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A B S T R A C T

Introduction and Objectives: Circular RNA La Ribonucleoprotein 1B (circ-LARP1B) was reported to serve as an

oncogene in many types of cancers. Radiotherapy (RT) is an important element of the multimodal treatment

concept in malignancies. Here, this work aimed to investigate the role of circ-LARP1B in the tumorigenesis

and radiosensitivity of hepatocellular carcinoma (HCC).

Patients or Materials and Methods: Quantitative real-time polymerase chain reaction (qRT-PCR) and Western

blot were used to detect the expression of genes and proteins. In vitro experiments were conducted using

cell counting Kit-8 (CCK-8), colony formation, EDU, transwell, and tube formation assays, respectively. Dual-

luciferase reporter assay was employed to identify the target relationship between miR-578 and circ-LARP1B

or IGF1R (insulin-like growth factor 1 receptor). In vivo assay was performed using murine xenograft model.

Results: Circ-LARP1B was highly expressed in HCC tissues and cells, and high expression of circ-LARP1B was

closely associated with poor prognosis. Functional experiments demonstrated that circ-LARP1B silencing

impaired cell proliferation, invasion, angiogenesis and reduced radioresistance in vitro. Mechanistically, circ-

LARP1B could competitively bind with miR-578 to relieve the repression of miR-578 on the expression of its

target gene IGF1R. Further rescue assay confirmed that miR-578 inhibition reversed the inhibitory effects of

circ-LARP1B knockdown on HCC cell malignant phenotypes and radioresistance. Moreover, miR-578 overex-

pression restrained tumorigenicity and enhanced radiosensitivity in HCC cells, which were attenuated by

IGF1R up-regulation. Besides that, circ-LARP1B knockdown impeded tumor growth and enhanced irradiation

sensitivity in HCC in vivo.

Conclusions: Circ-LARP1B knockdown restrained HCC tumorigenicity and enhanced radiosensitivity by regu-

lating miR-578/IGF1R axis, providing a new target for the treatment of HCC.

© 2022 Fundación Clínica Médica Sur, A.C. Published by Elsevier España, S.L.U. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)

Keywords:

circ-LARP1B

miR-578

IGF1R

Radiosensitivity

Hepatocellular carcinoma

Tumorigenesis

1. Introduction

Hepatocellular carcinoma (HCC) is one of the most common

malignancies all over the world with high morbidity, mortality and

recurrence rate [1,2]. Currently, surgical interventions are the only

chance for achieving cure in HCC patients, however, the majority of

patients present in an unresectable advanced stage [3]. Although a

number of drugs, such as combination therapies and immune check-

point inhibitors, have been developed [4−6], overall survival of

patients with advanced disease remains poor. Radiotherapy (RT) is

an important element of the multimodal treatment concept, com-

monly used for both curative and palliative therapies of many types

of malignancies [7]. Radiotherapy, such as stereotactic body radio-

therapy (SBRT) and radiofrequency ablation (RFA), has emerged as an

effective locally ablative therapy in treating unresectable HCC [8,9].

Thus, further clarification on the molecular mechanisms involving

tumorigenesis and radiosensitivity in HCC is imperative.

Circular RNAs (circRNAs) are a kind of evolutionarily conserved

RNA molecules lacking the 3’ and 5’ ends [10]. They are abundant in

eukaryotes, and often exhibit development- or tissue-specific expres-

sion pattern [11]. Moreover, accumulating evidence has reported
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that circRNAs are implicated in a broad range of cell biological pro-

cesses related to carcinogenesis, metastasis, and apoptosis, implying

the potential role of circRNAs in cancer diagnosis and therapy [12

−15]. For example, hsa_circ_0008274 overexpression could inhibit

the proliferation and invasion of lung adenocarcinoma cells via

up-regulating HMGA2 through sequestering miR-578 [16].

CircRNA_0000285 facilitated the growth and metastasis of cervical

cancer by elevating FUS [17]. Circ-LARP1B (ID: hsa_circ_0070934) is a

functional circRNA derived from the LARP1B (La Ribonucleoprotein

1B) gene, and has been demonstrated to be overexpressed in cutane-

ous squamous cell carcinoma, which is beneficial to cell invasive and

proliferative abilities [18,19]. However, the functions of circ-LARP1B

in HCC remain largely undefined.

Hence, the purpose of this work was to investigate the action of

circ-LARP1B in HCC tumorigenicity and radiosensitivity. Moreover,

we also explored the action mode of circ-LARP1B in regulating HCC

progression, which may provide a novel therapeutic target for HCC.

2. Materials and methods

2.1. Clinical tissue specimens

Thirty-nine cases of HCC patients newly diagnosed by pathologi-

cal examination at XXXXXX were included in this study. HCC tissues

and matched non-cancer tissues were collected by surgery, and

embedded in paraffin for further immunohistochemical (IHC) analy-

sis with Ki67 (ab16667, Abcam, Cambridge, MA, USA) as described

previously [20]. For tissue morphology analysis, the hematoxylin and

eosin (H&E) staining was conducted. All samples were stored at -80 °

C until used. All subjects had provided written informed consent, and

this work was approved by the Ethics Committee of XXXXXX.

2.2. Cell culture

Human HCC cell lines (MHCC97, Hep3B and Huh-7) and human

normal liver epithelial cells (THLE-2) were provided by Biotechnol-

ogy (Shanghai, China), and grown in 5% CO2 at 37°C with Dulbecco’s

Modified Eagle’s Medium (DMEM; Life Technologies, Scotland, UK)

plus 1% penicillin/streptomycin (Invitrogen, Camarillo, CA, USA) and

10% fetal bovine serum (FBS) (Life Technologies).

2.3. Plasmid transfection

The designed shRNAs for circ-LARP1B (sh-circ-LARP1B) and

nontarget shRNA (sh-NC), miR-578 mimic or inhibitor (miR-578

or anti-miR-578) and the negative control (NC) were procured

from Genechem (Shanghai, China). The pCD5-ciR/circ-LARP1B

(circ-LARP1B) or pcDNA3.1/IGF1R (IGF1R) overexpression plas-

mids were constructed via cloning corresponding cDNA into

pCD5-ciR or pcDNA3.1 vectors (Invitrogen, Carlsbad, CA, USA) to

overexpress circ-LARP1B or IGF1R, with empty pCD5-ciR or

pcDNA3.1 as NC (pCD5-ciR or pcDNA). Then Hep3B and Huh-7

cells were transiently transfected with 100 nM of shRNA, 100 ng

of plasmid, or 50 nM of miRNA mimic or inhibitor using Lipofect-

amine 3000 (Invitrogen). Besides, lentivirus plasmids of sh-circ-

LARP1B and sh-NC were synthesized at HanBio (Shanghai, China)

for animal experiments.

2.4. Quantitative real-time PCR (qRT-PCR)

Total RNA was prepared as per the protocol of RNeasy Mini Kit

(Qiagen, Crawley, UK). The PARIS Kit (Life Technologies, USA) was

employed to conduct the separation of nuclear and cytoplasmic

RNAs. For circRNA detection, treatment with RNase R (3U/mg, Gene-

seed, Guangzhou, China) in total RNAs (5 mg) from cells was imple-

mented at 37 °C for 15 min. Then isolated RNAs (2 ug) were reverse-

transcribed into cDNA using a cDNA synthesis kit (Takara, Shiga,

Japan), and quantitative PCR was performed with SYBR QPCR Mix

(Takara) to monitor the gene expression. The relative expression was

processed by the 2�DDCt method and normalized to glyceraldehyde-

3-phosphate dehydrogenase (GAPDH) or U6. The primer sequences

were listed:

circ-LARP1B: F 5’-CCGAGGTTCCTTTAGAGGTCG-3’, R 5’- GACGCTCT-

GAAATCCAGTGT-3’;

LARP1B: F 5’-GCCAACACCAAGTGAATTAGTGA-3’, R 5’-TTTGTTTCC

CGGTTTTCTTTGC-3’;

IGF1R: F 5’-AGGATATTGGGCTTTACAACCTG-3’, R 5’- GAGGTAACA-

GAGGTCAGCATTTT-3’.

GAPDH: F 5’-CCCACATGGCCTCCAAGGAGTA-3’, R 5’-GTGTACATGG-

CAACTGTGAGGAGG-3’;

miR-578: F 5’-GCCGAGCTTCTTGTGCTCTAG-3’, R 5’-GCGAGCA CAGTG

CAGGGTCCGAGGTAT-3’;

U6: F 5’-CTCGCTTCGGCAGCACA-3’, R 5’-AACGCTTCACGAATTTGCGT-

3’.

2.5. Cell counting Kit-8 (CCK-8) assay

At the culture of 0, 24, 48, or 72 h, 10 mL of CCK-8 (5 mg/mL)

(Solarbio, Beijing, China) was added into each well with transfected

Hep3B and Huh-7 cells (10000 cells/well) and then incubated for

another 2 h. The proliferation curves were determined by reading

absorbance at 490 nm.

2.6. Colony formation assay

Clonogenic transfected Hep3B and Huh-7 cells were prepared for

two week in 6-well plates with 1000 cells/well. After being fixed

with methanol, cell colonies were stained with 1% crystal violet

(Solarbio), followed by visualizing and counting manually.

2.7. 5-ethynyl-2’-deoxyuridine (EDU) assay

Transfected Hep3B and Huh-7 cells were seeded onto a 96-well

plate (2 £ 104 cells/well) embracing EDU medium diluent (RiboBio,

Guangzhou, China) and incubated for 3 h. After being fixed and per-

meabilized, cells were incubated with Apollo reaction mixture under

darkness for 30 min. Cell nuclei were stained by DAPI. The EDU posi-

tive cells were visualized using a fluorescence microscope to evaluate

cell proliferation.

2.8. Flow cytometry (FCM) assay

After transfection, Hep3B and Huh-7 cells were harvested by tryp-

sinization, followed by resuspending in binding buffer (1 £). Then

cells were stained orderly with Annexin V-fluorescein isothiocyanate

(FITC) (Life Technologies) and propidium iodide (PI) (Abcam). The

apoptotic cells were then determined using a FACScan flow cytome-

try (BD Biosciences, Franklin Lakes, NJ, USA).

2.9. Transwell assay

Transwell inserts in 24-wells (Costar, Corning, Switzerland) with

Matrigel-coated membrane (BD Biosciences) were used for cell inva-

sion analysis. Transfected Hep3B and Huh-7 cells with 200 mL

serum-free DMEMwere seeded into the upper chambers, and 600mL

of complete culture medium was filled into the lower chamber. 24 h

later, the invaded cells were imaged and counted using a microscope

after being fixed and stained with 0.1% crystal violet solution (Solar-

bio).
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2.10. Tube formation assay

After transfection, Hep3B and Huh-7 cells were grown in serum-

free DMEM for 48 h to obtain tumor-conditioned medium (TCM). The

wells of a 48-well plate were coated with 75mL of Matrigel and solid-

ified for more than 1 h at 37 °C. Then HUVECs (Biotechnology) with

TCM were seeded onto the gel and incubated for another 6 h. A

microscope was used to observe and quantify the tube formation of

HUVECs and acquire images.

2.11. Survival fraction analysis

Transfected Hep3B and Huh-7 cells were seeded into a 6-well plate

after 48 h of transfection and irradiated with 0, 2, 4, 6 or 8 Gy for 48 h.

After incubation for 14 days at 37 °C, cell colonies were fixedwithmetha-

nol and stained with 1% crystal violet (Solarbio), and colonies with more

than 50 cells were selected and counted to calculate survival fraction

according to the formula (number of colonies/number of cells plated) irra-

diated/(number of colonies/number of cells plated)non-irradiated.

2.12. Western blot

Total isolated proteins were separated by 10% polyacrylamide gel and

then transferred onto a polyvinylidene fluoride (PVDF) membrane (Milli-

pore, Darmstadt, Germany). The membrane was interacted with indi-

cated primary antibodies all night at 4°C, followed by incubation with a

goat anti-rabbit or anti-mouse-HRP-conjugated secondary antibody

(ab6721 and ab6789, 1:5000, Abcam). The protein bands were studied

using the enhanced chemiluminescence system (ECL; Solarbio). The pri-

mary antibodies included anti-B-cell lymphoma-2 (anti-Bcl-2) (1:1000,

ab194583), anti-matrix metallopeptidase 9 (MMP9) (1:2000, ab38898),

anti-IGF1R (1:2000, ab39398) and anti-GAPDH (1:5000, ab181602), all

obtained from Abcam.

2.13. Dual-luciferase reporter assay

Circ-LARP1B or IGF1R 3’UTR fragments covering wild-type (WT) and

mutated (MUT) miR-578 binding sites were amplified and inserted into

the PGL3 Basic vector (Invitrogen). Then Hep3B and Huh-7 cells were co-

transfected with 50 ng PGL3 vector, 10 ng pRL-TK Renilla vector and

50 nMmiR-578 mimic or mimic NC, respectively. Then luciferase activity

was analyzed with the Renilla activity as normalization.

2.14. Tumor xenograft assay

This study was conducted strictly in line with the guidelines of

Animal Care and Use Committee of XXXXXX. Six-weeks-old BALB/c

nude mice were purchased from Charles River Labs (Beijing, China)

and randomly divided into four group (N = 7 per group). Huh-7 cells

(4 £ 106/0.2 mL PBS), infected with lentiviral plasmids mediated of

sh-circ-LARP1B or sh-NC, were subcutaneously injected into the right

flank of blindly randomized nude mice, respectively. When xenograft

Fig. 1. Circ-LARP1B is highly expressed in HCC tissues and cells. (A) Heat maps showing the 10 up-regulated circRNAs between 7 paired HCC tissues and normal tissues (GSE91332).

Red represents high expression and green represents low expression. (B) Circ-LARP1B expression was higher in HCC tissues compared with paired normal tissues. (C) Representa-

tive images of H&E and Ki67 staining in HCC tissues and normal tissues. (D, E) qRT-PCR analysis of circ-LARP1B level in HCC tissues and adjacent normal tissues, as well as in HCC

cells and normal THLE-2 cells. (F) The Kaplan-Meier curve analyzed showed the association between circ-LARP1B expression and overall survival of HCC patients (n = 39). (G, H)

qRT-PCR analysis of circ-LARP1B expression in Hep3B and Huh-7 cells treated with or without RNase R. (I, J) qRT-PCR indicating the distribution of circ-LARP1B in the cytoplasmic

and nuclear fractions of Hep3B and Huh-7 cells. **P<0.01, ****P<0.0001.
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reached to 60 mm3, mice of two groups were treated with 6 Gy.

Tumor size was measured every 4 days with a Vernier caliper, and

tumor volume was calculated as volume= (length £ width2)/2. At

day 28, mice were sacrificed, the tumors were excised, weighed and

divided either for the detection of circ-LARP1B, miR-578 and IGF1R

by qRT-PCR andWestern blot, or fixed in formalin for IHC analysis.

2.15. Statistical analysis

Data were presented as mean § standard deviation. Statistical

analyses were conducted using paired, unpaired t test, Mann-Whit-

ney test or analysis of variance. The expression correlation was ana-

lyzed using Pearson’s correlation coefficient assay. The survival curve

of patients was determined by the Kaplan-Meier method and log-

rank test. P < 0.05 suggested significant differences. (*P < 0.05,

**P < 0.01, ***P < 0.001, ****P < 0.0001)

3. Results

3.1. Circ-LARP1B is highly expressed in HCC tissues and cells, and

associated with poor outcomes in HCC patients

CircRNA microarray was conducted to screen the differentially

expressed circRNAs in HCC. Data mining of GEO (http://www.ncbi.

nlm.nih.gov/geo) datasets (GSE91332) showed the top 10 up-regu-

lated circRNAs (log2|fold change|≥ 2 and P < 0.05) (Fig. 1A). Among

them, we noted that the expression of a circRNA (circ-LARP1B, ID:

hsa_circRNA_103737) labeled as ASCRP004028 was obviously

raised in HCC tissues (Fig. 1B). Therefore, we particularly focused

on this uncharacterized circRNA for further evaluation. A total of

39 pairs of HCC tissues and adjacent normal tissues were collected

from HCC patients. The representative HE staining was shown in

Fig. 1C. Moreover, IHC analysis confirmed that Ki67 expression was

increased in HCC tissues compared with normal tissues (Fig. 1C).

Thereafter, the expression of circ-LARP1B in clinical tissues was

investigated. The qRT-PCR analysis showed that circ-LARP1B

expression was higher in HCC tissues than those in normal liver

tissues (Fig. 1D). Similarly, we also observed a high expression of

circ-LARP1B in HCC cells (MHCC97, Hep3B and Huh-7) compared

with liver epithelial cell THLE-2 (Fig. 1E). Additionally, the survival

curve was established to assess the prognostic value of circ-

LARP1B, which showed that high circ-LARP1B level was associated

with a shorter overall survival time (Fig. 1F). Subsequently, the sta-

bility of circ-LARP1B was investigated, circ-LARP1B was signifi-

cantly resistant to efficient RNase R digestion compared with

linear LARP1B in Hep3B and Huh-7 cells (Fig. 1G, H). Besides, we

also found that circ-LARP1B was mainly located in the cytoplasm

in Hep3B and Huh-7 cells (Fig. 1I, J). Collectively, these data sug-

gested that circ-LARP1B was elevated in HCC and high expression

of circ-LARP1B was associated with poor outcomes in HCC

patients.

3.2. Knockdown of circ-LARP1B suppresses tumorigenesis and enhances

radiosensitivity in HCC cells

To investigate the functions of circ-LARP1B in tumorigenesis and

radiosensitivity in HCC, the shRNAs targeting circ-LARP1B were

established and stably transfected into Hep3B and Huh-7 cells, result-

ing in its knockdown (Fig. 2A). Silencing of circ-LARP1B decreased the

proliferation (Fig. 2B, C), colony-formation abilities (Fig. 2D), and DNA

synthesis activities (Fig. 2E) in Hep3B and Huh-7 cells. Conversely,

circ-LARP1B knockdown led to an increase of the apoptosis rate of

Hep3B and Huh-7 cells (Fig. 2F). The invasion ability of circ-LARP1B-

repressed Hep3B and Huh-7 cells was significantly reduced (Fig. 2G).

Besides that, circ-LARP1B knockdown induced HUVECs to develop

fewer and smaller tubes (Fig. 2H). After that, we investigated the role

of circ-LARP1B in irradiation sensitivity in HCC cells. Transfected

Hep3B and Huh-7 cells were treated with different doses of irradia-

tion (0, 2, 4, 6 or 8 Gy), which manifested that circ-LARP1B knock-

down remarkably decreased cell survival fraction with the increase

of radiotherapy dose (Fig. 2I, J). In addition, the apoptosis- and inva-

sion-related markers were detected, Western blot analysis showed

that circ-LARP1B silencing down-regulated the protein levels of Bcl-2

and MMP9 in Hep3B and Huh-7 cells (Fig. 2K, L), further implying the

inhibition of cell apoptosis and invasion. Taken together, knockdown

of circ-LARP1B suppressed the malignant behaviors and enhanced

radiosensitivity in HCC cells in vitro.

3.3. MiR-578 is a target of circ-LARP1B in HCC cells

Subcellular fractionation assay showed that circ-LARP1B mainly

amassed in the cytoplasm of HCC cells, suggesting the potential of

circ-LARP1B serving as a miRNA sponge. Through the prediction of

circinteractome database, miR-578 was found to have the comple-

mentary sequences in circ-LARP1B (Fig. 3A). To validate the interac-

tion between miR-578 and circ-LARP1B, the elevation efficiency of

miR-578 mimic was firstly confirmed using qRT-PCR (Fig. 3B). After

that, results of dual-luciferase reporter assay showed that augmented

expression of miR-578 significantly reduced the luciferase activity of

WT-circ-LARP1B but not the MUT-circ-LARP1B in Hep3B and Huh-7

cells (Fig. 3C, D), indicating the binding between miR-578 and circ-

LARP1B. Subsequently, we found that miR-578 expression was

decreased in HCC tissues (Fig. 3E), which was negatively correlated

with circ-LARP1B expression (Fig. 3F). Also, its expression was lower

in Hep3B and Huh-7 cells than those of THLE-2 cells (Fig. 3G). Impor-

tantly, after validating the transfection efficiency of circ-LARP1B

overexpressing vector (Fig. 3H), it was observed that miR-578

expression was decreased by circ-LARP1B overexpression but

increased by circ-LARP1B down-regulation in Hep3B and Huh-7 cells

(Fig. 3I). In conclusion, circ-LARP1B directly targeted miR-578 and

repressed its expression in HCC cells.

3.4. Circ-LARP1B silencing suppresses tumorigenesis and enhances

radiosensitivity in HCC cells via miR-578

Next, we elucidated whether miR-578 was a functional gene for

circ-LARP1B by performing rescue experiments. MiR-578 inhibitor

was transfected into circ-LARP1B-decraesed Hep3B and Huh-7 cells,

as expected, miR-578 inhibitor decreased circ-LARP1B knockdown-

induced elevation of miR-578 in cells (Fig. 4A). Then results of a series

of rescue experiments exhibited that miR-578 inhibitor abolished

circ-LARP1B knockdown-evoked suppression of cell proliferation

(Fig. 4B-E), enhancement of cell apoptosis (Fig. 4F), and impairment

of cell invasion in Hep3B and Huh-7 cells (Fig. 4G). Moreover, the fall-

ing trend of HUVEC tube formation ability (Fig. 4H) and the promo-

tion of Hep3B and Huh-7 cell radiosensitivity (Fig. 4I, J) imposed by

circ-LARP1B knockdown were attenuated in response to the inhibi-

tion of miR-578. Western blot analysis displayed that miR-578 inhibi-

tor led to the increase of Bcl-2 and MMP9 protein levels in circ-

LARP1B-repressed Hep3B and Huh-7 cells (Fig. 4K, L). Collectively,

circ-LARP1B regulated HCC tumorigenesis and radiosensitivity by

miR-578.

3.5. IGF1R is a target of miR-578 in HCC cell

It has been documented that miRNAs can regulate the expression

of target genes via binding to their 3’UTR. Through the use of starBase

v2.0 database, IGF1R was a putative mRNA that could be recognized

by miR-578 (Fig. 5A). Dual-luciferase reporter assay certified that

overexpression of miR-578 significantly declined the luciferase activ-

ity of the IGF1R 3’UTR-WT vector but failed to decrease that of the

mutant vector (Fig. 5B, C). IGF1R mRNA expression was discovered to
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Fig. 2. Knockdown of circ-LARP1B suppresses tumorigenesis and enhances radiosensitivity in HCC cells. (A-L) Hep3B and Huh-7 cells were transfected with sh-NC or sh-circ-

LARP1B. (A) Detection of circ-LARP1B expression in cells using qRT-PCR. (B-E) Cell proliferation analysis using CCK-8, colony formation, and EDU assays. (F) Cell apoptosis analysis

using FCM. (G) Transwell assay for cell invasion. (H) Tube formation ability of HUVECs cultivated in the TCM from transfected cells. (I, J) Colony formation assay for survival fraction

in cells exposed to various doses of irradiation (0, 2, 4, 6 or 8 Gy). (K, L) Western blot analysis for the levels of Bcl-2 and MMP9 protein. **P<0.01, ***P<0.001, ****P<0.0001.
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be increased in HCC tissues (Fig. 5D), which negatively correlated with

miR-578expression(Fig.5E).Besidesthat,theproteinlevelofIGF1RinHCC

tissuesandcellswasalsoelevated(Fig.5F,G).Moreover,itwasprovedthat

miR-578 up-regulation or down-regulation markedly decreased or

increased IGF1R expression in Hep3B and Huh-7 cells (Fig. 5H). These

resultsconfirmedthatmiR-578targetedIGF1Randnegativelyregulated

itsexpression.

3.6. MiR-578 suppresses tumorigenesis and enhances radiosensitivity in

HCC cells via IGF1R

Furthermore, we designed and performed rescue assays to dem-

onstrate the regulatory role of miR-578/IGF1R axis in HCC. Hep3B

and Huh-7 cells were co-transfected with miR-578 mimic and IGF1R

overexpressing vector, and the transfection efficiencies were then

validated by Western blot (Fig. 6A). As expected, miR-578 overex-

pression reduced the proliferation rate (Fig. 6B-E) and increased the

apoptosis rate (Fig. 6F) in Hep3B and Huh-7 cells, which were

reversed by IGF1R up-regulation (Fig. 6B-F). Transwell assay showed

that miR-578 up-regulation suppressed cell invasion, while co-trans-

fection with IGF1R in Hep3B and Huh-7 cells exhibited opposite trend

(Fig. 6G). The descending tube formation ability in HUVECs induced

by miR-578 up-regulation was restored by IGF1R (Fig. 6H). Besides,

the enhancement on radiosensitivity (Fig. 6I, J) and decreased Bcl-2

and MMP9 expression (Fig. 6K, L) caused by miR-578 up-regulation

were also both counteracted by IGF1R overexpression. Altogether,

miR-578 targeted IGF1R to regulate HCC cell tumorigenesis and

radiosensitivity.

3.7. Circ-LARP1B can regulate IGF1R expression through miR-578

Thereafter, we probed the circ-LARP1B/miR-578/IGF1R axis in

HCC cells. As shown in Fig. 7A, B, knockdown of circ-LARP1B led to a

decrease of IGF1R expression both at mRNA and protein levels, which

was rescued by the inhibition of miR-578 in Hep3B and Huh-7 cells,

implying the feedback loop of circ-LARP1B/miR-578/IGF1R in HCC.

3.8. Circ-LARP1B silencing impedes tumor growth, migration and

enhances irradiation sensitivity in HCC in vivo

Additionally, to explore the effects of circ-LARP1B on HCC tumori-

genesis and radiosensitivity, we also performed in vivo assay using a

mouse model. Circ-LARP1B silencing or irradiation treatment

reduced tumor volume and weight, moreover, circ-LARP1B knock-

down combined with irradiation led to a greater inhibition on tumor

growth (Fig. 8A, B). Furthermore, as exhibited in Fig. 8C, D, circ-

LARP1B knockdown caused the decrease of circ-LARP1B and IGF1R

expression levels and increase of miR-578 expression in tumors from

Fig. 3. MiR-578 is a target of circ-LARP1B in HCC cells. (A) The potential binding sites between circ-LARP1B and miR-578. (B) qRT-PCR analysis of miR-578 expression in Hep3B and

Huh-7 cells transfected with miR-578 mimic or mimic NC (miR-NC). (C, D) Dual-luciferase reporter assay for the luciferase activity of wild-type and mutated circ-LARP1B reporter

after miR-578 overexpression in Hep3B and Huh-7 cells. (E) qRT-PCR analysis of miR-578 level in HCC tissues and adjacent normal tissues. (F) Pearson’s correlation coefficient analy-

sis for the correlation between miR-578 and circ-LARP1B expression in HCC tissues. (J) qRT-PCR analysis of miR-578 level in HCC cells and normal THLE-2 cells. (H) qRT-PCR analysis

of circ-LARP1B expression in Hep3B and Huh-7 cells transfected with pCD5-ciR or circ-LARP1B. (I) qRT-PCR analysis of miR-578 expression in Hep3B and Huh-7 cells transfected

with pCD5-ciR, circ-LARP1B, sh-NC or sh-circ-LARP1B. ***P<0.001, ****P<0.0001.
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Fig. 4. Circ-LARP1B silencing suppresses tumorigenesis and enhances radiosensitivity in HCC cells via miR-578. (A-L) Hep3B and Huh-7 cells were transfected with sh-NC, sh-circ-

LARP1B, sh-circ-LARP1B + anti-miR-NC, sh-circ-LARP1B + anti-miR-578. (A) Detection of miR-578 expression in cells using qRT-PCR. (B-E) Cell proliferation analysis using CCK-8,

colony formation, and EDU assays. (F) Cell apoptosis analysis using FCM. (G) Transwell assay for cell invasion. (H) Tube formation ability of HUVECs cultivated in the TCM from trans-

fected cells. (I, J) Colony formation assay for survival fraction in cells exposed to various doses of irradiation (0, 2, 4, 6 or 8 Gy). (K, L) Western blot analysis for the levels of Bcl-2 and

MMP9 protein. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.

Fig. 5. IGF1R is a target of miR-578 in HCC cell. (A) The potential binding sites between IGF1R and miR-578. (B, C) Dual-luciferase reporter assay for the luciferase activity of wild-

type and mutated IGF1R reporter after miR-578 overexpression in Hep3B and Huh-7 cells. (D) qRT-PCR analysis of IGF1R mRNA in HCC tissues and adjacent normal tissues. (E) Pear-

son’s correlation coefficient analysis for the correlation between miR-578 and IGF1R expression in HCC tissues. (F, G) Western blot analysis of IGF1R protein level in HCC tissues and

adjacent normal tissues, as well as in HCC cells and normal THLE-2 cells. (H) Western blot analysis of IGF1R expression in Hep3B and Huh-7 cells transfected with miR-578, miR-NC,

anti-miR-578, or anti-miR-NC. ***P<0.001, ****P<0.0001.
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circ-LARP1B-dwon-regulated group with or without irradiation treat-

ment. Besides that, IHC staining showed that deletion of circ-LARP1B

or irradiation treatment alone, or the combination of them also

caused the decrease of IGF1R, Bcl-2 and MMP9 in xenograft tumors

(Fig. 8E). In a word, circ-LARP1B suppressed tumor growth, migration

and enhanced irradiation sensitivity in HCC in vivo by regulating

miR-578/IGF1R axis.

4. Discussion

Globally, HCC is the second cancer-related death carrying a 5-year

overall survival (OS) rate of around 5% [21]. RT is one of the main

treatment modalities, and is utilized either alone or more commonly

in combination with chemotherapy and surgery in more than 50% of

all malignancies [22]. It can result in the break of DNA double-

stranded through direct DNA ionization or indirect stimulation of

reactive oxygen species [23], benefiting in controlling the local recur-

rence and improving the tumor prognosis [7,24]. Therefore, enhanc-

ing the radiosensitivity of cancer cells may be a promising

therapeutic strategy for improving the outcome of HCC patients.

Recently, circRNAs have increasingly attracted great research

interest in the field of cancer research. CircRNAs have been reported

to be differentially expressed in various malignancies and deregula-

tion of circRNAs participate in the progression and drug resistance in

many types of cancers, including HCC [25,26]. For instance, circRNA

cSMARCA5 impaired HCC cell growth and migration through up-

Fig. 6. MiR-578 suppresses tumorigenesis and enhances radiosensitivity in HCC cells via IGF1R. (A-L) Hep3B and Huh-7 cells were co-transfected with miR-NC, miR-578, miR-

578 + pcDNA, or miR-578 + IGF1R. (A) Detection of IGF1R expression in cells using Western blot. (B-E) Cell proliferation analysis using CCK-8, colony formation, and EDU assays. (F)

Cell apoptosis analysis using FCM. (G) Transwell assay for cell invasion. (H) Tube formation ability of HUVECs cultivated in the TCM from transfected cells. (I, J) Colony formation

assay for survival fraction in cells exposed to various doses of irradiation (0, 2, 4, 6 or 8 Gy). (K, L) Western blot analysis for the levels of Bcl-2 and MMP9 protein. **P<0.01,

***P<0.001, ****P<0.0001.

Fig. 7. Circ-LARP1B can regulate IGF1R expression through miR-578. (A, B) qRT-PCR

and Western blot analysis of IGF1R expression in Hep3B and Huh-7 cells transfected

with sh-NC, sh-circ-LARP1B, sh-circ-LARP1B + anti-miR-NC, sh-circ-LARP1B + anti-

miR-578. **P<0.01, ***P<0.001, ****P<0.0001.
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regulating TIMP3 by sequestering miR-181b-5p or miR-17-3p [10].

Wang’s team showed that circRHOT1 targeted NR2F6 to contribute to

HCC cell proliferation, migration and invasion [27]. Besides, circRNA-

SORE was demonstrated to spread sorafenib resistance in HCC by bid-

ing to YBX1 [28]. In this study, circ-LARP1B as a conserved circRNA

was found to be elevated in HCC patients, and highly expressed circ-

LARP1B possessed poor outcome. Further functional experiments

exhibited that knockdown of circ-LARP1B restrained HCC cell growth,

invasion, angiogenesis, and enhanced cell radiosensitivity in vitro.

Importantly, in vivo assay also suggested that circ-LARP1B silencing

reduced tumor growth, invasion and expedited irradiation sensitivity

in HCC. Thus, circ-LARP1B acts as an oncogene to regulate HCC pro-

gression and radiosensitivity.

CircRNAs located in the cytoplasm have been documented to

serve as endogenous sponges of miRNAs to modulate the expression

of their target genes [29,30]. In the current study, we confirmed that

circ-LARP1B was preferentially localized in the cytoplasm in HCC

cells. Therefore, the miRNA-mRNA axis underlying circ-LARP1B was

identified, and this study verified that circ-LARP1B directly targeted

miR-578 to block miR-578-mediated IGF1R degradation, the circ-

LARP1B/miR-578/IGF1R axis was firstly investigated in HCC. MiR-578

is a functional miRNA, which was indicated to act as a target of circR-

NAs, such as circ_001621 and circZFR, to regulate the progression of

osteosarcoma [31] or breast cancer [32]. In HCC, Wu et al. suggested

that miR-578 was decreased and lowly expressed miR-578 was

related to poor outcome, besides that, overexpression of miR-578

suppressed cancer cell growth and metastasis [33]. IGF1R is an

important component of IGF system, which works on cell prolifera-

tion, adipogenesis, invasion, multidrug resistance and radioresistance

[34−36]. Additionally, abnormal IGF1R expression has been identi-

fied in HCC, and silencing of IGF1R significantly repressed HCC tumor

growth [37,38]. In the present work, we demonstrated that miR-578

suppressed HCC cell growth, invasion, angiogenesis, importantly, it

also enhanced cell radiosensitivity, however, these effects were

partially attenuated by IGF1R overexpression. Besides that, rescue

assay implied that miR-578 inhibition abated the effects of circ-

LARP1B knockdown on HCC cells.

In a word, we for the first time confirmed that circ-LARP1B was

associated with poor prognosis of HCC patients, and circ-LARP1B up-

regulated IGF1R through miR-578 to promote HCC tumorigenicity

and reduce radiosensitivity. Recently, knocking down or overexpress-

ing circRNAs has been identified to be an important strategy to inter-

vene cancer carcinogenesis, metastasis, and drug resistance [39].

Therefore, circ-LARP1B knockdown by siRNAs may a promising ther-

apeutic strategy for HCC. Whereas how to achieve safe, efficient and

target oriented delivery of siRNAs remains the major challenges in

most siRNA therapeutics that need to overcome. The investigations

on siRNA nanocarrier for siNRA delivery are future study directions.

Besides that, there are still some limitations. New studies should be

conducted to investigate the role of circ-LARP1B/miR-578/IGF1R axis

in normal liver cells, thus illustrating the value of circ-LARP1B in clin-

ical application for HCC treatment.
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