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Abstract: Osteosarcoma, a malignant bone tumor characterized by a high rate of metastasis and poor survival,
presents a critical need for identifying novel biomarkers associated with metastasis. In this study, we conducted an
extensive analysis utilizing transcriptional and clinical data sourced from databases such as GEO, TCGA, CCLE, R2,
and Xena. And we discovered that Ribosomal protein LP1 (RPLP1) ranked among the top upregulated genes in rela-
tion to osteosarcoma metastasis. Notably, RPLP1 exhibited significant expression in both osteosarcoma cell lines
and patient samples. Moreover, multiple osteosarcoma studies revealed a strong correlation between RPLP1 over-
expression and worse metastasis-free survival as well as overall survival. Additionally, we observed a consistent as-
sociation between dysregulation of RPLP1 and reduced overall survival across various tumor types. Knocking down
of RPLP1 led to the down-regulation of MYL5 and functional enrichment toward cell cycle and cellular interaction.
Based on these findings, we propose that RPLP1 has the potential to serve as a prognostic biomarker, indicating
increased metastasis and worse survival outcomes in osteosarcoma. These insights contribute to a better under-
standing of the disease and may pave the way for future research and therapeutic approaches.
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Introduction ing from 60-70% [6, 7]. However, metastasis is
relatively common in osteosarcoma, with about

Osteosarcoma is a highly malignant tumor th- 18% of cases diagnosed with metastasis [8].

at primarily affects children and adolescents
whose skeletal system is still developing [1]. It
mainly arises near large joints such as the
knee, hip, or shoulder and can compromise the
adjacent joint functions [2, 3]. The standard
treatment of osteosarcoma includes sequen-
tial neo-adjuvant chemotherapy, wide resec-
tion [4, 5], and adjuvant chemotherapy. The
introduction of the classic four drugs (Adria-
mycin, cisplatin, methotrexate, and ifosfamide)
has been a significant advancement in the
treatment of osteosarcoma, with 5-year overall
survival rates for localized osteosarcoma rang-

Distant metastasis is the leading cause of
death associated with osteosarcoma, and it
presents a significant challenge in the treat-
ment of this disease.

Numerous factors have been proposed to play
a role in the development and metastasis of
osteosarcoma [9-12]. Alterations within the tu-
mor cells such as genomic changes [13], epig-
enomic changes [14-16], metabolic reprogram-
ming [17], and deregulation of specific path-
ways [18, 19] or transcription factors [20, 21]
all contribute to osteosarcoma metastasis.
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Furthermore, the composition and the function-
al state changes in the matrix [22] and cells
within the tumor microenvironment [23, 24]
also promote osteosarcoma metastasis. Se-
veral prognostic models have been developed
based on these alterations to predict osteosar-
coma survival [25, 26]. However, due to the het-
erogeneity of osteosarcoma and the complexity
of these prognostic models, the translational
significance of these findings remains limited.

Ribosomal protein LP1 (RPLP1) belongs to the
ribosomal protein L12P family and plays a cru-
cial role in the elongation step of protein syn-
thesis [27]. Upregulation of RPLP1 has been
reported in various cancer types, including
hepatocellular carcinoma [28], breast cancer
[29], and cervical cancer [30]. In these can-
cers, increased RPLP1 expression has been
proposed to promote tumor cell tumorigenesis,
proliferation, invasion, and migration [31, 32].
The tumor promoting role of RPLP1 has been
linked to its effect on tumor cell epithelial-mes-
enchymal transition [29]. Additionally, deficien-
cy of RPLP1 was reported to result in reactive
oxygen species (ROS) accumulation and stress-
induced autophagy [31, 32]. However, the spe-
cific role of RPLP1 in osteosarcoma has yet to
be explored.

To identify key players responsible for osteo
sarcoma metastasis, we compared the expres-
sion levels of different genes in tumor samples
between patients with and without metastasis
at diagnosis. Our analysis revealed that RPLP1
was significantly upregulated and correlated
with poor survival in osteosarcoma. Moreover,
a positive correlation between RPLP1 and
MYL5 expression was also revealed in osteo-
sarcoma samples. In summary, we have identi-
fied RPLP1 overexpression as a contributing
factor in osteosarcoma metastasis, potentially
explained by its positive correlation with MYL5
expression.

Material and methods
Cell culture, reagents and cell lines

U20S, 143B, and MG63 (purchased from the
National Collection of Authenticated cell cul-
tures) were cultured at 37°C with 5% CO, in
DMEM (Sigma, #D6429) containing 10% fetal
calf serum (Gibco, #10100147) and 100 Ul m|*
penicillin/streptomycin.
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RNA extraction and RT-gPCR

Total RNA was extracted from cells using the
TRIzoI™ Reagent (Invitrogen) according to the
manufacturer’s instructions. Reverse transcrip-
tion and qPCR were conducted with Revert-
Aid First Strand cDNA Synthesis Kit (Thermo
Scientific, k1622) and FastStart Universal
SYBR Green Master (Roche, 04913850001).
Relative gene expression was calculated using
the comparative cycle method (2-AACt) normal-
ized to the housekeeping gene GAPDH. Primer
sequences: RPLP1: F-5’AATGTCCCATCGGGAG-
CCT3’; R-BTTTGCTTCTACTTTCTTCTCCTCAG3’
and GAPDH: F-5'CTCCTCCTGTTCGACAGTCAG-
C3’; R-5’"CCCAATACGACCAAATCCGTT3'.

Western blot analysis

Cells were harvested and lysed at 4°C in RIPA
lysis buffer (Sigma) with protease inhibitor
cocktail (Sigma). The protein samples were
quantified and subjected to 4-20% Tris-Glycine
gels (Thermo Fisher Scientific), and after elec-
trophoresis for 1 hour, they were transferred to
nitrocellulose membranes (Bio-Rad). The mem-
branes were probed overnight at 4°C with anti-
bodies specific for RPLP1 and GAPDH after
blocking with 5% non-fat dried milk. Then HRP-
conjugated secondary antibodies were added
and incubated for 1 hour at room temperature
and finally detected with Pierce ECL Plus
Substrate (Thermo Fisher Scientific). The RP-
LP1 (pAbs, #21636-1-AP) and GAPDH (mAbs,
#5174) antibodies were purchased from Pro-
teintech (Wuhan, China).

IHC staining

Four micrometers thick tumor tissues sections
were fixed in 10% formaldehyde, embedded in
paraffin, dewaxed in xylene, and rehydrated
through a graded series of ethanol. Then, tumor
tissue sections were subjected to IHC staining
with RPLP antibody (pAbs, #21636-1-AP). The
slides were then washed with PBS and treated
with diaminobenzidine (DAB) chromogen for
3-5 min that served as the chromogen, and
hematoxylin was used for the nuclear counter-
stain. Afterwards, the sections were dehydrat-
ed, cleared, and mounted.

Transcriptional and survival data analysis

The transcriptional and clinical data sets of
GSE21257 and GSE133111 were downloaded
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Figure 1. RPLP1 is upregulated in metastatic osteosarcoma. A. The volcano plot of the differentially expressed
genes. The upregulated genes were shown in red and the downregulated genes were shown in blue. The RPLP1
was upregulated and shown in red with an arrow. B. The dot plot of the GESA functional enrichment of differentially
expressed genes between the samples of osteosarcoma patients diagnosed with metastasis and ones without
metastasis. Note that the cell adhesion related pathways were enriched. C. The heatmap of the top 10 differentially
expressed genes between the samples in patients with or without metastasis. The RPLP1 was among the top 4 of
the upregulated genes. D and E. The violin plots of the RPLP1 expression levels between osteosarcoma patients
with or without metastasis. Significant upregulation of the RPLP1 levels in metastatic osteosarcoma patients were
consistently shown in both the Kuijjer's and Buddingh’s study. ***P < 0.001. F. The bar graph of the RPLP1 ex-
pression levels in the osteosarcoma and non-osteosarcoma cell lines. The RPLP1 levels were higher in most of the
osteosarcoma cell lines.

from the GEO database. We obtained the project.org/). Packages used included the
expression datasets for RPLP1 from the TCGA ggpubr, ggplot2, survminer, tidyverse, ggsci,
database for cancer samples and from the patchwork, limma, clusterProfiler, pheatmap,
CCLE database for cell lines, respectively. The and ggrepel.

expression of RPLP1 and clinical information

of three osteosarcoma studies (Agelan PMID: Results

22350417, Kuijjer PMID: 22454324, and
Buddingh PMID: 21372215) were download-
ed from the R2 website. Survival analysis and
Kaplan-Meier plots of kidney renal clear cell
carcinoma, kidney renal papillary cell carcino-
ma, and liver hepatocellular carcinoma based
on the RPLP1 expression level were performed
and downloaded from the KMplot website. The
transcriptional and survival data of Target-0S
study were downloaded from the Xena data-
base respectively.

The RPLP1 is upregulated in metastatic osteo-
sarcoma

In order to explore the potential mechanisms
underlying osteosarcoma metastasis, we em-
ployed bioinformatic tools to analyze the tran-
scriptional changes in osteosarcoma patients
with or without metastasis using dataset GSE-
21257 from the R2 database. Our analysis
revealed a total of 137 significantly differen-
tially expressed genes, as summarized in

Bioinformatic analysis Supplementary Table 1. The volcano plot was

generated to visualize these gene expression
The bioinformatic analysis and graphic plot changes (Figure 1A). Furthermore, the Gene
were performed with R v4.2.1 (https://www.R- Ontology (GO) functional enrichment analysis
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showed that the differentially expressed genes
were enriched in biological processes and
molecular functions related cellular interaction
(Supplementary Figure 1). Then, the Gene Set
Enrichment Analysis (GSEA) highlighted path-
ways associated with cellular adhesion and
antigen processing (Figure 1B). Both sets of
functional analysis results collectively pointed
to cellular interaction pathways whose altera-
tions play fundamental roles in tumor cell
metastasis. The top 10 up- or down-regulated
genes were extracted and plotted in the heat-
map (Figure 1C). Three of the top 4 upregulat-
ed genes were found to be associated with
ribosomal function. Among these, RPLP1 em-
erged as a key molecule of interest for further
investigations.

To validate the upregulation of RPLP1 in meta-
static osteosarcoma, we conducted a series
of bioinformatic analyses using publicly avail-
able sequencing data. Our analyses consistent-
ly revealed a significant upregulation of RPLP1
in metastatic osteosarcoma patient samples
compared to localized patient samples. This
finding was observed in both Kuijjer's study
(Figure 1D) and Buddingh’s study (Figure 1E).
We further examined RPLP1 expression levels
from CCLE database and found its levels were
notably higher in most of the osteosarcoma cell
lines compared to other cancer cell lines (Figure
1F).

Overall, our findings establish a correlation
between RPLP1 and osteosarcoma metasta-
sis, providing validation for its upregulation in
metastatic osteosarcoma samples.

The expression of RPLP1 is significantly el-
evated in osteosarcoma and associated with
poorer survival outcomes

To further validate the observed dysregulation
of RPLP1 expression, we assessed the RPLP1
expression levels in osteosarcoma cell lines
and tissue samples obtained from our center.
In comparison to the immortalized osteoblast
cell line hFOB, there are markedly higher
expression of both RPLP1 mRNA and protein
levels in all three osteosarcoma lines (U20S,
MG36 and 143B) (Figure 2A and Supplemen-
tary Figure 2). Similarly, we observed upregu-
lated RPLP1 protein levels in tumor samples
from PDX models than their corresponding nor-
mal tissues (Figure 2B). Additionally, when
examining osteosarcoma patient samples al-
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ong with their adjacent non-tumor tissue sam-
ples, we consistently detected significant up-
regulation of RPLP1 protein levels in tumors
while the normal counterpart showed no such
increase (Figure 2C). To complement these
findings, we performed IHC staining of RPLP1
on the osteosarcoma samples. Strong positive
staining for RPLP1 was observed in all four
tumor samples in comparison to their paired
adjacent non-tumor tissues (Figure 2D and

Supplementary Figure 3).

To broaden the scope of our study, we expand-
ed our analysis to include public datasets, spe-
cifically examining RPLP1 levels in tumor and
normal control samples from Aqeilan’s study.
The osteosarcoma tumor samples showed sig-
nificant upregulation of RPLP1 compared to the
normal control samples, as visualized through
a violin graph (Figure 2E). To investigate the
prognostic implications of RPLP1 in osteosar-
coma, we conducted survival analysis using the
expression levels of RPLP1 in patients from
Kuijjer's study. Patients with high levels of
RPLP1 expressed exhibited significantly worse
overall survival and metastasis free survival
(Figure 2F and 2G). Similarly, a trend towards
decreased overall survival probability was
observed in the TARGET osteosarcoma dataset
(Supplementary Figure 4A), although the differ-
ence did not reach statistical significance (P =
0.09).

We further evaluate the prognostic significance
of RPLP1 across different cancer types with
bioinformatic analyses. Our results revealed
that highly expressed RPLP1 was associated
with worse overall survival in renal clear cell
carcinoma (Supplementary Figure 4B), renal
papillary cell carcinoma (Supplementary Figure
4C), and hepatocellular carcinoma (Supple-
mentary Figure 4D). In summary, our compre-
hensive analyses confirmed the upregulation of
RPLP1 in osteosarcoma using different models
and demonstrated its prognostic significance
in this malignancy. Elevated RPLP1 expression
not only associated with poorer overall survival
in osteosarcoma, but also in various cancer
types.

Possible correlation of RPLP1 with MYL5 in
osteosarcoma

In our quest to explore the biological function of

RPLP1 in osteosarcoma progression, we ana-
lyzed differentially expressed genes following

Am J Cancer Res 2023;13(10):4822-4831
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Figure 2. The RPLP1 is highly expressed in osteosarcoma and correlated with worse survival. (A) The protein levels of
RPLP1 were upregulated in osteosarcoma cell lines (A), PDX model tissues (B) and patient tumor tissue (C). (C) Four
pairs of osteosarcoma patient tumor tissue and adjacent non-tumor tissue were used to detect the RPLP1 protein
levels with Western blot. All the tumor tissues showed higher levels of RPLP1 comparing with the paired adjacent
non-tumor tissues. (D) The IHC staining of the RPLP1 in the paired osteosarcoma and adjacent non-tumor tissue
(P1 and P4). The tumor tissues were strongly positive for RPLP1 while the adjacent non-tumor tissues were weak
positive or negative for RPLP1. (E) The violin plot of the relative RPLP1 levels of osteosarcoma in the Ageilan’s study.
Bioinformatic analysis showed that the expression of RPLP1 was upregulated in osteosarcoma samples comparing
with the normal control samples. ****P < 0.0001. (F and G) The survival analysis of the Kuijjer's study showed
significant differences in the overall survival and metastasis free survival between osteosarcoma patients with high
and low expression of RPLP1. Osteosarcoma with higher RPLP1 levels presented with significantly worse survival.

RPLP1 knockdown in a tumor model, and iden- chment in the cell adhesion pathway (Figure
tified 403 genes that exhibited significant dif- 3B). To identify the specific molecule responsi-
ferences (Supplementary Table 2). The volcano ble for the alterations in the cell adhesion path-
plot was generated to visualize these differen- way following RPLP1 knockdown, we examined
tially expressed genes (DEGs) (Figure 3A). The the overlapping genes between the DEGs and
GO functional enrichment analysis demonstrat- the KEGG focal adhesion pathway gene list.
ed a significant enrichment of deferentially This analysis revealed a total of 10 overlapping
expressed genes in biological processes relat- genes, which were depicted in a Venn diagram
ed to the cell cycle (Supplementary Figure 5). (Figure 3C) and in a heatmap (Figure 3D).
Additionally, GSEA indicated a significant enri- Among these 10 overlapping genes, MYL5 was
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Figure 3. Possible correlation of RPLP1 with MYL5 in osteosarcoma. (A) The volcano plot of differentially expressed
genes after RPLP1 knockdown. The upregulated genes were labeled in red while the downregulated genes were
labeled in blue. (B) The GSEA functional enrichment analysis showed that differentially expressed genes were signif-
icantly enriched in the KEGG_FOCAL_ADHESION pathway. (C) The Venn diagram shows the overlap between the dif-
ferentially expressed genes (A) and the list of genes in the KEGG_FOCAL_ADHESION pathway (B). (D) The heatmap
of the 10 overlapping genes. MYL5 (shown in red color) was the only downregulated genes after RPLP1 knockdown.
(E) The bar graph of the relative expression of MYL5 in different cancer cell lines. The MYL5 expression levels were
higher in osteosarcoma cell lines (U20S, 143B, HOS, and MG63) compared with non-osteosarcoma cell lines (Kelly,
Hce-1195, Jeko-1, and Mml-s). (F) Correlation of RPLP1 with MYL5 in osteosarcoma. Significant positive correlation

between RPLP1 and MYL5 were detected in osteosarcoma sa

the only downregulated gene following RPLP1
gene knockdown.

Subsequently, we tried to assess the poten-
tial correlation between MYL5 and RPLP1 in
osteosarcoma. We examined the expression
levels of MYL5 in different tumor cell lines.
Consistently, higher expression levels of MYL5
were observed in osteosarcoma cell lines com-
pared to other tumor cell lines (Figure 3E). In
addition, correlation analysis performed using
osteosarcoma dataset revealed a positive
correlation between the expression levels of
RPLP1 with MYL5 in osteosarcoma tissue sam-
ples (Figure 3F).

To summarize, our findings suggest that MYL5

expression might be regulated by RPLP1 in
tumors, and in osteosarcoma specifically,
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mples from the TARGET osteosarcoma dataset.

MYL5 exhibits a positive correlation with
RPLP1.

Discussion

The mechanism studies of osteosarcoma
metastasis pose significant challenges due to
the rarity and complexity of the disease [33].
The genomic landscape of osteosarcoma is
characterized by high instability and heteroge-
neity [34]. While somatic or germline mutations
in genes like TP53 and RB1 have been identi-
fied to have tumor-promoting roles, drawing
definitive conclusions is difficult due to the low
recurrence of these mutations in tumor sam-
ples [35, 36]. In fact, multiple whole-genome
sequencing or whole-exome sequencing stud-
ies conducted on osteosarcoma samples have
indicated that copy number alterations and

Am J Cancer Res 2023;13(10):4822-4831
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structural rearrangements, rather than soma-
tic mutations, are the predominant genomic
changes in osteosarcoma [37]. Therefore,
studying transcriptional changes may hold
greater promise in unraveling the mechanisms
underlying osteosarcoma metastasis.

In this study, we employed bioinformatic tools
to analyze the differentially expressed genes
associated with osteosarcoma metastasis.
Among the genes identified, RPLP1, a ribo-
somal protein, ranked highly as an upregulat-
ed gene. Ribosomal proteins (RPs) are RNA-
binding proteins that play a crucial role in ribo-
some biosynthesis and protein translation [38].
Beyond their conventional functions, growing
evidence suggests that RPs also possess ex-
tra-ribosomal functions, contributing to the reg-
ulation of cell proliferation, migration, and inva-
sion [39]. Previous studies have proposed that
RPLP1 is upregulated and promotes tumor pro-
gression and metastasis in various cancer
types. However, its precise role in osteosarco-
ma remains unexplored.

Through our investigation using osteosarcoma
cell lines and tissue samples from our center,
we observed the upregulation of RPLP1 in
osteosarcoma. Our findings were further vali-
dated by analyzing public datasets through bio-
informatic analyses, which consistently demon-
strated the upregulation of RPLP1. In various
studies, overexpression of RPLP1 in osteosar-
coma samples was associated with reduced
overall survival and metastasis-free survival.
Consistent with the proposed tumor-promot-
ing role of RPLP1 in osteosarcoma, we also
observed a correlation between high levels of
RPLP1 expression and poorer survival out-
comes in different malignancies.

Myosins are ATP-dependent actin-based molec-
ular motors critical for diverse cellular process-
es like intracellular trafficking, cell motility, and
cell invasion [40]. Myosin light chain 5 (MYL5)
has been reported to be upregulated in multi-
ple malignant tumors such as glioblastoma
[41], colon cancer [42], cervical carcinoma
[43], and breast cancer [44] and has been
implicated in tumor metastasis. Mechanically,
MYL5 has been shown to positively regulate
HIF-1alpha and promotes cancer cell metasta-
sis [43].
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We investigated the transcriptional changes
occurring after RPLP1 knockdown in tumor
cells, and the analysis revealed significant
enrichment of DEGs in pathways associated
with cellular interactions. Notably, the well-
established metastasis-promoting protein MY-
L5 [43] showed significant downregulation.
Furthermore, a positive correlation was obser-
ved between the expression levels of RPLP1
and MYL5 in osteosarcoma samples, suggest-
ing a potential synergistic role in osteosar-
coma.

For the first time, this study presents the novel
discovery of the upregulation of ribosomal pro-
tein RPLP1 in osteosarcoma, along with its
prognostic significance. We consistently ob-
served recurrent overexpression of RPLP1 in
most of the osteosarcoma cell lines and tumor
samples across multiple datasets. The prog-
nostic value of RPLP1 was further confirmed in
various datasets. It is important to note that
our findings are primarily based on bioinformat-
ic analysis of different datasets on osteosarco-
ma. Therefore, a detailed exploration of the
molecular mechanisms underlying the role of
RPLP1 in osteosarcoma was not included in
this study, which represents a limitation and
deserves further investigation.
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Supplementary Figure 1. The GO enrichment analysis of differentially expressed genes between samples of os-
teosarcoma metastatic patients and ones without metastasis. The differentially expressed genes were enriched in
cellular contact related biological process such as antigen processing and MHC protein complex assembly.
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Supplementary Figure 2. The relative expression levels of RPLP1 in osteosarcoma cell lines assessed with qRT-PCR.
The RPLP1 is significantly upregulated in U20S and 143B cell lines comparing with hFOB cells. Each experiment
was conducted with 3 biological repeats. **P < 0.01, ***P < 0.001.
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Supplementary Figure 3. The IHC staining of the RPLP1 in the paired osteosarcoma and adjacent non-tumor tissue
(P2 and P3). The tumor tissues were strongly positive for RPLP1 while the adjacent non-tumor tissues were weak
positive or negative for RPLP1.
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Supplementary Figure 4. Survival analysis of RPLP1 in different tumor types. A. The survival analysis of the TAR-
GET_OS dataset. Osteosarcoma with high RPLP1 levels showed worse overall survival though the differences were
not statistically significant (P = 0.09). B-D. The survival analysis of renal clear cell carcinoma, renal papillary cell
carcinoma and hepatocellular carcinoma based on RPLP1 expression levels. Significantly worse survivals were ob-
served in RPLP1 high group in all the three cancer types.
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Supplementary Figure 5. The GO functional enrichment analysis showed differentially expressed genes were en-
riched in cell cycle related pathways.



