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ABSTRACT

Radiotherapy is one of the cornerstone of the glioblastoma treatment paradigm. However, the resistance
of tumor cells to radiation results in poor survival. The mechanism of radioresistance has not been fully
elucidated. This study aimed to screen the differential expressed genes related with radiosensitivity. The
differentially expressed genes were screened based on RNA sequencing in 15 pairs of primary and recurrent
glioblastoma that have undergone radiotherapy. Candidate genes were validated in 226 primary and 134
recurrent glioblastoma (GBM) obtained from the Chinese Glioma Genome Atlas (CGGA) database. RNA and
protein expression were verified by Quantitative Real-time PCR (qPCR) and western blot in irradiated GBM
cell lines. The candidate gene was investigated to explore the relationship between mRNA levels and clinical
characteristics in the CGGA and The Cancer Genome Atlas dataset. Kaplan—Meier survival analysis and Cox
regression analysis were used for survival analysis. Gene ontology and KEGG pathway analysis were used
for bioinformatics analysis. Four genes (TMEMS9L, Gelsolin, ZBTB7A and ATX) were screened. TMEMS9L
expression was significantly elevated in recurrent glioblastoma and lower in normal brain tissue. We selected
TMEMS9L as the target gene for further study. The increasing of TMEMS9L expression induced by radiation
was confirmed by mRNA and western blot in irradiated GBM cell. Further investigation revealed that high
expression of TMEMS9L was enriched in IDH mutant and MGMT methylated gliomas and associated with
a better prognosis. Gene ontology and KEGG pathway analysis revealed that TMEMS9L was closely related
to the DNA damage repair and oxidative stress respond process. We speculated that the high expression of
TMEMS9L might enhance radiotherapy sensitivity by increasing ROS-induced DNA damage and inhibiting
DNA damage repair process.
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INTRODUCTION
Glioblastoma (GBM) is the most prevalent and lethal tumor of the
central nervous system [1, 2]. There is level 1 evidence that RT
provided a clear survival benefit, which has been proved by numerous
randomized controlled trials. Despite elevated radiation dose and
the improvement of RT equipment, the survival of GBM has not
been significantly improved over the past 30 years. The resistance to
the cytotoxic effects of RT is increasingly recognized as a significant

impediment to effective radiotherapy. Currently, the median survival
of GBM issstill <15 months [3]. Itis urgently needed to identify reliable
molecular targets and improve the effect of radiotherapy.
Radiotherapy potently induces massive cell death by triggering the
activation of death signaling in cancer cells through direct or indirect
DNA damage [4, S]. However, a small portion of cancer cells may sur-
vive by activating compensatory survival signaling, involving damage-
repair signaling and reactive oxygen species (ROS) scavenging. Cancer
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cells that survived after radiotherapy may exhibit radioresistance and
lead to rapid tumor recurrence within the radiation field, which was
the most common clinical recurrence pattern. We assumed that the
differentially expressed genes (DEGs) after radiotherapy might be akey
factor to elucidate the molecular mechanism of radioresistance.

Transmembrane protein $9-like (TMEMS9L) is a newly identi-
fied brain-specific membrane-anchored protein that belongs to a large
family of genes encoding transmembrane (TMEM) proteins [6, 7].
Many TMEM:s function as channels to permit the transport of specific
substances across the biological membrane and fulfill important phys-
iological functions such as mediating cell chemotaxis, inflammatory
signaling pathways, apoptosis, autophagy, etc. [8-12]. TMEMS9 and
its homolog TMEMS9L do not have any known functional domains
apart from the signal peptide and the TMEM domain. Both proteins
have not yet been functionally described [13]. Recent studies have
demonstrated that the downregulation of TMEMS9L can protect neu-
rons from oxidative stress [7].

In this study, we aim to investigate the function and expression
characteristics of TMEMS9L in GBM and radiotherapy.

MATERIALS AND METHODS
Clinical samples

RNA sequencing data from the 15 paired datasets and the validation
dataset, consisting of 226 primary GBMs 134 recurrent GBMs, were
obtained from Chinese Glioma Genome Atlas (CGGA) (http: //www.
cgga.org.cn/). As a control group, mRNA sequencing data from 20
cases non-glioma classes were downloaded from the CGGA database
to compare the expression of TMEMSIL in glioma and normal
brain tissues. The RNA-sequencing data and corresponding clinical
information, including age, gender, histology, pathological subtype,
MGMT promoter methylation, IDH status and survival information
were downloaded from the CGGA database and The Cancer Genome
Atlas (TCGA; http:// cancergenome.nih.gov) as training cohort and
validation cohort, respectively.

Cell culture
Three human GBM cell lines, including U87, U251 and LN229
purchased from the Chinese Academy of Sciences Cell Bank were
applied to cytological experiments in vitro. The cells were cultured
in Dulbecco’s modified Eagle’s medium supplemented with 10%
fetal bovine serum. Humidified incubators were supplied with an
atmosphere containing 5% carbon dioxide at 37°C.

Cell irradiation
Irradiation methods were as follows: Precision X-ray Irradiator (Amer-
ica) was used. Culture dishes were placed under a collimator at a
source-to-surface distance of SO cm, ensuring that the field size cov-
ered the culture dish, and the dose rate was 200 cGy/min. The total
radiation dose was 36Gry, divided into three fractions of 12 Gy each,

administered over three consecutive days.

Real-time quantitative PCR
Total RNA was extracted after irradiation using a total RNA extraction
kit (Tiangen, China) following the manufacturer’s instructions. The

RNA intensity was assessed using a 2100 Bioanalyzer (Agilent Tech-
nologies). The expression levels of the target genes were analyzed using
an ABI 7500 Real-time PCR System. Transcript levels of GAPDH were
normalized. The relative mRNA expression levels of the target genes
were calculated using the comparative CT method, and the following
TMEMS9L primer sequences were used:

Forward, 5’- AGT CTC CCT ATG ACA GAG CCG -3/,

Reverse, §'- GCT TCA CAC TCA GTT TGG GTG —3'.

The (GAPDH)
primer sequences were used:

Forward, 5'- UGACCUCAACUACAUGGUUTT —3'.

Reverse, —5'- AACCAUGUAGUUGAGGUCATT —3'.

glyceraldehyde-3-phosphate  dehydrogenase

Western blot analysis
In this study, the following antibodies were used:

Rabbit anti-TMEMS9L monoclonal antibody (1500, ab250825,
abcam).

Mouse anti-GAPDH monoclonal antibody (13000, ab8245,
abcam).

Total protein was extracted from cells using RIPA lysis buffer
(Beyotime Institute of Biotechnology). The protein concentration
was measured using Coomassie Brilliant Blue (APPLYGEN A1011).
In total, 30 pg protein was subjected to electrophoresis on 10% SDS-
polyacrylamide gels and then transferred to polyvinylidene difluoride
membranes (Cat. No. IPVH00010; EMD Millipore). The membranes
were blocked with 5% milk (BD Biosciences) in a shaker at room
temperature for 1 h. The primary antibodies were mixed into the
milk according to the manufacturer’s specifications, and this milk was
added to the membranes and kept overnight at 4°C. After washing the
membrane three times for 10 min each, secondary antibodies were
added, and the membrane was incubated at room temperature for 1 h.
This experiment was repeated three times. The results were analyzed
using an enhanced chemiluminescence western blot detection system
(Bio-Rad Laboratories).

Bioinformatics analysis

The correlationship between TMEMS9L mRNA expression and
other genes was verified by Pearson’s correlation analysis (|R| > 0.5,
P <0.05) and was selected for analysis. Pearson correlation analysis
was performed to investigate the biological processes closely associated
with TMEMS9L expression in the CGGA and TCGA sequencing
datasets. Genes that showed significant correlation with TMEMS9L
expression (Pearson |R| > 0.4, P < 0.05) in the CGGA and (Pearson
|R| > 0.5, P < 0.05) TCGA were used for KEGG pathway and Gene
ontology analysis with DAVID [14].

Statistical analysis

All statistical analyses were conducted using SPSS 16.0 software, the
R programming language 3.2.5 and the Graph Pad Prism 7.0 software.
Student’s t-test was used to compare the expression of TMEMS9L
in normal brain and glioma tissues, the differential expression after
radiotherapy and the different expression levels between grades or
subtypes. The prognostic significance was assessed by Kaplan—Meier
survival analysis and univariate as well as multivariate Cox regression
analysis. P < 0.05 was considered statistically significant.
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Fig. 1. TMEMSOL expression is increased in recurrent GBM and irradiated GBM cells. (A) As shown in the screening process,
four DEGs including TMEMS9L, Gelsolin, ZBTB7A and ATX were upregulated in recurrent GBM. (B) The expression levels of
TMEMS9L were analyzed in 15 paired pGBM and rGBM of the CGGA mRNA Sequencing datasets. (C) The upregulation of
TMEMSIL in recurrent GBM was verified in 226 primary and 134 recurrent sample of the CGGA mRNA sequencing datasets.
The RNA expression of TMEMS9L is increased in (D) U87 cell line, (E) LN229 cell line and (F) U251 cell line after radiation.
The protein expression of TMEMS9L increased in (G) LN229 and (H) U87 cell lines after irradiation. pGBM = primary GBM,

rGBM = recurrent GBM. *P < 0.05; **P < 0.01.

RESULTS
TMEMSO9L expression is increased in recurrent GBM
and irradiated GBM cells

Student’s t-test was performed on the 1S paired data and CGGA
database to identify DEGs after radiotherapy. We next validated the
candidate genes in 226 primary and 134 recurrent GBM obtained from
CGGA database (Fig. 1A). During the screening process, we found
four DEGs after RT, including TMEMS9L, Gelsolin,ZBTB7A and ATX.
The screening process is shown in Fig. 1A. TMEMS9L expression was
significantly elevated both in the paired data (P = 0.04) and validation
dataset (P < 0.001) and was selected as the target gene for this study
(Fig. 1Band C).

We also analyzed the expression of TMEMS9L in normal brain and
glioma tissue using CGGA non-glioma mRNA sequencing data. The

results showed that the expression of TMEMS9L in glioma was signif-
icantly lower than that in normal brain tissue (Supplemental Fig. 1).
To determine the relationship between TMEMS9L expression and
RT, we measured TMEMS9L mRNA and protein expression in irra-
diated GBM cell lines. The expression of TMEMS9L was analyzed by
qPCR (U87, U251, and LN229) and western blot (U87 and LN229)
at 0, 4 and 8 h after radiation, respectively. The results showed that
TMEMS9L expression was significantly upregulated (Fig. 1D-H).

TMEMS9L expression level shows a
subtype preference
Next, we invested the clinical prognostic significance of the TMEMS9L
in glioma. The high-expression of TMEMS9L was enriched in IDH
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Table 1. Clinical features of patients with glioma in CGGA and TCGA stratified by TMEMS9L level

TCGA (699) CGGA (325)

Characteristics Low (349) High (350) Low (162) High (163)
Gender

Male 192 176 106 97

Female 135 133 56 66

NA 22 41 0 0
Age (years)

<40 101 145 57 86

>40 226 164 105 77

Na 22 41 0 0
Grade

2 76 147 27 76

3 110 135 36 43

4 141 27 99 44

Na 22 41 0 0
IDH mutation

Mutant 158 285 62 114

Wild type 184 62 100 49

NA 7 3 0 0
MGMT-status

Methylated 209 283 66 73

Unmethylated 109 59 75 42

NA 31 8 21 48

mutant and MGMT methylated glioma (Table 1, Fig. 2A-D). MGMT
methylation is considered as an important biomarker to determine
whether patients benefit from chemotherapy. To determine the
effect of chemotherapy on TMEMS9L expression, we compared the
TMEMS9L expression between patients who received chemotherapy
or those who did not (Supplemental Fig. 2). The results showed that
the expression of TMEMS9L was lower in patients who received
chemotherapy. In addition, the TMEMS9L expression level was nega-
tively correlated with tumor grade (Fig. 2E and F) and significantly
upregulated in the favorable neural subtype [1S, 16]. The ROC
curves showed that the area under the curve was up to 80.2 and
89.6% in the CGGA and TCGA sequencing dataset, respectively
(Supplemental Fig. 3).

The high expression of TMEMS9L was associated with
a better prognosis
Kaplan—Meier survival curves were constructed to determine the
prognosis value and evaluate the association between TMEMS9L
expression and survival in glioma patients. TMEMS9L expression
level was divided into low/high groups according to the median value
of TMEMS9L mRNA expression in 325 patients from the CGGA
dataset. The results showed that high expression of TMEMS9L was
related to longer overall survival than low expression in the CGGA
dataset (Fig. 3Aand C). Since IDH mutant and MGMT subtypes
are commonly considered as two subtypes correlated with better
therapeutic outcomes in glioma patients, we performed further

survival analysis according to IDH mutation and MGMT methylation
status using the CGGA database. Consistent with the above results,
high expression of TMEMS9L was associated with a better prognosis
in the two subgroups (Supplemental Fig. 4). Multivariate Cox analyses
showed that TMEMSIL expression (HR: 0.667, 95% CI: 0.56-
0.79, P<0.001) was an independent predictor of longer survival
(Fig. 3A and C). Similar results were validated in a cohort of 699
patients from the TCGA dataset (Fig. 3B and D). The results suggested
that TMEMS9L might be a novel independent prognostic biomarker
for glioma and GBM patients.

TMEMS9L-related biological process
Pearson correlation analysis was performed to investigate the biological
process tightly associated with TMEMS9L expression as well as
several classical immune checkpoints and Glioma stem cells-related
genes in the CGGA and TCGA sequencing datasets. It is shown
that the negative correlation genes with TMEMS9L expression are
highly enriched in the immune and inflammatory response, cell
proliferation and migration, apoptosis process, response to drug and
DNA damage. The positive correlation genes tended to be enriched
in biological processes that are normal and indispensable, such as neu-
rotransmitter secretion and nervous system development. In addition,
TMEMSO9L expression was negatively related to CD44, STAT3, IL6
and FUT4 and positively related to LICAM (Supplemental Fig. S).
TMEMS9L expression was tightly related to the PDI family, B7
family, LAG3, TIM3, CTIL4 and IDO in the context of the immune
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Fig. 2. Heterogeneity of TMEMS9L expression in glioma. (A, C) TMEMS9L expression with different IDH status in CGGA and
TCGA databases. (B, D) TMEMS9L expression according to MGMT status in CGGA and TCGA databases. (E-F) TMEMS9L
expression in different grades in CGGA (left) and TCGA (right) databases. ****P < 0.001, ***P < 0.05.
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system. KEGG pathway analysis revealed that the negatively related
genes with TMEMS9L expression were enriched in the PI3K-AKT
signaling pathway, the NF-kappa B (NF-xB), PS3 signaling pathway,
and the positively related genes were enriched in the GABAergic
synapse, Glutamatergic synapse. The two datasets shared all the results
mentioned above (Fig. 4).

DISCUSSION
In this study, we identified and verified the increased expression of
TMEMSOL after radiotherapy through a public database and in vitro
experiment. Our results show that the expression of TMEMSIL is
higher in glioma tissue compared to normal brain tissue. Importantly,
the TMEMSO9L expression showed great value in the prognosis of
glioma patients. Bioinformatics analysis revealed that TMEMS9L was
closely related to the DNA damage and repair process. Through these

results, we may infer that the high expression of TMEMS9L might
enhance tumor radiosensitivity. These findings provide an important
reference for the study of GBM radiosensitivity.

The expression of TMEMSIL showed predictive value for
prognosis in glioma and GBM. It is well established that radiation
executes anti-tumor DNA damaging effects through direct or indirect
DNA damage. About two-thirds of DNA damage attributed to
radiotherapy is caused by indirect effects via the generation of ROS.
Interestingly, high expression of TMEMS9L is concentrated in IDH
mutation-type glioma. Previous studies have reported that the IDH1
mutation makes cells more vulnerable to radiation [17, 18]. Several
studies have highlighted the important role of IDH in defense against
radiation-induced oxidative injury [19]. The IDH mutation can
change the metabolic state of the cell and increase the oxidation
of NADPH, rendering the affected GBM cells more vulnerable to
ROS induced by irradiation. Recent studies have demonstrated that
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represented the P-value. The color also represented the count.

TMEMS9L can mediate oxidative stress-induced cell death through
autophagy and apoptosis pathway. Downregulation of TMEMS9L
protects neurons against oxidative stress [7]. These results indicated
that the high expression of TMEMS9L might increase radiosensitivity
by downregulating ROS scavenging and increasing oxidative damage
of tumor cells [20, 21]. In addition, the correlation analysis displayed
TMEMS9L showing well consistency in two GCS markers related
with radiosensitivity. TMEMS9L expression was negatively related
to CD44, which has been reported as radioresistance markers and

positively related with LICAM, which is inversely correlated with
radioresistance.

Radiation-induced damages could also trigger a large network of
intracellular signaling events. Multiple studies have reported that over-
activation of the phosphatidylinositol 3-kinase (PI3K)/AKT pathway
after RT is closely related to tumor radioresistance. The activation of
NF-«B and mTOR could promote cell survival by enhancing the DDR
and mediating autophagy and apoptosis [22, 23]. Several studies have
proven that targeting the PI3K/AKT pathway by specific repressors
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in association with radiation appears to enhance radiosensitization
[24, 25]. NF-«B was found to be activated and associated with a
higher grade of astrocytic tumors [26]. The activation of NF-« B could
occur in response to DNA damaging agents and provoke multiple
radioresistance signals, which attenuate the lethal effects of radiation.
Inhibition of NF-« B was proved to be an effective strategy to enhance
tumor radiosensitivity [27, 28]. It can be inferred that TMEMS9L
might enhance radiosensitivity by inhibiting PI3K/AKT and NF-«<B
activation.

Regarding the immune system, the expression of immune check-
point molecules in the tumor microenvironment can affect the effi-
ciency of the immune response. Evidence accumulated over recent
years has revealed that exposure of cancer cells to radiation may cause
upregulation of PD-L1, leading to resistance to radiotherapy. Abroga-
tion of both CTLA-4 and PD-1 pathways has been associated with
higher radiosensitivity [29]. Our result displayed a negative correlation
between TMEMSIL and immune checkpoints, suggesting that that
upregulated TMEMSIL expression might be important in maintaining

immune response activity.

CONCLUSION
The increased expression of TMEMSOL after irradiation might
enhance radiosensitivity by increasing ROS-induced DNA damage and
inhibiting DNA damage repair. However, the specific mechanism is still
unclear. Further research may help delineate processes that contribute
to the radiosensitive and improve the efficacy of radiotherapy.
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