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Abstract: Objective: Esophageal carcinoma (ESCA) is a common malignancy, and modulating radiosensitivity is cru-
cial for individualized treatment. Tenascin XB (TNXB) overexpression in tumors is speculated to influence radiosensi-
tivity. This study aims to investigate whether TNXB overexpression prior to irradiation sensitizes human ESCA cells in
vitro. Methods: The expression of TNXB in tumor specimens was examined using Real-time quantitative polymerase
chain reaction (RT-qPCR) and immunohistochemistry. The relationships between TNXB expression and clinicopatho-
logical characteristics were analyzed. Two human ESCA cell lines (TE-1 and OE33) were subjected to explore the
effect of TNXB expression on radiosensitivity. DNA damage, apoptosis, cell cycle arrest, and protein expression were
assessed by colony formation assay, western blotting and flow cytometry, respectively. Results: TNXB displayed a low
expression in tumor tissues. Reduced TNXB expression was significantly correlated with larger tumor size and higher
TNM stage. TNXB overexpression coupled with X-ray irradiation markedly suppressed colony formation in TE-1 and
OE33 cells, and increased yYH2AX expression, apoptosis rate, and promoted cell cycle arrest. Additionally, the com-
bined treatment of TNXB overexpression and X-ray irradiation resulted in upregulation and phosphorylation of Ataxia
Telangiectasia Mutated (ATM) and P53, leading to elevated cleaved-caspase3 and decreased pro-caspase3 levels.
si-ATM treatment reversed these effects. Conclusion: Our findings demonstrate that TNXB enhances radiosensitivity
in TE-1 and TE-10 cells by the ATM/P53 pathway.
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Introduction Tenascin-X (TNX), composed of TNXA and TNXB,
is a member (450 kDa) of the tenascin family of
extracellular matrix (ECM) glycoproteins. Its
deficiency is linked to various disorders affect-
ing collagen organization and matrix integrity,
particularly in joints, skin, and vessels [8, 9].
TNXB has been reported to be abnormally ex-
pressed in several cancers, including ovarian
carcinoma [10], medullary thyroid carcinoma
[11], and gastric cancer [12]. Additionally, ele-
vated TNXB level is associated with an in-
creased risk of breast cancer [13]. Nan et al.
reported that TNXB expression is low in ESCA,
and both knockdown and knockout of TNXB

Esophageal carcinoma (ESCA) remains one of
the most aggressive malignancies worldwide
with a poor prognosis and a 5-year overall sur-
vival (0S) rate of less than 20% [1, 2]. Radi-
otherapy has emerged as a mainstay curative
treatment for locally advanced ESCA [3, 4].
Approximately 38.7% of stage Il ESCA patients
and 20% of stage lll ESCA patients are highly
sensitive to radiotherapy, contributing to patho-
logic complete response [3, 5, 6]. However,
some patients do not benefit from radiotherapy
in terms of survival or quality of life, since their
ESCA is intrinsically resistant to radiation [7].

Therefore, identifying molecular targets and
pathways that mediate radiosensitivity is cru-
cial for the development of individualized treat-
ment for ESCA.

significantly accelerated cell growth in vitro
[14]. However, the role and mechanisms of
TNXB in the radiosensitivity of ESCA remain
poorly understood.
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In the present study, we used a plasmid-medi-
ated TNXB overexpression strategy to investi-
gate the effect and underlying mechanism of
combined irradiation and TNXB overexpression
on cell growth, apoptosis, and cell cycle arrest.
Our findings may provide valuable insight into
the development of individualized treatments
for ESCA.

Materials and methods
Tissue samples

All patients selected for this study were diag-
nosed with ESCA, and tumors were classified
according to the Union International Contre le
Cancer (UICC) Guidelines for esophagal cancer.
After obtaining the informed consent from all
participants, 60 esophageal cancer tissue sp-
ecimens and 34 non-cancerous adjacent tis-
sue specimens were collected. This study was
approved by the Ethics Committee of Weihai
Municipal Hospital (20230124).

Immunohistochemistry

Consecutive 4 um thick sections were cut and
examined by immunohistochemistry. Each sp-
ecimen was deparaffinized in xylene and dehy-
drated through gradient ethanol/water. Antigen
retrieval was performed by heating the slides
in 0.01 M citrate buffer (pH 6.0) in a microwave
oven for 10 minutes. The slides were blocked
with BSA solution for 20 minutes at room tem-
perature to prevent non-specific binding. Se-
ctions were incubated at 37°C for 60 minutes
with primary anti-TNXB antibodies (1:200 dilu-
tion), followed by rinsing with phosphate-buffer
saline (PBS) for 3 times. Sections were subse-
quently incubated with goat anti-rabbit IgG
antibody for 30 min and rinsed with PBS for 10
min. The signal was visualized by incubating
the slides in SABC kit (Beyotime, Shanghai,
China) for approximately 20 min at 37°C, then
stained with DAB color kit (Beyotime, Shang-
hai, China). Subsequently, the sections were
counterstained with hematoxylin and dehydrat-
ed using a graded series of alcohols. The fre-
quency of TNXB-positive cells was scored
according to the percentage of positive cells:
0% was deemed negative, 1-25% was (+/1),
26-50% was (++/2) and > 51% was (+++/3).
The intensity of TNXB expression was scored
based on the following standard: weak = 1,
moderate = 2, and strong = 3. The average
TNXB expression of each section = intensity x
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percent frequency. A score < 2 was considered
low expression, and a score > 2 was high
expression.

RT-gPCR

Total RNA was extracted from tissue samples
using the RNeasy Mini Kit (Qiagen, Valencia,
CA, USA), and cDNA was synthesized from 1 pg
of total RNA using the First Strand cDNA
Synthesis Kit (Invitrogen, Carlsbad, CA, USA)
according to the manufacturer’s instructions.
RT-PCR was carried out using the SYBR Green
PCR Core Reagents Kit (Thermo Fisher Sci-
entific, MA, USA). The 222¢t method was con-
ducted to determine the fold changes in gene
expression levels among specimens. Beta-
actin-specific PCR products served as an inter-
nal control. The primers were designed and
synthesized by GenePharma (Shanghai, China).
The primer sequences were: TNXB: 5-GTGGT-
CCAGTATGAGGACACG-3’; 5-CTGGTGGTCACGT-
CAGTCAC-3’; B-actin: 5-ATTGGCAATGAGCGGTT-
C-3’; 5-CGTGGATGCCACAGGACT-3".

Cell lines

Four ESCA cell lines (KYSE-510, OE33, TE-10
and TE-1) and normal esophageal epithelial
HEEC cells were purchased from TongPai Te-
chnology (Shanghai, China). All cell lines were
maintained in RPMI-1640 (Gibco, Thermo Fi-
sher Scientific, MA, USA) containing 10% fetal
bovine serum and 1% penicillin-streptomycin
(Gibco, Thermo Fisher Scientific, MA, USA) at
37°Cina 5% CO, incubator.

Cell transfection

The TNXB-overexpression vector (pcDNA3-FL-
AG TNXB), control vector pcDNA3, and ataxia-
telangiectasia mutated (ATM) knockdown plas-
mid were synthesized by GenePharma (Shang-
hai, China). ESCA cell lines were transiently
transfected with these vectors (2.5 mg/well
in 6-well plates) using Lipofectamine® 2000
(Thermo Fisher Scientific, MA, USA) according
to the manufacturer’s instructions. After 24 h,
the culture medium was replaced, and the cells
were used for subsequent experiments.

y-irradiation

The cells were divided into different groups and
irradiated with (O or 4 Gy) y-rays using Siemens
Primus accelerators. Following irradiation, cells
were collected for subsequent experiments.
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Western blotting

Cells were digested with trypsin, harvested af-
ter transfection or ray irradiation, and then
lysed in 0.5 mL RIPA lysis buffer (Beyotime,
Shanghai, China). The lysates were centrifuged
at 4°C, 12000 r/min for 5 min. The protein con-
centration was qualified with a BCA kit (Be-
yotime, Shanghai, China). Total proteins were
separated by 10% SDS-PAGE and electro-
transferred to a polyvinylidene fluoride mem-
brane (Roche, Germany). The membranes
were Dblocked with TBST containing 0.1%
Tween-20 and 5% non-fat dried milk for 1 h at
room temperature. The membranes were incu-
bated overnight at 4°C with polyclonal primary
antibody: anti-human TNXB (1:2000, Thermo
Fisher Scientific, MA, USA), Cleaved-Caspase 3
Rabbit mAb (1:1000, cat. no. 9664), Caspase-
3 Mouse mAb (1:1000, cat. no. 9668), B-actin
Rabbit mAb (1:1000, cat. no. 8457), ATM
Rabbit mAb (1:1000, cat. no. 2873), p-ATM
Rabbit mAb (1:1000, cat. no. 13050), p53
Rabbit mAb (1:1000, cat. no. 2527), p-p53
Rabbit mAb (1:1000, cat. no. 82530), and
YH2AX Rabbit mAb (1:1000, cat. no. 9718, all
Cell Signaling Technology, Shanghai, China).
The membranes were washed with TBST thri-
ce and incubated with HRP-conjugated goat
anti-mouse or goat anti-rabbit 1gG (1:1000,
cat. no. 7076 or 7074) for 1 h at room tempera-
ture. Immunoreactive signals were detected
using a chemiluminescence kit (Amersham
Biosciences).

Clonogenic assay

TE-1 and OE33 cells were irradiated with 4 Gy
after transfection, then harvested and seeded
into 6-well plates with serum-containing media.
The cells were allowed to grow for 10 days until
visible colonies appeared. The colonies were
then washed with PBS, fixed with 4% parafor-
maldehyde and stained with 0.1% crystal violet
for 15 minutes. Only colonies with more than
50 cells were counted to confirm cell prolifera-
tion activity.

Flow cytometry

Cell apoptosis was assessed using the FITC
Annexin V Apoptosis Detection Kit (Beyotime,
Shanghai, China) according to the manufactur-
er's instructions. After transfection combined
with 4 Gy radiation, cells were stained with 5 pL
of FITC Annexin V and 5 pL of PI for 20 minutes
in darkness at room temperature. For cell cycle
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analysis, cells were irradiated with 4 Gy after
transfection, then harvested and fixed with
70% chilled ethanol overnight. The cells were
labeled with PI (Beyotime) for 30 minutes in the
dark at 37°C. Apoptosis and cell cycle phases
were analyzed using a BD Accuri C6 flow cy-
tometer.

Statistical analysis

All data were expressed as mean + SD and
analyzed using SPSS 25.0 (IBM Corporation,
Chicago, IL, USA). The chi-square test was per-
formed to estimate the correlation between
TNXB expression and clinicopathologic charac-
teristics. A t-test was used for comparisons
between two groups, while comparisons am-
ong multiple groups were performed using
ANOVA followed by the Tukey test. A P-value <
0.05 was considered significant.

Results
Expression of TNXB in ESCA tissues

We first examined the expression of TNXB in
ESCA tissues (T) and corresponding nonneo-
plastic tissues (N) using the GEPIA database
(http://gepia.cancer-pku.cn). The results show-
ed that TNXB expression was dramatically do-
wnregulated in ESCA tissues compared to nor-
mal tissues (Figure 1A). Next, we evaluated the
expression of TNXB in ESCA tissues and adja-
cent normal tissues using RT-qPCR. The TNXB
mRNA level in ESCA tissues was lower than
that of the non-tumorous tissues (Figure 1B).
To confirm the low expression of TNXB in ESCA
tissues, Immunohistochemistry was performed
on ESCA tissue specimens with normal adja-
cent tissue as a positive control. TNXB was
primarily expressed in the cytoplasm of ESCA
cells. These results were consistent with the
RT-gPCR results (Figure 1C). Of the total 60
cases, 48 cases were classified as having low
TNXB expression, and 12 cases had non-low
expression. All adjacent tissues exhibited posi-
tive or high TNXB expression. The correlations
between TNXB expression levels and factors
such as ages, gender, tumor sizes, clinical
stage, and lymph nodes metastasis were ana-
lyzed (Table 1). Low TNXB expression was sig-
nificantly associated with larger tumor size (P =
0.0089) and higher TNM stage (P = 0.004).
However, no significant correlation was found
between TNXB expression and gender, age, T
status, or lymph node metastasis (P > 0.05).
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cells. The results showed that
TNXB overexpression marked-
ly increased cell apoptosis in
TE-1 and OE33 cells com-
pared to NC groups. Further-
more, in the combination of
Oe-TNXB and 4 Gy groups,
TE-1 and OE33 cells exhibited
a lower survival rate com-
pared to the 4 Gy-only group
(Figure 2C).

To explore the mechanisms
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Figure 1. TNXB was downregulated in ESCA. A. The expression of TNXB in
ESCA tissue (T) and corresponding nonneoplastic tissue (N) were examined
using the GEPIA database. B. The expression of TNXB in ESCA tissues and
adjacent normal tissues was detected using RT-qPCR. C. Expression of TNXB
in ESCA tissues and adjacent normal tissues observed using immunohisto-
chemistry. **P < 0.01. TNXB: Tenascin XB; ESCA: esophageal carcinoma;
RT-qPCR: real-time quantitative polymerase chain reaction; GEPIA: Gene Ex-

pression Profiling Interactive Analysis.

TNXB overexpression enhanced the radiosen-
sitivity of ESCA cell lines

To investigate the biological function of TNXB
in radiotherapy sensitivity, we detected its
expression in four ESCA cell lines and select-
ed those with low TNXB expression for subse-
quent loss-of-function experiments. Compar-
ed to HEEC cells, TNXB expression was notably
low in four ESCA cell lines (KYSE-510, OE33,
TE-10, and TE-1), with TE-1 and OE33 cell lines
showing the most significant decrease (Figure
2A). We then used a pcDNA3 vector-mediated
system to induce TNXB overexpression in TE-1
and OE33 cell lines (TE-1-Oe-TNXB 1# and TE-
1-0e-TNXB 2#) or (OE33-Oe-TNXB 1# and
OE33-0e-TNXB 2#). Cells transfected with Oe-
TNXB 1# exhibited the highest TNXB expres-
sion (Figure 2B), and these cells were desig-
nated as OeTNXB cells for further experiments.
Colony formation assays were applied to inves-
tigate the correlation between TNXB expres-
sion and radiosensitivity in TE-1 and OE33
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non-tumor

non-tumor (N=34)

underlying TNXB-induced ra-
diosensitivity, we assessed
the expression of phosphory-
lated histone H2AX (y-H2AX),
a marker of DNA damage,
through western blotting. Af-
ter irradiation, the expression
of y-H2AX was significantly
higher in TE-1-Oe-TNXB and
OE33-0e-TNXB cells than in
the irradiation alone group
(Figure 2D). Since apoptosis
is a pivotal cellular response
to radiotherapy, we further
confirmed the apoptosis rat-
es by flow cytometry. TNXB
overexpression markedly en-
hanced cell apoptosis in TE-1
and OE33 cells compared to
NC groups, indicating that
TNXB overexpression enhanced radiation-
induced apoptosis. The apoptosis rates in the
Oe-TNXB combined with 4 Gy group were sig-
nificantly higher than in the 4 Gy group (Figure
3A). Subsequently, cell cycle results showed
that TNXB overexpression led to an increase in
the G2/M cell population in TE-1 and OE33
cells. The G2/M proportion in the Oe-TNXB
combined with 4 Gy group was significantly
higher than that of the 4 Gy-alone group
(Figure 3B). These findings suggest that TNXB
overexpression enhances radiotherapy-induc-
ed DNA damage, apoptosis, and G2/M arrest.

TNXB enhanced the radiosensitivity through
the ATM/P53 pathway

To investigate the mechanism through which
TNXB influences radiosensitivity, we performed
western blot analysis to evaluate the key ele-
ments of the DNA damage response network,
including ATM, p53, their phosphorylated for-
ms, and downstream apoptotic proteins (Figure

Am J Transl Res 2025;17(11):8896-8906
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Table 1. Correlations of TNXB expression with clinicopathologic characteristics in ESCA patients

Data Case - TNXB - P value
Low expression (n = 35) Overexpression (n = 25)

Age (years) 0.822
>50 37 22 15
<50 23 13 10

Gender 0.930
Female 34 20 14
Male 26 15 11

Tumor size (cm) 0.008
>3 24 9 15
<3 36 26 10

T status 0.066
T1-2 23 10 13
13-4 37 25 12

Lymph node status 0.564
NO 19 9 11
N1-2 31 16 14

TNM stage 0.004
[+ 21 7 14
I+ 1v 39 28 11

4A). The results showed that TNXB overex-
pression markedly increased the expression of
ATM, P53, p-ATM and p-P53 in TE-1 and OE33
cells compared to NC groups. In TE-1 cells, the
combination of Oe-TNXB and 4 Gy treatment
resulted in higher levels of ATM, P53, p-ATM
and p-P53 compared to the 4 Gy-only group.
Moreover, irradiation increased the expression
of cleaved-caspase-3, while the expression of
procaspase-3 was reduced in TE-1 cells. TNXB
overexpression also decreased the expres-
sion of pro-caspase-3 and enhanced the
expression of cleaved-caspase-3, further con-
firming that TNXB regulates radiosensitivity by
the ATM/p53 pathway and its downstream
apoptotic proteins in ESCA cells.

To further verify this conjecture, we construct-
ed ATM knockdown cell lines using the si-ATM
vectors (#1 and #2). si-ATM vector transfection
resulted in decreased ATM expression in TE-1
and OE33 cells, with vector #1 showing the
most significant reduction, which was select-
ed for subsequent experiments (Figure 4B).
Colony formation assays revealed that si-ATM
significantly attenuated the TNXB overexpres-
sion-induced decrease in cell proliferation in
TE-1 and OE33 cells compared to the 4 Gy +
Oe-TNXB group (Figure 4C). Western blot assay
showed that the si-ATM significantly reduced
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the TNXB overexpression induced - increase in
y-H2AX expression in both groups (Figure 4D).
Flow cytometry assay revealed that si-ATM
reversed the TNXB overexpression-induced
apoptosis (Figure 5A) and G2/M arrest (Figure
5B) in TE-1 and OE33 cells compared to the
Oe-TNXB combined with 4 Gy group. Addition-
ally, si-ATM significantly inhibited the TNXB
overexpression-induced increase in P53, p-
P53, and cleaved-caspase-3, and the decrea-
se in pro-caspase-3 levels in TE-1 and OE33
cells compared to the 4 Gy + Oe-TNXB group
(Figure 5C). These findings suggest that TNXB
enhances radiotherapy-induced DNA damage,
apoptosis, and G2/M arrest by activating the
ATM/p53 pathway.

Discussion

Due to the inherent insensitivity of ESCA to
radiotherapy, patients often experience local
recurrence and poor survival rates [15]. There-
fore, identifying new molecular targets and
pathways that mediate radiosensitivity is cru-
cial for the individualized treatment of ESCA.

TNXB plays a key role in maintaining collagen
organization and matrix integrity [14], and its
expression is gradually reduced during the tu-
morigenesis of gastric cancer [12], yet restored
in malignant mesotheliomas [16]. While the
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Figure 2. TNXB overexpression enhanced radiotherapy-induced DNA damage in ESCA cell lines. A. Expression of
TNXB in HEEC and four ESCA cell lines (KYSE-510, OE33, TE-10, and TE-1). B. Transfection efficiency of Oe-TNXB 1#
and Oe-TNXB 2# in TE-1 and OE33 cell lines. C. Effects of TNXB overexpression, 4 Gy radiation and their combina-
tion on colony formation of TE-1 and OE33 cells. D. Expression of y-H2AX in TE-1-Oe-TNXB and OE33-0Oe-TNXB cells
using western blot assay. *P < 0.05, **P < 0.01; #P < 0.05, ##P < 0.01.

aberrant expression of TNXB has been impli-
cated in the prognosis of various cancers, its
role in ESCA remains unclear. In the current
study, we discovered that TNXB expression was
strikingly downregulated in ESCA tissues com-
pared to adjacent noncancerous tissues. Mo-
reover, stage IlI-IV ESCA patients often exhibit-
ed notably lower TNXB expression. These find-
ings align with previous research by Nan et al.
[14].
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While TNXB expression has been associated
with poor prognosis, its effect on radiosensitiv-
ity has remained unclear [17, 18]. Our in vitro
phenotypic experiments confirmed that TNXB
influences radiosensitivity: irradiation resulted
in a lower colony formation rate, increased
YH2AX expression, enhanced apoptosis, and
greater cell cycle arrest [19-21]. Moreover, TN-
XB overexpression was linked to increased ex-
pression and phosphorylation of ATM and p53.
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Figure 3. TNXB overexpression enhanced radiotherapy-induced apoptosis and G2/M arrest in ESCA cell lines. A. Effects of TNXB overexpression, 4 Gy radiation, and
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on cell cycle distribution in TE-1 and OE33 cells detected using flow cytometry. **P < 0.01; ##P < 0.01.
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assessed using western blot assay. B. Transfection efficiency of si-ATM. C. Effects of ATM knockdown on colony
formation of TE-1 and OE33 cells with TNXB overexpression following radiation. D. Expression of y-H2AX in TE-1 and
OE33 cells after ATM knockdown using western blot assay. *P < 0.05, **P < 0.01; #P < 0.05, ##P < 0.01; &&P <
0.01. ATM: Ataxia telangiectasia mutated.

Taken together, these results highlight TNXB as
a critical mediator in both the prognosis and
radiosensitivity of ESCA patients.

ATM is a 350 kD protein that plays a central
role in coordinating the cellular response to
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DNA double-strand breaks, initiating a signal-
ing cascade that leads to DNA repair, cell cycle
checkpoints, or cell survival [22-24]. For exam-
ple, ATM facilitates the G1/S cell cycle arrest
by phosphorylating p53 at Serl5 [25]. The acti-
vation of ATM can also trigger senescence or
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Figure 5. TNXB overexpression enhanced radiotherapy-induced apoptosis and G2/M arrest by the ATM/P53 path-
way. A. Apoptosis rate in TE-1 and OE33 cells after ATM knockdown detected using flow cytometry. B. Cell cycle
in TE-1 and OE33 cells after ATM knockdown detected using flow cytometry. C. Expression of p53 and apoptosis-
related proteins in TE-1 and OE33 cells after ATM knockdown examined using western blot assay. **P < 0.01; &P
<0.05, &&P < 0.01.

apoptosis through phosphorylating p53, along vation in mammalian cells [26, 27]. The upreg-
with other targets involved in checkpoint acti- ulation of ATM/ATR pathway proteins has been
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shown to significantly inhibit the malignant
growth of esophageal cancer cells [28]. Our
work showed that depletion of ATM compro-
mised the DNA damage response, cell cycle
arrest, apoptosis and p53 phosphorylation
induced by TNXB overexpression combined
with irradiation in vitro.

Conclusion

TNXB functions by the ATM/p53 axis to induce
tumor apoptosis and regulate the progression
of ESCA after radiotherapy. These results sug-
gest that targeting this pathway may be a
promising therapeutic strategy for ESCA
treatment.
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