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A B S T R A C T   

Cellular senescence is a complex stress response defined as an essentially irreversible cell cycle arrest mediated 
by the inhibition of cell cycle-specific cyclin dependent kinases. The imbalance in redox homeostasis and 
oxidative stress have been repeatedly observed as one of the hallmarks of the senescent phenotype. However, a 
large-scale study investigating protein oxidation and redox signaling in senescent cells in vitro has been lacking. 
Here we applied a proteome-wide analysis using SILAC-iodoTMT workflow to quantitatively estimate the level of 
protein sulfhydryl oxidation and proteome level changes in ionizing radiation-induced senescence (IRIS) in 
hTERT-RPE-1 cells. We observed that senescent cells mobilized the antioxidant system to buffer the increased 
oxidation stress. Among the antioxidant proteins with increased relative abundance in IRIS, a unique 1-Cys 
peroxiredoxin family member, peroxiredoxin 6 (PRDX6), was identified as an important contributor to protec
tion against oxidative stress. PRDX6 silencing increased ROS production in senescent cells, decreased their 
resistance to oxidative stress-induced cell death, and impaired their viability. Subsequent SILAC-iodoTMT and 
secretome analysis after PRDX6 silencing showed the downregulation of PRDX6 in IRIS affected protein secretory 
pathways, decreased expression of extracellular matrix proteins, and led to unexpected attenuation of 
senescence-associated secretory phenotype (SASP). The latter was exemplified by decreased secretion of pro- 
inflammatory cytokine IL-6 which was also confirmed after treatment with an inhibitor of PRDX6 iPLA2 ac
tivity, MJ33. In conclusion, by combining different methodological approaches we discovered a novel role of 
PRDX6 in senescent cell viability and SASP development. Our results suggest PRDX6 could have a potential as a 
drug target for senolytic or senomodulatory therapy.   

1. Introduction 

Cellular senescence is a complex cellular stress response triggered by 
molecular damage and characterized by a prolonged and generally 
irreversible cell cycle arrest. This stable arrest, and more importantly, 
the ability of senescent cells to influence their microenvironment, 
contribute to their role in the development of age-related pathologies 
including cancer [1,2]. Various types of stresses including DNA damage 

and oxidative stress are responsible for expression of protein inhibitors 
of cyclin-dependent kinases, the pivotal effectors of cellular senescence. 
The evidence of mechanistic role of oxidative stress in the development 
of cellular senescence has been laid by the work of Toussaint et al. [3]. 
The authors showed that in vitro exposure of cells to oxidants such as 
hydrogen peroxide (H2O2) resulted in proliferation arrest associated 
with replicative senescence-like morphological changes, termed 
stress-induced premature senescence (SIPS) [3]. There has also been 
accumulating evidence that oxidative stress is involved in the onset of 
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replicative senescence [4,5], oncogene-induced senescence (OIS) [6,7], 
and ionizing radiation-induced senescence (IRIS) [8]. Furthermore, 
application of antioxidants can mitigate senescence development [8,9]. 
It has been proposed that deregulation of NADPH oxidases [10–13] or 
mitochondrial dysfunction [14–16] are the internal sources of reactive 
oxygen species (ROS) responsible for the development of cellular 
senescence. Thus, redox homeostasis imbalance and prolonged oxida
tive stress have been repeatedly observed as one of the major compo
nents of the senescent phenotype. 

Oxidative stress can lead to damage of all macromolecules including 
nucleic acids, proteins, lipids and their precursors, and metabolites. 
Thus, all cells must be equipped with cytoprotective antioxidant en
zymes. Among them, the peroxiredoxin (Prx) family of peroxidases [17, 
18] has been shown to maintain cellular redox homeostasis and viability 
[19], acting as H2O2-scavenging enzymes, but also to contribute to redox 
signaling as redox relays [20] or functioning as floodgates [21]. PRDX6 
is a unique 1-Cys peroxiredoxin family member [18,22] crucial for 
maintenance of phospholipid homeostasis due to its unique ability to 
bind and reduce phospholipid hydroperoxides. Additionally, it has been 
described to exert phospholipase A2 (iPLA2) [23,24] and lysophospha
tidylcholine acyl transferase (LPCAT) activities [25]. The regulation of 
the PRDX6 enzymatic functions occurs at multiple levels – by subcellular 
localization, protein-protein interactions, and post-translational modi
fications [26]. Perhaps most importantly, the irreversible hyper
oxidation of the peroxidatic cysteine (Cp)47 has been described as a 
regulator of the iPLA2 activity of PRDX6 [27]. A number of studies have 
demonstrated that PRDX6 expression provides protection from ROS of 
multiple origins in cancer and normal cells, both in vivo and in vitro, 
prevents lipid peroxidation damage [28], cell death [29–31], and en
sures normal proliferation and redox regulation of metabolic pathways 
[32,33]. Similarly to other members of the Prx family, PRDX6 has been 
shown to play multifaceted roles in inflammatory processes [34]. While 
the antioxidant function of PRDX6 can be mostly considered as 
anti-inflammatory, its iPLA2 activity and the ability to release arach
idonic acid (AA) has been linked to inflammation in experiments uti
lizing the iPLA2 activity inhibitor, MJ33 [28,35,36]. In addition to the 
iPLA2 activity, peroxiredoxins, including PRDX6, can be released to 
extracellular space where they might function as damage-associated 
molecular patterns (DAMPs [37]) activating the pro-inflammatory 

pathways via the TLR4 receptor [38]. There is a vast research map
ping the physiological functions of PRDX6 in multiple organs or cell 
types such as lungs, brain, eye, or spermatozoa and also pathophysio
logical functions implying the role of PRDX6 in tumor viability [29–31], 
progression, and metastasis [39–43]. It has been shown that PRDX6 
protects normal cells from oxidative damage [44,45] and cellular 
senescence [46,47]. However, to the best of our knowledge, the role of 
PRDX6 in the development of the senescent phenotype has not been 
addressed yet. 

In this study, we employed our recently published SILAC-iodoTMT 
methodology to detect and quantitatively estimate the level of protein 
sulfhydryl oxidation and proteome-level changes [48] in the IRIS in vitro 
model of hTERT-RPE-1 cells suffering from elevated ROS formation. We 
identified PRDX6 as an important player in cellular redox homeostasis in 
IRIS. Subsequently, we applied MS-based proteomic strategy and 
siRNA-mediated knock-down of PRDX6 to evaluate the contribution of 
PRDX6 to the senescent phenotype. We described that the lack of PRDX6 
activity during the development of IRIS led to suppression of important 
phenotypic features of senescence as well as senescence-associated 
secretory phenotype (SASP) leading to altered composition of extracel
lular matrix, protein secretion, and more specifically, decreased secre
tion of pro-inflammatory cytokine IL-6. 

2. Material and methods 

2.1. Reagents and chemicals 

All reagents including antibodies, siRNAs, and primer sequences 
used in this study are provided in Supplementary Material and Methods 
section. 

2.2. Cell culture 

Human telomerase-immortalized retinal pigment epithelial cells 
hTERT-RPE-1 (ATCC CRL-4000) were obtained from the American Type 
Culture Collection (ATCC, Manassas, VA, USA) and cultured in Dul
becco’s Modified Eagle Medium (DMEM) with 4.5 g/L glucose and 4 mM 
L-glutamine supplemented with 10% fetal bovine serum (FBS), penicillin 
(100 U/mL), and streptomycin (100 μg/mL). Human embryonal lung 

Abbreviations 

AA arachidonic acid 
ACN acetonitrile 
BrdU 5-bromo-2′-deoxyuridine 
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Cp peroxidatic cysteine 
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DAMPs damage-associated molecular patterns 
DAPI 4′,6-diamidino-2-phenylindole 
dFBS dialyzed fetal bovine serum 
DMEM Dulbecco’s Modified Eagle Medium 
EDTA ethylenediaminetetraacetic acid 
EdU 5-ethynyl-2′-deoxyuridine 
FA formic acid 
FBS fetal bovine serum 
f.c. final concentration 
FDR false discovery rate 
GAPDH glyceraldehyde 3-phosphate dehydrogenase 
GRX1 Glutaredoxin 1 
H2O2 hydrogen peroxide 
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iodoTMT iodoacetyl tandem mass tag 

iPLA2 phospholipase A2 
IR ionizing radiation 
IRIS ionizing radiation-induced senescence 
IW isolation window 
LC-MS/MS liquid chromatography-tandem mass spectrometry 
LPCAT lysophosphatidylcholine acyl transferase 
NCE normalized collision energy 
NH4FA ammonium formate 
OIS oncogene-induced senescence 
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PCA principal component analysis 
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ROS reactive oxygen species 
RT room temperature 
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TFA trifluoroacetic acid 
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fibroblasts MRC-5 cells (ATCC CLL-171) were cultured in DMEM with 1 
g/L glucose and 4 mM L-glutamine supplemented with 10% FBS, peni
cillin (100 U/mL), streptomycin (100 μg/mL), and non-essential amino 
acids. 

2.3. Cell culture SILAC-iodoTMT 

hTERT-RPE-1 were cultured as described previously [48]. DMEM 
was supplemented with 200 mg/L L-proline, 10% dialyzed fetal bovine 
serum (dFBS), 0.1% FBS, penicillin (100 U/mL), and streptomycin (100 
μg/mL). SILAC labeling was done by using L-arginine [13C6, 15N4] and 
L-lysine [13C6] for more than six cell population doublings, and the 
incorporation efficiency was monitored throughout the cultivation. Cell 
cultures were maintained at 37 ◦C under 5% CO2 atmosphere and 95% 
humidity. 

2.4. SDS-PAGE and immunoblotting 

SDS-PAGE and immunoblotting were performed according to stan
dard protocols. Samples (20–30 μg) in a reducing sample buffer were 
separated by SDS-PAGE on a 12% gel and detected by immunoblotting. 
GRX1 detection was performed using Tricine SDS-PAGE [49]. Nitro
cellulose membranes were blocked in 5% milk at room temperature (RT) 
for 1 h, incubated with a primary antibody (1 : 1000) at 4 ◦C overnight 
and after washing three times with phosphate buffered saline 
(PBS)/Tween-20, incubated with a secondary antibody (1 : 10,000) at 
RT for 1 h (anti-mouse/anti-rabbit IgG HRP, 1 : 10,000; BioRad, Her
cules, CA, USA). Proteins were visualized using chemiluminescence 
(Amersham TM, GE Healthcare) and analyzed for relative band densities 
(ImageJ software). The list of antibodies used in this study is provided in 
the Supplementary Material and Methods section. 

2.5. Detection of senescence-associated activity of beta-galactosidase 

The detection of senescence-associated activity of beta-galactosidase 
was performed as described previously [50]. Briefly, hTERT-RPE-1 cells 
were seeded at low density (5000 cells/cm2) and irradiated after 16 h by 
a dose of 20 Gy. Eight days after irradiation and two days after seeding of 
proliferating control cells, the cells were fixed using 0.5% glutaralde
hyde (15 min, RT) and incubated with the X-gal staining solution at 
37 ◦C until blue color appeared in the senescent cell culture. 

2.6. 5-Ethynyl-2′-deoxyuridine incorporation assay 

5-Ethynyl-2′-deoxyuridine (EdU) incorporation assay was performed 
using Click-iT™ EdU Cell Proliferation Kit (#C10337, ThermoFisher 
Scientific). hTERT-RPE-1 cells were seeded at low density (5000 cells/ 
cm2) and after 16 h irradiated by a dose of 20 Gy. Eight days after 
irradiation and two days after seeding of a proliferating control cells 
(seeded 10,000 cells/cm2), 10 μM EdU was added, and the cells were 
cultured for 24 h. The cells were fixed using 4% formaldehyde (15 min, 
RT) and permeabilized using 0.5% Triton X-100 in PBS (20 min, RT). 
The click reaction was performed according to the manufacturer’s pro
tocol, and the nuclei were counterstained using 1 μg/mL 4′,6-diamidino- 
2-phenylindole (DAPI) solution (2 min, RT). 

2.7. Fluorescent microscopy – DNA damage foci 

hTERT-RPE-1 cells were seeded at low density (5000 cells/cm2) and 
after 16 h irradiated by a dose of 20 Gy. Eight days after irradiation and 
two days after seeding of a proliferating control cells (seeded 10,000 
cells/cm2), the cells were fixed using 4% formaldehyde (10 min, RT) and 
permeabilized using 0.2% Triton X-100 in PBS (10 min, RT). After 
blocking of non-specific binding using DMEM/10% FBS (30 min, RT), 
the coverslips were incubated with a primary antibody (1 : 200, 1 h, RT) 
diluted in blocking solution, following by incubation with the secondary 

antibody (1 : 1,000, 16 h, 4 ◦C) in blocking solution. Nuclei were 
counterstained using 1 μg/mL DAPI solution (2 min, RT). 

2.8. Real-time quantitative reverse transcription PCR 

hTERT-RPE-1 cells were seeded at a density of 20,000 cells/cm2 and 
after 16 h irradiated by a dose of 20 Gy [51]. Eight days after irradiation 
and two days after seeding of proliferating control cells (seeded 10,000 
cells/cm2), cells were harvested, and RNA was isolated using RNeasy 
Mini Kit (#74106, Qiagen) according to the manufacturer’s protocol. 
Contaminating DNA was removed by RNase-Free DNase Set (#79254, 
Qiagen) on RNA easy column according to the manufacturer’s protocol. 
cDNA was synthesized using a MultiScribe™ Reverse Transcriptase kit 
(#4311235, ThermoFisher Scientific). Quantitative reverse transcrip
tion PCR was performed in ABI Prism 7300 (Applied Biosystems) using 
SYBR™ Select Master Mix (#4472919, ThermoFisher Scientific) with 
the primers shown in the Supplementary Material and Methods section. 
The relative quantity of cDNA was estimated by ΔΔCt [52], data were 
normalized to β-actin, glyceraldehyde 3-phosphate dehydrogenase 
(GAPDH), or their average. 

2.9. siRNA-mediated gene knock-down 

Cells were transfected with 10 nM siRNA using Lipofectamine® 
RNAiMAX Transfection Reagent (#13778150; ThermoFisher Scientific) 
following the manufacturer’s protocol. The siRNA sequences are shown 
in Supplementary Material and Methods section. Silencer™ Select 
Negative Control No. 1 siRNA (#4390843, ThermoFisher Scientific) was 
used as a negative control (siNC). For siRNA validation, the cells were 
seeded at a density of 15,000/cm2, transfected 16 h after seeding, and 
harvested after 48 h or 72 h after transfection for mRNA and protein 
analysis, respectively. For all senescent cells analyses, the cells were 
seeded at a density of 20,000/cm2 and irradiated (20 Gy) 16 h after 
seeding. The cells were first transfected 2 days after irradiation, the 
second transfection was performed 5 or 6 days after irradiation (both 
designs were validated to provide comparable results), and the cells 
were harvested for experiments 8 or 9 days after irradiation as indicated. 

2.10. Detection of intracellular ROS, mitochondrial ROS and membrane 
potential, and lipid peroxidation 

Intracellular ROS production was detected using CellROX™ Deep 
Red Reagent (#C10422; Thermo Fisher Scientific) according to the 
optimized manufacturer’s protocol (30 min incubation with 5 μM dye 
dissolved in the cell culture medium at 37 ◦C). Mitochondrial ROS 
production was detected using MitoSOX™ Red Mitochondrial Super
oxide Indicator (#M36008; Thermo Fisher Scientific) according to the 
optimized manufacturer’s protocol (60 min incubation with 5 μM dye 
dissolved in cell culture medium at 37 ◦C). Lipid peroxidation was 
detected using BODIPY™ 581/591C11 (Lipid Peroxidation Sensor; 
#D3861; Thermo Fisher Scientific) according to optimized manufac
turer’s protocol (30 min incubation with 2.5 μM dye dissolved in the cell 
culture medium at 37 ◦C). Mitochondrial membrane potential was 
analyzed using Tetramethylrhodamine, Ethyl Ester, Perchlorate assay 
(TMRE; #T669; Thermo Fisher Scientific) according to the optimized 
manufacturer’s protocol (15 min incubation with 0.5 μM dye dissolved 
in cell culture medium at 37 ◦C). In all assays, DMSO-treated cells were 
used as a control to subtract autofluorescence in the post-analysis. Cells 
were washed with PBS (37 ◦C), detached with 0.25% trypsin/EDTA, 
resuspended in PBS, 1 g/L glucose, 1% FBS and centrifuged (300×g, 3 
min, 4 ◦C). Pellets were resuspended in 100 μL PBS, 1 g/L glucose, 1% 
FBS and analyzed by flow cytometry (BD Biosciences, San Jose, CA, 
USA). Hoechst 33258 or propidium iodide were used to exclude non- 
viable cells from the analysis. 
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2.11. Detection of extracellular ROS production 

Extracellular ROS were detected using Amplex™ Red Hydrogen 
Peroxide/Peroxidase Assay Kit (#A22188; Thermo Fisher Scientific) 
according to the manufacturer’s protocol and a previously published 
procedure [53]. Briefly, the cells were detached by 0.25% trypsi
n/EDTA, counted, and 150,000 proliferating or senescent cells (20 Gy, 8 
days after irradiation) were used for analysis. Resorufin production was 
monitored every minute for 60–90 min to estimate kinetics of H2O2 
release from the cells. Light microscopy was used to estimate the 
diameter of the detached cells, and their volume was calculated under 
the assumption the detached cells have approximately a spherical shape. 

2.12. Detection of apoptosis 

Apoptosis assay was performed using annexin V/Hoechst 33258 
staining. Briefly, cells in the cell culture supernatant were collected, and 
the adherent cells were detached using 0.25% trypsin/EDTA. Both 
fractions were pooled, and the cells were washed three times in 0.5 mL 
of 1 × Annexin binding buffer. Annexin V staining was performed in 
100 μL of 1 × Annexin binding buffer with Annexin V Dyomics 647 
antibody (1 : 100; Exbio, Vestec, Czech Republic) for 15 min on ice with 
no light exposure. Hoechst 33258 was added prior to the flow cytometry 
analysis (BD Biosciences, San Jose, CA, USA). 

2.13. Viability assays 

Cells were seeded in 96-well plates at density of 20,000 cells/cm2 

(6440 cells per well). Proliferating or senescent cells (control, siNC, or 
siPRDX6 transfected as described above) were treated with H2O2 in 
triplicate in a concentration range 0.025–3.5 mM for proliferating cells 
and 0.5–10 mM for senescent cells for 24 h. To determine cell viability 
by the crystal violet assay [54,55], the cells were washed twice with 150 
μL PBS and then stained in 30 μL 0.5% (w/v) crystal violet in 20% 
methanol for 15 min. Plates were washed three times with double 
distilled H2O and left to dry overnight. Crystal violet was solubilized 
with 75 μL 0.2% Triton X-100 (Sigma-Aldrich, St. Louis, MO) in PBS for 
15 min. Absorbance of crystal violet was measured at 595 nm using a 
microplate reader (Multiskan EX, Thermo Electron Corporation, Wal
tham, MA). Alternatively, the MTT assay was performed with CellTiter 
96® Non-Radioactive Cell Proliferation Assay kit (#G4000, Promega) 
according to the manufacturer’s protocol. Absorbance of the treated 
samples was expressed as a percentage of absorbance of untreated cells. 
IC50 values were estimated using nonlinear regression curve fitting in 
GraphPad Prism version 8.0.0. 

2.14. Inhibition of PRDX6 iPLA2 activity by MJ33 

hTERT-RPE-1 cells were seeded at medium density (15,000 cells/ 
cm2) and irradiated by a dose of 20 Gy 16 h after seeding. Six days after 
irradiation, 1-hexadecyl-3-trifluoroethylglycero-sn-2-phosphomethanol 
(MJ33; #M3315, Sigma-Aldrich), an iPLA2 activity inhibitor [56] was 
added in a final concentration of 10 μM, 25 μM, and 50 μM. The cells 
were incubated with the inhibitor for 72 h, and the inhibitor solution in 
cell culture medium was replaced every 24 h to ensure continuous 
treatment. Cell culture supernatant was collected on day 9 after irradi
ation and processed as described below. 

2.15. Detection of cytokines in cell culture media 

The cell culture supernatant was collected 24 h after changing the 
culture media for fresh. The medium was subjected to a two-step 
centrifugation to remove cells and debris contamination (200×g, 5 
min, 4 ◦C; 2000×g, 5 min, 4 ◦C). Adherent cells were detached using 
0.25% trypsin/EDTA, and the cell number was estimated using flow 
cytometry. The relative concentration of 11 cytokines was estimated 

using a Human Inflammation 11-Plex Panel kit (#C192211, AimPlex 
Biosciences, Inc., Pomona, CA, USA) according to manufacturer’s pro
tocol. Resulting relative fluorescence intensities were corrected for cell 
count and expressed as fold change relative to control or siNC. 

2.16. Redox-proteomic analysis of senescent cells 

The experiment was performed in four biological replicates with 
swapped SILAC groups, i.e., the experiment contained two “light” and 
two “heavy” samples from each condition (proliferating control cells and 
senescent cells). hTERT-RPE-1 cells were seeded at a density of 10,000 
cells/cm2 and after 16 h irradiated by a dose of 20 Gy. Eight days after 
irradiation and two days after seeding of proliferating control cells 
(seeded 15,000 cells/cm2), the dishes were washed three times with ice- 
cold PBS and lysed with ice-cold lysis buffer (3% SDC/200 mM TEAB/1 
mM EDTA). After the addition of the lysis buffer, the cells were scraped, 
transferred into microtubes, and the lysate was frozen in liquid nitrogen. 
The lysates were defrosted in an ice-cold water bath (4 ◦C) in BioRuptor 
and sonicated (low intensity, 30 s ON, 30 s OFF, three cycles). 
Remaining debris was removed by centrifugation (16,100×g, 10 min, 
4 ◦C). During the whole procedure, the tubes were kept on ice and 
protected from light exposure, and whenever possible, the sample 
handling was performed in a cold room (4 ◦C). 

2.17. Redox-proteomic analysis of senescent cells after PRDX6 silencing 

The experiment was performed in two biological replicates per 
siRNA with swapped SILAC groups, i.e., the experiment contained two 
“light” and two “heavy” siNC samples, and one “light” and “heavy” 
samples from each siPRDX6. hTERT-RPE-1 cells were seeded at a density 
of 20,000 cells/cm2 and after 16 h irradiated by a dose of 20 Gy. Two 
sequential transfections were performed on day 2 and day 5 after irra
diation as described above, and the cells were harvested 8 days after 
irradiation using the protocol described in the previous paragraph. 

2.18. Sequential iodoTMT labeling, protein digestion and peptide 
desalting 

Sequential iodoTMT labeling, protein digestion and peptide desalt
ing were conducted as previously described [48]. Briefly, concentration 
of all cell lysate samples was adjusted to 1 μg/μL using the lysis buffer 
and 10 mM neocuproine (f.c. = 0.1 mM). The sample lysate (Condition 
1; proliferating cells) labeled in the light/heavy SILAC channel (50 μg) 
was mixed with an equal amount of the sample lysate (Condition 2; 
senescent cells) of the complementary heavy/light SILAC group (Sup
plementary Fig. 1A). Free –SH groups were labeled by the first iodoTMT 
label (TMT1) at 37 ◦C for 2 h. Subsequently, proteins were precipitated 
using cold acetone (− 20 ◦C) for 60 min. The pellet was re-dissolved in 
lysis buffer with 0.1 mM neocuproine and incubated with TCEP (f.c. = 5 
mM) at 50 ◦C for 60 min to reduce the reversibly oxidized cysteines. The 
newly reduced cysteines were then labeled using the second iodoTMT 
label (TMT2) and the reaction was quenched by L-cysteine hydrochlo
ride (f.c. = 20 mM). After the second acetone precipitation, proteins 
were digested using rLys-C (FUJIFILM Wako, Osaka, Japan) at 37 ◦C for 
3 h followed by sequencing grade trypsin (Promega) digestion at 37 ◦C 
overnight at 1 : 50 ratio (enzyme-to-protein). Digestion was stopped by 
addition of trifluoroacetic acid (TFA, f.c. = 2%), and precipitated SDC 
was removed by extraction in water-saturated ethyl acetate. Finally, 
samples were desalted and evaporated to dryness. IodoTMTsixplex™ 
Isobaric Label Reagent Set for one simplex experiment (Thermo Scien
tific, Waltham, MA, USA) was used for peptide iodoTMT labeling. 

2.19. Basic fractionation liquid chromatography 

In the first dimension, 85 μg of each sample was re-dissolved in a 
mobile phase A (2% ACN, 20 mM NH4FA, pH 10) and 80 μg was injected 
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for basic fractionation on UltiMate 3000 RSLC system (Thermo Fisher 
Scientific, Bremen, Germany) equipped with UV detection. Peptides 
were separated in a XBridge BEH column (2.1 μm × 150 mm, C18, 2.5 
μm, 130 Å, from Waters, Milford, MA, USA) using a linear gradient of 
3%–50% mobile phase B (80% ACN, 20 mM NH4FA, pH 10) at a flow 
rate 0.4 mL/min, at 40 ◦C, for 30 min. Peptide fractions were collected in 
the range of 0.5–37 min per 45 s. In total, 49 fractions were collected and 
3rd – 42nd fractions were matched in the final set of 8 fractions (Sup
plementary Fig. 1C). Those were evaporated to dryness and stored at 
− 80 ◦C for further analysis. All buffers and mobile phases for LC sepa
ration were prepared in LC-MS grade water purchased from Honeywell 
(Morris Plains, NJ, USA). 

2.20. Nano-liquid chromatography coupled to tandem mass spectrometry 
analysis 

Evaporated fractions were re-dissolved in a mobile phase A (0.1% 
TFA in 2% ACN) and 2 μg were injected onto UltiMate 3000 RSLCnano 
system (Thermo Fisher Scientific, Bremen, Germany) for the liquid 
chromatography separation. The analytical system consisted of PepMap 
100C18, 3 μm, 100 Å, 75 μm × 20 mm trap column and PepMap RSLC 
C18, 2 μm, 100 Å, 75 μm × 500 mm analytical column (both from 
Thermo Fisher Scientific). The samples were loaded onto the trap col
umn in 0.1% TFA in 2% ACN at 8 μL/min for 3 min. Tryptic peptides 
were separated by a segment gradient running from 2% to 9% of a 
mobile phase B (80% ACN with 0.1% FA) for 57 min, further from 9% to 
34.5% of B for 160 min, and finally to 45% of B for 23 min at a flow rate 
of 200 nL/min. Eluted peptides were electrosprayed into Q-Exactive Plus 
using a Nanospray Flex ion source (both from Thermo Fisher Scientific, 
Bremen, Germany). Positive ion full scan MS spectra were acquired in 
the range of 350–1600 m/z using 3 × 106 AGC target in the Orbitrap at 
70,000 resolution with a maximum ion injection time of 50 ms. Pa
rameters of the isolation window (IW) and normalized collision energy 
(NCE) were set 1.6 m/z for IW and 30 for NCE as previously described 
[48]. MS/MS spectra were acquired at resolution of 35,000, with a 1 ×
106 AGC target and a maximum injection time of 120 ms. Only 15 of the 
most intensive precursors with minimal AGC target of 2.4 × 104 and a 
charge state ≥2 were fragmented. The dynamic exclusion window was 
17 s. The fixed first mass was set to 100 m/z and the scan range from 200 
to 2000 m/z. All buffers and mobile phases for LC separation were 
prepared in LC-MS grade water purchased from Honeywell (Morris 
Plains, NJ, USA) and Fisher Scientific (Pardubice, Czechia). All additives 
added to the LC mobile phases were LC-MS grade. 

2.21. MS data processing and statistical analysis 

Survey MS and MS/MS spectra were processed in the MaxQuant 
1.6.1.0 [57]. Enzyme specificity was set to trypsin/P, and a maximum of 
two missed cleavages were allowed. Protein N-terminal acetylation, 
methionine oxidation, glutamine/asparagine deamidation, and N-ter
minal glutamate to pyroglutamate conversion were selected as variable 
modifications based on pre-analysis by Preview (Protein Metrics, 
Cupertino, CA, USA). The derived peak list was searched using the 
built-in Andromeda search engine in MaxQuant against human refer
ence proteome downloaded in 11th October 2018 including contami
nants from UniProtKB database. Workflow used for the determination of 
redox cysteine changes considered heavy arginine (13C6

15N4) and lysine 
(13C6) as variable modifications. Specified iodoTMT labeling has been 
set as a quantification method. Remaining Group-specific parameters 
were kept at default values. The minimum Andromeda score needed for 
modified peptides was set to 0. The minimum ratio count for label-based 
quantification was set to two quantified peptide pairs. Only unique or 
razor peptides were considered for calculating protein ratios. For the 
proteome centric workflow, heavy arginine (13C6

15N4) and lysine (13C6) 
were set to Standard type in Group-specific parameters as heavy labels, 
and specific iodoTMT labeling was added as a fixed modification. The 

rest of parameters was set as described above. For the analysis of 
differently oxidized cysteine peptides shown in Fig. 2C, iodoTMT la
beling, cysteine dioxidation (-SO2H), and cysteine trioxidation (-SO3H) 
were set as variable modifications. 

Output files from MaxQuant were processed in R (version 4.0.0) [58] 
and using Perseus (version 1.6.7.0) [59]. Potential contaminants and 
proteins identified by site and by reverse sequence were removed. 
Normalized SILAC H2O2/Ctrl ratios were log2 transformed, and the 
median value was subtracted to center the median ratio to zero. Only 
protein groups quantified in all four replicates were selected. Statistical 
analysis to identify differentially expressed proteins was performed 
using non-parametric Global Mean Rank test at FDR <0.01 [60]. Fisher’s 
exact test and 1D and 2D Enrichment analysis [61] were performed in 
Perseus using DAVID annotations [62]. 

For redox cysteine status quantification, corrected reporter ion in
tensities for both unlabeled and heavy-labeled cysteine-containing 
peptides were used to calculate their relative oxidation status as reporter 
ion intensity oxidized/(reporter ion intensity oxidized + reporter ion 
intensity reduced) as described previously [48,63]. Only those peptides 
with quantification values in all four replicates were selected. Batch 
effects were removed using “ComBat” function from the “sva” R package 
[64], and the data were normalized using LOESS normalization from 
“limma” R package [65] prior to statistical analysis (Student’s t-test 
p-value < 0.05 or Benjamini-Hochberg FDR <0.05 as indicated). Sta
tistical analysis to identify differentially oxidized compartments (GOCC) 
and biological processes (GOBP) was performed using paired Wilcoxon 
Mann-Whitney test in R (“wilcox.test”) with Benjamini-Hochberg 
correction. The DAVID bioinformatics resource v6.8 (https://david.nc 
ifcrf.gov) was used to extract the protein annotations (DAVID GOCC 
DIRECT and DAVID GOBP DIRECT) [62]. 

2.22. Secretome analysis of senescent cells after PRDX6 silencing 

The cells were seeded at a density of 20,000/cm2 and irradiated (20 
Gy) 16 h after seeding. The cells were first transfected 2 days after 
irradiation; the second transfection was performed 5 days after irradi
ation. Seven days after irradiation, the cells were washed 6 times with 
PBS, and the cell culture media replaced by serum-free media. The cell 
culture supernatant was collected after 48 h, i.e., 9 days after irradiation. 
To remove dead cells and debris, the conditioned media were first 
centrifuged (200×g, 10 min, 4 ◦C) and then filter-sterilized using a 0.22 
μm syringe filter. Protein concentration was performed using Amicon® 
Ultra-4 Centrifugal Filter Unit (#UFC801096, Merck Millipore) ac
cording to the manufacturer’s protocol, the protein concentrate was 
washed three times with 4 mL of 8 M urea/50 mM Tris-Cl (pH 8.0), and 
further centrifuged to reach the volume of 60–100 μL. For protein 
digestion, 20 μg of proteins in 8 M urea/50 mM Tris-Cl (pH 8.0) buffer 
were reduced using 10 mM TCEP (1000 rpm, 1 h, RT), cysteines were 
alkylated with 20 mM MMTS (1000 rpm, 30 min, RT, no light exposure), 
the samples were diluted with 50 mM Tris-Cl (pH 8.0) to reach the final 
urea concentration of 2 M, and protein digestion was performed using 
trypsin at 1 : 20 enzyme-to-protein ratio overnight (300 rpm, RT). 
Peptide samples were acidified using TFA (f.c. = 0.5%) and desalted 
using Harvard Apparatus C18 Ultra Micro Spin Columns preconditioned 
by methanol and equilibrated using 0.1% TFA in 2% acetonitrile. Pep
tides were eluted by 0.1% TFA in 50% ACN and evaporated to dryness. 

Samples were re-dissolved and injected into an LC-MS/MS system. 
The UltiMate 3000 RSLCnano system was used for the liquid chroma
tography separation. The analytical system consisted of Acclaim Pep
Map 300, C18, 5 μm, 300 Å Wide Pore, 300 μm × 5 mm trap column and 
EASY-Spray column, 50 cm × 75 μm ID, PepMap C18, 2 μm particles, 
100 Å pore size analytical column. The samples were loaded onto the 
trap column in 0.05% TFA in 2% acetonitrile at 17.5 μL/min for 3 min. 
Peptides were separated by a gradient running from 3% to 35% of 80% 
ACN with 0.1% FA for 90 min at a flow rate of 300 nL/min. The eluted 
peptides were electrosprayed into Explores 480 using an EASY-Spray ion 
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source (all from Thermo Fisher Scientific, Bremen, Germany). 
For library generation, positive ion full scan MS spectra were ac

quired in the range of 350–1500 m/z using normalized AGC target of 
300% and 120,000 resolution with a maximum ion injection time of 100 
ms. For MS2, monoisotopic peptide precursor charges 2–6 were selected 
using an isolation window of 1.6 Da and 60 s of dynamic exclusion. MS2 
scans were acquired using NCE 30, 15,000 resolution, normalized AGC 
target of 75%, and maximum injection time of 75 ms. The instrument 
was run in a top speed mode with 2 s cycles [66]. DIA data acquisition 
was performed as described previously [67]. Positive ion full scan MS 
spectra were acquired in the range of 350–1400 m/z using normalized 
AGC target of 300% and 120,000 resolution with a maximum ion in
jection time of 45 ms. AGC target value for fragment spectra was set at 
1000%. Forty nine windows of 13.7 Da were used with an overlap of 1 
Da. Resolution was set to 15,000, a maximum injection time to 22 ms, 
and NCE was set to 27. 

DIA data analysis was performed in Spectronaut (v14). All DDA and 
DIA files were used for library generation using the default settings with 
minor modifications (dithiomethylthiolation of cysteine residues was 
selected as fixed modification). The targeted data extraction was per
formed using the default BGS Factory Settings. Both precursor and 
protein FDR were controlled at 1%. For quantification, “Qvalue” 
workflow was used for filtering; mean precursor quantity was used for 
peptide quantification (TOP 3). Cross Run Normalization was performed 
using “Global Normalization” on “Median” normalization strategy. 
Interference correction was enabled with minimum 3 MS2 precursors to 
keep. Other parameters were kept as default unless specified. Pivot 
protein groups report was exported from Spectronaut and further 
normalized using LOESS normalization [65] within the NormalyzerDE 
package [68]. Statistical analysis was performed using Perseus 
(v1.6.14.0) [59]. Briefly, three siNC-treated samples and four 
siPRDX6-treated samples (two samples from each siRNA) were grouped, 
and the data matrix was filtered to only contain protein groups quan
tified in all samples within at least one group. Missing values were 
replaced from normal distribution (width 0.3 × standard deviation, 
downshift 1.8 × standard deviation of the original distribution). 
Permutation-based FDR was used to identify differentially secreted 
proteins (FDR <0.05, S0 = 0.4, both sides). 

2.23. Data visualization 

All boxplots, violin plots, scatter plots and bubble plots were 
generated using R package “ggplot 2”. In the boxplots, the bold line 
indicates the median value; box borders represent the 25th and 75th 
percentiles, and whiskers and the gray panel represent the minimum and 
maximum value within 1.5 times of interquartile range. Outliers are 
depicted using solid dots. In the violin plots, the boxplots are combined 
with kernel density as the violin curve to show the distribution of the 
data. The white dot marks the median. In the bubble plots, the size of the 
bubble corresponds to the number of proteins comprised in the category; 
the color code corresponds to the enrichment factor (Fig. 3C) or the 
enrichment score (Fig. 5D) calculated in Perseus. The colored scatter
plots from blue-to-yellow in Supplementary figures were visualized 
using R package “LSD”. All grouped scatter plots were created in 
GraphPad Prism® v8. Prism or R [58] (4.0.0) were used to perform 
statistical analysis shown in the figures. 

3. Results 

3.1. Characterization of the senescence model used for the redox- 
proteomic analysis 

To characterize our model of IRIS, we assessed several well- 
established markers of cellular senescence in irradiated hTERT-RPE-1 
cells (20 Gy; 8 days after irradiation) and compared them to prolifer
ating control cells. The radiation dose of 20 Gy was selected based on our 

Fig. 1. Irradiated hTERT-RPE-1 cells exhibit typical markers of cellular 
senescence accompanied by increased reactive oxygen species (ROS) 
levels and oxidative stress response. (A) Cells were irradiated by a dose of 
20 Gy, and the senescence-associated beta-galactosidase activity (left panel), 
EdU incorporation (middle panel), and DNA damage (right panel) 8 days after 
irradiation were compared to proliferating control cells. (B) Elevated protein 
level of the cell cycle inhibitor p21 in irradiated and proliferating control cells. 
β-tubulin (TUBB) was used as a loading control. (C) Increased phosphorylation 
of p38MAP kinase (p38) and its protein level in irradiated and control cells. 
β-tubulin (TUBB) was used as a loading control. (D) ROS levels were evaluated 
8 days after irradiation by flow cytometry (MitoSOX™ Red Mitochondrial Su
peroxide Indicator, CellROX™ Deep Red, and BODIPY™ C11, see Methods) to 
quantify intracellular ROS and Amplex™ Red Hydrogen Peroxide/Peroxidase 
Assay to quantify extracellular H2O2 production. Fold changes relative to 
proliferating control cells are shown and were evaluated using one-sample t- 
test. The bar graphs show mean ± standard deviation from at least 3 biological 
replicates. (E) Volume estimation of irradiated and proliferating control cells; 
the scatter dot plots summarize all measurements from three independent 
replicates, and the black lines indicate mean ± standard deviation. P-value was 
estimated using Mann-Whitney test. (F) The lipid membrane compartment 
content was estimated using the BODIPY™ C11 incorporation. Fold changes 
between senescent and control cells are shown; the black lines indicate mean ±
standard deviation, and the p-value was estimated using one-sample t-test 
(compared to 1). (D-F) The asterisks indicate statistical significance; *p < 0.05, 
**p < 0.01, ***p < 0.001. (For interpretation of the references to color in this 
figure legend, the reader is referred to the Web version of this article.) 
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previous experiments [51] to induce a robust and stable cell cycle arrest 
in this cell line. As depicted in Fig. 1A, the irradiated cells show a typical 
increase in senescence-associated beta-galactosidase activity, lack of cell 
proliferation/decreased EdU incorporation (93.2% and 7.5% of positive 
cells in proliferating and senescent cells, respectively), and persistent 
DNA damage detected as the presence of 53BP1 and γH2AX foci [69]. 
Furthermore, irradiated hTERT-RPE-1 cells showed an increased protein 
level of the cell cycle inhibitor p21 (Fig. 1B). Thus, the presence of 
several senescence-associated markers confirmed the presence of 
senescence features in irradiated hTERT-RPE-1 cells. 

Since the main focus of our study was to analyze the contribution of 
redox-related changes to development of the senescent phenotype, we 
further analyzed intra- and extra-cellular ROS production (Fig. 1D). 
These analyses showed a statistically significant increase in intracellular 
ROS production (CellROX assay; p = 0.022), mitochondrial superoxide 
production (MitoSOX assay; p = 0.020), lipid peroxidation (C11 BODIPY 
assay, oxidized channel; p = 0.0104), and extracellular H2O2 production 
(Amplex Red assay; p = 0.0116). In general, the interpretation of these 
results is rather complicated as the irradiated cells have a larger surface, 
volume (Fig. 1E), and lipid-containing compartments (Fig. 1F). How
ever, phosphorylation of p38α MAP kinase (Fig. 1C), one of the oxidative 
stress-activated kinases [70], indicates the increased ROS production 

triggers chronic oxidative stress response in senescent cells. In conclu
sion, we confirmed the pro-oxidant phenotype in our IRIS model, and 
therefore, decided to use this model to measure redox proteome changes 
in cellular senescence. 

3.2. Senescence in hTERT-RPE-1 cells is not accompanied by the bulk 
protein thiol oxidation increase 

To simultaneously quantify alterations in protein abundance and 
cysteine-containing peptide oxidation/reduction in senescent hTERT- 
RPE-1 cells (20 Gy; day 8), we employed a SILAC-iodoTMT labeling 
approach combined with LC-MS/MS, as described in our previous study 
[48]. In this analysis, peptide SILAC precursor ratios (MS1) are used to 
estimate global changes in peptide and protein level whereas MS/MS 
fragmentation spectra (MS2) of cysteine-containing peptides contain 
signals of iodoTMT reporter ions proportional to the fraction of reduc
ed/oxidized sulfhydryl (–SH) groups (Supplementary Fig. 1A). Impor
tantly, the MS1 and MS2 quantitative signals can be used to monitor 
different cysteine oxidation states. As illustrated in Supplementary 
Fig. 1A, the iodoTMT (MS2) channel can provide quantitative infor
mation about the reduced cysteines (–SH) and reversibly oxidized cys
teines (i.e., reducible by TCEP; –S–S– or –SOH), and the data can be used 

Fig. 2. High-throughput comparative anal
ysis of the cysteine oxidation status of 
proliferating and senescent hTERT-RPE-1 
cells using SILAC-iodoTMT. (A) Principal 
component analysis of the oxidation proportion 
values (n = 2595) quantified in all samples; the 
percentage indicates proportion of variability 
explained by principal components 1 (PC1) and 
2 (PC2). (B) Distributions of the average 
oxidation proportion values of control and se
nescent cells depicted as a density plot. (C) 
Relative comparison of PRDX6 peptides with 
different modifications (iodoTMT-labeled or 
post-translationally modified by oxidation) be
tween senescent and proliferating cells using 
the SILAC channel. Each dot represents a ratio 
from one biological replicate. Statistical anal
ysis was performed using one-way ANOVA; 
pairwise comparisons relative to unmodified 
peptides were performed using Dunnett’s test. 
Asterisks indicate statistical significance; *p <
0.05, **p < 0.01, ***p < 0.001, ****p <
0.0001. (D) The volcano plot shows statistically 
significant differences between senescent and 
proliferating cells at the p-value (blue and red 
circles; two-sample t-test) and FDR level (blue 
and red triangles; Benjamini-Hochberg correc
tion). (E-F) The cysteine residues of proteins 
were mapped to cellular compartments (GOCC; 
E) and biological processes (GOBP; F), and 
paired samples Wilcoxon test was performed 
with Benjamini-Hochberg correction. The red 
asterisk indicates Benjamini-Hochberg FDR <
0.05. The most representative examples were 
selected for visualization. (G) Selected exam
ples of cysteine residues mapped to the two 
biological processes shown in (F). (For inter
pretation of the references to color in this 
figure legend, the reader is referred to the Web 
version of this article.)   
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to estimate the proportion of the oxidized cysteines from the total 
reducible cysteine pool. In addition to this information, the irreversible 
cysteine oxidation modifications (i.e., not reducible by TCEP; –SO2H and 
–SO3H) can be detected as modified peptidoforms in the MS1 and 
quantified using SILAC. Thus, monitoring the irreversible oxidation 
using SILAC can diminish the limitation of the iodoTMT labeling in 
addressing the quantity of higher oxidation states [48]. 

SILAC-iodoTMT experiment presented in this study was conducted in 
two label-swap arrangements. In the first arrangement, the SILAC 
“heavy” channel was used to label the senescent group, while in the 
other one the “heavy” channel was used to label proliferating cells. Both 
arrangements were performed in two biological replicates for prolifer
ating control and senescent cells (Supplementary Fig. 1A). In total, we 
retrieved quantitative information about the redox status (proportion of 
reversibly oxidized cysteine from the total signal, i.e., ox/(ox + red)) of 
17,704 cysteine residues; 2595 of them were quantified in both SILAC 
light and heavy channels and all four biological replicates and were 

considered for downstream analysis. Although the senescent cells were 
clearly separated from the proliferating counterparts in the principle 
component analysis (PCA; Fig. 2A), we did not detect any global dif
ference in the cysteine oxidation status between senescent and prolif
erating cells (Fig. 2B), and the values correlated strongly between the 
groups (rho = 0.96; Supplementary Fig. 1B). However, we found a 
number of differentially oxidized cysteine residues between the groups 
(Fig. 2D and Supplementary Table 1). Further analysis showed the 
distinct oxidation status of different compartments and also sub- 
compartments (Fig. 2E; Supplementary Table 2), which was in concor
dance with known subcellular compartmentalization of redox potentials 
in cells [71]. Moreover, there were rather small, but significant differ
ences in cysteine oxidation on the level of individual organelles between 
senescent and proliferating cells, for example in ER membrane- and 
Golgi apparatus-annotated proteins (Fig. 2E; Supplementary Table 2). 
Interestingly, we also observed a non-significant trend for proteins of the 
extracellular matrix (“extracellular matrix part”), which appeared to be 

Fig. 3. Proteomic characterization of the 
senescent phenotype using SILAC-iodoTMT 
reveals marked upregulation of antioxi
dant proteins. (A) Differential protein expres
sion between senescent and control cells; 
statistical significance was estimated using 
global mean rank test. Significant proteins 
(FDR < 0.01) are indicated with blue and red 
color. (B) KEGG Pathways enrichment analysis 
was performed using an 1D enrichment test in 
Perseus. Selected pathways with Benjamini- 
Hochberg FDR < 0.05 are shown; the length 
and color of the bar correspond to the enrich
ment score. (C) Over-representation analysis of 
up- (right) and down- (left) regulated proteins 
in cellular senescence. Proteins were annotated 
with gene ontology molecular function (GOMF) 
terms, and the p-value (y-axis) was estimated 
using Fisher’s exact test. The size of the bubbles 
corresponds to number of proteins in the cate
gory. (D) Relative abundance of selected anti
oxidant proteins (corresponding to categories 
indicated in red in C). The black lines indicate 
mean ± standard deviation. (E-F) Validation of 
selected proteins using immunoblotting. At 
least three independent experiments were per
formed. GAPDH was used as a loading control. 
P-values were estimated using one-sample t-test 
(compared to 1). Asterisks indicate statistical 
significance; *p < 0.05. (For interpretation of 
the references to color in this figure legend, the 
reader is referred to the Web version of this 
article.)   
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more oxidized in senescent cells potentially correlating with the 
observed increase of extracellular ROS production shown in Fig. 1D. 
Furthermore, a similar analysis of gene ontology biological process 
terms (GOBP) revealed several processes that were associated with 
increased oxidation of cysteine residues in senescent cells (Fig. 2F; 
Supplementary Table 2), such as “actin filament depolymerization”, and 
on the other hand, less oxidized, such as “hydrogen peroxide catabolic 
process”. The first group contains redox-regulated cysteines from the 
actin-associated cytoskeletal proteins cofilin and destrin controlling 
actin dynamics (reviewed in Ref. [72]) suggesting redox-dependent 
control of cytoskeleton in senescent cells. The latter group corresponds 
to proteins from the Prx family and other antioxidant proteins (e.g., 
CAT, GPX1, GPX4, PDXN, PRDX1, PRDX2; Fig. 2G) including important 
catalytic cysteines such as resolving Cys172 of PRDX2, resolving Cys229 
of PRDX3, peroxidatic Cys48 of PRDX5, and peroxidatic Cys47 of 
PRDX6. Thus, this analysis revealed a striking and unexpected obser
vation that in senescent cells these redox-sensitive cysteine residues 
might be less oxidized despite the increased ROS production in senes
cent cells. 

As shown in Fig. 2D, peroxiredoxin 6 (PRDX6) Cys47 and Cys91 
residues appeared to be significantly less oxidized in senescent cells, an 
unexpected observation identical to our recent study in H2O2-treated 
cells [48]. In this study, we proposed that due to the Cys47 hyper
oxidation, a part of the cysteine pool could not be reduced by TCEP 
during the iodoTMT labeling and resulted in underestimation of the 
oxidized proportion of this cysteine. This was suggested by a relatively 
lower level of reducible Cys47 PRDX6 peptide in H2O2-treated cells. We 
thus explored whether we could observe the same Cys47 behavior in 
IRIS. To do so, we performed an orthogonal data analysis to analyze 
different cysteine oxidation states using the SILAC MS1 channel. We 
estimated the fold changes (senescent/control) of the iodoTMT labeled 
(i.e., sum of the reduced and TCEP-reducible oxidized form, as the two 
forms can be distinguished only in MS2) or hyperoxidized (Triox(C); not 
reducible by TCEP) cysteinylated peptides and compared their SILAC 
ratios to the unmodified PRDX6 peptide pool (Fig. 2C and Supplemen
tary Fig. 14). The dioxidized (–SO2H) version of PRDX6 Cys47 was not 
detected. By doing so, we revealed that the ratios of peptides bearing 
different modifications showed significantly different fold change dis
tributions (ANOVA p < 0.0001) indicating they exist with a different 
stoichiometry in senescent and proliferating cells. Strikingly, the fold 
change of the hyperoxidized form of Cys47 (i.e., sulfonic acid, –SO3H 
residue) was significantly lower compared to unmodified peptides 
(Fig. 2C and Supplementary Fig. 14B). This indicated that there are more 
molecules of the hyperoxidized Cys47 PRDX6 proteoform in senescent 
cells, but they represented a smaller proportion of all PRDX6 molecules 
compared to proliferating control. Complementary to this observation, 
the fold change of the iodoTMT-labeled form of peroxidatic Cys47 was 
greater than the ratio of unmodified PRDX6 peptides, indicating that 
more reduced/TCEP-reducible Cys47 peptidoforms are present in se
nescent cells (Fig. 2C and Supplementary Fig. 14B). These results sug
gested that proportionally, in senescent cells, Cys47 PRDX6 exists in the 
hyperoxidized form with a lower stoichiometry than in proliferating 
cells, despite more ROS generated in IRIS. Furthermore, this analysis 
highlighted different regulation of PRDX6 Cys47 under conditions of 
acute oxidative stress induced by H2O2 treatment [48] and chronic 
oxidative stress in IRIS. 

We further applied the same analysis to examine whether the 
iodoTMT quantification of the unexpectedly less oxidized cysteine res
idues corresponding to hydrogen peroxide metabolism and presented in 
Fig. 2G could reveal similar conclusions. In contrast to PRDX6, we did 
not detect any higher oxidation forms of the cysteine residues shown in 
Fig. 2G suggesting that if they are present in the cells, they are most 
likely present with a low stoichiometry (Supplementary Fig. 13). How
ever, similarly to our previous study [48], for most of the cysteine res
idues, we could compare the SILAC ratios of the iodoTMT-labeled 
peptides with the ratios of the unmodified peptides pool. Importantly, 

for most of the presented cysteines, the ratio of the iodoTMT-labeled 
peptide was not significantly lower diminishing concerns these resi
dues were blocked by a non-reducible modification. However, we found 
a significantly lower ratio of the mitochondrial PRDX3 Cys229 sug
gesting this cysteine could have been modified by an unknown 
non-reducible modification (Supplementary Fig. 13). 

In conclusion, the redox-proteomic analysis suggested the increase of 
ROS in IRIS was not accompanied by bulk increase of cysteine thiol 
oxidation. Nevertheless, significant differences on the level of individual 
proteins and cysteine residues, compartments, and biological processes 
suggested the redox status of senescent cells was altered, potentially 
contributing to shaping the senescent phenotype. 

3.3. Proteomic analysis of senescent cells reveals upregulation of 
antioxidant proteins in IRIS 

In addition to the cysteine redox status, the SILAC-iodoTMT analysis 
provided information about senescence-associated proteome changes 
quantified in the SILAC channel. In total, 4414 protein groups were 
identified; 1995 of them were quantified in all four biological replicates, 
among them 484 were upregulated and 488 downregulated (FDR <
0.01; Fig. 3A and Supplementary Table 3). Pathway analysis (KEGG) 
revealed typical pathways up- and downregulated in senescent cells 
(Fig. 3B; Supplementary Table 4), such as enrichment of “lysosome” and 
“ECM-receptor interaction” in the upregulated proteins and enrichment 
of “DNA replication” and “spliceosome” within the downregulated 
proteins. In addition to the senescent markers shown in Fig. 1, this 
analysis further confirms irradiated hTERT-RPE1 cells developed typical 
features of the senescent phenotype. 

The enrichment analysis of gene ontology molecular function terms 
(GOMF) revealed several categories significantly enriched in the frac
tion of proteins upregulated in irradiated cells related to antioxidant 
functions such as “oxidoreductase activity” and “antioxidant activity” 
(Fig. 3C; Supplementary Table 5), suggesting the antioxidant proteins 
were upregulated after irradiation to potentially compensate for the 
increased ROS production. The relative level of proteins included in 
these categories is shown in Fig. 3D. Several members of the PRDX 
family were upregulated in senescence, namely PRDX6, PRDX5, PRDX4, 
or PRDX2 together with members of the thioredoxin and glutaredoxin 
systems, glutaredoxin 1 (GRX1) and thioredoxin-1-reductase (TXNRD1), 
and other antioxidant proteins, e.g., superoxide dismutase 1 (SOD1) and 
Parkinson disease protein 7 (PARK7). We also confirmed the increased 
level of selected proteins from this group (GRX1, PRDX6, PRDX4, and 
PRDX5) by immunoblotting (Fig. 3E and F). Moreover, PRDX4, PRDX5, 
and PRDX6 were also significantly induced at the transcript level 
(Supplementary Fig. 2A). Thus, irradiated hTERT-RPE-1 cells increased 
both the transcript level and the level of central proteins involved in ROS 
metabolism and maintenance of the protein thiol redox state, possibly to 
compensate oxidative stress in senescence and to prevent the dysregu
lation of redox homeostasis and accumulation of protein oxidation 
damage. 

3.4. PRDX6 silencing increases intracellular ROS levels, sensitizes 
senescent cells to hydrogen peroxide treatment, and induces death of 
senescent cells 

To investigate whether the upregulation of antioxidant proteins 
contributed to the buffering of ROS-induced redox changes in senescent 
cells, we performed a systematic silencing of selected genes using spe
cific siRNAs and measured the effect of the silencing on intracellular 
ROS. The effectiveness of RNA interference was first validated using RT- 
qPCR and immunoblotting (Supplementary Fig. 2B – D). Specifically, 
based on our proteomic results and immunoblotting validation, we 
performed silencing of the following four genes: GRX1, PRDX4, PRDX5, 
and PRDX6. Among these targets, only the silencing of PRDX6 induced a 
significant increase of ROS levels in senescent cells (Fig. 4A and 
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Supplementary Fig. 3A). As the PRDX6 peroxidase activity also en
compasses phospholipid hydroperoxides as substrates, PRDX6 plays a 
role in the repair of peroxidized cell membranes [73]. Therefore, we 
assessed lipid peroxidation upon PRDX6 downregulation in senescent 
cells. Indeed, the knock-down significantly enhanced the proportion of 
oxidized lipid membrane compartments (Fig. 4A). On the other hand, 
siPRDX6 affected mitochondrial ROS inconsistently (Fig. 4A) and did 
not impact extracellular ROS production (Supplementary Fig. 3B). Thus, 
in irradiated hTERT-RPE-1 cells, the PRDX6 activity significantly con
tributes to the protection against excessive intracellular ROS and lipid 
peroxidation. 

Senescent cells, in dependence on the cell type and the model of 
cellular senescence, typically show an increased resistance to cell death. 
Inspired by the observation the antioxidant proteins are markedly 
upregulated in our model of senescence, we aimed to investigate the 
sensitivity of irradiated cells to H2O2 as compared to proliferating con
trol cells. Indeed, the H2O2 sensitivity of senescent cells was lower than 
of proliferating cells (Fig. 4B), and the IC50 positively correlated with 
the time point after irradiation (2, 6, 9, 12, and 16 days after IR; Sup
plementary Figs. 4A and 4B) indicating this effect cannot be explained 
simply by the difference between proliferating and nonproliferating 
cells. In addition to H2O2, the sensitivity to another oxidation agent, 
diamide, also decreased over time (Supplementary Fig. 4C). As some of 

the antioxidant proteins were observed to be rising over all time points 
in a label-free proteomic analysis (Supplementary Fig. 4D), the increase 
of resistance to H2O2 expressed as IC50 strongly correlated with the 
upregulation of these proteins (Supplementary Fig. 4E). Thus, we also 
investigated whether the H2O2 resistance could be attenuated by 
silencing of the four selected antioxidant genes. In concordance with the 
significant effect on ROS production, only PRDX6 silencing unequivo
cally sensitized senescent cells to oxidative stress (Fig. 4C and D and 
Supplementary Figs. 5A–F). 

Furthermore, siPRDX6 itself moderately decreased the viability of 
senescent cells in crystal violet staining and MTT assays (Fig. 4E), while 
silencing of GRX1, PRDX4, or PRDX5 did not (Supplementary Fig. 6A), 
and slightly increased the number of annexin V-positive apoptotic cells 
in senescent cell culture (Fig. 4F and Supplementary Fig. 6B). To further 
examine the phenotype induced by downregulation of PRDX6, we per
formed several re-transfections of proliferating and senescent cells to 
monitor the long-term effects of siPRDX6. Strikingly, we observed slow 
but continuous loss of adherent cells in siPRDX6-treated senescent cell 
culture over time (Fig. 4G and Supplementary Figs. 7A and 7B). 
Furthermore, this effect was not observed in proliferating cells, in which 
only siPRDX6 s18029 caused slower proliferation, but no cell death was 
observed over the time course of the experiment (Supplementary 
Fig. 6C). 

Fig. 4. PRDX6 knock-down mediates in
crease in ROS levels and cell death of se
nescent hTERT-RPE-1 cells. (A) ROS levels 
were evaluated 8 days after irradiation by flow 
cytometry using CellROX™ Deep Red (total 
ROS, n = 4), BODIPY™ C11 (lipid peroxidation, 
oxidized/total, n = 6), and MitoSOX™ (mito
chondrial superoxide, n = 3) staining to quan
tify intracellular ROS in senescent cells 
transfected with siPRDX6 s18029 (#29) or 
s18030 (#30). Fold changes (FC) relative to 
irradiated cells transfected with siNC are 
shown. (B) H2O2 IC50 was estimated using 
crystal violet staining in control (n = 4) and 
senescent (n = 3) cells; p-value was estimated 
using a two-sample t-test. (C-D) H2O2 IC50 was 
estimated using crystal violet staining (C; n = 5) 
and the MTT assay (D; n = 4) in senescent cells 
after PRD6 knock-down. Statistical analysis was 
performed using ANOVA with Dunnett’s mul
tiple comparisons test. (E) Viability of senescent 
cells transfected with siPRDX6 s18029 (#29) or 
s18030 (#30) was analyzed relative to cells 
transfected with siNC using crystal violet 
staining (n = 5) and the MTT assay (n = 4). (F) 
The proportion of annexin V-positive and 
Hoechst 33258-negative cells was evaluated 
using flow cytometry (n = 3). Statistical anal
ysis was performed using Friedman test with 
Dunn’s multiple comparison test. (G) Loss of 
the adherent fraction of cells after repeated 
knock-down of PRDX6 in irradiated cells. 
Representative pictures for selected time points 
are presented. (A-F) In all bar graphs, mean ±
standard deviation are shown. In all scatter 
plots, the lines indicate mean ± standard devi
ation; each dot corresponds to an independent 
biological replicate. Statistical analysis of fold 
changes relative to siNC was performed using a 
two-sided one-sample t-test (compared to 1). 
The asterisks indicate statistical significance; 
*p < 0.05, **p < 0.01, ***p < 0.001. (For 
interpretation of the references to color in this 
figure legend, the reader is referred to the Web 
version of this article.)   
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In conclusion, senescent cells progressively increase the resistance to 
oxidative stress by augmentation of the antioxidant system. Further
more, systematic silencing of antioxidant genes elevated in response to 
irradiation suggested PRDX6 expression is the key factor maintaining 
senescent cell viability in conditions of increased oxidative stress and 
provides an advantage against extracellular oxidative stress induced by 
the H2O2 treatment. 

3.5. PRDX6 silencing suppresses senescence-associated upregulation of 
extracellular matrix proteins 

As PRDX6 silencing led to increased ROS levels in senescent cells 
accompanied by noticeable cell death and sensitization to H2O2, we 
hypothesized that PRXD6 downregulation might impair antioxidant 
capacity of senescent cells resulting in redox homeostasis disruption as 
has been shown by studies in proliferating cells [32,33]. Thus, we 
applied our SILAC-iodoTMT method to describe differences between 
senescent cells transfected by siNC and siPRDX6 (s18029, s18030) in 
biological duplicates and using swapped SILAC “light” and “heavy” 
channels (four replicates in total; see Fig. 5A and Supplementary 

Fig. 8A). Although the conditions were clearly separated in PCA analysis 
(Supplementary Fig. 8B), and several cysteine residues showed statisti
cally significant differences in the oxidation level upon siPRDX6 (Sup
plementary Fig. 8C) indicating PRDX6 knock-down indeed affected 
redox homeostasis, we did not observe any global dysregulation of 
cysteine oxidation (Fig. 5B). 

Next, we investigated protein level changes in the SILAC channel to 
provide insight into the H2O2-sensitive phenotype described above. As 
illustrated by Fig. 5C, PRDX6 silencing induced significant differences 
(FDR < 0.05) in the relative abundance of 186 proteins as compared to 
senescent cells treated with siNC only (Supplementary Table 6). The 
majority of them were downregulated (n = 103) with PRDX6 being the 
second most downregulated protein, further confirming the efficiency of 
the knock-down (Fig. 5C). To further describe the siPRDX6-induced 
phenotype and inspect the concurrence between two different siRNAs, 
we performed a 2D-enrichment analysis. Fig. 5D depicts cellular com
partments up- and downregulated following the PRDX6 silencing (2D 
enrichment analysis FDR < 0.05; Supplementary Table 8). The effect of 
both PRDX6 siRNAs on the major compartments was consistent except 
for mitochondria. Interestingly, we detected a significant 

Fig. 5. Redox-proteomic characterization of the PRDX6 knock-down-induced phenotype in senescent hTERT-RPE-1 cells. (A) Design of a SILAC-iodoTMT 
experiment with PRDX6 knock-down. (B) Distributions of the average oxidation proportion values of siNC- and siPRDX6-treated cells. (C) Differential protein 
expression changes induced by siPRDX6 in senescent cells. Significant proteins (a global mean rank test) are shown as indicated; FC = fold change. (D) The two- 
dimensional enrichment analysis bubble chart of selected cellular compartments. X-axis and Y-axis represent the enrichment scores of siPRDX6 #29 (s18429)/ 
siNC and siPRDX6 #30 (s18430)/siNC ratios, respectively. The size of the bubbles corresponds to number of proteins within each category; the color code corre
sponds to average enrichment score. (E) Selected categories (GOBP) significantly over-represented in proteins downregulated by siPRDX6 (FDR < 0.05). The Venn 
diagrams show unique and overlapping proteins included in the categories. Statistical analysis was performed using Fisher’s exact test; ef = enrichment factor. (F) 
Overlap of protein level changes between the senescent/control and the siPRDX6/siNC data set. Indicated proteins were significant in both comparisons (global mean 
rank test FDR < 0.01). (G) Proteins downregulated by siPRDX6 in senescent cells were mapped to SASP Atlas. The heatmap shows log ratio of the protein secreted by 
senescent versus control cells in different models of cell senescence as retrieved from SASP Atlas. (For interpretation of the references to color in this figure legend, 
the reader is referred to the Web version of this article.) 
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downregulation of extracellular matrix proteins, smooth ER, and Golgi 
apparatus. The effect on cellular compartments was further validated by 
flow cytometry, which confirmed the decreased signal of the membrane- 
incorporating Bodipy C11 probe in the siPRDX6-treated cells (Supple
mentary Fig. 8D) and the inconsistent effect of the siRNAs on mito
chondrial staining (Supplementary Fig. 8E). Using an over- 
representation analysis of the biological processes associated with the 
downregulated proteins (Fig. 5E and Supplementary Table 7) we iden
tified that the silencing affected metabolism of carbohydrates, protein 
synthesis, protein glycosylation and transport, and organization of 
extracellular matrix in senescent cells (Fig. 5E). Altogether, in addition 
to effects on carbohydrate metabolism reported before [33], these an
alyses suggested that protein secretion and extracellular matrix 
composition might be altered by PRDX6 downregulation in senescent 
cells. 

To specifically address which of the downregulated proteins were 
upregulated in IRIS compared to proliferating control cells (i.e., signif
icantly upregulated in the first SILAC-iodoTMT experiment), we corre
lated the protein level results from the two experiments (Fig. 5F). As 
depicted in the upper left quadrant, PRDX6 silencing led to decrease of 
the relative abundance of some of the most upregulated proteins in se
nescent hTERT-RPE-1 cells such as SERPINE1, CCDC80, or FN1, which 
are all components of the extracellular matrix of senescent cells. As 
extracellular matrix proteins have been described as a component of 
senescence-associated secretory phenotype (SASP), we asked which of 
the most significant proteins from this quadrant (significantly upregu
lated in senescence and significantly downregulated by siPRDX6 in 
senescence, both at FDR < 0.01; n = 19) have been already described as 
components of SASP, including PRDX6 itself. Twelve of these proteins 
were retrieved from the SASP Atlas [74], most of them differentially 
secreted in at least one condition inducing cellular senescence (Fig. 5G). 
In conclusion, the results revealed PRDX6 loss affected the metabolism 
and composition of extracellular matrix in senescent hTERT-RPE-1 cells. 

3.6. PRDX6 silencing alters the composition of senescent secretome and 
suppresses senescence-associated secretion of IL-6 

One of the most prominent components of the SASP are pro- 
inflammatory cytokines and chemokines [75]. Thus, we first investi
gated whether irradiation and 5-bromo-2′-deoxyuridine (BrdU; another 
senescence inducer [76]) treatment induced increased secretion of these 
molecules in hTERT-RPE-1 cells using a multiplexed cytokine array. As 
shown in Fig. 6A, concentration of a number of known pro-inflammatory 
factors, including IL-1α, IL6, or IL8, increased in the cell culture media, 
confirming senescent hTERT-RPE-1 cells develop a pro-inflammatory 
phenotype. These three cytokines were also differentially expressed at 
the mRNA level in irradiated hTERT-RPE-1 cells (Supplementary 
Fig. 9A) suggesting their expression was regulated at the transcriptional 
level. 

Inspired by our previous proteomics results, we next performed a 
secretome analysis following PRDX6 knock-down to identify whether it 
has any significant impact on SASP. Using a label-free DIA approach, we 
identified more than 700 proteins that were differentially secreted upon 
siPRDX6, and most of them were significantly downregulated (Fig. 6B 
and Supplementary Table 9). Further inspection of the data revealed 
downregulation of many proteins associated with SASP, such as SER
PINE1, HMGB1, TGFB1, or IGFBP7. From 459 proteins downregulated 
after PRDX6 silencing, 216 (47%) were previously reported in the SASP 
Atlas [74]. Most importantly, the analysis identified a significant change 
in secretion of the pro-inflammatory cytokine IL-6. Thus, this analysis 
suggested that cells lacking PRDX6 developed an alternative SASP 
composition than the control senescent cells. 

To confirm and extend our findings to different SIPS models, we 
analyzed the effect of siPRDX6 in irradiated and BrdU-treated hTERT- 
RPE-1 and MRC-5 cells. First, we evaluated whether PRDX6 upregula
tion is a common feature in these models. We confirmed that the stress 

Fig. 6. PRDX6 silencing alters the composition of senescent secretome 
and suppresses ionizing radiation-induced senescence-associated secre
tion of IL-6. (A) Relative levels of secreted proteins in cell culture media 
normalized to cell count per condition; statistical analysis was performed using 
repeated measures ANOVA with Dunnett’s correction. Asterisks indicate sig
nificance in comparison to untreated control. RFU – relative fluorescence units. 
(B) The volcano plot illustrates changes in senescent cell secretome after PRDX6 
knock-down measured by label-free DIA LC-MS/MS proteomics. Significant 
proteins (permutation-based FDR < 0.05, S0 = 0.4) are marked with blue and 
red colors. (C) PRDX6 protein level in hTERT-RPE-1 cells after treatment with 
100 μM BrdU (10 days); GAPDH was used as a loading control. (D) PRDX6 
protein level in MRC-5 cells after 100 μM BrdU or 20 Gy of IR (10 days); GAPDH 
was used as a loading control. (E) Relative levels of IL-6 secreted by senescent 
hTERT-RPE-1 or MRC-5 cells after 100 μM BrdU or irradiation (20 Gy) and after 
PRDX6 knock-down by the siRNA indicated; #29 = s18429, #30 = s18430. 
Fold changes relative to senescent cells transfected with siNC are shown; sta
tistical analysis was performed using one-sample t-test. (F) Relative levels of IL- 
6 secreted by senescent hTERT-RPE-1 (20 Gy, 9 days) after MJ33 treatment (72 
h, concentrations as indicated; inhibitor of iPLA2 activity of PRDX6). Fold 
changes relative to untreated senescent cells are shown; statistical analysis was 
performed using one-sample t-test. (A, E, F) The relative concentration of cy
tokines was estimated using a Human Inflammation 11-Plex Panel kit. Asterisks 
indicate statistical significance; *p < 0.05, **p < 0.01, ***p < 0.001. (For 
interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.) 
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increased the abundance of PRDX6 at both the protein and mRNA levels 
in all conditions (Fig. 6C&D and Supplementary Fig. 9B, respectively) 
and increased the IL-6 mRNA expression (Supplementary Fig. 9B), and 
we also confirmed siPRDX6 decreased expression of PRDX6 mRNA 
(Supplementary Fig. 9C). Next, we confirmed that PRDX6 silencing 
significantly decreased secretion of IL-6 in irradiated hTERT-RPE-1 cells 
as indicated by the proteomic results (Fig. 6E). Interestingly, the analysis 
of both IR- and BrdU-induced senescence in two different cell lines 
showed this effect was not cell line-specific but insult-specific, and was 
significant in both cell lines upon irradiation (Fig. 6E and Supplemen
tary Figs. 10 and 11). 

Since PRDX6 exhibits multiple enzymatic activities including the 
iPLA2 activity which has been previously shown to be involved in pro- 
inflammatory pathways [28,35,36], we further asked whether the 
iPLA2 activity is required for the upregulation of IL-6 in IRIS. To do so, 
we performed experiments with a specific inhibitor of PRDX6 iPLA2 
activity MJ-33 [56]. The results showed that the MJ-33 treatment 
significantly decreased secretion of IL-6 (Fig. 6F and Supplementary 
Fig. 12A), although not to the level observed in the silencing experi
ments. Contrary to the silencing experiments, we did not observe any 
loss of cell adhesion within 72 h in any concentration used (Supple
mentary Fig. 12B). Thus, the iPLA2 activity of PRDX6 contributed to IL-6 
secretion in IRIS. 

To conclude, these experiments provided a striking evidence that 
PRDX6 suppression affects the development of the senescent phenotype 
in IRIS. More specifically, IL-6 secretion was observed to be dependent 
on PRDX6 in IRIS, which is to some extent related to the loss of its iPLA2 
activity. 

4. Discussion 

Constitutive production of high ROS levels associated with the in
duction and maintenance of the senescent phenotype [77] can alter the 
function of cellular macromolecules by inducing oxidative modifications 
of DNA and RNA, lipids, and proteins [78]. Among the variety of protein 
oxidative modifications, the reversible redox-sensitive cysteine oxida
tion to sulfenic acid (–SOH) presents an important regulatory switch in 
response to intracellular redox changes and thus contributing to redox 
signaling pathways [78]. Redox proteomics is an emerging field facili
tating large-scale investigation of redox cysteine signaling in physio
logical and pathophysiological states [48,79–87]. Although many 
studies have linked cellular senescence to oxidative stress, no study has 
attempted to neither describe the redox proteome changes on a 
large-scale nor to address whether there is a mechanistic role of 
ROS-induced post-translational modifications of proteins in the devel
opment and maintenance of the senescent phenotype. 

Here, we applied our recently developed method, SILAC-iodoTMT 
[48], to simultaneously assess protein abundance and cysteine redox 
status changes using LC-MS proteomics and to explore the role of ROS in 
the development of a well-characterized model of radiation-induced 
premature senescence [51] accompanied by elevated levels of intra- 
and extra-cellular ROS (Fig. 1). Several reports have suggested a change 
in bulk cysteine oxidation under various conditions [80,88,89], how
ever, studies investigating the redox proteome during aging in vivo [86, 
89] have rather identified rewiring or dysfunction of redox signaling 
networks [86]. Our in vitro study shows that alterations in the redox 
system in hTERT-RPE-1 cells undergoing IRIS resemble changes 
observed in in vivo aging models. In contrary to the hypothesis that 
increased ROS levels would affect the cysteine residues nonspecifically 
and globally, we observed up- and downregulation of thiol oxidation in 
groups of proteins with specific biological functions (Fig. 2). On one 
hand, several redox-sensitive cysteines regulating the cytoskeleton dy
namics were more oxidized in senescent cells. On the other hand, and 
quite unexpectedly, redox-sensitive cysteines of well-known antioxidant 
proteins including peroxidatic and resolving cysteines from several Prx 
family members appeared to be less oxidized in senescent cells. Due to 

the limitation of iodoTMT for labeling higher oxidation forms, we 
further used SILAC quantification of different peptidoforms to address 
whether the paradoxical oxidation decrease in these redox-sensitive 
cysteines was caused by their hyperoxidation resulting in the signal 
loss as described before [48]. Importantly, this was not the case for most 
cysteine residues confirming the lower oxidation status of these cyste
ines (Supplementary Fig. 13). However, we did detect a significant 
iodoTMT-labeled peptide signal loss for the mitochondrial PRDX3 
Cys229, and on the other hand, the analysis of PRDX6 peptides provided 
a deeper insight into PRDX6 modifications of Cys47 stoichiometry be
tween senescent and proliferating cells. First, these results suggested 
that even in cells with higher oxidation levels, the redox modifications 
tend to occur at very specific residues consistently to previous reports 
[63]. Second, these results also emphasized the limitations of iodoTMT 
and the importance of parallel monitoring of the MS2 iodoTMT channel 
and MS1 SILAC channel for peptide quantification to improve data 
interpretation for individual cysteine residues. For example, in a pre
vious iodoTMT-based redoxome study [63] investigating the response to 
hydrogen peroxide treatment, the authors reported a marginal reductive 
shift in most cysteine thiols and identified tens of cysteine residues with 
significantly decreased oxidation. The peptide-level information deter
mined by SILAC could help to further resolve if these cysteines were less 
oxidized or potentially modified with a non-reducible modification [48]. 
Additionally, by simultaneous assessment of protein abundance changes 
we revealed upregulation of a class of proteins with antioxidant capa
bilities as a response to the senescence-inducing stimuli (Fig. 3). Thus, 
when the cells expand their size and volume, these important antioxi
dant proteins are not diluted in the higher protein content of the se
nescent cells. On the contrary, some of them relatively increase their 
level as an adaptive response to the stress triggered by irradiation. 
Furthermore, the very specific nature of the oxidation changes also 
supports the idea of an adaptive stress response. Therefore, we 
concluded that senescent cells augment their antioxidant system to 
successfully establish a new redox homeostasis in response to long-term 
oxidative stress. 

In our previous study [48], we investigated the short-term effect of 
hydrogen peroxide treatment, which in long-terms has also been shown 
to ultimately lead to cellular senescence [3]. We reported an unexpected 
reduction of several resolving cysteines in the very early phase, after 5 
and 60 min post-treatment, and a secondary bulk cysteine oxidation 32 h 
post-treatment accompanied by increased ROS, increased levels of 
stress-response proteins, decreased levels of cell cycle proteins, and in 
general a cell phenotype change correlating with frequently observed 
senescence-associated changes. However, at this timepoint, we did not 
observe any significant increase of redox-related proteins. In this study 
we now add a long-term observation, 8 days post senescence-inducing 
stimuli, which is accompanied by increased ROS, but contrary to the 
short-term treatment, no bulk cysteine oxidation and a marked increase 
of antioxidant proteins were observed. Based on these results we could 
hypothesize the following dynamics in the redoxome of cells undergoing 
stress-induced cellular senescence. The stress induces a temporary in
crease of cysteine oxidation which in turn could contribute to upregu
lation of the antioxidant system and establishment of a new redox 
homeostasis which is different from the original state, but the emerging 
ROS are still compensated enabling maintaining cell function and sur
vival in the conditions of the chronic oxidative stress. 

Senescent cells are considered to be less sensitive to apoptosis due to 
several mechanisms dysregulating the balance between pro- and anti- 
apoptotic proteins or resistance to extrinsic apoptosis stimuli [90–92], 
which had led to a proposal of several senolytic drugs targeting the 
programmed cell death pathways [93,94]. Consistently with previous 
observations [95,96], senescent hTERT-RPE-1 cells were markedly more 
resistant to apoptosis induced by H2O2 than proliferating cells in a 
time-dependent manner correlating with the relative abundance of 
antioxidant proteins over time. To decipher the individual contribution 
of four antioxidant proteins revealed by proteomic profiling (GRX1, 
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PRDX4, PRDX5, and PRDX6) to the cellular redox homeostasis and ROS 
resistance of senescent cells, we performed a series of silencing experi
ments (Fig. 4). Among these candidate proteins, the silencing of PRDX6, 
increased intracellular ROS and lipid peroxidation in senescent cells and 
sensitized them to H2O2-induced cell death. More importantly, we also 
noticed that a long-term PRDX6 knock-down induced cell death inde
pendently on any other stress stimuli, and the detected apoptosis in 
senescent cells suggesting PRDX6 might play an important role in 
maintaining their viability. Several reports have already shown that loss 
of PRDX6 or other peroxiredoxins led to increased sensitivity to oxida
tive damage-induced cell death (see, for example [19,97]); however, to 
our best knowledge, no study has indicated that PRDX6 might be 
indispensable for the cell viability in IRIS in defense to excessive 
oxidative stress. 

To gain more insight into the role of PRDX6 in maintaining the se
nescent cells redox homeostasis and viability, we performed redox- 
proteomic profiling after PRDX6 knock-down (Fig. 5). The redox- 
proteomic analysis has been previously performed in only two studies 
using PRDX6 knock-down [32] or CRISPR/cas9 knockout [33] in 
proliferating HepG2 cancer cell line. In both studies, PRDX6 loss led to 
reduced proliferation, and consistently with our experiments in prolif
erating cells, no induction of cell death was observed. The studies 
further suggested differential redox regulation of multiple metabolic 
pathways in PRDX6-deficient cells. On the contrary, downregulation of 
PRDX6 in senescent cells did not have any major impact on oxidation of 
redox-sensitive proteins in metabolic pathways; nevertheless, it must be 
noted that the limited depth of our redox-proteomic data did not enable 
to fully compare the data sets together. Another striking difference be
tween the data sets was the behavior of mitochondrial proteome, since 
we did not detect any downregulation of mitochondrial proteins which 
was further confirmed by mitochondrial staining intensity. Thus, 
although several studies highlighted the importance of PRDX6 for 
mitochondrial health [33,98–100], PRDX6 knock-down did not seem to 
contribute to further alteration of mitochondrial function in senescent 
cells. On the other hand, the proteomics profiles revealed some simi
larities between proliferating and senescent cells lacking PRDX6, such as 
differential expression of enzymes of the key metabolic pathways. 
Moreover, we further observed downregulation of components of ribo
somes, ER, and Golgi apparatus parts and changes in extracellular ma
trix composition in PRDX6-deficient senescent cells. 

Senescent cells secrete pro-inflammatory factors, collectively known 
as the senescence-associated secretory phenotype or SASP [75], which 
in the long term can promote chronic inflammation, aging-associated 
diseases, and cancer [101,102]. By comparing the proteomic profile of 
siPRDX6-treated senescent cells to a recently published proteomic SASP 
Atlas [74], the data suggested SASP modulation in PRDX6 knock-down. 
To further elaborate on this striking observation, we extended our pro
teomic analysis to the SASP analysis (Fig. 6). The analysis revealed that 
protein secretion is indeed altered after PRDX6 knock-down with a 
strong preference for downregulation. The downregulated proteins 
comprised a number of key pro-inflammatory factors previously linked 
to senescence and its pathophysiology such as HMGB1 [103], SERPINE1 
and SERPINE2 [104], FN1 [105,106], or PLAU [104], and even more 
importantly, several cytokines, such as TGFB1, IL-6, or IL-8. As a striking 
example, we identified and validated the downregulatory effect of 
PRDX6 knock-down on IL-6 secretion, which was only observed in IRIS, 
but not BrdU-induced senescence in hTERT-RPE-1 and MRC-5 cell lines 
(Fig. 6E). Few studies have previously linked cytokine expression to 
PRDX6. For example, in a mouse model of dextran sodium sulfate 
(DSS)-induced colitis [107], Prdx6 knock-out mice were shown to be 
more resistant to DSS-induced colitis and did not upregulate expression 
of several cytokines including TNF-α, IFN-γ, IL1-β, and IL-6. On the other 
hand, upon LPS treatment, PRDX6 knock-down cells showed increased 
NF-κB-dependent expression of pro-inflammatory cytokines such as 
TNF-α, IL1-α, IL1-β, or IL-8 [108]. Furthermore, PRDX6 overexpression 
alleviated adriamycine-induced myocardial injury in rats and decreased 

expression of IL1-β and IL-6 [109]. Collectively, these studies reported 
rather contradictory findings, suggesting the association of PRDX6 with 
cytokine expression might be context-dependent and probably related to 
its different enzymatic activities and cellular localization of PRDX6. 

Similarly to other Prx family members, PRDX6 has been previously 
linked to inflammation in a multi-faceted way [34]. The peroxidase 
activity of PRDX6 is most often described as anti-inflammatory, pre
venting oxidation damage, while its iPLA2 has been previously linked to 
pro-inflammatory phenotypes [28,35,36]. The iPLA2 activity of PRDX6 
has been further shown to contribute to lipid signaling by releasing 
arachidonic acid, which leads to increased proliferation in melanoma 
[41], invasion and metastasis in lung cancer cells [39], or production of 
IL-1β in response to proinflammatory stimuli [97]. To elucidate which 
enzymatic function of PRDX6 might be responsible for the IL-6 secretion 
in senescent cells, we performed experiments with MJ33, an iPLA2 ac
tivity inhibitor [56]. These experiments indicated that the iPLA2 activity 
of PRDX6 might contribute to IL-6 secretion in IRIS, albeit the difference 
induced by the inhibitor was smaller than the effect of the knock-down. 

Further experiments are necessary to provide more mechanistic de
tails about the role of PRDX6 in IRIS. Based on the current knowledge we 
speculate that the different enzymatic activities of PRDX6 play distinc
tive functions in IRIS. Moreover, these functions are most likely specif
ically regulated and balanced as exemplified by the Cys47 
hyperoxidation, which was lower than expected in a senescent model 
suffering from high ROS levels. The peroxidase activity might protect 
the cells from excessive oxidative damage and cell death, while the 
iPLA2 activity might play a role in senescence-associated inflammation. 

5. Conclusion 

In this work, we applied our previously developed SILAC-iodoTMT 
workflow to describe cysteine redox signaling events in IRIS. Our 
study suggests that the increase of ROS production in senescent cells 
does not cause any bulk cysteine oxidation. Instead, it results in specific 
changes in individual cysteine residues and augmentation of the 
expression of antioxidant proteins, suggesting mobilization of the anti
oxidant system rather than its exhaustion during the later stages in the 
IRIS. Further studies could shed light on the dynamics of cellular 
redoxome and proteome changes in different time points after the 
senescence-triggering treatment to fully elucidate the kinetics of 
cysteine oxidation in the establishment and maintenance of the senes
cent phenotype. Among the antioxidant proteins, PRDX6 is the key 
factor maintaining redox homeostasis and viability of senescent cells. 
Importantly, our study also provides a link between PRDX6 expression 
in IRIS and the development the pro-inflammatory secretory phenotype. 
Future studies should focus on linking the various enzymatic activities 
and subcellular localizations of PRDX6 to its functions in senescent cells. 
Moreover, PRDX6 activity could be exploited as a target of senolytic or 
senomodulatory drugs. A screening employing multiple cell lines and 
senescence-inducing mechanisms would further elucidate in what 
context such targeting would be efficient to eliminate senescent cells or 
mitigate the bystander effect of SASP. Altogether, we applied our novel 
redox detection method to determine the redox system response in IRIS 
development and to elucidate the complex role of PRDX6 in IRIS. 
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