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INTRODUCTION 
 
All living organisms are constantly exposed to ionizing 
radiation coming from radionuclides of natural origin, 
cosmic rays and multiple anthropogenic sources, such 
as weapon tests, nuclear reprocessing, and nuclear 
accidents. In biological systems, ionizing radiation leads 
to ionization of molecules and direct DNA damage, 
formation of free radicals, and ultimately to the 
generation of reactive oxygen species (ROS) and 
reactive nitrogen species (RNS). Increased cellular 
concentrations of ROS/RNS result in oxidative stress 
and secondary indirect DNA damage [1]. It is believed 
that exposure of cells to low doses of radiation can 
activate   cellular   defense  systems,   while  high  doses 

 

result in significant damage to DNA and other macro-
molecules, cell death and cancer [2]. 
 
The effects of ionizing radiation (IR) are to some extent 
analogous to the processes observed in hereditary 
progeroid syndromes, and similar to premature aging. 
Segmental progerias (dyskeratosis congenita, Werner 
syndrome, Bloom syndrome and ataxia telangiectasia 
(AT)) have only some symptoms of “accelerated 
aging”, mostly they are characterized by impaired DNA 
repair and genetic instability. Hofer et al. [3] hypo-
thesized that only some progeroid syndromes with 
symptoms of alopecia (hair loss), osteoporosis, and nail 
atrophy are associated with telomere shortening, 
whereas in Bloom syndrome, for example, telomere 
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ABSTRACT 
 
All living organisms are subject to the aging process and experience the effect of ionizing radiation throughout
their life. There have been a number of studies that linked ionizing radiation process to accelerated aging, but
comprehensive  signalome  analysis of both processes was  rarely  conducted. Here we present  a  comparative
signaling pathway based analysis of the transcriptomes of fibroblasts irradiated with different doses of ionizing
radiation, replicatively aged fibroblasts and fibroblasts collected from young, middle age and old patients. We 
demonstrate  a  significant  concordance  between  irradiation‐induced  and  replicative  senescence  signalome 
signatures of  fibroblasts. Additionally,   significant differences  in  transcriptional  response were also observed
between fibroblasts irradiated with high and low dose. Our data shows that the transcriptome of replicatively
aged  fibroblasts  is more  similar  to  the  transcriptome of  the cells  irradiated with 2 Gy,  than with 5  сGy. This 
work revealed a number of signaling pathways that are shared between senescence and  irradiation processes
and can potentially be targeted by the new generation of gero‐ and radioprotectors. 



www.aging‐us.com  2379  AGING 

shortening is not observed. AT syndrome is caused by a 
defect in the ATM (Ataxia-Telangiectasia Mutated) 
protein, whose normal function is to ensure DNA repair  
during cell division. If DNA damage is beyond repair, 
ATM becomes a mediator of programmed cell death 
(apoptosis), leading to the elimination of the dete-
riorated cells and providing stability to the genome [4]. 
Fibroblasts extracted from radiosensitive patients with 
AT, Fanconi anemia or other diseases, in cell culture 
upon irradiation show accelerated telomere shortening 
(dose range 1–7 Gy) [5] and a high level of replicative 
aging (~2.5 Gy) [6].  
 
Gene expression analysis is one of the most compre-
hensive approaches to determine a primary response of a 
cell to stress. However, up to now there have been 
relatively few studies aiming to assess the cell response 
to IR at the transcription level [2, 7–9]. One such article 
[10] describes the gene expression analysis of fibroblasts 
AG01522, irradiated with doses 5 cGy and 2 Gy.  
 
In our previous study we focused on the aging processes 
of the fibroblasts [11], we analysed the transcriptome of 
cells extracted from young, middle-aged and old subjects 
as well as subjects with progeria, in order to find simila-
rities between the signalomes of  old  people  and  of  pro- 
geroid patients, as well as with replicatively aged cells. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Here we compare the transcriptomes of fibroblasts 
irradiated with different doses of IR (Marthandan et al. 
2016)  with replicatively aged fibroblasts and those 
taken from different patients, as in [11]. Our data 
demonstrate that the transcriptome of replicatively aged 
fibroblasts is more similar to the transcriptome of the 
cells irradiated with 2 Gy, than with 5 сGy. 
 
RESULTS 
 
Effect of low and high doses of radiation on cells: 
analysis of differentially expressed genes and 
pathways 
 
Gene expression samples from replicatively aged 
fibroblasts [11] and those taken from different patients 
[12] were stratified into groups by the number of 
passages and donor’s age, respectively (Table 1). 
Samples of fibroblasts that were irradiated with X-ray 
[9] were stratified into functional groups by the dose 
and time after exposure (Table 1). For each of the 
functional groups we discovered significantly differen-
tially expressed genes and signaling pathways, identify-
ed by the iPanda algorithm [12] and listed in the Table 1. 
 
Here we present the results of the comparison of 
differentially expressed genes for doses  5 cGy  and 2  Gy  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 1. Analysis of differentially expressed genes and metabolic pathways for the selected datasets.

Study Age groups 
Irradiation dose, 

time after 
exposure 

Differentially expressed 
genes,  

p-value < 0.01 

Signaling pathways, 
p-value < 0.05 

EMTAB2086_70_vs_30 70/30 cycles - 1676 387 

EMTAB2086_80_vs_30 80/30 cycles - 4217 1328 

GSE55118_middle_vs_young 30-50/<30 years - 603 29 

GSE55118_old_vs_young >50/<30 years - 442 24 

GSE59861_12h_2Gy - 12 h., 2 Gy 485 24 

GSE59861_12h_5cGy - 12 h., 5 cGy 359 11 

GSE59861_24h_2Gy - 24 h., 2 Gy 1201 108 

GSE59861_24h_5cGy - 24 h., 5 cGy 905 41 

GSE59861_3h_2Gy - 3 h., 2 Gy 555 44 

GSE59861_3h_5cGy - 3 h., 5 cGy 70 0 

GSE59861_6h_2Gy - 6 h., 2 Gy 166 2 

GSE59861_6h_5cGy - 6 h., 5 cGy 150 4 
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as a time series, grouped by time after exposure to IR (3, 
6, 12 and 24 hours, Figure 1 and Figure 2, Tables S1, 
S2).  
 
Exposure of cells to 5 cGy of X-ray 3 hours after 
irradiation leads to the activation of the genes involved 
in connective tissue/extracellular matrix remodeling; in 
particular, we found upregulated genes responsible for 
lipids biosynthesis: ceramides, sphingolipids and 
phosphatidylinositol phosphate. Also, among the other 
up-regulated genes, we found genes responsible for the 
development of alveoli, as well as the FGF22, which 
plays a role in the regulation of cell growth and 
development [13]. Among down-regulated genes were 
CEP152, necessary for centriole assembly [14], and 
DYNLRB2, involved in the synthesis of new organelles 
and mitotic spindle organization [15].  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

According to GO analysis, 6 hours after X-ray exposure 
to 5 cGy,  further processes occur in the cells: cell cycle 
arrest (IRF6, DDIT3) [16], apoptosis signaling and 
programmed cell death (DDIT3, DDIT4, TRAF1, 
SPATA2) [17, 18], development of the cell response to 
ROS (SESN2, DDIT4) [19], arrest of the translation in 
the endoplasmic reticulum in response to cellular stress, 
DNA damage response (DDIT4), etc. At the same time 
there is a suppression of the expression of genes 
involved in cytokines productions (EGR1, BIRC3, 
HSPA1A, CCL1, LY9), MAP-kinase cascade (TAB2, 
DUSP1, DUSP2, KLHDC10), protein folding and their 
transport across the endoplasmic reticulum.  
 
Signaling pathways activation analysis showed that 
proteasomal protein degradation and EGF-Rab5 (linked 
to  endosomes  internalisation  and  extracellular  signal- 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 1. Venn diagrams, illustrating overlapping effects (up‐regulated genes) of IR at different times of exposure: 3, 6, 12, 24
hours for the doses 5 cGy (A) and 2 Gy (B). Numbers indicate the amount of common/unique differentially expressed genes for
the studied groups (Table S1). 

Figure 2. Venn diagrams, illustrating overlapping effects (down‐regulated genes) of IR at different times of exposure: 3, 6, 12,
24 hours for the doses 5 cGy (A) and 2 Gy (B). Numbers indicate the amount of common/unique differentially expressed genes
for the studied groups (Table S2). 
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ling) pathways are up-regulated [20] (Table S3). At the 
same time, protein folding and cytoskeleton develop-
ment pathways are down-regulated (Table S4). 
 
12 hours after exposure to 5 cGy of X-ray we still 
observe high expression level of genes involved in 
programmed cell death (DAB2IP, SFRP2, CHAC1, 
RRAGC, RFFL, DDIT4, OGT, C4ORF14, ATF4, 
KRT36, TRAF1), while DNA replication genes 
(CCNL1, CDC6, SLFN11, MSH6), ROS-responsive 
genes (DUSP1, FOS, PPIF), and genes allowing G1/S 
transition (CCNL1, CDC6, CCND1) are suppressed. For 
this time point, analyses demonstrate a strong up-
regulation of the  Wnt/Notch  pathway,  linked  to  apop- 
tosis and the protein degradation processes [21] (Table 
S3).  
 
Signaling pathways activation analysis showed that, 
even 24 hours after the exposure, the Wnt/Notch 
pathway is still hyper-activated. In addition, we 
observed an increased activation of a number of 
signaling pathways associated with syndecan (Table 
S3). Syndecans mediate cell adhesion, cytoskeleton 
reorganization, and cellular signaling due to their 
function as co-receptors for many ligands including 
FGF, VEGF, TGFβ and fibronectin [22]. In particular, 
syndecans play an important role in extracellular matrix 
remodeling and wound healing [23, 24]. In accordance 
with that, we also observed up-regulation of pathways 
linked to the activation of EGFR, VEGFR1 and 
VEGFR2 receptors, the Hedgehog pathway (important 
for cell differentiation [25]), as well as pathways 
involved in the positive regulation of cell adhesion and 
glucose uptake (Table S3). Taken together, our data 
suggest that by 24 hours after exposure to 5 cGy of X-
ray the processes of cellular degradation and 
programmed cell death are replaced by cellular regene-
ration. 
 
Exposure of the fibroblasts to 2 Gy of X-ray 3 hours 
after irradiation results in the development of the 
classical irradiation response, up-regulation of POLH, 
CDKN1A, MTA1, GADD45A, AEN [26]: simultaneous 
expression of proteins responsible for cell cycle arrest 
CDKN1A, GADD45A and DNA repair, POLH. Pathway 
analysis shows that X-ray exposure induces p53-
mediated DNA damage response, BRCA1-mediated cell 
cycle arrest and activates PI3K/Akt pathway. At the 
same time, pathways related to syndecans and Catenin 
Beta 1, and those involved in cell adhesion and pro-
liferation are suppressed [27]. 
 
6 hours after exposure to 2 Gy of X-ray we still observe 
stress-response in the cells. In particular, apoptotic 
processes are induced: TRIAP1, PHLDA1, FAS, 
CDKN1A,TP53INP1, etc. Analysis shows up-regulation 

of genes responsible for cellular aging (senescence): 
TGFB3, DKK1, GCLC, KCNMB1, CDKN1A, DDC, 
MYST3 [28–30]. In parallel, cells activate defense 
mechanisms against ROS and DNA damage: gluta-
thione is synthesized (CHAC1, GCLC ant other [31], 
polymerase POLH and PCNA factor expression levels 
are enhanced.  
 
12 hours after exposure we still observe signs of 
apoptosis: up-regulated expression of DAB2IP, SFRP2, 
ZMAT3, BCL6, TP53INP1, PHLDA3, DDIT4, TOP2A, 
BBC3, CDKN1A, APH1B, ATF4, SCIN. In parallel, an 
irradiation response is unfolding, similar to the one we 
saw 6 h after exposure: analysis shows activation of 
POLH, DDB2, TOP2A, responsible for double-stranded 
break (DSB) repair. At the same time, we observe a 
down-regulation of genes important for DNA 
replication (CCNE2, MCM10, GINS3, MCM3, etc.) 
[32], protein biosynthesis and G1/S transition (CCND1, 
CCNE2, etc.) [33]. Analysis of signaling pathways 
showed activation of the Wnt/Notch pathway, BRCA1 
G1/S cell cycle arrest, p53-mediated DNA damage 
response, and the degradation of AKAP1 protein, which 
plays an important role in the regulation of protein 
kinase A function and its cellular distribution (Table S3) 
[34]. In particular, it has been shown that AKAP1 is 
necessary for the maintenance of mitochondrial 
homeostasis and, as a consequence, for the regulation of 
oxidative phosphorylation and senescence [35]. At the 
same time we observe down-regulation of the pre-
replicative complex through the inhibition of the CDC6/ 
ORC pathway (Table S4) [36] and the suppression of  
DNA single-strand breaks (SSB) repair processes. 
 
24 hours after exposure to 2 Gy of X-ray we observe 
initiation of cell responses to ROS (SESN1, SESN2) 
[19] and cell starvation, leading to lipids breakdown 
(AKR1C3). We observe activation of catabolic 
processes, autophagy (TRIM22, TP53INP1) and sup-
pression of transcription and translation. At the level of 
the signaling pathways, we observe strong (equal to the 
12-hour level) deprivation of DNA replication, DNA 
SSB repair, and mitosis (G1/S transition, mitotic spindle 
formation, cyclins synthesis). On the other hand, 
pathways related to apoptosis (Notch/Wnt, ATM) and 
mitotic arrest are up-regulated (Table S3). 
 
Comparison of gene expression of the fibroblasts 
exposed to different X-ray doses at the same time point 
after irradiation (Tables S1 and S2) shows that: 3 hours 
after exposure there are just 11 commonly expressed 
genes (4 up- and 7 down-regulated), which complicates 
proper analysis of the common pathways; 6 hours after 
exposure there are 5 commonly up-regulated genes and 
no common down-regulated genes; 12 hours after 
irradiation for both doses we observe suppression of 
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replication and transcription (KLF4, VEGFA, ZNF691, 
DAB2IP), and enhancement of p38-MAPK, Wnt and 
VEGF pathway activities (Table S3); 24 hours after 
exposure to X-ray, among common processes, we detect 
stimulation of hydrogen peroxide decomposition and 
glutathione synthesis (protection against ROS), while 
genes involved in DNA replication and G/S transition 
are suppressed, as well as gene expression in general. 
 
Comparison of aging with the effect of low and high 
doses of radiation on the cells 
 
Comparison of the data on gene expression in 
fibroblasts 3 hours after exposure to 2 Gy X-ray with  
replicatively aged cells (data sets EMTAB2086_70_vs_ 
30 and EMTAB2086_80_vs_30) shows that, among the 
common differentially expressed genes, there is an up-
regulation of genes involved in  DNA damage signaling 
through p53 pathway (BTG2, SESN2, CDKN1A, 
GADD45A), as well as the general stress response 
(EPHA2, BTG2, SESN2, SESN1, CDKN1A, EDEM3, 
GADD45A). Among commonly down-regulated ones, 
we found genes responsible for cell cycle progression 
(CNOT6, CDKN1B, PRKDC, MSH6); whereas gene 
TAOK2, involved in stress-response [37, 38], is in fact 
up-regulated (Tables S2, S3, Figures 3, 4).  
 
Comparison of gene expression 6 hours after exposure 
to 2 Gy X-ray with replicatively aged cells show that 
both of them slow down cellular metabolism because of 
the lack of amino acids, so-called cellular starvation 
(SESN2, SESN1, FAS, CDKN1A), along with an 
initiation of  apoptosis  in  response  to  external/internal  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

signals (MDM2, BCL2L1, TP53INP1, CDKN1A, 
TNFRSF10B, FAS, BLOC1S2) and DNA damage 
signals. At this time point, down-regulated genes for 2 
Gy are those involved in cleavage of intra-strand DNA 
crosslinks and DNA repair  (RFWD3, ERCC3, HMGB1, 
FANCE, FANCL, MSH6); down-regulated genes for 5 
cGy are those involved in cell proliferation (EGR1, 
TXNRD1, TCF7L2, MRPS27, HSPD1, EPS8).  
 
Results of comparison of gene expression 12 hours after 
irradiation (2 Gy) with replicatively aged fibroblasts 
demonstrates suppression of cell p53-mediated DNA 
damage response; among common up-regulated we 
found genes involved in apoptosis and response to 
radiation (MDM2, BCL2L1, TP53INP1, CDKN1A). 
Common differentially expressed genes for replicatively 
aged cells and fibroblasts irradiated with 5 cGy are 
signals about external stimuli (EGR2, SESN2, GDF15). 
Down-regulated genes for 2 Gy are those involved in 
DNA replication (20 common genes), DNA repair and 
initiation of mitosis (7 and 13 common genes). Sup-
pressed genes for 5 cGy are cell cycle genes. 
 
Common differentially expressed genes for fibroblasts 
24 hours after irradiation (5 cGy and 2 Gy doses) and 
fibroblasts from old patients, as well as replicatively 
aged cells are presented in tables S3 and S4. 
Comparison of gene expression 24 hours after irra-
diation (2 Gy) with data sets EMTAB2086_70_vs_30 
and EMTAB2086_80_vs_30 reveals that there are some 
shared up-regulated genes: genes involved in cell death 
(17 genes), p53-mediated DNA damage response (9 
genes), as well as genes involved  in cell  cycle arrest  (5  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. Venn diagrams, illustrating overlapping effects (up‐regulated genes) of replicative aging and IR  at different times of
exposure:  3,  6,  12,  24  hours  for  the  doses  5  cGy  (A)  and  2  Gy  (B).  Numbers  indicate  the  amount  of  common/unique
differentially expressed genes for the studied groups (Table S1). 
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genes) and autophagy (6 genes). Common down-
regulated genes (2 Gy) are those, which play a role in 
mitosis (including replication and formation of mitotic 
spindle) and DNA repair. For smaller dosed (5 cGy) and 
replicatively aged cells, common responses include 
MAP-kinase signaling (4 genes), activation of other 
signaling cascades (5 genes), down-regulation of genes 
involved in DNA replication (over 30 genes), cell 
division (15 genes) and DNA DSB repair.  
 
Signaling pathway analysis revealed the most relevant 
results for the differential expression/activation of 
signaling pathways in the cells 24 hours after exposure 
to IR (Tables S3, S4). The results of the comparison of 
gene expression in replicatively old fibroblasts (data 
sets EMTAB2086_70_vs_30 and EMTAB2086_80_ 
vs_30) and in cells exposed to 5 cGy of X-ray (24 hours 
after irradiation) demonstrate several common trends 
for both data sets, particularly an activation of signaling 
pathways important for cell cycle and adsorption of 
salts/ions, while comparison to the effects of 2 Gy 24 
hours after exposure shows, among common activated 
pathways, G1/S cell cycle arrest and DNA damage 
response (BRCA1/E2 path-way). 
 
We have not found any common differentially 
expressed genes in irradiated fibroblasts and fibroblasts 
obtained from middle-aged patients (GSE55118_middle_ 
vs_young), however there were some common changes 
when we compared them  to “old” fibroblasts  (GSE55118 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
_old_vs_young). In particular, for the X-ray dose of 2 
Gy we observe common down-regulation of pathways 
involved in cell division: chromosome segregation, 
centrosomes separation in mitosis, mitotic spindle 
formation, as well as GATA2-mediated transcription 
(Table S4). Among shared up-regulated pathways, when 
we compared “old” fibroblasts to those irradiated by the 
X-ray dose of 5 cGy, we observe the above-mentioned 
cell adhesion pathways, while the GATA2 pathway is 
down-regulated. 
 
DISCUSSION 
 
The above results of the comparison of irradiated 
fibroblasts, replicatively aged fibroblasts and fibroblasts 
from old patients allow us to understand not only the 
cellular response to low and high doses of X-ray, but 
also the dynamics of this process. 
 
Irradiation of cells with 5 cGy of X-ray induces 
detectable cellular response just 6 hours after exposure: 
it causes up-regulation of genes involved in the cell 
cycle arrest, down-regulation of DNA replication and 
repair, and a response to cellular ROS. Analysis of 
signalling pathways 24 hours after irradiation shows up-
regulation of the Wnt/Notch pathway, involved in 
apoptosis. However, along with the apoptotic response, 
we show up-regulation of several signaling pathways 
related to syndecans, which are important for ECM 
remodelling and wound healing, and stimulation of 

Figure 4. Venn diagrams, illustrating overlapping effects (down‐regulated genes) of replicative aging and IR  at different times
of  exposure:  3,  6,  12,  24  hours  for  the  doses  5  cGy  (A)  and  2  Gy  (B).  Numbers  indicate  the  amount  of  common/unique
differentially expressed genes for the studied groups (Table S2). 
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signaling from EGFR, VEGFR1 and VEGFR2, up-
regulation of Hedgehog-pathway, cell adhesion and 
glucose uptake. Taken together, these data suggest that 
24 hours after exposure to 5 cGy, cell degradation and 
apoptosis processes progressively switch to cell 
regeneration.  
 
 X-ray exposure of fibroblasts to 2 Gy causes changes at 
the transcriptional level as early as 3 hours after 
irradiation: genes involved in DNA DSB and SSB 
repair and cell cycle arrest, are upregulated. Analysis of 
signaling pathways demonstrates activation of the p53-
mediated DNA damage response, the BRCA1-mediated 
cell-cycle response, and of the PI3K/Akt pathway. 6 
hours after exposure to IR we observe, in addition to 
above-mentioned, the activation of genes involved in 
response to ROS and senescence (aging). 12 hours after 
irradiation protein biosynthesis is shutting down, and 24 
hours after exposure cells initiate response to cell 
starvation, which leads to lipids breakdown, catabolic 
processes and autophagy, down-regulation of trans-
cription and translation and sensitization of pathways 
involved in apoptosis (Notch/Wnt, ATM) and cell cycle 
arrest. Thus, we can conclude, that 24 hours after 
exposure to 2 Gy of X-ray, cells die, and do not 
regenerate.  
 
Overall, on the level of gene expression and signaling 
pathways, the replicatively aged cells are more similar 
to fibroblasts exposed to 2 Gy of X-ray, than to cells 
irradiated with 5 cGy. 3 hours after exposure to 2 Gy of 
X-rays (unlike 5 cGy), the irradiated fibroblasts acquire 
some characteristics of replicatively aged cells, with 
108 common differentially expressed genes (compared 
to 10 for 5 cGy); in particular, cells initiate p53-
mediated DNA damage response, stress-response, as 
well as cell cycle arrest with a consequent decrease of 
mitotic activity. 6 and 12 hours after exposure to 2 Gy 
of X-rays, the fibroblasts have 186 common dif-
ferentially expressed genes with replicatively aged cells 
(compared to 96 for those, exposed to 5 cGy). Most of 
these genes, according to GO analysis, are involved in 
apoptosis, cell cycle arrest, down-regulation of 
replication and transcription, as well as the cellular 
response to radiation, DNA damage, cell starvation and 
ROS. For the dose of 5 cGy and replicatively aged cells, 
the only common down-regulated pathway (according 
to GO) was associated with the cell proliferation. 24 
hours after exposure to 2 Gy of X-rays, the gene 
expression profile of the fibroblasts shows an up-
regulation of genes responsible for execution of cell 
death, p53-mediated DNA damage response, cell cycle 
arrest and autophagy. At the same time, there are 
suppressed genes involved in DNA repair and mitosis 
(including replication, mitotic spindle formation, etc). 
For the lower dose, 5 cGy, cell response is mostly based 

on the up-regulation of MAP-kinase signaling and 
down-regulation of genes important for DNA 
replication, cell division and DNA DSB repair.  
 
According to our GO analysis  [39] (Table S5) and 
pathway analyses (Tables S3, S4) 24 hours after the 
irradiation cells have strong negative regulation of 
genes associated with cell cycle, DNA repair and 
replication for low and high doses and positive 
regulation for genes responsible for programmed cell 
death and p53-mediated response in case of high dose 
and signal transduction, cell adhesion, communication.  
 
Our results are in good agreement with previous study 
(see Table S5) [40] of fibroblasts undergoing replicative 
and radiation γ-irradiation induced senescence. Authors 
state that senescence induced by both factors is 
connected with cellular response to damage and “cell 
cycle” pathway was downregulated for both states while 
replication errors were essential for the induction of 
replicative senescence but not for irradiation induced 
senescence [39]. Additionally to these results we deter-
mined the differences between the doses of the irradiation 
and signaling pathways involved in cellular response. 
 
Overall this study provides a comprehensive analysis of 
signalome changes caused by the processes of aging and 
ionizing radiation. Signaling pathways identified in this 
study provide a valuable common mechanistic link 
between two processes and can be used to develop new 
generation of gero- and radioprotectors. 
 
METHODS 
 
Description of datasets used to assess the detrimental 
effects of high doses of ionizing radiation 
 
Datasets selected for the analysis of replicative aging of 
fibroblasts [41] are the same as those described in the 
previous study [11]: GSE55118,  E-MTAB-2086 from 
Lackner et al. [41].  
 
For the analysis of irradiated fibroblasts we selected 
dataset GSE59861 [40], that consists of gene expression 
data for 1522 human fibroblasts subjected to two doses 
of X-ray irradiation: 5 cGy and 2 Gy, and analysed at 
five time-points: 0 h, 3 h, 6 h, 12 h, 24 h. 
 
Each pre-processed gene expression dataset was 
analyzed independently of the others, using the iPanda 
algorithm [12]. We selected further groups for the 
analysis:  
 
1) replicative aging 70 cycles versus 30 cycles and 80 

versus 30: EMTAB2086_70_vs_30 and 
EMTAB2086_80_vs_30 respectively 
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2) “middle-aged” and “young” fibroblasts 
GSE55118_middle_vs_young 

3) “old” and “young” fibroblasts 
GSE55118_old_vs_young 

4) irradiated fibroblasts GSE59861_3h 
(6h,12h,24h)_2Gy(5cGy) 

 
For the studied groups, differentially expressed genes 
and dysregulated signaling pathways were identified as 
described previously in [11]. Only genes present in all 
the samples were taken into account for analysis. 
 
CONFLICTS OF INTEREST 
 
Authors declare no conflicts of interest. 
 
FUNDING 
 
This work was partially supported by the Russian 
Science Foundation grant no. 19-14-00151. 
 
REFERENCES 
 
1.   Jarvis RB, Knowles JF. DNA damage in zebrafish larvae 

induced  by  exposure  to  low‐dose  rate  γ‐radiation: 
detection  by  the  alkaline  comet  assay.  Mutat  Res. 
2003;  541:63–69.  https://doi.org/10.1016/S1383‐
5718(03)00182‐7 

2.   Yunis R, Albrecht H, Kalanetra KM, Wu S, Rocke DM. 
Genomic characterization of a three‐dimensional skin 
model  following  exposure  to  ionizing  radiation.  J 
Radiat Res (Tokyo). 2012; 53:860–75.  

  https://doi.org/10.1093/jrr/rrs063 

3.   Hofer AC, Tran RT, Aziz OZ, Wright W, Novelli G, Shay 
J,  Lewis  M.  Shared  phenotypes  among  segmental 
progeroid syndromes suggest underlying pathways of 
aging. J Gerontol A Biol Sci Med Sci. 2005; 60:10–20. 
https://doi.org/10.1093/gerona/60.1.10 

4.   Kurz  EU,  Lees‐Miller  SP.  DNA  damage‐induced 
activation  of  ATM  and  ATM‐dependent  signaling 
pathways.  DNA  Repair  (Amst).  2004;  3:889–900. 
https://doi.org/10.1016/j.dnarep.2004.03.029 

5.   Cabuy E, Newton C,  Joksic G, Woodbine  L, Koller B, 
Jeggo  PA,  Slijepcevic  P.  Accelerated  telomere 
shortening  and  telomere  abnormalities  in  radio‐
sensitive  cell  lines.  Radiat  Res.  2005;  164:53–62. 
https://doi.org/10.1667/RR3376 

6.   Martin  K,  Kirkwood  TB,  Potten  CS.  Age  changes  in 
stem  cells of murine  small  intestinal  crypts. Exp Cell 
Res. 1998; 241:316–23.  

  https://doi.org/10.1006/excr.1998.4001 

7.   Turtoi A, Brown I, Schläger M, Schneeweiss FH. Gene 
expression profile of human  lymphocytes exposed to 

(211)At  alpha  particles.  Radiat  Res.  2010;  174:125–
36. https://doi.org/10.1667/RR1659.1 

8.   Ding LH, Shingyoji M, Chen F, Hwang JJ, Burma S, Lee 
C,  Cheng  JF,  Chen  DJ.  Gene  expression  profiles  of 
normal human  fibroblasts after exposure  to  ionizing 
radiation: a comparative study of low and high doses. 
Radiat Res. 2005; 164:17–26.  

  https://doi.org/10.1667/RR3354 

9.   Kalanxhi E, Dahle J. Genome‐wide microarray analysis 
of human  fibroblasts  in  response  to  γ  radiation  and 
the  radiation‐induced  bystander  effect.  Radiat  Res. 
2012; 177:35–43. https://doi.org/10.1667/RR2694.1 

10.  Hou J, Wang F, Kong P, Yu PK, Wang H, Han W. Gene 
profiling  characteristics of  radioadaptive  response  in 
AG01522 normal human fibroblasts. PLoS One. 2015; 
10:e0123316. 
https://doi.org/10.1371/journal.pone.0123316 

11.  Aliper AM, Csoka AB, Buzdin A, Jetka T, Roumiantsev 
S,  Moskalev  A,  Zhavoronkov  A.  Signaling  pathway 
activation  drift  during  aging:  Hutchinson‐Gilford 
Progeria  Syndrome  fibroblasts  are  comparable  to 
normal middle‐age  and  old‐age  cells.  Aging  (Albany 
NY). 2015; 7:26–37.  

  https://doi.org/10.18632/aging.100717 

12.  Ozerov  IV,  Lezhnina KV,  Izumchenko E, Artemov AV, 
Medintsev S, Vanhaelen Q, Aliper A, Vijg J, Osipov AN, 
Labat I, West MD, Buzdin A, Cantor CR, et al. In silico 
Pathway Activation Network Decomposition Analysis 
(iPANDA)  as  a method  for  biomarker  development. 
Nat Commun. 2016; 7:13427.  

  https://doi.org/10.1038/ncomms13427 

13.  Beyer  TA, Werner  S,  Dickson  C, Grose  R.  Fibroblast 
growth  factor  22  and  its  potential  role  during  skin 
development and repair. Exp Cell Res. 2003; 287:228–
36. https://doi.org/10.1016/S0014‐4827(03)00139‐3 

14.  Cizmecioglu O, Arnold M, Bahtz R, Settele F, Ehret L, 
Haselmann‐Weiss U,  Antony  C, Hoffmann  I.  Cep152 
acts as a scaffold for recruitment of Plk4 and CPAP to 
the centrosome. J Cell Biol. 2010; 191:731–39.  

  https://doi.org/10.1083/jcb.201007107 

15.  Lo KW, Kogoy JM, Pfister KK. The DYNLT3  light chain 
directly  links  cytoplasmic  dynein  to  a  spindle 
checkpoint  protein,  Bub3.  J  Biol  Chem.  2007; 
282:11205–12. 
https://doi.org/10.1074/jbc.M611279200 

16.  Kano A, Haruyama T, Akaike T, Watanabe Y.  IRF‐1  is 
an  essential  mediator  in  IFN‐γ‐induced  cell  cycle 
arrest and apoptosis of primary cultured hepatocytes. 
Biochem  Biophys  Res  Commun.  1999;  257:672–77. 
https://doi.org/10.1006/bbrc.1999.0276 

17.  Schlicher L, Wissler M, Preiss F, Brauns‐Schubert P,  



www.aging‐us.com  2386  AGING 

Jakob  C,  Dumit  V,  Borner  C,  Dengjel  J,  Maurer  U. 
SPATA2  promotes  CYLD  activity  and  regulates  TNF‐
induced NF‐κB  signaling  and  cell  death.  EMBO  Rep. 
2016; 17:1485–97.  

  https://doi.org/10.15252/embr.201642592 

18.  Lee SY, Choi Y. TRAF1 and its biological functions. Adv 
Exp Med Biol. 2007; 597:25–31.  

  https://doi.org/10.1007/978‐0‐387‐70630‐6_2 

19.  Liu B, Chen  Y,  St Clair DK. ROS  and p53:  a  versatile 
partnership. Free Radic Biol Med. 2008; 44:1529–35. 
https://doi.org/10.1016/j.freeradbiomed.2008.01.011 

20.  Oda  K,  Matsuoka  Y,  Funahashi  A,  Kitano  H.  A 
comprehensive  pathway  map  of  epidermal  growth 
factor receptor signaling. Mol Syst Biol. 2005; 1:0010. 
https://doi.org/10.1038/msb4100014 

21.  Collu  GM,  Hidalgo‐Sastre  A,  Brennan  K. Wnt‐Notch 
signalling  crosstalk  in development and disease. Cell 
Mol Life Sci. 2014; 71:3553–67.  

  https://doi.org/10.1007/s00018‐014‐1644‐x 

22.  Zimmermann  P,  David  G.  The  syndecans,  tuners  of 
trans‐membrane  signaling.  FASEB  J.  1999  (Suppl); 
13:S91–100. 
https://doi.org/10.1096/fasebj.13.9001.s91 

23.  Bartlett  AH,  Hayashida  K,  Park  PW. Molecular  and 
cellular mechanisms of syndecans in tissue injury and 
inflammation. Mol Cells. 2007; 24:153–66. 

24.  Echtermeyer F, Streit M, Wilcox‐Adelman S, Saoncella 
S, Denhez F, Detmar M, Goetinck P. Delayed wound 
repair  and  impaired  angiogenesis  in  mice  lacking 
syndecan‐4.  J  Clin  Invest.  2001;  107:R9–14. 
https://doi.org/10.1172/JCI10559 

25.   Ingham  PW,  McMahon  AP.  Hedgehog  signaling  in 
animal  development:  paradigms  and  principles. 
Genes Dev. 2001; 15:3059–87.  

  https://doi.org/10.1101/gad.938601 

26.  El‐Saghire H, Michaux A, Thierens H, Baatout S. Low 
doses  of  ionizing  radiation  induce  immune‐
stimulatory  responses  in  isolated  human  primary 
monocytes. Int J Mol Med. 2013; 32:1407–14.  

  https://doi.org/10.3892/ijmm.2013.1514 

27.  Bullions LC, Levine AJ. The role of beta‐catenin in cell 
adhesion,  signal  transduction, and cancer. Curr Opin 
Oncol. 1998; 10:81–87.  

  https://doi.org/10.1097/00001622‐199801000‐00013 

28.  Lundberg AS, Hahn WC, Gupta P, Weinberg RA. Genes 
involved  in  senescence  and  immortalization.  Curr 
Opin Cell Biol. 2000; 12:705–09.  

  https://doi.org/10.1016/S0955‐0674(00)00155‐1 

29.  Rokudai S, Laptenko O, Arnal SM, Taya Y, Kitabayashi 
I,  Prives  C.  MOZ  increases  p53  acetylation  and 

premature senescence through its complex formation 
with PML. Proc Natl Acad Sci USA. 2013; 110:3895– 
900. https://doi.org/10.1073/pnas.1300490110 

30.  Rani  S,  Chauhan  R,  Parsad  D,  Kumar  R.  Effect  of 
Dickkopf1 on the senescence of melanocytes: in vitro 
study.  Arch  Dermatol  Res.  2018;  310:343–50. 
https://doi.org/10.1007/s00403‐018‐1820‐1 

31.  Lu  SC.  Regulation  of  glutathione  synthesis.  Mol 
Aspects Med. 2009; 30:42–59.  

  https://doi.org/10.1016/j.mam.2008.05.005 

32.  Sherr CJ. Mammalian G1 cyclins. Cell. 1993; 73:1059–
65. https://doi.org/10.1016/0092‐8674(93)90636‐5 

33.  Sun  F,  Fu  H,  Liu  Q,  Tie  Y,  Zhu  J,  Xing  R,  Sun  Z. 
Downregulation  of  CCND1  and  CDK6  by  miR‐34a 
induces  cell  cycle arrest.  FEBS  Lett. 2008; 582:1564‐
68. https://doi.org/10.1016/j.febslet.2008.03.057 

34.  Merrill RA, Dagda RK, Dickey AS, Cribbs JT, Green SH, 
Usachev YM, Strack S. Mechanism of neuroprotective 
mitochondrial  remodeling  by  PKA/AKAP1.  PLoS  Biol. 
2011; 9:e1000612.  

  https://doi.org/10.1371/journal.pbio.1000612 

35.  Carlucci  A,  Lignitto  L,  Feliciello  A.  Control  of 
mitochondria dynamics and oxidative metabolism by 
cAMP, AKAPs  and  the proteasome.  Trends Cell Biol. 
2008; 18:604–13.  

  https://doi.org/10.1016/j.tcb.2008.09.006 

36.  Chen Z, Speck C, Wendel P, Tang C, Stillman B, Li H. 
The  architecture  of  the  DNA  replication  origin 
recognition  complex  in  Saccharomyces  cerevisiae. 
Proc  Natl  Acad  Sci  USA.  2008;  105:10326–31. 
https://doi.org/10.1073/pnas.0803829105 

37.  Chen  Z,  Cobb  MH.  Regulation  of  stress‐responsive 
mitogen‐activated protein (MAP) kinase pathways by 
TAO2. J Biol Chem. 2001; 276:16070–75.  

  https://doi.org/10.1074/jbc.M100681200 

38.  Raman M, Earnest S, Zhang K, Zhao Y, Cobb MH. TAO 
kinases mediate activation of p38 in response to DNA 
damage. EMBO J. 2007; 26:2005–14.  

  https://doi.org/10.1038/sj.emboj.7601668 

39.  Mi H, Muruganujan A, Thomas PD. PANTHER in 2013: 
modeling  the  evolution  of  gene  function,  and  other 
gene attributes,  in the context of phylogenetic trees. 
Nucleic  Acids  Res.  2013;  41:  D377–86. 
https://doi.org/10.1093/nar/gks1118 

40   Marthandan S, Menzel U, Priebe S, Groth M, Guthke 
R, Platzer M, Hemmerich P, Kaether C, Diekmann S. 
Conserved  genes  and  pathways  in  primary  human 
fibroblast strains undergoing replicative and radiation 
induced  senescence.  Biol  Res.  2016;  49:  34. 
https://doi.org/10.1186/s40659‐016‐0095‐2 



www.aging‐us.com  2387  AGING 

41.  Lackner  DH,  Hayashi MT,  Cesare  AJ,  Karlseder  J.  A 
genomics  approach  identifies  senescence‐specific 
gene expression regulation. Aging Cell. 2014; 13:946– 
50. https://doi.org/10.1111/acel.12234 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
SUPPLEMENTARY MATERIAL 
 

Please browse the Full Text version to find data related 
to this manuscript: 
 
Table S1. Overlap of differentially expressed genes 
(up-regulation) for 5 cGy and 2 Gy ionized fibroblasts 
with GSE55118_middle_vs_young and fibroblasts and 
replicatively aged (EMTAB2086_70_vs_30 and 
EMTAB2086_80_vs_30) fibroblasts. 
 
Table S2. Overlap of differentially expressed genes 
(down-regulation) for 5 cGy and 2 Gy ionized 
fibroblasts with GSE55118_middle_vs_young and 
fibroblasts and replicatively aged 
(EMTAB2086_70_vs_30 and EMTAB2086_80_vs_30) 
fibroblasts. 
 
Table S3. Up-regulated pathways for 5 cGy and 2 Gy 
ionized fibroblasts and GSE55118_middle_vs_young 
and fibroblasts and replicatively aged 
(EMTAB2086_70_vs_30 and EMTAB2086_80_vs_30) 
fibroblasts. 
 
Table S4. Down-regulated pathways for 5 cGy and 2 
Gy ionized fibroblasts and 
GSE55118_middle_vs_young and fibroblasts and 
replicatively aged (EMTAB2086_70_vs_30 and 
EMTAB2086_80_vs_30) fibroblasts. 
 
Table S5. Comparison of replicatively aged fibroblasts 
(EMTAB2086_80_vs_30) and ionized fibroblasts: GO 
analysis. 
 


