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Research Paper 

Long non-coding RNA PVT1 (PVT1) affects the expression of CCND1 and 
promotes doxorubicin resistance in osteosarcoma cells 
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H I G H L I G H T S  

• PVT1 mediated doxorubicin resistant of osteosarcoma cells through dual mechanisms of up-regulation of CCND1 expression: adsorption of miR-15a-5p and miR- 
15b-5p through endogenous competitive RNA mechanism to protect CCND1 mRNA from degradation, and activation of CCND1 transcription on the basis of 
ensuring the stability of MYC protein.  
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A B S T R A C T   

Background: Acquired drug-resistance is the major risk factor for poor prognosis and short-term survival in pa
tients with osteosarcoma (OS). Accumulating evidence has revealed that long noncoding RNAs (lncRNAs), 
including plasmacytoma variant translocation 1 (PVT1), play potential regulatory roles in the malignant 
development of OS. Considering the subcellular distribution of PVT1 as both nuclear and cytoplasmic lncRNA, a 
thorough exploration of its extensive mechanisms becomes essential. 
Methods: The GEO database was utilized for the acquisition of gene expression data, which was subsequently 
analyzed to fulfill the research objectives. The subcellular localization of PVT1 in OS cells was determined using 
fluorescence in situ hybridization (FISH) and quantitative real-time polymerase chain reaction (qRT-PCR). 
Additionally, the sensitivity of OS cells to doxorubicin was comprehensively evaluated through measurements of 
cell viability, site-specific proliferation capacity, and the relative expression abundance of multidrug resistance- 
related proteins (MRPs). In order to investigate the differential response of OS cells with varying levels of PVT1 
expression to doxorubicin, pulmonary metastasis mice models were established for in vivo studies. Molecular 
interactions were further examined using the dual-luciferase assay and RNA immunoprecipitation assay (RIP) to 
analyze the binding sites of miR-15a-5p and miR-15b-5p on PVT1 and G1/S-specific cyclinD1 (CCND1) mRNA. 
Furthermore, the chromatin immunoprecipitation (ChIP) and dual-luciferase assay were employed to assess the 
transcriptional activation of the proto-oncogene c-myc (MYC) on the CCND1 promoter and identify the corre
sponding binding sites. 
Results: In doxorubicin resistant OS cells, transcription levels of PVT1, MYC and CCND1 were significantly higher 
than those in original cells. In vivo experiments demonstrated that OS cells rich in PVT1 expression exhibited 
enhanced tumorigenicity and resistance to doxorubicin. In vitro experiments, it has been observed that over
expression of PVT1 in OS cells is accompanied by an upregulation of CCND1, thereby facilitating resistance to 
doxorubicin. Nonetheless, this PVT1-induced resistance can be effectively attenuated by the knockdown of 
CCND1. Mechanistically, PVT1 functions as a competitive endogenous RNA (ceRNA) that influences the 
expression of CCND1 by inhibiting the degradation function of miR-15a-5p and miR-15b-5p on CCND1 mRNA. 
Additionally, as a neighboring gene of MYC, PVT1 plays a role in maintaining MYC protein stability, which 
further enhances MYC-dependent CCND1 transcriptional activity. 
Conclusion: The resistance of OS cells to doxorubicin is facilitated by PVT1, which enhances the expression of 
CCND1 through a dual mechanism. This findings offer a novel perspective for comprehending the intricate 
regulatory mechanisms of long non-coding RNA in influencing the expression of coding genes.  
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1. Introduction 

Despite its low incidence, osteosarcoma (OS) is the most common 
malignancy of the skeletal system with poor prognosis [1,2]. Acquired 
drug-resistance occurs in a large proportion of patients with OS and have 
shorter time intervals until metastasis, posing a great threat to the sur
vival of patients [3]. 

Long noncoding RNA PVT1 (hereinafter referred to as PVT1) has 
been demonstrated to be associated with tumour proliferation, metas
tasis, and drug resistance, and was widely identified as an "oncogene" in 
various cancer types [4–8]. Studies have revealed that PVT1 is overex
pressed in OS, suggesting its potential as an intervention target [9]. 
Currently, the promoting effect of PVT1 on the malignant progression of 
OS is mainly reported as a molecular "sponge" for a series of miRNAs, 
including miR-497, miR-183-5p, miR-484, miR-195 and miR-152 [10], 
as well as the direct binding effect with motif containing family 28 
(TRIM28) to enhance the degradation of tumor suppressor complex 2 
(TSC2) [11]. Notably, it is worth mentioning that PVT1 is a lncRNA, 
specifically an intergenic lncRNA (lincRNA), situated approximately 
100 to 500 Kb 3-prime of myelocytomatosis oncogene (MYC, also 
referred to as c-myc) on chromosome 8 [12], and studies have indicated 
a concurrent upregulation of PVT1 in over 98 % of MYC-amplified 
cancers [13]. Given that the amplification of MYC is a major driver of 
high-grade tumors in childhood OS [14], our aim was to investigate the 
underlying mechanism in which PVT1 is implicated. 

G1/S-specific cyclin-D1 (CCND1) functions as a regulatory compo
nent of the cyclin D1-CDK4 (DC) complex, which controls the cell cycle 
during the transition from G (1) to S phase [15–20]. Furthermore, it was 
discovered that the breakdown of CCND1 via proteosome-dependent 
mechanisms has the ability to halt the advancement of cancerous cells 
during the G (1) phase [21]. Of note, a study investigating genes 
responsible for somatic cell copy number changes (SCNAs) in cancer 
revealed a significant overlap with well-known cancer genes, such as 
MYC, CCND1 in breast cancer, and PVT1 in various cancer types [22], 
suggesting their important roles in cancer promotion. Currently, 
numerous studies have demonstrated that the overexpression of CCND1 
leads to chemotherapy resistance in various malignancies, including 
testicular cancer [23], breast cancer [24], prostate cancer [25] and OS 
[26,27] etc. However, whether PVT1 is involved in CCND1-driven 
chemotherapy resistance in OS remains to be verified. 

The current study showcased that PVT1 and CCND1 play a role in 
enhancing doxorubicin resistance in OS cells, and shed light on the 
molecular mechanisms through which PVT1 affects CCND1 expression. 
These findings hold significant implications in the quest to identify 
therapeutic targets for OS. 

2. Material and methods 

2.1. Tissue samples acquisition from patients 

The cancer tissue samples for analysis (nN = 3) were obtained from 
the remaining needle biopsy samples from three male OS patients aged 
12, 14, and 15 years who underwent puncture biopsy with cancer 
pathologic grades of IA, IIA, and III. The inclusion criteria were patients 
diagnosed with OS who had not previously received any therapeutic 
interventions. All patients signed informed consent, and obtained the 
ethical approval of the scientific research project of the Medical Ethics 
Committee of the Second Xiangya Hospital of Central South University and 
the approval number is (2022) No. (Research 023). 

2.2. Protein-double labeling and RNA FISH (IF/FISH) 

On the slips of osteosarcoma tissues, double-labeling immunofluo
rescence (IF) for MYC and CCND1 was first performed, followed by FISH 
assay for PVT1. Briefly, tissue slips were fixed in 4 % PFA, permeabilized 
in 0.1 % Triton X-100, and blocked with 1 % BSA. After antigen 

retrieval, the slips were incubated with anti-MYC antibody (Abcam, 
Cambridge, MA, USA, diluted 1:100) at 37 ◦C for 1 h, followed by in
cubation with HRP-conjugated secondary antibody (Abcam, diluted 
1:1000) in the dark for 1 h. Subsequently, the "color development" 
component from the Double Standard Trichromatic Multiplex Immu
nofluorescence Kit (AiFang Biological, Cat. AFIHC033, Hunan, China) 
was added for fluorescence presentation procedure (HRP catalyzes the 
addition of a tyramide fluorescent substrate to the reaction system, 
generating activated fluorescent substrate that covalently binds to 
tyrosine residues or other residues on the antigen, resulting in stable 
covalent binding of tyramide fluorescent substrate on the sample). An
tigen retrieval was then performed again, and the same procedure was 
repeated with the addition of anti-CCND1 antibody (Abcam, diluted 
1:100), HRP-conjugated secondary antibody (Abcam, diluted 1:1000), 
and the color development reagent from the kit. Next, FISH operation 
was performed on the slips with Cy7- conjugated probe for PVT1 as 
mentioned above. Finally, slips were cleaned with PBS to remove re
sidual fluid and stained with DAPI for 10 min at 25 ◦C. The excitation 
wavelengths of fluorescence of various colors are as follows: blue (DAPI, 
EX: 480 nm), green (MYC, GFP, EX: 520 nm), red (CCND1, TYR-570, EX: 
620 nm), purple (PVT1, Cy7, EX:780 nm). Images of the specimens were 
captured under a KFBio slide viewer (KFBio, Ningbo, Hangzhou, China). 

2.3. Cell culture and transfection 

The human OS cell lines MG63 and U2OS and the corresponding 
doxorubicin-resistant cells (abbreviated as MG63-Dox and U2OS-Dox) 
with accurate STR identification were presented as a gift from the 
Fenghui Biotechnology Co., LTD (Hunan, China). Cells were cultured in 
the way our lab always does [28]. The full-length sequence of PVT1 or 
the coding sequence of MYC was cloned into pcDNA3.1 (Invitrogen, 
Carlsbad, CA, USA) to construct their overexpression vectors, designated 
as OE-PVT1 and OE-MYC, respectively. The shRNA constructs targeting 
PVT1 (sh-PVT1) and CCND1 (sh-CCND1), as well as the negative control 
(sh-NC), were provided by RiboBio (Guangzhou, China) for interference 
of their expression levels. Synthetic mimics of miR-15a-5p and miR-15b- 
5p, as well as the antagonists (GenePharma CO.,LT, Shanghai, China), 
were separately transfected into OS cell lines to establish cell models 
with either overexpression or knockdown of the the target miRNAs. The 
cells were first cultured in 6-well plates for 24 h prior to transfection. 
Subsequently, the plasmids were mixed with Lipofectamine 3000 
(Invitrogen) and added to the culture medium for a duration of 48 h. 

2.4. Cell viability assay 

An MTT assay was applied to assess cell viability. Briefly, MG63, 
U2OS, MG63-Dox, or U2OS-Dox cells were seeded into 96-well plates, 
and then were treated with doxorubicin at different concentrations. The 
detailed operation steps were carried out in accordance with the man
ufacturer’s instructions (Merck Chemicals, Shanghai, China), and the 
absorbance at 490 nm was measured by a spectrometer (Thermo, USA). 

The resistance index (RI) is determined through the assessment of 
cellular resistance to doxorubicin. Initially, both the parental and 
resistant strains are cultivated in media containing varying concentra
tions of doxorubicin ranging from 0 to 1500 nM for 24 h. Subsequently, 
the viability of each group of cells is evaluated using the MTT cell 
viability assay. The RI is then calculated utilizing the subsequent for
mula: RI = IC50 (resistant cells) / IC50 (orignal cells). In this context, 
IC50 denotes the half maximal inhibitory concentration, which is the 
drug concentration that reduces cell viability by 50 %. A higher RI value 
signifies a more pronounced resistance of cells towards the drug. 

2.5. Cell proliferation assay 

In order to evaluate the impact of PVT1 on doxorubicin tolerance, 
the vector carrying PVT1 shRNA (sh-PVT1) and the empty control vector 
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(sh-NC) were transfected into the parental osteosarcoma cell lines 
(MG63 and U2OS) and their doxorubicin-resistant cell lines (MG63-Dox 
and U2OS-Dox), respectively. Subsequently, cells were seeded in 6-well 
plates at a density of 1 × 105 cells per well and incubated for 14 days to 
observe clone formation. To evaluate the involvement of the PVT1- 
CCND1 axis in doxorubicin resistance, we conducted independent or 
combined interventions to manipulate PVT1 and CCND1 expression in 
the original OS cell lines. Subsequently, a uniform dosage of doxorubicin 
(0.4 μg/mL) was administered for 24 h as a pretreatment, followed by a 
colony formation assay to quantify the number of formed clones. Mi
croscopy was used to capture images of colonies in each well, which 
were then analysed using ImageJ software V1.8.0 (National Institutes of 
Health, USA). 

2.6. Real-time quantitative PCR (qRT–PCR) 

Complementary DNA (cDNA) from various cell or tissue samples 
were amplified by real-time quantitative PCR with the SYBR Green 
Supermix (Takara, Japan) and specific primers for target genes. All re
actions were performed in triplicate. Data were then normalized to 
GAPDH (for mRNA and lncRNA) or U6 small nuclear RNA (for miRNA) 
expression and calculated by the 2− ΔΔCt method. The following primers 
were designed for qRT-PCR amplification and sequencing: PVT1 for
ward: 5′-TGGAATGTAAGACCCCGACTCT-3′ and reverse: 5′- 
GATGGCTGTATGTGCCAAGGT-3′; MYC forward: 5′-TTTA
TAATGCGAGGGTCTGGA-3′ and reverse: 5′-GCATTCGACTCATCT
CAGCA-3′; CCND1 forward: 5′-GGATGCTGGAGGTCTGCGA-3′ and 
reverse: 5′-AGAGGCCACGAACATGCAAG-3′. 

2.7. Western blotting 

Proteins were extracted and then separated through SDS-PAGE gel 
and electrotransferred onto polyvinylidene difluoride (PVDF) mem
branes. Next, the membranes were incubated with primary antibodies, 
including anti-CCND1 (Abcam, 1:1000 dilution), anti-ABCC1 (CST, 
Massachusetts, USA, 1:500 dilution), anti-ABCC2 (CST, 1:500 dilution), 
anti-ABCC3 (CST, 1:500 dilution), anti-Ki67 (Abcam, 1:100 dilution), 
anti- Caspase 9 (Abcam, 1:500 dilution), and anti-β-actin (CST, 1:2000 
dilution) at 4 ◦C overnight. Then, the blots were incubated with sec
ondary antibodies (Abcam, 1:3000 dilution) at 25 ◦C for 1 h. Enhanced 
chemiluminescence (ECL) substrates (Millipore, Burlington, MA, USA) 
were used to expose the blots. Gray intensity analysis was performed 
using ImageJ software (NIH, Bethesda, MD, USA). 

2.8. Animal study 

Male BALB/c nude mice (6 ~ 8-week-old, N = 5 per group) were 
from SJA Co., LTD (Hunan, China). For bioluminescent imaging, lucif
erase stable expressed MG63 cells were injected intravenously, and mice 
were injected with 200 mg/kg D-luciferin (Invitrogen) at 15 min post- 
inoculation. Briefly, mouse models with lung metastases were estab
lished by intravenously injecting stable transfected PVT1 overexpression 
(OE-PVT1) MG63 cells or negative control (OE-NC) cells (5 × 106 cells/ 
0.2 mL RPMI1640). Subsequently, doxorubicin (5 mg/kg) was admin
istered intraperitoneally once a week for a total of 3 weeks after two 
weeks of inoculation. Bioluminescent imaging was performed using the 
In Vivo Imaging System (Xenogen, Alameda, CA, USA). Following the 
designated observation period, euthanasia was conducted on the mice 
within each respective group, and the pulmonary tissue was extracted 
for subsequent analysis. Animal experiments in this study was approved 
by The Experimental Animal Welfare Ethical Review Consent of The Second 
Xiangya Hospital of Central South University (2022014). 

2.9. TUNEL assay 

Cell apoptosis in lung tissues was assessed using TUNEL assay kit 

(Roche® Life Science Products, Basel, Switzerland), and the detailed 
operation steps were carried out in accordance with the manufacturer’s 
instructions. Briefly, paraffin slips of lung tissues were stained with 
mixed staining solution (50 μL TdT + 450 μL fluorescein labeled dUTP) 
at 37 ◦C for 1 h. Images were acquired through whole slide imaging (3D- 
HISTECH, Budapest, Hungary) for TUNEL+ cell analysis. 

2.10. Fluorescence in situ hybridization (FISH) 

The FITC-conjugated probe for PVT1 was designed and synthesized 
by RiboBio (Guangzhou, China). OS cells grown on slips were fixed with 
1 % formaldehyde and permeabilized with 70 % ethanol at 4 ◦C over
night. Then the cells were incubated with the PVT1 probe in hybridi
zation buffer at 37◦ C overnight, followed by mounted with Prolong 
Gold antifade reagent and DAPI (Invitrogen). Slivers were then scanned 
for each channel through whole slide imaging (3D-HISTECH) for 
analysis. 

2.11. RNA immunoprecipitation (RIP) 

RIP assay was conducted using the Magna RIPTM RNA-Binding Pro
tein Immunoprecipitation Kit (Millipore) according to the manufac
turer’s instructions. Briefly, immunoprecipitation was performed by the 
anti-AGO2 antibody (Abcam, 1:100 dilution) or normal mouse IgG 
(negative control), and then PVT1, miR-15a-5p, miR-15b-5p, as well as 
CCND1 were identified by qRT-PCR from the precipitated RNA products. 

2.12. Luciferase assay 

For analysis of targeted degradation of RNAs (PVT1 or CCND1 
mRNA) by miR-15a-5p and miR-15b-5p, the sequences of PVT1 and 3′- 
UTR clones of CCND1, including wild-type (WT) and mutant (Mut) 
clones, were synthesized by and purchased from Sangon Biotech 
(Shanghai, China). WT-PVT1/Mut-PVT1 and the 3′- UTRs of WT- 
CCND1/Mut-CCND1 were individually cloned into pGL4 luciferase re
porter plasmids (Promega, Wisconsin, USA). Then, HEK293T cells were 
co-transfected with them and miR-15a-5p or miR-15b-5p mimics or 
negative control (mimics-NC). 48 h after transfection, the cells were 
subjected to a dual luciferase reporter assay according to the manufac
turer’s instructions (Promega). The relative luciferase activity was 
normalized to Renilla luciferase activity. 

For analysis of transcriptional regulation of CCND1 by MYC, the 
expression vector of MYC and the pGL4 luciferase reporter vector that 
carrying the CCND1 promoter with the WT binding sites or the Mut sites 
were co-transferred into HEK293 cells. Luciferase activity was detected 
and analyzed with the same procedures as before. 

2.13. Chromatin immunoprecipitation (ChIP) assay 

Cell samples were lysed and ultrasonically broken to produce 200 ~ 
500 bp chromatin fragments. Subsequently, the fragments were 
precipitated following the kit manufacturer’s instructions (CST, Cat. 
No.9003) using the anti-MYC ChIP grade antibody (CST, Cat. No. 3400, 
1:100 dilution). qRT-PCR was conducted to amplify the promoter frag
ments of CCND1 in ChIP products. Obtained data were finally displayed 
in percentage of the Input (% Input). 

2.14. Statistical analysis 

Data are expressed as the mean ± standard deviation (SD). Com
parisons between two groups were performed using Student’s t test. 
Comparisons among three or more groups were conducted with one-way 
analysis of variance (ANOVA) followed by Tukey’s post hoc test. 
Bivariate correlation analysis and Wilcoxon signed-rank test were per
formed to analyze the correlation between two different indicators. The 
results were statistically analysed using GraphPad Prism 9.0 (San Diego, 
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CA, USA). Differences were considered statistically significant when the 
P value was less than 0.05. 

3. Results 

3.1. Advanced progression of OS is related to the elevated expression of 
PVT1, MYC and CCND1 

The analysis findings obtained from a GEO database consisting of 18 
paired samples (cancerous tissue matched 1:1 with adjacent osteogenic 
tissue, GSE99671) demonstrated a significant increase in the transcrip
tion levels of PVT1 and CCND1 in cancerous tissues compared to oste
ogenic tissues (PVT1, P = 0.045; CCND1, P = 0.03; MYC, P = 0.098) 
(Fig. 1A). Additionally, another gene expression array database 
comprising cancer tissues from 84 OS patients (GSE42352) revealed that 
patients with high MYC expression experienced notably shorter dura
tions of metastasis-free survival in comparison to those with low MYC 
expression (P = 0.0003). However, this association was not observed for 
PVT1 and CCND1 (P = 0.256, P = 1.000, respectively) (Fig. 1B). These 
findings suggest a potential association between PVT1 and CCND1 as 
indicators for the occurrence of OS, whereas MYC may serve as a 
prognostic indicator for poor outcomes. To further investigate this, we 
examined the expression levels of PVT1 (RNA), MYC (protein), and 
CCND1 (protein) in three biopsy samples obtained from patients with 
varying grades of OS, and the results demonstrated an upward trend in 
the expression levels of PVT1, MYC, and CCND1 with advanced cancer 
grade (Fig. 1C), indicating a possible correlation between the upregu
lated expression of these genes and the advanced progression of OS. 

3.2. PVT1 mediates doxorubicin resistance in OS cells 

The occurrence of acquired drug resistance is the primary reason for 
recurrence and unfavorable prognosis in patients with OS. Therefore, we 
aimed to investigate whether the high expression levels of PVT1, MYC, 
and CCND1 could contribute to chemotherapy resistance. Our findings 
demonstrated that the mRNA expressions of PVT1, MYC, and CCND1 
were markedly upregulated in doxorubicin-resistant OS cell lines (MG63 
and U2OS), with resistance indices (RIs) of 21.53 and 7.44, respectively, 
which were significantly higher than those in the original cells. More
over, the protein levels of MYC and CCND1 were also elevated (Fig. 2A- 
C). 

Next, shRNA technology was used to interfere with the expression of 
PVT1 in both parental and resistant OS cell lines. The impact of PVT1 
expression levels on the sensitivity of OS cells to doxorubicin was 
evaluated by measuring changes in cell viability when exposed to 
different concentrations of doxorubicin (ranging from 0 to 1500 nM) in 
the culture medium for 24 h. The results revealed that interference with 
PVT1 in the resistant cell strains significantly restored cellular sensi
tivity to doxorubicin, as evidenced by a greater decrease in cell viability 
(Fig. 3A). Additionally, when PVT1 expression was disrupted in cells and 
subsequently treated with equimolar doses of doxorubicin (0.4 μg/mL), 
the site-specific proliferative capacity (Fig. 3B) and expression levels of 
multidrug resistance-related proteins ABCC1, ABCC2, and ABCC3 
(Fig. 3C-D) were significantly reduced. These data suggest that down
regulation of PVT1 enhances the sensitivity of OS cells to doxorubicin in 
OS cells. 

We employed intravenous injection of MG63 cells via the tail vein to 
establish a murine model of pulmonary metastasis of OS, taking into 
account the strong tendency of OS to undergo distant metastasis, spe
cifically in the lungs. Results showed that cells overexpressing PVT1 in 
the murine OS model with lung metastasis exhibited increased resis
tance to doxorubicin treatment compared to the negative control cells 
(Fig. 4A). This was characterized by a higher number of lung nodules, 
denser cell nuclei within the tumor tissue, higher expression of the 
proliferation marker protein Ki67, but lower levels of the apoptosis- 
related cysteine peptidase (Caspase 9) (Fig. 4B-D). In addition, the 

TUNEL assay was employed to assess the extent of nuclear genomic 
damage caused by doxorubicin treatment in tumor tissues. No signifi
cant difference was observed in the proportion of TUNEL+ cells between 
the two groups. However, distinct nuclear dissolution was observed in 
the tumor tissues of the OE-NC group, as indicated by the black arrows, 
suggesting a potentially higher degree of cell death and indicating a 
relatively better therapeutic effect of doxorubicin in the tumor tissues of 
the OE-NC group (Fig. 4E). 

Taken together, the aforementioned data provide evidence of the 
role played by PVT1 in the in vivo development of doxorubicin tolerance. 

3.3. CCND1 knockdown alleviates doxorubicin resistance caused by 
PVT1 

CCND1 was then knocked down in the PVT1-overexpressed OS cells, 
followed by treatment with doxorubicin (0.4 μg/mL, 24 h), to evaluate 
the impact of CCND1 on PVT1-induced doxorubicin resistance (Fig. 5A). 
Compared with the blank load transfection group, the cell viability, 
colony forming ability and expression levels of multi-drug resistance 
related proteins (ABCC1, ABCC2, and ABCC3) were significantly 
reduced in the CCND1 knockdown group (Fig. 5B-D). The data presented 
indicates that inhibition of CCND1 may potentially enhance the sensi
tivity of OS cells with upregulated PVT1 expression to doxorubicin. 

3.4. PVT1 acted as molecular sponge of miR-15a-5p and miR-15b-5p to 
up-regulate CCND1 expression levels 

PVT1 is an lncRNA primarily localized in the nucleus and subse
quently in the cytoplasm of OS cells (Fig. 6A), and it is upregulated in OS 
cells resistant to doxorubicin (Fig. 6B). Various studies have suggested 
that cytoplasmic PVT1 acts as a molecular “sponge” for microRNAs 
(miRNAs). The StarBase database (https://starbase.sysu.edu.cn/) in
dicates that there are 216 miRNAs that could potentially modulate the 
expression of CCND1. Among these, 23 miRNAs can be adsorbed by 
PVT1, and only miR-15a-5p and miR-15b-5p (referred to as miR-15a/b) 
have the potential to interact with both (Fig. 6C). Intriguingly, luciferase 
assays confirmed that PVT1 and the 3’-UTR region of CCND1 share the 
same binding site (5’-UGCUGCU-3’) for miR-15a/b (Fig. 6D). Further
more, PVT1, miR-15a/b and CCND1 3’-UTR were simultaneously 
detected in the RNA precipitation products of AGO2, a key component of 
the RISCs complex responsible for target RNA degradation [29] 
(Fig. 6E). These findings provide further support for the ceRNA role of 
PVT1 and CCND1 mRNA. 

Moreover, analysis based on miRNA and mRNA expression in 
paraffin-archived human OS specimens (GSE39058) revealed a signifi
cant negative correlation between miR-15a/b and CCND1 (R = -0.43, P 
= 0.042 and R = -0.49, P = 0.019, respectively) (Fig. 6F). In OS cells, the 
expression of CCND1 can be influenced by PVT1 or miR-15a/b (Fig. 6G, 
I). Furthermore, interfering with PVT1 to release miR-15a/b also led to 
decreased CCND1 expression, but this effect could be restored when 
miR-15a/b was subsequently antagonized (Fig. 6H, J). Data presented 
here demonstrated that PVT1 competes with CCND1 mRNA to bind 
miR15a/b to regulate the expression level of CCND1 in OS cells. 

3.5. PVT1 guarantees the expression of MYC to promote its 
transcriptional activity against CCND1 

MYC is a carcinogenic transcription factor that drives the develop
ment of OS [14,30], and the recognition site (5′-CAC[GA]TG-3′) of which 
is highly frequent in the promoter region of CCND1, making making our 
attempt to explore whether intranuclear PVT1 is capable to regulate 
CCND1 transcription through MYC. 

Significantly reduced mRNA and protein expression levels of CCND1 
were observed in OS cells treated with MYC inhibitor (10074-G5, 10 μM, 
24 h) (Fig. 7A-B). The primary binding site of MYC was identified as the 
chromatin region located approximately 500–600 bp upstream of the 
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Fig. 1. Advanced progression of OS is related to the elevated expression of PVT1, MYC and CCND1. (A) Relative mRNA levels of PVT1, MYC and CCDN1 in 18 paired 
samples of cancer tissues and adjacent tissues from patients with OS. Wilcoxon test, P＜0.05: statistically significant. (B) Metastasis-free survival probability of 84 OS 
patients with high or low expression of PVT1, MYC and CCDN1 via Kaplan-Meier method. Log-rank test, P＜0.05: statistically significant. (C) Detection of PVT1, MYC 
and CCDN1 in caner tissues via IF/FISH assay. 

Z. Li et al.                                                                                                                                                                                                                                        



Journal of Bone Oncology 43 (2023) 100512

6

transcription start site (TSS) of the CCND1 gene (Fig. 7C). Moreover, the 
binding abundance of MYC in this region was found to be higher in 
resistant cells compared to original cells (Fig. 7D). Additionally, the 
dual-luciferase assay demonstrated a significant enhancement in the 
transcriptional activity of the CCND1 promoter when MYC was over
expressed (Fig. 7E), indicating that MYC functions as a transcriptional 
activator for CCND1. 

PVT1, located adjacent to MYC (Fig. 8A), exhibits a significant pos
itive correlation with MYC expression in cancerous tissues of patients 
with OS, as evidenced by data from the GEO database (GSE99671) 
(Fig. 8B). Experiments conducted on OS cell lines indicate that upre
gulation of PVT1 prevents MYC degradation through the ubiquitination 
pathway, whereas knockdown of PVT1 has the opposite effect (Fig. 8C). 
Furthermore, the impact of PVT1 upregulation on CCND1 expression is 
partially counteracted by MYC inhibition (Fig. 8D-E), suggesting that 
PVT1 regulates CCND1 expression through MYC. Additionally, simul
taneous overexpression of PVT1 and MYC significantly enhances CCND1 
transcription compared to overexpression of either alone, and 

interference with both PVT1 and MYC results in a more pronounced 
reduction in CCND1 transcription (Fig. 8F). 

In summary, both PVT1 and MYC contribute to CCND1 transcription, 
with MYC serving as a direct transcriptional activator of CCND1, while 
PVT1 guarantees the protein stability of MYC. 

4. Discussion 

OS, the most common type of bone cancer in children and adoles
cents, frequently encounters treatment failure attributed to the devel
opment of chemoresistance, for which the underlying molecular 
mechanisms remains elusive [28]. In this study, we aimed to elucidate 
the mechanism of PVT1 in acquired resistance to OS and proposed a 
novel molecular target: CCND1. It is well known that CCND1 regulates 
the cell cycle and its impact on chemotherapy resistance in various 
malignant tumors has been studied [23–25]. This study confirmed that 
the upregulation of CCND1 induced by PVT1 is one of the reasons for 
doxorubicin resistance in OS cells. Mechanistically, PVT1 and CCND1 3′- 

Fig. 2. PVT1, MYC and CCND1 were high expressed in doxorubicin resistance OS cells. (A) Survival rate curves of MG63 and U2OS cells treated with different 
doxorubicin concentrations via MTT assay. (B) Relative mRNA expression in OS cells detected by qRT-PCR. (C) Relative protein expression detected by western blot. 
In (B) and (C), student’s t test, *: P < 0.05; **: P < 0.01; ***: P < 0.005. 
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Fig. 3. Knockdown of PVT1 enhances doxorubicin susceptibility of OS cells. (A) Survival rate curves of different concentrations of doxorubicin-treated groups 
measured by the MTT assay. Doxorubicin concentration range: 0–1500 nM; duration: 24 h. (B) Site-specific proliferation of cancer cells detected by plate cloning 
method. (C) Relative protein expression detected by western blot. (D) ABCC1 and ABCC3 expression levels in cells detected by double-labelling immunofluorescence. 
In (A), (B), and (C), student’s t test, *: P < 0.05; **: P < 0.01; ***: P < 0.005. 
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UTR share the same miR-15a/b binding sites and mutually regulate their 
expression in OS cells. Additionally, PVT1 facilitates the stabilization of 
MYC protein, thereby promoting the transcriptional activation of 
CCND1 (Fig. 9). 

LncRNAs play regulatory roles in disease progression through a va
riety of mechanisms, which vary based on their distinct subcellular 
localization [31]. In the case of PVT1 in OS cells, we observed a higher 
expression tendency in the nucleus compared to the cytoplasm, consis
tent with observations in numerous other cancer cells based on data 
from the LncALTAs database (https://lncatlas.crg.eu/). This finding 
suggests that PVT1 may possess diverse biological functions. 

LncRNAs present in the cytoplasm have the potential to function as 
molecular sponges for specific miRNAs by virtue of their free bases, 
which can exhibit complete or partial complementarity with miRNAs, 
thus preventing the degradation of miRNA’s target mRNA [3,32]. In this 
study, we discovered that miR-15a/b play a crucial role in mediating the 
impact of PVT1 on CCND1 expression. Specifically, PVT1 acts as a mo
lecular decoy for miR-15a/b, thereby impeding their ability to degrade 
CCND1 mRNA. 

The high similarity of miR-15a and miR-15b suggests that both 
clusters likely regulate a similar set of target genes and may have 
overlapping functions. Previous studies have shown that miR-15a/b 

Fig. 4. PVT1 mediates doxorubicin resistance in OS cells in vivo. Murine model of pulmonary metastasis of OS was established through the injection of MG63 cells. 
(A) Representative photos of pulmonary metastasis in nude mouse models of OS in different groups. (B) Lung tissues obtained from mice in each group after the 
observation period. (C) Micropathology examination by H&E staining. (D) Protein levels of Ki67 and Caspase 9 were assessed in mixture of intra-group samples from 
different groups using western blotting (N = 5). (E) Cellular apoptosis within the tissues detected via the TUNEL assay. In (D), student’s t test, *: P < 0.05; **: P <
0.01; ***: P < 0.005. Black arrow: region of significant nuclear dissolution in the tissue. 
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played inhibitory roles in a variety of cancers such as childhood neu
roblastoma [33], colorectal cancer [34], cervical cancer [35] and 
chronic lymphocytic leukemia [36], supporting the tumor suppressor 
identity of miR-15a/b. Specifically, the miR-15a/b cluster has been 
extensively shown to play a central role in B-cell oncogenesis, as over 
two-thirds of B-cell chronic lymphocytic leukemia cases exhibit deletion 
of the miR-15a/b locus at 13q14 [37]. But to our knowledge, the roles of 
miR-15a/b in OS remain unclear. In this study, our data provide evi
dence for a negative correlation between miR-15a/b expression and 
CCND1 in OS. Furthermore, we identified a shared miR-15a/b binding 

site between PVT1 and CCND1 3′-UTR, suggesting that functional loss of 
miR-15a/b in OS may contribute to PVT1- or CCND1-dependent cell 
cycle dysregulation. Consequently, this dysregulation may lead to un
controlled malignant proliferation and resistance to chemotherapy. 

LncRNAs in the nucleus may participate in the regulation of tran
scription, splicing, and mRNA nuclear export processes [38,39]. It is 
widely recognized that normal cells have evolved diverse mechanisms to 
control the levels of MYC, aiming to hinder genomic instability and 
tumorigenesis. Nevertheless, these mechanisms may encounter disrup
tion in cancer cells [40]. Thus, keeping MYC in check is an important 

Fig. 5. CCND1 knockdown alleviates doxorubicin resistance caused by PVT1. (A) Relative mRNA expression in OS cells detected by qRT-PCR. (B) Cell survival rate 
detected by MTT method. (C) Site-specific proliferation detected by plate cloning method. (D) Relative protein expression detected by western blot. One-way ANOVA. 
*: P < 0.05; **: P < 0.01; ***: P < 0.005. 
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Fig. 6. PVT1 acted as molecular sponge of miR-15a-5p/ miR-15b-5p to up-regulate CCND1 expression levels. (A) Subcellular localization of PVT1 via FISH assay. (B) 
PVT1 expression abundance in cytoplasm and nucleus detected by qRT-PCR after nucleo-plasmic mRNA separation. (C) The number and intersection of miRNAs 
predicted targeting PVT1 and CCND1 3′-UTR (data obtained from the StarBase database). (D) Binding sites analysis via dual-luciferase assay. (E) Binding relationship 
between PVT1, miR-15a and miR-15b-5p, and CCND1 mRNA analyzed by AGO2 RIP. (F) Correlation analysis between miR-15a-5p, miR-15b-5p and CCND1 (GSE 
database). (G-I) Relative mRNA expression levels detected by qRT-PCR. (J) Relative protein expression levels detected by western blot. In (D, G-J), One-way ANOVA, 
*: P < 0.05; **: P < 0.01; ***: P < 0.005. In (F), Bivariate correlation analysis. 
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part of avoiding carcinogenic transformation [41]. Through genomic 
analysis of MYC on chromosome 8, there is a "gene desert" was found 
approximately 1444 Mb upstream of the MYC genome that contains 
various non-coding RNAs, including PVT1 which is the closest to MYC. 
Studies have shown that increased expression of PVT1 is required for 
high MYC protein levels in 8q24-amplified human cancer cells, and 
removal of PVT1 from MYC-driven cancer cells decreases their tumori
genic potential [13]. Therefore, PVT1 is considered a promising thera
peutic target for MYC-driven tumors. 

Currently, the impact of PVT1 on the expression or biological func
tioning of MYC has been identified in different ways, including its role as 
a intergenetic super enhancer lncRNA (SE lncRNA) [42], or as an 
enhancer competitor in cis [43], or as a protein stability protector [44], 
among others. In this study, our findings in OS cells suggest that PVT1 
plays a beneficial role in maintaining MYC protein levels. Specifically, 
knocking down PVT1 leads to increased degradation of MYC through 
ubiquitylation. Given that targeted degradation by the ubiquitin- 
proteosome system is one of the main ways in which MYC levels are 
controlled in cells [40], inhibiting PVT1 could be a feasible approach to 

combat the OS process driven by MYC. 
Collectively, the present investigation centered on elucidating the 

pathways through which PVT1 and CCND1 contribute to the develop
ment of doxorubicin resistance, thereby offering novel therapeutic tar
gets against acquired resistance in OS. 
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