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LncRNA NBR2 aggravates hepatoblastoma cell malignancy and promotes cell
proliferation under glucose starvation through the miR-22/TCF7 axis
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ABSTRACT

Hepatoblastoma (HB) is the most commonly seen pediatric liver malignancy. With frequent mutations in
CTNNB1 gene that encodes B-catenin, hepatoblastoma has been considered as a Wnt/B-catenin-
activated malignant tumor. Altered glucose metabolism upon nutrient deprivation (glucose starvation)
might also be a critical event in hepatoblastoma carcinogenesis. The present study provides a IncRNA
NBR2/miR-22/TCF7 axis modulating proliferation, invasion, migration, and apoptosis of hepatoblastoma
cells upon glucose starvation through Wnt and downstream TCF7 signaling pathways. The expression of
NBR2 is significantly increased within hepatoblastoma tissue samples; moreover, under incubation with
0 mM glucose (glucose starvation), NBR2 expression is significantly upregulated. NBR2 silencing not only
inhibited hepatoblastoma cell viability, invasion, and migration under normal culture condition but also
promoted the cell apoptosis under glucose starvation. NBR2 silencing in hepatoblastoma cells also
decreased TCF7 mRNA expression and TCF7 protein levels, as well as the protein levels of the cell cycle,
glucose entrapment, and EMT markers. miR-22 is directly bound to both NBR2 and TCF7; IncRNA NBR2
counteracted miR-22-mediated repression on TCF7 via acting as a ceRNA. The effects of NBR2 silencing
on TCF7 expression, hepatoblastoma cell phenotype, and cell cycle, glucose entrapment, and EMT
markers were all significantly reversed by miR-22 inhibition. In conclusion, IncRNA NBR2 aggravates
hepatoblastoma cell malignancy through competing with TCF7 for miR-22 binding, therefore counter-
acting miR-22-mediated repression on TCF7. LncRNA NBR2 might be a promising target to inhibit
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hepatoblastoma cell proliferation under glucose starvation.

Introduction

Hepatoblastoma (HB) is the most commonly seen
pediatric liver malignancy. One of the recently
recognized hallmarks of cancer is altered glucose
metabolism [1,2]. In several cancer cells, glucose
uptake and utilization are found to be significantly
increased to maintain the growth and proliferation
of cells [3]. When the metabolic demand begins to
exceed the supply of the local vascular system,
nutrient deficiencies occur within a developing
tumor [4]. These microenvironment stresses
could force the molecules to adapt, thereby pro-
moting a survival rather than proliferative reac-
tion, leading the clones to select for a more
malignant phenotype [5,6]. With frequent muta-
tions in CTNNBI1 gene that encodes [-catenin
[7-10], hepatoblastoma has been considered as
a Wnt/p-catenin-activated malignant tumor. The
activation of Wnt is implicated in the metabolic

reprogramming of tumors [11]; thus, altered glu-
cose metabolism upon nutrient deprivation (glu-
cose starvation) might also be a critical event in
hepatoblastoma carcinogenesis.

LncRNAs (long non-coding RNAs) are a type of
RNA, defined as being transcripts with lengths
exceeding 200 nucleotides and have various func-
tions within carcinogenesis, such as growth, migra-
tion, invasion, and/or metastasis of cancer cells
[12,13]. There is growing evidence that IncRNA
mutation or dysregulation could induce abnormal
gene expression, thus promoting tumorigenesis and
tumor development [14-18]. Increasing numbers of
studies reported that IncRNAs are crucial cis- or
trans-regulators of gene expression. Also, IncRNAs
could serve as scaffolds for protein or chromatin-
modifying complexes recruitment to their target
genes, therefore participating in the formation of
ribonucleoprotein complexes in the nucleus [19-21].
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As for the cytoplasm, IncRNAs could serve as com-
petitively endogenous RNAs (ceRNAs) for miRNAs,
binding, and reducing the amount of free miRNAs,
finally upregulating the expression of miRNA target
mRNAs [22-24].

In liver cancer, the multiple roles of IncRNAs
have been widely recognized. Notably, several
IncRNAs were found to play a role in cancer cell
metabolic reprogramming. Wei et al. [25] revealed
a new correlation between IncRNA HOTAIR and
glucose metabolism within HCC (hepatocellular
carcinoma) cells; HOTAIR upregulated GLUT]I
(glucose transporter isoform 1) and activated
mTOR (mammalian target of rapamycin) signal-
ing, thereby promoting glycolysis. LncRNA
LINCO01638 promoted HCC cell proliferation by
increasing cancer cell glucose uptake [26]. Also
in HCC cells, IncRNA MALAT1 contributed to
HCC development by regulating cancer glucose
metabolism, promoting glycolysis, and suppressing
gluconeogenesis through increased translation of
the transcription factor TCF7L2 [27]. Despite all
these previous studies on the role of IncRNA on
HCC metabolic reprogramming, IncRNA func-
tions in hepatoblastoma metabolic reprogramming
remain unclear.

To identify IncRNA that might affect hepatoblas-
toma cell proliferation and glucose metabolism, we
downloaded and analyzed several datasets from
Gene Expression Omnibus (GEO) and revealed
that IncRNA NBR2 showed to be dramatically
increased within hepatoblastoma tissue samples.
LncRNA NBR2 is a glucose starvation-induced
IncRNA interacting with AMPK and regulating
the activity of AMPK in response to glucose starva-
tion [28,29]. The expression of NBR2 is elicited by
the treatment with Phenformin, and NBR2 defi-
ciency induces the sensitivity of tumor cells to
phenformin-caused cell death [30]. Moreover, the
NBR2-GLUT]1 axis regulates cancer cell biguanides
sensitivity without affecting AMPK activation [31].
Thus, IncRNA NBR2 might affect cancer cell pro-
liferation under glucose starvation. This speculation
was further evidenced by Gene Set Enrichment
Analysis (GSEA) and gene co-expression network
analysis. GSEA analysis indicated that IncRNA
NBR2 was significantly related to the Wnt/p-
catenin pathway, and gene co-expression network
analysis indicated that IncRNA NBR2 was co-

expressed with the Wnt/B-catenin pathway down-
stream TCF7. Thus, IncRNA NBR2 was chosen for
further experiments.

Herein, we employed online data and experi-
mental assays to analyze IncRNA NBR2 expres-
sion. Next, NBR2 silencing was generated in
hepatoblastoma cells, and the effects of NBR2
silencing on hepatoblastoma cell viability, inva-
sion, and migration, and hepatoblastoma cell
apoptosis in response to glucose starvation were
examined. Considering the co-expression of
IncRNA NBR2 and TCF7, the roles of IncRNA
NBR2 in the protein contents of TCF7 and the
markers of the cell cycle, glucose entrapment,
and epithelial-mesenchymal transition (EMT)
were examined. As for the molecular mechanism,
miRNAs that might mediate the crosstalk between
IncRNA NBR2 and TCF7 were screened for and
miR-22 was chosen. The predicted miR-22 binding
to IncRNA NBR2 and TCF7, respectively, was
validated, and the dynamic effects of IncRNA
NBR2 and miR-22 upon TCF7 and hepatoblas-
toma cell phenotype and related signaling path-
ways were examined.

Materials and methods
Clinical sample collection

A total of 15 paired adjacent non-cancerous tissues
and hepatoblastoma tissues were collected from
the patients who undergo routine surgery in
Hunan Provincial People’s Hospital. All tissues
were fixed in formalin or frozen in liquid nitrogen
immediately and stored at —80°C until use. The
present study was reviewed and approved by the
Ethics Committee of Hunan Provincial People’s
Hospital and each patient or guardian signed an
informed consent document.

Cell source and cell culture

Hepatocellular carcinoma cell-line HepG2 was
obtained from the American Type Culture Colle
ction (HB-8065; ATCC, Manassas, VA, USA) and
cultured in Eagle’s Minimum Essential Medium
(Catalog No. 30-2003, ATCC) supplemented with
10% FBS (Invitrogen, Carlsbad, CA, USA). Hepatob
lastoma cell-line Huh-6 was obtained from Cell



Resource Center, Institute of Basic Medical Sciences
(IBMS), CAMS & PUMC (3111 C0001 CCC000477;
Beijing, China) and cultured in RPMI-1640 medium
(Sigma-Aldrich, St. Louis, MI, USA) supplemented
with 10% FBS (Invitrogen). Hepatoblastoma cell-line
TCHul81 was obtained from the Chinese Academy
of Science Cell Bank (Shanghai, China) and cultured
in RPMI-1640 medium supplemented with 10%
FBS. A human normal liver cell line, L02 was
obtained from the China Center for Type Culture
Collection (3142 C0001000000077; CCTCC,
Wuhan, China) and cultured in Minimum
Essential Medium (MEM Eagles with Earle’s
Balanced Salts) supplemented with 10% FBS. All
cells were cultured in a culture medium with 1%
penicillin/streptomycin at 37°C in 5% CO,.

Fluorescence in situ hybridization (FISH)

A specific DIG-labeled NBR2-Inc probe was
obtained from Servicebio Tech (Wuhan, China).
After digested with proteinase K, the tissue sec-
tions were prehybridized with a hybridization
solution and then incubated with 1 pM NBR2-Inc
probes in hybridization buffer overnight at 37°C.
After blocking with rabbit serum, sections were
incubated with anti-DIG-HRP for 50 min at 37°
C. Then, cells were incubated with FITC-TSA
reagent for 5 min at room temperature in the
dark. Cell nuclei were stained with DAPI for
8 min at room temperature in the dark. The tissue
sections were imaged by fluorescence microscopy
(Olympus).

Cell transfection

LncRNA NBR2 silencing was generated by trans-
fecting small interfering RNA targeting IncRNA
NBR2 (si-NBR2, compared to si-NC as a negative
control). TCF7 overexpression was generated by
transfecting TCF7-overexpressing plasmid (TCEF7
OE, compared to vector as a negative control).
miR-22 overexpression or inhibition was achieved
by transfection miR-22 mimics (compared to
mimics-NC as a negative control) or miR-22 inhi-
bitor (compared to inhibitor-NC as a negative
control). All plasmids were synthesized by
Genetop (Changsha, China). All the transfection
was conducted using Lipofectamine 3000
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(Invitrogen, Carlsbad, CA, USA) following the
protocols.

Polymerase chain reaction (PCR)-based analysis

Total RNA extraction, miRNA qTR-PCR, and
mRNA expression detection were performed fol-
lowing the methods described previously [32,33]
taking RNU6B (for miRNA expression) or B-actin
(for mRNA expression) expression as endogenous
control, respectively. The 27**“T method was used
to analyze the relative fold-change.

Cell viability by MTT assay

The cell viability of target cell lines was detected
using MTT assay following a method described
previously [34]. The ODyg¢ nm Values were deter-
mined and the cell viability was calculated normal-
izing to that in the control group (treated with
only DMEM and MTT).

Cell invasion by Transwell assay

The Transwell assay was performed following the
methods described in a previous study [35] by
coating the upper side of the Transwell membrane
with 50 mg/l Matrigel (1:8). Cells were then
planted into each well of the upper chambers
with 200 pl serum-free medium. Medium with
1% FBS was added to the bottom chamber. After
a 24-h incubation at 37°C, the cells stayed on the
upper side of the membrane were removed. Cells
on the bottom side were fixed using formaldehyde
for 30 min, stained with crystal violet for 20 min at
room temperature, and then counted under a light
microscope. Cells from a total of five randomly
selected visual fields were counted.

Cell migration by wound healing

Target cells were seeded into 6-well plates at
a density of 1 x 10°/ml and cultured until cells
grew to fill the plates. A 200 pl pipet tip was used
to scratch across the well (at intervals of
0.5-1.0 cm) 5 times, with the tip kept vertical.
The cells were pre-treated with mitomycin C for
1 h to inhibit cell proliferation. Then, cells were
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cultured for at 37°C with 5% CO, for 24 h and the
migration distance was observed and determined.

Cell apoptosis by Flow cytometry

Cell apoptosis was examined by performing Flow
cytometry assay following the methods described
in a previous study [35] using an Annexin V-FITC
cell apoptosis assay kit (Beyotime, Shanghai,
China). Propidium iodide (PI) staining was per-
formed at room temperature for 20 min in the
dark. A flow cytometer was used to assess the
results.

Immunoblotting

The protein levels of TCF7, c-myc, cyclin DI,
GLUT1, PKM2, HK2, MMP7, and Snail were
determined using Immunoblotting. Total protein
was extracted and quantified by the bicinchoninic
acid (BCA) method. Later, protein samples were
separated by SDS-PAGE and transferred to
a polyvinylidene fluoride (PVDF) membrane. The
membrane was incubated in 5% skim milk at room
temperature for 60 min to block unspecific bind-
ings followed by another incubation with proper
primary antibodies against TCF7 (ab30961,
Abcam, Cambridge, MA, USA), c-myc (10828-
1-AP, Proteintech, Rosemont, IL, USA), cyclin
D1 (60186-1-Ig, Proteintech), GLUT1 (21829-
1-AP, Proteintech), PKM2 (ab137852, Abcam),
HK2 (ab209847, Abcam), MMP7 (ab5706,
Abcam), or Snail (csb-PA004123, CUSABIO,
Wuhan, China) at 4°C overnight. After being
washed by TBST for three times, the membrane
was further incubated in horseradish peroxidase
(HRP)-tagged secondary anti-body (1:5000) at
room temperature for 60 min. At last, the mem-
brane was treated by enhanced chemiluminescence
(ECL) for visualization.

Dual-luciferase reporter assay

The association of miR-22, IncRNA NBR2, and
TCF7 was validated by the dual-luciferase reporter
assay. Wild-type or mutant-type NBR2 and TCEF7
3XUTR luciferase reporter vectors, wt-NBR2/mut-
NBR2 and wt-TCF7 3XUTR/mut-TCF7 3XUTR,
were constructed by cloning wild or mutated

fragment to the downstream of the Renilla
psiCHECK2 vector (Promega, Madison, WI,
USA). These reporter vectors were co-transfected
in 293 T cells with miR-22 mimics/miR-22 inhi-
bitor and the luciferase activity was then examined
using the Dual-Luciferase Reporter Assay System
(Promega).

Statistical analysis

Data were exhibited as the mean + SD and pro-
cessed using SPSS 17.0 statistical software (SPSS,
Chicago, IL, USA). Differences between two or
more groups were evaluated using a Student’s
t-test or a one-way analysis of variance
(ANOVA) followed Turkey’s test. P values of
<0.05 were statistically significant.

Results

IncRNA NBR2 expression according to
bioinformatics and experimental analyses

To search for IncRNAs deregulated in hepatoblas-
toma, we downloaded and analyzed GSE131329
discriminating the genetic profile of 53 hepatoblas-
toma tissues and 14 noncancerous liver tissue sam-
ples. The unpaired Students’ t-test was used to
analyze the differences in gene expression. The
Volcano plot in Figure S1A showed the distribu-
tion of differentially expressed genes between
hepatoblastoma and noncancerous samples; red
plots represented upregulated genes and green
ones represented downregulated genes. The
Volcano plot in Figure S1B showed the distribu-
tion of differentially expressed IncRNAs between
hepatoblastoma and noncancerous samples; red
plots represented upregulated IncRNAs and green
ones represented downregulated IncRNAs. Next,
R language function Dist() was used to calculate
the distance between the variables, and the func-
tion hclust() was used to obtain the hierarchical
clustering heatmap for differentially expressed
genes (Figure S1C) and IncRNAs (Figure S1D).
Among the top differentially expressed IncRNAs,
NBR2 has been reported to form a NBR2-GLUT1
axis, regulating cancer cell sensitivity to biguanides
[30,31]; thus, IncRNA NBR2 was selected for
further experiments.



According to GSE104766, IncRNA NBR2
showed to be dramatically increased within hepa-
toblastoma tissue samples (n = 30) than that
within adjacent normal control tissue samples
(n = 30) (Figure 1(a)). According to GSE89775,
IncRNA NBR2 expression showed to be remark-
ably increased within hepatoblastoma tissue
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samples (n = 10) than that within non-cancerous
liver tissue samples (n = 3) (Figure 1(b)).
According to GSE81928, IncRNA NBR2 expres-
sion showed to be markedly increased within
hepatoblastoma tissue samples (n = 23) than that
in non-cancerous liver tissue samples (n = 8)
(Figure 1(c)). According to GSE75271, IncRNA
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Figure 1. Expression of IncRNA NBR2 according to bioinformatics and experimental analyses (a) The expression of IncRNA
NBR2 in adjacent non-cancerous tissues (n = 30) and hepatoblastoma tissues (n = 30) was analyzed using Wilcox analysis according
to GSE104766. (b) The expression of IncRNA NBR2 in normal liver tissues (n = 3) and hepatoblastoma tissues (n = 10) was analyzed
using unpaired Students’ t-test according to GSE89775. (c) The expression of IncRNA NBR2 in normal liver tissues (n = 8) and
hepatoblastoma tissues (n = 23) was analyzed using unpaired Students’ t-test according to GSE81928. (d) The expression of IncRNA
NBR2 in normal liver tissues (n = 5) and hepatoblastoma tissues (n = 50) was analyzed using unpaired Students’ t-test according to
GSE75271. (e) The expression of IncRNA NBR2 was determined in 15 pairs of adjacent non-cancerous tissues and hepatoblastoma
tissues by real-time qPCR and analyzed using paired Students’ t-test(f) The expression of IncRNA NBR2 was determined in L02,
HepG2, and Huh-6 cells by real-time PCR and analyzed using one-way ANOVA following Turkey’s test. *P < 0.05, **P < 0.01. (g) The
Fish analysis was performed on hepatoblastoma and noncancerous tissue samples to investigate the subcellular localization of

IncRNA NBR2.
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NBR2 expression showed to be considerably
increased within hepatoblastoma tissue samples
(n = 50) than that in non-cancerous liver tissue
samples (n = 5) (Figure 1(d)). In collected clinical
tissue samples, IncRNA NBR2 expression showed
to be dramatically increased within hepatoblas-
toma tissue samples (n = 15) than that in adjacent
normal control tissue samples (n = 15) (Figure 1
(e)). Before investigating the specific effects of
IncRNA NBR2 on hepatoblastoma cells, the study
evaluated IncRNA NBR2 expression within L02,
HepG2, Huh-6, and TCHul81 cells; as shown in
Figure 1(f), IncRNA NBR2 was significantly upre-
gulated within HepG2 and Huh-6 cells than that
within non-cancerous liver cell L02. To further
confirm the expression and subcellular localization
of NBR2, we performed Fish analysis on hepato-
blastoma and noncancerous tissue samples. As
shown in Figure 1(g), the fluorescent intensity
representing NBR2 was stronger in hepatoblas-
toma tissues compared with that in noncancerous
samples; moreover, NBR2 was localized in the
cytoplasm. Thus, we use HepG2 and Huh-6 cells
for further cellular functional experiments.

Effects of IncRNA NBR2 on hepatoblastoma cell
phenotype

To examine the functions of IncRNA NBR2, the
study generated NBR2 silencing in HepG2 cells by
transfecting small interfering RNA targeting
IncRNA NBR2 (sil1-NBR2 and si2-NBR?2), as con-
firmed by real-time qPCR (Figure 2(a)). Next,
HepG2 cells were transfected with sil-NBR2 or
si2-NBR2 for silencing NBR2 and the cellular
effects of NBR2 silencing were examined. In
NBR2-silenced HepG2 cells, sil-NBR2- or si2-
NBR2-induced NBR2 silencing inhibited cell via-
bility (Figure 2(b)), cell invasion (Figure 2(c)), and
cell migration (Figure 2(d)). Considering the
essential role of the Wnt signaling-associated
tumor metabolic reprogramming in hepatoblas-
toma, the study also examined the effects of
IncRNA NBR2 on hepatoblastoma metabolic
reprogramming. We cultured HepG2 cells within
a medium containing 0 mM or 25 mM glucose
and determined the expression of GLUT1 mRNA
and IncRNA NBR2; as shown in Figure 2(e-g),
compared with that in normal glucose medium,

glucose starvation (0 mM glucose) significantly
downregulated the protein level and mRNA
expression of GLUT1 whereas upregulated the
expression of IncRNA NBR2, suggesting the
potential role of IncRNA NBR2 in cancer cell
tolerance for nutrient deficiency. To examine the
speculated role of NBR2, we transfected HepG2
cells with sil-NBR2 or si2-NBR2 and cultured
them within a medium containing 0 mM or
25 mM glucose; under 0 mM or 25 mM glucose
condition, NBR2 silencing dramatically enhanced
HepG2 cell apoptosis (Figure 2(h)). Si-NBR2
showed better effects. Therefore, it was chosen
for further experiments. These data suggest that
NBR2 silencing might attenuate the malignant
behavior of hepatoblastoma cells, possibly through
affecting cancer cell tolerance for nutrient
deficiency.

LncRNA NBR2 promotes TCF7 expression to
activate the Wnt pathway

To investigate the mechanism of NBR2 functions,
we analyzed GSE131329 that contains 53 cases of
hepatoblastoma and 14 normal para-carcinoma
liver tissues to identify genes that correlate with
NBR2. Pearson’s correlation analysis was per-
formed using the psych package of the
R language, and 23307 genes were found to corre-
late with NBR2 expression. Then, we used the
ClusterProfiler package to perform GSEA enrich-
ment analysis on NBR2 related genes, and the
enriched gene set used was hallmark gene sets.
GSEA analysis revealed that NBR2-related genes
were positively correlated with the Wnt/p-catenin
pathway genes (p value adjusted <0.05) (Figure
S2A). There are 16 core genes positively related
with NBR2 in this pathway: NCSTN, NKDI,
SKP2, DKK1, TP53, KAT2A, PTCHI1, NCOR2,
LEF1, AXIN2, HDAC2, DKK4, DVL2, TCF7,
HDACI11, HEY1. Figure S2C showed the correla-
tion of NBR2 with TCF7, DVL2, HDAC2,
HDACI1, and LEFI, respectively, for example.
Next, we analyzed GSE81928 that contains 23
cases of hepatoblastoma, 6 normal para-carcinoma
liver tissues, and 3 normal liver tissues, to further
confirm the above bioinformatics analysis. Similarly,
NBR2-related genes in GSE81928 also enriched in
the Wnt/f-catenin pathway (Figure S2B), and, in this
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Figure 2. Effects of IncRNA NBR2 on hepatoblastoma cell phenotype (a) LncRNA NBR2 silencing was achieved in HepG2 cells by
transfecting small interfering RNA targeting IncRNA NBR2 (si1-NBR2 and si2-NBR2). Si-NC was transfected as a negative control. The
transfection efficiency was verified using real-time gPCR. Next, HepG2 cells were transfected with si1-NBR2 or si2-NBR2 and
examined for (b) cell viability by MTT assay; (c) cell invasion by Transwell assay; (d) cell migration by wound healing assay. (e-g)
HepG2 cells were cultured in a medium containing 0 mM or 25 mM glucose, and examined for the expression of GLUTT mRNA,
protein and IncRNA NBR2 by real-time gPCR and Immunobloting. (h) HepG2 cells were transfected with si1-NBR2 or si2-NBR2,
cultured in a medium containing 0 mM glucose, and examined for cell apoptosis by Flow cytometry assay. **P < 0.01.

dataset, there are 23 genes positively related with  HDACS5, HEY1, KAT2A, LEF1, MAMLI, NCOR2,
NBR2: AXIN2, CCND2, CSNKI1E, CTNNB1, NCSTN, NKDI1, PTCH1, RBPJ, SKP2, TCF7,
CULL, DVL2, FRATI1, GNAIL, HDAC11, HDAC2, =~ WNT6. Figure S2D showed the correlation of
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NBR2 with TCF7, DVL2, HDAC2, HDACI1, and
LEF1, respectively, for example.

These two GSE sets of NBR2 positively corre-
lated genes intersected in 13 genes: NCSTN,
NKD1, SKP2, KAT2A, PTCHI1, NCOR2, LEF],
AXIN2, HDAC2, DVL2, TCF7, HDACI11, HEY1
(Figure 3(a)). Among them, TCF7, DVL2,
HDAC2, HDACI11, and LEF1 have been reported
to promote the activation of the Wnt/p-catenin
pathway (Figure 3(a)). Thus, we examined the
expression of these five genes in response to
NBR2 knockdown. As shown in Figure 3(b), only
TCF7 expression was significantly downregulated
upon NBR2 knockdown. Then, we examined more
datasets. TCF7 expression showed to be dramati-
cally increased within hepatoblastoma tissue sam-
ples (n = 30) than that within adjacent non-
cancerous tissue samples (n = 30) according to
GSE104766 (Figure S2E), and dramatically
increased within hepatoblastoma tissue samples
(n = 10) than that within non-cancerous liver
tissue samples (n = 3) according to GSE89775
(Figure S2F). In both GSE104766 and GSE89775,
TCF7 was positively correlated with NBR2 (Figure
S2E-F). Moreover, in liver cancer, silencing TCF
family members might lead to the appearance of
DEGs (differentially expressed genes), such as cri-
tical regulators of cell growth and differentiation,
as well as amino acid, lipid, and glucose metabo-
lism [36]. Thus, we selected TCF7 for further
experiments.

In collected clinical tissue samples, TCF7
mRNA expression also showed to be dramatically
increased within hepatoblastoma tissue samples
(n = 15) than that within adjacent non-cancerous
tissue samples (n = 15) (Figure 3(c)), and a positive
correlation between IncRNA NBR2 and TCF7
expression was observed (Figure 3(d)). The protein
levels of TCF7 were examined in hepatoblastoma
and noncancerous tissue samples; as shown in
Figure 3(e), TCF7 protein levels were significantly
increased in cancer samples compared with those
in noncancerous samples. Thus, we speculate that
NBR2 might act on hepatoblastoma cell malignant
behaviors in a TCF7-related manner.

Consistently, the mRNA expression of TCEF7
(Figure 3(f)) and the protein levels of TCF7
(Figure 3(g)) were significantly upregulated within
HepG2 and Huh-6 cell lines compared to those

within L02 cells. To validate the crosstalk between
IncRNA NBR2 and TCF7, the study transfected
HepG2 cells with si-NBR2 and examined the
mRNA expression and protein levels of TCF7; as
shown in Figure 3(h, Figure 3(i), NBR2 silencing
downregulated TCF7 mRNA expression and
decreased TCF7 protein levels. Furthermore,
HepG2 cells were co-transfected with si-NBR2
and TCF7-overexpression plasmid (TCF7 OE)
and examined for the changes in TCF7 protein
contents, cell cycle-associated c-myc and cyclin
D1, glucose entrapment-related GLUT1, PKM2,
and HK2, and EMT-related MMP7 and Snail. As
shown in Figure 3(j), NBR2 silencing significantly
inhibited, whereas the overexpression of TCF7
enhanced TCF7, c-myc, cyclin D1, GLUTI,
PKM2, HK2, MMP7, and Snail protein contents;
the effects of NBR2 silencing were significantly
reversed by TCF7 overexpression. These data indi-
cate that NBR2 might crosstalk with TCF7 to
modulate hepatoblastoma cell proliferation, meta-
bolism, and metastasis.

miR-22 directly binds to IncRNA NBR2 and TCF7

miRNAs have been reported to mediate the cross-
talk between IncRNAs and miRNA targeted
mRNAs [37]. Thus, the study continued to screen
for miRNAs that might modulate both IncRNA
NBR2 and TCF7. We employed three online
tools, miRwalk, miRcode, and Targetscan to pre-
dict miRNAs that might bind to TCF7, and found
2 miRNAs: miR-22-3p and miR-125a-5p; of them,
miR-22-3p might also target IncRNA NBR2
(Figure 4(a)). Moreover, the expression of miR-
22 showed to be remarkably downregulated within
hepatoblastoma tissue samples (n = 53) than that
within normal liver tissue samples (n = 8) accord-
ing to GSE75283 (Figure 4(b)). Thus, miR-22 was
chosen for further experiments.

Consistent with tissue sample results, miR-22
expression showed to be remarkably downregu-
lated within hepatoblastoma tissue samples
(n = 15) than that within adjacent non-cancerous
tissue samples (n = 15) (Figure 4(c)). Within tis-
sues, miR-22 exhibited a negative correlation with
IncRNA NBR2 and TCF7 expression, respectively
(Figure 4(d)). In HepG2 and Huh-6 cells, miR-22
expression showed to be dramatically reduced
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promote the activation of the Wnt/B-catenin pathway. (b) HepG2 cells were transfected with si-NC, si1-NBR2, or si2-NBR2 and
examined for the expression of TCF7, DVL2, HDAC2, HDAC11, and LEF1 using gRT-PCR. (c) The expression of TCF7 mRNA was
determined in 15 pairs of adjacent non-cancerous tissues and hepatoblastoma tissues by real-time qPCR. (d) The correlation between
IncRNA NBR2 and TCF7 expression in tissue samples was analyzed using Pearson’s correlation analysis. (e) The protein levels of TCF7
were examined in hepatoblastoma and noncancerous tissue samples using Immunoblotting. (f) The mRNA expression of TCF7 was
determined in L02, HepG2, and Huh-6 cells using real-time gPCR. (g) The protein levels of TCF7 were determined in L02, HepG2, and
Huh-6 cells using Immunoblotting. (h-i) HepG2 cells were transfected with si-NBR2 and examined for the mRNA expression and
protein levels of TCF7 by real-time gPCR and Immunoblotting, respectively. (j) HepG2 cells were co-transfected with si-NBR2 and
TCF7-overexpression plasmid (TCF7 OE) and examined for the protein levels of TCF7, c-myc, cyclin D1, GLUT1, PKM2, HK2, MMP?7,

and Snail by Immunoblotting. *P < 0.05, **P < 0.01, ##P < 0.01.

than that within L02 (Figure 4(e)). Next, we trans-
tfected HepG2 cells with si-NBR2, and determined
miR-22 expression; Figure 4(f) showed that NBR2
silencing upregulated miR-22 expression. miR-22
overexpression or inhibition was achieved by
transfecting HepG2 cells with miR-22 mimics/
inhibitor, as confirmed by real-time qPCR
(Figure 4(g)). Within HepG2 cells, the overexpres-
sion of miR-22 downregulated, whereas the inhi-
bition of miR-22 upregulated TCF7 protein
contents (Figure 4(h)). Thus, IncRNA NBR2 nega-
tively regulates miR-22, and miR-22 negatively
regulates the expression of TCF7.

To validate the predicted miR-22 binding to
IncRNA NBR2 and TCF7, the study performed
the dual-luciferase reporter assay. As described,
we constructed two different types of NBR2 and
TCF7 3XUTR luciferase reporter plasmids, wild-
type and mutant-type. We co-transfected these
reporter plasmids in 293 T cells with miR-22
mimics or miR-22 inhibitor and examined for
the luciferase activity. As shown in Figure 4(i),
the overexpression of miR-22 markedly repressed,
while the inhibition of miR-22 promoted the luci-
ferase activity of wt-NBR2 or wt-TCF7 3XUTR;
however, following the mutation of the putative
miR-22 binding site within mut-NBR2 or mut-
TCF7 3XUTR, miR-22 overexpression or miR-22
inhibition failed to cause any changes in the luci-
ferase activity. These data suggest that miR-22
targets IncRNA NBR2 and TCF7, respectively, to
mediate the crosstalk between IncRNA NBR2 and
TCEF7.

Dynamic effects of IncRNA NBR2 and miR-22
upon hepatoblastoma cell phenotype

Subsequently, we validated the dynamic effects of
IncRNA NBR2 and miR-22 upon hepatoblastoma

cell phenotype to evaluate whether NBR2 exerts its
effects through miR-22. We co-transfected HepG2
cells with si-NBR2 and miR-22 inhibitor, and
determined related indexes. NBR2 silencing signif-
icantly decreased, whereas miR-22 inhibition
increased TCF7 protein contents (Figure 5(a));
the inhibition of miR-22 significantly attenuated
the effects of NBR2 knockdown (Figure 5(a)). As
per the cell phenotype, NBR2 silencing signifi-
cantly inhibited, whereas miR-22 inhibition
enhanced cell viability (Figure 5(b)), cell invasion
(Figure 5(c)), and cell migration (Figure 5(d)); the
effects of NBR2 silencing were significantly
reversed by miR-22 inhibition (Figure 5(b-d)).
As per the underlying mechanism, glucose starva-
tion (0 mM glucose) significantly downregulated
the expression of miR-22 whereas upregulated
TCF7 mRNA expression within the HepG2 cell
line (Figure 5(e)). In the HepG2 cell line cultured
in 0 mM glucose medium, NBR2 silencing signifi-
cantly promoted, whereas miR-22 inhibition
inhibited cell apoptosis; miR-22 inhibition signifi-
cantly reversed the effects of NBR2 knockdown
upon cell apoptosis (Figure 5(f)). These data sug-
gest that IncRNA NBR2 acts on hepatoblastoma
cell phenotype through miR-22.

Dynamic effects of IncRNA NBR2 and miR-22
upon TCF7 expression and the Wnt signaling

Finally, the study examined the dynamic effects of
IncRNA NBR2 and miR-22 upon TCF7 expression
and Wnt signaling. We co-transfected HepG2 cells
with si-NBR2 and miR-22 inhibitor, and deter-
mined the protein contents of related markers.
Figure 6(a—c) showed that NBR2 silencing signifi-
cantly decreased, whereas inhibition of miR-22
increased the protein contents of TCF7, cell cycle-
related c-myc and cyclin D1, glucose entrapment-
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Figure 4. miR-22 directly binds to IncRNA NBR2 and TCF7 (a) A schematic diagram showing the process of identifying miRNAs related to
IncRNA NBR2 and TCF7. (b) The expression of miR-22 in normal liver tissues (n = 8) and hepatoblastoma tissues (n = 53) according to GSE75283. (c)
The expression of miR-22 was determined in 15 pairs of adjacent non-cancerous tissues and hepatoblastoma tissues by real-time gPCR. (d) The
correlation of miR-22 with IncRNA NBR2 and TCF7 expression, respectively, in tissue samples was analyzed using Pearson’s correlation analysis. (€)
The expression of miR-22 was determined in L02, HepG2, and Huh-6 cells using real-time qPCR. (f) HepG2 cells were transfected with si-NBR2 and
examined for the expression of miR-22 using real-time qPCR. (g) HepG2 cells were transfected with miR-22 mimics or miR-22 inhibitor to achieve
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mimics or miR-22 inhibitor and examined for the protein levels of TCF7 by Immunoblotting. (i) The reporter plasmids were transfected in 293 T
cells with miR-22 mimics or miR-22 inhibitor and examined for the luciferase activity. **P < 0.01, ##P < 0.01.



586 () C.ZHU ET AL

I si-NC + inhibitor-NC

a b 9 si-NBR2 + inhibitor-NC
g si-NC + miR-22 inhibitor
? 25 fi‘ Bl si-NBR2 + miR-22 inhibitor
si-NBR2 - + = + EE’. T IRE gf
miR-22 inhibitor - - + 5520 B
5 8’1 5 3 1.0 “
o B K
TCF7 5 § 8
E 3 1.0 £ u
B-actin 52 - 505
F o5 o z
2 8
k] ¥ 0.0
E oh 48h
‘,é (* R
'
&
L
N v b
si-NBR2 - + - + ]
o
miR-22 inhibitor - = + 2 g
; : »
K}
o
[
(100 X) § s00
£
d
si-NBR2 - + = +
miR-22 inhibitor - - + +
- ; ; 2.0 #
G *k
z
Oh -§_. é' 15
£5
- L
EES10
+
BS
<o
24 h < 2
(100 X) <00
)
‘}.\‘
e f
4 si-NBR2 - + E +

miR-22 inhibitor - - + +

[

|

<
2
]
]
4
s
X
o
Y
3
x
€
o
>
S
2
]
[

o

0mM glucose 25mM glucose

N
2]

1

0

0.5 ** @) <O 5 $
O O
R F & &
-+ -+ & N
R N & &
S & v N2
00 A A PU PV
0mM glucose 25mM glucose (_,* &x é‘ @
x x
& & ¢ o
& & 2

Relative TCF7 mRNA expression

Figure 5. Dynamic effects of IncRNA NBR2 and miR-22 on hepatoblastoma cell phenotype HepG2 cells were co-transfected with si-
NBR2 and miR-22 inhibitor and examined for (a) the protein levels of TCF7 by Immunoblotting; (b) cell viability by MTT assay; (c) cell
invasion by Transwell assay; (d) cell migration by wound healing assay. **P < 0.01, compared to the si-NC + inhibitor-NC group; ##P < 0.01,
compared to the si-NBR2 + miR-22 inhibitor group. (e) HepG2 cells were cultured in a medium containing 0 mM or 25 mM glucose and
examined for the expression of miR-22 and TCF7 mRNA by real-time gPCR. **P < 0.01. (f) HepG2 cells were co-transfected with si-NBR2 and
miR-22 inhibitor, cultured in a medium containing 0 mM glucose, and examined for cell apoptosis by Flow cytometry assay. **P < 0.01,
compared to the si-NC + inhibitor-NC group; ##P < 0.01, compared to the si-NBR2 + miR-22 inhibitor group.
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Figure 6. Dynamic effects of IncRNA NBR2 and miR-22 on TCF7 expression and the Wnt signaling HepG2 cells were co-
transfected with si-NBR2 and miR-22 inhibitor and examined for (a) the protein levels of TCF7, c-myc, and cyclin D1; (b) the protein
levels of GLUT1, PKM2, and HK2; (c) the protein levels of MMP7 and Snail by Immunoblotting. **P < 0.01, ##P < 0.01.

related GLUTI1, PKM2, and HK2, and EMT-
related MMP7 and Snail. The effects of NBR2
silencing on all the markers were significantly
reversed by miR-22 inhibition (Figure 6(a-c)).
Thus, the IncRNA NBR2/miR-22 axis modulates
TCEF7 to affect hepatoblastoma cell proliferation,
metabolism, and metastasis.

Discussion

The glycolytic flux of HCC cells was significantly
increased, which was fully demonstrated by the
metabolomic analysis of HepG2/C3A cells [38].
Glucose deprivation is able to induce hepatocarci-
nomatous HepG2 cell death. Nevertheless, further
research has not yet come to hepatoblastoma cel-
lular response to glucose starvation. Herein, the
study provides a IncRNA NBR2/miR-22/TCF7
axis modulating proliferation, invasion, migration,
and apoptosis of hepatoblastoma cells upon glu-
cose starvation through Wnt and downstream
TCF7 signaling pathways.

Metabolic changes are hallmarks of cancer. Glucose
deprivation is a major tumor microenvironment that
subsequently leads to cell apoptosis and inhibits cell

migration and invasion [39-42]. However, one of the
important characteristics of tumor cells is the resis-
tance to cell apoptosis caused by this energy pressure;
with the metabolic reprogramming, cancer cells might
get adapted to the nutrient limitation and develop
other ways of compensating. Unlike normal cells,
cancer cells exhibit a variety of metabolism character-
istics, including increased glucose uptake, aerobic gly-
colysis, enhanced glutamine uptake, and glutami
nolysis, changes in lipid metabolism, and so on [43].
Accumulating recent evidence links IncRNAs to can-
cer metabolism. LncRNA NBR2 is one of the first
IncRNAs found to directly modulate kinase function,
although the exact biochemical mechanism by which
NBR2 promotes AMPK kinase activity remains to be
investigated [28-30]. LncRNA NBR2 is induced by the
LKB1/AMPK signaling pathway under metabolic
stress (glucose starvation) [28,44]. Herein, the expres-
sion of NBR2 is significantly increased within hepato-
blastoma tissue samples, according to online data and
experimental analysis on clinical tissue samples.
Moreover, under incubation with 0 mM glucose (glu-
cose starvation), NBR2 expression is significantly
upregulated, which is consistent with the previous
study.
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Although the expression of NBR2 is reported to
be induced under glucose starvation, its role in the
biology of cancer still remains unclear. Iyer et al.
[37] reported that NBR2 overexpression within
tumor cells could lead to AMPK activation and
proliferation inhibition, whereas NBR2 silencing
reduced AMPK activation caused by glucose star-
vation, resulting in defects in autophagy or apop-
tosis and promoting cancer progression. However,
Liu et al. [30] suggested that NBR2 regulates the
sensitivity of cancer cells to biguanides through
GLUT1. Moreover, Zhang et al. [31] reported
that NBR2-GLUT1 axis regulates biguanides sen-
sitivity without affecting AMPK activation; in
NBR?2 deficiency cancer cells, biguanides treatment
led to less cancer cell survival. In the present study,
NBR2 silencing not only inhibited hepatoblastoma
cell viability, invasion, and migration under nor-
mal culture conditions but also promoted the cell
apoptosis under glucose starvation (0 mM glucose
culture medium). These data suggest that NBR2
silencing might inhibit the malignant behaviors of
hepatoblastoma cells.

Frequent mutations in CTNNB1 gene are
observed in hepatoblastoma [7-10]; thus, hepato-
blastoma has been considered as a malignancy
driven by the Wnt/B-catenin signaling, which
shows to be related to tumor metabolic repro-
gramming [11]. Abnormal Wnt signaling is widely
implicated in liver cancer and other gastrointest-
inal tumors [45,46]. Within mammalian cells,
a critical and most studied Wnt pathway is cano-
nical Wnt signaling (or Wnt/B-catenin pathway)
that causes an accumulation of B-catenin in the
cytoplasm and its eventual translocation into the
nucleus to act as a transcriptional coactivator of
transcription factors that belong to the TCF family
[47]. Herein, the study revealed that IncRNA
NBR?2 is co-expressed with TCF7, one member of
the TCF family that has been reported to promote
the progression of perihilar cholangiocarcinoma
[48]. After silencing NBR2 in hepatoblastoma
cells, not only TCF7 mRNA expression and
TCF7 protein levels were decreased but also the
protein levels of the cell cycle, glucose entrapment,
and EMT markers were decreased. Therefore,
NBR2 might exert its effects on hepatoblastoma
cell phenotype through TCF signaling.

miRNA-mediated regulatory networks have
been implicated in cancers and other diseases, in
which they exert oncogenic or tumor suppressor
functions [49]. miRNAs function as rheostats,
fine-tuning gene expression, and maintaining the
function balance of different gene networks [37].
Herein, the study identified miR-22 as the media-
tor of the crosstalk between IncRNA NBR2 and
TCF7 by direct binding. NBR2 silencing down-
regulated, whereas the inhibition of miR-22 upre-
gulated the protein contents of TCF7; the effects of
NBR2 silencing on TCF7 protein level were sig-
nificantly reversed by the inhibition of miR-22,
suggesting that IncRNA NBR2 counteracts miR-
22-mediated repression on TCF7 via acting as
a ceRNA. Notably, glucose starvation significantly
inhibited miR-22 expression, indicating that miR-
22 could also contribute to hepatoblastoma cell
response to glucose starvation.

As previously reported, miR-22 was decreased
within liver carcinoma tissue samples and cells
[50]. By direct targeting the 3XUTR of Gal-9 and
negatively regulating the expression of Gal-9,
miR-22 influenced the apoptosis of lymphocytes
and the proliferation of tumor cells, therefore
exerting a tumor-suppressive effect [50].
Interestingly, miR-22 was also found to affect
the glycolysis of cancer cells. In gastric carcinoma
cells with resistance to cisplatin, up-regulated
ENOL1 to enhance glycolysis whereas ENO1 silen-
cing promoted cisplatin sensitivity; miR-22
directly targeted ENO1 to inhibit ENO1 expres-
sion [51]. Herein, the effects of miR-22 inhibition
on hepatoblastoma cells and TCF7 signaling path-
ways were opposite to those of NBR2 silencing,
suggesting that inhibiting miR-22 could aggravate
the malignant behaviors of hepatoblastoma cells.
More importantly, the effects of NBR2 silencing
on TCF7 expression, hepatoblastoma cell pheno-
type, and cell cycle, glucose entrapment, and EMT
markers were all significantly reversed by miR-22
inhibition, indicating that NBR2/miR-22 axis
modulates  hepatoblastoma cell malignancy
through TCF7 and related signaling pathways.

In conclusion, IncRNA NBR2 aggravates hepa-
toblastoma cell malignancy through competing
with TCF7 for miR-22 binding, therefore counter-
acting miR-22-mediated repression on TCF7.
LncRNA NBR2 might be a promising target to



inhibit hepatoblastoma cell proliferation under
glucose starvation.
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