope. Four mm-wide 

strips were cut, and rehydrated overnight with the sample, diluted in a final volume of 0.6 ml of 

rehydration solution (7 M urea, 2 M thiourea, 4% CHAPS, 0.4% carrier ampholytes (Pharmalytes pH 

3-10) and 100 mM dithiodiethanol [25, 26]. Strips were then placed in a Multiphor plate (GE 

Healthcare, Little Chalfont, UK), and isoelectric focusing (IEF) was carried out with the following 

electrical parameters: 100 V for 1 h, then 300 V for 3 h, then 1000 V for 1 h, then 3400 V up to 60-70 

kVh. After IEF, the gels were equilibrated for 20 min in Tris 125 mM, HCl 100 mM, SDS 2.5%, glycerol 

30% and urea 6 M [27]. They were then transferred on top of SDS gels and sealed in place with 1% 

agarose dissolved in Tris 125 mM, HCl 100 mM, SDS 0.4% and 0.005% (w/v) bromophenol blue.  

 

SDS electrophoresis and protein detection 

Ten percent gels (160x200x1.5 mm) were used for protein separation [28]. The lower electrode buffer 

was Tris 50 mM, glycine 200 mM, SDS 0.1%. The gels were run at 25 V for 1 h then 12.5 W per gel 

until the dye front has reached the bottom of the gel. Detection was carried out by fast silver staining 

[29].  

 

Image analysis 

Gel images were analyzed using Delta 2D software v 3.6 (Decodon, Greifswald,  

Germany). Three gels were prepared from 3 independent cultures for each experimental group. Spots 

that were never present above 100 ppm of the total spots were first filtered out. Then, significantly-

varying spots were selected on the basis of their Student T-test p-value between the different groups. 

Spots with a p-value lower than 0.05 were selected.  

 

Mass spectrometry 

Spots selected for identification were excised from the gels and analyzed using a NanoLC-MS/MS 

performed by a nanoLC-QTOF-MS system (Synapt G1 from Waters) and a nanoLC-QTOF-MS system 

(TripleTOF 6600 from ABSciex). For protein identification, MS/MS data were interpreted using a local 
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Mascot server with MASCOT 2.4.0 algorithm (Matrix Science, London, UK) against 

UniProtKB/SwissProt (version 2012_08, 537,505 sequences, [30]). Research was carried out in all 

species. A maximum of 1 trypsin missed cleavage was allowed. Spectra from QTOF were searched 

with a mass tolerance of 15 ppm for MS and 0.05 Da for MS/MS data. Carbamidomethylation of 

cysteine residues and oxidation of methionine residues were specified as variable modifications. 

Protein identifications were validated with at least 2 peptides with Mascot ion score above 20 or with 1 

peptide with Mascot ion score above 30 and 5 consecutive fragment ions in MS/MS spectrum. 

The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium 

[31] via the PRIDE partner repository with the dataset identifier PXD002662.  

 

Enolase activity 

To confirm our proteomics results, α-enolase activity was measured by monitoring the conversion of 2-

phosphoglycerate (2-PGA) into phosphoenolpyruvate (PEP) [32] in extracts from cells exposed to 0, 

2.5 or 50 µg/mL NPs. Cell extracts were prepared by lysing 1.5×10
7
 cells for 20 min at 0°C in 500 µl of 

Hepes 20 mM (pH 7.5) containing MgCl2 2 mM, KCl 50 mM, EGTA 1 mM and SB 3-14 (3-

tetradecyldimethylammonio propane 1-sulfonate) 0.15% w./v., followed by centrifugation at 15,000 g 

for 15 min. Protein concentration was measured using Bradford assay. 200 µg of protein extract (40 

µl) was then mixed with 400 µl of reaction buffer composed of 50 mM Tris-HCl, 1.5 mM 2-PGA and 1.5 

mM MgCl2 (pH 7.4). The appearance of PEP was followed by continuously measuring the absorbance 

at 240 nm at 20±1°C, on a Cary 60 UV-Vis (Agilent Technologies, Santa Clara, CA, USA) 

spectrophotometer, using an absorption coefficient of 1400 M
-1

 cm
-1

. One unit of enzyme was defined 

as the amount of enzyme that converted 1 µmol 2-PGA into PEP in 1 min at 20°C. For calibration we 

used enolase from Baker’s yeast (Sigma-Aldrich, reference E6126-500 UN). 

 

Proteasome function 

In order to evaluate the influence of proteasome on NP biological response, we evaluated the impact 

of MG132, a proteasome inhibitor, on the viability of cells exposed to 0, 2.5 or 50 µg/mL NPs [33]. 

After 2 months of exposure to NPs, cells were seeded at sub-confluence in 96-well plates, at 45 000 

cells per well (6 wells per condition). Sixteen hours after plating, they were rinsed in fresh medium 

then exposed for 6 h to 100 µL of 1, 10 or 50 nM of MG132 (Ready-made solution, Sigma-Aldrich 

reference M7449). Cell viability was determined using the 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl 

tetrazolium bromide (MTT) assay as described previously [21]. 

 

Mitochondrial activity 

We used rhodamine 123 to evaluate mitochondrial membrane potential, as a marker of mitochondrial 

activity [34]. After 2 months of cell exposure to 0, 1, 2.5, 5, 10, 50 µg/mL TiO2-NPs, cells seeded in 12-

well plates at 70 000 cells per well (3 wells per condition). After 16 h, they were rinsed with fresh 

medium, then exposed to 200 µL of 1 µM rhodamine 123 (Life Technologies) for 30 minutes. Cells 

were then washed in PBS and collected by scraping. Fluorescence intensity was measured with 

excitation at 480 nm and emission at 530 nm, using a Spectramax M2 spectrophotometer (Molecular 
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Devices, Workingham, UK) and normalized with respect to protein concentration. Data were 

normalized with respect to protein concentration, reflecting cell number, measured using Bradford 

assay.  

 

Western-Blot analyses 

To investigate DNA damage response pathway activation, we determined phosphorylation and 

acetylation of the tumor suppressor protein p53 in cells chronically exposed to 0, 1, 2.5, 5, 10 or 50 

µg/mL TiO2-NP. 25×10
7 

cells were lysed in a CellLytic
TM

 M solution (Sigma-Aldrich) to which was 

added protease inhibitors (Complete Mini protease inhibitor cocktail tablets, Roche, Bâle, Switzerland, 

one tablet for 10 mL CellLytic solution) and Halt Phosphatase Inhibitor Cocktail (Thermo Fisher 

Scientific, Waltham, MA USA, 100 µL for 10 mL lysing mix), then centrifuged at 20000 rcf for 10 min at 

4°C. Supernatants were kept at -80°C. Samples (30 µg protein content) were loaded in TGX Stain-

Free™ FastCast™ Acrylamide 12% gels (Biorad, Hercules, CA, USA) and migrated at 100 V for 2 h. 

Proteins were transferred to a nitrocellulose membrane using the Trans-Blot® Turbo™ Transfert 

System (Biorad). These membranes were then blocked in 5% non-fat milk prepared in TBS/Tween 

0.5% for 1 h. They were then incubated for 1h30 at room temperature with primary antibodies diluted 

in 5% non-fat dry milk prepared in TBS/Tween 0.5%: anti-phospho-p53 (Rabbit polyclonal to p53, 

phospho S15, Abcam, Cambridge, UK, reference ab1431, dilution 1/500 vol./vol.), anti-acetylated-p53 

(Rabbit monoclonal EPR358(2) to p53 acethyl K382, Abcam, Cambridge, UK, reference ab75754, 

dilution 1/100 vol./vol.) and anti-p53 antibodies (Mouse monoclonal anti-p53, clone DO-1, Sigma-

Aldrich, dilution 1/1000 vol./vol.). After rinsing in TBS-Tween 0.5%, membranes were incubated for 1 h 

at room temperature with anti-mouse and anti-rabbit secondary antibodies diluted in TBS/Tween 0.5% 

(Amersham ECL anti-mouse IgG HRP-linked, whole antibody, reference NA931 and Amersham ECL 

anti-rabbit IgG HRP-linked, whole antibody, reference NA934, dilution 1/20000 vol./vol. for both of 

them). Images were acquired on a Chemidoc XRS+ (Biorad) and band intensities were quantified with 

ImageLab software (Biorad). Results were normalized with respect to total protein content. 

We also used Western Blot to determinate autophagy in control cells and cells exposed to 2.5 et 50 

µg/mL NPs, by the conversion of microtubule-associated protein 1A/1B-light chain 3 from its cytosolic 

form (LC3-I) to LC3-phosphatidylethanolamine conjugate (LC3-II). The protocol was identical to what 

is described above using anti-LC3 antibody as primary antibody (LC3A/B (D3U4C) XP Rabbit mAb 

#12741, Cell Signaling Technology, Danvers, MA, USA, dilution 1/1000 vol./vol.) and anti-rabbit IgG 

as secondary antibody (Amersham ECL anti-rabbit IgG HRP-linked, whole antibody, reference NA934, 

dilution 1/20000 vol./vol.). 

 

Cell cycle assessment 

We assessed cell cycle as a possible consequence of the DNA damage pathway activation. After 

exposure to 0, 1, 2.5, 5, 10, 50 µg/mL TiO2-NP cells were collected (10
6
 cells per condition) and rinsed 

in PBS containing 2 mM EDTA (PBS-EDTA). Cells were fixed in ice-cold 70% ethanol for 30 min then 

washed with PBS-EDTA. They were suspended in PBS-EDTA containing 25 µg/mL propidium iodide 

(Life Technologies) and 25 µg/mL RNAse A (Sigma-Aldrich). A minimum of 20000 events per 
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condition was measured by flow cytometry using a FacsCalibur analyzer (BD Biosciences, Franklin 

Lanes, NJ, USA) equipped with the CXP software (Beckman Coulter Inc., Pasadena, CA, USA). Cell 

cycle data were fit using Flowing Software 2.5.1 (http://www.flowingsoftware.com/). 

 

Cell proliferation assay 

Proliferation was monitored using the 5-bromo-2'-deoxyuridine (BrdU) incorporation assay (Roche) in 

cells exposed to 0, 1, 2.5, 5, 10, 50 µg/mL TiO2-NP according to the manufacturer’s instructions. 

Briefly, cells were seeded in 96-well plates. They were exposed to BrdU for 16 hours before being 

fixed with FixDenat solution from the assay kit. They were then incubated in the anti-BrdU-POD 

antibody for 15 min (provided in the assay kit), then in the substrate solution for 5 min. BrdU labelling 

was then inferred from absorbance at 370 nm, measured using a Spectramax M2 spectrophotometer 

at 370 nm (Molecular Device), and corrected with respect to the absorbance at 490 nm. 

 

Electron microscopy 

After exposure, cells were fixed with 2.5% glutaraldehyde, post-fixed with OsO4 and dehydrated in 

graded concentrations of ethanol then embedded in Epon. Ultra-thin sections were cut (80 nm), 

counterstained with uranyl acetate and observed with a JEOL 1200 EX transmission electron 

microscope (TEM) operated at 80 kV (Grenoble Institut des Neurosciences, France) [35].  

 

Statistical analysis 

Experiments were repeated at least 3 times (biological replicates). Statistical tests were run using the 

Statistica 8.0 software (Statsoft, Chicago, IL, USA). Non-parametric one-way analyses of variance on 

ranks approach (Kruskal-Wallis) were used. When significance was demonstrated (p < 0.05), paired 

comparisons were run using Mann-Whitney tests. 

 

Results 

Proteomic analyses 

Quantitative analysis of the proteome was carried out on whole cell extracts prepared from control 

cells (i.e. not exposed to TiO2-NPs) or cells exposed for 2 months to either 2.5 or 50 µg/ml NPs 

(Figure 1).  
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Figure 1: Proteomic analysis of total cell extracts by 2D-gel electrophoresis. Total cell extracts were separated by 

two-dimensional gel electrophoresis. The first dimension covered a 4-8 pH range and the second dimension a 15-

200 kDa range. Proteins were detected by silver staining. Total cellular proteins (150 µg) were loaded on the first 

dimension gel. (A) gel obtained from control cells; (B) gel obtained from cells treated with 2.5 µg/mL TiO2-NPs for 

2 months; (C) gel obtained from cells treated with 50 µg/mL TiO2-NPs for 2 months. Arrows point to spots that 

show statistically significant changes between the different samples. Spot numbering is accessible in Table 1. (D) 

Venn diagram representing the number of gene products with modulated content in cells exposed for 2 months to 

2.5 or 50 µg/mL TiO2-NPs, as well as gene products modulated in common at both exposure concentrations. (E) 

Number of gene products with content up- or down-regulated in each exposure condition. 
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Three biological replicates per condition prepared from independent cell cultures were analysed on 

2D-gels (Figure 1A-C). We reproducibly detected 2310 spots on a pH 4-8 range, which was selected 

as a compromise between resolution (which decreases when the pH window increases) and scope 

(which increases when the pH window increases); since the literature reports that each protein 

corresponds to approximately 3 spots [36] these 2310 spots represent about 770 proteins species. 

The median coefficient of variation of spot intensity was 21%; it ranged between 13% and 25% 

depending on the sample i.e. within the range of typical 2D gel-based experiments [22, 37, 38].  

Despite this rather limited proteome coverage, the abundance of at least one protein species from 22 

gene products changed significantly in cells exposed to NPs, whatever the concentration, as 

compared to control cells. More precisely, the abundance of 17 and 16 gene products changed when 

comparing control cells to cells exposed to 2.5 µg/mL or 50 µg/mL TiO2-NPs, respectively (Figure 1D). 

The abundance of 11 gene products was commonly modulated in cells exposed to both TiO2-NP 

concentrations (Figure 1D). Increased content of 9, 7 and 5 proteins and decreased content of 8, 9 

and 5 proteins was measured in cells exposed to 2.5 µg/mL TiO2-NPs, 50 µg/mL TiO2-NPs and both 

concentrations, respectively (Figure 1E). Except for one gene product (serine-threonine kinase 

receptor-associated protein), the fold-change was always higher in cells chronically exposed to 2.5 

µg/mL as compared to cells exposed to 50 µg/mL TiO2-NPs (Table 1). 

We classified these proteins with respect to their function (Table 1). This classification made possible 

the identification of 6 main categories, corresponding to 6 main cellular functions that were impacted 

by TiO2-NP exposure at the protein level. These categories are trafficking (5 proteins) glucose 

metabolism (3 proteins) gene expression (3 proteins) chaperones (2 proteins) mitochondrial activity (2 

proteins) and DNA damage response (2 proteins). Protein abundances rather increased in the DNA 

damage response, chaperones and gene expression categories, while they rather decreased in the 

glucose metabolism and mitochondrial activity categories. In the trafficking category, the abundance of 

three proteins was reduced and the abundance of 2 proteins was increased. In addition to these 6 

main categories, 5 gene products could not be classified in any category: peroxiredoxin-6 (spot U2) 

which is involved in oxidative stress response (note however that the most abundant spot of the same 

protein, spot U2, was not affected), 26-S proteasome non-ATP regulatory subunit 5, involved in 

proteasome activity; retinal dehydrogenase 1, implicated in the metabolism of vitamin A; chloride 

intracellular channel protein 4, which forms poorly selective ion channels in membranes and the NIT2 

omega-amidase. These categories that we identified led us to investigate the functionality of their 

related cellular processes and structures.  

 

Glucose metabolism perturbation 

Our proteomics results showed decreased abundance of α-enolase (spots G1-G3 in Figure 1) and 

cytoplasmic malate dehydrogenase (spot G4) which are implicated in glucose metabolism. The 

intensity of the 3 α-enolase spots detected here, taken individually, was not modified significantly. Still 

their combined modulation implies that global α-enolase content is significantly decreased in cells 

exposed to the high concentration of TiO2-NPs. Therefore to address the functional implication of this 

decreased protein content we monitored the enolase activity in extracts of cells exposed to 0, 2.5 and 
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50 µg/mL NPs. As indicated in Figure 2, our results also show that enolase activity was significantly 

reduced in cells exposed for 2 months to 50 µg/mL TiO2-NPs. As we detected a rather small decrease 

in -enolase amount in the proteomic screen, this does not mean necessarily that the activity is 

decreased. Indeed the diminution in amount can be compensated for by other mechanisms, including 

PTMs.  Therefore to address the functional implication of this decreased protein content we monitored 

the enolase activity in extracts of cells exposed to 0, 2.5 and 50 µg/mL NPs. As indicated in Figure 2, 

our results also show that enolase activity was significantly reduced in cells exposed for 2 months to 

50 µg/mL TiO2-NPs. Enolase is a metalloenzyme that is present in all tissues capable of glycolysis. It 

is responsible for the conversion of 2-phosphoglucerate to phosphoenolpyruvate in the glycolysis 

metabolic pathway. The most abundant subunit in lung cells is the  subunit, the  and  subunits 

being mostly present in muscle cells and neural tissues, respectively. In lung cells, decreased enolase 

activity is thus directly related to decreased -enolase activity.  

 

 

Figure 2: Enolase activity. Enolase activity was measured in extracts of cells exposed to 0, 2.5 or 50 µg/mL TiO2-

NPs, and normalized with respect to protein content. Results are presented as the mean of 4 points ± SEM. *: 

p<0.05 vs control.  

 

 

The case of triose phosphate is more complex and illustrative of a situation commonly encountered in 

2D gel-based proteomics. One of the spots (G5) is statistically different between control and TiO2-

exposed cells, while the other spots, which are more abundant (G6-G7) do not show any significant 

difference. However, the global trend for these metabolic proteins is decreased abundance, 

suggesting that exposure to NPs could impair this function.  

 

Proteasome activity 

Since our proteomic results showed decreased content of 26S proteasome non-ATPase regulatory 

subunit 5 (spot U3 in Figure 1) we suspected that the activity of proteasome could be impacted in 

A549 cells chronically exposed to TiO2-NPs, as already described in dopaminergic neurons acutely 

exposed to TiO2-NPs [39]. Therefore we monitored the ability of cells chronically exposed to 2.5 or 50 

µg/mL of TiO2-NPs to survive to a non-lethal concentration of MG132, a potent proteasome inhibitor 

[40]. The objective was to detect cytotoxicity that would be due to additive proteasome inhibition by 
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MG132 and by TiO2-NPs, since excessive proteasome impairment is known to induce cell death [41]. 

On control cells, i.e. cells that were not exposed to TiO2-NPs, MG132 was not cytotoxic (Figure 3). 

Conversely, significant mortality was observed in cells previously exposed to 2.5 µg/mL TiO2-NPs for 2 

months then post-exposed to 10 and 50 nM MG132. In cells chronically exposed to 50 µg/mL TiO2-

NPs the mortality rate was higher as compared to 2.5 µg/mL TiO2-NPs; in this condition MG132 was 

cytotoxic at both 10 and 50 nM. This confirms that NPs exposure impaired proteasome activity, as 

anticipated from the proteomic results.  

 

 

Figure 3: Proteasome role as a survival factor during NPs treatment. Following exposure to 0, 2.5 or 50 µg/mL 

TiO2-NPs, cells were treated for 6 additional hours with 1, 10 or 50 nM of the proteasome inhibitor MG132. Cell 

viability was measured using the MTT assay. Results were normalized to control (without NPs or MG132) and are 

presented as the mean of 6 points ± SEM. *: p<0.05 vs control; #: p<0,05 vs 2.5 µg/mL NPs concentration at 

equivalent MG132 concentration. 

 

 

Mitochondrial activity 

Two proteins implicated in mitochondrial transport were less abundant in cells chronically-exposed to 

TiO2-NPs, according to our proteomic results: beta-lactamase-like protein 2 (spot M1 in Figure 1) and 

mitochondrial import inner membrane translocase (spot M2). This suggests that mitochondrial activity 

may be impaired. We therefore measured mitochondrial membrane potential (ψm) which represents 

mitochondrial membrane polarization, a capital feature for ATP production. To do so, we measured 

the incorporation of rhodamine 123 in cells exposed to 0, 1, 2.5, 5, 10 or 50 µg/mL of TiO2-NPs. We 

observed a concentration-dependent increase of its incorporation in cells exposed to 5, 10 and 50 

µg/mL TiO2-NPs (Figure 4A) which proves that long-term exposure to TiO2-NPs induced mitochondrial 

membrane hyperpolarization. This increase confirms that NP exposure impairs global mitochondrial 

activity, as suggested by the proteomic results.  

Classically, defective mitochondria are selectively removed from cells via mitophagy, which is a 

specific type of autophagy, in order to prevent cell degeneration [42]. The presence of mitochondria 

with altered functions in cells chronically exposed to TiO2-NPs suggests that autophagy might be 

defective. To confirm this hypothesis we monitored the conversion of the cytoplasmic LC3-I into LC3-
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phosphyatidylethanomaline (LC3-II) which is then recruited to the membranes of autophagosomes 

(Figure 4B). In addition we investigated the presence of autophasomoses by transmission electron 

microscopy (Figure (4C-D) in cells chronically exposed to 2.5 or 50 µg/mL TiO2-NPs and control cells. 

We observed the presence of multiple autolysosomes containing agglomerates of nanoparticles 

(Figure 4B-C) together with multilamellar bodies. Moreover the conversion of LC3-II to LC3-I increased 

in cells exposed for 2 months to both 2.5 and 50 µg/mL TiO2-NPs, suggesting that autophagy was 

induced.   

 

 

Figure 4: Mitochondrial activity impairment and induction of autophagy. (A) Mitochondrial membrane potential of 

cells exposed to TiO2-NPs assessed using rhodamine 123. After NPs exposure, cells were exposed to 1 µM 

rhodamine 123 for 30 min. (B) LC3-I and LC3-II contents in A549 cells chronically exposed to 2.5 or 50 µg/mL 

TiO2-NPs for 2 months. Results were normalized with respect to control data and are presented as the mean of 3 

replicates ± SEM. *: p<0.05 vs control. (C-D) TEM images of A549 cells exposed to 50 µg/mL TiO2-NPs for 2 

months. 

 

 

DNA damage response and its consequences 

Our proteomic results displayed increased levels of 2 protein species of serine-threonine kinase 

receptor-associated protein (STRAP, spots D2-D3). STRAP has 2 roles: first, it stabilizes the tumour-

suppressor p53 coactivators, p300 and JMY, so that they activate p53 [43]; second it acetylates p53 
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activating its inductive activity on DNA transcription [43]. Therefore, increased STRAP abundance 

could lead to p53 acetylation. As p53 acetylation is mediated by its phosphorylation [44], we monitored 

both p53 phosphorylation and acetylation by Western Blot after a 2 months exposure to 0, 1, 2.5, 5, 10 

or 50 µg/mL TiO2-NPs (Figure 5A). We observed significant increase in both post-translational 

modifications for all concentrations, except p53 phosphorylation at 1 µg/mL NPs. We therefore 

demonstrated the activation of the p53 signalling pathway in cells chronically exposed to TiO2-NPs, 

confirming the effect that we anticipated from increased levels of STRAP. 

Acetylation of p53 can lead to p21 activation, which in turn induces cell cycle arrest in G1 phase [45]. 

In addition another DNA damage-signalling protein highlighted by the proteomic results is protein 

phosphatase 5 (PP5, spot D1) which is also implicated in cell cycle regulation [46]. Taken together, 

these results suggest that NPs exposure could impact cell cycle. To confirm this hypothesis we 

monitored the cell cycle in cells exposed to 0, 1, 2.5, 5, 10 or 50 µg/mL TiO2-NPs (Figure 5B). The 

proportion of cells in the G1 phase was moderately but significantly higher when cells had been 

chronically exposed to 50 µg/mL TiO2-NPs, as compared to control cells. This increase was correlated 

with a decreased proportion of cells in the S phase after 2 months of exposure to 10 and 50 µg/mL 

NPs. This proves that cells encountered a moderate but significant slowdown of cell cycle progression 

following a concentration-dependent trend, confirming our hypothesis. We then investigated if this cell 

cycle slowing down had physiological consequences on cell proliferation (Figure 5C). We observed a 

concentration-dependent decrease of the cell proliferation rate in cells exposed 2.5, 5, 10 or 50 µg/mL 

TiO2-NPs, confirming the physiological consequences of cell cycle modification caused by chronic 

exposure to TiO2-NPs.  
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Figure 5: Induction of a DNA damage response. Post-translational modifications of p53 were assessed by 

Western Blot after exposure TiO2-NPs. (A) Phosphorylation and acetylation data were reported to total p53 

content, and normalized with respect to protein quantification using Stain-Free™ technology and to extracts of 

control cells. Results are presented as the mean of 3 points ± SEM. *: p<0.05 vs control. (B) Cell cycle analysis, 

showing percentage cells in the G1 phase and in the S phase compared to total cell number. Data were reported 

to the control. Results are presented as mean of 4 points ± SEM. *: p<0.05 vs control. (C) Cell proliferation after 

exposure to TiO2-NPs, monitored by the BrdU incorporation assay. Results were reported to control data and are 

presented as the mean of 4 points ± SEM. *: p<0.05 vs control. 

 

 

Discussion 

This article describes the effects of long-term exposure of A549 cells to 2.5 and 50 µg/mL TiO2-NPs, 

two concentrations which can be considered as a low and a high exposure concentration. Cell 
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response was assessed using 2D-gel proteomics analyses coupled to functional validation which, to 

enrich their strength, were for some of them also carried out in cells exposed for 2 months to 1, 5 and 

10 µg/mL TiO2-NPs. 

We report significant modulation of abundance of only 22 protein species. In this respect, we observed 

several different cases when proteins were represented by several spots on the 2D gels. In the case 

of enolase, all the three spots decreased each in a weakly significant way, but the congruence of all 

variations became much more significant on a statistical point of view. We also observed cases where 

one modified (altered pI) spot was statistically significantly modulated, but the most abundant, basic 

spot(s) was(were) unchanged (dynein, triosephosphate isomerase, FKBP4, peroxiredoxin 6). Lastly, 

we also observed cases where all detected spots were significantly changed in the same direction 

(STRAP). This shows the complexity of the regulations phenomena that can be detected at the protein 

species level.  

Compared to these 22 protein species, most proteomic studies related to the impact of acute exposure 

to TiO2-NPs report a more intense cellular response, this discrepancy can easily be explained by the 

different exposure protocols, i.e. acute vs. chronic exposure and exposure medium containing vs. 

lacking FBS [9-12]. Moreover, this is certainly explained by the different cell models used in these 

different studies. Indeed, none of them were carried out on A549 cells. The different responses of 

different cell lines, but also of cell lines as compared to primary cells, have been largely reported. For 

instance a recent article shows that, among lung cell models, A549 and BEAS-2B respond differently 

and also respond differently from normal human primary bronchial epithelial cells (NHBE) [47]. A549 is 

from alveolar origin while BEAS-2B and NHBE originate from bronchial tubes. Moreover A549 

originate from a lung carcinoma while BEAS-2B is a normal cell line transformed by SV40 and NHBE 

are non-immortalized, normal cells. Moreover A549 cells carry a number of mutations (for details see 

the COSMIC database, http://cancer.sanger.ac.uk/cosmic). All these differences can explain their 

different response.”  

We show that the cellular response to chronic exposure to both concentrations of TiO2-NPs mostly 

consists in common elements. Indeed the content of 11 proteins, related to 6 functional categories, is 

modulated in both exposure conditions. The content of 6 and 5 proteins, related to the same 6 

functional categories, is modulated in cells exposed to 2.5 µg/mL TiO2-NPs only or 50 µg/mL TiO2-NPs 

only, respectively. Interestingly, the modulation follows the same trend at both concentrations, i.e. 

when protein content was increased in cells exposed to 2.5 µg/mL TiO2-NPs it was generally also 

increased in cells exposed to 50 µg/mL and reversely. Still the modulation is more intense in cells 

exposed to 2.5 µg/mL TiO2-NPs than in cells exposed to 50 µg/mL TiO2-NPs. Chronicity and low TiO2-

NP concentration would thus induce a stronger molecular response of exposed cells, possibly 

because at this low concentration cells maintain their optimal capacity to adapt to this external 

repeated stress. This underlines the necessity to use realistic, low-concentrations of NPs when 

assessing the biological impact of NPs, particularly when probing the level of modulation of a specific 

pathway. This also highlights that exposure to a high concentration of NPs makes possible the 

identification of cellular structures and functions that are also affected at more realistic, low 

concentrations. Consequently, in our exposure conditions, high exposure concentration is predictive of 
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the cellular pathways that are affected in the more realistic, low concentration exposure condition. Our 

functional experiments also show that the same functions are affected in cells exposed at high and low 

concentrations of NPs.  

 

We report here that chronic exposure to TiO2-NPs causes activation of the DNA damage response 

pathway, via p53 activation, leading to impairment of cell cycle progression and cell proliferation. In 

this context, an important point to keep in mind is that A549 cells present a p53 wild type phenotype 

(http://www.lgcstandards-atcc.org/~/media/2B3C84F951E24E668C78EB70809C7613.ashx) even 

though they arise from a carcinoma. Thus, investigating the function of p53 with this model is 

appropriate. P53 is a central player in the DNA damage response. Its activation can be directly caused 

by the DNA damage that we and others previously reported in cells exposed to TiO2-NPs either 

acutely [4, 21, 48] or chronically [13] and which is characterized by oxidative lesions and DNA strand 

breaks, including double-strand breaks that may result from the duplication of cells with replication fork 

blockade [48]. It may also be linked to the impaired glucose metabolism that our proteomics results 

reveal; indeed p53 is also activated upon cell starvation and metabolic stress [49]. Its activation can 

lead to cell cycle arrest, senescence or apoptosis, depending on the mode of activation and DNA 

damage duration [50]. In our experiments, activation of p53 is correlated with increased content of 

STRAP in cells chronically exposed to TiO2-NPs, which suggest that p53 is activated via the ATM 

pathway [51]. STRAP is a cofactor of p53 which stabilizes it by antagonizing Mdm2 and by stabilizing 

JMY and p300, two other cofactors of p53. Moreover STRAP activity enhances p53 acetylation, which 

activates p53-mediated transcription. By increasing STRAP intracellular content, chronic exposure to 

TiO2-NPs thus induces DNA damage response, which may lead to the transcription of DNA repair 

genes. Finally phosphorylation of p53 [52] cell proliferation impairment [53] and activation of the ATM 

pathway [54] have already been observed in targeted, non-proteomic studies, evaluating the impact of 

acute exposure to NPs on other cell models. We thus show here that activation of p53 is also a 

significant determinant of the impact of long-term exposure to TiO2-NPs of A549 lung cells. 

 

We also report here decreased contents of two mitochondrial enzymes, together with 

hyperpolarization of mitochondrial membrane which signs mitochondrial activity impairment. 

Hyperpolarization of mitochondria also occurs in cells exposed to a variety of small molecules [55], to 

rapamycin [56], salinomycin [57] and glutamate [58]. It can be due to either increased proton pumping 

by increased activity of respiratory enzyme complexes, blockade of electron transfer, blockade of the 

use of protons by enzymes within the mitochondria or change in the mitochondrial pH, leading to 

membrane potential modifications. Mitochondrial damage is often correlated with the onset of 

autophagy [56, 57] which has largely been described as a mechanism of NP toxicity upon acute 

exposure of mammalian cells, in vitro [59] and particularly in cells acutely exposed to TiO2-NPs [60]. It 

may be an attempt to eliminate damaged organelles, particularly the damaged mitochondria. Indeed 

damaged mitochondria are classically eliminated via mitophagy, which is a specialized type of 

autophagy [42]. It may also be a way to sequester and discard NPs accumulated in the cytoplasm, 

which is supported by our TEM observations showing cells containing numerous autolysosomes filled 

http://www.lgcstandards-atcc.org/~/media/2B3C84F951E24E668C78EB70809C7613.ashx
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with NPs. Mitochondrial damage is related to oxidative stress, since mitochondria and the respiration 

are the main source of endogenous reactive oxygen species (ROS) in mammalian cells. Perturbation 

of mitochondrial activity may lead to the accumulation of ROS that was previously reported after acute 

[4, 21, 48] or chronic [13, 15] exposure to TiO2-NPs, which correlated well with the onset of oxidative 

damage of DNA [21, 48]. Still, here we report decreased abundance of only one protein species 

related to oxidative stress response, peroxiredoxin-6. However, neither the more abundant spot of the 

same protein nor the levels of the other peroxiredoxins were modified upon TiO2 treatment suggesting 

a low level of oxidative stress, i.e. efficient scavenging of the ROS produced in cells upon long-term 

exposure to TiO2-NPs. 

 

Broadly speaking, decreased glucose metabolism, along with decreased proteasome and 

mitochondrial activity suggests global cell impairment. Increased content of molecular chaperones 

confirms the presence of a context of cellular stress [61] which might be linked with the activation of 

the DNA damage response pathway. All these modifications might lead to the decrease of cell 

proliferation that we report here. However the absence of overt cytotoxicity, associated with the 

increased content of proteins involved in gene expression also suggest that cells are fighting this 

stress and might recover over time. Moreover, in addition to being a general stress response, 

increased chaperone contents might be linked either with increased gene expression or with the 

compensation of decreased proteasome activity. Indeed a decrease of proteasomal activity will result 

in higher levels of unfolded proteins to be handled by chaperones, as previously described in other 

contexts of cellular stress [62] and among them in neuron cells acutely exposed to TiO2-NPs [39]. It 

again suggests that the cellular response to acute TiO2-NP exposure reflects well the cellular 

response to a more realistic long-term exposure.  

 

Lastly, we report modulations of abundances of proteins involved in cell trafficking. We observed a 

decreased content of calponin-2, a protein that is involved in cell motility and cytokinesis [63] and a 

decreased abundance of annexin A4, which plays a role in exocytosis [64]. These two proteins are 

involved in exchange mechanisms with the environment of the cell; the results reported here thus 

suggest that cells chronically-exposed to TiO2-NPs reduce their communication with the extracellular 

compartment due to the intracellular stress [65]. On the other hand, we observe decrased content of 

vesicle-fusing ATPase, kinesin light chain 2 and increased content of the acidic, activated form of 

dynein [66]. These proteins are involved in intracellular transport [66, 67]. This suggests that cells 

chronically exposed to TiO2-NPs tend to limit their interactions with their environment and to modulate 

intracellular transport. It can be interpreted as a defence mechanism, comparable to the increased 

abundance of chaperones proteins.  

 

The categories of proteins reported here as being impacted by long-term exposure to TiO2-NPs, 

particularly mitochondrial activity, trafficking, glucose metabolism have also been identified by 

proteomics in cells acutely exposed to TiO2-NPs [9-12]. In spite of these similarities, the DNA damage 

response activation that we observe here was either absent or very attenuated in these other studies. 
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The only study mentioning DNA damage is the one by Tilton et al. [12]. Instead, these papers 

displayed increased contents of proteins involved in the apoptotic pathway [9-12] which is a feature 

that we do not observe. Apoptosis often occurs in cells encountering non-repaired DNA damage, and 

one could speculate that cells chronically exposed to TiO2-NPs might to some extent efficiently repair 

DNA damage therefore preventing apoptosis, contrary to cells acutely exposed to higher, toxic 

concentrations of TiO2-NPs. This observation is in line with the hypothesis that cells exposed to a low, 

sub-toxic concentration of NPs are able to efficiently face this stress that may eventually trigger an 

adaptive response.  

 

Lastly, new mechanisms emerge from this study when comparing the pathways identified here by 

proteomics analysis to those already described and resulting from targeted experiments [13-16]. The 

principal mechanisms described to date were over-production (or not) of ROS [13, 15, 16], 

genotoxicity or no DNA damage [13, 16], tumorigenesis and cell transformation [13, 16], as well as 

impairment of cell cycle progression [13-15] by inhibition of mitotic progression [13]. We report here 

that cell cycle progression impairment is certainly linked to the DNA damage response which is 

activated via production of STRAP and phosphorylation/acetylation of p53; and that it ultimately leads 

to reduced cell proliferation and DNA repair. We also show mitochondrial impairment, which might 

cause or be caused by the oxidative stress that is very classically reported in cells exposed to TiO2-

NPs and which might itself cause the initiation of autophagy and/or mitophagy. In this global scene we 

also show altered proteasome activity and glucose metabolism, activation of the production of 

chaperones as well as reduced trafficking towards the extracellular compartment, signing a defence 

mechanism. This study thus made possible the identification of new modes of action of TiO2-NPs upon 

chronic exposure.  

 

Conclusions 

This study gives new insights in TiO2-NP toxicity upon long-term exposure. At rather small, non-

cytotoxic concentrations, several biological pathways are altered including mitochondrial activity or 

glucose metabolism. In addition the activation of DNA damage responses and its biological 

consequences in terms of p53 activation, cell cycle modification and cell proliferation strongly suggest 

a cellular stress, even at the lowest concentration of NPs. However, the absence of apoptosis-related 

protein induction and cytotoxicity, along with the increased contents of proteins and chaperone-related 

proteins, suggests that cells are fighting against this stress. Finally we show that the use of high 

exposure concentrations is predictive of the cellular response to lower, more realistic exposure 

concentrations. Still we observed that the lowest concentrations and longest exposure periods induced 

the more intense cellular response. Taken together, these data suggest that long-term exposure to low 

concentrations of TiO2-NPs may induce cell adaptation but not overt mortality. 
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Table 1. Proteins showing different contents in control cells vs. cells exposed to TiO2-NPs, identified in the proteomic screen
a 

 

 

Spot 

ID 
Protein name 

Accession 

number
a
 

Molecular 

weight 

(Da) 

Nr.  

unique 

peptide 

Sequence 

coverage 

2.5/Ctrl 

(Fold/T-test) 

50/Ctrl 

(Fold/T-test) 

DNA damage response 

      D1 Serine/threonine-protein phosphatase 5 P53041 56880 12 31,10% 1.644/0.02 1.235/0.21 

D2 Serine-threonine kinase receptor-associated protein Q9Y3F4 38439 18 67,10% 1.503/0.043 1.637/0.004 

D3 Serine-threonine kinase receptor-associated protein Q9Y3F4 38439 20 69,10% 1.322/0.115 1.536/0.014 

Chaperones 

      C1 Peptidyl-prolyl cis-trans isomerase FKBP4 Q02790 51806 24 55,30% 1.544/0.034 1.185/0.047 

C2 Peptidyl-prolyl cis-trans isomerase FKBP4 Q02790 51806 23 62,70% 1.544/0.082 1.054/0.50 

C3 T-complex protein 1 subunit gamma P49368 60535 22 42,40% 2.245/0.058 1.881/0.018 

        Mitochondrial activity 

      M1 Beta-lactamase-like protein 2 Q53H82 32807 13 54,90% 0.584/0.048 0.805/0.29 

M2 Mitochondrial import inner membrane translocase subunit TIM44 O43615 51357 10 24,80% 0.713/0.02 0.537/0.002 

        Gene expression 

      E1 Eukaryotic translation initiation factor 2 subunit 1 P05198 36113 22 64,40% 1.937/0.025 1.73/0.046 

E2 Multifunctional protein ADE2 P22234 47080 15 41,60% 0.964/0.91 1.891/0.032 

E3 

Putative pre-mRNA-splicing factor ATP-dependent RNA helicase 

DHX15 O43143 91009 19 25,20% 1.692/0.027 1.195/0.244 

        Trafficking 

      T1 Calponin-2 Q99439 33698 7 31,40% 0.478/0.048 0.796/0.152 
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T2 Annexin A4 P09525 35884 10 35,40% 0.501/0.031 0.768/0.021 

T3 Vesicle-fusing ATPase P46459 82597 15 21,90% 2.263/0.024 1.524/0.15 

T4 Kinesin light chain 2 Q9H0B6 68936 10 17,40% 0.342/0.03 0.552/0.063 

T5 Cytoplasmic dynein 1 intermediate chain 2 Q13409 68377 9 17,60% 1.619/0.034 1.446/0.068 

T6 Cytoplasmic dynein 1 intermediate chain 2 Q13409 68377 9 19,80% 1.200/0.62 1.065/0.87 

        Glucose metabolism 

      G1 Alpha-enolase P06733 47170 34 73% 1.12/0.58 0.81/0.16 

G2 Alpha-enolase P06733 47170 33 75,00% 1.11/0.52 0.94/0.61 

G3 Alpha-enolase P06733 47170 37 77% 1.14/0.53 0.9/0.63 

G4 Malate dehydrogenase cytoplasmic P40925 36427 4 14,10% 0.513/0.026 0.798/0.11 

G5 Triosephosphate isomerase P60174 30791 15 21,90% 0.592/0.01 0.759/0.017 

G6 Triosephosphate isomerase P60174 30791 24 71,00% 0.86/0.17 1.0/1 

G7 Triosephosphate isomerase P60174 30791 25 71% 0.94/0.7 1.07/0.65 

        Miscellaneous 

      U1 Peroxiredoxin-6 P30041 25036 11 48,20% 0.612/0.009 0.941/0.566 

U2 Peroxiredoxin-6 P30041 25036 16 56% 1.095/0.19 0.93/0.38 

U3 26S proteasome non-ATPase regulatory subunit 5 Q16401 56197 17 44,20% 0.885/0.67 0.529/0.04 

U4 Retinal dehydrogenase 1 P00352 54863 16 40,50% 0.681/0.11 0.574/0.017 

U5 Chloride intracellular channel protein 4 Q9Y696 28774 14 67,20% 0.931/0.84 1.574/0.02 

U6 Omega-amidase NIT2 Q9NQR4 30609 10 45,30% 0.756/0.82 0.499/0.045 

 

 

a
The accession numbers are those of the SwissProt Database. The proteins directly or indirectly validated are in italics in the table.
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