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Abstract
Background: Transmembrane protein with EGF-like and two follistatin-like domains 2 (TMEFF2) is a
transmembrane protein in the tomoregulin family. Little research has been performed to determine if
TMEFF2 methylation can be a prognostic marker in adult diffuse gliomas.

Methods: In this study, we investigated TMEFF2 expression in surgical tissue samples of gliomas. In
addition, we conducted bisul�te amplicon sequencing (BSAS) and methylation-speci�c PCR (MSP) to
evaluate TMEFF2 methylation in glioblastoma (GBM) cells. Subsequently, we investigated the biological
function of TMEFF2 in GBM cells. Moreover, we explored the prognostic signi�cance of TMEFF2 in
gliomas through analyzing a cohort dataset from TCGA.

Results: Immunohistochemistry analysis of 75 paired glioma tumor and peritumoral tissues proved that
glioma tumor tissue expressed TMEFF2 at levels that were lower than those of peritumoral tissues
(P<0.001). The methylation level of the TMEFF2 promoter was higher in glioblastoma cells than it was in
SVG p12 cells (P<0.001). Inhibition of methylation reduced TMEFF2 methylation and improved its
expression in LN229 and T98G cells (P<0.05). Knockdown of TMEFF2 expression signi�cantly promoted
the proliferation of U87MG cells and primary GBM cells (P<0.05). TMEFF2 methylation is negatively
associated with IDH1, ATRX and TP53 mutations, and the subtype of gliomas harboring combined
IDH1/ATRX/TP53 mutations was linked to low levels of TMEFF2 methylation. Survival analysis
con�rmed that low levels of TMEFF2 methylation are associated with a good prognosis in glioma
patients.

Conclusions: Our results suggest that TMEFF2 DNA methylation might be associated with glioma tumor
progression and could serve as a valuable prognostic marker of adult diffuse gliomas.

Introduction
Diffuse gliomas account for approximately 80% of malignant tumors originating in the central nervous
system (CNS) in adults. Despite the development of standard treatments and other emerging treatments
for adult diffuse gliomas, the outcomes of glioma patients remain relatively poor[1, 2]. Inter- and
intratumoral heterogeneity may contribute to the different outcomes in glioma patients[3, 4]. Based on
these current issues, the updated 2016 World Health Organization (WHO) classi�cation of tumors of the
CNS emphasized the role of molecular markers, such as IDH1/2, EGFR, TP53, and MGMT, in the
diagnosis and prediction of prognosis of adult diffuse gliomas[2].

The isocitrate dehydrogenase (IDH) gene is mutated in > 70% of diffuse lower-grade gliomas and in some
glioblastomas[5, 6]. Mutant IDH protein produces oncometabolite D-2-hydroxyglutarate (2HG), affecting
epigenetic regulation, especially DNA methylation, of the genome of glioma cells[7, 8]. Despite its role in
tumor initiation, mutant IDH is a hallmark of favorable prognosis in glioma patients[9–11]. However, the
outcomes for glioma patients with IDH mutations are also remarkably different[12]. Research on new
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markers would help us understand the molecular events during adult diffuse glioma progression and
provide better guidance for patient prognosis and treatment.

TMEFF2 (transmembrane protein with EGF-like and two follistatin-like domains 2, also known as HPP1 or
TPEF) encodes a transmembrane protein of the tomoregulin family[13]. It has been shown that TMEFF2
is downregulated by promoter hypermethylation in several neoplastic diseases, such as colon cancer,
esophageal cancer, gastric cancer, and prostate cancer[14–18]. Interestingly, it has been demonstrated
that TMEFF2 can act as a promotor as well as suppressor during tumor progression, depending on its
alternative splicing and ectodomain shedding[19–22]. Although it was reported that the level of TMEFF2
promoter methylation varies in different adult glioblastoma subtypes in the database from The Cancer
Genome Atlas (TCGA)[23], the expression and promoter methylation in glioma cells remain uncon�rmed.
Moreover, little is known about the correlation between TMEFF2 and the prognosis of adult diffuse
gliomas.

In this study, we attempted to investigate the expression and promoter methylation of TMEFF2 in primary
glioma tissue samples and in vitro cultured glioblastoma cells. We conducted TCGA database mining to
evaluate the role of TMEFF2 promoter methylation as a potential prognostic marker in adult diffuse
gliomas.

Materials And Methods

Patients and tissue samples
Patients enrolled in this study were independently diagnosed with primary glioma by two pathologists in
a double-blinded manner according to the criteria of the 2016 WHO classi�cation. They had undergone
routine surgery at the Department of Neurosurgery of Nanfang Hospital (Guangzhou City, Guangdong
Province, China) between 2013 and 2019 without radiotherapy or chemotherapy prior to surgery. Brain
tissues beyond MRI indicated peritumor edema area were collected as peritumor tissues. Temporal tissue
samples from 3 epilepsy patients undergoing surgical treatment were used as normal brain tissues. This
study was permitted by the Ethics Committee of Southern Medical University, and informed consent was
obtained from each of the enrolled patients.

Cell lines and culture
Human glioma cell lines U87MG, T98G, LN229, and SVG p12 were purchased from American Type
Culture Collection (ATCC: Rockville, MD, USA). The primary human glioblastoma cell line GBM1 was
derived and cultured from a patient pathologically diagnosed with GBM (WHO IV) who underwent routine
surgery at the Department of Neurosurgery of Nanfang Hospital (Guangzhou City, Guangdong Province,
China)[24]. Cells were maintained in Dulbecco’s modi�ed Eagle’s medium (DMEM glucose 4.5 g/L;
Biological Industries) with 10% fetal bovine serum (FBS; Biological Industries) at 37 °C in a humidi�ed
incubator with 5% CO2.

Immunohistochemistry (IHC)
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Seventy-�ve paired human glioma tumor and peritumor tissues were used for immunohistochemistry
experiments to study altered TMEFF2 protein expression using the two-step plus poly-horseradish
peroxidase (HRP) method. Brie�y, 4 µm sections were mounted on amino propyl ethoxysilane (APES)
slides. The slides were depara�nized, rehydrated, immersed in 10 mM sodium citrate buffer (pH 6.0),
pretreated in a microwave oven for 20 min, and then rinsed for 15 min with phosphate-buffered saline
(PBS). Endogenous peroxidase was quenched by incubation of the sections in 0.3% hydrogen peroxide
for 30 min at room temperature. Nonspeci�c binding was blocked by incubation with nonimmune serum
(1% bovine serum albumin for 15 min at room temperature). The sections were incubated overnight with
two polyclonal antibodies against TMEFF2 (rabbit anti-TMEFF2, ab50002, Abcam, Cambridge, UK; and
rabbit anti-TMEFF2, 11928-1-AP, Proteintech, Rosemont, IL, USA) at a dilution of 1:1000. The next day, the
slides were stained with a two-step plus Poly-HRP Anti-Rabbit IgG Detection System (PV-6001; ZSGB-Bio,
Beijing, China) to detect TMEFF2. After visualization of the reaction with 3,3′-diaminobenzidine, the slides
were counterstained with hematoxylin and mounted with synthetic medium. Gastric cancer tissue was
used as a positive control, and PBS replaced the anti-TMEFF2 primary antibody to provide a negative
control condition.

RNA isolation and qRT-PCR
Twenty-three paired human glioma tumor and peritumor tissues were used in qRT-PCR experiments to
detect TMEFF2 mRNA expression. RNA isolation and qRT-PCR were carried out as previously
described[25]. Total RNA was isolated from twenty-three paired glioma tumor and peritumor tissues as
well as LN229, T98G, U87MG, and GBM1 cells using TRIzol (Invitrogen), and RNA samples (600 ng per
sample) were used to generate cDNA using a PrimeScript™ RT reagent Kit with gDNA Eraser (Takara, Cat#
RR047A) according to the manufacturers’ instructions. The obtained cDNA samples were used as
templates for qPCR ampli�cations using TB Green® Premix Ex Taq™ II (Tli RNaseH Plus) (Takara, Cat#
RR820A). GAPDH was used as a corresponding internal control. All mRNA levels were quanti�ed by the 2-
ΔΔCT method. Each reaction was performed in triplicate. The primer sequences of TMEFF2 were as
follows: forward 5’-GCTGCTTTCCCTACCTCCTT-3’; reverse 5’-AGCCACACACAGGCACATAG-3’. The primer
sequences of GAPDH were as follows: forward 5’-TGACTTCAACAGCGACACCCA-3’; reverse 5’-
CACCCTGTTGCTGTAGCCAAA-3’. The primer sequences of DNMT1 were as follows: forward 5’-
GATCTCCTACAACGGGGAGC-3’; reverse 5’- AGCCACCAATGCACTCATGT-3’.

DNA bisul�te conversion and methylation analysis
A DNA extraction kit (Takara, Cat# 9765) was used to isolate DNA from GBM and SVG p12 cells
according to the manufacturer’s instructions. Sodium bisul�te conversion of 600 ng of extracted DNA
was performed using a DNA Bisul�te Conversion Kit (Tiangen, Cat# DP215-02). Bisul�te conversion was
followed by bisul�te amplicon sequencing (BSAS) or methylation-speci�c PCR (MSP). Bisul�te amplicon
sequencing (BSAS) was performed within CpG sites of the promoter region of TMEFF2. The four primers
that were used to amplify TMEFF2 are shown in Table S3. Methylation data were then analyzed, and the
average methylation levels at all sites were calculated using MethylKIT software (Access Date
2019/09/26). The methylation level of each CpG site is de�ned as the ratio of the number of methylated
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reads to the combination of methylated and unmethylated reads (values between 0 and 1). For
methylation-speci�c PCR, an EpiScope MSP Kit (Takara, Cat# RR100A) was used, and qRT-PCR was
performed. The primers speci�c for TMEFF2 in MSP are shown in Table S3. For MSP of clinical glioma
samples, tumor tissues from forty-three patients who had undergone whole exome sequencing in the
clinic, which determined the mutation status of the IDH1, ATRX and TP53 genes, were used. Temporal
tissue samples from 3 epilepsy patients undergoing surgical treatment were used as normal controls.

5-Aza-2-deoxycytidine decitabine (DAC) treatment
DAC was purchased from Selleck Chemical Co. (Selleck, Cat# S1200) and was dissolved in dimethyl
sulfoxide (DMSO) (Sigma, Cat# D2650). The stock solution was diluted with PBS to an original
concentration of 10 mM and stored at -20℃. Further working solutions were added to the cell culture
medium immediately before use. Appropriate DMSO controls were implemented. Cells were treated with
DAC at a concentration of 5 µM for 96 h, after which total RNA or DNA was extracted from the cells.

Transient knockdown of DNMT1 and TMEFF2 in GBM cells
Cells were transfected with chemosynthetized siRNAs purchased from Kidan Biotechnology Co.
(Guangzhou, China) using Lipofectamine 2000 reagent (Invitrogen, Cat# 11668) for 8 h according to the
manufacturer’s protocol. The sequences of the siRNAs are shown in Table S3.

Cell proliferation assay
Cell proliferation was measured by Cell Counting Kit-8 (CCK8) assays and EdU assays.

For CCK8 assays, cells were seeded in 96-well plates at a density of 2000 cells/well and then were
incubated for 12 h to allow cell attachment. Then, 10 µL of CCK-8 solution (Bimake, Cat# B34304) was
added to each well on days 1, 2, 3, 4, 5 and 6, which was followed by another 2 h incubation. The optical
density was then measured at 450 nm using a microplate reader.

For EdU assays, cells were plated at a density of 20000/dish in confocal dishes. After 24 h of incubation,
cells were treated with EdU reagent (RiboBio, Cat# C10310-1) for 2 h according to the manufacturer’s
instructions and then were �xed with 4% paraformaldehyde. One hundred microliters of 1X Apollo®567
staining reaction solution and Hoechst 33342 (RiboBio, Cat# C10310-1) was added to each dish and then
was incubated for 30 min at room temperature on a decolorization shaker. Cells were then visualized
using a BX63 automatic intelligent �uorescence microscope (Olympus, Tokyo, Japan).

Database and data analysis
Validation cohort data was collected from the GBM and LGG projects of The Cancer Genome Atlas
(TCGA). DNA Methylation (Illumina 450K), Mutations and Clinical Data sets were downloaded from the
cBioPortal database[26], and RNA HiSeq V2 RSEM data were downloaded from the GDC Data Portal[27].
RNA HiSeq V2 RSEM data were transformed from FPKM into TPM data before merging into the matrix.

Statistical and survival analysis
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R software version 3.5.0 was used to assess the relationship between the TMEFF2 methylation level and
mRNA expression through the use of Spearman’s correlation analysis. Kruskal-Wallis tests were used to
analyze TMEFF2 methylation or mRNA expression in different cells as well as in different tumor grades.
The Wilcox test was used to analyze the correlation between TMEFF2 methylation or mRNA expression
and gene mutations. Kaplan-Meier analysis was used to assess the association of TMEFF2 methylation
or TMEFF2 mRNA expression with patient prognosis. A scanning model found that β value = 0.1 was the
best cutoff for TMEFF2 methylation and that TPM = 6.07 was optimal for assessing TMEFF2 mRNA
expression in Kaplan-Meier analysis of the TCGA cohort. Differences between survival rates were
analyzed using a log-rank test, and survival curves were plotted using R software. Differences in TMEFF2
methylation and expression in different treatment groups were analyzed using Student’s t test, and CCK8
results were analyzed using variance analysis of two-factor repeated measures. Statistical analyses were
carried out using SPSS statistical software (version 20.0, SPSS, Inc., Chicago, IL, USA), and the
signi�cance level was assigned at P < 0.05.

Results

TMEFF2 is hypermethylated, and its expression is reduced
in gliomas
After evaluation of immunostained paired tumor and peritumoral specimens from 75 glioma patients and
normal brain specimens from 5 epilepsy patients, we observed a relatively low level of TMEFF2 protein
expression in 70.67% (53/75) of all tumor specimens. TMEFF2 expression in tumor specimens was lower
than it was in peritumoral specimens (P < 0.001) (Fig. 1a, 1b). The immunohistochemistry staining results
were consistent when using another rabbit anti-TMEFF2 antibody (data not shown). RT-PCR of 23 paired
glioma samples showed that TMEFF2 mRNA expression levels were lower in tumor tissues than they
were in peritumor tissues (P < 0.01) (Fig. 1c). To identify changes in methylation of the TMEFF2 promoter
in glioma, we performed bisul�te amplicon sequencing (BSAS) in 1 patient-derived primary glioblastoma
cell line (GBM1) and 3 glioblastoma cell lines (T98G, LN229, and U87MG), and we also analyzed a
normal astroglial cell line (SVG p12). Using four pairs of different primers, we ampli�ed the DNA
sequences of four CpG islands in the TMEFF2 promoter and detected the methylation level of all CpG
sites involved in these islands to generate a landscape of TMEFF2 promoter methylation in GBM and
SVG p12 cells. All glioblastoma cells showed higher average TMEFF2 promoter methylation levels than
SVG p12 cells (P < 0.001) (Fig. 1d, 1e). To further interrogate the methylation sites of TMEFF2 in glioma,
we identi�ed 49 differentially methylated cytosines (DMCs) in a total of 73 CpG sites in the TMEFF2
promoter that were hypermethylated in glioblastoma cells relative to SVG p12 cells (Table S1, Fig. 1f and
G, Fig S1a-f).

TMEFF2 expression is negatively correlated with its
promoter methylation level in glioblastoma cells
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Methylation-speci�c PCR (MSP) veri�ed TMEFF2 promoter hypermethylation in glioblastoma cells
(Fig. 2a). Conversely, RT-PCR demonstrated that TMEFF2 mRNA expression was lower in glioblastoma
cells than it was in the other cells tested (Fig. 2b). To con�rm the correlation between promoter
methylation and expression of TMEFF2 in gliomas, we queried a dataset from TCGA and found a
signi�cant negative correlation (Pearson’s r = -0.38, p < 0.001) between the TMEFF2 promoter methylation
level and mRNA expression in glioma (Fig. 2c). Treatment with a demethylating agent, decitabine (DAC),
decreased TMEFF2 promoter methylation to 41.48% of untreated levels (P < 0.001) in LN229 cells and
39.85% of untreated levels (P < 0.001) in T98G cells (Fig. 2d). Furthermore, treatment with DAC caused a
2.97-fold (P < 0.001) and 3.03-fold (P < 0.05) increase in TMEFF2 mRNA in LN229 and T98G cells,
respectively (Fig. 2e). Furthermore, we used siRNAs to knock down the expression of the human DNA
methyltransferase DNMT1 in LN229 and T98G cells. The e�ciency of DNMT1 interference in both cell
lines was veri�ed by RT-PCR (Fig. 2f). Knocking down DNMT1 inhibited TMEFF2 promoter methylation to
60.51% (P < 0.01) and 44.65% (P < 0.001) and upregulated TMEFF2 mRNA expression by 3.677 (P < 
0.001) and 4.76 (P < 0.05) fold, in LN229 and T98G cell lines, respectively (Fig. 2g and Fig. 2h).

TMEFF2 might participate in regulating the proliferation of
glioblastoma cells
To verify the biological function of the TMEFF2 protein in glioblastoma cells, we examined the effects of
TMEFF2 knockdown by two distinct siRNAs on the glioblastoma cell line U87MG and the primary
glioblastoma cell line GBM1. Compared with a nontargeting control siRNA (siNC), treatment with either
TMEFF2 siRNA signi�cantly reduced TMEFF2 expression in both cell lines (Fig. 3a). Knockdown of
TMEFF2 in both U87MG and GBM1 glioblastoma cells signi�cantly increased the ratio of EdU + cells, as
shown by EdU tests (Fig. 3b and c), and knockdown promoted cell proliferation, as shown by CCK8 tests
(Fig. 3d and e). Thus, TMEFF2 might act as an inhibitor of the proliferation of adult diffuse glioma.

TMEFF2 promoter methylation might be negatively
correlated with the IDH1+/ATRX+/TP53 + subtype of
glioma
To further explore the correlation between TMEFF2 methylation and adult diffuse glioma, we combined
the Brain Low Grade Glioma and Glioblastoma Multiforme datasets from TCGA and generated a pan-
glioma cohort with 1122 primary glioma samples (Table S2). In our cohort, TMEFF2 promoter
methylation was found to increase with glioma tumor grade (Fig. 4a); inversely, its mRNA expression
declined from low- to high-grade glioma (Fig. 4b). Since adult diffuse gliomas are highly heterogeneous,
we hypothesized that TMEFF2 promoter methylation was correlated with one of glioma subtypes. To test
this hypothesis, we �ltered gene mutations associated with TMEFF2 promoter methylation and found
that TMEFF2 promoter methylation was negatively correlated with IDH1 mutation, ATRX mutation and
TP53 mutation (Fig. 4c). In addition, in either IDH1 or ATRX or TP53 mutant samples, TMEFF2 was
hypomethylated, and its mRNA expression was upregulated (Fig. 4d, 4e). Next, we divided the samples in
our cohort into the IDH1, ATRX and TP53 combined mutant group (IDH1+/ATRX+/TP53+) and the -
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combined mutant group (-com, IDH1 wild-type and IDH1 mutant but ATRX or TP53 wild-type). Compared
to the -com group IDH1+/ATRX+/TP53 + gliomas showed lower TMEFF2 promoter methylation (P < 
0.001) and higher TMEFF2 mRNA expression (P < 0.001) (Fig. 4f, 4 g). Furthermore, we veri�ed these
results in clinical glioma tissues. IDH1 mutant glioma tissues (n = 23) harbored lower TMEFF2
methylation than IDH1 wild-type glioma tissues (n = 20) (P < 0.05) (Fig. 4h). IDH1+/ATRX+/TP53 + glioma
tissues (n = 6) showed lower TMEFF2 methylation than non-combined mutant glioma tissues (n = 37) (P 
< 0.05) (Fig. 4i).

TMEFF2 promoter hypomethylation might be an indicator of
better OS in patients with IDH1 + glioma
To determine the correlation between TMEFF2 promoter methylation and glioma patients’ overall survival
(OS), we initially performed Kaplan-Meier survival curves with a log-rank test based on the best
separation model. The results showed that patients whose primary tumors showed low methylation of
TMEFF2 obtained longer survival and better prognosis compared with those patients whose primary
tumors showed high methylation of TMEFF2 (HR = 0.35, P < 0.001; Fig. 5a). Additionally, survival analysis
of TMEFF2 expression in primary gliomas implicated high expression of TMEFF2 in better overall survival
than low expression (HR = 0.21, P < 0.001; Fig. 5b).

To further understand the prognostic value of TMEFF2 promoter methylation, we performed pairwise
comparisons of the 4 cohorts grouped by the various combinations of IDH1 mutation (MUT/WT) and
TMEFF2 promoter methylation (Low/High). We observed that samples with IDH1.MUT-
TMEFF2_Methylation.Low showed the best outcome with the lowest HR of OS (HR = 0.09) (Fig. 5c). In
comparing IDH1.MUT-TMEFF2_Methylation.Low with IDH1.MUT-TMEFF2_Methylation.High alongside
IDH1.WT-TMEFF2_Methylation.Low and IDH1.WT-TMEFF2_Methylation.High, we found that among 427
IDH1 mutant samples, patients with low TMEFF2 promoter methylation (n = 400/427) had better
outcomes than patients with high TMEFF2 promoter methylation (n = 27/427) with an OS of 105.12
months versus 61.96 months (P = 0.038).

Discussion
TMEFF2 is a transmembrane protein in the tomoregulin family that has been demonstrated to be
hypermethylated and underexpressed in various tumor types. It has been reported that in gastric cancer,
TMEFF2 deregulation may play an important role in the progression of gastric carcinogenesis[21].
However, it was also proposed that in prostate cancer, the extracellular domain of TMEFF2 would shed
from the cell membrane and promote cell proliferation by combining the ErbB1 receptor[22]. In the current
study, we assessed the expression and promoter methylation of TMEFF2 and explored its clinical
implication in adult diffuse glioma.

TMEFF2 has been reported to be highly expressed in human brain tissues[17]. In our current study, we
con�rmed that in comparison to healthy tissue, TMEFF2 expression is signi�cantly decreased in glioma
tumor tissues and GBM cells. In addition, from the data of TCGA GBM and LGG cohorts, we ascertained
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that TMEFF2 expression is progressively downregulated during the progression from Grade II to Grade IV
glioma. Our data are also consistent with previous reports that TMEFF2 expression is downregulated and
negatively correlated with tumor histologic grade in gastric cancer and coral cancer[18, 28].

High TMEFF2 expression levels have been reported to be associated with both growth-promoting and
growth-suppressing functions in various studies in multiple cancers. In most studies, TMEFF2 has been
found to suppress growth[19–21], while Nazim Ali and Vera Knauper proposed that shedding of the
soluble TMEFF2 ectodomain would induce proliferation by inducing ERK1/2 phosphorylation in an
ErbB1-dependent manner in prostate cancer cells[22]. In our study, cell biological function assays showed
increased proliferation in TMEFF2 knockdown GBM cells, indicating that TMEFF2 acted as an inhibitor of
proliferation of GBM cells. These data suggest that TMEFF2 may play important roles in suppressing the
growth of adult diffuse glioma. Downregulation of TMEFF2 may be related to glioma tumor progression.

We performed bisul�te amplicon sequencing (BSAS) in GBM cells compared with SVG p12 cells and
provided the �rst identi�cation of hypermethylated CG sites in the TMEFF2 promoter of GBM cells. Our
MSP work also illustrated TMEFF2 hypermethylation in GBM cells. Moreover, we con�rmed the negative
correlation between TMEFF2 methylation and mRNA expression. Taken together, low TMEFF2 expression
in gliomas may be due to the methylation regulation of its promoter. It was demonstrated that histone
deacetylases as well as c-Myc, STAT1 and STAT3 may contribute independently to the transcriptional
suppression of TMEFF2 in colon cancer, prostate cancer and gastric cancer[29–32]. However, more
detailed studies need to be undertaken to better understand the regulatory mechanism of promoter
methylation and transcription of TMEFF2 in gliomas.

However, we failed to clearly clarify the expression of TMEFF2 in glioma tumor tissues or cells by Western
blot (WB) using commercial antibodies (data not shown). We noticed that O-methylguanine-DNA
methyltransferase (MGMT) is an important biomarker for the chemosensitivity of gliomas, and
methylation detection (not IHC) is more precise for the clinical testing of MGMT in glioma patients[1, 33,
34]. Andreas Herbst et al. and Su Man Lee et al. detected methylated free-circulating DNA (ctDNA) for
TMEFF2 in the blood of metastatic colorectal cancers and non-small cell lung cancer, respectively[35, 36].
It has also been reported that sequencing ctDNA in cerebrospinal �uid (CSF) can provide a landscape of
the tumor genome for glioma patients and is associated with disease outcome[37]. In this study, we
successfully and stably detected TMEFF2 DNA methylation levels in GBM cells and in glioma patients’
tumor tissues. Thus, methylated TMEFF2 DNA could also be a used as a detectable indicator in glioma
patients’ tumor specimens or cerebrospinal �uid in the future.

Mounting evidence has con�rmed that mutation of IDH1 is a hallmark of favorable patient outcomes in
adult diffuse gliomas. In our previous research, we demonstrated that mutation of IDH1 occurs frequently
and predicts favorable prognosis in Chinese glioma patients[38]. Mutant IDH1 in gliomas causes broad
epigenetic alterations, including DNA hypermethylation, and results in a subtype of glioma with a CpG
island methylator phenotype (G-CIMP)[39, 40]. In our study, we observed a small subset (27/427) of IDH1
mutant gliomas with a high degree of TMEFF2 methylation that showed a poor prognosis compared to
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the large subset (400/427), which had less TMEFF2 methylation. Due to tumor heterogeneity between
glioma patients, TMEFF2 methylation may be a biomarker of poor prognosis in IDH1 mutant glioma
patients. Genome-wide methylation of G-CIMP gliomas shifts substantially in tumor recurrence[41]. Our
data have not shown whether TMEFF2 methylation is associated with malignant tumor transformation
during tumor recurrence. More studies could be performed to clarify the role of TMEFF2 methylation in
tumor recurrence.

Gliomas with mutant IDH and 1p/19q noncodeletion mostly harbor loss-of-function mutations in ATRX
and gain of new function mutations in TP53[2]. In low-grade gliomas, this subtype is mainly composed of
astrocytoma and anaplastic astrocytoma and displays a favorable prognosis. In glioblastomas, mutated
IDH is present in only < 10% of all cases, but in those cases there is a better prognosis[10, 42]. The
molecular pro�les of glioblastoma with mutated IDH are similar to those of astrocytoma with mutated
IDH, including frequent ATRX and TP53 mutations and MGMT hypermethylation. In our study, through
TCGA database analysis and clinical specimen veri�cation, we found that TMEFF2 promoter methylation
is negatively correlated with mutations in IDH1, ATRX and TP53. The IDH1, ATRX and TP53 combined
mutant (IDH1+/ATRX+/TP53+) samples in our glioma cohort presented lower levels of TMEFF2 promoter
methylation and higher levels of TMEFF2 expression than other samples. Thus, low TMEFF2 methylation
may be a new detectable molecular marker used to identify IDH1+/ATRX+/TP53 + gliomas.

Conclusion
In this study, we determined the promoter methylation and expression of TMEFF2 in glioma and
highlighted the clinical signi�cance of TMEFF2 methylation in glioma. The TMEFF2 methylation level
may serve as a prognostic marker for adult diffuse gliomas. Low TMEFF2 methylation may be a new
molecular marker used to identify IDH1+/ATRX+/TP53 + gliomas. Further molecular, cellular, and animal
model studies should be performed to achieve a comprehensive understanding of the mechanism of
TMEFF2 in carcinogenesis and tumor progression in adult diffuse gliomas.

Declarations
Ethics approval and consent to participate

This study has been approved by the Ethics Committee of Southern Medical University and has been
performed in accordance with the ethical standards as laid down in the 1964 Declaration of Helsinki and
its later amendments or comparable ethical standards.

Consent for publication

Not applicable.

Availability of data and materials



Page 12/20

Not applicable.

Competing interests

The authors declared no potential con�icts of interest with respect to the research, authorship, and/or
publication of this article.

Funding

This study was supported by the National Natural Science Foundation of China (Grant No. 81773290,
81802505, 81803100 and 81901160); Guangdong Science and Technology Department
(2017A030313497, 2016A040403053, 2017A030310348); PLA Logistics Research Project of China
(CWH17L020, 18CXZ030); Key R&D Program of Guangdong Province (2018B090906001).

Authors' contributions

SD, YX, TP and HW conducted most of the bench work, assembled the results, and wrote the manuscript.
JL performed clinical specimens embedding and IHC. YF performed total RNA extraction and qRT-PCR.
JG and XF performed MSP detection. YQ performed transient knockdown and cell proliferation assays.
All authors read and approved the �nal manuscript.

Acknowledgements

The authors would like to thank the members of the teams of Dr. Ying Ge (Dalian Medical University) and
Dr. Jianming Zeng (University of Macau) for their experiences and supports in using bioinformatics tools
in this study.

References
1. Stupp R, Brada M, van den Bent MJ, Tonn JC, Pentheroudakis G: High-grade glioma: ESMO Clinical

Practice Guidelines for diagnosis, treatment and follow-up. Annals of Oncology 2014, 25:iii93-iii101.

2. Louis DN, Perry A, Reifenberger G, von Deimling A, Figarella-Branger D, Cavenee WK, Ohgaki H,
Wiestler OD, Kleihues P, Ellison DW: The 2016 World Health Organization Classi�cation of Tumors of
the Central Nervous System: a summary. Acta Neuropathol 2016, 131(6):803-820.

3. Stieber D, Golebiewska A, Evers L, Lenkiewicz E, Brons NH, Nicot N, Oudin A, Bougnaud S, Hertel F,
Bjerkvig R et al: Glioblastomas are composed of genetically divergent clones with distinct
tumourigenic potential and variable stem cell-associated phenotypes. Acta Neuropathol 2014,
127(2):203-219.

4. Bonavia R, Inda MDM, Cavenee WK, Furnari FB: Heterogeneity Maintenance in Glioblastoma: A
Social Network. Cancer Research 2011, 71(12):4055-4060.

5. Parsons DW, Jones S, Zhang X, Lin JC-H, Leary RJ, Angenendt P, Mankoo P, Carter H, Siu I-M, Gallia
GL et al: An Integrated Genomic Analysis of Human Glioblastoma Multiforme. Science 2008,



Page 13/20

321(5897):1807-1812.

�. Yan H, Parsons DW, Jin G, McLendon R, Rasheed BA, Yuan W, Kos I, Batinic-Haberle I, Jones S,
Riggins GJ et al: IDH1 and IDH2 mutations in gliomas. N Engl J Med 2009, 360(8):765-773.

7. Duncan CG, Barwick BG, Jin G, Rago C, Kapoor-Vazirani P, Powell DR, Chi JT, Bigner DD, Vertino PM,
Yan H: A heterozygous IDH1R132H/WT mutation induces genome-wide alterations in DNA
methylation. Genome Research 2012, 22(12):2339-2355.

�. Noushmehr H, Weisenberger DJ, Diefes K, Phillips HS, Pujara K, Berman BP, Pan F, Pelloski CE,
Sulman EP, Bhat KP et al: Identi�cation of a CpG Island Methylator Phenotype that De�nes a Distinct
Subgroup of Glioma. Cancer Cell 2010, 17(5):510-522.

9. Yan H, Bigner DD, Velculescu V, Parsons DW: Mutant Metabolic Enzymes Are at the Origin of
Gliomas. Cancer Research 2009, 69(24):9157-9159.

10. Sanson M, Marie Y, Paris S, Idbaih A, Laffaire J, Ducray F, Hallani SE, Boisselier B, Mokhtari K, Hoang-
Xuan K et al: Isocitrate Dehydrogenase 1 Codon 132 Mutation Is an Important Prognostic Biomarker
in Gliomas. Journal of Clinical Oncology 2009, 27(25):4150-4154.

11. Johannessen TCA, Mukherjee J, Viswanath P, Ohba S, Ronen SM, Bjerkvig R, Pieper RO: Rapid
Conversion of Mutant IDH1 from Driver to Passenger in a Model of Human Gliomagenesis.
Molecular Cancer Research 2016, 14(10):976-983.

12. Ceccarelli M, Barthel FP, Malta TM, Sabedot TS, Salama SR, Murray BA, Morozova O, Newton Y,
Radenbaugh A, Pagnotta SM et al: Molecular Pro�ling Reveals Biologically Discrete Subsets and
Pathways of Progression in Diffuse Glioma. Cell 2016, 164(3):550-563.

13. Horie M, Mitsumoto Y, Kyushiki H, Kanemoto N, Watanabe A, Taniguchi Y, Nishino N, Okamoto T,
Kondo M, Mori T et al: Identi�cation and Characterization of TMEFF2, a Novel Survival Factor for
Hippocampal and Mesencephalic Neurons. Genomics 2000, 67(2):146-152.

14. Chen E, Zheng F, Yuan X, Ye Y, Li X, Dai Y, Chen L: The effect of TMEFF2 methylation on the tumor
stage and survival outcome of clear cell renal cell carcinoma. Cancer biomarkers : section A of
Disease markers 2017, 19(2):207 -212.

15. Geddert H, Kiel S, Iskender E, Florl AR, Krieg T, Vossen S, Gabbert HE, Sarbia M: Correlation ofhMLH1
andHPP1 hypermethylation in gastric, but not in esophageal and cardiac adenocarcinoma.
International Journal of Cancer 2004, 110(2):208-211.

1�. Ivanauskas A, Hoffmann J, Jonaitis LV, Markelis R, Juozaityte E, Kupcinskas L, Lofton-Day C, Röcken
C, Malfertheiner P: Distinct TPEF/HPP1 gene methylation patterns in gastric cancer indicate a �eld
effect in gastric carcinogenesis. Digestive and Liver Disease 2008, 40(12):920-926.

17. Liang G, Robertson KD, Talmadge C, Sumegi J, Jones PA: The gene for a novel transmembrane
protein containing epidermal growth factor and follistatin domains is frequently hypermethylated in
human tumor cells. Cancer Res 2000, 60(17):4907-4912.

1�. Young J, Biden KG, Simms LA, Huggard P, Karamatic R, Eyre HJ, Sutherland GR, Herath N, Barker M,
Anderson GJ et al: HPP1: a transmembrane protein-encoding gene commonly methylated in
colorectal polyps and cancers. Proc Natl Acad Sci U S A 2001, 98(1):265-270.



Page 14/20

19. Elahi A, Zhang L, Yeatman TJ, Gery S, Sebti S, Shibata D: HPP1-mediated tumor suppression requires
activation of STAT1 pathways. International Journal of Cancer 2008, 122(7):1567-1572.

20. Gery S, Sawyers CL, Agus DB, Said JW, Koe�er HP: TMEFF2 is an androgen-regulated gene
exhibiting antiproliferative effects in prostate cancer cells. Oncogene 2002, 21(31):4739-4746.

21. Sun T, Du W, Xiong H, Yu Y, Weng Y, Ren L, Zhao H, Wang Y, Chen Y, Xu J et al: TMEFF2 Deregulation
Contributes to Gastric Carcinogenesis and Indicates Poor Survival Outcome. Clinical Cancer
Research 2014, 20(17):4689-4704.

22. Ali N, Knauper V: Phorbol ester-induced shedding of the prostate cancer marker transmembrane
protein with epidermal growth factor and two follistatin motifs 2 is mediated by the disintegrin and
metalloproteinase-17. J Biol Chem 2007, 282(52):37378-37388.

23. Lin K, Taylor JJR, Wu TD, Gutierrez J, Elliott JM, Vernes J-M, Koeppen H, Phillips HS, de Sauvage FJ,
Meng YG: TMEFF2 is a PDGF-AA binding protein with methylation-associated gene silencing in
multiple cancer types including glioma. PloS one 2011, 6(4):e18608.

24. Yi G-z, Huang G, Guo M, Zhang XA, Wang H, Deng S, Li Y, Xiang W, Chen Z, Pan J et al: Acquired
temozolomide resistance in MGMT-de�cient glioblastoma cells is associated with regulation of DNA
repair by DHC2. Brain 2019, 142(8):2352-2366.

25. Lu Y, Xiao L, Liu Y, Wang H, Li H, Zhou Q, Pan J, Lei B, Huang A, Qi S: MIR517C inhibits autophagy
and the epithelial-to-mesenchymal (-like) transition phenotype in human glioblastoma through
KPNA2-dependent disruption of TP53 nuclear translocation. Autophagy 2015, 11(12):2213-2232.

2�. cBioPortal database. 2019. http://www.cbioportal.org. Accessed 26 Aug 2019.

27. GDC Data Portal. 2019. https://portal.gdc.cancer.gov. Accessed 5 Sep 2019.

2�. Sato F, Shibata D, Harpaz N, Xu Y, Yin J, Mori Y, Wang S, Olaru A, Deacu E, Selaru FM et al: Aberrant
methylation of the HPP1 gene in ulcerative colitis-associated colorectal carcinoma. Cancer Res 2002,
62(23):6820-6822.

29. Hernandez JM, Elahi A, Clark W, Humphries LA, Wang J, Achille A, Seto E, Shibata D: The Tumor
Suppressive Effects of HPP1 Are Mediated Through JAK-STAT-Interferon Signaling Pathways. DNA
and Cell Biology 2015, 34(8):541-549.

30. Gery S, Koe�er HP: Repression of the TMEFF2 Promoter by c-Myc. Journal of Molecular Biology
2003, 328(5):977-983.

31. Wang J, Elahi A, Ajidahun A, Clark W, Hernandez J, Achille A, Hao J-h, Seto E, Shibata D: The interplay
between histone deacetylases and c-Myc in the transcriptional suppression of HPP1 in colon cancer.
Cancer Biology & Therapy 2014, 15(9):1198-1207.

32. Sun TT, Tang JY, Du W, Zhao HJ, Zhao G, Yang SL, Chen HY, Hong J, Fang JY: Bidirectional
regulation between TMEFF2 and STAT3 may contribute to Helicobacter pylori‐associated gastric
carcinogenesis. International Journal of Cancer 2015, 136(5):1053-1064.

33. Mason S, McDonald K: MGMT testing for glioma in clinical laboratories: discordance with
methylation analyses prevents the implementation of routine immunohistochemistry. J Cancer Res
Clin Oncol 2012, 138(11):1789-1797.

http://www.cbioportal.org/


Page 15/20

34. Yip S, Iafrate AJ, Louis DN: Molecular diagnostic testing in malignant gliomas: a practical update on
predictive markers. J Neuropathol Exp Neurol 2008, 67(1):1-15.

35. Herbst A, Vdovin N, Gacesa S, Philipp A, Nagel D, Holdt LM, Op Den Winkel M, Heinemann V, Stieber P,
Graeven U et al: Methylated free-circulating HPP1 DNA is an early response marker in patients with
metastatic colorectal cancer. International Journal of Cancer 2017, 140(9):2134-2144.

3�. Lee SM, Park JY, Kim DS: Methylation of TMEFF2 gene in tissue and serum DNA from patients with
non-small cell lung cancer. Molecules and Cells 2012, 34(2):171-176.

37. Miller AM, Shah RH, Pentsova EI, Pourmaleki M, Briggs S, Distefano N, Zheng Y, Skakodub A, Mehta
SA, Campos C et al: Tracking tumour evolution in glioma through liquid biopsies of cerebrospinal
�uid. Nature 2019, 565(7741):654-658.

3�. Qi S-T, Yu L, Lu Y-T, Ou Y-H, Li Z-Y, Wu L-X, Yao F: IDH mutations occur frequently in Chinese glioma
patients and predict longer survival but not response to concomitant chemoradiotherapy in
anaplastic gliomas. Oncology reports 2011, 26(6):1479.

39. Turcan S, Rohle D, Goenka A, Walsh LA, Fang F, Yilmaz E, Campos C, Fabius AWM, Lu C, Ward PS et
al: IDH1 mutation is su�cient to establish the glioma hypermethylator phenotype. Nature 2012,
483(7390):479-483.

40. Malta TM, de Souza CF, Sabedot TS, Silva TC, Mosella MS, Kalkanis SN, Snyder J, Castro AVB,
Noushmehr H: Glioma CpG island methylator phenotype (G-CIMP): biological and clinical
implications. Neuro-Oncology 2018, 20(5):608-620.

41. de Souza CF, Sabedot TS, Malta TM, Stetson L, Morozova O, Sokolov A, Laird PW, Wiznerowicz M,
Iavarone A, Snyder J et al: A Distinct DNA Methylation Shift in a Subset of Glioma CpG Island
Methylator Phenotypes during Tumor Recurrence. Cell Reports 2018, 23(2):637-651.

42. Reifenberger G, Wirsching H-G, Knobbe-Thomsen CB, Weller M: Advances in the molecular genetics
of gliomas — implications for classi�cation and therapy. Nature Reviews Clinical Oncology 2017,
14(7):434-452.

Figures



Page 16/20

Figure 1

TMEFF2 expression and methylation in glioma tissues and glioblastoma cells a Representative images
of TMEFF2 immunohistochemical staining of paired tumor/peritumor tissues from one glioma patient
and tissue from one epilepsy patient. b Boxplot of the TMEFF2 immunohistochemistry staining score in
tumor and peritumor tissues (n = 75). c Bar gragh of the RT-PCR of TMEFF2 expression in paired
tumor/peritumor glioma patient tissues (n = 23). Error bars represent the SD of tissues. d Boxplot of the
total methylation levels of BSAS in GBM cells and SVG p12 cells. e Boxplot of the total methylation levels
of BSAS in each GBM cell and SVG p12 cell sample. f Line plot of CpG sites of the fourth CpG island of
the TMEFF2 promoter in GBM cells and SVG p12 cells. g Methylation plot of the fourth CpG island of the
TMEFF2 promoter in GBM cells and SVG p12 cells. CpG sites are presented at each point on each line.
**P<0.01, and ***P<0.001.



Page 17/20

Figure 2

Inhibition of methylation upregulates TMEFF2 mRNA expression in glioblastoma cells a Bar graghBar
gragh of the MSP analysis of GBM cells and SVG p12 cells. Error bars represent the SD of repeats of each
cell. b Bar gragh of the RT-PCR analysis of GBM cells and SVG p12 cells. Error bars represent the SD of
repeats of each cell. c The correlation between TMEFF2 methylation and mRNA expression in primary
gliomas (n = 565). d Bar gragh of the MSP analysis of TMEFF2 in LN229 and T98G cells following
treatment with DAC (5 μM) for 96 h. Error bars represent the SD of repeats of each cell. e Bar gragh of the
RT-PCR analysis of TMEFF2 in LN229 and T98G cells following treatment with DAC (5 μM) for 96 h. Error
bars represent the SD of repeats of each cell. f Bar gragh of the RT-PCR analysis of DNMT1 in LN229 and
T98G cells treated with DNMT1 siRNA. Error bars represent the SD of repeats of each cell. g Bar gragh of
the MSP analysis of TMEFF2 in LN229 and T98G cells following treatment with DNMT1 siRNA. Error bars
represent the SD of repeats of each cell. h Bar gragh of the RT-PCR analysis of TMEFF2 in LN229 and
T98G cells treated with DNMT1 siRNA. Error bars represent the SD of repeats of each cell. *P<0.05,
**P<0.01, and ***P<0.001.
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Figure 3

Knockdown of TMEFF2 in U87 and GBM1 cells enhanced GBM cell proliferation a Bar gragh of the RT-
PCR of TMEFF2 mRNA expression in U87MG and GBM1 cells. Error bars represent the SD of repeats of
each cell. b and c EdU assay showing different cell proliferation rates in siTMEFF2- and siNC-treated
U87MG and GBM1 cells. Error bars represent the SD of repeats of each cell. d and e CCK8 assay showing
different cell proliferation rates in siTMEFF2- and siNC-treated U87MG and GBM1 cells, respectively.
*P<0.05, **P<0.01, and ***P<0.001.
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Figure 4

TMEFF2 methylation and mRNA expression levels in the TCGA dataset a Boxplot of the TMEFF2
methylation level in different grades of primary gliomas (n = 1122). Kruskal-Wallis P<0.001. b Boxplot of
the TMEFF2 mRNA expression in different grades of primary gliomas (n = 1122). Kruskal-Wallis P<0.001.
c Negative association of TMEFF2 methylation with IDH1, ATRX, and TP53 mutations in primary gliomas.
d Boxplot of the TMEFF2 methylation level in IDH1, ATRX and TP53 mutant/wild-type primary gliomas. e
Boxplot of the TMEFF2 mRNA expression levels in IDH1, ATRX and TP53 mutant/wild-type primary
gliomas. f Boxplot for TMEFF2 methylation level in IDH1/ATRX/TP53 combined mutant and non-
combined mutant primary gliomas (n = 573). g Boxplot of the TMEFF2 mRNA expression in
IDH1/ATRX/TP53 combined mutant and non-combined mutant primary gliomas (n = 588). h Boxplot for
TMEFF2 methylation level in IDH1 mutant and IDH1 wild-type primary glioma patients’ tumor tissues. i
Boxplot for TMEFF2 methylation level in IDH1/ATRX/TP53 combined mutant and non-combined mutant
primary glioma patients’ tumor tissues. *P<0.05, and ***P<0.001.
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Figure 5

Prognostic value of TMEFF2 methylation in primary gliomas in TCGA dataset a Kaplan-Meier curve for
OS (month) in patients with low levels of TMEFF2 methylation (n = 519) versus high levels of TMEFF2
methylation (n = 137) in primary glioma. b Kaplan-Meier curve for OS (month) in patients with low levels
of TMEFF2 mRNA expression (n = 164) versus high levels of mRNA expression (n = 501) in primary
glioma. c OS (month) for four subgroups of primary glioma patients strati�ed by combinations of both
factors: patients with mutant IDH1 and low levels of TMEFF2 methylation (IDH1.MUT-
TMEFF2_Methylation.Low), patients with mutant IDH1 and high levels of TMEFF2 methylation
(IDH1.MUT-TMEFF2_Methylation.High), patients with wild-type IDH1 and low levels of TMEFF2
methylation (IDH1.WT-TMEFF2_Methylation.Low), and patients with wild-type IDH1 and high levels of
TMEFF2 methylation (IDH1.WT-TMEFF2_Methylation.High).
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