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Abstract

An open question in radiobiology concerns whether low doses of radiation are harmful
or if cells are able to tolerate such exposure with minimal or no disruption. This issue is
relevant for evaluating public health risks associated with the increasing number of medical
computed tomography (CT) diagnostic procedures. This study evaluated the impact of CT
scan-level exposure on human adipose mesenchymal stem cells (hMSCs) by measuring
DNA damage responses (γH2AX, 53BP1, pATM foci), proliferation (Ki-67), senescence
(β-galactosidase), and multiple gene expressions. Responses to one or five CT exposures
were compared to a 2 Gy X-ray dose at intervals from 1 h to 10 passages post-irradiation. It
was shown that CT scan briefly increased DNA damage markers but showed no significant
long-term effects. A high dose of 2 Gy X-ray exposure caused sustained DNA damage,
decreased proliferation, increased senescence, and significant changes in hundreds of genes
even after several cell generations. After a single CT exposure, gene expression changes
were minimal, while high-dose exposure led to strong activation of DNA repair and stress
response pathways. Five CT scans caused a slight activation of LIF and HSPA1B genes,
but these effects were minor compared to the high-dose group. All detected effects from
CT scans were not observed by ten cell passages, whereas high-dose effects persisted. In
conclusion, typical CT scan exposures have only short-term, mild effects on hMSCs, while
high-dose radiation causes lasting cellular and genetic changes.
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1. Introduction
CT scans, or computed tomography, are globally common diagnostic tools [1–3].

Modern CT scanners produce high-resolution images and have increased their usage
over traditional radiographic and other types of medical exams. Frequent high-quality
CT imaging allows for faster, more accurate diagnoses and precise anatomic details for
treatment planning.

CT scanners produce images by measuring X-ray attenuation from various angles [4].
The radiation dose associated with a typical CT scan is averaged from 2 to 20 mSv, de-
pending on the examination [5]. It is comparable to the annual dose received from natural
sources of radiation (1 to 10 mSv, depending on geographical location). Consequently,
the health risk posed to an individual from radiation exposure during a typical CT scan
is similar to that from background radiation levels. However, given the increasing num-
ber of individuals undergoing CT scans and especially the number of repeated CT scans
per person, the potential public health risk may be significant. A study from 1991 to 1996
revealed that approximately 0.4% of all cancers in the United States might be attributable
to radiation from CT exams based on usage data. When adjusting for levels of CT usage
in 2006, it was estimated that 1.5% to 2% of cancers in the USA could eventually result from
the ionizing radiation utilized in CT [6]. This was the highest estimate of cancer risk from
CT scans. However, a recent study found that, given current utilization rates and radiation
dose levels, CT-related cancers could potentially account for up to 5% of all new cancer
diagnoses each year [7].

Children’s CT doses are much higher than adults’ (around 2 times) [8]. Moreover, in
some developing countries, they could be even higher due to the use of old equipment
and different protocols [9]. Cadavid (2024) also demonstrates substantial disparities and
variations in pediatric CT examinations performed in multiple sites and countries [9].

Therefore, an individual single scan leads to a very low risk because of a very low dose.
But the increasing number of CT scans [10], the number of procedures involving multiple
scans raises concern of health risks due to high public dose [11]. Recent epidemiological
studies show controversial results on the cancer risk [12,13] and may not have enough
statistical power and observation time to resolve the issue. At these diagnostic-level
doses, no immediate tissue injury is observed—unlike the deterministic effects seen with
high-dose exposures. However, ionizing radiation can damage DNA even at low doses.
X-ray photons can induce DNA damage, and while cells repair most of this damage,
misrepairs can lead to cell cycle arrest, programmed cell death, loss of the cell’s ability
to divide (cellular senescence), mutations, and even oncogenic transformation (cancer
development) [14,15]. Among the whole spectrum of various radiation-induced DNA
damages, the most critical for the further fate of the cell are double-strand breaks (DSB)
of DNA [16,17]. Immunocytochemical analysis of proteins involved in the response of
cells to DNA damage makes it possible to obtain unique information about post-radiation
changes in the number of DNA repair sites and their distribution over the volume of the
nucleus of each cell [18]. Hundreds and thousands of copies of these proteins form dynamic
focal microstructures localized in the areas of DSB repair. These protein clusters, once
called ionizing radiation induced foci (IRIF), are now commonly known as DNA damage
foci [19,20] or DNA repair protein foci [21,22]. Among the foci-forming proteins, the most
studied are H2AX phosphorylated by serine 139 (γH2AX) [23,24], 53BP1 (p53-Binding
Protein 1) [25,26] and ATM (Ataxia-Telangiectasia Mutated) phosphorylated by serine 1981
(pATM) [27,28]. DNA repair errors can result in reduced cell proliferation due to cell cycle
arrest or cellular senescence. Nuclei with DNA repair foci are often analysed alongside
DNA repair foci using the cell proliferation marker Ki-67 (Marker of Proliferation Kiel
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67) protein and cellular senescence markers, commonly aging-associated β-galactosidase
(SA-β-gal) [29,30].

This paper examines how CT-equivalent exposure affects DNA repair foci, prolifer-
ation activity and the transcriptional profiles of human adipose mesenchymal stem cells
(hMSCs) and their progenies (5 and 10 passages), comparing these changes to those caused
by higher dose of ionizing radiation. Whole-genome RNA sequencing (RNA-seq) was
conducted to analyze transcriptome profiles, allowing for the assessment of gene expression
as well as the activation or suppression of diverse molecular pathways. This methodol-
ogy facilitates the identification of understudied genes and cellular response pathways
associated with exposure to ionizing radiation.

hMSCs are multipotent stem/stromal cells found in bone marrow, adipose and other
tissues, known for their regenerative potential and contribution to tissue repair [31]. No-
tably, hMSCs are relatively radioresistant: they can survive and retain stem cell charac-
teristics even after high radiation doses [31]. This resilience makes them a suitable cell
type to study subtle radiation-induced changes—any transcriptional alterations are less
likely to be confounded by massive cell death [32]. Moreover, hMSCs play supportive roles
in tissue microenvironments (e.g., the bone marrow niche), and their radiation response
could influence long-term tissue health. By analyzing DNA repair foci, cellular responses
and gene expression changes 24 h after CT scan exposure and comparing them to a high
dose of 2 Gy, we aimed to characterize molecular and cellular perturbations. We further
investigated longer-term effects by examining cells after 10 passages following irradiation
to see whether radiation exposure leaves a lasting transcriptomic “imprint” and damaging
cellular effects. Understanding these CT-induced molecular and cellular changes is crucial
for identifying cancer mechanisms and general low dose response. Comparing with high
doses is vital for applying the Linear No-Threshold (LNT) model to estimate cancer risks
based on extrapolation from high doses especially when the LNT model is incompatible
with some experimental data [33].

2. Results
2.1. DNA Repair Foci

Changes in the number of γH2AX foci in hMSCs at 0.5, 4, and 24 h after one CT
session, five consecutive CT sessions, and X-ray irradiation at a high dose of 2 Gy, used as a
positive control, are shown in Figure 1. The selection of time points was based on previous
research findings, indicating that γH2AX foci in MSCs peak 0.5 h after irradiation [34], the
rapid phase of DNA DSB repair concludes within 4–6 h, and the slower phase is completed
by around 24 h [35].

After 2 Gy irradiation, changes in MSC foci numbers are similar to those observed
for three proteins in human fibroblasts exposed to the same X-ray dose [18]. At 0.5 h
post-exposure, radiation-induced foci per cell nucleus (subtracting control values) were
as follows: γH2AX 53.3 ± 4.0, 53BP1 46.8 ± 3.7, and pATM 36.6 ± 3.5. Four hours after
irradiation, γH2AX foci dropped to about 32%, while 53BP1 and pATM foci fell to roughly
35% of their 0.5 h levels. At 24 h post-irradiation, only 4–5% of the original foci remained.
It should be noted that 24 h after irradiation with a dose of 2 Gy, the number of residual
foci of γH2AX, 53BP1 and pATM proteins in MSCs was statistically significantly higher
(p < 0.05) than the control values (Figure 1).
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Figure 1. Changes in the number of DNA repair foci in hMSCs exposed to CT scans (1 and 5 CT)
and X-rays (2 Gy): (a) γH2AX; (c) 53BP1; (e) pATM. (b,d,f). * p < 0.05, ** p < 0.01 compared with
the corresponding 24 h samples. Representative microphotographs of immunofluorescently stained
cell nuclei of hMSCs showing γH2AX ((b), red), 53BP1 ((d), green), and pATM ((f), green) foci,
correspondingly. DAPI counterstaining is shown in blue.



Int. J. Mol. Sci. 2025, 26, 8584 5 of 16

MSCs exposed to 88 ± 15 mGy during a single CT session exhibited a statistically
significant (p < 0.01) increase in the number of foci for γH2AX, 53BP1, and pATM proteins
observed 0.5 h post-exposure (Figure 1). The changes, compared to control values, were
5.0 ± 0.9, 5.2 ± 1.1, and 4.2 ± 0.4 foci per cell nucleus for γH2AX, 53BP1, and pATM,
respectively. The levels of γH2AX and pATM are similar to the number of their respective
foci observed 0.5 h after MSCs were exposed to X-rays at a dose of 80 mGy in an earlier
study [34]. When MSCs undergo five sequential CT sessions with a cumulative dose of
440 mGy, the number of γH2AX, 53BP1, and pATM protein foci measured 0.5 h post-
exposure increases to 21.1 ± 1.8, 21.5 ± 3.3, and 9.3 ± 0.9 foci per cell nucleus, respectively
(Figure 1). Given the prolonged irradiation period, which allows some DNA repair, and an
increased dose uncertainty, the protein foci counts were consistent. After 24 h of exposure,
neither a single nor five consecutive CT sessions resulted in a statistically significant increase
in residual γH2AX, 53BP1, or pATM foci compared to the controls (Figure 1).

The study also evaluated DNA repair protein foci in the descendants of irradiated
cells at passages 5 and 10. At passage 5, DNA repair protein foci counts were comparable in
irradiated and control groups (Figure 1). A statistically significant increase in the number
of γH2AX and 53BP1 foci was observed in the progeny of cells irradiated with a 2 Gy dose
compared to the unirradiated control group only at passage 10 (Figure 1). In contrast, only a
non-significant upward trend was noted for pATM foci (p = 0.11). Neither exposure during
a single CT session nor five consecutive CT sessions resulted in statistically significant
changes in the numbers of γH2AX, 53BP1, or pATM foci in the descendants of irradiated
cells at passage 10.

Studies have shown that MSCs exposed to doses equivalent to one or five CT scans
had a significant rise in γH2AX, 53BP1, and pATM foci numbers 0.5 h post-irradiation.
However, by 24 h and in passages 5 and 10 after irradiation, foci levels returned to control
values with no significant differences.

2.2. Cellular Proliferation and Senescence Associated β-Galactosidase Positive Cells

Immunocytochemical analysis of Ki-67 positive cells was used to assess the prolifera-
tive activity of irradiated and control cells. The Ki-67 protein is a well-known and widely
used marker of cell proliferation, as it is present in all active phases of the cell cycle (G(1), S,
G(2) and mitosis) but is absent in resting cells (G(0)) [36,37].

It was shown that 24 h after irradiation (passage 0) and in passages 5 and 10, a
statistically significant decrease in the proliferative activity of irradiated cells was observed
only after irradiation at a dose of 2 Gy (Figure 2). One CT and five CT scan doses did not
cause statistically significant changes in the proliferative activity of cells. At the same time,
both control and irradiated cell populations showed a statistically significant decrease in
the proliferative activity of cells with an increase in the number of cell passages.

Figure 3 shows the proportion of β-galactosidase (SA-β-gal) positive cells in irradiated
and control groups. Increased β-galactosidase level is a well-established marker of cellular
senescence [38,39]. A significant increase in SA-β-gal positive cells was observed only after
exposure to the high 2 Gy dose, compared to controls, at both 0 (24 h post-exposure) and
after 10 passages (Figure 3). As cell passage number increases, there is a corresponding rise
in the proportion of SA-β-gal+ cells in both control and irradiated groups. This increase
generally correlates with a reduction in the proportion of proliferating Ki-67+ cells.
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Figure 2. (a) Changes in the proportions of Ki-67(+) cells depending on the post-irradiation pas-
sage number in the control and irradiated hMSCs. ** p < 0.01, *** p < 0.001 compared with the
corresponding 0 passage (24 h after exposure) samples. (b) Representative microphotograph of
immunocytochemically labeled cells with Ki-67 antibodies (green), marked with arrows. Nuclei are
counterstained with DAPI (blue).

Figure 3. (a) Changes in the proportions of SA-β-gal(+) cells depending on the post-irradiation
passage number in the control and irradiated hMSCs. * p < 0.05, ** p < 0.01, compared with the
corresponding 0 passage (24 h after exposure) samples. (b) Representative image of a SA-β-gal(+)
cell marked with an arrow; cytoplasm is colored dark green-blue. Nuclei are counterstained with
Hoechst 33342 (light blue).

2.3. Gene Expression

We obtained high-quality RNA-seq data from human mesenchymal stem cells (hMSCs)
exposed to one CT, five CT, and 2 Gy, as well as matched non-irradiated controls. For
each condition, three biological replicates were analyzed, ensuring sufficient statistical
power to detect expression changes. All samples passed quality control filters, with RNA
integrity numbers (RIN) > 9 and sequencing depth averaging ~30 million paired-end reads
per sample. To evaluate the overall structure of the dataset and inspect for potential batch
effects or outliers, we performed principal component analysis (PCA) on the variance-
stabilized transformed (VST) expression matrix (Figure 4a). PCA revealed tight clustering
of biological replicates and separation of the 2 Gy samples from controls along the principal
components, indicating robust transcriptomic changes at high dose. In contrast, the one CT
and five CT samples clustered closely with controls, consistent with minimal perturbation
to global gene expression.
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Figure 4. Comparison of 1 CT and 5 CT samples with 2 Gy and control samples. (a) PCA of batch-
corrected VST-transformed counts. (b,c) Batch-corrected VST-transformed expression of LIF (b) and
HSPA1B (c), which were identified as DEGs in the 5 CT vs. control comparison. (d) Top significantly
enriched gene sets identified in 5 CT samples compared to control samples. * p < 0.05, ** p < 0.01,
*** p < 0.001, **** p < 0.0001, ns, no significant.

After 24 h, hMSCs exposed to a single CT-equivalent dose (1 CT) showed virtually
no significant changes in gene expression compared to non-irradiated controls. Using a
strict FDR < 0.05 cutoff, we detected zero differentially expressed genes in the 1 CT vs.
control comparison. Even when lowering the stringency (e.g., examining nominal p < 0.01),
only a handful of genes appeared marginally up- or downregulated, and none remained
significant after multiple-testing correction. Similarly, the 5 CT exposure induced only
minimal transcriptomic perturbation. In the 5 CT vs. control comparison, we identified
only two up-regulated genes—LIF (Leukemia Inhibitory Factor) and HSPA1B (Heat Shock
Protein Family A (Hsp70) Member 1B)—at FDR ≤ 0.05 and logFC ≥ 0.5 (Figure 4b,c). This
number of DEGs is dramatically small in contrast to the hundreds of genes typically altered
by high-dose radiation (see Figure 5 below for 2 Gy results).

Functional analysis showed that 1 CT samples exhibited no differences from controls,
aside from a small downregulation of glycogen metabolism, while 5 CT samples had more
pronounced changes: activation of inflammatory pathways (Figure 4d).



Int. J. Mol. Sci. 2025, 26, 8584 8 of 16

 

Figure 5. Comparison of 2 Gy samples with the control samples. (a) Differentially expressed genes
found after 2 Gy irradiation. (b) Top significantly enriched gene sets identified in 2 Gy samples
compared to control samples. (c) Batch-corrected VST-transformed expression of FDXR, MDM2, and
AEN. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, ns, no significant.

Exposure to a 2 Gy dose of irradiation elicited a pronounced transcriptomic re-
sponse in hMSCs, starkly contrasting the minimal changes observed after low-dose
CT exposures. Differential expression analysis revealed 273 significantly altered genes
(FDR < 0.05, |log2FC| ≥ 0.5) (Figure 5a). The activation of canonical DNA damage repair
(DDR) pathways and cell cycle arrest is consistent with prior studies in irradiated cells
(Figure 5b).

We also compared the expression levels of radiation-responsive genes that have even
been considered as RNA markers of low-dose irradiation in previous works [40]. FDXR
(Ferredoxin Reductase) and MDM2 (Murine Double Minute 2) show a close gradual increase
with irradiation dose, and though the difference in expression between control and 5 CT is
not significant, the median expression is slightly higher. However, that is not the case for
AEN (Apoptosis Enhancing Nuclease), levels of which are relatively the same in control,
1 CT, and 5 CT cells, with a high increase in 2 Gy irradiated cells.

The same cells from the high-dose irradiation and low-dose CT scan experiments
were analyzed after 10 passages. Following the removal of donor batch effects, we did
not observe significant clustering of conditions in the PCA. Gene expression differences
between control and high dose irradiated or CT-scanned cells were much less pronounced
than after 24 h. However, we detected subtle differences in pathway activity, suggesting
possible residual effects of stress in the 2 Gy-irradiated samples (Figure 6). Namely, a
number of pathways associated with defective genes were upregulated.
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Figure 6. (a) PCA of batch-corrected VST-transformed counts from samples after 10 passages. No
evident clustering of conditions. (b) Top significantly enriched gene sets identified in 2 Gy samples
compared to control samples after 10 passages.

3. Discussion
The validity of using standard 200 kV X-ray radiation as a positive control for CT

X-rays (80–140 kVp) has been questioned. Experimental dose curves for γH2AX and 53BP1
show that, when the RBE of 200 kVp X-rays is set to 1.00, the RBE for 100 kV radiation is
about 1.15—nearly within biological experiment error margins [26]. Other studies report
similar RBE values (1.15–1.20) for CT X-ray radiation [41,42].

The first part of the study analyzed the radiation-induced foci involving the DNA-
related proteins γH2AX, 53BP1, and pATM. Phosphorylated γH2AX (histone H2A variant,
Ser139) is crucial for the cellular DNA damage response, chromatin remodeling, and
recruitment of DNA repair proteins [43–46]. The tumor suppressor protein 53BP1 regu-
lates double-strand DNA break repair and cell cycle checkpoint activation [47–49]. ATM
is a major transducer kinase that responds to DNA damage by triggering DNA repair
and activating signaling pathways [50–52]. Critical DNA damage, such as DSBs, pri-
marily triggers ATM activation through autophosphorylation at serine 1981, leading to
dimer dissociation [50].

Exposure to one and five CT doses significantly increased protein foci numbers only at
early post-irradiation time points (0.5 and 4 h), returning to baseline by 24 h (Figure 1). No
increase was detected in CT-irradiated cells at the 5th or 10th passage (Figure 1). Similar
outcomes were observed in fibroblasts exposed to 100 mGy X-rays [18]. Only a high dose
of 2 Gy led to a sustained rise in the foci at 24 h, and this effect persisted to passage
10, suggesting a dose threshold for DNA repair protein foci in X-ray irradiated MSCs.
This persistent increase may reflect radiation-induced genomic instability and accelerated
senescence, supported by reduced Ki-67+ proliferating cell proportions and increased
SA-β-gal+ cells at both 24 h and passage 10 post-2 Gy. CT doses did not affect proliferation
or senescence markers at any time point. Cells used in the experiments were from passages
5–6, and, by passage 10 post-irradiation, total divisions approach the Hayflick limit (each
passage involves 2-3 cell divisions in average). Our data also align with studies showing
that in bone marrow cells in vivo, p53 signaling is not activated by doses ≤100 mGy, while
higher doses (1 Gy and 3 Gy) cause late DNA damage 30 days after irradiation [53].

Transcriptome analysis 24 h after irradiation showed that one CT scan had no sta-
tistically significant effect on gene expression, whereas five CT scans induced increased
expression of LIF and HSPA1B genes. Both genes maintain cell population integrity through
distinct mechanisms. The LIF protein is an interleukin class 6 cytokine that affects cell
growth by inhibiting differentiation [54]. Overexpression of the LIF gene has been shown
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to increase the angiogenic potential of MSCs [55]. HSPA1B is a heat shock protein family
A (Hsp70) member 1B. Proteins of the Hsp70 family are usually actively expressed in
cells under stress [56]. They function as molecular chaperones inside cells and form an
integrated network that is involved in a variety of processes, including folding of newly
synthesized polypeptides, refolding of metastable proteins, assembly of protein complexes,
dissociation of aggregates, and degradation of malformed proteins [56]. These proteins are
also critical regulators of mitochondrial bioenergetics, lipid metabolism, and apoptosis, as
well as innate and adaptive immune responses [56,57].

Twenty-four hours after irradiation at a dose of 2 Gy, a statistically significant change
in the expression of 273 genes was observed. An increase in the expression of MDM2,
FDXR, AEN, CDKN1A (Cyclin Dependent Kinase Inhibitor 1A), BTG2 (B-Cell Translo-
cation Gene 2), and MT-RNR1 (Mitochondrially Encoded 12S Ribosomal RNA) genes is
important. The MDM2 protein plays a crucial role in suppressing the function of the p53
protein, which acts as a “genome guardian”, promoting its ubiquitination and subsequent
destruction [58–60]. The FDXR (Ferredoxin Reductase) flavoprotein transfers electrons from
NADPH (Nicotinamide Adenine Dinucleotide Phosphate) to mitochondrial cytochrome
P450 enzymes [61]. It is regulated by p53, and has recently been shown that FDXR and p53
are mutually regulated by an FDXR-p53 loop via iron homeostasis [62]. Recently, FDXR
gene expression analysis has been used for in vivo radiation biodosimetry due to high
dose-dependent upregulation in white blood cells following radiation exposure [62,63].
AEN (apoptosis-enhancing nuclease) is induced by p53 with various DNA damage, and its
expression is regulated by the phosphorylation status of p53 [64]. It was shown that AEN is
required for p53-dependent apoptosis [64]. It is also necessary to note the activation of the
p53 signaling pathway in the DNA damage response. RUNX3 (Runt-related Transcription
Factor 3) regulates CDKN1A transcription, cell cycle arrest, and stress-induced premature
senescence [65]. Also noteworthy is the activation of long non-coding RNA-mediated ther-
apeutic resistance. Long non-coding RNAs (lncRNAs) are emerging as crucial regulators of
gene expression through diverse mechanisms, including regulation of protein localization,
sequestration of miRNAs, recruitment of chromatin modifiers, and modulation of signaling
pathways [66]. In addition to activation, suppression of various signaling pathways was
also observed, in particular DNA unraveling and replication, chromosome organization,
and S/G2 cell cycle control.

After 10 cell passages following exposure to both a single and five CT scans, no
statistically significant differences in gene expression were detected when compared to
non-irradiated controls. Notable changes relative to the control group were only observed
in progeny cells irradiated with a dose of 2 Gy. Specifically, activation of signaling pathways
related to keratan sulfate proteoglycan metabolism was identified. Previous studies have
demonstrated that sulfation of keratan sulfate proteoglycan decreases radiation-induced
apoptosis in human Burkitt’s lymphoma cell lines [67]. Among the downregulated path-
ways, regulation of post-translational protein modification was particularly noteworthy.

Differences were observed between CT scans and high doses of radiation across all
studied outcomes, including DNA damage, senescence, proliferation, and gene expression,
both in the short term and long term after irradiation. No significant differences from the
control group were found following CT scans at 24 h or at later time points, indicating
that any detectable effects from CT radiation do not persist beyond one day. In contrast,
exposure to a high dose of 2 Gy resulted in accelerated cellular senescence and aging, as
well as complex changes in gene expression detectable even several passages after exposure.
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4. Materials and Methods
4.1. Cell Culture

A primary culture of MSCs from human adipose tissue of passages 5–6, obtained from
the collection of Cell Systems LLC (Database: MC16.05.16, Accession numbers: 250716;
270716; 290716; 110816 and 130816, Moscow, Russia), was used. The cells were cultured
in DMEM medium with 1 g/L of glucose (Thermo Fisher Scientific, Waltham, MA, USA),
containing 10% fetal bovine serum (Thermo Fisher Scientific, Waltham, MA, USA) un-
der standard CO2 incubator conditions (37 ◦C, 5% CO2), changing the medium every
three days.

4.2. Irradiation

The cells were irradiated in the exponential growth phase, when the cell population
density was approximately 60–70%.

A TOSHIBA AQUILION 64 CT scanner (Toshiba, Tokyo, Japan) was used to irradiate
cells under parameters simulating human head scans (120 kV, 350 mA, 5 mm collimator,
pitch 1). Both single and quintuple (with 5 min intervals) irradiations were conducted.
Dosimetry was carried out by the thermoluminescent method using aluminum-phosphate
dosimeters (by IKS-A DOSIMETRY COMPLEX (IBF, USSR, zav. No. 425)) and dosime-
ters based on magnesium borate (by Doza-TLD dosimetry complex (NPP Doza, Moscow,
Russia)). CTDI was 86 mGy and DLP was 36,723 mGy × cm; the effective head dose was
5.1 mSv (16 cm phantom). For non-standard objects, characteristics like size, mass, and den-
sity were considered. MSCs irradiated in 35 mm petri dishes (with 2 mL culture medium
volume) received absorbed doses consistent with CTDI values, confirmed by dosimetry:
88 ± 15 mGy per dish per CT session, accounting for spatial heterogeneity and
detector error.

An X-ray biological facility (RUST-M1, Diagnostika-M LLC, Moscow, Russia) with
two emitters was used for comparative studies and positive control. Irradiation conditions:
absorbed dose 2 Gy at 0.85 Gy/min, 200 kV anode voltage, 5 mA current per tube, and
a 1.5 mm Al filter. Dosimetry control of the absorbed dose was carried out by the DRK-
1M clinical X-ray dosimeter (NPP Doza, Moscow, Russia). The total uncertainty of the
dispensed absorbed dose did not exceed 15%.

4.3. Immunocytochemical Analysis

Immunocytochemical staining of cells was performed according to a previously
described protocol [68]. The following primary antibodies were used: rabbit mono-
clonal antibodies against γH2AX (phospho S139) (dilution 1:800, clone EP854(2)Y, Ab-
cam, Waltham, MA, USA); mouse monoclonal antibodies against 53BP1 (dilution 1:200,
clone BP13, Merck-Millipore, Burlington, VT, USA); mouse monoclonal antibodies against
phosphorylated ATM (phospho S1981) protein (dilution 1:400, clone 10H11.E12, Abcam,
Waltham, MA, USA); mouse monoclonal antibodies against Ki-67 protein (dilution 1:400,
clone Ki-S5, Merck-Millipore, Burlington, VT, USA). The following secondary antibod-
ies were used: goat anti-mouse IgG H&L (Alexa Fluor 488 conjugated, dilution 1:2000;
Abcam, Waltham, MA, USA) and goat anti-rabbit IgG H&L (Alexa Fluor® 555, dilution
1:2000; Abcam, Waltham, MA, USA). Cells were imaged using a Nikon Eclipse Ni-U mi-
croscope (Nikon, Tokyo, Japan) equipped with a ProgRes MFcool high-resolution camera
(Jenoptik AG, Jena, Germany), using filter sets UV-2E/C, B-2E/C, and Y-2E/C. For each
data point, a total of 300–400 cells were analyzed. Foci were enumerated using DARFI
software (http://github.com/varnivey/darfi; accessed on 19 September 2016) and by
manual scoring.

http://github.com/varnivey/darfi
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4.4. Assay of β-Galactosidase-Positive Cells

To assess the proportion of β-galactosidase-positive cells, we used the commer-
cial Cellular Senescence Assay kit (EMD Millipore, Burlington, VT, USA, Catalog
Number: KAA002). The cells were stained according to the manufacturer’s protocol
with minor modification, which consisted of additional staining of cell nuclei with a fluo-
rescent DNA dye—Hoechst 33342 (Molecular Probes, Eugene, OR, USA) at a concentration
of 1 µg/mL at the stage of final washing of stained cells with phosphate-buffered saline
(pH 7.4). This modification made it possible to significantly improved the quality of
counting β-galactosidase negative cells [69]. Visualization and documentation of microim-
ages were performed under combined transmitted and luminescent (set of KX-U light
filters: 340–380 nm excitation and 435–485 nm emission) illumination on an inverted lu-
minescent microscope Olympus SKX 41 SF (Olympus, Tokyo, Japan), equipped with an
Infinity 3-1 camera (Lumenera Corp., Ottawa, ON, Canada). A 20× objective was used. At
least 200 cells per point were analyzed.

4.5. RNA Extraction and Sequencing

The gene expression level was evaluated by RNA-seq analyses of three biological
replicates of each cell line. The InnuPREP RNA Mini Kit 2.0 together with innuPREP DNase
I Digest (Analytik Jena, Berlin, Germany) were used to isolate total RNA. To measure
RNA concentration, we used the Qubit 4 Fluorometer with Qubit RNA Assay kit. The
RNA integrity number (RIN) was measured by TapeStation with RNA ScreenTape reagents
(Agilent, Santa Clara, CA, USA). For depletion of ribosomal RNA and library construction,
the KAPA RNA HyperPrep Kit with the RiboErase (HMR) kit was used. The KAPA UDI
Primer Mixes were used for sample barcoding to allow their multiplexing in a single
sequencing run. Library concentrations were measured using the Qubit 4 Fluorometer with
the Qubit dsDNA HS Assay kit (Life Technologies, Waltham, MA, USA) and TapeStation
with High Sensitivity D1000 reagents (Agilent Technologies, Inc., Santa Clara, CA, USA).
The RNA sequencing was performed on the Illumina Nextseq 550 System (Illumina, Inc.,
San Diego, CA, USA) with reagents for single-end sequencing and a read length of 75 bp.

4.6. Read Mapping and Differential Expression

FASTQ read files were analyzed using the STAR software [70] in “GeneCounts” mode
using transcriptome annotation from Ensembl (GRCh38 genome assembly and GRCh38.89
transcriptome annotation). In total, expression levels of 36,596 genes were measured.

We performed data normalization and differential gene expression testing using the
DESeq2 R package (version 1.12.3) [71]. To account for any technical variations (e.g., slight
differences between sequencing runs) (Figure S1), we included batch as a factor in the
DESeq2 design model for differential expression. This inherently performs a batch effect
correction by adjusting the estimates of expression differences for batch-to-batch variability.
Differentially expressed genes (DEGs) between irradiated samples and control (0 Gy) were
identified for each condition (1 CT vs. control, 5 CT vs. control, 2 Gy vs. control). DESeq2
uses shrinkage estimators for dispersion and fold change; genes with an adjusted p-value
(false discovery rate, FDR) < 0.05 were considered significantly differentially expressed. We
also applied a modest fold-change threshold (|log2FC| ≥ 1) to focus on biologically mean-
ingful changes. Quality control plots (MA-plots, dispersion estimates) were examined to
ensure model assumptions were met. Principal component analysis (PCA) was performed
on the variance-stabilized expression data to visualize global transcriptomic differences
between conditions.
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4.7. Pathway and Transcription Factor Analysis

To interpret the functional significance of the expression changes, we carried out
enrichment and regulator analyses using the decoupler framework. The decoupler pack-
age provides an ensemble of computational methods to infer biological activities from
omics data, leveraging prior knowledge databases. We utilized decoupler to identify
(a) enriched pathways/gene sets and (b) key upstream transcription factor (TF) activities
associated with the observed gene expression changes. For pathway analysis, we tested
gene sets from curated databases (such as Reactome and Gene Ontology) for enrichment
in the up- or downregulated genes of each condition. For transcription factor analysis,
we used decoupler’s implementation of the Dorothea regulon collection (via the Omni-
Path database) to estimate the activity of transcriptional regulators from the expression of
their target genes. In practice, decoupler was applied to the matrix of log2 fold changes,
using the analytic rank-based enrichment (auRSS) method for pathways and the viper
algorithm for TF activity inference—these methods combine the expression changes of
genes in a regulon to infer whether the regulator is likely activated or inhibited. The
significance of enrichment or activity scores was assessed by permutation-based p-values
provided by decoupler. Results were filtered at an FDR < 0.1 for pathway and TF anal-
yses, given the lower power in these tests. All analyses were conducted in R (v4.1) and
Python (v3.9) environments.

4.8. Statistical Analysis

Statistical data analyses were performed using Statistica 8.0 software (StatSoft, Tulsa,
OK, USA). Results are presented as the means of three independent experiments ± standard
error (SE).

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/ijms26178584/s1.

Author Contributions: Conceptualization, A.N.O. and N.Z.; methodology, A.C. and N.V.; validation,
A.O. and N.V.; formal analysis, E.E.M., A.C., A.O., and I.B.; investigation, M.I., A.C., A.O., Y.F., P.E.,
and N.V.; resources, N.V. and A.N.O.; data curation E.E.M., A.C., A.O., and I.B.; writing—original
draft preparation, M.I., E.E.M., I.B., N.Z., and A.N.O.; writing—review and editing, A.N.O. and
N.Z.; visualization, E.E.M. and A.O.; supervision, A.N.O.; project administration, A.N.O.; funding
acquisition, A.N.O. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Russian Science Foundation (project No. 23-14-00078).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data used to support the findings of this study are available from
the corresponding author upon request.

Acknowledgments: The authors would like to thank Andrey Bashkov, Tamara Gimadova, and Daniil
Alexeyev for their assistance with irradiation and dosimetry.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Demissie, K.; Wu, Y.-J.; Kim, S.; Tsai, K.; Shao, Y.-H. Exposure to Tomographic Scans and Cancer Risks. JNCI Cancer Spectr. 2020,

4, pkz072. [CrossRef]
2. Clement David-Olawade, A.; Olawade, D.B.; Vanderbloemen, L.; Rotifa, O.B.; Fidelis, S.C.; Egbon, E.; Akpan, A.O.; Adeleke,

S.; Ghose, A.; Boussios, S. AI-Driven Advances in Low-Dose Imaging and Enhancement—A Review. Diagnostics 2025, 15, 689.
[CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/ijms26178584/s1
https://doi.org/10.1093/jncics/pkz072
https://doi.org/10.3390/diagnostics15060689
https://www.ncbi.nlm.nih.gov/pubmed/40150031


Int. J. Mol. Sci. 2025, 26, 8584 14 of 16

3. Zhang, S.; Zhu, Z.; Yu, Z.; Sun, H.; Sun, Y.; Huang, H.; Xu, L.; Wan, J. Effectiveness of AI for Enhancing Computed Tomography
Image Quality and Radiation Protection in Radiology: Systematic Review and Meta-Analysis. J. Med. Internet Res. 2025,
27, e66622. [CrossRef] [PubMed]

4. Goldman, L.W. Principles of CT and CT Technology. J. Nucl. Med. Technol. 2007, 35, 115–128. [CrossRef] [PubMed]
5. Mettler, F.A.; Huda, W.; Yoshizumi, T.T.; Mahesh, M. Effective Doses in Radiology and Diagnostic Nuclear Medicine: A Catalog.

Radiology 2008, 248, 254–263. [CrossRef]
6. Berrington de González, A. Projected Cancer Risks From Computed Tomographic Scans Performed in the United States in 2007.

Arch. Intern. Med. 2009, 169, 2071–2077. [CrossRef] [PubMed]
7. Smith-Bindman, R.; Chu, P.W.; Azman Firdaus, H.; Stewart, C.; Malekhedayat, M.; Alber, S.; Bolch, W.E.; Mahendra, M.;

Berrington de González, A.; Miglioretti, D.L. Projected Lifetime Cancer Risks From Current Computed Tomography Imaging.
JAMA Intern. Med. 2025, 185, 710. [CrossRef]

8. McCollough, C.H.; Primak, A.N.; Braun, N.; Kofler, J.; Yu, L.; Christner, J. Strategies for Reducing Radiation Dose in CT. Radiol.
Clin. N. Am. 2009, 47, 27–40. [CrossRef]

9. Cadavid, L.; Karout, L.; Kalra, M.K.; Morgado, F.; Londoño, M.A.; Pérez, L.; Galeano, M.; Montaño, M.; Wesley, L.; Almanza, J.;
et al. Setting up regional diagnostic reference levels for pediatric computed tomography in Latin America: Preliminary results,
challenges and the work ahead. Pediatr. Radiol. 2023, 54, 457–467. [CrossRef]

10. Schauer, D.A.; Linton, O.W. National Council on Radiation Protection and Measurements Report Shows Substantial Medical
Exposure Increase. Radiology 2009, 253, 293–296. [CrossRef]

11. Hall, E.J.; Brenner, D.J. Cancer risks from diagnostic radiology. Br. J. Radiol. 2008, 81, 362–378. [CrossRef]
12. Schultz, C.H.; Fairley, R.; Murphy, L.S.-L.; Doss, M. The Risk of Cancer from CT Scans and Other Sources of Low-Dose Radiation:

A Critical Appraisal of Methodologic Quality. Prehospital Disaster Med. 2020, 35, 3–16. [CrossRef]
13. Cao, C.-F.; Ma, K.-L.; Shan, H.; Liu, T.-F.; Zhao, S.-Q.; Wan, Y.; Jun, Z.; Wang, H.-Q. CT Scans and Cancer Risks: A Systematic

Review and Dose-response Meta-analysis. BMC Cancer 2022, 22, 1238. [CrossRef] [PubMed]
14. Rothkamm, K.; Lobrich, M. Misrepair of radiation-induced DNA double-strand breaks and its relevance for tumorigenesis and

cancer treatment (review). Int. J. Oncol. 2002, 21, 433–440. [CrossRef] [PubMed]
15. Zhang, C.; Liu, J.; Wu, J.; Ranjan, K.; Cui, X.; Wang, X.; Zhang, D.; Zhu, S. Key molecular DNA damage responses of human cells

to radiation. Front. Cell Dev. Biol. 2024, 12, 1422520. [CrossRef] [PubMed]
16. Mladenov, E.; Mladenova, V.; Stuschke, M.; Iliakis, G. New Facets of DNA Double Strand Break Repair: Radiation Dose as Key

Determinant of HR versus c-NHEJ Engagement. Int. J. Mol. Sci. 2023, 24, 14956. [CrossRef]
17. Willers, H.; Dahm-Daphi, J.; Powell, S.N. Repair of radiation damage to DNA. Br. J. Cancer 2004, 90, 1297–1301. [CrossRef]
18. Osipov, A.; Chigasova, A.; Yashkina, E.; Ignatov, M.; Vorobyeva, N.; Zyuzikov, N.; Osipov, A.N. Early and Late Effects of

Low-Dose X-Ray Exposure in Human Fibroblasts: DNA Repair Foci, Proliferation, Autophagy, and Senescence. Int. J. Mol. Sci.
2024, 25, 8253. [CrossRef]

19. Barbieri, S.; Babini, G.; Morini, J.; Friedland, W.; Buonanno, M.; Grilj, V.; Brenner, D.J.; Ottolenghi, A.; Baiocco, G. Predicting DNA
damage foci and their experimental readout with 2D microscopy: A unified approach applied to photon and neutron exposures.
Sci. Rep. 2019, 9, 14019. [CrossRef]

20. Rothkamm, K.; Barnard, S.; Moquet, J.; Ellender, M.; Rana, Z.; Burdak-Rothkamm, S. DNA damage foci: Meaning and significance.
Env. Mol. Mutagen. 2015, 56, 491–504. [CrossRef]

21. Penninckx, S.; Pariset, E.; Cekanaviciute, E.; Costes, S.V. Quantification of radiation-induced DNA double strand break repair foci
to evaluate and predict biological responses to ionizing radiation. NAR Cancer 2021, 3, zcab046. [CrossRef]

22. Belyaev, I.Y. Radiation-induced DNA repair foci: Spatio-temporal aspects of formation, application for assessment of radiosensi-
tivity and biological dosimetry. Mutat. Res. 2010, 704, 132–141. [CrossRef]

23. Wanotayan, R.; Chousangsuntorn, K.; Petisiwaveth, P.; Anuttra, T.; Lertchanyaphan, W.; Jaikuna, T.; Jangpatarapongsa, K.;
Uttayarat, P.; Tongloy, T.; Chousangsuntorn, C.; et al. A deep learning model (FociRad) for automated detection of gamma-H2AX
foci and radiation dose estimation. Sci. Rep. 2022, 12, 5527. [CrossRef]

24. Belov, O.; Chigasova, A.; Pustovalova, M.; Osipov, A.; Eremin, P.; Vorobyeva, N.; Osipov, A.N. Dose-Dependent Shift in Relative
Contribution of Homologous Recombination to DNA Repair after Low-LET Ionizing Radiation Exposure: Empirical Evidence
and Numerical Simulation. Curr. Issues Mol. Biol. 2023, 45, 7352–7373. [CrossRef]

25. Falaschi, A.; Chiaramonte, A.; Testi, S.; Scarpato, R. Dual Immunofluorescence of gammaH2AX and 53BP1 in Human Peripheral
Lymphocytes. J. Vis. Exp. 2023, 197, e65472. [CrossRef]

26. Ignatov, M.A.; Chigasova, A.K.; Osipov, A.A.; Fedotov, Y.A.; Vorobyeva, N.Y.; Osipov, A.N. Effect of X-Ray Energy on the
Quantitative Yield of γH2AX and 53BP1 Foci in Human Mesenchymal Stem Cells. Bull. Exp. Biol. Med. 2025, 178, 717–721.
[CrossRef] [PubMed]

https://doi.org/10.2196/66622
https://www.ncbi.nlm.nih.gov/pubmed/40053787
https://doi.org/10.2967/jnmt.107.042978
https://www.ncbi.nlm.nih.gov/pubmed/17823453
https://doi.org/10.1148/radiol.2481071451
https://doi.org/10.1001/archinternmed.2009.440
https://www.ncbi.nlm.nih.gov/pubmed/20008689
https://doi.org/10.1001/jamainternmed.2025.0505
https://doi.org/10.1016/j.rcl.2008.10.006
https://doi.org/10.1007/s00247-023-05676-9
https://doi.org/10.1148/radiol.2532090494
https://doi.org/10.1259/bjr/01948454
https://doi.org/10.1017/S1049023X1900520X
https://doi.org/10.1186/s12885-022-10310-2
https://www.ncbi.nlm.nih.gov/pubmed/36451138
https://doi.org/10.3892/ijo.21.2.433
https://www.ncbi.nlm.nih.gov/pubmed/12118342
https://doi.org/10.3389/fcell.2024.1422520
https://www.ncbi.nlm.nih.gov/pubmed/39050891
https://doi.org/10.3390/ijms241914956
https://doi.org/10.1038/sj.bjc.6601729
https://doi.org/10.3390/ijms25158253
https://doi.org/10.1038/s41598-019-50408-5
https://doi.org/10.1002/em.21944
https://doi.org/10.1093/narcan/zcab046
https://doi.org/10.1016/j.mrrev.2010.01.011
https://doi.org/10.1038/s41598-022-09180-2
https://doi.org/10.3390/cimb45090465
https://doi.org/10.3791/65472
https://doi.org/10.1007/s10517-025-06404-z
https://www.ncbi.nlm.nih.gov/pubmed/40442472


Int. J. Mol. Sci. 2025, 26, 8584 15 of 16

27. Slonina, D.; Kowalczyk, A.; Janecka-Widla, A.; Kabat, D.; Szatkowski, W.; Biesaga, B. Low-Dose Hypersensitive Response
for Residual pATM and gammaH2AX Foci in Normal Fibroblasts of Cancer Patients. Int. J. Radiat. Oncol. Biol. Phys. 2018,
100, 756–766. [CrossRef] [PubMed]

28. Ulyanenko, S.; Pustovalova, M.; Koryakin, S.; Beketov, E.; Lychagin, A.; Ulyanenko, L.; Kaprin, A.; Grekhova, A.; Ozerova,
A.M.; Ozerov, I.V.; et al. Formation of γH2AX and pATM Foci in Human Mesenchymal Stem Cells Exposed to Low Dose-Rate
Gamma-Radiation. Int. J. Mol. Sci. 2019, 20, 2645. [CrossRef] [PubMed]

29. Li, J.J.; Zhang, X.; Ye, C.; Sun, F.; Wei, W.; Hu, B.; Wang, J. Both Complexity and Location of DNA Damage Contribute to Cellular
Senescence Induced by Ionizing Radiation. PLoS ONE 2016, 11, e0155725. [CrossRef]

30. Pustovalova, M.; Astrelina, T.A.; Grekhova, A.; Vorobyeva, N.; Tsvetkova, A.; Blokhina, T.; Nikitina, V.; Suchkova, Y.;
Usupzhanova, D.; Brunchukov, V.; et al. Residual γH2AX foci induced by low dose X-Ray radiation in bone marrow mesenchymal
stem cells do not cause accelerated senescence in the progeny of irradiated cells. Aging 2017, 9, 2397–2410. [CrossRef]

31. Nicolay, N.H.; Perez, R.L.; Saffrich, R.; Huber, P.E. Radio-resistant mesenchymal stem cells: Mechanisms of resistance and
potential implications for the clinic. Oncotarget 2015, 6, 19366–19380. [CrossRef]

32. Cho, W.; Kim, E.S.; Kang, C.M.; Ji, Y.H.; Kim, J.I.; Park, S.J.; Son, Y.; Kim, C.H. Low-Dose Ionizing gamma-Radiation Promotes
Proliferation of Human Mesenchymal Stem Cells and Maintains Their Stem Cell Characteristics. Tissue Eng. Regen. Med. 2017,
14, 421–432. [CrossRef]

33. Tubiana, M.; Feinendegen, L.E.; Yang, C.; Kaminski, J.M. The Linear No-Threshold Relationship Is Inconsistent with Radiation
Biologic and Experimental Data. Radiology 2009, 251, 13–22. [CrossRef]

34. Osipov, A.N.; Pustovalova, M.; Grekhova, A.; Eremin, P.; Vorobyova, N.; Pulin, A.; Zhavoronkov, A.; Roumiantsev, S.; Klokov,
D.Y.; Eremin, I. Low doses of X-Rays induce prolonged and ATM-independent persistence of gammaH2AX foci in human gingival
mesenchymal stem cells. Oncotarget 2015, 6, 27275–27287. [CrossRef] [PubMed]

35. Ingram, S.P.; Warmenhoven, J.W.; Henthorn, N.T.; Chadiwck, A.L.; Santina, E.E.; McMahon, S.J.; Schuemann, J.; Kirkby, N.F.;
Mackay, R.I.; Kirkby, K.J.; et al. A computational approach to quantifying miscounting of radiation-induced double-strand break
immunofluorescent foci. Commun. Biol. 2022, 5, 700. [CrossRef]

36. Scholzen, T.; Gerdes, J. The Ki-67 protein: From the known and the unknown. J. Cell. Physiol. 2000, 182, 311–322. [CrossRef]
37. Uxa, S.; Castillo-Binder, P.; Kohler, R.; Stangner, K.; Müller, G.A.; Engeland, K. Ki-67 gene expression. Cell Death Differ. 2021,

28, 3357–3370. [CrossRef] [PubMed]
38. Valieva, Y.; Ivanova, E.; Fayzullin, A.; Kurkov, A.; Igrunkova, A. Senescence-Associated β-Galactosidase Detection in Pathology.

Diagnostics 2022, 12, 2309. [CrossRef]
39. Debacq-Chainiaux, F.; Erusalimsky, J.D.; Campisi, J.; Toussaint, O. Protocols to detect senescence-associated beta-galactosidase

(SA-βgal) activity, a biomarker of senescent cells in culture and in vivo. Nat. Protoc. 2009, 4, 1798–1806. [CrossRef]
40. Kaatsch, H.L.; Majewski, M.; Schrock, G.; Obermair, R.; Seidel, J.; Nestler, K.; Abend, M.; Waldeck, S.; Port, M.; Ullmann, R.; et al.

CT Irradiation-induced Changes of Gene Expression within Peripheral Blood Cells. Health Phys. 2020, 119, 44–51. [CrossRef]
41. Yachi, Y.; Yoshii, Y.; Matsuya, Y.; Mori, R.; Oikawa, J.; Date, H. Track Structure Study for Energy Dependency of Electrons and

X-Rays on DNA Double-Strand Break Induction. Sci. Rep. 2019, 9, 17649. [CrossRef]
42. Bellamy, M.; Puskin, J.; Hertel, N.; Eckerman, K. An empirical method for deriving RBE values associated with electrons, photons

and radionuclides. Radiat. Prot. Dosim. 2015, 167, 664–670. [CrossRef]
43. Noubissi, F.K.; McBride, A.A.; Leppert, H.G.; Millet, L.J.; Wang, X.; Davern, S.M. Detection and quantification of gamma-H2AX

using a dissociation enhanced lanthanide fluorescence immunoassay. Sci. Rep. 2021, 11, 8945. [CrossRef] [PubMed]
44. Prabhu, K.S.; Kuttikrishnan, S.; Ahmad, N.; Habeeba, U.; Mariyam, Z.; Suleman, M.; Bhat, A.A.; Uddin, S. H2AX: A key player in

DNA damage response and a promising target for cancer therapy. Biomed. Pharmacother. 2024, 175, 116663. [CrossRef] [PubMed]
45. Kinner, A.; Wu, W.; Staudt, C.; Iliakis, G. γ-H2AX in recognition and signaling of DNA double-strand breaks in the context of

chromatin. Nucleic Acids Res. 2008, 36, 5678–5694. [CrossRef]
46. Kiang, J.G.; Garrison, B.R.; Smith, J.T.; Fukumoto, R. Ciprofloxacin as a potential radio-sensitizer to tumor cells and a radio-

protectant for normal cells: Differential effects on γ-H2AX formation, p53 phosphorylation, Bcl-2 production, and cell death. Mol.
Cell. Biochem. 2014, 393, 133–143. [CrossRef]

47. Rass, E.; Willaume, S.; Bertrand, P. 53BP1: Keeping It under Control, Even at a Distance from DNA Damage. Genes 2022, 13, 2390.
[CrossRef] [PubMed]

48. Lei, T.; Du, S.; Peng, Z.; Chen, L. Multifaceted regulation and functions of 53BP1 in NHEJ-mediated DSB repair (Review). Int. J.
Mol. Med. 2022, 50, 90. [CrossRef]

49. Bartova, E.; Legartova, S.; Dundr, M.; Suchankova, J. A role of the 53BP1 protein in genome protection: Structural and functional
characteristics of 53BP1-dependent DNA repair. Aging 2019, 11, 2488–2511. [CrossRef]

50. Shibata, A.; Jeggo, P.A. ATM’s Role in the Repair of DNA Double-Strand Breaks. Genes 2021, 12, 1370. [CrossRef]
51. Marechal, A.; Zou, L. DNA damage sensing by the ATM and ATR kinases. Cold Spring Harb. Perspect. Biol. 2013, 5, a012716.

[CrossRef]

https://doi.org/10.1016/j.ijrobp.2017.10.054
https://www.ncbi.nlm.nih.gov/pubmed/29248168
https://doi.org/10.3390/ijms20112645
https://www.ncbi.nlm.nih.gov/pubmed/31146367
https://doi.org/10.1371/journal.pone.0155725
https://doi.org/10.18632/aging.101327
https://doi.org/10.18632/oncotarget.4358
https://doi.org/10.1007/s13770-017-0045-2
https://doi.org/10.1148/radiol.2511080671
https://doi.org/10.18632/oncotarget.4739
https://www.ncbi.nlm.nih.gov/pubmed/26314960
https://doi.org/10.1038/s42003-022-03585-5
https://doi.org/10.1002/(SICI)1097-4652(200003)182:3%3C311::AID-JCP1%3E3.0.CO;2-9
https://doi.org/10.1038/s41418-021-00823-x
https://www.ncbi.nlm.nih.gov/pubmed/34183782
https://doi.org/10.3390/diagnostics12102309
https://doi.org/10.1038/nprot.2009.191
https://doi.org/10.1097/HP.0000000000001231
https://doi.org/10.1038/s41598-019-54081-6
https://doi.org/10.1093/rpd/ncu358
https://doi.org/10.1038/s41598-021-88296-3
https://www.ncbi.nlm.nih.gov/pubmed/33903655
https://doi.org/10.1016/j.biopha.2024.116663
https://www.ncbi.nlm.nih.gov/pubmed/38688170
https://doi.org/10.1093/nar/gkn550
https://doi.org/10.1007/s11010-014-2053-z
https://doi.org/10.3390/genes13122390
https://www.ncbi.nlm.nih.gov/pubmed/36553657
https://doi.org/10.3892/ijmm.2022.5145
https://doi.org/10.18632/aging.101917
https://doi.org/10.3390/genes12091370
https://doi.org/10.1101/cshperspect.a012716


Int. J. Mol. Sci. 2025, 26, 8584 16 of 16

52. Phan, L.M.; Rezaeian, A.H. ATM: Main Features, Signaling Pathways, and Its Diverse Roles in DNA Damage Response, Tumor
Suppression, and Cancer Development. Genes 2021, 12, 845. [CrossRef]

53. Zyuzikov, N.A.; Coates, P.J.; Parry, J.M.; Lorimore, S.A.; Wright, E.G. Lack of Nontargeted Effects in Murine Bone Marrow after
Low-Dose In Vivo X Irradiation. Radiat. Res. 2011, 175, 322–327. [CrossRef]

54. Nicola, N.A.; Babon, J.J. Leukemia inhibitory factor (LIF). Cytokine Growth Factor Rev. 2015, 26, 533–544. [CrossRef] [PubMed]
55. Santos, G.C.; Silva, D.N.; Fortuna, V.; Silveira, B.M.; Orge, I.D.; de Santana, T.A.; Sampaio, G.L.; Paredes, B.D.; Ribeiro-dos-

Santos, R.; Soares, M.B.P. Leukemia Inhibitory Factor (LIF) Overexpression Increases the Angiogenic Potential of Bone Marrow
Mesenchymal Stem/Stromal Cells. Front. Cell Dev. Biol. 2020, 8, 778. [CrossRef]

56. Mikhailova, E.; Sokolenko, A.; Combs, S.E.; Shevtsov, M. Modulation of Heat Shock Proteins Levels in Health and Disease: An
Integrated Perspective in Diagnostics and Therapy. Cells 2025, 14, 979. [CrossRef]

57. Albakova, Z.; Mangasarova, Y.; Albakov, A.; Gorenkova, L. HSP70 and HSP90 in Cancer: Cytosolic, Endoplasmic Reticulum and
Mitochondrial Chaperones of Tumorigenesis. Front. Oncol. 2022, 12, 829520. [CrossRef] [PubMed]

58. Hunziker, A.; Jensen, M.H.; Krishna, S. Stress-specific response of the p53-Mdm2 feedback loop. BMC Syst. Biol. 2010, 4, 94.
[CrossRef] [PubMed]

59. Guo, S.; Zheng, S.; Liu, M.; Wang, G. Novel Anti-Cancer Stem Cell Compounds: A Comprehensive Review. Pharmaceutics 2024,
16, 1024. [CrossRef]

60. Koo, N.; Sharma, A.K.; Narayan, S. Therapeutics Targeting p53-MDM2 Interaction to Induce Cancer Cell Death. Int. J. Mol. Sci.
2022, 23, 5005. [CrossRef]

61. Imamichi, Y.; Mizutani, T.; Ju, Y.; Matsumura, T.; Kawabe, S.; Kanno, M.; Yazawa, T.; Miyamoto, K. Transcriptional regulation of
human ferredoxin reductase through an intronic enhancer in steroidogenic cells. Biochim. Biophys. Acta (BBA)-Gene Regul. Mech.
2014, 1839, 33–42. [CrossRef]

62. O’Brien, G.; Cruz-Garcia, L.; Majewski, M.; Grepl, J.; Abend, M.; Port, M.; Tichý, A.; Sirak, I.; Malkova, A.; Donovan, E.; et al.
FDXR is a biomarker of radiation exposure in vivo. Sci. Rep. 2018, 8, 684. [CrossRef]

63. Brzóska, K.; Abend, M.; O’Brien, G.; Gregoire, E.; Port, M.; Badie, C. Calibration curve for radiation dose estimation using FDXR
gene expression biodosimetry—Premises and pitfalls. Int. J. Radiat. Biol. 2024, 100, 1202–1212. [CrossRef]

64. Kawase, T.; Ichikawa, H.; Ohta, T.; Nozaki, N.; Tashiro, F.; Ohki, R.; Taya, Y. p53 target gene AEN is a nuclear exonuclease
required for p53-dependent apoptosis. Oncogene 2008, 27, 3797–3810. [CrossRef]

65. Chuang, L.S.H.; Matsuo, J.; Douchi, D.; Bte Mawan, N.A.; Ito, Y. RUNX3 in Stem Cell and Cancer Biology. Cells 2023, 12, 408.
[CrossRef]

66. Ge, X.; Shen, Z.; Yin, Y. Comprehensive review of LncRNA-mediated therapeutic resistance in non-small cell lung cancer. Cancer
Cell Int. 2024, 24, 369. [CrossRef]

67. Nakayama, F.; Umeda, S.; Ichimiya, T.; Kamiyama, S.; Hazawa, M.; Yasuda, T.; Nishihara, S.; Imai, T. Sulfation of keratan
sulfate proteoglycan reduces radiation-induced apoptosis in human Burkitt’s lymphoma cell lines. FEBS Lett. 2012, 587, 231–237.
[CrossRef] [PubMed]

68. Osipov, A.; Chigasova, A.; Yashkina, E.; Ignatov, M.; Fedotov, Y.; Molodtsova, D.; Vorobyeva, N.; Osipov, A.N. Residual Foci of
DNA Damage Response Proteins in Relation to Cellular Senescence and Autophagy in X-Ray Irradiated Fibroblasts. Cells 2023,
12, 1209. [CrossRef] [PubMed]

69. Zorin, V.; Zorina, A.; Smetanina, N.; Kopnin, P.; Ozerov, I.V.; Leonov, S.; Isaev, A.; Klokov, D.; Osipov, A.N. Diffuse colonies of
human skin fibroblasts in relation to cellular senescence and proliferation. Aging 2017, 9, 1404–1413. [CrossRef]

70. Dobin, A.; Davis, C.A.; Schlesinger, F.; Drenkow, J.; Zaleski, C.; Jha, S.; Batut, P.; Chaisson, M.; Gingeras, T.R. STAR: Ultrafast
universal RNA-seq aligner. Bioinformatics 2013, 29, 15–21. [CrossRef] [PubMed]

71. Love, M.I.; Huber, W.; Anders, S. Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome
Biol. 2014, 15, 550. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/genes12060845
https://doi.org/10.1667/RR2386.1
https://doi.org/10.1016/j.cytogfr.2015.07.001
https://www.ncbi.nlm.nih.gov/pubmed/26187859
https://doi.org/10.3389/fcell.2020.00778
https://doi.org/10.3390/cells14130979
https://doi.org/10.3389/fonc.2022.829520
https://www.ncbi.nlm.nih.gov/pubmed/35127545
https://doi.org/10.1186/1752-0509-4-94
https://www.ncbi.nlm.nih.gov/pubmed/20624280
https://doi.org/10.3390/pharmaceutics16081024
https://doi.org/10.3390/ijms23095005
https://doi.org/10.1016/j.bbagrm.2013.11.005
https://doi.org/10.1038/s41598-017-19043-w
https://doi.org/10.1080/09553002.2024.2373751
https://doi.org/10.1038/onc.2008.32
https://doi.org/10.3390/cells12030408
https://doi.org/10.1186/s12935-024-03549-1
https://doi.org/10.1016/j.febslet.2012.12.002
https://www.ncbi.nlm.nih.gov/pubmed/23238079
https://doi.org/10.3390/cells12081209
https://www.ncbi.nlm.nih.gov/pubmed/37190118
https://doi.org/10.18632/aging.101240
https://doi.org/10.1093/bioinformatics/bts635
https://www.ncbi.nlm.nih.gov/pubmed/23104886
https://doi.org/10.1186/s13059-014-0550-8
https://www.ncbi.nlm.nih.gov/pubmed/25516281

	Introduction 
	Results 
	DNA Repair Foci 
	Cellular Proliferation and Senescence Associated -Galactosidase Positive Cells 
	Gene Expression 

	Discussion 
	Materials and Methods 
	Cell Culture 
	Irradiation 
	Immunocytochemical Analysis 
	Assay of -Galactosidase-Positive Cells 
	RNA Extraction and Sequencing 
	Read Mapping and Differential Expression 
	Pathway and Transcription Factor Analysis 
	Statistical Analysis 

	References

