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Abstract

Background and Aims: 125I radioactive particles implan-
tation have demonstrated efficacy in eradicating hepato-
cellular carcinoma (HCC). However, progressive resistance 
of HCC to 125I radioactive particles has limited its wide 
clinical application. Methods: We investigated the cellu-
lar responses to 125I radioactive particles treatment and 
autophagy-related 9B (ATG9B) silencing in HCC cell lines 
and Hep3B xenografted tumor model using Cell Counting 
Kit-8 reagent, western blotting, immunofluorescence, flow 
cytometry, transmission electron microscopy and immuno-
histochemistry. Results: In this study, we demonstrated 
that 125I radioactive particles induced cell apoptosis and 
protective autophagy of HCC in vitro and in vivo. Inhibi-
tion of autophagy enhanced the radiosensitivity of HCC to 
125I radioactive particles. Moreover, 125I radioactive particles 
induced autophagy by upregulating ATG9B, with increased 
expression level of LC3B and decreased expression level of 
p62. Furthermore, ATG9B silencing downregulated LC3B 
expression and upregulated p62 expression and enhanced 
radiosensitivity of HCC to 125I radioactive particles in vitro 
and in vivo. Conclusions: Inhibition of ATG9B enhanced 
the antitumor effects of 125I particle radiation against HCC 
in vitro and in vivo. Our findings suggest that 125I particle 
radiation plus chloroquine or/and the ATG9B inhibitor may 
be a novel therapeutic strategy for HCC.
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Introduction

Hepatocellular carcinoma (HCC) is the fifth most commonly 
diagnosed malignancy, and the incidence rate continues to 
steadily increase.1 In China, the mortality rate of HCC ranks 
fifth among all cancers, and approximately 55% patients 
are diagnosed at stage III or IV.2 Transarterial chemoem-
bolization (TACE) is considered as the first-line treatment 
for patients with advanced HCC.3 However, most advanced 
HCC patients experience tumor recurrence after TACE partly 
because nondense deposition of iodized oil results in incom-
plete occlusion of tumor supply vessels.4 In addition, the 
current interventional technology is limited. Treatment of 
liver cancer located at the hilar region and gallbladder is 
an urgent clinical problem to be solved. Recent research 
has shown that brachytherapy with iodine-125 (125I) parti-
cle implantation effectively controlled the progression of re-
sidual HCC in complex regions such as the hilar region and 
gallbladder for advanced HCC patients after TACE, which 
had good clinical therapeutic effectiveness that provided a 
rationale for the application of brachytherapy in advanced 
HCC patients.4,5 125I radioactive particles continuously radi-
ate γ-rays at 29 keV, causing damage to double-stranded 
DNA and inducing HCC cell death.4,6–9 However, some HCC 
tumors are resistant to 125I particle radiation,10 which lim-
its its therapeutic efficacy. Therefore, better understanding 
of the mechanism underlying the radioresistance of HCC to 
125I particle radiation is required.

Autophagy is an evolutionarily conserved programmed 
degradation mechanism by which long-lived, damaged, or 
toxic proteins, and organelles are engulfed and digested in 
response to environmental stress.11,12 Autophagy has two 
distinct cellular functions, including protective autophagy 
and autophagic cell death.10,13–15 In addition, autophagy 
can prevent tumor initiation, proliferation, invasion, and 
metastasis, especially in the early stage of tumors. It can 
also promote tumor cell survival and resistance to chemo-
radiotherapy in the medium-term and advanced stages of 
tumors.16 A recent study indicated that 125I particle radi-
ation mediated autophagy to facilitate cell survival at an 
early stage.6 Another report found that 125I particle radia-
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tion triggers autophagy by upregulating the level of reac-
tive oxygen species (ROS) to promote cellular homeostasis 
and survival in colorectal cancer.17 125I particle radiation-in-
duced autophagic flux by increasing the production of ROS, 
and autophagy inhibition by 3-methyladenine enhanced the 
radiosensitivity of esophageal squamous cell carcinoma.18 
These findings suggest that 125I particle radiation-induced 
autophagy may also play a role in the resistance of HCC to 
radiotherapy. However, the association between 125I particle 
radiation and autophagy in HCC has not yet been studied, 
to the best of our knowledge.

In this study, we found that 125I particle radiation pro-
moted HCC cell death and mediated autophagy in vitro and 
in vivo. We also found that inhibition of autophagy by chlo-
roquine diphosphate (CQ) facilitated HCC cell death in vitro 
and in vivo, suggesting that 125I particle radiation-mediated 
autophagy enhanced HCC cell survival. Moreover, 125I par-
ticle radiation-mediated autophagy by upregulating ATG9B 
expression, and silencing ATG9B in the presence of 125I par-
ticle radiation promoted radiation sensitivity of HCC. Our 
findings suggest that ATG9B was involved in the promotion 
of radiation resistance of HCC by 125I particle radiation-me-
diated protective autophagy.

Methods

Cell culture

Huh7 and Hep3B human HCC cells, were purchased from 
the Guangzhou Cellcook Biotech Co., Ltd (Guangzhou, 
China) and Cell Bank of Type Culture Collection of Chinese 
Academy of Sciences (Shanghai, China). The HCC cells were 
cultured in RPMI 1640 medium (Hyclone Laboratories, GE 
Healthcare Life Sciences, Chicago, IL, USA) supplemented 
with 10% fetal bovine serum (Gibco, Thermo Fisher Sci-
entific, Inc., Waltham, MA, USA) and 100 U/mL penicillin/
streptomycin (Hyclone) in a humidified 5% CO2 atmosphere 
at 37°C.

Short hairpin (sh)RNA transfection

ATG9B shRNAs were purchased from Sigma-Aldrich (St. 
Louis, MO, USA), and the shRNA sequences are shown as 
follow: shRNA1 sense: 5’-CCGGCATCCAGAACCTGGACAGTTT 
CTCGAGAAACTGTCCAGGTTCTGGAT-GTTTTTT-3′, shRNA1 an-
tisense: 5′-CCGGGCATCCTGCGCTACACCAACTCG-AGTTGGTG 
TAGCGCAGGATGCTTTTTT-3′; shRNA2 sense: 5′-CCGG-CTT-
TGCCCTTATGGATGTGAACTCGAGTTCACATCCATAAGGGCAAA-
GTTTTTT-3′, shRNA2 antisense: 5′-CCGGCGAGTACAACAA-
GATGCAGCTCTCGAGA-GCTGCATCTTGTTGTACTCGTTTTTT-3′. 
Cells were seeded in 12-well culture plates for 24 h prior to 
transfection with shRNAs using Lipofectamine 2000 reagent 
(Invitrogen, Thermo Fisher Scientific, Inc., Waltham, MA, 
USA) according to the manufacturer’s instructions. At 48 h 
post-transfection, ATG9B expression was assayed, and the 
transfected cells were used for subsequent experiments.

Radiation source and irradiation procedure

125I radioactive particles (apparent activity 0.8 mCi/seed, 
mode 6711) were supplied by Beijing Zhibo Bio-Medical 
Technology Co, Ltd (Beijing, China). 125I radioactive parti-
cles emit 27.4–31.5 keV X rays and 35.5 keV gamma rays, 
and the half-life of each seed is 59.4 days. We constructed 
an in vitro direct irradiation model as described in previous 
studies.7 Briefly, 16 125I radioactive particles were equally 

spaced around the circumstance at a radius of 17.5 mm and 
eight particles at a radius of 8.75 mm. Cells were seeded in 
a 35 mm polystyrene cell culture dishes and cultured for re-
ceiving the initial radiation dose rate of 2.7 cGy/h. To deliver 
cumulative radiation doses of 2, 4, 6, and 8 Gy, cells were 
exposed for 26, 52, 79, and 106 h, respectively.

Cell viability and proliferation assays

Cell viability was assayed using Cell Counting Kit-8 reagent 
(CCK-8; Nanjing KeyGen Biotech Co., Ltd., Nanjing, China). 
Briefly, cells were seeded into 96-well plates at 100 cells 
per well. After overnight growth, cells were treated with or 
without Chloroquine diphosphate (CQ) (Sigma-Aldrich) for 
7 days. The culture medium was replaced with 100 µL RPMI 
1,640 supplemented with 10 µL CCK-8 reagent and the cells 
were incubated for 1 h at 37°C. The absorbance of each well 
was measured at a wavelength of 450 nm.

Western blotting

Cell lysates (30 µg) were separated by sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis and transferred 
to polyvinylidene fluoride membranes. After blocking, the 
membranes were incubated with primary antibodies against 
LC3B (#12741; Cell Signaling Technology, Danvers, MA, 
USA), p62 (#23214; Cell Signaling Technology), and ATG9B 
(ab240897; Sigma-Aldrich) overnight at 4°C followed by in-
cubation with secondary antibodies (Invitrogen) for 1 h at 
room temperature. The antibody-antigen complexes were 
visualized by an electrochemiluminescence substrate kit 
(Tiangen Biotech Co., Ltd., Beijing, China).

Apoptosis assay

Cells were harvested immediately after irradiation and dou-
ble stained with propidium iodide (Keygen Biotech) and An-
nexin V-EGFP for 20 m at room temperature. The samples 
were then assayed using flow cytometry (CytoFLEX; Beck-
man Coulter Inc., Brea, CA, USA).

Immunofluorescence

Cells were fixed in ice cold methanol for 5 m and then 
washed with phosphate-buffered saline (PBS) three times. 
After blocking with 5% bovine serum albumin for 1 h at 
room temperature, the ells were then incubated with pri-
mary antibodies against LC3B (#12741; Cell Signaling 
Technology, USA) overnight at 4°C followed by incuba-
tion with Alexa Fluor 488-conjugated secondary antibody 
(Invitrogen) for 1 h at room temperature. After washing 
three times, the nuclei were stained with 4′,6-diamidino-
2-phenylindole (DAPI) for 10 m. The stained cells were 
observed with a fluorescence microscope (LSM880; Zeiss, 
Oberkochen, Germany).

Transmission electron microscopy (TEM)

Cell culture preparations were fixed in 2.5% glutaraldehyde 
phosphate buffer overnight at 4°C, washed with PBS and 
postfixed with 1% osmium tetroxide for 2 h at 4°C. After 
dehydration in a graded ethanol series, the cells were em-
bedded in Epoxy EMbed-812 resin (Electron Microscopy Sci-
ences, Hatfield, PA, USA), followed by polymerizing for 48 
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h at 60. Ultrathin sections were stained with lead citrate 
and uranyl acetate. The sections were then examined and 
photographed with a transmission electron microscope (H-
7650; Hitachi Ltd., Tokyo, Japan).

Animal assays

BALB/c nude mice (BALB/c-nu/nu, 4–5 weeks of age) were 
obtained from GemPharmatech Co., Ltd (Chengdu, China). 
Equal numbers of Hep3B cells (5×106) were subcutaneously 
injected into the left axilla of the mice and tumor growth 
was monitored. Tumor volumes v = (length × width2) / 2 
was recorded every 3 days. When the average tumor vol-
ume reached 300–350 mm3, the mice were randomly sepa-
rated into four groups (n = 5 mice/group): (1) PBS con-
trols; (2) CQ; (3) 125I particle implantation + PBS; and (4) 
125I particle implantation + CQ. 125I particles (0.8 mCi) were 
implanted into the center of each tumor mass using an 18 g 
needle. CQ (50 mg/kg, 0.1 mL) or PBS (0.1 mL) was admin-
istered intraperitoneally every other day. The cumulative ra-
diation dose for each mouse was approximately 20 Gy at 
the end of the treatment after 2 weeks. All nude mice were 
then euthanized and tumors were excised and processed for 
histopathological examination. All animal experiments were 
conducted in accordance with the guidelines of animal care 
and were reviewed and approved by the ethics committee 
of the First Affiliated Hospital of Army Medical University 
(No. AMUWEC20200407).

Histopathological examination

Histopathological examination was performed with 5 µm 
deparaffinized tissue sections. Immunohistochemical (IHC) 
staining was performed following standard protocols. The 
sections were incubated with primary antibodies against 
LC3B (#12741; Cell Signaling Technology), p62 (#23214; 
Cell Signaling Technology), and ATG9B (ab240897; Sigma-
Aldrich) after blocking endogenous peroxidase activity and 
antigen retrieval. Terminal deoxynucleotidyl transferase 
dUTP nick end labeling (TUNEL) assays were performed to 
assess cell apoptosis using In Situ Cell Death Detection kits 
(Roche Diagnostics GmbH, Mannheim, Germany) following 
the manufacturer’s instructions. The number of TUNEL-
positive cells and relative integrated optical density were 
quantified using Image Pro Plus 6.0 software (Media Cy-
bernetics Inc., Bethesda, MD, USA). At least five randomly 
chosen high-power (×400) fields were evaluated in each 
tissue section. The investigator who evaluated the slides 
and analyzed the data was blinded to the animal experi-
ment procedure.

RNA sequencing and real-time quantitative reverse-
transcription polymerase chain reaction (qRT-PCR) 
assays

Total RNA was extracted using TRIzol Reagent (15596018; 
Invitrogen). The quantification, qualification, library prep-
aration, and subsequent Sequencing of RNA samples was 
conducted by Novogene Co., Ltd (Beijing, China). Differ-
ential expression analysis of the two conditions was per-
formed using the edge R package (version 3.18.1). P-values 
were adjusted using the Benjamini-Hochberg method. An 
adjusted p-value of 0.05 and an absolute fold-change of two 
were set as thresholds of significant differential expression. 
We verified the sequencing results of the key molecules re-
lated to this study using qRT-PCR and western blotting as-
says. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) 

mRNA internal controls of gene expression. The primers for 
ATG9B are as follows: F,5′-GCCAACCAACCAAGTAACCATAC; 
R,5′-AGTAGCTGAAGAGGTTGCAGACT.

Statistical analysis

Statistical analysis was performed using SPSS version 23.0 
(IBM Corp., Armonk, NY, USA). Graphs were drawn with 
GraphPad Prism 6.0 (GraphPad Software, Inc., La Jolla, CA, 
USA). All data were reported as means±SDs. Student's t 
test was used to compare the means of two samples of 
normally distributed data. Analysis of variance followed by 
Tukey’s test was used for multiple comparisons. P-values 
<0.05 was considered statistically significant.

Results

125I particle radiation promotes HCC cell death and 
induces autophagy in vitro and in vivo

We investigated the effect of 125I particle radiation on HCC 
cell survival using two HCC cell lines, Huh7 and Hep3B. 
Treatment of cells with 125I particles with 6 Gy for 3 days 
resulted in 50% inhibition of cell growth in vitro (Fig. 1A, 
B). Therefore, 6 Gy for 3 days was selected as the stand-
ard procedure of 125I particle radiation in subsequent ex-
periments. To determine whether 125I particle radiation-in-
duced autophagy of HCC cells, we examined the expression 
of two markers of autophagy, LC3B and p62. We found that 
125I particle radiation significantly increased the expression 
of LC3B and decreased the expression of p62 in vitro (Fig. 
1C). We also observed an increased number of autophago-
somes in HCC cells treated with 125I particle radiation (Fig. 
1D, E).

To evaluate the role of 125I particle radiation on tumor 
growth in vivo, we constructed a xenograft mouse model in 
which HCC cells were injected into subcutaneous tissues of 
mice. 125I particles were implanted into the tumors 2 weeks 
after they had formed. We found that 125I particle radiation 
significantly reduced tumor volume and weight (Fig. 1F–H). 
We further observed increased expression of LC3B and de-
creased expression level of p62 in the xenografts, as well 
as increased numbers of autophagosomes (Supplementary 
Fig. 1A). Together, the results suggested that 125I particle 
radiation caused HCC cell death and mediated autophagy of 
HCC cells in vitro and in vivo.

125I particle radiation induces protective autophagy 
of HCC cells in vitro and in vivo

To determine the role of 125I particle radiation-mediated au-
tophagy in HCC cell survival, we used CQ, an inhibitor of 
autophagy. We found that CQ significantly promoted 125I 
particle radiation-mediated HCC cell apoptosis in vitro (Fig. 
2A, B, Supplementary Fig. 2A, B). Furthermore, CQ sig-
nificantly rescued 125I particle radiation-mediated increased 
expression of LC3B and decreased expression level of p62 
(Fig. 2C, D, Supplementary Fig. 2C).

To evaluate whether inhibition of autophagy enhanced 
the effect of 125I particle radiation on suppressing tumor 
growth in vivo, we treated mice with CQ after 125I particles 
were implanted into tumors. CQ plus 125I particle radiation 
significantly decreased tumor size and weight compared 
with the changes observed with 125I particle radiation alone 
(Fig. 2E–G). Together, the results suggested that 125I parti-
cle radiation-induced protective autophagy to promote the 
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radioresistance of HCC.

125I particle radiation induces autophagy by increas-
ing the expression level of ATG9B in vitro

To investigate the underlying mechanism of 125I particle radi-
ation-mediated protective autophagy in HCC, we performed 
RNA sequencing in the xenograft tumor tissues with or with-
out 125I particle radiation. The results identified 592 upregu-

lated mRNAs and 211 downregulated mRNAs (Fig. 3A). Gene 
Ontology term analysis showed that the dysregulated genes 
were associated with autophagosome membrane (Supple-
mentary Fig. 3A). Clustering histogram revealed that ATG9B 
was the most significantly upregulated gene (Fig. 3B). ATG9B 
is an upstream molecule in the progression of autophagy,40 
and the result is in line with the observation that 125I particle 
radiation-induced autophagy might occur via increased ex-
pression of ATG9B. We confirmed that 125I particle radiation 
significantly increased the expression of ATG9B mRNA and 
protein in HCC cells (Fig. 3C, D).

Fig. 1.  125I particle radiation promotes HCC cell death and induces autophagy in vitro and in vivo. (A and B) Cell viability of Hep3B and Huh7 cells at different 
times after 125I particle radiation. (C) Western blot analysis of p62 and LC3B in Hep3B and Huh7 cells treated with 125I particle radiation for 72 h. GAPDH served as the 
internal reference. (D and E) Immunofluorescence and TEM presents autophagosomes in Hep3B cells treated with 125I particle radiation for 72 h. (F) Representative 
images of tumors from Hep3B cells. 125I particles were injected into xenografts when the average tumor volume was approximately 300 mm3. (G) Tumor weight (mg) 
of the collected tumor mass removed from mice xenografted with Hep3B cells. (H) Tumor volumes are means ± SD. *p<0.05, ****p<0.0001. HCC, hepatocellular 
carcinoma; TEM, transmission electron microscope.
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To further determine whether ATG9B was involved in 
protective autophagy induced by 125I particle radiation, we 
performed stable knockdown of ATG9B in HCC cells using 
lentiviral-mediated ATG9B shRNAs. The results confirmed 
that ATG9B shRNA-expressing lentivirus resulted in signifi-
cantly decreased expression of ATG9B mRNA and protein 
(Supplementary Fig. 3B, D). We found that ATG9B knock-
down suppressed ATG9B protein level in HCC cells in the 
presence of 125I particle radiation (Fig. 4A, B and Supple-
mentary Fig. 4A, B) and inhibited the proliferation of HCC 
cells (Fig. 4C, D and Supplementary Fig. 4C, D) compared 
with controls. Moreover, silencing of ATG9B significantly de-
creased the expression of LC3B and increased the expres-
sion of p62 in HCC cells (Fig. 4E, F and Supplementary Fig. 
4E, F). The results suggested that 125I particle radiation-
induced protective autophagy of HCC cells by upregulating 
ATG9B.

125I particle radiation induces autophagy by increas-
ing ATG9B in vivo

To further evaluate whether 125I particle radiation-induced 
protective autophagy by regulating ATG9B in vivo, we used 
HCC cells silenced for ATG9B to construct a mouse model. 
We found that silencing ATG9B significantly decreased tu-

mor size and weight in the presence of 125I particle radia-
tion (Fig. 5A–C). Silencing of ATG9B also significantly de-
creased LC3B expression and increased p62 expression with 
125I particle radiation in the xenograft tissues (Fig. 5D, E). 
Furthermore, silencing ATG9B significantly promoted HCC 
cell apoptosis with 125I particle radiation as determined by 
TUNEL assays in the xenograft tissues (Fig. 5F, G). The re-
sults suggested that 125I particle radiation-induced protec-
tive autophagy via upregulating ATG9B in vivo.

Discussion

125I particle implantation, is a new, local radiotherapy, that 
is widely used clinically and is a safe, effective, and econom-
ical therapeutic strategy in various malignancies, including 
prostate, head and neck, pancreatic, and lung cancer.19–22 
Importantly, the effect of iodine-125 is not restricted by tu-
mor size, portal vein tumor thrombus, or the heat sink ef-
fect of surrounding vessels. This approach also represents 
a new prospect for HCC treatment.4 Previous studies con-
firmed that advanced HCC patients achieved good thera-
peutic results in response to 125I particle implantation treat-
ment. However, some patients were not sensitive to the 
treatment, which has limited its use.4,5,23–25 The adverse ef-
fects caused by 125I particle radiation are mainly associated 

Fig. 2.  125I particle radiation induces protective autophagy of HCC cells in vitro and in vivo. (A and B) Hep3B cell apoptosis was analyzed using flow cytom-
etry analysis of Annexin V and PI staining. The cells were treated by 125I particles or cotreated with 125I particles and CQ for 72 h. (C) Western blot analysis of p62 
protein expression in Hep3B cells. The cells were treated by 125I particles or cotreated with 125I particles and CQ for 72 h. GAPDH served as the internal reference. (D) 
Immunofluorescence assay showed that CQ reversed the upregulated expression of LC3B induced by 125I particles in Hep3B cells (200×). (E) Representative images 
of tumors at 20 days after inoculation using Hep3B cells treated with CQ or 125I particle radiation. 125I particles were injected into xenografts when the average tumor 
volume achieved approximately 300 mm3 and CQ was used at the same time. (F–G) Tumor volumes and tumor in the treatment groups are shown. *p<0.05, **p<0.01, 
***p<0.0001, ****p<0.0001. HCC, hepatocellular carcinoma; 125I, iodine-125; CQ, chloroquine; GAPDH, glyceraldehyde 3-phosphate dehydrogenase.
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Fig. 4.   125I particle radiation induces autophagy by increasing ATG9B in vitro. (A, B, E, F) Western blot analysis of ATG9B, LC3B, and p62 expression in ATG9B-
silenced Hep3B and Huh7 cells with or without 125I particle radiation. GAPDH served as the internal reference. (C, D) Cell viability was measured by a CCK-8 assay. 
**p<0.01, ****p<0.0001. ATG9B, autophagy-related 9B; 125I, iodine-125; GAPDH, glyceraldehyde 3-phosphate dehydrogenase.

Fig. 3.  125I particles increase ATG9B expression in HCC cells. (A) RNA sequencing analysis revealed 592 upregulated genes and 211 downregulated genes in 
Hep3B cells in the 125I particle radiation group and control group. (B) The top 20 genes with significantly differentially increased expression from the RNA sequencing 
data. (C and E) The mRNA expression level of ATG9B in Hep3B and Huh7 cells treated with 125I particle radiation for 72 h. GAPDH mRNA served as the internal refer-
ence. (D and F) Western blot analysis of ATG9B in Hep3B and Huh7 cells treated with 125I particle radiation for 72 h. GAPDH was the internal reference. **p<0.01. HCC, 
hepatocellular carcinoma; ATG9B, autophagy-related 9B; 125I, iodine-125; GAPDH, glyceraldehyde 3-phosphate dehydrogenase.
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with the dose, dose rate, and treatment volume.26 Reducing 
the radioresistance of HCC patients and effectively killing 
tumor cells with the minimum dose of iodine-125 radioac-
tive particles are of great significance for improving the ef-
fectiveness of radiotherapy and reducing the treatment cost 
borne by patients. In this study, we found that 125I parti-
cle radiation mediated HCC cell apoptosis and autophagy 
in vitro and in vivo and we demonstrated that 125I particle 
radiation-induced protective autophagy via regulating AT-
G9B expression in HCC cells using CQ. Moreover, silencing 
ATG9B enhanced the therapeutic effect of 125I particle ra-
diation on suppressing HCC proliferation, which may be a 
potential therapeutic strategy.

Autophagy, an evolutionarily conserved process, is the pri-
mary intracellular catabolic mechanism that responds to both 
intracellular and extracellular stress (e.g. cytoplasmic com-

ponents, pathogenic infection, radiation damage, nutrient 
starvation, hypoxia), and involves lysosomal degradation and 
recycling of unnecessary or dysfunctional components.27 The 
functioning of autophagy in liver cancer is a topic of concern. 
Autophagy has multiple roles in different situations. In nor-
mal liver cells, basal autophagy has a housekeeping function 
in maintaining liver homeostasis, and it also prevents tumo-
rigenesis by removing harmful mitochondria. After HCC has 
developed, autophagy promotes tumor development, metas-
tasis, and therapeutic resistance.24,28 With limited activation, 
autophagy removes cells with radiation-induced injury and 
promotes cell survival, thus inducing radiation resistance; 
this function has been well established in numerous cancers 
such as glioma and lung, breast, and pancreatic cancer.29–32 
With continuous activation, damaged cellular organelles and 
metabolites are degraded, resulting in autophagy-related cell 

Fig. 5.  125I particle radiation induces autophagy by increasing ATG9B in vivo. (A) Representative tumors with corresponding treatments. ATG9B silenced or nega-
tive control Hep3B cells were injected in nude mice, which were then divided into negative control, 125I particle radiation, ATG9B shRNA and ATG9B shRNA + 125I particle 
radiation groups and treated as described in “Materials and Methods” (n=5 per group). (B) Tumor weight and (C) tumor volume of each group was measured at the end 
of the experiment. (D and E) Representative images of IHC staining of ATG9B, LC3B, and p62 in the xenografts (scale bar=20 µm). (F and G) Representative images of 
TUNEL immunostaining for cell apoptosis in xenografts. *p<0.05, **p<0.01, ***p<0.0001, ****p<0.0001. 125I, iodine-125; ATG9B, autophagy-related 9B; shRNA, short 
hairpin RNA; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; IHC, immunohistochemical; TUNEL; terminal deoxynucleotidyl transferase dUTP nick end labeling.
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death or apoptosis.33 In general, radiation tends to induce 
cytoprotective autophagy. Notably, whether HCC is resistant 
to 125I particle radiation remains unclear. Our findings dem-
onstrate that 125I particles not only induced HCC cell death 
but also stimulated autophagy. We further found that 125I 
particle mediated protective autophagy as shown by the ob-
servation that the autophagy inhibitor CQ enhanced the tox-
icity of 125I particles on HCC cells. In addition, experiments 
using a xenograft mouse model provided in vivo evidence 
that CQ enhanced the radiation sensitivity of Hep3B xeno-
grafts. Our results suggested that 125I particles combined 
with CQ may be a good therapeutic strategy for HCC. This 
strategy has achieved similar results in esophageal cancer 
and bladder cancer.34,35

Transcriptome sequencing is effective for identifying func-
tional molecular and molecular signaling pathways.36–39 Us-
ing transcriptome sequencing and bioinformatics analysis, 
we found that 125I particle radiation increased the expres-
sion of hundreds of genes, and that ATG9B expression was 
the most upregulated. ATG9B is a key protein in autophago-
some formation and autophagy initiation in mammalian 
cells.40 LC3 is used to monitor to autophagic activity and is 
related to autophagosome development and maturation.41 
ATG9B-driven phagophores might activate docking of both 
LC3 and p62 and further initiate autophagy-associated deg-
radation.42 Once ATG9B is inhibited, LC3 lipidation and au-
tophagic punctuations are subsequently reduced.42 In this 
study, silencing of ATG9B inhibited 125I particle radiation-
mediated protective autophagy in HCC cells, suggesting that 
ATG9B participates in the autophagy process at a critical 
step. Furthermore, silencing ATG9B inhibited tumor growth 
and enhanced 125I particle radiation sensitivity in HCC in 
vivo. Our results indicate that 125I particles combined with 
an ATG9B inhibitor might be beneficial for HCC therapy. In 
addition, we did not detect a significant change of ATG9A 
expression in HCC cells with or without 125I particle radia-
tion, so we did not explore its activity in HCC cells. Whether 
ATG9A has biological functions in 125I particle radiation-me-
diated HCC cell death needs to be further explored.

Conclusions

125I particle radiation-induced protective autophagy by in-
creasing ATG9B expression in HCC cells. ATG9B inhibition 
combined with 125I particle radiation enhanced the effec-
tiveness of 125I particle radiation to suppress the growth of 
HCC. Our findings suggest that 125I particle radiation plus 
CQ or/and an ATG9B inhibitor may be a novel therapeutic 
strategy for HCC.
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