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as a potential prognostic biomarker
and immunotherapy target in glioma
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Abstract

Background: Thymosin family genes (TMSs), biologically important peptides with diverse intracellular and extracel-
lular functions, have been shown to promote the progression of multiple cancers. However, multiomics characteriza-
tion of TMSs and their role in human cancer prognosis has not been systematically performed.

Methods: We performed a comprehensive analysis of TMSs and thymosin 310 (TMSB10) using multiomics data

from more than 10,000 tumor samples of 33 cancer types from The Cancer Genome Atlas (TCGA). We used single-
sample gene set enrichment analysis (ssSGSEA) and the gene set variation analysis (GSVA) algorithm to investigate

the differences in tumor microenvironment (TME) cell infiltration and functional annotation for individual tumor
samples, respectively. The role of TMSB10 in the malignant progression of glioma, the promotion of macrophage
infiltration,and immunosuppressive polarization, and the combination drug efficacy were assessed via biological func-
tion assays.

Results: We comprehensively assessed genomic mutations, expression dysregulation, prognosis and immunothera-
peutic response across 33 human cancer samples and showed that TMSB10 is specifically overexpressed in almost all
types of cancer tissues. Further pan-cancer analysis showed that TMSB10 is closely related to the biological function,
immune regulation and prognosis of glioma. Similar results were also found in several public glioma cohorts and

our Qilu local cohort. Further integration with other biological experiments revealed the key roles of TMSB10 in the
malignant progression of glioma, the promotion of macrophage infiltration and immunosuppressive polarization. We
also identified multiple drugs targeting cells with high TMSB10 expression and validated that knockdown of TMSB10
improved the efficacy of selumetinib (a MEK1/2 inhibitor approved by the FDA for the treatment of neurofibromato-
sis-associated tumors) and anti-PD1 treatment in glioma.
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Conclusion: These results indicate that TMSB10 holds promise as a novel prognostic marker and therapeutic target,
providing a theoretical basis for the development of more effective and targeted clinical treatment strategies for

glioma patients.

Keywords: Pancancer, TMSB10, Glioma, Tumor microenvironment, Immune checkpoint blockade

Background

Thymosin family genes (TMSs), including B-thymosin
genes (TMSB10, TMSB4X/Y, TMSB15A/B), prothymosin
alpha (PTMA) and parathymosin (PTMS), are a series of
highly conserved small polypeptides ranging in size from
41 to 45 amino acids that were originally identified in the
thymus. It was first reported to prevent actin polymeriza-
tion as an actin monomer binding protein [1, 2]. Recent
studies proved that the thymosin family plays a key role
in tumorigenesis and progression [3—-10]. Thus, TMSs
are key modulators of a variety of human cancers, and
systematic studies of TMSs in cancer are necessary and
valuable to better understand their role in cancer devel-
opment and their clinical therapeutic potential.

Immunotherapy, represented by immune check-
point inhibitors (ICIs), has become the standard of care
for a wide range of tumors, but only a small percent-
age of patients benefit from immunotherapy. Therefore,
the screening of new biomarkers that can predict the
response to immunotherapy and the development of
new immunotherapy combination treatment strategies
are crucial for cancer treatment. The tumor microenvi-
ronment (TME) significantly influences tumor progno-
sis, survival outcome, and drug sensitivity. Thymosin
was originally discovered in the thymus, an important
lymphatic organ of the body, and its function is closely
related to immunity [11]. Moreover, TMSB10 induces
the immunosuppressive phenotype conversion of tumor-
associated macrophages (TAMs) in lung adenocarcinoma
[12]. However, there is still no systematic evaluation of
TMSs in human cancers in the contexts of microenviron-
mental immune regulation and cancer immunotherapeu-
tic response.

In this study, we comprehensively investigated the basal
expression levels of TMSs in human normal tissues, as
well as their genomic mutation, copy number alteration
(CNA), expression dysregulation, prognostic implica-
tions and immunotherapeutic response implications
across 33 types of human cancer samples. The results
showed that TMSB10 was specifically overexpressed in
almost all types of cancer tissues, and we further com-
prehensively evaluated the expression pattern, biologi-
cal function and immunological role of TMSB10 across
cancers. TMSB10 was closely related to the biological
function, immune regulation and prognosis of glioma.
Similar results were found in multiple other publicly

available glioma datasets and our local Qilu dataset. We
also characterized the multiomics molecular features of
TMSBI10 in glioma, identifying various novel dysregu-
lated pathways. Further integration with other biological
experiments revealed the key roles of TMSB10 in glioma
proliferation, invasion, and mesenchymal transforma-
tion. Moreover, high TMSB10 expression was associated
with high macrophage infiltration and immunotherapy
resistance in gliomas. We also identified multiple drugs
targeting high TMSB10 expression and validated that
knockdown of TMSB10 improved the efficacy of selu-
metinib (a MEK1/2 inhibitor approved by the FDA for
the treatment of neurofibromatosis-associated tumors)
and anti-PD1 treatment in glioma. These results indi-
cated that TMSB10 holds promise as a novel prognostic
marker and therapeutic target, providing a theoretical
basis for the development of more effective and targeted
clinical treatment strategies for glioma patients.

Methods

Qilu cohort patients and specimens

Human glioma tissues and normal brain tissues (the cor-
tex of decompressive surgery patients with brain trauma
or hypertensive intracerebral hemorrhage) were obtained
from patients admitted to Qilu Hospital from November
2017 to December 2019. All participants provided writ-
ten informed consent, and the research was approved by
the Ethical Committee on Scientific Research of Shan-
dong University Qilu Hospital (Approval number: KYLL-
2018-324). The RNA-seq data of our local glioma samples
have been deposited in the Genome Sequence Archive
(GSA) under Accession number CRA002339, and data
were released when the paper was published. The pro-
cessed data are available from the corresponding author
upon reasonable request.

Estimation of TME immune cell infiltration

We used the ssGSEA algorithm to quantify the relative
abundances of 25 infiltrating immune cells in the GBM
TME. Gene sets for tumor-associated BMDMs and
tumor-associated MGs were obtained from Bowman
et al. [13], and those for 23 other infiltrating immune cell
types were obtained from Charoentong et al. [14, 15]. The
ESTIMATE algorithm was used to assess the immune
and stromal scores and tumor purity of each GBM sam-
ple. The proportion of CAFs was estimated using the
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microenvironment cell population counter (MCP-coun-
ter) method, the EPIC tool and the xCell algorithm and
transcriptomic fata for heterogeneous tissues.

Celllines and cell culture

We purchased the glioma cell lines U87MG and U251 and
the human monocyte cell line THP-1 from the Chinese
Academy of Sciences Cell Bank. U87MG and U251 cells
were cultured in DMEM (Thermo Fisher Scientific, USA)
containing 10% FBS (Gibco, USA), 100 U/ml penicillin
and 100 mg/ml streptomycin. THP-1 cells were cultured
in RPMI-1640 (Thermo Fisher Scientific) supplemented
with 10% FBS and were induced to differentiate into
macrophages with 100 ng/ml phorbol 12-myristate-
13-acetate (PMA) (Sigma—Aldrich; St. Louis, MO, USA).
Mesenchymal (MES) subtype GSC cell lines (GSC 20 and
GSC 267) were kindly provided by Dr. Frederick F. Lang
and Dr. Krishna PL. Bhat (The University of Texas, M.D.
Anderson Cancer Center, Houston, TX, USA) and cul-
tured in DMEM/F12 supplemented with B27 (Invitrogen,
USA), 20 ng/ml EGF (R&D Systems, USA), and 20 ng/ml
bFGF (R&D Systems, USA). Cells were incubated at 37 °C
in a humidified atmosphere of 5% CO2.

Small interfering RNA and virus transfection

The TMSB10 siRNA, TMSB10 overexpression plasmid
and corresponding negative controls were purchased
from GenePharma (Shanghai, China). The sequences of
TMSB10 knockdown (shRNA) and the corresponding
scramble control (shNC) were cloned into the GV112
lentiviral vector to construct lentiviruses (GeneChem,
China). A Lipofectamine 3000 kit (Invitrogen) was used
for the transfection of siRNAs and plasmids according to
the instructions. Sequences are available in Additional
file 2: Table S9.

Quantitative reverse-transcription PCR (QRT-PCR)
Quantitative PCR was performed using SYBR Green PCR
Master Mix. mRNA level was normalized by GAPDH.
Primers are shown in Additional file 2: Table S9.
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GBO model

GBO models were generated as previously described
[16]. GBO medium containing 50% DMEM/F12 (Thermo
Fisher Scientific), 50% Neurobasal Medium (Thermo
Fisher Scientific, USA), GlutaMax (Thermo Fisher Scien-
tific, USA), nonessential amino acids (NEAAs) (Thermo
Fisher Scientific, USA), PenStrep (Thermo Fisher Scien-
tific, USA), N2 supplement (Thermo Fisher Scientific,
USA), B27 w/o vitamin A supplement (Thermo Fisher
Scientific, USA), 2-mercaptoethanol (Thermo Fisher
Scientific, USA), and 2.5 mg/ml human insulin (Sigma,
USA) was added to each well, and the plates were was
placed on an orbital shaker rotating at 120 rpm at a 37 °C,
5% CO,, and 90% humidity in a sterile incubator.

GBOs were cocultured with conditioned medium from
GSC 267 cells, transfected with sh-NC or sh-TMSB10,
PD1 antibody (5 pM) and/or selumetinib (7.5 uM) for 5
days as indicated. IF staining for Ki67 and CD44 in GBO
sections.

Intracranial mouse mode

Luciferase-labeled US7MG cells (3 x 10° cells per mouse)
with TMSB10 knockdown or vector control cells were
implanted into the brains of 4-week-old nude mice
(Shanghai Laboratory Animal Center (SLAC), Shanghai,
China). The growth of intracranial tumors was assessed
using bioluminescence imaging (BLI) on the 7th and 10th
days. Luciferase-labeled GSC267 cells (5 x 10° cells per
mouse) with TMSB10 knockdown or vector control cells
were mixed with THP-1 cells (1 x 105 cells per mouse)
and injected into the brains of nude mice. Selumetinib
was injected intraperitoneally every three days (50 mg/
ml) [17]. Bioluminescence imaging was used to measure
the tumor volume after 14 days.

Statistical analysis

Statistical analyses were performed using GraphPad
Software 8 (GraphPad Software Inc., CA, USA). For
comparisons between two groups, student’s ¢ test and

(See figure on next page.)

follows: ns>0.05; *P < 0.05; **P <0.01; ***P <0.001

Fig. 1 Pancancer genomic alteration landscape, expression pattern, prognostic significance, and immunological correlation of the thymosin family.
A The location of TMSs on 23 chromosomes. B Landscape of genomic aberrations in the TMSs in cancer. Each row represents a gene, and each
column represents a patient. Only patients with genomic alterations in the indicated genes are shown. Alteration rates per TMS gene are displayed
on the left. C Distribution of (up) mutation and (middle and down) CNA frequencies over cancer types. The darkness of color is proportional to the
frequency. D Differential expression of TMS genes in 19 different cancer types. FC and p values were obtained by comparing normal tissue with

the corresponding tumor tissue. Color is displayed only when P value < 0.05. Red indicates upregulation, while blue indicates downregulation. E
Summary of Cox regression correlation of TMSs with survival. Color is displayed only when P value <0.05. Red indicates worse survival. F Correlation
between TMSB10 expression and (up) immune score, as well as (down) stromal score, across 33 cancer types. G Differences in the TMSs between
six different immune molecular subtypes. The Kruskal-Wallis test was used to determine the significance of differences between the six immune
molecular subtypes. H Box plot showing the distribution of sample-specific pathway scores across 33 cancer types. The median, interquartile range,
and outliers are indicated. I The expression of TMSB10 between GTEx normal tissues and tumor tissues. The statistical significance is indicated as
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Mann-Whitney U test was used for parametric and non-
parametric data. For comparisons among more than two
groups, the Kruskal-Wallis test and one-way ANOVA
were used for nonparametric and parametric data. The
cutoff values of each dataset were evaluated based on the
association between survival time and TMSB10 using
the “survminer” package. The Kaplan—Meier method
was used to generate survival curves for the subgroups
in each dataset, and the log-rank (Mantel-Cox) test was
used to determine if they were significantly different. The
HRs for the univariate analyses were calculated using a
univariate Cox proportional hazards regression model.
Univariate prognostic analysis results were visualized
using the “forestplot” R package. Correlations between
variables were explored using Pearson or Spearman coef-
ficients. The specificity and sensitivity of TMSB10 in pre-
dicting the response to anti-PD1 therapy were assessed
by ROC curves, and the area under the curve (AUC) was
quantified using the “pROC” R package. P >0.05 was con-
sidered to indicate nonsignificance (ns), and P <0.05 was
considered to indicate statistical significance (*P<0.05;
*P<0.01; ***P<0.001, ****P<0.0001). All data process-
ing steps with R packages was performed using R Studio
(version 3.6.3).

Results

Pancancer genomic alteration landscape, expression
pattern, prognostic significance, and immunological
correlation of the thymosin family

To investigate the genomic characteristics of the TMSs in
cancer, we first showed the location of thymosin genes on
chromosomes, and four of them were located on the sex
chromosomes (Fig. 1A). We then calculated the somatic
mutation (truncating and missense) and CNA (including
amplification and deep deletion) frequencies in a pancan-
cer cohort of 10,953 patients with 32 cancer types. The
overall DNA alteration frequency of thymosin family
genes was less than 2%, which is relatively low for can-
cers. PTMS had the highest mutation frequency (1.7%),
while TMSB4Y a very low mutation frequency. Moreover,
TMSB15A and TMSB15A showed a trend of coamplifica-
tion or codeletion (Fig. 1B). At the genomic level, CNA,
rather than gene mutation, is the primary cause of dys-
regulation of the thymosin gene in cancer. Subsequently,
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we showed the distribution of the amplification, deep
deletion and mutation frequencies in different cancers.
We found that among cancers, several cancer types
[such as adrenocortical carcinoma (ACC), mesotheli-
oma (MESO), acute myeloid leukemia (LAML), thyoma
(THYM) and uveal melanoma (UVM)] have relatively low
mutation frequencies for these genes (Fig. 1C). To assess
the expression patterns of these 7 TMSs in cancer tissues,
we obtained sample data for 19 cancer types with at least
3 matching tumor and normal samples from the TCGA
database and found that these 7 TMSs showed heteroge-
neous expression patterns across cancer types (Fig. 1D).
To further explore the association of thymosin genes with
survival, we performed Cox regression analysis for all 7
individual thymosin genes and showed the distribution of
hazard ratios (HRs) across 33 cancer types via a heatmap.
As shown in Fig. 1E, TMSB10 had significant prognostic
value in the largest number of cancer types, acting as an
adverse prognostic factor in nine cancer types.

To explore the roles in the immune system and tumor
microenvironment, we also investigated the relation-
ship between TMSs and the immune/stromal score, cal-
culated via an estimation algorithm. The expression of
TMSB10 and TMSB4X was positively correlated with
the immune/stromal score in most cancer types (Fig. 1F).
Differences in the expression of thymosin genes between
different immune subtypes were further investigated
[18]. Expression was significantly different between the
C1 (wound healing), C2 (IFN-y dominant, inflammatory),
C3 (lymphocyte depleted), C4 (lymphocyte depletion),
C5 (immunologically quiet) and C6 (TGF-p dominant)
subtypes, which are characterized by differences in
macrophage or lymphocyte signatures. As shown in
Fig. 1G, TMSB10 and TMSB4X expression were higher
in patients with the C2 and C6 subtypes, which indicate a
poorer prognosis, suggesting that TMSB10 and TMSB4X
might be involved in tumor immune deregulation.

Analysis of expression data from the Cancer Cell Line
Encyclopedia (CCLE) and Genotype-Tissue Expres-
sion (GTEx) databases revealed that TMSs were also
expressed in various cancer cells (Additional file 1:
Fig. S1 A-G) and normal tissues (Additional file 1:
Fig. S2 A-G). Furthermore, we found that the expres-
sion of TMSB10 in the tumor tissues was the highest

(See figure on next page.)

**¥¥P <0.0001

Fig.2 Pancancer expression pattern and biological and immunomodulatory function of TMSB10. A (Top) The distribution of sample-specific
TMSB10 expression across each cancer type; (middle) bubble plots showing the correlation between TMSB10 and classical cancer pathways or
genes. The color of the circle represents the correlation coefficient: red indicates a positive correlation, and blue indicates a negative correlation.
(Down) The scatter plot shows the correlation between TMSB10 and classical cancer pathways or genes in LGG. Correlation between TMSB10

and B 28 tumor-associated immune cells calculated with the ssGSEA algorithm and correlation with (C) CAFs and D immunomodulators
(immunoinhibitory, immunostimulatory and MHC molecules). The color indicates the correlation coefficient. The asterisks indicate a statistically
significant p value calculated using Spearman correlation analysis. The statistical significance is indicated as follows: *P <0.05; **P < 0.01; ***P <0.001;
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among these seven TMSs, and TMSB15A, TMSB4Y and
TMSB15B showed relatively low expression (Fig. 1H). In
paired pancancer samples for 33 cancer types, TMSB10
expression was found to be significantly higher in tumor
tissues than in their corresponding normal tissues in
all cancers except for KICH (Fig. 1I), while other genes
showed heterogeneous expression patterns (Additional
file 1: Fig. S3 A-F), suggesting that TMSB10 might play
vital roles in regulating cancer hallmarks and the immune
response in cancers. Notably, the expression and function
of TMSB10 across cancers, including its involvement in
immune-related processes, remain largely unknown.
Therefore, we selected TMSB10 as a candidate gene for
further study.

Pancancer expression pattern and biological

and immunomodulatory function of TMSB10

We found that TMSB10 was positively correlated with
the enrichment scores of typical cancer hallmarks, the
inflammatory response and tumor malignancy markers
(PCNA, a proliferation index, and VIM and CD44, mark-
ers of invasion) in a wide range of cancer types, especially
in lower grade glioma (LGG), glioblastoma (GBM), blad-
der cancer (BLCA) and liver hepatocellular carcinoma
(LIHC) (Fig. 2A). Furthermore, since our results showed
that TMSB10 was associated with immunophenotype
and inflammatory responses in various tumors, we also
focused on its role in immune regulation pathways.
Interestingly, we found that a large number of immune-
related pathways were positively correlated with TMSB10
in a variety of cancers, such as GBM, LGG, sarcoma
(SARCQ), breast invasive carcinoma (BRCA), skin cutane-
ous melanoma (SKCM), kidney renal clear cell carcinoma
(KIRC), thyroid carcinoma (THCA) and pheochromocy-
toma and paraganglioma (PCPG) (Fig. 2B). In addition,
we observed a statistically positive correlation between
TMSB10 expression and the enrichment score of cancer-
associated fibroblasts (CAFs), calculated using the EPIC,
xCell and MCP-counter algorithms (Fig. 2C), and immu-
nomodulatory molecule analysis (Fig. 2D) in LGG, GBM,
LIHC, testicular germ cell tumor (TGCT) and THCA.
Cancer-specific univariate prognostic analysis also
revealed a significant correlation between TMSB10 and
overall survival in multiple cancer types, including ACC,
GBM, KIRC, LGG, LIHC, lung adenocarcinoma (LUAD),
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MESO, pancreatic adenocarcinoma (PAAD) and UVM
(Fig. 1E). After a systematic analysis of the relationship
between TMSB10 expression, prognosis, biological func-
tion and immune regulation, we found a significant rela-
tionship between TMSB10 and these variables in gliomas
(both in LGG and GBM), suggesting that TMSB10 may
be a suitable candidate therapeutic target in glioma.

Expression signature and prognosis value of TUSB10

in glioma

Considering the heterogeneity of different grades of
gliomas, we compared the expression levels of TMSB10
in different grades of gliomas in the Chinese Glioma
Genome Atlas (CGGA), TCGA and Gravendeel data-
sets and found that TMSB10 expression was positively
correlated with tumor grade, and the expression level
was highest in GBM (WHO grade IV glioma) (Fig. 3A).
Kaplan—Meier survival curve analysis showed that the
prognosis of LGG and GBM patients with high WEE2-
AS1 expression was significantly poorer than that of
those with low expression in all three glioma datasets
(Fig. 3B). Since biological heterogeneity exists between
GBM and LGG, we further investigated the prognostic
value of TMSB10 in three other GBM datasets. Simi-
larly, we found that the prognosis of patients with high
TMSB10 mRNA and protein expression was significantly
worse than that of patients with low expression (Addi-
tional file 1: Fig. S4 A). Moreover, receiver operating
characteristic (ROC) curve analysis of the CGGA, TCGA
and Gravendeel datasets showed that TMSB10 expres-
sion level could predict glioma survival with AUC values
of 0.796, 0.808 and 0.770, respectively, and the survival
prediction performance was the better than that of other
clinicopathological factors in all three datasets (Fig. 3C).
Considering that the prognosis of glioma patients is
influenced by various factors, we performed univariate
Cox regression analysis to further evaluate the prognostic
value of TMSB10 in glioma patients in the CGGA, TCGA
and Gravendeel datasets. As shown in Fig. 3D, TMSB10
expression, glioma grade, age, and IDH mutation status
were significantly associated with OS. Consequently,
we performed multivariate Cox regression analysis and
found that the expression level of TMSB10 was an inde-
pendent prognostic factor for glioma patients in the
CGGA, TCGA and Gravendeel cohorts (Fig. 3D). These

(See figure on next page.)

Fig. 3 Expression signature and prognostic value of TMSB10 in glioma. A The mRNA expression level of TMSB10 increased with tumor grade in the
(left) CGGA, (middle) TCGA and (right) Gravendeel datasets. B Kaplan-Meier curves for the OS of (upper) LGG and (lower) GBM patients with high
TMSB10 expression and low TMSB10 expression in three glioma datasets; the log-rank test was used to calculate the p value. C ROC curve showing
that, among other clinical characteristics, the expression level of TMSB10 had the largest AUC in predicting the survival rate of glioma patients in
three glioma datasets. D Univariate and multivariate analyses of TMSB10 expression and clinicopathological characteristics in three glioma datasets
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results suggested that TMSB10 may be a novel prognos-
tic biomarker for glioma.

Biological pathways and immunological characteristics

of TMSB10 in glioma

To further investigate the biological function of TMSB10
in glioma, we performed gene set variation analysis
(GSVA) to identify cancer hallmarks that are closely asso-
ciated with TMSB10 expression. The results showed that
carcinogenic processes such as inflammatory responses,
stromal activation, cell proliferation and invasion-related
pathways were positively correlated with TMSB10
expression in both LGG and GBM in these three glioma
datasets (Fig. 4A). Subsequent analysis of TME cell infil-
tration, calculated by the single-sample gene set enrich-
ment analysis (ssGSEA) algorithm, showed that TMSB10
was positively correlated with the abundance of most
immune cells (Fig. 4B). In addition, TMSB10 was also
positively correlated with the expression of most immu-
nomodulatory molecules in these three glioma datasets
(Fig. 4C). We also showed similar results in the other
three GBM datasets (Additional file 1: Fig. S4B, C). Gene
set enrichment analysis (GSEA) showed that pathways
involved in tumor pathogenesis, including cell prolifera-
tion regulation pathways (such as cell cycle checkpoint
and apoptosis), pathways associated with tumor inva-
sion and migration (such as focal adhesion and ECM-
receptor interaction), and classical signaling pathways,
including p53 signaling and PI3K AKT mTOR signaling
pathways and immune-related signatures, were signifi-
cantly enriched in the high TMSB10 expression group
(Fig. 4D). In addition, Metascape database [19] analysis
revealed that genes with a significant positive association
with TMSB10 (Additional file 2: Table S1, Pearson r>0.3,
P <0.05) were significantly enriched in pathways related
to the regulation of cell biological functions, stromal acti-
vation and immunity (Additional file 1: Fig. S4D). Further
PaGenBase [20] enrichment analysis showed that these
genes were mainly specifically expressed in peripheral
immune organs such as the spleen, blood and bone mar-
row (Additional file 1: Fig. S4E).
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Further joint analysis of the protein and RNA-seq data
revealed a positive correlation between the differentially
expressed mRNAs and proteins; 93 mRNA/protein were
simultaneously upregulated, and 26 mRNA/protein were
simultaneously downregulated (Fig. 4E, Additional file 2:
Table S2). Kyoto Encyclopedia of Genes and Genomes
(KEGG) functional enrichment analysis showed that the
genes upregulated at both levels were mainly enriched
in some classical oncogenic pathways, metabolic path-
ways and immune response-related pathways (Additional
file 1: Fig. S5A). Further enrichment analysis by gene
ontology (GO) database showed that these genes were
significantly enriched in the following terms: immune
cell migration, angiogenesis, stromal remodeling, mac-
rophage activation and ERK signaling pathways (Fig. 4F).
Overall, these results revealed that TMSB10 could be a
potential biomarker for alterations in TME cell infiltra-
tion and carcinogenic pathways in glioma.

Multiomics regulatory profile of TMSB10 in glioma

To better understand the determinants of glioma evolu-
tion and treatment resistance, we then analyzed the dif-
ferences in somatic mutation distribution between the
high and low TMSB10 expression groups in the TCGA-
LGG and GBM cohorts and found that the rate of IDH
mutation (low: 90%, high: 63%), a factor associated with
a better prognosis, was obviously decreased in the high-
TMSB10 group compared to the low-TMSB10 group in
the TCGA-LGG cohort. For GBM samples, the muta-
tion rates of PTEN (low: 24%, high: 30%) and NF1 (low:
8%, high: 10%) were notably higher in the high expres-
sion group than in the TMSB10 low expression group
(Fig. 5A). Similar results were also shown in another
GBM dataset. Additionally, BRAF1 mutation, which
causes activation of the downstream MAPK signaling
pathway, also occurred at a higher rate in the high expres-
sion group (Additional file 1: Fig. S5B).

Exploring the panoramic map of phosphorylomic and
acetylationomic differences between the high and low
TMSB10 expression groups may provide more valuable
clues to explore the mechanism of malignant progression

(See figure on next page.)

P <0.05; **P <0.01; **P<0.001

Fig.4 Biological pathways and immunological characteristics of TMSB10 in glioma. A Spearman correlation analysis of TMSB10 and classical
signaling pathways in three glioma cohorts. Red indicates positive correlations, and the darkness of color is proportional to the correlation
coefficient. The size of the circle represents the statistical P value, with larger circles representing greater statistical significance. Correlation between
TMSB10 expression and B the infiltration of 28 tumor-associated TME cells calculated with the ssGSEA algorithm and C immunomodulators. The
color indicates the correlation coefficient. The asterisks indicate a statistically significant p value calculated using Spearman correlation analysis. D
GSEA showing the (left) classical cancer-promoting pathways and (right) immune-related pathways in the high TMSB10 expression group. E Dot
plot of the log2FC (mRNA expression) versus the log2FC (protein expression), showing a positive correlation between the overall mMRNA and protein
expression level (Pearson’s r=0.6527) and the distribution of genes with significant changes in both the mRNA expression (|FC| > 2, P <0.05) and
corresponding protein expression (|FC| > 1.2, P <0.05) in the high TMSB10 expression group compared with the low TMSB10 expression group. F GO
BP enrichment analysis of 93 genes that were significantly upregulated at both the mRNA and protein levels. The statistical significance is shown as
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of glioma. The analysis of differentially phosphoryl-
ated proteins showed that phosphorylation was mark-
edly upregulated at 1146 phosphorylation sites of 590
proteins and markedly downregulated at 498 phospho-
rylation sites of 265 proteins in the high-TMSB10 group
(Additional file 2: Table S3, |FC| > 1.2, adj.P-Val<0.05).
KEGG enrichment analysis showed that proteins with
upregulated phosphorylation were significantly enriched
in oncogenic signaling pathways, stromal activation
pathways and immune-related signaling pathways, while
downregulated proteins were mainly involved in metab-
olism-related pathways, the Rapl signaling pathway, and
so on (Fig. 5B). Further analysis of the combined protein
quantification data showed a significant positive correla-
tion between phosphorylation levels and protein expres-
sion levels (Additional file 1: Fig. S5C, Additional file 2:
Table S4). Analysis of the mutation distribution in the
TCGA and Wang datasets showed that the PTEN (which
inhibited AKT signaling activation) and NF1 (a mesen-
chymal (MES) subtype GBM marker) mutation rates were
increased in both datasets, and BRAF (which could cause
MAPK downstream pathway activation) mutation rates
were obviously increased in the Wang dataset (Fig. 5A,
Additional file 1: Fig. S5 A). We next explored the spe-
cific signaling pathways induced by these three mutations
and the altered phosphorylation of their downstream
proteins. As shown in the heatmap, the expression levels
of the tumor suppressor proteins NF1 and BRAF tended
to decrease with increasing TMSB10 mRNA expression,
and we also observed a gradual increase in the phospho-
rylation levels of downstream signaling pathway proteins
(Fig. 5C). These results support that TMSB10 contributes
to the development of GBM through the dysregulation of
protein expression and protein phosphorylation.

The proteome-level differential acetylation analy-
sis showed that compared to the low-TMSB10 group,
the high group showed significantly upregulated acety-
lation at 139 acetylation sites in 93 proteins and sig-
nificantly downregulated acetylation at 38 acetylation
sites in 28 proteins (Additional file 2: Table S5, FC>1.2,
adj.PVal<0.05). KEGG functional annotation analysis
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showed that proteins with different acetylation levels
were mainly enriched in metabolic-related signaling
pathways, HIF-1 signaling pathways and immune-related
signaling pathways (Fig. 5D). Further correlation analysis
with proteomics data also showed that the acetylation
levels were positively correlated with the protein expres-
sion levels (Additional file 1: Fig. S5D, Additional file 2:
Table S6).

To further investigate the effect of TMSB10 on miRNA
expression, we identified 3 differentially downregulated
miRNAs (miR-9-5p, miR-181c-5p and miR-125b-5p) in
high TMSB10 and low-TMSB10 GBM samples in the
Wang dataset. The mRNA and protein expression lev-
els of multiple target genes of these three miRNAs were
significantly upregulated in the TMSB high group. Fur-
ther correlation and functional enrichment analysis
revealed multiple transcription factors (TFs) that were
negatively correlated with the expression of these three
miRNAs, positively correlated with the expression of
their target genes, and significantly enriched in immune
regulation, stromal activation and MAPK signaling path-
ways (Fig. 5E). Taken together, our findings suggest that
TMSB10 affects the regulatory network of glioma at mul-
tiple levels, providing a comprehensive overview of how
TMSB10 affects glioma pathogenesis.

TMSB10 expression is associated with glioma
pathological malignant progression and immune
phenotype in the Qilu dataset

In our cohort, TMSB10 positively correlated with glioma
grade, and the results showed that the GBM samples had
the highest TMSB10 expression (Fig. 6A). ROC analysis
for TMSBI10 expression and glioma grade showed that
the AUC was 0.929 (Fig. 6B), suggesting that TMSB10
has the potential to serve as a biomarker for predicting
glioma grade. Furthermore, IHC analysis of our local
glioma clinical samples validated that TMSB10 expres-
sion was highest in GBM samples (Fig. 6C), consistent
with the results of the database analyses. To explore the
relationship between biological functions and TMSB10,
GSVA analysis was conducted using the glioma samples

(See figure on next page.)

panel to the right. The blue line indicates miRNA-targeted mRNAs

Fig.5 Multiomics regulatory profile of TMSB10 in glioma. A waterfall plot of the tumor somatic mutation landscape in the low-TMSB10 and
high-TMSB10 samples in the TCGA-LGG (left) and GBM (right) datasets. Each bar represents the mutation information for an individual patient.

The top bar plot shows TMB, and the numbers on the right indicate the mutation frequency of each gene. The bar plot on the right shows the
proportion of each mutation type. B KEGG enrichment analysis of proteins with significantly different phosphorylation levels in GBM samples with
high TMSB10 expression. The right represents the upregulated pathway, and the left represents the downregulated pathway. C Heatmap showing
somatic mutation-based alterations in specific proteins and their downstream protein phosphorylation sites. Yellow represents a high level, and
blue represents a low level. D KEGG enrichment analysis of proteins with significantly different acetylation levels in GBM samples with high TMSB10
expression. The right represents the upregulated pathway, and the left represents the downregulated pathway. E Interaction of TMSB10-associated
miRNAs, mRNA, protein and transcription factor (TF). Upregulated mRNAs (claybank bars in the upper panel) and proteins (blue bars in the lower
panel) in TMSB10-high GBM were positively correlated (purple lines) with the expression of 19 TFs (Pearson R>0.5, p < 0.05). Downregulated miRNAs
(red bars, left panel) negatively correlated (green lines) with TF expression (Pearson R< — 0.3, p <0.05). The targeted pathways of TFs are listed in the
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in our cohort. The results showed that the TMSB10-high
group demonstrated a marked enrichment of immune-
related pathways, stromal activation pathways, and
pathways in cancer (Additional file 1: Fig. S6A). GSEA
also showed that these functional gene set signatures
were enriched in TMSB10-high glioma samples (Addi-
tional file 1: Fig. S6B). For TME immune regulation in
our cohort, we found that TMSB10-high group samples
have higher immune/stromal score, lower tumor purity,
and remarkably higher innate immune cell scores (Addi-
tional file 1: Fig. S6C). Further Pearson correlation analy-
sis also showed that TMSB10 was positively correlated
with these cancer hallmarks and related immune cell
scores (Fig. 6D), paralleling the above results. We then
performed Pearson correlation analysis to identify the
genes that tightly correlated with TMSB10 expression
(Pearson |R| > 0.3, P<0.05 Additional file 2: Table S7).
Further gene enrichment analysis using Cytoscape daya-
base revealed that genes that were significantly positively
associated with TMSB10 were significantly enriched in
immune-related, stromal activation-related and can-
cer malignant progression-related signaling pathways
(Additional file 1: Fig. 6D). Further PaGenBase database
analysis also showed that these genes were mainly spe-
cifically expressed in peripheral immune organs such as
the spleen, blood and bone marrow (Additional file 1: Fig.
S6E), similar to the above results.

TMSB10 promotes the proliferation, migration

and invasion of glioma cells in vitro and in vivo

To validate the function of TMSB10 in glioma prolif-
eration, metastasis and invasion, we performed several
related experiments in vitro and in vivo. We assessed
the TMSB10 expression level of the two primary cell
lines and other cell lines and found there was no remark-
able difference among these cell lines (Additional
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file 1: Fig. S8D). The results showed that knockdown
of TMSBI10 significantly inhibited the proliferation of
U87MG and U251 GBM cells (Fig. 6E, Additional file 1:
Fig. S7A-C), as detected by Cell Counting Kit-8 (CCK-
8), colony formation and EdU assays. Overexpression
of TMSB10 remarkably promoted these cellular behav-
iors in GBM cells (Fig. 6F, Additional file 1: Fig. S7D).
Moreover, Transwell and wound healing assays showed
that knockdown of TMSB10 impaired the migration
and invasion abilities of U87MG and U251 GBM cells
(Fig. 6G, Additional file 1: Fig. S7E), while overexpression
of TMSB10 notably promoted these cellular behaviors
(Fig. 6H). Western blot results also showed that knock-
down of TMSBI10 increased the expression of P21 (a
tumor suppressor protein) but decreased the expression
of carcinogenic proteins involved in cell proliferation
and invasion and the result was consistent in mice tumor
samples (Additional file 1: Fig. S7F). Flow cytometric
analysis showed that TMSB10 knockdown could induce
apoptosis.and G1/S arrest in glioma cells (Additional
file 1: Fig. S8A—C). Glioma stem cells (GSCs) are consid-
ered to be the drivers of GBM growth and progression
[21]. We then performed neurosphere formation assays
of GSC20 and GSC267 GSCs, which showed that knock-
down of TMSB10 significantly inhibited the tumorsphere
expansion ability (Fig. 6I).

Additionally, in vivo experiments also showed that the
downregulation of TMSB10 significantly reduced tumor
size and prolonged the survival time of tumor-bearing
mice (Fig. 6], K). Subsequently, immunohistochemical
(IHC) results showed that compared with the NC group,
the expression of Ki67 (proliferation marker) and CD44
(invasion marker) in tumor tissue sections was lower in
the TMSB10 knockdown group (Fig. 6L). H&E staining
also showed that the invasive ability of tumors follow-
ing TMSB10 knockdown was weaker than that of the NC

(See figure on next page.)

Fig. 6 TMSB10 promotes the proliferation, migration and invasion of glioma cells in vitro and in vivo. A The mRNA expression level of TMSB10

increased with tumor grade in the Qilu dataset. B ROC curve showing that the expression level of TMSB10 had a high AUC in predicting the grade of
glioma in the Qilu dataset. C IHC analysis showing TMSB10 protein expression in normal brain tissues (NBTs) and glioma tissues with different WHO
grades. Histogram representing statistical data of IHC. The FTO-positive ratio was defined as the ratio of the FTO-positive area to the total area; n=3.
D Correlations between TMSB10 and the enrichment scores of (left) cancer hallmark pathways and (right) immune cells in the Qilu cohort. CCK-8
assays showing the proliferation ability of GBM cells transfected with (E) sh-NC or sh-TMSB10 and (F) ov-NC or ov-TMSB10; n = 3. G Representative
Transwell migration and invasion assays showing the migration and invasion ability of GBM cells transfected with (G) sh-NC or sh-TMSB10 and (H)
ov-NC or ov-TMSB10; scale bar, 200 um. The quantification histogram represents the relative cell numbers. Data represent the mean 4 SD from at
least three independent experiments. | Representative tumor sphere formation images of GSCs transfected with sh-NC or sh-TMSB10; scale bar,

100 um. The quantification histogram represents the average sphere diameter. Data represent the mean = SD from at least three independent
experiments. J Bioluminescent image showing the tumor size of mice implanted with luciferase-labeled U87MG cells expressing sh-TMSB10 or
sh-NC at the indicated times. The quantification histogram represents the bioluminescent flux. Data represent the mean 4 SD; n=5 for each group.
K Kaplan—-Meier survival curves for mice implanted with luciferase-labeled U87MG cells expressing sh-TMSB10 or sh-NC. Log-rank analysis was used;
n=>5 for each group. L Representative CD44 and KI67 immunohistochemistry images for a subgroup of animals sacrificed simultaneously in each
group; n=>5 for each group, scale bar, 20 um. M Representative H&E staining images for a subgroup of animals sacrificed simultaneously in each
group; n=>5 for each group, scale bar, 10 um. All data are presented as the mean = SD. The statistical significance is shown as *P <0.05; **P <0.01;
FHXP <0.0001
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group (Fig. 6M). In conclusion, these results suggested
that TMSB10 promotes cell proliferation, migration and
invasion, playing oncogenic roles in glioma.

TMSB10 promotes GBM MES transformation and facilitates
macrophage infiltration

The TCGA program uses bulk RNA sequencing to
identify GBM into three subtypes: proneural (PN),
classical (CL) subtypes and MES subtypes. The MES
subtype, accompanied by NF1 mutations, which are
more common among TMSB10-high glioma sam-
ples (Fig. 5A, Additional file 1: Fig. S5A), was cor-
related with an abundance of macrophages, stromal
activation and the worst prognosis [22, 23]. Our data
showed that both the mRNA and protein expression
of TMSB10 was highest in the MES GBM subtype in
all three GBM datasets (Fig. 7A). Pearson correlation
analysis also showed that TMSB10 was positively cor-
related with immune checkpoints, macrophage-related
immunosuppressive molecules and stromal-related
genes in six public glioma datasets and the Qilu data-
set (Fig. 7B, Additional file 1: Fig. S8A, B). Further
correlation analysis also showed that TMSB10 was
significantly positively correlated with CD44 expres-
sion, a MES marker gene (Additional file 1: Fig. S8B).
Additionally, GSEA showed that the MES gene signa-
ture was significantly enriched in TMSB10-high GBM
samples (Fig. 7C, Additional file 1: Fig. S8A), implying
that TMSB10 may promote the MES transformation
of GBM. Chen et al. [24] found that PTEN deficiency,
which was also upregulated in TMSB10-high GBM
samples, could increase macrophage infiltration via
the YAP1-LOX-B1 integrin-PYK2 axis, and the infil-
trated macrophages in turn secreted SPP1 to support
GBM survival. Our GSEA also showed that YAP1 sign-
aling  (CORDENONSI_YAP_CONSERVED_SIGNA-
TURE) was significantly enriched in the TMSB10-high
samples (Fig. 7B, Additional file 1: Fig. S8C). Further-
more, our Western blot assays verified that TMSB10

Page 15 of 22

promoted the protein expression of MES-related genes
and YAP1 and activated AKT and MAPK signaling
(Fig. 7C), consistent with the above results, prompting
us to conclude that TMSB10 may be associated with
the infiltration and immunosuppressive transforma-
tion of macrophages. TAMs, including tumor-asso-
ciated bone marrow-derived macrophages (BMDMs)
and brain-resident microglial cells (MGs), are the most
abundant cell population in the glioma TME, [25, 26].
We found that TMSB10 was positively correlated with
the enrichment of tumor-associated BMDMs (herein-
after referred to as macrophages) but negatively cor-
related with the enrichment of tumor-associated MGs
(Figs. 5B and 6D), suggesting that TMSB10 is involved
in the recruitment of macrophages. To further confirm
the role of TMSBI10 in promoting macrophage migra-
tion and immunosuppressive transformation, we found
that conditioned medium (CM) from TMSB10-overex-
pressing GBM cells significantly promoted THP-1-dif-
ferentiated macrophage migration and significantly
upregulated the protein expression of CD163 and
SPP1, two well-known macrophage activation markers
[24, 26-28], compared to that in the NC group, while
knockdown of TMSBI10 significantly inhibited these
effects (Fig. 7D—G). Moreover, we then performed an
immunofluorescence staining assay with our local clini-
cal glioma patient tissues, and the results showed that
the expression of CD68 (a human macrophage marker)
and SPP1 (a key inflammatory protein produced by
TAMs that express the pattern recognition recep-
tor MARCO and part of the largest group of proteins
with cell type-specific expression) [29], was enhanced
in TMSB10-high glioma tissues compared to TMSB10-
low tissues (Fig. 7H). Overall, these results suggested
that TMSB10 promotes macrophage infiltration,
thereby enabling macrophages to acquire angiogenic
and immunosuppressive properties, highlighting its
potential as a therapeutic target.

(See figure on next page.)

***P <0.001; ****P <0.0001

Fig. 7 TMSB10 promotes GBM MES transformation and facilitates macrophage infiltration. A The mRNA or protein expression level of TMSB10 in
different subtypes of GBM. B Correlation between TMSB10 and suppressive immunomodulators. The color indicates the correlation coefficient.
GSEA showing the € MES signature and D CORDENONSI_YAP_CONSERVED_SIGNATURE in the high TMSB10 expression group in the TCGA GBM
cohort. E Western blot assays showing the protein expression of CD44, YAP1, LOX, as well as phosphorylation levels of AKT and ERK1/2 in GSCs
transfected with sh-NC or sh-TMSB10 and ov-NC or ov-TMSB10 as indicated. F (Top) Representative Transwell migration assays showing the
chemotaxis capacity of human THP-1-differentiated macrophages by exposing them to CM from GSCs transfected with sh-NC or sh-TMSB10 and
ov-NC or ov-TMSB10 as indicated. (Bottom) Quantification histogram representing relative cell numbers; n=3, scale bar, 100 um. G Representative
flow cytometry histogram showing the proportion of CD163 +in THP-1 differentiated macrophages treated with CM from GSCs transfected with
G sh-NC or sh-TMSB10 and H ov-NC or ov-TMSB10 as indicated. The quantification histogram represents the proportion of CD163 + differentiated
THP-1 macrophages; n=3.1Western blot assays showing the protein expression of SPP1 in THP-1 differentiated macrophages treated with CM from
GSCs transfected with sh-NC or sh-TMSB10 and ov-NC or ov-TMSB10 as indicated. J Representative IF staining in a human glioma tissue microarray
showed that the expression of SPP1 and CD68 was higher in the TMSB10-high group than in the TMSB10-low group. Histogram representing
statistical proportion data of positive area. All data are presented as the mean = SD. The statistical significance is shown as *P <0.05; **P <0.01;
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TMSB10 could be a potential immunotherapy target
for glioma patients, and knockdown of TMSB10 improves
the efficacy of selumetinib and anti-PD1 treatment
in glioma
To explore potential drugs associated with TMSB10,
we obtained data regarding the bioavailability (AUC) of
drugs that have undergone clinical trials or received FDA
approval from the CellMiner database (https://discover.
nci.nih.gov/cellminer/) and assessed the correlation of
bioavailability with TMSB10 expression. Using Spear-
man’s correlation analysis, we identified 27 drugs signifi-
cantly associated with TMSB10 (Fig. 8A, Additional file 2:
Table S8). The AUC of selumetinib, a mitogen-activated
protein kinase 1 and 2 (MEK1/2) inhibitor approved by
the FDA for the treatment of tumors associated with neu-
rofibromatosis [30], had the highest negative correlation
with the expression of TMSB10 (Fig. 8A). We found that
compared to that in the low expression group, the AUC
of selumetinib was significantly lower in the TMSB10
high expression group (Fig. 8B), suggesting that TMSB10
may decrease the sensitivity of tumor cells to this drug.
To further verify the effect of TMSB10 knockdown on the
immunosuppressive polarization of macrophages in vivo
and to determine whether the combination of a TMSB10-
targeted approach with selumetinib can improve the
therapeutic effect on GBM, GSCs with TMSB10 knock-
down or NC vectors were coimplanted with THP-1 cells
in situ in the brains of nude mice, followed by treatment
with or without selumetinib. We found that compared
to the NC group, the TMSB10 knockdown group dis-
played decreased tumor growth and prolonged survival
of tumor-bearing mice. Downregulation of TMSB10 in
combination with selumetinib presented the best thera-
peutic results (Fig. 8C-E).

Zhao ] and his colleagues longitudinally profiled 66
patients, including 17 long-term responders, during
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standard therapy and after treatment with PD-1 inhibi-
tors (nivolumab or pembrolizumab) and revealed sig-
nificant enrichment of PTEN mutations associated with
immunosuppressive expression signatures and signifi-
cantly higher PI3K-AKT pathway activity among PTEN-
mutant nonresponsive tumors [31]. Our results also
showed that the PTEN mutation rate and PI3K-AKT
pathway activity were upregulated in TMSB10-high gli-
oma samples (Fig. 4A, D, and Fig. 5A, C). In addition,
TMSB10 expression showed a significant positive cor-
relation with immune checkpoint expression in glioma
patients (Fig. 4C, Additional file 1: Fig. S8E, F). Intrigu-
ingly, antibody-mediated MARCO targeting promotes
the M1-like polarization of TAMs and enhances immune
checkpoint inhibitor (ICI) efficacy [32], indicating that
knockdown of TMSB10 may enhance the efficacy of
ICIs in GBM. We then evaluated the ability of TMSB10
expression level to predict patient response to ICI ther-
apy in a GBM dataset of patients who received PD1
inhibitor therapy [31]. We found that the low-TMSB10
group exhibited better therapeutic benefit and a better
clinical response to PD1 inhibitor immunotherapy than
the high-TMSB10 group (Fig. 8F, G). ROC curve analy-
sis showed that TMSB10 had good predictive power in
terms of the effectiveness of immunotherapy in GBM
patients (Fig. 8H, AUC=0.757). Further survival analy-
sis revealed that patients with low TMSB10 expression
showed a significant clinical advantage and significantly
prolonged survival, as measured from the start of diagno-
sis or treatment with anti-PD1 therapy (Fig. 81, ]).

To further explore the therapeutic efficacy of knocking
down TMSB10 in combination with selumetinib and PD1
inhibitor treatment for GBM, we generated a patient-
derived glioblastoma organoid (GBO) that maintained
the heterogeneity of cell types (including macrophages, T
cells, and vascular cells) and the molecular characteristics

(See figure on next page.)

Fig. 8 TMSB10 could be a potential immunotherapy target for glioma patients, and knockdown of TMSB10 improves the efficacy of selumetinib
and anti-PD1 in glioma. A Spearman'’s correlation analysis between TMSB10 and the bioavailability (AUC) of the drugs that have undergone

clinical trials or received FDA approval was collected from the CellMiner database (https://discover.nci.nih.gov/cellminer/). B Comparison of

the estimated selumetinib AUC between the TMSB10-high group and the TMSB10 low group. C Animal experiment protocol design process. D
Bioluminescent image showing the tumor size of mice coimplanted with THP-1 cells and luciferase-labeled GSC267 expressing sh-TMSB10 or sh-NC
and treated with selumetinib (50 mg/ml) for the indicated times. The quantification histogram represents the bioluminescent flux. Data represent
the mean 4 SD; n =5 for each group. E Kaplan—-Meier survival curves showing the mice coimplanted with THP-1 cells and luciferase-labeled GSCs
expressing sh-TMSB10 or sh-NC and treated with selumetinib (50 mg/ml). Log-rank analysis was used; n =5 for each group. F Expression of TMSB10
in distinct anti-PD1 clinical response groups. G The proportion of patients who responded to anti-PD1 immunotherapy in the low or high TMSB10
expression groups. R, response; NR, no response. H ROC curve quantifying the predictive value of TMSB10 in GBM patients treated with anti-PD1
therapy (AUC, 0.757). Kaplan-Meier curves for () the OS of GBM patients (log-rank test P=0.027) and J survival duration after anti-PD1 treatment
(log-rank test P<0.001 in the PD1 dataset. K GBOs at 1 week were cocultured with CM from GSC 267 cells, transfected with sh-TMSB10 or sh-NC,
and treated with PD1 antibody (5 uM) and/or selumetinib (7.5 uM) for 5 days as indicated. IF staining for KI67 and CD44 in GBO sections showed

that knockdown of TMSB10 enhanced the effect of anti-PD1 and selumetinib therapy; scale bars: 10 um. Histogram representing statistical data for
proportion of positive area; n =3 for each group. All data are presented as the mean = SD. The statistical significance is shown as follows: ns > 0.05;
*P<0.05;**P<0.01; **P <0.001; ****P <0.0001
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of their respective parental tumors [33] as a model for
holistic study of the TME of tumors and evaluating the
efficacy of PD1 inhibitors [34, 35]. We exposed GBO
samples from 1 patient, whose GBM tissue expressing
high TMSB10, CD68 and SPP1, to CM from TMSB10
knockdown GSCs at the indicated time, and then treated
the GSCs in combination with PD1 inhibitor (5 uM) and/
or selumetinib (50 mg/ml) for 5 days. We evaluated the
therapeutic response by quantifying the percentage of
cells expressing Ki67 (a proliferation marker) and CD44
(an invasion marker), showing that the downregula-
tion of TMSBI10 significantly improved the efficacy of
PD1 inhibitors as well as selumetinib in GBM, and the
combination of the three treatment strategies was the
most effective (Fig. 8K). Collectively, these results high-
lighted that TMSB10 may serve as a potential prognos-
tic biomarker and immunotherapy target in glioma, as its
knockdown significantly improved the efficacy of selu-
metinib and anti-PD1 treatment, providing a promising
strategy for improving the response to targeted combina-
tion therapy for glioma patients.

Discussion

Mounting research suggests that TMSs may play an
important role in the malignant progression and clini-
cal diagnosis of cancer [36—39]. In this study, we com-
prehensively investigated the basal expression levels of
TMSs in human normal tissues, as well as their genomic
mutation, CNA, expression dysregulation, prognosis
and immunotherapeutic response implications across 33
human cancer samples. Our results showed that TMSs
were differentially expressed in numerous cancer types.
In the genomic landscape, we found that the overall DNA
alteration frequency of TMSs was less than 2%, which
is relatively low (Fig. 1B, C). We found that TMSs were
significantly associated with patient survival in various
cancers and that TMSB10 could act as a prognostic risk
factor for nine tumors (Fig. 1D). Further analysis of the
expression patterns of TMSs in normal and tumor tissues
revealed that TMSB4Y, TMSB15A and TMSB15B were
expressed at low levels, while other genes were expressed
at relatively high levels; TMSB10 was expressed at the
highest level and was also specifically overexpressed in
almost all types of tumor tissues verus normal tissues
(Fig. 1H, I), suggesting that TMSB10 might play a pivotal
role in cancer development.

We further comprehensively evaluated the expres-
sion pattern, biological function and immunological
role of TMSB10 across 33 cancers. Strikingly, we found
that TMSB10 was specifically overexpressed in glioma
tissues and was closely associated with glioma progno-
sis, biological function, and immune regulation (Fig. 2).
We obtained similar results in multiple other public
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glioma datasets and our Qilu local dataset, validat-
ing that TMSB10 could distinguish glioma and normal
brain tissues (Figs. 3 and 4). Additionally, the immuno-
histochemical results for our local glioma tissues further
validated that TMSB10 expression levels were higher in
glioma tissues than in normal tissues and were upregu-
lated with increasing grade. Our study further provided
a comprehensive multiomics view of TMSB10 in glioma,
including changes in mRNA, miRNA, protein expression,
phosphorylation and acetylation, as alterations at these
levels might affect a wide range of biological processes,
including inflammatory responses, angiogenesis, apopto-
sis, and other pro-oncogenic signaling pathways (Fig. 5).
These results suggest that TMSB10 leads to molecular
changes at multiple levels, thereby playing a key role in
cancer development.

To further demonstrate the pro-carcinogenic func-
tion of TMSB10 in glioma, we performed several related
experiments in vitro and in vivo. Our results suggested
that TMSB10 promotes cell proliferation, migration
and invasion, thereby playing oncogenic roles in glioma
(Fig. 5). Our data also showed that TMSB10 might be
involved in immune regulation. The imbalance of the
TME may also partly contribute to the poor prognosis
associated with TMSB10 in glioma. Macrophages are the
main nontumor cells that infiltrate the glioma microenvi-
ronment. Studies have shown that macrophages can alter
their expression profiles based on the signals they receive
from tumor cells; thus, GBM heterogeneity leads to mac-
rophage heterogeneity. Similarly, macrophages can also
shape the expression profile of tumor cells, which in turn
drives the MES transformation of glioma. Further inte-
gration with other biological experiments also revealed
the key roles of TMSB10 in the MES transformation of
glioma, the promotion of macrophage infiltration and
immunosuppressive polarization (Fig. 7).

We also confirmed the good performance of TMSB10
in the prediction of the anti-PD1 immunotherapy
response. We also identified multiple drugs targeting
high TMSB10 expression and validated that knock-
down of TMSB10 improved the efficacy of selumetinib
(a MEK1/2 inhibitor approved by the FDA for the treat-
ment of neurofibromatosis-associated tumors) and anti-
PD1 in glioma (Fig. 8), providing a promising strategy
for improving targeted combination therapy for glioma
patients.

Conclusion

In conclusion, our data provide a landscape of TMSs
in cancer. We highlighted that TMSB10 may serve as
a potential prognostic biomarker and immunotherapy
target in glioma and that the knockdown of TMSB10
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significantly improves the efficacy of selumetinib and
anti-PD1 treatment, providing a theoretical basis for the
development of more effective and targeted clinical treat-
ment strategies for glioma patients. The proportions of
CAFs were estimated by applying the microenvironment
cell population counter (MCP-Counter) method.
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Additional file 1: Figure S1. The expression of TMSs in cancer cell lines
in CCLE dataset. The expression of (A) TMSB10, (B)TMSB4X, (C) TMSB4Y,
(D) TMSB15A, (E) TMSB15B, (F) PTMA and (G) PTMS in cancer cell lines

in CCLE dataset. Figure S2.The expression of TMSs in normal tissues in
GETx dataset. The expression of (A) TMSB10, (B)TMSB4X, (C) TMSB4Y, (D)
TMSB15A, (E) TMSB158, (F) PTMA and (G) PTMS in normal tissues in GETx
dataset. Figure S3. The expression of TMSs between GTEx normal tissues
and paired tumor tissues. The expression of (A)TMSB4X, (B) TMSBA4Y, (C)
TMSB15A, (D) TMSB158B, (E) PTMA and (F) PTMS between GTEx normal
tissues and tumor tissues. The asterisks indicated a statistically significant
p-value calculated using Mann-Whitney U test. The statistical significance
is indicated as follows: ns>0.05; *P < 0.05; **P < 0.01; ***P < 0.001. Figure
S4. Biological pathways and immunological characteristics of TMSB10

in glioma. A Kaplan-Meier curves for the OS of GBM patients with high
TMSB10 expression and low TMSB10 expression in three GBM datasets;
the log-rank test was used to calculate the p value. B Correlation between
TMSB10 and the infiltration of 25 tumor-associated TME cells calculated
with the ssGSEA algorithm. The color indicates the correlation coefficient.
C Spearman correlation analysis of TMSB10 and classical signaling path-
ways in three glioma cohorts. Red indicates positive correlations, and the
darkness of color is proportional to the correlation coefficient. The size of
the circle represents the statistical P value, with larger circles representing
greater statistical significance. Bar graph of (D) enriched terms, colored by
p-values, and (E) summary of enrichmentanalysis in TRRUST across genes
positively correlated with TMSB10 in CGGA glioma dataset. Figure S5.
Multiomics regulatory profile of TMSB10 in glioma. A KEGG enrichment
analysis of genes with significantly upregulated at both mRNA and protein
levels in GBM samples with high TMSB10 expression. B Waterfall plot of
the tumor somatic mutation landscape in the (upper) low-TMSB10 and
(lower) high-TMSB10 samples in the wang GBM dataset. Dot plot of the
log2FC (protein expression) versus the (C) log2FC (protein phosphoryla-
tion expression), and (D) log2FC (protein acylation expression), showing
a positive correlation between the overall protein phosphorylation/
acylation level and protein expression and the distribution of genes

with significant changes in both the protein expression (|FC| > 1.2, P <
0.05) and corresponding protein phosphorylation/acylation expression
(|FC| > 1.2, P < 0.05) in the high TMSB10 expression group compared

with the low TMSB10 expression group. Figure S6. TMSB10 expression is
associated with glioma pathological malignant progression and immune
phenotype in the Qilu dataset. A GSVA enrichment analysis showing the
activation status of biological pathways in the HSPA7-high and HSPA7-low

Page 20 of 22

groups. Heatmap was used to visualize these biological processes. Yellow
represents activated pathways, black represents moderately activated
pathways, and blue represents inhibited pathways. B GSEA showing the
classical cancer-promoting pathways and immune-related pathways were
signficantly enriched in the high TMSB10 expression glioma samples in
Qilu dataset. C Abundances of immune/stromal score, tumorpurity and
25 immune cell types in TMSB10 high glioma samples versus low samples
in Qilu dataset. The upper and lower ends of the boxes indicate the inter-
quartile range of the values. The lines in the boxes represent the median
values, and black dots show outliers. The significance of differences
between the three clusters were determined by the Mann-Whitney U test.
The statistical significance is indicated as follows: ns>0.05; *P < 0.05; **P
<0.01;**P < 0.001. Bar graph of (D) enriched terms, colored by p-values,
and (E) summary of enrichmentanalysis in TRRUST across genes positively
correlated with TMSB10 in Qilu glioma dataset. Figure S7. TMSB10
promotes the proliferation, migration and invasion of glioma cells in vitro.
A QRT-PCR assays showing the relative expression of TMSB10 in GBM cells
and GSCs transfected with knocking down TMSB10 (sh-WEE2-AST) or cor-
responding negative contorl (sh-NC). B Colony-forming assays showing
the proliferation ability of GBM cells transfected with sh-NC or sh-TMSB10.
CEDU assays showing the proliferation ability of GBM cells transfected
with sh-NC or sh-TMSB10, scale bar, 50pum. Quantification histogram
represented cell population. Data represented mean = SD from at least
three independent experiments. D QRT-PCR assays showing the relative
expression of TMSB10 in GBM cells and GSCs overexpressing WEE2-AS1
(ov-WEE2-AS1) or corresponding negative control (ov-NC). E Wound
Healing assays showing the migration ability of GBM cells transfected
with sh-NC or sh-TMSB10. (F-G) Western blot assays showing the protein
expression of MMP-9, N-cadherin, bcl2, bax, p21, CDK4 and cyclin D1
expression in GBM cells and mice tumor samples transfected with sh-NC
or sh-TMSB10. Amounts of protein determined by densitometry of protein
bands from three experiments. GAPDH was the loading control. Data
represented mean =+ SD from at least three independent experiments.
The statistical significance is shown as: *P < 0.05; **P < 0.01; ***P < 0.001;
*¥*¥¥p < 0.0001. Figure S8. TMSB10 regulates the cell cycle and apoptosis
of glioma cells in vitro. (A, B) Cell cycle analysis for U87MG and U251 cells
transfected with sh-NC or sh-TMSB10. The percentage of cells arrested in
the G1/S phase is analyzed in a histogram (right panels). C Representative
flow cytometry plots of cell apoptosis and quantitative analysis are shown.
D Western blot assays showing the protein expression of TMSB10 expres-
sion in GBM cells. E-H Western blot assays showing the protein expression
of CD44, YAP1, LOX, as well as phosphorylation levels of AKT and ERK1/2
in GSCs transfected with sh-NC or sh-TMSB10 and ov-NC or ov-TMSB10

as indicated. Amounts of protein determined by densitometry of protein
bands from three experiments. 3-actin was the loading control. I Western
blot assays showing the protein expression of SPP1 in THP-1 differenti-
ated macrophages treated with CM from GSCs transfected with sh-NC

or sh-TMSB10 and ov-NC or ov-TMSB10 as indicated. Amounts of protein
determined by densitometry of protein bands from three experiments.
{3-actin was the loading control. Data represented mean = SD from at
least three independent experiments. The statistical significance is shown
as: *P < 0.05;**P < 0.01; ***P < 0.001; ****P < 0.0001. Figure S9. TMSB10
promotes GBM MES transformation and facilitates macrophage infiltration.
A Correlation between TMSB10 and suppressive immunomodulators

in three GBM datasets. The color indicates the correlation coefficient. B
Correlation between TMSB10 and suppressive immunomodulators in Qilu
dataset. Angle of sector indicates the correlation coefficient. C Correlation
between TMSB10 and CD44 in three GBM datasets. GSEA showing the (D)
MES signature and (E) CORDENONSI_YAP_CONSERVED_SIGNATURE in the
high TMSB10 expression group in the Lee Y and Wang GBM cohorts.

Additional file 2: Table S1. Genes signaficantly correlated with TMSB10
in CGGA glioma dataset. Table S2. Joint analysis of the differentially
expressed mRNAs and proteins between TMSB10 high GBM group versus
low GBM group. Table S3. Differentially phosphorylated proteins in
TMSB10 high expression GBM samples versus low expression. Table S4.
Joint analysis of the differentially expressed protein and protein phos-
phorylation between TMSB10 high GBM group versus low GBM group.
Table S5. Differentially acylatedd proteins in TMSB10 high expression
GBM samples versus low expression. Table S6. Joint analysis of the
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differentially expressed protein and protein acylation between TMSB10
high GBM group versus low GBM group. Table S7. Genes signaficantly
correlated with TMSB10 in Qilu dataset. Table S8. Drugs significantly
associated with TMSB10. Table S9. Sequences for siRNAs, shRNAs and
primers for qRT-PCR.

Acknowledgements

We are grateful to Dr.Frederick F. Lang and Dr. Krishna PL. Bhatfor providing
GSC cell lines used in our study. We thank the surgeons and patients who
participated in these studies; Novogene Co,, Ltd.; and Tianjin Novogene Bioin-
formatics Technology Co., Ltd. For mRNA sequencing technical development
and support.

Author contributions

GL, RZ, HX designed the study, contributed to the analysis, and wrote the first
draft of the manuscript. YX, YQ, ZP, SW, BL, BF performed the experiments
and analyzed the data. All authors helped draft the manuscript and made
substantial contributions to the concept and design of the study and acquisi-
tion, analysis and interpretation of data. All authors read and approved the
final manuscript.

Funding

This work was supported by grants from the National Natural Science Founda-
tion of China (Nos. 81874083; 82072776; 82072775; 81702468; 81802966;
81902540; 81874082; 81472353), Natural Science Foundation of Shandong
Province of China (Nos. ZR2019BH057 ZR2020QH174 ZR2021LSW025), the
Jinan Science and Technology Bureau of Shandong Province (2021GXRC029),
Key clinical Research project of Clinical Research Center of Shandong Univer-
sity (2020SDUCRCAO11) and Taishan Pandeng Scholar Program of Shandong
Province (No. tspd20210322).

Availability of data and materials

All data used in this work can be acquired from the TCGA database (http://
cancergenome.nih.gov/), CGGA database (http://www.cgga.org.cn/), and the
circRNA sequencing and mRNA sequencing data of our local samples have
been deposited in the Genome Sequence Archive (GSA) under accession
number CRA002339, and data were released when the paper was published.
The processed data are available from the corresponding author upon reason-
able request.

Declarations

Ethics approval and consent to participate

The studies involving human participants were reviewed and approved by
Ethical Committee on Scientific Research of Shandong University Qilu Hospital
(approval number: KYLL-2018-324). The patients/participants provided their
written informed consent to participate in this study. All animal experiments
were performed in accordance with a protocol approved by Ethical Com-
mittee on Scientific Research of Shandong University Qilu Hospital (approval
number: DWLL-2021-092).

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

'Department of Neurosurgery, Qilu Hospital, Cheeloo College of Medi-

cine, Institute of Brain and Brain-Inspired Science, Shandong University,
Jinan 250012, Shandong, China. 2Shandong Key Laboratory of Brain Function
Remodeling, Jinan 250012, Shandong, China. >Department of Neurosur-
gery, The Frist Affiliated Hospital of Wenzhou Medical University, Wenzhou
City 325000, Zhejiang Province, China.

Received: 25 May 2022 Accepted: 30 August 2022
Published online: 26 September 2022

Page 21 of 22

References

1.

20.

21

Hall AK, Chen SC, Hempstead JL, Morgan JI. Retinoic acid regulates
thymosin beta 10 levels in rat neuroblastoma cells. J Neurochem.
1991,56(2):462-8.

Erickson-Viitanen S, Horecker BL. Thymosin 311: a peptide from trout liver
homologous to thymosin 34. Arch Biochem Biophys. 1984;233(2):815-20.
Chen C, Li M, Yang H, Chai H, Fisher W, Yao Q. Roles of thymosins in can-
cers and other organ systems. World J Surg. 2005;29(3):264-70.

Cha HJ, Jeong MJ, Kleinman HK. Role of thymosin beta4 in tumor metas-
tasis and angiogenesis. J Natl Cancer Inst. 2003;95(22):1674-80.
Wirsching HG, Krishnan S, Florea AM, Frei K, Krayenbuhl N, Hasenbach K,
Reifenberger G, Weller M, Tabatabai G. Thymosin beta 4 gene silencing
decreases stemness and invasiveness in glioblastoma. Brain. 2014;137(Pt
2):433-48.

Tang M-C, Chan L-C, Yeh Y-C, Chen C-Y, Chou T-Y, Wang W-S, Su Y. Thymo-
sin beta 4 induces colon cancer cell migration and clinical metastasis via
enhancing ILK/IQGAP1/Rac1 signal transduction pathway. Cancer Lett.
2011,308(2):162-71.

Wang WS, Chen PM, Hsiao HL, Wang HS, Liang WY, Su Y. Overexpres-

sion of the thymosin beta-4 gene is associated with increased invasion
of SW480 colon carcinoma cells and the distant metastasis of human
colorectal carcinoma. Oncogene. 2004;23(39):6666-71.

Oh JM, Ryoo IJ, Yang Y, Kim HS, Yang KH, Moon EY. Hypoxia-inducible
transcription factor (HIF)-1 alpha stabilization by actin-sequestering
protein, thymosin beta-4 (TB4) in Hela cervical tumor cells. Cancer Lett.
2008;264(1):29-35.

Makowiecka A, Malek N, Mazurkiewicz E, Mrowczynska E, Nowak D,
Mazur AJ. Thymosin beta4 regulates focal adhesion formation in human
melanoma cells and affects their migration and invasion. Front Cell Dev
Biol. 2019;7:304.

. Ryu YK LeeYS, Lee GH, Song KS, Kim YS, Moon EY. Regulation of glycogen

synthase kinase-3 by thymosin beta-4 is associated with gastric cancer
cell migration. Int J Cancer. 2012;131(9):2067-77.

. Dopp AC, Mutchnick MG, Goldstein AL. Thymosin-dependent T-lym-

phocyte response in inflammatory bowel disease. Gastroenterology.
1980;79(2):276-82.

Zeng J,Yang X, Yang L, Li W, Zheng Y. Thymosin beta10 promotes tumor-
associated macrophages M2 conversion and proliferation via the PI3K/
Akt pathway in lung adenocarcinoma. Respir Res. 2020;21(1):328.
Bowman R, Klemm F, Akkari L, Pyonteck S, Sevenich L, Quail D, Dhara S,
Simpson K, Gardner E, lacobuzio-Donahue C, et al. Macrophage ontog-
eny underlies differences in tumor-specific education in brain malignan-
cies. Cell Rep. 2016;17(9):2445-59.

Charoentong P, Finotello F, Angelova M, Mayer C, Efremova M, Rieder

D, Hackl H, Trajanoski Z. Pan-cancer immunogenomic analyses reveal
genotype-immunophenotype relationships and predictors of response
to checkpoint blockade. Cell Rep. 2017;18(1):248-62.

JiaQ Wu W, Wang Y, Alexander P, Sun C, Gong Z, Cheng J, Sun H, Guan'y,
Xia X, et al. Local mutational diversity drives intratumoral immune hetero-
geneity in non-small cell lung cancer. Nat Commun. 2018;9(1):5361.

. Jacob F, Salinas RD, Zhang DY, Nguyen PTT, Schnoll JG, Wong SZH,

Thokala R, Sheikh S, Saxena D, Prokop S, et al. A patient-derived glioblas-
toma organoid model and biobank recapitulates inter- and intra-tumoral
heterogeneity. Cell. 2020;180(1):188-204 e122.

Wang Fyf Wang-gou, Sy, Cao H, Jiang N, Yang Q, Huang Q, Huang Ch,

Li XJ. Proteomics identifies EGF-like domain multiple 7 as a potential
therapeutic target for epidermal growth factor receptor-positive glioma.
Cancer Commun. 2020;40(10):518-30.

Thorsson V, Gibbs DL, Brown SD, Wolf D, Bortone DS, Ou Yang TH, Porta-
Pardo E, Gao GF, Plaisier CL, Eddy JA, et al. The immune landscape of
cancer. Immunity 2018;48(4):812-30.

Zhou'Y, Zhou B, Pache L, Chang M, Khodabakhshi A, Tanaseichuk O, Ben-
ner C, Chanda S. Metascape provides a biologist-oriented resource for
the analysis of systems-level datasets. Nat Commun. 2019;10(1):1523.
Pan J,Hu S, Shi D, Cai M, LiY, Zou Q, Ji Z. PaGenBase: a pattern gene data-
base for the global and dynamic understanding of gene function. PLoS
ONE. 2013;8(12):e80747.

Lah TT, Novak M, Breznik B. Brain malignancies: glioblastoma and brain
metastases. Sem Cancer Biol. 2020;60:262-73.


http://cancergenome.nih.gov/
http://cancergenome.nih.gov/
http://www.cgga.org.cn/

Xiong et al. Cancer Cell International (2022) 22:294

22. Neftel C, Laffy J, Filbin MG, Hara T, Shore ME, Rahme GJ, Richman AR,
Silverbush D, Shaw ML, Hebert CM, et al. An integrative model of cellular
states, plasticity, and genetics for glioblastoma. Cell. 2019;178(4):835-49.

23. Wang Q, Hu B, Hu X, Kim H, Squatrito M, Scarpace L, deCarvalho AC, Lyu
S, LiP LiY, et al. Tumor evolution of glioma-intrinsic gene expression sub-
types associates with immunological changes in the microenvironment.
Cancer Cell. 2017;32(1):42-56.

24. Chen P, Zhao D, LiJ, Liang X, Li J, Chang A, Henry VK, Lan Z, Spring DJ, Rao
G, et al. Symbiotic macrophage-glioma cell interactions reveal synthetic
lethality in PTEN-null glioma. Cancer Cell. 2019;35(6):868-84.

25. Friebel E, Kapolou K, Unger S, Nufiez NG, Utz S, Rushing EJ, Regli L, Weller
M, Greter M, Tugues S, et al. Single-cell mapping of human brain cancer
reveals tumor-specific instruction of tissue-invading leukocytes. Cell.
2020;181(7):1626-42.

26. Klemm F, Maas RR, Bowman RL, Kornete M, Soukup K, Nassiri S, Brouland
J-P, lacobuzio-Donahue CA, Brennan C, Tabar V, et al. Interrogation of the
microenvironmental landscape in brain tumors reveals disease-specific
alterations of immune cells. Cell. 2020;181(7):1643-60.

27. Szulzewsky F, Schwendinger N, Glneykaya D, Cimino PJ, Hambard-
zumyan D, Synowitz M, Holland EC, Kettenmann H. Loss of host-derived
osteopontin creates a glioblastoma-promoting microenvironment.
Neurooncology. 2018;20(3):355-66.

28. Wei J, Marisetty A, Schrand B, Gabrusiewicz K, Hashimoto Y, Ott M, Grami
Z,Kong LY, Ling X, Caruso H, et al. Osteopontin mediates glioblastoma-
associated macrophage infiltration and is a potential therapeutic target. J
Clin Investig. 2019;129(1):137-49.

29. Lim M, Xia Y, Bettegowda C, Weller M. Current state of immunotherapy for
glioblastoma. Nat Rev Clin Oncol. 2018;15(7):422-42.

30. Markham A, Keam SJ. Selumetinib: first approval. Drugs. 2020;80(9):931-7.
31. Zhao J, Chen A, Gartrell R, Silverman A, Aparicio L, Chu T, Bordbar D, Shan
D, Samanamud J, Mahajan A, et al. Immune and genomic correlates
of response to anti-PD-1 immunotherapy in glioblastoma. Nat Med.

2019;25(3):462-9.

32. Georgoudaki A, Prokopec K, Boura V, Hellgvist E, Sohn S, Ostling J, Dahan
R, Harris R, Rantalainen M, Klevebring D, et al. Reprogramming tumor-
associated macrophages by antibody targeting inhibits cancer progres-
sion and metastasis. Cell Rep. 2016;15(9):2000-11.

33. Jacob F, Salinas RD, Zhang DY, Nguyen PTT, Schnoll JG, Wong SZH,
Thokala R, Sheikh S, Saxena D, Prokop S, et al. A patient-derived glioblas-
toma organoid model and biobank recapitulates inter- and intra-tumoral
heterogeneity. Cell. 2020;180(1):188.

34, Neal J, Li X, Zhu J, Giangarra V, Grzeskowiak C, Ju J, Liu I, Chiou S,
Salahudeen A, Smith A, et al. Organoid modeling of the tumor immune
microenvironment. Cell. 2018;175(7):1972-88 e1916.

35. Yuki K, Cheng N, Nakano M, Kuo C. Organoid models of tumor immunol-
ogy. Trends Immunol. 2020;41(8):652-64.

36. Wirsching H-G, Krishnan S, Florea A-M, Frei K, Krayenbthl N, Hasenbach
K, Reifenberger G, Weller M, Tabatabai G. Thymosin {3 4 gene silencing
decreases stemness and invasiveness in glioblastoma. Brain. 2014;137(Pt
2):433-48.

37. Costantini C, Bellet M, Pariano M, Renga G, Stincardini C, Goldstein A,
Garaci E, Romani L. A reappraisal of thymosin alpha in cancer therapy.
Front Oncol. 2019;9:873.

38. Vasilopoulou E, Riley P, Long D. Thymosin-B4: a key modifier of renal
disease. Expert Opin Biol Ther. 2018;18:185-92.

39. loannou K, Samara P, Livaniou E, Derhovanessian E, Tsitsilonis O. Prothy-
mosin alpha: a ubiquitous polypeptide with potential use in cancer diag-
nosis and therapy. Cancer Immunol Immunother. 2012;61(5):599-614.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 22 of 22

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC




	Pancancer landscape analysis of the thymosin family identified TMSB10 as a potential prognostic biomarker and immunotherapy target in glioma
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusion: 

	Background
	Methods
	Qilu cohort patients and specimens
	Estimation of TME immune cell infiltration
	Cell lines and cell culture
	Small interfering RNA and virus transfection
	Quantitative reverse-transcription PCR (qRT–PCR)
	GBO model
	Intracranial mouse mode
	Statistical analysis

	Results
	Pancancer genomic alteration landscape, expression pattern, prognostic significance, and immunological correlation of the thymosin family
	Pancancer expression pattern and biological and immunomodulatory function of TMSB10
	Expression signature and prognosis value of TMSB10 in glioma
	Biological pathways and immunological characteristics of TMSB10 in glioma
	Multiomics regulatory profile of TMSB10 in glioma
	TMSB10 expression is associated with glioma pathological malignant progression and immune phenotype in the Qilu dataset
	TMSB10 promotes the proliferation, migration and invasion of glioma cells in vitro and in vivo
	TMSB10 promotes GBM MES transformation and facilitates macrophage infiltration
	TMSB10 could be a potential immunotherapy target for glioma patients, and knockdown of TMSB10 improves the efficacy of selumetinib and anti-PD1 treatment in glioma

	Discussion
	Conclusion
	Acknowledgements
	References




