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ARTICLE INFO ABSTRACT

Keywords: Background and purpose: Local ablation, including high-dose radiation brachytherapy (HDR-BT), provides a
HDR-BT minimally invasive treatment for cancers such as hepatocellular carcinoma (HCC), achieving effective tumor
HCC

targeting with reduced peri-interventional risk and morbidity. Despite benefits, these treatments face limitations
due to tumor recurrence. Cellular senescence might play a key role in therapy resistance by way of tumor cell
evasion. This study investigates whether HDR-BT induces cellular senescence in vitro, potentially linking these
processes to tumor recurrence in HCC.

Material and methods: HCC cell lines (HepG2, Huh7, and Hep3B) were irradiated with 7.5 Gy using an in vitro
irradiation device. Culture supernatant was collected and transferred to non-irradiated naive cells. Cell prolif-
eration and senescence were assessed kinetically using BrdU incorporation, Ki-67 immunostaining, and clono-
genic assay. Senescence was confirmed by beta-galactosidase staining. Secretome analysis was conducted using a
high-throughput proteomic assay.

Results: After irradiation, HCC cells show a transient increase in DNA synthesis, peaking before 72 h without
leading to cell division. Exposure of naive cells to supernatant from irradiated cells replicates these effects,
suggesting that the conditioned medium alone can mimic radiation-induced responses. Molecular analysis re-
veals reduced Ki-67 expression and increased senescence in naive, incubated cells. Proteomic profiling shows an
enrichment of senescence-associated secretory phenotype (SASP) proteins in conditioned medium with exposed
naive cells producing a similar SASP-enriched secretome.

Conclusion: In vitro brachytherapy triggers a bystander effect in HCC cells via SASP-associated proteins inducing
senescence in neighboring cells. Modulating senescence or its associated secretory phenotype may offer a novel
target for therapy in future trials.

Cellular senescence
SASP

Abbreviations: BrdU, 5-Bromo-2-deoxyuridine; DAPI, 4',6-Diamidino-2-phenylindole; DMEM, Dulbecco’s modified eagle’s medium; FCS, Fetal calf serum; Gy,
Gray; HCC, Hepatocellular carcinoma; HDR-BT, High-dose radiation brachytherapy; NPX, Normalized protein expression; PEA, Proximity extension assay; PBS,
Phosphate-buffered saline; RIBE, Radiation-induced bystander effect; RPMI, Roswell park memorial institute medium; SASP, Senescence-associated secretory
phenotype.
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Introduction

Local ablation allows for a minimally invasive cancer treatment
enabling targeting the malignant tissue while sparing the adjacent,
healthy tissues. It presents several advantages with respect to traditional
surgery including being minimally invasive and preserving the organ
functions. High-dose rate brachytherapy (HDR-BT) is a radiation-based
method where radioactive sources are inserted directly inside or near
the tumor, e.g., via the image-guided placement of catheters serving as
guide-ropes for the radiation source. High doses of radiation can be
delivered with optimal tumor targeting. HDR-BT offers excellent out-
comes with lower radiation toxicity than conventional approaches and
can overcome limitations of other local ablative, heat-based techniques
such as microwave or radiofrequency ablation. This includes safely
treating larger tumors and tumors adjacent to vessels due to heat-sink
effects being avoided [1]. Furthermore, HDR-BT is often combined
with external or systemic therapy is widely applied to different types of
tumors including hepatocellular carcinoma (HCC) [2,3]. Despite the
advantages offered by local hepatic ablation, tumor recurrence remains
a major limitation and challenge in clinical practice. Tumors can exhibit
therapy resistance, which can be linked to an insufficient cellular death,
or to the activation of survival pathways that may promote or accelerate
the known progressive cascade of tumorigenesis in the inflamed /
cirrhotic liver [4-6]. Studies conducted in plasma from HCC patients
treated with thermal ablation have shown increases of pro-tumorigenic
proteins such as Interleukin-6, epidermal growth factor (EGF) and
fibroblast growth factor 2 (FGF-2) which induce a strong cellular pro-
liferation [7]. Similar results have also been found in HCC patients
treated with HDR-BT [8], suggesting that local tumor ablation can be
responsible for the release of relevant pro-tumorigenic mediators.

In recent years, the role of senescence in triggering therapy resis-
tance in radiation-based therapy has become of ever-increasing interest.
Radiation effectively induces cellular damage leading to apoptosis or
senescence [9]. While apoptosis eliminates damaged cells in a controlled
manner, senescent cells undergo permanent cell cycle arrest, becoming
resistant to apoptosis while remaining metabolically active [10].
Moreover, senescent cells can acquire the so-called “senescence-associ-
ated secretory phenotype” (SASP), characterized by the secretion of
diverse proteins including pro-inflammatory factors such as in-
terleukins, cytokines, and growth factors [11]. Accumulating evidence
points to the involvement of SASP-cells in the radiation-induced
bystander effect (RIBE) on non-irradiated cells in which non-irradiated
cells are affected by signals from nearby irradiated cells [12]. More-
over, it has been shown that SASP-cells ultimately induce chronic
inflammation, contributing to tumorigenesis, metastasis formation, and
therapy resistance [13-15]. In this study, we developed an in vitro HDR-
BT system mimicking clinical radiotherapy protocols. Our aim was to
demonstrate the effect of HDR-BT on senescence and the relationship
between HDR-BT and the radiation-induced bystander effect in HCC cell
lines.

Material and methods
Cell lines

HepG2 (p53-wild type), Huh7 (p53-mutant Y220C), and Hep3B
(p53-null) cell lines were obtained from BLINDED. Short tandem repeats
(STR) profiling of the cell lines was conducted by DSMZ — German
Collection of Microorganisms and Cell Cultures GmbH (Braunschweig,
Germany). A detailed description is given in Supplementary Data.

In vitro brachytherapy

Cell irradiation was performed in 6 or 96 well plates (Sarstedt,

Niimbrecht, Germany). The outer dimension of the plates was 125 x 85

mm?. The irradiation source was Iridium-192 from a Flexitron

Radiotherapy and Oncology 211 (2025) 111068

afterloading device (Nucletron, Veenendaal, Netherlands) with an ac-
tivity between 200 and 370 GBq (5-10 Ci). Cell were irradiated with 7.5
Gray (Gy), a dose which better approximates the sub-lethal conditions
found in the tumor margins [16]. Irradiation ranged between 15 and 30
min, based upon on the source strength. Details are available in Sup-
plementary data and Supplementary Fig. S1.

Conditioned medium

To generate conditioned medium (consisting of culture medium
collected from irradiated cells and enriched with secreted proteins), cells
were seeded in 6-well plates at a density of 350,000 cells/well, irradi-
ated at a dose of 7.5 Gy and incubated at 37 °C with 5 % CO,. Super-
natants (i.e., conditioned medium) were collected at selected time points
(30 min, 90 min, 24 h, 48 h, 72 h, 7 days) and immediately stored at
—80 °C until further use. For comparison, the supernatant collected from
non-irradiated cells (control medium), processed under identical con-
ditions, was utilized as a control. For each time point, the resulting
conditioned medium was collected and administered to a second batch
of naive, non-irradiated HepG2 cells to evaluate the effect on their
growth. To accomplish this, naive cells were continuously maintained in
the presence of either conditioned medium or control medium (collected
from non-irradiated cells at the same time points) for an additional 24 h,
48 h, or 72 h, without any refresh of the medium.

Bromodeoxyuridine (BrdU) assay

Cells were seeded into 8-well chambers (Sarstedt, Niimbrecht, Ger-
many) at a density of 30,000 cells/well, and incubated in the presence of
conditioned medium or control medium for 24 h, 48 h, or 72 h. BrdU (5-
Bromo-2'-deoxyuridine) incorporation was measured using the colori-
metric Cell Proliferation Kit according to manufacturer instructions
(#11647229001, Sigma-Aldrich, St. Louis, MO, USA). The detailed
protocol is described in Supplementary Data.

Cell number determination

The number of cells per plate was counted after exposure of the cells
to the conditioned medium or the control medium at selected time
points (24 h, 48 h and 72 h). Briefly, cells were detached using Accutase
(PromoCell GmbH, Heidelberg, Germany) and diluted with PBS to a
final volume of 1 mL. The cell suspension was centrifuged at 500 g, 4 °C
for 5 min, supernatant aspirated, and the cell pellet reconstituted in 1 mL
PBS. The number of cells was counted manually by a Neubauer hemo-
cytometer under a light microscope..

Clonogenic assay

Cells were seeded into 6-well plates at a density of 1,000 cells/well
and incubated for 14 days in the presence of conditioned medium or
control medium. Both conditioned medium and control medium were
substituted with a newly irradiated medium and fresh control medium
after 7 days to avoid nutrient deprivation. Cells were then fixed in 3.7 %
formaldehyde and stained with 0.5 % (w/v) crystal violet (Sigma-
Aldrich) to visualize the colonies. The number of colonies with > 50 cells
were assessed for each condition.

Ki-67 quantification

Cells were seeded into 24-well plates at a density of 30,000 cells/
well, and incubated in the presence of conditioned or control medium
for 48 h, 72 h, 96 h, and 7 days. The detailed protocol is described in
Supplementary Data.
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Beta-galactosidase assay

Cells were seeded into 6-well plates at a density of 200,000 cell/well
and incubated for 48 h, 72 h, 96 h, and 7 days in the presence of
conditioned or control medium. The assay was performed using the
Senescence Cells Histochemical Staining Kit according to manufacture
instructions (# CD0030-1KZ, Sigma-Aldrich). Briefly, cells were washed
with PBS, fixed and stained at 37 °C for 6 h. Stained and unstained cells
were counted, and the percentage of positive cells was calculated.

Proximity Extension Assay

Proteins were measured in 1 pL of conditioned medium using the
Olink proteomics Target 96 Immuno-Oncology and Inflammation panels
(Olink Proteomics, Uppsala, Sweden) based on Proximity Extension
Assay (PEA) technology [17,18] The detailed protocol is described in
Supplementary Data and Supplementary File 1 for the full list of
proteins.
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Statistical analysis

Significant differences among the different experimental groups
were tested using an unpaired Mann-Whitney test in Prism 5 (GraphPad
Prism, Version 10.2.3, 2024). Protein—protein interaction (PPI) net-
works were analyzed using the STRING database (https://string-db.org/
).

Results

To test the influence of radiation on cellular proliferation, HepG2
cells were irradiated and incubated for 30 min, 90 min, 24 h, or 48 h. At
each time point, medium was collected and applied to naive, non-
irradiated HepG2 cells, which were then incubated for additional 24
h, 48 h, or 72 h and screened for DNA synthesis. The highest rate of BrdU
incorporation was observed in naive cells exposed to conditioned me-
dium collected 90 min post-irradiation, with ratios of 0.264 (standard
deviation, SD:0.01) after 24 h and 0.246 (SD:0.08) after 48 h of expo-
sure, consistent with previous findings [7] (Fig. 1A). A marked reduction

L

24 h

HI
48h

024h O48h m72h

Fig. 1. BrdU incorporation in liver cancer cell lines. (A) Conditioned medium was collected after HepG2 radiation at 30 min, 90 min, 24 h, and 48 h, and
administered to naive HepG2. HepG2 were then left in the presence of conditioned medium for additional 24 h, 48 h, and 72 h. (B) Representative images of HepG2
incubated for 24 h, 48 h, and 72 h with conditioned medium collected 90 min post radiation. The arrows indicate BrdU positive cells. Nuclei are stained with DAPI

(x20, scale bar 200 um).
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in BrdU positive cells was observed at 72 h (Fig. 1B). Based on these
observations, the 90 min time point was chosen for subsequent medium
collection. To validate this observation, viable cell counts were quanti-
fied using a Neubauer hemocytometer. The total number of HepG2 cells
remained stable during the first 48 h, but decreased by 20 % at 72 h. For
similar experimental conditions conducted on two additional HCC cell
lines, Huh?7 cells revealed a comparable trend, whereas Hep3B showed
an increase in cell number (Fig. 2). Since HepG2 and Huh7 differ from
Hep3B in the expression of the tumor suppressor gene p53 (wild type in
HepG2, constitutively active in Huh7, null in Hep3B), we hypothesized
that the effect of the conditioned medium on naive cells might be
modulated by this protein. To investigate this, we tested the effect of the
conditioned medium collected from HepG2 cells on naive Hep3B cells.
In concordance with prior research, we found that p53-null Hep3B cells
did not exhibit a measurable response to the conditioned medium
derived from HepG2 cells. This lack of response suggests that the factors
secreted by HepG2 cells require functional p53 signaling to exert their
effects, a pathway that is absent in Hep3B cells due to their p53-null
status. By contrast, applying conditioned medium from Hep3B cells to
HepG2 cells yielded different results as Hep3B-conditioned medium
failed to produce this effect in HepG2 cells (despite the fact that HepG2-
conditioned medium triggers a peak in BrdU incorporation within the
first 48 h). This suggests that the factors secreted by Hep3B cells are not
capable of inducing the same proliferative response in HepG2 cells as the
HepG2-conditioned medium does in itself indicating an autocrine
mechanism. The absence of a similar response with Hep3B-conditioned
medium further supports the idea that this effect is specific to HepG2
cells and is not merely due to general soluble factors present in condi-
tioned media (data not shown).

To clarify the influence of conditioned medium on growth dynamics,
the expression level of Ki-67 was determined in both HepG2 and Hep3B
cell lines. In HepG2 cells, the proportion of Ki-67-positive cells signifi-
cantly decreased from 80 % to 20 % following treatment with condi-
tioned medium. By contrast, Hep3B cells showed an increase in Ki-67
expression reaching more than 90 % positivity after 96 h of incubation
(Fig. 3). To further investigate the impact of conditioned medium on
cellular proliferation, we conducted colony formation assays with both
HepG2 and Hep3B cell lines. Consistent with the Ki-67 results, HepG2
cells demonstrate marked reduced clonogenicity capacity following
exposure to conditioned media, with an average of 631 colonies
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compared to 1,707 colonies observed in control medium conditions,
corresponding to a decrease of 63 %. By contrast, Hep3B cells exhibited
an increased, near doubling in clonogenic potential response to condi-
tioned medium, with an average of 436 colonies compared to 260 col-
onies in the control group, with an increase of 67 % (Fig. 4). The
concordant findings from Ki-67 expression analysis and colony forma-
tion assays strongly indicate that conditioned medium suppresses pro-
liferation in HepG2 (p53*/p21™) cells, but not in Hep3B (p53/p21°)
cells, highlighting the critical role of the p53 pathway in mediating this
selective inhibitory response.

Next, to explore the composition of HepG2's conditioned medium,
we conducted a secretome analysis comprised of 192 proteins. This
proteomic profiling revealed enrichment of 29 proteins with a robust
increase in abundance (log2 fold change greater than 1.5) compared to
the control medium (Table 1). Notably, of these 29 proteins, 15 (51.5 %)
were identified as a component of the SASP.

Given that conditioned medium was enriched with senescence-
inducing factors and considering that radiation is known to trigger cell
cycle arrest through the activation of senescence, we evaluated the in-
duction of senescence in HepG2 and Hep3B cells exposed to conditioned
medium at different time points using beta-galactosidase staining. In
HepG2 cells, an increase of beta-galactosidase positivity was observed
after 72 h of incubation with the conditioned medium, while cells
incubated with control medium exhibited only minimal positivity at
similar time points, becoming noticeable only after 7 days (Fig. 5). By
contrast, Hep3B cells did not show significant differences in senescence
between those exposed to the conditioned medium and the negative
control (data not shown). Notably, in donor cells, the first signs of
senescence, manifest by increased beta-galactosidase activity, were
observed at 48 h post-radiation, despite the early presence of SASP-
associated proteins in the conditioned medium (data not shown).

Finally, we compared the secretome composition of supernatants
collected from naive cells after various incubation times with the
conditioned medium. Since the half-life of secreted cytokines and
growth factors is typically short ranging from a few minutes to a few
hours — we hypothesized that the secretome composition observed in
the supernatant of cells incubated with the conditioned medium for over
48 h primarily reflected molecules secreted by the cells themselves,
rather than the original constituents of the conditioned medium. Pro-
teomic profiling of the supernatants revealed an enrichment of proteins,

Huh7 Hep3B

024h O48h @72h

Fig. 2. Cell count determination in HCC lines after exposure to conditioned medium. Three different cell lines were exposed to conditioned medium collected 90 min
post radiation for 24 h, 48 h, or 72 h and manually counted using a Neubauer hemocytometer under a light microscope.
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Fig. 3. Ki-67 expression by IHC in HepG2 and Hep3B. (A) Representative images of Ki-67 staining in HepG2 and Hep3B following 48 h, 72 h, or 96 h exposure to
conditioned medium collected 90 min post radiation. (B) Ki-67 positivity expressed as % of positive cells.



J. Naruhn et al.

Radiotherapy and Oncology 211 (2025) 111068

HepG2

2500

2000

1500

1000

Number of colonies

500

conditioned medium

mock

Hep3B

600

500

400

300

200

Number of colonies

100

conditioned medium

mock

Fig. 4. Clonogenic survival assay. HepG2 and Hep3B cells were seeded in 6-well plates and incubated with conditioned medium collected 90 min after radiation.

Following a 2-week incubation period, the number of colonies was counted.

with 18 proteins showing an increased fold change greater than 1.5 at
48 h, 34 proteins at 72 h and 19 proteins at 96 h (for the complete list,
Sup. Table S2). At 72 h we observed an overlapping profile that included
9 SASP proteins shared between the conditioned medium and the su-
pernatant (Fig. 6A). To explore the role of the proteins found in both the
supernatants collected from the donor and naive cells, we performed a
STRING-based protein—protein interaction (PPI) analysis (Fig. 6B). Six
out of 9 proteins displayed a strong connection with IL1-alpha, a known
regulator of senescence via the activation of SASP. In order to better
understand this finding, we extended the proteomic analysis to include
medium collected 30 min after radiation. Here, we found only three
proteins, which were overexpressed with a fold change > 1.5 including
IL1alpha (MMP?7, fold change: 3.781; IL1 alpha, fold change: 2.417; and
CAIX, fold change 1.543).

Discussion
Radiation therapy is highly effective in targeting and destroying

tumors. However, it also can induce RIBE on non-targeted tissues
[19,20]. These effects are mediated by the release of molecules such as

cytokines and growth factors, which can trigger chronic inflammation
and potentially promote tumor recurrence [21]. In this study, we present
an in vitro brachytherapy model demonstrating a rapid increase in DNA-
synthesis in HCC cell lines, which abates within 72 h post-radiation and
is not followed by anticipated cellular division. Furthermore, applying
the supernatant from irradiated cells to naive, non-irradiated cells re-
capitulates the same effects, indicating that the conditioned medium
alone can mimic the radiation RIBE effect. The rationale for selecting a
7.5 Gy dose stems from evidence that, in clinical settings, a standard 15
Gy dose effectively ablates the tumor core but delivers significantly
lower doses to the margins [16]. These peripheral regions often harbor
metabolically active, radioresistant cells and are common sites of
recurrence [22]. Accordingly, targeting this sub-lethal dose range allows
focused investigation of marginal zone responses where pro-tumorigenic
phenotypes may emerge. Molecular analysis shows that the naive cells
after incubation with the irradiated supernatant do not divide robustly
as anticipated, as shown by a drastic reduction in Ki-67 expression,
while concomitantly showing an increase in senescence. Moreover,
proteomic profiling of the conditioned medium reveals an enrichment of
SASP-associated proteins. Remarkably, the naive cells after exposure to
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Fig. 4. (continued).

Table 1
Secretome analysis of conditioned medium collected 90 min post radiation.
SASP proteins are indicated with an asterisk.

Inflammation Immuno-oncology
Fold change Fold change

IL-24 3.575 MMP-7* 3.761
CCL4* 2.523 HO-1 2.449
Flt3L 2.390 CD40* 1.956
MCP-3* 2.307 IFN-gamma* 1.880
IL-22 RA1 2.236 CAIX 1.796
FGF-23* 2.167 CASP-8 1.725
SIRT2* 2.102 NCR1 1.572
CD6 1.936 CX3CL1 1.553
CCL25* 1.934 PTN 1.552
FGF-5* 1.931

NT-3 1.855

TNFSF14* 1.837

CXCL5* 1.802

IL8* 1.755

SLAMF1 1.735

CCL11* 1.708

ARTN 1.702

MMP-10* 1.642

CXCL1* 1.606

IL5 1.510

the conditioned medium produce their own SASP-enriched secretome,
showing an overlap with conditioned medium of 60 %. This finding
suggests an autocrine loop that potentially perpetuates senescence and
therefore the production of SASP-associated proteins. We must
acknowledge that the proteomic data obtained from naive cells exposed
to conditioned medium must be interpreted with caution, as dis-
tinguishing newly secreted proteins from those carried over from the
original medium remains challenging. However, given that secreted
proteins generally have relatively short half-lives, typically ranging from
hours to a few days due to extracellular degradation [23-26], it is most
likely that many of the proteins detected after incubation are likely to be
newly secreted.

Senescence is a physiological process typically triggered by telomere
shortening, which halts the cell cycle to safeguard against genomic
instability. However, stress-related factors such as increased reactive

oxygen species (ROS), DNA damage, and epigenetic changes can also
induce senescence [27]. Therapies such as radiation and chemotherapy
promote cellular senescence by causing DNA breaks that activate DNA
damage response (DDR). This, in turn, triggers cell cycle arrest via
activation of the tumor suppressor p53. If DNA repair fails and growth
arrest persists, p53 induces senescence through cyclin-dependent kinase
inhibitors such as p21 and p16. Our study compared the responses of
p53-wild type HepG2 with p53-null Hep3B cells. Conditioned medium
caused reduced cell proliferation and increased senescence in HepG2,
but not in Hep3B cells, supporting the hypothesis that conditioned
medium exerts effects through pathways resembling those activated by
direct radiation exposure via p53. In line with our findings in HCC cell
lines, it was previously demonstrated that co-incubating irradiated
colorectal cancer cells with naive cells strongly induces senescence in
p53-positive cell populations, highlighting the role of p53 as a key
regulator of senescence [28,29]. In conclusion, our work demonstrates,
in in vitro HCC cell lines, that conditioned medium from irradiated cells
recapitulates many of the biological effects observed following direct
radiation exposure. This suggests that radiation-induced secreted factors
alone are sufficient to trigger key cellular responses in non-irradiated
liver cancer cells, highlighting the importance of the tumor microenvi-
ronment and bystander signaling in radiotherapy outcomes.

A hallmark of cellular senescence is the secretion of pro-
inflammatory cytokines, growth factors, and proteases secreted by
cells that show SASP [30]. These SASP-associated proteins serve a dual
role: they reinforce the senescent state via autocrine signaling while
promoting proliferation in neighboring non-senescent cells. In our
study, conditioned medium collected 90 min after radiation exposure
exhibited elevated concentrations of 15 SASP-associated proteins, with
CCL4 and MCP3 showing the highest levels. Notably, no evidence of
senescence was observed in donor cells at this early time point. The first
signs of senescence emerged 48 h post-radiation. These findings suggest
that radiation triggers the release of SASP-associated proteins indepen-
dently of senescence onset in donor cells, and that SASP-associated
proteins drive senescence in neighboring non-targeted cells through a
bystander effect, maintaining their secretion in the microenvironment.
These findings have significant implications for understanding how
tumor treatments influence naive cells, altering their growth patterns
and secretome. Radiation therapy halts cell growth and enhances
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Fig. 5. Senescence associated (SA)-beta-galactosidase staining. HepG2 cells were seeded in 6-well plates and incubated with conditioned medium or control medium
for 48 h, 72 h, 96 h and 7 days. After each time point, cells were fixed stained for beta-galactosidase activity. (A) Representative images of SA-beta-galactosidase

staining. (B) Quantification of SA-beta-galactosidase activity.

immune surveillance for subsequent clearance of senescent cells [31].
Yet, if senescent cells are not efficiently cleared, their metabolic activity
can foster tumor recurrence [32].

To address this challenge, so-called senolytic therapies aiming to
selectively eliminate senescent cells following primary treatment are
being explored [33,34]. The “One-Two Punch”-approach whereby at
first the patient is treated with a therapy targeting the tumor cells, then
the patient receives a senolytic therapy targeting the senescence cells
[35,36] has shown effectiveness in cancer treatment in pre-clinical

trials. Another approach to control the adverse effect of senescence on
cancer therapy is the use of senomorphic SASP-inhibitors. Among
others, rapamycin, an inhibitor of mTOR has shown capability to sup-
press pro-inflammatory and pro-tumorigenic SASP in vitro and in animal
models [37]. Furthermore, antibodies against IL-6 (associated with
senescence mechanisms) have been tested in pre-clinical trials on
different cancer types [38,39]. We must acknowledge several limitations
of this work. Only one radiation dose was used and radiation was
administered only to HCC cell lines. In the clinical setting, a wide variety
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Fig. 6. Comparison between the protein profiles in medium collected from irradiated and naive cells at different time points. (A) Venn diagrams were used to
compare the top proteins (fold change relative to control medium > 1.5) identified in the conditioned medium collected 90 min post-radiation with those in the
supernatants collected from naive cells after incubation with the conditioned medium for 48 h, 72 h, and 96 h. (B) STRING analysis (http://string-db.org) uncovering
protein-protein interactions of upregulated proteins identified in the secretome of donor and naive cells. Each node (n = 9) represents a protein, and each edge (n =
25) represents an interaction including either physical or functional associations. PPI enrichment p = 9.1e-15.

of tumor types and native cell populations, including not only hepato-
cytes, but also endothelial cells, cholangiocytes, and stellate cells can
experience bystander effect due to radiation. Future experiments
expanding the cell lines and the radiation dosages will be necessary to
validate our findings. Furthermore, the in vitro radiation model we have
used in this work was performed on a 2D cellular model which does not
entirely reflects the physiological conditions of a tumor. We recognize
the critical importance of further validating our in vitro findings using in
vivo animal models, as this step is essential for enhancing the trans-
lational relevance of our research and ensuring that our results can be
meaningfully applied in physiological and clinical contexts. Given that
our in vitro model does not fully capture the complexity of the tumor
microenvironment, further studies in more physiologically relevant
systems are warranted.

In conclusion, this study demonstrates that HDR-BT induces a
bystander effect in HCC cell lines, most likely mediated by SASP-
associated proteins that drive senescence in non-targeted cells through
a p53-dependent mechanism. SASP secretion occurs independently of
senescence onset in donor cells, highlighting a complex radiation
response. While radiation therapy is effective in suppressing tumor
growth, persistent senescent cells within the tumor microenvironment
may contribute to recurrence and therapy resistance. Therefore, tar-
geting senescence with senolytics or SASP inhibitors into treatment
regimens holds promise for enhancing long-term therapeutic efficacy

and preventing cancer relapse.
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