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Abstract
Background Highly upregulated in liver cancer (HULC), the speci�cally overexpressed long non-coding
RNA (lncRNA) in human hepatocellular carcinoma (HCC), can promote the growth and metastasis of HCC
cells. Therefore, it will be bene�t to HCC treatment by effectively downregulating HULC. Liver X receptor
(LXR), a member of nuclear receptor superfamily, exerts anti-tumor effects on various human
malignancies including HCC. However, it is unclear whether the anti-HCC function of LXR is involved in
the regulation of HULC.

Methods Quantitative real-time PCR and Western blot were used to separately examine RNA and protein
levels in HCC cells. Cell counting kit-8 assay was used to detect the growth of HCC cells in vitro . Dual-
luciferase reporter assays were performed to analyze the regulation of forkhead box M1 (FOXM1) by miR-
134-5p and the regulation of miR-134-5p by HULC. Xenograft models were engaged to evaluate the
growth of HCC cells in vivo .

Results In this study, we found that activation of LXR could inhibit the growth of HCC cells by
downregulating HULC. Mechanistically, LXR decreased HULC via suppressing its gene promoter activity.
Moreover, HULC and FOXM1 were highly expressed while miR-134-5p was lowly expressed in HCC tissues,
and the level of HULC was positively correlated with that of FOXM1 while negatively correlated with that
of miR-134-5p. Additionally, miR-134-5p downregulated FOXM1 by targeting 3′-untranslated region (UTR)
of its mRNA, and HULC upregulated FOXM1 and its downstream target molecule cyclin D1 through
sequestrating miR-134-5p. Furthermore, activation of LXR increased miR-134-5p while decreased FOXM1
by reducing HULC in HCC cells. The in vivo experiments showed that activation of LXR repressed the
growth of HCC xenografts, and decreased HULC, FOXM1 and cyclin D1 while increased miR-134-5p in the
xenografts.

Conclusions Our results for the �rst time reveal that LXR can inhibit the growth of HCC cells by regulating
HULC/miR-134-5p/FOXM1 axis. The novel pathway LXR/HULC/miR-134-5p/FOXM1 may serve as a
promising target in HCC treatment.

Background
Long non-coding RNAs (lncRNAs) are a class of non-protein-coding RNAs with longer than 200
nucleotides in length. Accumulating evidences have demonstrated that lncRNAs play crucial roles in
multiple biological processes and participate in numerous human diseases [1–3]. Highly upregulated in
liver cancer (HULC) is �rst identi�ed as the speci�cally overexpressed lncRNA in human hepatocellular
carcinoma (HCC) tissues [4]. It has been reported that HULC can promote HCC cell survival, proliferation,
migration and invasion [5–7]. Moreover, HULC can trigger autophagy to attenuate the chemosensitivity of
HCC cells [8]. Therefore, it will be bene�t to HCC treatment by effectively downregulating HULC.

Liver X receptor (LXR) belongs to ligand-activated nuclear receptor superfamily. Previous reports have
shown that LXR plays important roles in regulating the metabolisms of glucose, lipid and cholesterol by
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binding to LXR response elements (LXREs) of its targeting genes [9, 10]. Interestingly, the recent studies
have revealed that LXR exerts anti-tumor effects on various cancers such as HCC, breast cancer, prostate
cancer, ovarian cancer, and colorectal cancer [11–16], suggesting that LXR is a potential target in cancer
treatment. However, it is not well known about the mechanisms by which LXR plays its anti-tumor
function, especially, it is unclear whether the anti-HCC effect of LXR is involved in the regulation of HULC.

In the present study, we for the �rst time demonstrated that LXR could reduce the expression of HULC,
leading to the upregulation of miR-134-5p and the subsequent downregulation of forkhead box M1
(FOXM1), which contributed to the growth inhibition of HCC cells in vitro and in vivo. These �ndings
reveal that LXR can suppress HCC cell growth by modulating HULC/miR-134-5p/FOXM1 axis, which is a
novel anti-HCC mechanism of LXR, suggesting that the pathway LXR/HULC/miR-134-5p/FOXM1 may be
a promising target for HCC treatment.

Methods
Collection of HCC tissues and cell culture

A total of 30 HCC tissues and the corresponding adjacent noncancerous tissues were collected from
patients who had undergone surgery to remove tumors in the Department of Hepatobiliary Surgery,
Xinqiao Hospital, Army Medical University (Third Military Medical University), Chongqing, China. Fresh
tissue samples were collected and snap frozen in liquid nitrogen until use. The study was approved by
the Ethics Committee of Army Medical University (Third Military Medical University).

  Human HCC cell lines HepG2 and Hep3B were purchased from China Center for Type Culture Collection
(Shanghai, China), and cultured in Dulbecco’s modi�ed Eagle’s medium (Hyclone) with 10% fetal bovine
serum (Hyclone), streptomycin (100 mg/mL) and penicillin (100 U/mL) at 37 ℃ in a 5% CO2 humid
incubator. To activate LXR in HCC cells, the LXR agonist GW3965 or T0901317 (Sigma) was used.

 

Quantitative real-time PCR (qPCR)

For examination of mRNAs and lncRNA HULC, total RNAs were extracted from HCC cells, HCC tissues or
xenografts with TRIzol reagent (Invitrogen), and then the �rst-strand cDNA was synthesized using M-MLV
reverse transcriptase (Invitrogen). qPCR was performed with SYBR green qPCR master mix (Promega)
according to the manufacturer’s protocol, taking β-actin as an internal control. MicroRNAs (miRNAs or
miRs were extracted with miRNA isolation kit (OMEGA), and the expression of miR-134-5p was detected
using miRNA quantitative reverse transcriptase PCR detection kit (GeneCopoeia) according to the
manufacturer’s instructions, which was normalized to that of U6 small nuclear RNA (U6 snRNA). The
corresponding primer sequences were listed as follows:

 



Page 4/21

Targets Forward primers Reverse primers

HULC 5′-ATCTGCAAGCCAGGAAGAGTC-3′ 5′-CTTGCTTGATGCTTTGGTCTGT-3′

miR-134 5′-TGTGACTGGTTGACCAGAGGGG-
3′

Universal Adaptor PCR Primer (supplied in the
kit)

FOXM1 5′-AGTAGTGGGCCCAACAAATTCAT-
3′

5′-CTTTTGGCATCATAGCTGGTTTG-3′

CyclinD1 5′-CGCCCCACCCCTCCAG-3′ 5′-CCGCCCAGACCCTCAGACT-3′

β-actin 5′-GTGAAGGTGACAGCAGTCGGTT-
3′

5′-GAAGTGGGGTGGCTTTTAGGA-3′

U6
snRNA

5′-CGCTTCGGCAGCACATATACTAA-
3′

5′-TATGGAACGCTTCACGAATTTGC-3′

 

Cell counting kit-8 (CCK-8) assay

HCC cells were seeded into 96-well plates for 16 h, and then transfected with HULC-expressing plasmid
for 12 h or small interfering RNA (siRNA) for 24 h using Lipofectamine 2000 (Invitrogen) according to the
manufacturer’s protocol. Subsequently, the cells were treated with LXR agonist for different times,
followed by the addition of 10 μL CCK-8 reagent (Dojindo Laboratories) in each well according to the
manufacturer’s instructions. After incubation at 37 ℃ for 4 h, the optical density (OD) values at 450 nm
were measured with a microplate reader, and the cell growth curves were drawn according to the OD450

values.

 

Construction of plasmids

The DNA fragment encoding human HULC was chemically synthesized by Sangon Biotech Corporation
(Shanghai, China) and inserted into the expression vector pcDNA3.1 (Invitrogen), and the resulting
plasmid was named pcDNA-HULC. The sequences of HULC promoter region containing the predicted wild
type LXRE DR4 (DR4-WT) or mutant DR4 (DR4-Mut) were synthesized by Sangon Biotech Corporation
and separately cloned into pGL3-Basic vector (Promega), and the resulting plasmids were named pGL3-
DR4-WT and pGL3-DR4-Mut respectively. The DNA fragments encoding the 3′-UTR of FOXM1 mRNA
containing the predicted miR-134-5p wild type or mutant binding site were synthesized by Sangon
Biotech Corporation, and then separately inserted into pmirGLO dual-luciferase miRNA target expression
vector (Promega), and the resulting plasmids were named pmir-FOXMUTR-WT and pmir-FOXMUTR-Mut
respectively. The HULC-encoding DNA fragments containing the predicted miR-134-5p wild type or mutant
binding site were synthesized by GenePharma (Shanghai, China) and separately cloned into psiCHECK
dual-luciferase reporter vector (Promega), and the resulting plasmids were named psi-HULC-miR-WT and
psi-HULC-miR-Mut respectively.
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Dual-luciferase reporter assays

HCC cells were transfected with the luciferase reporter plasmids using Lipofectamine 2000 according to
the manufacturer’s protocol in the presence of different treatments. Then the cells were harvested and
lysed, and the luciferase activities were determined with dual-luciferase reporter assay kit (Promega)
according to the manufacturer’s instructions. The �re�y luciferase activity was normalized to that of
renilla luciferase activity, and the result was shown as relative luciferase activity.

 

Western blot

Whole proteins were extracted from HCC cells or xenografts with RIPA lysis buffer (Beyotime
Biotechnology) and then separated by 12% SDS-PAGE gels, followed by transfer to Immobilon-P PVDF
membranes (Millipore). Subsequently, the membranes were blocked with 5% fat-free dry milk in Tris-
buffered saline containing 0.1% Tween-20, and then separately incubated overnight at 4 ℃ with primary
antibodies against FOXM1(Abcam), cyclin D1 (Abcam) or control β-actin (Abcam). After washing, the
membranes were incubated with horseradish peroxidase-conjugated secondary antibody (CST) for 1 h.
Next, the membranes were washed, and the enhanced chemiluminescence detection reagents (Pierce)
were used to visualize the signals.

 

Animal experiments

Eight-week-old male nude mice were purchased from Beijing Huafukang Bioscience (Beijing, China), and
cared for under the guidelines of the Animal Care and Use Committee of Army Medical University (Third
Military Medical University, Chongqing, China). A total of 5 × 106 Hep3B cells were subcutaneously
injected into the right axilla of each nude mouse. When palpable tumors formed, the mice were randomly
divided into control and test groups (n=5 per group). The control group was received a daily
intraperitoneal injection with vehicle control soyabean oil for 12 days, while the test group was received
the same treatment with LXR agonist GW3965 (30 mg/kg) [12]. Subsequently, the mice were sacri�ced
and the xenograft tumors were harvested and photographed, and the tumor volumes were measured
using the formula: volume = width2 × length × 1/2. Meanwhile, the xenograft tumors were used for
immunohistochemical staining or analysis of the expression of HULC, miR-134-5p, FOXM1 and its
downstream target molecule cyclin D1.

 

Immunohistochemical staining
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The harvested xenograft tumors were �xed with 4% polyoxymethylene, and then para�n-embedded and
sectioned. The sections were incubated overnight at 4 ℃ with the primary antibody against Ki67 (Santa
Cruz). After warming and cleaning, the sections were incubated with peroxidase-conjugated secondary
antibody (CST). Finally, diaminobenzidine was used to visualize the Ki67 signal, and the sections were
observed under photomicroscope.

 

Statistical analysis

Statistical analysis was performed using GraphPad Prism 5. All data were presented as means ±
standard deviation (SD) unless otherwise stated. The differences were determined by using the Student t
test. P<0.05 was considered statistically signi�cant.

 

Results
LXR inhibits the growth of HCC cells by downregulating HULC

As shown in Fig. 1a and b, activation of LXR dramatically decreased HULC. Moreover, activation of LXR
suppressed the growth of HCC cells, which was markedly attenuated by ectopic expression of HULC (Fig.
1c, d). In addition, silence of HULC remarkably enhanced the LXR-mediated growth inhibition of HCC cells
(Fig. 1e, f). Taken together, these results indicate that LXR can repress the growth of HCC cells through
decreasing HULC.

 

LXR reduces HULC by suppressing its gene promoter activity

As a transcription factor, LXR usually regulates gene transcription by in�uencing the promoter activity of
target gene. To inquiry the mechanism by which LXR downregulated HULC, the potential LXRE in HULC
gene promoter region was predicted with online bioinformatics analysis (NUBIScan, www.nubiscan.
unibas.ch/). As shown in Fig. 2a, a putative LXRE DR4 (-689 to -676) was found in HULC gene promoter
region. Subsequently, the HULC gene promoter region (-1010 to +157) containing DR4-WT(-689 to -676) or
DR4-Mut (Fig. 2a) was separately inserted into pGL3-Basic vector, and the resulting plasmids were named
pGL3-DR4-WT and pGL3-DR4-Mut respectively. Next, the dual-luciferase reporter assays using the
recombinant plasmids showed that activation of LXR signi�cantly decreased the luciferase activity of
pGL3-DR4-WT (but not pGL3-DR4-Mut) (Fig. 2b, c). These data reveal that LXR downregulates HULC via
reducing its gene promoter activity, and the LXRE DR4 plays a crucial role in this process.
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The level of HULC is positively correlated with that of FOXM1 while negatively correlated with that of miR-
134-5p in HCC tissues

The above studies have demonstrated that LXR can suppress HCC cell growth by downregulating HULC.
However, the action mechanism of HULC in HCC cells is not well known. Bioinformatics analysis by the
online software MicroInspector showed that HULC may sponge miR-134-5p (Fig. 3a) (a microRNA that
plays anti-tumor effects in various cancers including HCC [17, 18]). Moreover, the analyses with prediction
algorithms (PicTar, TargetScan and miRanda) revealed that miR-134-5p may target 3′-UTR of FOXM1
mRNA (Fig. 3b). Previous reports have shown that FOXM1 plays promoting roles in multiple malignancies
including HCC [19-21]. To preliminarily explore the relationship between HULC and FOXM1 (or miR-134-
5p), the levels of the three molecules were examined in HCC tissues and the corresponding adjacent
noncancerous tissues. As shown in Fig. 3c-e, HULC and FOXM1 were highly expressed while miR-134-5p
was lowly expressed in HCC tissues compared to the corresponding adjacent noncancerous tissues.
There was a positive correlation between the expression of HULC and FOXM1 (Fig. 3f), while there was a
negative correlation between the levels of HULC and miR-134-5p (Fig. 3g). Collectively, these data suggest
that HULC may sequestrate miR-134-5p, leading to the elevation of FOXM1.

 

miR-134-5p downregulates FOXM1 by targeting 3′-UTR of its mRNA in HCC cells

As shown in Fig. 4a, treatment with miR-134-5p mimic obviously decreased the protein level of FOXM1 in
HCC cells, which was markedly attenuated by miR-134-5p inhibitor. To investigate the mechanism by
which miR-134-5p reduced FOXM1, the DNA fragments encoding 3′-UTR of FOXM1 mRNA containing the
predicted miR-134-5p wild type or mutant binding site (Fig. 4b) were separately cloned into pmirGLO dual-
luciferase miRNA target expression vector, and the resulting plasmids were named pmir-FOXMUTR-WT
and pmir-FOXMUTR-Mut respectively. Subsequently, the dual-luciferase reporter assays were performed
using the recombinant plasmids. As shown in Fig. 4c and d, miR-134-5p mimic dramatically repressed the
luciferase activity of pmir-FOXMUTR-WT (but not pmir-FOXMUTR-Mut), which was remarkably alleviated
by miR-134-5p inhibitor. These results prove that miR-134-5p downregulates FOXM1 by targeting the 3′-
UTR of its mRNA in HCC cells.

 

HULC upregulates FOXM1 by sequestrating miR-134-5p in HCC cells

As shown in Fig. 5a and b, overexpression of HULC in HCC cells dramatically increased the expression of
FOXM1 and its downstream target gene cyclin D1 (Cyclin D1 is considered a functional indicator of
FOXM1), while silence of HULC signi�cantly decreased the expression of FOXM1 and cyclin D1. These
results verify that the HULC-upregulated FOXM1 is functional in HCC cells. Next, we investigated whether
miR-134-5p was involved in the HULC-mediated upregulation of FOXM1. As shown in Fig. 5c and d,
ectopic expression of HULC in HCC cells reduced miR-134-5p while elevated FOXM1. Conversely,
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knockdown of HULC with siRNA increased miR-134-5p while decreased FOXM1 (Fig. 5c, d). Additionally,
miR-134-5p mimic could decrease the expression of FOXM1, and the HULC-induced elevation of FOXM1
was markedly attenuated by miR-134-5p mimic (Fig. 5e). These data indicate that HULC can promote
FOXM1 expression by suppressing miR-134-5p. Furthermore, the HULC-encoding DNA fragments
containing the predicted miR-134-5p wild type binding site (5′-GTCGTCACGAGAACCAGACCAT-3′) or
mutant binding site (5′-GTCGTCACGAGGGTTCAACCAT-3′, the mutated bases were underlined) were
separately cloned into psiCHECK dual-luciferase reporter vector, and the resulting plasmids were named
psi-HULC-miR-WT and psi-HULC-miR-Mut respectively. Subsequently, the dual-luciferase reporter assays
were performed using the recombinant plasmids. As shown in Fig. 5f and g, treatment with miR-134-5p
mimic signi�cantly reduced the luciferase activity of psi-HULC-miR-WT (but not psi-HULC-miR-Mut), which
was dramatically attenuated by miR-134-5p inhibitor. Taken together, these results indicate that HULC
upregulates FOXM1 through sequestrating miR-134-5p.

 

LXR upregulates miR-134-5p while downregulates FOXM1 by reducing HULC in HCC cells

The above studies have clari�ed that LXR can decrease HULC, while HULC can increase FOXM1 by
sequestrating miR-134-5p. Then the effect of LXR on HULC/miR-134-5p/FOXM1 axis was assayed. As
shown in Fig. 6a and b, activation of LXR in HCC cells signi�cantly decreased HULC and FOXM1, while
increased miR-134-5p. Moreover, overexpression of HULC markedly alleviated the LXR-mediated miR-134-
5p upregulation and FOXM1 downregulation (Fig. 6c, d). These data reveal that LXR elevates miR-134-5p
while reduces FOXM1 via downregulting HULC in HCC cells.

 

Activation of LXR suppresses the growth of HCC xenografts and regulates the HULC/miR-134-5p/FOXM1
axis in vivo

As shown Fig. 7a and b, activation of LXR dramatically inhibited the growth of HCC xenografts in nude
mice. Immunohistochemical staining showed that LXR activation obviously reduced the expression of
Ki67 (a marker of cell proliferation) in HCC xenografts (Fig. 6c). Furthermore, activation of LXR markedly
decreased HULC, FOXM1 and cyclin D1 while increased miR-134-5p in the xenografts (Fig. 7d, e). These
results indicate that activation of LXR represses the growth of HCC xenografts through regulating
HULC/miR-134-5p/FOXM1 axis in vivo.

 

4. Discussion
It has been reported that both the nuclear receptor LXR and lncRNA HULC are associated with HCC. In
general, LXR exerts anti-HCC effects [22–24], while HULC plays promoting functions on HCC [25–27].
However, it is unknown whether there is a relationship between LXR and HULC. In this study, we for the
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�rst time revealed that LXR downregulated HULC by repressing its gene promoter activity, leading to the
growth inhibition of HCC cells. Besides HCC, LXR and HULC are also associated with other cancers such
as breast cancer, prostate cancer, ovarian cancer and colorectal cancer [11–16, 28–31]. So further
research is needed to see whether the LXR-mediated downregulation of HULC is also existence and
functional in other cancers. Additionally, to our knowledge, this is the �rst evidence to show that LXR
plays its roles by modulating lncRNA expression. Therefore, more studies are required to explore whether
LXR can regulate other lncRNAs besides HULC.

Previous researches have demonstrated that miR-134-5p acts as a tumor suppressor. It can inhibit cancer
cell proliferation and invasion, and attenuate drug resistance by regulating a variety of tumor related
targets and signal pathways [32]. For examples, miR-134-5p dramatically suppresses the metastasis and
malignancy of HCC by targeting integrin β1 and k-RAS [33, 34]. So investigating the modulating
mechanism of miR-134-5p will be helpful to develop novel anti-HCC strategy. In the present study, we
found that LXR markedly upregulated miR-134-5p by downregulating HULC. Moreover, HULC could
sequestrate miR-134-5p, which remarkably attenuated the LXR-mediated growth inhibition of HCC cells.
Due to the complicated action mechanisms of LXR and HULC, it is necessary to explore whether LXR can
directly upregulate miR-134-5p and whether HULC can repress miR-134-5p through other mechanism. In
addition, previous reports have shown that HULC can sponge miR-372 and miR-200a, leading to the
promotion of tumorigenesis and metastasis of HCC [35, 36]. Therefore, further studies are needed to
inquiry whether LXR is also involved in the regulation of these HULC-sponged microRNAs besides miR-
134-5p.

FOXM1, a member of the forkhead family of transcription factors, is essential for cell growth, survival and
cell cycle progression [37]. Clinical investigations have revealed that FOXM1 is associated with
tumorigenesis, progression and prognosis of cancer, which enables FOXM1 as a tumor marker in several
kinds of malignancies including HCC [38–40]. Knockdown of FOXM1 decreases HCC cell proliferation,
induces cell cycle arrest and inhibits cell invasion [41]. Downregulation of FOXM1 by p53 enhances
chemosensitivity of HCC cells to oxaliplatin [42]. In this study, we showed that LXR dwonregulated
FOXM1 while upregulated miR-134-5p through reducing HULC in HCC cells. Furthermore, miR-134-5p
suppressed FOXM1 by targeting the 3′-UTR of its mRNA, while HULC elevated FOXM1 via sequestrating
miR-134-5p. The four molecules formed the pathway LXR/HULC/miR-134-5p/FOXM1, which is a novel
anti-HCC mechanism of LXR. Additionally, our previous study has veri�ed that LXR represses FOXM1 in
HCC cells by binding to FOXM1 gene promoter region [12], together with the data in the present study,
indicating that LXR can regulate FOXM1 in direct and indirect ways. More studies are warranted regarding
the signi�cance of the different modulation mechanisms by which LXR regulates FOXM1 in HCC cells.

Conclusions
Collectively, we demonstrate that LXR can repress HCC cell growth through regulating HULC/miR-134-
5p/FOXM1 axis, which is a novel anti-HCC mechanism of LXR. Modulation of the pathway
LXR/HULC/miR-134-5p/FOXM1 may represent a potential strategy for the treatment of HCC.
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Figure 1

LXR inhibits the growth of HCC cells by downregulating HULC. a, b HepG2 (a) and Hep3B (b) cells were
treated with vehicle control DMSO or the indicated concentrations of LXR agonist (GW3965 or
TO901317) for 24 h, and then the expression of HULC was determined by qPCR. c, d After transfected
with control plasmid pcDNA3.1 (pcDNA) or HULC-expressing plasmid pcDNA-HULC for 12 h, HepG2 (c)
and Hep3B (d) cells were treated with DMSO or GW3965 (5μM) for the indicated times. Then the cell
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survival was detected using CCK-8 assay. e, f After transfected with HULC siRNA (siHULC) or negative
control siRNA (siControl) for 24 h, HepG2 (e) and Hep3B (f) cells were treated with DMSO or GW3965
(5μM) for the indicated times. Then the cell survival was examined with CCK-8 assay. Data are means ±
SD from three assays performed in triplicate. *P < 0.05, **P < 0.01.

Figure 2

LXR downregulates HULC by suppressing its promoter activity. a Diagram of the potential LXRE DR4
(DR4-WT) in promoter region of HULC, and the mutated bases were underlined in the mutant DR4 (DR4-
Mut). b, c After cotransfected with luciferase reporter vector pGL3-DR4-WT (or pGL3-DR4-Mut or pGL3-
Basic) and pRL-TK vector for 12 h, HepG2 (b) and Hep3B (c) cells were treated with DMSO (control) or 5
μM GW3965 (or TO901317) for 24 h. Then the dual-luciferase reporter assays were performed. The �re�y
luciferase activity was normalized to that of renilla luciferase activity, and the result was shown as
relative luciferase activity. Data are means ± SD from three assays performed in triplicate. *P < 0.05, **P <
0.01.
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Figure 3

The level of HULC is positively correlated with that of FOXM1 while negatively correlated with that of miR-
134-5p in HCC tissues. a Diagrams of the predicted potential binding sites of miR-134-5p in HULC (a) and
3′-UTR of FOXM1 mRNA (b). c-e The expression of HULC (c), FOXM1 (d) and miR-134-5p (e) was
examined by qPCR in 30 HCC tissues and the corresponding adjacent noncancerous tissues. f, g The
correlation between the levels of HULC and FOXM1 mRNA (f) or miR-134-5p (g) in 30 HCC tissues was
analyzed using Pearson’s correlation coe�cient. **P < 0.01.
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Figure 4

miR-134-5p downregulates FOXM1 by targeting 3′-UTR of its mRNA in HCC cells. a HepG2 and Hep3B
cells were transfected with miR-134-5p mimic (or negative control, NC) or the combination of miR-134-5p
mimic and inhibitor for 48 h. Then the level of FOXM1 protein was measured with Western blot. b
Diagrams of the potential wild type (WT) and mutant (Mut) binding sites of miR-134-5p in 3′-UTR of
FOXM1 mRNA (the mutated bases were underlined). c, d HepG2 (c) and Hep3B (d) cells were transfected
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with the reporter plasmid pmir-FOXMUTR-WT (or pmir-FOXMUTR-Mut) in the presence of miR-134-5p
mimic (or NC) or the combination of miR-134-5p mimic and inhibitor for 24 h. Then the luciferase
activities were detected with dual-luciferase reporter assays. The �re�y luciferase activity was normalized
to that of renilla luciferase activity, and the result was shown as relative luciferase activity. Data are
means ± SD from three assays performed in triplicate. **P < 0.01.

Figure 5

HULC upregulates FOXM1 by sequestrating miR-134-5p in HCC cells. a, b HepG2 (a) and Hep3B (b) cells
were transfected with pcDNA3.1 (pcDNA) or HULC-expressing plasmid pcDNA-HULC, or HULC siRNA
(siHULC) or negative control siRNA (siControl) for 24 h. Then the mRNA levels of FOXM1 and cyclin D1
were tested by qPCR. c, d HepG2 (c) and Hep3B (d) cells were treated as in (a, b), and then the expression
of miR-134-5p and FOXM1 was detected by qPCR. e HepG2 and Hep3B cells were cotransfected with
miR-134-5p mimic ( or negative control, NC) and pcDNA-HULC (or pcDNA) for 24 h, and then the
expression of FOXM1 was examined with qPCR. f, g HepG2 (f) and Hep3B (g) cells were transfected with
the reporter plasmid psi-HULC-miR-WT (or psi-HULC-miR-Mut) in the presence of miR-134-5p mimic (or
NC) or the combination of miR-134-5p mimic and inhibitor for 24 h. Then the luciferase activities were
measured with dual-luciferase reporter assays. The �re�y luciferase activity was normalized to that of
renilla luciferase activity, and the result was shown as relative luciferase activity. Data are means ± SD
from three assays performed in triplicate. **P < 0.01.
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Figure 6

LXR upregulates miR-134-5p while downregulates FOXM1 by reducing HULC in HCC cells. a, b HepG2 (a)
and Hep3B (b) cells were treated with vehicle control DMSO or LXR agonist (5μM GW3965 or TO901317)
for 24 h. Then the expression of HULC, miR-134-5p and FOXM1 was determined by qPCR. c, d After
transfected with pcDNA3.1 (pcDNA) or HULC-expressing plasmid pcDNA-HULC for 12 h, HepG2 (c) and
Hep3B (d) cells were treated with DMSO or 5μM GW3965 (or TO901317) for 24 h. Then the expression of
miR-134-5p and FOXM1 was determined by qPCR. **P < 0.01.
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Figure 7

Activation of LXR suppresses the growth of HCC xenografts and regulates the HULC/miR-134-5p/FOXM1
axis in vivo. a, b A total of 5×106 Hep3B cells were subcutaneously injected into the right axilla of each
male nude mouse. When palpable tumors were formed, the mice were randomly assigned to control and
test groups (n = 5 per group). The control group was received a daily intraperitoneal injection with vehicle
control soyabean oil for 12 days, while the test group was received the same treatment with LXR agonist
GW3965 (30 mg/kg). Then the mice were sacri�ced and the volumes of the harvested xenograft tumors
were measured using the formula: volume = width2 × length × 1/2 (a), while the xenografts were
photographed (b). c The expression of Ki67 (a marker of cell proliferation) in the HCC xenografts was
examined by immunohistochemical staining. d The expression of HULC, miR-134-5p, FOXM1 and cyclin
D1 in the HCC xenografts was examined by qPCR. e The protein levels of FOXM1 and cyclin D1 in the
HCC xenografts were detected by Western blot. **P < 0.01, ***P < 0.001.


