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Abstract: Glioma, the most common primary malignant brain tumor, is characterized by infiltrating immune cells 
that contribute to tumor progression and therapeutic resistance. Tumor-associated macrophages (TAMs) constitute 
a significant proportion of these infiltrating immune cells and have been implicated in glioma progression. However, 
the underlying molecular mechanisms by which TAMs promote glioma progression remain elusive. In this study, 
we investigated the role of PU.1, a crucial transcription factor involved in myeloid cell development, in glioma-
associated macrophage polarization and activation. First, bioinformatics and analysis of clinical glioma samples 
demonstrated a positive correlation between PU.1 expression in TAMs and disease severity. Further experiments 
using in vitro coculture systems revealed that the expression of PU.1 is increased in glioma cells vs. control cells. 
Importantly, PU.1-overexpressing macrophages exhibited a protumorigenic phenotype characterized by enhanced 
migration, invasion, and proliferation. Mechanistically, we found that PU.1-induced activation of the Bruton tyrosine 
kinase (BTK) signaling pathway led to Akt/mTOR pathway activation in macrophages, which further enhanced their 
protumorigenic functions. Furthermore, pharmacological inhibition of the BTK or Akt/mTOR pathway reversed the 
protumorigenic effects of macrophages in vitro and impaired their ability to promote glioma progression in vivo. In 
conclusion, our study elucidates a novel mechanism by which PU.1 induces the polarization and activation of TAMs 
in the glioma microenvironment. We highlight the significance of BTK-mediated Akt/mTOR pathway activation in 
driving the protumorigenic functions of TAMs. Targeting PU.1 and its downstream signaling pathways in TAMs may 
provide a promising therapeutic strategy to suppress glioma progression and improve patient outcomes.
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Introduction

Glioma, a common and aggressive type of  
brain tumor, poses a significant challenge in 
terms of effective treatment [1]. The tumor 
microenvironment (TME) plays a critical role in 
the progression of gliomas, and tumor-associ-
ated macrophages (TAMs) are key regulators of 
this process [2]. TAMs are known to promote 
tumor growth, invasion, angiogenesis, and 
immunosuppression [3]. Understanding the 
molecular mechanisms underlying TAM activa-

tion could provide valuable insights for the 
development of novel therapeutic strategies.

The transcription factor PU.1, a key regulator of 
myeloid differentiation, has been shown to 
modulate the polarization and function of mac-
rophages in diverse pathological conditions, 
including cancer [4, 5]. Its dysregulation has 
been implicated in promoting tumor progres-
sion in various cancer types [6, 7]. Our previous 
research indicated that PU.1 may be involved in 
the progression of glioma [8]. However, the role 
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of PU.1 in glioma-associated macrophages and 
its underlying molecular mechanisms remain 
largely unknown.

Bruton’s tyrosine kinase (BTK) has recently 
emerged as a critical regulator of macrophage 
polarization and function. The activation of  
BTK modulates inflammatory responses and 
downstream signaling cascades [9]. Our previ-
ous research suggested that BTK may be a 
prominent target regulated by PU.1 expression 
in glioma [8]. Recent research has shown the 
possible involvement of BTK in the activation of 
the Akt/mTOR pathway [10]. Moreover, aber-
rant activation of the Akt/mTOR pathway has 
been implicated in promoting glioma growth, 
invasion, and resistance to therapy [11]. 
Therefore, studies that clarify the interplay 
between PU.1, TAMs, BTK, and the Akt/mTOR 
pathway have great potential to reveal novel 
therapeutic strategies targeting glioma-associ-
ated macrophages.

In this study, we aimed to investigate the im- 
pact of PU.1 on the induction and polarization 
of TAMs in the context of glioma. Specifically, 
we hypothesized that PU.1-mediated activa- 
tion of TAMs promotes glioma progression 
through the BTK-mediated Akt/mTOR signaling 
pathway.

To test our hypothesis, we employed in vitro 
and in vivo experimental models of glioma. We 
examined the expression levels of PU.1, BTK, 
Akt/mTOR signaling components, and TAM-
related markers in glioma tissues and TAMs 
isolated from glioma-bearing mice. We also 
employed pharmacological and genetic app- 
roaches to modulate PU.1, BTK, and Akt/mTOR 
signaling expression/activity and evaluated the 
effects of these modulations on TAM polariza-
tion and glioma progression.

With this study, we aimed to provide novel 
insights into the molecular mechanisms under-
lying TAM activation in glioma and to identify 
potential therapeutic targets for improving glio-
ma treatment outcomes. Additionally, under-
standing the role of PU.1 and its interaction 
with BTK and the Akt/mTOR pathway may have 
broader implications in the field of cancer 
immunotherapy.

Methods

Collection of human-derived tumor samples

The sample collection and data analysis were 
approved by the Institutional Board of Shang- 
hai General Hospital, affiliated with Shanghai 
Jiao Tong University. Tumor tissues were 
obtained from the Department of Neurosurgery 
at Shanghai General Hospital, affiliated with 
Shanghai Jiao Tong University, between Janu- 
ary 2013 and September 2015. The inclusion 
criteria for patients were as follows: (1) con-
firmed diagnosis of glioma through histopatho-
logical examination and immunohistochemical 
staining for protein expression (EMP3, Ki67, 
and PHH3), mutant status (P53, IDH1, and 
ATRXA), and methylation status of MGMT; and 
(2) patients undergoing their initial glioma sur-
gery. The exclusion criteria were: (1) patients 
who had received preoperative radiotherapy or 
chemotherapy; and (2) patients with uncertain 
histological grading or staining results for glio-
ma. A total of 81 cases were included in the 
study.

Data source and expression analysis

Pan-cancer dataset in The Cancer Genome 
Atlas (TCGA) which consists of 33 kinds of  
cancer and adjacent tissue samples or GTEx 
expression matrices was analyzed with an 
online tool, UCSCXenaShiny (https://hiplot.
com.cn/advance/ucsc-xena-shiny) [12]. In this 
study, we analyzed both glioblastoma multi-
forme (GBM) and low-grade glioma (LGG). 
Gliovis (http://gliovis.bioinfo.cnio.es/) was us- 
ed to get all the expression matrices of gliomas 
[13]. Publicly available gene-expression datas-
ets of glioma patients (downloaded from NCBI-
GEO with accession numbers GSE4290) were 
also used (http://www.ncbi.nlm.nih.gov/geo/). 
Statistical analysis for relative gene-expression 
data were performed using DESeq2 version: 
v1.4.5. The P-values were calculated using the 
Benjamini and Hochberg method in the R 
DESeq2 package.

Immune cells and bioinformatic analysis

The single-sample gene set enrichment analy-
sis (ssGSEA) was utilized to determine the 
enrichment fraction, which represents the 
absolute enrichment of genomes in each sam-
ple within a given dataset. This analysis was 
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performed using the R package “GSVA” to cal-
culate the normalized enrichment fractions for 
various types of immune cells. The genome set 
signatures for 28 immune cells were obtained 
from a previous study [14]. To assess the 
immune profile of the glioma samples, Gene 
Set Variation Analysis (GSVA) from the R pack-
age GSVA was employed [8].

Immunohistochemistry

Patient tumor samples and animal tumor tis-
sues were fixed in 4% paraformaldehyde for 24 
hours and then embedded in paraffin. Paraffin 
blocks were cut into 5 μm sections and utiliz- 
ed for hematoxylin and eosin (HE) or immuno-
histochemistry staining. For immunohisto-
chemistry, rehydrated tissue sections were 
blocked with goat bovine serum overnight at 
4°C and then stained with the following anti-
bodies: PU.1 (catalog ab302623; 1:200; 
Abcam), CD11c (catalog ab52632; 1:200; 
Abcam), CD68 (catalog ab125212; 1:200; 
Abcam), PCNA (catalog ab29; 1:200; Abcam), 
N-cad (catalog ab76011; 1:200; Abcam), E- 
cad (catalog ab227639; 1:200; Abcam), and 
BTK (catalog ab208937; 1:200; Abcam). After 
washing, the sections were incubated with bio-
tinylated anti-mouse IgG or biotinylated anti-
rabbit IgG (obtained from Vector Laboratories, 
CA, USA). For detection, the ABC method (from 
Vector Laboratories) was employed, utilizing 
3,3’ diaminobenzidine (acquired from Dojindo 
Laboratories, Kumamoto, Japan) as a sub-
strate. The sections were visualized using an 
AX-80 microscope (manufactured by Olympus, 
Tokyo, Japan). Subsequently, the images were 
analyzed using Image J software (available at 
http://imagej.nih.gov/ij/), and positive expres-
sion quantification was performed. Statistical 
analysis involved the use of Fisher’s exact test 
and Spearman’s rank correlation coefficient, 
considering P values below 0.05 as statistically 
significant.

Cell culture and reagents

U251 cell lines were obtained from the 
American Type Culture Collection (ATCC) locat-
ed in Manassas, VA, USA. The U251 cells  
were cultured in DMEM/F12 medium from 
Hyclone, UT, USA, supplemented with 2.5%  
FBS (Invitrogen, CA, USA), 15% horse serum 
(Invitrogen), and 1% antibiotic mixture. Murine 
bone marrow-derived macrophages (BMDMs) 

were obtained from the thigh bone and tibia of 
C57BL/6 mice through surgical dissection and 
mechanically separated into single cells by vig-
orous pipetting. Isolated bone marrow was cul-
tured in RPMI 1640 medium containing 10% 
FBS, rMCSF (10 ng/mL), and 1% penicillin-
streptomycin at 37°C and 5% CO2. After 3 days, 
the medium was changed and non-adherent 
cells were removed.

Migration and invasion assays

To evaluate cell invasion, cells were transfected 
and incubated for 24 hours. Subsequently, the 
cells were transferred to serum-free medium 
for another 12 hours. Upper Transwell cham-
bers were coated with 50 μl of Matrigel (1:8, BD 
Biosciences) and incubated at 37°C for 30  
minutes to allow gel formation. The lower cham-
ber was filled with medium containing 10% 
fetal bovine serum, while the cell suspension 
was added to the upper chamber. After 24 
hours of incubation at 37°C, the cells were 
fixed using 4% paraformaldehyde and stained 
with 0.1% crystal violet. Cell counts were per-
formed in 8 random visual fields. To evaluate 
migration, the same assay steps were followed, 
except Matrigel was not used.

CCK-8 assays

CCK-8 assays were conducted to assess cell 
growth. In brief, 4000 transfected U251 cells 
were plated in a 96-well plate. The CCK-8 
reagent was added at the designated time and 
incubated for 1 hour at 37°C. The absorbance 
was measured at 450 nm.

Real-time RT-PCR

Total RNA was extracted from tissue samples 
and cells using TRIzol reagent (Invitrogen) after 
washing with PBS. cDNA was synthesized  
from purified RNA using a SuperScript III First-
Strand cDNA synthesis system (18080051, 
Life Technologies) according to the manufac-
turer’s instructions. SYBR Green PCR Master 
Mix (Applied Biosystems, CA, USA) was used  
for PCR amplification and a real-time PCR 
machine (iQ5, Bio-Rad Laboratories) was used 
to quantify the expression of mRNAs. β-actin 
was used as an endogenous control and the 
expression levels were quantified using 2-ΔΔCt 
method.
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Western blot

Cells and tissues were lysed using RIPA buffer 
(Beyotime Biotechnology, Beijing, China) con-
taining a protease inhibitor cocktail (B14002, 
Biotool). The total protein concentration was 
determined using a bicinchoninic acid protein 
assay kit (Tiangen Biotech, Beijing, China). 
Western blotting was performed using prim- 
ary antibodies against the following targets: 
β-actin (catalog ab6276; 1:1000; Abcam), 
phosphorylated Akt (catalog 4060; 1:1000; 
CST), Akt (catalog 4685; 1:1000; CST), phos-
phorylated mTOR (catalog 2971; 1:1000; CST), 
mTOR (catalog 2983; 1:1000; CST), PCNA (cat-
alog 13110; 1:1000; CST), E-cadherin (catalog 
sc-8426; 1:500; Santa Cruz), N-cadherin (cata-
log sc-8424; 1:500; Santa Cruz), PU.1 (catalog 
ab76543; 1:1000; Abcam), Arg1 (catalog 
ab183333; 1:1000; Abcam), and BTK (catalog 
ab208937; 1:1000; Abcam). The proteins were 
separated using 10-12.5% sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis (SDS-
PAGE) and then transferred to polyvinylidene 
fluoride membranes. To prevent non-specific 
binding, the membranes were blocked with 5% 
non-fat milk in TBST (Tris-buffered saline with 
0.1% Tween-20). Primary antibodies were incu-
bated with the membranes overnight at 4°C. 
Afterward, the membranes were washed three 
times with TBST for 3 minutes each and subse-
quently incubated with HRP-conjugated IgG 
secondary antibody at room temperature for 1 
hour. Following another round of washing with 
TBST, the membrane was detected using the 
Chemi DocXRS + imaging system from Bio- 
Rad, USA. A supersensitive ECL chemilumines-
cence kit from Epizyme Biomedical Techno- 
logy, Shanghai, China, was employed for 
visualization.

Animal study

The animal manipulations were approved by 
Animal Core Facility of Shanghai General 
Hospital, affiliated with Shanghai Jiao Tong 
University. 1 × 106 U251 cells, which were 
transfected with luciferase reporter, were sus-
pended in 10 ul of DMEM, and injected into 
nude mice (female, 6-week-old). The tumor 
growth was monitored at indicated time. At the 
end, mice were euthanatized by cervical dislo-
cation under anesthesia, and the tumors were 
fixed and embed using paraffin for further 
immunohistochemistry analysis.

Lentivirus and transfection

For transfection, BMDMs were inoculated at  
a density of 40-60% and infected with lentivi-
rus at a multiplicity of infection (MOI) of 20. 
After 12 h of transfection, the medium was 
changed. Following cell confluence, the trans-
fected BMDMs were passaged for further 
experiments. In order to achieve the overex-
pression and low expression of SPI1, BMDMs 
were transfected with lentivirus containing 
LV-SPI1 and LV-shSPI1, respectively (Gene- 
Chem Shanghai, China). To avoid off target 
effects, we used two shSPI1 sequences: sh- 
SPI1_1: 5’-AGATGCACGTCCTCGATAC-3’; shSP- 
I1_2: 5’-TCCAGTTCTCGTCCAAGCACAA-3’. Con- 
sistent with the results of a previous study [15], 
these two sequences successfully suppressed 
the expression of SPI1/PU.1 in BMDMs.

Statistical analysis

Statistical analyses were conducted using 
SPSS analysis tools (IBM Corp.) or Prism8 soft-
ware program (GraphPad Software). All data 
are presented as mean ± standard error of the 
mean (SEM). To assess statistical significance 
between two groups, a two-tailed unpaired 
Student’s t-test (for parametric analysis) or 
Mann-Whitney U test (for non-parametric an- 
alysis) was employed. Differences in the results 
among groups were detected using one-way 
analysis of variance (ANOVA) followed by  
Tukey’s or Dunnett’s multiple comparisons test. 
A significance level of P < 0.05 was considered 
statistically significant. No sample outliers were 
excluded.

Results

PU.1 expression associates with glioma pro-
gression, especially in TAMs

The transcript levels of SPI1, the gene encoding 
PU.1, in tumors and adjacent normal tissues 
were assessed using the UCSCXenaShiny 
online tool. Pancancer analysis revealed signifi-
cant differences in SPI1 expression between 
various tumors and adjacent tissues (Figure 
1A). Most tumors, including GBM, exhibited 
higher SPI1 expression than normal tissues (P 
< 0.0001). Notably, there was elevated expres-
sion of SPI1 in gliomas with increased malig-
nancy. Analysis of the TCGA, CGGA, and 
Rembrandt datasets revealed a positive corre-
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lation between SPI1 expression levels and glio-
ma grade (Figure 1B-D) (P < 0.01). Analysis of 
our patient cohort corroborated these findings 
(Figure 1E) (P < 0.05). Furthermore, Kaplan-
Meier curve analysis demonstrated that pa- 
tients with high SPI1 expression in the TCGA (P 
< 0.0001), CGGA (P < 0.0001), and Rembrandt 

(P < 0.01) datasets had a significantly poorer 
prognosis than those with low expression 
(Figure 1F-H).

The prognosis of glioma is known to be associ-
ated with the infiltration and activation of 
immune cells [16]. Within the immune microen-

Figure 1. PU.1 expression is associated with glioma progression. (A) UCSCXenaShiny was used to visualize SPI1 
mRNA expression in the cancer genome atlas (TCGA) pan-cancer datasets. (B-D) The correlation between SPI1 
mRNA expression and glioma grade in TCGA (B), CGGA (C), and Rembrandt (D) database. (E) The correlation be-
tween SPI1 mRNA expression and glioma grade in clinical data. (F-H) Survival analysis reveals the impact of SPI1 
mRNA expression on the survival of glioma patients in TCGA (F), CGGA (G), and Rembrandt (H) database. *, P < 
0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001, ns = no significance.
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vironment, PU.1 regulates the expression of 
various genes involved in immune cell signal-
ing, cytokine production, and antigen pre- 
sentation, thereby influencing communication 
and coordination among immune cells [7]. 
Understanding the intricate relationship be- 
tween PU.1 and the immune microenvironment 
is essential for developing therapies to modu-
late immune responses in glioma. To validate 
these conclusions, we assessed the correla- 
tion between SPI1 expression and immune cell 
infiltration levels. The ssGSEA algorithm was 
used to systematically estimate the propor-
tions of 28 immune cells from the CGGA data-
set (Figure 2A). Based on the CGGA and TCGA 
datasets, Pearson correlation analysis reveal- 
ed a strong correlation between SPI1 expres-
sion and macrophage infiltration levels (Figure 
2B, 2C). Figure 2D shows the changes in SPI1 
expression across different immune cells in 
various tumors, highlighting a potential associ-
ation between SPI1 and TAMs. Given the corre-
lation between SPI1 and immune microenviron-
ment features, we used ImmuCellAI to quantify 
the relative abundances of various tumor-infil-
trating immune cells in gliomas (Figure 2E). 
Notably, the proportion of macrophages was 
significantly different between the high-SPI1 
subgroup and low-SPI1 subgroup (P < 0.0001). 
Finally, we analyzed PU.1 expression in our glio-
ma patient cohort and found a positive correla-
tion between PU.1 expression, especially that 
in CD11c- and CD68-positive cells, and glioma 
grade (Figure 2F) (P < 0.05). These findings 
suggest a potential interplay between PU.1 and 
TAMs, which may play a pivotal role in glioma 
progression.

PU.1 regulates TAM polarization to promote 
glioma progression

To determine whether PU.1 plays a role in TAM-
mediated glioma progression, we conducted 
experiments using murine BMDMs and discov-
ered that overexpressing SPI1 significantly 
induced the polarization of macrophages 
toward a tumor-promoting phenotype. This phe-
notype was characterized by increased expres-
sion of Arg1 (Figure 3A, 3B) (P < 0.05). To in- 
vestigate the impact of TAMs on glioma pro-
gression, we treated U251 cells with the  
supernatant of BMDMs. Previous studies have 
shown that increased expression of PCNA and 
N-cad, as well as decreased expression of 

E-cad, suggest tumor progression [17, 18]. 
Therefore, we assessed the expression of 
these indicators. The overexpression of SPI1 in 
BMDMs markedly increased the expression of 
PCNA and N-cad in U251 cells and decreased 
the expression of E-cad (Figure 3C, 3D) (P < 
0.05). Transwell experiments demonstrated 
that high SPI1 expression in BMDMs promoted 
the invasion and migration of tumor cells 
(Figure 3E) (P < 0.05). Additionally, it also pro-
moted the proliferation of the tumor cells 
(Figure 3F) (P < 0.05). Conversely, low SPI1 
expression had the opposite effect (all P < 
0.05).

Next, we conducted animal experiments. SPI1 
overexpression significantly promoted tumor 
growth, as evidenced by increased tumor  
mass and diameter (Figure 3G) (P < 0.05). Im- 
munohistochemical staining of the tumor tis-
sue revealed that SPI1 overexpression upregu-
lated the expression of PCNA (P < 0.05) and 
N-cad and downregulated the expression of 
E-cad, indicating its tumor-promoting effect 
(Figure 3H). Western blot and RT-PCR analyses 
also showed that SPI1 overexpression led to 
significant upregulation of Arg1, PCNA, and 
N-cad, while E-cad was significantly downregu-
lated in the tumor tissue (Figure 3I, 3J) (P < 
0.05). Conversely, the inhibition of SPI1 expres-
sion had the opposite effects (all P < 0.05).

These results suggest that PU.1 may promote 
the progression of glioma by facilitating the 
polarization of TAMs.

BTK may be involved in PU.1-induced glioma 
progression

Next, we investigated the potential mecha-
nisms underlying the promotion of glioma by 
PU.1. In our previous research, we employed an 
online system for analysis to explore genotype-
phenotype associations [8]. Through this an- 
alysis, we discovered an association between 
the SPI1 gene and glioma mediated by the BTK 
gene. Bruton’s agammaglobulinemia tyrosine 
kinase (BTK) is known for its involvement in 
X-linked agammaglobulinemia. It has been 
reported that the BTK gene contains SPI1  
binding sites in its promoter region. Notably, in 
PU.1-/- mice, BTK expression was significantly 
reduced compared to that in control mice [19]. 
To further investigate this relationship, we ana-
lyzed the changes in the expression of the BTK 
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Figure 2. Analysis of the immune microenvironment of PU.1 in gliomas. (A) Heatmap showing SPI1-associated relative abundance of immune cells in gliomas, an-
notations show corresponding clinical features of each sample. (B, C) The correlation between the ssGSEA scores of immune cells and the expression of SPI1 in 
gliomas based on CGGA (B) and TCGA (C) database. (D) Changes in SPI1 expression in different immune cells in various tumors. SPI1 expression varies among dif-
ferent types of macrophages in various tumors. (E) ImmuCellAI quantifies the relative abundances of various tumor-infiltrating immune cells in gliomas. Proportion 
of tumor-infiltrating macrophages is significantly different between SPI1 high and low subgroups. (F) Immunohistochemistry of clinical glioma samples to evaluate 
the association between PU.1 expression and glioma grade (bar = 20 μm). *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001, ns = no significance.
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Figure 3. PU.1 promotes glioma progression by regulating TAM polarization. (A, B) Protein (A) and mRNA (B) expression of PU.1 and Arg1 (of groups Control, LV-
Scramble, LV-SPI1, and LV-shSPI1; the same below) in BMDMs. (C, D) Protein (C) and mRNA (D) expression of PCNA, N-cad, and E-cad in U251 cells. (E) Transwell 
experiment evaluates the migration and invasion ability of tumor cells. (F) CCK 8 experiment evaluates the proliferation ability of tumor cells. (G) Representative im-
ages showing tumors harvested from mice bearing tumors. (H) Immunohistochemistry was used to evaluate the expression of PCNA, N-cad, and E-cad in the tumor 
tissue (bar = 20 μm). (I, J) Protein (I) and mRNA (J) expression of PU.1, Arg1, PCNA, N-cad, and E-cad in the tumor tissue. *, P < 0.05; **, P < 0.01; ***, P < 0.001; 
****, P < 0.0001, ns = no significance, compared with the group LV-Scramble.
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gene using glioma RNA array data, which were 
also utilized for SPI1 expression analysis. Figure 
S1A, S1B illustrates our findings, highlighting a 
noteworthy increase in BTK mRNA expression 
within the glioma dataset (quoted from our pre-
vious study) [8]. Further cellular and animal 
experiments showed that overexpression of 
SPI1 significantly increased the expression of 
BTK in BMDMs and tumor tissues, while low 
expression of SPI1 decreased the expression of 
BTK (Figure 4A-C) (P < 0.05). These findings 
suggest that BTK is likely an important factor 
involved in the role of PU.1 in TAM polarization 
and glioma progression.

BTK inhibition rescued PU.1-mediated TAM 
polarization and glioma progression

To determine whether BTK plays a role in  
PU.1-mediated TAM polarization and glioma 

progression, we conducted experiments using 
BMDMs and discovered that the BTK inhibitor 
ibrutinib significantly attenuated the increase 
in Arg1 expression induced by SPI1 overex- 
pression (Figure 5A, 5B) (P < 0.05). Next, we 
treated U251 cells with the supernatant of 
BMDMs and found that the treatment BMDMs 
with ibrutinib reversed the changes in the 
expression of PCNA, N-cad, and E-cad induced 
by SPI1 overexpression in U251 cells (Figure 
5C, 5D) (P < 0.05). In addition, Transwell and 
CCK-8 experiments showed that ibrutinib  
treatment of BMDMs significantly inhibited 
SPI1 overexpression-induced U251 cell prolif-
eration, invasion, and migration (Figure 5E, 5F) 
(P < 0.05).

Animal experiments showed that ibrutinib  
rescued SPI1 overexpression-induced tumor 
growth, as indicated by decreases in tumor 

Figure 4. PU.1 promotes BTK expression in glioma. (A, B) Protein (A) and mRNA (B) expression of BTK (of groups 
Control, LV-Scramble, LV-SPI1, and LV-shSPI1; the same below) in BMDMs. (C) Immunohistochemistry was used to 
evaluate the expression of BTK in the tumor tissue (bar = 20 μm). *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, 
P < 0.0001, ns = no significance, compared with the group LV-Scramble.
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Figure 5. BTK inhibition reverses PU.1-mediated TAM polarization and glioma progression. (A, B) Protein (A) and mRNA (B) expression of BTK and Arg1 (of groups 
LV-Scramble, LV-SPI1, LV-SPI1+Vehicle, and LV-SPI1+Ibrutinib; the same below) in BMDMs. (C, D) Protein (C) and mRNA (D) expression of PCNA, N-cad, and E-cad 
in U251 cells. (E) Transwell experiment evaluates the migration and invasion ability of tumor cells. (F) CCK 8 experiment evaluates the proliferation ability of tumor 
cells. (G) Representative images showing tumors harvested from mice bearing tumors. (H) Immunohistochemistry was used to evaluate the expression of PCNA, 
N-cad, and E-cad in the tumor tissue (bar = 20 μm). (I, J) Protein (I) and mRNA (J) expression of Arg1, PCNA, N-cad, and E-cad in the tumor tissue. *, P < 0.05; **, 
P < 0.01; ***, P < 0.001; ****, P < 0.0001, ns = no significance, compared with the group of LV-Scramble; #, P < 0.05; ##, P < 0.01; ###, P < 0.001; ####, P < 
0.0001, ns = no significance, compared with the group of LV-SPI1+Vehicle.
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mass and diameter (Figure 5G) (P < 0.05). 
Immunohistochemical staining of SPI1-over- 
expressing tumor tissue revealed that ibrutinib 
downregulated the expression of PCNA (P < 
0.05) and N-cad and upregulated the expres-
sion of E-cad (Figure 5H). Western blot and 
RT-PCR analyses also showed that ibrutinib 
treatment significantly decreased Arg1, PCNA, 
and N-cad expression and significantly in- 
creased E-cad expression in the tumor tissue 
(Figure 5I, 5J) (P < 0.05).

In addition, ibrutinib treatment inhibited the 
polarization of TAMs into the tumor-promoting 
phenotype and thus inhibited the progression 
of glioma (Figure S2A-F).

These results indicate that PU.1 may pro- 
mote TAM polarization and glioma progression 
through BTK.

BTK mediates PU.1-induced TAM polarization 
and glioma progression through Akt/mTOR 
pathway

The Akt/mTOR signaling pathway is a key regu-
lator of cell survival, growth, and metabolism. 
Recent studies have highlighted the signifi-
cance of Akt/mTOR activation in TAM polariza-
tion and function [11]. Furthermore, research 
has demonstrated the involvement of BTK in 
the activation of the Akt/mTOR pathway [10]. 
Hence, we explored the role of Akt/mTOR in 
PU.1/BTK-mediated TAM polarization and the 
progression of glioma. First, we observed that 
SPI1 promoted the activation of the Akt/ 
mTOR pathway in BMDMs, whereas ibrutinib 
treatment reversed this effect (Figure 6A). 
Next, we found that the increase in Arg1  
expression induced by SPI1 overexpression 
was significantly attenuated in cells treated 
with the mTOR inhibitor rapamycin (Figure 6B, 
6C) (P < 0.05). We further treated U251 cells 
with the supernatant of BMDMs and found  
that rapamycin treatment of BMDMs reversed 
the changes in the expression of PCNA, N- 
cad, and E-cad induced by SPI1 overexpres- 
sion in U251 cells (Figure 6D, 6E) (P < 0.05). 
Additionally, Transwell and CCK-8 experiments 
demonstrated that rapamycin treatment of 
BMDMs significantly inhibited the SPI1 overex-
pression-induced proliferation, invasion, and 
migration of U251 cells (Figure 6F, 6G) (P < 
0.05).

Animal experiments demonstrated that ra- 
pamycin effectively rescued SPI1 overexpres-
sion-induced tumor growth. This rescue effect 
was highlighted by a reduction in tumor mass 
and diameter, as depicted in Figure 6H (P < 
0.05). Immunohistochemical staining of SPI1-
overexpressing tumor tissue revealed that 
rapamycin significantly decreased the expres-
sion of PCNA (P < 0.05) and N-cad while con-
currently increasing the expression of E-cad, as 
displayed in Figure 6I. Further analysis via 
Western blotting and RT-PCR confirmed that 
treatment with rapamycin resulted in notable 
downregulation of Arg1, PCNA, and N-cad in 
the tumor tissue, while E-cad expression was 
significantly upregulated, as shown in Figure 
6J, 6K (P < 0.05).

In addition, rapamycin treatment inhibited the 
polarization of TAMs into the tumor-promoting 
phenotype and thus inhibited the progression 
of glioma (Figure S3A-F).

These results suggest that BTK may promote 
PU.1-induced TAM polarization and glioblasto-
ma progression by activating the Akt/mTOR 
pathway.

Discussion

Gliomas, one of the most aggressive and preva-
lent forms of brain tumors, pose a significant 
challenge in the field of oncology due to their 
complex biology, invasiveness, and resistance 
to conventional therapies [1]. The intricacy of 
the TME in gliomas, especially concerning the 
role of immune cells, such as TAMs, in tumor 
progression, is an area of active investigation 
[2]. TAMs, a major component of the TME, con-
tribute to various aspects of tumorigenesis, 
including immune suppression, angiogenesis, 
and tumor cell invasion [3]. Hence, exploring 
the molecular mechanisms guiding TAM polar-
ization and function is of utmost importance in 
the development of innovative therapeutic 
strategies for gliomas. In this study, we eluci-
dated a previously unidentified mechanism 
whereby the transcription factor PU.1 activates 
the Akt/mTOR signaling pathway via BTK, induc-
ing TAM polarization and consequently promot-
ing glioma progression.

PU.1, an Ets family transcription factor, is 
instrumental in the development and differen-
tiation of hematopoietic cells [20]. It regulates 
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Figure 6. BTK activates Akt/mTOR pathway to mediate PU.1-induced TAM polarization and glioma progression. (A) Protein expression of phosphorylated Akt, Akt, 
phosphorylated mTOR, and mTOR (of groups LV-Scramble, LV-SPI1, LV-SPI1+Vehicle, and LV-SPI1+Ibrutinib) in BMDMs. (B, C) Protein (B) and mRNA (C) expression 
of Arg1 (of groups LV-Scramble, LV-SPI1, LV-SPI1+Vehicle, and LV-SPI1+Rapamycin; the same below) in BMDMs. (D, E) Protein (D) and mRNA (E) expression of PCNA, 
N-cad, and E-cad in U251 cells. (F) Transwell experiment evaluates the migration and invasion ability of tumor cells. (G) CCK 8 experiment evaluates the proliferation 
ability of tumor cells. (H) Representative images showing tumors harvested from mice bearing tumors. (I) Immunohistochemistry was used to evaluate the expres-
sion of PCNA, N-cad, and E-cad in the tumor tissue (bar = 20 μm). (J, K) Protein (J) and mRNA (K) expression of Arg1, PCNA, N-cad, and E-cad in the tumor tissue. 
*, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001, ns = no significance, compared with the group of LV-Scramble; #, P < 0.05; ##, P < 0.01; ###, P < 
0.001; ####, P < 0.0001, ns = no significance, compared with the group of LV-SPI1+Vehicle.
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the expression of a myriad of genes implicated 
in immune cell signaling, antigen presentation, 
and cytokine production [21]. Our research 
expands the existing knowledge by demon- 
strating the crucial role of PU.1 in regulating 
TAM polarization within the glioma microenvi-
ronment. We revealed that overexpression of 
PU.1 resulted in the transcriptional activation 
and expression of BTK in the glioma TME. BTK, 
a nonreceptor tyrosine kinase, modulates mul-
tiple signaling pathways associated with cell 
survival, proliferation, and migration [9]. Our 
findings indicate that PU.1-mediated BTK 
upregulation subsequently activates the Akt/
mTOR signaling pathway, a key regulator of cel-
lular growth and survival. This activation culmi-
nates in the promotion of TAM polarization, 
which promotes a protumoral phenotype char-
acterized by glioma cell proliferation, invasion, 
and migration. Therefore, SPI1/PU.1 expres-
sion ratio may be an important biomarker for 
predicting the prognosis of glioma patients.

The engagement of the Akt/mTOR pathway in 
TAM regulation and its influence on glioma pro-
gression have profound therapeutic implica-
tions [22-25]. Our data suggest that targeting 
the PU.1/BTK/Akt/mTOR axis may constitute  
a novel approach for inhibiting TAM-driven glio-
ma progression. We demonstrated that in- 
hibiting BTK activity markedly decreased Akt/
mTOR pathway activation, subsequently reduc-
ing TAM polarization and glioma progression. 
This observation suggested that BTK targeting, 
and consequently targeting the Akt/mTOR 
pathway, could be a viable strategy for inhibit-
ing TAM-driven glioma progression. Further- 
more, our study elucidates the complex inter-
play between PU.1 and the glioma immune 
microenvironment, emphasizing the necessity 
of modulating the immune response, specifi-
cally by targeting TAM polarization and func-
tion, as a critical component of efficacious glio-
ma therapy.

Several limitations of our study warrant further 
investigation. Primarily, our study is largely  
centered on in vitro and cell line-based molecu-
lar mechanisms, necessitating the validation of 
these findings in in vivo animal models of  
glioma. Additionally, the potential off-target 
effects of BTK inhibition and its repercussions 
on other immune cells within the TME require 
comprehensive evaluation. Moreover, the clini-

cal efficacy of targeting the PU.1/BTK/Akt/
mTOR axis should be assessed in clinical trials 
to ascertain its feasibility as a therapeutic 
strategy for glioma patients.

In conclusion, our study revealed a novel mech-
anism by which PU.1 facilitates glioma progres-
sion by activating the BTK/Akt/mTOR signaling 
axis, leading to the polarization of TAMs to- 
ward a protumoral phenotype. Targeting this 
axis may represent a promising therapeutic 
avenue for gliomas. However, further research 
is needed to validate these findings in preclini-
cal models of glioma and to assess the feasibil-
ity of integrating this approach into existing 
therapeutic strategies for glioma. Ultimately, a 
thorough understanding of the molecular 
mechanisms governing TAM polarization and 
function will be essential for developing more 
effective and targeted therapies for glioma.

Overall, our research provides novel insights 
into the molecular mechanisms underlying glio-
ma progression and highlights the potential 
therapeutic implications of targeting the PU.1/
BTK/Akt/mTOR axis. The findings of this study 
reveal new avenues for further research and 
may contribute to the development of innova-
tive therapeutic strategies for glioma patients.

Conclusions

In summary, our study revealed a novel regula-
tory mechanism in which the transcription fac-
tor PU.1 activates the Akt/mTOR signaling path-
way via BTK to induce the polarization of TAMs 
toward a protumoral phenotype, thereby pro-
moting glioma progression. We showed that 
PU.1 triggers the transcriptional activation of 
BTK, which in turn activates the Akt/mTOR 
pathway, promoting TAM polarization and glio-
ma cell proliferation and migration. Importantly, 
our data indicate that inhibiting BTK activity  
significantly suppresses Akt/mTOR pathway 
activation, TAM polarization, and glioma pro-
gression. These findings reveal the pivotal role 
of the PU.1/BTK/Akt/mTOR axis in the regula-
tion of TAM polarization and glioma progres-
sion, highlighting the therapeutic potential of 
targeting this axis for glioma treatment. Fur- 
ther research is warranted to explore the thera-
peutic efficacy of BTK inhibitors and to assess 
the feasibility of integrating this approach into 
existing therapeutic strategies for glioma. In 
addition, our findings also suggest that the 
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SPI1 expression/PU.1 ratio may serve as an 
important biomarker for predicting the progno-
sis of glioma patients. Ultimately, a comprehen-
sive understanding of the molecular mecha-
nisms governing TAM polarization and function 
will be essential for developing more effective 
and targeted therapies for glioma.
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Figure S1. BTK may be a target for PU.1 induced glioma progression. A. Gene locus for BTK transcription at the ge-
nome. Transcript in italic was analyzed in the study. Arrows, direction of transcription. Box, exons in indicated genes. 
Each line indicated one transcript for the corresponding gene. B. Fold changes of BTK expression levels in three 
types of glioma samples. Database used was as indicated.
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Figure S2. Ibrutinib inhibits TAM polarization and glioma progression. A. mRNA expression of BTK and Arg1 (of groups LV-Scramble and LV-Scramble+Ibrutinib; the 
same below) in BMDMs. B. mRNA expression of PCNA, N-cad, and E-cad in U251 cells. C. Transwell experiment evaluates the migration and invasion ability of tumor 
cells. D. CCK 8 experiment evaluates the proliferation ability of tumor cells. E. Immunohistochemistry was used to evaluate the expression of PCNA, N-cad, and E-cad 
in the tumor tissue (bar = 20 μm). F. mRNA expression of Arg1, PCNA, N-cad, and E-cad in the tumor tissue. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 
0.0001, ns = no significance, compared with the group of LV-Scramble.
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Figure S3. Rapamycin inhibits TAM polarization and glioma progression. A. mRNA expression of Arg1 (of groups LV-Scramble and LV-Scramble+Rapamycin; the same 
below) in BMDMs. B. mRNA expression of PCNA, N-cad, and E-cad in U251 cells. C. Transwell experiment evaluates the migration and invasion ability of tumor cells. 
D. CCK 8 experiment evaluates the proliferation ability of tumor cells. E. Immunohistochemistry was used to evaluate the expression of PCNA, N-cad, and E-cad 
in the tumor tissue (bar = 20 μm). F. mRNA expression of Arg1, PCNA, N-cad, and E-cad in the tumor tissue. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 
0.0001, ns = no significance, compared with the group of LV-Scramble.


