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MicroRNA-621 Acts as a Tumor Radiosensitizer
by Directly Targeting SETDB1 in Hepatocellular
Carcinoma
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Radiotherapy is one of the most important treatment methods
of tumors. However, the application of radiotherapy in hepato-
cellular carcinoma (HCC) is limited due to the low tolerance
of normal liver cells for radiation and inherent radiation
resistance in HCC. With the in-depth study of microRNAs
(miRNAs) in tumor therapy, the regulation of tumor radiosen-
sitivity by miRNAs has been a research hotspot in recent years.
In the present study, the expression of miR-621 was lower in
HCC tissues and cells, and such low expression of miR-621
was associated with poor prognosis in HCC patients. In addi-
tion, in vivo and in vitro assays confirmed that the high expres-
sion of miR-621 could significantly enhance the radiosensi-
tivity of HCC. Moreover, the expressions of miR-621 and
SETDB1 in HCC tissues were negatively correlated. Dual-lucif-
erase reporter assays indicated that miR-621 could directly
target the 30 UTR of SETDB1. In addition, miR-621 enhanced
the radiosensitivity of HCC cells via directly inhibiting
SETDB1. Besides, the miR-621 and/or SETDB1 axis improved
the radiosensitivity of HCC cells via activating the p53-
signaling pathway. Taken together, miR-621 and/or SETDB1
might be used as a novel therapeutic target for the treatment
of HCC.
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INTRODUCTION
Hepatocellular carcinoma (HCC) is the most common type of pri-
mary liver cancer in adults, which occurs in hepatic cells and the
intrahepatic bile duct. As a type of severe disease, HCC seriously
threatens human life and health. In 2012, there were 780,000 new
cases of HCC and approximately 740,000 HCC-related deaths world-
wide.1 There is a high prevalence of HCC in China, where new cases
and deaths of HCC account for more than half of its global sum.2 At
present, surgical treatment is the preferred therapeutic scheme for
HCC. However, HCC is characterized by symptom-free onset, diffi-
cult early diagnosis, and rapid progression, and it is often complicated
with liver cirrhosis. Clinically, only approximately 30% of HCC pa-
tients can obtain the opportunity for operative treatment, but the
prognosis still remains poor.3 Therefore, non-surgical treatment be-
comes an important alternative treatment means for advanced
HCC. Although radiotherapy is one of the most important treatment
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methods of tumors, the application of radiotherapy in HCC is limited
because of the low tolerance of normal liver cells for radiation and
inherent radiation resistance in HCC.4 Therefore, how to improve
the radiosensitivity of HCC and protect the normal liver tissue
from irradiation (IR) has become a current hot topic in the radiobi-
ology and clinical radiotherapy of cancer.

Discovered in recent years, microRNAs (miRNAs) are a family
of endogenous single-stranded non-coding RNA, approximately
21–25 nt in length, which are expressed in animals and plants.5,6

With the in-depth study of miRNAs in tumor therapy, the regulation
of tumor radiosensitivity via miRNAs has been a research hotspot in
recent years.7–11 miR-621 is located on chromosome 13q, and its dele-
tion in liver cancer cells upregulates the cell-cycle-regulatory genes,
leading to the proliferation of liver cancer cells.12 In the present study,
we found that miR-621 was one of the most significantly differentially
expressed miRNAs between HCC and para-cancerous tissues. Mean-
while, we found that miR-621 could enhance the radiosensitivity of
HepG2 and Smmc-7721.

The SET domain bifurcated 1 (SETDB1) gene is located on chromo-
some 1q21, which encodes a 143-kDa protein with multiple func-
tional domains. SETDB1 possesses the activity of histone H3K9
methyltransferase, which mainly catalyzes the methylation of
H3K9me3.13 Its mechanism underlying such catalytic process may
be that SETDB1 binds to HP1 and its co-repressor KAP1 in hetero-
chromatin, thus promoting the formation of H3K9me3 and medi-
ating the heterochromatin gene silencing.14,15 It has been proven
that SETDB1 is highly expressed in a variety of malignant tu-
mors,16–18 and it is closely related to the proliferation and invasion
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Figure 1. miR-621 Had Lower Expression in HCC Tissues and Cells, and a Low Expression of miR-621 Was Associated with Poor Survival in HCC

(A) Validation of the 10 most upregulated miRNAs in HCC from 20 HCC tumor and adjacent nontumor tissues was measured by real-time qPCR. (B) Validation of the seven

most downregulated miRNAs in HCC from 20 HCC tumor and adjacent nontumor tissues was measured by real-time qPCR. (C) The expression of miR-621 in HCC tumor

andmatched nontumor tissues of 50 patients was detected using real-time qPCR. (D) Kaplan-Meier curve for TCGA datasets of 327 HCC patients. (E) Kaplan-Meier curve for

an independent set of 90 HCC patients. (F) miR-621 expression in the human HCC lines HepG2, Smmc-7721, and Bel-7404 and the normal liver cell line LO2 was detected

by real-time qPCR. *p < 0.05, **p < 0.01, ***p < 0.001.
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of tumor cells. In HCC, SETDB1 is thought to be the epigenetic regu-
lator that is upregulated most markedly, playing a key role in the pro-
liferation and metastasis of HCC cells.19,20 In the present study, it was
found that SETDB1 was a direct target gene of miR-621, which could
reverse the miR-621-induced radiosensitivity. Taken together, these
findings suggested that miR-621 was a radiosensitizing miRNA,
which might be used as a new therapeutic scheme for radioresistant
tumors.

RESULTS
The Expression of miR-621 Is Decreased in HCC Tissues and

Cells, and Such a Reduction of miR-621 Expression Is

Associated with Poor Survival in HCC

To investigate the miRNA expression profile in HCC tissues, we
analyzed 49 pairs of HCC and para-carcinoma tissues in The Cancer
Genome Atlas (TCGA) database. The differential expression fold
change >3 and p < 0.01 in t test in HCC and para-carcinoma tissues
were used as the criteria, and we found that 28 miRNAs were upregu-
lated and seven miRNAs were downregulated in HCC tissue (Fig-
ure S1). A total of the 10 most upregulated miRNAs (miR-512-2,
miR-3144, miR-520f, miR-548y, miR-135a-2, miR-1251, miR-548x,
miR-105-1, miR-105-2, and miR-767) and seven most downregulated
miRNAs (miR-490, miR-873, miR-3154, miR-1258, miR-3616, miR-
600, andmiR-621) inHCC tissuewere selected for further verification.
The expressions of thesemiRNAswere verified in 20 pairs ofHCC and
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para-carcinoma tissues by real-time qPCR, and we found that
miR-621 was the most downregulated miRNA (Figures 1A and 1B).

Moreover, the expression of miR-621 in tumor and para-carcinoma
tissues was examined in another 50 HCC patients. We showed that
the expression of miR-621 in tumor tissue was obviously lower
compared with the corresponding para-carcinoma tissue (Figure 1C).
Furthermore, the correlation between miR-621 expression and prog-
nosis of HCC patients was analyzed, and patients with low miR-621
expression had poor survival in TCGA datasets consisting of 327
HCC patients (p = 0.008; Figure 1D). The same result was verified
in an independent set of 90HCCpatients who received operative treat-
ment in our hospital from 2008 to 2010 (p = 0.007; Figure 1E). In addi-
tion, we detected the expression of miR-621 in LO2, HepG2, Smmc-
7721, and Bel-7404 by real-time qPCR, and the result showed that
the expression of miR-621 in HCC cell lines was significantly lower
compared with the normal liver cell line (all p < 0.05; Figure 1F).

miR-621 Enhances the Radiosensitivity of HCC Cells In Vitro

To investigate the radiosensitivity of miR-621 in HCC, HepG2 and
Smmc-7721 cells were transfected with miR-negative control (NC)
or miR-621 mimic (Figures 2A and 2B). We found that a high expres-
sion of miR-621 could inhibit the survival fraction (SF) of HCC cells
(Figures 2C and 2D). Apoptosis assay also confirmed that miR-621
could increase apoptosis of HCC cells upon IR (4 Gy) (Figures 2E



Figure 2. miR-621 Enhances HCC Cell Radiosensitivity In Vitro

(A and B) Expression of miR-621 was detected by real-time qPCR in HepG2 (A) and Smmc-7721 (B) cells transfected with miR-621mimic or negative control (NC). (C and D)

HepG2 (C) and Smmc-7721 (D) cells transiently transfected with miR-NC or miR-621 mimic were irradiated with a range of 2- to 8-Gy IR doses. After 14 days, colonies were

stained and scored for colony formation and the SF was plotted, as described in theMaterials andMethods. (E and F) Treated cells were cultured for 24 hr, harvested, stained

with Annexin V-fluorescein isothiocyanate (FITC) and PI, and then analyzed using flow cytometry. Representative images (E) and quantitative data (F) are shown. Each column

is shown as the means of three separate experiments. The late apoptotic cells are shown on the graph as PI+ Annexin V+ population. (G) Western blotting analysis of g-H2AX

protein in HepG2 and Smmc-7721 cells transfected with miR-621mimic or miR-NC treated with a 4-Gy dose of IR. The expression of g-H2AX protein was detected 6 hr after

IR (4 Gy). (H) Quantification of g-H2AX protein. (I) The comet assay was used to evaluate DNA damage in HepG2 and Smmc-7721 cells transiently transfected with miR-NC or

miR-621 mimic. A representative cell nucleus fluorescent image is shown. (J) Quantification of tail moment. *p < 0.05, **p < 0.01, ***p < 0.001.
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and 2F). In addition, overexpression of miR-621 in HCC cells trig-
gered an increase of g-H2AX (Figures 2G and 2H) after IR (4 Gy),
an indicator of the cellular response to DNA damage. We also used
a neutral comet assay to measure the levels of DNA damage. The
comet assay showed the same result (Figures 2I and 2J). Therefore,
miR-621 could increase the radiosensitivity of HCC.

SETDB1 Serves as a Direct Target Gene of miR-621

To investigate the potential target genes of miR-621, we conjointly
analyzed the miRNA databases TargetScan (http://www.targetscan.
org/), microRNA.org (http://www.microrna.org/microrna/microrna/
home.do), and miRDB (http://www.mirdb.org/) and TCGA database.
Themost likely target genes (CLDN16, COQ2, LEF1, NGLY1, NLRP9,
RBM11, UBQLN2, VAMP7, ZNF624, ALDH1A2, CDK8, EBF3,
MIER1, NDNL2, PAK7, and SETDB1) were predicted through the
three databases (Figure 3A). Then we analyzed 374 HCC tissues with
the expression data of both these genes andmiR-621 fromTCGAdata-
base. The data showed that only four of them (LEF1, ZNF624, NLRP9,
and SETDB1) were negatively correlated with miR-621 (p < 0.05).
Moreover, the upregulation of miR-621 in HCC cells significantly
decreased the expression of SETDB1 (p < 0.001; Figures 3B–3E). How-
ever, the expressions of other candidate target genes remained barely
altered, suggesting that SETDB1 was a potential target gene of miR-
621. The expressions of miR-621 and SETDB1 at the mRNA level in
367 HCC tissues were negatively correlated based on TCGA dataset
(r =�0.28, p < 0.001; Figure 3F). The SETDB1expression at the protein
level in 50 pairs of HCC and adjacent normal tissues was detected by
immunohistochemistry (IHC) staining (Figure S2). The expressions
of miR-621 and SETDB1 protein in our independent set consisting
of 50 HCC tissues were also negatively correlated (r = �0.47, p =
0.001; Figure 3G).

The mRNA and protein expressions of SETDB1 in HCC tissues were
significantly lower compared with the para-carcinoma normal tissues
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Figure 3. Screening and Validation of miR-637 Target Genes

(A) TargetScan,miRDB, andmicroRNA.orgwere used to predict target genes for miR-621. (B andC) Expressions of LEF1, ZNF624, NLRP9, and SETDB1mRNAdetected by

real-time qPCR in HepG2 (B) and Smmc-7721 (C) cells transfected with miR-621 mimic or miR-NC. (D) Western blotting analysis of SETDB1 protein in HepG2 and Smmc-

7721 cells transfected with miR-621 mimic or miR-NC. (E) Quantification of SETDB1 protein. (F) The expressions of miR-621 and SETDB1 mRNA in 367 HCC tissues were

negatively correlated based on TCGA dataset (r = �0.28, p < 0.001). (G) The expression levels of miR-621 (detected by real-time qPCR) and SETDB1 protein (detected by

IHC) in our independent set of 50 HCC tissues were also negatively correlated (r = �0.47, p = 0.001). *p < 0.05, **p < 0.01, ***p < 0.001.
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(p < 0.001; Figures 4A and 4B), and the expression of SETDB1 in
HCC cells was also lower compared with the normal liver cells (p <
0.001; Figure 4C). Moreover, it was found that the upregulation of
miR-621 in HCC cells significantly decreased the expression of
SETDB1 at the mRNA and protein levels, indirectly proving that
SETDB1 may be one of the target genes of miR-621.

We performed dual-luciferase reporter assays to verify whether
SETDB1 was a direct target gene of miR-621. The miR-NC or
miR-621 plasmid was co-transfected together with psiCheck2 or
psiCheck2-SETDB1-wild-type (WT)/mutate (Mut) plasmid into
HepG2 cell lines (Figure 4D). The luciferase assay showed that
miR-621 had no obvious effects on SETDB1-Mut 30 UTR, while the
luciferase activity of the reporter plasmid inserted with SETDB-WT
30 UTR was significantly decreased (p = 0.005). These findings
confirmed that SETDB1 was a direct target gene of miR-621 (Fig-
ure 4E) and the binding site was the designated mutation site.

SETDB1 Reverses the Effects of miR-621 on Cell

Radiosensitivity

To investigate whether the radiosensitivity of miR-621 to HCC cells
was achieved via inhibiting SETDB1, we designed the following ex-
periments. First, we examined whether SETDB1 can directly regulate
the radiosensitivity of HCC cells. SETDB1 mRNA and protein were
downregulated by transfection with small interfering RNA (siRNA)
in HepG2 and Bel-7404 cells (Figures 5A–5C). Down-expression of
358 Molecular Therapy Vol. 27 No 2 February 2019
SETDB1 could inhibit the SF of HCC cells (Figures 5D and 5E). In
addition, down-expression of SETDB1 triggered an increase in
DNA damage after IR (4 Gy) (Figures 5F–5H). Apoptosis assay also
confirmed that down-expression of SETDB1 could increase the
apoptosis of HCC cells (Figures 5I and 5J).

Second, HepG2 and Smmc-7721 cell lines were transfected under
different conditions as follows: (1) miR-NC + vector control group,
(2) miR-621 + vector control group, (3) miR-NC + SETDB1 without
30 UTR group, and (4) miR-621 + SETDB1 without 30 UTR group.
The result showed that overexpression SETDB1 could completely
reverse the effect of miR-621 on radiosensitivity of HCC cells (Figures
6A and 6B). Western blotting analysis and comet assay also showed
that overexpression of SETDB1 could recover the miR-621-induced
DNA damage after IR (Figures 6C–6E). In addition, apoptosis assay
also confirmed that SETDB1 could reverse the miR-621-induced
apoptosis (Figures 6F and 6G). In conclusion, miR-621 increased
the radiosensitivity of HCC cells via directly inhibiting SETDB1.

miR-621 and/or SETDB1 Axis Enhances the Radiosensitivity of

HCC Cells via Activating the p53-Signaling Pathway

Several studies have shown that SETDB1 is highly expressed in HCC
and plays an oncogenic role in HCC. Fei et al.20 have found that the
high expression of SETDB1 in HCC is closely related to p53 expres-
sion. We investigated the relation between p53 activity and radiosen-
sitivity in HCC cells. The expression of p53 and three important genes

http://microRNA.org


Figure 4. SETDB1 Serves as a Direct Target Gene of miR-621

(A) SETDB1 mRNA expression in 50 paired HCC tumor and adjacent nontumor tissues based on TCGA dataset. (B) SETDB1 protein expression (detected by IHC) in 50

paired HCC tumor and adjacent nontumor tissues based on our dataset. (C) SETDB1 expression in the human HCC lines HepG2, Smmc-7721, and Bel-7404 and the normal

liver cell line LO2 was detected by real-time qPCR. (D) The construction of psiCheck2 report plasmid, containing WT or Mut SETDB1 30 UTR. (E) The luciferase assay of

HepG2 cells transfected with WT or Mut SETDB1 30 UTR luciferase vectors and miR-621 mimic or miR-NC. The luciferase activity was measured at 24 hr after transfection.

*p < 0.05, **p < 0.01, ***p < 0.001.

www.moleculartherapy.org
of p53 pathways (p21, PUMA, and Gadd45) was downregulated by
transfection with siRNA in HepG2 and Bel-7404 cells (Figures
S3A–S3C). It was found that knocked-down p53 induced cell radio-
resistance in HCC cells (Figures S3D–S3J).

To investigate whether the miR-621 and/or SETDB1 axis affected the
p53-signaling pathway, HepG2 and Smmc-7721 cells were trans-
fected with control, SETDB1 (without 30 UTR), and/or miR-621 along
with the p53 luciferase reporter. Subsequently, the transfected cells
were exposed to a 4-Gy dose of IR. We found that overexpression
of miR-621 could obviously activate p53-dependent transactivity,
while SETDB1 could inhibit the p53-dependent transactivity induced
by miR-621 (Figures 7A and 7B). In addition, we also detected the
most important three effectors of p53 pathways (p21, PUMA, and
Gadd45). It was found that the high expression of miR-621 could in-
crease the expressions of p21, PUMA, and Gadd45 at the mRNA and
protein levels, while overexpression of SETDB1 could reverse such
upregulation of these factors (Figures 7C–7E). Collectively, miR-
621 activated the p53 pathway via inhibiting SETDB1, eventually
affecting the radiosensitivity of HCC cells.
miR-621 Enhances the Radiosensitivity of HCC In Vivo

The HCC mouse model was established based on a previously
described method to investigate whether miR-621 could enhance
the radiosensitivity in an animal model. When the tumor volume
reached 200 mm3, the tumor-bearing mice were randomly divided
into four groups as follows: miR-NC agomir, miR-621 agomir,
miR-NC agomir + IR, and miR-621 agomir + IR. The IR method
and dosage are described in the Materials and Methods. Nude mice
were executed by anesthesia at 30 days after IR, and the tumor volume
was determined using a Vernier caliper. We found that the single in-
jection of miR-621 agomir did not inhibit the tumor growth, while in-
jecting miR-621 agomir into irradiated mice could significantly delay
the tumor growth (Figures 8A and 8B). These results indicated that
miR-621 could significantly increase the radiosensitivity in vivo.
Moreover, we showed that the miR-621 expression of mice injected
with miR-621 agomir was significantly higher compared with the
control group, whereas the SETDB1 expression exhibited the opposite
effect by real-time qPCR (Figure 8C). In addition, in situ hybridiza-
tion (ISH) and IHC data clearly indicated that the expressions
of miR-621 and SETDB1 were negatively correlated while the
Molecular Therapy Vol. 27 No 2 February 2019 359
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Figure 5. Down-Expression of SETDB1 Enhances HCC Cell Radiosensitivity In Vitro

(A) Expression of SETDB1 mRNA detected by real-time qPCR in HepG2 and Smmc-7721 cells transfected with SETDB1 siRNA or control. (B) Western blotting analysis of

SETDB1 protein. (C) Quantification of SETDB1 protein. (D and E) HepG2 (D) and Smmc-7721 (E) cells transiently transfected with SETDB1 siRNA or control were

irradiated with a range of 2- to 8-Gy IR doses. After 14 days, colonies were stained and scored for colony formation and the SF was plotted, as described in the Materials

and Methods. (F) Western blotting analysis of g-H2AX protein in HepG2 and Smmc-7721 cells transfected with SETDB1 siRNA or control treated with a 4 Gy dose of IR.

(G) Quantification of g-H2AX protein. (H) The comet assay was used to evaluate DNA damage in HepG2 and Smmc-7721 cells transiently transfected with SETDB1

siRNA or control. Quantification of tail moment is shown. (I and J) Treated cells were cultured for 24 hr, harvested, stained with Annexin V-FITC/PI, and then analyzed

using flow cytometry. Representative images (I) and quantitative data (J) are shown. Each column is shown as the means of three separate experiments. *p < 0.05, **p <

0.01, ***p < 0.001.
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expressions of miR-621 and p21, PUMA, and Gadd45 were positively
correlated (Figure 8D). In summary, miR-621 could be used as a
radiosensitizer, providing a new therapeutic approach for HCC
treatment.

DISCUSSION
Radiotherapy is an important therapeutic scheme for tumors, and its
effect is significant. However, HCC is not sensitive to radiotherapy,
and the treatment is accompanied with severe side effects, undoubt-
edly limiting the development of radiotherapy in HCC. In radio-
therapy, DNA damage is caused in cancer cells to different extents
through ionizing radiation, and most cells can repair such damage
automatically. However, the failure of DNA damage repair will lead
to cell death directly or indirectly. Such damage repair ability affects
the radiosensitivity of cells to a large extent. At present, studies have
confirmed that miRNAs can regulate cell damage induced by ionizing
radiation through various signal pathways at different levels. There-
fore, the radiosensitivity of HCC was studied with miRNA as a
breakthrough.

Previous studies have considered that miR-621 is a tumor suppressor
gene and its deletion can lead to the upregulation of cell-cycle-regu-
latory genes, thus resulting in the proliferation of HCC cells.12 Xue
et al.21 also indicated that overexpression miR-621 can inhibit
360 Molecular Therapy Vol. 27 No 2 February 2019
FBXO11, ultimately enhancing chemosensitivity of breast cancer
cells. In this study, our data showed that miR-621 had low expression
in both HCC tissues and cell lines. Moreover, the prognosis of pa-
tients with a low expression of miR-621 was inferior to that of patients
with a high expression of miR-621. In addition, overexpression of
miR-621 could significantly enhance the radiosensitivity of HCC cells
in vivo and in vitro. Furthermore, TCGA database and bioinformatics
showed that the expression of miR-621 was significantly negatively
correlated with SETDB1 and they had a binding site. Besides, dual-
luciferase reporter assays in HepG2 cells confirmed that SETDB1
was a direct target gene of miR-621. Likewise, rescue assay was per-
formed, and the results showed that, in HCC cell lines with miR-
621 overexpression, the radiotherapy resistance of HCC cell lines
was restored via the overexpression of SETDB1, suggesting that
miR-621 enhanced the radiosensitivity of HCC cells via inhibiting
SETDB1. Finally, it was verified that the miR-621 and/or SETDB1
axis could regulate the activity of the p53-signaling pathway.

SETDB1 is related to the transcriptional inhibition of euchromatin,
which can maintain the function of embryonic liver cells via inhibit-
ing the expression of specific genes. A great deal of evidence has
proven that the differential expression of SETDB1 is closely related
to tumors, and SETDB1 in TCGA database is among the top ones
of the highly expressed genes in tumors. Wong et al.19 found that



Figure 6. SETDB1 Reverses the Effects of miR-621 on Cell Radiosensitivity

HepG2 (A) and Smmc-7721 (B) cells transfected with miR-NC + vector control, miR-621 mimic + vector control, miR-NC + SETDB1 without 30 UTR, or miR-621 mimic +

SETDB1without 30 UTRwere irradiated with a range of 2 Gy to 8Gy IR doses. After 14 days, colonies were stained and scored for colony formation, and the SFwas plotted as

described in the Materials and Methods. (C) The expression of g-H2AX protein was detected 6 h after IR by western blotting. (D) Quantification of g-H2AX protein.

(E) Quantification of tail moment. (F and G) Treated cells were cultured for 24 hr, harvested, stained with Annexin V-FITC/PI, and then analyzed using flow cytometry.

Representative images (F) and quantitative data (G) are shown. Each column is shown as the means of three separate experiments. *p < 0.05, **p < 0.01, ***p < 0.001.
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SETDB1 is the epigenetic regulator that is upregulated most signifi-
cantly of known epigenetic regulators in HCC. The overexpression
of SETDB1 was significantly related to HCC progression, cancer inva-
siveness, and poor survival of HCC patients. In particular, the inacti-
vation of SETDB1 reduced the proliferation and migration capacities
of HCC cells, indicating that SETDB1 was an important oncogene of
HCC. Fei et al.20 also found that SETDB1 is overexpressed in HCC
and its copy number is increased moderately. SETDB1 can realize
the dimethylation of p53K370. Lowly expressed SETDB1 decreases
the p53K370me2 level, leading to increased recognition and degrada-
tion of p53 via MDM2 and, ultimately, affecting the HCC cell func-
tion. These experimental results are consistent with our findings.

In conclusion, miR-621 enhanced the radiosensitivity of HCC cells
and activated the p53-signaling pathway via inhibiting the expression
of SETDB1. Collectively, miR-621 could be used as a radiosensitizer
in HCC, providing a new therapeutic scheme for other radioresistant
tumors.

MATERIALS AND METHODS
Specimen Collection

A total of 90 patients, who received operative treatment at The Third
Affiliated Hospital of Soochow University from 2008 to 2010, was
selected in the present study. The collected tissue specimens were
stored in liquid nitrogen at �80�C. The collection of clinical speci-
mens was approved by the Ethics Committee of our hospital accord-
ing to the Declaration of Helsinki. Every patient provided informed
consent.

IHC

The tissues were microwave-treated for 2 hr and then boiled in 0.01M
citrate buffer (pH 6.0). Subsequently, the tissues were treated with
0.5% Triton for 20 min to break the cell membrane and then incu-
bated with mouse antibody against human SETDB1 (1:300; Merck
Millipore, Darmstadt, Germany). IHC evaluation and scoring were
as described in our previous article.22

ISH

The expression ofmiR-621 inmouse tissue was assessed by ISHusing a
digoxigenin-labeled locked nucleic acid (LNA)-miR-621 probe (Exi-
qon,Vedbaek,Denmark).Nuclear fast redwas used as the counterstain.
For the NC, digoxigenin-labeled LNA-scrambled miRNA was used.

TCGA Datasets

To study the differential expression of mRNA and miRNA in
HCC, the expression data of miRNA and mRNA were downloaded
from HCC TCGA datasets using the UCSC cancer genome
browser (https://xena.ucsc.edu/). The expression levels of miRNA
and mRNA were determined by the Illumina HiSeq platform. A total
of 327 HCC patients with both miR-621 expression and survival data
were used in prognostic analysis, while 367 patients with both mRNA
and miRNA expression data were employed in correlation analysis.
Molecular Therapy Vol. 27 No 2 February 2019 361
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Figure 7. miR-621 and/or SETDB1 Axis Enhances the Radiosensitivity of HCC Cells by Activating the p53-Signaling Pathway

(A and B) HepG2 (A) and Smmc-7721 (B) cells transfected with miR-NC + vector control, miR-621 mimic + vector control, miR-NC + SETDB1 without 30 UTR, or miR-621

mimic + SETDB1 without 30 UTR along with the p53 luciferase reporter were treated with a 4-Gy dose of IR. The relative luciferase activities were evaluated 48 hr later using

the Dual-Luciferase Reporter Assay Kit. (C and D) Expression of SETDB1 and the most important three effectors of p53 pathways (p21, PUMA, and Gadd45 mRNA) were

detected by real-time qPCR: (C) HepG2 and (D) Smmc-7721. (E) Western blotting analysis of SETDB1, p21, PUMA, and Gadd45 protein in cells treated with a 4-Gy dose of

IR. *p < 0.05, **p < 0.01, ***p < 0.001.
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Moreover, HCC patients with both tumor and para-carcinoma tissues
were adopted to examine the differential expressions of mRNA and
miRNA.

Cell Lines, Plasmids, and Reagents

LO2, HepG2, Smmc-7721, and Bel-7404 cell lines were purchased
from Shanghai Cell Bank of Chinese Academy of Sciences. Cell lines
were authenticated by Genelily Biotechnology (Shanghai, China) us-
ing short tandem repeat analysis. The complete miR-621 gene was
cloned into a pLenti (pLenti-CMV-GFP-puro)-cytomegalovirus
(CMV)-GFP-puro vector (Clontech Laboratories, San Francisco,
CA, USA). SETDB1 (lacking the 30 UTR) expression constructs
were subcloned into the pcDNA3.1 vector (Invitrogen, Carlsbad,
CA, USA). In addition, miR-621 mimic, miR-NC mimic, SETDB1
siRNA, p53 siRNA, and NC were purchased from Thermo Fisher Sci-
entific (Waltham, MA, USA).

Real-Time qPCR

Real-timeqPCRanalysis ofmiR-621 expressionwas reverse transcribed
using specific reverse transcription (RT)primers (RiboBio,Guangzhou,
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China), while U6 was used as an internal control. The expressions of
SETDB1, p21, PUMA, and Gadd45 at the mRNA level were assessed
by real-time qPCR using specific RT primers (RiboBio, Guangzhou,
China), and GAPDHwas selected as a housekeeping gene. The expres-
sion levels ofmRNAandmiRNAwere calculatedusing the comparative
CT (2�DDCt) method. Table S1 gives all primer sequences.

Western Blotting Analysis

Western blotting analysis was as described in our previous article.22

Briefly, 72 hr after transfection, cells were lysed with radioimmunopre-
cipitation assay (RIPA) buffer (Sigma-Aldrich, St. Louis, MO, USA),
and then western blotting was carried out with standard procedures.
The primary antibodies included SETDB1 antibody (1:1,000; Cell
Signaling Technology, Boston, MA, USA), p53 antibody (1:1,000;
Cell Signaling Technology, Boston, MA, USA), p21 antibody
(1:1,000; Cell Signaling Technology, Boston, MA, USA), PUMA
antibody (1:1,000; Cell Signaling Technology, Boston, MA, USA),
Gadd45 antibody (1:1,000; Cell Signaling Technology, Boston, MA,
USA), g-H2AX antibody (1:1,000; Cell Signaling Technology,
Boston, MA, USA), and GAPDH antibody (1:2,000; Santa Cruz



Figure 8. miR-621 Enhances the Radiosensitivity of HCC In Vivo

Mice were divided into the miR-NC agomir group, miR-621 agomir group, miR-NC agomir + IR group, andmiR-621 agomir + IR group. (A) Tumors collected for weighing and

analyses of gene expression. (B) Growth curves of four groups. (C) ThemiR-621 and SETDB1mRNA expressions weremeasured by real-time qPCR. (D) miR-621 expression

was detected via ISH. SETDB1, p21, PUMA, and Gadd45 protein expressions were detected via IHC. *p < 0.05, **p < 0.01, ***p < 0.001.
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Biotechnology). The secondary antibodies included anti-mouse
horseradish peroxidase (HRP)-conjugated antibody (1:5,000; Bio-
Rad, Hercules, CA, USA) or anti-rabbit-HRP (1:5,000; Cell Signaling
Technology, Boston, MA, USA).

Luciferase Reporter Assays

For dual-luciferase reporter assays, HepG2 cells were transfected
with different combinations of miR-621, miR-NC, psiCHECK-2-
SETDB1 30 UTR-WT, and psiCHECK-2-SETDB1 30 UTR-Mut
for 24 hr. For p53 reporter activity, HepG2 cells were transfected
with control, SETDB1 without 30 UTR, and/or miR-621 along with
the p53 luciferase reporter. The relative luciferase activities were
evaluated 48 hr later using the Dual-Luciferase Reporter Assay
Kit (Promega, Madison, WI, USA). Fold induction of the reporters
was calculated based on the relative Firefly luciferase activity,
normalized to Renilla luciferase as the transfection control.

IR, Colony Formation, and Apoptosis Assays

HepG2 and Smmc-7721 cells transfected with miR-621 and/or
SETDB1 lacking 30 UTR were seeded into 6-well plates. Cells were
then exposed to different doses (0, 2, 4, 6, 8, and 10 Gy) of 6-MV
X-ray and cultured for 10–14 days. The colonies with more than 50
cells were observed and counted. The SF of each group was calculated
according to a previous study.11 For apoptosis assays, cells were
stained with antibodies against propidium iodide (PI) and annexin
V 24 hr after IR (4 Gy). To detect the cellular response to DNA dam-
age, g-H2AX was detected 6 hr after 4-Gy IR.

Neutral Comet Assay

Neutral comet assay was performed to assess DNA damage in HCC
cells using a CometAssay kit (R&D Systems, Minneapolis, MN,
USA). The technique was performed according to the manufacturer’s
instructions. The slides were stained with ethidium bromide and pho-
tographed by fluorescence microscopy. The tail moment was quanti-
fied by CometScore 2.0 software (http://rexhoover.com/). 100 cells
were analyzed for each group.

Animal Studies

All of the animal experiments were carried out according to the Reg-
ulations for the Administration of Affairs Concerning Experimental
Animals. All animal-related experiments were approved and per-
formed by The Third Affiliated Hospital of Soochow University.
Briefly, 6-week-old mice were obtained from Soochow University.
The HepG2 cells at a density of 1 � 106 were injected into the back
of nude mice to establish the HCC model of tumor-bearing mice.
When the tumor volume reached 200 mm3, 24 tumor-bearing mice
were evenly divided into 4 groups. Subsequently, 10 nmol miR-NC
or miR-621 agomir (RiboBio, Guangzhou, China) in 50 mL saline
Molecular Therapy Vol. 27 No 2 February 2019 363
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buffer was intratumorally injected into the tumor mass at multiple
sites per mouse during 5 consecutive days. Next, a 10-Gy dose of
IR was delivered to the tumor or not. Then, 10 nmol miR-NC or
miR-621 agomir in 50 mL saline was injected into the tumor mass
every 3 days. Based on the above-mentioned treatments, mice were
divided into the miR-NC agomir group, miR-621 agomir group,
miR-NC agomir + IR group, and miR-621 agomir + IR group. The
tumor volume of nude mice was measured every 5 days. Nude mice
were executed via anesthesia at 30 days after IR, and the final tumor
volume was determined using a Vernier caliper. The expression levels
of miR-621, SETDB1, p21, PUMA, and Gadd45 in tumor tissues were
assayed via real-time qPCR, ISH, and IHC assays.

Statistical Analysis

All experiments were repeated at least three times. Data are presented
as the mean ± SD. Student’s t test (unpaired, two tailed) was used to
assess the difference between two groups. Spearman’s correlation
analysis was employed to detect the correlation between miR-621
and SETDB1 in tissues. Prism (version 6.01) software (La Jolla, CA,
USA) and SPSS 20.0 software (IBM, Armonk, NY, USA) were used
for statistical analyses.
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