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Abstract 

Background  Photon radiation has been shown to stimulate the secretion of radioresistant factors from tumor cells, 
ultimately promoting tumor angiogenesis and metastasis. On the other hand, heavy-ion radiotherapy has been dem-
onstrated to control tumor angiogenesis and metastasis levels. The molecular mechanisms responsible for the dif-
ferent angiogenic responses to photon and heavy-ion irradiation are not fully understood. This study aims to explore 
the irradiation-responsive genes related to tumor angiogenesis and reveal the regulatory effect.

Methods  In order to clarify the potential regulatory mechanisms of tumor angiogenesis after X-ray or carbon ion 
(C-ion) irradiation, we performed RNA-sequencing (RNA-seq), as well as bioinformatics, public database analysis, West-
ern blotting, immunohistochemistry, and immunofluorescence.

Results  In this study, we identified the long intergenic noncoding RNA PRDM10 divergent transcript (PRDM10-
DT), which was responsive to X-rays but not carbon ions. Mechanistically, PRDM10-DT triggers tumor angiogenesis 
by upregulating the TGF-β1/VEGF signaling pathway through its competitive binding to miR-663a. Addition-
ally, the transcription factor SP1 facilitated the transcription of PRDM10-DT by binding to its promoter region. It’s 
notable that the DNA-binding activity of SP1 was enhanced by reactive oxygen species (ROS). The knockdown 
of either PRDM10-DT or SP1 effectively inhibited NSCLC angiogenesis and metastasis.

Conclusion  These results illustrate the proangiogenic function of the PRDM10-DT/miR-663a/TGF-β1 axis and reveal 
the regulatory role of ROS and SP1 in the upstream response to radiation, with differential ROS production mediating 
the differential angiogenesis levels after X-ray and C-ion irradiation. Our findings suggest the potential of PRDM10-DT 
as a nucleic acid biomarker after radiotherapy and that targeting this gene could be a therapeutic strategy to counter-
act angiogenesis in NSCLC radiotherapy.
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Introduction
According to the most recent worldwide cancer data 
issued in 2024, the global burden of lung cancer in terms 
of incidence and mortality rates is increasing rapidly 
[1]. As one of the primary methods for treating tumors, 
radiotherapy plays a crucial role in lung cancer therapy, 
and this need is steadily increasing [2–4]. However, the 
surrounding normal tissue damage can’t be avoided when 
radiation kills tumor cells, causing side effects such as 
inflammation, fibrosis, and secondary tumor incidence 
[5, 6]. In addition, photon radiotherapy may promote 
angiogenesis and metastasis by altering the tumor micro-
environment [7, 8]. Hypoxia and inflammation caused 
by radiation may activate pro-angiogenic factors such as 
VEGF to enhance the invasive ability of tumor cells and 
promote metastasis [9–11], which severely affect patient 
survival and have become key obstacles to improving the 
efficacy of photon therapy [12].

The prevalence of proton and heavy ion radiotherapy 
has significantly increased both the tumor control rate 
and patient survival rate [13, 14]. Proton and heavy ion 
radiotherapy have been reported to demonstrate sig-
nificantly improved efficacy and lower tumor recur-
rence or metastasis rates than photon radiotherapy in the 
treatment of various stages of NSCLC [13, 15]. Kamlah 
et  al. reported that 6  Gy X-ray irradiation significantly 
increased blood vessel density, whereas carbon ion (2 Gy) 
irradiation had no promoting effects, indicating the ther-
apeutic advantage of carbon ions over X-rays [16]. Fur-
thermore, some studies have reported that carbon ions 
induce the downregulation of motility-associated genes 
[17]. This implies that carbon ion radiotherapy offers an 
advantage in reducing tumor angiogenesis and metasta-
sis. Therefore, exploring the underlying mechanisms of 
radiation-induced angiogenesis and metastasis may pro-
vide therapeutic targets for antiangiogenic therapy.

An increasing amount of evidence suggests that long 
noncoding RNAs (lncRNAs) play a role in the epigenetic 
modulation of multiple biological processes, such as 
metabolism, immunity, cancer, cardiovascular illnesses, 
and abnormalities of the nervous system [18, 19]. Nev-
ertheless, little information has been published about the 
roles that lncRNAs play in controlling the different cellu-
lar responses to different kinds of radiation.

Under conditions of oxidative stress, reactive oxygen 
species (ROS) are essential for controlling transcription 
because they activate a variety of transcription factors 
[20]. Extensive research has shown that ROS also par-
ticipates in tumor angiogenesis, cancer cell survival, and 
invasion [20]. Additionally, X-rays have been reported to 
induce more oxidation reactions and produce more ROS 
than C-ions do [21, 22].

Existing antiangiogenic therapies, although effective in 
inhibiting the tumor vascular system, often face signifi-
cant limitations such as transient efficacy, development 
of drug resistance, bleeding risk, and adverse effects on 
normal vascular function [23–25]. Under the hypoxic 
conditions induced by these therapies, tumors often 
adapt to become more invasive by utilizing alternative 
pro-angiogenic pathways. Therefore, there is an urgent 
need to find new targets and therapeutic approaches. In 
this work, we sought to elucidate the molecular mecha-
nism underlying radiation-induced tumor angiogenesis 
and metastasis. In NSCLC cell lines, we discovered that 
PRDM10-DT was substantially expressed in an SP1-
dependent manner after X-ray irradiation and that it 
was positively linked with the capacity of tumor cells to 
promote angiogenesis, migration, and invasion. Mecha-
nistically, we verified that PRDM10-DT can directly bind 
to miR-663a, hence disrupting the ability of miR-663a 
to inhibit TGF-β1 expression. Collectively, these find-
ings illustrate the critical function of the SP1/PRDM10-
DT/TGF-β1 axis in radiation-induced angiogenesis and 
metastasis. PRDM10-DT could be used as a target for 
antiangiogenic therapy in conventional photon radiation 
and as a potential diagnostic marker for NSCLC.

Materials and methods
Cell culture
The cell lines used for the research were obtained from 
the American Type Culture Collection (Rockville, MD, 
USA). DMEM and RPMI-1640 medium (Gibco, Grand 
Island, NY, USA) containing 100 μg/mL streptomycin, 1% 
penicillin sodium, and 10% fetal bovine serum (FBS) were 
used for cell cultivation. The cells were cultured at 37 °C 
in an incubator with 5% CO2.

Cell irradiation
The cells were seeded in a T25 flask (1 × 106), and the 
flasks were slightly shaken to separate the cells. The 
Heavy Ion Medical Accelerator in Chiba (HIMAC) at the 
National Institute of Radiological Science (NIRS, Japan) 
produced the carbon ion beam, while the X-ray beam was 
from an RS2000 X-ray Biological Irradiator (Rad Source 
Technologies, GA, USA). After 24 h, the total RNA, pro-
tein, and conditioned medium of the irradiated cells were 
harvested for the following experiments.

RNA sequencing and ceRNA network construction
The RNA samples from the cells were harvested 24 h 
after radiation and immediately frozen at −80 °C. The 
RNA samples were subsequently subjected to RNA 
sequencing by Gene Denovo Biotechnology Co., Ltd 
(Guangzhou, China). In the data analysis program, the 



Page 3 of 17Huang et al. Journal of Translational Medicine          (2025) 23:235 	

FPKMs of the genes were used for filtration. Genes 
with an FPKM greater than or equal to 1.0 (p < 0.05) 
were selected, and the DEGs were chosen by DEseq2 
with R studio software. The DEGs with a fold change 
greater than 2.0 (p < 0.05) were selected for the follow-
ing analysis. The heatmap, volcano plot, and KEGG 
pathway enrichment analysis were performed with R 
packages (ggplot2, limma, pheatmapD).

To find lncRNAs that can be a prognosis biomarker 
after radiotherapy, we set the filter criteria that lncR-
NAs with HR (Hazard ratio) over 1.0 and a p value 
less than 0.05 related to the unirradiated group can 
be considered for further analysis. The HR informa-
tion of lncRNAs was acquired from the lnCAR data-
base. Based on these criteria, we selected the lncRNA 
PRDM10-DT with HR = 2.387 and p = 0.042 for further 
analysis. The Hazard ratios of lncRNAs can be found 
in Additional file 1 Table S1.

Then we predicted the miRNAs that could bind to 
PRDM10-DT and TGF-β1 via the ENCORI database 
and calculated the minimal free energy between the 
candidate miRNAs and PRDM10-DT or TGF-β1 via 
the RNAhybrid online tool. The ceRNA network was 
constructed via the Cytoscape program.

Gene set enrichment analysis (GSEA)
First, we calculated Spearman correlations between 
PRDM10-DT and each protein-coding mRNA in our 
RNA-seq results via the function cor.test in R. Sub-
sequently, we used GSEA to rank the mRNAs on the 
basis of their correlation coefficients. We discovered 
that the TGF-β signaling pathway simultaneously sur-
faced in the KEGG and HALLMARKER gene sets and 
that only 15.7% of the genes in the two overlapped. 
The robustness of our analysis was ensured by inte-
grating the above two pathways into the TGF-β signal-
ing pathway, which includes 121 genes.

Cell transfection and lentiviral transduction
The lentivirus overexpressing PRDM10-DT and the 
matched negative control lentivirus were provided by 
Shanghai Genechem Co., Ltd. RiboBio (Guangzhou, 
China) designed and produced all the shRNAs, miRNA 
mimics, and inhibitors of miRNA, as well as their cor-
responding negative controls. Lung cancer cells were 
cultured in these lentivirus-containing media for 72 h 
and selected with 2  μg/mL puromycin (Invitrogen). 
The sequences of the shRNAs and siRNAs used are 
listed in the Additional file 1 Table S3.

Western blotting
Beyotime (Shanghai, China) provided RIPA lysis buffer 
for the collection of cell lysates. The proteins were 
separated via SDS‒PAGE and transferred to PVDF 
membranes via traditional methods. After incubation 
with primary and HRP-conjugated secondary antibod-
ies, the chemiluminescence signal of the target protein 
was measured. In this study, antibodies against the fol-
lowing proteins were used: TGF-β1 (CST-3711, Bev-
erly, MA, USA), SP1 (Ab231778), VEGF (19003-1-AP, 
Proteintech, Chicago, IL, USA), and GAPDH (CST-
5174, Beverly, MA, USA). The secondary antibodies, 
including anti-mouse IgG (A0216) and anti-rabbit IgG 
(A0208), were purchased from Beyotime.

RNA reverse transcription and RT‒qPCR
After total RNA extraction, the PrimeScript RT Rea-
gent Kit (Kusatsu, Shiga, Japan) was used for lncRNA 
and mRNA reverse transcription. RiboBio (Guang-
zhou, China) supplied primers for miR-663a and U6 
RT‒qPCR. GAPDH and U6 were selected as the inter-
nal controls, and all the data were analyzed via the rela-
tive quantification (2−ΔΔCT) method. Additional file  1 
Table S3 lists the primer sets used.

Tube formation assays
A549 and H1299 cells were preseeded in 60 mm dishes. 
When the cell density reached 60–70%, C-ion or X-ray 
irradiation was administered. The conditioned medium 
taken from the irradiated cells was used for the tube 
formation assay, and PeproTech (Rocky Hill, NJ, USA) 
provided the recombinant human TGF-β1 protein for 
cell treatment. Precooled Matrigel (Corning, New York, 
NY, USA) was plated in 96-well plates at 50 μL/well 
and incubated at 37 °C to solidify for 30 min. Then, the 
human umbilical vein endothelial cells (HUVECs) were 
digested and collected by centrifugation (1000  rpm, 
5 min), resuspended in the above collected conditional 
media, and seeded in 96-well plates at 2 × 104/well. 
Images of the HUVEC tubes were taken with a Leica 
inverted phase-contrast microscope (Leica, Wetzlar, 
Germany) at different time points and analyzed with 
the Angiogenesis Analyzer plugin for ImageJ.

Wound healing assays
Cells were seeded in six-well plates and cultivated to 90% 
confluence. Next, we created wounds with monolayer 
cells via a 200 μL pipette tip. Wound images captured 



Page 4 of 17Huang et al. Journal of Translational Medicine          (2025) 23:235 

by a microscope were analyzed via ImageJ software. The 
ratio of the decreased wound area at 24 h to 0 h in each 
group was calculated to indicate the cell migration ability.

Transwell assays
To test the invasive ability of the cells, 24-well plates con-
taining transwell chambers (NEST, China) were used. 
First, 60 μL of Matrigel (Corning, USA) was added to the 
upper chamber, and the plates were subsequently incu-
bated in a 37  °C incubator to solidify for 30  min. The 
lower chamber was then immersed in FBS-containing 
media, and the top chamber was filled with 5 × 104 cells 
suspended in 200 μL of culture medium (without FBS). 
After 36  h of incubation, we carefully removed the 
remaining cells in the upper chamber. The invasive cells 
were then fixed in the lower chamber with 75% etha-
nol for 15  min, followed by 0.1% crystal violet staining. 
Finally, an inverted phase contrast microscope was used 
to obtain images of five random fields of view for subse-
quent invasive cell counting.

Dual‑luciferase reporter assay
The ENCORI online database predicted the potential 
binding sites of miR-663a with PRDM10-DT and the 
TGF-β1 3′UTR. The pmiR-RB-reporter dual-luciferase 
vectors containing wild-type and mutant sequences of 
target genes were obtained from RiboBio (Guangzhou, 
China). These vectors were named PRDM10-DT-WT, 
PRDM10-DT-Mut, TGF-β1-WT, and TGF-β1-Mut, 
respectively, and were cotransfected with miR-663a mim-
ics or miR-NC into cells together. We used the Dual-
Luciferase Reporter Gene Assay Kit (Beyotime, Shanghai, 
China) to measure the luciferase activity of the trans-
fected cells according to the manufacturer’s instructions.

RNA fluorescence in situ hybridization (FISH)
Following the manufacturer’s instructions, a FISH assay 
was performed to determine the subcellular localization 
of PRDM10-DT in lung cancer cells. The Cy3-labeled 
PRDM10-DT probes and Fluorescent In Situ Hybridiza-
tion Kit were provided by RiboBio (Guangzhou, China). 
Photographs of the cells were then captured via an Olym-
pus laser scanning confocal microscope.

RNA immunoprecipitation (RIP)
RiboBio (Guangzhou, China) synthesized the biotin-
labeled PRDM10-DT probe, miR-663a mimics, and 
miR-NC. First, we transfected cells with either miR-
NC or miR-663a mimics. Next, we fixed the cells 
for 10  min with 1% formaldehyde and lysed them 
with radioimmunoprecipitation assay (RIPA) buffer 

(Beyotime, Shanghai, China). Then, the lysate was son-
icated and centrifuged to obtain the supernatant, and 
50 μL of the supernatant was removed as input. Next, 
we added PRDM10-DT-specific probe-streptavidin 
Dynabeads (M-280, Invitrogen) to the remaining part 
of the supernatant and incubated the mixture at 30 °C 
for more than 12  h. After that, 200 μL of lysis buffer 
containing proteinase K was added to the washed 
lncRNA-probe-dynabead mixture. Eventually, the 
RNA in the mixture was isolated by using Invitrogen 
TRIzol reagent (CA, USA), and RT‒qPCR analysis was 
performed.

Enzyme‑linked immunosorbent assay (ELISA)
The TGF-β1 and VEGF protein contents of the serum 
samples or cell supernatants were quantified via the 
Human/Mouse/Rat TGF-β1 ELISA Kit (Multi Sciences, 
Hangzhou, China), Mouse VEGF ELISA Kit (Multi Sci-
ences, Hangzhou, China), and Human VEGF ELISA Kit 
(Multi Sciences, Hangzhou) according to the manufac-
turer’s instructions. The use of human serum samples 
from 8 non-small cell lung cancer patients who had 
received radiotherapy. Four patients received C-ion radi-
otherapy (67.5 ± 5.0 Gy, 20 ± 0.0 Fractions), and the other 
four received X-ray radiotherapy (67.5 ± 3.0 Gy, 33.8 ± 1.5 
Fractions). Patients’ demographic and clinical character-
istics can be found in Additional file 1 Table S2.

Nude mouse tumorigenesis and treatment
Shanghai SLAC Laboratory Animal Co., Ltd., provided 
6–8-week-old male BALB/c nude mice for the animal 
experiments. Animal rooms with a specific pathogen-
free (SPF) environment were used to raise these mice. 
The protocols for the animal experiments were examined 
and approved by the Institutional Animal Care and Use 
Committee of Soochow University. For the mouse subcu-
taneous tumor model, the right flank of each mouse was 
injected with 5 × 106 A549 cells that were suspended in 
100 μL of PBS. When the tumor volume reached approxi-
mately 100 mm3, the mice were given 5 Gy X-rays to tar-
get the tumor, and lead sheets were used to protect the 
remaining parts of their bodies. All of the mice were 
divided into five groups: si-NC, IR, IR + si-NC, IR + si-
PRDM10-DT, and IR + si-SP1. On the fifth day after irra-
diation, each mouse was intratumorally injected with 
si-NC (0.625 nmol, 25 μL), si-PRDM10-DT (0.625 nmol, 
25 μL), or si-SP1 (0.625  nmol, 25 μL) according to the 
grouping situation. Moreover, beginning on the 20th day, 
the mice were given intratumoral injections once every 
5  days until all eight rounds of injections were finished 
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on the 55th day. Every 5 days, the body weight and tumor 
volume of each mouse were recorded. All of the animals 
were sacrificed on day 56 to harvest their tumors and 
serum. The sequences of the siRNAs used in the ani-
mal experiments can be found in the Additional file  1 
Table S3.

Lentivirus containing either sh-PRDM10-DT or sh-NC 
sequences was used to transduct A549 cells. Following 
puromycin selection (2 μg/mL), stable cells (5 × 106 cells 
per mouse) were injected into nude mice through tail 
vein injection. Metastatic progression was monitored 
2 weeks post-injection by measuring luciferase intensity 
using an IVIS imaging system.

Hematoxylin & eosin (H&E) staining 
and immunohistochemistry (IHC)
The tissues were preserved with formalin and embed-
ded in paraffin, after which the embedded tissues were 
processed into sections. Hematoxylin and eosin (HE) 
staining was performed with a hematoxylin–eosin (HE) 
staining kit (Solarbio, Beijing, China). Using a standard 
methodology, immunohistochemical (IHC) staining was 
applied to the subcutaneous tumor slices. The primary 
antibodies used were CD31 (CST-77699), VEGF (Protein-
tech, 19003–1-AP), TGF-β1 (CST-3711), SP1 (Abcam, 
ab231778), and Ki-67 (CST, 9449). The sections were 
incubated with secondary antibodies (PV-6001, PV-6002, 
ZSGB-BIO, Beijing, China) at 37  °C for 30  min. Finally, 
DAB color rendering, dehydration, and neutral balsam 
sealing were performed, and the slides were scanned with 
the DMS-10 Digital Pathological Section Scanner System 
(Dmetrix, Suzhou, China) to acquire high-quality images. 
The positive rate of the target protein in the tissues was 
analyzed via the ImageJ plugin IHC-profiler.

Statistical analysis
The group differences in the Kaplan‒Meier survival 
curves were determined via the log-rank test. Student’s 
t test was used to examine the differences between the 
experimental and control groups. Each experiment was 
run at least three times, and the data are shown as the 
mean ± standard deviation (SD). For the statistical analy-
ses, two-tailed p values were used, and a p value of less 
than 0.05 was considered statistically significant.

The effect size calculation was based on Cohen’s d for-
mulae: Cohen’s d = (x1 − x2)/pooled SD. The statistical 
power analyses were performed with R-studio software 
and the “pwr” R package according to Cohen’s d, sample 
size, and sig. level of each group. The results of Cohen’s 
d and statistical power can be found in Additional file 1 
Table S6.

Results
X‑rays stimulate the upregulation of PRDM10‑DT in NSCLC 
cells and lung metastases in vivo
First, A549 cells expressing luciferase were irradiated 
with X-ray (2  Gy) or C-ion (2  Gy) and subsequently 
injected into nude mice through the tail vein. After 
3 weeks, the luciferase activity of the cancer nodules was 
tested via the IVIS system. In vivo experiments revealed 
that A549 cells in the X-ray-treated group formed more 
metastases than those in the C-ion group did (Fig.  1A, 
B). The HE staining results also suggested greater nod-
ule formation in the X-ray group than in the C-ion group 
(Fig.  1C). Additionally, although the difference was not 
statistically significant, we observed an increasing trend 
in the number of metastatic sites in the X-ray group rela-
tive to the control group.

To screen for genes that might react to X-ray or C-ion 
irradiation in lung cancer cells, A549 cells were irradi-
ated by X-ray or C-ion in vitro, and followed with RNA-
seq. The differentially expressed genes were then filtered 
and analyzed via R language. For upregulated lncRNAs 
responsive to X-rays, we conducted hazard ratio (HR) 
evaluation via the online database lnCAR (https://​lncar.​
renlab.​org). Among the 46 lncRNAs upregulated by 
X-rays (Fig.  1D, E), PRDM10-DT was the only lncRNA 
with an HR > 1.0 and p < 0.05 (Table  S1). However, 
PRDM10-DT is not involved in the differential expres-
sion of lncRNAs responsive to C-ion irradiation (Fig. 1D, 
E). Based on TCGA data analysis, there was a consider-
able increase in PRDM10-DT expression in lung tumor 
tissues compared with matched normal peritumoral tis-
sues (Fig. 1F). Moreover, there was a negative correlation 
between PRDM10-DT expression and the overall survival 
(OS) rate of patients with lung cancer, suggesting that 
PRDM10-DT may function as an oncogene (Fig. 1G).

Differential expression of PRDM10-DT after X-ray and 
carbon ion irradiation reflects the complexity of tumor 
cell response mechanism to different types of radia-
tion. X-rays induce cell damage through indirect effects 
such as free radical generation, which may activate 
DNA damage repair pathways and a series of radiation-
responsive gene expressions. Thus, indirect upregulation 
of PRDM10-DT is a kind of resistant reaction of tumor 
cells under radiation. In other words, X-rays caused more 
sub-lethal injury than C-ion, thus the tumor cells have 
more chance to activate damage repair reactions to sur-
vive, thereby reducing the killing effect of radiotherapy. 
In contrast, C-ion irradiation usually causes lethal injury 
and triggers apoptosis and necrosis pathways directly 
without activating the protective regulation of onco-
genes, which was manifested as the low responsiveness of 
PRDM10-DT expression.

https://lncar.renlab.org
https://lncar.renlab.org
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The KEGG pathway enrichment analysis results for 
radiation-responsive mRNAs indicated that the TGF-β1 
signaling pathway was significantly upregulated in X-ray-
irradiated cells, but not in C-ion-irradiated cells (Addi-
tional file  1 Fig.  S1E, F). Furthermore, we performed 
GSEA for the differentially expressed mRNAs that were 
likely influenced by PRDM10-DT post-radiation. The 
results show that PRDM10-DT-influenced mRNAs in 
X-ray group obviously enriched in TGF-β signaling 
pathway (NES = 1.45, p = 0.0166) but not in C-ion group 
(NES = −0.724, p = 0.9374) (Fig.  1H). These data suggest 
that PRDM10-DT may be related to the activation of the 
TGF-β pathway and NSCLC metastasis during X-ray 
irradiation, which differs from in C-ion irradiation.

X‑rays cause greater release of proangiogenic factors 
than C‑ions do in NSCLC cells
Angiogenesis is required for tumor growth and dis-
semination. Many studies have reported that X-ray irra-
diation promotes tumor angiogenesis and metastasis, in 
addition to its ability to kill tumor cells [26]. However, 
patients who receive carbon ion radiotherapy reportedly 
have relatively lower levels of angiogenesis and metasta-
sis than those who receive X-rays [27, 28]. In this study, 
the IHC staining and quantification data revealed that 
X-ray exposure led to significant upregulation of VEGF, 
TGF-β1, and CD31 proteins, whereas the C-ion group 
presented significantly lower level of these three proteins 
compared to X-ray group (p < 0.01) (Fig.  2A, D). These 
data confirm that lung cancer cells irradiated with X-rays 
exhibit greater proangiogenic factor expression than do 
cells irradiated with C-ions in vivo.

Subsequently, we collected conditioned media (CMs) 
from A549 cells that had been exposed to either C-ion 
or X-ray radiation. These CMs were then incubated with 
HUVECs, after which a tube formation assay was per-
formed to assess their proangiogenic ability. The results 
suggest that CM from X-ray-irradiated cells induced 
greater HUVEC tubulogenesis degree than CM from 
C-ion-irradiated cells (Fig.  2E, F). Consistently, X-rays 
irradiation induced greater PRDM10-DT, TGF-β1, and 
VEGF expression than C-ions did in A549 cells (Fig. 2G, 
H). Furthermore, we evaluated the serum levels of TGF-
β1 and VEGF in patients undergoing radiotherapy. 
Compared with those who received C-ion radiotherapy, 
patients who underwent X-ray radiotherapy presented 
elevated serum levels of TGF-β1 and VEGF (p < 0.05) 
(Fig.  2I; Table  S2). In addition, through analysis of sur-
vival data from an online database (OncoLnc), we 
found that patients with higher TGF-β1 and VEGF lev-
els had poorer prognoses (p < 0.05) (Fig.  2J). The above 
data suggest that X-rays can induce greater levels of 

angiogenesis and can enhance PRDM10-DT, TGF-β1, 
and VEGF expressions than C-ions.

PRDM10‑DT enhances angiogenesis and metastasis 
in NSCLC cells
To verify the proangiogenic and prometastatic abilities 
of PRDM10-DT in vitro, we constructed a PRDM10-DT-
overexpressing lentivirus (LV-PRDM10-DT) and a nega-
tive control lentiviral vector (LV-NC). A549 and H1299 
cells were operated with lentiviral transduction to estab-
lish the PRDM10-DT overexpression cell lines (Fig. 3A). 
The HUVEC tube formation assay results revealed that 
the upregulation of PRDM10-DT significantly enhanced 
the proangiogenic ability of conditioned media from 
A549 (A549-CM) and H1299 (H1299-CM) cell lines 
(p < 0.05) (Fig.  3B, C). Since angiogenesis is linked to 
tumor metastasis [29–31], we investigated whether 
PRDM10-DT affects the capacity for cell metastasis. The 
results revealed that the migration rate (Fig.  3D, E) and 
the number of invasive cells (Fig.  3F, G) were markedly 
increased in the LV-PRDM10-DT group (p < 0.01).

Next, we constructed shRNAs targeting PRDM10-
DT (shPRDM10-DT#1 and shPRDM10-DT#2) and 
transfected them into A549 and H1299 cells (Fig.  3H). 
Twenty-four hours post transfection, the conditioned 
media of the cells were collected for coincubation with 
HUVECs, and the pro-tubulogenesis ability of A549-CM 
or H1299-CM was decreased by the knockdown of 
PRDM10-DT (p < 0.01) (Fig.  3I, J). Similarly, silenc-
ing of PRDM10-DT markedly impaired the cell migra-
tion rate (Fig.  3K, L) and invasion ability (Fig.  3M, N) 
(p < 0.05). These results imply that PRDM10-DT may play 
a role in controlling angiogenesis and lung cancer cell 
dissemination.

PRDM10‑DT controls the production of TGF‑β1/VEGF 
by sponging miR‑663a
It has been demonstrated that TGF-β1 and VEGF are 
crucial for angiogenesis [32, 33]. According to previous 
RNA-seq analysis, TGF-β1 was found to be activated by 
X-ray irradiation but not by C-ion beams. As shown in 
Fig.  4A and B, the overexpression of PRDM10-DT (LV-
PRDM10-DT) induced the upregulation of TGF-β1 
and VEGF at both the transcriptional and translational 
levels (p < 0.05). In addition, TGF-β1 (1  ng/mL) treat-
ment indcued a notable upregulation of VEGF expres-
sion (p < 0.05). In contrast, the upregulation of TGF-β1 
and VEGF induced by X-ray irradiation can be rescued 
by the knockdown of PRDM10-DT, which was similar 
to the findings in the TGF-β1 inhibitor treatment group 
(p < 0.05) (Fig. 4C, D).

Next, we predicted the localization of PRDM10-DT 
in A549 and H1299 cells via an online tool (lncLoactor) 
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Fig. 2  X-rays induce greater angiogenesis than C-ions do in NSCLC cells. A X-ray (2 Gy)- or C-ion (2 Gy)-irradiated NSCLC tumor cells were injected 
intravenously into mice, and IHC staining of the VEGF and TGF-β1 proteins was performed. n = 6. B The IHC scores of VEGF and TGF-β1 in A were 
analyzed via ImageJ software. n = 6. C,D CD31 staining and IHC scoring were performed on mouse lung tissues. n = 6. E,F CM from irradiated 
A549 cells was collected and used for the HUVEC tube formation assay. n = 3. G TGF-β1 and VEGF protein levels in A549 cells were measured 
after irradiation. H Relative transcription of PRDM10-DT, TGF-β1, and VEGF in A549 cells following X-ray or C-ion irradiation. n = 3. I The TGF-β1 
and VEGF protein levels in the serum of patients who underwent X-ray or C-ion radiotherapy were assessed via ELISA. n = 4. J The correlation 
between the overall survival rate of NSCLC patients and the expression of TGF-β1 or VEGF was obtained from the OncoLnc database. The data are 
presented as the means ± standard deviations (SDs). ns p > 0.05; * p < 0.05; ** p < 0.01; and *** p < 0.001
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and confirmed its subcellular distribution via FISH 
(Fig. 4E, F). The results demonstrated that PRDM10-DT 
was found in both the cytoplasm and the nucleus, with a 
greater concentration in the latter (Fig. 4G). Furthermore, 
we explored the potential ceRNA regulatory mechanism 
and identified several microRNAs that can form a ceRNA 
network with PRDM10-DT and TGF-β1 mRNAs. First, 
we identified 7 candidate miRNAs that can target both 
PRDM10-DT and TGF-β1 based on the ENCORI online 
database, and constructed lncRNA-miRNA-mRNA regu-
latory network (Fig. 4H, I). Next, we utilized the RNAhy-
brid online tool to compute the minimal free energy 
(Mfe) between the candidate miRNAs and the PRDM10-
DT or TGF-β1 mRNAs. The results suggested that miR-
663a has the lowest Mfe with PRDM10-DT and TGF-β1, 
indicating that miR-663a has the most stable connection 
with these two targets (Fig. 4J).

In a subsequent study, miR-663a downregulation was 
found to augment TGF-β1 and VEGF production and 
enhance the proangiogenic, migratory, and invasive 
characteristics of A549 and H1299 cells. Conversely, 
the upregulation of miR-663a had the opposite effect 
(Additional file  1 Figs.  S1E, F, S3, S4). These data sug-
gest that PRDM10-DT can facilitate tumor angiogenesis 
through the TGF-β1/VEGF axis, possibly by suppressing 
miR-663a.

ROS‑activated SP1 triggers the transcription 
of PRDM10‑DT
In the above research, we confirmed the proangiogenic 
and prometastatic functions of the PRDM10-DT/miR-
663a/TGF-β1 axis in NSCLC, as well as its involvement 
in X-ray-induced tumor angiogenesis and metastasis. 
But how X-rays induce up-regulation of PRDM10-DT 
are still unclear. According to some published studies, 
X-rays produce more ROS than iso-dose C-ions do, thus 
leading to different biological effects [22, 34]. Addition-
ally, it has been shown that ROS activates various tran-
scription factors such as AP1, Nrf2, and p53 that control 
a wide range of biological activities [20, 35, 36]. Thus, 

we hypothesized that the ROS produced by irradiation 
induces certain ROS-responsive transcription factors 
(TFs) to bind to the PRDM10-DT promoter region and 
activate the corresponding transcription program. Then 
we confirmed that ROS production induced by 2  Gy 
X-rays was significantly greater than that induced by 2 Gy 
C-ions (p < 0.05) (Fig. 5A), which is consistent with pub-
lished research. Next, we screened potential TFs that can 
bind to the PRDM10-DT promoter region via the UCSC, 
hTFtarget, and AnimalTFDBv4.0 databases and then 
intersected the results with known human TFs. Finally, 
21 TFs were screened and ranked according to their JAS-
PAR binding scores (Fig. 5B). Through silencing the top 
10 TFs, we revealed that the knockdown of RREB1, YY1, 
and SP1 decreased PRDM10-DT expression after X-ray 
irradiation (p < 0.01) (Fig. 5C). Then, a luciferase reporter 
assay revealed that only SP1 is responsive to both IR and 
H2O2 treatment, resulting in increased binding to the 
PRDM10-DT promoter region (p < 0.05) (Fig. 5D).

Additionally, the results of the ChIP experiment con-
firmed that the binding of SP1 to the PRDM10-DT pro-
moter is ROS dependent (Fig.  5E). The si-SP1 and SP1 
inhibitor mithramycin (200 nM) treatment decreased the 
transcript levels of PRDM10-DT, TGF-β1, and VEGF in 
A549 and H1299 cells (p < 0.05) (Fig.  5F). Similarly, the 
protein levels of TGF-β1 and VEGF were also reduced in 
the si-SP1 and mithramycin groups (p < 0.05) (Fig.  5G). 
Further investigation suggested that the inhibition of SP1 
decreased the pro-angiogenesis ability of the CMs from 
A549 and H1299 cells (p < 0.05) (Fig. S5A, B). Function-
ally, the invasion and migration ability of cells were dra-
matically reduced by SP1 suppression (p < 0.01) (Fig. S5C, 
F). These data suggest that ROS induces SP1 binding 
to the PRDM10-DT promoter region after irradiation, 
thereby promoting the transcription of PRDM10-DT.

PRDM10‑DT and SP1 are potential antiangiogenic targets 
for NSCLC radiotherapy
We constructed A549 subcutaneous tumor model, the 
tumor sites were exposed to 5  Gy X-ray radiation and 

Fig. 3  Upregulation of PRDM10-DT promotes angiogenesis and metastasis in NSCLC cells in vitro. A Cells were performed lentiviral transduction 
with negative control lentivirus (LV-NC) or PRDM10-DT-overexpressing lentivirus (LV-PRDM10-DT) and then subjected to RT‒qPCR to assess 
the expression of PRDM10-DT. B A HUVEC tube formation assay was used to assess the proangiogenic potential of CM from LV-NC or LV-PRDM10-DT 
cells. Scale bar = 200 μm. C The number of meshes per field in B. D A wound healing assay was conducted to evaluate the migration ability 
of cells. Scale bar = 200 μm. E The relative migration rate of the two cell lines in D was analyzed. F Transwell assays were used to detect invasive 
ability. Scale bar = 200 μm. G The number of invasive cells in F was counted. H A549 and H1299 cells were transfected with shRNAs (shNC, 
shPRDM10-DT#1, shPRDM10-DT#2) and then subjected to RT‒qPCR to assess the expression of PRDM10-DT. I,J The conditioned medium of the cells 
in H was collected for the HUVEC tube formation assay. Scale bar = 200 μm. K,L The migration ability of the cells in H was tested via a wound 
healing assay, and the relative migration rate of the cells was quantified. Scale bar = 200 μm. M,N The invasive ability of the cells in H was tested, 
and the number of invasive cells was quantified. Scale bar = 200 μm. The data are presented as the means ± standard deviations (SDs) and n = 3. 
* p < 0.05; ** p < 0.01; and *** p < 0.001

(See figure on next page.)
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Fig. 3  (See legend on previous page.)
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administered PRDM10-DT silencing (si-PRDM10-DT) 
or SP1 silencing (si-SP1) treatment through intratumor 
injections every 5  days (Fig.  6A). The si-PRDM10-DT 
and si-SP1 treatments markedly delayed tumor growth 
(p < 0.05) without causing significant body weights 
change during the 40-day treatment period, indicating 
the safety of this therapy on the whole body (Fig. 6B–D; 
Fig. S6). Moreover, mouse serum TGF-β1 and VEGF pro-
tein levels were increased by irradiation, but inhibited 

by downregulation of PRDM10-DT and SP1 notably 
(p < 0.05) (Fig. 6E).

In dissected tumor tissues shown in Fig.  6F, we con-
firmed the upregulation of angiogenesis markers such 
as TGF-β1, VEGF, and CD31 in the IR group, as well 
as the downregulation of them in the si-PRDM10-DT 
and si-SP1group (p < 0.01). In H&E-stained sections, 
the reduced microvessel density (MVD) in si-PRDM10-
DT or si-SP1 group indicated the anti-angiogenic effect 

Fig. 4  PRDM10-DT stimulates the expression of VEGF and TGF-β1 in NSCLC cells. A Relative mRNA expression of TGF-β1 and VEGF in lentiviral 
transducted A549 and H1299 cells. n = 3. B The protein levels of TGF-β1 and VEGF in lentiviral transducted lung cancer cells. n = 3. C Following 
transfection with shNC or shPRDM10-DT, A549 and H1299 cells were subjected to 2 Gy X-ray radiation. Twenty-four hours after irradiation, 
the relative mRNA levels of TGF-β1 and VEGF were tested via RT‒qPCR. n = 3. D The protein levels of TGF-β1 and VEGF in the A549 and H1299 cells 
in C were tested by Western blotting. n = 3. E The PRDM10-DT subcellular distribution was predicted by lncLoactor. F Localization of PRDM10-DT 
in A549 and H1299 cells. Nuclei were stained with DAPI (blue), and PRDM10-DT was labeled with Cy3-labeled PRDM10-DT-specific probes (red). 
Scale bar = 20 μm. G Quantification of the PRDM10-DT subcellular distribution ratio in the nucleus or cytoplasm. H The miRNAs that could target 
PRDM10-DT and TGF-β1 were predicted via the ENCORI database. I The PRDM10-DT-miRNA-TGF-β1 ceRNA network was constructed via Cytoscape. 
J The Mfe between miRNAs and their target genes. The data are presented as the means ± standard deviations (SDs). * p < 0.05; ** p < 0.01; 
and *** p < 0.001
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Rank Name JASPAR Score
1 ZFP42 17.915705
2 PATZ1 17.100946
3 ZNF384 16.870663
4 RREB1 16.777075
5 KLF15 16.271452
6 YY1 16.192362
7 SP1 16.177565
8 SP2 15.941383
9 SP4 15.903247

10 ZBTB7B 15.689061
11 KLF4 15.314635
12 NR2C2 14.67561
13 KLF1 14.659548
14 ZNF281 14.637704
15 ATF4 14.625486
16 ZNF148 13.878826
17 SOX10 13.577855
18 HES1 13.353033
19 CRX No data
20 PLAGL1 No data
21 ZFX No data
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Fig. 5  X-ray irradiation promotes the SP1-mediated transcription of PRDM10-DT in a ROS-dependent manner. A ROS levels 
in X-ray- or C-ion-irradiated A549 and H1299 cells. n = 3. B The potential transcription factors capable of binding to the PRDM10-DT-promoter 
region were predicted via the UCSC, hTFtarget, and AnimalTFDBv4.0 databases, and intersections were made with all existing human (Homoall) 
transcription factors. The binding scores of 21 filtered TFs in the PRDM10-DT-promoter region were predicted via the JASPAR database. C The 
top 10 TFs in B were silenced in X-ray-irradiated A549 cells via siRNA, and the PRDM10-DT transcriptional level was subsequently measured. 
n = 3. D A luciferase reporter vector containing the PRDM10-DT promoter region sequence and plasmids containing RREB1, YY1, and SP1 
wild-type (wt) or mutant (mut) sequences were cotransfected into A549 cells, which were subsequently subjected to 2 Gy X-ray or 200 μM H2O2 
treatment, and the luciferase activity was measured after treatment. n = 3. E A ChIP experiment was carried out to detect the connection of SP1 
in the PRDM10-DT promoter region with or without ROS. n = 3. F After si-SP1 transfection or 200 nM mithramycin treatment, A549 and H1299 
cells were exposed to 2 Gy X-rays. Next, the relative transcript expression levels of VEGF, TGF-β1, PRDM10-DT, and SP1 were determined. n = 3. G 
The levels of the SP1, TGF-β1, and VEGF proteins in cells subjected to various treatments. n = 3. H Schematic diagram illustrating X-ray-induced 
PRDM10-DT transcriptional activation and the downregulation of angiogenesis induced by ROS deletion or pharmacological inhibition of SP1. The 
data are presented as the means ± standard deviations (SDs). * p < 0.05; ** p < 0.01; and *** p < 0.001
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of this combination therapy, especially in the IR + si-
PRDM10-DT group (p < 0.01). Additionally, the Ki-67 
level in IR + si-PRDM10-DT and IR + si-SP1 groups 
was obviously decreased, indicating that suppression of 
PRDM10-DT and SP1 can assist the tumor growth inhi-
bition effect of X-ray radiation (p < 0.01). Interestingly, 
the IR or si-PRDM10-DT treatment had no significant 
effect on SP1 expression, but the silencing of SP1 reduced 
the increased angiogenesis level induced by IR (p < 0.001). 
Finally, we concluded that the removal of PRDM10-DT 
or SP1 in tumor tissues can significantly inhibit tumor 
angiogenesis during radiotherapy. However, much more 
research is needed to fully investigate the potential of 
PRDM10-DT and SP1 as molecular targets for inhibiting 
tumor angiogenesis in therapeutic photon irradiation.

Discussion
In this study, we investigated the differential epigenetic 
regulation caused by two types of radiation. On the 
basis of the RNA-seq and bioinformatics analyses, we 
concluded that TGF-β1 was involved in PRDM10-DT-
induced angiogenesis. TGF-β1 reportedly promotes the 
expression of VEGF, which acts as a crucial mediator 
of tumor angiogenesis and regulates the growth of new 
blood vessels [32, 33, 37]. According to previous find-
ings, through controlling TGF-β1 expression, miR-663a 
has the ability to delay tumor growth [38]. Therefore, we 
propose that PRDM10-DT inhibits the competitive bind-
ing of miR-663a to TGF-β1 and further enhances VEGF 
expression by sponging miR-663a. Our research indi-
cated that PRDM10-DT binds to miR-663a and forms a 
ceRNA regulatory network with TGF-β1 mRNA. Upon 
stimulation with photon irradiation, but not with car-
bon ion irradiation, the SP1/PRDM10-DT/TGF-β1 axis 
regulates tumor angiogenesis and metastasis by targeting 
VEGF (Fig. 7).

Research has confirmed several radiation-induced 
angiogenic factors, including ErbB, IGF-1, EGFR, 
PI3K, MAPK, c-Jun N, p38MAP, Fas-R, TNF-R, and 
NF-κB [39]. These factors can target VEGF or HIF-1α 
directly or indirectly [40]. The known angiogenic path-
way responding to radiation include COX-2/PGH2/
TXA2, COX-2/PGE2/HIF-1α/VEGF, NOS/PI3K/Akt/

FRAP, NOS/PI3K/Akt/mTOR, EGFR/Ras/MEK/MAPK, 
EGFR/Ras/MEK/ERK/MNK, EGFR/PI3K/Akt/FRAP 
[41–45]. These studies revealed that radiation stimu-
lates angiogenesis through multiple molecular pathways, 
most of which involve the activation of HIF-1α/VEGF. 
Besides, extracellular vesicles also play an important 
role in radiation-induced tumor angiogenesis in some 
tumors [46]. By comparison, our research revealed a 
novel radiation-responsive angiogenesis regulation axis, 
i.e., SP1/PRDM10-DT/TGF-β1, which also culminates 
in enhanced VEGF signaling (Fig. 7). However, the pro-
angiogenesis function of PRDM10-DT and its radiation 
responsiveness has not been reported before, especially 
its differential response to X-ray and C-ion radiation. 
This identified pathway supplied a new target for antian-
giogenic therapy, especially for photon radiation com-
bined tumor antiangiogenic therapy.

Importantly, serum concentrations of TGF-β1 and 
VEGF were found to be significantly up-regulated in 
patients receiving X-ray radiotherapy but not C-ion 
radiotherapy, a result consistent with many clinical stud-
ies. For example, Zhao et al. reported that in lung cancer 
patients, serum TGF-β1 was significantly increased after 
receiving radiotherapy and its level was strongly cor-
related with the severity of radiotherapy-induced radio-
pulmonary toxicity [47]. Besides, radiation exposure 
leads to the generation of large amounts of ROS, which 
not only directly damage tumor cells, but also further 
upregulate the expression of angiogenic factors, such as 
VEGF, by activating transcription factors, such as HIF-1α 
[48]. These angiogenic factors support tumor growth and 
metastasis by promoting endothelial cell proliferation, 
migration, and vascular permeability, enhancing tumor 
vascularization. ROS further enhanced the expression of 
angiogenic factors through activation of signaling path-
ways, such as MAPK and NF-κB, thus promoting angio-
genesis [49, 50].

In this work, we found a novel role that the ROS-
responsive transcription factor SP1 participates in the 
regulation of angiogenesis by promoting the transcrip-
tion of PRDM10-DT in NSCLC. The removal of ROS 
or suppression of SP1 reduced the transcription of 
PRDM10-DT and hampered the capacity of the cells to 

(See figure on next page.)
Fig. 6  Silencing of PRDM10-DT or SP1 can decrease X-ray-induced tumor angiogenesis in vivo. A Graphical illustration of the subcutaneous A549 
tumor model (SC injection), X-ray irradiation, and drug treatment (created with BioRender.com). B Photograph of dissected tumors described in A. 
C Subcutaneous tumor growth curve after 40 days of treatment. n = 5. D The weights of the dissected tumors were measured as described in A. 
n = 5. E The levels of TGF-β1 and VEGF in the serum of the mice described in A were tested via ELISA. n = 5. F The dissected tumor tissues were 
processed into sections and then subjected to H&E or IHC staining. The graphs of these sections were taken via the DMS-10 Digital Pathological 
Section Scanner System. Scale bar = 50 μm. The results of the IHC quantification of CD31, Ki67, VEGF, TGF-β1, and SP1 expression and the MVD 
of the dissected tumor tissues were analyzed with ImageJ software. The yellow dotted line indicates microvessels in the tumor sections. n = 5. The 
data are presented as the means ± standard deviations (SDs). ns p > 0.05; * p < 0.05; ** p < 0.01; and *** p < 0.001
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Fig. 6  (See legend on previous page.)
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undergo angiogenesis and metastasize. SP1 has been 
reported to participate in angiogenesis regulating, and 
low-dose laser radiation can stimulate the transactivation 
and DNA-binding properties of SP1 on the VEGF pro-
moter [51, 52]. These studies revealed a close relationship 
between SP1 and angiogenesis. However, the connection 
between SP1 and radiation-induced angiogenesis in radi-
otherapy, as well as the varying response of SP1 to radi-
ations of varying quality, is the subject of relatively few 
studies. Our research shows how SP1 causes a distinct 
angiogenic response when cells are exposed to photon 
and heavy ion radiation.

This study was limited by the lack of direct clinical 
data from patients regarding PRDM10-DT expression 
because the clinical samples are difficult to acquire from 
the Department of Radiation Oncology. Although we 
used a variety of in  vitro and in  vivo models to investi-
gate potential mechanisms, these models may not fully 
capture the complex dynamics of human tumor biol-
ogy. Another potential limitation is the use of a relatively 

limited range of experimental conditions, which may not 
include all radiation doses, schedules, or tumor microen-
vironments observed in clinical practice. In addition, the 
reliance on specific biomarkers (e.g., VEGF and TGF-β1) 
may overlook other key pathways or molecules involved 
in radiation-induced angiogenesis and metastasis. For 
example, the immune escape effect of the tumor micro-
environment and related markers (e.g., PD-L1) are closely 
associated with angiogenesis [25, 53]. In further study, 
we would pay more attention to the complex interac-
tions between immune cells, immune-related factors, and 
angiogenic factors under radiation.

Translational studies carried out in clinical labora-
tories must be better integrated with basic research 
aiming at resolving clinical concerns [54, 55]. In 
future studies, by treating cells and cancer animals 
with combinations of radiation and specific inhibitors 
of PRDM10-DT or SP1, we will conduct mechanistic 
studies and evaluate the safety, efficacy, and biomarker-
driven therapeutic strategies of the combination 

Fig. 7  Mechanistic model of X-ray irradiation-induced tumor angiogenesis through PRDM10-DT/miR-663a/TGF-β1 axis that activated by SP1 
in lung adenocarcinoma cells. Radiation activates SP1 binding to PRDM10-DT promoter region and enhances the transcription of PRDM10-DT. 
Up-regulated PRDM10-DT competitively binds miR-663a and then promotes TGF-β1 and VEGF expression and facilitates tumor angiogenesis
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therapy with radiotherapy and PRDM10-DT or SP1 
inhibitors, and explore the possible combination thera-
pies with immunotherapy in order to provide additional 
benefits, enhance anti-tumor immune responses and 
the effects on the tumor vascular system. These studies 
may ultimately lead to more personalized and effective 
treatments for cancer patients receiving radiotherapy.

Conclusions
In summary, our research revealed that PRDM10-
DT functions in an SP1-dependent manner in tumor 
angiogenesis and metastasis caused by irradiation. By 
preventing tumor angiogenesis and metastasis, sup-
pressing the SP1/PRDM10-DT/TGF-β1 axis may be a 
supplementary tactic for conventional photon radiation 
therapy.
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