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Abstract
Hepatocellular carcinoma (HCC) is one of the most common malignancies in the 
world and is associated with high mortality. Ionizing radiation (IR)-based therapy 
causes DNA damage, exerting a curative effect; however, DNA damage repair signal-
ing pathways lead to HCC resistance to IR-based therapy. RAD21 is a component of 
the cohesion complex, crucial for chromosome segregation and DNA damage repair, 
while it is still unclear whether RAD21 is implicated in DNA damage and influences IR 
sensitivity in HCC. The current research explores the effect and upstream regulatory 
mechanism of RAD21 on IR sensitivity in HCC. In the present study, RAD21 mRNA 
and protein expression were increased within HCC tissue samples, particularly within 
IR-insensitive HCC tissues. The overexpression of RAD21 partially attenuated the 
roles of IR in HCC by promoting the viability and suppressing the apoptosis of HCC 
cells. RAD21 overexpression reduced the culture medium 8-hydroxy-2-deoxyguano-
sine concentration and decreased the protein levels of γH2AX and ATM, suggesting 
that RAD21 overexpression attenuated IR treatment-induced DNA damage to HCC 
cells. miR-320b targeted RAD21 3 -́UTR to inhibit RAD21 expression. In HCC tissues, 
particularly in IR-insensitive HCC tissues, miR-320b expression was significantly 
downregulated. miR-320b inhibition also attenuated IR treatment-induced DNA 
damage to HCC cells; more importantly, RAD21 silencing significantly attenuated 
the effects of miR-320b inhibition on IR treatment-induced DNA damage, suggesting 
that miR-320b plays a role through targeting RAD21. In conclusion, an miR-320b/
RAD21 axis modulating HCC sensitivity to IR treatment through acting on IR-induced 
DNA damage was demonstrated. The miR-320b/RAD21 axis could be a novel thera-
peutic target for further study of HCC sensitivity to IR treatment.
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1  | INTRODUC TION

Hepatocellular carcinoma (HCC) is one of the most common malig-
nancies in the world and is associated with high mortality.1 Despite 
the development of HCC treatments over the past two decades, 
the overall survival of HCC patients remains unsatisfactory, espe-
cially for those in advanced stages, due to recurrence and metas-
tasis.2,3 Radiation therapy has emerged as an alternative treatment 
for locally advanced HCC and the new radiation therapy strate-
gies, such as stereotactic body radiotherapy, seem promising.4,5 
Ionizing radiation (IR) plays roles both directly and indirectly: di-
rectly damaging DNA or indirectly producing free radicals through 
ionization of water. Hence, various forms of DNA damage may 
occur, including single-strand breaks repaired through the base 
excision repair pathway and double-strand breaks (DSB) repaired 
through the homologous recombination pathway.6 However, the 
resistance of tumors to IR is still a significant barrier to effective 
HCC treatment.7,8 Thus, it is of great necessity to develop new 
strategies that can effectively improve the efficacy of radiother-
apy for HCC treatment.

Cohesins are highly conserved multiprotein complexes from 
yeast to humans. Their main function is to bind sister chromatids 
closely together. This mechanism, known as sister chromatid polym-
erization, is the basis of various critical cellular processes, such as er-
ror-free homologous recombination repair of DNA DSB.9-11 RAD21 
is a central component of the cohesin complex, both structurally and 
functionally.12 As a DNA repair gene, rad21 was first identified as ra-
diation-sensitive mutations in the fission yeast Schizosaccharomyces 
pombe.13,14 Recent studies suggest the potential role of RAD21 
in regulating cellular growth and protecting cells from DNA dam-
age, both of which are considered key factors in tumorigenesis. 
Specifically, Rad21 is involved in homologous recombination-medi-
ated DSB repair.15,16 In mammalian cells, RAD21 deficiency would 
result in sister chromatid abnormal separation in the interphase and 
incorrect alignment in the metaphase. In the meantime, enhanced 
spontaneous chromosome disruption and IR-induced chromosome 
aberrations also occur in these cells, possibly because of impaired 
DSB repair efficiency.17 Notably, abnormal expression of RAD21 
was found in a variety of cancers and cancer cells.18-21 These obser-
vations suggest that RAD21 might facilitate IR-induced DNA dam-
age repair, thus leading to the radioresistance of cancer. Searching 
for agents targeting RAD21 is a potential strategy to improve HCC 
radio sensitivity to IR-based therapy.

MicroRNA (miRNA) are endogenous 21-25-nucleotide (nt) non-
coding small RNA that were initially regarded as “transcriptional 
noise.”22,23 However, published studies have shown that miRNA are 
involved not only in the modulation of developmentally timed events 
but also in the regulation of various other aspects in animal and 
plant biological processes.24,25 The mature miRNA is loaded into the 
RNA-induced silencing complex (RISC) and binds with partial com-
plementarity to the 3 -́UTR (untranslated region) of target mRNA 
for degradation or translational inhibition.26,27 Reportedly, miRNA 
could suppress the expression of cancer-associated genes and 

enable them to exert tumor-suppressive or oncogenic effects.28-30 
Notably, miRNA contribute to RAD protein regulation. The major-
ity of the RAD proteins have the predicted miRNA binding sites in 
their 3 -́UTR, but only RAD51 and RAD52 have been reported to 
exhibit miRNA regulatory effects.31-34 Overexpression of miR-302, 
one of the miRNA that target RAD52, is enough to make cells sen-
sitive to IR, possibly through inhibiting RAD52 and homologous re-
combination and enhancing cell apoptosis.34 Thus, we speculate that 
identifying miRNA that target RAD21 might provide novel agents to 
improve HCC IR resistance.

Herein, we first examined the RAD21 expression level within 
HCC and adjacent non–cancerous tissue samples, or IR-sensitive 
(sensitive to IR) and IR-insensitive (insensitive to IR) HCC tissue sam-
ples, or in HCC cell lines in response to IR treatment. RAD21 overex-
pression was conducted within HCC cells and the impact of RAD21 
on HCC cell viability, apoptosis, DNA damage, and related markers 
was examined with or without IR treatment. We used five online 
tools, including mirDIP, microT-CDS, starBase V3, TargetScan, and 
miRDB, to predict miRNA that could bind to RAD21, and selected 
miR-320b after reviewing the published literature and examining 
the expression levels of candidate miRNA upon IR treatment. The 
predicted miR-320b binding to RAD21 was validated. The impact of 
miR-320b on HCC cell viability, apoptosis, DNA damage, and related 
markers was examined with or without IR treatment. Finally, the ef-
fects of miR-320b and RAD21 on HCC sensitivity to IR treatment 
were examined.

2  | MATERIAL S AND METHODS

2.1 | Tissue sample collection

A total of 20 paired HCC tissues and adjacent non–cancerous tis-
sues and 24 post–radiotherapy HCC tissues were collected from pa-
tients diagnosed with HCC who had undergone surgical resection at 
the Cancer Hospital, Chinese Academy of Medical Sciences. All the 
specimens were stored at −80°C until further use in experiments. 
The study was conducted with the approval of the institutional re-
view board (No. NCC2016G-047).

The IR-sensitive or IR-insensitive samples were acquired from 
HCC patients without distant metastasis who had undergone radical 
radiotherapy. The total dose of administered radiotherapy for HCC 
patients ranged from 12 to 60 Gy (1.8–5.0 Gy/fraction, 5 days/week, 
followed by rest for 2 days). The total dose was determined by radi-
ation oncologists, based on age, performance status, liver function, 
and dose volume of the normal liver, duodenum, and stomach.35 The 
clinical evaluation of radiosensitivity in HCC patients is based on the 
first re–examination of CT scans after undergoing radiotherapy for 
1 month, according to the following criteria: patients with radioresis-
tant HCC patients were defined as those with persistent disease at 
>3 months, or with local recurrent disease in the liver or both within 
12 months of completion of radiotherapy.36,37 According to the eval-
uation, 12 samples were IR-sensitive and 12 were IR-insensitive.
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2.2 | H&E staining

Tissue samples were fixed with 4% paraformaldehyde, embedded, 
and then sliced into 5-μm thick sections. Then, slices were dewaxed, 
hydrated, and stained with H&E. Histopathological changes were 
observed under a light microscope.

2.3 | Immunohistochemistry staining

Tissue sections described above were dewaxed, hydrated, and in-
cubated with 0.01 mol/L sodium citrate buffer solution (pH = 6.0) 
by steaming for 30 minutes, and then immersed in 100 μL hydro-
gen peroxide (3%) for 15 minutes at room temperature. Sections 
were then incubated with primary antibodies, anti–RAD21 (csb-
PA040139; CUSABIO), or anti–Ki-67 (27309-1-AP; Proteintech) at 
4°C overnight. Depending on the primary antibody, anti–mouse or 
anti–rabbit IgG coupled with peroxidase was used as a secondary an-
tibody. Section visualization was conducted through incubation with 
DAB solution and weak counterstaining with hematoxylin. Under a 
light microscope, five fields (×400) were randomly selected and the 
positive cells were counted.

2.4 | PCR analysis

Total RNA was extracted from target cells using TRIzol Reagent 
(Invitrogen). The relative expression levels of target factors were 
determined using the SYBR Green PCR Master Mix (Qiagen) 
according to the protocols. GAPDH expression (for mRNA 

expression determination) or RNU6B expression (for miRNA ex-
pression determination) was used as an endogenous normaliza-
tion control. The relative expression levels were calculated using 
the 2−ΔΔCT method. The primer sequences for the PCR assay are 
listed in Table 1.

2.5 | Immunoblotting

The protein levels of RAD21, γH2AX, ATM, and Ki-67 were de-
tected using immunoblotting. Target cells were lysed in RIPA buffer 
with 1% PMSF for protein extraction. Proteins were loaded onto 
an SDS-PAGE minigel and transferred onto PVDF membranes fol-
lowed by incubation with anti–RAD21 (csb-PA040139; CUSABIO), 
anti–γH2AX (10856-1-AP, Proteintech), anti–ATM (ab78, Abcam), or 
anti–Ki-67 (27309-1-AP, Proteintech) at 4°C overnight, and subse-
quently incubated with the HRP-conjugated secondary antibody. 
ECL Substrates was used to visualize signals (Millipore). β-actin was 
used as an endogenous protein for normalization.

2.6 | Cell lines and cell transfection

The HCC cell line Hep3B was obtained from the ATCC (HB-8064) 
and cultured in Eagle’s minimum essential medium (Catalog No. 30-
2003; ATCC) supplemented with 10% FBS (Invitrogen). HCC cell 
line Huh7 was purchased from the China Center for Type Culture 
Collection (3111C0001CCC000679; CCTCC) and cultured in 
DMEM-H: DMEM (DME H-21 4.5g/Liter Glucose) supplemented 
with 10% FBS (Invitrogen).

Gene Primer Sequence

RAD21 Forward 5 -́GGATAAGAAGCTAACCAAAGCCC-3ʹ

Reverse 5 -́CTCCCAGTAAGAGATGTCCTGAT-3ʹ

miR-212-3p Forward 5 -́GCCGTAACAGTCTCCAGTC-3ʹ

Reverse 5 -́CAGTGCGTGTCGTGGA-3ʹ

miR-363-3p Forward 5 -́GGAATTGCACGGTATCCA-3ʹ

reverse 5 -́CAGTGCGTGTCGTGGA-3ʹ

miR-299-5p Forward 5 -́GCTGGTTTACCGTCCCAC-3ʹ

Reverse 5 -́CAGTGCGTGTCGTGGA-3ʹ

miR-320b Forward 5 -́GCAAAAGCTGGGTTGAGA-3ʹ

Reverse 5 -́CAGTGCGTGTCGTGGA-3ʹ

miR-367-3p Forward 5 -́GCCAATTGCACTTTAGCAA-3ʹ

Reverse 5 -́CAGTGCGTGTCGTGGA-3ʹ

miR-433-3p Forward 5 -́GGATCATGATGGGCTCCT-3ʹ

Reverse 5 -́CAGTGCGTGTCGTGGA-3ʹ

GAPDH Forward 5 -́ACAGCCTCAAGATCATCAGC-3ʹ

Reverse 5 -́GGTCATGAGTCCTTCCACGAT-3ʹ

U6 Forward 5 -́CTCGCTTCGGCAGCACA-3ʹ

Reverse 5 -́TCATCCAAATACTCCACACGC-3ʹ

TA B L E  1   The primer sequence for PCR 
assay
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RAD21 overexpression in target cells was conducted by trans-
fecting RAD21-overexpressing plasmid (GenePharma, Shanghai, 
China). miR-320b overexpression or inhibition was achieved by 
transfecting agomir-320b or antagomir-320b (GenePharma) using 
Lipo3000 (Invitrogen) for 24 hours before radiation treatment ac-
cording to the manufacturer’s instructions.

For IR treatment on HCC cells, Hep3B and Huh7 cells (trans-
fected or non–transfected), were exposed to 0, 2, 4, 6, 8, or 10 Gy IR 
using a 6-MV X-ray generated by a linear accelerator following the 
methods that we used previously.36,37 Then, the cells were cultured 
for 48 hours for the subsequent experiments.

2.7 | Cell viability determined by MTT assay

Target cells were seeded into 96-well plates (5 × 103 cells/well) 
and incubated for 24 hours. Then, cells were transfected (or not); 
48 hours after transfection, 20 μL MTT (Sigma-Aldrich) was added, 
and the cells were incubated for an additional 4 hours in a humidi-
fied incubator. After discarding the supernatant, 200 μL DMSO was 
added for dissolving the formazan. The OD490 nm value was meas-
ured. Cell viability in each group was calculated, normalizing to the 
control group.

2.8 | Cell apoptosis determined by flow cytometry

Cells were stained using PI and Annexin V-FITC for the detection of 
the cell apoptosis by flow cytometry following the methods we used 
previously.36,37 Data were analyzed using BD FACS Diva software 
V6.1.3 (BD Biosciences).

2.9 | DNA damage evaluation by detecting 
8-hydroxy-2-deoxyguanosine level

The levels of 8-hydroxy-2-deoxyguanosine (8-OHdG) in the culture 
medium were measured by 8-OHdG ELISA kit (ab201734, Abcam) 
following the instructions of the manufacturer. Absorbance values 
were measured on a microplate reader.

2.10 | Luciferase activity

To verify the predicted miR-320b binding to RAD21 3 -́UTR, the pre-
sent study constructed wild-type and mutated RAD21 3 -́UTR lu-
ciferase reporter plasmids (wt-RAD21 3 -́UTR/mut-RAD21 3 -́UTR); 
mut-RAD21 3 -́UTR contained a 5-bp mutation in the predicted miR-
320b binding site. HEK293 cells (ATCC) were co–transfected with 
wt-RAD21 3 -́UTR/mut-RAD21 3 -́UTR plasmids and agomir-320b/
antagomir-320b. Luciferase assays were performed to determine 
the luciferase activity 48 hours after transfection using the Dual-
Luciferase Reporter Assay System (Promega).

2.11 | Animal study

Athymic nude mice (4-6 weeks old, from the SLAC Experimental 
Animal Center, Changsha, China) were used for tumor implantation 
following the methods described previously38 and in accordance 
with the Regulations for the Administration of Affairs Concerning 
Experimental Animals and the Chinese National Guidelines for ani-
mal experiment, issued in 1988. All the procedures involving ani-
mals and their care were approved and performed by the Chinese 
Academy of Medical Sciences Animal Care and Use Committee 
(No. NCC2016A019). First, siRNA of RAD21 (si-RAD21) was per-
formed using shRNA lentiviral particles (GeneChem), which were 
designed to knock down the production of RAD21 in Hep3B cells. 
Then, for xenograft tumor assays, 5 × 106 Hep3B cells co–trans-
fected with antagomir-320b + si-RAD21 were subcutaneously in-
jected into the back of nude mice. Transfection mice were divided 
into two groups. One group had no additional treatment and the 
other group received the following treatment: 10 days after the in-
jection, the subcutaneous tumor was irradiated with IR at 6 Gy/time/
day, once every other day, a total of 10 times. After the last irradia-
tion, the mice were fed for another 5 days. All the mice were killed 
35 days after injection; the tumors were removed for photographing 
and the tumor volumes were calculated.

2.12 | Statistical analyses

Data of results from at least three independent experiments are pro-
cessed using GraphPad and presented as the mean ± SD. A Student 
t test was used for statistical comparison between means where 
applicable. Differences among more than two groups in the above 
assays were estimated using one-way ANOVA followed by Tukey’s 
test. P < .05 was considered statistically significant.

3  | RESULTS

3.1 | RAD21 expression is upregulated within 
hepatocellular carcinoma tissues and ionizing 
radiation-insensitive hepatocellular carcinoma tissue 
samples

First, the study collected clinical tissue samples and examined the 
expression of RAD21 in tissue samples. The histopathological char-
acteristics of tissue samples were evaluated by H&E staining; as 
shown in Figure 1A, H&E staining of tumor tissues revealed obvious 
necrosis. In tumor tissue samples, RAD21 protein (Figure 1B) and 
mRNA (Figure 1C) expression were dramatically increased within 
HCC tissue samples compared to those in adjacent normal control 
tissue samples. Next, after IR-based radiotherapy, the sensitivity of 
patients to IR was evaluated as described in methods section. The 
results of immunohistochemistry (IHC) staining and western blot 
assay showed that the protein contents of RAD21 were higher in 
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F I G U R E  1   RAD21 expression is upregulated in ionizing radiation (IR)-insensitive hepatocellular carcinoma (HCC) tissue samples A, The 
histopathological characteristics of normal non–cancerous tissues and HCC tissues was evaluated by H&E staining. B, Three pairs of HCC 
and adjacent non–cancerous tissues were randomly chosen from 20 pairs of HCC and adjacent non–cancerous tissues and RAD21 protein 
levels in HCC and adjacent non–cancerous tissues were determined by immunoblotting. C, RAD21 mRNA expression in HCC and adjacent 
non–cancerous tissues was determined by real-time quantitative PCR (qPCR) (n = 20). **P < .01 compared to normal group. D and E, Three 
pairs of samples of ionizing radiation (IR)-insensitive and IR-sensitive HCC tissues were randomly selected from 12 pairs of samples of 
IR-insensitive and IR-sensitive HCC tissues. Then, RAD21 protein content and distribution in IR-sensitive and IR-insensitive HCC tissue 
samples were determined by immunohistochemistry (IHC) staining or western blot assay. F, RAD21 mRNA expression in IR-sensitive and 
IR-insensitive HCC tissue samples was detected by real-time qPCR (n = 12). Student’s t test was applied for statistical analysis; **P < .01 
compared to IR-sensitive group
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IR-insensitive HCC tissues compared to those in IR-sensitive HCC 
tissues (Figure 1D,E). RAD21 mRNA expression was noticeably up-
regulated in IR-insensitive HCC tissues (n = 12) when compared to 
IR-sensitive HCC tissues (Figure 1F). In summary, the increase in 
RAD21 could be associated with HCC IR insensitivity.

3.2 | Effects of RAD21 on hepatocellular carcinoma 
cell sensitivity to ionizing radiation

To examine the speculation that RAD21 upregulation might be re-
lated to HCC IR insensitivity, the study exposed two HCC cell lines, 
Hep3B and Huh7, to different IR doses (0, 2, 4, 6, 8, or 10 Gy) and 
examined related indexes. As revealed by real-time quantitative PCR 
(qPCR) and immunoblotting, RAD21 mRNA and protein expression 
were downregulated via IR treatment in dose-dependent man-
ner (Figure 2A,B). Under 6 Gy IR treatment, within both cell lines, 
RAD21 mRNA expression and protein levels were markedly down-
regulated (Figure 2A,B); thus, 6 Gy IR treatment was used in further 
experiments.

Next, RAD21 overexpression was conducted in Hep3B and Huh7 
cells by transfecting RAD21-overexpressing plasmid (RAD21), as 
confirmed by real-time qPCR (Figure 2C). In both cell lines, IR treat-
ment inhibited cell viability and enhanced cell apoptosis, whereas 
RAD21 overexpression exerted an opposite effect (Figure 2D,E); 
RAD21 overexpression could attenuate IR treatment-caused sup-
pression upon the proliferation of HCC cells (Figure 2D,E). IR 
treatment increased, whereas RAD21 decreased 8-OHdG concen-
tration in the culture medium; RAD21 overexpression reduced the 
IR treatment-caused increase in 8-OHdG concentration in the cul-
ture medium (Figure 2F). Moreover, as for the DNA damage markers, 
IR treatment decreased the RAD21 protein level and elevated the 
γH2AX and ATM protein content (Figure 2G), whereas RAD21 over-
expression increased the RAD21 protein level and decreased the 
protein levels of γH2AX and ATM (Figure 2G). In summary, RAD21 
overexpression could attenuate IR treatment-caused DNA damage 
to HCC cells, therefore reducing HCC cell sensitivity to IR treatment.

3.3 | miR-320b binds RAD21 3 -́UTR to inhibit 
RAD21 expression

miRNA could serve as a tumor suppressor by targeting the 3ʹ-UTR of 
oncogenes to suppress their expression.39 Thus, the study used five 

online tools, including mirDIP, microT-CDS, starBase V3, Targetscan, and 
miRDB, to predict miRNA that might target RAD21; a total of 17 miRNA 
were identified (Figure 3A). According to previous studies, six tumor-
suppressive miRNA, hsa-miR-212-3p,40 hsa-miR-363-3p,41 hsa-miR-
299-5p,42 hsa-miR-320b,43 hsa-miR-367-3p,44 and hsa-miR-433-3p,45 
were chosen for further experiments. To further confirm the candidate 
miRNA, the study exposed Hep3B and Huh7 cells to 6 Gy IR treatment 
and examined the expression levels of these six miRNA; Figure 3B 
shows that IR treatment significantly upregulated miR-320b expression 
in both cell lines. Thus, miR-320b was chosen for further experiments.

The expression of miR-320b was dramatically downregulated 
within HCC tissue samples compared to within adjacent normal 
control tissue samples (Figure 3C) and was downregulated in IR-
insensitive HCC tissue samples compared to within IR-sensitive HCC 
tissue samples (Figure 3D). To verify the predicted miR-320b binding 
to RAD21 3ʹ-UTR, the study conducted miR-320b overexpression or 
inhibition in Hep3B and Huh7 cells by transfecting agomir-320b or 
antagomir-320b, as confirmed by real-time qPCR (Figure 3E). Within 
both Hep3B and Huh7 cells, the overexpression of miR-320b was re-
markably downregulated, whereas the inhibition of miR-320b was up-
regulated the RAD21 protein level (Figure 3F). Second, two different 
types of RAD21 3ʹ-UTR luciferase reporter plasmids, wild-type and 
mutant-type (wt-RAD21 3ʹ-UTR/mut-RAD21 3ʹ-UTR), were con-
structed to perform the luciferase reporter assay. The targeted rela-
tionship between miR-320b and RAD21 was confirmed by luciferase 
reporter assay (Figure 3G). In summary, miR-320b targets RAD21 to 
inhibit RAD21 expression.

3.4 | Effects of miR-320b on hepatocellular 
carcinoma cell sensitivity to ionizing radiation

miR-320b downregulation in IR-insensitive HCC tissues suggests the 
underlying effect of miR-320b on the sensitivity of HCC cells to IR. To 
validate the specific effect of miR-320b, the study transfected Hep3B 
and Huh7 cells with antagomir-320b with or without 6 Gy IR treat-
ment and examined related indexes. miR-320b inhibition significantly 
promoted the viability and suppressed the apoptosis of HCC cells, 
whereas IR treatment exerted an opposite effect; miR-320b inhibition 
could significantly attenuate the impact of IR treatment (Figure 4A,B). 
Regarding IR-caused DNA damage, IR treatment increased whereas 
miR-320b inhibition decreased the culture medium 8-OHdG concen-
tration; miR-320b inhibition could significantly attenuate the effects 
of IR treatment on culture medium 8-OHdG concentration (Figure 4C). 

F I G U R E  2   Effects of RAD21 on hepatocellular carcinoma (HCC) cell sensitivity to ionizing radiation (IR). Hep3B and Huh7 cells were 
exposed to different doses of IR (0, 2, 4, 6, 8, or 10 Gy) and examined. A, mRNA expression of RAD21 by real-time quantitative PCR. B, 
Protein levels of RAD21 by immunoblotting. At over 6 Gy IR treatment, RAD21 expression was significantly downregulated; thus, 6 Gy IR 
treatment was used in further experiments. C, RAD21 overexpression was conducted in Hep3B and Huh7 cells by transfecting RAD21-
overexpressing plasmid (RAD21 in the figure). The transfection efficiency was verified by real-time quantitative PCR. Next, hepatocellular 
carcinoma (HCC) cells were transfected with RAD21 with or without 6 Gy IR treatment and examined for (D) cell viability by MTT assay. E, 
Cell apoptosis by flow cytometry assay. F, The concentration of 8-OHdG in the culture medium by ELISA. G, The protein levels of RAD21, 
γH2AX, and ATM by immunoblotting. Student’s t test and one-way ANOVA followed by Tukey’s test were applied for statistical analysis; 
*P < .05, **P < .01, compared to vector (control) group; #P < .05, ##P < .01, compared to vector + IR group
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F I G U R E  3   miR-320b binds RAD21 3 -́UTR to inhibit RAD21 expression. A, A schematic diagram showing the process of five online tools 
predicting RAD21-targeted miRNA. A total of 17 miRNA were identified. B, Hep3B and Huh7 cells were exposed to 6 Gy ionizing radiation 
(IR) treatment and examined for the expression of hsa-miR-212-3p, hsa-miR-363-3p, hsa-miR-299-5p, hsa-miR-320b, hsa-miR-367-3p, and 
hsa-miR-433-3p by real-time quantitative PCR (qPCR). *P < .05, **P < .01 compared to 0 Gy IR treatment group. C, miR-320b expression 
was determined in 20 paired hepatocellular carcinoma (HCC) and adjacent non–cancerous tissue samples by real-time qPCR. Student’s t test 
was applied for statistical analysis; **P < .01 compared to normal group. D, miR-320 expression was determined in 12 IR-sensitive and 12 IR-
insensitive HCC tissues by real-time qPCR. Student t test was applied for statistical analysis; **P < .01 compared to IR-sensitive group. E, The 
transfection efficiency of agomir-320b or antagomir-320b conducted in Hep3B and Huh7 cells was verified by real-time qPCR. F, The effect 
of miR-320b on RAD21 protein level was detected by immunoblotting. G, Wild-type and mutant-type RAD21 3 -́UTR luciferase reporter 
plasmids (wt-RAD21 3 -́UTR/mut-RAD21 3 -́UTR) were constructed and co–transfected in 293T cells with agomir-320b or antagomir-320b. 
The luciferase activity was determined. One-way ANOVA followed by Tukey’s test was applied for statistical analysis; **P < .01 compared to 
agomir-NC group; ##P < .01 compared to antagomir-NC group
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Consistently, IR treatment decreased the RAD21 protein level and in-
creased γH2AX and ATM protein levels, while miR-320b inhibition 
increased the RAD21 protein level and decreased γH2AX and ATM 
protein levels; miR-320b inhibition could significantly attenuate the 
effects of IR treatment on these proteins (Figure 4D). In summary, 
miR-320b inhibition could attenuate HCC IR sensitivity.

3.5 | miR-320b exerts its biological effects 
through RAD21

After confirming the effects of miR-320b and RAD21, respec-
tively, on HCC cell IR sensitivity, the study continued to investi-
gate the effects of the miR-320b/RAD21 axis. We co–transfected 

F I G U R E  4   Effects of miR-320b on hepatocellular carcinoma (HCC) cell sensitivity to ionizing radiation (IR) Hep3B and Huh7 cells were 
transfected with antagomir-320b with or without 6 Gy IR treatment and examined for (A) cell viability by MTT assay. B, Cell apoptosis 
by flow cytometry assay. C, The concentration of 8-OHdG in the culture medium by ELISA. D, The protein levels of RAD21, γH2AX, and 
ATM by immunoblotting. One-way ANOVA followed by Tukey’s test was applied for statistical analysis; *P < .05, **P < .01, compared to 
antagomir-negative control (NC) group; #P < .05, ##P < .01, compared to antagomir-NC + IR group
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F I G U R E  5   miR-320b exerts its biological effects through RAD21 under ionizing radiation (IR) treatment. Hep3B and Huh7 cells were 
co–transfected with antagomir-320b and lentivirus mediated si-RAD21 under 6 Gy IR treatment and examined for (A) cell viability by MTT 
assay. B, Cell apoptosis by flow cytometry assay. C, The concentration of 8-OHdG in the culture medium by ELISA. D, The protein levels 
of RAD21, γH2AX, and ATM by immunoblotting. One-way ANOVA followed by Tukey’s test was applied for statistical analysis; *P < .05, 
**P < .01, compared to antagomir-negative control (NC) + si-NC group; #P < .05, ##P < .01, compared to antagomir-NC + si-RAD21 group
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Hep3B and Huh7 cell lines with antagomir-320b and si-RAD21 in 
response to 6 Gy IR treatment and determined related indexes. 
Under IR treatment, miR-320b inhibition significantly promoted 
the viability and inhibited the apoptosis of HCC cells, whereas 
RAD21 silencing exerted an opposite effect; RAD21 silencing 
partially relieved the impact of miR-320b inhibition in HCC cells 
(Figure 5A,B). Under IR treatment, miR-320b inhibition decreased, 
whereas RAD21 silencing increased the culture medium 8-OHdG 
concentration; the effects of miR-320b inhibition on culture me-
dium 8-OHdG concentration were partially weakened by RAD21 
silencing (Figure 5C). Under IR treatment, miR-320b inhibition 
increased the RAD21 protein level and decreased γH2AX and 
ATM protein levels, while RAD21 silencing decreased the RAD21 
protein level and increased γH2AX and ATM protein levels; the 
roles of miR-320b inhibition in these proteins were partially at-
tenuated by RAD21 silencing (Figure 5D). In summary, miR-320b 
contributes to HCC cell IR sensitivity through targeting RAD21, 
and RAD21 could reverse the impact of miR-320b on HCC IR 
sensitivity.

In addition, the combined effect of the miR-320b/RAD21 
axis on normal HCC cells was also investigated. Hep3B and Huh7 
cell lines were co–transfected with antagomir-320b and/or si-
RAD21. Knockdown of miR-320b markedly increased cell viabil-
ity and suppressed the cell apoptosis of HCC cells, while silence 
of RAD21 showed the opposite effect of miR-320b inhibition 
(Figure S1A-B). miR-320b inhibition dramatically inhibited, while 
RAD21 silencing increased culture medium 8-OHdG concentra-
tion in Hep3B and Huh7 cells (Figure S1C). Inhibition of miR-320b 
notably promoted the RAD21 protein level and restrained γH2AX 
and ATM protein levels, while knockdown of RAD21 suppressed 
the RAD21 protein level and increased γH2AX and ATM protein 
levels (Figure S1D).

3.6 | Effects of miR-320b/RAD21 axis on the 
growth of xenograft formed of hepatocellular 
carcinoma in vivo

As a further confirmation of the above-described findings, we es-
tablished the tumor xenograft model in nude mice as described and 
then performed IR treatment on mice in different groups. As shown 
in Figure 6A, under IR treatment, the tumor volume and weight of tu-
mors derived from miR-320b-inhibited HCC cells were significantly 
increased, while those of tumors derived from RAD21-silenced HCC 
cells were decreased; the effects of miR-320d on tumor growth were 
partially reversed by RAD21 silencing. As for the molecular changes, 
the protein levels of Ki-67 and RAD21 were dramatically increased, 
and γH2AX and ATM protein levels were decreased in tumors de-
rived from miR-320b-inhibited HCC cells. In tumors derived from 
RAD21-silenced HCC cells, the protein levels of Ki-67 and RAD21 
were dramatically decreased, and γH2AX and ATM protein levels 
were increased (Figure 6B). In tumors derived from antagomir-320b 
and si-RAD21 co–transfected HCC cells, the effects of miR-320b in-
hibition on these proteins were partially weakened by RAD21 silenc-
ing (Figure 6B). These data indicate that the miR-320b/RAD21 axis 
could affect HCC sensitivity to IR treatment in vivo.

Furthermore, the effects of the miR-320b/RAD21 axis on HCC 
cell tumor formation without IR treatment in the tumor xenograft 
model in nude mice were also determined. HCC cells pretransfected 
with antagomir-320b and/or si-RAD21 were subcutaneous injected 
into the back of nude mice, respectively. As shown in Figure S2A, 
the tumor volume and weight of tumors were markedly increased in 
the miR-320b inhibition group while decreased in RAD21-silenced 
HCC cells; the effects of miR-320d inhibition on tumor growth were 
partially reversed by RAD21 silencing. The Ki-67 and RAD21 protein 
expression levels were notably upregulated, and γH2AX and ATM 

F I G U R E  6   miR-320b promotes the 
sensitivity of hepatocellular carcinoma 
(HCC) to ionizing radiation (IR) treatment 
through RAD21. An in vivo tumor 
xenograft model was established in nude 
mice and IR treatment was performed 
as described. A, Tumor was harvested 
and photographed. Tumor volume and 
weight were determined. B, The protein 
levels of Ki-67, RAD21, γH2AX, and 
ATM in tumor tissues were determined 
by immunoblotting. One-way ANOVA 
followed by Tukey’s test was applied for 
statistical analysis; **P < .01, compared to 
antagomir-negative control (NC) + si-NC 
group; ##P < .01, compared to antagomir-
NC + si-RAD21 group
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protein expression levels were decreased in tumors derived from 
miR-320b-inhibited HCC cells. In contrast, in tumors derived from 
RAD21-silenced HCC cells, the Ki-67 and RAD21 protein levels were 
dramatically restrained, and γH2AX and ATM protein levels were in-
creased (Figure S2B). Therefore, the miR-320b/RAD21 axis affected 
the growth and tumorigenesis of HCC in vivo.

4  | DISCUSSION

DNA-damaging agents act as critical therapeutic interventions for 
cancer treatment. Nevertheless, their clinical application is sometimes 
limited by acquired resistance. Herein, we demonstrated that RAD21 
mRNA and protein expression were increased within HCC tissue sam-
ples, particularly within IR-insensitive HCC tissues. The overexpression 
of RAD21 partially relieved the impact of IR on HCC by promoting the 
viability and suppressing the apoptosis of HCC cells. RAD21 overex-
pression reduced culture medium 8-OHdG concentration and de-
creased the protein levels of γH2AX and ATM, suggesting that RAD21 
overexpression attenuated IR treatment-induced DNA damage to HCC 
cells. miR-320b targeted RAD21 3ʹ-UTR to inhibit RAD21 expression. 
In HCC tissues, particularly in IR-insensitive HCC tissues, miR-320b 
expression was significantly downregulated. miR-320b inhibition also 
attenuated IR treatment-induced DNA damage to HCC cells; more im-
portantly, RAD21 silencing significantly attenuated the effects of miR-
320b inhibition on IR treatment-induced DNA damage, suggesting that 
miR-320b plays its roles through targeting RAD21.

RAD21 is an important protein for DSB repair and homologous 
recombination.12,46,47 Previously, RAD21 has been regarded as 
one of the breast cancer anti–estrogen resistance genes, which is 
responsible for anti–estrogen-resistant cell proliferation.48 Within 
high-grade luminal, basal, and HER2 breast carcinomas, the over-
expression of RAD21 leads to impaired outcome and chemore-
sistance.49 High CDKN1A and RAD21 expressions led to DNA 
synthesis repression and DNA damage repair, which can be regarded 
as two main factors leading to the resistance to cisplatin within non–
small cell lung cancer.50 Herein, the study also observed that RAD21 
was abnormally expressed within HCC tissue samples compared to 
within adjacent normal control tissue samples. Notably, RAD21 ex-
pression was higher within IR-insensitive HCC tissue samples than 
within IR-sensitive tissue samples. Considering its higher expression 
in drug-resistant cancer cases, we speculate that RAD21 plays a po-
tential role in HCC sensitivity to radiotherapy.

The cohesin complex is necessary for homologous recombina-
tion repair. The critical role of RAD21 in drug resistance of cancers 
has also been reported. Within breast carcinoma cell lines, knocking 
down RAD21 led to significantly reduced cell proliferation and ele-
vated cell apoptosis. Moreover, after RAD21 silencing, the sensitiv-
ity of breast cancer MCF-7 cells to etoposide and bleomycin, two 
DNA-damaging chemotherapy drugs, was shown to be promoted.19 
In lung cancer cells, RAD21 overexpression could contribute to DNA 
damage repair caused by cisplatin.50 Herein, RAD21 overexpres-
sion in HCC cells significantly attenuated the impact of IR-induced 

inhibition on cell viability and enhancement on cell apoptosis. More 
importantly, enhanced RAD21 also reduced the effects of IR treat-
ment on 8-OHdG culture medium concentration, a marker of DNA 
oxidative damage,51 and the protein levels of ATM and γH2AX, sug-
gesting that RAD21 might be involved in IR-induced DNA damage.

Once the DNA repair process is disturbed, O6-methylguanine 
(O6MeG) would lead to the appearance of toxic DNA-DSB be-
cause of the faulty mismatch repair when proliferating,52 trigger-
ing apoptosis via signaling involved in ATR/ATM, the key upstream 
players in the DNA damage response.53,54 Active ATM and/or ATR 
kinase phosphorylate several target proteins, such as histone 2AX 
(H2AX),55,56 which contribute to cell cycle regulation, DSB repair, as 
well as autophagy and apoptosis initiation. Phosphorylation of his-
tone variant H2AX on serine 139, forming γ-H2AX, is an early step 
in the cellular response to DNA damage and DNA-DSB.57,58 Thus, 
ATM and γ-H2AX levels following IR treatment reflect the formation 
of DNA-DSB and DNA repair capacity. In the present study, RAD21 
overexpression significantly attenuated IR treatment-induced in-
creases in the protein levels of ATM and γ-H2AX, indicating that 
RAD21 affects HCC cell proliferation under IR treatment through 
acting on the formation of DNA-DSB and DNA repair processes.

There is growing evidence that miRNA will be the next crucial 
series of antisense therapy molecules and that they have a clear ad-
vantage over siRNA and other antisense molecules because miRNA 
is a naturally occurring endogenous molecule.59 Notably, as reported, 
RAD21 was the target of several miRNA in numerous cancers. For 
example, miR-181c has been bioinformatically predicted to target 
RAD21 in chronic myeloid leukemia by TargetScan, miRanda, Sanger 
miRBase, mirTarget2, Tarbase, and PICTAR.60 In lung cancer, RAD21 
has been reported as the target of miR-9250 and miR-21.61 In the 
present study, miR-320b, which exerts a tumor-suppressive effect 
on lung cancer,62 nasopharynx cancer, and43 osteosarcoma63, could 
target RAD21 to inhibit its expression. miR-320b expression itself 
could be induced by IR treatment. Regarding the cellular functions, 
miR-320b inhibition attenuated IR treatment-induced DNA damage, 
manifested as promoted cell viability, inhibited cell apoptosis, reduced 
8-OHdG concentration, increased RAD21 protein level, and decreased 
ATM and γ-H2AX protein levels, indicating that inhibiting miR-320b 
attenuates IR sensitivity of HCC cells. When co–transfected in HCC 
cells under IR treatment, RAD21 silencing significantly attenuated the 
effects of miR-320b inhibition, indicating that miR-320b exerts its ef-
fects on HCC sensitivity to IR treatment through RAD21.

Finally, to further confirm the above-described in vitro findings, 
miR-320b inhibition in vivo significantly promoted while RAD21 si-
lencing inhibited the tumor growth under IR treatment. Consistent 
with the in vitro results, miR-320b inhibition in vivo increased 
RAD21 and Ki-67 protein levels and decreased ATM and γ-H2AX 
protein levels in tumors, whereas RAD21 silencing in vivo exerted 
opposite effects on these markers. More importantly, the effects of 
miR-320b inhibition in vivo were also reversed by RAD21 silencing in 
vivo. In conclusion, we demonstrate an miR-320b/RAD21 axis mod-
ulating HCC sensitivity to IR treatment through acting on IR-induced 
DNA damage.
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Nevertheless, the limitations of this study remain to be consid-
ered. First, there could be other miRNA sponged by RAD21 and 
involved in the HCC sensitivity to IR treatment. Moreover, all our 
experiments were carried out in mice and cells, and the research 
outcomes may not be directly generalized to humans. The clinical 
application of miR-320b or RAD21 as a potential target for HCC 
treatment needs to be investigated in future studies.
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