L))

Check for
updat

Original Article

DNMTS3A promotes glioma growth and malignancy via TNF-a/NF-
kB signaling pathway
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Background: DNMT3A is the main molecule responsible for DNA methylation in cells. DNMT3A
affects the progression of inflammation, degenerative diseases, and malignant tumors, and exhibits significant
aberrantly expression in tumor tissues.

Methods: Transcriptome data and relevant clinical information were downloaded from The Cancer
Genome Atlas (TCGA), Chinese Glioma Genome Atlas (CGGA), and Gene Expression Omnibus (GEO)
datasets. Differential expression analysis and prognostic analysis were conducted based on above statistics.
We constructed a clinical prognostic model and identified DNMT3A as an independent prognostic factor to
accurately predict patient prognosis. Differential gene enrichment analysis revealed that DNMT3A affects
the progression of glioma through multiple pathways, among which the tumor necrosis factor-a (TNF-a)/
nuclear factor-kappa B (NF-«xB) pathway shows a strong correlation. Immunological analysis also revealed
a certain correlation between DNMT3A and tumor immunity. We demonstrated through gene editing that
DNMTS3A can affect the release of TNF-a in cells, thereby affecting the progression of glioma. Functional
experiments have also demonstrated that DNMT3A plays a crucial role in tumors.

Results: RNA-sequencing and survival analyses of lower-grade glioma (LGG) patients in TCGA, CGGA,
and GEO cohorts showed that high DNMT34 expression correlated with poor prognosis of LGG patients.
Univariate and multivariate Cox regression analyses showed that DNMT3A expression was an independent
prognostic indicator in LGG. The prognosis prediction nomogram with age, World Health Organization
(WHO) grading, and DNMT3A expression showed reliable performance in predicting the 1-, 3-, and
S-year overall survival (OS) of LGG patients. Functional enrichment analysis, gene set enrichment analysis
(GSEA), and ESTIMATE algorithm analyses showed that DNMT3A expression was associated with the
tumor infiltration of immune cells and predicted response to immunotherapy in two immunotherapy cohorts
of pan-cancer patients. Furthermore, short hairpin RNA (shRNA)-mediated knockdown of DNMT3A in
the LGG cell lines suppressed proliferation, migration, and invasion of LGG cells by downregulating the
TNF-0/NF-«B signaling pathway.

Conclusions: Our data showed that DNMT3A was a potential prognostic biomarker in glioma.
DNMT3A promoted proliferation and malignancy of LGG cells through the TNF-a/NF-«B signaling
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pathway. DNMT3A is a promising therapeutic target for treating patients with LGG.

Keywords: DNMT3A; lower-grade glioma (LGG); prognostic prediction; immunotherapy; tumor necrosis

factor-a/nuclear factor-kappa B (TNF-o/NF-«B)

Submitted Oct 19, 2023. Accepted for publication Feb 22, 2024. Published online Apr 22, 2024.

doi: 10.21037/ter-23-1943

View this article at: https://dx.doi.org/10.21037/tcr-23-1943

Introduction

Glioma is the most frequent intracranial malignant tumor
in adults. The prognosis of patients with glioma is poor
because of high rates of invasiveness (1). Despite decades of
in-depth research into the mechanisms underlying glioma
development and progression, effective treatment strategies
are still not available for patients diagnosed with glioma (2).
The currently available treatment strategies for patients
with glioma include surgical resection, radiotherapy, and
chemotherapeutics such as temozolomide (TMZ) and other
drugs (3,4). In recent years, the field of cancer gene therapy
has significantly advanced and improved the survival rates
in several cancer types (5). However, the blood-brain
barrier (BBB) hinders the efficacies of cancer therapeutics,
including gene therapies in glioma patients (6,7). Therefore,
in-depth research is required to discover novel avenues
of gene therapy for glioma patients to identify effective
personalized treatment strategies to improve the survival
rates of patients with glioma.

Gliomas are categorized into grades 1-4 according to
the World Health Organization (WHO) classification of
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e DNMT3A regulates glioma progression through the tumor
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signaling pathway and serves as a prognostic factor for predicting
glioma prognosis.
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tumors of the central nervous system (CNS) (8,9). The
grade 2 and 3 gliomas in The Cancer Genome Atlas
(TCGA) database are classified as lower-grade glioma
(LGG) based on the similarity in the nature of molecular
mutations and prognosis (10-12). Patients with LGG show
better response to various treatment schemes. Therefore,
this study mainly focuses on multiple cohorts of patients
with LGG. DNMT3A is a key regulator of intracellular
DNA methylation. Therefore, regulation of DNMT3A gene
expression and protein stability can be used to alter gene
expression levels by modulating DNA methylation levels.

DNA methylation is a common epigenetic modification
that regulates gene expression and plays a key role in
inflammation, innate immunity, and immunotherapy
(13-15). DNMT3A is a DNA methyltransferase that
participates in the de novo methylation of the whole genome
(16-18). DNMT3A is required for the establishment of
DNA methylation patterns in the human genome during
development (19). Aberrant DNA methylation is associated
with a variety of diseases, including cancer (20,21),
however, by which DNA methylation regulates cancer
cell development and progression is not clear and is a
hotspot of basic and clinical research. Our results show that
DNMT?3A can regulate the progression of LGG through
the tumor necrosis factor-a (TNF-a)/nuclear factor-kappa
B (NF-«kB) signaling pathway, which contributes to reveal
the underlying mechanism of DNMT3A regulating glioma
progression.

This study aims to develop novel tumor prognostic
markers and treatment options (22) for LGG patients
by performing bioinformatics analyses to determine the
association between the expression level of DNMT3A4,
overall survival (OS) rates, and tumor immune
characteristics of LGG patients from the TCGA, Chinese
Glioma Genome Atlas (CGGA), and Gene Expression
Omnibus (GEO) databases. Furthermore, we performed
in vitro experiments with DNMT3A4-silenced LGG cell
lines to determine the mechanisms by which DNMT3A
regulated glioma growth and progression. We present
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this article in accordance with the TRIPOD and MDAR
reporting checklists (available at https://tcr.amegroups.com/
article/ view/10.21037/tcr-23-1943/rc).

Methods

A detailed flow chart of the basic ideas of this study is shown
in Figure 1.

Acquisition and preprocessing of LGG data from the public
databases

We downloaded the whole genome messenger RNA
(mRNA) sequencing data of LGG samples from the
TCGA (https://portal.gdc.cancer.gov/), CGGA (http://
www.cgga.org.cn/) and GEO (https://www.ncbi.nlm.nih.
gov/gds/) databases. The whole-gene mRNA sequencing
data of normal tissues were obtained from the Genotype-
Tissue Expression (GTEx) (https://www.gtexportal.org/)
database. The mRNA sequencing data was pre-processed by
transcript per million (TPM) normalization (23). We also
downloaded data from three independent cohorts of LGG
samples (GSE16011, GSE61374, and Rembrandt cohort)
from the GEO database.

Inclusion criteria for samples in the database

The inclusion criteria were as follows: (I) only samples of
patients with LGG were included in the study; (II) there
were no deletion values of individual gene expression in
patient samples; (III) LGG patients were followed up for
>30 days; (IV) the clinical information was available for
all the patient samples, including survival status, survival
time, age, gender, grade; and (V) the patient samples
did not have deletions or gene mutations, including
isocitrate dehydrogenase (IDH) 1p19q co-deletion, and
O6-methyguanine-DNA methytransferase (MGMT)
promoter methylation. Finally, after screening, 460, 413,
and 379 LGG patients from the TCGA, CGGA, and
GEOQO databases, respectively. The RNA-sequencing data
and clinical data of the included patients were downloaded
from the corresponding database and match with the
vlookup function. The data from two immunotherapy
cohorts, namely, IMvigor210 (n=398) (24) and Gide2019
(n=41) (25) was also extracted from the GEO database to
analyze whether DNMT3A was a reliable biomarker to
identify patients that would respond to immunotherapy.
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Analyses of the prognostic potential of DNMT3A in LGG

The optimum cutoff values for the DNMT3A expression
levels in three independent LGG databases were calculated
using the “survival” and “survminer” R packages. The
samples were then classified into high and low DNMT3A4
groups based on the cutoff values. Subsequently, survival
curves were plotted to compare the survival rates of LGG
patients with high and low DNMT3A expression levels
in the three databases. Univariate and multivariate Cox
regression analyses were performed to determine whether
DNMT3A expression was an independent prognostic
predictor of LGG based on the clinical characteristics.
Finally, receiver operating characteristic (ROC) curves
were used to determine the prognostic prediction accuracy
of DNMT3A expression by calculating the area under the
curve (AUC) values.

Functional enrichment analysis

The expression levels of DNMT3A-related genes were
analyzed for the LGG samples from the TCGA database
according to the DNMT3A expression levels and the
differentially expressed genes (DEGs) were identified using
the “limma” package. The DEGs were classified into up-
regulated and down-regulated genes using the R package.
Gene Ontology (GO) and Kyoto Encyclopedia of Genes
and Genomes (KEGGQG) pathway enrichment analysis of the
DEGs were performed using the “clusterProfile” R package
to determine the cellular functions and pathways that are
associated with the DNMT3A-related DEGs (26,27).
Finally, multiple gene set enrichment analysis (multiGSEA)
were performed to analyze the pathways related with the
DEGs and determine the functional characteristics of LGG
tumors with high and low DNMT3A expression levels.

Construction of the prognosis prediction nomogram

A nomogram model was constructed using clinical
parameters for the LGG patients from the TCGA database.
The nomogram included characteristics such as age, gender,
WHO grade, IDH 1p19q co-deletion status, and MGMT
methylation status. The graphs for the nomogram were
drawn using the “rms” R package. The “Calibrate” function
was used to construct calibration curves for the TCGA-
LGG dataset. The same operations were also performed
for the LGG datasets from the CGGA and GEO databases.
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Figure 1 The flowchart of this study. MultdGSEA, multiple gene set enrichment analysis; ssGSEA, single-sample gene set enrichment

analysis; EAU, 5-ethynyl-2'-deoxyuridine; WB, western blotting.
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The clinical utility of the nomogram was analyzed by
drawing decision curves using the “stdca” algorithm.

Immune characteristics of LGG patients with high and low
DNMT3A expression

Based on the mRNA-seq data of the LGG samples from
TCGA database, we analyzed the stromal cell abundance
(stromal score), immune cell abundance (immune
score), and tumor purity (ESTIMATE score) using the
“ESTIMATE” algorithm for different LGG patient groups.
The expression levels of 25 immune checkpoint genes and
DNMT3A.

Acquisition of clinical LGG samples

We obtained nine frozen clinical samples, including three
normal brain tissues (NBT5) and six glioma tissues from the
Department of Pathology of the 2nd Affiliated Hospital
of Nanchang University. These tissues are stored in liquid
nitrogen (-196 °C) immediately after surgical excision. The
pathological features were verified by two pathologists
with more than 10 years of experience at the pathology
department. This study was approved by the Ethics
Committee of the 2nd Affiliated Hospital of Nanchang
University. The collection and processing of clinical
samples was performed in accordance with the Declaration
of Helsinki (as revised in 2013). We obtained informed
consent from all the patients included in this study.

Cell culture and lentivirus transfection

We purchased SVG cell line from the Culture Collection
of the Chinese Academy of Sciences (Shanghai,
China); BT142, SW1088 and SW1783 cell lines from
American Type Culture Collection (ATCC; Manassas,
VA, USA). SW1088 and SW1783 cells were grown in
L-15 medium with 20% O, as described previously (28),
BT142 cells were cultured in F-12 medium and SVG
cells was cultured in DMEM medium in an incubator
maintained at 37 °C and 5% CO,. We purchased
lentiviruses cloned with two DNMT3A-specific short
hairpin RNAs (shRNAs) from OBIO Bioscience
(Shanghai, China). The shRNA sequences were as
follows: 5'-CCACCAGAAGAAGAGAAGAAT-3'
and 5'-CCCAAGGTCAAGGAGATTATT-3". The
logarithmically-growing SW1088 and SW1783 cells
were infected with the lentiviruses carrying the shRNA
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constructs. The knockdown of DNMT3A gene expression
was analyzed by western blotting (WB) and real-time
quantitative polymerase chain reaction (RT-qPCR).

Antibodies and agents

The antibodies used in this research are as follows: anti-
DNMT3A (Proteintech, San Diego, CA, USA; Cat.
No. #20954-1-AP), anti-glyceraldehyde-3-phosphate
dehydrogenase (GAPDH; Proteintech; Cat. No. #10494-1-
AP), anti-glial fibrillary acidic protein (GFAP; Proteintech;
Cat. No. #16825-1-AP), 4',6-diamidino-2-phenylindole
(DAPI; UElandy Co., Ltd., Suzhou, China; Cat. No.
#D4080), cell counting kit-8 (CCK-8; Glpbio, Co., Ltd.,
Montclair, CA, USA; Cat. No. #GK10001), 5-ethynyl-2'-
deoxyuridine (EdU; UElandy Co., Ltd.; Cat. No. #C6015S),
crystal violet (Solarbio, Beijing, China; Cat. No. #G1061).

WB

The whole cell protein lysates were prepared by lysing the
cells on ice for 30 min with radioimmunoprecipitation assay
(RIPA) lysis buffer (Beyotime, Shanghai, China) containing
1% phenylmethylsulfonyl fluoride (PMSF). The lysates
were centrifuged at 12,000 rpm for 15 min at 4 °C and
the supernatant was collected. The protein concentration
of samples was determined using the bicinchoninic acid
(BCA) assay (GLPBio). Equal amounts of protein samples
were separated by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) and then transferred
to the polyvinylidene difuoride (PVDF) membrane with
0.22 pum pore size. The membranes were then blocked with
10% skimmed milk at room temperature for 30 min. The
membranes were then incubated overnight at 4 °C with the
primary antibody. Then, the membranes were washed thrice
for 30 min each with TBST. Subsequently, the membranes
were incubated with the secondary antibodies at room
temperature for 3 h. The protein bands were developed
with the enhanced chemiluminescence (ECL) substrate
using the GV6000M automatic chemiluminescence imaging
system (GelView 6000pro, Guangzhou, China). The gray
values of the protein bands were measured using ImageJ and
DNMT3A protein levels were normalized to the GAPDH
protein levels.

RT-¢PCR
Total RNA was extracted from the control and DNMT3A
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knockdown cells using the RNA extraction kit (BioFlux
Co., Ltd., Beijing, China). The complementary DNA
(cDNA) was prepared from the total RNA using the reverse
transcription kit (UElandy Co., Ltd.). The RT-qPCR
analysis was performed using the RT-qPCR kit (UElandy,
Co., Ltd.) according to the manufacturer’s instructions.
The relative mRNA levels were analyzed using the 27*“"
method with GAPDH as the internal control. The gPCR
primers used in this experiment were as follows: GAPDH-
forward (F), TATGAGAGCTGGGGAATGGGA;
GAPDH-reverse (R), ATGGCATGGACTGTGGTCTG;
DNMT3A-F, TACCTGGTCCTTGGGCTTCT;
DNMT3A-R, GTGGGGTGGGAGGTAGAGAT.

Immunobistochemistry and immunohistofluorescence

The paraffin embedded tissues were cut into 3 pm thick
slices, mounted on slides, air dried, and processed by
immunohistochemistry and immunohistofluorescence.
The slices were dewaxed, dehydrated with increasing
concentrations of ethanol, incubated with hydrogen peroxide,
and boiled in sodium citrate buffer for antigen repair in
a microwave oven. Then, the tissue slices were incubated
overnight with the diluted primary antibody against
DNMT3A (1:100) at 4 °C. Subsequently, the slices were
incubated with the secondary antibody at room temperature
for 2 h. Then, the slides were washed thrice with phosphate-
buffered saline (PBS) at room temperature for 2 h. The
slides were developed with the diaminobenzidine (DAB)
staining solution for 5 minutes. Development of a brownish
yellow color indicated a positive signal. The slices were
counterstained with the hematoxylin staining solution for
nuclear staining. The developed sections were imaged under
a confocal microscope (Leica Co., Ltd., Wetzlar, Germany).
and the signals were quantitatively analyzed using the “IHC
Profiler” package of the Image] software. The preliminary
steps for immunofluorescence staining were similar to
immunohistochemistry. The sections were incubated
overnight with antibodies against GFAP and DNMT3A.
Subsequently, the sections were incubated with the Cy3-
tagged (1:300) and AF488-tagged (1:400) secondary antibodies
in a dark box for 1 h. Finally, the sections were incubated with
DAPI for 20 s for nuclear staining. The stained sections were
observed and photographed by confocal microscopy.

Enzyme-linked iimmmunosorbent assay (ELISA)
TNF-a levels in the culture supernatants of SW1088
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cells were analyzed using the ELISA assay kit (Cat. No.
#BSKH1014; Bioss Company, Beijing, China). Briefly,
SW1088 cells were cultured in six-well plates. Then,
the cells were transfected with plasmids. The culture
supernatants were collected after 24 h and assayed with the
ELISA kit according to the manufacturer’s instructions.
Finally, the optical density (OD) values were estimated
using a microplate reader. TNF-o levels were estimated
using the standard curve.

CCK-8

The control and sh-DNMT3A-transfected SW1088 cells
(1,000 cells per well) were grown in 96-well plates with
200 pL medium for different time points (0, 24, 48, 72, and
96 h). Then, the cells in each well were incubated with 10 pL
CCK-8 test solution at 37 °C for 1 h. Subsequently, the OD
values were estimated at 450 nm using the enzyme-labeling
instrument.

Colony formation experiment

We seeded control and sh-DNMT3A-transfected SW1088
cells in six-well plates (1,000 cells per well). The cells were
grown until visible colonies were observed. The colonies
were stained with the crystal violet solution (Solarbio) at 4 °C
overnight and photographed under a microscope. The
number of clones were estimated using the Image] software.

EdU assay

The control and sh-DNMT3A-transfected SW1088 cells
were seeded in 24-well plates. After growing to 70% density,
the medium was removed and fresh medium with the EQU
dye was added. The cells were then cultured at 37 °C for 2 h,
washed with PBS, fixed with 4% paraformaldehyde solution,
and permeabilized with 0.2% Triton X-100 solution.
Finally, the cells were incubated with the reaction solution
and Hoechst33342 solution in the dark for 5 minutes.
The stained cells were photographed using a fluorescence
microscope and the proportion of EdU-positive cells were
estimated using the Image] software.

Transwell migration and invasion assay

The migration and invasion ability of the control and
sh-DNMT3A-transfected cells were analyzed using BD
Transwell chamber. For the invasion experiments, the
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upper chambers were precoated with the matrix glue.
Then, control and sh-DNMT3A-transfected SW1088 and
SW1783 cells were harvested and diluted with serum-
free medium to obtain a concentration of 4x10’/mL.
Subsequently, we added 500 pL of cell suspension in the
upper chamber and 500 pL. of DMEM containing 20%
FBS in the bottom chamber. The transwell chambers were
incubated at 37 °C for 48 h. Then the cells on the upper
surface of the chamber were carefully removed with a
cotton swab. The migrated or invading cells were fixed with
4% paraformaldehyde, stained with 0.1% crystal violet, and
photographed using a confocal microscope in three random
frames. Subsequently, the cells were counted using the
Image] software. The experiment was repeated three times.

Cell cycle analysis
The control and sh-DNMT3A-transfected SW1088 cells

were harvested and counted. Then, equal number of cells
from all samples were fixed overnight in 70% ethanol at
-20 °C. Subsequently, the cells were pelleted by
centrifugation to remove the 70% ethanol. Then, the cells
were incubated with freshly prepared propidium iodide
solution on ice for 1 h. Subsequently, flow cytometry was

performed to determine the proportion of cells in the G1
and S-G2/M phases of the cell cycle.

Statistical analysis

Kaplan-Meier survival curve analysis was performed using
the “survminer” package. The survival rates of the high-
and low-DNMT3A expression groups of LGG patients
were compared using the log-rank test. The decision curve
analysis (DCA) curve analysis was performed using the
“stdca” package to determine the clinical predictive potential
of DNMT3A expression. The Students’ #-test was used
to compare the differences in data between two groups
including differences in DNMT3A expression, immune
scores, stromal scores, tumor mutation load, and other
parameters. Univariate and multivariate regression analyses
were performed using the “77ms” packages to determine the
prognostic efficacy of DNM7T3A4 and nomogram models
were constructed based on the results. The performance of
the nomogram was verified using C-index and calibration
curves. All the experiments were replicated at least three
times under the same conditions. The statistical analyses
were performed using the R, Perl, SPSS, Image] software.
Graphpad and Adobe Illustrate (Al) software were used for

© Translational Cancer Research. All rights reserved.

Su et al. DNMT3A in LGG

data presentation.

Results

High expression of DNMT3A is associated with poor
prognosis in LGG

We first analyzed the DNMT3A expression levels in tumor
tissues from 33 cancer types, including LGG, based on data
from the TCGA and GTEx databases. DNMT3A expression
was significantly higher in most tumor tissues compared
with the corresponding normal tissues (Figure 2A).
Furthermore, higher DNMT3A expression was associated
with poor prognosis in tumors such as LGG, adrenocortical
carcinoma (ACCQ), liver hepatocellular carcinoma (LIHC),
acute myeloid leukemia (LAML), prostate adenocarcinoma
(PRAD), sarcoma (SARC). Furthermore, higher DNMT34
expression was associated with good prognosis in thymoma
(THYM) (Figure 2B). We then analyzed the prognosis of
LGG patients in three different cohorts based on DNMT3A4
expression levels and observed that high expression of
DNMT3A in the LGG patients was associated with poor
prognosis (Figure 2C-2E). These results suggested that
DNMT3A promoted LGG development and progression.

DNMT3A expression levels correlate with the clinical
features in LGG

We then analyzed the relationship between various
clinicopathological features and DNMT3A expression in
LGG patients. The patients were divided into high and
low DNMT3A expression groups. The characteristics of
different clinicopathological parameters in LGG patients
with high and low DNMT3A expression levels are shown
in the heatmaps in Figure 34. We analyzed the relationship
between various clinicopathological features and DNMT3A4
expression separately. Patients were grouped according
to clinicopathological features and the differences in the
expression levels of DNMT3A were analyzed for different
subgroups and the results were shown as violin plots in
Figure 3B-3D. Our data showed that DNMT3A expression
correlated with glioma grades, 1p19q co-deletion, and
MGMT methylation levels in the LGG patients. In
addition, we examined the differential expression of
DNMT3A4 in different types of tumors and found that
astrocytomas have a higher expression of DNMT34
compared to oligodendrogliomas. We also performed the
same analysis in the validation dataset and obtained results
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Figure 2 DNMT3A expression and prognostic analysis. (A) DNMT3A is highly expressed in a variety of tumors compared to normal
tissues. -, P>0.05; **, P<0.01; ***, P<0.001. (B) Univariate regression analysis demonstrated the prognostic role of DNMT3A in pan-cancer
by forest plot. (C-E) Kaplan-Meier OS analysis showed poor prognosis with high DNMT3A expression in TCGA (C), CGGA (D), GEO
(E). The full name of the TCGA abbreviations sees the website: https://gdc.cancer.gov/resources-tcga-users/tcga-code-tables/tcga-study-
abbreviations. TCGA, The Cancer Genome Atlas; CI, confidence interval; CGGA, Chinese Glioma Genome Atlas; GEO, Gene Expression

Omnibus; OS, overall survival.
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Figure 3 The relationship between clinical pathological features and DNMT3A expression. (A) Heatmaps showed the relationship between

clinicopathological characteristics and differences in DNMT3A expression. (B-D) The violin diagram shows the differences in DNM7T34

expression among patients with different clinical characteristics in TCGA (B), CGGA (C), GEO (D), including age, gender, WHO grading,
IDH 1p19q, and MGMT. *, P<0.05; **, P<0.01; ***, P<0.001. MGMT, O6-methyguanine-DNA methytransferase; TCGA, The Cancer
Genome Atlas; WHO, World Health Organization; CGGA, Chinese Glioma Genome Atlas; GEO, Gene Expression Omnibus; IDH,

isocitrate dehydrogenase.

that were consistent with the test dataset.

Construction and validation of the prognosis prediction
nomogram model

We then performed univariate and multivariate regression
analyses of various clinicopathological parameters, including

© Translational Cancer Research. All rights reserved.

DNMT3A expression to determine whether DNMT3A
expression was an independent prognostic indicator in
LGG. We calculated the hazard ratios and P values for each
of the clinicopathological feature in the test dataset of LGG
patients. The forest plots show the independent prognostic
prediction performances of all the clinicopathological
indicators in the patients with LGG. The results showed
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Figure 4 Univariate and multivariate regression analysis of DNMT3A expression and clinical features in TCGA (A,B), CGGA (C,D)
and GEO (E,F) databases. CI, confidence interval; TCGA, The Cancer Genome Atlas; IDH, isocitrate dehydrogenase; MGMT, O6-
methyguanine-DNA methytransferase; CGGA, Chinese Glioma Genome Atlas; GEO, Gene Expression Omnibus.

that age, WHO grade, 1p19q co-deletion, and DNMT3A
expression were independent prognostic predictors in LGG
(Figure 44,4B). However, the results of the regression
analyses in the validation dataset were unsatisfactory
(Figure 4C-4F). We then constructed a nomogram prognosis
model with the following three risk factors: age, LGG
grade, and DNMT3A expression level (Figure 5A). From the

above figure, we can find the corresponding scores based

© Translational Cancer Research. All rights reserved.

on the patient’s basic information. After adding them up,
we can obtain the total score to determine the 1-, 3-, and
S-year survival rates of the patients and determine their
prognosis. We applied meta-CGGA and GEO databases
for nomogram validation, and calculated the corrected
C-index for each cohort from the calibration curves. The
results show that nomogram model showed significant
accuracy in predicting the 1-, 3-, and 5-year prognosis of
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Figure 5 Construction of clinical prediction model. (A) A nomogram scoring model was constructed based on the clinical features of LGGs,
including age, WHO grading, and DNMT3A expression levels, to predict the 1-, 3-, and 5-year survival of LGG patients. (B-D) The 1-, 3-,
S-year OS calibration curve validated the predictive accuracy of the nomogram model based on total point in TCGA (B), CGGA (C), and
GEO (D) LGG cohort. (E-]) Construction of DCA for TCGA (E,H), CGGA (EI), and GEO (G,]) LGG cohort. WHO, World Health
Organization; TCGA, The Cancer Genome Atlas; OS, overall survival; CGGA, Chinese Glioma Genome Atlas; GEO, Gene Expression
Omnibus; DCA, decision curve analysis; LGG, low-grade glioma.
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the LGG patients (Figure 5B-5D). The DCA curve results
showed that the nomogram model was more accurate than

the independent risk factors alone in predicting the 3- and
S-year OS rate of LGG patients (Figure SE-57).

Function envichment analysis of DNMT3A-related DEGs

We then identified 948 DEGs (P<0.05) between LGG
patients with high and low DNMT3A expression using
the “limma” package (29). Subsequently, we performed
functional enrichment analysis and multiGSEA of these 948
DEGs (30) to identify the underlying mechanisms by which
DNMT3A regulates LGG development and progression.
The GO analyses of the TCGA-LGG dataset showed
enrichment of GO terms such as process of ontogeny,
organ development, and DNA transcription (Figure 6A).
However, only one relevant pathway was found in the
KEGG pathway analyses of 948 DEGs. Furthermore, we
performed multiGSEA analysis and found that DNMT3A
expression was closely associated with several developmental
diseases, including Huntington’s disease and Parkinson’s
disease (Figure 6B). Finally, we performed gene set variation
analysis (GSVA) to analyze the regulatory functions of
DNMT3A in LGG patients. As shown in the heat maps,
DNMT3A expression levels regulated various inflammatory
signaling pathways like IL6-JAK-STAT3, IL2-STAT'S, and
TNF-o/NF-«B signal pathways (Figure 6C).

DNMT3A expression is associated with tumor immune
infiltration in LGG

The GO analysis results showed that the expression of
DNMT3A was significantly correlated with the development
and progression of immune cells. This suggested that
the expression of DNMT3A was closely related with the
infiltration of immune cells into the LGG tissues. The
expression profiles of LGG patients in the TCGA database
were analyzed and the immune infiltration scores were
calculated for each LGG patient using single-sample GSEA
(ssGSEA). We observed significant differences between
LGG patients with high and low DNMT3A expression
levels based on different types of scores. Furthermore,
the infiltration levels of immune cells, including antigen
presenting cells (APCs), dendritic cells (DCs), mast cells,
and natural killer (NKs) cells were significantly different
between LGG patients with high and low DNMT3A
expression levels (Figure 7A4). The infiltration levels of
distinct types of immune cells in all the LGG patients were

© Translational Cancer Research. All rights reserved.
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analyzed using the TIMER, CIBERSORT, CIBERSORT-
ABS, QUANTISEQ, XCELL, and EPIC algorithms. Our
data showed that the infiltration levels of multiple immune
cell types were slightly higher in the high DNMT3A
expression group of LGG patients Then, different
algorithms (TIMER, CIBERSORT, CIBERSORT-
ABS, QUANTISEQ, XCELL, EPIC, etc.) (Figure 7B).
The ESTIMATE algorithm was used to calculate the
ESTIMATE score, immune score, and stromal score of
each LGG patient in the training dataset (31). Subsequently,
we analyzed the data using scatter plots and calculated
the best regression curve. Our analysis showed significant
positive correlation between various immune scores
and DNMT3A expression (P<0.05) in the LGG patients
(Figure 7C-7E). Subsequently, we analyzed the expression
levels of multiple immune checkpoint genes in the LGG
patients with high and low DNMT3A expression groups.
Our data showed significant differences in the expression
levels of multiple immune checkpoint genes, including
CD274, CD276 (Figure 7F).

We then investigated the relationship between DNMT3A4
and the immune checkpoint genes in various tumors, we
performed correlation analyses of the expression levels of 47
immunomodulatory genes and DNMT3A in various tumors.
As shown in the heat map, DNMT3A expression correlated
with the expression levels of multiple immunomodulatory
genes in several tumors (Figure S1A). In lymphoid
neoplasm diffuse large B-cell lymphoma (DLBC), kidney
chromophobe (KICH), and uveal melanoma (UVM)
tumors, we observed significant positive correlation
between the expression levels of DNMT34 and most of
the immunomodulatory genes, whereas, in testicular germ
cell tumor (TGCT), we observed significant negative
correlation between the expression levels of DNMT3A4
and most of the immunomodulatory genes. This again
highlighted the immunomodulatory effects of DNMT3A.
This again highlighted the immunomodulatory effects of
DNMT3A.

Next, we analyzed the effects of DNMT3A expression
on the immunotherapy response by calculating the tumor
mutational burden (TMB) and microsatellite instability
(MSI) scores for various types of tumors. Our data
showed that the DNMT3A expression levels were closely
associated with the TMB scores in bladder urothelial
carcinoma (BLCA), breast invasive carcinoma (BRCA),
colon adenocarcinoma (COAD), DLBC, esophageal
carcinoma (ESCA), kidney renal clear cell carcinoma
(KIRC), kidney renal papillary cell carcinoma (KIRP),
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LAML, LGG, lung adenocarcinoma (LUAD), PRAD,
rectum adenocarcinoma (READ), SARC, stomach
adenocarcinoma (STAD), thyroid carcinoma (THCA),
THYM, uterine corpus endometrial carcinoma (UCEC),
and uterine carcinosarcoma (USC). Furthermore, we
observed significant positive correlation between DNMT3A4
and expression levels and the MSI index in BLCA,
BRCA, LAML, LGG, LUAD, and PRAD (Figure S1B).
DNMT3A expression levels showed significant negative
correlation with the MSI index in COAD, DLBC, ESCA
(Figure S1C). These results suggested that DNMT3A4
expression was a potential predictor of the efficacy of
immune checkpoint inhibitor therapy in several tumors.
Finally, we analyzed the prognostic effects of DNMT3A4
expression in two immunotherapy cohorts, GSE91061 and
VanAllen2015 cohorts. We performed survival analysis of
patients with high or low DNM73A expression to determine
the efficacy of immunotherapy. In both GSE91061 and
VanAllen2015 cohorts, high DNMT3A expression was

© Translational Cancer Research. All rights reserved.

associated with worse prognosis after immunotherapy,
whereas, the immunotherapeutic response was significantly
stronger in the low DNMT3A expression group than in the
high DNMT3A expression group (Figure S1D,S1E).

DNMT3A is bighly expressed in clinical LGG samples and
LGG cell lines

We compared DNMT3A4 mRNA and protein expression
levels in three LGG cell lines and one normal neuronal cell
line by RT-qPCR and WB, respectively. Our data showed
that DNMT34 mRNA and protein levels were significantly
higher in the LGG cell lines compared with the normal
neuronal cell line (Figure 84,8B). Since SW-1088 cell line
showed the highest DNMT3A expression, we designed
DNMT3A knock-down lentiviruses to significantly decrease
DNMT?3A levels in the SW-1088 cell line. WB and RT-
qPCR analyses showed that the knock-down effect was
significantly higher with sh-DNMT3A-1 (Figure §C,8D).
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Therefore, we selected sh-DNMT3A-2 for subsequent
functional assays. Immunohistochemical analysis of
clinical LGG tissue samples showed that the expression
levels of DNMT3A were significantly up-regulated in the
glioma tissues compared with the normal neuronal tissues
(Figure 8E). This further confirmed that DNMT3A4 was
highly expressed in the LGG cells. We then performed
the immunofluorescence assay with anti-GFAP and anti-
DNMT3A antibodies in the glioma sections (32) to analyze
the association between the DNMT3A expression levels
and the glioma cells. Our data showed co-expression
of DNMT3A and GFAP; moreover, higher DNMT3A4
expression in the glioma tissues correlated with GFAP
overexpression (Figure §F).

DNMT3A regulates malignancy of LGG cells through the
TNF-0/NF-kB signaling pathway

We then analyzed if DNMT3A promoted the progression
of glioma. Pan-cancer GSVA was performed to identify
the DNMT3A-related cellular signaling pathways in
different cancers. GSVA results showed that DNMT3A
regulated the malignant progression of glioma through the
TNF-a/NF-«B signaling pathway (Figure S2). Therefore,
we analyzed TNF-a secretion levels in the control and
DNMT3A-silenced LGG cells using an ELISA kit. Our
results showed that DNMT3A knockdown decreased
the secretion of TNF-a by the LGG cells (Figure 8G).
Furthermore, knock down of DNMT?3A inhibited NF-«xB
phosphorylation, but this effect was reversed by exogenous
addition of TNF-a (Figure 8H). These experimental results
clearly demonstrated that DNMT3A modulated NF-
kB phosphorylation in the LGG cells by regulating the
secretion of TINF-o, and thereby affected the malignant
progression of glioma cells.

DNMT3A silencing suppresses in vitro proliferation and
progression of LGG cells

Subsequently, to clarify the role of DNMT3A expression
in the malignant phenotype of the LGG cell lines, we
performed in vitro functional assays to determine the effects
of DNMT3A knockdown on the proliferation, migration,
and invasion properties of the LGG cell lines. CCK-
8 assay results demonstrated that DNMT34 knockdown
significantly reduced the proliferation of glioma cells
(Figure 94). The colony formation assay results
demonstrated that DNM7T3A4 knockdown significantly
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inhibited the colony formation ability of the glioma cells
(Figure 9B). Transwell assay results showed that DNMT3A4
knockdown significantly reduced iz vitro migration and
invasiveness of the glioma cells (Figure 9C-9E). EAU assay
results showed that DNMT3A knockdown significantly
reduced proliferation of the glioma cells (Figure 9F).
Finally, cell cycle analyses showed that the knockdown
of DNMT3A significantly reduced the number of cells
in the division phase (S + G2/M), thereby suggesting
cell cycle inhibition in the G1 phase (Figure 9G). These
results showed that knockdown of DNMT3A inhibited cell
cycling, proliferation, migration, and invasion of the LGG
cells. This suggested that DNMT3A played a significant
role in the malignancy of LGG.

Discussion

Currently, the curative effects of conventional treatments for
gliomas are not satisfactory. In recent years, immunotherapy
has shown significant promise in cancer therapy and has
become the mainstream treatment for a variety of tumors
(33-35). Immune checkpoint inhibitor therapy and chimeric
antigen receptor T cell (CAR-T) therapy have significantly
improved the treatment outcomes and prognosis of cancer
patients (36-38). However, treatment outcomes vary
significantly among human subjects because of individual
differences. In this study, we comprehensively analyzed
whether DNMT3A expression was a prognostic indicator
for patients with LGG. The goal was to improve clinical
decisions regarding the choice of personalized treatment
plans with chemotherapeutic drugs and identify patients
that are amenable for immunotherapy to improve survival
outcomes. Our data suggested that DNMT3A expression
was a promising biomarker for determining the efficacy of
immunotherapy in patients with LGG and other cancers.
Our study shows that DNMT3A was highly expressed in
several tumors. Furthermore, higher DNMT3A expression
was significantly associated with poor survival outcomes
in cancer patients. We performed bioinformatics analyses
of the RNA-sequencing and clinical data of 1265 LGG
patients from three public databases to determine whether
DNMT3A was a tumor prognostic marker in LGG. We
performed survival analysis, univariate and multivariate
regression analysis, prognostic model construction
and calibration. The results of this comprehensive
bioinformatics analyses demonstrated that DNMT3A was
a tumor prognostic marker in LGG. Next, we analyzed
the relationship between DNMT3A expression and the
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expression levels of immunomodulatory genes to determine
whether DNMT3A modulated infiltration of immune
cell types into the tumor microenvironment. Our data
showed that higher DNMT3A expression was associated
with increased infiltration of immune cells, including
DC cells and NK cells (39,40). We then performed
prognostic analysis and Cox regression analyses in two
independent cohorts of cancer patients receiving immune
checkpoint therapy. The results demonstrated that
DNMT3A expression levels predicted treatment outcomes
in patients receiving immunotherapy. Cancer patients
with high DNMT3A expression levels were sensitive
to immunotherapy. Furthermore, in vitro experiments
demonstrated that downregulation of DNMT3A4 by
shRNA knockdown significantly reduced proliferation and
malignant progression of the LGG cells.

Aberrant activation of the TNF-a/NF-«kB signaling
pathways is closely related with cancer development and
progression (41,42). TNF-a is an important regulator
of immunity and inflammatory responses. It also plays a
significant role in several physiological and pathological
processes. NF-«B is a key transcription factor that regulates
expression levels of genes related with inflammation,
apoptosis, and metabolism (43). Previous studies have
shown that multiple types of tumor cells and pro-
inflammatory immune cells secrete large amounts of
TNF-o0. Excessive stimulation of TNF-a via its cell surface
receptor triggers activation and phosphorylation of NF-«B.
The activated NF-kB translocates to the nucleus and
induces gene transcription response that promotes tumor
cell proliferation and survival as well as the inflammatory
response, thereby providing favorable conditions for the
growth and metastasis of tumor cells (44). Therefore,
targeted inhibition of the TNF-o/NF-«xB signaling
pathway is one of the mechanisms by which the growth and
malignant progression of the glioma cells can be effectively
inhibited.

Tumor therapy outcomes are closely related with
the status of the tumor microenvironment (45). The
tumor microenvironment is complex and involves several
different cell types, including tumor cells, stromal cells,
immune cell types, and other cells. These cell types co-
operatively regulate the survival of tumor cells (46).
Therefore, the outcomes of cancer treatment other than
the surgical treatment is dependent on its effects on
the tumor microenvironment (47). Therefore, in this
study, we specifically analyzed the effects of the tumor
microenvironment on the efficacy of tumor immunotherapy,
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especially in relation to the DNMT3A expression levels
in the tumor tissues. The soil-seed theory has now been
accepted by most cancer researchers. The tumor cells are
regarded as seeds that need to be in a conducive immune
microenvironment for growth and progression. Therefore,
altered tumor immune environment can be used as an
effective strategy to inhibit the growth of tumor cells (48).
For example, immune checkpoint inhibitor therapy is
successfully used to enhance the specific recognition of
tumor cells by the immune cells (49). This reduces the
tumor immune escape but has no adverse effects on other
normal cells in the tumor microenvironment. Therefore,
immunotherapy has shown significant tumor therapy effects
and improved targeting of tumor cells.

DNA methylation is an essential epigenetic mechanism
that regulates gene expression in cells by recruiting of gene
expression inhibitory proteins or inhibitory transcription
factors to the DNA methylation sites (50,51). DNMT3A
is one of the executors of intracellular DNA methylation.
Aberrant expression of DNAMT3A is associated with
abnormal DNA methylation, which is commonly found in
cancer cells and is also related with increased cancer risk
and malignant tumor behavior (52,53). Therefore, strict
monitoring of intracellular DNMT3A expression is of great
significance for determining the status of DNA methylation.
In recent times, several studies have shown that DNMT3A
expression is associated with tumor development and
patient prognosis.

Our study has a few limitations., Most of our clinical
data was based on the public databases. Therefore, further
validation in large cohort prospective studies is required to
confirm our results. However, based on our experimental
results and available literature, our data suggested strongly
that DNMT3A expression regulated the growth and
progression of LGG patients.

In summary, we constructed a nomogram with DNM7T3A4
expression as one of the biomarkers and verified that it
accurately predicted the prognosis of LGG patients. We
demonstrated that high DNMT3A expression promoted
cell cycling, proliferation, and malignancy of the glioma
cells. We identified DNMT3A as a potential prognostic
biomarker for patients with LGG. Therefore, DNMT3A is
a promising target for gene therapy in LGG patients.

Conclusions

DNMT?3A, as a tumor prognostic marker, can predict the
prognosis of glioma patients robustly. High expression
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in tumor tissue may be one of the risk factors for poor
prognosis in glioma patients. By constructing a clinical
prediction model, we have identified the role of DNMT34
expression in predicting survival in glioma patients.
Through enrichment analysis results and experiments,
it has been demonstrated that DNMT3A regulates the
progression of gliomas through the TNF-o/NF-kB
signaling pathway.
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