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Apoptotic cell-derived extracellular vesicles- D
MTA1 confer radioresistance in cervical cancer
by inducing cellular dormancy
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Abstract

Background Radioresistance presents a major challenge in the treatment of cervical cancer (CC). Apoptotic tumor
cells can create an “onco-regenerative niche,’ contributing to radioresistance. However, the intercellular signaling
mechanisms mediating the transfer of radioresistance from apoptotic to surviving cancer cells remain unclear.

Methods The role of apoptotic tumor cell-derived extracellular vesicles (apoEVs) in mediating radioresistance was
investigated through integrated bioinformatics and experimental approaches. The GSE236738 dataset was analyzed
to identify potential regulators, with subsequent validation of apoEV-MTA1 function using in vitro and in vivo models.
Mechanistic studies focused on caspase-3 activation, p-STAT1 signaling pathway, and dormancy-associated protein
networks. Furthermore, therapeutic strategies targeting MTA1 and its downstream signaling were evaluated for
radiosensitization potential.

Results MTA1 was identified as a critical factor enriched in and transferred by apoEVs from apoptotic tumor cells

to neighboring CC cells. Caspase-3 activation facilitated the nuclear export and encapsulation of MTA1 in apoEVs.
Transferred MTA1 retained transcriptional activity, activated the p-STAT1 signaling pathway, and induced cellular
dormancy via NR2F1, a key dormancy regulator, resulting in increased radioresistance. Knockdown of MTA1 in apoEVs
or inhibition of p-STAT1 in recipient cells enhanced radiosensitivity. Furthermore, apoEV-MTAT promoted tumor
radioresistance and reduced survival rates in irradiated cervical cancer mouse model.

Conclusions This study demonstrates that apoEV-MTAT confers radioresistance in CC by promoting cellular

dormancy via the p-STAT1/NR2F1 signaling axis. Targeting this pathway could improve radiosensitivity and provide a
promising therapeutic strategy for CC patients.
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Introduction

Cervical cancer (CC) ranks as the most prevalent gyne-
cologic cancer worldwide, posing a serious health risk
to women [1]. Radiotherapy plays a crucial role as an
adjunctive treatment for CC, helping to improve survival
rates in early-stage patients and decrease recurrence in
those with advanced disease. However, obstacles such as
resistance to radiation and radiation-induced bystander
effects (RIBEs) present significant challenges, impeding
effective CC treatment and contributing to tumor relapse
[2]. Consequently, understanding the mechanisms
behind radioresistance is essential for developing novel
therapeutic strategies to enhance treatment outcomes for
patients with CC.

The rapid growth of tumors places significant stress
on the tumor microenvironment, creating harsh condi-
tions that lead to a combination of dying and dividing
cells [3]. Recent studies suggest that signals from apop-
totic cells may play a role in promoting cancer progres-
sion [4-5]. Clinically, data reveal a paradox where tumors

extracellular vesicles (@apoEVs), MTAT, Tumor dormancy,

with higher levels of cell death often exhibit aggressive
characteristics and are linked to poorer patient survival
outcomes [6]. Various signaling pathways can facilitate
communication between apoptotic and surviving tumor
cells. A key example is extracellular vesicles (EVs), which
apoptotic tumor cells release; these EVs are absorbed by
nearby cells within the tumor microenvironment (TME),
establishing what some describe as an “onco-regenerative
niche” [7]. EVs, typically 30-200 nm in size, carry lip-
ids, proteins, and nucleic acids, enabling them to medi-
ate communication between cells. Proteins within EVs
can act as signaling agents, inducing changes that sup-
port resistance to treatment and other functional adap-
tations triggered by cell death [8]. Metastasis-associated
protein 1 (MTA1) is of particular interest for its multiple
roles in cellular processes and cancer progression. It is
also a stress-responsive protein that becomes upregu-
lated under various stress conditions, including hypoxia,
heat shock, and ionizing radiation [9]. Notably, MTA1
can be transported via EVs from breast cancer cells to
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neighboring cells, influencing pathways that drive cancer
progression [10]. Based on existing studies, we hypoth-
esize that apoptotic EVs (apoEVs) may carry MTAI to
adjacent cervical cancer cells, potentially contributing
to radioresistance. However, the precise mechanisms of
communication between apoptotic and surviving tumor
cells remain unclear.

Cellular dormancy, where cells remain in a non-prolif-
erative state arrested in the GO-G1 phase, is recognized
as a key contributor to resistance against therapy [11].
Dormant tumor cells, which exhibit traits like reduced
sensitivity to treatments and immune evasion, are often
considered the “seeds” of relapse and metastatic spread
[12]. Therefore, targeting these dormant cells is seen as
a promising strategy for reducing cancer recurrence. The
TME, with factors like increased oxidative stress and sig-
naling molecules (e.g., TGF, BMP4, BMP7, IEN-y), has
been implicated in inducing dormancy in solid tumors
[13]. Nonetheless, the specific mechanisms by which
tumor cells respond to signals from the TME to initiate
and sustain dormancy remain largely uncharted. Recent
research has underscored the role of an apoptosis-driven
“onco-regenerative niche” in fostering cellular dormancy
[14]. The interaction between apoptotic extracellular
vesicles (apoEVs) and dormant cell states may offer a new
perspective on the mechanisms underlying radioresis-
tance. This study investigates the hypothesis that apoEV-
MTA1 may shift the phenotype of surviving tumor cells
toward dormancy, enhancing their resistance to radia-
tion and potentially pointing to novel targets to improve
radiosensitivity in clinical applications.

Materials and methods

Ethics statement

This study received approval from the Ethics Commit-
tee at the Third Affiliated Hospital of Southern Medical
University (Approval No. 2023-021). Given that it relied
on leftover specimens and standard medical records,
informed consent was waived. Animal research was
performed in accordance with the Guidelines for the
Care and Use of Laboratory Animals and was autho-
rized by the Institutional Review Board of Nanfang
Hospital, Southern Medical University (Approval No.
NFYY-2022-0219).

Cell culture and clinical specimens

Human cervical cancer (CC) cell lines (SiHa and HeLa)
were sourced from the American Type Culture Col-
lection (ATCC, USA) and cultured according to the
manufacturer’s guidelines. Additionally, 20 archived
formalin-fixed, paraffin-embedded CC tissue samples
were obtained from voluntary patients at the Gynecologi-
cal Oncology Department of the Third Affiliated Hospi-
tal, Southern Medical University, who had not received
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radiotherapy or chemotherapy before surgery in 2018.
These samples included 10 radiosensitive and 10 radiore-
sistant cases. In 2021, fresh cervical cancer tissues were
also collected from six patients who underwent abdomi-
nal radical hysterectomy without prior radiation or che-
motherapy at the same institution. Each sample was
reviewed independently by two pathologists, with clini-
copathological information anonymized. Supplementary
Table 1 provides detailed patient data.

EV isolation, characterisation, and treatment

Extracellular vesicles (EVs) were isolated from the super-
natant of cervical cancer cell cultures through ultracen-
trifugation. Initially, cells were removed by centrifuging
at 1,000 g for 10 min. The resulting supernatant was fil-
tered using a 0.8 um Millipore filter (USA). EVs were then
collected by centrifuging at 120,000 g for 70 min at 4 °C.
The EV pellet was resuspended in 100 pl of PBS for fur-
ther applications, including morphological analysis via
transmission electron microscopy (TEM), size distribu-
tion using Nanosight particle tracking analysis (NTA),
protein profiling, in vitro treatments, and in vivo experi-
ments. For TEM, EVs were fixed with 2% glutaraldehyde,
placed on carbon-coated grids, and negatively stained
with phosphotungstic acid for 2 min before imaging with
a TEM system (Hitachi H-7500, Japan). To study EV
uptake, EVs were incubated for 20 min with 1 pM PKH67
membrane dye (Sigma, USA), followed by washing to
remove unbound dye. The labeled EVs were resuspended
and co-cultured with CC cells. For in vitro studies, EV
pellets were diluted in fresh culture medium to a final
concentration of 50 pg/ml, a level reflecting the clinically
relevant range of EV concentrations in the blood of can-
cer patients (20—100 pg/ml) [15]. For in vivo experiments,
EV pellets were suspended in PBS and administered at
15 pg per mouse via injection [16]. To standardize EV
quantities across samples, total protein content was mea-
sured using the bicinchoninic acid (BCA) protein assay.

Irradiation in vitro

Cells from each group were seeded into disposable T25
culture flasks at a density of 5x 1076 cells per flask and
incubated under standard conditions of 5% CO2 at 37 °C
for 24 h. Prior to radiation exposure, the flasks were filled
with culture medium, and a condenser plate was used to
ensure a consistent medium thickness of 1.5 cm. The cells
were irradiated with a total dose of 16 Gy at a rate of 1 Gy
per minute using a medical electron linear accelerator.
The source-to-axis distance was maintained at 100 cm.
After irradiation, the cells were cultured for an additional
48 h.
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Colony formation assay

Cells were plated in six-well plates at varying densities
(1,000, 2,000, 4,000, or 6,000 cells per well) and exposed
to different doses of ionizing radiation (0, 2, 4, or 6 Gy)
for 24 h. After a 14-day incubation period, the cells were
fixed with 10% paraformaldehyde and stained using a 1x
Giemsa solution (LEGANE, Beijing, China). Colonies
containing at least 50 cells were counted. Plating effi-
ciency (PE) was calculated as follows: PE = (number of
colonies formed/number of cells initially seeded) x 100%.
The surviving fraction was determined by dividing the PE
of irradiated cells by the PE of control cells. This param-
eter is widely used as an indicator of radiosensitivity [17].

Glucose consumption

Cells were collected and lysed for 10 min at room tem-
perature (24 °C), then incubated for 30 min at 37 °C using
the Glucose Oxidase Method Kit (#A154-1-1, Jiancheng,
China). Absorbance was measured at 550 nm, and glu-
cose consumption was determined based on a standard
curve.

Apoptosis analysis

Apoptosis was assessed using the Annexin V-FITC
Apoptosis Detection Kit (#KGA107, KeyGEN, China).
Both adherent and suspended cells were harvested and
resuspended in 195 pl of Annexin V-FITC binding buf-
fer. Next, 5 pl of Annexin V-FITC and 10 pl of propidium
iodide (PI) solution were added. The mixture was gently
agitated and incubated in the dark at room temperature
for 15 min. The percentage of apoptotic cells was then
analyzed using flow cytometry (BD FACSCanto™II Sys-
tem, USA).

Western blot

Proteins from cells and EVs were extracted using RIPA
buffer supplemented with a 1x protease inhibitor cock-
tail. Around 50 pg of protein was loaded onto a 10%
SDS-PAGE gel for separation, transferred onto a PVDF
membrane, and analyzed with specific antibodies.
These included MTA1 (#ab71153, Abcam), QRICH1
(#ab241574, Abcam), ATF4 (#ab85049, Abcam), HSP70
(#4876, CST), TSG101 (#72312, CST), CD63 (#52090,
CST), Calnexin (#2679, CST), Nuclease Receptor Sub-
family 2 Group F member 1 (NR2F1) (#ab181137,
Abcam), STAT1 (#14994, CST), p-STAT1 (#9167, CST),
p38 (#8690, CST), p-p38 (#4511, CST), AKT (#4685,
CST), p-AKT (#4060, CST), ERK (#4695, CST), p-ERK
(#4370, CST), and GAPDH (#2118, CST).

Chromatin Immunoprecipitation (ChIP) assay

Cells were treated with 1% formaldehyde for cross-link-
ing, followed by quenching with a glycine solution. A
ChIP assay was performed using the Enzymatic ChIP Kit
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(#9003, CST) according to the manufacturer’s protocol.
Immunoprecipitation was carried out with anti-STAT1
(#14994, CST) and control IgG (#2729, CST) antibodies.
Enriched DNA fragments from the ChIP assay were ana-
lyzed using qPCR to detect STAT1-binding sites within
the NR2F1 promoter region. Results were expressed as
relative enrichment, normalized against the IgG control.
Primer sequences used for ChIP-PCR are listed in Sup-
plemental Table 2.

Dual luciferase reporter gene assay

The activity of STAT1-regulated genes in SiHa and HeLa
cells was evaluated using dual-luciferase reporter assays,
following the manufacturer’s protocol [18]. Briefly, cells
were co-transfected with either the STAT1 expression
plasmid or the control vector pCDNA3.1(+), along with
the pGL3-NR2F1 promoter construct (GeneChem Inc,
China), using Lipofectamine™ 2000 (Invitrogen, USA).
After 48 h, luciferase activity was measured using the
Dual-Luciferase Reporter Assay System. All experiments
were independently repeated three times. The cloning
sequences can be found in Supplemental Table 3.

Immunohistochemistry

Immunohistochemistry was performed on 4 pm sections
obtained from formalin-fixed, paraffin-embedded xeno-
graft tissues, using a streptavidin peroxidase kit (Beijing
Zhongshan Biotechnology Co., China) according to the
manufacturer’s instructions. The sections were incu-
bated with primary rabbit antibodies against Caspase-3
(#9661, CST), MTA1 (#ab71153, Abcam), and NR2F1
(#ab181137, Abcam). Visualization and imaging of the
stained sections were carried out with an IX70 inverted
fluorescence microscope (Olympus, Japan). Caspase-3,
a key effector in the apoptotic pathway, is widely recog-
nized as a molecular marker of apoptosis [19].

Animal experiments

Six-week-old nude mice (weighing 20-23 g) were
obtained from the Experimental Animal Center of South-
ern Medical University (Guangzhou, China). The animal
study was approved by the Animal Care Committee of
Nanfang Hospital, Southern Medical University, follow-
ing the Institutional Animal Care and Use Committee
(IACUC) guidelines (Approval No. NFYY-2022-0219).
A xenograft CSCC model was developed by injecting
CC cells (SiHa/HeLa, 5x1076) combined with 100 pg
of either shMTA1-apoEVs or NC-apoEVs into the flank
region of each mouse (n=3 per group). Additionally,
15 pg of EVs was administered directly into the tumor
center every other day. Tumor dimensions (mm?®) were
recorded every three days, and volumes were calculated
using the formula: volume = (width® x length)/2. When
the tumor size reached approximately 100 mm?, localized
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X-ray irradiation was applied every two days (2 Gy per
session, for a total of three sessions). Fourteen days after
the final radiation treatment, mice were euthanized with
a barbiturate overdose, and tumors were harvested for
further analysis.

Statistical analysis

Data analysis was performed using SPSS software (ver-
sion 20.0). The t-test or one-way ANOVA was applied to
compare the results, while the chi-squared test was used
for frequency analysis. Pearson’s correlation coefficient
was calculated to evaluate the relationships between cat-
egorical variables. All experiments were repeated three
times, and data were presented as mean * standard devia-
tion (SD). A P-value of less than 0.05 was considered sta-
tistically significant.

Results

MTAT1 is highly expressed in apoptotic CC cells and
correlates with radioresistance of CC patients
Radioresistance is a complex biological phenomenon
influenced by multiple factors [20]. Recent studies indi-
cate that aggressive tumors often contain both apoptotic
and actively proliferating cells, with apoptotic cells play-
ing a crucial role in tumor progression and treatment
responses [21]. To investigate the presence of apoptotic
cells in cervical cancer (CC), we analyzed caspase-3
activity in six freshly obtained CC patient samples. Flow
cytometry revealed that apoptotic cells represented
8-50% of the total tumor cells (Fig. 1A). To explore the
impact of these cells on neighboring “healthy” tumor
cells, we used mouse CC xenograft models. A mixture of
lethally irradiated and untreated SiHa or HeLa cells was
implanted into the flanks of immunocompromised mice,
with a control group receiving only untreated tumor
cells. Tumor growth and survival analysis showed that
the co-injection of apoptotic CC cells with live tumor
cells promoted tumor growth and radioresistance, lead-
ing to poorer prognosis in the mice (Fig. S1). These find-
ings suggest that apoptotic cells present in tumors may
play a significant role in regulating radioresistance.

Next, we performed bioinformatics analysis on the
publicly available GSE236738 dataset, separating the
samples into radiotherapy-sensitive and resistant groups.
Twelve differentially expressed genes were identified
using the criteria of “P<0.05, fold change>10" (Supple-
mentary Table 4). Functional enrichment and protein
interaction analysis via KEGG, Metascape, and STRING
platforms (Fig. 1B-C) highlighted a strong involvement
of the cell stress signaling pathway. MTA1, QRICH]I, and
ATF4 emerged as key players, all stress-responsive pro-
teins that are upregulated in response to various stress-
ors, including heat shock, hypoxia, and radiation, and
regulate gene expression. RT-qPCR and Western blot
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analysis further confirmed a significant increase in MTA1
expression in radioresistant samples (Fig. 1D-E). Addi-
tionally, higher MTA1 expression was associated with
reduced overall survival in CC patients based on TCGA
data (Fig. 1F, cutoff: 7.67, P=0.0319). IHC staining of tis-
sues from 20 CC patients before radiotherapy revealed
intense MTA1 staining in apoptotic tumor regions, where
caspase-3 was abundantly expressed. In contrast, MTA1
levels were lower in caspase-3-deficient, non-apoptotic
areas. Statistical analysis showed significantly higher
levels of caspase-3 and MTA1 in radioresistant tissues
compared to sensitive tissues (Fig. 1H, P<0.05). Pear-
son’s correlation analysis demonstrated a significant asso-
ciation between caspase-3 and MTA1 (Fig. 11, r=0.6870,
P<0.001). Together, these results indicate that MTA1 is
highly expressed in apoptotic CC cells and strongly cor-
relates with radioresistance and poor patient outcomes.

EVs secreted by apoptotic CC cells confer radioresistance of
recipient CC cells

Apoptosis in cervical cancer (CC) cells was triggered by
exposure to 16 Gy y-irradiation (IR) (Fig. 2A). Following
this, we incubated the CC cells with conditioned medium
(CM) from apoptotic cells. Flow cytometry and colony
formation assays showed that factors secreted by apop-
totic CC cells exhibited an anti-apoptotic effect, thereby
enhancing the radioresistance of healthy CC cells (Fig.
S2). Notably, this effect was neutralized when CM was
filtered to remove EVs, suggesting that EVs play a role in
mediating the influence of apoptotic cells (Fig. S2). We
then isolated and purified the EVs from the cell culture
supernatants using ultracentrifugation. The character-
istics, such as size, shape, and number of isolated EVs,
were confirmed by TEM and NTA. TEM revealed that
the vesicles had a round or oval shape with a disc-like
structure and intact membrane (Fig. 2B). NTA analy-
sis indicated a noticeable increase in the quantity and
size of EVs released from CC cells following apoptosis
induction (Fig. 2C). Western blotting showed that the
isolated EVs expressed surface markers such as CD63,
heat shock protein 70 (HSP70), and tumor susceptibility
gene 101 (TSG101), while the negative marker Calnexin
was expressed at low levels (Fig. 2D), confirming suc-
cessful isolation. Moreover, MTA1, a factor associated
with apoptosis, was significantly elevated in the apo-
EVs (Fig. 2D). The uptake of EVs by CC cells was moni-
tored using laser confocal microscopy. No fluorescence
was observed in the PBS-treated group, whereas green
fluorescence was seen in the cytoplasm of CC cells co-
cultured with either apoEVs or ncEVs (Fig. 2E), with no
significant difference in fluorescence intensity between
the two groups (P>0.05; Fig. 2F). Furthermore, CC cells
exposed to apoEVs showed an increase in MTA1 expres-
sion compared to cells treated with ncEVs (Fig. 2G). To
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Fig. 1 MTAT is highly expressed in apoptotic CC cells and correlates with radioresistance of CC patients. (A) Assessment of caspase-3 activity using FACS
analysis in six freshly dissociated tumor samples. (B) Gene ontology enrichment analysis of 12 differentially expressed genes from the GSE236738 public
dataset. (C) Identification of MTA1, QRICH1, and ATF4 as potential radioresistance regulators through Venn diagram analysis across KEGG, Metascape,
and STRING platforms. (D) RT-gPCR analysis comparing the RNA expression levels of MTA1, QRICH1, and ATF4 in radiotherapy-sensitive and resistant CC
tissues. (E) Western blot analysis showing the protein expression levels of MTA1, QRICH1, and ATF4 in radiotherapy-sensitive and resistant CC tissues. (F)
TCGA data indicating that MTA1 overexpression is associated with poor prognosis in CC patients (*P=0.0319, log-rank test). (G) Representative IHC stain-
ing images of caspase-3 and MTA1 in radiotherapy-sensitive and resistant CC tissues at 200x magnification (scale bar, 50 um). (H) Statistical analysis of
caspase-3 and MTAT expression levels (*P<0.05). (I) Pearson correlation analysis showing a significant clinical correlation between caspase-3 and MTA1
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investigate the impact of apoEVs on the phenotype of
surviving CC cells, we co-cultured CC cells with either
apoEVs or ncEVs and subjected them to irradiation. Flow
cytometry analysis (Fig. 2H) and colony formation assays
(Fig. 2I-J) demonstrated that CC cells co-cultured with
apoEVs exhibited reduced apoptosis and enhanced col-
ony formation compared to cells co-cultured with ncEVs
(P<0.05). Notably, the promoting effect of apoEVs was
diminished when the EV donor cells were pre-treated
with the caspase inhibitor zZVAD(OMe)fmk (Fig. S3).

To verify these findings in vivo, we analyzed xenograft
tumors from mice injected with luciferase-labeled SiHa
or HeLa cells, along with EVs derived from either lethally
irradiated (apoEVs) or untreated (ncEVs) cells. The in
vivo data also confirmed the radioresistance-inducing
effect of apoEVs (Fig. S4). These results further support
the hypothesis that MTA1 secreted by apoptotic cells
may help neighboring cells withstand subsequent stress-
ors and enhance their resistance to therapy.



(2025) 23:328

Page 7 of 15

Deng et al. Journal of Translational Medicine

N

Calnexin E " 90

'~ X K ¥ 45

TSG101
CD63 ]—0‘-” ‘ 43

N

Hela

\\M\ /\ﬁ ,ﬂm \W i

7975  104.75 12975
Diameter (nm)

A NC Apo (IR16Gy)B  ncEVs apoEvs  C . D
— . === SiHa-ncEVs
®© . =) 5 ) - SiHa-apoEVs
% = ' Hela-ncEVs
g 4 ]‘#‘ 3“‘ HelLa-apoEVs MTA1
. £ A A
IE” ‘ Zs lf‘ HSP70 | (D G S8 &= | 7
5 i J f
c
©
o
c
| O
(&)

54.75

FITC-Annexin V ——

E PBS ncEVs apoEVs F o, 8 SiHa Hela
>
W ns
G
m
° =
T o
n =
kS
[0]
4
©
3 ____
* MTA1|---‘F* ‘gso
GAPDH‘- --”-..—‘39
H SiHa
b0 ; 6cyJ
N c
2 S S 07
o = )
‘g‘_ E 0.3 §
* L=
< 2 >
EN 2 0.03¢ =
c * E
a — apoEVs 3
SiHa Hela 0003 L ncEVs 0.07 |

Fig. 2 EVs secreted by apoptotic CC cells confer radioresistance of recipient CC cells. (A) FACS analysis for Annexin V/PI staining of SiHa and Hela cells,
comparing untreated (NC) with those exposed to 16 Gy lethal irradiation (Apo). (B) Transmission electron microscopy (TEM) was used to confirm the
morphology of EVs secreted by untreated (ncEVs) or irradiated (apoEVs) SiHa and Hela cells. Scale bar: 100 nm. (C) Nanoparticle tracking analysis (NTA)
to measure the EVs produced by untreated or irradiated SiHa and Hel a cells. (D) Western blotting to validate the presence of EV markers (HSP70, TSG101,
CDe3), absence of the EV exclusion marker Calnexin, and detection of MTAT expression. (E) Confocal microscopy images of SiHa and Hela cells treated
with PKH67-labeled EVs (green) from untreated or irradiated CC cells, with phalloidin (red) and DAPI (blue) staining. Scale bar: 20 um. (F) Mean fluores-
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MTA1 is exported from apoptotic cells in a caspase stages of apoptosis (Fig. 3B) [22]. To determine if MTA1

dependent manner

Under typical physiological conditions, MTA1 is mainly
found in the nucleus. This raises the question of how
MTALI shifts to EVs following the induction of apoptosis.
To investigate this, we performed co-transfection experi-
ments in CC cells using plasmids encoding GFP-tagged
MTA1 and RFP-tagged scaffold protein Coilin. Apoptosis
was induced by radiation (16 Gy) 24 h after transfection,
resulting in the dissociation of MTA1 from Coilin and
its subsequent translocation to the cytoplasm (Fig. 3A).
Additionally, we detected cytoplasmic MTA1 localization
in CC cells that also exhibited positive staining for phos-
pho-H2AX, which marks DNA damage and the early

is specifically exported to the cytoplasm or if its translo-
cation is simply due to nuclear envelope breakdown, we
co-transfected CC cells with plasmids encoding GFP-
tagged MTA1 and RFP carrying a nuclear localization
signal (RFP-NLS). During both early and late stages of
apoptosis, both MTA1 and NLS moved to the cytoplasm,
while at the non-apoptotic stage, they remained predom-
inantly in the nucleus (Fig. 3C). Furthermore, we exam-
ined the role of caspases in MTA1’s cytoplasmic export.
The export of MTA1 via apoEVs was blocked by the
caspase inhibitor zZVAD(OMe)fmk, indicating that this
process is dependent on caspase activity (Fig. 3D). Cas-
pases are critical in cleaving various proteins during early
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apoptosis, which results in changes to their function and
localization [23]. These findings suggest that the activa-
tion of caspase-3 could be a key mechanism facilitating
the nuclear export of MTA1, which is then encapsulated
in apoEVs.

apoEV-MTA1 promotes radioresistance by inducing cellular
dormancy

We used lentiviral vectors to knock down MTA1 expres-
sion in SiHa and HeLa cells. MTA1 was found to be sig-
nificantly enriched in EVs derived from apoptotic CC
cells compared to EVs secreted by shMTA1 CC cells
(Fig. 4A-B). To confirm the transfer of MTA1 through
apoptotic EVs (apoEVs) to recipient cells, CC cells were
treated with apoEVs for 24 h, resulting in a marked
increase in intracellular MTA1 levels in the recipient cells
(Fig. 4C). To investigate whether MTA1 was responsible
for the phenotypic changes in recipient CC cells induced
by apoEVs, we knocked down MTAI1 in apoEVs and
observed an increased apoptosis rate in recipient cells
(Fig. 4D-E). Additionally, colony formation assays showed
that MTA1l-enriched apoEVs promoted radioresistance

in the recipient cells (Fig. 4F-G). Next, we assessed the
influence of apoEVs on gene expression related to cel-
lular dormancy in the recipient cells. After treating CC
cells with either shMTAIl-apoEVs or shNC-apoEVs,
RNA and protein analyses revealed that shNC-apoEVs,
but not shMTA1-apoEVs, significantly upregulated dor-
mancy markers, especially NR2F1 (Fig. 4H-I). Inducing
cell dormancy is known to involve the suppression of
aerobic glycolysis, often referred to as the Warburg effect
[24]. In line with this, we observed that CC cells treated
with shNC-apoEVs exhibited a marked reduction in gly-
colysis compared to those treated with shMTA1-apoEVs
(Fig. 4]). It is well-established that cells in dormancy are
typically arrested in the GO/G1 phase of the cell cycle,
making them less sensitive to radiation-induced damage
[25]. Our results indicate that MTA1 acts as a key regula-
tor of the cell cycle. The knockdown of MTA1 disrupted
the GO/G1 phase arrest in recipient CC cells (Fig. 4K).
These findings suggest that MTA1, when enriched in
apoEVs, can enhance radioresistance by promoting GO/
G1 phase arrest, a characteristic of cell dormancy. Thus,
when CC cells undergo apoptosis, they paradoxically
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promote an anti-apoptotic effect and a dormancy phe-
notype in surviving cells, contributing to increased
radioresistance.

STAT1 activation triggers NR2F1 expression to sustain
dormancy

ApoEVs have the potential to activate several signaling
pathways involved in tumor cell dormancy and radiore-
sistance, including AKT, STAT1, P38 MAPK, and ERK
pathways [26]. To pinpoint the primary signaling pathway
responsible for the enhanced radioresistance mediated by
apoEV-MTAL1, we analyzed the activation of key signaling
molecules in recipient cells treated with apoEV-MTAI.
Our results showed a significant increase in phosphoryla-
tion of STAT1, while the levels of other signaling proteins
remained largely unchanged (Fig. 5A). Notably, no acti-
vated STAT1 was detected in the apoEVs themselves (Fig.
S5), indicating that the activation of STAT1 occurs in the
recipient tumor cells and is not transferred via the EVs.
These findings suggest that apoEVs promote p-STAT1
signaling by delivering MTA1 to the recipient cells. Fur-
thermore, MTA1 was found to upregulate NR2F1 expres-
sion, an effect that was reversed by siSTAT1 (Fig. 5B).
When we activated and inhibited p-STAT1 signaling
using 2-NP and Fludarabine (F-ara-A), respectively, we
observed notable increases and decreases in NR2F1
expression in the recipient cells (Fig. 5C). Bioinformat-
ics analysis using the JASPAR database identified six
potential STAT1 binding sites (SBSs) in the NR2F1 pro-
moter region (Fig. 5D). Luciferase reporter assays showed
increased luciferase activity driven by the NR2F1 pro-
moter in cells with activated p-STAT1, while decreased
activity was observed in p-STAT1 inhibited cells
(P<0.05; Fig. 5E). Additionally, ChIP assays confirmed
that p-STAT1 binds to SBS1, SBS3, and SBS4 within the
NR2F1 promoter region (Fig. 5F), further supporting the
transcriptional upregulation of NR2F1 by p-STAT1.

We further examined how the apoEV-induced activa-
tion of p-STAT1 signaling contributes to radioresistance
and whether inhibiting p-STAT1 could restore sensitivity
of CC cells to radiotherapy. Inhibition of p-STAT1 signifi-
cantly increased glycolysis in recipient cells treated with
apoEVs (Fig. 5G, Fig. S6A). The suppression of GO/G1
phase arrest was more pronounced in cells with p-STAT1
inhibition than in the control group (Fig. 5H-I, Fig. S6B).
Additionally, colony formation assays showed a marked
reduction in colony numbers when p-STAT1 signal-
ing was blocked in recipient cells treated with apoEVs
(Fig. 5], Fig. S6C), suggesting that inhibiting p-STAT1
activity can counteract the radioresistance induced by
apoEVs. Similar findings were observed in apoptotic flow
staining assays (Fig. 5K, Fig. S6D). Conversely, activat-
ing p-STAT1 expression reversed the radiosensitization
effects seen with shMTA1-apoEVs. These results confirm
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that p-STAT1 activation plays a critical role in the radio-
resistance promoted by apoEVs delivering MTA1 to
recipient tumor cells.

apoEV-MTA1 promotes redioresistance of CC in vivo

To explore whether apoEVs carry MTA1 to modulate cell
dormancy and influence radioresistance in vivo, nude
mice were subcutaneously implanted with CC cells that
had been cultured with serum-free medium contain-
ing either shMTAl-apoEVs or shNC-apoEVs and then
exposed to radiation. Tumor growth was significantly
greater in mice injected with CC cells treated with shNC-
apoEVs compared to those treated with shMTA1-apoEVs
(Fig. 6A, Fig. S7A). Moreover, survival times were shorter
in the shNC-apoEV group than in the shMTA1l-apoEV
group (Fig. 6B, Fig. S7B). Western blotting (Fig. 6C, Fig.
S7C) and IHC staining (Fig. 6D, Fig. S7D) showed that
the expression of MTA1 and NR2F1 was notably higher
in tumors from mice injected with CC cells transfected
with shNC-apoEVs compared to those treated with
shMTA1-apoEVs. These findings suggest that the overex-
pression of MTA1 in apoEVs promotes CC tumor growth
in vivo by influencing cell dormancy.

Discussion

Recent studies have established the pivotal role of apop-
totic cells in modulating tumor progression and thera-
peutic resistance [27]. Extending these findings, our study
provides novel evidence that apoptotic tumor cells con-
tribute to the development of radioresistance in neigh-
boring surviving cells through the release of apoEVs.
These apoEVs serve as critical mediators of intercellular
communication, transferring functional molecular cargo
that significantly influences tumor behavior and treat-
ment response [28]. Of particular significance, we have
identified MTA1 as a key molecular determinant within
apoEVs that drives radioresistance through the induction
of cellular dormancy. This discovery not only advances
our understanding of radiation resistance mechanisms in
CC but also establishes MTA1 as a potential therapeutic
target for radiosensitization strategies, which may ulti-
mately enhance the efficacy of radiotherapy in clinical
settings.

Apoptosis, once considered a silent cell death process,
is now recognized as a dynamic mechanism influenc-
ing intercellular communication and tissue remodeling
[29]. In cancer, therapy-induced apoptotic cells para-
doxically support the survival and growth of remaining
tumor cells [5]. Our findings reveal that this “dying-for-
surviving” mechanism is active in radiotherapy, where
irradiated apoptotic cells release factors like PGE2 [4],
HMGBI [30], and VEGF [31] to promote angiogenesis,
repopulation, and metastasis. apoEVs play a key role in
therapy resistance, conveying molecular messages that
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influence surviving cells [32, 33]. ApoEVs also inter-
act with immune cells: macrophages engulf apoEVs via
surface proteins like CX3CL1 and ICAM-3 [34], but in
cancer, apoEVs carrying immunosuppressive molecules
(e.g., TGE-B, PD-L1) polarize macrophages toward an
M2-like phenotype, fostering an immunosuppressive
TME [35]. ApoEVs can impair dendritic cell (DC) anti-
gen presentation, reducing T cell activation, yet they may
also carry tumor antigens to stimulate DC-mediated T
cell responses, offering potential for immunotherapy
[36]. These dual roles highlight the complexity of apoEV-
immune interactions in tumor progression. Our study
shows that apoEVs from irradiated CC cells transfer
MTAL, a metastasis-associated protein, to recipient cells,
promoting radioresistance. MTA1, linked to poor prog-
nosis in various cancers [37], stabilizes HIF-1la under
hypoxia to enhance angiogenesis and metabolic adapta-
tion [38] and interacts with mitochondrial ATP5A to
drive metabolic reprogramming and metastasis [39]. It
also accumulates at DNA damage sites [40] and is highly
expressed under stress [41], underscoring its role in
therapy resistance. Upon internalization, apoEV-derived
MTAL avoids lysosomal degradation, translocates to the
nucleus, and triggers a positive feedback loop that ampli-
fies its effects, promoting a more malignant phenotype.

Targeting apoEV-MTAL1 signaling holds promise for over-
coming radioresistance, but challenges remain, including
the specificity of apoEV-MTA1 uptake, and potential off-
target effects due to MTA1’s involvement in diverse cel-
lular processes.

Despite growing research on MTAL, its role in treat-
ment resistance remains poorly understood. A key mech-
anism underlying resistance is cancer cell dormancy,
where cells enter a reversible GO phase, enabling sur-
vival in hostile environments, evasion of immune detec-
tion [42]. For instance, dormant glioblastoma cells drive
tumor recurrence after temozolomide chemotherapy
[43], highlighting the need to target dormancy. Among
dormancy regulators, NR2F1, a member of the steroid/
thyroid hormone receptor superfamily, plays a central
role. Our findings show that NR2F1 is silenced in pro-
liferating CC cells but upregulated in dormant cells, ini-
tiating a dormancy gene signature. This includes SOXO9,
RARpP, and CDK inhibitors like p27 and pl16, which
induce GO/G1 arrest and quiescence [44]. NR2F1 also
antagonizes MYC signaling, reducing proliferation and
creating “immune cold” tumors with low mutation bur-
den, homologous recombination deficiency (HRD),
and minimal immune infiltration [45, 46]. Further-
more, NR2F1 triggers global chromatin repression and
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maintains dormancy in disseminated tumor cells (DTCs)
in the bone marrow, a process reversible through NR2F1
knockdown [47]. While targeting tumor dormancy is
not yet a clinical reality, the regulation of NR2F1 offers
promising therapeutic potential for clinical applications
[48, 49]. Future research should develop NR2F1 inhibi-
tors to disrupt its interaction with dormancy-associated
pathways.

Cellular dormancy is regulated by a network of signal-
ing pathways, including ERK/p38, SMAD1/5, TGE-f,
and STAT1 [50, 51]. For instance, p38 regulates a gene
network in head and neck squamous cell carcinoma
(HNSCC) that promotes dormancy [52], while TGF-{2
signaling via p38a/p modulates disseminated tumor cell
(DTC) dormancy and metastatic microenvironments
[53]. Despite these insights, the link between dormancy
and treatment resistance remains unclear. Our study
reveals that apoEV-MTAL triggers a STAT1-dependent
signaling cascade, activating NR2F1 to sustain dormancy
and create an “onco-regenerative niche” that supports
tumor survival under stress. While STAT1 has been
linked to post-dormancy growth [54], our findings high-
light its role in maintaining dormancy via NR2F1 activa-
tion, potentially synergizing with other dormancy signals
like TGF-B2 and retinoic acid pathways. Targeting the
apoEV-MTA1/p-STAT1/NR2F1 pathway offers thera-
peutic potential, but the reversibility of dormancy poses
a risk of tumor recurrence. Combining STAT1 inhibition
with immune checkpoint blockade may help overcome
dormancy-mediated resistance.

Our findings have important clinical implications,
potentially leading to new therapeutic approaches to
reduce radioresistance and offering a novel biomarker for
predicting tumor recurrence. Although MTA1 is a prom-
ising target for drug development due to its various roles,
there is currently no drug specifically designed to target
it. However, compounds that disrupt MTA1 interactions
with key partners, such as histone deacetylase 1 (HDAC-
1), have shown effectiveness in reducing metastasis and
MTAL1 expression in both cancer cell lines and animal
models [55, 56]. Future research should focus on identi-
fying small molecules or peptides that selectively disrupt
MTAT1’s oncogenic functions without affecting its physi-
ological roles. Liquid biopsy is gaining traction for moni-
toring treatment responses and predicting outcomes in
solid tumors [57]. Notably, EVs containing proteins are
stable in plasma and show promise as cancer biomarkers.
Unlike conventional methods such as IHC, plasma EVs
provide a more accessible means of assessing the effects
of the TME on cellular functions [58]. While MTA1 in
apoEVs shows promise as a biomarker, large-scale clini-
cal studies are needed to validate its sensitivity, specific-
ity, and utility across different cancer types and treatment
regimens.
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Conclusion

This study highlights the importance of apoptotic TME
signaling in cancer progression. We identify MTAI as
a nuclear factor transferred via apoEVs, revealing its
role in promoting tumor dormancy and radioresistance
in CC. Mechanistically, apoEV-MTA1 activates the
p-STAT1/NR2F1 axis, establishing a pro-survival “onco-
regenerative niche” that drives therapeutic resistance.
Targeting the MTA1/p-STAT1/NR2F1 pathway offers a
promising strategy to overcome radioresistance. Future
studies should validate these findings in preclinical mod-
els, develop MTA1-specific inhibitors, and explore MTA1
in apoEVs as a predictive biomarker. This work advances
our understanding of apoptotic signaling and opens new
therapeutic avenues.
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