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Label-free quantitative proteomics analysis showed that proteins involved in the lipid metabolism, sirtuin signaling,
mitochondrial function, cytoskeletal organization, and antioxidant defense were the most affected. A histopathological
analysis elucidated large foci of fibrotic tissue, myocardial lipomatosis and lymphocytic infiltrations in the irradiated
samples. These data highlight the suitability of FFPE material for proteomics analysis. The study confirms the previous
results emphasizing the role of adverse metabolic changes in the radiation-associated IHD. Most importantly, it excludes
age at the time of death as a confounding factor.
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| 1. Introduction

Epidemiological studies in the Mayak Production Association occupationally exposed to chronic low-dose-rate radiation
have shown a significant increase in the incidence of ischemic heart disease (IHD) causally associated with the total
external gamma-ray dose. The association remains after correction for multiple competing factors such as smoking and
alcohol consumption(I2J31E4]

Previous proteomics study using fresh-frozen tissue obtained at autopsy from the cardiac left ventricle from Mayak
workers showed a dose-dependent downregulation of proteins involved in mitochondrial energy metabolism, cardiac
cytoskeleton, and oxidative stress response when compared to the samples from non-irradiated controls®€. However, in
this study, the individuals in the occupationally exposed group (>500 mGy) were on average 10 years older than the
control subjects®. We applied a statistical method to distinguish the dose-only dependent protein expression changes
from those of the age-only dependent changes. The analysis indicated that the majority of the proteins were deregulated
by the radiation dose and not the age [6]. However, the confounding role of age could not be totally excluded. To address
this issue, we initiated a new study where the control group was older than the irradiated group. Due to the difficulty of
obtaining additional fresh-frozen material, we decided to use formalin-fixed, paraffin-embedded (FFPE) left ventricle tissue
in the new study.

FFPE tissue is an ideal source of analytical material for clinical investigations due to its stability in long-term storageld[El
(L0J1AA2N13]  The technical improvement of proteome analysis using FFPE material is a prerequisite for the successful
elucidation of biological pathways. However, in spite of several technical improvements, proteomic analysis using FFPE

material as an alternative to fresh-frozen tissue remains a challenge LAI1SI16I17IA8IA9120]21] The harsh conditions typically
used for fixation have previously prohibited successful protein identification and reproducible protein quantification28l2
(22123 pyring the formalin fixation proteins undergo degradation and cross-linking. The fixation results in a 30 Da
Hydroxymethyl modification, tagged mainly on lysine residues contributing to the inter- and intramolecular cross-linking
reactions1222124125] | ysine modification affects the efficiency of protein extraction and digestion26l27 The Mass
Spectrometry analysis often showed a general preferential detection of tryptic peptides with the C-terminal arginine over
lysine indicating that modified lysine residues are inaccessible to protease during digestion22281127],

A variety of methods that have been developed allowing the extraction of proteins from FFPE samples2l[28129]30 haye
proven to be quite successful in performing proteomics analysis@Bl. However, only a few proteomics studies using
human FFPE cardiac tissue exist, probably due to the lack of this type of biomaterial2223],

The data presented here show the compatibility of FFPE tissue for a proteomic approach. The study suggests that chronic
radiation exposure induces alterations in the heart metabolism, structure and oxidative stress response that may
contribute to the radiation-induced IHD. Furthermore, it shows that these alterations are not caused by normal ageing.



2. Proteomic Analysis of FFPE Cardiac Tissue Showed Alteration of the
Heart Proteome after Chronic Irradiation

Among the quantified proteins with two or more unique peptides, the expression level of 196 proteins was significantly
different between irradiated samples and controls (2 unique peptides; +1.3-fold; p < 0.05). Of these, 105 proteins were
downregulated and 91 upregulated in the irradiated samples (Table 1).

Table 1. Significantly deregulated proteins in irradiated cardiac left ventricle proteome. The proteins listed in the table
were identified and quantified by two or more unique peptides; fold changes and p-values are shown.

Accession ID Annotation Fold Changes  p-Value
P00746 CFD Complement factor D 9.3 7.86 x 1073
Q96PD5 PGLYRP2 N-acetylmuramoyl-L-alanine amidase 7.7 9.62 x 1072
P04745 AMY1B Amylase, alpha 1B 7.3 4x1072
Q96JB5 CDK5RAP3 CDKS5 regulatory subunit-associated protein 3 6.3 3.31x10™
P34897 SHMT2 Serine hydroxymethyltransferase, mitochondrial 6.0 2.99 x 1072
Q9BQES5 APOL2 Apolipoprotein L2 5.8 3.82x 1075
P20700 LMNB1 Lamin-B1 5.7 1.87 x 1072
P05452 CLEC3B Tetranectin 5.6 4.23x1072
060784 TOM1 Target of Myb protein 1 4.4 1.10 x 1072
Q6ICL3 TANGO2 Transport and golgi organization 2 homolog 3.7 2.41 x 1072
Q08209 PPP3CA Serinelthreonine-protein phosphatase 2B catalytic alpha 3.4 2.22 x 1072
P37802 TAGLN2 Transgelin-2 3.3 1.67 x 1072
Q01518 CAP1 Adenylyl cyclase-associated protein 1 3.3 1.84 x 1075

AOAOAOMS15 IGHV3-49 Immunoglobulin heavy variable 3-49 3.2 1.98 x 1072
P13591 NCAM1 Neural cell adhesion molecule 1 3.1 416 x 1072
095336 PGLS 6-phosphogluconolactonase 3.1 3.25 x 1072
Q99715 COL12A1 Collagen alpha-1(XIl) chain 3.1 2.22 x 1072
095865 DDAH2 N(G),N(G)-dimethylarginine dimethylaminohydrolase 2 3.0 5.28 x 1072
Q5TOD9 TPRGI1L Tumor protein p63 regulated 1 like 3.0 3.05x 1074
P31327 CPS1 Carbamoyl-phosphate synthase, mitochondrial 2.9 3.27 x 1072
P07738 BPGM Bisphosphoglycerate mutase 2.9 1.28 x 1072
P61221 ABCE1 ATP-binding cassette sub-family E member 1 2.9 4.21 x 1072
Q7Z3Y8 KRT27 Keratin, type | cytoskeletal 27 2.7 4.64 %1072
Q16610 ECM1 Extracellular matrix protein 1 2.7 3.03 x 1072
P05156 CFI Complement factor | 2.7 1.41x 1072
P01780 IGHV3-7 Immunoglobulin heavy variable 3-7 2.6 1.14 x 1072
P05546 SERPIND1 Heparin cofactor 2 2.6 5.00 x 1072
075122 CLASP2 CLIP-associating protein 2 2.6 4.21 x 1072
Q2TAA2 IAH1 Isoamyl acetate-hydrolyzing esterase 1 homolog 2.5 3.13x1072
P16070 CD44 CDA44 antigen 2.4 4.01 %1073
P49721 PSMB2 Proteasome subunit beta type-2 2.4 6.87 x 1077

P13667 PDIA4 Protein disulfide-isomerase A4 2.4 6.55 x 1073



Accession ID Annotation Fold Changes  p-Value

P35858 IGFALS Insulin-like growth factor-binding protein complex acid labile 2.3 3.50 x 1072
P19652 ORM2 Alpha-1-acid glycoprotein 2 2.3 2.06 x 1072
096007 MOCS2 Molybdopterin synthase catalytic subunit 2.3 8.91 x 107*
P08294 SOD3 Extracellular superoxide dismutase [Cu-Zn] 2.2 5.01 x 1072
Q6FI13 HIST2H2AA Histone cluster 2 H2A family member a4 2.2 3.55 x 1072
P00488 F13A1 Coagulation factor Xl A chain 2.2 3.71x 1073
P02649 APOE Apolipoprotein E 2.2 3.95 x 1072
Q9HBI1 PARVB Beta-parvin 2.2 1.49 x 1072
Q9BR76 CORO1B Coronin-1B 2.1 1.26 x 1072
P28074 PSMB5 Proteasome subunit beta type-5 2.1 9.94 x 107*
P01714 IGLV3-19 Immunoglobulin lambda variable 3-19 2.0 1.91 x 1072
060888 CUTA Protein CutA 2.0 1.25 x 1072
Q16658 FSCN1 Fascin 2.0 3.42x 1072
Q9ULV4 CORO1C Coronin-1C 2.0 1.02 x 1072
P17655 CAPN2 Calpain-2 catalytic subunit 2.0 1.58 x 1072
Q15582 TGFBI Transforming growth factor-beta-induced protein ig-h3 2.0 3.83 x 1072
P15144 ANPEP Aminopeptidase N 1.9 3.32x 1072
P01008 SERPINC1 Antithrombin-lil 1.9 2.66 x 1072
Q96HY7 DHTKD1 Probable 2-oxoglutarate dehydrogenase E1 component 1.9 4.54 x 1072
P39059 COL15A1 Collagen alpha-1(XV) chain 1.8 3.28 x 1072
P35754 GLRX Glutaredoxin-1 1.8 4.58 x 1072
P40121 CAPG Macrophage-capping protein 1.8 2.32x1072
P36269 GGT5 Glutathione hydrolase 5 proenzyme 1.8 3.04 x 1072
075340 PDCD6 Programmed cell death protein 6 1.8 9.00 x 1073
P12109 COL6A1 Collagen alpha-1(VI) chain 1.8 3.09 x 1072
P19827 ITIH1 Inter-alpha-trypsin inhibitor heavy chain H1 1.7 4.77 x 1072
P05109 S100A8 Protein S100-A8 1.7 3.47 x 1072
P36543 ATP6V1E1l V-type proton ATPase subunit E 1 1.7 1.10 x 1072
P04040 CAT Catalase 1.7 2.98 x 1072
P12110 COL6A2 Collagen alpha-2(VI) chain 1.7 3.98 x 1072
P62191 PSMC1 26S proteasome regulatory subunit 4 1.7 3.55 x 1072
Q16647 PTGIS Prostacyclin synthase 1.6 2.95 x 1072
Q9NZN3 EHD3 EH domain-containing protein 3 1.6 6.77 x 1073
QIuJZ1 STOML2 Stomatin-like protein 2, mitochondrial 1.6 2.81x 1072
P25786 PSMA1 Proteasome subunit alpha type-1 1.6 3.65 x 1072
QB8IUE6 HIST2H2AB Histone H2A type 2-B 1.5 1.13 x 1072
Q13084 MRPL28 Mitochondrial ribosomal protein L28 15 5.01 x 1072

Q13162 PRDX4 Peroxiredoxin-4 1.5 3.24x 1072



Accession ID Annotation Fold Changes  p-Value
Q9Y490 TLN1 Talin-1 1.5 2.94 x 1072
Q15121 PEA15 Astrocytic phosphoprotein PEA-15 15 3.16 x 1072
Q9H4M9 EHD1 EH domain-containing protein 1 1.5 1.64 x 1072
075396 SEC22B Vesicle-trafficking protein SEC22b 15 7.62x 1073
P24821 TNC Tenascin 1.4 4.70 x 1073
P02766 TTR Transthyretin 1.4 4.35x 1073
P02042 HBD Hemoglobin subunit delta 1.4 2.66 x 1072
P78527 PRKDC DNA-dependent protein kinase catalytic subunit 1.4 4.48 x 1072
P25788 PSMA3 Proteasome subunit alpha type-3 1.4 4.59 x 1072
P68871 HBB Hemoglobin subunit beta 14 1.54 x 1072
P07451 CA3 Carbonic anhydrase 3 1.4 4.69 x 1072
P26447 S100A4 S100 calcium binding protein A4 14 9.24 x 1073
POCO0S5 H2AFZ Histone H2A.Z 1.4 1.23x 1072
P51398 DAP3 28S ribosomal protein S29, mitochondrial 1.4 4.85x 1074
P28072 PSMB6 Proteasome subunit beta type-6 1.4 3.67 x 1072
P23284 PPIB Peptidyl-prolyl cis-trans isomerase B 1.4 2.32x 1072
P04196 HRG Histidine-rich glycoprotein 1.3 4.56 x 1072
Q14697 GANAB Neutral alpha-glucosidase AB 1.3 4.40 x 1072
P00915 CAl Carbonic anhydrase 1 1.3 1.55 x 1072
Q96QK1 VPS35 Vacuolar protein sorting-associated protein 35 1.3 2.98 x 1072
P69905 HBA2 Hemoglobin subunit alpha 2 1.3 3.55 x 1072
P35613 BSG Basigin 0.76 7.53x 1073
P51649 ALDH5A1 Succinate-semialdehyde dehydrogenase, mitochondrial 0.76 2.80 x 1072
P62263 RPS14 Ribosomal protein S14 0.76 4.03 x 1072
P09429 HMGB1 High mobility group protein B1 0.76 5.01 x 1072
Q9H7Z7 PTGES2 Prostaglandin E synthase 2 0.76 3.68 x 1072
Q9Y2279 COQ6 Ubiquinone biosynthesis monooxygenase COQ6 0.75 1.62 x 1072
Q8NDY3 ADPRHL1 [Protein ADP-ribosylarginine] hydrolase-like protein 1 0.75 4.76 x 1072
Q72406 MYH14 Myosin-14 0.75 4.69 x 1072
Q16698 DECR1 2,4-dienoyl-CoA reductase, mitochondrial 0.75 4.16 x 1072
Q03252 LMNB2 Lamin-B2 0.75 8.66 x 1073
P10916 MYL2 Myosin regulatory light chain 2, ventricular/cardiac 0.75 2.03 x 1072
Q0ZGT2 NEXN Nexilin 0.74 4.74 x 1072
E7EW31 PROB1 Proline rich basic protein 1 0.74 4.33 x 1072
P52179 MYOM1 Myomesin-1 0.73 8.85 x 1073
Q9Y265 RUVBL1 RuvB-like 1 0.73 3.98 x 1072
P46777 RPL5 60S ribosomal protein L5 0.73 3.86 x 1073
P30038 ALDH4A1 Delta-1-pyrroline-5-carboxylate dehydrogenase 0.73 2.60 x 1072



Accession ID Annotation Fold Changes  p-Value
P32119 PRDX2 Peroxiredoxin-2 0.73 2.77 x 1072
P45379 TNNT2 Troponin T, cardiac muscle 0.73 8.78 x 1072
075521 ECI2 Enoyl-CoA delta isomerase 2, mitochondrial 0.72 4.43 x 1072
Q16836 HADH Hydroxyacyl-coenzyme A dehydrogenase, mitochondrial 0.72 1.58 x 1072
Q9BTZ2 DHRS4 Dehydrogenaselreductase SDR family member 4 0.72 1.67 x 1072
P07339 CTSD Cathepsin D 0.72 1.31x 1073
Q9BX66 SORBS1 Sorbin and SH3 domain-containing protein 1 0.72 3.43x 1072
Q15046 KARS Lysine—tRNA ligase 0.71 2.49 x 1072
075438 NDUFB1 NADH dehydrogenase [ubiquinone] 1 beta subcomplex 1 0.71 1.62 x 1072
095817 BAG3 BAG family molecular chaperone regulator 3 0.71 3.99 x 1072
Q9UL25 RAB21 Ras-related protein Rab-21 0.71 3.92 x 1072
P21397 MAOA Amine oxidase [flavin-containing] A 0.70 7.04x 1073
Q96HS1 PGAM5 Serinelthreonine-protein phosphatase PGAM5 0.70 1.43 x 1072
Q9Y5J7 TIMM9 Mitochondrial import inner membrane translocase 0.70 1.36 x 1072
075947 ATP5H ATP synthase subunit d, mitochondrial 0.70 2.39 x 1072
P19429 TNNI3 Troponin |, cardiac muscle 0.69 9.61 x 1072
P62753 RPS6 40S ribosomal protein S6 0.69 2.02 x 1072
Q13045 FLII Protein flightless-1 homolog 0.69 1.78 x 1072
095292 VAPB Vesicle-associated membrane protein-associated protein 0.68 1.72 x 1072
P02511 CRYAB Alpha-crystallin B chain 0.67 3.99 x 1073
P15121 AKR1B1 Aldose reductase 0.67 5.01 x 1072
Q9NUJ1 ABHD10 Mycophenolic acid acyl-glucuronide esterase 0.67 1.49 x 1073
P46779 RPL28 60S ribosomal protein L28 0.67 3.76 x 1072
Q6PIU2 NCEH1 Neutral cholesterol ester hydrolase 1 0.67 4.07 x 1072
Q8wwi1 LMO7 LIM domain only protein 7 0.66 5.01 x 1072
Q9UFNO NIPSNAPA Nipsnap homolog 3A 0.66 2.13x 1073
Q14118 DAG1 Dystroglycan 0.66 7.65x 1073
Q5BKX8 MURC Caveolae-associated protein 4 0.65 1.78 x 1072
Q6IAA8 LAMTOR1 Ragulator complex protein LAMTOR1 0.65 2.14x 1072
043676 NDUFB3 NADH dehydrogenase [ubiquinone] 1 beta subcomplex 3 0.65 3.38 x 1072
P49368 CCT3 T-complex protein 1 subunit gamma 0.64 1.01 x 1072
P63220 RPS21 Ribosomal protein S21 0.64 1.14 x 1072
Q9UMR2 DDX19B ATP-dependent RNA helicase DDX19B 0.64 5.87 x 1075
Q8NBN7 RDH13 Retinol dehydrogenase 13 0.64 4.74 x 1072
Q14192 FHL2 Four and a half LIM domains protein 2 0.64 5.01 x 1072
076024 WFS1 Wolframin 0.64 4.83 x 1072
P30084 ECHS1 Enoyl-CoA hydratase, mitochondrial 0.63 517 x 1073
Q9HBL7 PLGRKT Plasminogen receptor (KT) 0.63 2.44 x 1072



Accession ID Annotation Fold Changes  p-Value
P26440 IVD Isovaleryl-CoA dehydrogenase, mitochondrial 0.63 2.67 x 1072
P60866 RPS20 Ribosomal protein S20 0.62 3.18 x 1072
Q6DNO03 HIST2H2BC Putative histone H2B type 2-C 0.62 1.71x 1072
Q99460 PSMD1 26S proteasome non-ATPase regulatory subunit 1 0.61 1.71 x 1072
Q96PE7 MCEE Methylmalonyl-CoA epimerase, mitochondrial 0.61 1.44 x 1072
Q8N3J5 PPM1K Protein phosphatase 1K, mitochondrial 0.61 2.98 x 1072
Q9Y5K5 UCHLS5 Ubiquitin carboxyl-terminal hydrolase isozyme L5 0.61 1.82x107*
Q9H987 SYNPO2L Synaptopodin 2-like protein 0.60 2.82 x 1072
095182 NDUFA7 NADH dehydrogenase [ubiquinone] 1 alpha 7 0.59 8.36 x 1073
Q9NQR4 NIT2 Omega-amidase NIT2 0.59 1.48 x 1072
Q96NDO FAM210A Protein FAM210A 0.58 3.74x 1072
P46109 CRKL Crk-like protein 0.58 2.56 x 1072
Q13409 DYNC1i2 Cytoplasmic dynein 1 intermediate chain 2 0.57 9.61 x 1073
P62906 RPL10A 60S ribosomal protein L10a 0.57 1.81 x 1072
Q8NF91 SYNE1 Nesprin-1 0.57 2.02 x 1072
094875 SORBS2 Sorbin and SH3 domain-containing protein 2 0.56 2.55 x 1072
Q9BS92 NIPSNAP3B Nipshap homolog 3B 0.56 5.01 x 1072
Q13151 HNRNPAO Heterogeneous nuclear ribonucleoprotein A0 0.55 1.94 x 1072
P82675 MRPS5 Mitochondrial ribosomal protein S5 0.55 1.17 x 1072
P22830 FECH Ferrochelatase, mitochondrial 0.55 9.32x 1072
Q5HYJ1 TECRL trans-2,3-enoyl-CoA reductase like 0.55 4.59 x 1073
Q9Y285 FARSA phenylalanyl-tRNA synthetase alpha subunit 0.54 2.10 x 1074
Q8TB22 SPATA20 Spermatogenesis-associated protein 20 0.53 4.46 x 1073
QI9NP72 RAB18 Ras-related protein Rab-18 0.52 4.87 x 1073
075190 DNAJB6 DnaJ homolog subfamily B member 6 0.52 8.53 x 1073
P35542 SAA4 Serum amyloid A-4 protein 0.51 3.04 x 1072
E9PAV3 NACA Nascent polypeptide-associated complex subunit alpha 0.49 5.23x107°
Q8N6M3 FITM2 Fat storage-inducing transmembrane protein 2 0.48 1.85 x 1072
P27816 MAP4 Microtubule-associated protein 4 0.47 4.48 x 1072
POCAP1 MYZAP Myocardial zonula adherens protein 0.47 1.87 x 1072
Q96AB3 ISOC2 Isochorismatase domain containing 2 0.46 9.70 x 1073
Q562R1 ACTBL2 Beta-actin-like protein 2 0.44 3.63x 1072
QINS69 TOMM22 Mitochondrial import receptor subunit TOM22 homolog 0.43 1.34x 1072
Q9IBXK5 BCL2L13 Bcl-2-like protein 13 0.42 2.93 x 1072
Q16543 CDC37 Hsp90 co-chaperone Cdc37 0.42 5.00 x 1072
P43155 CRAT Carnitine O-acetyltransferase 0.42 1.24x 1072
Q5VWP3 MLIP Muscular LMNA-interacting protein 0.41 3.38x 1072
060488 ACSL4 Long-chain-fatty-acid—CoA ligase 4 0.40 2.89 x 1074



Accession ID Annotation Fold Changes  p-Value

Q08722 CD47 Leukocyte surface antigen CD47 0.39 6.97 x 1072
Q6Y288 B3GALTL Beta-1,3-glucosyltransferase 0.38 4.29 x 1073
P43487 RANBP1 Ran-specific GTPase-activating protein 0.35 1.93x 1078
P01040 CSTA Cystatin-A 0.33 3.50 x 1072
P48506 GCLC Glutamate—cysteine ligase catalytic subunit 0.33 4.30 x 1072
P08621 SNRNP70 U1 small nuclear ribonucleoprotein 70 kDa 0.30 2.09x 1073
P23919 DTYMK Thymidylate kinase 0.30 6.33x 1072
095394 PGM3 Phosphoacetylglucosamine mutase 0.29 4.82 x 1072
P12829 MYL4 Myosin light chain 4 0.26 2.84x107*
QINX40 OCIAD1 OCIA domain-containing protein 1 0.19 1.96 x 1073
Q08830 FGL1 Fibrinogen-like protein 1 0.12 4.76 x 1073
Q08397 LOXL1 Lysyl oxidase homolog 1 0.08 2.20 x 1072

A volcano plot of all quantified and significantly deregulated proteins is shown in Figure 1A. The heat map based on the
intensity of differentially regulated proteins in all individual samples showed a clear difference between the control and
irradiated groups (Figure 1B).
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Figure 1. Graphical representation of quantitative proteomics data of human FFPE cardiac tissue after chronic irradiation.
Proteins are ranked in a volcano plot according to the —log10 of their statistical p-value (y-axis) and log2 fold change (x-
axis). The green and red points represent the significantly downregulated and upregulated proteins, respectively (A). The
heat map shows hierarchical clustering (average linkage, Spearman ranked correlation) of significantly deregulated
proteins in 5 controls (Ctrl) and 15 irradiated (IR) samples (B). The green bars indicate downregulation and the red bars
upregulation. The analysis was performed using Heatmapper web server.

Among the differentially regulated proteins were several lipid metabolism enzymes (Table 1). Long-chain-fatty-acid—CoA
ligase 4 (ACSL4), hydroxyacyl-coenzyme A dehydrogenase (HADH), 2,4-dienoyl-CoA reductase (DECR1), enoyl-CoA
hydratase (ECHSL1), isovaleryl-CoA dehydrogenase (IVD), and enoyl-CoA delta isomerase 2 (ECI2) were all

downregulated.

A number of proteins belonging to the sirtuin pathway and mitochondrial respiratory chain were also significantly
downregulated in the irradiated samples (Table 1). The level of mitochondrial import inner membrane translocase
(TIMMB9), mitochondrial import receptor (TOMM22), and that of several proteins in the mitochondrial complexes | and V
was reduced in the irradiated samples (Table 1).

Similarly, the data also showed downregulation in the expression of actin cytoskeleton components such as troponin |
(TNNI3), troponin T (TNNT2), and different myosin isoforms including myosin heavy chain 14 (MYH14), myosin regulatory
light chain 2 (MYL2), myosin light chain 4 (MYL4), and myomesin-1 (MYOM1) (Table 1). In contrast, several collagen



isoforms were upregulated in the proteomics data, including collagen type Xll alpha 1 chain (COL12A1), collagen type XV
alpha 1 chain (COL15A), collagen type VI alpha 1 chain (COL6A) and collagen type VI alpha 2 chain (COL6A2) (Table 1).

The levels of several proteins of the oxidative stress response, namely catalase (CAT), peroxiredoxin 2 (PRDX2),
peroxiredoxin 4 (PRDX4), extracellular superoxide dismutase [Cu-Zn] (SOD3), glutathione hydrolase 5 (GGT5), and
glutaredoxin-1 (GLRX), were altered, most showing upregulation (Table 1).

A detailed analysis of the functional interactions and biological pathways of the deregulated proteins was performed using
Ingenuity Pathway Analysis (IPA) software. Fatty acid metabolism, sirtuin signaling, mitochondrial dysfunction, protein
ubiquitination, tissue fibrosis, cytoskeleton organization, and oxidative stress were the most affected pathways in the
irradiated samples compared to the control (Figure 2A). Especially two biological networks showed enrichment of
deregulated proteins. The predicted regulators of these networks were the peroxisome proliferator-activated receptor
(PPAR) alpha and transforming growth factor beta-1 (TGFB1) (Figure 2B,C). PPAR alpha was predicted to be inactivated
in irradiated samples, whilst TGF beta was predicted to be activated. Differentially expressed proteins were associated
with cardiotoxicity-related pathways including cardiac dilation, cardiac enlargement, cardiac dysfunction, heart failure, and
cardiac fibrosis.
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Figure 2. Pathway analysis of differentially regulated proteins from human FFPE heart tissues. The most significant
canonical pathways altered by irradiation are shown. The analyses were generated using Ingenuity Pathway Analysis
(IPA) (QIAGEN Inc., Hilden, Germany). The bars indicate canonical pathways and the y-axis displays the —(log p)
enrichment significance. The tall bars are more significant than the short ones (A). Graphical representation of the
deregulated protein networks with their upstream transcriptional regulators peroxisome proliferator-activated receptor
(PPAR) alpha (B) and transforming growth factor beta (TGFB) (C) are shown. The upregulated proteins are marked in red
and the downregulated in green. The nodes in blue (inhibition) and orange (activation) represent transcription factors. The
full protein names are given in Table 1.
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