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βKlotho, a direct target of miR-206,  
contributes to the growth of hepatoblastoma  
through augmenting PI3K/Akt/mTOR signaling
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Abstract: Hepatoblastoma (HB) is the most frequent pediatric liver malignancy. However, the treatment outcome for 
patients with advanced-stage HB remains unsatisfactory. Accumulating evidence indicates that βKlotho (KLB) acts 
as an oncogene or a tumor-suppressor gene in a context-dependent manner. Despite this, the expression profile 
and effects of KLB on the growth of HB are still elusive. This study aimed to explore the effect of miR-206/KLB axis 
on HB growth. The expression of KLB was explored in HB cells (HepG2 and HuH6) and tissues using quantitative 
polymerase chain reaction (qPCR), Western blot analysis, and immunohistochemistry. Besides, miR-206 expression 
was determined in HB cells and tissues using qPCR and fluorescence in situ hybridization. The prognostic value of 
KLB or miR-206 in our patients with HB was investigated using the Kaplan-Meier method. The biological effects of 
KLB or miR-206 on HB cells were identified in vitro. The proliferative effects of KLB on HuH6 cells were also inves-
tigated in vivo. Moreover, the mechanical signaling of KLB in HB was determined through bioinformatics analysis 
followed by experimental validation. The results showed a significant upregulation of KLB in HB tissues and cells. 
Elevated level of KLB was found to be significantly correlated with the aggressive phenotype and poor overall sur-
vival for children with HB. The in vitro function assay demonstrated that KLB knockdown promoted apoptosis and 
suppressed the proliferation, migration, and invasion of HB cells. Besides, KLB knockdown inhibited the prolifera-
tion of HuH6 cells in vivo, while KLB overexpression had the opposite effect. Furthermore, KLB was proved to be the 
direct target of miR-206. Low level of miR-206 served as an independent risk factor for poor prognosis in children 
with HB. The overexpression of miR-206 negatively regulated the aggressive biological behaviors of HB cells, which 
was partially rescued by KLB overexpression. Mechanically, the miR-206/KLB axis played a vital role in HB growth 
through augmenting the phosphatidylinositol 3-kinase (PI3K)/Akt/mammalian target of rapamycin (mTOR) signal-
ing. In conclusion, the data demonstrated that the miR-206/KLB axis might serve as an important biomarker/
therapeutic target for HB.
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Introduction

Hepatoblastoma (HB) accounts for more than 
80% of pediatric liver malignancy [1], and an 
increasing trend of its incidence has been 
reported in a number of countries [1, 2]. 
Nevertheless, HB is a relatively rare tumor, 
affecting approximately 1.8 cases per million 
children per year [3]. Although the combi- 
nation of chemotherapy and surgery has 
improved the outcomes for pediatric patients 
with HB, the prognosis of advanced-stage HB 
remains poor, with a 3-year event-free survival 
as low as 34% [4]. Therefore, defining novel 

therapeutic strategies is urgently needed for 
treating advanced-stage HB.

The klotho family proteins, including Klotho (or 
αKlotho), βKlotho (KLB), and γklotho, play cru-
cial roles in aging, muscle regeneration [5], and 
energy metabolism [6]. KLB shares 41% amino 
acid sequence homology with αKlotho [7]. It is 
a single-pass transmembrane protein critical 
for mediating transmembrane signaling [8]. 
Recent years have witnessed extensive rese- 
arch on the effect of KLB on the initiation  
and progression of various human tumors. 
Specifically, KLB was identified as a tumor sup-
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pressor in prostate cancer [9], endometrial car-
cinoma [10], and lung cancer [11]. On the con-
trary, KLB promoted the growth of bladder 
cancer [12] and had oncogenic activities in 
hepatocellular carcinoma (HCC) [13, 14]. Yet, 
paradoxically, KLB was also demonstrated to 
inhibit the growth of HCC in association with 
fibroblast growth factor receptor 4 (FGFR4) 
[15]. Furthermore, the downregulation of KLB 
was found in liver tissues in children with non-
alcoholic fatty liver disease [16] and adults  
with hepatic fibrosis [17]. Collectively, KLB acts 
as either an oncogene or a tumor-suppressor 
gene in a highly context-dependent manner, yet 
the effect of KLB on HB still remains unclear.

MicroRNAs (miRNAs) are small single-stranded 
RNA molecules of ~22 nucleotides in length 
that negatively regulate gene expression [18].  
A sizable evidence base demonstrates the 
important effects of miRNAs on the initiation 
and progression of human tumors, such as HB. 
Specifically, a variety of miRNAs have been sug-
gested to be implicated in the initiation and 
progression of HB, including miR-17, miR-21, 
miR-124, miR-492, and miR-34a-5p [19-21]. 
Further, miR-206 was reported to play a tumor-
suppressive role in a number of human tumors, 
including head and neck squamous cell carci-
noma (HNSCC), HCC, colonic tumors, and 
osteosarcoma [22-25]. However, the specific 
effect of miR-206 on HB growth still remains 
undetermined. Additionally, whether miR-206 
can alter tumorigenesis by targeting KLB has 
never been experimentally reported to date. 

This study showed the upregulation of KLB in 
both HB tissues and cells. The in vitro experi-
ment showed that the knockdown of KLB 
induced apoptosis and suppressed the prolif-
erative, migratory, and invasive capacities of 
HB cells. Furthermore, KLB knockdown sup-
pressed the proliferation of HB cells, whereas 
an opposite effect was detected for KLB over-
expression. Moreover, miR-206 directly target-
ed KLB by binding to its 3’-untranslated region 
(3’-UTR). The overexpression of miR-206 sup-

pressed the proliferative, migratory and inva-
sive capacities of HB cells, which could be par-
tially rescued by KLB overexpression. Clinically, 
both KLB upregulation and miR-206 downre- 
gulation served as independent adverse prog-
nostic factors in pediatric patients with HB. 
Mechanically, the miR-206/KLB axis played a 
vital role in regulating the phosphatidylinositol 
3-kinase (PI3K)/Akt/mammalian target of ra- 
pamycin (mTOR) pathway. Overall, the data 
demonstrated that miR-206/KLB acted as a 
novel regulatory axis for HB, which might be a 
promising target for therapeutic strategies in 
HB.

Materials and methods

Datasets

Three independent microarrays, namely, GSE- 
131329, GSE75271, and GSE75283 datasets, 
were accessed from Gene Expression Omnibus 
(GEO) to explore KLB or miR-206 expression in 
HB or non-tumor liver tissues. Table 1 illus-
trates the specific features of these three 
microarrays. Besides, bioinformatics resourc-
es, including Gene Set Variation Analysis (GS- 
VA) and Kyoto Encyclopedia of Genes and 
Genomes (KEGG), were also used.

Human HB samples 

Between January 2010 and December 2019, 
paraffin-embedded HB tissues and matched 
normal liver tissues were taken from 48 chil-
dren who had undergone surgical excision for 
primary HB at the hospital. Besides, immedi-
ately after surgical resection, HB and match- 
ed non-tumor liver tissues from eight children 
were snap-frozen in liquid nitrogen, and then 
kept at -80°C. The pathological diagnosis of 
each patient was confirmed by a panel of ex- 
pert pathologists blind to patient clinical infor-
mation. The follow-up of these 48 patients  
was performed routinely at the hospital. The 
institutional ethics committee at the hospital 
approved the study, and the parents or legal 

Table 1. GEO information used in this study
GEO ID Platforms Non-tumor Tumor Year Country
GSE131329 Affymetrix mRNA microarray 14 53 2019 Japan
GSE75271 Affymetrix mRNA microarray 5 50 2016 USA
GSE75283 Agilent miRNA microarray 8 57 2017 USA
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guardians of these pediatric patients gave writ-
ten informed consent.

Cell lines and culture 

Human HB cell lines (HepG2 and Huh6), hu- 
man liver cells (L02 and Chang Liver), and 
embryonic kidney cells (HEK-293T) were ob- 
tained from the Chinese Academy of Sciences 
(Shanghai, China). The cells were seeded in 
Dulbecco modified Eagle medium (DMEM)  
containing 10% fetal bovine serum (FBS) at 
37°C with 5% CO2.

Reagents and antibodies

FBS (Cat. no. 10099141), DMEM (Cat. no. 
11995065), 0.25% Trypsin-EDTA (Cat. no. 
25200072), penicillin/streptomycin (Cat. no. 
15140122), and PBS (Cat. no. 10010023) 
were procured from Gibco (NY, USA). The anti-
bodies against KLB (Cat. no. ab106794), Akt 
(Cat. no. ab8805), PI3K (Cat. no. ab191606), 
p-PI3K (Cat. no. ab182651), caspase 3 (Cat. 
no. ab13847), and Ki67 (Cat. no. ab15580) 
were purchased from Abcam (MA, USA). The 
antibodies against mTOR (Cat. no. 2972S), 
p-mTOR (Cat. no. 2971S), and GAPDH (Cat. no. 
5174S) were obtained from CST (MA, USA), 
while the antibody against p-Akt (Cat. no. 
66444-1-Ig), and GAPDH (Cat no. 10494-1-AP) 
were purchased from Proteintech (IL, USA).

Quantitative polymerase chain reaction

TRIzol (Life Technologies, CA, USA) was used to 
isolate total cellular RNAs. Reverse transcrip-
tion was conducted using TaKaRa reverse tran-
scription kit (TaKaRa Bio, Shiga, Japan) except 
for miR-206. Regarding miR-206, the first-
strand cDNA was synthesized using a stem-
loop method reverse transcription kit (Sangon, 
Shanghai, China). The SYBR Green fluores-
cence system (Roche, IN, USA) was used. 
Moreover, quantitative polymerase chain reac-
tion (qPCR) of mRNAs was conducted using a 
quantitative mRNA kit (TaKaRa Bio), whereas 
qPCR of miRNAs was carried out with an  
miRNA qPCR kit (Sangon). Levels of mRNA and 
miRNA were normalized relative to GAPDH 
mRNA and U6 miRNA, respectively. The rela- 
tive level of mRNA or miRNA was computed 
based on the 2-ΔΔCt method. The primers (syn-
thesized in Sangon) used were as follows:  
KLB: 5’-AGGTACTACAGGTGCGTGGTCAG-3’ (sen- 
se), 5’-CGGTTAGGCTCGTTGATGGTGATC-3’ (anti-
sense); GAPDH: 5’-GGCACCGTCAAGGCTGAGA- 

AC-3’ (sense), 5’-GGTGGCAGTGATGGCATGGAC- 
3’ (antisense); miR-206: 5’-GGAATGTAAGGAA- 
GTGTG-3’ (sense), 5’-GAGCAGGCTGGAGAA-3’ 
(antisense); U6: 5’-CTCGCTTCGGCAGCACA-3’ 
(sense), 5’-AACGCTTCACGAATTTGCGT-3’ (anti- 
sense).

Western blot analyses

The cells or tissues were lysed using radioim-
munoprecipitation assay (RIPA) buffer supple-
mented with cocktail and PMSF. The lysates 
were separated using SDS-PAGE, followed by 
transfer onto the PVDF membrane. Next, the 
membrane was incubated with blocking buffer 
for 1 h. The membrane was incubated with a 
primary antibody, followed by incubation with 
an IgG HRP-conjugated secondary antibody 
(Jackson ImmunoResearch, PA, USA) for 2 h. 
The protein detection was achieved using the 
ChemiDoc-It system (Tanon, Shanghai, China). 
The band intensities were determined using 
ImageJ software. GAPDH served as a loading 
control.

Immunohistochemistry

Human HB samples were fixed with parafor- 
maldehyde (PFA) and paraffin-embedded. Sec- 
tions of 5 um were prepared and mounted on 
slides. Then, the sections were deparaffinized 
and rehydrated, followed by antigen retrieval. 
Subsequently, the tissue sections were incu-
bated with a primary antibody in a humidified 
chamber under 4°C overnight, followed by in- 
cubation with an HRP-coupled secondary anti-
body. The immunohistochemistry (IHC) scores 
comprised two components: the frequency of 
immune-positive cells and staining intensity 
[26]. The frequency was graded as 0 for no 
immune-positive cells, 1 for 1%-10% immune-
positive cells, 2 for 11%-50% immune-positive 
cells, 3 for 51%-80% immune-positive cells, 
and 4 for 81%-100% immune-positive cells. 
The staining intensity was defined as 0 for neg-
ative, 1 for weak, 2 for moderate, and 3 for 
strong. Subsequent IHC scores were calculated 
by multiplying these two scores. Therefore, the 
minimal IHC score could be as low as 0, and  
the maximum score might be as high as 12. 
Further, the IHC score of more than 6 was 
regarded as a typical “high” value, whereas the 
IHC score of less than 6 was thought to be a 
typical “low” value. The IHC scores were evalu-
ated blindly by two independent pathologists.
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Fluorescence in situ hybridization

Paraformaldehyde-fixed human HB sample 
were paraffin-embedded and sectioned. Fluo- 
rescence in situ hybridization (FISH) was per-
formed using a miR-206 Probe Kit (RiboBio, 
Guangzhou, China) following the manufactur-
er’s protocols. The sequence of miR-206 pro- 
be was 5’-CY3-CCACACACUUCCUUACAUUCCA- 
3’. The fluorescence intensity of each spot was 
estimated with an epifluorescence microscope 
(Olympus, Tokyo, Japan). The fluorescence 
intensities of miR-206 dyeing were classified 
into four staining grades: 1+, weak; 2+, interme-
diate; 3+, strong; 4+, very strong. Further, the 
staining grades were categorized into the fol-
lowing two groups: low (score 1+ or 2+) and 
high (score 3+ or 4+).

Immunofluorescence

The cells were cultured in 12-well plates. After 
reaching 50% confluence, the cells were wash- 
ed with PBS three times, fixed in PFA for half  
an hour, and then soaked in absolute ethyl 
alcohol for 20 min. After incubation with block-
ing buffer for half an hour, the cells were stain- 
ed with primary antibodies overnight at 4°C. 
After washing nonspecific binding antibodies, 
secondary antibodies (Jackson Immuno Re- 
search) were added with the exclusion of light 
for 1 h at room temperature. Subsequently,  
the cell nuclei were viewed using the mounting 
solution with 4’,6-Diamidino-2-phenylindole 
(DAPI) (Sigma, MO, USA) for 5 min at room  
temperature and then washed with PBS three 
times. Finally, the stained cells were viewed 
using a microscope. 

Plasmids and small interfering RNA

KLB small interfering RNA (siRNA)/plasmid, 
miR-206 mimic/inhibitor, or non-targeting NC 
(GenePharma, Shanghai, China) was transfect-
ed into cells using Lipofectamine 2000 follow-
ing the manufacturer’s protocols. The efficien-
cies of siRNAs were established using qPCR 
and Western blot (WB) 48-72 h after transfec-
tion. The sequences of different siRNAs were 
listed as follows: KLB siRNA: 5’-GCAAUA- 
AGGUUAGAUGAAAUACGAG-3’; Control siRNA: 
5’-UUCUCC GAACGUGUCACGUTT-3’; miR-206 
mimic: 5’-UGGAAUGUAAGGAAGUGUGUGG-3’; 
miR-206 inhibitor: 5’-CCACACACUUCCUUACAU- 
UCCA-3’; miR-206 mimic NC: 5’-CCACACAUUC- 

CUUACAUUCCA-3’; miR-206 inhibitor NC: 5’- 
CAGUACUUUUGUGUAGUACAA-3’.

Luciferase assay

The plasmids, including pmirGLO-KLB 3’- 
UTR (634 bp-WT, H16675) and pmirGLO-KLB 
3’-UTR (634 bp-MUT, H16676), were con- 
structed using Obio Technology (Shanghai, 
China). HEK-293T cells were co-transfected 
with H16675 plus NC, H16675 plus miR-206 
mimic, H16676 plus NC, or H16676 plus miR-
206 mimic with Lipofectamine 2000 (Invitro- 
gen Co., CA, USA) following the manufacturer’s 
protocols. After 2 days, the luciferase activity 
was evaluated using a Dual Luciferase Assay 
System (Promega, WI, USA).

Wound-healing assay

The wells from six-well plates were seeded with 
an HepG2 or HuH-6 cell line at a density of 5 × 
106 cells/well. After reaching 90% confluence, 
the model wound was created using a steri- 
lized pipette tip. The wounded areas were pho-
tographed under the microscope every 24 h, 
and the migration distances were quantified. 
Representative images were taken at × 40 
magnification.

Cell viability assay

The viability of cells was assessed using a cell 
counting kit‑8 (CCK8, Dojindo, Japan). The cells 
were seeded in a 96-well plate (at a density of 
1 × 103 cells per well) and kept for 4 h until cell 
adherence. Later, CCK8 reagent was added to 
each well at the indicated time point. After 1 h, 
the plate was read at 450 nm to determine 
optical density.

Colony formation assay

The cells at a density of 3 × 103 cells/well were 
seeded in six-well plates in a medium contain-
ing 10% FBS. The next day, the culture media 
were replaced by the media with 5% FBS and 
then cultured for 12 days. Then, the cells were 
PFA-fixed and stained with crystal violet. Later, 
the images were taken.

Transwell assay

The Transwell assays were conducted using 
24-well plates with Transwell inserts (8-um 
pore size; BD Biosciences, USA) following the 
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manufacturer’s protocols. Regarding the migra-
tion assay, the cells were seeded into the upper 
chambers with serum-free DMEM. The lower 
chambers were complemented with 10% FBS. 
After 24 h, the cells on the top of membranes 
were removed. For invasion assays, Matrigel 
obtained from BD Biosciences was placed in 
the media without serum, transferred into the 
top chamber, and incubated for 5 h. Subse- 
quently, the cells were seeded into top cham-
bers containing the media without serum. On 
the contrary, the bottom chambers were sup-
plemented with 10% FBS. After 36 h, the cells 
on the top chamber were removed. For quanti- 
fication, the membranes were PFA-fixed and 
stained with crystal violet. Later, the migrated/
invaded cells were observed, photographed 
and counted.

Tumor xenografts

HuH6 cells were stably transfected with KLB 
knockdown lentivirus (KLB-KD), KLB overex-
pression lentivirus (KLB-OE), and NC lentivirus 
(KLB-EV) from GeneChem (Shanghai, China). To 
achieve HuH6 cell line xenograft tumors, 107 
HuH6 cells were engrafted with 100 µL of 
Matrigel in 5- to 6-week-old male BALB/c nude 
mice subcutaneously. Each experimental group 
comprised five mice, and each mouse was cul-
tured under specific pathogen-free conditions. 
The mice were evaluated every 3 days for body 
weight and tumor size. The tumor volumes were 
computed using the formula: length × (width)2 × 
π/6. After 4 weeks, the xenografts were har-
vested and preserved for further analysis. All 
mice were maintained in accordance with the 
National Institutes of Health (NIH) animal care 
guidelines, and the animal experiment commit-
tee at the hospital approved all mouse experi- 
ments.

Statistical analysis 

SPSS 22.0 (IBM, New York, USA) and Graph- 
Pad Prism v7.0 (GraphPad, CA, USA) were used 
for statistical analysis. Bivariate analyses were 
performed using the two-tailed χ2 test or 
Fisher’s exact test for categorical variables and 
the Student t test for continuous variables. The 
overall survival of pediatric patients with HB 
was evaluated using the Kaplan-Meier method 
and log-rank test. Univariate and multivariate 
Cox models were used to explore the influence 
of different variables on the prognosis. The cor-

relation was evaluated using the Spearman 
rank correlation method. A P value of less  
than 0.05 indicated a statistically significant 
difference. 

Results

Overexpression of KLB in HB tissues and cells

qPCR and WB analyses were conducted on  
HB and matched non-tumor liver tissues from 
eight children to determine the expression pat-
tern of KLB in HB and normal liver tissues. The 
qPCR data revealed elevated KLB levels in HB 
tissues compared with control tissues (Figure 
1A), which was further validated via WB analy-
sis (Figure 1B). Also, KLB protein expression 
levels in HB samples from 48 patients were 
determined by IHC. Consistent with the former 
result, KLB expression levels were significant- 
ly elevated in HB tissues compared with adja-
cent normal liver tissues. Additionally, the rep-
resentative staining pattern of HB/normal tis-
sues was presented (Figure 1C). Further, KLB 
expression in HB cell lines (HepG2 and HuH6) 
and normal liver cell lines (L02 and Chang  
Liver) was explored. WB data revealed signifi-
cantly elevated expression of KLB in HB cell 
lines compared with normal liver cell lines 
(Figure 1D).

KLB expression correlated with poor prognosis 
in children with HB

The χ2 tests and Fisher exact tests were used  
to explore the correlations of KLB levels with 
the clinicopathological variables. The elevated 
KLB levels had a correlation with distant me- 
tastasis, recurrence, and higher COG stage 
(Figure 2A-C and Table 2). Kaplan-Meier ana- 
lysis indicated that the prognosis of children 
with HB having higher KLB expression was 
markedly poorer compared with the prognosis 
of those with lower KLB expression (Figure 2D). 
In addition, univariate and multivariate Cox 
models identified distant metastasis, recur-
rence, higher COG stage, and elevated KLB 
level as independent adverse prognostic fac-
tors for patients with HB (Figure 2E and Table 
3).

KLB knockdown suppressed HB proliferation 
in vitro and in vivo

KLB knockdown was achieved in both HepG2 
and HuH6 cell lines using KLB-siRNA to investi-
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Figure 1. Upregulation of KLB in HB tissues and cells. A. KLB mRNA level (normalized to GPADH level) was explored 
by qPCR in HB tissues compared with their adjacent normal tissues. B. WB analysis revealed KLB expression of 
HB and adjacent normal liver tissues in eight patients. Relative quantification of KLB protein levels, normalized to 
GAPDH levels, was also determined. C. Representative IHC KLB staining in HB and matched normal liver tissues. 
The IHC scores of KLB were compared between HB tissues (n = 48) and matched non-tumor liver tissues (n = 48). 
Scale bars, 100 μm. D. WB analysis revealed KLB expression in different cell lines. HB, Hepatoblastoma; IHC, im-
munohistochemistry; WB, Western blot. *P < 0.05. Original WB images are presented in Figure S1.
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gate the effect of KLB expression on HB cells. 
The knockdown efficiency of KLB by siRNA at 
different concentrations was confirmed by WB 
analysis (Figure 3A). After transfection of KLB-
siRNA into HepG2 and HuH6 cells, the effects 
of KLB knockdown on cell proliferation were 
determined through the immunofluorescence 
(IF) staining of Ki67 (Figure 3B). The percent-
ages of Ki67 positive cells were significantly 
lower among KLB-siRNA cells compared with 
control cells. In addition, CCK-8 assays (Figure 
3C) and colony formation assays (Figure 3D) 
indicated significantly lower proliferation ca- 
pacities in the KLB-siRNA group compared  
with the control group. 

Next, the roles of KLB expression in HB cells 
were also investigated in vivo. HuH6 cells were 
stably transfected with KLB-KD, KLB-KD-NC, 
KLB-OE, or KLB-OE-NC lentivirus vectors. The 
KLB-KD group exhibited a significant reduction 
in tumor volume (Figure 3E and 3F). Contrarily, 
a significant increase in tumor volume was 
observed in the KLB-OE group compared with 
the control group (Figure 3E and 3F). Despite 

no significant differences in body weight among 
different groups (Figure 3G), the KLB-KD group 
had a significantly decreased tumor volume 
(Figure 3H), and significantly decreased Ki67 
expression in tumor tissues (Figure 3I) com-
pared with the control group. Meanwhile, the 
KLB-OE group had a significantly elevated tu- 
mor volume compared with the control group. 
Collectively, the results demonstrated that KLB 
knockdown suppressed the proliferative abili-
ties of HB cell lines in vitro and in vivo, whereas 
KLB overexpression promoted the proliferative 
abilities of HB cell lines in vivo.

KLB knockdown promoted apoptosis and in-
hibited the migration and invasion of HB cells

After transfection of KLB-siRNA into HepG2 
and HuH6 cell lines, IF staining of caspase 3 
indicated that the KLB-siRNA group had a sig-
nificantly elevated percentage of caspase 3 
immuno-positive cells compared with the con-
trol group (Figure 4A). Subsequently, the 
effects of KLB knockdown on cell migration 
were assessed using the wound-healing assay 

Figure 2. Elevated levels of KLB correlated with poor overall survival for pediatric patients with HB. Expression levels 
of KLB in patients with HB from the hospital in the presence or absence of (A) distant metastasis or (B) recurrence. 
(C) Expression levels of KLB in patients with HB having low or high COG stage. (D) Kaplan-Meier method revealed 
the association between KLB expression and prognosis in children with HB from the hospital. (E) Univariate Cox 
regression analysis disclosed correlations between different clinicopathological variables and KLB expression. *P 
< 0.05, **P < 0.01.

Table 2. Correlation among KLB, miR-206 levels, and clinicopathological features

Clinicopathological 
features

No. of 
cases

KLB
P value

miR-206
P valueLow  

(n = 21)
High  

(n = 27)
Low  

(n = 24)
High  

(n = 24)
Age (years) ≤ Median 24 9 15 0.383 12 12 1.000

> Median 24 12 12 12 12
Gender Male 23 8 15 0.230 14 9 0.248

Female 25 13 12 10 15
Tumor size ≤ 10 cm 29 15 14 0.169 9 20 0.003

> 10 cm 19 6 13 15 4
AFP ≤ 100 ng/ml 43 18 25 0.641 22 21 0.637

> 100 ng/ml 5 3 2 2 3
Histologic type Epithelial 18 8 10 0.940 9 9 1.000

Mixed 30 13 17 15 15
Metastasis Absent 38 20 18 0.029 15 23 0.005

Present 10 1 9 9 1
Recurrence Absent 30 17 13 0.034 7 23 < 0.001

Present 18 4 14 17 1
COG stage Stage I-II 20 14 6 0.002 4 16 < 0.001

Stage III-IV 28 7 21 20 8
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(Figure 4B). The relative migration distance of 
HB cells was markedly lower in the KLB-siRNA 
group compared with the control group. Con- 
sistently, Transwell migration assays also sug-
gested that the KLB-siRNA group had a signifi-
cantly lower rate of relatively migrating cells 
compared with the control group (Figure 4C). In 
addition, these assays revealed a markedly de- 
creased rate of relatively invading cells in the 
KLB-siRNA group compared with the control 
group (Figure 4D). Overall, KLB knockdown pro-
moted apoptosis and suppressed the migra- 
tory and invasive capabilities of HB cells.

KLB served as the direct target gene of miR-
206 in HB

A total of 12 databases (Targetscan, Microt4, 
miRMap, miRcode, miRanda, mirbridge, miR- 
DB, PITA, miRNAMap, Pictar2, RNA22, and 
RNAhybrid) were used to screen the predicted 
miRNAs targeting KLB. Three miRNAs, includ-
ing miR-206, miR-1, and miR-193a-3p, were 
predicted to target KLB in eight databases; all 
the other miRNAs were predicted to target KLB 
in fewer than eight databases. Subsequently, 
using one publicly available microarray dataset 
(GSE75283), the expression levels of both miR-
206 and miR-193a-3p were found to be signifi-
cantly lower in HB samples compared with nor-

mal liver samples; however, it was not the case 
for miR-1 (P = 0.1654). A literature search re- 
vealed miR-193a-3p as a previously reported 
tumor-suppressive miRNA in HB [27]; the role 
of miR-206 in HB growth has not been reported 
to date. Therefore, miR-206 was selected for 
subsequent experimental validation. The pre-
dicted target site of KLB 3’UTR for miR-206 is 
shown in Figure 5A. Further, qPCR and WB 
analyses showed that miR-206 expression had 
an inverse correlation with KLB expression in 
HB cells. The upregulation of miR-206 mark- 
edly suppressed KLB expression, whereas KLB 
expression was promoted after miR-206 sup-
pression (Figure 5B and 5C). Subsequently, the 
relative luciferase activities of HEK-293T cells 
after co-transfection with WT-KLB and miR-206 
mimic significantly decreased compared with 
those in HEK-293T cells after co-transfection 
with Mut-KLB plus miR-206 mimic, establishing 
a direct relationship between miR-206 and 
3’-UTR of KLB mRNA (Figure 5D). Moreover, 
miRNA microarray analysis confirmed markedly 
lower levels of miR-206 in tumor tissues com-
pared with adjacent liver tissues (Figure 5E). 
Later, FISH was performed in HB and paired 
adjacent normal liver tissues to determine miR-
206 expression. The scores of miR-206 dyeing 
were categorized into four grades ranging from 
1 to 4+. Based on this, scores of 1+ and 2+ indi-

Table 3. Univariate and multivariate analyses of prognosis for patients with HB
Clinicopathological 
features

Univariate analyses
P value

Multivariate analyses
P value

HR 95% CI HR 95% CI
Age (years) ≤ Median 1.436 0.359-5.740 0.609

> Median
Gender Male 1.541 0.374-6.344 0.550

Female
Tumor size ≤ 10 cm 1.152 0.226-5.869 0.865

> 10 cm
AFP ≤ 100 ng/ml 1.328 0.430-13.536 0.358

> 100 ng/ml
Histologic type Epithelial 1.336 0.281-6.355 0.716

Mixed
Metastasis Absent 6.419 1.543-26.700 0.011 1.000

Present 6.295 2.018-19.636 0.002
Recurrence Absent 5.821 1.309-25.892 0.021 1.000

Present 4.274 1.321-13.826 0.015
COG stage Stage I-II 10.150 1.869-55.131 0.007 1.000

Stage III-IV 8.367 1.682-41.619 0.009
KLB Low 9.916 1.682-58.457 0.011 1.000

High 9.555 1.912-47.765 0.006
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Figure 3. KLB knockdown suppressed the proliferation of HB cell lines in vitro and in vivo. (A) WB analysis revealed KLB knockdown efficiency after 48 h of transfec-
tion with siRNA. (B) After treatment with KLB or control siRNA, Ki67 was stained in red color; DAPI nuclear staining was in blue color. Scale bars, 100 μm. (C) CCK-8 
assays displaying the proliferative capacity of HB cells after treatment with siRNA. (D) Colony formation assays showing the growth of HB cell lines after transfec-
tion with siRNA. Scale bars, 8 mm. (E) Photographs of nude mice xenografted subcutaneously with HuH6 cells among four groups. (F) Photographs of the tumors 
extracted from nude mice. (G) Body weight curve and (H) tumor growth curve were established. (I) IHC staining of Ki67 in tumors extracted from nude mice. Scale 
bars, 100 μm. CCK-8, Cell Counting Kit-8; HB, Hepatoblastoma; IF, immunofluorescence; IHC, immunohistochemistry; WB, Western blot. *P < 0.05, **P < 0.01, 
***P < 0.001. Original WB images are presented in Figure S1.
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Figure 4. KLB knockdown promoted apoptosis and suppressed the migratory and invasive capacities of HB cells. (A) IF staining of caspase 3 (green) and DAPI (blue) 
in HB cell lines after transfection with siRNA. Scale bars, 100 μm. (B) Wound-healing assays showing the migration ability of HB cell lines after transfection. Scale 
bars, 500 μm. Transwell assays (scale bars, 200 μm) revealed (C) the migration capacity or (D) invasion capacity of HB cell lines after transfection. HB, Hepatoblas-
toma; IF, immunofluorescence. *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 5. KLB served as a direct target of miR-206. A. Predicted binding sequences of miR-206, normal 3’-UTR of KLB, and mutated 3’-UTR of KLB. B. KLB mRNA 
expression (normalized to GAPDH) was established through qPCR in HB cell lines treated with miR-206 mimic, miR-206 inhibitor, or NC. C. WB analysis revealed KLB 
expression in HB cell lines transfected with miR-206 mimic, miR-206 inhibitor, or NC. D. Relative luciferase activities in the KLB-miR-206-wt and KLB-miR-206-mut 
groups. E. MiR-206 expression of HB and normal liver tissues based on the GSE75283 dataset. F. Representative miR-206 staining with different FISH grades of HB 
tissues. FISH scores for miR-206 in HB and adjacent non-tumor tissues were also determined. Scale bars, 100 μm. G. Pearson correlation analysis in patients show-
ing the correlation between KLB expression and miR-206 expression in HB tissues. H. Representative staining (scale bars, 100 μm) for KLB and miR-206 of HB tis-
sues in patients. Percentages of KLB staining grades with low or high miR-206 expression were also established. FISH, Fluorescence in situ hybridization; GEO, Gene 
Expression Omnibus database; HB, Hepatoblastoma; NC, negative control. *P < 0.05, **P < 0.01, ***P < 0.001. Original WB images are presented in Figure S1.
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cated low expression, while 3+ to 4+ indicated 
high expression. The miR-206 level markedly 
decreased in HB tissues compared with paired 
adjacent liver tissues (Figure 5F). Besides, the 
Pearson correlation coefficient analysis dem-
onstrated a significantly negative association 
between miR-206 and KLB expression (Figure 
5G). FISH staining of miR-206 negatively  
correlated with the KLB IHC score in HB  
tissues (Figure 5H). Overall, miR-206 targeted  
KLB directly and negatively modulated its 
expression.

Decreased miR-206 levels were associated 
with poor overall survival of patients with HB

The χ2 tests and Fisher exact tests were used  
to explore the correlation of miR-206 levels 
with clinicopathological variables. Decreased 

miR-206 expression had a correlation with dis-
tant metastasis, recurrence, and higher COG 
stage (Figure 6A-C and Table 2). Besides, the 
overall survival was significantly poorer in 
patients with HB having lower miR-206 expres-
sion compared with those with higher miR-206 
expression (Figure 6D). Further, univariate and 
multivariate Cox regression models identified 
the miR-206 level as the independent risk fac-
tor for overall survival in children with HB 
(Figure 6E).

KLB activated the PI3K/Akt/mTOR pathway in 
HB

Several enriched pathways in HB were dis-
closed using GSVA (Figure 7A). Furthermore, 
KEGG enrichment analysis and GSEA analysis 
identified mTORC1 signaling as the key down-

Figure 6. Expression of miR-206 correlated with poor prognosis in children with HB. The comparison of miR-206 
staining scores between patients with HB in the absence or presence of (A) distant metastasis or (B) recurrence. 
(C) Comparison of miR-206 staining scores between children with HB having different COG stage. (D) Kaplan-Meier 
method showing prognosis in HB children with different miR-206 expression. (E) Univariate Cox analysis demon-
strating the correlation of miR-206 expression with different clinicopathological features. HB, Hepatoblastoma. *P 
< 0.05, ***P < 0.001.
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stream signaling of KLB in HB (Figure 7B and 
7C). WB analysis revealed that the KLB-KD 
group had markedly decreased expression of 
p-PI3K, p-Akt, and p-mTOR compared with the 
control group, whereas the opposite was 
observed in the KLB-OE group (Figure 7D). 
LY294002, reported as one of PI3K signaling 
inhibitors, was used in HB cells to suppress 
PI3K/Akt/mTOR signaling, which could also be 
inhibited to a large extent by KLB knockdown 
(Figure 7E). Correspondingly, KLB overexpres-
sion rescued the inhibition of LY294002 in HB 
cells (Figure 7F). Besides, IHC analysis in HB 
tissues from patients indicated a positive cor-
relation between KLB staining and the stain- 
ing of p-Akt, p-PI3K, or p-mTOR (Figure 7G-I). 
Overall, the results revealed PI3K/Akt/mTOR 
signaling activated by KLB in HB.

Upregulation of miR-206 inhibited the prolif-
erative, migratory, and invasive capacities of 
HB cells through targeting KLB

Next, miRNA NC, miR-206 mimic, or miR-206 
mimic plus KLB plasmid was transfected into 
HB cell lines. WB analysis indicated that miR-
206 markedly inhibited KLB expression in HB 
cell lines. KLB overexpression partially rescued 
the suppressed expression of miR-206 in HB 
cells (Figure 8A). CCK-8, Ki67 IF, and colony  
formation assay indicated that miR-206 over- 
expression suppressed the proliferation of HB 
cells, and this suppression was partially res-
cued through KLB overexpression (Figure 8B- 
D). Meanwhile, KLB overexpression partially 
reversed the migratory and invasive capacities 
of HB cell lines in the presence of miR-206 
overexpression (Figure 8E and 8F). The miR-
206 mimic was found to suppress the activa-
tion of the PI3K/Akt/mTOR pathway, which 
could be partially rescued through KLB overex-
pression (Figure 8G and 8H). Taken together, 
miR-206 inhibited the proliferative, migratory 
and invasive capacities of HB cell lines throu- 
gh targeting KLB, and the miR-206/KLB axis 
might be implicated in the PI3K/Akt/mTOR 
pathway (Figure 8I).

Discussion

Over the past decade, the fibroblast growth  
factor (FGF19)/FGFR4 pathway has achieved 
adequate attention for its role in the initiation 
and progression of human tumors [28]. KLB, 
reported as a co-receptor of FGFR4, exhibited 

high-affinity interaction with FGF19 in the liver 
[29]. KLB in association with FGFR4 was sug-
gested to promote apoptosis and inhibit the 
proliferation of HCC cells [15]. On the contrary, 
FGF19 overexpression was suggested to sup-
press sorafenib-induced apoptosis [30]. FGF19 
served as an autocrine growth factor for HB 
cells [31]. In this study, high expression of KLB 
was observed in HB tissues compared with 
paired normal liver tissues. In addition, the 
upregulation of KLB correlated with poor over-
all survival in pediatric patients with HB. 
Subsequent experiments further proved that 
KLB knockdown inhibited the aggressive bio-
logical behaviors of HB cells. Therefore, it was 
hypothesized that KLB might be a molecular 
switch of the FGF19/FGFR4 pathway in HB. 
These findings argued in favor of KLB as a 
potential therapeutic target for pediatric pa- 
tients with HB. Further studies are warranted 
for a better understanding of the FGF19/
FGFR4/KLB axis in HB. For example, whether 
the progression of HB could be affected by 
FGFR4 inhibitors, including FGF401, BLU-554, 
H3B6527, INCB062079, and so forth, remains 
a question of interest.

MicroRNAs are short noncoding RNAs that 
repress gene expression through intermolecu-
lar base pairing [18]. The analysis of the 
GSE75283 dataset revealed that miR-206 lev-
els were markedly reduced in HB tissues com-
pared with normal liver tissues. Subsequent 
FISH analysis in patients further proved the 
downregulation of miR-206 in HB tissues com-
pared with control tissues. Clinically, decrea- 
sed levels of miR-206 correlated with poor 
prognosis in our patients. In the literature, miR-
206 was suggested to be implicated in the 
pathogenesis of various human tumors other 
than HB. Specifically, miR-206 could repress 
the expression of various oncogenes in human 
tumors, such as epidermal growth factor re- 
ceptor (EGFR), stanniocalcin 2 (STC2), or cellu-
lar mesenchymal to epithelial transition factor 
(c-Met) in HNSCC [32, 33], cyclin-dependent 
kinase 9 (CDK9) in HCC [34], and megakaryo-
blastic leukemia 1 (MKL1)/interleukin 11 (IL11) 
in breast cancer [25]. The present study dem-
onstrated for the first time that miR-206 over-
expression markedly inhibited the proliferative, 
migratory, and invasive capacities of HB cells, 
while miR-206 knockdown had an opposite 
effect. Moreover, the in vitro experiment proved 
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Figure 7. PI3K/Akt/mTOR pathway, critical for HB growth, was inhibited by miR-206. (A) Significantly up- or down-regulated pathways in HB as determined by GSVA. 
(B) KEGG pathways enrichment analysis (GSE131329 and GSE75271) showing many important pathways in HB. (C) GSEA analysis identifying the mTORC1 pathway 
as a crucial downstream pathway for KLB. WB analysis showing KLB/PI3K/p-PI3K/AKT/p-Akt/mTOR/p-mTOR expression in HB cell lines after treatment with (D) 
KLB siRNA, KLB plasmid, or NC; (E) NC siRNA, KLB siRNA, DMSO, or LY294002; (F) LY294002, NC plasmid, DMSO, or KLB plasmid. Representative IHC staining 
(scale bars, 100 μm) for KLB and (G) p-Akt, (H) p-PI3K, or (I) p-mTOR of HB tissues in patients. GSEA, gene set enrichment analysis; GSVA, gene set variation analy-
sis; HB, Hepatoblastoma; IHC, immunohistochemistry; KEGG, Kyoto Encyclopedia of Genes and Genomes; NC, negative control. *P < 0.05. Original WB images are 
presented in Figures S2 and S3.
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Figure 8. Upregulation of miR-206 inhibited the proliferative and invasive capacities of HB cell lines via targeting KLB. After transfected with NC, miR-206 mimic, or 
KLB plasmid plus miR-206 mimic in HB cells, (A) WB analysis showing KLB expression among the three groups; (B) CCK-8 assays revealing the proliferation capacity 
among the three groups; (C) colony formation assays (scale bars, 8 mm) indicating the growth of HB cells among the three groups; (D) IF analysis (scale bars, 100 
μm) demonstrating the proliferation ability among different groups as determined by Ki67; Transwell assays (scale bars, 200 μm) revealing (E) the migration capac-
ity, or (F) invasion capacity among the three groups. WB analysis depicting KLB/PI3K/p-PI3K/Akt/p-Akt/mTOR/p-mTOR expression in HepG2 (G) after transfection 
with NC, miR-206 mimic, or KLB plasmid; (H) after treatment with NC, miR-206 inhibitor, or KLB siRNA. (I) Diagram of the hypothetical mechanism clarifying the 
effects of miR-206/KLB axis on HB growth by augmenting the PI3K/Akt/mTOR pathway. CCK-8, Cell Counting Kit-8; HB, Hepatoblastoma; IF, immunofluorescence; 
IHC, immunohistochemistry; NC, negative control; WB, Western blot. *P < 0.05, **P < 0.01, ***P < 0.001. Original WB images are presented in Figure S3.
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that KLB overexpression could partially rescue 
the inhibitory effect of miR-206 overexpression 
on HB progression.

The PI3K/Akt and the mTOR pathways are both 
crucial to a wide range of physiological or path-
ological cellular processes. These two path-
ways are so closely associated that they can  
be considered as a single one. The PI3K/Akt/
mTOR signaling serves as one of the most fre-
quently hyperactivated signaling cascades in 
human tumors, including embryonal tumors 
[35-37]. Additive anti-tumor effects in HB cells 
were detected after combination chemothera-
py with PI3K inhibitors [38]. In tumor cells, 
p-Akt could inhibit apoptosis [39], and the 
expression of FGF19/FGFR4 was significantly 
and positively associated with p-Akt expres- 
sion [40]. The upregulation of the FGF19/
FGFR4/KLB axis contributed to the activation 
of the PI3K/Akt pathway indirectly in HCC [41]. 
Correspondingly, KLB knockdown inhibited the 
proliferative ability of HCC cells by suppressing 
the phosphorylation of FGF receptor substrate-
2α (FRS2α), extracellular signal-regulated kina- 
se (ERK) and Akt [14]. This study found that 
KLB knockdown promoted apoptosis and sup-
pressed the proliferative, migratory, and inva-
sive capacities of HB cells through inhibiting 
PI3K/Akt/mTOR signaling. Previous studies re- 
ported that rapamycin, a specific mTOR inhibi-
tor, could suppress the proliferative ability of 
human neuroblastoma cells [42], and enhance 
the effects of cytotoxic chemotherapy drugs in 
medulloblastoma cells [43]. This was probably 
because mTOR inhibitors impeded cells from 
entering the S-phase from the G1 phase, ulti-
mately leading to apoptosis [37]. The data 
showed that KLB knockdown enhanced the 
suppressive influence of LY294002 (a PI3K sig-
naling inhibitor) in HB cells. It was speculated 
that the suppression of PI3K/Akt/mTOR signal-
ing in combination with other chemotherapeu-
tic drugs, might represent a potential synergis-
tic therapeutic strategy for patients with HB in 
the future. FGF19 can activate mTORC1 th- 
rough the Ras-like (Ral) protein in various 
human tumors [44-47]. In the context of HCC, 
the FGF19/FGFR4 axis was reported to induce 
mTORC1 and ERK pathways to converge on S6, 
and FGF19-induced cell growth and prolifera-
tion were abolished after the inhibition of 
mTORC1 [47]. Besides, FGFR4 upregulation 
resulted in the phosphorylation of FGFR sub-

strate 2 (FRS2) and recruitment of growth fac-
tor receptor-bound protein 2 (GRB2), leading to 
subsequent activation of mitogen-activated 
protein kinase (MAPK) and PI3K/Akt signaling 
pathways involved in cell proliferation and anti-
apoptosis [48, 49]. It thus seems reasonable  
to assume that KLB may regulate PI3K/Akt/
mTOR signaling via the FGF19/FGFR4 axis and 
their downstream signaling. Future studies are 
needed to validate this hypothesis and provide 
additional mechanistic insights. In addition, the 
results also provided ample evidence that miR-
206 participated in HB growth through aug-
menting the PI3K/Akt/mTOR pathway (Figure 
8). Similarly, previous studies revealed the rela-
tionship between miR-206 and the PI3K/Akt/
mTOR pathway in other human tumors. For in- 
stance, miR-206 suppressed the proliferative 
and migratory capacities of epithelial ovarian 
cancer cells through targeting c-Met and inhib-
iting the Akt/mTOR pathway [50]. Regarding 
endometrial cancer, miR-206 promoted tumor 
growth by targeting HDAC and augmenting the 
PTEN/Akt/mTOR pathway [51]. 

In conclusion, this study demonstrated that 
miR-206 negatively regulated KLB expression 
levels via the PI3K/Akt/mTOR pathway in HB. 
Besides, the miR-206/KLB axis might be treat-
ed as a specific and potent therapeutic target 
for pediatric patients with HB.
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Figure S1. Original Western blot images of Figures 1B, 1D, 3A and 5C.

Figure S2. Original Western blot images of Figure 7D and 7E.
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Figure S3. Original Western blot images of Figures 7F, 8A, 8G and 8H.


