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Purpose: Low-grade gliomas (LGG) are primary brain tumors that often affect predominantly young adults, which usually have
a painless course, and have a longer survival period compared to patients with high-grade gliomas. Relatively established treatment
options include surgery, radiotherapy, chemotherapy or combination therapy, as well as individualized management based on tumor
location, histology, molecular features and patient characteristics. Due to the rapid development of targeted therapies, the development
of new molecular targets is now a very promising research direction.
Methods: We explored the diagnostic value, clinical relevance, and molecular function of deoxynucleotidyl transferase terminal-
interacting proteins 2 (DNTTIP2) in LGG using MethSurv, MEXPRESS, STRING, cBioPortal, Tumor Immunity Estimation Resource
(TIMER) database, Gene Expression Profiling Interactive Analysis (GEPIA) databases. Besides, the “CIBERSORT” algorithm was
conducted to estimate immune cells infiltration abundance, with “ggplot2” package visualizing the results. In vivo and vitro
experiments were used to verify the speculations of bioinformatics analysis.
Results: In LGG patients, DNTTIP1/2 were over-expressed at mRNA levels and high DNTTIP1/2 levels correlated with poor survival
in LGG patients. We confirmed that DNTTIP2 significantly promotes M2 macrophage activation and angiogenesis, which may be
related to the IL6/JAK/STAT3 signaling pathway. In addition, we found that DNTTIP2 amplification was associated with an
unfavorable prognosis in LGG patients. We demonstrated, finally, a correlation between DNTTIP2 gene hypermethylation and
a poor prognosis in LGG.
Conclusion: This study demonstrated that DNTTIP1/2 had diagnostic and prognostic value in LGG patients. The biological
mechanisms of DNTTIP2 regarding angiogenesis and macrophage activation may provide new insights into the treatment of glioma.
Keywords: low-grade glioma, DNTTIP2, angiogenesis, M2 macrophages infiltration, bioinformatics

Introduction
Glioma is the most frequent central nervous system malignancy.1 The World Health Organization (WHO) classification
divides glioma into four grades (grades I–IV).2 Low-grade gliomas (LGGs) are defined as diffuse low- and moderate-
grade gliomas (WHO grades II and III). Because of its high malignancy and high degree of recurrence, LGG may rapidly
progress to glioblastoma (GBM).3 Despite a significant amount of effort devoted to LGG research, specifics of its
pathogenesis remain unclear and there have been no breakthroughs made in its treatment, usually surgery followed by
post-operative radiotherapy and chemotherapy. Therefore, research into the pathogenesis of glioma and early diagnosis of
glioma is particularly important.
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With the rise of bioinformatics and high-throughput sequencing technologies, some progress has been made in
identifying molecular markers related to LGG progression which can be used to predict prognosis and also a patient’s
response to personalized treatment.

Deoxynucleotidyl transferase terminal-interacting proteins 1/2 (DNTTIP1/2) were initially identified as regulators of
terminal deoxynucleotidyl transferase (TDT), which plays a role in transcription regulation. DNTTIP1/2 is homologous
to the transcription factor p65/NF-κB and acts on the histone deacetylases 1 and 2 (HDAC1 and HDAC2).4,5 Epigenetic
changes have been discovered in all stages of cancer progression6 and histone acetylation is one of the most studied
epigenetic regulatory pathways. Histone deacetylases (HDACs) are closely related to cancer occurrence and progression,
and p53 deacetylation has been reported to be associated with the failure of cancer suppression.7 HDAC1 binds to
DNTTIP1 which may be involved in this mechanism.8 DNTTIP1 has been shown to be a pro-oncogenic factor and
a likely therapeutic target in non-small cell lung cancer (NSCLC) and oral squamous cell carcinoma (OSCC).9 DNTTIP2
binds to DNA and core histones which contain an acid-rich amino acid region at their C-termini and is thought to act as
a histone chaperone in the nucleus. The role of DNTTIP2 in cancer is not known. We hypothesized that DNTTIP2 may be
a biomarker for LGG diagnosis and a potential target for anti-LGG therapy.

In this present study, we conducted a bioinformatic analysis and experimental validation were performed to reveal the
potential functions of DNTTIP2 in LGG. Our results suggested that DNTTIP2 might be a novel prognostic biomarker and
treatment target for LGG.

Materials and Methods
Flowchart of the Study
Figure 1 illustrates the study workflow.

Reagents
The reagents and antibodies used are listed in the Supplementary material (Supplementary Table 1). The concentrations
used were based on those used in previous research or on the manufacturers’ recommendations. The specific experi-
mental details are provided in Supplementary material.

Cell Culture
Human glioma U87MG, U251, SHG-44, H4 cells and Human umbilical vein endothelial cells (HUVEC) were acquired
from Procell Life Science &Technology (Wuhan, China) grown in Dulbecco’s Modified Eagle Medium (DMEM) with
10% fetal bovine serum (FBS) in a 5% CO2 (Incubator) at 37°C. All media were supplemented with 1% penicillin/
streptomycin. Cells passed regular mycoplasma contamination testing.

Western Blot
TheWestern blotting method followed previous descriptions.10 Proteins were lysed in RIPA buffer and protein concentrations
were measured by the Bradford assay. Samples of 20 µg each were separated on 10% or 8% SDS-PAGE, proteins were
electro-transferred to polyvinylidene fluoride (PVDF) membranes, and blocked with 5% bovine serum albumin. The blots
were then probed with the relevant primary antibodies at 4 °C overnight. Blots were washed in Tris-buffered saline containing
0.05% Tween-20 and were incubated with the corresponding secondary antibodies with an Electrochemiluminescence (ECL)
detection kit used to measure densities. The protein bands (including β-actin as the loading control) were visualized with a gel
documentation system (ChemiDoc XRS+) and relative concentrations were determined.

RNAi and Overexpression Plasmid Construction and Transfection
U87MG and U251 cells which express relatively high levels of DNTTIP2 were selected for subsequent experiments. The
plasmids described below were all constructed by GeneChem (Shanghai, China). The procedures for constructing over-
expression and RNAi plasmids are described in the Supplementary material. Three short hairpins interfering RNAs
(shRNA) targeting DNTTIP2 were constructed and the one with the highest inhibitory efficiency was selected for
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subsequent experiments. The shRNA- DNTTIP2 plasmid (sh-DNTTIP2), a control non-targeting plasmid (NC), and the
overexpressing plasmid (oe-DNTTIP2) were transfected into 70%-confluent cells using Lipofectamine 3000, in accor-
dance with the supplied protocol. The overexpression, knockdown, and transfection efficiency were evaluated using
Western blotting and GFP expression.

Colony-Formation Assay
Colony-forming assays were conducted according to published protocols.11

Wound Healing Assay
The method used was based on a published protocol.12 The GFP levels in the cells on the membrane lower surface were
expressed as means ± SEM from three separate experiments.

Transwell Assay
The capability of cell invasion was examined with a Transwell assay as previously described.13

Figure 1 Study workflow.
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Co-Culture System
THP-1 monocytic cells (1 × 105 cells/mL) were incubated with 10 ng/mL Phorbol-12-myristate-13-acetate (PMA) for 48
h to induce their differentiation into M0 macrophages. Then, the medium was removed and replaced with serum free
DMEM and then the cells were allowed to grow for 24 h. To mimic the interactions between macrophages and tumors,
5×105 glioma cells were placed in the upper chamber of a 6-well 0.4um pore size Transwell apparatus and the M0
macrophages were placed in the lower chamber. The macrophages in the lower chamber were collected after 48 h and
stained by immunofluorescence.

Immunofluorescence Staining
Immunofluorescence staining followed the method described in our previous study.14

Endothelial Cell Tube Formation Assay
Tube formation assays are useful for assessing the angiogenic capacity of cells.15 Here, this was done using the branch point
method. In brief, glioma cells were grown in the upper chambers of 24-well Transwell apparatuses 0.4 µm pore size) and
HUVEC cells (5×104/well) were grown in the lower chambers. The plates were pre-coated with Matrigel (50 µL) and
cultured at 37°C in a 5% CO2 incubator. After 12 h, the HUVECs were incubated with 1 mM Calcein-acetoxymethyl ester
(calcein-AM) for 1 h at 37°C and examined under fluorescence microscopy (Olympus CKX-41, Japan).

Xenograft Tumor Model
The animal experimental protocol (ethics number: 2021-10-029) was approved by the ethics committee of the Jiangsu
Province Hospital of Chinese Medicine. U251 cells transfected with sh-DNTTIP2, oe-DNTTIP2, as well as NC cells (1 ×
107 cell/mouse) were injected subcutaneously into the right armpit region (n = 6 per group). The presence of tumors was
visible after seven days. Tumor diameters (maximum and minimum) were measured twice a week. The mice were
euthanized after 35 days and the sera and tumors were excised. Tumor volumes were calculated as V = 1/2ab2, and tumor
growth curves were drawn.

Statistical Analysis
Data are expressed as means ± (SEM). All experiments were carried out thrice, independently. ****P < 0.0001, ***P <
0.001, **P < 0.01 and *P < 0.05 were defined to be statistically significant.

Data Acquisition
Datasets of LGG patients, including both genetic and clinical information, were obtained from The Cancer Genome Atlas
(TCGA) and the Chinese Glioma Genome Atlas (CGGA).16 In total, information on 530 tumor and 0 normal tissues were
downloaded from the TCGA, and 182 tumor and 0 normal tissues from the CGGA. To study the functions of DNTTIP2 and
its immune relationships, two groups were established based on DNTTIP2 expression according to TCGA-LGG. In addition,
the datasets GSE70630, GSE84465, GSE135437 and GSE148842 were used to conduct analysis at the single-cell level.17

Data Analysis Tools
Differences in DNTTIP2 levels were analyzed using ANOVA and the t-test. Changes in DNTTIP2 frequency in the
TCGA data were analyzed using the CBioportal database.18 The R packages “survival,” and “survminer” were used for
Kaplan–Meier survival analysis.19 For functional enrichment analysis and Gene Set Variation Analysis (GSVA), the
R package “Limma” was used to identify differentially expressed genes and differentially enriched genesets between
DNTTIP2 and Metascape as well as “GSVA” package were used to conduct enrichment analysis.20,21

Investigation of Immune Cell Infiltration
CIBERSORT high-performance computation for measuring the cellular constituents in overall tissue datasets22 was used
to estimate immune infiltration. All results were implemented by the “ggplot2” and “pheatmap” packages in R.23 We
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investigated divergences in immune cell populations between the two DNTTIP2 high and low expression groups. The
GSVA algorithm was used to calculate the correlation coefficient between DNTTIP2 and the abundance of immune cell
infiltration.24 Subsequently, GSE28238 and GSE45921 were further conducted to evaluate the relationship between
DNTTIP2 levels and M2 macrophage abundance based on the CIBERSORT algorithm.25

Results
Prognosis Analysis of DNTTIP1/2 mRNA Expression in Pan-Cancers
We performed a pan-cancer survival analysis based on the GEPIA database to evaluate the DNTTIP1/2 prognostic values.
In the above analyses, we found that DNTTIP1/2 mRNA expression was associated clinical outcome (OS: Overall
survival; DFS: Disease-free survival) of patients with Liver hepatocellular carcinoma (LIHC) and LGG (Figure 2A
and B).

A Kaplan-Meier survival analysis based on TCGA demonstrated that high DNTTIP1/2 levels correlated with
significantly worse patient survival rates in LGG (Figure 2C) and LIHC (Figure S1A). The expression profiles and
clinical characteristics of LGG and LIHC patients were obtained from TCGA to probe the relationship between
DNTTIP1/2 expression status and clinicopathological characteristics (Figure 2D for LGG and Figure S1B for LIHC).

Figure 2 Prognosis analysis of DNTTIP1/2 mRNA expression in Pan-Cancers. (A and B) Prognosis analysis of DNTTIP1/2 in Pan-Cancers. (C) Kaplan-Meier survival
analysis based on The Cancer Genome Atlas (TCGA)-Low-grade gliomas (LGG). (D) The relationship between DNTTIP1/2 expression status and clinicopathological
characteristics in LGG. *P < 0.05, **P < 0.01, ***P < 0.001.
Abbreviation: NS, not significant.

Pharmacogenomics and Personalized Medicine 2022:15 https://doi.org/10.2147/PGPM.S356326

DovePress
265

Dovepress Liu et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com/get_supplementary_file.php?f=356326.docx
https://www.dovepress.com/get_supplementary_file.php?f=356326.docx
https://www.dovepress.com
https://www.dovepress.com


In order to evaluate the prognostic value, the clinical and pathological features, including WHO grade, Isocitrate
dehydrogenase (IDH) status, 1p19q codeletion, primary treatment outcome for LGG and LHIC ‘tumor-node-
metastasis” (TNM) stage, pathological stage, serum AFP, histological grade and TNM stages, were synthesized.
Subsequently, the prognostic value of DNTTIP1/2 expression status in LGG was validated in CGGA (Figures S2 and
S3). Results from the TGGA and CGGA databases demonstrated that DNTTIP1/2 expression status in LGG can have
prognostic value, and have been associated with the genomic features of LGG. This part of the work is the process of
screening the cancer types under study.

Immunohistochemical Staining of DNTTIP2
DNTTIP2 protein expression in LGG and normal brain tissue was further verified using immunohistochemistry (IHC)
data acquired from the HPA database (http://www.proteinatlas.org/), which revealed that although DNTTIP2 protein was
not expressed or low expressed in normal brain tissue, low expression was evident in LGG tissues (Figure S4).

Functional Enrichment Analysis of DNTTIP1/2
Figure 3A showed the interactions of DNTTIP1/2 predicted by GeneMANIA. These predicted interactions include
genetic and physical interactions, co-localization and co-expression, as well as the likelihood of common protein domains
and pathways. We obtained genes co-expressed with DNTTIP1/2 in TCGA-LGG based on the “Limma” R package
(Figure 3B and C). Then, we identified 38 common genes co-expressed with DNTTIP1 and DNTTIP2 based on
intersection analysis (Figure 3D). Furthermore, using Gene Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) enrichment analysis, the top 20 GO and KEGG categories ranked according to P-value are shown in
Figure 3E and F, suggesting that DNTTIP2 may be involved in more cancer-related pathways compared to DNTTIP1. We
noted that the enriched GO and KEGG terms of DNTTIP2 associated with “immune effector process”, “blood vessel
development”, “extracellular matrix”, “regulation of cytokine production” and “Complement and coagulation cascades”.

After removing the co-expressed genes that were not assigned, we created a Protein-Protein Interaction network (PPI)
based on the STRING database (Figure 3G) and then the key subnetwork obtained by the molecular complex detection
(MCODE) plug-in showed even stronger association with macrophage activation and angiogenesis (Figure 3H–J).

DNTTIP2 Promotes Malignant Phenotypes in Glioma
The expression of DNTTIP2 was further explored in the glioma cells by Western blot (Figure 4A). The DNTTIP2 protein
level was the highest in U87MG and U251, therefore these two cell lines were used for further experiments, with GFP
expression and Western blot verifying transfection efficiency (Figure 4B). DNTTIP2 silencing decreased the capacity of
forming the tumor cell clone formation, migration, invasion and tube formation in vascular endothelial cells (Figure 4C–G).
Moreover, the stable DNTTIP2 overexpression in the U251 cells promoted the formation of the subcutaneous xenograft
tumors in vivo (Figure 4H–K).

Immune Microenvironment Analysis
In this section, we explored the role of DNTTIP2 in the LGG immune cell infiltration. First, the ssGSEA algorithm being
used to access the correlation between DNTTIP2 levels and the degree of infiltration degree several immune cell types
showed that DNTTIP2 levels were positively associated with the abundance of macrophages (Figure 5A). Then, twenty-
two profiles of immune cells based on “CIBERSORT” algorithm were constructed to detect the relationship between the
DNTTIP2 level and immune cells levels (Figure 5B). The DNTTIP2 level was found to correlate with B cell native,
B cell plasma, T cell CD4+ native, T cell CD4+ memory resting, T cell follicular helper, macrophage M2, eosinophil, and
neutrophil cells. In addition, The TIMER web tool was used to explore potential correlations between DNTTIP2 levels
and immune cell infiltration, revealing that the DNTTIP2 levels were correlated with CD4+T cells (R = 0.373, P = 3.69e-
17), macrophages (R = 0.428, P = 1.63e-22), Neutrophil (R = 0.552, P = 2.66e-39), dendritic cells (R = 0.512, P = 3.67e-
33), and B cells (R = 0.55, P = 4.63e-39) (Figure 5C). These findings indicate close relationships between DNTTIP2 and
immune cell infiltration in LGG.
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Figure 3 Enrichment analysis of DNTTIP1/2 and correlated genes. (A) GeneMINIA-based protein–protein interactions (PPI) with DNTTIP1/2 as the core. (B and C)
Differences in DNTTIP1/2 expression in the low- and high-expression groups were analyzed using the “Limma” R package on The Cancer Genome Atlas (TCGA) dataset
after which volcano plots were constructed. Red dots indicate positive correlations, green dots indicate negative correlations, and gray dots indicate that genes that did not
correlate with DNTTIP1/2. (B) DNTTIP1; (C) DNTTIP2. (D) The “VennDiagram” R package was used to analyze correlations of common genes with DNTTIP1 and DNTTIP2.
(E and F) Gene ontology (GO) (E) and Kyoto Encyclopedia of Genes and Genomes (KEGG) (F) enrichment analysis of DNTTIP1/2. Each row represents one cluster; color
indicates significance, and gray color indicates non-significance. Heatmap showing the top 20 clusters correlated with DNTTIP1/2. (G) Network of DNTTIP2 and genes with
DNTTIP2-linked expression (positive). (H–J) The hub module with the highest scores analyzed by Molecular Complex Detection (MCODE).
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Figure 4 DNTTIP2 overexpression promotes a malignant phenotype in glioma. (A) DNTTIP2 protein expression in normal human glioma cells. (B) The transfection
efficiency was verified by the GFP expression as well as the Western blot. Transfection efficiency is represented as percentages. (C) Clone formation ability of the glioma
cells transfected with the NC, sh- DNTTIP2, and oe-DNTTIP2. (D) Cell scratch migration assay of the migratory ability of each group of glioma cells. (E) Cell invasion was
determined via a Transwell assay. (F) Illustration of the model for Tube formation assay. (G) Tubule formation of HUVECs and column graph of tubule formation index in
different groups. (H) Schematic diagram of subcutaneous tumor models. (I) Xenograft mouse tumors (n= 6 mice per group). (J and K) Volumes (J) of xenograft tumors
measured twice a week and weights (K) of xenograft tumors at completion of the study. Data are means ± SEM *p < 0.05; **p <0.01; ***p < 0.001; ****p < 0.001.
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Figure 5 Immune landscape of LGG patients with different expression levels of DNTTIP2. (A) Spearman correlation between DNTTIP2 and 24 types of immune cells. Positive
(red lollipop) and negative (blue lollipop) correlations. (B) Correlation between DNTTIP2 expression and immune cell infiltration, where the x-axis indicates the type of
immune cell and the y-axis indicates the immune score (CIBERSORT scores) in different groups where different colors represent different groups. High-expression group
(red) and low-expression group (blue). (C) Correlation between DNTTIP2 expression and immune cell numbers analyzed by TIMER. (D and E) Proportions of the TIC types
in LGG samples based on (D) GSE28238 and (E) GSE45921. (F) Correlation of DNTTIP2 expression levels with macrophage abundance based on GSE28238 and GSE45921.
(G) Diagram of co-culture system. (H) Double-immunofluorescence staining of M2 macrophage markers CD206 (red) and CD163 (green); nuclei are stained with DAPI
(blue). Intensity of immunofluorescence (mean ± SEM). Data are means ± SEM *p<0.05; **p <0.01; ***p< 0.001.
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Then we assessed the relationship between DNTTIP2 and macrophage polarization based on the GSE28238 and
GSE45921 datasets. The 22 immune cell profiles for LGG cases were presented in Figure 5D and E after filtering out
normal samples. Further calculations showed that in GSE28238 and GSE45921, DNTTIP2 expression levels were
positively associated with M2 macrophage abundance (Figure 5F). To further detect the effect of DNTTIP2 expression
on the abundance of M2 macrophages, we established a tumor-macrophage co-culture model as shown in the Figure 5G
and observed that DNTTIP2 knockdown significantly downregulated the levels of CD206 and CD163 which are now
considered to be indicated markers for M2 tumor-associated macrophages (TAMs) (Figure 5H).

Taken together, these findings indicate that DNTTIP2 levels are correlated with the infiltration of immune cells, and
are especially associated with the infiltration of M2 macrophages.

GSVA and Single-Cell Level Analysis of DNTTIP2
To further detect the potential function of DNTTIP2 in LGG, we conducted a GSVA. The distribution of GSVA scores for
the LGG samples in TCGA and CGGA is shown in Figure S4A and B. The results of the differential score analysis based
on the median DNTTIP2 levels showed that “TNFA SIGNALING VIA NFKB” and “IL6 JAK STAT3 SIGNALING”
were activated in the high-DNTTIP2, in both cohorts (Figure 6A and B).

We also performed single-cell expression analysis to explore DNTTIP2 functions in LGG. With the GSVA, we
concentrated on “TNFA SIGNALING VIA NFKB” and “IL6 JAK STAT3 SIGNALING”. As shown in Figure 6C–F, the
Gene Set Enrichment Analysis (GSEA) results suggested that cells expressing DNTTIP2 tend to express genes related to
“ANGIOGENESIS” and “IL-6 JAK STAT3 SIGNALING”. This may be the mechanism of DNTTIP2 in promoting LGG
development.

Methylation and Mutation Analysis of DNTTIP2
Considering the importance of methylation as an epigenetic modification, we next investigated whether DNTTIP2
expression levels were affected by DNTTIP2 DNA methylation in LGG. In the TCGA data, we found that the
methylation results from 12 probes, cg08526814, cg19164253, cg23110891, cg23633626, cg19906608, cg23015158,
cg23956358, cg01139627, cg15589930, cg16398686, cg16833230, and cg26688893, were associated with DNTTIP2
expression (Figure S6B). The survival analysis of all the methylation probes of DNTTIP2 is shown in Figure S6F.

The mutation frequencies in three groups of LGG patients were analyzed through the cBioPortal database (Figure
S6C). DNTTIP2 showed a low rate of mutation (~0.2%) and a low amplification rate of ~0.4% of DNTTIP2 in the TCGA
LGG cases. There was a statistically significant link between DNTTIP2 Copy number variations (CNV) and overall
survival in LGG patients (Figure S6D) as well as gene expression (Figure S6E). The DNTTIP2 CNV and immune cell
infiltration were also associated with each other (Figure S6F).

Discussion
Due to the highly infiltrative growth pattern of gliomas, the heterogeneity within the tumor, the poor demarcation from
normal brain tissue, and the lack of effective indicators for clinical monitoring, the patient has both a significant risk of
tumor recurrence and a very poor prognosis after surgery.26 In addition, the treatment of LGG is more complex and
difficult than that of extracerebral solid tumors, and many conventional chemotherapeutic agents have difficulty crossing
the intact blood-brain barrier, thus affecting the application and efficacy of chemotherapeutic agents.27 Therefore,
exploring specific biomarkers associated with glioma tumor diagnosis, grading and staging, to guide the use of drugs
and prognosis is of great clinical importance to improve the prognosis of glioma. The Kaplan-Meier survival analysis
demonstrated that high levels of DNTTIP1/2 were linked to poor prognosis in LGG patients. Interestingly, we found that
DNTTIP1/2 expression levels were linked to multiple clinical features such as tumor grade, IDH mutation, 1p/19q
codeletion, suggesting the clinical relevance of DNTTIP1/2.

DNTTIP is also known as Terminal Deoxynucleotidyltransferase (TDT) -Interacting factor, elevated activity of TDT
was found in more than 90% of leukemic cells in acute lymphoblastic leukemia as well as approximately 30% of
leukemic cells in chronic granulocytic Leukemia crisis.28,29 TDT levels are now thought to be associated with poor
prognosis, chemotherapy response and shortened survival.30 Considering the significant pro-cancer effect of TDT, we
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Figure 6 Gene Set Variation Analysis (GSVA) and Single-cell level analysis of DNTTIP2. (A and B) Volcano plot of the differentially enriched genesets in LGG patients with
different expression of DNTTIP1/2 in (TCGA) and (CCGA) dataset was analyzed by GSVA ((A) TCGA; (B) CCGA). Blue nodes indicate down-regulation, red indicates up-
regulation, yellow indicates significance, and gray indicates non-significance. (C–F) Single-cell analysis of DNTTIP2 based on four single-cell RNA-seq datasets. (C) GSE70630;
(D) GSE84465; (E) GSE135437; (F) GSE148842. Uniform manifold approximation and projection (UMAP) plots illustrating the expression of DNTTIP2 clusters. UMAP plots
illustrating the LGG cell landscape. Different cell types across all cells after quality control, dimensionality reduction, and clustering. Enrichment score for genes from the
Hallmark gene set in each cell, obtained using gene set variation analysis.
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speculate that DNTTIP may play a similar role in tumors. We first performed functional enrichment analysis, which
showed that, compared to DNTTIP1, DNTTIP2 may involve a wider range of biological processes, including immune
effector process, extracellular matrix, and blood vessel development. Notably, the distinctive feature of glioma growth
and progression is the development of a large number of blood vessels that are highly aberrant and dysfunctional, with
detrimental consequences for the therapeutic outcome,31,32 while the extracellular matrix is enriched with molecules that
have the ability to provide support structures for the embedded vessels and to signal surrounding cells to initiate or
terminate the angiogenic process.33,34 Subsequent vitro and vivo experiments verified that DNTTIP2 significantly
promoted the proliferation and activation of glioma cells and tumor growth, and glioma cells with high expression of
DNTTIP2 have a strong ability to promote angiogenesis.

It has been reported that in the late stages of glioma growth, host cells located in the vicinity of blood vessels are
recruited in large numbers, which are identified by selective immune markers as predominantly macrophages with a very
small proportion of T cells, B cells, natural killer cells, neutrophils and dendritic cells.35,36 The vascular phenotype,
characterized by blood vessel diameter increase, leakiness and loss of branching complexity, is mainly accompanied by
the secretion of large amounts of VEGFA by M2-like macrophages in the late stages of glioma growth and relocalization
in the vicinity of vascular structures.37,38 Furthermore, it has been demonstrated that the number of M2 macrophages is
significantly and positively correlated with vessel diameter in accordance with the WHO classification, and that
macrophage depletion treatment can drive improvements in vessel structure and perfusion.39,40 These works are revealing
the fundamental fact that glioma vascular network formation and macrophage recruitment are highly consistent. Starting
from this fact, while the enrichment analysis also suggested a significant correlation between DNTTIP2 and the immune
effector process, we found a significant positive correlation between DNTTIP2 levels and the abundance of M2
macrophage infiltration calculated by the GSVA and cibersort algorithms based on three independent data sets.
Subsequently, vitro experiments based on co-culture system directly confirmed the powerful ability of DNTTIP2 to
promote the proliferation of M2 macrophages.

Several underlying mechanisms might be involved in the effect of DNTTIP2 in LGG. We preliminarily explored the
molecular mechanisms of DNTTIP2 based on GSVA. The results demonstrated that “TNFA SIGNALING VIA NF-KB”
and “IL-6 JAK STAT3 SIGNALING” were significantly activated in the DNTTIP2 high-expression group. Subsequent
extensive single-cell level analysis also confirmed that a proportion of glioma cells expressing DNTTIP2 were also more
inclined to express angiogenesis-related genes and “IL-6 JAK STAT3 SIGNALING”. However, a complex disease such
as glioma generally does not result from mutations or dysfunctions of a single gene, but from abnormalities in the
function of the associated regulatory network. The activation of a single gene or pathway may not explain the full extent
of its disease progression, and this part of our work only provides a potential direction for subsequent researchers, the
mechanisms involved of which will require extensive experimental validation.

Alterations in DNA are inextricably linked with carcinogenesis.41 Although we did not identify an association
between DNTTIP2 mutation and LGG prognosis, we found that DNTTIP2 CNVs were correlated with DNTTIP2 levels
and LGG patients’ prognosis. In addition, hypomethylation of several DNTTIP2 probes (cg23110891, cg19164253,
cg23956358, cg01139627, cg16833230, and cg15589930) and hypermethylation of one probe (cg23015158) were
associated with raised DNTTIP2 expression and reduced patient survival. Considering that different region of methyla-
tion sites has very different effects on gene expression, future studies should focus on the effects of specific DNTTIP2
methylation sites on both expression of the gene and patient mortality.

Conclusion
In summary, this study explored the correlation between DNTTIP1/2 and the prognostic and clinical characteristics of
LGG based on TCGA and CGGA and showed that raised DNTTIP1/2 expression was linked to unfavorable prognosis.
From this point, the potential biological functions of DNTTIP2 were explored by functional enrichment and immune
infiltration analysis, and the results showed that DNTTIP2 could significantly affect the degree of activation of LGG M2
macrophages as well as promote angiogenesis, and this effect might be associated with IL6/JAK/STAT3 signaling.
Finally, we also found that CNVs and DNA methylation may be responsible for the overexpression of DNTTIP2 in LGG.
Few studies have shown an association between DNTTIP2 and LGG or other cancers, and the present study may provide
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a basis for future development of therapeutic strategies for LGG. The main limitation of our study is that we do not have
samples of glioma patients for clinical characterization and validation, and our team is still conducting follow-up studies
to elucidate the mechanism.
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