Toxicology in Vitro 50 (2018) 347-372

=

Toxicology

Contents lists available at ScienceDirect
in Vitro

Toxicology in Vitro

journal homepage: www.elsevier.com/locate/toxinvit

Proteomics study of silver nanoparticles on Caco-2 cells )

Check for
updates

Sabrina Gioria™*, Patricia Urban”, Martin Hajduch”, Paola Barboro”, Noelia Cabaleiro?,
Rita La Spina®, Hubert Chassaigne”

@ European Commission, Joint Research Centre (JRC), Directorate F - Health, Consumers and Reference Materials, Via Enrico Fermi 2749, 1-21027 Ispra, VA, Italy
® Academic Unit of Medical Oncology, Ospedale Policlinico San Martino, L.go R. Benzi 10, 16132 Genova, Italy

ARTICLE INFO ABSTRACT

Silver nanoparticles (AgNPs) have been incorporated into several consumer products. While these advances in
technology are promising and exciting, the effects of these nanoparticles have not equally been studied. Due to
the size, AgNPs can penetrate the body through oral exposure and reach the gastrointestinal tract. The present
study was designed as a comparative proteomic analysis of Caco-2 cells, used as an in vitro model of the small
intestine, exposed to 30 nm citrate stabilized-silver nanoparticles (AgNPs) for 24 or 72h. Using two com-
plementary proteomic approaches, 2D gel-based and label-free mass spectrometry, we present insight into the
effects of AgNPs at proteins level. Exposure of 1 or 10 pg/mL AgNPs to Caco-2 cells resulted in 56 and 88 altered
proteins at 24h and 72h respectively, by 2D gel-based technique. Ten of these proteins were found to be
common between the two time-points. Using label-free mass spectrometry technique, 291 and 179 altered
proteins were found at 24 h and 72 h, of which 24 were in common. Analysis of the proteomes showed several
major biological processes altered, from which, cell cycle, cell morphology, cellular function and maintenance
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were the most affected.

1. Introduction

Silver nanoparticles (AgNPs) are the most commercialised nano-
technological products on the market according to the Consumer
Products Inventory (2016), with over 400 registered applications to
date (Calderén-Jiménez et al., 2017). Due to their unique antibacterial
properties against both Gram-positive and negative bacteria (Panacek
et al., 2006), AgNPs have been incorporated into a large number of
consumer products. AgNPs are found in clothing, kitchenware, toys,
cosmetics, medicinal products, medical devices, food packaging mate-
rials, plant protection and biocidal products.

Considering the broad application of AgNPs, a wide public is likely
exposed to them on a regular basis. The increased rate of introduction
of NPs-based consumer products to the market prompts the need for a
better understanding of the fate and potential impacts on the biological
systems.

Silver is considered to be more toxic than other metals when in
nanoscale form (Bar-Ilan et al., 2009) and AgNPs have a different
toxicity mechanism compared to dissolved silver ions (Li et al., 2013).
The mechanism employed for the uptake of NPs and their effects on
cellular function appear to be critically dependent on the particle
characteristics, such as the size (of the primary particle and potential
aggregates/agglomerates), hydrophobicity, surface modification, and

shape (Win and Feng, 2005). However, less research has been done to
evaluate these interactions and their impact on human health. Previous
works have shown that AgNPs can induce potential harmful effects,
including the generation of dangerous radicals (Li et al., 2013).

Due to their size, NPs can readily penetrate the body and cells
through various routes. It has been reported that inhaled NPs cleared by
mucociliary escalator, can be ingested and reach the gastrointestinal
tract (Teow et al., 2011). It is estimated that the average person in a
developed country is exposed orally to 10'% to 10'* man-made fin
(0.1-1 um) to ultrafine (< 100 nm) particles every day (Lomer et al.,
2002, Kim et al., 2010, Hartemann et al., 2015). As the Caco-2 human
epithelial cell line is one of the most relevant in vitro models to study
intestinal functions (Lefebvre et al., 2015), it was selected to investigate
AgNPs toxicity.

The present study was designed to elucidate the effects of AgNPs
when interacting with Caco-2 cells and to address the limited literature
available. We had previously shown the advantages of 2D gel-based
proteomics as a potent tool to accurately quantify and identify proteins
involved in cellular events, underlying nano-bio interactions and un-
derstanding the potential mechanism of actions (Gioria et al., 2016).
Here, we have applied the technique to unravel the cellular networks
regulated by AgNPs.

We report on the two complementary proteomic approaches for the
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investigation of the interactions of AgNPs with Caco-2 cells: (i) the 2D
gel-based proteomics, which included two-dimensional gel electro-
phoresis (2DE), coupled with ultra-high-performance liquid chromato-
graphy high-resolution mass spectrometry (UHPLC-HRMS/MS); and (ii)
the label-free MS-based proteomics, based on UHPLC-HRMS/MS, fol-
lowed by extensive bioinformatics and data mining procedures. Also,
the two proteomic approaches were complemented with additional
analytical techniques for a complete analysis of cellular response to
NPs.

Overall this research advances the mechanistic understanding of
AgNP toxicity and contribute to a more effective assessment of the
growing number of new nanomaterials, which is difficult to achieve by
traditional, single end-point approaches (Costa and Fadeel, 2016)
(Matysiak et al., 2016). In addition, data sharing in mass-spectrometry
(MS)-based proteomics opens a plethora of opportunities (Martens and
Vizcaino, 2017) for scientific progress.

2. Materials and methods

A schematic diagram of the experimental design of the 2D-gel based
and label-free MS-based approaches and bioinformatics tools employed
is provided in Fig. 1.

2.1. AgNPs synthesis

In controlling the colloidal stability, citrate was used as a capping
agent. The synthesis of AgNPs was carried out by the reduction of
AgNO; with citrate and tannic acid based on the procedure described in
(Dadosh, 2009) with some modifications. More specifically, 120 pL of
tannic acid (2 mM) were added to 6 mL of citrate 28 mM, the solution
was and stirred at 60 °C for 15 min. Then, 6 mL of this solution were
added to 94 mL of AgNO3 0.55 mM in boiling condition under vigorous
stirring. The mixture was kept at 97 °C for further 40 min. The solution
was heated up using a microwave synthesis reactor (Discover S by CEM
corporation) to ensure a highly reproducible rapid heating. Afterwards,
the solution was rapidly cooled down at 40 °C, and then to room tem-
perature. The nanoparticles were directly characterized after synthesis.

2.2. AgNPs characterisation

The size and size distribution of the synthesized AgNPs in dispersion
solution were assessed by Centrifugal Liquid Sedimentation (CLS), and
Dynamic Light Scattering (DLS) while the shape and size were verified
by Scanning Electron Microscopy (SEM) imaging. The CLS measure-
ments (instrument model DC24000UHR, CPS Instruments Inc., USA)
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Fig. 1. Schematic diagram of the experimental design of the 2D-gel based and
label-free MS-based.
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were performed in an 8 wt%-24 wt% sucrose density gradient with a
disc speed of 22,000 rpm. Each sample injection of 100 pL was preceded
by a calibration step using certified polyvinyl chloride (PVC) particle
size standards with a weight mean size of 280 nm. Measurements of
particle size distribution by DLS were done using a Zetasizer Nano-ZS
by Malvern Ltd., UK. Each sample was measured in triplicate at 25 °C
after an equilibration step of 120 s using an acquisition time of 80 s. The
hydrodynamic diameter was calculated using the DLS internal software.

The size distribution and shape of the particles were also verified
using TEM image. The software ImageJ was used for image analysis
with a minimum of 100 particles being counted for size and size dis-
tribution calculations.

The behaviour of citrate-stabilized AgNPs in complete culture
medium was monitored by DLS analysis for up to 72h at 37 °C.

The particle stock suspension was analysed for potential endotoxin
contamination using a commercially available endotoxin quantitation
kit (Thermo Fisher Scientific, 88,282) according to the manufacturer's
instructions and no endotoxin contamination was detected.

2.3. Quantification of dissolved ionic silver and internalised AgNPs by ICP-
MS

The amount of dissolved ionic Ag was evaluated by ultrafiltration in
1 and 10 pg/mL AgNPs suspensions in Caco-2 complete culture media.
Two mL of the stock was filtered through Amicon Ultra Centrifugal
Filter of regenerated cellulose (cut off 3KDa). To 500 pL of the resulting
filtrate, 200 pL of concentrated nitric acid was added (Carlo Erba SpA,
Italy) and the solution was made up to 3mL with Milli-Q water
(Millipore, USA) before analysis by ICP-MS (Agilent ICP-MS 7700x,
Agilent Technologies, Santa Clara, USA). The instrument was operated
using collision cell technology (CCT) with He gas (4.3 mL/min) and
monitoring isotope Ag!%”. Rhodium (50 pg/L) was added on-line as an
internal standard.

Total concentration of Ag internalised in cells incubated for 24 h, or
72h was evaluated after 10 min microwave digestion (200 °C, 300 W,
400 psi) with 2mL of HNO3 and 0.4 mL H,0, using a microwave acid
digestion system (Discover SP-D, CEM Co., USA). Samples were diluted
with milli-Q water before ICP-MS analysis, as described above. ICP-MS
was also performed on initial solution of 1 and 10 ug/mL (t = 0) in
order to calculate the percentage of dissolved ionic Ag.

2.4. Cell culture conditions and AgNP exposure

Human colon adenocarcinoma Caco-2 cells were obtained from the
American Type Culture Collection (LGC standards, Milano, Italy). Caco-
2 cells (passage 43-49) were cultured in complete culture medium,
composed of Dulbecco's Modified Eagle Medium (DMEM) high glucose
(4500 g/L) supplemented with 10% (v/v) Fetal Bovine Serum (FBS,
North America Origin), 0.5% (v/v) penicillin/streptomycin, 4 mM 1-
glutamine and 1% (v/v) not essential amino acids. All cell culture re-
agents were purchased from Life Technologies, Italy. For routine cul-
ture, cells were maintained in a sub-confluent state under standard cell
culture conditions in a humidified incubator (37 °C, 5% CO,, 95% hu-
midity) (Heraeus Thermo Fisher®, Belgium).

2.5. Sample preparation

For proteomic experiments, 1 x 10° Caco-2 cells between passage
43 and 49 were seeded in 5mlL complete culture medium in
100 x 20 mm Petri dish (Corning, Italy). For treatment, the medium
was replaced with 30 nm AgNPs at final concentrations of 1 or 10 pug/
mL. In each experiment, untreated cells were used as control. Six bio-
logical replicates were performed for each experimental condition.
Proteins extraction from the cytoplasmatic compartment was per-
formed at 24 and 72h of exposure time as described in our previous
work (Gioria et al., 2014).
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For 2D gel-based experiments, protein pellets were re-suspended in
the buffer for two-dimensional polyacrylamide gel electrophoresis.
Experiments were run using an equal protein amount of 100 ug per
sample (control or treated). For each experimental condition (Control
and treated), six replicate gels were run.

For MS-based proteomic experiments, protein pellets (100 ug pro-
tein each) were re-suspended in 100 puL 0.2% (w/v) RapiGest solution
and vortexed. 5L of 50 mM DTT solution was added, and the sample
was heated at 60 °C for 30 min at 300 rpm using a Thermomixer. The
sample was cooled to room temperature, and 10 uL. of 100 mM iodoa-
cetamide (IoAc) solution was added. The sample was placed in the dark
at room temperature for 30 min and 40 pL 0.1 pg/uL of trypsin solution
was added to the protein tube (1:50, protease: protein ratio). Samples
were incubated at 37 °C for 12h (Thermomixer at 300 rpm) for op-
timum enzymatic digestion. 5uL of 500 mM HCI solution was then
added to neutralise the RapiGest. The sample was transferred into
molecular-mass cut-off filtration units (3000 MWCO) and the units
were centrifuged at 14,000 x g for 10 min before LC-MS/MS analysis.

2.6. 2D gel-based quantitative proteomic experiments

2.6.1. 2D gel electrophoresis and 2D map differential analysis

In order to better estimate the difference between untreated (con-
trol) and AgNPs-treated cells, a randomised block design on 6 biological
replicates for each experimental condition (control, 1 or 10 pug/mL
AgNPs) was performed to reduce the bias and variance in the 2D-gel
protein patterns.

The 2D gel electrophoresis technique was described in our previous
work (Gioria et al., 2014). Briefly, protein samples were separated by
isoelectric focusing using immobilised non-linear pH range 3.0-10.0
strips (GE Healthcare) followed by SDS-PAGE in a 16 x 14 cm 8-14%
linear gradient. After 2D electrophoresis, gels stained with fluorescent
dye Sypro Ruby (Molecular Probe Inc., Lifetechnologies, Italy) were
scanned with a GS-800 imaging densitometer (BioRad) under the same
scanning conditions. For each 2D map protein pattern analysis, back-
ground subtraction, spot detection, gel alignment and spot matching
were performed using PDQuest v. 7.3.0 software package (BioRad) as
already reported (Gioria et al., 2016). Using Mann-Whitney test along
with + two folds change in expression level, differentially regulated
proteins were selected. Apparent molecular weight (MW) and iso-
electric points (pI) were established by comparison with known pro-
teins used as internal standards.

2.6.2. Preparative 2D gels and protein spot picking

A preparative experiment was run using 200 ug of protein from
control and treated samples. Experimental conditions for electrophor-
esis were the same as the ones described for the analytical gel. The gels
were Sypro Ruby stained and digitized for image analysis. Preparative
gels were matched with analytical gels for protein selection in the 2D
map using PDQuest software. Corresponding spots were listed and
numbered accordingly for further MS/MS identification. Selected pro-
tein spots were excised and transferred to a 96-well plate using a
ProteomeWorks Plus Spot Cutter System (BioRad).

2.6.3. In-gel protein hydrolysis and peptide extraction

Sample preparation was carried out under a laminar flow cabinet
using powder-free gloves and sterile equipment. Protein spots were
washed three times with Milli-Q water and dried three times with
acetonitrile (CH3CN), reduced (using 10 mM DTT in 50 mM ammonium
bicarbonate for 30 min at 56 °C) and alkylated (using 50 mM iodoace-
tamide in 50 mM ammonium bicarbonate for 30 min in the dark). The
enzymatic digestion (using 1 ng/ul sequencing grade trypsin in 50 mM
ammonium bicarbonate) was performed at 37 °C overnight. The re-
sulting hydrolysates were extracted three times with a total volume of
40l solution (CH3CN 100%) and transferred into Eppendorf tubes.
Extracts were combined (120pul) and samples were evaporated to
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dryness using a rotary evaporator equipped with a vacuum system and
re-suspended in 20 pL solution of 0.1% formic acid (HCOOH) in milli-Q
water: methanol, 95:5.

2.7. Label-free MS-based quantitative proteomic experiments

2.7.1. Capillary-UHPLC and LTQ Orbitrap mass spectrometry

For label-free MS-based quantitative proteomics, the UHPLC-
HRMS/MS configuration and experimental conditions were similar as
described for the 2D-gel based approach (Protein spot identification by
UHPLC-HRMS/MS, Supplementary Methods). 6 biological replicates
were analysed to increase the impact of this study. Peptides extracted
from the digested gel were transferred to the Ultimate 3000 auto-
sampler. A 5L aliquot of the extract was injected and loaded onto the
pre-column. Experiment design involved the analysis of quality control
(QC) samples (Waters Mass PREP Digestion standard bovine serum al-
bumin in establishing the repeatability of the method), analytical
blanks (for possible contamination) and the study samples (control and
treated). Control and treated samples were run in randomised order
with the analytical blanks and QCs during the sequence. Peptides ex-
tracted from the digested gel were transferred to the Ultimate 3000
autosampler. A 5 L aliquot of the extract was injected and loaded onto
the pre-column. An experimental design table was created for each of
the 6 batches of analysis (not shown). To each batch was associated a
*.csv file containing the following information on the analysis se-
quence: sample name (QC, blank, sample), sample code, file name and
treatment, nanoparticle size.

2.7.2. HRMS/MS data processing

The raw data obtained from the label-free MS-based proteomic
analysis (*.raw) were imported and processed using Progenesis QI for
Proteomics software (NonLinear Dynamics, UK). The software pro-
cessed the raw data in two steps. Firstly, each sample run was subjected
to peak extraction and alignment. The sample run that yielded most
features (i.e. peptide ions) was used as the reference run to which re-
tention time of all of the other runs was aligned, and peak intensities
were normalised. The Progenesis peptide quantification algorithm cal-
culates peptide abundance as the sum of the peak areas. Each abun-
dance value is then transformed to a normalised abundance value by
applying a global scaling factor. Protein abundance was calculated as
the sum of the abundances of all peptide ions identified as coming from
the same protein. For the purpose of this experiment, the quantification
based on i) all peptides and ii) non-conflict peptides was performed and
compared. A number of criteria were used to filter the data before ex-
porting the MS/MS output files for protein identification; (1) peptide
features with analysis of variance (ANOVA) p-value <0.05 between
experimental groups, (2) mass peaks with charge states from +2to +4,
and (3) maximum number of MS/MS spectra per mass set to 5. All MS/
MS spectra were exported from Progenesis software as a MASCOT
generic file (*.mgf) and used for peptide identification with Proteome
Discoverer 1.4 (Thermo Fisher Scientific) using the SEQUEST algo-
rithm, (licence Thermo Scientific, registered trademark University of
Washington, USA) against the UniProtKB database (taxonomy: Homo
sapiens). The search parameters used were as follows: (1) peptide mass
tolerance set to 20 ppm, (2) MS/MS mass tolerance set to 0.6 Da, (3) up
to two missed cleavages were allowed, (4) carbamidomethylation set as
a fixed modification and (5) methionine oxidation set as a variable
modification. A number of criteria were applied to assign a protein as
identified; proteins with =2 peptides matched, a = 1.5 fold difference
in abundance. For re-importation back into Progenesis LC-MS software
for further analysis, only peptides with XCorr scores > 1.9 for singly
charged ions, > 2.2 for doubly charged ions and > 3.75 for triply
charged ions or more (from SEQUEST) were selected. A number of
criteria were applied to ensure proper identification of proteins, in-
cluding an ANOVA score between experimental groups of <0.05 and
proteins with =2 peptides matched. The quantitative protein data
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(normalised abundances) for each sample of biological replicated ana-
lysis were exported into Excel file.

2.7.3. Identification of differentially abundant proteins

In detecting statistically significant alterations in protein abun-
dances between control and treated samples, one-way ANOVA was used
to compare the different treatments (control, 1 ug/mL AgNPs, 10 ug/mL
AgNPs).

2.7.4. Systems biology analysis

The relation between the identified proteins was evaluated using the
software Ingenuity Pathways Analysis (IPA) (Ingenuity Systems®,
Redwood City, CA, USA). A pair-wise analysis of deregulated protein
was performed throughout the experiment. This pair-wise comparison
of proteins-features is a representation of data where the individual
values contained in the table were represented as colours. The range
was set from —0.58 to 0.58 (Base 2 logarithm = 0.58), where < —0.58
was set to green, O to black and > 0.58 to red. The values in between
are shown as colour gradients. The significantly different features are
the ones that are lower than —0.58 and higher than 0.58. Identified
proteins were analysed using Ingenuity Pathways Analysis (IPA)
(Ingenuity Systems®, Redwood City, CA, USA). Identified proteins were
mapped onto Ingenuity's Knowledge Database to generate networks on
the base of their algorithmic connectivity. Canonical pathway analysis
identified the most significant ones from the IPA library, based on the
number of molecules from the data set that map the pathway.
Functional analysis of networks revealed the biological functions most
significant to the molecules in the network (p < 0.05, right-tailed
Fisher's exact test).

2.8. Other techniques used

For complementary techniques (immunocytochemistry analysis,
cytokines and apoptosis array membrane) refer to Supplementary
methods.

3. Results
3.1. Physico-chemical characterisation of AgNPs

In controlling the colloidal stability of the AgNPs, citrate was used
as a capping agent. The main physicochemical properties of the NPs
used in this work are summarised in Table 1Sa. The behaviour of ci-
trate-stabilized AgNPs in complete culture medium was monitored by
DLS analysis for up to 72h of incubation at 37 °C. The NPs remained
well dispersed with no aggregation.

Initial preliminary experiments were performed to confirm the
suitability of regenerated cellulose filters for quantifying ionic silver
release. To this end, different aqueous Ag™ solutions in the range
5-1000 ug/L were submitted to ultrafiltration and recoveries were
calculated. The values ranged from 92.4-98.4%, thus confirming neg-
ligible Ag* adsorption to the ultrafiltration units and therefore the
suitability of the chosen regenerated cellulose material for ionic release
quantification (data not shown).

The amount of dissolved ionic silver was measured through ICP-MS
in complete cell culture medium, and it was found < 0.01% and
0.075% for AgNPs 1 and 10 pug/mL respectively at the highest time
point of 72h (Table 1Sb).

3.2. Cell viability

The cytotoxic effect of AgNPs and AgNO3; on Caco-2 cells was
quantified with the analysis of DAPI-stained nuclei using the IN Cell
Analyzer. Cell viability was calculated by determining the number of
nuclei in the exposure conditions compared to the number of nuclei in
negative control wells. The analysis showed that at 24h exposure,
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Fig. 2. Cell viability of CaCo-2, assessed by PI/Hoechst staining using IN Cell
Analyzer 2200 (GE Healthcare®). Cells were exposed to AgNPs (0.1, 1, 5, 10 and
20 pg/mL) for 24 and 72 H. medium control, solvent controls, AgNOs3 (1, 0.5 and
0.25 pg/mL) and a positive control for toxicity (50 uM CdCl,) were used. Data
are expressed as the mean * standard deviation, and three independent ex-
periments were performed in triplicates.

AgNPs for all concentrations that tested up to 20 ug/mL did not induce
a significant reduction in cell number compared to the negative control
(Fig. 2). However, after 72h exposure, the cell numbers were sig-
nificantly reduced for concentrations above 1 ng/mL with a calculated
ICso of 15.4 ug/mL. At lower concentrations of AgNPs, no significant
differences in cell number were detected (p > 0.05).

Based on the dose-response toxicity results for Caco-2 cells exposed
to 30 nm AgNPs, two concentrations were selected for the proteomic
analysis: 1 and 10 pg/mL, corresponding to a low and high toxic con-
centration at 72 h exposure.

Citrate used to stabilise the NPs was also tested at the same con-
centrations selected for the study (1 or 10 pg/mL) as solvent control,
and no effects on cell viability were observed. AgNO; was used as a
control for silver ions release. The data shows no effects due to Ag ions
for concentrations of AgNO3 below 0.5 pg/mL. These controls indicate
that the toxicity observed for AgNPs is caused by the NPs and not by
impurities derived from the synthesis process or by silver ion leaching.

3.3. AgNPs internalization

The amount of AgNPs bound to the cells and internalised have been
quantified through ICP-MS. Data shows that at the highest concentra-
tion and exposure time, only approximately 1% of the initial amount of
AgNPs exposed to the cells is internalised or bound to the external cell
membrane (Fig. 1S).

3.4. Investigation of the differentially expressed proteins using the 2D gel-
based method

We assessed the differences between the cytoplasmic proteome of
Caco-2 cells exposed to 30nm AgNPs (1 or 10pug/mL) at two-time
points (24 or 72 h), on the untreated cells.

As preliminary work, we assessed if there were any differences in
the proteome profile of the untreated cells compared to cells exposed to
the solvent of the NPs at the same doses intended to use in the study (1
or 10 ug/mL). The results showed that there were very few significant
differences: two proteins in the case of Control vs. solvent of 1 ug/mL
AgNPs and three proteins in the case of control vs. solvent of 10 ug/mL
AgNPs-treated cells. Therefore, untreated cells were considered as the
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Table 2
List of deregulated proteins identified by the label-free nano UHPLC-Orbitrap MS/MS analysis of Caco-2 cytoplasmic extracts. Proteins have been classified according
to their main function, based on UniProtKB/Swiss-Prot and Gene Ontology (GO). a) 24h and b) 72h experiment.

(a) Description Accession Number Anova (p) AglvsC Agl0Ovs C Aglvs Agl0 Peptide count Confidence score
Amino Acids
D-amino-acid oxidase OS=Homo sapiens GN=DAO PE=1SV=3 - [OXDA_HUMAN] Q99062 0.00013 __ 2 3.35997
Dihydropyrimidine dehydrogenase [NADP(+)] OS=Homo sapiens GN=DPYD PE=1SV=2 - [DPYD_HUMAN] Q9HC77 0.00088 2 3.31567
Sugars and polysaccharides
Polypeptide N-acetylgalactosaminyltransferase 10 0S=Homo sapiens GN=GALNT10 PE=1 SV=2 - [GLT10_HUMAN] ABNCL7 0.00582 2 2.41047
Polypeptide N-acetyl inyltr 9 0S=Homo sapiens GN=GALNT9 PE=2 SV=3 - [GALT9_HUMAN] A8K2UO;F8WDL3 0.01815 3 4.61742
Alpha-1,3-mannosyl-glycoprotein 4-beta-N-acetylglt inyltransferase B 0S=Homo sapiens GN=MGAT4B PE=1 SV=1 - [MGT4B_HUMAN] 000370 0.00406 2 3.33770
Fucose-1-phosphate guanylyltransferase 0S=Homo sapiens GN=FPGT PE=1SV=2 - [FPGT_HUMAN] P30041 0.02394 3 4.61782
Lipid and sterol
Acyl-coenzyme A synthetase ACSM1, mitochondrial 0S=Homo sapiens GN=ACSM1 PE=1 SV=1- [ACSM1_HUMAN] A4UGR9 0.00582 2 2.30820
Long-chain-fatty-acid--CoA ligase ACSBG2 0S=Homo sapiens GN=ACSBG2 PE=1SV=2 - [ACBG2_HUMAN] 015226 0.02160 2 2.81827
Malonyl-CoA decarboxylase, mitochondrial 0S=Homo sapiens GN=MLYCD PE=1 SV=3 - [DCMC_HUMAN] P26358 0.03282 2 3.30347
Sialidase-1 0S=Homo sapiens GN=NEU1 PE=1 SV=1- [NEUR1_HUMAN] Q14865 0.00923 2 3.07293
Serine incorporator 1 0S=Homo sapiens GN=SERINC1 PE=1 SV=1- [SERC1_HUMAN] Q8N3R9 0.00014 2 2.73937
Other
NAD(P)H-hydrate epimerase OS=Homo sapiens GN=APOA1BP PE=1SV=2 - [NNRE_HUMAN] P21860 0.01198 2 4.44309
Glycolysis
Glyceraldehyde-3-phosphate dehydrogenase 0S=Homo sapiens GN=GAPDH PE=1 SV/=3 - [G3P_HUMAN] Q6BAAL-4 0.04965 1152129304 7 40.98491

Gluconeogenesis
Penthose phosphate pathway

TCA pathway

Respiration

Ubiquinol-cytochrome-c reductase complex assembly factor 2 0S=Homo sapiens GN=UQCC2 PE=1 SV=1- [UQCC2_HUMAN] Q13616 002051 | 23753 2 282323
E-transport

ATP synthase subunit alpha, mitochondrial 0S=Homo sapiens GN=ATP5A1 PE=1SV=1- [ATPA_HUMAN] P40937 0.04369 8 21.20712
Meiosis

Ankyrin repeat, SAM and basic leucine zipper domain-containing protein 1 0S=Homo sapiens GN=ASZ1 PE=2 SV=1 - [ASZ1_HUMAN] P13942 0.03432 | -232981 2 2.90225
DNA synthesis /replication

DNA polymerase nu OS=Homo sapiens GN=POLN PE=1SV=2 - [DPOLN_HUMAN] ABNCI4 0.01467 2 3.15201
LINE-1 retrotransposable element ORF2 protein OS=Homo sapiens PE=1SV=1- [LORF2_HUMAN] P38159 0.00090 3 4.25731
DNA polymerase subunit gamma-1 0S=Homo sapiens GN=POLG PE=1SV=1- [DPOG1_HUMAN] Q5FVE4 0.00105 3 4.40526
Replication factor C subunit 5 0S=Homo sapiens GN=RFC5 PE=1 SV=1- [RFC5_HUMAN] Q9HCQ5 0.00006 2 3.21655
DNA replication licensing factor MCM4 OS=Homo sapiens GN=MCM4 PE=1 SV=5 - [MCM4_HUMAN] QouQs3 0.00035 2 3.99255
Recombination / repair

DNA repair protein RADS0 0S=Homo sapiens GN=RAD50 PE=1 SV=1 - [RAD50_HUMAN] B4DQ52 0.00904 SIS 2 3.50885
Endonuclease 8-like 3 0S=Homo sapiens GN=NEIL3 PE=15V=3 - [NEIL3_HUMAN] P83110 0.03680 | 253200 2 3.15105
Cellcycle

Centromere protein J 0S=Homo sapiens GN=CENPJ PE=1 SV=2 - [CENPJ_HUMAN] 015018 0.02280 3 6.78401
Rootletin 0S=Homo sapiens GN=CROCC PE=15V=1 - [CROCC_HUMAN] P07355 0.03954 3 8.09869
Hemicentin-1 0S=Homo sapiens GN=HMCN1 PE=1SV=2 - [HMCN1_HUMAN] Q8NEAO 0.04529 2 3.33964
Cytokinesis

Protein asunder homolog OS=Homo sapiens GN=ASUN PE=1SV=2 - [ASUN_HUMAN] Q13029 0.00064
Growth requlators

| 23201 2 2.56925
Transforming growth factor beta receptor type 3 0S=Homo sapiens GN=TGFBR3 PE=1 SV=3 - [TGBR3_HUMAN] A5D8V7 0.04894 2 3.61514
Growth hormone variant 0S=Homo sapiens GN=GH2 PE=1SV=3 - [SOM2_HUMAN] P01024 0.04443 2 3.24594
Epidermal growth factor receptor substrate 15-like 1 0S=Homo sapiens GN=EPS15L1 PE=1 SV=1- [EP15R_HUMAN] P30101 0.00670 2 2.42459
Other
Paraneoplastic antigen Ma3 OS=Homo sapiens GN=PNMA3 PE=2 SV=2 - [PNMA3_HUMAN] Q93034 0.01915
DNA (cytosine-5)-methyltransferase 1 0S=Homo sapiens GN=DNMT1 PE=1SV=2 - [DNMT1_HUMAN] Q96JN2 0.02372

Centrosomal protein of 152 kDa OS=Homo sapiens GN=CEP152 PE=1SV=4 - [CE152_HUMAN] Q9H579-2 0.00112

2 4.60896
2 3.27609
2 3.62924

(continued on next page)
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Table 2 (continued)

(a) continue

Description Accession Number Anova (p) AglvsC Agl0vs C Aglvs Agl0 Peptide count Confidence score

rRNA synthesis

Treacle protein 0S=Homo sapiens GN=TCOF1 PE=1SV=3 - [TCOF_HUMAN] 000148 0.00685 - 3 5.62121
Pescadillo homolog OS=Homo sapiens GN=PES1 PE=1 SV=1 - [PESC_HUMAN] Q72745 0.00024 2 2.48494
tRNA synthesis

Mediator of RNA polymerase Il transcription subunit 17 0S=Homo sapiens GN=MED17 PE=1 SV=2 - [MED17_HUMAN] A2RUS2 0.02219 | 256532 3 6.07272
mMRNA synthesis

RNA-binding motif protein, X chromosome OS=Homo sapiens GN=RBMX PE=1 SV=3 - [RBMX_HUMAN] 015083 0.00522 3 4.29116
Prohibitin-2 0S=Homo sapiens GN=PHB2 PE=1SV=2 - [PHB2_HUMAN] 075116 0.02182 6 17.38419
RNA polymerase Il elongation factor ELL2 0S=Homo sapiens GN=ELL2 PE=1SV=2 - [ELL2_HUMAN] P35498 0.02545 5.75095
General TFs

Spe: TFs

Max-like protein X OS=Homo sapiens GN=MLX PE=1SV=2 - [MLX_HUMAN] P34931 0.00000 2 3.54598
Dachshund homolog 2 0S=Homo sapiens GN=DACH2 PE=2 SV=1 - [DACH2_HUMAN] P48995 0.02606 2 3.92321
Tumor protein 63 0S=Homo sapiens GN=TP63 PE=1SV=1 - [P63_HUMAN] Q13129 0.04369 2 3.86574
Transcription factor E2F7 OS=Homo sapiens GN=E2F7 PE=1 SV=3 - [E2F7_HUMAN] QsvwaQo 0.03804 2 4.12722
AF4/FMR2 family member 1 0S=Homo sapiens GN=AFF1 PE=1SV=1- [AFF1_HUMAN] Q6ZWH5 0.01130 3 4.61582
Prospero homeobox protein 1 0S=Homo sapiens GN=PROX1 PE=1SV=2 - [PROX1_HUMAN] QOUFD9 0.01392 2 4.48365
Chromatin

Putative Polycomb group protein ASXL3 0S=Homo sapiens GN=ASXL3 PE=2 SV=3 - [ASXL3_HUMAN] E9PJ16 0.00838 4 7.09230
Histone-lysine N-methyltransferase NSD3 OS=Homo sapiens GN=WHSC1L1 PE=1SV=1- [NSD3_HUMAN] 000541 0.01916 4 5.99754
Methylcytosine dioxygenase TET3 0S=Homo sapiens GN=TET3 PE=1SV=3 - [TET3_HUMAN] 015164 0.02208 2 2.49076
Protein Jumonji 0S=Homo sapiens GN=JARID2 PE=1SV=2 - [JARD2_HUMAN] 043166 0.02599 2 3.79340
Nipped-B-like protein 0S=Homo sapiens GN=NIPBL PE=15V=2 - [NIPBL_HUMAN] 075581 0.00222 | 243197 3 4.69683
Helicase SRCAP OS=Homo sapiens GN=SRCAP PE=15V=3 - [SRCAP_HUMAN] Q5XXA6 0.02740 2126202 2 438184
Tudor domain-containing protein 3 0S=Homo sapiens GN=TDRD3 PE=1 SV=1 - [TDRD3_HUMAN] Q6zuu3 0.00015 2 3.29468
Trinucleotide repeat-containing gene 18 protein 0S=Homo sapiens GN=TNRC18 PE=1SV=3 - [TNC18_HUMAN] Q8IXI11;Q9Y3L5 0.01313 4 6.34712
Hist lysine N-methyltr 2A 0S=Homo sapiens GN=KMT2A PE=1SV=5 - [KMT2A_HUMAN] Q96AQ1 0.00331 6 9.4949%
Hepatoma-derived growth factor-related protein 2 0S=Homo sapiens GN=HDGFRP2 PE=1SV=1 - [HDGR2_HUMAN] Q96AV8 0.01419 2 2.88397
Chromodomain-helicase-DNA-binding protein 2 0S=Homo sapiens GN=CHD2 PE=1 SV=2 - [CHD2_HUMAN] Q9H252 0.01968 2 2.44186
Cohesin subunit SA-1 0S=Homo sapiens GN=STAG1 PE=1SV=3 - [STAG1_HUMAN] Q9UH92 0.00381 2 3.61684
mRNA processing

Iron-responsive element-binding protein 2 05=Homo sapiens GN=IREB2 PE=1 5V=3 - [IREB2_HUMAN] 014978 0.02148 [ 2614 4 5.58109
ATP-dependent RNA helicase DDX39A OS=Homo sapiens GN=DDX39A PE=1SV=2 - [DX39A_HUMAN] Q03701 0.04140, 2 2.96731
Peptidylprolyl isomerase domain and WD repeat-containing protein 1 0S=Homo sapiens GN=PPWD1 PE=1 SV=1- [PPWD1_HUMAN] Q13367 0.00203 2 3.53191
RNA-binding protein 25 0S=Homo sapiens GN=RBM25 PE=1 SV=3 - [RBM25_HUMAN] Q14055 0.00005 2 2.37275
Serine/arginine repetitive matrix protein 1 0S=Homo sapiens GN=SRRM1 PE=1 SV=2 - [SRRM1_HUMAN] Q15878 0.00499 2 3.03465
Probable ATP-dependent RNA helicase DDX23 0S=Homo sapiens GN=DDX23 PE=1SV=3 - [DDX23_HUMAN] Q2TB10 0.04089 2 2.40416
Eukaryotic translation initiation factor 4 gamma 3 0S=Homo sapiens GN=EIF4G3 PE=1SV=2 - [IF4G3_HUMAN] Q68CJ6 0.01465 2 3.02692
Serine/arginine-rich splicing factor 1 0S=Homo sapiens GN=SRSF1 PE=1 SV=2 - [SRSF1_HUMAN] Q8NBV4 0.00462 2 2.82459
G patch domain and KOW motifs-containing protein OS=Homo sapiens GN=GPKOW PE=1SV=2 - [GPKOW_HUMAN] Q8NFS9 0.00889 2 3.68633
Probable ATP-dependent RNA helicase YTHDC2 OS=Homo sapiens GN=YTHDC2 PE=1SV=2 - [YTDC2_HUMAN] Q9H6UG 0.04008 3 5.26442
ATP-dependent RNA helicase DHX29 OS=Homo sapiens GN=DHX29 PE=1SV=2 - [DHX29_HUMAN] Q9NQG6 0.03275 3 4.98648
Serine/arginine-rich splicing factor 4 0S=Homo sapiens GN=SRSF4 PE=1 SV=2 - [SRSF4_HUMAN] Q9Y6N3 0.00511 2 3.40955
RNA transport

Insulin-like growth factor 2 mRNA-binding protein 1 0S=Homo sapiens GN=IGF2BP1 PE=1SV=2 - [IF2B1_HUMAN] Q96T58 0.01757 4 5.86446
Regulation

AT-rich interactive domain-containing protein 5B 0S=Homo sapiens GN=ARID5B PE=1 SV=3 - [ARISB_HUMAN] Q13325 0.04515 2 3.03138
Zinc finger protein 318 0S=Homo sapiens GN=ZNF318 PE=1 SV=2 - [ZN318_HUMAN] Q13474 0.00140 5 8.21042
Forkhead box protein Q1 0S=Homo sapiens GN=FOXQ1 PE=2 SV=2 - [FOXQ1_HUMAN] Q13936 0.00170 2 3.30467
Zinc finger protein 407 0S=Homo sapiens GN=ZNF407 PE=1 SV=2 - [ZN407_HUMAN] Q16099 0.00813 4 5.90753
Zinc finger protein 692 0S=Homo sapiens GN=ZNF692 PE=1 SV=1 - [ZN692_HUMAN] ABNM28 0.03066 2 2.88780
Zinc finger and BTB domain-containing protein 12 0S=Homo sapiens GN=ZBTB12 PE=1SV=1- [ZBT12_HUMAN] A8K8P3 0.01339 3 6.05587
RE1-silencing transcription factor 0S=Homo sapiens GN=REST PE=1SV=3 - [REST_HUMAN] Q5VUA4 0.01027 2 2.61182
Class E basic helix-loop-helix protein 40 0S=Homo sapiens GN=BHLHE40 PE=1 SV=1 - [BHE40_HUMAN] Q6ZRK6 0.00046 2 2.73358
Msx2-interacting protein OS=Homo sapiens GN=SPEN PE=1SV=1- [MINT_HUMAN] Q6ZRS2 0.01434 5 7.09579
Putative Polycomb group protein ASXL2 OS=Homo sapiens GN=ASXL2 PE=1 SV=1- [ASXL2_HUMAN] Q8lY34 0.04533 3 5.13868
Zinc finger protein 263 0S=Homo sapiens GN=ZNF263 PE=1SV=2 - [ZN263_HUMAN] Qs8lye3 0.01542 2 2.34939
NF-kappa-B-repressing factor 0S=Homo sapiens GN=NKRF PE=1SV=2 - [NKRF_HUMAN] Qs8lYB3 0.01149 2 2.38026
Transcription intermediary factor 1-alpha OS=Homo sapiens GN=TRIM24 PE=1SV=3 - [TIF1A_HUMAN] Q8N7U6 0.03272 3 4.67399
Zinc finger protein 92 homolog OS=Homo sapiens GN=ZFP92 PE=2 SV=3 - [ZFP92_HUMAN] Q92786 0.04793 2 3.92927
Zinc finger and SCAN domain-containing protein 1 0S=Homo sapiens GN=ZSCAN1 PE=1SV=2 - [ZSCA1_HUMAN] Q92917 0.02572 2 3.90502
Retinoic acid-induced protein 1 0S=Homo sapiens GN=RAI1 PE=1SV=2 - [RAI1_HUMAN] Q96T17 0.04308 2 3.39680
Protein capicua homolog OS=Homo sapiens GN=CIC PE=1SV=1- [I3L2J0_HUMAN] Q99623 0.00126 3 4.02281
Bromodomain and WD repeat-containing protein 1 0S=Homo sapiens GN=BRWD1 PE=1 SV=4 - [BRWD1_HUMAN] Q9BUQ8 0.01220 2 3.71030
PAX-interacting protein 1 0S=Homo sapiens GN=PAXIP1 PE=1SV=2 - [PAXI1_HUMAN] Q9C009 0.01044 2 2.83687
Zinc finger protein 800 0S=Homo sapiens GN=ZNF800 PE=1 SV=1 - [ZN800_HUMAN] Q9H270 0.00906 5 7.66673
PR domain-containing protein 11 (Fragment) OS=Homo sapiens GN=PRDM11 PE=1 SV=1- [H3BSZ2_HUMAN] Q9H3D4 0.00908 2 4.06476
CCAAT/enhancer-binding protein zeta OS=Homo sapiens GN=CEBPZ PE=1 SV=3 - [CEBPZ_HUMAN] Q9H6S0 0.04175 5 8.21778
Zinc finger protein RIf 0S=Homo sapiens GN=RLF PE=1SV=2 - [RLF_HUMAN] Q9HD20 0.00491 2 3.45209
Probable JmjC domain-containing histone demethylation protein 2C 0S=Homo sapiens GN=JMID1C PE=1SV=2 - [JHD2C_HUMAN] QINRL3;HOYIYL 0.00923 5 6.68819
RING finger protein 207 0S=Homo sapiens GN=RNF207 PE=2 SV=2 - [RN207_HUMAN] Q9NZM3 0.00355 2 3.84226
PR domain zinc finger protein 2 0S=Homo sapiens GN=PRDM2 PE=1 SV=3 - [PRDM2_HUMAN] 014772 0.00339 3 5.72624
Cyclin-L1 0S=Homo sapiens GN=CCNL1 PE=1SV=1- [CCNL1_HUMAN] Q9Y2D4 0.00126 2 4.45213

(continued on next page)
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Description Accession Number Anova (p) AglvsC Agl0vs C Aglvs Agl0 Peptide count Confidence score

Ribosomal proteins

ATP-binding cassette sub-family F member 1 05=Homo sapiens GN=ABCF1 PE=1 5V=2 - [ABCF1_HUMAN] coi7 0.03370 [ 234209 2 3.64116
Other
Probable threonine--tRNA ligase 2, cytoplasmic OS=Homo sapiens GN=TARSL2 PE=1SV=1- [SYTC2_HUMAN] Q9Y4D1 0.00520 3 3.80631

Folding and stability

Heat shock 70 kDa protein 1A OS=Homo sapiens GN=HSPA1A PE=15V=1- [HS71A_HUMAN] AOFGRS 0.04891- 3 10.76717
Heat shock 70 kDa protein 1-like 0S=Homo sapiens GN=HSPA1L PE=1SV=2 - [HS71L_HUMAN] A2RTXS 0.04978 5 13.02335
Dnal homolog subfamily A member 4 0S=Homo sapiens GN=DNAJA4 PE=1 V=1 - [DNJA4_HUMAN] Q3sxz7 0.03865 - 2 3.51728
UDP-glucose:glycoprotein glucosyltransferase 1 0S=Homo sapiens GN=UGGT1 PE=1 SV=3 - [UGGG1_HUMAN] Q96QF0 0.01225 2 1.89421
Thioredoxin-like protein 1 (Fragment) OS=Homo sapiens GN=TXNL1 PE=1SV=1 - [K7EMLS_HUMAN] Q9P219;Q9HOW7 0.02528| 2 3.20519
Targeting
Exocyst complex component 6B 0S=Homo sapiens GN=EXOC6B PE=1 SV=3 - [EXC6B_HUMAN] 075369 0.01067 2 3.75363
Rab-3A-interacting protein 0S=Homo sapiens GN=RAB3IP PE=1SV=1- [RAB3I_HUMAN] Q3SXM0 0.00778 3 5.95337
Mitochondrial dynamics protein MID51 OS=Homo sapiens GN=MIEF1 PE=1 SV=1- [MID51_HUMAN] Q96DTS 0.01913 2 2.95212
Metallophosphoesterase 1 0S=Homo sapiens GN=MPPE1 PE=1SV=2 - [MPPE1_HUMAN] Q96HI0 0.03179 2 4.12560
Modification

I-oli ide 1,2-alph: id: IA OS=Homo sapiens GN=MAN1A1 PE=15V=3 - [MA1A1l_HUMAN] POC671 0.00324 2 3.12672
N-acetyllactosaminide beta-1,6-N-acetylglucosaminyl-transferase, isoform C 0S=Homo sapiens GN=GCNT2 PE=2 SV=2 - [GNT2C_HUMAN] Q13034 0.00139 2 3.14393
Protein Daple OS=Homo sapiens GN=CCDC88C PE=1SV=3 - [DAPLE_HUMAN] Q8NE71 0.00011 4 5.71397
Glycosyltransferase-like protein LARGE1 OS=Homo sapiens GN=LARGE PE=1SV=1 - [LARGE_HUMAN] Q9H4G4 0.03913 2 3.55526
Ubiquitin-associated protein 1-like 0S=Homo sapiens GN=UBAP1L PE=2 SV=1 - [UBA1L_HUMAN] Q9UHR4 0.03083 2 2.43940
E3 ubiquitin-protein ligase DTX3L OS=Homo sapiens GN=DTX3L PE=1SV=1 - [DTX3L_HUMAN] QIUK58 0.04944 3 4.79957
Proteolysis
ATP-dependent Clp protease ATP-binding subunit clpX-like, mitochondrial 0S=Homo sapiens GN=CLPX PE=1SV=2 - [CLPX_HUMAN] 075718 0.00005 2 3.73987
Sentrin-specific protease 1 0S=Homo sapiens GN=SENP1 PE=1SV=2 - [SENP1_HUMAN] Q6KC79;015247 0.00130 2 2.70462
Ankyrin repeat and SOCS box protein 15 0S=Homo sapiens GN=ASB15 PE=2 SV=3 - [ASB15_HUMAN] Q6NY19 0.00010 2 4.75995
Alpha-2-macroglobulin-like protein 1 0S=Homo sapiens GN=A2ML1 PE=1SV=3 - [A2ML1_HUMAN] Q6zwWI8 0.04990 2 2.76684
Cullin-5 0S=Homo sapiens GN=CULS5 PE=1 SV=4 - [CUL5_HUMAN] Q7Z5Q5 0.00002 2 3.00721
Cullin-1 0S=Homo sapiens GN=CUL1 PE=1SV=2 - [CUL1_HUMAN] Q86YZ3 0.00159 2 4.83614
Sentrin-specific protease 5 0S=Homo sapiens GN=SENP5 PE=1 SV=3 - [SENP5_HUMAN] Q92878 0.00010 2 3.43679
Serine protease HTRA3 OS=Homo sapiens GN=HTRA3 PE=1SV=2 - [HTRA3_HUMAN] Q99959 0.03342 2 2.35946
lons
Voltage-dependent L-type calcium channel subunit alpha-1C 0S=Homo sapiens GN=CACNA1C PE=1 SV=4 - [CAC1C_HUMAN] P01242 0.00166 3 4.44110
Voltage-dependent R-type calcium channel subunit alpha-1E OS=Homo sapiens GN=CACNA1E PE=1SV=3 - [CAC1IE_HUMAN] P48729-3 0.00123 2 3.13602
Calcium-activated chloride channel regulator family member 3 0S=Homo sapiens GN=CLCA3P PE=1SV=1- [CLCA3_HUMAN] P49796 0.01294 2 3.79602
Glutamate receptor ionotropic, kainate 4 0S=Homo sapiens GN=GRIK4 PE=2 SV=2 - [GRIK4_HUMAN] QOVDD8;Q9UFE4 0.01781 2 2.99293
Potassium voltage-gated channel subfamily H member 6 0S=Homo sapiens GN=KCNH6 PE=1 SV=1- [KCNH6_HUMAN] Q86SR1 0.00003 2 3.29565
Sodium channel protein type 1 subunit alpha OS=Homo sapiens GN=SCN1A PE=1SV=2 - [SCN1IA_HUMAN] Q8NEP3 0.04786 3 4.77960
Short transient receptor potential channel 1 0S=Homo sapiens GN=TRPC1 PE=1SV=1- [TRPC1_HUMAN] Q8TDB6 0.04883 2 3.67644
Anoctamin-1 0S=Homo sapiens GN=ANO1 PE=1SV=1- [ANO1_HUMAN] Q8WWH4 0.00232 2 2.95583
Solute carrier family 15 member 3 0S=Homo sapiens GN=SLC15A3 PE=2 SV=2 - [S15A3_HUMAN] QINVM9 0.00883 2 2.47476
Sodium channel protein type 11 subunit alpha OS=Homo sapiens GN=SCN11A PE=1SV=2 - [SCNBA_HUMAN] Q9NZR2 0.00060 2 1.68033
Sugars
Solute carrier family 2, facilitated glucose transporter member 14 0S=Homo sapiens GN=SLC2A14 PE=2 SV=1 - [GTR14_HUMAN] Q72478 0.04357 | NENEEEA 2 3.82114
Lipids
Extended synaptotagmin-2 0S=Homo sapiens GN=ESYT2 PE=1 SV=1 - [ESYT2_HUMAN] QauLa1 0.03213 253788 3 4.62919
Transport ATPases
Manganese-transporting ATPase 13A1 0S=Homo sapiens GN=ATP13A1 PE=1SV=2 - [AT131_HUMAN] P48200 0.00076 | 235075 3 8.62736
Other
DENN domain-containing protein 3 0S=Homo sapiens GN=DENND3 PE=1 SV=2 - [DEND3_HUMAN] Q8N841 0.00581 2 3.25645
Lysosomal-trafficking regulator OS=Homo sapiens GN=LYST PE=1SV=3 - [LYST_HUMAN] QSH7E2 0.01773 3 4.43551
Endosome
AP-3 complex subunit beta-2 0S=Homo sapiens GN=AP3B2 PE=1 V=2 - [AP382_HUMAN] POS787;L0R512 002716 [ 256082 2 3.68614

(continued on next page)
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Cytoskeleton

Collagen alpha-2(1X) chain 0S=Homo sapiens GN=COL9A2 PE=1SV=2 - [CO9A2_HUMAN] ABNIX2 0.04546 2 3.94438
KN motif and ankyrin repeat domain-containing protein 3 0S=Homo sapiens GN=KANK3 PE=1 SV=1- [KANK3_HUMAN] A8TX70 0.03329 3 5.48168
MAGUK p55 subfamily member 5 0S=Homo sapiens GN=MPP5 PE=1 SV=3 - [MPP5_HUMAN] F5GYI3 0.04845 2 2.13294
Keratin, type Il cytoskeletal 1b OS=Homo sapiens GN=KRT77 PE=2 SV=3 - [2C1B_HUMAN] 000472 0.00382 3 5.14948
Dystrophin OS=Homo sapiens GN=DMD PE=1 SV=3 - [DMD_HUMAN] P06241 0.02778 2 3.10943
Talin-2 0S=Homo sapiens GN=TLN2 PE=1SV=4 - [TLN2_HUMAN] P19013 0.01485 2 3.44798
Disheveled-associated activator of morphogenesis 1 0S=Homo sapiens GN=DAAM1 PE=1SV=2 - [DAAM1_HUMAN] P49802 0.02483 2 3.05422
ERC protein 2 0S=Homo sapiens GN=ERC2 PE=1 SV=3 - [ERC2_HUMAN] P50454 0.01834 4 5.83825
Tubulin polyglutamylase TTLL6 OS=Homo sapiens GN=TTLL6 PE=1SV=2 - [TTLL6_HUMAN] P54098 0.01309 3 4.47843
Xin actin-binding repeat-containing protein 2 0S=Homo sapiens GN=XIRP2 PE=1 SV=2 - [XIRP2_HUMAN] P60709 0.00800 6 9.49751
Disheveled-associated activator of morphogenesis 2 0S=Homo sapiens GN=DAAM2 PE=1 SV=3 - [DAAM2_HUMAN] QO8AH1 0.00000 2 4.15765
Actin, cytoplasmic 10S=Homo sapiens GN=ACTB PE=1SV=1- [ACTB_HUMAN] Qo9mP3 0.04962 2 6.27124
Keratin, type | cuticular Ha5 OS=Homo sapiens GN=KRT35 PE=2 SV=5 - [KRT35_HUMAN] Q12955 0.01900 3 5.38338
Filamin-B OS=Homo sapiens GN=FLNB PE=1SV=2 - [FLNB_HUMAN] Q14093 0.00732 3 5.07697
Dynamin-1 0S=Homo sapiens GN=DNM1 PE=1 SV=2 - [DYN1_HUMAN] Q14249 0.00117 4 6.88843
1Q motif and SEC7 domain-containing protein 1 0S=Homo sapiens GN=IQSEC1 PE=1 SV=1- [IQEC1_HUMAN] Q57764 0.03335 2 3.04020
Keratin, type Il cytoskeletal 4 0S=Homo sapiens GN=KRT4 PE=1 SV=4 - [K2C4_HUMAN] Q6DN90 0.01336 3 3.51542
Dynein heavy chain 14, axonemal OS=Homo sapiens GN=DNAH14 PE=2 SV=3 - [DYH14_HUMAN] Q6Zw49 0.03906 6 9.29252
Actin, aortic smooth muscle OS=Homo sapiens GN=ACTA2 PE=1SV=1- [ACTA_HUMAN] Q76G19 0.00226 5 14.46846
Ankyrin-3 0S=Homo sapiens GN=ANK3 PE=1 SV=3 - [ANK3_HUMAN] Q7z4vs 0.03251 2 2.99881
Dynein heavy chain 11, axonemal OS=Homo sapiens GN=DNAH11 PE=1 SV=4 - [DYH11_HUMAN] Q72514 0.03532 3 4.64857
Regulator of microtubule dynamics protein 2 0S=Homo sapiens GN=RMDN2 PE=1 5V/=2 - [RMD2_HUMAN] Qs8IvT3 o.01122 2158466 2 3.75986
Signal-induced proliferation-associated 1-like protein 1 0S=Homo sapiens GN=SIPA1L1 PE=1SV=4 - [SI1L1_HUMAN] Q8TATS 0.00654 2 3.49832
Focal adhesion kinase 1 0S=Homo sapiens GN=PTK2 PE=1SV=2 - [FAK1_HUMAN] Q8TDY2 0.00277 3 4.93705
Keratin, type Il cytoskeletal 8 0S=Homo sapiens GN=KRT8 PE=1 SV=7 - [K2C8_HUMAN] Q8WW22 0.01268 7 20.41354
Filamin-A-interacting protein 1 0S=Homo sapiens GN=FILIP1 PE=1SV=1- [FLIP1_HUMAN] Q8WXK1 0.01588 2 3.36857
Talin-10S=Homo sapiens GN=TLN1 PE=1SV=3 - [TLN1_HUMAN] Q92630 0.01724 2 2.43976
Brain-specific angi is inhibitor 1- i i protein 2-like protein 1 0S=Homo sapiens GN=BAIAP2L1 PE=1SV=2 - [BI2L1_HUMAN] Q92833 0.00121 3 4.20520
Collagen alpha-5(VI1) chain 0S=Homo sapiens GN=COL6A5 PE=1 SV=1- [CO6A5_HUMAN] Q96N16 0.04765 4 5.81246
Collagen alpha-2(XI) chain 0S=Homo sapiens GN=COL11A2 PE=1 SV=5 - [COBA2_HUMAN] Q965M3 0.01917 4 6.47921
FH2 domain-containing protein 1 0S=Homo sapiens GN=FHDC1 PE=1 SV=2 - [FHDC1_HUMAN] Q9BRT2 0.01042 2 4.06934
Probable tubulin polyglutamylase TTLL9 OS=Homo sapiens GN=TTLL9 PE=2 SV=3 - [TTLL9_HUMAN] Q9BZ95 0.00055 2 2.60414
Breast carcinoma-amplified sequence 3 0S=Homo sapiens GN=BCAS3 PE=1 SV=3 - [BCAS3_HUMAN] Q9CoG0 0.01191 3 5.26351
MAP7 domain-containing protein 2 0S=Homo sapiens GN=MAP7D2 PE=1 SV=2 - [MA7D2_HUMAN] Q9HB29 0.00579 3 5.36784
Janus kinase and microtubule-interacting protein 1 0S=Homo sapiens GN=JAKMIP1 PE=1 SV=1- [JKIP1_HUMAN] Q9P265 0.00676 5 8.53623
Leiomodin-1 0S=Homo sapiens GN=LMOD1 PE=1SV=3 - [LMOD1_HUMAN] Qoui33 0.04676 2 2.95155
Nucleus

Endocytosis

Endosome

Vacuolar protein sorting-associated protein 11 homolog 0S=Homo sapiens GN=VPS11 PE=1SV=1- [VPS11_HUMAN] Q13127 0.01400 - 2 3.04452
Kinesin-like protein KIF16B OS=Homo sapiens GN=KIF16B PE=1 SV=2 - [KI16B_HUMAN] Q8NFI3 0.00367 3 5.34676
Cell cycle

Protein SFI1 homolog 0S=Homo sapiens GN=SFI1 PE=1SV=2 - [SFI1_HUMAN] QsTB30 0.00087 | 26747 2 3.45664
Organelle transport

Cell-Cell junction

Cell proliferation

Other

Coiled-coil domain-containing protein 151 0S=Homo sapiens GN=CCDC151 PE=1 SV: [CC151_HUMAN] QouULLO 0.00165 4 8.39674

Receptors

Granulocyte colony-stimulating factor receptor 0S=Homo sapiens GN=CSF3R PE=15V=1 - [CSF3R_HUMAN] E7EW31 0.02892 | 229206 2 408372
Interleukin-1 receptor-like 2 0S=Homo sapiens GN=IL1RL2 PE=1 V=2 - [ILRL2_HUMAN] P52179 vo3612- 2 2.58005
Contactin-associated protein-like 2 0S=Homo sapiens GN=CNTNAP2 PE=1SV=1- [CNTP2_HUMAN] Q8N9zZ2 0.04990 2 3.97375
Kinases

Isoform 3 of Casein kinase | isoform alpha OS=Homo sapiens GN=CSNK1A1 - [KC1A_HUMAN] 043432 o.01441 257524 2 2.96572
Serine/threonine-protein kinase Nek10 OS=Homo sapiens GN=NEK10 PE=2 SV=3 - [NEK10_HUMAN] Q15772 0.01445 2 2.57895
Dual specificity tyrosine-phosphorylation-regulated kinase 2 0S=Homo sapiens GN=DYRK2 PE=1 SV=3 - [DYRK2_HUMAN] Q6ZRF8 0.04661 2 4.03283
Receptor tyrosine-protein kinase erbB-3 0S=Homo sapiens GN=ERBB3 PE=1SV=1- [ERBB3_HUMAN] Q17RM4 0.00154 2 3.06179
Striated muscle preferentially expressed protein kinase OS=Homo sapiens GN=SPEG PE=1SV=4 - [SPEG_HUMAN] Q68DQ2 0.03874 5 8.49920
Rho-associated protein kinase 2 0S=Homo sapiens GN=ROCK2 PE=1 SV=4 - [ROCK2_HUMAN] Q8N123 0.04905 2 3.06404
Serine/threonine-protein kinase N2 0S=Homo sapiens GN=PKN2 PE=1SV=1- [PKN2_HUMAN] Q8TDW7 0.04782 2 2.47704
Tyrosine-protein kinase Fyn OS=Homo sapiens GN=FYN PE=1SV=3 - [FYN_HUMAN] Qawy22 0.03295 2 2.92408
Serine-protein kinase ATM OS=Homo sapiens GN=ATM PE=1 SV=4 - [ATM_HUMAN] Qo6Lz7 0.02177 3 5.69819
Phosphatases

Probable lipid phosphate phosphatase PPAPDC3 0S=Homo sapiens GN=PPAPDC3 PE=2 SV=1 - [PPAC3_HUMAN] P46093 0.02020 [ 267587 2 2.85927
G proteins

Regulator of G-protein signaling 3 05=Homo sapiens GN=RGS3 PE=1 SV=2 - [RGS3_HUMAN] Q53F39 0.03277|0152040648| 2 2.24651
G-protein coupled receptor 4 0S=Homo sapiens GN=GPR4 PE=2 SV=2 - [GPR4_HUMAN] Q86XD8 0.00661 2 2.99308
PDZ domain-containing protein 2 0S=Homo sapiens GN=PDZD2 PE=1SV=4 - [PDZD2_HUMAN] Q8NB25 0.00157 3 4.81889
Regulator of G-protein signaling 7 0S=Homo sapiens GN=RGS7 PE=1 SV=3 - [RGS7_HUMAN] Q8NDA2 0.02694 2 2.87577
BTB/POZ domain-containing protein KCTD16 0S=Homo sapiens GN=KCTD16 PE=2 SV=1- [KCD16_HUMAN] QONZI8 0.03573 52126013 2 3.49912
Other

Cartilage-associated protein OS=Homo sapiens GN=CRTAP PE=15V=1- [CRTAP_HUMAN] ABNCML 0.00177 - 2 2.68777
1-phosphatidylinositol 4,5-bisphosphate phosphodiesterase delta-1 0S=Homo sapiens GN=PLCD1 PE=1SV=2 - [PLCD1_HUMAN] A8MU93 0.01954 2 3.58925
DEP domain-containing protein 1A OS=Homo sapiens GN=DEPDC1 PE=1SV=2 - [DEP1A_HUMAN] 015013 0.04495- 2 3.90607
Striatin-4 0S=Homo sapiens GN=STRN4 PE=1SV=2 - [STRN4_HUMAN] Q13315 0.03299 2 3.21902
Mitochondrial Rho GTPase 2 0S=Homo sapiens GN=RHOT2 PE=1 SV=2 - [MIRO2_HUMAN] QSTON1 0.03641 2 3.81024
A-kinase anchor protein SPHKAP OS=Homo sapiens GN=SPHKAP PE=1SV=1- [SPKAP_HUMAN] Q8N2E2 0.00021 3 4.88310
NADPH oxidase 1 0S=Homo sapiens GN=NOX1 PE=15V=2 - [NOX1_HUMAN] Q8TDB8 0.01897 2 3.64382
Very large A-kinase anchor protein 0S=Homo sapiens GN=CRYBG3 PE=1SV=3 - [CRBG3_HUMAN] Q9BZF9 0.00508 3 5.33229
Natural cytotoxicity triggering receptor 1 0S=Homo sapiens GN=NCR1 PE=1SV=1- [NCTR1_HUMAN] Q9pPoU3 0.01565 2 3.51368
Kielin/chordin-like protein OS=Homo sapiens GN=KCP PE=2 SV/=2 - [KCP_HUMAN)] QoY5s8 0.02613 52145301 2 3.91916

(continued on next page)
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Table 2 (continued)

(a) continue

Description Accession Number Anova (p) AglvsC Agl0vs C Aglvs Agl0 Peptide count Confidence score
Cell death

Endonuclease G, mitochondrial 0S=Homo sapiens GN=ENDOG PE=1SV=4 - [NUCG_HUMAN] 043151 0.00090 - 2 422420
Uveal autoantigen with coiled-coil domains and ankyrin repeats 0S=Homo sapiens GN=UACA PE=1SV=2 - [UACA_HUMAN] P49756 0.01052 2 3.27282
Defence-related

Interferon-induced protein with tetratricopeptide repeats 1B 0S=Homo sapiens GN=IFIT1B PE=2 SV=1- [IFT1B_HUMAN] Q96N23 0.02223 - 3 4.85809
Interferon-induced protein with tetratricopeptide repeats 5 0S=Homo sapiens GN=IFIT5 PE=1SV=1- [IFIT5S_HUMAN] Q9NUD7 0.00731 2 3.18421
Stress response

Peroxiredoxin-6 05=Homo sapiens GN=PRDX6 PE=15V=3 - [PRDX6_HUMAN] Q8NCWS 0.00306 | 24278 4 843253
Other

Isoform 4 of Fcreceptor-like B OS=Homo sapiens GN=FCRLB - [FCRLB_HUMAN] Q9Y490 0.02789 2 2.29661

Coiled-coil domain-containing protein 73 0S=Homo sapiens GN=CCDC73 PE=2 SV=2 - [CCD73_HUMAN] 000533 0.00778 2 4.86648
Low-density lipoprotein receptor-related protein 1B 0S=Homo sapiens GN=LRP1B PE=1SV=2 - [LRP1B_HUMAN] 014647 0.04071 3 5.43258
17 beta-hydroxysteroid dehydrogenase OS=Homo sapiens GN=17BHSDI PE=3 SV=1- [Q13034_HUMAN] 075955 0.00552 2 3.25594
Dystrophin-related protein 2 0S=Homo sapiens GN=DRP2 PE=2 SV=2 - [DRP2_HUMAN] 076031 0.00136 2 2.69163
Low-density lipoprotein receptor-related protein 6 0S=Homo sapiens GN=LRP6 PE=1SV=2 - [LRP6_HUMAN] P11047 0.00850 2 3.66119
RB1-inducible coiled-coil protein 1 0S=Homo sapiens GN=RB1CC1 PE=15V=3 - [RBCCL_HUMAN] P20594 0.04787 2120117 3 4.56900
Intersectin-2 0S=Homo sapiens GN=ITSN2 PE=1 SV=3 - [ITSN2_HUMAN] P33908,Q6PING  0.00208 | 25753 2 2.33191
Cytosolic endo-beta-N-acetylglucosaminidase 0S=Homo sapiens GN=ENGASE PE=1 SV=1 - [ENASE_HUMAN] P33991 0.04927 2 4.88180
Semaphorin-4F OS=Homo sapiens GN=SEMAA4F PE=2 SV=2 - [SEM4F_HUMAN] P51178 0.00009 3 4.77767
Flotillin-1 0S=Homo sapiens GN=FLOT1 PE=1SV=3 - [FLOT1_HUMAN] P51825 0.01782 2 3.09900
Protein disulfide-isomerase A3 0S=Homo sapiens GN=PDIA3 PE=1SV=4 - [PDIA3_HUMAN] Q03164 0.03236 6 14.55174
Cylicin-2 0S=Homo sapiens GN=CYLC2 PE=2 SV=1 - [CYLC2_HUMAN] Q05397 0.02635 3 4.00290
TBC1 domain family member 10B 0S=Homo sapiens GN=TBC1D10B PE=1SV=3 - [TB10B_HUMAN] Q05586 0.01197 2 2.29240
Neural cell adhesion molecule L1-like protein OS=Homo sapiens GN=CHL1 PE=1SV=4 - [NCHL1_HUMAN] Q07955 0.02382 3 4.32921
Laminin subunit gamma-1 0S=Homo sapiens GN=LAMC1 PE=1SV=3 - [LAMC1_HUMAN] Q12882;Q8NGN8 0.04364 2 3.22330
Alsin OS=Homo sapiens GN=ALS2 PE=1SV=2 - [ALS2_HUMAN] Q14520 0.01539 2 2.23861
Glutamate receptor ionotropic, NMDA 1 0S=Homo sapiens GN=GRIN1 PE=1SV=1- [NMDZ1_HUMAN] Q16513 0.02622 2 3.70622
Nuclear GTPase SLIP-GC 0S=Homo sapiens GN=NUGGC PE=2 SV=3 - [SLIP_HUMAN] Q68DU8 0.04658 2 3.81828
Hyaluronan-binding protein 2 0S=Homo sapiens GN=HABP2 PE=1SV=1 - [HABP2_HUMAN] Q6lPM2 0.00056 2 4.14606
Pleckstrin homology domain-containing family A member 7 0S=Homo sapiens GN=PLEKHA7 PE=1 SV=2 - [PKHA7_HUMAN] Q62006 0.01284 3 4.41091
Serpin H1 0S=Homo sapiens GN=SERPINH1 PE=1 SV=2 - [SERPH_HUMAN] Q76183 0.02142 9 22.79801
Chondroitin sulfate glucuronyltransferase 0S=Homo sapiens GN=CHPF2 PE=2 SV=2 - [CHPF2_HUMAN] Q86T65 0.00790 2 4.18128
Cilia- and flagella-associated protein 54 0S=Homo sapiens GN=CFAP54 PE=2 SV=3 - [CFA54_HUMAN] Q8N8C3 0.03341 4 5.89849
Hemicentin-2 0S=Homo sapiens GN=HMCN2 PE=2 SV=2 - [HMCN2_HUMAN] Qs8wvm7 0.04813 9 13.61151
Plakophilin-2 0S=Homo sapiens GN=PKP2 PE=1 SV=2 - [PKP2_HUMAN] Q96Q42 0.01093 3 5.70954
Transmembrane protein 232 0S=Homo sapiens GN=TMEM232 PE=2 SV=2 - [TM232_HUMAN] Q96RW7 0.02531 2 4.29479
Myomesin-1 0S=Homo sapiens GN=MYOM1 PE=1SV=2 - [MYOM1_HUMAN] Q99519 X 4 7.10053
Cilia- and flagella-associated protein 70 0S=Homo sapiens GN=CFAP70 PE=2 SV=3 - [CFA70_HUMAN] Q99698 X 4 6.27854
Round spermatid basic protein 1 0S=Homo sapiens GN=RSBN1 PE=1SV=2 - [RSBN1_HUMAN] Q9BU19 X 2 2.87834
Golgi- i 1 plant patt is-related protein 1 0S=Homo sapiens GN=GLIPR2 PE=1SV=3 - [GAPR1_HUMAN] Q9C0oD6 X 2 2.59858
Annexin A2 0S=Homo sapiens GN=ANXA2 PE=1SV=2 - [ANXA2_HUMAN] Q9COFO . 11 28.28074
Complement C3 0S=Homo sapiens GN=C3 PE=1 SV=2 - [CO3_HUMAN] QINRX5 X 2 2.13876
Rho guanine nucleotide exchange factor 10 0S=Homo sapiens GN=ARHGEF10 PE=1 SV=4 - [ARHGA_HUMAN] QINSI6 . 3 4.88130
Wilms tumor protein 1-interacting protein OS=Homo sapiens GN=WTIP PE=1SV=3 - [WTIP_HUMAN] Q9NYU2 X 2 3.19162
Protocadherin Fat 3 0S=Homo sapiens GN=FAT3 PE=2 SV=2 - [FAT3_HUMAN] Q9P2D6 2 3.72581
Dynein assembly factor 1, axonemal OS=Homo sapiens GN=DNAAF1 PE=1SV=5 - [DAAF1_HUMAN] Q9P2E5 3 4.82100
Atrial natriuretic peptide receptor 2 0S=Homo sapiens GN=NPR2 PE=1 SV=1 - [ANPRB_HUMAN] Q9UBC2 2 2.89056
von Willebrand factor D and EGF domain-containing protein OS=Homo sapiens GN=VWDE PE=2 SV=4 - [VWDE_HUMAN] H3BSZ2 2 2.18033
FOXL2 neighbor protein 0S=Homo sapiens GN=FOXL2NB PE=2 SV=1- [FOXNB_HUMAN] F8WEY1 2 2.77811
Maestro heat-like repeat-containing protein family member 2B 0S=Homo sapiens GN=MROH2B PE=2 SV=3 - [MRO2B_HUMAN] 13L2J0 5 9.14316
Uncharacterized protein KIAA1107 OS=Homo sapiens GN=KIAA1107 PE=1SV=2 - [K1107_HUMAN] K7EML9 2 3.62545
1Q domain-containing protein E 0S=Homo sapiens GN=IQCE PE=1SV=2 - [IQCE_HUMAN] 014503 3 4.82031
Isoform 2 of Protein MROH8 OS=Homo sapiens GN=MROHS - [MROH8_HUMAN] 015417 3 4.72667
Coiled-coil domain-containing protein 142 0S=Homo sapiens GN=CCDC142 PE=2 SV=1- [CC142_HUMAN] 076036 3 5.41430
Semenogelin-2 0S=Homo sapiens GN=SEMG2 PE=1 SV=1 - [SEMG2_HUMAN] 094986 2 3.53720
Protein FAM184A OS=Homo sapiens GN=FAM184A PE=2 SV=3 - [F184A_HUMAN] 095461 X 2 3.60002
Hornerin 0OS=Homo sapiens GN=HRNR PE=1 SV=2 - [HORN_HUMAN] 095754 0.00549 2 3.08306
Uncharacterized protein KIAA1210 OS=Homo sapiens GN=KIAA1210 PE=2 SV=3 - [K1210_HUMAN] 095822 0.00331 2 2.77701
1Q and AAA domain-containing protein 1-like 0S=Homo sapiens GN=IQCA1L PE=3 SV=2 - [IQCAL_HUMAN] P04406 0.01483 2 2.62556
Protein WWC2 OS=Homo sapiens GN=WWC2 PE=1SV=2 - [WWC2_HUMAN] PODMV8 0.00000 2 3.05959
PDZ domain-containing protein 4 0S=Homo sapiens GN=PDZD4 PE=1SV=1- [PDZD4_HUMAN] P11532 0.00207 4 7.91782
FLJ44955 protein OS=Homo sapiens GN=FLJ44955 PE=2 SV=1 - [QOVFX3_HUMAN] P14920 0.03574 2 3.28018
Uncharacterized protein C6orf222 0S=Homo sapiens GN=C6orf222 PE=1 SV=1- [CF222_HUMAN] P25705 0.00448 3 5.00742
Coiled-coil domain-containing protein 74A OS=Homo sapiens GN=CCDC74A PE=2 SV=1- [CC74A_HUMAN] P29536 0.04867| 2 2.42102
Ankyrin repeat domain-containing protein 33B 0S=Homo sapiens GN=ANKRD33B PE=3 SV=1 - [AN33B_HUMAN] P62736 0.01832 2 3.93040
AN1-type zinc finger protein 4 0S=Homo sapiens GN=ZFAND4 PE=2 SV=2 - [ZFAN4_HUMAN] Q02383 0.00154 3 3.99111
Disco-interacting protein 2 homolog B 0S=Homo sapiens GN=DIP2B PE=1 SV=3 - [DIP2B_HUMAN] Q03167 0.00002 2 3.89269
Uncharacterized protein C200rf96 OS=Homo sapiens GN=C200rf96 PE=2 SV=2 - [CT096_HUMAN] Q05193 0.01092 2 3.41435
DDB1- and CUL4-associated factor 4-like protein 1 0S=Homo sapiens GN=DCAF4L1 PE=2 SV=1- [DC4L1_HUMAN] Q08170 0.04994 2 3.61347
Coiled-coil domain-containing protein 84 0S=Homo sapiens GN=CCDC84 PE=1SV=1- [E9PJ16_HUMAN] QOVFX3 0.00264 2 3.02196
cDNA FLI58923 0S=Homo sapiens PE=2 SV=1 - [B4DQ52_HUMAN] Q13428 0.00027 2 3.41989
Coiled-coil domain-containing protein 170 0S=Homo sapiens GN=CCDC170 PE=1 SV=3 - [CC170_HUMAN] Q15652 0.04394 2 2.56597
Protein FAM135A OS=Homo sapiens GN=FAM135A PE=15V=2 - [F135A_HUMAN] Q2m3c7 0.02191 2 3.42314
WD repeat-containing protein 87 0S=Homo sapiens GN=WDR87 PE=1 SV=3 - [WDR87_HUMAN] Q4KMP7 0.00741 5 7.41356
RIMS-binding protein 3A 0S=Homo sapiens GN=RIMBP3 PE=1SV=4 - [RIM3A_HUMAN] Q5TZA2 0.00208 3 3.93504
von 1d factor A domain-cc ining protein 3A OS=Homo sapiens GN=VWA3A PE=2 SV=3 - [VWA3A_HUMAN] Q6AWC2 0.00213 2 4.21103
Angiomotin-like protein 1 0S=Homo sapiens GN=AMOTL1 PE=1 SV=1- [AMOL1_HUMAN] Q61Q23 0.01646 2 2.94944
Probable carboxypeptidase X1 0S=Homo sapiens GN=CPXM1 PE=2 SV=2 - [CPXM1_HUMAN] Q72794 0.00038 2 3.39455
Uncharacterized protein C170rf100 0S=Homo sapiens GN=C170rf100 PE=2 SV=1- [CQ100_HUMAN] Q7780 0.02769 2 2.94914
Coiled-coil domain-containing protein 136 0S=Homo sapiens GN=CCDC136 PE=1 SV=3 - [CC136_HUMAN] Q8NBB4 0.03187 2 2.80959
Proline-rich basic protein 1 0S=Homo sapiens GN=PROB1 PE=2 SV=2 - [PROB1_HUMAN] Q92764 0.00874 3 4.80982
EF-hand domain-containing family member B OS=Homo sapiens GN=EFHB PE=2 SV=4 - [EFHB_HUMAN] Q96BP3 0.00944 2 3.70613
BRI3-binding protein 0S=Homo sapiens GN=BRI3BP PE=1 SV=1- [BRI3B_HUMAN] Q96L93 0.02563 2 3.07474
cDNA FLI39672 fis, clone SMINT2009233 OS=Homo sapiens PE=2 SV=1- [Q8N8C3_HUMAN] Q96NX9 0.00505 2 3.12145
HCG2019382 0S=Homo sapiens GN=MGC44328 PE=2 SV=1 - [Q8NEAO_HUMAN] QINVCe 0.00000 2 4.95528
5'-nucleotidase domain-containing protein 2 0S=Homo sapiens GN=NT5DC2 PE=4 SV=1- [FSWEY1_HUMAN] Q9UHC6 0.02261 2 2.23402
CPX chromosomal region candidate gene 1 protein OS=Homo sapiens GN=CPXCR1 PE=2 SV=2 - [CPXCR_HUMAN] Q9UPP5 0.00025 2 3.13097
RADS51-associated protein 2 0S=Homo sapiens GN=RAD51AP2 PE=1SV=1- [R51A2_HUMAN] Q9Y330 0.00008 3 5.53504
Coiled-coil domain-containing protein 71L 0S=Homo sapiens GN=CCDC71L PE=2 SV=2 - [CC71L_HUMAN] Q9Y4G6 0.00273 2 2.04108

(continued on next page)



S. Gioria et al. Toxicology in Vitro 50 (2018) 347-372

Table 2 (continued)

(b) Description Accession  Anova (p) AglvsC AglOvs C  Aglvs Agl0 Peptide number Confidence score
Amino Acids
Methionine synthase 0S=Homo sapiens GN=MTR PE=1 SV=2 - [METH_HUMAN] Q8N3C7 0.02626 3 4.55757

Sugars and polysaccharides
Lipid and sterol

[N}

Cytochrome P450 2D6 0S=Homo sapiens GN=CYP2D6 PE=1SV=2 - [CP2D6_HUMAN] Q9H867 0.00305 3.35675
Other

Glycolysis

Glycerol-3-phosphate dehydrogenase, mitochondrial 0S=Homo sapiens GN=GPD2 PE=1SV=3 - [GPDM_HUMAN] Q1MSJ5 0.00936 3 3.80769

Gluconeogenesis

Penthose phosphate pathway
TCA pathway

Respiration

E-transport

Meiosis

DNA synthesis /replication

Nucleolar GTP-binding protein 1 0S=Homo sapiens GN=GTPBP4 PE=1SV=3 - [NOG1_HUMAN] Q04844 0.03381
Protein timeless homolog OS=Homo sapiens GN=TIMELESS PE=1SV=2 - [TIM_HUMAN] Q5FWE3 0.00000
Recombination / repair

DNA damage-binding protein 1 0S=Homo sapiens GN=DDB1 PE=1SV=1 - [DDB1_HUMAN] Q70CQ2 0.00531
Cellcycle

Hemicentin-1 0S=Homo sapiens GN=HMCN1 PE=1SV=2 - [HMCN1_HUMAN] Q96l17 0.02529
Rootletin 0S=Homo sapiens GN=CROCC PE=1SV=1 - [CROCC_HUMAN] QIBNS5 0.03643 [ GRS
Golgin subfamily A member 2 0S=Homo sapiens GN=GOLGA2 PE=1SV=3 - [GOGA2_HUMAN] Q965B8 0.00795

Cyclin-F 0S=Homo sapiens GN=CCNF PE=1SV=2 - [CCNF_HUMAN] Q9BZ95 0.00370

Cytokinesis

Dedicator of cytokinesis protein 7 0S=Homo sapiens GN=DOCK7 PE=1 SV=4 - [DOCK7_HUMAN] Q55007 0.02800
Centrosome and spindle pole-associated protein 1 0S=Homo sapiens GN=CSPP1 PE=1SV=4 - [CSPP1_HUMAN] Q81Y84;Q09C 0.00486

Protein regulator of cytokinesis 1 0S=Homo sapiens GN=PRC1 PE=15V=2 - [PRC1_HUMAN] Q92854 0.04458

Growth regulators

Transforming growth factor beta receptor type 3 0S=Homo sapiens GN=TGFBR3 PE=1 SV=3 - [TGBR3_HUMAN] P51795 0.04541

Other

Centrosomal protein of 70 kDa OS=Homo sapiens GN=CEP70 PE=1 SV=2 - [CEP70_HUMAN] ABNFN9 0.00207 2 2.55840
Oral-facial-digital syndrome 1 protein OS=Homo sapiens GN=OFD1 PE=1SV=1- [OFD1_HUMAN] 060449 0.00453 2 4.74019
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rRNA synthesis
tRNA synthesis

Mediator of RNA polymerase Il transcription subunit 17 0S=Homo sapiens GN=MED17 PE=1 SV=2 - [MED17_HUMAN] QIENX9 0.00000 | -2.70088 3 5.89224
mRNA synthesis

DNA-directed RNA polymerase, mitochondrial 05=Homo sapiens GN=POLRMT PE=15V=2 - [RPOM_HUMAN] Q3251 0.02333 [ 2.89537 2 2.96891
General TFs

General transcription factor 3C polypeptide 1 0S=Homo sapiens GN=GTF3C1 PE=1SV=4 - [TF3C1_HUMAN] 076013 0.01261 [ 25145 3 431069
Specific TFs

Dachshund homolog 2 0S=Homo sapiens GN=DACH2 PE=2 SV=1- [DACH2_HUMAN] A6NDB9 0.00829 __ 2 3.46345
Transcription elongation factor A protein-like 1 0S=Homo sapiens GN=TCEAL1 PE=1SV=2 - [TCAL1_HUMAN] VIHVX8 0.00543 2 3.21461
Chromatin

Teashirt homolog 3 0S=Homo sapiens GN=TSHZ3 PE=1 SV=2 - [TSH3_HUMAN] 015083 0.00390 2 2.77866
Histone deacetylase 9 0S=Homo sapiens GN=HDAC9 PE=1 SV=2 - [HDAC9_HUMAN] P16157 0.00235 4 5.32437
Histone-lysine N-methyltransferase NSD3 OS=Homo sapiens GN=WHSC1L1 PE=1SV=1- [NSD3_HUMAN] Q16531 0.00786 2 2.98018
Histone-lysine N-methyltransferase NSD2 OS=Homo sapiens GN=WHSC1 PE=1SV=1- [NSD2_HUMAN] Q6zuu3 0.00269 2 3.11195
Nucleosome assembly protein 1-like 3 0S=Homo sapiens GN=NAP1L3 PE=2 SV=2 - [NP1L3_HUMAN] Q8IZP9 0.00143 2 2.65080
mRNA processing

Protein SCAF11 OS=Homo sapiens GN=SCAF11 PE=15V=2 - [SCAFB_HUMAN] 075369 0.00321 2 219372
Splicing factor 45 0S=Homo sapiens GN=RBM17 PE=1SV=1 - [SPF45_HUMAN] P62736 0.00583 2 2.34158
Splicing factor, suppressor of white-apricot homolog OS=Homo sapiens GN=SFSWAP PE=1SV=3 - [SFSWA_HUMAN] QB6WRX3 0.01142 5 7.40227
Pre-mRNA cleavage complex 2 protein Pcf11 0S=Homo sapiens GN=PCF11 PE=1SV=3 - [PCF11_HUMAN] Q6ZPAS5 0.00352 4 6.33357
Heterogeneous nuclear ribonucleoprotein Al-like 2 0S=Homo sapiens GN=HNRNPA1L2 PE=2 SV=2 - [RA1L2_HUMAN] Q99707 0.01076 6 16.86664
Terminal uridylyltransferase 4 0S=Homo sapiens GN=ZCCHC11 PE=1 SV=3 - [TUT4_HUMAN] Q9HCU4 0.00001 4 6.04731
rRNA processing

WD repeat-containing protein 3 0S=Homo sapiens GN=WDR3 PE=1SV=1- [WDR3_HUMAN] 096028 0.00770 F 3 4.59716
Ribosomal RNA processing protein 1 homolog B OS=Homo sapiens GN=RRP1B PE=1 SV=3 - [RRP1B_HUMAN] Q8N130;Q02 0.00579 2 3.10301
RNA transport

Germinal-center associated nuclear protein 0S=Homo sapiens GN=MCM3AP PE=1SV=2 - [GANP_HUMAN] QoP6D6 0.00249 | 267851 3 5.40109
Regulation

Transcription regulator protein BACH1 OS=Homo sapiens GN=BACH1 PE=1SV=2 - [BACH1_HUMAN] ABNCL7 0.04841 2 3.80936
Putative zinc finger and SCAN domain-containing protein 5D OS=Homo sapiens GN=ZSCAN5D PE=5 SV=1 - [ZSA5D_HUMAN] A8K8P3 0.00188 2 3.65083
DBF4-type zinc finger-containing protein 2 0S=Homo sapiens GN=ZDBF2 PE=1 SV=3 - [ZDBF2_HUMAN] 060336 0.00224 3 3.12220
Zinc finger ZZ-type and EF-hand domain-containing protein 1 0S=Homo sapiens GN=ZZEF1 PE=1 SV=6 - [ZZEF1_HUMAN] PODMV8 0.00186 3 3.69340
Protein CBFA2T3 OS=Homo sapiens GN=CBFA2T3 PE=15V=2 - [MTG16_HUMAN] Q06210 0.04297 2 3.06214
Msx2-interacting protein OS=Homo sapiens GN=SPEN PE=1SV=1- [MINT_HUMAN] Q08378 0.02130 3 4.20975
Zinc finger protein 254 0S=Homo sapiens GN=ZNF254 PE=2 SV=3 - [ZN254_HUMAN] Q13905 0.00184 2 2.88298
Lysine-specific demethylase hairless 0S=Homo sapiens GN=HR PE=1SV=5 - [HAIR_HUMAN] Q5QJ38 0.04169 2 3.02873
Protein flightless-1 homolog OS=Homo sapiens GN=FLII PE=1 SV=2 - [FLII_HUMAN] Q5TB30 0.01282 4 6.05445
N-lysine methyltransferase SETD8 OS=Homo sapiens GN=SETD8 PE=1 SV=3 - [SETD8_HUMAN] Q5TCQ9 0.01065 3 4.31950
Zinc finger and BTB domain-containing protein 21 0S=Homo sapiens GN=ZBTB21 PE=1SV=2 - [ZBT21_HUMAN] Q6WKZ4 0.00439 2 2.84799
Adenosylhomocysteinase 0S=Homo sapiens GN=AHCY PE=1SV=4 - [SAHH_HUMAN] Q8wvsa 0.00005 2 6.33454
Fez family zinc finger protein 2 0S=Homo sapiens GN=FEZF2 PE=2 SV=2 - [FEZF2_HUMAN] Q96125 0.00236 2 3.62646
Thyrotrophic embryonic factor (Fragment) OS=Homo sapiens GN=TEF PE=2 SV=1 - [E0ZS57_HUMAN] Q96N67 0.00445 2 3.05093
Zinc finger protein 831 0S=Homo sapiens GN=ZNF831 PE=2 SV=4 - [ZN831_HUMAN] Q99457 0.01016 2 3.88755
Zincfinger protein 197 0S=Homo sapiens GN=ZNF197 PE=2 SV=1 - [ZN197_HUMAN] Q9HC77 0.00689 2 2.64568
Bromodomain adjacent to zinc finger domain protein 2A OS=Homo sapiens GN=BAZ2A PE=1SV=4 - [BAZ2A_HUMAN] Q9uBC2 0.00341 4 6.91875
Zinc finger Ran-binding domain-containing protein 2 0S=Homo sapiens GN=ZRANB2 PE=1 SV=2 - [ZRAB2_HUMAN] Q9YENE 0.00666 2 2.70472
Other

LINE-1 type transposase domain-containing protein 1 0S=Homo sapiens GN=L1TD1 PE=1 SV=1- [LITD1_HUMAN] Q15418 0.00085 | -2.83500 2 3.23202

(continued on next page)
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Table 2 (continued)

(b) continue
Description Accession  Anova (p) AglvsC AglOvs C  Aglvs Agl0 Peptide number Confidence score

Ribosomal proteins

Ribosomal protein S6 kinase alpha-1 0S=Homo sapiens GN=RPS6KA1 PE=15V=2 - [KS6A1_HUMAN] 094913 0.00721 2 4.42423
Probable ATP-dependent RNA helicase DDX31 OS=Homo sapiens GN=DDX31 PE=1SV=2 - [DDX31_HUMAN] Q8NEC7 0.00517 3 5.10123
Other

Elongation factor Tu, mitochondrial 0S=Homo sapiens GN=TUFM PE=1 SV=2 - [EFTU_HUMAN] Q6F5E8 0.00648 3 6.92413
La-related protein 1B OS=Homo sapiens GN=LARP1B PE=15V=2 - [LAR1B_HUMAN] Q8WXA3 0.02839 2 1.90011
Glutamine--tRNA ligase OS=Homo sapiens GN=QARS PE=1SV=1- [SYQ_HUMAN] Q9BWV1 0.00451 2 4.21209

Folding and stability

Heat shock 70 kDa protein 1A OS=Homo sapiens GN=HSPA1A PE=1SV=1- [HS71A_HUMAN] P41002 0.02705 2 6.64383
DnaJ homolog subfamily C member 10 0S=Homo sapiens GN=DNAJC10 PE=1SV=2 - [DJC10_HUMAN] Q8WWN8 0.04471 3 4.72374
Sacsin 0S=Homo sapiens GN=SACS PE=1SV=2 - [SACS_HUMAN] QINSV4 0.03704 4.38615
Targeting

Modification

Ubiquitin carboxyl-terminal hydrolase 35 0S=Homo sapiens GN=USP35 PE=1SV=3 - [UBP35_HUMAN] 095218 0.04842 2 3.37342
Protein zyg-11 homolog A 0S=Homo sapiens GN=2YG11A PE=2 SV=3 - [ZY11A_HUMAN] Q8NHQ1;Q6: 0.00000 2 3.51096
NEDD4-like E3 ubiquitin-protein ligase WWP2 0S=Homo sapiens GN=WWP2 PE=15V=2 - [WWP2_HUMAN] Q8TDB8 0.00000 2 3.28088
Polypeptide N-acetylgalactosaminyltransferase 9 0S=Homo sapiens GN=GALNT9 PE=2 SV=3 - [GALT9_HUMAN] Q96N23 0.02514 2 2.94166
Proteolysis

Sentrin-specific protease 1 0S=Homo sapiens GN=SENP1 PE=1SV=2 - [SENP1_HUMAN] Q12872 0.00714 2 2.64249
Ubiquitin carboxyl-terminal hydrolase 34 0S=Homo sapiens GN=USP34 PE=1SV=2 - [UBP34_HUMAN] Q5VT97 0.00055 3 3.42914
lons

Sodium/calcium exchanger 1 0S=Homo sapiens GN=SLC8A1 PE=1SV=3 - [NAC1_HUMAN] P60709 0.00960 2 2.20588
Sodium-dependent phosphate transport protein 2C 0S=Homo sapiens GN=SLC34A3 PE=1SV=2 - [NPT2C_HUMAN] Q659C4 0.01414 3 3.16762
Short transient receptor potential channel 6 0S=Homo sapiens GN=TRPC6 PE=1SV=1- [TRPC6_HUMAN] Q8NCX0 0.04305 2 2.16705
Acetylcholine receptor subunit epsilon 0S=Homo sapiens GN=CHRNE PE=1 SV=2 - [ACHE_HUMAN] Q9HCM1 0.03262 2 2.24959
Voltage-dependent P/Q-type calcium channel subunit alpha-1A OS=Homo sapiens GN=CACNA1A PE=1SV=2 - [CACIA_HUMAN] Q9NVCEe 0.02023 2 2.12242
H(+)/CI(-) exchange transporter 5 0S=Homo sapiens GN=CLCN5 PE=1 SV=1- [CLCN5_HUMAN] Q9Y210 0.01110 2 3.32427
Sugars

Solute carrier family 2, facilitated glucose transporter member 14 0S=Homo sapiens GN=SLC2A14 PE=2 SV=1 - [GTR14_HUMAN] ASMWP4 0.00224 [ 2.79665| 2 4.41859
Lipids.

Oxysterol-binding protein-related protein 7 0S=Homo sapiens GN=OSBPL7 PE=2 SV=1 - [0SBL7_HUMAN] QBWXG6 0.00072 | -2.40060 2 1.73329
Transport ATPases

Other

Epidermal growth factor receptor substrate 15-like 1 0S=Homo sapiens GN=EPS15L1 PE=1 SV=1 - [EP15R_HUMAN] Q14642 0.00874 2 2.38211
Multidrug resistance-associated protein 5 0S=Homo sapiens GN=ABCC5 PE=1 SV=2 - [MRP5_HUMAN] Q14684 0.01044 2 3.79990
Rab11 family-interacting protein 1 0S=Homo sapiens GN=RAB11FIP1 PE=1SV=3- [RFIP1_HUMAN] Q5JPB2 0.02292 3 4.21899
GRIP and coiled-coil domain-containing protein 2 0S=Homo sapiens GN=GCC2 PE=1 SV=4 - [GCC2_HUMAN] Q86YR5;P81: 0.04093 2 3.58415
Golgin subfamily A member 3 0S=Homo sapiens GN=GOLGA3 PE=1 SV=2 - [GOGA3_HUMAN] Q96RW7 0.01692 3 4.88172
Golgi-specific brefeldin A-resistance guanine nucleotide exchange factor 1 0S=Homo sapiens GN=GBF1 PE=1SV=2 - [GBF1_HUMAN] Q9POU3 0.00317 3 3.87289
Aftiphilin 0S=Homo sapiens GN=AFTPH PE=15V=2 - [AFTIN_HUMAN] QI9UNX4 0.00098 2 3.40527

Cytoskeleton

SH3 and multiple ankyrin repeat domains protein 3 0S=Homo sapiens GN=SHANK3 PE=1 SV=3 - [SHAN3_HUMAN] F8W8Y7 0.00001 2 4.05002
Dynein heavy chain 3, axonemal OS=Homo sapiens GN=DNAH3 PE=2 SV=1- [DYH3_HUMAN] P43304 0.00392 6 9.04761
Ankyrin-1 0S=Homo sapiens GN=ANK1 PE=1SV=3 - [ANK1_HUMAN] P62258 0.00028 3 4.81041
Dystonin OS=Homo sapiens GN=DST PE=15V=4 - [DYST_HUMAN] Q12789 0.00083 4 4.71133
Filamin-B OS=Homo sapiens GN=FLNB PE=1 SV=2 - [FLNB_HUMAN] Q13045 0.00503 2 3.59954
ERC protein 2 0S=Homo sapiens GN=ERC2 PE=1 SV=3 - [ERC2_HUMAN] Q16831 0.00261 2 2.42826
Actin, aortic smooth muscle OS=Homo sapiens GN=ACTA2 PE=1SV=1- [ACTA_HUMAN] Q6DT37 0.00032 5 18.25935
Leucine-rich repeat-containing protein 16C 0S=Homo sapiens GN=RLTPR PE=1SV=2 - [LR16C_HUMAN] Q6NUP7 0.00107 2 3.36603
Actin, cytoplasmic 1 0S=Homo sapiens GN=ACTB PE=1SV=1- [ACTB_HUMAN] [or:{r{e} 0.00801 4 14.28794
Keratin, type | cuticular Ha6 OS=Homo sapiens GN=KRT36 PE=2 SV=1 - [KRT36_HUMAN] Q8TCHS 0.00001 2 3.90489
Dynein heavy chain 10, axonemal OS=Homo sapiens GN=DNAH10 PE=1 SV=4 - [DYH10_HUMAN] Q99590 0.00066 5 7.55736
Spatacsin OS=Homo sapiens GN=SPG11 PE=1SV=3 - [SPTCS_HUMAN] Q9BYBO 0.00001 2 2.83306
Putative beta-actin-like protein 3 0S=Homo sapiens GN=POTEKP PE=5 SV=1- [ACTBM_HUMAN] Q9H8H2 0.01128 2 8.55057
Protein diaphanous homolog 3 0S=Homo sapiens GN=DIAPH3 PE=1SV=4 - [DIAP3_HUMAN] Q9NQR1 0.00515 2 3.16517
Rotatin OS=Homo sapiens GN=RTTN PE=1SV=3 - [RTTN_HUMAN] Q9pP267 0.01957 5 5.80963
Chromosome

Structural maintenance of chromosomes protein 6 0S=Homo sapiens GN=SMC6 PE=1 SV=2 - [SMC6_HUMAN] Q72494 0.00008 4131645 2 1.79870
Centromere protein J 0S=Homo sapiens GN=CENPJ PE=1SV=2 - [CENPJ_HUMAN] QsULP2 0.04541 [ 205372 3 5.96051
Endocytosis

Lymphocyte antigen 75 0S=Homo sapiens GN=LY75 PE=1 SV=3 - [LY75_HUMAN] QsT5U3 0.00018 [ 670841 4 5.91814
Endosome

Cell cycle

Transforming acidic coiled-coil-containing protein 3 0S=Homo sapiens GN=TACC3 PE=1SV=1- [TACC3_HUMAN] 075054 0.00012 3 5.15713
MAP kinase-activating death domain protein OS=Homo sapiens GN=MADD PE=1SV=2 - [MADD_HUMAN] 075437 0.00331 3 5.37250
Protein SFI1 homolog OS=Homo sapiens GN=SFI1 PE=1 SV=2 - [SFI1_HUMAN] P42336 0.00031 2 3.33097
Organelle transport

Cell Adhesion

Brother of CDO OS=Homo sapiens GN=BOC PE=15V=1- [BOC_HUMAN] QsTSP2 0.03985 __ 2 3.43105
Laminin subunit gamma-3 0S=Homo sapiens GN=LAMC3 PE=1SV=3 - [LAMC3_HUMAN] Q6TFL3 0.02197 2.76056
Cell proliferation

Other

WD repeat-containing protein 60 0S=Homo sapiens GN=WDR60 PE=1 SV=3 - [WDR60_HUMAN] 014827 0.00034 2 2.55201
Glutathione S-transferase C-terminal domain-containing protein 0S=Homo sapiens GN=GSTCD PE=1SV=2 - [GSTCD_HUMAN] Q5TZA2 0.01914 2 3.56643
Collagen alpha-1(XXVII) chain 0S=Homo sapiens GN=COL27A1 PE=1 SV=1 - [CORA1_HUMAN] Q86VvVv8 0.03965 4 5.54561
Collagen alpha-1(XIX) chain 0S=Homo sapiens GN=COL19A1 PE=1SV=3- [COJA1_HUMAN] P20020 0.00003 2 3.73179

(continued on next page)
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Description Accession  Anova (p) AglvsC AglOvs C  Aglvs Agl0 Peptide number Confidence score
Receptors

Kinases

Inactive serine/threonine-protein kinase TEX14 OS=Homo sapiens GN=TEX14 PE=1 SV=2 - [TEX14_HUMAN] E0ZS57 0.01839 3 4,97882
Testis-specific serine kinase substrate 0S=Homo sapiens GN=TSKS PE=1 SV=3 - [TSKS_HUMAN] 014867 0.00000 4 6.89274
Phosphatidylinositol 4,5-bisphosphate 3-kinase catalytic subunit alpha isoform 0OS=Homo sapiens GN=PIK3CA PE=1SV=2 - [PK3CA_HUMAN] 043593 0.00443 3 4.90199
Serine/threonine-protein kinase MRCK gamma OS=Homo sapiens GN=CDC42BPG PE=1SV=2 - [MRCKG_HUMAN] 043663 0.01547 4 8.81443
Mitogen-activated protein kinase-binding protein 1 0S=Homo sapiens GN=MAPKBP1 PE=1SV=4 - [MABP1_HUMAN] P49795 0.00347 3 5.56513
Microtubule-associated serine/threonine-protein kinase 4 0S=Homo sapiens GN=MAST4 PE=1 SV=3 - [MAST4_HUMAN] Q5T7N2 0.00362 4 5.22494
Serine/threonine-protein kinase NIM1 0S=Homo sapiens GN=NIM1K PE=1SV=1- [NIM1_HUMAN] Q5TAX3 0.03673 [ EN0EE 3 4.58566
Leucine-rich repeat serine/threonine-protein kinase 2 0S=Homo sapiens GN=LRRK2 PE=1 SV=2 - [LRRK2_HUMAN] Q9BZF2 0.01450 | -3.03301 4 6.06743
Phosphatases

Serine/threonine-protein phosphatase 4 regulatory subunit 4 0S=Homo sapiens GN=PPP4R4 PE=1 SV=1 - [PP4R4_HUMAN] POCG0O 0.00000 | 825251 3 414620
G proteins

Cadherin EGF LAG seven-pass G-type receptor 2 0S=Homo sapiens GN=CELSR2 PE=1 SV=1 - [CELR2_HUMAN] 000308 0.01305 2 3.67914
Adhesion G-protein coupled receptor G2 0S=Homo sapiens GN=ADGRG2 PE=1 SV=2 - [AGRG2_HUMAN] P10635 0.02958 2 1.66623
Regulator of G-protein signaling 19 0S=Homo sapiens GN=RGS19 PE=1SV=1- [RGS19_HUMAN] Q14993 0.00154 2 2.48693
G-protein-signaling modulator 1 0S=Homo sapiens GN=GPSM1 PE=1 SV=2 - [GPSM1_HUMAN] QOUIF9 0.04013 2 3.48646
Other

Rho GTPase-activating protein 21 0S=Homo sapiens GN=ARHGAP21 PE=1SV=1 - [RHG21_HUMAN] 015440 0.00342 2 2.50618
14-3-3 protein epsilon OS=Homo sapiens GN=YWHAE PE=1 SV=1 - [1433E_HUMAN] 043149 0.00109 2 4.54105
Ras-specific guanine nucleotide-releasing factor 2 0S=Homo sapiens GN=RASGRF2 PE=1 SV=2 - [RGRF2_HUMAN] 060318 0.00303 2 2.61426
Rho GTPase-activating protein SYDE2 OS=Homo sapiens GN=SYDE2 PE=1SV=2 - [SYDE2_HUMAN] 075081 0.00290 4 4.65012
Nephrocystin-3 0S=Homo sapiens GN=NPHP3 PE=1SV=1- [NPHP3_HUMAN] P00734 0.01210 2 3.83707
Rap guanine nucleotide exchange factor 1 0S=Homo sapiens GN=RAPGEF1 PE=1 SV=3 - [RPGF1_HUMAN] P32418 0.00227 4 5.23876
Nuclear receptor coactivator 5 0S=Homo sapiens GN=NCOAS PE=1SV=2 - [NCOA5_HUMAN] Q59H19 0.00025 2 2.86805
Paralemmin-3 OS=Homo sapiens GN=PALM3 PE=1SV=2 - [PALM3_HUMAN] Q8IVF4 0.0229% 2 3.69599
Calretinin OS=Homo sapiens GN=CALB2 PE=2 SV=2 - [CALB2_HUMAN] Q8Iwi2 0.00801 2 4.60129
DEP domain-containing protein 1A 0S=Homo sapiens GN=DEPDC1 PE=1SV=2 - [DEP1A_HUMAN] Q8TDSs7 0.00198 [1E2106581 2 3.90782
Ankyrin repeat and SOCS box protein 16 0S=Homo sapiens GN=ASB16 PE=1SV=2 - [ASB16_HUMAN] Q9HCQS 0.01709 2 2.90105

Cell death

Membrane-associated guanylate kinase, WW and PDZ domain-containing protein 3 0S=Homo sapiens GN=MAGI3 PE=1 V=2 - [MAGI3_HUM Q8N3A8 0.02744 [ 207453 2 3.16933
Rho guanine nucleotide exchange factor 6 0S=Homo sapiens GN=ARHGEF6 PE=1 SV=2 - [ARHG6_HUMAN] Q92538 0.03960 3 3.80856
Defence-related

Stress response

Plasma membrane calcium-transporting ATPase 10S=Homo sapiens GN=ATP2B1 PE=1 SV=3 - [AT2B1_HUMAN] 014709 0.03023 00N 2 2.95243
Other

Mitochondria-eating protein OS=Homo sapiens GN=SPATA18 PE=1SV=1- [MIEAP_HUMAN] 075197 0.01188 2 2.50270

Immunoglobulin superfamily member 3 0S=Homo sapiens GN=IGSF3 PE=2 SV=3 - [IGSF3_HUMAN] 015021 4 7.36897
Low-density lipoprotein receptor-related protein 1B 0S=Homo sapiens GN=LRP1B PE=15V=2 - [LRP1B_HUMAN] 075665 4 6.48868
Protein-lysine methyltransferase METTL21D OS=Homo sapiens GN=VCPKMT PE=1SV=2 - [MT21D_HUMAN] QOVFX3 2 1.87147
Type | inositol 1,4,5-trisphosphate 5-phosphatase OS=Homo sapiens GN=INPP5A PE=1SV=1- [I5P1_HUMAN] Q8IXB1 2 2.55432
Low-density lipoprotein receptor-related protein 5 0S=Homo sapiens GN=LRP5 PE=1SV=2 - [LRP5_HUMAN] Q8TBJ5 2 3.27132
Prothrombin OS=Homo sapiens GN=F2 PE=1SV=2 - [THRB_HUMAN] Q8TC71 2 3.46502
Low-density lipoprotein receptor-related protein 2 0S=Homo sapiens GN=LRP2 PE=1SV=3 - [LRP2_HUMAN] Q96N46 3 4.24653
Methyl-CpG-binding domain protein 5 0S=Homo sapiens GN=MBD5 PE=1 SV=3 - [MBD5_HUMAN] Q96NUO 2 2.53358
Cilia- and flagella-associated protein 54 0S=Homo sapiens GN=CFAP54 PE=2 SV=3 - [CFA54_HUMAN] Q9BXTS5 2 2.47300
NLR family CARD domain-containing protein 4 0S=Homo sapiens GN=NLRC4 PE=1 SV=2 - [NLRC4_HUMAN] Q9NPP4 4 5.45859
Testis-expressed sequence 15 protein OS=Homo sapiens GN=TEX15 PE=2 SV=2 - [TEX15_HUMAN] Q9NZR2 2 2.49528
Glutamine--fructose-6-phosphate aminotransferase [isomerizing] 1 0S=Homo sapiens GN=GFPT1 PE=1SV=3 - [GFPT1_HUMAN] QouIT2 2 3.13420
Semaphorin-4D 0S=Homo sapiens GN=SEMA4D PE=1SV=1 - [SEM4D_HUMAN] Qouu3 2 3.18152
Arf-GAP with Rho-GAP domain, ANK repeat and PH domain-containing protein 3 0S=Homo sapiens GN=ARAP3 PE=1SV=1- [ARAP3_HUMAN Q9UNS1 4 6.38147

Proline-rich transmembrane protein 3 0S=Homo sapiens GN=PRRT3 PE=1SV=3 - [PRRT3_HUMAN] B7z426 0.00360 2 3.20684
CDNA FLI23893 fis, clone LNG14589 OS=Homo sapiens PE=2 SV=1 - [Q8TCH5_HUMAN] 000411 0.0039%6 2 3.53347
Armadillo repeat-containing X-linked protein 4 0S=Homo sapiens GN=ARMCX4 PE=1 SV=3 - [F8W8Y7_HUMAN] 000555 0.03798 2 3.61534
Putative uncharacterized protein (Fragment) OS=Homo sapiens PE=4 SV=1- [Q59H19_HUMAN] 015481 0.00154 2 2.65952
Melanoma-associated antigen B4 0S=Homo sapiens GN=MAGEB4 PE=1 SV=1 - [MAGB4_HUMAN] P22676 0.00873 2 2.60074
Ectonucleotide pyrophosphatase/phosphodiesterase family member 5 0S=Homo sapiens GN=ENPP5 PE=2 SV=1 - [ENPP5_HUMAN] P23526 0.01350 2 2.83146
Protein ANKUB1 OS=Homo sapiens GN=ANKUB1 PE=2 SV=2 - [ANKUB_HUMAN] P47897 0.02489 2 3.29550
Putative uncharacterized protein ENSP00000401716 OS=Homo sapiens PE=5 SV=1- [YUO08_HUMAN] P49411 0.00606 2 3.20645
Coiled-coil domain-containing protein 15 0S=Homo sapiens GN=CCDC15 PE=2 SV=2 - [CCD15_HUMAN] P98164 o.017s7 [ 2 2.57983
FOXL2 neighbor protein OS=Homo sapiens GN=FOXL2NB PE=2 SV=1- [FOXNB_HUMAN] Q03167 0.00224 | 28452 2 3.67873
FLJ44955 protein OS=Homo sapiens GN=FL144955 PE=2 SV=1 - [QOVFX3_HUMAN] Q08379 0.02168 2 2.88650
CDNA FLI26166 fis, clone ADG02852 OS=Homo sapiens PE=2 SV=1- [Q6ZPA5_HUMAN] Q15052 0.01476 2 4.23955
cDNA FLI53550 OS=Homo sapiens PE=2 SV=1 - [B724Z6_HUMAN] Q15170 0.04865 2 3.43420
Epididymis luminal protein 109 0S=Homo sapiens GN=HEL-109 PE=2 SV=1 - [VOHVX8_HUMAN] Q63HKS 0.00015 3 4.37475
Tetratricopeptide repeat protein 14 0S=Homo sapiens GN=TTC14 PE=1SV=1- [TTC14_HUMAN] Q8IWB6 0.00000 2 4.12918
Coiled-coil domain-containing protein 171 0S=Homo sapiens GN=CCDC171 PE=2 SV=1- [CC171_HUMAN] Q96T58 0.00292 3 3.82551
CAP-Gly domain-containing linker protein 4 0S=Homo sapiens GN=CLIP4 PE=1SV=1 - [CLIP4_HUMAN] Q9BYX7 0.02968 2 4.16107
Poly [ADP-ribose] polymerase 8 0S=Homo sapiens GN=PARP8 PE=2 SV=1 - [PARP8_HUMAN] Q9BZE4 0.00280 2 2.74150
RUN and FYVE domain-containing protein 2 0S=Homo sapiens GN=RUFY2 PE=1SV=2 - [RUFY2_HUMAN] Q9C091 0.03833 2 2.93673
Contactin-associated protein-like 3B 0S=Homo sapiens GN=CNTNAP3B PE=2 SV=2 - [CNT3B_HUMAN] Q9HCD5 0.00405 3 4.27581
Uncharacterized protein KIAA1551 OS=Homo sapiens GN=KIAA1551 PE=1 SV=3 - [K1551_HUMAN] Q9HCK1 0.00034 5 8.57042
GREB1-like protein OS=Homo sapiens GN=GREB1L PE=2 SV=2 - [GRB1L_HUMAN] Q9NZI4 0.03791 2 2.66118
Sickle tail protein homolog OS=Homo sapiens GN=KIAA1217 PE=1 SV=2 - [SKT_HUMAN] Q9P2H5 0.00095 2 3.87869
Trichohyalin-like protein 1 0S=Homo sapiens GN=TCHHL1 PE=2 SV=1- [TCHL1_HUMAN] Q9UJA9 0.00165 2 2.16440
Coiled-coil domain-containing protein 150 0S=Homo sapiens GN=CCDC150 PE=1 SV=2 - [CC150_HUMAN] Q9UKVO 2

Ankyrin repeat domain-containing protein 33B 0S=Homo sapiens GN=ANKRD33B PE=3 SV=1 - [AN33B_HUMAN] Q9Y6AS5 3

Uridine phosphorylase 1 0S=Homo sapiens GN=UPP1 PE=1SV=1- [UPP1_HUMAN] 8.77583
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Table 3

Toxicology in Vitro 50 (2018) 347-372

Overlap of protein identifications between the two proteomics approaches at two experimental times. a) 24 h and b) 72 h experiment.

UniProt accession number Name Protein description

a)

PODMV8 HSPA1A Heat shock 70 kDa protein 1A OS=Homo sapiens GN=HSPA1A PE = 1 SV = 1 - [HS71A_HUMAN]

P25705 ATP5A1 ATP synthase subunit alpha, mitochondrial OS=Homo sapiens GN = ATP5A1 PE = 1 SV = 1 - [ATPA_ HUMAN]
P07355 ANXA2 Annexin A2 OS =Homo sapiens GN = ANXA2 PE = 1 SV = 2 - [ANXA2 HUMAN]

P04406 GAPDH Glyceraldehyde-3-phosphate dehydrogenase OS=Homo sapiens GN = GAPDH PE = 1 SV = 3 - [G3P_HUMAN]
b)

P49411 TUFM Elongation factor Tu, mitochondrial OS =Homo sapiens GN = TUFM PE = 1 SV = 2 - [EFTU_ HUMAN]
PODMV8 HSPA1A Heat shock 70 kDa protein 1A OS=Homo sapiens GN=HSPA1A PE = 1 SV = 1 - [HS71A_ HUMAN]

control in our study.

The analysis of imaged gels returned a total of 960 (range
672-1112), 954 (range 674-1238) and 1015 (range 734-1258) protein
spots for the control, 1 and 10 pg/mL AgNPs treated samples at 24 h. A
total of 1103 (range 721-1303), 1013 (range 776-1264) and 1092
(range 818-1332) protein spots were detected for the control, 1 and
10 ug/mL AgNPs treated samples at 72h, respectively. The average
percentage of matched spots across gels was 91% for 24 h and 87% for
72h.

The Mann-Whitney test was used to compare the overall protein
expression profile. Among the protein spots detected, 4 were found to
be down-regulated by at least 2-folds, and 13 were up-regulated by at
least 2-folds in cells treated with 1 ug/mL AgNPs and 13 down-regu-
lated and 15 up-regulated by 10pg/mL AgNPs exposure for 24h
(Fig. 2Sa). In the case of 72 h exposure, 27 spots were down-regulated,
and 10 spots were up-regulated with at least a two-fold change by the
lower concentration tested, whereas 13 proteins were found down-
regulated and 13 up-regulated by the highest dose used of 10 ug/uL
(Fig. 2Sb). Differences were also found between the two doses of
AgNPs-treated cells. Some spots were differentially expressed in cells
treated with 1 pg/mL AgNPs with respect to 10 ug/mL AgNPs (10 up-
regulated and 13 down-regulated at 24 h and 24 up-regulated and 17
down-regulated at 72 h of exposure) (Fig. 2Sa, 2Sb).

Proteins of interest (up- or down-regulated) were defined from the
images of the control and treated samples, and their corresponding
spots in the image of the preparative gel were matched. The 132 spots
were selected from the preparative gel for spot picking (Fig. 3S). The
aforementioned deregulated protein targets were identified using LC-
MS/MS. Proteome Discoverer (Thermo Scientific®) with the Sequest
workflow and UniProtKB/Swiss-Prot database was used for protein
identification of the selected deregulated protein spots.

In total, 123 unique differentially regulated spots were identified.
Table 2S reports the UniProt Accession Number, the protein symbol, the
protein coverage, the number of identified peptides and amino acids,
the molecular mass, a probability score, a description and a biological
function, symbols and the level of de-regulation of the identified pro-
teins (p value and fold change). UniProtKB/Swiss-Prot and Gene On-
tology (GO) were used to gain insight into the cellular processes, mo-
lecular functions of the proteins differentially regulated by the AgNPs.
In Table 1, deregulated proteins by 1 or 10 ug/mL AgNPs exposure at 24
or 72h are visualised grouped for the main function.

3.5. Relative quantification of identified proteins using the label-free MS-
based method

A label-free MS-based proteomics approach was also used to in-
vestigate the effects of 1 or 10 ug/mL AgNPs on Caco-2 cells. The
analysis of imaged peptide maps returned a total of 9177 and 11,333
co-detected peaks after matching the control, 1 and 10 ug/mL AgNPs
treated sample groups at 24 h and 72 h exposure, respectively. The re-
lative quantification was based on all peptides. Data were filtered (MS/
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MS spectra: rank < 5; peptide charge: < 5) before exporting the MS/
MS output files for protein identification. 105,729 and 94,213 MS/MS
spectra were exported into Proteome Discoverer for the 24h and 72h
experiment, respectively. 75,162 and 57,457 search hits were re-im-
ported into Progenesis QI for Proteomics and assigned to peptide ions.
After signal normalisation, the quantification was made for all peptides
using the relative quantification method (use of all peptide identified as
part of the protein). The total number of quantifiable proteins was 7232
and 7295 for the 24h and 72h experiment, respectively. One-way
ANOVA was used to identify statistically significant differentially
abundant proteins between non-treated Caco-2 cells (control) and cells
treated with 1 or 10 pg/mL AgNPs for the two-time points considered in
this study. Only deregulated proteins, by at least 2-folds in cells, were
validated. This results in 39 and 71 deregulated proteins for 1 and
10 pg/mL regarding, with respect to the control at 24 h exposure. For
the 72h experiment, 12 and 44 proteins were deregulated for 1 and
10 ug/mL, with respect to the control. Differences were also found
between the two doses of AgNPs treated cells. 181 and 123 proteins
were differentially expressed in cells treated with 1 pg/mL AgNPs with
respect to 10 ug/mL AgNPs at 24h and 72h exposure, respectively.
Table 3S reports the UniProt Accession Number, the protein symbol, the
protein coverage, the number of identified peptides and amino acids,
the molecular mass, a probability score, a description and a biological
function, symbols and the level of deregulation of the identified pro-
teins (p value and fold change).

In Table 2, deregulated proteins after 1 or 10 ug/mL AgNPs ex-
posure at 24 or 72 h are visualised and grouped for the main function.

3.6. Comparison of the two experimental approaches

Sample requirement is an important parameter when dealing with
in vitro experiments. There is a difference in the total amount of pro-
teins required to obtain an adequate dataset with each of the techni-
ques. 200 pg of loaded proteins are needed in the 2D-gel based method
to generate enough peptides from protein spots for their MS char-
acterisation. Only 3 ug loaded in the UHPLC are sufficient in the MS-
based for a qualitative and quantitative analysis of the peptide mixture.
Furthermore, the 2D-gel based experiment requires a total instrumental
time of 130h (based on the number of selected spots for MS char-
acterisation) whereas the label-free MS-based experiment is performed
for 54 h (see Table 4S). The average data analysis time is similar to both
approaches. The average number of peptides identified per confident
protein assignment for the 2D gel-based method is 10, compared to an
average of 7 for the label-free MS-based method, which is slightly
lower. Fig. 4S shows the number of deregulated proteins identified by
the two experimental approaches, label-free MS-based and 2D-gel based
at 24 (a) and 72h (b). It shows that 291 proteins were identified in-
dependently by the label-free MS-based and 56 proteins by the 2D-gel
based methods at 24 h exposure. At 72 h exposure, 179 and 88 proteins
were identified independently by the label-free MS-based and 2D-gel
based methods, respectively. Four and two proteins were found in
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common irrespective of the applied approach in the case of the 24 h and
72 h experiments, respectively (Table 3). For the 24 h experiment, the
four proteins found in common were PODMV8, P25705, P07355 and
P04406; whereas for the 72h experiment, the two proteins in common
were P49411 and PODMV8. The low overlap observed cannot only be
interpreted as a poor performance, but also demonstrates the advantage
of the multimodal approach to the characterisation of the proteome
(Yeung et al., 2008).

It is important to note that the analysis by differential 2D gel can
provide additional information on the analysis only by MS. This is quite
a novelty as this work can provide a perfect integration between two
proteomic techniques that are normally used independently. The results
obtained show that the integration of both techniques is advantageous
for two main reasons. On the one hand, the label-free MS-based pro-
teomics analysis, which is less costly in terms of time, allows acquiring
more information on the differentially expressed proteins. This tech-
nique does not have the limitations of the analysis 2D by which it is
possible to investigate only a defined range of pI and molecular
weights. In our work, we covered from about pI 4.5 to 8.5 and from
about 20 to 200 kDa. Also, label-free MS-based proteomics analysis
does not have any limitations, either in the case of proteins with a poor
solubility (mainly hydrophobic proteins of the membrane) or proteins
which tend to form protein aggregates due to bridges disulfide forma-
tion (the case of cytoskeleton proteins). Here, the latter problem was
minimised by the sample preparation method applied. On the other
hand, the 2D gel analysis provides the advantage of identifying the
different isoforms of a protein e.g. due to post-translational modifica-
tion (PTMs) and/or by alternative splicing, as well as altered by the
action of proteases. This is a relevant factor considering that isoforms of
the same protein might have different biological effects, ranging from a
complete loss of function to its acquisition.

Specifically, referring to Fig. 3S, isoforms or proteolytic products of
a particular protein found to be differently regulated by AgNPs ex-
posure are highlighted. The data are presented in Table 5S.

3.7. De-regulated networks

The IPA software was used for the combination and interpretation of
complex data for both proteomic platforms. The data were obtained by
analysing the differentially expressed proteins. Several biological ac-
tivities were found to be altered in Caco-2 cells exposed to AgNPs.
Figs. 3 (a, b) and 4 (a, b) report the most significant molecular networks
affected in response to 1 or 10 pg/mL AgNPs treatment for 24 h (a) and
72h (b), for the 2D-gel based and label-free MS-based approach re-
spectively. The focus molecules and de-regulation in response to 1 or
10 pg/mL AgNPs treatment for 24 h and 72 h are highlighted in Tables 4
(a, b) and 5 (a, b) for the 2D-gel based and label-free MS-based ap-
proach respectively.

Interestingly, the major proteins altered in response to AgNPs were
associated with cell cycle, cell morphology, cellular function and
maintenance.

3.8. Additional studies

To support our findings, we cross-linked omics data with a broad set
of complementary techniques.

We investigated the effects of 72h AgNPs exposure on the nuclei
and cytoskeleton organisation of Caco-2 cells by immunocytochemistry.
In the Supplementary information, Fig. 5S shows Hoechst and Alexa
Fluor® 488 phalloidin staining, used to visualise nuclei and F-actin fi-
laments respectively (63X magnification). Upon AgNPs incubation,
some nuclei are fragmented; this phenomenon is not observed in un-
treated cells or cells exposed to the solvent control. The cytoskeleton
organisation appears disrupted and damaged. The F-actin distribution
shows to be altered in cells exposed to AgNPs, with a higher effect seen
at 10 ug/mL concentration.
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Also, to overcome the limited sensitivity of proteomics to in-
vestigate inflammatory cell response induced by AgNPs, we used anti-
body arrays, which can detect cytokines in the ranges of pg/mL. We
performed a simultaneous screening of 42 human markers using a
human cytokine specific antibody array.

For the completeness of the study, apoptosis-specific antibody array
was performed. Arrays data are reported in Fig. 6S and 7S and highlight
significant changes in the expression of several proteins involved in
cytokines production, as well as in the apoptosis process, respectively.

4. Discussion
4.1. Biological significance of proteomic results obtained

The increased use of AgNPs in consumer production as dietary
supplements or food packaging materials creates concerns for humans,
which could directly or indirectly be exposed to the NPs. Oral exposure
to AgNPs and its subsequent systemic absorption have been observed in
rats (Kim et al., 2008), indicating that the gastrointestinal tract is a
potential target organ. For this reason, the Caco-2 cells, extensively
used over the last twenty years as an in vitro model of the intestinal
barrier for toxicity testing of classical toxicants (Brandon et al., 2006)
and more recently for nanomaterials (Sahu et al., 2016) (Gerloff et al.,
2009) was selected for this study.

Effective assessment of the growing number of new nanomaterials
benefits from a more comprehensive understanding of their tox-
icological mechanisms, which is difficult to achieve by traditional,
single end-point approaches (Costa and Fadeel, 2016) (Matysiak et al.,
2016). In this regard, system biology approaches have started to be
applied to the nanotoxicological sciences to overcome the limitations of
end-point assays.

Several key questions remain to be answered on the toxicity me-
chanism of AgNPs, in particular, the identification of the key signalling
pathways involved (McShan et al., 2014). With this work, we aim to
provide a valid contribution by applying a multimodal approach, which
allows analysing Caco-2 cellular interactions with 30 nm citrate coated
AgNPs.

Firstly, we deeply characterized the NPs used as particle size, sur-
face area, aggregation/agglomeration state, parameters that are all
likely to influence the biological availability and effects of the NPs. We
demonstrated that the AgNPs selected were homogeneous, well dis-
persed and stable at the experimental conditions considered, including
in complete cell culture medium. As next step, we performed in vitro
cytotoxicity testing showing a concentration-dependent toxic effect of
AgNPs. Based on these data, we selected two doses for the subsequent
proteomic analysis: a low no toxic concentration of 1 pg/mL and a high
concentration of 10 ug/mL. Acute exposure as the common exposure
model in nanotoxicology was applied, which provide useful indication
in terms of quantitative ranking of NPs hazards. Two exposure dura-
tions were considered: 24 and 72 h. Doses and time points selected were
in line with available studies (Zhang et al., 2016) (Verano-Braga et al.,
2014). At his regards, no specific exposure limits have been calculated
for nanosilver in the EU, whereas for the general population the World
Health Organisation (WHO) set a “No Observable Adverse Effect Level”-
(NOAEL) related to the sum of all exposure routes of 5 pug/kg bw(body
weight) AgNPs/day. Recently, for AgNP a NOAEL (for rats) was ob-
served, based on a 90 day oral exposure of 30 mg/kg bw/day; this as-
sessment was based on signs of liver toxicity (Hartemann et al., 2015,
Kim et al., 2010).

Since silver ions might be slowly released from NPs due to surface
oxidation, surface reactions, and dissolution of nanosilver in a biolo-
gical medium, the toxicity contribution from the ionic form versus the
nano-form of silver has been taken into account. We quantified the ions
released from AgNPs, and investigated the cellular interaction and
uptake of AgNPs using ICP-MS. Our results showed that approximately
only 1% of the initial amount of AgNPs exposed to the cells is
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internalised or strictly bound to the membrane of cells at the highest
concentration (10 pg/mL) and exposure time (72 h) analysed. Based on
literature data, AgNPs stability, in terms of ions release is of consider-
able variability. (Beer et al., 2012), detected between 39% and 71% of
Ag" ion fraction from commercial available AgNPs powder, reporting
that the high concentration of Ag ionic fraction is linked to the dis-
persion protocol. AgPure (listed as NM-300 reference material of the
Joint Research Centre (JRC, Italy) used by (Oberemm et al., 2016)

Network 5

syT2
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resulted in 15.1% as ionic silver after 24 h incubation in cell culture
medium, whereas (Verano-Braga et al., 2014) reported a 6 to 17% of
the silver content of the AgNPs suspensions to be in the ionic form
(Ag*) in LoVo cells treated with 20 and 100 nm AgNPs. In our ex-
perimental conditions, the amount of free ionic silver was found to
be < 0.1% after incubation in cell culture media at the highest dose and
time point considered. As we observed a very limited release of Ag™, we
account that the toxicity of AgNPs is mainly related to AgNPs per se.
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Fig. 3. Data analysis from the 2D gel-based approach - De-regulated molecular networks in response to 1 or 10 pg/mL AgNPs exposure in Caco-2 cells. a) 24 h and b)
72 h experiment. The networks are obtained by analysing the differentially expressed proteins using Ingenuity IPA. Identified deregulated proteins and metabolites
involved in the network are highlighted in bold. The colour indicates the deregulation (red: up-regulated, green: down regulated). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. (continued)

This is in agreement with several other previous studies that had
reported that AgNPs-induced toxicity is primarily the result of oxidative
damage and is independent of the toxicity of Ag* ions (Kim et al.,
2009). Also, (Verano-Braga et al., 2014) and (Xu et al., 2015) have
shown that more proteins were deregulated by AgNPs than by the free
silver ions released into the solution by the NPs. More recently,
(Oberemm et al., 2016) concluded that the high number of deregulated
proteins in the AgNP-treated cells points towards particle-specific ef-
fects not exerted by silver ions. (Sahu et al., 2016) reported that 20 nm
AgNPs nanoparticle are genotoxic in Caco-2 cell line, however, it is not

dependent on the contribution of ionic silver. (Beer et al., 2012) con-
cluded that for an AgNPs suspension containing 5.5% of Ag*’ they
could not detect any difference in the toxicity between AgNPs suspen-
sion and its supernatant.

As a preliminary step, we assessed if there were any differences in
the proteome profile of the untreated cells compared to cells exposed to
the solvent of the NPs at the same doses intended to use in the study (1
or 10 pg/mL). The results showed that very few significant differences
were found: two proteins in the case of control vs. solvent of 1 ug/mL
AgNPs and three proteins in the case of control vs. solvent of 10 pg/mL
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AgNPs-treated cells (Data not shown). This indicates no specific effects
of the coating matrix on cells. Solvent control did not also show any
decrease in cell viability on the control. Based on these observations, we
focused on the analysis of the differentially regulate proteins by only
the NPs and we compared the profiling among controls and AgNPs-
treated Caco-2 cells at the two different doses and at two different ex-
posure time (24 and 72 h).

Toxicology in Vitro 50 (2018) 347-372

In analysing the molecular effects of AgNPs in the most compre-
hensive manner, the combination of two proteomic approaches, com-
plemented with other techniques were applied. In contrast with clas-
sical end-points methods, the strength of omics methods is to provide
the opportunity for an unbiased assessment and may result in identi-
fying novel and/or unanticipated end-points, which could also yield to
novel biomarkers (Costa and Fadeel, 2016). Also, when coupled with

Fig. 4. Data analysis from the label-free MS-based approach - Deregulated molecular networks in response to 1 or 10 ug/mL AgNPs exposure in Caco-2 cells. a) 24 h
and b) 72h experiment. The networks are obtained by analysing the differentially expressed proteins using Ingenuity IPA. Identified deregulated proteins and
metabolites involved in the network are highlighted in bold. The colour indicates the deregulation (red: up-regulated, green: down regulated). (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4.

bioinformatics, it may lead to indicate novel and/or low dose effects,
not detected by conventional cellular assays. Although only a small
amount of AgNPs was taken up by the cells and as ICP-MS data have
shown and in accordance with literature (Bouwmeester et al., 2011),
image analysis and biostatistics of the 2-DE gel image spot data re-
vealed noticeable differences in protein spot expression in a con-
centration and timely manner. De-regulated proteins were classified
through biological functions. In particular, a considerable fraction of
the proteins identified as altered by AgNPs was related to energy and
metabolism, protein synthesis or stability/transcription, cell mor-
phology and transport, as well as stress response.

For example, citrate coated-AgNPs 30 nm triggered a deregulation

Toxicology in Vitro 50 (2018) 347-372

(continued)
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of several cytoskeleton proteins. Among the most affected proteins are:
Tubulin beta-4B (TUBB4), one of the major constituents of micro-
tubules; Actin-related protein 2/3 complex subunit 5 (ARPC5), which
functions as a component of the Arp2/3 complex and it is involved in
the regulation of actin polymerization and, together with an activating
nucleation-promoting factor (NPF), mediates the formation of branched
actin networks.

Cofilin expression (CFL1) was sharply decreased at 24 h in 10 pg/mL
treated cells; this protein belongs to the actin-binding proteins which
disassemble actin filaments. T-complex protein (TCP1 and CCT8) in-
volved in complex folds, including actin and tubulin, were also found
deregulated by AgNPs. Isoform 4 of Perilipin-3 (PLIN3), a cadherin
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binding protein involved in cell-cell adhesion was found to be strongly
down-regulated at 24 h at both tested concentrations. Of interest is the
deregulation of KRT8 and KRT18, which are essential proteins for the
integrity of the epithelial cells, and playing an important role under
stress. As (Wang et al., 2007) and (Georgantzopoulou et al., 2016) have
reported, KRT8 and KRT18 are involved in IL-6 mediated cell protec-
tion. Accordingly, our cytokines array data shows a significant increase
in IL-6 expression in cells exposed to 10 pug/mL of AgNPs for 72 h.

Also, 10 ug/mL AgNPs treatment for 72h led to a significant de-
regulation of glutathione synthetase (GSS), a protein involved in in-
flammatory response and oxidative stress neutralisation. As a defence
mechanism against oxidative injury, cells expressed altered levels of
glutaredoxin-3 (GLRX3) and peroxiredoxin-1 (PRDX1) when exposed to
10 ug/mL of AgNPs for 72h. Moreover, several heat shock proteins
among which mitochondrial heat shock 60KDa (HSPD1), Serpin H1
(SERPINH1), Heath shock 70 KDa (HSPA1A) were found deregulated to
counteract the oxidative damage. Altered expression of several heat
shock proteins was in line with published observations (Oberemm et al.,
2016). Protein disulphide-isomerase (P4HB), which catalyses the for-
mation, breakage and rearrangement of disulfide bonds and 3-mer-
captopyruvate sulfurtransferase (MPST) that acts as an antioxidant by
transfering sulfur ion to cyanide or to other thiol compounds, were
found deregulated at both time points tested (24 and 72 h) only at the
lower concentration examined (1 pg/mL).

(Miethling-Graff et al., 2014) reported that AgNPs increased ROS
level in LoVo cells at 24 h of exposure and correlated this finding with
changes in the proteomic response of proteins involved in oxidative
stress.

Both concentrations tested led to altered levels of Annexin A5
(ANXADS), a key apoptosis regulator, suggested to be an early marker of
apoptosis (Herzog et al., 2004). (van der Zande et al., 2016) also re-
ported that at gene levels, among the most dominant functional path-
ways affected by AgNPs exposure in CaCo-2 cells were the ones con-
nected to oxidative stress and apoptosis.

In addition, by 2D technique, different isoforms of proteins have
been identified. Glyceraldehyde-3- Phosphate dehydrogenase
(GADPH), which is involved in several biological processes such as
apoptosis, glycolysis, translational, presents three different isoforms
whose expression levels were altered by AgNPs cell exposure. These
results are in a good agreement with literature data on the influence of
post-translational modification and oxidation of GADPH (Zhang et al.,
2015, Kosova et al., 2017).

Oxidative stress can promote the formation of high molecular
weight disulfide-linked GAPDH aggregates through a process called
nucleocytoplasmic coagulation. Oxidation at Met-46 may play a pivotal
role in the formation of these insoluble structures. This modification has
been proposed to destabilise nearby residues, increasing the likelihood
of secondary oxidative damages (Samson et al., 2014).

Also of interest was elongation factor 2 (EEF2), whose proteolytic
product was found to be over expressed in cells treated with 10 pg/mL
AgNPs for 72 h, also reported as among the top deregulated proteins by
(Oberemm et al., 2016). Phosphorylation by EEF-2 kinase completely
inactivates EEF-2, resulting in a drastic inhibition of polyphenylalanine
synthesis in poly(U)-directed translation, therefore, completely inactive
in translation (Ryazanov et al., 1988).

When results of the nanoparticle-cell interaction mechanisms in-
duced by nanogold (AuNPs) obtained from previous studies (Gioria
et al., 2014, Gioria et al., 2016) were compared with the data obtained
by AgNPs in the present study, both the similarities and differences
underlying biological processes and proteins regulation were found. To
highlight is the expression of ENO1, IDH1 and P4HB, proteins involved
in glycolysis, isocitrate metabolic process and cell redox homeostasis
respectively, resulted altered in Caco-2 when exposed to AgNPs, as well
as in Caco-2 or Balb-3T3 cells exposed to AuNPs. Their modified ex-
pression could be suggested as a general response of cells exposed to
NMs, whereas ETFA, HSPD1, PP1r7/PPP1R12A, Anx2, NUDC

Toxicology in Vitro 50 (2018) 347-372

deregulation could potentially be considered as a specific Caco-2 re-
sponse to NPs. It should be noted that no similar pathways were found
to be activated in the two studies (Caco-2 cells exposed to AgNPs or
AuNPs). This revealed that even if common deregulated proteins are
found, they may link and coordinate different molecular pathways in
the same Caco-2 cells model when exposed to different metal NPs.

Due to the extensively documented difficulties to quantitate in 2D
gels proteins with high net charges, high pI and low M, values,
(Rabilloud et al., 2009), for a complete study, we employed in parallel
label-free MS-based proteomics. Gel-free approaches were initially
pitched as replacements for 2DE-MS; however, due as well to their
limitations, they turned out to be complementary. It is evident that both
approaches, with their respective advantages and disadvantages, should
be used in parallel to get a complete comprehension of protein ex-
pression and interactions in a certain physiological condition (Abdallah
et al., 2012).

De-regulated proteins identified using the label-free technique was
also classified by biological functions. After 24 and 72h of treatment
with the selected AgNPs particles, a large number of proteins were
found to be deregulated, particularly related to energy and metabolism,
protein synthesis or stability/transcription, cell structure and transport,
signal transduction.

As expected, the higher AgNPs concentration caused more protein
deregulation. Interestingly, by label-free approach, more deregulated
spots were observed for cells treated for 24 h, as compared to 72h.
Furthermore, 24 h exposure resulted in a predominant up-regulation of
proteins, in particular, for the high dose tested, whereas, at 72h ex-
posure, altered proteins were mainly down regulated. Several zinc
finger proteins involved in transcription regulation were found to be
altered by AgNPs at the dose of 10 pg/mL at both time points analysed,
in line with what was observed by (Oberemm et al., 2016) and co-
workers who identified six different zinc finger proteins specifically
deregulated by AgNPs treatment.

The low overlap observed between the two techniques that we
found demonstrates the advantage of the multimodal approach in the
characterisation of the proteome (Yeung et al., 2008).

Omics techniques provide more holistic approaches than offered by
conventional techniques, in particular, here we addressed the ad-
vantage of a multimodal proteomics approach in the characterisation of
the proteome (Yeung et al., 2008), definitely of great value for me-
chanistic (Adverse Outcome Pathway) studies and further integration of
knowledge obtained from in vitro data for the safety assessment of NMs.

It is accepted that due to the complexity of NPs- cell interactions,
comprehensive computational modelling approaches are needed to
understand the cellular mechanisms, evolution, and dynamics of cel-
lular proteins. Since omics approaches, as proteomics allows for com-
putational modelling, we applied Ingenuity pathway analysis for in-
terpreting the data of both proteomic platforms and gained insights into
the main networks affected by the deregulated proteins.

The most significant molecular networks affected in response to 1 or
10ug/mL AgNPs treatment for 24h and 72h were presented.
Interestingly, the major proteins altered in response to AgNPs were
associated with cell morphology, cellular assembly and organisation,
cell cycle, cell death and survival. The findings are in line with what
was reported by (Ma et al., 2011) at the level of global gene expression
profiles, analysed by the integration of clustering, gene ontology (GO)
and biological pathway analysis. By investigating the molecular me-
chanisms of interaction between AgNPs and human dermal fibroblasts-
fetal (HDF-f), the results of Ma and co-workers suggest that AgNPs may
cause the disruption of the cytoskeleton and cellular membrane, dis-
turbance of energy metabolism and gene expression associated path-
ways, DNA damage, accompanied by cell cycle arrest.

At first glance, this work might not see as of any progress beyond
the current status of knowledge. However, by conducting the experi-
ments flawlessly and by interpreting the proteomics findings as much as
possible, this work contributes to the goal of cooperation and openness
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in the pursuit of scientific progress. Indeed, data sharing in mass-
spectrometry (MS)-based proteomics opens a plethora of opportunities
for data scientists (Martens and Vizcaino, 2017). Standardization efforts
have ensured that a large proportion of the public data can be read and
processed by any interested researcher with the great opportunity for
(orthogonal) reuse of public data or integration with other public omics
data sets. Unfortunately, the lack of experimental and technical meta-
data has been highlighted many times as the main issue for the reuse of
biological data, and particularly in proteomics (Griss et al., 2015).

4.2. Additional studies

At proteomics level, we reported alterations of molecular networks
involved in cell morphology, cellular assembly and organisation, cell
death and survival. We supported our findings, by cross-linking omics
data with a broad set of complementary techniques. Cell morphology
investigation revealed apparent dose-dependent changes in cell shape
and a less define cytoskeleton structure in AgNPs treated cells com-
pared to the controls.

The inflammatory response was also examined. Treatment with
AgNPs resulted in an increase of IL-8, both at 24 and 72 h only at the
highest dose tested of 10 ug/mL, whereas IL-6 was found overexpressed
at the highest dose tested only at 72 h. AgNPs are reported to have both
stimulatory and suppressive effects on the production of cytokines.
Furthermore, the differential effects are dependent on dose and cell
type (Nguyen et al., 2016). Treatment with low doses of AgNPs resulted
in inhibitor effects, and higher doses led to increased pro-inflammatory
cytokine levels. The dose and time-dependent effects in cytokine pro-
duction however, need to be further investigated.

At proteome level, we identified several proteins involved in oxi-
dative stress and apoptosis, in line with previous studies that reported
apoptosis induced by various AgNPs (Gopinath et al., 2010). Based on
the data achieved by using a human apoptosis antibody array mem-
brane, we suggest that following the exposure of Caco-2 cells to AgNPs,
TRAIL proteins, which are members of the tumor necrosis factor (TNF)
family of ligands, are capable of initiating apoptosis through engage-
ment of its death receptors (Wiley et al., 1995).

Some members of the Bcl-2 family inhibit apoptosis, while others
facilitate this physiological process of cell death (O'Connor et al., 1998).
In particular, AgNPs exposed to Caco-2 cells for 72h increase BIM ex-
pression, a protein that binds to Bcl-2 provoking apoptosis.

Normally, DNA damage and cellular stress signalling activate p53,
which, through DNA-specific transcription activation, transcriptional
repression, and protein-protein interactions, triggers cell cycle arrest
and apoptosis. One of the genes induced by p53 was identified as that
encoding the insulin-like growth factor binding protein IGFBP-3, which
is reported as the primary regulator of the amount of free IGF-I avail-
able to interact with the IGF-1 receptor. By sequestering IGFs from
stimulating the IGF-1R, IGFBP-3 inhibits the IGF-survival signalling,
thus functioning as a pro-apoptotic agent (Grimberg, 2000). There are
accumulating evidences that IGFBP-3 can also cause apoptosis in an
IGF-independent manner. Thus, IGFBP-3 induction by p53 constitutes a
means of cross talk between the p53 and IGF axes. Also, by down
regulating IGF-II, as we reported, P53 reduces the IGF/IGF-1R survival
and mitogenic stimulation.

5. Conclusions

In this work, we have focused specifically on how systematic pro-
teomic and structural studies could be used to define the critical protein
interaction networks affecting Caco-2 human cells when exposed to
AgNPs. We applied two different proteomic platforms for the assess-
ment of the potential human health risks of AgNPs present e.g. in
consumer products or medical applications. We have shown how this
integration of techniques is crucial to obtaining biological insight for a
correct hazard assessment. With these two proteomic platforms, we
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were able to detect significant changes in the protein profiles of Caco-2
cells that were treated with 30 nm AgNPs at the concentrations of 1 and
10 ug/mL at 24 or 72 h exposure.

We believe that these techniques could support an informed deci-
sion-making platform to assess the potential health effects of existing
nanomaterials. This work is intended to contribute to an in-depth un-
derstanding of the mechanisms of action of AgNPs and should help in
the development of safe NMs for nanotechnology-based consumer
products without harmful side effects. As additional value, it con-
tributes to the accumulation of data in the public domain, with the
potential to generate new knowledge.
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