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Abstract MYBL2 (MYB proto-oncogene like 2) is an emerging prognostic marker for malignant
tumors, and its potential role in osteosarcoma and its relationship with immune infiltration in
pan-cancer is yet to be elucidated. We constructed a transcription factor activity profile of os-
teosarcoma using the single-cell regulatory network inference algorithm based on single-cell
RNA sequencing data obtained from the Gene Expression Omnibus. Subsequently, we calcu-
lated the extent of MYBL2 activation in malignant proliferative osteoblasts. We also explored
the association between MYBL2 and chemotherapy resistance in osteosarcoma. Furthermore,
we systematically correlated MYBL2 with immunological signatures in the tumor microenviron-
ment in pan-cancer, including immune cell infiltration, immune checkpoints, and tumor immu-
notherapy prognosis. Finally, we developed and validated a risk score (MRGS), derived an
osteosarcoma risk score nomogram based on MRGS, and tested its ability to predict prognosis.
MYBL2 and gene enrichment analyses in osteosarcoma and pan-cancer revealed that MYBL2
was positively correlated with cell proliferation and tumor immune pathways. MYBL2 expres-
sion positively correlated with SLC19A1 in pan-cancer and osteosarcoma cell lines. Pan-cancer
immune infiltration analysis revealed that MYBL2 was correlated with myeloid-derived sup-
pressor cells, Th2 cell infiltration, CD276, RELT gene expression, and tumor mutation burden.
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In summary, MYBL2 regulates proliferation, progression, and immune infiltration in osteosar-
coma and pan-cancer. Therefore, we found that MYBL2 could be used as a potential marker
for predicting the osteosarcoma prognosis. Patients with osteosarcoma and high MYBL2 expres-
sion are theoretically more sensitive to methotrexate. An osteosarcoma prognostic nomogram
can provide new ideas in the search for osteosarcoma prognostic markers.
ª 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co.,
Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.
org/licenses/by-nc-nd/4.0/).
Introduction

Osteosarcoma is the most common malignant primary bone
tumor in children and adolescents. It primarily occurs in the
metaphysis and diaphysis of long bones and is a malignant
tumor characterized by forming an osteoid matrix and
immature bone.1 Approximately 15%e20% of patients with
osteosarcoma have metastatic lesions on their first visit.
More than 85% of metastatic lesions are located in the
lungs, the most common site of distant metastasis from
osteosarcoma.2 Although current therapies can treat
approximately 70% of patients with osteosarcoma, survival
rates for patients with metastatic or recurrent lesions have
remained largely unchanged over the past 30 years.3

Although the exact cellular origin of osteosarcoma is
unknown, evidence suggests that it arises from mesen-
chymal stem cells or osteogenic precursor cells that cannot
undergo terminal differentiation.4 In these cells, copy
number variations and chromosomal fusion sequences occur
at high frequencies. These complex genetic scenarios have
hindered the development of targeted therapeutic strate-
gies.5 Therefore, it is crucial to deepen our understanding
of osteosarcoma. Tumor occurrence is a multifactor and
multistep process. Osteosarcoma is aggressive, and the
prognosis of patients with metastases is poor. The effects of
molecular-targeted therapy in patients with osteosarcoma
are also quite different.6

The MYB family plays an important role in regulating cell
proliferation, differentiation, and angiogenesis, and is
expressed in many tumors. Recently, researchers have
found that MYB is associated with immunosuppression, and
MYB, as a transcription factor, can down-regulate the
effector ability of T cells and maintain the self-renewal
ability of T exhausted cells. MYBL2 is a member of the MYB
transcription factor family that plays an important role in
cell cycle progression, survival, and differentiation.7 MYBL2
is expressed in almost all proliferating cells.8 MYBL2-
knockout mice develop early embryonic death due to
blocked colony formation within blastocysts.8 Knockdown
of MYBL2 at the cellular level can lead to abnormalities in
the cell cycle’s S, G2, and M phases, resulting in cell cycle
arrest at the G2 phase.9 Studies have demonstrated that
MYBL2 is overexpressed in various tumors, including gall-
bladder,10 colorectal,11 bladder,12 cervical,13 lung,14 and
breast cancers.15

MYBL2 mRNA expression levels positively correlate with
MKI67 expression levels in breast cancer.15 Jin et al found
that MYBL2 overexpression can promote the proliferation of
non-small-cell lung cancer through the ERK signaling and
Akt signaling pathways.14 Liang et al found that MYBL2
improves the proliferation of gallbladder cancer cells by
promoting the progression of the cell cycle S phase and G2/
M phase in gallbladder cancer and suggested that MYBL2 is a
factor for poor prognosis in patients with gallbladder can-
cer.10 High MYBL2 expression is also associated with poor
prognosis in neurofibroblastoma,16 breast cancer,17 and
colorectal cancer.11 Recently, Meng et al performed a pan-
cancer analysis of MYBL2 in bladder cancer and confirmed
that MYBL2 plays an immunomodulatory role in bladder
cancer and may serve as an important prognostic
biomarker.18 However, the prognostic role of MYBL2 in os-
teosarcoma and pan-cancer is yet to be fully validated.

With the progress in sequencing technology, single-cell
transcriptome technology has become necessary.19 Single-
cell sequencing is a technique for analyzing tissue tran-
scription at the single-cell level, which can reveal changes
in gene expression in every cell in the tissue and may even
reveal new cell types.20 Bioinformatic analysis of single-cell
transcriptomes can more accurately demonstrate the cell
state and gene expression regulation.21

Here, we first used osteosarcoma single-cell RNA-seq
data to identify the transcription factor MYBL2 specifically
expressed in proliferating osteosarcoma cells. Second, we
validated the MYBL2 expression and function in osteosar-
coma and pan-cancer transcriptome data and demon-
strated that MYBL2 positively correlated with MDSC
(myeloid-derived suppressor cell) and Th2 cells in pan-
cancer. Finally, a clinical prediction model was developed
to predict the prognosis of osteosarcoma based on MYBL2-
related genes (Fig. 1AeD). This study provides valuable
basic information for studying osteosarcoma biomarkers
and prognostic factors with clinical relevance.
Materials and methods

Data sources

The sc-RNA-seq cohort GSE152048 was processed using the
Seurat package (version 3.2.2) in R statistic software
(version 4.0.3). We selected cells with 300e4000 genes and
mitochondrial genes < 10% of the total expressed genes.
Subsequently, we removed the doublets using the Dou-
bletFinder package in R. Eleven Seurat objects were
merged. After normalization and removal of the batch ef-
fect using the Harmony package of R, we performed clus-
tering analysis using the FindClusters function of the Seurat
package. We identified differentially expressed genes
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Figure 1 Overview of the study design. (A) MYBL2 was found to be a specific regulon in malignant osteoblasts through SCENIC. (B)
MYBL2’s expression level, prognostic effect, and function analysis in osteosarcoma. (C) MYBL2’s expression level, prognostic effect,
and function analysis in pan-cancer. (D) The establishment and validation of a nomogram for predicting overall survival based on
MRGS.
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(DEGs) using the FindAllMarkers function in the Seurat
package to annotate the cell clusters. The cell groups were
annotated based on the DEGs and well-known cellular
markers downloaded from the original study.3 The following
three osteosarcoma gene expression omnibus (GEO) data-
sets with clinical data were downloaded: GSE87624
(GPL11154), GSE42352 (GPL10295), and GSE21257
(GPL10295).

The normalized RNA-seq data (FPKM: Fragments Per
Kilobase of exon model per Million mapped fragments) in
GSE87624 was transformed into TPM (Transcripts Per Kilo-
base of exon model per Million mapped reads). GSE42352
and GSE21257 are microarray datasets. Based on the
GPL10295 platform information, the probe name was an-
notated as the gene name. Therapeutically applicable
research to generate effective treatments (TARGET) RNA-
seq and methylation cohorts were downloaded from the
TARGET website (https://ocg.cancer.gov/programs/
target). After filtering the data without clinical informa-
tion, we obtained RNA-seq data from the 94 pre-chemo-
therapy biopsy samples. We converted the Ensembl gene ID
into a gene symbol. Subsequently, the count was converted
to log2 (TPM þ1) to show the amount of gene expression.
Pan-cancer RNA sequencing (RNA-seq) data (FPKM value),
pan-tissue RNA sequencing (RNA-seq) data (FPKM value),
survival information, and somatic mutation data for cancer
were downloaded from the USCS Xena data portal.22 Next,
we annotated the gene names and transformed the gene
expression from FPKM to log2 (TPM þ1). VarScan2 was used
to analyze somatic mutation data and calculate the tumor
mutation burden (TMB). The osteosarcoma cell line data
were downloaded from the CCLE (Cancer Cell Line Ency-
clopedia) database. We selected tumor cell lines of bone
tissue origin, downloaded the gene expression matrix, and
converted the expression level from FPKM into TPM.

Single-cell regulatory network inference (SCENIC)

We used the Python version of SCENIC pySCENIC to
construct GRNs (gene regulatory networks) from single-cell
RNA-seq data in Python 3.6.13. The SCENIC workflow con-
tains three steps as follows: (i) determine the co-expression
module between the transcription factor and the potential
target gene, (ii) infer the potential target gene for each co-
expression module based on the motif information of the
corresponding transcription factor, and (iii) calculate the
transcription factor activity matrix.

Calculating cell-type specificity score and
validation

We used the method described by Shengbao23 to determine
cell-specific transcription factors. For quantification, an
entropy-based method was adopted to calculate cell-type
specifications.23 The distribution of RAS in the cell popu-
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on their association with cell type-specific scores. For
validation, we used the website Search-Based Exploration
of Expression Compendium: SEEK (https://seek.princeton.
edu/seek/) to validate whether the predicted regulons
were authentically related to their associated cell types.
We inputted the gene list of the MYBL2 regulon to the SEEK
web server and searched for sarcoma-related keywords
(such as “cancer”, “sarcoma”, and “proliferation” among
others) from the complete dataset list ranked by query-co-
expression score. Subsequently, we set a P < 0.05 cutoff to
select significant datasets, and used Fisher’s exact test to
evaluate whether the selected datasets were significantly
enriched in the top ranks.

InferCNV

We used the infercnv1.4.0 R package to analyze the
InferCNV. Endothelial cells (benign cells) and proliferating
osteoblasts from all patients in the osteosarcoma single-
cell dataset were included in the analysis. The CNV score
for each cell was obtained by dividing the sum of the
squares of CNV values-1 of each gene in a single cell by the
total number of genes.

Functional enrichment analysis

Gene ontology (GO) enrichment analysis, Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) pathway analysis, and
gene set enrichment analysis (GSEA) were performed using
the clusterprofier R package.24 The H gene set v7.2 col-
lections and hallmarks were obtained from the molecular
signature database as reference gene sets for GSEA. Single-
sample GSEA (ssGSEA) was obtained using the R package
gsva.

Immunohistochemical staining

Fifty-nine specimens of osteosarcoma with complete
follow-up data were prepared for immunohistochemical
staining. Representative tumor areas were obtained from
formalin-fixed and paraffin-embedded primary osteosar-
coma tissue specimens. Five high-power microscopic fields
were randomly selected. The number of positive cells was
calculated as a percentage of the total number of cells,
presented as a positive expression value.

Pan-cancer immune infiltration analysis

The correlation between pan-cancer immune infiltration
and MYBL2 was obtained using the Tumor Immune Estima-
tion Resource database. Immune cell infiltration was

https://ocg.cancer.gov/programs/target
https://ocg.cancer.gov/programs/target
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calculated using the QUANTISEQ, XCELL, CIBERSORT,
CIBERSORT-ABS, and EPIC algorithms.

MYBL2-related gene score (MRGS) establishment
and validation

We calculated the correlation coefficient between genes in
the TARGET dataset and MYBL2. Subsequently, we filtered
them with a standard correlation coefficient > 0.3 and
P < 0.05 and obtained 570 genes. We merged the TARGET
and GSE212557 datasets and used the sva package to
remove batch effects and normalize the expression to
obtain a sufficient and balanced sample. We randomly
categorized the integrated osteosarcoma cohort into two
groups: 75 and 72 participants in the training and control
groups, respectively. The least absolute shrinkage and
selector operation (LASSO) algorithm was used to further
screen out genes that were optimal candidate MYBL2-
related gene expression profiles with the best discrimina-
tive capability. Stepwise regression was applied to screen
for the final genes. We developed a risk score model based
on the MYBL2-related gene expression profiles, weighted
using the multivariate Cox regression coefficient as follows:

MRGSZ
X

bi � RNAi

where bi is the coefficient of RNAi expression. We catego-
rized the patients into high- and low-risk groups according
to the median MRGS in both cohorts. The time-dependent
receiver operating characteristic (ROC) curve was used to
evaluate the predictive ability of MRGS for poor prognosis.

Statistical analysis

All statistical analyses and graphing were performed using R
4.0.3. Correlation analysis was performed using Spearman’s
method. The two groups were compared using the Wilcoxon
rank-sum test. A random-effects model was used in the
meta-analysis of the MYBL2 gene expression hazard ratio in
pan-cancers. KaplaneMeier plots and log-rank tests were
used to present the survival analysis results and test the
differences between the two groups for survival analysis,
respectively. We used the cutoff finder to optimize the
cutoff points for datasets that medians could not eval-
uate.25 Statistical significance was set at P < 0.05, and all
statistical tests were two-sided.

Results

Tumor heterogeneity in different patients is
related to cell type composition and tumor regulon
activity

We used GSE152048, a representative osteosarcoma single-
cell dataset downloaded from GEO containing osteosarcoma
tissues from 11 patients. These patients had osteogenetic,
chondrogenic, metastatic, and primary osteosarcoma. After
clustering and annotating the dataset (Fig. S1) and applying
the SCENIC process, 304 activated regulons were identified
(Table S1). The activity of each regulon in each cell type was
calculated. Based on the activity level of these regulons, we
performed t-distributed stochastic neighbor embedding on
those cells to show the regulon patterns of different cells.
Surprisingly, overall, the regulon patterns of patients varied
(Fig. 2A). This difference also varied among cell types
(Fig. 2B). Somecell types, includingendothelial cells (Fig. 2C),
had similar regulon patterns in different patients. These cells
can be grouped into a dimensionality reduction cluster map
based on the regulon activity. Some cell types, including
malignant cells in osteosarcoma tissue, proliferative osteo-
blasts, and osteoblasts (Fig. 2D, E), and two types of cells in
different patientsdidnot aggregatewell in thedimensionality
reduction clustering based on the activity of regulons in cells.
By comparing copy number variations, we found that prolif-
erative osteoblastsweremoremalignant thanother cells (Fig.
S2AeE). We performed a KEGG analysis of the 334 transcrip-
tion factors. Figure 2F shows the significant pathway.

Determination of the specific regulon in the main
cell types of osteosarcoma

Although differences exist in the regulon activity patterns
in different patients, the commonality of regulon activation
status can still be found in specific cell types. For the main
cells with high composition in osteosarcoma (osteoblastic
proliferative cells, osteoblasts, chondroblasts, and osteo-
clasts), we calculated the activities of all regulons for them
one by one, and based on the JenseneShannon divergence,
calculated the RSS. We identified five regulons with the
highest RSS in each cell and verified the highest RSS regulon
function in the SEEK database.

In malignant osteoblastic proliferative osteosarcoma
cells, the five most specific regulons were MYBL2, XRCC4,
VAX2, E2F8, and TFDP2. The RSS of MYBL2 was higher than
0.4, which was the highest. We investigated the activation
status of proliferative malignant osteoblasts and the MYBL2
regulon in different cells (green and gray represent activa-
tion and inactivation, respectively) and found that they
overlapped substantially. SEEK analysis revealed that the co-
expression level of MYBL2 and its target genes was signifi-
cantly related to malignant proliferation (P Z 6.53e-09)
(Fig. 3D). The top five specific regulons in osteoblasts were
DLX5, TCF7, RUNX2, CTCFL, and CREB3L1; the RSS of all five
was higher than 0.55 (Fig. 3E). We found that the activation
state distribution of the DLX5 regulon overlapped with that
of osteoblasts (Fig. 3F, G), and the SEEK database verified
that the degree of co-expression of the DLX5 regulon was
correlated with osteogenic function (P Z 0.00371) (Fig. 3H).
The five most specific regulons in chondroblasts were FOXA3,
SOX8, FOXC1, NKX2-2, and BHLHE40. The RSS of these reg-
ulons were all greater than 0.35. Among them, the highest
was FOXA3, with an RSS of approximately 0.45 (Fig. 3I). The
activation state distribution of the FOXA3 regulon was
comparable to that of chondrocytes (Fig. 3J, K). The SEEK
database verified that the FOXA3 regulon is correlated with
the chondroblast function (Fig. 3L).

The five most specific regulons in osteoclasts included
NFATC1, SP6, JDP2, VDR, and RELB. Among them, NFATC1
was the highest, with an RSS greater than 0.4 (Fig. 3M). The
activation state distribution of the NFATC1 regulon was
similar to that of the osteoclasts (Fig. 3MeP). The SEEK
database verified that the NFATC1 regulon was correlated
with osteoclast function (Fig. 3P).



Figure 2 Osteosarcoma regulon map obtained from SCENIC. (A) Display of cell clustering map based on regulon activity on
different patients. (B) Display of cell clustering map based on regulon activity on different cells in osteosarcoma. (C) The patterns
of regulon activity in different patients are similar in endothelial cells. (D) Different patients have different regulon activity
patterns in malignant osteoblasts with proliferative activity. (E) Regulon activity pattern in malignant osteoblasts varies in
different patients. (F) KEGG analysis of activated transcription factors in osteosarcoma.
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Figure 3 Cell-type-specific regulon activity analysis. (AeD) Proliferative osteoblasts. (A) Rank for regulons in proliferative os-
teoblasts based on regulon specificity score (RSS). (B) Proliferative osteoblasts are highlighted in the t-SNE map (red dots).
(C) Binarized regulon activity scores (RAS) for top regulon MYBL2 on t-SNE map (dark green dots). (D) SEEK co-expression results for
target genes of top regulon MYBL2 in different GEO datasets. The x axis represents different datasets, and the y axis represents the
co-expression significance of target genes in each dataset. Proliferative osteoblasts related datasets with significant correlation
(P < 0.05) are highlighted by yellow dots. (EeH) Same as (AeD) but for osteoblasts. (IeL) Same as (AeD) but for chondroblasts.
(MeP) Same as (AeD) but for osteoclasts.
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Expression and function of MYBL2 in osteosarcoma

MYBL2 was identified as the most specific regulator of pro-
liferative osteoblasts of osteosarcoma in our previous study.
To clarify the function of the transcription factor MYBL2, we
analyzed it using the available osteosarcoma dataset.

In the GSE42352 dataset, 84 pre-chemotherapy biopsy
samples and 19 osteosarcoma cell lines were collected as
osteosarcoma samples, and 12 mesenchymal stem cell lines
were set as normal samples. We compared the MYBL2
expression levels between the two groups. We found that
the expression of MYBL2 in the tumor group was signifi-
cantly higher than that in the normal group (Wilcoxon test
P Z 0.028) (Fig. 4A, 5).

In the GSE42352 dataset, we compared MYBL2 expres-
sion between 34 and 19 patients with and without metas-
tasis within 5 years, respectively. We observed significantly
higher expression in the metastasis group (Wilcoxon test,
P Z 0.048) (Fig. 4B).

We compared the overall survival analysis of GSE21257
and the TARGET dataset according to the level of MYBL2
expression to further explore the correlation between
MYBL2 and the prognosis of patients with osteosarcoma.
Patients with high MYBL2 expression sets showed worse
overall survival in both datasets (GSE21257, log-rank test
P Z 0.034; TARGET, log-rank test P Z 0.044) (Fig. 4C, D).

We selected the largest sample size dataset, TARGET,
performed pathway enrichment analysis to obtain
the enrichment score of each pathway, and subsequently
calculated the Spearman correlation between the expression
of MYBL2 and the enrichment score. We found that MYBL2
was related to cell proliferation pathways (including various
aspects of the cell cycle) and immune response pathways in
osteosarcoma (Fig. 4E). According to the association theory,
co-expressed genes can reflect a specific gene’s function.
We used GSEA to identify enriched features and functional
differences based on the Spearman correlation coefficients
of all genes and MYBL2. We found that the MYBL2-related
signaling pathways in osteosarcoma were almost all related
to tumor progression or occurrence, including activation of
tumor proliferation, tumor metabolism, immunosuppression,
inflammatory immune responses, and inhibition of oxidative
phosphorylation and normal DNA repair (Fig. 4F), indicating
that MYBL2 may promote tumorigenesis and progression
through multiple channels.

We performed GO and KEGG enrichment analyses on the
MYBL2 target genes (189) calculated by SCENIC using clus-
terprofier. These genes were almost all enriched in the
tumor.

Methylation and RNA-seq expression data from the
TARGET database were used for this analysis. We found
seven methylation sites in the MYBL2 gene region (Fig. S4A).
They included cg18266010, cg23843505, cg01086075,
cg16487280, cg09604203, ch.20.905431R, and
ch.20.9.4058R. We analyzed the correlation between the
methylation rate of all methylation sites and the expression
level of MYBL2 to identify the methylation sites that may
regulate the expression of MYBL2. We calculated the corre-
lation between the methylation rate of these methylation
sites and the expression level of MYBL2 and found no sta-
tistically significant results (Fig. S4BeH).
We identified 24 methylation sites with an absolute
value of correlation coefficient greater than 0.4 (P < 0.05)
(Fig. S4I). These sites’ methylation levels were significantly
related to MYBL2 and may directly or indirectly affect the
expression of MYBL2.

Expression and function of MYBL2 in pan-cancer

Expression, prognostic relationship, function, and regula-
tion of MYBL2 in pan-cancer were investigated by
comparing the tumor tissues from TCGA (The Cancer
Genome Atlas) with the corresponding GTEx normal tissues,
and we found that MYBL2 was overexpressed in many types
of human tumors, despite the different tissue sources
(Fig. 6A). This indicates that MYBL2-mediated tumor
occurrence and development is a general mechanism
adopted by solid tumors. We reached similar conclusions in
the TCGA matching organization (Fig. 6B). We compared
the enrichment of the MYBL2 regulon in TCGA tumor
and normal tissue-paired samples. The results obtained
were identical to the results obtained from the expression
of the MYBL2 gene (Fig. 6C), indicating that the MYBL2
regulon may function synergistically as a whole in pan-
tumors.

We calculated the correlation between MYBL2 expres-
sion in each tumor and MYBL2 target gene expression to
verify whether the MYBL2 target gene and MYBL2 regula-
tory relationship calculated in the osteosarcoma single-cell
data were consistent with other tumors. We found that the
expression level of MYBL2 in pan-cancer was positively
correlated with most target genes’ expression levels,
indicating that MYBL2 may similarly promote pan-cancer
tumor progression. WDFY3, TRPM8, SYT2, and SYCP1 had
different correlations with MYBL2 expression levels in
various tumors. This indicated that the transcriptional
regulation of MYBL2 was also affected by tissue sources
(Fig. S5A).

A univariate Cox regression analysis was performed
based on the MYBL2 expression level in pan-cancer to
determine the relationship between the MYBL2 expression
level and the overall survival of pan-cancers. It was found
that in 14 of 33 (42%) types of tumors, MYBL2’s expression
was a risk factor (HR > 1, P < 0.05) (Fig. S5B). Based on the
clinical data from TCGA, we performed a univariate Cox
regression analysis of MYBL2 expression levels for DSS
(disease free survival), DFI (disease free interval), and PFI
(progression free interval). We found that MYBL2 expres-
sion levels were associated with worse DSS in ACC (adre-
nocortical carcinoma), KICH (kidney chromophobe), KIRC
(kidney renal clear cell carcinoma), KIRP (kidney renal
papillary cell carcinoma), LGG (brain lower grade glioma),
LIHC (liver hepatocellular carcinoma), LUAD (lung adeno-
carcinoma), MESO (mesothelioma), PAAD (pancreatic
adenocarcinoma), PCPG (pheochromocytoma and para-
ganglioma), PRAD (prostate adenocarcinoma), SARC (sar-
coma), SKCM (skin cutaneous melanoma), and THCA
(thyroid carcinoma); worse DFI in BRCA (breast invasive
carcinoma), KIRP (kidney renal papillary cell carcinoma),
LUAD (lung adenocarcinoma), MESO, PAAD (pancreatic
adenocarcinoma), PRAD (prostate adenocarcinoma), and
THCA (thyroid carcinoma); and worse PFI in ACC, KICH,



Figure 4 Expression and function of MYBL2 in osteosarcoma. (A) MYBL2 expressed higher in osteosarcoma tissues than in normal
tissues. (B) MYBL2 expressed higher in patients with metastasis than in patients without metastasis in osteosarcoma. (C, D) Patients
with higher MYBL2 expression have worse survival. (E) MYBL2 expression is related to cell proliferation and immunity in osteo-
sarcoma tissue samples. (F) GSEA based on MYBL2 related genes indicates that MYBL2 may promote tumor progression in a variety
of ways. (G) MYBL2 is positively correlated with SLC19A1 in malignant cells in bone.
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KIRC, KIRP, LGG, LIHC, LUAD, MESO, PAAD, PCPG, PRAD,
SARC, SKCM, and UVM (uveal melanoma) (HR > 1, P < 0.05)
(Fig. S5CeE).

We also meta-analyzed the HRs of MYBL2 to osteosar-
coma, DSS, DFI, and PFI in different tumors. We adopted a
random-effects model because the I2 value was over 50%.
The HRs of the MYBL2 were 1.48 (95% CI [1.27, 1.71], OS),
1.38 (95% CI [1.19, 1.61], DSS), 1.21 (95% CI [1.08, 1.38],
DFI), and 1.32 (95% CI [1.20, 1.45], PFI) respectively (Fig.
S6AeD). Due to the large heterogeneity between different
tumors, more experiments are needed to prove the prog-
nostic role of MYBL2 in some tumors, including DLBC
(lymphoid neoplasm diffuse large B-cell lymphoma) and
TGCT (testicular germ cell tumors).

We verified the correlation between MYBL2 and SLC19A1
expression in pan-cancer. We found that in 29/33 tumors,
MYBL2 expression was positively correlated with SLC19A1
expression (Fig. 6D). These findings indicate that the cor-
relation between MYBL2 and SLC19A1 may not be affected
by the source of the tumor tissue.



Figure 5 Validation of the predictive effect of MYBL2 on prognosis in the Xiangya cohort. (A, B) Both MYBL2 expression levels and
MKI67 expression levels were associated with poor patient prognosis. (C) Patients with higher MYBL2 expression levels in the
Xiangya osteosarcoma cohort had shorter survival times. (D) Patients with higher expression levels of MKI67 in the Xiangya oste-
osarcoma cohort had a shorter survival time. (E) The time-dependent ROC curve showed that the predictive accuracy of MKI67 on
patient survival at 1, 2, and 3 years after the diagnosis of osteosarcoma was 0.646, 0.591, and 0.587, respectively. (F) The time-
dependent ROC curve showed that the predictive accuracy of MYBL2 on patient survival at 1, 2, and 3 years after diagnosis of
osteosarcoma was 0.669, 0.0.685, and 0.701, respectively.
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MYBL2 is a potential immune checkpoint

From the heat map of the correlation between the infil-
tration of various immune cells and MYBL2 expression, we
found that the expression level of MYBL2 in some tumors
(including THCA and THYM (thymoma)) was associated with
various immune cell infiltrations. However, this correlation
was inconsistent in other tumors, which may be due to the
specificity of tumor tissue. Interestingly, we found that a
positive correlation between Th2, MDSC infiltration, and
MYBL2 expression remained consistent in almost all types of
tumors (Fig. S7).

We focused on Th2 cells and MDSC and found that MYBL2
was positively correlated with Th2 cell infiltration in almost
all tumors except UCS, CESC, and COAD (Fig. 7A). Similarly,
the positive correlation between MYBL2 and MDSC infiltra-
tion was consistent in approximately all tumors except
BRCA-Her2, DLBC, TGCT, UCS, and HNSC-HPVþ (head and
neck squamous cell carcinoma-HPVþ) (Fig. 7B).
In the exploration of several typical tumors, we found
that higher Th2 and MDSC infiltration in these tumors was
associated with poorer overall survival (HR > 1, P < 0.05)
(Fig. S8AeP).

MYBL2 expression level in 28 tumors was significantly
positively correlated with the expression of immune
checkpoint CD276 (B7eB3) (with correlation coefficient
> 0 and P < 0.05) (Fig. 7D). Among these tumors, CD276 was
correlated with MYBL2, with the highest degree in MESO.

Additionally, MYBL2 expression was still present in 28
types of tumors. It was correlated with RELT, a member of
the tumor necrosis factor receptor superfamily (Fig. 7E).
Among these, RELT was associated with MYBL2, which had
the highest ACC.

We determined the correlation between the expression
of MYBL2 and TMB in pan-cancer. In 17 tumors, MYBL2
expression was positively correlated with TMB (Spearman
correlation > 0, P < 0.05) (Fig. 7C).

In the classic immunotherapy cohort imvigor210 for
urothelial cell tumors, we compared the expression of



Figure 6 Expression and function of MYBL2 in pan-cancer. (A) The MYBL2 gene in TCGA and GTEX databases has higher expression
in tumor tissues than in normal tissues. (B) The expression of the MBYL2 gene was higher in tumor tissues than in matched adjacent
tissues in TCGA-paired samples. (C) The enrichment scores of MYBL2 and its target genes were higher in TCGA-paired tumor tissues
than in normal tissues. (D) MYBL2 gene positively correlates with the expression of tumor drug sensitivity-related gene SLC19A1 in
pan-cancer.
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MYBL2 between the CR (complete response)/PR (partial
response) and SD (stable disease)/PD (progressive disease)
groups. We found that the MYBL2 expression was higher in
the group with better immunotherapy effects (P < 0.001)
(Fig. 7F).

Patients were categorized into high- and low-expression
groups according to the median value of MYBL2 expression.
Patients with high MYBL2 expression had better immuno-
therapy responses (OR Z 0.423; 95A% CI [0.228e0.767];
P Z 0.004). The baseline information of patients in the
imvigor210 dataset is presented in Table S2. We validated
MYBL2 expression in rectal cancer and esophageal adeno-
carcinoma and found that the mean MYBL2 level in the
better-immunotherapy-response group was higher than
that in the worse-immunotherapy-response group (Fig. S9).

Construction and validation of MRGS

The osteosarcoma dataset with the largest sample size was
selected, and the expression of MYBL2 and the expression
of each gene were analyzed for correlation. After screening
according to the established rules (correlation coefficient >
0.3, P < 0.05), 570 genes that cooperated with MYBL2 were
obtained.

The GSE21257 and TARGET datasets, with detailed clin-
ical data, were selected to construct the prognostic model.
After excluding the batch effect, we normalized gene
expression. To train for prognostic factors, 147 patients
were randomly categorized into two groups: 75 and 72 in
the training and test groups, respectively. Overall, 37
MYBL2-related genes affected the prognosis based on uni-
variate Cox analysis (Table S3). Using the LASSO algorithm,
we identified 14 genes with minimal lambda (0.0744)
(Fig. 8A and B). After stepwise multivariate Cox regression,
seven final candidate genes were screened to construct
MRGS. Multivariate Cox regression analysis demonstrated
that the expression of CCDC58, NDUFB4, and RAB15 were
independent risk factors for osteosarcoma, while CTNBIP1,
PLEKHG1, and SGPL1 were protective factors after osteo-
sarcoma (Fig. 8C and Table S4). The risk score was



Figure 7 MYBL2 is a potential immune checkpoint. (A) MYBL2 expression level in pan-cancer is positively correlated with Th2
immune cell infiltration. (B) MYBL2 expression level in pan-cancer is positively correlated with MDSC immune cell infiltration level.
(C) MYBL2 is positively correlated with tumor mutation burden in pan-cancer. (D) MYBL2 expression level in pan-cancer is positively
correlated with immune checkpoint CD276. (E) The expression level of MYBL2 in pan-cancer is positively correlated with tumor
necrosis factor receptor RELT. (F) Imvigor210 immune patients in the treatment cohort with better immunotherapy response had
higher levels of MYBL2 expression.
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calculated using the following equation: risk
score Z 2.690 � AUNIP þ 4.434 � CCDC58 e
3.383 � CTNNBIP1þ 2.398 � NDUFB4 e 7.068 � PLEKHG1 þ
7.765 � RAB15 þ 6.188 � SGPL1.

We calculated the risk score of each patient and cate-
gorized them into high- and low-risk groups in the training
and test groups, respectively, according to the median risk
score. The distribution of the risk score, survival status, and
corresponding heatmap of the expression levels of MRGs in
patients in the training and testing sets are displayed
(Fig. 8D, E). To evaluate the impact of high-risk and low-risk
scores on prognosis, we evaluated the overall survival of
the training and validation groups using the KaplaneMeier
curve (Fig. 8G, I). To further clarify the accuracy of the
MRGS model in predicting the overall survival of patients
with osteosarcoma, we analyzed the time-dependent ROC
curves. In the training set, the AUCs of the prognostic
signature were 0.841, 0.885, and 0.936 at 1, 2, and 3 years,
respectively. Similarly, in the validation set, the AUCs were
0.812, 0.778, and 0.759, respectively (Fig. 8H, J). These
results indicated that the MRGS model accurately predicted
osteosarcoma development.

The risk of all patients after integration was classified
into high and low groups according to the median risk score.
After excluding patients with missing clinical information,
we obtained data from 98 patients. Ninety-eight patients
were randomly categorized into training and validation
groups at a 1:1 ratio. The baseline information is presented
in Table S4. In the training group, we performed multivariate
regression analysis on age, sex, Huevos grade, tumor site,
metastasis at diagnosis, and MRGS. We verified that metas-
tasis at diagnosis and MRGS were independent prognostic
factors (Fig. 9A). We constructed a nomogram based on the
multivariate Cox regression model (Fig. 9B). Metastasis at
diagnosis had the most significant effect on osteosarcoma,
followed by MRGS. Based on this nomogram, by summarizing
the characteristics of each predictor and measuring the total
osteosarcoma score, the individual’s survival probability can
be easily calculated. Calibration plots were used to visualize
the performance of the nomograms in the training and
validation sets. The 45� line represents the best prediction.
The calibration plots showed that the nomogram performed
well in both the training and control groups (Fig. 9CeE;
Figure 9FeH in the training and validation sets, respec-
tively). The concordance index (C-index) of the training,
validation, and whole sets were 0.805, 95% CI [0.636, 0.975],
0.764, 95% CI [0.598, 0.930], and 0.787, 95% CI [0.598,
0.930], respectively (Table S6). Generally, the prediction
nomogram based on MRGS has good predictive ability in the
short and long terms.



Figure 8 The construction and validation of the MRGS. (A, B) LASSO regression analysis of the MYBL2-related genes associated with
osteosarcoma prognosis. (C) Multivariate Cox regression analysis of the 7 genes (AUNIP, CCDC58, CTNNBIP1, NDUFB4, PLEKHG1,
RAB15, and SGPL1) and establishment of the regression equation. (D, E) Patients are ranked by risk score and corresponding survival
status of the training and validation sets. (F, H) KaplaneMeier survival curve of overall survival of OS patients in the training set and
the validation set according to the median cutoff value. (G, I) ROC curves at 1, 2, and 3 years in the training and validation sets.
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Discussion

Based on the SCENIC algorithm, we found a critical role for
MYBL2 in proliferating osteosarcoma cells. Multiple
datasets have collectively demonstrated that MYBL2 plays a
crucial predictive role in osteosarcoma prognosis. Based on
the evidence that MYBL2 is positively correlated with a
suppressive immune status in pan-cancer, the inhibitory



Figure 9 Establishment and validation of a nomogram based on MRGS. (A) Multivariate regression analysis based on age, gender,
Huovs grade, metastasis at diagnosis, and MRGS in the training group. (B) Nomogram for predicting the probability of 1-, 3-, and 5-
year overall survival for patients with osteosarcoma. (CeE) Calibration curves of the nomogram for predicting the overall survival
at 1, 3, and 5 years in the training cohort. (FeH) Calibration curves of the nomogram for predicting the overall survival at 1, 3, and
5 years in the validation cohort.
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effect of MYBL2 on tumor immunity was further confirmed.
Finally, MRGS was developed to predict the osteosarcoma
prognosis.

Osteosarcoma is a highly aggressive primary malignant
bone tumor that occurs more frequently in adolescents and
elderly individuals. The incidence of osteosarcoma is five
per million people, and although the incidence is low, the
prognosis of patients with osteosarcoma is poor.26,27

Tumor heterogeneity is a feature of malignancy and can
cause differences in tumor growth rate, invasion,
metastasis, drug sensitivity, and prognosis. Intertumoral
and intratumor heterogeneities are closely related to tumor
progression and metastasis, affecting the internal biology
of tumors.28,29 These features are closely related to tumor
diagnosis, response to targeted therapy, and patient
survival. Through SCENIC analysis, we found that the reg-
ulon activity of malignant tumor cells showed greater
variability between patients with different tumors. In
contrast, non-tumor cells (e.g., endothelial cells) were less
abundant.
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Here, by comparing the expression of MYBL2 between
osteosarcoma tissues and non-tumor controls in the
GSE42352 and GSE87624 datasets, we demonstrated that
MYBL2 is highly expressed in osteosarcoma tissues. In the
GSE42352 dataset, we confirmed that MYBL2 was signifi-
cantly associated with the malignant biological behavior of
distant metastasis in osteosarcoma. In the GSE21257 and
TARGET datasets, patients with high MYBL2 expression had
shorter survival times. These results imply that MYBL2 plays
a vital role in the development of osteosarcoma. Similar
results have been reported for many other tumors. Liang et
al detected the protein expression of MYBL2 in 65 samples
each from patients with primary gallbladder cancer and
cholecystitis.14 They found that the expression rate of
MYBL2 in gallbladder cancer samples was significantly
higher than that in cholecystitis samples. It was also found
that a high expression level of MYBL2 was significantly
correlated with lymph node metastasis and tumor-node-
metastasis stage in patients with gallbladder cancer.14 Jin
et al found that the MYBL2 expression rate in non-small-cell
lung cancer was significantly higher than that in normal
lung tissue and was associated with tumor lymph node
metastasis.18 Ren et al used immunohistochemistry to
detect MYBL2 protein expression in 97 colorectal cancer
specimens and 104 normal intestinal tissues. They found
that the MYBL2 expression rate in cancer tissues was higher
than that in normal intestinal epithelial tissues, and MYBL2
was involved in recurrence and metastasis. The high
expression rate of the group was also significantly higher
than that of the non-recurrence and metastasis group.15 To
further explore the prognostic role of MYBL2 in osteosar-
coma, we detected the expression of MYBL2 and MKI67,
reliable markers of tumor proliferation activity, in osteo-
sarcoma specimens from the Xiangya cohort (Fig. 5). The
predictive effect on prognosis was better than that of
MKI67.

Through GSEA and ssGSEA analyses based on MYBL2
correlation, this study found that in osteosarcoma, the
MYBL2 expression is closely related to the pathways of
tumorigenesis and progression, including tumor prolifera-
tion, metabolism, immunosuppression, immune-inflamma-
tory response, inhibition of apoptosis, and DNA repair. The
relationship between MYBL2 and cell proliferation has been
reported in many studies, which have demonstrated that
MYBL2 plays a vital role in G1/S progression.30e32 Moreover,
the roles of MYBL2 in regulating apoptosis,33e35 inhibiting
cell senescence,36e38 and maintaining the undifferentiated
nature of stem cells36,39 have been reported in other tu-
mors. These studies have shown that MYBL2 is closely
associated with tumor progression and proliferation. How-
ever, few reports on the relationship between MYBL2 and
the immune microenvironment in malignant tumors are
available.

Although immunotherapy has achieved remarkable re-
sults in various malignant tumors, some patients are still
insensitive to immunotherapy. Technological advancements
have gradually recognized the complexity and diversity of
the tumor microenvironment and its impact on immuno-
therapy. The degree of infiltration of these two cell types is
also associated with a worse prognosis in various tumors.
Meng et al found that the MYBL2 expression level correlated
with the MDSC infiltration level and CD276 immune
checkpoint expression in prostate cancer. However, this
finding was confirmed only in prostate cancer and not in
other tumors.40 MDSCs play a crucial role in tumor immunity
and are involved in various aspects of immune regulation.
MDSCs primarily induce immunosuppression via T cells.41

Major factors in MDSC-mediated immunosuppression
include arginase, inducible nitric oxide synthase, tumor
growth factor, interleukin 10, COX2, indoleamine 2,3
dioxygenase immobilization of cysteine, and decreased
expression of L-selectin by T cells, among others.41 Th2
cells differentiate from CD4þ T-cells. Studies have shown
that Th2 cells activate tumor-associated M2 macrophages
by secreting the cytokines IL-4, IL-6, IL-10, and IL-13,
thereby promoting tumor progression.42 Here, Le et al
found that in a subset of ER-positive breast cancers, high
Th2 expression was associated with Nottingham patholog-
ical grade, MKI67, and proliferation score.43 This study also
found that MYBL2 is associated with the immune check-
points CD276 and RELT. Beom et al found that RELT might
play an essential role in tumor immune escape as a negative
regulator of the early stage of T cell activation by pro-
moting T cell apoptosis.44 Recently, CD276 has been a newly
discovered immune checkpoint,45 and researchers have
found that the expression of CD276 is significantly nega-
tively correlated with CD8þ T cell infiltration. Blockade of
CD276 can significantly increase the infiltration of CD8þ

cells, and depletion of CD8þ T cells can significantly reduce
the antitumor immune function blocked by CD276.46

Resistance to chemotherapy is an essential factor in
determining tumor progression. Previous studies have
demonstrated that MYBL2 increases resistance to chemo-
therapy by inhibiting apoptosis. In neuroblastoma, MYBL2
can regulate clusterin expression and resist apoptosis
induced by dolephomycin.47 In IL-2-dependent T cells,
overexpression of MYBL2 can promote the expression of
BCL-2, a gene that inhibits apoptosis, thereby increasing
resistance to drugs, including ceramide and doxorubicin.34

However, in this study, it was found that the expression of
MYBL2 did not show significant abnormalities in the
chemotherapy and drug-resistant groups in osteosarcoma.

The protein encoded by SLC19A1 can assist in trans-
porting methotrexate and enhancing the inhibitory effect
of methotrexate on dihydrofolate reductase in cells.48 A
multidrug combination is usually used because of the
complex chemotherapy regimen for osteosarcoma. Finally,
we developed and validated an MRGS expression profile-
based predictive model to predict nomograms for osteo-
sarcoma prognosis.

This study had some limitations. First, the low incidence
of osteosarcoma makes it difficult for a single center to have
a large cohort; therefore, our cohort and the cohort of
public databases have limited sample sizes. Therefore, more
reliable conclusions should be drawn after more results from
other osteosarcoma centers are combined. Second, because
of the limited corresponding resources in the public data-
base, this study did not verify the predictive ability of MYBL2
for immunotherapy in osteosarcoma, and it is necessary to
further verify the role of MYBL2 in the osteosarcoma
immunotherapy cohort at a later stage. Finally, most of the
results of this study were based on transcriptomic
sequencing data, and more reliable conclusions may require
further verification by cell and animal experiments.
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