Heliyon 10 (2024) e27004

Contents lists available at ScienceDirect

52 CelPress Heliyon

journal homepage: www.cell.com/heliyon

Research article

Potential role of POFUT1 as a prognostic predictor in low-grade
gliomas: Immune microenvironment insights from a
pan-cancer analysis

Fan Yu, Shuang Lou, Haihong He, Yiwen Zhou

Centre of Clinical Laboratory Medicine, Shenzhen Hospital, Southern Medical University, China

ARTICLE INFO ABSTRACT
Keywords: The POFUT1 gene, known to be up-regulated in various tumor tissues and associated with tumor
POFUT1 biology, has yet to be explored for its potential role in immune response regulation and tumor
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immune microenvironment. The normalized pan-cancer dataset (TCGA Pan-Cancer) was down-
loaded from the UCSC database, followed by analysis of POFUT1 expression in various tumors
and functional enrichment analysis. The correlation between POFUT1 expression levels and pa-
tient prognosis was assessed. GSEA of POFUT1 based on low-grade glioma (LGG) samples and
immune infiltration analyses of LGG and glioblastoma (GBM) were conducted. The correlation
between POFUT1 expression levels and infiltration levels of 22 immune cells in LGG and GBM
was examined, as well as the correlation between immune cell infiltration levels and LGG patient
prognosis. Additionally, the relationship between POFUT1 expression levels and characteristic
gene expression of identified immune cells was evaluated. Lastly, external dataset validation was
performed using the integrated CGGA dataset. Significant differences were observed in POFUT1
expression levels across 20 tumor types. High POFUT1 expression correlated with poor prognosis
in GBMLGG, and LGG patients. Enrichment analysis and GSEA of POFUT1 in LGG demonstrated
involvement in tumor-related and immune-related pathways. A positive correlation was identi-
fied between POFUT1 expression levels and infiltration levels of resting memory CD4" T cells, as
well as M2 macrophages or M2-like TAMs in the LGG immune microenvironment, potentially
contributing to poor prognosis. External dataset validation revealed a positive correlation be-
tween M2 macrophages or M2-like TAMs and POFUT1 expression levels in LGG, and a negative
correlation with LGG patient prognosis. POFUT1’s negative impact on LGG prognosis may result
from its influence on M2 macrophage and M2-like TAM infiltration levels within the immune
microenvironment. This suggests its potential as a prognostic predictor and therapeutic target for
LGG.

1. Introduction

The POFUT1 gene, located on chromosome 20, encodes protein O-fucosyltransferase 1, a 393-amino-acid protein that functions as a
fucosyltransferase modifying the fucosylation of epidermal growth factor-like domains [1]. Dysregulation of POFUT1 has been
implicated in the development of various pathological conditions, including malignant transformation [2]. Wan’s study on breast
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cancer has demonstrated a correlation between high POFUT1 expression, lymph node metastasis, and advanced stage [3]. In the
context of colorectal cancer, Du’s study revealed that the suppression of POFUT1 leads to enhanced tumor cell apoptosis and sup-
pressed cell proliferation [4]. Due to its distinct expression patterns across different cancer types, Multiple studies have proposed
POFUTI1 as a potential biomarker or anti-cancer target in various types of tumors, such as colorectal cancer and bladder cancer [5,6].
Currently, POFUT1’s role in cells and tumors has been widely studied, with mechanisms promoting cell proliferation, migration, and
invasion involving the activation and participation of NOTCH, MAPK, and PI3K/Akt signaling pathways [7]. Furthermore, findings
from Cui’s research have demonstrated that POFUT1 plays a significant role in promoting epithelial-mesenchymal transition (EMT), a
critical process involved in cancer metastasis [8]. It is worth noting that recent studies have suggested that POFUT1 impacts immune
cell development through the NOTCH signaling pathway, and its deletion may block the development of specific lymphocytes,
including T cells, thereby inhibiting immune system response [9]. However, the effect of POFUT1 on the immune environment and
immune response during tumor development remains unexplored. In this study, we first conducted a pan-cancer analysis of POFUT1
and provided a preliminary overview of its expression level changes across various tumor types and their correlation with patient
prognosis. The association between POFUT1 and glioma patient prognosis prompted further investigation into POFUT1’s role in
glioma, particularly its potential impact on the immune microenvironment.

Glioma, one of the most prevalent malignant tumors of the central nervous system, accounts for approximately 30% of brain
malignancies [10]. The World Health Organization classifies grades I and II gliomas as low-grade gliomas (LGG), primarily consisting
of astrocytic tumors and oligodendrogliomas [11]. Despite advances in LGG diagnosis and treatment, surgical and radiation outcomes
remain suboptimal due to the tumor’s invasive growth characteristics and anatomical location. Additionally, LGG heterogeneity
contributes to significant variations in patient prognosis. Notably, LGG patients are at risk of progressing to higher-grade glioma, with
around 20% of glioblastomas (GBMs) emerging from preexisting LGGs [12]. Given these factors, identifying molecular markers as
potential therapeutic targets or prognostic indicators may offer new opportunities for LGG diagnosis and treatment. Recent studies
have observed increased POFUT1 expression in glioblastoma tissue, correlating with various tumor biological behaviors [13]. How-
ever, the specific role and mechanism of POFUT1 in LGG development, particularly its regulatory effects on the immune microen-
vironment, remain unexplored.

In this study, following our preliminary pan-cancer analysis of POFUT1 that indicated an association with glioma (including
GBMLGG and LGG datasets), we further examined the correlation between POFUT1 and the glioma immune microenvironment to
investigate potential mechanisms influencing prognosis. External dataset validation revealed a correlation between POFUT1 and the
infiltration levels of M2 macrophages and M2-like tumor-associated macrophages (TAMs) in the LGG immune microenvironment. This
correlation with M2 macrophage and M2-like TAM infiltration in the LGG immune microenvironment might represent one mechanism
through which POFUT1 affects LGG patient prognosis. These findings may serve as a foundation for exploring the regulatory mech-
anisms of the LGG immune microenvironment and potential molecular targets for immunotherapy.

2. Method and material
2.1. Downloading and preprocessing of POFUT1 expression data

The normalized pan-cancer dataset (TCGA Pan-Cancer) was retrieved from the UCSC database (https://xenabrowser.net/). Tumor
types with fewer than three samples were excluded, resulting in POFUT1 expression data for 26 tumor types. A log2(x+0.001)
transformation was then applied to the sample expression values. For validation, the mRNAseq_693 dataset, containing 693 glioma
samples with clinical data, and a non-glioma sample dataset were obtained from the CGGA database (http://www.cgga.org.cn/). The
preprocessing and transformation methods applied to both datasets were consistent.

2.2. Analysis of POFUT1 expression in multiple tumors and enrichment analysis

R software (version 3.6.4) was employed to compute differences in POFUT1 expression levels across various tumor tissues, using
the unpaired Wilcoxon rank-sum test for significance analysis to identify tumor types with significant disparities in POFUT1
expression. Subsequently, a protein-protein interaction network (PPI network) centered on POFUT1 was constructed using Cytoscape,
based on the STRING database, and a gene set comprising selected POFUT1-related genes was established. Functional enrichment
analysis of this gene set was then conducted using the clusterProfiler package, based on GO annotations from the org.Hs.eg.db package
and the latest KEGG Pathway gene annotations obtained via the KEGG REST API. Results with P < 0.05 and FDR<0.1 were considered
statistically significant.

2.3. Correlation analysis between POFUT1 expression level and prognosis of tumors

For the selected tumors, corresponding clinical data from TCGA were collected, and the coxph function in the survival package was
utilized to analyze the correlation between gene expression and Hazard Ratio for various tumor patients. The log-rank test was
subsequently conducted to identify tumor types in which POFUT1 expression levels were significantly correlated with patient prog-
nosis (overall survival rate).
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2.4. GSEA of POFUT1 based on LGG samples

To further explore the potential functional role of POFUT1 in LGG, we extracted LGG samples from the obtained pan-cancer dataset
and divided them into high expression (>50%) and low expression (<50%) groups based on POFUT1 expression levels, with the
median value as the threshold. GSEA of POFUT1 in LGG samples was then performed using GSEA software (version 3.0), based on
Hallmark gene sets, KEGG gene sets, Reactome gene sets, and Wikipathways gene sets from Human Collection 2 in the Molecular
Signatures Database (MSigDB, http://www.gsea-msigdb.org/gsea/). Pathways with FDR<0.05 and |NES|>1 were considered statis-
tically significant.
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Fig. 1. A. Comparison of expression levels of POFUT1 in 26 types of tumor tissues and corresponding normal tissues(-: p > 0.05, *: p < 0.05, **: p <
0.01, ***: p < 0.001, ****: p < 0.0001). B. The 25-node protein-protein interaction network with POFUT1 as the core. C. Highly enriched GO terms
of POFUT1 and its related genes. D. Highly enriched KEGG pathways of POFUT1 and its related genes.
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2.5. Immune infiltration analyses of LGG and GBM
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LGG and GBM samples were extracted from the obtained pan-cancer dataset, and the ESTIMATE package was employed to analyze
stromal scores, immune scores, and ESTIMATE scores for both LGG and GBM. Subsequently, the corr.test function in the psych package
was used to calculate the correlation between POFUT1 expression levels and immune infiltration scores in LGG and GBM.

2.6. Correlation analysis of POFUT1 expression level and infiltration level of immune cells in LGG and GBM

Using the extracted expression data of LGG and GBM samples from the pan-cancer dataset, infiltration levels of 22 immune cell
types in both tumor types were calculated employing the CIBERSORT algorithm within the IOBR package. The correlation between
infiltration levels of various cell types and POFUT1 expression levels was further analyzed using the corr.test function of the psych
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Fig. 2. A, B. Results of correlation analysis of POFUT1 expression level and overall survival and disease-specific survival of tumors. C-E. Kaplan-
Meier curves of POFUT1 expression level and overall survival of GBMLGG, LGG and GBM. F-H. Kaplan-Meier curves of POFUT1 expression level
and disease-specific survival of GBMLGG, LGG and GBM.
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package. Cell types correlated with POFUT1 expression levels were subsequently identified.

2.7. Correlation analysis of infiltration level of immune cells and prognosis of LGG patients

Utilizing the Survival module of TIMER2.0 (http://timer.cistrome.org/), the correlation between infiltration levels of the identified
immune cell types and the prognosis of LGG patients was analyzed in CIBERSORT-ABS mode. Cell types correlated with both POFUT1
expression levels and LGG patient prognosis were subsequently determined.

2.8. Correlation analysis of POFUT1 expression level and expression level of characteristic genes of identified immune cells

Characteristic genes of the identified immune cells were located by consulting relevant literature, and a correlation analysis be-
tween POFUT1 expression levels and various characteristic genes was conducted using the TIMER database (https://cistrome.
shinyapps.io/timer/). This analysis aimed to further investigate the relationship between POFUT1 and the infiltration levels of the
identified immune cells, as well as the potential mechanisms regulating the tumor immune microenvironment.

2.9. External dataset validation

The CGGA mRNAseq_693 dataset, containing 693 glioma samples, and the dataset of 20 non-glioma samples, were employed for
validation. First, CIBERSORTx was used to analyze immune cell infiltration levels in all samples and further investigate infiltration
levels of previously identified immune cell types in each sample group. After extracting POFUT1 expression data for each sample
group, a correlation analysis was conducted on the infiltration levels of each cell type and POFUT1 expression levels. Lastly, corre-
lations between overall survival rate, POFUT1 expression level, and immune cell infiltration levels were analyzed, focusing on LGG
samples with complete clinical and survival data.

3. Result
3.1. POFUT]1 expression level in various tumor and functional enrichment analysis

Among the 26 tumor types ultimately included in the analysis, POFUT1 expression levels in 20 tumor tissues exhibited significant
differences (p < 0.01). Expression levels were significantly increased in 16 tumor tissues, while they were significantly reduced in 4
tumor tissues (Fig. 1A). Based on the PPI network centered on POFUT1, constructed using the STRING database (Fig. 1B), a POFUT1-
related gene set comprising 25 genes was established. Functional enrichment analysis, based on GO annotations and KEGG Pathway
annotations of the gene set, was performed separately, and pathways with extremely high enrichment (FDR<0.01) were selected for
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visualization (Fig. 1C and D).

The results of the functional enrichment analysis based on GO annotations revealed that the gene set was involved in various
functional pathways closely associated with tumor development, tumor immune infiltration levels, and regulation of the body’s im-
mune response. These pathways included cell surface receptor transduction, response to stimulation regulation, NOTCH signaling,
immune system development, immune process regulation, lymphocyte activation, angiogenesis, and hematopoietic or lymphoid organ
and circulatory system development. KEGG Pathway functional enrichment analysis also demonstrated that POFUT1 and its associated
genes were extensively involved in numerous cancer-related processes, including the NOTCH signaling pathway and the Wnt signaling
pathway.

3.2. Correlation of POFUT1 expression level and prognosis of tumors

Heliyon 10 (2024) e27004

The correlation analysis of POFUT1 expression levels and prognosis for the 20 screened tumor types (Fig. 2A and B) revealed that
high POFUT1 expression levels were significantly associated with poor prognosis in GBMLGG (comprising glioblastoma and low-grade
glioma samples) and LGG (low-grade glioma samples) (Hazard Ratio >1, p < 0.01). However, no significant correlation was found
between POFUT1 expression levels and prognosis in GBM (glioblastoma samples). Kaplan-Meier curves were employed to more
intuitively display the correlation between POFUT1 expression levels and overall survival as well as disease-specific survival in
GBMLGG Fig2C, F / Fig2D, G / Fig2E, H, respectively. The database website states that the GBMLGG dataset is a combination of LGG
and GBM datasets. Therefore, in conjunction with the above results, POFUT1 is more likely to be related to the prognosis of LGG than
GBM.

3.3. GSEA of POFUTI based on LGG samples

LGG samples were divided into high (>50%) and low (<50%) expression groups based on POFUT1 expression levels. The results of
GSEA for POFUT1, based on Hallmark gene sets (Fig. 3A), KEGG gene sets (Fig. 3B), Reactome gene sets (Fig. 3C), and Wikipathways
gene sets (Fig. 3D) from Human Collection 2 in MSigDB, indicated that in LGG, high expression of POFUT1 might be involved in
cancer-promoting and immune-related pathways. These pathways include the NOTCH signaling pathway, PI3K-AKT-mTOR pathway,
IL2-STATS5 signaling pathway, IL6-JAK-STAT3 signaling pathway, ERBB signaling pathway, and MAPK signaling pathway. Further-
more, it has been demonstrated that POFUT1 expression in LGG is related to cytokines such as IL1, IL6, IL17, IL-18, and TGF-f, as well
as biological functions including DNA repair, apoptosis, lipid metabolism, and innate immune system processes.
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3.4. Correlation of immune infiltration and POFUT1 in LGG and GBM

Immune infiltration analyses of LGG were conducted using the ESTIMATE package, and the correlation between POFUT1
expression levels and immune infiltration scores, including stromal score, immune score, and ESTIMATE score, was calculated and
visualized (Fig. 4A, B, C). For comparison, the same process was also performed in GBM samples (Fig. 4D, E, F). The results showed that
in LGG, there was a weak positive correlation between POFUT1 expression levels and immune scores and ESTIMATE scores (p < 0.01
but r < 0.30), while no correlation was found between POFUT1 expression levels and each score in GBM.

3.5. Correlation analysis of POFUT1 expression level and infiltration level of immune cells in LGG and GBM

Infiltration levels of 22 types of immune cells in LGG and GBM, for comparison, were calculated. The correlation between infil-
tration levels of cells and POFUT1 expression levels was then analyzed and demonstrated (Fig. 5A). The results of this step showed that
POFUT1 expression levels in LGG were positively correlated with resting memory CD4" T cells, regulatory T cells (Tregs), y5 T cells,
resting mast cells, and macrophages (MO, M1, M2) (p < 0.05). However, yd T cells were not included in further analysis because their
proportion was 0 in 501 out of 504 LGG samples. The correlation between POFUT1 expression levels and the other six types of immune
cells was further illustrated by scatter plots (Fig. 5SB-G). It was found that, compared to other cell types, resting memory CD4 " T cells
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and M2 macrophages had higher r values with POFUT1 expression levels, exhibiting a relatively significant correlation.
3.6. Correlation analysis of infiltration level of immune cells and prognosis of LGG patients

The correlation between the infiltration levels of the above six cell types (resting memory CD4" T cells, Tregs, resting mast cells,
and macrophages (MO, M1, M2)) and the prognosis of LGG patients was analyzed (Fig. 6A-F). In combination with the results from the
previous step, it was found that resting memory CD4™ T cells and M2 macrophages were correlated with both POFUT1 expression
levels in LGG and the prognosis of LGG patients.

3.7. Correlation analysis of POFUT1 expression level and expression level of characteristic genes of identified cell types

According to related literature, characteristic genes of M2 macrophages include CD163, MS4A4A, IL10, MMP2, MMP9, and VSIG4,
while characteristic genes of resting memory CD4" T cells include PTPRC (CD45) and BTG1. The correlations between POFUT1
expression levels and each characteristic gene of M2 macrophages (Fig. 7A) and resting memory CD4" T cells (Fig. 7€) in LGG tissues
were obtained from the TIMER database. It should be noted that M2-like TAMs present in the tumor immune microenvironment share
some characteristic genes with M2 macrophages and usually cannot be distinguished by CIBERSORT. Therefore, we additionally
analyzed the characteristic genes relatively unique to M2-like TAMs, including CD24, CD80, CD68, and CCL2 (Fig. 7B). As shown in the
figures, POFUT1 expression levels have a significant positive correlation with multiple characteristic genes of M2 macrophages, M2-
like TAMs, and resting memory CD4" T cells. This is consistent with the correlation analysis results of POFUT1 expression levels and
cell infiltration levels.

3.8. External dataset validation

After reviewing the data, 159 LGG (WHO II) samples, 249 GBM samples in the CGGA mRNAseq_693 dataset, and 20 normal samples
were selected for validation. The infiltration levels of immune cells in all samples were illustrated in a histogram (Fig. 8A). The
infiltration levels of the six previously screened immune cell types in each group of samples were demonstrated with boxplots (Fig. 8B).
POFUT1 expression levels in each group were also shown in a boxplot (Fig. 8C). The correlation between the infiltration level of each
cell type and POFUT1 expression level was then analyzed (Fig. 8D). The results indicated that in the external validation dataset,
POFUT1 expression levels exhibited a gradient increase in normal samples, LGG samples, and GBM samples. A significant positive
correlation was found between POFUT1 expression levels and M2 macrophage infiltration levels, consistent with previous analysis
results. However, an inconsistency was observed in the external validation dataset: POFUT1 expression levels were not correlated with
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resting memory CD4 " T cell infiltration levels but were correlated with M1 macrophage infiltration levels.

Correlations between overall survival and POFUT1 expression levels (Fig. 8E) as well as M2 macrophage infiltration levels (Fig. 8F)
were also analyzed based on LGG samples with complete clinical and survival data from CGGA. In line with previous results, both high
POFUT1 expression levels and high M2 macrophage infiltration levels were associated with poor prognosis in LGG patients.

4. Discussion

As tumor research advances, the regulatory effects of differentially expressed genes in tumor tissues on tumorigenesis, develop-
ment, and their associated mechanisms have gained increasing attention. Numerous molecular markers identified from differentially
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expressed genes in tumors have been utilized for early diagnosis, prognosis evaluation, and targeted therapy, offering substantial
clinical value [14]. POFUT1 is one of the differentially expressed genes identified in our previous transcriptomic analysis of gastro-
intestinal tumors. This finding is in line with the results reported in another independent study, further supporting the potential
importance of POFUT1 in tumorigenesis and tumor development [15]. Currently, researchers have acknowledged the differences in
expression and prognostic significance of POFUT1 in tumor progression. Recent research by Dong has confirmed that POFUT1 pro-
motes the progression of gastric cancer through the Notch/Wnt dual signaling pathways, which are dependent on the parafi-
bromin-NICD1-f-catenin complex [16]. Another study proposed that POFUT1 overexpression promotes a malignant phenotype and
mediates perineural invasion in head and neck squamous cell carcinoma (HNSCC), indicating its potential as both a prognostic marker
and therapeutic target for HNSCC patients [17]. Actually, aside from the mentioned studies above, POFUT1 has been identified as a
biomarker or potential therapeutic target for a variety of tumors, including lung cancer, breast cancer, and glioblastoma [3,13,18]. Our
study results revealed that POFUT1 was significantly differentially expressed in up to 20 types of tumors and had a considerable impact
on the prognosis of GBMLGG and LGG patients. A previous study confirmed that the silencing mutation of POFUT1 reduces the activity
of the NOTCH signaling pathway and inhibits tumor cell development [15]. This finding suggests that the promotion of most tumors by
high-level expression of POFUT1 may be attributed to the involvement of the NOTCH signaling pathway. The NOTCH signaling
pathway is an evolutionarily conserved pathway involved in regulating a wide range of biological processes, including cell prolifer-
ation, apoptosis, migration, self-renewal, and differentiation [19]. In fact, researchers have taken note of the role of the NOTCH
signaling pathway in glioma. A recent study reported high levels of expression of NOTCH receptors and ligands in GBM, suggesting
abnormal activation of the NOTCH signaling pathway [20]. Moreover, it has been proposed that NOTCH1-mediated upregulation of
NOTCH signaling pathway activation contributes to tumorigenesis and chemoresistance in GBM [21]. Glycosylation of NOTCH re-
ceptors, particularly O-fucosylation, is an essential step in the function and regulation of the NOTCH signaling pathway, and POFUT1
plays a critical role in this process [22]. A cell line-based study demonstrated that knockdown of POFUT1 led to a decrease in the
amount of NOTCH1 on the cell surface [23]. Moreover, in agreement with our functional enrichment analysis results, studies have
reported that POFUT1 promotes cell proliferation and invasion, and delays cell apoptosis by activating or participating in PI3K/m-
TOR/Akt, MAPK/ERK, and NF-kB signaling pathways [24]. Another study suggested that the promoting effect of POFUT1 on cell
proliferation is associated with the acceleration of cell cycle progression by facilitating cells to enter the S phase [25].

In addition to the involvement of the NOTCH signaling pathway in tumor development, as demonstrated by previous studies, our
findings highlight that POFUT1 is also highly enriched in immune system processes and immune response regulation. This observation
warrants further attention, as recent research has reported that the NOTCH signaling pathway itself plays a role in immune regulation
and has been established as an independent predictor for evaluating immunotherapy [26]. While there has been limited research
directly linking POFUT1 to immune-related processes, our study provides new insights into this relationship. Our immune infiltration
analysis revealed that high-level expression of POFUT1 in LGG tissue was positively correlated with increased infiltration levels of six
types of immune cells. Notably, the high infiltration level of resting memory CD4" T cells and M2 macrophages, which exhibited
higher correlation coefficients with POFUT1 expression, was also significantly associated with poor prognosis in LGG patients. A lower
level of immune infiltration generally suggests that the number of immune cells migrating to the tumor microenvironment is insuf-
ficient, leading to inhibition of immune response regulation. This may contribute to the acceleration of the tumor’s immune escape
process, thereby promoting tumor development [27]. Previous research has demonstrated that the level of immune infiltration in the
tumor microenvironment can reflect the body’s anti-tumor immune status and the efficacy of immunotherapy. Reduced T lymphocyte
infiltration is often closely associated with anti-tumor immunosuppression and tumor immune escape in various cancer types,
including lung adenocarcinoma and colorectal cancer [14]. However, some studies have reported contrasting findings, such as a study
showing that elevated CD4" T cell expression levels in breast cancer tissue are typically indicative of a relatively poor prognosis [28].
The preliminary results of our analysis indicate that high expression of POFUT1 in LGG tissue is significantly correlated with poor
patient prognosis and a higher level of immune infiltration in tumor tissue. This suggests that, unlike in other cancer types, POFUT1
does not suppress tumor immunity by reducing immune cell infiltration levels in LGG.

In our study, we observed a positive correlation between the infiltration level of M2 macrophages in LGG and POFUT1 expression
level, which negatively affected LGG prognosis using both the TCGA dataset and the CGGA validation dataset. This finding is consistent
with Stanley and Tanwar’s research, which demonstrated the critical role of POFUT1 in lymphopoiesis and myelopoiesis, as well as the
defects in both innate and adaptive immune responses among patients with low POFUT1 expression [29]. They further hypothesized
that fucosylation of NOTCH receptors, mediated by POFUT1, is essential for immune cell development, and loss of POFUT1 impairs
this process, resulting in restricted immune responses. Chennupati’s study demonstrated that the loss of NOTCH1 disrupts the gen-
eration of T cells involved in the innate immune response [30]. In contrast, Mao’s study [31] and Liu’s study [32] reported a direct
association between increased NOTCH1 levels and CD68-+/CD163+ macrophages, as well as IL10-producing macrophages. Both of
these macrophage types are considered M2 macrophages or M2-like TAMs. A recent study showed that macrophages activated through
the NOTCH signaling pathway increase the secretion of CCL2, leading to an immunosuppressive response [33]. In the context of tumor
tissue infiltration, Shi’s research on glioblastoma found that macrophages and related cytokines may promote the generation of tumor
stem cells and maintain the malignant biological behavior of tumors by binding to a series of receptors of tumor stem cells [34]. This
finding aligns with our analysis, which revealed a significant association between a high infiltration level of macrophages and a higher
survival hazard ratio. TAMs serve as major components and crucial regulatory factors within the tumor immune microenvironment.
Our analyses of both the TCGA dataset and the CGGA validation dataset demonstrated a significant positive correlation between
POFUT1 expression level and M2 macrophages or M2-like TAMs, as well as their characteristic genes. M1-like macrophages are known
to exhibit anti-tumor properties through their ability to present antigens, engage in Thl-type immune responses, eliminate foreign
antigens, and destroy tumor cells [35]. Conversely, M2 macrophages display a relative deficiency in cell-killing activity within the
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tumor microenvironment. Characterized by high CD163 expression and the production of anti-inflammatory cytokines such as IL-10
and CCL2, M2 macrophages inhibit inflammatory responses and participate in Th2-type immune responses, thereby promoting cancer
progression. Chemotherapeutic agents, including trabectedin, have been employed to diminish CCL2 production, resulting in the
clearance of M2 macrophages infiltrating tumor tissue and the activation of M1 macrophages; this process ultimately enhances the
anti-tumor immune response of T cells [36]. Furthermore, M2 macrophages can secrete cytokines like epidermal growth factor, which
stimulates cancer cell metastasis and recruits additional macrophages to infiltrate primary tumor tissue [37]. M2 macrophages also
contribute to tumor invasion and metastasis through the secretion of matrix metalloproteinases (MMPs) such as MMP2 and MMP9,
which degrade the extracellular matrix [38]. Moreover, M2 macrophages can indirectly suppress the function of CD8" T cells by
promoting the differentiation of regulatory T (Treg) cells and modulating amino acid metabolism through the indoleamine 2,3-diox-
ygenase (IDO) pathway, which disrupts T cell metabolic processes [39]. These studies provide a multidimensional understanding of the
immunosuppressive mechanisms exerted by M2 macrophages within the tumor immune microenvironment. Furthermore, research has
indicated that TAMs participate in angiogenesis during tumor progression. The NOTCH signaling pathway, known to regulate the
expression of angiogenesis-related genes, may play a role in the regulation of tumor angiogenesis within TAMs. Based on the functional
enrichment analysis of POFUT1 and its related genes, it is suggested that POFUT1’s regulatory effect on M2 macrophage infiltration in
the low-grade glioma (LGG) immune microenvironment could be a contributing factor to poorer prognosis.

Our study is based on the integrated bioinformatics analysis of a large sample cohort from the TCGA database. The obtained results
were also validated using the large sample cohort from CGGA. However, the limitation of this study is that further experimental
exploration is needed to investigate the regulatory effects, mechanisms, and potential clinical application value indicated by some of
the results.

5. Conclusion

Our study represents the first investigation into the relationship between POFUT1 expression, the tumor immune microenviron-
ment, and patient prognosis using bioinformatics analysis. We found that high POFUT1 expression was significantly associated with
increased immune infiltration in LGGs and poorer patient outcomes. Moreover, the strong positive correlation between POFUT1
expression and M2 macrophage or M2-like TAM infiltration levels within the LGG immune microenvironment may be a crucial factor
contributing to the poor prognosis of patients. The influence of POFUT1 on the LGG immune microenvironment and patient prognosis

suggests its potential as both a prognostic marker and a therapeutic target for this tumor type. However, the specific regulatory
mechanisms warrant further investigation through experimental validation.
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