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Upregulation of miR-124-3p by Liver
X Receptor Inhibits the Growth of
Hepatocellular Carcinoma Cells Via
Suppressing Cyclin D1 and CDK6

Dan Zhong, PhD1, Xilin Lyu, MS1, Xiaohong Fu, MS1, Peng Xie, MB1,
Menggang Liu, MD2, Fengtian He, PhD1, and Gang Huang, PhD1

Abstract
MiR-124-3p has been identified as a novel tumor suppressor and a potential therapeutic target in hepatocellular carcinoma (HCC)
through regulating its target genes. However, the upstream regulatory mechanisms of mir-124-3p in HCC has not been fully
understood. The transcription factor liver X receptor (LXR) plays a critical role in suppressing the proliferation of HCC cells, but
it is unclear whether LXR is involved in the regulation of mir-124-3p. In the present study, we demonstrated that the expression
of mir-124-3p was positively correlated with that of LXR in HCC, and the cell growth of HCC was significantly inhibited by LXR
agonists. Moreover, activation of LXR with the agonists up-regulated the expression of mir-124-3p, and in turn down-regulated
cyclin D1 and cyclin-dependent kinase 6 (CDK6) expression, which are the target genes of mir-124-3p. Mechanistically, miR-124-
3p mediates LXR induced inhibition of HCC cell growth and down-regulation of cyclin D1 and CDK6 expression. In vivo
experiments also confirmed that LXR induced miR-124-3p expression inhibited the growth of HCC xenograft tumors, as well as
cyclin D1 and CDK6 expression. Our findings revealed that miR-124-3p is a novel target gene of LXR, and regulation of the miR-
124-3p-cyclin D1/CDK6 pathway by LXR plays a crucial role in the proliferation of HCC cells. LXR-miR-124-3p-cyclin D1/CDK6
pathway may be a novel potential therapeutic target for HCC treatment.
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Introduction

MicroRNAs (miRNAs) are *22-nucleotide-long noncoding

RNAs that normally function by inhibiting translation or per-

forming degradation of the target mRNA.1 Given their partic-

ipation in the carcinogenesis of liver cancer, they have been

introduced as promising therapeutic targets for cancer

treatments.2-7 MicroRNA-124-3p has been identified as a

tumor suppressor in multiple cancers including breast cancer,

bladder cancer, gastric cancer, and ovarian cancer.8-11 Espe-

cially, it was down-regulated in HCC and had a close

1 Department of Biochemistry and Molecular Biology, College of Basic Medical

Sciences, Army Medical University (Third Military Medical University),

Chongqing, China
2 Department of Hepatobiliary Surgery, Daping Hospital (Army Medical

Center), Army Medical University (Third Military Medical University),

Chongqing, China

Corresponding Authors:

Fengtian He and Gang Huang, Department of Biochemistry and Molecular

Biology, College of Basic Medical Sciences, Army Medical University (Third

Military Medical University), Chongqing 400038, China.

Emails: hefengtian66@163.com; cqhuanggang@aliyun.com

Creative Commons Non Commercial CC BY-NC: This article is distributed under the terms of the Creative Commons Attribution-NonCommercial 4.0 License
(https://creativecommons.org/licenses/by-nc/4.0/) which permits non-commercial use, reproduction and distribution of the work without further permission
provided the original work is attributed as specified on the SAGE and Open Access pages (https://us.sagepub.com/en-us/nam/open-access-at-sage).

Technology in Cancer Research &
Treatment
Volume 19: 1-9
ª The Author(s) 2020
Article reuse guidelines:
sagepub.com/journals-permissions
DOI: 10.1177/1533033820967473
journals.sagepub.com/home/tct

https://orcid.org/0000-0001-6850-940X
https://orcid.org/0000-0001-6850-940X
mailto:hefengtian66@163.com
mailto:cqhuanggang@aliyun.com
https://creativecommons.org/licenses/by-nc/4.0/
https://us.sagepub.com/en-us/nam/open-access-at-sage
https://sagepub.com/journals-permissions
https://doi.org/10.1177/1533033820967473
http://journals.sagepub.com/home/tct


correlation with both of the clinical stage and the prognosis of

patients with HCC.12-14 Moreover, previous studies have con-

firmed that miR-124-3p alleviates the progression of HCC by

inhibiting the expression of its target genes, such as MAPK14,

RELA, CDK2, CDK4, and SP1.13 Therefore, up-regulating the

expression of miR-124-3p should be beneficial in the treatment

of HCC. However, the precise mechanism to regulate miR-

124-3p expression in HCC is poorly understood. Fan A, et al

reported that the expression of miR-130a-3p was up-regulated

by liver X receptor (LXR) in HUVECs and attenuated endothe-

lial barrier dysfunction.15 However, it is unclear whether LXR

can improve the expression of miR-124-3p.

LXR is a member of the nuclear receptor family, it has 2

isoforms, named LXRa (NR1H3) and LXRb (NR1H2). As a

transcription factor, LXR carries out vital cellular functions in

cholesterol transport and a variety of malignancies, which makes

it become a highly druggable therapeutic target.16 The synthetic

agonists T0901317 and GW3965 can activate LXR, which are

most widely used in research.17-19 Recently, accumulating evi-

dence demonstrated that LXR was a potential prognostic marker

and exerted significant anti-tumor effect in HCC.20,21 Further-

more, many genes related with cell proliferation (FOXM1,

SOCS3), invasion, and migration in HCC are directly regulated

by LXR.22-24 However, limited knowledge is available concern-

ing whether LXR affects the proliferation of HCC cells by mod-

ulating miR-124-3p, which needs to be studied further.

Previously, our studies revealed that activation of LXR

inhibited the proliferation of HCC cells by repressing cyclin

D1 expression,22,23 and it was reported that miR-124-3p was

one of the direct regulators of CDK6 in medulloblastoma.25

Interestingly, cyclin D1 and its binding partner CDK6 form the

cyclin D1/CDK6 active complex, which promotes the progres-

sion of the cell cycle.26,27 Moreover, cyclin D1 and CDK6 were

found to be overexpressed in HCC tissues and accelerated the

cell cycle progression of HCC cell lines.28,29 Therefore, it is

interesting to clarify whether miR-124-3p mediates LXR regu-

lated cyclin D1 and CDK6 expression in HCC.

In the present study, we for the first time demonstrated that

the expression of miR-124-3p was positively correlated with

that of LXR in HCC, and activation of LXR up-regulated the

expression of miR-124-3p. Mechanism investigation revealed

that miR-124-3p mediates LXR induced inhibition of HCC cell

growth and down-regulation of cyclin D1 and CDK6 expres-

sion. Furthermore, LXR induced miR-124-3p expression inhib-

ited the growth of HCC xenograft tumors, as well as cyclin D1

and CDK6 expression in vivo. These results indicate that the

LXR-miR-124-3p-cyclin D1/CDK6 axis may be a novel path-

way to suppress the proliferation of HCC cells, which may be a

new potential target for HCC therapy.

Materials and Methods

HCC Tissues and Adjacent Noncancerous Specimens

Five pairs of HCC tissues and adjacent noncancerous speci-

mens were obtained from the Department of Hepatobiliary

Surgery, Daping Hospital, Army Medical University (Chongq-

ing, China). Fresh identified cancer tissues were collected and

frozen into liquid nitrogen immediately after taken out of the

operating room. Then the extraction of total RNA and reverse

transcription of cDNA were operated according to the manu-

facturer’s instructions.

Reagents

GW3965, T0901317, and dimethylsulfoxide (DMSO) were

purchased from Sigma-Aldrich (St. Louis, MO, USA). Cell

Counting Kit-8 (CCK-8) was from Dojindo (Kumamoto,

Japan). Lipofectamine 2000, Optim-medium, M-MLV, Oligo

dT, dNTPs, and DTT were purchased from Invitrogen (Carls-

bad, CA, USA). All-in-One miRNA quantitative reverse tran-

scriptase PCR Detection Kit was offered by GeneCopoeia

(Guangzhou, China). TRIzol was from Invitrogen Life Tech-

nologies (Carlsbad, CA, USA). SYBR Green Mix was bought

from Takara (Dalian, China). RIPA buffer and BCA kit were

provided by Beyotime Biotechnology (Shanghai, China). The

protease inhibitor cocktail was from Roche (Switzerland).

Anti-CDK6 was purchased from Santa Cruz (Delaware, CA,

USA), while Anti-Cyclin D1 was purchased from Abcam

(Cambridge, UK) and Anti-a-tubulin was purchased from

Zhongshanjinqiao (Beijing, China). Anti-miR-124-3p and

anti-miR-NC mimics were synthesized by Sangon Biotech

(Shanghai, China).

Cell Culture and Transfection

Human HCC cell lines HepG2 and Hep3B were purchased

from American Type Culture Collection (Manassas, VA,

USA). The other HCC cell lines including Huh7, PLC,

SMMC-7721, and relatively normal hepatic cell line L02 were

purchased from China Center for Type Culture Collection

(Wuhan, China). All cells were cultured in Dulbecco’s Modi-

fied Eagle’s medium (DMEM, Gibco Company, Grand Island,

NY, USA) containing 10 % fetal bovine serum (FBS, Gibco

Company, Grand Island, NY, USA), penicillin (100 U/mL) and

streptomycin (100 mg/mL) from Beyotime Biotechnology

(Shanghai, China) at 37 �C in 5% CO2 incubator. Briefly, when

HepG2 and SMMC-7721 cells were grown to 85 % confluence

in 75 cm2 flask, they were seeded in 6-well plates and 96-well

plates overnight, then the anti-miR-124-3p or anti-miR-NC

were transfected into cells using lipofectamine 2000 according

to instructions. After 12 hours, the cells were treated with LXR

agonists or vehicle control for 24 h, and then the corresponding

assays were performed.

CCK-8 Assay

HepG2 cells were seeded in 96-well plates and cultured over-

night, then the cells were treated with LXR agonist T0901317,

GW3965, and DMSO for 48 h, respectively. Where after, 10

mL/well of cell counting kit-8 (CCK-8) reagent was mixed into

the plate and incubated at 37 �C for 30 min to 1 h. Then
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measured the absorbance at 450 nm (OD 450) of formazan dye

by a microplate reader (Molecular Devices, Sunnyvale, CA,

USA), which represented the survival of HCC cells. The OD

450 value of test group was normalized with that of the control

group. Each experiment was done in triplicate.

Quantitative Real-Time PCR (qRT-PCR) Assay

Total RNA was extracted according to the manufacturer’s

instructions of Trizol (Invitrogen Life Technologies, CA,

USA). After that, reverse transcriptase M-MLV was used to

synthesize the first-strand cDNA. b-actin was used as an inter-

nal control for mRNA determination. The expression of miR-

124-3p was examined with All-in-One miRNA quantitative

reverse transcriptase PCR Detection Kit (GeneCopoeia,

Guangzhou, China) under the guide of protocol and normalized

with U6 small nuclear RNA (U6 snRNA). Relative expression

was calculated with normalization to b-actin or U6 values by

using the 2�44Ct method. Reactions were repeated minimum

of 3 times.

Western-Blot Assay

Cells and tissues were lysed by RIPA buffer and the concen-

tration was measured with BCA kit. The denaturalized proteins

were subsequently analyzed using SDS-PAGE and monoclonal

antibody against cyclin D1 and CDK6. The a-tubulin was used

as a loading control. The HRP labeled goat anti-rabbit and goat

anti-mouse IgG were used as secondary antibodies. The

enhanced chemiluminescence detection reagents (Pierce, Dal-

las, TX, USA) were used to detect the signal.

Knockdown of the Target Genes by siRNAs

After grown to 80-90% confluence, the HepG2 cells were tran-

siently transfected using lipofectamine 3000 (Invitrogen Life

Technologies, CA, USA) with siRNAs. Six hours later, the

cells were cultured in DMEM containing 0.5% fetal bovine

serum in the presence or absence of LXRs agonists for 36 h.

Then the cells were harvested and real-time RT-PCR was

performed.

In Vivo Experiment

Those 4-week-old male nude mice were purchased from

Laboratory Animal Center and cared under the guidelines and

regulations of the Animal Care and Ethics Committee of Army

Medical University (Chongqing, China). 2 � 106 HepG2 cells

in 100 mL phosphate-buffered saline were subcutaneously

injected into the right axilla of each nude mouse. The mice

were randomly divided into test group and control group when

palpable tumors formed in them. The test group was intraper-

itoneally injected GW3965 (30 mg/kg) every 2 days for 16

days-while the control group was treated with DMSO instead

of LXR agonist GW3965. After that, all mice were sacrificed in

a peaceful way and the xenograft tumors were harvested. The

volume of tumor was calculated according to the formula of

volume ¼ width2 � length � 1/2. The mRNA and protein

levels of target genes in xenografts were measured by qRT-

PCR and western blot separately.

Statistical Analysis

The Statistical Package for the Social Sciences (SPSS) 13.0 was

used for assessment. Data are reported as mean + SD. Student’s

t-test was applied to analyze the significance of differences, and

the significance is presented as *p < 0.05, **p < 0.01, ***p <

0.001.

Results

miR-124-3p Expression is Positively Correlated
With LXR in HCC

To investigate the roles of miR-124-3p in HCC, we first deter-

mined the expression of miR-124-3p in HCC tissues and cell

lines by qRT-PCR. As shown in Figure 1A, compared with the

corresponding adjacent noncancerous tissues, the expression of

miR-124-3p was significantly down-regulated in HCC tissues,

which was consistent with previous studies and GEO dataset

analysis.13,30 Moreover, the level of miR-124-3p was also

lower in HCC cell lines (HepG2, Hep3B, Huh7, PLC, and

SMMC-7721) than that in the relatively normal hepatic cell

line L02 (Figure 1B). Furthermore, the prognostic significance

of miR-124-3p expression in HCC was evaluated using the

Kaplan-Meier plotter (http://kmplot.com/analysis/index.php?

p¼service&cancer¼pancancer_mirna). As shown in Figure 1C,

miR-124-3p high expression was found to be correlated to signif-

icantly better overall survival for HCC patients. These results

suggested that miR-124-3p performed as a potential tumor sup-

pressor in HCC. Moreover, compared with normal adjacent tis-

sues, the expression level of LXRQ was lower in HCC tissues

(Figure 1D), which was consistent with the result in the TCGA

liver cancer RNA-seq dataset (Figure 1E). Particularly, the

expression of LXRQ was positively correlated with that of miR-

124-3p in HCC tissues (Figure 1F). However, there was no sig-

nificant difference of LXRb in HCC tissues (Figure 1G), while its

expression was even higher in HCC tissues in TCGA dataset

(Figure 1H). Together with our former studies,22,23we confirmed

that LXRQ was the key factor as a suppressor in HCC, but not

LXRb. Taken together, these results indicated that LXR might be

a potential regulator of miR-124-3p.

Activation of LXR Upregulates the Expression
of miR-124-3p

To evaluate whether miR-124-3p is up-regulated by LXR in

HCC, HepG2 cells were treated with LXR agonist GW3965 or

T0901317 at indicated dose for 48 h, respectively. Then the

expression of miR-124-3p was measured by qRT-PCR. As

shown in Figure 2A-B, the expression of miR-124-3p was

up-regulated by GW3965 and T0901317 in a dose-dependent

manner. Furthermore, knockdown of LXRa by siRNA
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decreased the GW3965 or T0901317 mediated upregulation of

miR-124-3p in HepG2 cells (Figure 2C and D). These results

demonstrated that LXR was involved in the regulation of miR-

124-3p.

To investigate whether miR-124-3p mediates the anti-tumor

effect of LXR in HCC cells, we antagonized miR-124-3p by

transfecting anti-miR-124-3p mimics in HepG2 cells. As

shown in Figure 3A, activation of LXR by GW3965 and

Figure 1. miR-124-3p and Liver X receptor Q (LXRQ) are downregulated in hepatocellular carcinoma (HCC). A. Expression of miR-124-3p was

examined by quantitative real-time PCR (qRT-PCR) in 5 HCC tissues and adjacent non-tumor tissues, ***p < 0.001. Relative levels of miRNA

expression normalized to U6 snRNA was determined by setting the miRNA expression levels of adjacent non-tumor tissue samples to 1. B.

Expression of miR-124- 3p was examined by qRT-PCR in L02 cells and 6 HCC cell lines, *p < 0.05. Data are presented as mean + SD of 3

independent experiments. C. Survival curves were plotted for HCC patients (n ¼ 371). Data was analyzed using Kaplan-Meier Plotter. Patients

with expression above the median are indicated in red line, and patients with expression below the median are in black line. HR means hazard

ratio. D. Expression of LXRQ was examined by qRT-PCR in 5 HCC tissues and adjacent non-tumor tissues. b-actin was used as an internal

quantitative control, *p < 0.05. E. LXRQ expression in TCGA liver cancer RNA-seq dataset, **p < 0.01. F. Expression correlation between miR-

124-3p and LXRQ in HCC tissues. G. Expression of LXRb was examined by qRT-PCR in 5 HCC tissues and adjacent non-tumor tissues. ns

means no significance. H. LXRb expression in TCGA liver cancer RNA-seq dataset, *p < 0.05.
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T0901317 dramatically inhibited the growth of HepG2 cells in

a dose-dependent manner, respectively. Inhibition of miR-124-

3p by anti-miR-124-3p mimics obviously attenuated the

GW3965 and T0901317 induced inhibition of HCC cell growth

(Figure 3B-C). These data indicated that miR-124-3p was one

of the crucial factors in the anti-HCC effect of LXR.

miR-124-3p Mediates LXR Induced Downregulation
of Cyclin D1 and CDK6

To further clarify the molecular mechanism of LXR-induced

miR-124-3p expression which inhibited the growth of HCC

cells, the target genes of miR-124-3p including cyclin D1 and

CDK6 were analyzed. GEPIA (Gene Expression Profiling

Interactive Analysis) database showed that the expression of

cyclin D1 and CDK6 was higher in the HCC tumor tissues than

that in the normal tissues, which was contrary to the miR-124-

3p expression in HCC. Further experiments revealed that the

expression of cyclin D1 and CDK6 was markedly inhibited by

miR-124-3p mimics in HepG2 and SMMC-7721 cells (Figure

4B). Moreover, the mRNA levels of cyclin D1 and CDK6 were

significantly down-regulated by GW3965 and T0901317 in

HepG2 and SMMC-7721 cells in a dose-dependent manner

(Figure 4C-F), which is consistent with the protein levels of

cyclin D1 and CDK6 (Figure 4G-H). On the contrary, inhibi-

tion of miR-124-3p by anti-miR-124-3p abolished the

GW3965-mediated suppression of miR-124-3p target genes,

such as cyclin D1 and CDK6 (Figure 4I). These results sug-

gested that LXR inhibited the expression of cyclin D1 and

CDK6 in a miR-124-3p-dependent manner.

Figure 2. LXRQ promotes the expression of miR-124-3p in HCC. A. qRT-PCR was used to analyze the expression of miR-124-3p in HepG2

cells during LXR activation by its agonist GW3965, *p < 0.05. B. qRT-PCR was used to analyze the expression of miR-124-3p in HepG2 cells

during LXR activation by its agonist T0901317, *p < 0.05. C-D. qRT-PCR was used to analyze the expression of miR-124-3p in HepG2 cells

during knockdown of LXRa by its siRNA, **p < 0.01, ***p < 0.001.

Figure 3. Activation of LXR inhibits HepG2 cell growth by upregulating miR-124-3p. A. The effect of LXR activation on the growth of HepG2

cells was determined by cell counting kit-8 (CCK-8) assay, compared with the respective control groups, *p < 0.05, ***p < 0.001. B-C. CCK-8

assay was used to detect the growth of HepG2 cells treated with indicated LXR agonists and Antagomir of miR-124-3p, *p < 0.05. Data are

presented as mean + SD of 3 independent experiments.
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LXR Induced mir-124-3p Expression is Involved
in the Suppression of HCC Xenograft in Vivo

The above results clearly elucidated that activation of LXR

induced up-regulation of miR-124-3p which played an impor-

tant role in LXR-mediated inhibition of HCC cell growth in

vitro. Subsequently, we detected the effect of LXR on miR-

124-3p expression and tumor growth in vivo. Our previous

study confirmed that both GW3965 and T0901317 can inhibit

the growth of HCC xenograft tumors with similar effects.22

Therefore, we used GW3965 in the animal model in this study.

As shown in Figure 5A-B, treatment with GW3965 dramati-

cally decreased the growth of HCC xenografts in nude mice

compared with the vehicle treated group. Consistent with the

in vitro results, the expression of miR-124-3p was markedly

increased in GW3965 treatment group mice (Figure 5C).

Figure 4. Activation of LXR represses cyclin D1 and cyclin-dependent kinase 6 (CDK6) expression by upregulating miR-124-3p. A. The

expression of cyclin D1 and CDK6 was analyzed by using GEPIA database. B. Western blot was used to detect expression of cyclin D1 and

CDK6 in HepG2 and SMMC-7721 cells transfected with miR-124-3p mimics. C-F. qRT-PCR was used to analyze the expression of cyclin D1

and CDK6 in HepG2 and SMMC-7721 cells during LXR activation by its agonist GW3965 or T0901317, *p < 0.05, **p < 0.01. G-H. Western

blot was used to analyze the expression of cyclin D1 and CDK6 in HepG2 and SMMC-7721 cells during LXR activation by its agonist GW3965

or T0901317. I. Western blot was used to detect expression of cyclin D1 and CDK6 in HepG2 and SMMC-7721 cells treated with indicated LXR

agonists and antagomir of miR-124-3p. All data are representative of 3 independent experiments and expressed as the mean + SD.
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Remarkably, this was accompanied by the down-regulation of

cyclin D1 and CDK6 expression in the xenografts (Figure 5D).

These results suggested that the anti-HCC effect of LXR was

through upregulating miR-124-3p, which inhibited the target

gene expression of miR-124-3p in vivo.

Discussion

HCC is one of the most common causes of cancer-related death

worldwide, with less accurate markers for early diagnosis and

efficient treatment. Nucleic acid-based drugs such as miRNAs

may have promising therapeutic potential for HCC treatment.

MicroRNAs are pivotal participants and regulators in the

development and progression of HCC.31 In this study, we

focused on miR-124-3p which was a tumor suppressor in HCC

and its decrease resulted in a more aggressive and poor prog-

nostic phenotype of patients with HCC.32 Interestingly, we

found that activation of LXR with its agonists significantly

up-regulated the expression of miR-124-3p, and miR-124-3p

strongly affected the function of LXR against HCC in return.

In most circumstances, LXR binds with retinoic X receptor

(RXR) to form heterodimer after activation, and then the het-

erodimer LXR/RXR binds to specific DNA sequences called

LXR response elements (LXREs) and regulates gene expres-

sion.33 In the present study, we had tried to explore the mechan-

ism by which LXR up-regulated miR-124-3p expression.

Unfortunately, online analysis (https://www.nubiscan.unibas.

ch/) predicted that there were no potential LXREs in the

miR-124-3p gene promoter region. Therefore, miR-124-3p

might not be a direct target of LXR. Since several reports

revealed that long non-coding RNAs, such as NEAT1 and

OGFRP1, could directly bind to miR-124-3p to inhibit its func-

tion in HCC, we should determine whether LXR modulates

miR-124-3p through long non-coding RNAs in our further

study.34,35

In the present study, cyclin D1 and CDK6 were found to be

the candidate target genes of miR-124-3p in HCC and partici-

pated in the anti-HCC mechanism of “LXR-miR-124-3p” sig-

nal pathway. Moreover, It was reported that cyclin D1 and

CDK6 were direct targets of miR-206 which was also a tumor

suppressor in HCC. Therefore further study is needed to clarify

whether miR-206 is involved in the “LXR-cyclin D1/CDK6”

signal pathway in HCC.29 Interestingly, the up-regulation of

cyclin D1 and CDK6 accelerated cell cycle progression and

cell proliferation was faster than that of CDK6 alone.36 There-

fore, we were excited to find that the elevated miR-124-3p

decreased cyclin D1 and CDK6 expression, which meant we

revealed a more effective regulator to control cell growth than

those controlling only one of these 2 genes. However, further

study is still needed to clarify whether miR-124-3p affects the

formation of cyclin D1/CDK6 complex.

Growing evidence revealed that miR-124-3p up-regulation

decreased the expression of both cyclin D1 and CDK6 in

tumors such as malignant glioma and ovarian cancer, but the

Figure 5. LXR induces the expression of miR-124-3p and inhibited the growth of HCC cell xenografts in vivo. A-B. HepG2 cells treated with

dimethyl sulfoxide (DMSO) or GW3965 were inoculated into 12 four-week-old nude mice. After tumor formation, nude mice were intraper-

itoneally injected with GW3965 (30 mg/kg) every 2 days for 16 days, while the control group were treated with DMSO instead of LXR agonist

GW3965. Nude mice were harvested and xenograft tumors were isolated for analysis of differences in tumor size, **P < 0.01. C. qRT-PCR was

used to detect miR-124-3p expression in DMSO and GW3965 groups, *P < 0.05. D. Western blot analysis of cyclin D1 and CDK6 in

subcutaneous xenograft tumors.
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underlying mechanism by which miR-124-3p regulates cyclin

D1 and CDK6 is unknown. We predicted the potential targets

of miR-124-3p in miRbase, Targetscan, and PicTar databases

and found that CDK6 has been reported as a direct target of

miR-124-3p.25 However, there is no evidence showed that

miR-124-3p can directly bind to cyclin D1. Recent studies

showed that miR-124-3p repressed cyclin D1 expression by

targeting several genes such as Fra-2, EZH2, AKT3, and sev-

eral signaling pathways such as Notch pathway, JAK-STAT3,

and Wnt/b-catenin.37-42 These studies indicated that even

though miR-124-3p indirectly inhibited cyclin D1 expression,

it was an important regulator of cyclin D1 via multiple key

signaling pathways.

Recently, some articles provided compelling histologic and

biologic evidence that HepG2 originated as a hepatoblastoma

and not a hepatocellular carcinoma. However, it was also

reported that it was referred to as hepatocarcinoma or hepatoma

more than 7000 times and as hepatoblastoma less than 500

times.43 In our study, we referred to several high-quality arti-

cles which use HepG2 as HCC cell line and to make in vivo

tumor formation.44-46 Since we obtained the similar in vitro

results via using HepG2 and SMMC-7721, we used only

HepG2 to form xenograft tumors. Certainly, the results would

be more consummate if both of HepG2 and SMMC-7721 were

use to do the xenograft experiments. Whatever, HepG2 should

be carefully used for the HCC studies in the future.

In conclusion, our present study demonstrated that activa-

tion of LXR promoted miR-124-3p expression, which signifi-

cantly inhibited the growth of HCC cells via suppressing cyclin

D1 and CDK6 expression. These findings provide new insights

into the mechanisms of HCC development, which may be a

novel potential therapeutic target for HCC therapy.

Authors’ Note

GH and FTH conceived of the study and carried out its design. DZ,

XLL, XHF and PX performed the experiments and the statistical

analyses. MGL provided the Human tissues. DZ and XLL wrote the

paper. GH and FTH revised the paper. All authors read and approved

the final manuscript.

Acknowledgments

Thanks for all the authors, editors, reviewers and funding.

Author Contribution

Dan Zhong and Xilin Lyu contributed equally to this work.

Declaration of Conflicting Interests

The author(s) declared no potential conflicts of interest with respect to

the research, authorship, and/or publication of this article.

Funding

The author(s) disclosed receipt of the following financial support for

the research, authorship, and/or publication of this article: This work

was supported by the National Natural Science Foundation of China

(No. 81402035 and No. 81872024), the Natural Science Foundation

Project of CQ CSTC (No. cstc2016jcyjA0146) and Advanced

Interdisciplinary Studies Foundation of Basic Medical Science, AMU

(No. 2018JCQY06).

ORCID iD

Gang Huang https://orcid.org/0000-0001-6850-940X

Ethics Statement

All procedures involving animals were performed in accordance with

the Animal Management Rules of the Ministry of Health of the Peo-

ple’s Republic of China (No. 55, 2001) and the guidelines for the

Laboratory Animal Welfare and Ethics Committee of Army Medical

University (No. 20170002, Chongqing, China). Human HCC samples

were from Daping Hospital, Army Medical University. The study was

approved by the ethics committee of Army Medical University

(Chongqing, China).

References

1. Makeyev EV, Maniatis T. Multilevel regulation of gene

expression by microRNAs. Science. 2008;319(5871):

1789-1790.

2. Bader AG, Brown D, Winkler M.The promise of microRNA

replacement therapy. Cancer Res. 2010;70(18):7027-7030.

3. Balacescu O, Sur D, Cainap C, et al. The Impact of miRNA in

colorectal cancer progression and its liver metastases. Int J Mol

Sci. 2018;19(12):3711.

4. Gnoni A, Santini D, Scartozzi M, et al. Hepatocellular carcinoma

treatment over sorafenib: epigenetics, microRNAs and microen-

vironment. Is there a light at the end of the tunnel? Expert Opin

Ther Targets. 2015;19(12):1623-1635.

5. Mollaei H, Safaralizadeh R, Rostami Z. MicroRNA replace-

ment therapy in cancer. J Cell Physiol. 2019;234(8):

12369-12384.

6. Park JK, Kogure T, Nuovo GJ, et al. miR-221 silencing blocks

hepatocellular carcinoma and promotes survival. Cancer Res.

2011;71(24):7608-7616.

7. Shen S, Lin Y, Yuan X, et al. Biomarker micrornas for diagnosis,

prognosis and treatment of hepatocellular carcinoma: a functional

survey and comparison. Sci Rep. 2016;6:38311.

8. Wang Y, Chen L, Wu Z, et al. miR-124-3p functions as a tumor

suppressor in breast cancer by targeting CBL. BMC Cancer. 2016;

16(1):826.

9. Wang JR, Liu B, Zhou L, Huang YX. MicroRNA-124-3p sup-

presses cell migration and invasion by targeting ITGA3 signaling

in bladder cancer. Cancer Biomark. 2019;24(2):159-172.

10. Liu F, Hu H, Zhao J, et al. miR-124-3p acts as a potential marker

and suppresses tumor growth in gastric cancer. Biomed Rep. 2018;

9(2):147-155.

11. Chai Y, Liu J, Zhang Z, Liu L. HuR-regulated lncRNA NEAT1

stability in tumorigenesis and progression of ovarian cancer. Can-

cer Med. 2016;5(7):1588-1598.

12. Budhu A, Jia HL, Forgues M, et al. Identification of metastasis-

related microRNAs in hepatocellular carcinoma. Hepatology.

2008;47(3):897-907.

13. He RQ, Yang X, Liang L, Chen G, Ma J.MicroRNA-124-3p

expression and its prospective functional pathways in hepatocel-

lular carcinoma: a quantitative polymerase chain reaction, gene

8 Technology in Cancer Research & Treatment

https://orcid.org/0000-0001-6850-940X
https://orcid.org/0000-0001-6850-940X
https://orcid.org/0000-0001-6850-940X


expression omnibus and bioinformatics study. Oncol Lett. 2018;

15(4):5517-5532.

14. Long HD, Ma YS, Yang HQ, et al. Reduced hsa-miR-124-3p

levels are associated with the poor survival of patients with hepa-

tocellular carcinoma. Mol Biol Rep. 2018;45(6):2615-2623.

15. Fan A, Wang Q, Yuan Y, et al. Liver X receptor-alpha and miR-

130a-3p regulate expression of sphingosine 1-phosphate receptor

2 in human umbilical vein endothelial cells. Am J Physiol Cell

Physiol. 2016;310(3):C216-226.

16. Lin CY, Gustafsson JA. Targeting liver X receptors in cancer

therapeutics. Nat Rev Cancer. 2015;15(4):216-224.

17. Schultz JR, Tu H, Luk A, et al. Role of LXRs in control of

lipogenesis. Genes Dev. 2000;14(22):2831-2838.

18. Collins JL, Fivush AM, Watson MA, et al. Identification of a

nonsteroidal liver X receptor agonist through parallel array synth-

esis of tertiary amines. J Med Chem. 2002;45(10):1963-1966.

19. Katz A, Udata C, Ott E, et al. Safety, pharmacokinetics, and

pharmacodynamics of single doses of LXR-623, a novel liver

X-receptor agonist, in healthy participants. J Clin Pharmacol.

2009;49(6):643-649.

20. Long H, Guo X, Qiao S, Huang Q. Tumor LXR expression is a

prognostic marker for patients with hepatocellular carcinoma.

Pathol Oncol Res. 2018;24(2):339-344.

21. Na TY, Shin YK, Roh KJ, et al. Liver X receptor mediates hepa-

titis B virus X protein-induced lipogenesis in hepatitis B virus-

associated hepatocellular carcinoma. Hepatology. 2009;49(4):

1122-1131.

22. Hu C, Liu D, Zhang Y, et al. LXRalpha-mediated downregulation

of FOXM1 suppresses the proliferation of hepatocellular carci-

noma cells. Oncogene. 2014;33(22):2888-2897.

23. Xiong H, Zhang Y, Chen S, et al. Induction of SOCS3 by liver X

receptor suppresses the proliferation of hepatocellular carcinoma

cells. Oncotarget. 2017;8(38):64083-64094.

24. Xiong T, Li Z, Huang X, et al. TO901317 inhibits the develop-

ment of hepatocellular carcinoma by LXRalpha/Glut1 decreasing

glycometabolism. Am J Physiol Gastrointest Liver Physiol. 2019;

316(5):G598-G607.

25. Pierson J, Hostager B, Fan R, Vibhakar R. Regulation of cyclin

dependent kinase 6 by microRNA 124 in medulloblastoma.

J Neurooncol. 2008;90(1):1-7.

26. Pines J. Cyclins and cyclin-dependent kinases: a biochemical

view. Biochem J. 1995;308( Pt 3):697-711.

27. Li N, Zeng J, Sun F, et al. Dai. p27 inhibits CDK6/CCND1 com-

plex formation resulting in cell cycle arrest and inhibition of cell

proliferation. Cell Cycle. 2018;17(19-20):2335-2348.

28. Che Y, Ye F, Xu R, et al. Co-expression of XIAP and cyclin D1

complex correlates with a poor prognosis in patients with hepa-

tocellular carcinoma. Am J Pathol. 2012;180(5):1798-1807.

29. Wu H, Tao J, Li X, et al. MicroRNA-206 prevents the pathogen-

esis of hepatocellular carcinoma by modulating expression of met

proto-oncogene and cyclin-dependent kinase 6 in mice. Hepatol-

ogy. 2017;66(6):1952-1967.

30. Chen G, Shi Y, Liu M, Sun J. Circhipk3 regulates cell prolifera-

tion and migration by sponging mir-124 and regulating aqp3

expression in hepatocellular carcinoma. Cell Death Dis. 2018;

9(2):175.

31. Xu X, Tao Y, Shan L, et al. The role of MicroRNAs in hepato-

cellular carcinoma. J Cancer. 2018;9(19):3557-3569.

32. Zheng F, Liao YJ, Cai MY, et al. The putative tumour suppressor

microRNA-124 modulates hepatocellular carcinoma cell aggres-

siveness by repressing ROCK2 and EZH2. Gut. 2012;61(2):

278-289.

33. Repa JJ, Mangelsdorf DJ. The role of orphan nuclear receptors in

the regulation of cholesterol homeostasis. Annu Rev Cell Dev

Biol. 2000;16(1):459-481.

34. Tang LX, Chen GH, Li H, He P, Zhang Y, Xu XW. Long non-

coding RNA OGFRP1 regulates LYPD3 expression by sponging

miR-124-3p and promotes non-small cell lung cancer progres-

sion. Biochem Biophys Res Commun. 2018;505(2):578-585.

35. Liu X, Liang Y, Song R, et al. Long non-coding RNA NEAT1-

modulated abnormal lipolysis via ATGL drives hepatocellular

carcinoma proliferation. Mol Cancer. 2018;17(1):90.
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