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Abstract. PBB12, a long noncoding RNA (lncRNA), has not 
been reported to be involved in the progression of osteosar-
coma to date. According to our research data, it was found that 
osteosarcoma patients with a high PBB12 level frequently showed 
increased metastasis. Mechanistic research demonstrated that 
PBB12 can competitively bind to hsa-miR-204-5p by acting 
as a microRNA sponge. Furthermore, PBB12 intervenes in 
the Kruppel-like factor 4 (KLF4)/hsa-miR-204-5p/activating 
transcription factor 2 (ATF2) pathway and affects the prolif-
eration and invasion of osteosarcoma cells. High PBB12 
expression was founld to lead to the loss of function of the 
cancer suppressors KLF4 and hsa-miR-204-5p; these effects 
are the intrinsic reason why osteosarcoma patients with high 
levels of PBB12 often develop tumor metastases. In vitro func-
tional experimental data showed that in the osteosarcoma cell 
lines MG63 and SAOS-2, PBB12 silencing and overexpression 
significantly increases or reversed the inhibitory effect of 
KLF4 on the proliferation and invasion of tumor cells, respec-
tively. The involvement of the interaction between PBB12 
and the KLF4/hsa-miR-204-5p/ATF2 pathway in osteosar-
coma progression was reported for the first time, and these 
data provide important theoretical support for gene therapy 
targeting KLF4 and hsa‑miR‑204‑5p. The great significance 
of this study is that a high or low genetic background level of 
PBB12 in osteosarcoma patients may serve as an important 
marker for screening patients for a high risk of tumor metas-
tasis. Furthermore, for osteosarcoma patients with high PBB12 
expression, the primary task for all accurate personalized 
clinical treatment programs may be the determination of how 
to effectively knock down PBB12 in tumor bodies.

Introduction

Osteosarcoma (OS), a common malignant tumor originating 
from bone tissue, commonly presents in children and 
adolescents. Approximately one-third of OS patients survive 
less than 5 years, and the metastasis of osteosarcoma is the 
main factor contributing to this poor prognosis. Therefore, 
the development of innovative therapies for OS is an urgently 
needed task in the field of OS research (1,2). In recent years, 
basic studies have shown that long noncoding RNAs (lncRNAs) 
can play a regulatory role in tumor progression by extensively 
regulating proliferation, invasion and metastasis in tumor 
cells (3). lncRNAs, as competing endogenous RNAs, interact 
with microRNAs (miRNAs) to regulate target genes to play 
important roles in the onset and development of cancers (4,5). 
Along with miRNAs, lncRNAs have become a ‘hot’ topic in 
tumor research due to their antitumor or tumorigenic effects 
and their potentially important role in tumor diagnosis, 
treatment and prognosis determination.

Although previous studies have shown that abnormal 
lncRNA expression occurs in the progression of OS, we still 
require more in-depth research in regards to the mechanisms 
of OS progression (6‑8). In the present study, we discovered 
and are reporting for the first time lncRNA PBB12 (named 
by us), which is closely related to the proliferation and inva-
sion of OS cells. Our study not only showed that PBB12 
knockdown can effectively inhibit the proliferation, invasion 
and metastasis of OS cells by restoring the function of the 
tumor-suppressor gene Kruppel-like factor 4 (KLF4) but also 
showed that PBB12 is likely to become a clinical screening 
marker for patients at high risk for OS metastasis.

Materials and methods

Cell culture. The OS cell lines MG63 (TCHu124) and SAOS-2 
(TCHu114) were obtained from the Cell Bank of the Chinese 
Academy of Sciences (CBCAS; Shanghai, China) and main-
tained in minimal essential medium (MEM; cat. no. 11095-072; 
Thermo Fisher Scientific, Inc.) supplemented with 10% fetal 
calf serum (FBS; cat. no. 10099‑141; Thermo Fisher Scientific, 
Inc.). 293TN cells (a lentivirus‑producing cell line) were 
purchased from System Biosciences (cat. no. LV900A-1) and 
maintained in Dulbecco's modified Eagle medium (DMEM; 
cat. no. 10569‑044; Thermo Fisher Scientific, Inc.) supple-
mented with 10% FBS and were passaged via 0.25% trypsin 
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digestion (cat. no 25200056; Thermo Fisher Scientific, Inc.). 
All cells were adherently grown in 5% CO2 at 37˚C and in 
saturated humidity.

Tumor tissues. OS tumors with or without metastasis and 
the adjacent normal tissues (within a 2.5-cm radius from 
the edge of the tumor) were collected from 24 patients at 
the Department of Orthopedics, Huashan Hospital between 
October 2017 and July 2018 (detailed patient information is 
presented in Table I). The selected patients were required to 
be under 25 years of age; both male and female patients were 
diagnosed for the first time, and no patient was treated by 
chemotherapy or radiotherapy prior to surgery. This study 
was approved by the Ethics Review Committee of Huashan 
Hospital Affiliated to Fudan University (2016‑037), and 
written informed consent was obtained from all participants 
and/or their guardians. The tissues were used for total RNA 
extraction and real-time PCR for the measurement of PBB12, 
hsa-miR-204-5p and activating transcription factor 2 (ATF2) 
mRNA levels. Total protein extraction and western blotting 
were used to assess Kruppel-like factor (KLF4) and ATF2 
expression.

Recombinant lentivirus preparation. An siRNA (5'-GCT CGG 
TGT AAA GGG AGG G-3') specific for PBB12 was chosen, 
and the shRNA oligonucleotide DNA was synthesized and 
cloned into the shRNA vector pSIH1‑H1 (SI501A‑1, System 
Biosciences) after double-strand annealing. A nonsense 
sequence of siRNA (5'-GGT AGG TGG GCA GCT GAG A-3') 
was used as a negative control (NC). The constructed vectors 
were named pSIH1‑shRNA‑PBB12 and pSIH1‑NC. The 
coding sequence (CDS) of the KLF4 gene (1,542 bp) was 
amplified using the primers 5'‑GGA ATT CGC CAC CAT GAG 
GCA GCC ACC TGG CG-3' and 5'-CGG GAT CCT TAA AAA 
TGC CTC TTC ATG TGT AAG G-3' using human complemen-
tary DNA (cDNA) as the template. The PCR product was 
digested with EcoRI and BamHI and cloned into the expres-
sion vector pcDH-GFP (CD511B-1, System Biosciences) to 
construct the recombinant vector pcDH-KLF4. PcDH-PBB12 
was constructed by the same method. The pair of PCR 
primers were 5'-GGA ATT CTA ATA GAA TGA TTT TTA TT-3' 
(forward) and 5'-CGG GAT CCG AGG AAG GAG GGC GCA 
GGG CA-3' (reverse), and these primers produced a 1,121-bp 
PCR product. All recombinant vectors were sequenced, and 
plasmid DNA was prepared using an EndoFree Plasmid Kit 
(cat. no. 12362; Qiagen).

A total of 1x106 293TN cells each were seeded into 
10‑cm dishes in 10 ml DMEM containing 10% FBS and were 
cultured overnight under normal conditions. Two micrograms 
of each recombinant vector (pcDH-KLF4, pshRNA-PBB12, 
pshRNA-NC or pcDH-PBB12) and 10 µg of the pPACK 
Packaging Plasmid Mix (LV500A-1; System Biosciences) 
were cotransfected using the cationic liposome transfection 
reagent Lipofectamine 2000 (cat. no. 11801169; Invitrogen). 
The medium was fully replaced with DMEM plus 1% FBS 
before transfection. After 48 h, the supernatant was harvested 
and cleared by centrifugation at 5,000 x g at 4˚C for 10 min 
and then passed through a 0.45-µm PVDF membrane 
(cat. no. IPVH00010, Millipore). The titer of the virus was 
determined by a gradient dilution method. The recombinant 

lentiviruses were named Lv-KLF4, Lv-shRNA-PBB12, Lv-NC 
and Lv-PBB12.

Luciferase assay
Verification of the seed region of hsa‑miR‑204‑5p in ATF2 
3'UTR. Part of the human ATF2 (NM_001880.4) 3'UTR 
(196 bp) containing the theoretical seed region was ampli-
fied from human cDNA with the primers 5'‑GCT CTA GAA 
ACC TGC AGT ACA ACA GTT-3' (forward) and 5'-GCT CTA 
GAA ATC AGT CTT TTT CCA GAG AC-3' (reverse). The 
PCR product was digested with XbaI and cloned into the 
pGL3-promoter vector (E1761, Promega) at the downstream 
position of the luciferase gene to construct pGL3-wt-ATF2, 
which carried the wild-type seed region of hsa-miR-204-5p; 
the seed region was mistranslated from 5'-AAG GGA 
A-3' to 5'-GAG AAA G-3' to construct pGL3-mt-ATF2 
and carried the mutant hsa-miR-204-5p seed region. The 
hsa‑miR‑204‑5p‑mimic (5'‑UUC CCU UUG UCA UCC UAU 
GCC UTT‑3'), hsa‑miR‑204‑5p‑inhibitor (5'‑AGG CAU AGG 
AUG ACA AAG GGA ATT‑3') and hsa‑miR‑204‑5p‑NC 
(5'‑UGU AUU CUC UCU CAC UUC CCU GTT‑3') were obtained 
from Shanghai GenePharma (Shanghai, China). 293TN cells 
were cotransfected with the miR-204-mimic, inhibitor, or NC 
and pGL-wt-ATF2 or pGL3-mt-ATF2 using Lipofectamine 
2000 according to the manufacturer's instructions. Forty-eight 
hours after transfection, the cells were harvested, and lucif-
erase assays were performed using a Dual-Luciferase Reporter 
Assay System (cat. no. E1910; Promega).

The experiment to observe the effect of PBB12 depletion 
on the inhibition of luciferase by the hsa-miR-204-5p mimic 
was carried out in 293TN cells by using the same method used 
for the seed region validation. We overexpressed PBB12 by 
transfecting pcDH-PBB12 in 293TN cells cotransfected with 
miR‑204‑5p mimics and pGL3‑wt‑ATF2. If overexpression of 
PBB12PBB12 was able to upregulate intracellular luciferase 
activity, it would indicate that PBB12 can significantly 
attenuate the negative regulation of miR-204-5p on ATF2.

Validation of the transcription factor binding site (TFBS) of 
KLF4 in the promoter of pri‑miR‑204‑5p. We first searched for 
the location of the precursor of hsa-miR-204-5p (pri-miR-204) 
in the human genome and selected a 2.5 kb DNA sequence 
upstream of the transcription start site as the promoter region. 
Then, we predicted the promoter sequence using Promoter 
2.0 software (DTU Health Tech). The KLF4 TFBS in the 
pri-miR-204 promoter was predicted by ‘JASPAR’ (9). The 
promoter of pri‑miR‑204 (312 bp) was amplified using human 
genomic DNA as the template with the primers 5'-GGG GTA 
CCC TAG CAC TCA CTC AGT GAC T-3' (forward) and 5'-CCC 
AAG CTT GGG AAT AGT TCT GGG TCC AAA CCA TGT GAC-3' 
(reverse). The PCR product was digested with KpnI and HindIII 
and was cloned into the luciferase reporter vector pGL3-Enhancer 
(E1771; Promega) at a position upstream of the luciferase gene to 
construct pGL3-TFBS(wt)-miR-204, which carried the wild-type 
TFBS. Then, the TFBS in the pGL3-TFBS(wt)-miR-204 vector 
was mutated from 5-CAC C-3' to 5'-CCA C-3' to construct 
pGL3-TFBS(mt)-miR-204, which carried a mutated TFBS. The 
experiment was carried out in 293TN cells, and the detection and 
analysis methods used for transfection and the measurement of 
luciferase activity assay were the same as those used above.
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Cell function experiment. MG63 and SAOS-2 OS cells 
were trypsinized and seeded into 96-well plates at a 
density of 1x105 cells per well 72 h after being infected 
with the recombinant lentiviruses (Lv-NC, Lv-KLF4, 
Lv-PBB12+Lv-KLF4 or Lv-shRNA-PBB12+Lv-KLF4). The 
cells were cultured under normal conditions, and cell viability 
was detected using a Cell Counting Kit-8 assay (CCK-8, 
CK04; Dojindo Molecular Technologies, Inc.) at 24, 48, 
and 72 h. Cell invasion experiments were performed using 
the QCM ECMatrix Cell Invasion Assay, 24‑well (8 µm), 
fluorimetric (ECM554; Chemicon International) according 
to the manufacturer's instructions. Briefly, 500 µl MEM 
supplemented with 10% FBS was added to the lower chamber 
as a chemoattractant. The cells that migrated and invaded 
the underside of the membrane were fixed in 4% parafor-
maldehyde and stained with crystal violet, and the cells were 
counted with the membrane inverted. Simultaneously, tumor 
cells that passed through the membrane were also counted by 
the fluorescence method according to the instructions.

Gene intervention via the lentiviral pathway. MG63 
OS cells in the logarithmic phase were seeded into 
6-well plates at 1x105 cells/well. One day later, lentivirus 
(Lv-NC, Lv-KLF4, Lv-KLF4+Lv-shRNA-PBB12 and 
Lv-KLF4+Lv-shRNA-PBB12) was added at a multiplicity of 
infection (MOI) of 10. The infection efficiency was evaluated 
by observing the fluorescence of green fluorescent protein 
(GFP) 72 h after infection. Total RNA and protein were isolated 
from the cells and subjected to real-time PCR for the measure-
ment of the levels of PBB12 and hsa-miR-204-5p and western 
blotting for the measurement of the proteins levels of KLF4, 
ATF2, cyclin D1, E-cadherin and matrix metalloproteinase-9 
(MMP9). In addition, immunofluorescence was used to detect 
the expression of MMP9 in each group.

Real‑time PCR. Total RNA was isolated and reverse-tran-
scribed into cDNA using M-MLV reverse transcriptase. 
Real-time PCR was performed using the SYBR Premix Ex 
Taq™ kit and TP800 System (Takara), and cDNA (200 ng) 
was used as the template. The levels of PBB12 and ATF2 
were normalized to the level of an endogenous house-
keeping gene, β-actin, using the 2-ΔΔCq method (10). For the 
determination of the hsa‑miR‑204‑5p levels, the level of U6 
snRNA was used as the reference. The PCRs were carried 
out under the following conditions: 40 cycles of denaturation 
at 95˚C for 10 sec, annealing at 56˚C for 10 sec and exten-
sion at 72˚C for 10 sec. The specific primers used for reverse 
transcription were 5'-TAC CTT GCG AAG TGC TTA AAC-3' 
for U6 snRNA and 5'‑GTC GTA TCC AGT GCG TGT CGT 
GGA GTC GGC AAT TGC ACT GGA TAC GAA GGC AT-3' for 
hsa-miR-204-5p. The PCR primers were as follows: PBB12, 
5'-AAG GGC GAA TGC AGG CA-3' (forward) and 5'-AAG 
CAG CCG GCT GGC C-3' (reverse); ATF2, 5'-AAT CTC GAC 
CGC AGT CAT T-3' (forward) and 5'-TTA GCT GCT CTT CTC 
CGA CGA CC-3' (reverse); β-actin, 5'-CCT GTA CGC CAA CAC 
AGT GC-3' (forward) and 5'-ATA CTC CTG CTT GCT GAT 
CC‑3' (reverse); U6 snRNA, 5'‑GTG CTC GCT TCG GCA GCA 
CAT-3' (forward) and 5'-TAC CTT GCG AAG TGC TTA AAC-3' 
(reverse); and miR-204-5p, 5'-GCC GGC GCC CGA GCT CTG 
GCT C-3' (forward) and 5'-TTC CCT TTG TCA TCC TAT GCC 
T-3' (reverse).

Western blotting. Total protein was extracted from cells 
or tissues using the M-PER mammalian protein extrac-
tion reagent or the T-PER tissue protein extraction reagent 
(78501/78510, Pierce; Thermo Fisher Scientific, Inc.). Equal 
amounts of total protein (16 µg) were loaded onto SDS-PAGE 
gels (11%) and transferred onto nitrocellulose membranes. 
The blots were probed with the primary antibodies against 
human KLF4 (cat. no. ab215036, dilution 1:200), ATF2 
(cat. no. ab32019, dilution 1:500), cyclin D1 (cat. no. ab137867, 
dilution 1:350) and β-actin (cat. no. ab179467, dilution 
1:12,00) (Abcam), followed by probing with the secondary 
HRP-conjugated anti-rabbit/mouse antibody (cat. no. ab6721, 
1:3,000; cat. no. ab205719, 1:4,000; Abcam). After washing, 
the bands were detected by chemiluminescence and imaged 
with X‑ray film which was used to detect the bands, and the 
relative optical densities were analyzed using image processing 
software TotalLab v1.10 (TotalLab, Ltd.). β-actin was used as 
an endogenous reference for normalization.

Table I. Clinicopathological features of the 24 patients with or 
without metastatic osteosarcoma.

Patient  Age TNM Site of
no. Sex (years) stage metastasis 

  1 M 12 T2NxM0 None
  2 F 20 T2N1M0 None
  3 F 16 T1NxM0 None
  4 M 12 T2N1M0 None
  5 F 11 T1N0M0 None
  6 F 18 T1N1M0 None
  7 M 15 T2NxM0 None
  8 M 16 T1N0M0 None
  9 F 15 T2NxM0 None
10 M 13 T1N1M0 None
11 F 16 T2NxM0 None
12 F 18 T2N0M0 None
13 F 14 T2N2M1 Liver
14 M 16 T2N1M1 Lung
15 F 12 T2NxM1 Bone
16 M 15 T2N2M1 Bone
17 M 17 T2N1M1 Kidney
18 F 11 T3N1M1 Lung
19 M 13 T2N1M1 Brain
20 M 14 T1NxM1 Brain
21 F 21 T3N1M1 Lung
22 F 15 T3N2M1 Kidney
23 F 12 T2N1M1 Lymph node
24 M 14 T2N1M1 Liver

A total of 24 pairs of osteosarcoma tumors and adjacent normal 
tissues were obtained from patients from the Orthopedics Department 
of Huashan Hospital between October 2017 and July 2018. Clinical 
stage categories were determined based on the 7th edition of the TNM 
guidelines. F, female; M, male. Patients presenting with no metastasis 
are in bold print.
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Immunofluorescence (IF). For immunofluorescence, the cells 
were fixed with 4% formaldehyde, permeabilized with 0.4% 
Triton X‑100, incubated with 10% donkey serum, and stained 
with anti-MMP9 (cat. no. ab38898, dilution 1:400) overnight 
at 4˚C. Hoechst 33342 (cat. no. H21492; Invitrogen; Thermo 
Fisher Scientific, Inc.) was used for nuclear DNA staining.

Statistical analysis. Data are shown as the mean ± SD of three 
independent experiments. All statistical data were analyzed using 
SPSS GradPack version 20.0 statistical software (IBM Corp.) and 
GraphPad Prism 7.0 (GraphPad Software, Inc.). Comparisons 
between groups were analyzed using a two-tailed Student's t-test 
or one-way ANOVA with a post hoc Tukey test. Differences were 
considered to be statistically significant at P<0.05.

Results

Differential expression analysis of KLF4, ATF2, hsa‑miR‑ 
204‑5p and PBB12 during the process of OS metastasis. 
KLF4 protein detection data showed that regardless of 
whether OS metastasis occurred, KLF4 expression in tumors 
was significantly lower than that in adjacent tissues (P<0.01 vs. 
autologous adjacent tissues). There was no significant differ-
ence in KLF4 protein expression in OS without metastasis and 
OS with metastasis (P>0.05; Fig. 1A). ATF2 protein showed 
an opposite trend of KLF4; that is, the ATF2 expression levels 
were significantly higher in both types of OS than in adjacent 
tissues (P<0.01 vs. autologous adjacent tissues). In contrast to 
that of KLF4, the expression of ATF2 was significantly higher 
in OS with metastasis than in OS without metastasis (P<0.01 
vs. osteosarcoma without metastasis; Fig. 1B). Real-time PCR 
data indicated that there were no significant differences in the 
ATF2 mRNA levels in all groups (P>0.05; Fig. 1C). Real-time 
PCR results also showed that the hsa-miR-204-5p content 
in two types of OS and the adjacent tissues was completely 
consistent with the changes in the KLF4 protein (Fig. 1D). The 
level of PBB12 was significantly higher in OS with metastasis 
and adjacent tissues than that in OS without metastasis and 
adjacent tissues (P<0.01, vs. non‑metastatic osteosarcoma and 
adjacent tissues), but there was no significant difference in the 
PBB12 level in tumors and autologous adjacent tissues in either 
type of OS (P>0.05; Fig. 1E). Real-time PCR data showed 
that there was no difference in the PBB12 content of OS and 
adjacent tissues regardless of whether metastasis occurred; 
however, the content of PBB12 was significantly higher in 
metastatic tumors and adjacent tissues than in nonmetastatic 
tumors and adjacent tissues, and this result indicated that 
PBB12 was highly expressed in patients with metastatic OS. 
According to the available data, it is highly probable that the 
content of PBB12 does not change significantly with time in the 
progression of OS, and this hypothesis is completely consistent 
with the conclusion of this study. In the case of high PBB12 
expression, there was no correlation between KLF4 and ATF2, 
and in the case of low PBB12 expression, the two proteins 
showed a negative correlation; this correlation is one of the 
reasons for the existence of the KLF4/hsa-miR-204-5p/ATF2 
regulatory pathway. That is, the metastasis probability for 
OS patients with high expression of PBB12 is significantly 
increased, and PBB12 has the potential to become a screening 
marker for high-risk groups with metastatic OS.

Luciferase experiment. The verification of the miR-204-5p 
seed region in the 3'UTR of ATF2 was performed as follows: 
‘TargetScan 7.1’ (http://www.targetscan.org/) analysis showed that 
the 3'UTR region of the ATF2 gene contained a 7‑bp seed region 
(5'-AAG GGA A-3') that could be bound by hsa-miR-204-5p. After 
cotransfection of 293T cells for 48 h, a luciferase activity assay 
showed that the hsa‑miR‑204‑5p‑mimic significantly decreased 
the luciferase activity in cells transfected with the wild-type 
luciferase reporter vector from 33.51±3.13 to 15.08±1.24 and 
that the hsa‑miR‑204‑5p‑mimic significantly increased the lucif-
erase activity in cells transfected with the wild-type luciferase 
reporter vector from 33.51±3.13 to 59.32±8.61. The differences 
between all cotransfection groups and the group transfected with 
pGL3‑mt‑ATF2 were not significant (Fig. 2A).

PBB12 significantly inhibits the binding of hsa‑miR‑204‑5p 
via the seed region to the 3'UTR region of the ATF2 gene. 
We used the software ‘TargetScan’ to predict the binding sites 
of PBB12 and hsa-miR-204-5p. The results showed that there 
were at least three hsa-miR-204-5p seed regions in PBB12, and 
the positions were distributed over 60 bases. The luciferase 
activity assay performed 48 h after the cotransfection of the 
293T cells showed that the luciferase activity was significantly 
lower in the miR-204-5p-mimic- and pGL3-wt-ATF2-cotrans-
fected cells than in the pGL3-wt-ATF2-transfected cells 
(P<0.01 vs. the pGL3‑wt‑ATF2‑transfected group). There 
was no significant change in the luciferase activity in the 
pcDH1-PBB12- or pcDH1 vector- and pGL3-wt-ATF2- 
cotransfected cells (P<0.01, vs. pGL3‑wt‑ATF2‑transfected 
group) compared with that in the miR-204-5p-mimic- and 
pGL3‑wt‑ATF2‑cotransfected cells. There was a significant 
increase in the luciferase activity in the miR-204-5p-mimic- 
and pGL3-wt-ATF2- and pcDH1-PBB12-cotransfected 
cells (P<0.01 vs. miR‑204‑5p‑mimic‑ and pGL3‑wt‑ATF2‑ 
cotransfected cells) (Fig. 2B).

Analysis of the regulation of the transcription of 
hsa-miR-204-5p by KLF4 was performed as follows. To 
identify the hsa-miR-204-5p promoter, the hsa-miR-204-5p 
precursor pri-miR-204 sequence in the human genome was 
first determined. The 2.5-kb promoter sequence upstream 
of the transcription initiation sites was identified and used 
to predict the location of the promoter sequence by using 
Promoter 2.0 prediction software. The prediction results 
showed that the promoter was a 432-bp DNA sequence. 
‘JASPAR’ predicted that KLF4 bound to the theoretical TFBS 
in the pri-miR-204 promoter. TFBS was validated using a 
luciferase reporter gene assay. After 48 h of cotransfection 
in 293TN cells, overexpression of KLF4 (pcDH1-KLF4 
transfection) significantly activated the luciferase activity in 
cells transfected with pGL3‑wt(TFBS)‑pro‑miR204 (P<0.01, 
vs. pGL3-wt(TFBS)-pro-miR204-transfected cells) but did 
not have a significant effect on the luciferase activity in cells 
transfected with pGL3-mt(TFBS)-pro-miR204 (P>0.05, 
vs. pGL3-wt(TFBS)-pro-miR204-transfected cells) (Fig. 2C).

Silencing and overexpression of PBB12 enhance and reverse 
the inhibition of KLF4 during OS cell proliferation and 
invasion. MG63 and SAOS-2 OS cells were reseeded 72 h 
after infection. The proliferative activity analysis showed 
that KLF4 gene overexpression (Lv-KLF4) significantly 
inhibited the proliferative activity of MG63 and SAOS-2 
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cells in the logarithmic phase (P<0.01, vs. the control 
group or the NC group, 72 h). Proliferation was further 
inhibited in the KLF4 overexpression and PBB12 silencing 
(Lv‑shRNA‑PBB12+LV‑KLF4) groups (P<0.05, vs. the KLF4 
overexpression group, 72 h), while the proliferation activity 
in the KLF4 overexpression and PBB12 overexpression 
(Lv-PBB12+Lv-KLF4) groups was significantly increased 
(P<0.01, vs. the KLF4 overexpression group, 72 h) (Fig. 3A). 
The tumor cell invasion assay showed that overexpression of 
the KLF4 gene (Lv‑KLF4) significantly inhibited the invasion 
of MG63 and SAOS‑2 cells (P<0.01, vs. the control group or 
the NC group); PBB12 silencing (Lv‑shRNA‑PBB12) signifi-
cantly enhanced the inhibitory effect of KLF4 on tumor cell 
invasion (P<0.05, vs the KLF4 overexpression group), while 
PBB12 overexpression (Lv‑PBB12) significantly abrogated the 
inhibitory effect of the KLF4 gene on invasion in the overex-
pression group (P<0.01, vs. the KLF4 overexpression group; 
P>0.05, vs. the control group or the NC group) (Fig. 3B).

PBB12 affects downstream functional proteins in the 
KLF4/hsa‑miR‑204‑5p/ATF2 pathway during OS metastasis. 
The KLF4 protein detection assay showed that infection 
with Lv-KLF4 upregulated KLF4 protein expression in the 
MG63 cells (P<0.01 vs. the control group or the NC group), 
and there were no significant changes in KLF4 expres-
sion between the Lv-KLF4-, Lv-PBB12+Lv-KLF4- and 

Lv-shRNA-PBB12+Lv-KLF4-infected groups (P>0.05). The 
ATF2 protein detection assay showed that ATF2 protein expres-
sion was significantly decreased in the Lv‑KLF4‑transfected 
MG63 cells (P<0.05, vs. the control group or the NC group), 
and ATF2 was also significantly decreased in the Lv‑PBB12‑ 
or Lv-shRNA-PBB12+Lv-KLF4-transfected MG63 cells 
(P<0.01, vs. the control group or the NC group). The expres-
sion of cyclin D1 and MMP9 was consistent with that of 
ATF2 in all groups. The expression of the E-cadherin protein 
in each group was the complete opposite of that of ATF2 
and cyclin D1 in all groups (Fig. 4A). Immunofluorescence 
staining of MMP9 showed that the overexpression of KLF4 
significantly inhibited the expression of the MMP9 protein 
in MG63 cells. The silencing or overexpression of PBB12 
significantly enhanced or reduced the inhibition of KLF4 on 
the upregulation of the MMP9 protein (Fig. 4B).

Discussion

Long non-coding RNA (lncRNA) generally refers to endog-
enous RNA sequences with a length greater than 200 bp. 
In recent years, many lncRNAs have been discovered and 
are attracting research attention. These lncRNAs have no 
protein-coding function; however, they can take part in many 
types of life-sustaining activities by regulating epigenetic 
modifications. Compared with genes that encode proteins, 

Figure 1. Analyses of KLF4, ATF2, hsa-miR-204-5p and PBB12 in OS and adjacent tissues. Analyses of the levels of (A) KLF4 and (B) ATF2 in OS tissues 
with and without metastasis and adjacent tissues were carried out by western blot analysis. For western blot analysis, β-actin was used as the internal control 
protein. The target band sizes of KLF4, ATF2 and β‑actin proteins were 54, 49 and 37 kDa, respectively. Using real‑time PCR, the relative values of (C) ATF2 
mRNA, (D) hsa-miR-204-5p and (E) PBB12 in OS tissues with and without metastasis and adjacent tissues were analyzed using the 2-ΔΔCq method. β-actin (for 
the RNA levels of ATF2 mRNA and PBB12) or U6 (for the hsa‑miR‑204‑5p level) were used as the internal controls. All data are expressed as the mean ± SD. 
The sample size of the group was n=12. **P<0.01, t‑test. OS, osteosarcoma; KLF4, Kruppel‑like factor 4; ATF2, activating transcription factor 2.
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lncRNAs are large in quantity. lncRNAs can be considered 
important regulatory molecules in the human genome and have 
many biological functions. They are involved in chromosome 
silencing, chromatin modification, transcription regulation 
and other biological processes (11,12). lncRNAs interact with 
microRNAs (miRNAs), and this interaction has an important 
influence on tumor progression (13). miRNAs can target 
and regulate lncRNAs. miR-21 was found to not only target 
and inhibit its target protein gene but also lncRNA-GAS5. 
Furthermore, lncRNAs can also affect the tumor regulation 
function of miRNAs in several ways (14-16).

The role of miRNAs in molecular regulatory mechanisms 
involved in osteosarcoma (OS) has attracted much research 
attention (17,18). Studies have shown that the content of 
miR‑21 in OS is significantly increased. Moreover, the prolif-
eration, invasion and metastasis of MG63 OS cells were found 
to be promoted by the negative regulation of the expression 
of the tumor-suppressor gene RECK (19,20). miR-199a-3p is 
significantly reduced in OS. Overexpression of miR‑199a‑3p 
can halt the progression of tumor cells in the cell cycle in 
the G1 phase, and the growth and migration of tumor cells 
are inhibited by the negative regulation of the expression of 
STAT3, the target protein of miR-199a (21). Other studies have 
shown that through miR-125b and its target protein STAT3, 
a closed positive feedback pathway can be generated that 
jointly regulates the proliferation and migration of MG63 and 
SAOS-2 OS cells and their development into subcutaneous 
tumors (22). miR-143-3-p, miR-544, miR-382 and miR-369-3p 
have all been indicated to indirectly transcriptionally regulate 

their downstream transcription product miR-17-5p through 
the negative regulation of the expression of the common 
target gene MYC. Finally, apoptosis of SAOS-2 OS cells is 
affected (23). Let-7 and miR-564 have been shown to inhibit 
and promote OS cell invasion, respectively (24,25). All of 
these studies show that miRNAs can participate in the regula-
tion of OS in many ways.

The interaction between miRNAs and lncRNAs in the 
cancer field has been studied, and this will lead to important 
changes in our understanding of the structural networks and 
regulatory networks of tumor cells (26). This has inestimable 
scientific and clinical value (27). The lncRNA TUG1 has been 
proven to bind to miR-9-5p and miR-335-5p as a competitive 
endogenous RNA to inhibit the negative regulation of the 
expression of the functional genes POU2F1 and ROCK1. 
Ultimately, OS cell proliferation and invasion and apoptosis 
inhibition are promoted (28-30). The lncRNAs PVT1 and H19 
have been shown to promote the progression of OS by causing 
the functional inactivation of members of the miR-19 and 
miR-200 families (31,32). Studies have shown that the synthe-
sized pyrrolidine polyamide (Myc-6) can be used to partially 
downregulate MALAT1 levels and inhibit the progression of 
OS. The mechanism of action may be related to the inhibition 
of miR-376a function and the upregulation of the expression 
of TGF-α, the target protein of miR-376a (33). These studies 
have shown that lncRNAs affect miRNA function, which is 
generally involved in the regulation of tumor progression.

hsa-miR-204-5p is located on human chromosome 9. 
Previous studies have shown that hsa-miR-204-5p is a 

Figure 2. Luciferase assay. (A) Prediction of the binding site of hsa‑miR‑204‑5p in the 3’UTR region of the ATF2 gene and the detection of luciferase activity. 
Luciferase activity was detected after 48 h of cotransfection in 293TN cells. (B) Bioinformatic analysis and luciferase assays showed that PBB12 was competi-
tively compatible with miR-204-5p. (C) Analysis of the promoter sequences of pri-miR-204 as well as bioinformatic analysis and luciferase assays identifying 
the TFBS of KLF4 in the promoter of pri-miR-204. All data are expressed as the mean ± SD, and the tests were carried out with three biological triplicates. 
*P<0.05 and **P<0.01, t‑test. KLF4, Kruppel‑like factor 4; ATF2, activating transcription factor 2; TFBS, transcription factor binding site.
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tumor-suppressor gene in many tumor types. Luan and others 
have shown that hsa-miR-204-5p can target MMP9 and 
BCL-2. Therefore, it functions as a tumor-suppressor gene in 
malignant melanoma (34). Research by Sümbül et al revealed 
that miR-204-5p is increased in colorectal cancer to inhibit 
the increased activity of LC3B‑II in autophagy and Bcl2 
against apoptosis post-transcriptionally and acts as a tumor 

suppressor (35). hsa-miR-204-5 has also been shown to affect 
the progression of breast cancer through the regulation of 
the expression of its target protein SIX1 (36). However, there 
have been no relevant reports on hsa-miR-204-5p and OS 
progression.

In the present study, low expression of hsa‑miR‑204‑5p 
in OS tissues was first identified. This directly caused high 

Figure 3. Cell proliferation and invasion assay. (A) MG63 and SAOS-2 cells were infected with the indicated lentiviruses (Lv-NC, Lv-KLF4, Lv-PBB12+Lv-KLF4 
or Lv‑shRNA‑PBB12+Lv‑KLF4), seeded into 96‑well plates and subjected to a cell viability assay at the indicated times. (B) Invasion data from MG63 and 
SAOS-2 cells 72 h after being infected with the indicated viruses (Lv-NC, Lv-KLF4, Lv-PBB12+Lv-KLF4 or Lv-shRNA-PBB12+Lv-KLF4), as determined by 
a Transwell assay. The crystal violet‑stained cells are the cells that passed through the membrane, and the counts reflect the number of stained cells that passed 
through the membrane, which were estimated using the absorbance and the standard curve. The x-coordinate represents the cell grouping, and the y-coordinate 
represents the cell number. **P<0.01, *P<0.05. The tests were carried out with three biological triplicates, and the data are expressed as the mean ± SD. KLF4, 
Kruppel-like factor 4; ATF2, activating transcription factor 2.
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expression of the oncogene ATF2. Interestingly, the compara-
tive analysis of the hsa-miR-204-5p content in non-metastatic 
OS and metastatic OS tissues showed that its expression 
was low in both groups of tumors, and there was no differ-
ence between the groups. However, the expression of its 
target protein ATF2 in both groups of tumor tissues showed 

an opposite trend. To explain this phenomenon, transcrip-
tion factors upstream of hsa-miR-204-5p were screened and 
predicted. Finally, it was confirmed that the nuclear transcrip-
tion factor KLF4 can bind to the hsa-miR-204-5p promoter 
and positively regulate its transcription. Surprisingly, regula-
tion by the upstream regulatory nuclear transcription factor 

Figure 4. Western blotting and immunofluorescence assays for functional proteins downstream of the KLF4/hsa‑miR‑204‑5p/ATF2 pathway. (A) Western 
blotting of KLF4 (54 kDa), ATF2 (69 kDa), cyclin D1 (33 kDa), MMP9 (84 kDa) and E-cadherin (120 kDa) in all groups after 72 h of recombinant virus 
infection (Lv-NC, Lv-KLF4, Lv-PBB12+Lv-KLF4 or Lv-shRNA-PBB12+Lv-KLF4). β‑actin was used as the internal control. (B) Immunofluorescence 
staining of the MMP9 protein in MG63 cells from each group after 72 h of recombinant virus infection (Lv-NC, Lv-KLF4, Lv-PBB12+Lv-KLF4 or 
Lv‑shRNA‑PBB12+Lv‑KLF4). Blue represents Hoechst staining, and green represents the FITC‑labeled MMP9 primary antibody. *P<0.05 and **P<0.01. The 
tests were carried out with three biological triplicates, and the data are expressed as the mean ± SD. KLF4, Kruppel-like factor 4; ATF2, activating transcrip-
tion factor 2; MMP9, matrix metalloproteinase-9.
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KLF4 of hsa-miR-204-5p appeared to be unrelated to OS 
metastasis. However, the expression of KLF4 in the two 
groups of tumors and their adjacent tissues was completely 
consistent with that of hsa-miR-204-5p. These phenomena 
indicate that the regulatory pathway involved in the expression 
of KLF4/hsa-miR-204-5p/ATF2 is involved in the progres-
sion of OS metastasis. The comparative analysis of the data 
obtained from the study of metastatic and non-metastatic OS 
showed that there were no obvious changes in the content of 
KLF4 and hsa-miR-204-5p in both groups of tumor tissues. 
However, the expression of the ATF2 protein was significantly 
altered. Its content in metastatic tumor tissue was significantly 
greater than that in the non-metastatic tumor tissue. At this 
point, we believe that there are other factors involved in the 
abovementioned pathway. The expression of the ATF2 protein 
was further increased, which contributed to tumor metastasis.

ATF2 belongs to the basic leucine zipper domain bZIP 
transcription factor family. Under stress conditions, p38/JNK 
kinase can directly phosphorylate the Thr69 and Thr71 sites 
in the ATF2 protein; thus, ATF2 transcriptional activity is 
activated. Phosphorylated ATF2 can form homodimers or 
heterodimers and bind to specific DNA sequences. The expres-
sion of target genes is thereby regulated (37). Studies have 
shown that ATF2 has dual functions in carcinogenesis and 
cancer suppression during the tumorigenesis of different types 
of tumors. In addition to being related to the specific tissue/cell 
types used in different studies, the intracellular localization 
of ATF2 may be key to its role in tumorigenesis (38). ATF2 
can bind to the cyclin D1 promoter. However, its transcrip-
tion level is upregulated, and breast cancer progression is 
promoted (39). Fan and others have shown that ATF2 can 
promote the proliferation and invasion of tumor cells through 
the transcriptional regulation of MMP2 (40). Xu et al also 
confirmed that ATF2 can affect the invasive capability of 
pancreatic tumor cells through the regulation of the expression 
of E-cadherin (41). Yet, there have only been a few studies on 
the relationship between the ATF2 gene and OS. Only a few 
studies have shown that ATF2 is highly expressed in OS (42). 
However, there have been no reports on the specific underlying 
mechanism. In the present study, we believe that the transcrip-
tional regulation mechanism of ATF2 during metastasis of OS 
is deactivated, which explains why its expression in OS tissues 
was significantly higher than that in adjacent tissues, and its 
protein expression was significantly higher in metastatic OS 
than in non-metastatic OS. Furthermore, the transcription 
level of the ATF2 gene showed no obvious change in the two 
groups of tumor specimens. We believe that the cause of the 
abnormal expression of ATF2 may be the abnormal function 
of miRNAs, which function as part of a classical posttran-
scriptional regulatory mechanism.

In summary, metastasis is the main reason for the poor 
prognosis of OS patients. OS treatment must be based on 
inhibition of tumor metastasis. Fortunately, after systematic 
and in-depth research, lncRNA PBB12 was found to bind 
to hsa-miR-204-5p in the form of an RNA sponge; thus, its 
negative regulation of ATF2 protein expression was greatly 
reduced. We believe that this discovery is of great significance 
for several reasons. First, PBB12 may serve as a marker 
for screening high-risk osteosarcoma patients with tumor 
metastasis. The research data provide strong support for this 

hypothesis. Compared with that from non-metastatic OS 
patients, the PBB12 content of tumor tissues from metastatic 
OS patients was significantly increased. However, regardless 
of the presence of metastasis, the content of PBB12 in tumor 
tissues was not different from that in the adjacent tissues. The 
high expression of PBB12 demonstrates the characteristics 
resulting from individual differences. Second, for the first 
time, we propose a possible solution for OS metastasis by 
targeting KLF4. For patients with low expression or deletion 
of PBB12 in bone or other tissues, KLF4 overexpression can 
effectively inhibit tumor progression (proliferation and metas-
tasis) via the KLF4/hsa-miR-204-5p/ATF2 pathway; however, 
for patients with high expression of PBB12, the inhibition or 
knockdown of PBB12 may ensure the normal function of the 
KLF4/hsa-miR-204-5p/ATF2 pathway and the inhibition of 
OS metastasis.

PBB12 and the members of the KLF4/hsa-miR-204-5p/
ATF2 pathway and their interactions can jointly regulate the 
mechanisms involved in OS metastasis. However, according 
to our research, the mechanism and pathway involved in 
the participation of PBB12 in the progression of OS has 
been preliminarily explained. In the present study, PBB12 
did not directly bind to KLF4. PBB12 only blocked the 
KLF4/miR-204-5p/ATF2 pathway by binding to miR-204-5p. 
If PBB12 is regarded as a genetic characteristic of different 
populations, it is actually a key factor that is independent of 
KLF4. Therefore, high expression of PBB12 can only change 
the anticancer properties of KLF4 or restore the anticancer 
function of KLF4, but it has no correlation with the expres-
sion of KLF4. According to the existing theory, PBB12 has 
no correlation with the expression of any member protein or 
gene in the KLF4/miR-204-5p/ATF2 pathway. Only when 
PBB12 is overexpressed does the KLF4/miR-204-5p/ATF2 
pathway fail. When PBB12 is underexpressed or deleted, 
the KLF4/miR-204-5p/ATF2 pathway remains activated. 
In addition, the expression connection between PBB12 and 
miR-204-5p also should be further studied. According to our 
existing theory, PBB12 binds to miR-204-5p and inhibits the 
latter binding to the 3'UTR of the ATF2 gene, ultimately inhib-
iting the expression of the ATF2 protein. However, it is unlikely 
that there is a correlation between PBB12 and miR‑204‑5p. In 
fact, the test data of clinical samples also showed no correla-
tion between PBB12 and miR-204-5p, and the results support 
the fact that miRNAs inhibit the translation of target genes 
into proteins by binding to the 3'UTR region of the target gene. 
Whether miRNAs have an effect on the content of target genes 
is not fully accepted in the current mainstream view. In theory, 
there is no influence (miRNAs are believed to inhibit transla-
tion, not degrade transcripts, and the classical theory is that the 
target genes regulated by miRNAs are posttranscriptionally 
regulated); however, there are many reports on the decrease 
in RNA content. Some scholars believe that miRNAs have 
no effect on the contents of target genes. The decrease in the 
target gene content results from feedback regulation (43,44).

Although our study initially explained that PBB12 is 
involved in the progression of OS, future research still need 
to be carried out. Over a long period of time, the large-scale 
verification of the differences in the expression of PBB12 in 
OS patients and the explanation for these expression differ-
ences require more in‑depth and systematic research. In 
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addition, the addition of in vivo research would have made 
the present study more convincing. The main reasons why 
we did not formally carry out animal experiments in vivo 
were as follows: i) The effect of PBB12 on the subcutaneous 
tumor-bearing volume can be observed through subcutaneous 
tumor-bearing experiments; however, these experiments are 
not suitable for observing tumor metastasis; ii) the expression 
of PBB12 has certain population characteristics, but its status 
in nude mice remains unclear. In addition, the expression also 
involves the homology of human and mouse PBB12 sequences. 
Based on the above, we are preparing and implementing two 
in vivo studies. We will first establish a mouse PDX model of 
OS and second, aim to establish PBB12 knock-in mice and 
then establish a PDX model to avoid the concerns caused by 
the homology of human and mouse PBB12 (if the homology 
between mouse PBB12 and human PBB12 is not ideal). We 
believe such animal experiments will undoubtedly be more 
meaningful. The significance of the present study is the 
revelation that some cancer suppression regulatory path-
ways may lose their tumor‑suppressive function in specific 
patient populations due to particular lncRNAs. Our study 
confirmed that PBB12 has the potential to serve as a marker 
for screening high‑risk OS patients for tumor metastasis. In 
addition, for patients with high expression of PBB12, PBB12 
can be inhibited and/or knocked down, which may ensure 
normal function of the KLF4/hsa-miR-204-5p/ATF2 cancer 
suppression pathway. Furthermore, the anticancer function of 
the KLF4 gene can be utilized. This evidence provides strong 
theoretical support for the improvement of gene therapy for 
OS by targeting KLF4.
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