Am J Cancer Res 2023;13(6):2488-2503
www.ajcr.us /ISSN:2156-6976/ajcr0150170

Original Article

The splicing factor proline and

glutamine rich promotes the growth of
osteosarcoma via the c-Myc signaling pathway

Lianghao Mao'?*, Pan Jiang®*, Xuan Lei?, Bing Zhang?, Xinyu Zhong?, Zhengyu Yin?, Yongjie Wang*, Dapeng
Li%, Yiming Zhang?, Qiping Zheng®*®

1Affiliated Hospital of Jiangsu University, Zhenjiang 212001, Jiangsu, China; 2Faculty of Medicine, Heidelberg
University, Heidelberg 69120, Germany; *Guizhou Orthopedics Hospital, Guiyang 550002, Guizhou, China;
“Department of Orthopedic Surgery, Shanghai Tenth People’s Hospital Affiliated to Tongji University, Shanghai
200072, China; *Department of Laboratory Science, School of Medicine, Jiangsu University, Zhenjiang 212013,
Jiangsu, China; 5$Shenzhen Walgenron Bio-Pharm Co., Ltd., Shenzhen 518118, Guangdong, China. “Equal con-
tributors.

Received March 16, 2023; Accepted May 22, 2023; Epub June 15, 2023; Published June 30, 2023

Abstract: Splicing factor proline- and glutamine-rich (SFPQ) regulates transcripts in skeletal muscle metabolism and
tumorigenesis. As osteosarcoma (0OS) is the most common malignant bone tumor characterized by genome instabil-
ity, such as MYC amplification, this study aimed to investigate the role and mechanism of SFPQ in OS. Expression
of SFPQ in OS cell lines and human OS tissues was detected using quantitative real-time PCR, western blot, and
fluorescence in situ hybridization (FISH) analyses. The oncogenic role of SFPQ in OS cells and murine xenograft
models and the underlying mechanism of SFPQ on the c-Myc signaling pathway were assessed in vitro and in vivo.
Results showed that SFPQ expression was upregulated and correlated with poor prognosis in OS patients. SFPQ
overexpression promoted the malignant biological behavior of OS cells, while its knockdown markedly reduced the
oncogenic function of OS. Additionally, depletion of SFPQ inhibited OS growth and bone destruction in nude mice.
SFPQ overexpression induced malignant biological behaviors, which could be rescued by the depletion of c-Myc.
These results suggest an oncogenic role of SFPQ in 0S, possibly through the c-Myc signaling pathway.
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Introduction

Osteosarcoma (0S) is the most prevalent pri-
mary malignant bone cancer, with high morbid-
ity and mortality rates. Its incidence has
increased in recent decades, and it is es-
pecially prevalent among children 10-19 years
old. OS is particularly common in Africa,
Southeastern Asia, and South America [1]. The
use of multimodality treatments, such as neo-
adjuvant chemotherapy, adjuvant chemothera-
py, and limb salvage surgeries, has resulted in
a rise in the 5-year survival rate of OS patients,
approaching nearly 60% [2]. However, the histo-
pathological responses to treatment can vary
depending on factors such as age, gender,
presence of metastasis, duration of symptoms,
and tumor size after neoadjuvant chemothera-
py [3, 4].

Genomic and epigenetic studies have made
some progress in revealing the pathogenesis of
0OS. The pathogenetic features of OS are diverse
and complex, including genomic disorders,
oncogene, and tumor suppressor gene disor-
ders, loss of DNA repair, and immune escape
processes mediated by mesenchymal stem
cells. Additionally, epigenetic events such as
DNA methylation, histone modification, small
nuclear remodeling, and non-coding RNA have
been identified as potential risk factors leading
to OS development [4-6]. The most common
genome instabilities in OS are MYC amplifica-
tion and TP53 mutation, which are closely asso-
ciated with drug resistance and recurrence.
However, the current treatment strategies are
suboptimal, especially for patients with ad-
vanced OS and metastasis. Thus, there is an
urgent need to investigate the underlying mech-
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anisms from a fresh perspective and develop
effective systematic therapies to improve
patients’ prognoses.

Splicing factor proline- and glutamine-rich
(SFPQ) was discovered by JG Patton et al. in
1993 and was identified as a crucial protein
required for the splicing of polypyrimidine bind-
ing protein (PTB) and its precursor mRNA [7]. As
a DNA/RNA binding protein, SFPQ plays a nec-
essary role in the alternative splicing process.
As a heterodimer with Non-POU domain con-
taining octamer binding (NONO), SFPQ is a
basic splicing factor for precursor mRNA, regu-
lating the early stage of spliceosome formation
and catalysis step Il [8]. Additionally, SFPQ is
involved in DNA repair, mRNA splicing, fat for-
mation, nerve regeneration, and even neurode-
generative diseases [9, 10]. Recent studies
have found that SFPQ may be closely related
to tumorigenesis and tumor progression. For
example, SFPQ in complex with the splicing reg-
ulatory factor p54nrb/NONO can transform
BIN1 into carcinogenic isoforms, enhancing
hepatocellular carcinogenesis [11]. In renal
cell carcinoma, human long non-coding RNA
(IncRNA) SANT1 can cis-regulate the expres-
sion of SLC47A2 by changing the combination
of SFPQ/E2F1/HDAC1 binding to the promoter
region [12]. In colorectal cancer, MALAT1 binds
to SFPQ and dissociates the SFPQ/PTBP2
dimer, releasing free PTBP2 and enhancing the
translation of proto-oncogene RUNX2 [13]. In
prostate cancer, SFPQ stabilizes and activates
key IncRNA and androgen-regulated genes [14].
These findings suggest that SFPQ may be a
potential target for developing novel treatments
for tumors. However, the role and underlying
mechanism of SFPQ in primary bone cancers,
such as OS, remain to be investigated.

c-Myc is an oncogenic transcription factor and
one of the most frequently dysregulated proto-
oncogenes in human carcinogenesis [15].
Together with MYCL and MYCN, C-MYC belongs
to the MYC family of genes, which encode
c-Myc, L-Myc, and N-Myc, respectively. c-Myc is
involved in the regulation of various cellular
processes, such as tumor cell growth, DNA
damage repair, epithelial-mesenchymal transi-
tion, autophagy, and cancer stem cell regenera-
tion [16-20]. Moreover, c-Myc can stimulate
tumor cell cycles and growth by upregulating
the expression of cyclin-dependent kinases
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(CDKs) or interfering with the inhibitors of
CDKs, such as p15, p21, and p27 [21].

c-Myc was first found to be amplified in OS cell
lines by E Bogenmann et al. in 1987, and exten-
sive expression of c-Myc was found both in vitro
and in vivo [22]. Additionally, c-Myc plays a role
in regulating energy metabolism and the differ-
entiation and tumorigenic activity of bone mar-
row stromal cells in OS [16, 23, 24]. Further-
more, a recent multi-omics study, which includ-
ed 121 primary OS patients, showed that MYC
amplification was present in over half of OS
patients, and overexpression of MYC may be
the primary factor leading to poor survival [25].
Interestingly, W Shen et al. found that NEAT1
depletion attenuates nucleolar stress by relo-
cating SFPQ, which facilitates c-Myc translation
from nuclear paraspeckles to c-Myc mRNAs
[26]. Moreover, Z Hu et al. revealed that NONO
enhances tumorigenesis by switching the onco-
genic isoform of MYC box-dependent interact-
ing protein 1 in hepatic carcinoma through its
interactions with SFPQ [27].

Considering that SFPQ, NONO, and NEAT1 are
important components of paraspeckles [28]
and may have a relationship with the c-Myc
pathway in the carcinogenic process, we
hypothesized that SFPQ plays a role in tumori-
genesis by interacting with this pathway. To
investigate this possibility, we conducted both
in vitro and in vivo experiments to examine the
role of SFPQ in OS and to elucidate the poten-
tial mechanism of the SFPQ-c-Myc pathway.

Materials and methods

Analysis of gene expression data and clinical
information

We downloaded gene expression data and clini-
cal information from two different sources for
our analysis. For the GSE28424 microarray
dataset [29], we used the R package GEOquery
to download the data from the Gene Expres-
sion Omnibus (GEO) (https://www.ncbi.nlm.nih.
gov/geo/) database [30] by using the R pack-
age GEOquery and the illuminaHumanv2.db R
package to annotate the data. We created box
plots using the R package “ggpubr” and the
Wilcoxon test to compare two groups.

For the OS cohort in the Therapeutically
Applicable Research To Generate Effective
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Treatments (TARGET-OSA cohort), we down-
loaded the data from the Genomic Data
Commons Data Portal (https://portal.gdc.can-
cer.gov/) using the R package TCGAbiolinks
[31]. We used normalized transcripts per kilo-
base million (TPM) values for gene expression
analyses and log2-transformed the values
using an offset of 1 to prevent errors. Kaplan-
Meier survival analyses were performed, and
the results were visualized using the R packag-
es “survival” and “survminer”.

Patient selection and tissue microarray con-
struction

We enrolled 70 patients with OS and obtained
single normal bone and bone marrow tissues
from the Affiliated Hospital of Jiangsu Univer-
sity. Written informed consent was obtained
from each patient. The clinical research proto-
col was approved by the Ethics Committee of
the Affiliated Hospital of Jiangsu University.
Tissue microarray (TMA) construction was per-
formed using all collected tissues. Clinical and
histopathological data were available for all
patients.

Fluorescence in situ hybridization (FISH)

We conducted FISH analysis on the TMAs us-
ing a commercially available SFPQ probe
(Bioaitech, Xi'an, China) according to the
manufacturer’s protocol. The SFPQ probe,
5-CY3-TGTGTGGCAAAGCGAACTCGAAGCTGT-
CT-CY3-3’, was hybridized overnight to the
specimens. Nuclei were counterstained with
DAPI, and the specimens were analyzed using a
Nikon inverted fluorescence microscope.

FISH analysis for SFPQ was evaluated based on
the following scoring criteria: (1) intensity of
fluorescence (O for no staining, 1 for light stain-
ing, 2 for moderate staining, and 3 for strong
staining) and (2) percentage of stained cells in
the total number of tumor cells (O for no stain-
ing, 1 for < 25%, 2 for 26-49%, and 3 for >
50%). The two scores were summed as the
total score, and the average scores of each cri-
terion in the TMAs were calculated. Qualitati-
vely, scores > 2 were considered positive and
scores < 2 were considered negative.

Cell lines and cell culture

Three human 0OS cell lines (MG-63, MNNG/
HOS, and U20S) and the human osteoblastic
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cell line hFOB1.19 were purchased from the
Cell Bank of the Chinese Academy of Sciences
(Shanghai, China). All OS cell lines were cul-
tured in Dulbecco’s modified Eagle’s medium
(DMEM) (Gibco, NY, USA) containing 10% fetal
bovine serum (FBS) (Gibco, NY, USA) and 1%
penicillin/streptomycin at 37°C in a humidified
incubator with 5% CO,. The hFOB1.19 cells
were cultured in DMEM/F-12 medium (Gibco,
NY, USA) containing 10% FBS at 33.5°C with
5% CO,,.

Quantitative reverse-transcription polymerase
chain reaction (QRT-PCR)

Total RNA was extracted from OS cells and
hFOB1.19 cells using TRIzol reagent (Invitro-
gen, CA, USA) according to the manufacturer’s
instructions. The concentration and purity of
RNA were measured using a NanoDrop 2000
spectrophotometer (Thermo Fisher Scientific,
Waltham, MA, USA). RNA was reverse tran-
scribed into cDNA with PrimeScript™ RT Master
Mix (TaKaRa, Shiga, Japan). qRT-PCR was per-
formed using SYBR Premix Ex Taq (TaKaRa,
Shiga, Japan) according to the manufacturer’s
protocol in a StepOnePlus Real-Time PCR
System (Applied Biosystems, Carlsbad, CA,
USA). The expression levels of genes were nor-
malized to the internal control gene GAPDH.
The relative expression levels were calculat-
ed using the 2”~-AACt method. The primer
sequences are listed in Table 1.

Western blot

Total protein was extracted using RIPA buffer
supplemented with protease inhibitors (Beyo-
time, Beijing, China). Equal amounts of protein
samples were loaded onto 10% SDS-PAGE gels
and transferred to polyvinylidene difluoride
(PVDF) membranes. The membranes were
blocked with 5% non-fat milk for 1 h at room
temperature and then incubated with primary
antibodies against human SFPQ (ab177149,
Abcam, Cambridge, MA, USA), GAPDH (5174,
Cell Signaling Technology, Danvers, MA, USA),
c-Myc (@b32072, Abcam), and p27 (ab32034,
Abcam) overnight at 4°C. Membranes were
then incubated with HRP-conjugated corre-
sponding secondary antibodies at room tem-
perature for 1 h. Protein bands were detected
with an enzyme-linked chemiluminescence
(ECL) detection kit (Millipore, Burlington, MA,
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Table 1. Primer sequences

Primer Sequence (5’ to 3’)
GAPDH-F GAAGGTGAAGGTCGGAGTC
GAPDH-R GAAGATGGTGATGGGATTTC
SFPQ-F AGCGATGTCGGTTGTTTGTTG
SFPQ-R AGCGAACTCGAAGCTGTCTAC
C-MYC-F GTCAAGAGGCGAACACACAAC
C-MYC-R TTGGACGGACAGGATGTATGC

USA) and visualized using a Bio Imaging System
(Bio-Rad, Hercules, CA, USA).

Plasmid, short hairpin RNA (shRNA), lentivirus,
and cell transfection

To overexpress SFPQ, pcDNA 3.1 plasmids
(Genepharma, Shanghai, China) targeting SFPQ
(SFPQ cDNA) were used. The target sequences
were SFPQ-F: CTTGGTACCGAGCTCGGATCCGC-
CACCATGTCTCGGGATCGGTTCCGGAGTCGTG-
GCGG; and SFPQ-R: TGCTGGATATCTGCAGAAT-
TCCTAAAATCGGGGTTTTTTGTTTGGG. For kno-
cking down the expression of SFPQ or C-MYC,
siRNAs (si-SFPQ and si-C-MYC, respectively)
were constructed by Genepharma with the fol-
lowing sequences: SFPQ forward 5-GCAAAG-
GAUUCGGAUUUAUTT-3" and reverse 5-AUAAA-
UCCGAAUCCUUUGCTT-3. C-MYC forward 5'-
GAACACACAACGUCUUGGATT-3' and reverse
5-UCCAAGACGUUGUGUGUUCTT-3. 0S cells
were transfected with SFPQ cDNA, empty vec-
tor (vector), siRNAs or siRNA-negative control
(si-NC) using Lipofectamine 3000 Transfection
Reagent (Invitrogen) according to the manufac-
turer’s protocol.

Knockdown lentivirus LV16 was synthesized by
Genepharma. The infection efficiency was eval-
uated by gRT-PCR and western blot analyses.
MNNG-HOS cells were transfected with LV16
lentivirus vector encoding a shRNA sequen-
ce of SFPQ: 5-GGCACGTTTGAGTACGAATAT-3..
Puromycin was used to select and culture
infected cells for stable expression of OS cell
lines.

Cell migration and invasion

Migration and invasion assays were performed
using Transwell chambers with 8-um pores
(Corning, Corning, NY, USA). For the migration
assay, 4 x 10* 0S cells were suspended in 200
pl of serum-free medium and transferred into
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the upper Transwell chamber. For the invasion
assay, Matrigel (BD Bioscience, San Jose, CA,
USA) was coated onto the upper chamber
beforehand, and then 8 x 10* OS cells were
suspended in 200 pl of serum-free medium
and seeded into the upper chamber. The cells
were cultured in an atmosphere with 5% CO, at
37°C for 24 h after adding 600 ul of medium
containing 10% serum to the lower chamber.
After incubation, the OS cells were fixed with
4% paraformaldehyde for 30 min and stained
with 0.1% crystal violet for 45 min. The stain
was then extracted for imaging and counting
using an inverted Olympus microscope.

Cell proliferation and EdU assays

For cell proliferation assays, 4 x 102 cells treat-
ed under different conditions were seeded into
each well of 96-well plates and cultured for 24
h. Then, 10 pul of water-soluble tetrazolium salt
from a Cell Counting Kit-8 (CCK-8, Dojindo,
Japan) were added into each well and the cells
were further incubated at 37°C with 5% CO,
for 1 h. The absorbance was measured at 450
nm using a spectrophotometer. The prolifera-
tion rate of OS cells was measured at 0, 24, 48,
72, and 96 h.

To perform EdU assays, cells were incubated
with 50 uyM EdU reagent in 96-well plates
according to the manufacturer’'s protocol
(Riobio). Nuclei were stained with Hoechst stain
and the results were recorded using fluores-
cence microscopy.

Cell cycle analysis

Cell cycle analysis was conducted using a BD
Cycletest Plus DNA reagent kit (BD Bioscience)
and flow cytometry analysis. Cells were collect-
ed, washed with PBS, and fixed in ice-cold 70%
ethanol overnight at 4°C. After being washed
twice with cold PBS, the fixed cells were incu-
bated with 500 ul propidium iodide staining
solution at room temperature. At least 1,000
OS cells from each sample were counted using
flow cytometry to measure the cell cycle. The
percentage of cells in each phase was evaluat-
ed using ModFit LT software.

Murine models and tumor imaging

All animal experiments were conducted in
accordance with the guidelines of the National
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Institutes of Health Guide for the Care and Use
of Laboratory Animals and were approved by
the Ethics Committee of Jiangsu University.
MNNG-HOS cells transfected with si-SFPQ or
si-negative control (si-NC) were used in this
study. A total of 24 male nude mice aged 4
weeks were purchased from GemPharmatech
(Nanjing, China) and were randomly divided into
four groups (n = 6 per group).

In subcutaneous xenograft experiments, 2 x
10°¢ transfected OS cells were injected into
the right back of 4-week-old nude mice. In
orthotopic xenograft experiments, 2 x 10°
transfected OS cells were injected into the mar-
row cavity of the right tibia. Metastatic condi-
tions were measured using an in vivo imaging
system (Caliper Life Sciences, Inc., Waltham,
MA, USA). The weight and tumor size of each
nude mouse were measured every 3 days for
one month post-injection. Tumor volume was
calculated using the following formula: V = 1/2
x L x W? (where L is tumor length and W is
tumor width).

Upon sacrifice of the mice, the tumors were
removed for hematoxylin-eosin (H&E) staining,
micro-computed tomography (CT), and immu-
nohistochemistry (IHC) staining analyses.

Histopathology and IHC

Paraffin-embedded OS tissue samples were
cut into 5-um sections. The primary tumors
and lung sections were first stained with H&E
and then immunostained using specific anti-
bodies, including anti-SFPQ (15585-1-AP,
1:100, Proteintech) and anti-c-Myc (ab32072,
1:100, Abcam) as previously described [32].

Statistical analysis

The results of the in vitro assays are presented
as means + standard deviation (SD) from
at least three independent experiments. Stu-
dent’s t tests were conducted using GraphPad
Prism 5.0 (GraphPad Software Inc., USA) to
determine significant differences between two
groups. One-way ANOVA was used to analyze
data from more than two groups. Statistical sig-
nificance was defined as P < 0.05. GraphPad
Prism software Version 8.0 was used to assess
statistical differences.
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Results

SFPQ expression is associated with poor clini-
copathological features in OS patients

To investigate SFPQ expression in OS, we ini-
tially conducted a bioinformatics analysis to
analyze its expression in OS patients. The
results indicated that SFPQ overexpression
was significantly associated with poor OS
patient survival (P < 0.05, Figure 1A, 1B).
Compared to bone marrow from a healthy
donor, SFPQ mRNA expression was higher in
bone marrow from OS patients based on
sequencing data from the GSE28424 microar-
ray data (Figure 1C). We further confirmed
SFPQ expression in OS patients by conducting
FISH analysis on OS tissue microarrays. SFPQ
was also overexpressed in OS tissues (Figure
1D) and was significantly associated with
patients’ age (Table 2).

SFPQ is overexpressed in human OS cell lines

To explore SFPQ expression in OS cell lines, we
extracted mRNA and protein from human
osteoblastic cells (hFOB1.19) and three OS cell
lines (MG-63, MNNG/HOS, and U20S). qRT-
PCR and western blot analysis revealed that
SFPQ was significantly overexpressed in the OS
cell lines compared to hFOB1.19 cells (Figure
1E, 1F).

SFPQ knockdown suppresses the growth of OS
cells in vitro

To investigate the role of SFPQ in OS cells, we
knocked down its expression in MNNG-HOS
and U20S cell lines by transfecting them with
si-SFPQ, which was confirmed by qRT-PCR and
western blot (Figure 2A, 2B). The effect of
SFPQ knockdown on cell proliferation was as-
sessed using CCK-8 assays, which showed that
the proliferation of OS cells was significantly
inhibited in a time-dependent manner (Figure
2C). The inhibitory effect on proliferation was
further confirmed by EdU assays, which showed
a reduction in the number of proliferating cells
transfected with si-SFPQ compared to those
transfected with si-NC (Figure 2D).

To study the effect of SFPQ knockdown on
migration and invasion, Transwell assays were
performed. The number of migrated and invad-
ed OS cells was significantly reduced in the si-
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Figure 1. SFPQ is overexpressed in osteosarcoma (0S) and correlates with poor OS patient survival. A, B. High SFPQ
expression is associated with poor overall survival (TARGET-OSA-OS) and event-free survival (TARGET-OSA-EFS) in OS
patients based on data from TARGET databases. C. SFPQ is highly expressed in OS tumor cells compared to bone
tissue based on the GSE28424 microarray dataset. D. SFPQ is highly expressed in OS tumors compared to normal
bone tissue based on fluorescence in situ hybridization (FISH) analyses. E, F. gqRT-PCR and western blot analyses
demonstrated the overexpression of SFPQ in OS cell lines (MG-63, MNNG/HOS, and U20S) compared to the human
osteoblastic cell line hFOB1.19. Data are presented as means + SD of three independent experiments. ***P <

0.001, **P < 0.01, and *P < 0.05.

SFPQ group compared to the si-NC group
(Figure 2E, 2F). Flow cytometry analysis of cell
cycle distribution revealed a significant G2 cell
cycle arrest in OS cells transfected with si-SFPQ
compared to those transfected with si-NC
(Figure 2G). These findings indicate that the
knockdown of SFPQ suppresses the growth of
OS cells in vitro and suggest potential roles for
SFPQ in regulating OS cell proliferation, migra-
tion, and invasion.

SFPQ overexpression promotes OS cell growth
in vitro

The overexpression efficacy of pcDNA 3.1
encoding SFPQ cDNA was confirmed by gRT-
PCR and western blot analyses in OS cells,
which revealed that SFPQ expression was
upregulated in these cells (Figure 3A, 3B). To
investigate the effect of SFPQ overexpression
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on the biological behaviors of OS cells, we per-
formed CCK-8 and EdU assays to evaluate cell
proliferation and Transwell migration and inva-
sion assays to evaluate cell migration and inva-
sion, respectively. Our findings demonstrated
that SFPQ overexpression significantly in-
creased proliferation activity (Figure 3C, 3D)
and promoted migration and invasion (Figure
3E, 3F) in OS cells. Overall, these findings sug-
gest that SFPQ plays a role in promoting the
malignant biological behaviors of OS cells in
vitro.

SFPQ activates c-Myc expression in OS

As a previous study reported that SFPQ can act
as an IRES trans-acting factor and bind to the
IRES of c-Myc to regulate its translation [33],
we hypothesized that SFPQ may also regulate
c-Myc expression and function in 0S. To test
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Table 2. Association of SFPQ expression
with clinical characteristics of osteosarcoma
patients

SFPQ mRNA levels

Characteristics -

High Low P-value
Age, years
<18 19 4 0.01227
>18 46 1
Gender
Male 43 2 0.6256
Female 21 3
Tumor size (cm)
T1 30 3 0.752
T2+T3 35 2
Lymph node metastasis
NO 60 4 0.2158
N1 5 1
Stage
I-11 60 4 0.2158
I-1v 5 1
Location
Lower limb 52 5 0.0618
Upper limb 18 0

“Statistically significant.

this, we performed qRT-PCR and western blot
analyses to assess whether SFPQ could influ-
ence the expression of c-Myc in vitro. The
results showed that SFPQ overexpression led
to increased c-Myc mRNA and protein expres-
sion (Figure 4A, 4B). Conversely, SFPQ knock-
down led to decreased c-Myc mRNA expres-
sion, while c-Myc protein expression did not
change significantly (Figure 4B). Additionally,
SFPQ inhibition upregulated the protein expres-
sion of the tumor suppressor p27, while SFPQ
upregulation decreased its expression (Figure
4B). These findings support our hypothesis that
SFPQ plays an oncogenic role in regulating
c-Myc expression in OS tumorigenesis.

c-Myc inhibition rescues the effect of SFPQ
overexpression in OS cells

To investigate whether SFPQ plays an oncogen-
ic role in OS via the c-Myc pathway, we first
transfected MNNG/HOS and U20S cells with
si-C-MYC to knockdown c-Myc expression. We
then transfected the SFPQ-pcDNA 3.1 plasmid
into the c-Myc knockdown cells to investigate
the function of c-Myc on SFPQ. After overex-
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pressing SFPQ using SFPQ cDNA, we knocked
down c-Myc and confirmed by western blot
analysis that the knockdown of c-Myc de-
creased the expression of SFPQ (Figure 4C).
Furthermore, inhibition of c-Myc significantly
attenuated the effects of SFPQ overexpression
on the migration (Figure 4D) and invasion
(Figure 4E) of OS cells. These results suggest
that SFPQ promotes the oncogenic functions of
OS cells via the c-Myc pathway.

SFPQ inhibition suppresses OS growth in vivo
via the c-Myc pathway

To confirm the effect of SFPQ in vivo, we estab-
lished xenograft OS models in nude mice.
MNNG/HOS cells were transfected with lentivi-
rus encoding sh-SFPQ or sh-NC, and stably
transfected OS cells were screened using puro-
mycin. SFPQ inhibition significantly suppressed
tumor size and weight in subcutaneous xeno-
graft models compared to the negative control
group (Figure 5A). To comprehensively verify
the function of SFPQ in vivo, we also estab-
lished orthotopic xenograft models in nude
mice. SFPQ inhibition led to a significant reduc-
tion in tumor growth in the SFPQ knockdown
group (Figure 5B), similar to the subcutaneous
model. H&E staining showed fewer tumor cells
and immune cell infiltration in the sh-SFPQ
group compared with the sh-NC group (Figure
5C). IHC analysis showed relatively less expres-
sion of SFPQ and c-Myc in tumor cells in the
SFPQ knockdown group (Figure 5D, 5E).
Furthermore, micro-CT showed less tumor
bone erosion in the SFPQ knockdown group
compared to the control group (Figure 5F).
These results strongly support the oncogenic
role of SFPQ in cancer and suggest that its
mechanism of action might involve targeting
the c-Myc pathway to promote OS progression.

Discussion

SFPQ is a crucial splicing factor that plays a sig-
nificant role in the regulation of signal-induced
alternative splicing. As a DNA and RNA binding
protein, SFPQ is also involved in several nuclear
processes [34], making it an essential mole-
cule for proper cellular function. With ubiqui-
tous expression in bone marrow, skin, and
other tissues such as lymph nodes, endometri-
um, and appendix [35], the involvement of
SFPQ in various cellular processes has become
increasingly apparent. Recent evidence indi-
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Figure 2. Knockdown of SFPQ inhibits osteosarcoma (0OS) cell growth. A, B. qRT-PCR and western blot analyses demonstrated reduced SFPQ expression upon
transfection with si-SFPQ compared to cells transfected with the negative control siRNA (si-NC). C, D. Knockdown of SFPQ inhibited OS cell proliferation as observed
in CCK-8 and EdU assays. E, F. SFPQ knockdown suppressed OS cell migration and invasion in Transwell migration and invasion assays. G. Knockdown of SFPQ
expression in OS cells resulted in cell cycle arrest in the G2 phase compared with si-NC cells. Data are presented as means * SD of three independent experiments.
****P < 0.0001, **P < 0.01, *P < 0.05.
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Figure 3. SFPQ overexpression promotes osteosarcoma (OS) cell growth. A, B. gRT-PCR and western blot analyses demonstrated that SFPQ was overexpressed fol-
lowing transfection with SFPQ cDNA compared to negative control (NC; vector) cells. C, D. SFPQ overexpression enhanced OS cell proliferation as observed in CCK-8
and EdU assays. E, F. SFPQ overexpression facilitated OS cell migration and invasion in Transwell migration and invasion assays. Data are presented as means + SD
of three independent experiments. ****P < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05.
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Figure 4. c-Myc knockdown rescued the oncogenic functions induced by SFPQ overexpression in osteosarcoma (OS) cells. A, B. gRT-PCR and western blot analyses
demonstrated a correlation between SFPQ with c-Myc expression. NC, negative control. C. c-Myc knockdown enhanced SFPQ expression following transfection with
SFPQ cDNA. D, E. c-Myc knockdown rescued OS cell migration and invasion induced by SFPQ overexpression in Transwell migration and invasion assays. Data are
presented as mean + SD of three independent experiments. ****P < 0.0001, ***P < 0.001, *P < 0.05.
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Figure 5. SFPQ knockdown inhibited osteosarcoma (OS) tumor progression in vivo through targeting of c-Myc. Af-
ter stable expression of sh-SFPQ or sh-NC, OS cells were injected into nude mice. Tumor size and weight were
significantly suppressed in the sh-SFPQ group compared to the NC group in both subcutaneous (A) and orthotopic
xenograft models (B). (C) H&E staining demonstrated reduced numbers of tumor cells and infiltrated immune cells
in the sh-SFPQ group compared to the sh-NC group. (D, E) Immunostaining of subcutaneous and orthotopic tumors
with SFPQ and c-Myc antibodies confirmed differential protein expression. (F) Micro-computed tomography analysis
indicated reduced bone erosion in the sh-SFPQ group compared to the sh-NC group. ***P < 0.001, and *P < 0.05.

cates that SFPQ may play a role in tumorigene- transcription factor that is constitutively and
sis [36-40]. Moreover, SFPQ also facilitates the aberrantly expressed in almost 70% of human
translation of c-Myc by relocating from nuclear cancers, promoting the survival of cancer cells
paraspeckles to c-Myc mRNAs [26]. c-Myc is a [15]. Therefore, we hypothesize that SFPQ may
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also play a role in the pathogenesis of OS via
the c-Myc pathway.

In our study, we used bioinformatics to analyze
the expression of SFPQ in OS patients and
found that it was overexpressed and associat-
ed with OS patient survival. We confirmed SFPQ
overexpression in OS patients through FISH
analysis, which demonstrated that SFPQ was
overexpressed in OS patient tissues compared
to normal osteoblasts. Additionally, we evalu-
ated SFPQ mRNA and protein expression in OS
cell lines and observed that SFPQ was also
overexpressed in these cells. Notably, knocking
down SFPQ significantly inhibited the prolifera-
tion, migration, and invasion of OS cells and
arrested the cell cycle. Conversely, overex-
pressing SFPQ promoted the biological activi-
ties of OS cells.

Our in vivo experiments also supported our
findings, as knockdown of SFPQ inhibited tumor
growth in orthotopic OS xenograft models.
Overall, these results suggest that SFPQ may
play a crucial role in regulating OS. A previous
study found that the depletion of SFPQ can
inhibit proliferation and induce S-phase arrest
and apoptosis in colorectal and melanoma
cells [36]. Furthermore, SFPQ may protect can-
cer cells from platinum-induced death by pro-
moting chemoresistance through alternative
splicing mechanisms [38]. These studies high-
light that SFPQ may promote OS tumorigenesis
and cancer progression through multiple me-
chanisms.

OS is characterized by the dysregulation of
oncogenic genes, which can contribute to its
pathogenesis. Abnormal alternative splicing
events are a crucial factor in the development
of OS [44, 42]. As the primary splicing factor,
SFPQ may promote OS by regulating the splic-
ing events of specific genes that have the
potential to drive tumorigenesis. For instance,
there is an association between disease pro-
gression and aberrant alternative splicing
events of the leptin receptor in OS [43]. TP53 is
the most commonly mutated gene in human
cancers, and the germline rearrangement in
intron 1 of TP53 is frequently observed in 0OS
[44]. Lnc-KASRT can modify SRSF1-related
KLF6 alternative splicing, leading to its onco-
genic activity in OS [45]. SRSF3, a proto-onco-
gene and splicing factor, regulates splicing
events that control the expression of multiple
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oncogenic or tumor-suppressive genes, thereby
maintaining cell homeostasis in OS [46]. Al-
terations of spliceosome proteins can affect
specific splicing events, tumor cell motility, and
metastatic progression, leading to the instabil-
ity of the OS proteome [47]. Moreover, aberrant
alternative splicing is also involved in the
response to DNA damage in OS [48]. SFPQ,
along with NONO, SRSF1, and SRSF3, belongs
to a group of vital splicing factors that interact
with each other and may collectively play impor-
tant roles in tumorigenesis [49-51]. Given the
close connection between aberrant splicing
events and OS progression, SFPQ might syner-
gistically work with other splicing factors such
as serine/arginine (SR)-rich proteins to promote
OS development by regulating the expression
of vital genes.

c-Myc, an oncogenic transcription factor and
one of the most common proto-oncogenes
in human carcinogenesis [15, 52], plays a sig-
nificant role in tumor cell growth, DNA dama-
ge repair, epithelial-mesenchymal transition,
autophagy, and tumor stem cell regeneration
[17-20]. It belongs to the Myc family of proteins,
which includes c-Myc, L-Myc, and N-Myc that
are encoded by the genes MCYC, MYCL, and
MYCN, respectively. The overexpression of
c-Myc can stimulate tumor cell cycle progres-
sion and tumor growth by upregulating CDKs or
interfering with CDK inhibitors such as p15,
p241, and p27 [21]. In OS, c-Myc overexpression
has been associated with bone marrow stromal
cell transformation, chemoresistance, and
tumor progression [24, 53, 54].

Recent studies have shed light on the potential
interaction between SFPQ and c-Myc in various
cancer types. The relationship between SFPQ
and c-Myc was initially explored in colorectal
cancer, where SFPQ expression correlated with
the expression of c-Myc, cyclin D1, and cyclin
D4 [55]. Furthermore, the depletion of NEAT1
IncRNA can enhance c-Myc translation by pro-
moting the release of SFPQ, which binds to the
internal ribosome entry site of c-Myc [56].
These findings highlight the intricate interplay
between SFPQ and c-Myc in modulating gene
expression and cellular processes. However,
the specific interaction and mechanism be-
tween SFPQ and c-Myc remain unknown.

Our study investigated the influence of SFPQ on
c-Myc mRNA and protein expression in OS cell
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lines. We observed that SFPQ enhanced both
the mRNA and protein expression of c-Myc,
while depletion of SFPQ resulted in decreased
c-Myc mRNA expression. In xenograft mouse
models, the depletion of SFPQ led to reduced
c-Myc expression, as determined by IHC analy-
sis. Additionally, inhibition of c-Myc rescued the
enhanced oncogenic behaviors induced by
SFPQ overexpression. These findings establish
a correlation between SFPQ and c-Myc in OS,
providing new insights into the understanding
of cancer pathogenesis.

It is important to acknowledge certain limita-
tions in our study. We did not investigate the
binding relationship between SFPQ and c-Myc
from the perspective of alternative splicing,
which requires further investigation in future
studies. Understanding the precise mechanism
underlying the interaction between SFPQ and
c-Myc, particularly in the context of alternative
splicing, will contribute to a more comprehen-
sive understanding of their roles in OS and
potentially uncover new therapeutic targets.

Conclusion

This study provides evidence confirming the
crucial role of SFPQ as an oncogenic factor in
0S. The findings demonstrate its association
with poor OS patient survival and its ability to
promote OS growth both in vitro, using OS cell
lines, and in vivo, through the utilization of
mouse xenograft models. Notably, the mecha-
nism underlying its oncogenic function involv-
es the targeting of the c-Myc pathway. These
novel insights into the pathogenesis of 0OS
shed light on potential therapeutic targets for
future treatment strategies. Further investiga-
tion and exploration of SFPQ and its interac-
tions within the context of OS may yield valu-
able advancements in the field of OS research.
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