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Iodine-125-induced cholangiocarcinoma cell death is enhanced by inhibition
of endoplasmic reticulum stress-mediated protective autophagy
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Cholangiocarcinoma (CCA) is the second most common primary liver malignancy, however, it is difficult to diagnose
and treat, and only a few patients with CCA are suitable for surgery. Iodine-125 (I-125) is an effective treatment for cancer,
but the molecular mechanisms underlying the effects of I-125 differ among different cancers. This study aimed to explore the
effects of I-125 on CCA cell activity and determine the possible mechanisms of action of I-125 in this type of cancer. CCA
cell proliferation, cycling, apoptosis, autophagy, and endoplasmic reticulum (ER) stress were determined after irradiation
of CCA cells with I-125 seeds. The effects of I-125 on autophagy and ER stress in three CCA cell lines were evaluated using
western blotting, while the effects of I-125 on apoptosis and autophagy in QBC939 cells treated with si-Beclinl or si-PERK,
respectively, were assessed using flow cytometry. I-125 suppressed cell viability and induced cell cycle G2/M-phase arrest in
three CCA cell lines (QBC939, TFK-1, HuCCT1). I-125 induced apoptosis, autophagy, and ER stress by altering the expres-
sion levels of some related proteins in each of the three CCA cell lines. Furthermore, autophagy inhibition (treatment with
si-Beclinl) increased expression of apoptosis-related proteins (cleaved-PARP and cleaved-caspase-3, Bax/Bcl2) in QBC939
cells irradiated with I-125 seeds, while ER stress inhibition (with si-PERK) suppressed the expression of autophagy-related
proteins (LC3-I, LC3-II, p62). Therefore, I-125 induces ER stress, thereby activating protective autophagy in CCA cells
through the PERK signaling pathway. Combined inhibition of ER stress and autophagy signaling may increase the killing

effect of I-125 on cancer cells and serve as a new auxiliary method in I-125 radiotherapy.
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Cholangiocarcinoma (CCA) is the second most common
primary liver malignancy [1, 2]. According to its initial
location, CCA can be divided into two categories, intra-
hepatic (ICC) and extrahepatic (ECC). CCA is difficult to
diagnose and cure, the 5-year survival rate is approximately
5%, and the patients usually die within 6-12 months after
diagnosis due to biliary sepsis and liver failure. In Asia,
CCA is a relatively common disease with a poor prognosis.
Furthermore, CCA is difficult to diagnose and has been
associated with high mortality rates in Europe and North
America in recent decades [1, 3]. Surgery, radiation therapy,
and chemotherapy are used for treating CCA. Surgery is a
potential curative treatment option but is not suitable for
most patients because of recurrence or metastasis following
resection [1].

CCA is less sensitive to chemotherapy compared with
other gastrointestinal tumors, such as colon cancer. This

may be due to typical characteristics of CCA, such as high
levels of fibrosis and profound genetic heterogeneity, leading
to drug resistance [2]. Additionally, the role of neoadjuvant
and adjuvant therapies in improving the overall prognosis of
patients with CCA is limited, but radiotherapy is reported to
prolong survival in some cases [4]. Iodine-125 (I-125) radio-
active particles (brachytherapy) are recommended as a treat-
ment for localized tumor control and it is a safe and effec-
tive method against chemo-refractory and radio-refractory
carcinomas [5]. In recent years, I-125 radiation therapy has
played a crucial role in the treatment of many types of cancer.
I-125 seeds, as implanted brachytherapy radiation particles,
can reduce disease lesions and minimize the injury region
[6]; for example, these seeds have been applied in early-
onset colorectal cancer and for lower urinary tract symptoms
and localized prostate cancer [7]. [-125 seed irradiation is
also effective against gastric cancer and acts by increasing
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the expression of apoptosis and cell cycle-related genes [8].
Hence, the use of I-125 seeds is an important adjuvant anti-
cancer therapy for patients with short-term recurrence and is
also a promising new treatment for gastric cancer [9-11]. In
CCA, I-125 seeds combined with percutaneous transhepatic
biliary stenting significantly improved the liver function
of patients with an advanced ECC form of the disease and
prolonged survival time [12]. However, the functional
mechanisms underlying the effects of I-125 in CCA have yet
to be elucidated.

Autophagy is an intracellular dynamic metabolic process,
and its cytoplasmic target molecules are transferred to
lysosomes for degradation and recycling. Beclin 1, p62,
and LC3 are commonly used as markers of autophagy flux
[13]. Studies have suggested autophagy plays an important
role in the energy balance of cancer cells and may regulate
the survival mechanism of cancer cells as a tumor promoter
or tumor suppressor, and its intervention has become an
effective strategy for cancer treatment [14, 15]. Moreover,
autophagy induction or autophagy inhibition has been used
for the treatment of CCA in clinical studies, indicating that
autophagy is an effective target for CCA therapy [16, 17].
However, the molecular basis of the relationship between
autophagy and I-125 seed radiation in CCA has not yet been
further studied, to the best of our knowledge. And there-
fore, the present study aimed to explore the potential role of
[-125 against CCA and its possible molecular mechanisms
of action.

Materials and methods

Cell culture. Three CCA cell lines were obtained from
the Shanghai Cell Bank, Chinese Academy of Sciences. Two
of the cell lines, QBC939 (poorly differentiated) and TFK-1
(highly differentiated), were derived from an ECC tumor,
while the HuCCT1 cell line (moderately differentiated) was
derived from an ICC tumor. All CCA cells were cultured
under adherent conditions (Roswell Park Memorial Institute
[RPMI]-1640 supplemented with 10% fetal bovine serum,
100 U/ml penicillin, and 100 pg/ml streptomycin) at 37 °C in
a 5% CO, incubator.

I-125 seed irradiation in vitro model. The 1-125 seed
irradiation model was obtained from Shanghai Xinke
Pharmaceutical Co., Ltd. (Shanghai, China). The seeds
(diameter, 0.8 mm; length, 4.4 mm) had a 59-day half-life,
with 15.1 MBq of surface activity, and average energy of
27.1-35.3 Kev. The in vitro I-125 seed irradiation model was
used as described previously, nine seeds were confined within
a 50 mm polystyrene disc, which was chosen for its approxi-
mate tissue equivalence and its very high resistance to radia-
tion damage. Among them, one I-125 seed was confined to
the center within a 6 mm diameter hole, and eight I-125 seeds
were evenly spaced within recesses around the circumference
of a 30 mm diameter x 1 mm thick polystyrene disc. CCA
cell lines (5 x 10 cells) were seeded into each culture dish,

and the discoid radioactive source was designed to provide
a relatively homogeneous dose distribution at the surface of
the dish. The activity of single 1251 seeds was 0.8 mCi, the
corresponding initial dose rate in model cells was 2.77 cGy/h,
and the exposure time for delivering cumulative radiation
doses of 2-3 Gy is 72.2-108.3 h. Therefore, we set the I-125
seed irradiation group to be continuously exposed to the
radiation source for 96 h, while the control group was not
exposed to I-125.

Preparation of cells for further experiments. Control
and I-125 seed-irradiated cells were digested with trypsin
(0.25%), washed with fresh serum-containing medium,
washed with phosphate buffer saline (PBS), and then were
centrifuged at 500xg for 3 min and the supernatant was
discarded. Finally, cells were counted.

Cell viability assay. Irradiated and control CCA cells
(QBC939, TFK-1, and HuCCT1) were collected. Cell viability
was evaluated using a cell counting kit-8 (CCK-8) (Beyotime,
China). Briefly, cells were seeded in 96-well plates (2x10°/
well) in 100 pl media; control wells containing only medium
were prepared to measure background luminescence. CCK-8
solution (10 pl) was added to each well and the plate was
incubated at 37°C for 1-4 h in a 5% CO, incubator. Then the
absorbance at 450 nm was measured by a microplate reader
(Molecular Devices, Menlopark, CT, USA).

Cell-cycle analysis by flow cytometry, western blotting.
Distribution of the CCA cell cycle in G0/GI, S, and G2/M
phases was analyzed by flow cytometry analysis using
Vybrant® DyeCycle™ Violet Stain (V35003, Thermo Fisher
Scientific, Inc.). Expression levels of the cell cycle-related
genes, Cyclin Bl, CDC25C, and p21, were detected by
western blotting. The primary antibodies used in western
blotting were Cyclin B1 (AF6168, Affinity), CDC25C (4688T,
Cell Signaling Technology (CST)), p21 (2947T, CST), B-Actin
(AB0035, Abways).

Apoptosis analysis by flow cytometry, western blotting.
An apoptosis detection kit (C1052, Beyotime) was used for
quantitative analysis of the proportion of living and apoptotic
cells. Irradiated and control CCA cells were treated with
trypsin for 3 min at 37°C, collected, washed with PBS, and
rates of apoptosis were detected using Fluorescein Isothio-
cyanate (FITC)-Annexin V/Propidium Iodide (PI) staining
(C1052, Beyotime) for flow cytometry analysis (BD Biosci-
ences, BD Calibur, USA). Expression levels of the apoptosis-
related molecules, BCL-2/BAX, cleaved caspase-3, and
cleaved poly ADP-ribose polymerase (PARP) were detected
by western blotting. The primary antibodies used in western
blotting were BCL-2 (AF6139, Affinity), BAX (AF0120,
Affinity), cleaved caspase-3 (9661S, CST), PARP (AF7023,
Affinity), f-Actin (AB0035, Abways).

Autophagy analysis by western blotting, RT-qPCR.
Plasmid pEGFP-LC3, expressing a green fluorescent protein
(GFP)-human LC3 fusion protein, was purchased from
Addgene (Cambridge, MA, USA). CCA cells (QBC939,
TFK-1, and HuCCT1; 2x10°/well) were seeded in 6-well
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plates, incubated for 24 h, then transfected with 2 mg plasmid
using Lipofectamine™ 3000 transfection reagent (Invitrogen,
L3000015). GFP fusion proteins were observed under a
confocal laser scanning microscope (Leica, TSC-SP5).
The percentage of GFP-LC3-positive cells with GFP-LC3
punctuate dots was determined in three independent experi-
ments. Cells with more than five GFP-LC3 punctuate dots
were counted under blinded conditions. A minimum of 30
GFP-LC3-positive cells, assessed from at least six random
fields per sample, were counted in triplicate per condition in
each experiment [18]. Autophagy was evaluated by detecting
the expression of GFP-LC3 under a scanning electron micro-
scope. GFP-LC3 was considered to be at the same level as
endogenous LC3. Expression levels of the autophagy-related
molecules LC3 II/I, p62, and Beclinl were detected by
western blotting. The primary antibodies used in western
blotting were LC3 II/1 (2775S, CST), p62 (ab91526, Abcam),
Beclinl (AF5128, Abcam), B-Actin (AB0035, Abways). The
expression of Beclinl in QBC939 cell lines after transfec-
tion of siRNA-Beclinl was detected by Real Time Quanti-
tative PCR (RT-qPCR). The primer sequences were as
follows: Beclinl, 5-GGTTGCGGTTTTTCTGGGAC-3’
(forward), 5-ACGTGTCTCGCCTTTCTCAA-3’ (reverse);
B-Actin, 5-CTCCATCCTGGCCTCGCTGT-3" (forward),
5-GCTGTCACCTTCACCGTTCC-3’ (reverse).

ER stress analysis by western blotting. Expression levels
of the ER stress-related proteins BIP, PERK, elF2a, ATF4,
and CHOP were detected by western blotting. The primary
antibodies used in western blotting were BIP (AF5366,

Affinity), PERK (5683T, CST), p-PERK (DF7576, Affinity),
elF2a (4688T, CST), p-elF2a (3398T, CST), ATF4 (ab184909,
Abcam), CHOP (AF6277, Affinity), B-Actin (AB0035,
Abways).

Statistical analysis. GraphPad Prism 8.0 software was
used to process data. All data were presented as mean *
standard deviation (SD) and differences were assessed by
Student’s t-test or analysis of one-way variance (ANOVA).
All experiments were independently measured three times.
A p-value <0.05 was considered statistically significant.

Results

I-125 inhibited cell viability. Three CCA cell lines,
QBC939, TFK-1, and HuCCT1, were evaluated after treat-
ment with (2-3 Gy) or without (0 Gy, control group) I-125
seed irradiation. Cell viability was significantly decreased
(QBC939, p=0.0015; TFK-1, p=0.0013; QBCI39, p=0.0016)
in each of the three CCA cell lines treated with I-125 seed
irradiation compared with untreated controls (Figure 1A).

I-125 seeds induced cell-cycle arrest in the G2/M phase.
The flow cytometric cell-cycle assay demonstrated that
irradiation with I-125 seeds decreased the percentage of CCA
cells in the GO/G1 phase of the cell cycle (QBC939, p=0.0306;
TFK-1, p=0.0414; HuCCT1, p=0.0377), but increased the
percentage of cells in the G2/M phase and induced a delay
in the G2/M phase in cells (QBC939, p=0.0307; TFK-1,
p=0.0391; HuCCT1, p=0.0149) (Figures 1B, 1C). Further-
more, expression levels of the cell cycle-related proteins,
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Figure 1. I-125 reduced cell viability and induced cell cycle G2/M arrest in CCA cell lines (QBC939, TFK-1, HuCCT1). Effects of I-125 treatment on:

A) cell viability; B, C) cell cycle status; D, E) expression of cell cycle-related proteins. *p<0.05, **p<0.01, and **p<0.001
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Cyclin B1 (QBC939, p=0.0004; TFK-1, p=0.0003; HuCCT1,
p=0.0001) and CDC25C (QBC939, p=0.0002; TFK-1,
p=0.0416; HuCCT1, p=0.0046), in each of the three CCA
cell lines treated with I-125 seed irradiation were signifi-
cantly lower than those of the untreated group (Figures 1D,
1E). In contrast, an expression level of the cyclin-dependent
kinase inhibitor p21 (QBC939, p<0.0001; TFK-1, p=0.0002;
HuCCT1, p=0.0012) was significantly increased relative to
the untreated group (Figures 1D, 1E).

I-125 seeds induced apoptosis in vitro. Apoptosis rates
of the three CCA cell lines, examined using FITC-Annexin
V-PI staining and a cell apoptosis detection kit, were signifi-
cantly increased by I-125 seed irradiation compared with
the untreated control group (QBC939, p=0.0021; TFK-1,
p=0.0153; HuCCT1, p=0.0028) (Figures 2A, 2B). Further-
more, treatment with I-125 seeds reduced protein expression
of the apoptosis inhibitor BCL-2 and increased expression
of BAX, a pro-apoptosis protein (Figure 2C). In addition,
levels of cleaved-PARP (QBC939, p=0.0006; TFK-1,
p=0.0003; HuCCTI1, p<0.0001) and cleaved-caspase-3
(QBC939, p=0.0001; TFK-1, p=0.0005; HuCCT1, p<0.0001)
were higher in the I-125 seed-irradiation group than in the
control group, as well as the ratio of Bax/Bcl2 (QBC939,
p=0.0003; TFK-1, p<0.0001; HuCCT1, p<0.0001) (Figures
2C, 2D), confirming that I-125 seed irradiation leads to

apoptosis of CCA cells through activation of caspase-3 and
cleaved-PARP.

I-125 seeds induced autophagy. The percentage of
GFP-LC3B-positive cells, as an indicator of autophagosome
formation, was evaluated in QBC939, TFK-1, and HuCCT1
cell lines after treatment with [-125 seed irradiation. The
percentages of GFP-LC3B-positive cells in all three CCA cells
lines treated with I-125 seed irradiation was significantly
higher than those of the control groups (QBC939, p<0.0001;
TFK-1, p=0.0004; HuCCT1, p=0.0002) (Figures 3A, 3B).
Autophagy-related proteins, LC3-I, LC3-II, and Beclinl,
were expressed at high levels in all three CCA cell lines after
irradiation with I-125 seeds. However, the autophagy-related
protein, p62, was inhibited during autophagy activation
in the treated groups of cells (QBC939, p<0.0001; TFK-1,
p<0.0001; HuCCT1, p<0.0001) (Figures 3C, 3D). Western
blotting and quantitative real-time PCR analysis revealed
significantly increased expression of LC3-II/I (QBC939,
p=0.0007; TFK-1, p<0.0001; HuCCT1, p<0.0001) and
Beclinl (QBC939, p<0.0001; TFK-1, p=0.0065; HuCCT1,
p=0.0042) in all three CCA cell lines treated with I-125 seed
irradiation (Figures 3C, 3D).

Autophagy inhibition enhanced I-125-induced
apoptosis. Beclinl-targeting small interfering RNA (siRNA)
(si-Beclinl) suppressed expression levels of the autophagy-
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Figure 2. I-125 promoted increased cell death and apoptosis in CCA cell lines (QBC939, TFK-1, HuCCT1). A, B) Detection of apoptosis after I-125
treatment. C, D) Expression of apoptosis-related proteins following I-125 treatment. *p<0.05, **p<0.01, and ***p<0.001
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Figure 3. I-125 induced autophagy in the human CCA cell line, QBC939. A, B) Determination of autophagosome formation. C, D) Expression of

autophagy-related proteins. **p<0.01 and ***p<0.001

related protein Beclinl in QBC939 cells (p=0.0008,
Figure 4A), and led to enhanced I-125-induced apoptosis
(p=0.0428, Figure 4B). In addition, si-Beclinl treatment
induced high expression of the apoptosis-related proteins
cleaved-PARP (p=0.0007) and cleaved-caspase-3 (p<0.0001),
low expression of BCL-2 (an inhibitor of apoptosis), high
expression of BAX (a pro-apoptosis protein), and a high
BAX/BCL-2 ratio (p=0.0024) in QBC939 cells treated with
I-125 seed irradiation compared with the I-125 group
(Figures 4C, 4D).

1-125 seeds induced endoplasmic reticulum (ER) stress.
The expression of the ER stress-related proteins including
binding immunoglobulin protein (BIP) (QBC939, p=0.0003;
TFK-1, p<0.0001; HuCCT1, p<0.0001), phosphorylation
of PRKR-like endoplasmic reticulum kinase (PERK) and
eukaryoticinitiation factor 2 alpha (eIF2a) was also enhanced,
and the ratio of pPERK/PERK (QBC939, p=0.0003; TFK-1,
p=0.0003; HuCCT1, p=0.0007) and pelF2a/elF2a (QBC939,
p=0.007; TFK-1, p=0.0003; HuCCT1, p=0.0344) was higher
in the three CCA cell lines treated with I-125 seed irradiation
relative to the control group (Figures 5A, 5B). Furthermore,
activating transcription factor 4 (ATF4) (QBC939, p=0.0003;
TFK-1, p<0.0001; HuCCT1, p<0.0001), and C/EBP homolo-
gous protein (CHOP) (QBC939, p<0.0001; TFK-1, p<0.0001;

HuCCT1, p=0.0018) were increased in all three CCA cell
lines treated with I-125 seed irradiation when compared with
untreated controls (Figures 5A, 5C).

ERstressinhibition decreased I-125-induced autophagy.
Western blotting and quantitative real-time PCR analysis
revealed that siRNA targeting PERK (si-PERK) suppressed
expression of the autophagy-related proteins PERK and
LC3-II/LC3-1, but increased p62 gene expression in QBC939
cells treated with I-125 seed irradiation compared with the
I-125 group (p=0.0002; p=0.0035; p=0.0191) (Figures 6A,
6B). Treatment with si-PERK also suppressed the GFP-LC3-
positive cells treated with I-125 seed irradiation (p=0.0008,
Figure 6C). The apoptosis rate induced by I-125 seed irradia-
tion significantly increased in QBC939 cells after treatment
with si-PERK compared with the I-125 group (p=0.0387,
Figure 6D).

Discussion

The current study investigated the potential mechanism
of the anticancer effect of I-125 seed irradiation on CCA
cells (Supplementary Figure S1). The results showed that
I-125 seed irradiation reduced the viability and induced
apoptosis in three human CCA cell lines, as well as promoted
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the expressions of autophagy- and ER stress-related proteins.
Furthermore, inhibition of ER stress and autophagy
promoted I-125-induced apoptosis of QBC939 cells. These
data explained the killing effect of I-125 seeds in CCA cells
and clarified critical mechanisms underlying I-125-triggered
ER stress, autophagy, and apoptosis in QBC939 cells.

There are numerous imbalances between tumor cell prolif-
eration and death, which can lead to an unrestricted prolifer-
ation of cells. Consequently, apoptosis has emerged as a target
for cancer therapeutics [19]. Cell apoptosis induction is also
considered to be the main mode of anti-cancer effect of I-125
seed radiation, and cell cycle delay contributes to enhancing
the cellular radiosensitivity and eventually induces cell death
[20]. In the current study, an irradiation range of <2 cm
from I-125 seeds containing 0.4-0.8 mCi of ionizing radia-
tion source effectively attenuated the cell viability in each of
the CCA cell lines, and led to the accumulation of cells in
the G2/M phase of the cell cycle, and induced cell apoptosis
through activation of PARP and caspase-3. Similarly,
previous studies also demonstrated that the cancer-killing
effect of I-125 seed radiation was dependent on inducing cell
cycle arrest and apoptosis in gastric cancer [9], lung cancer

[21], and pancreatic cancer cells [22]. In addition, a recent
in vitro and in vivo study showed that I-125 seeds inhibited
the proliferation and promoted apoptosis of CCA cells by
increasing the expression of p-p38 MAPK and p-p53 [23].
These data at least partly supported our results that the molec-
ular mechanism of I-125 seed irradiation involved inhibition
of CCA cell viability, cell cycle progression, and promotion of
cell apoptosis. In addition, due to the strong radiation sensi-
tivity of G2/M cells [24], the I-125-induced G2/M arrest in
this research may reinforce the killing impact of radiation on
CCA cells. Further, a previous study has indicated that radia-
tion sensitivity is negatively correlated with the degree of cell
differentiation [25]. The present study also revealed similar
results that I-125 radiation-induced apoptosis was strongest
in poorly differentiated QBC939 and weakest in well differ-
entiated TFK-1 cells.

However, the molecular mechanism underlying the
effects of I-125 seeds differs among different cancers, and
those underlying the improvements in CCA have yet to be
elucidated. In our study, ER stress was assessed by the levels
of ER-related markers including the enhanced phosphory-
lation of PERK and elF2a, as well as expressions of BIP,
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Figure 5. ER stress was induced by I-125 in QBC939, TFK-1 and HuCCT1 cell lines. A-C) Expression of ER stress-related proteins (BIP, pPERK,
pelF2a, ATF4, CHOP) following I-125 treatment. *p<0.05, **p<0.01, and ***p<0.001

ATF4, and CHOP proteins, and autophagy was assessed
by autophagy-related markers, for example, the induction
of the increase of LC3-II/LC3-I ratio and the reduction of
Beclinl and p62. As expected, our data demonstrated that
[-125 seed irradiation induced ER stress and autophagy in
CCA cells. Further, our study revealed that I-125 seed radia-
tion unexpectedly increased ER stress mediated pro-survival
autophagy, and inhibition of ER stress enhanced the effects
of autophagy inhibition on I-125-induced cell apoptosis.
Recently, autophagy is thought to play a dual role in cancer
progression, inhibiting the initial stages of tumor progression
and promoting tumor malignancy when the tumor is well
established [26, 27]. Autophagy can be activated by tumor
suppressors at the initiation of cancer, thereby reducing
ROS through mitochondrial damage and preventing tumor
malignant progression [26, 28]. Increased LC3, Beclinl, and
p62 in infiltrating cancer tissue may be associated with tumor
suppression and resistance to oncogenic transformation
of cholangiocytes during the early stages of CCA develop-
ment. Instead, autophagy is also considered to be a protec-
tive strategy for tumor cells to evade various therapies and
promote tumor survival under stress conditions [29, 30].
Previously, hypoxia-inducible factor-1 (HIF-1) alpha was
positively correlated with Bcl-2 19-kDa interacting protein
3 (BNIP3), a pro-apoptotic molecule, and phosphatidylino-
sito] 3-kinase catalytic subunit type 3 (PI3KC3), a compo-

nent of beclinl-PI3K complex, and was associated with
poor prognosis of CCA, suggesting a protective autophagy
mechanism of CCA under hypoxia stress [31]. In addition,
ER stress is an effective inducer of cancer cell autophagy.
Studies have confirmed that ER stress can activate cancer-
protective autophagy, and autophagy inhibition can enhance
the anticancer effect [32, 33]. Further, radiation therapy has
also been shown to induce protective autophagy, which is not
intended, and inhibition of autophagy increases the radio-
sensitivity of cells [34-36]. These findings all confirmed our
conclusion that the anti-cancer effect of I-125 is affected
by ER stress-induced protective autophagy, and combined
inhibition of ER stress and autophagy is an important factor
in I-125-induced cell apoptosis, which suggested a potent
auxiliary method to enhance the effect of I-125 radiation
therapy.

Finally, our research has some limitations. First, the effect
of I-125 on cell activity, circulation, autophagy, and ER stress
was similar among QBC939, TFK-1, and HuCCT1 cells. ECC
accounts for a large proportion (80-90%) of CCA, while ICC
accounts for the remaining 10-20% [37]. QBC939 is a poorly
differentiated human CCA cell line, which is typical of ECC.
Thus, our mechanism study only included QBC939 cells
due to time and funding limitations, and further studies on
various cell lines of CCA are needed in the future. Secondly,
this study only focused on the related mechanisms of I-125-
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Figure 6. Inhibition of ER stress reduced autophagy. A, B) Expression of autophagy-related proteins after transfection of QBC939 cells with si-PERK.
C) Determination of autophagosome formation. D) Rate of apoptosis. *p<0.05, **p<0.01, and **p<0.001

induced cell apoptosis but did not explore the related mecha-
nisms of cell viability and cell cycle due to time and funding
limitations. Third, the significant role of I-125 seeds is to be
applied in clinical work. However, radiation is often accom-
panied by some adverse effects, such as pneumonia, esoph-
agitis, bleeding, fistula, skin injury, heart injury, and so on
[38]. Thus, future studies will therefore focus on establishing
xenograft models of CCA in mice to investigate whether
I-125 seeds can increase the killing effect of I-125 based on
combined inhibition of ER stress and autophagy.

In summary, during I-125 radiotherapy, ER stress and
autophagy were induced and might cause some unwanted
side effects that promote tumor survival, and inhibition of
ER stress decreased I-125-induced autophagy in QBC939
cells, and inhibition of autophagy enhanced I-125-induced
apoptosis in QBC939 cells. This indicates that expression
levels of autophagy- and ER stress-related proteins are both
predictors of the effects of I-125 in CCA. We thus conclude
that the combination of inhibition of ER stress and autophagy

can increase I-125-induced apoptosis in QBC939 cells, and
that combination of autophagy inhibition and I-125 radia-
tion may represent a novel therapy for CCA.

Supplementary information is available in the online version
of the paper.

Acknowledgments: This study was supported by grants from
Yunnan Province Science and Technology Department (Grant
Nos.: 202001AT070018 and 202101AY070001-032), Yunnan Fun-
damental Research Projects (Grant No.: 202201AS070002), and
The Young and Middle-aged Academic and Technical Leaders in
Yunnan Province/Reserve Talent Training Program (Grant No.:
202005AC160017).

References
[1]  BLECHACZ B. Cholangiocarcinoma: Current Knowledge
and New Developments. Gut Liver 2017; 11: 13-26. https://
doi.org/10.5009/gnl15568



628

Lei ZOU, et al.

[10]

(11]

RAZUMILAVA N, GORES GJ. Cholangiocarcinoma. Lan-
cet 2014; 383: 2168-2179. https://doi.org/10.1016/s0140-
6736(13)61903-0

KHAN SA, THOMAS HC, DAVIDSON BR, TAYLOR-ROB-
INSON SD. Cholangiocarcinoma. Lancet 2005; 366: 1303
1314. https://doi.org/10.1016/s0140-6736(05)67530-7
NANTAJIT D, TRIRUSSAPANICH P, ROJWATKARN]JA-
NA S, SOONKLANG K, PATTARANUTRAPORN P et al.
Clinical analysis of cholangiocarcinoma patients receiving
adjuvant radiotherapy. Mol Clin Oncol 2016; 5: 797-802.
https://doi.org/10.3892/mc0.2016.1072

ZHANG W, LI ], LI R, ZHANG Y, HAN M et al. Efficacy
and safety of iodine-125 radioactive seeds brachytherapy
for advanced non-small cell lung cancer-A meta-analysis.
Brachytherapy 2018; 17: 439-448. https://doi.org/10.1016/j.
brachy.2017.11.015

ZHUANG HQ, WANG J], LIAO AY, WANG ]D, ZHAO Y.
The biological effect of 1251 seed continuous low dose rate
irradiation in CL187 cells. ] Exp Clin Cancer Res 2009; 28:
12. https://doi.org/10.1186/1756-9966-28-12

BASHA G, PENNINCKX E MEBIS ], FILEZ L, GEBOES
K et al. Local and systemic effects of intraoperative whole-
colon washout with 5 per cent povidone-iodine. Local and
systemic effects of intraoperative whole-colon washout with
5 per cent povidone-iodine 1999; 86: 219-226. https://doi.
org/10.1046/j.1365-2168.1999.01011.x

MA ZH, YANG Y, ZOU L, LUO KY. 125I seed irradiation
induces up-regulation of the genes associated with apopto-
sis and cell cycle arrest and inhibits growth of gastric cancer
xenografts. ] Exp Clin Cancer Res 2012; 31: 61. https://doi.
org/10.1186/1756-9966-31-61

TAKABAYASHI K, KASHIWAGI K, KAWATA T, SATO T,
MATSUOKA K et al. Continuous low-dose irradiation by
I-125 seeds induces apoptosis of gastric cancer cells regard-
less of histological origin. Cancer Biol Ther 2014; 15: 81-88.
https://doi.org/10.4161/cbt.26610

MA ZH, YANG Y, ZOU L, LUO KY. 125I seed irradiation
induces up-regulation of the genes associated with apopto-
sis and cell cycle arrest and inhibits growth of gastric cancer
xenografts. ] Exp Clin Cancer Res 2012; 31: 61. https://doi.
org/10.1186/1756-9966-31-61

SMALLEY SR, GUNDERSON L, TEPPER ], MARTENSON
JA, MINSKY B et al. Gastric surgical adjuvant radiotherapy
consensus report: rationale and treatment implementation.
Int J Radiat Oncol Biol Phys 2002; 52: 283-293. https://doi.
0rg/10.1016/50360-3016(01)02646-3

PANG Q, ZHOU L, HU XS, WANG Y, MAN ZR et al. Biliary
stenting alone versus biliary stenting combined with (125)
I particles intracavitary irradiation for the treatment of ad-
vanced cholangiocarcinoma. Sci Rep 2019; 9: 11348. https://
doi.org/10.1038/s41598-019-47791-4

KLIONSKY DJ, ABDEL-AZIZ AK, ABDELFATAH S, AB-
DELLATIF M, ABDOLI A et al. Guidelines for the use and
interpretation of assays for monitoring autophagy (4th edi-
tion). Autophagy 2021; 17: 1-382. https://doi.org/10.1080/1
5548627.2020.1797280

YUN CW, LEE SH. The Roles of Autophagy in Can-
cer. Int J Mol Sci 2018; 19: 3466. https://doi.org/10.3390/
ijms19113466

[26]

CHUDE CI, AMARAVADI RK. Targeting Autophagy
in Cancer: Update on Clinical Trials and Novel Inhibi-
tors. Int ] Mol Sci 2017; 18: 1279. https://doi.org/10.3390/
ijms18061279

PEREZ-MONTOYO H. Therapeutic Potential of Autopha-
gy Modulation in Cholangiocarcinoma. Cells 2020; 9: 614.
https://doi.org/10.3390/cells9030614

KOUSTAS E, TRIFYLLI EM, SARANTIS P, PAPAVASSIL-
IOU AG, KARAMOUZIS MV. Role of autophagy in chol-
angiocarcinoma: An autophagy-based treatment strategy.
World ] Gastrointest Oncol 2021; 13: 1229-1243. https://doi.
org/10.4251/wjgo.v13.i10.1229

NI HM, BOCKUS A, WOZNIAK AL, JONES K, WEIN-
MAN S et al. Dissecting the dynamic turnover of GFP-LC3
in the autolysosome. Autophagy 2011; 7: 188-204. https://
doi.org/10.4161/auto.7.2.14181

WONG RS. Apoptosis in cancer: from pathogenesis to
treatment. ] Exp Clin Cancer Res 2011; 30: 87. https://doi.
org/10.1186/1756-9966-30-87

ZHUANG HQ, WANG J], LIAO AY, WANG ]D, ZHAO Y.
The biological effect of 1251 seed continuous low dose rate
irradiation in CL187 cells. ] Exp Clin Cancer Res 2009; 28:
12. https://doi.org/10.1186/1756-9966-28-12

QU A, WANG H, LI J, WANG J, LIU J et al. Biological effects
of (125)i seeds radiation on A549 lung cancer cells: G2/M
arrest and enhanced cell death. Cancer Invest 2014; 32: 209-
217. https://doi.org/10.3109/07357907.2014.905585

WANG J, WANG J, LTIAO A, ZHUANG H, ZHAO Y. The
direct biologic effects of radioactive 125I seeds on pancre-
atic cancer cells PANC-1, at continuous low-dose rates.
Cancer Biother Radiopharm 2009; 24: 409-416. https://doi.
0rg/10.1089/cbr.2008.0563

ZHOU X, ZHANG W, DOU M, LI Z, LIU Z, et al. (125)I
seeds inhibit proliferation and promote apoptosis in chol-
angiocarcinoma cells by regulating the AGR2-mediated p38
MAPK pathway. Cancer Lett 2022; 524: 29-41. https://doi.
org/10.1016/j.canlet.2021.10.014

WILSON GD. Cell kinetics. Clin Oncol (R Coll Radiol) 2007;
19: 370-384. https://doi.org/10.1016/j.clon.2007.02.015
TAKABAYASHI K, KASHIWAGI K, KAWATA T, SATO T,
MATSUOKA K et al. Continuous low-dose irradiation by
I-125 seeds induces apoptosis of gastric cancer cells regard-
less of histological origin. Cancer Biol Ther 2014; 15: 81-88.
https://doi.org/10.4161/cbt.26610

AVALOS Y, CANALES J, BRAVO-SAGUA R, CRIOLLO A,
LAVANDERO S et al. Tumor suppression and promotion by
autophagy. Biomed Res Int 2014; 2014: 603980. https://doi.
org/10.1155/2014/603980

ROSENFELDT MT, RYAN KM. The multiple roles of au-
tophagy in cancer. Carcinogenesis 2011; 32: 955-963. https://
doi.org/10.1093/carcin/bgr031

MORSELLI E, GALLUZZI L, KEPP O, MARINO G, MI-
CHAUD M et al. Oncosuppressive functions of autophagy.
Antioxid Redox Signal 2011; 14: 2251-2269. https://doi.
org/10.1089/ars.2010.3478



REDUCED AUTOPHAGY PROMOTES THE ANTI-CANCER EFFECT OF I-125

629

(29]

(30]

(31]

(32]

(33]

PEREZ-HERNANDEZ M, ARIAS A, MARTINEZ-GAR-
CIA D, PEREZ-TOMAS R, QUESADA R et al. Targeting
Autophagy for Cancer Treatment and Tumor Chemosen-
sitization. Cancers 2019; 11: 1599. https://doi.org/10.3390/
cancers11101599

LEVY JMM, TOWERS CG, THORBURN A. Targeting
autophagy in cancer. Nat Rev Cancer 2017; 17: 528-542.
https://doi.org/10.1038/nrc.2017.53

THONGCHOT S, YONGVANIT P, LOILOME W, SEUB-
WAI W, PHUNICOM K et al. High expression of HIF-1a,
BNIP3 and PI3KC3: hypoxia-induced autophagy predicts
cholangiocarcinoma survival and metastasis. Asian Pac |
Cancer Prev 2014; 15: 5873-5878. https://doi.org/10.7314/
apjcp.2014.15.14.5873

LIU Y, GONG W, YANG ZY, ZHOU XS, GONG C et al.
Quercetin induces protective autophagy and apoptosis
through ER stress via the p-STAT3/Bcl-2 axis in ovarian can-
cer. Apoptosis 2017; 22: 544-557. https://doi.org/10.1007/
510495-016-1334-2

MOON JY, CHO SK. Nobiletin Induces Protective Autoph-
agy Accompanied by ER-Stress Mediated Apoptosis in Hu-
man Gastric Cancer SNU-16 Cells. Molecules 2016; 21: 914.
https://doi.org/10.3390/molecules21070914

(34]

(35]

(36]

(37]

(38]

CHEN YS, SONG HX, LU Y, LI X, CHEN T et al. Autophagy
inhibition contributes to radiation sensitization of esopha-
geal squamous carcinoma cells. Dis Esophagus 2011; 24:
437-443. https://doi.org/10.1111/j.1442-2050.2010.01156.x
ITO H, DAIDO S, KANZAWA T, KONDO §, KONDO Y.
Radiation-induced autophagy is associated with LC3 and
its inhibition sensitizes malignant glioma cells. Int J Oncol
2005; 26: 1401-1410.

WANG C, LI TK, ZENG CH, FAN R, WANG Y et al. Io-
dine-125 seed radiation induces ROS-mediated apoptosis,
autophagy and paraptosis in human esophageal squamous
cell carcinoma cells. Oncol Rep 2020; 43: 2028-2044. https://
doi.org/10.3892/0r.2020.7576

BANALES JM, MARIN JJG, LAMARCA A, RODRIGUES
PM, KHAN SA et al. Cholangiocarcinoma 2020: the next
horizon in mechanisms and management. Nat Rev Gastro-
enterol Hepatol 2020; 17: 557-588. https://doi.org/10.1038/
$41575-020-0310-z

JI Z, JIANG Y, GUO E PENG R, SUN H et al. Radiation-
related Adverse Effects of CT-guided Implantation of (125)I
Seeds for Thoracic Recurrent and/or Metastatic Malignancy.
Sci Rep 2019; 9: 14803. https://doi.org/10.1038/s41598-019-
51458-5



REDUCED AUTOPHAGY PROMOTES THE ANTI-CANCER EFFECT OF I-125 - Supplementary Information 1

https://doi.org/10.4149/neo_2022_211102N1556

Iodine-125-induced cholangiocarcinoma cell death is enhanced by inhibition
of endoplasmic reticulum stress-mediated protective autophagy

Lei ZOU"**, Wei CHANG?#, Jian-Hua BAI"?, Wan-Hong SHI"?, Yun JIN'?, Jun-Feng WANG"?, Kun-Hua WANG**

Supplementary Information

Cell survival | = I-125 radiation=——p

arrest 0’

Bip r
> PPERK/PERK. 4
pelF2a/elF2a 4
Apoptosis <4 | Autophagy
Cyclin Bl ¥ Cleaved-PARP 4 LC3I/LC3I 4
CDC25C ¥ Cleaved-caspase-3 4 P62 v
P21 4 bax/Bcl2 A Boclinl \/ 4
4 induce v reduce up-regulated down-regulated

Supplementary Figure S1. Schematic diagram of the killing effect of I-125 on CCA cells. I-125 radiation suppresses cell survival and induces cell cycle
G2/M-phase arrest, which is characterized with decreased Cyclin B1 and CDC25C, increased p21. I-125 radiation induces cell apoptosis, which is
manifested by enhanced cleaved-PARP, cleaved-caspase-3 and the ratio of Bax/Bcl-2. I-125 radiation leads to cell autophagy, which was manifested
by enhanced LC31I/LC3I and Beclinl, decreased p62. Further, si-PEAK (ER stress inhibition) promotes I-125 induced autophagy, and si-Beclinl (au-
tophagy inhibition) promoted I-125 induced apoptosis.
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