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via down-regulating MGMT and p-RELA in glioma
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Abstract: Temozolomide (TMZ), one of the few effective drugs used during adjuvant therapy, could effectively pro-
long the overall survival (OS) of glioma patients. In our previous study, the mRNA level of G Protein Subunit Alpha
13 (GNA13) was found to be inversely correlated with OS and was therefore identified as a potential biomarker for
the prognosis of glioma. Henceforth, this study aims to identify the molecular mechanism of GNA13 in enhancing
TMZ sensitization through bioinformatic analyses of GSE80729 and GSE43452 and other experiments. In glioma,
overexpression of GNA13 downregulated PRKACA, which is a subunit of PKA, hence reducing phosphorylated RELA
and MGMT. Since p-RELA and MGMT were proven to be closely associated with TMZ resistance, we therefore investi-
gated whether thetwo signaling pathways, “GNA13/PRKACA/p-RELA”, and “GNA13/PRKACA/MGMT”, were involved
in the molecular mechanism of GNA13 in TMZ sensitization. Our conclusion was that, GNA13 overexpression in

glioma cells were more sensitive in TMZ treatment.

Keywords: GNA13, glioma, glioblastoma, temozolomide (TMZ), PRKACA, MGMT, RELA

Introduction

Glioma is one of the most malignant tumors of
the central nervous system [1]. Surgical opera-
tion with Stupp protocol has proven to be the
most effective strategy in prolonging OS of glio-
ma patients.

To date, TMZ is still the most widely used che-
motherapeutic agent in the treatment of glio-
blastoma multiforme (GBM) and astrocytoma.
Despite its side effects of some of the gene
mutation and epigenetic alteration, such as
decoupling of DNA, that may cause damage to
response signaling, TMZ is currently the best
option of drug available for glioma treatment.
Therefore, the acquisition of TMZ resistance
would greatly affect the effectiveness of glioma
treatment.

Guanine nucleotide-binding proteins, so-called
G proteins, are a protein family functioning as
molecular switches, which can transmit signals
from various extracellular stimuli into the inte-

rior part of cells. Gal3, a subunit of G protein
encoded by GNA13, is a member of the Gal2
family. It is regarded as the potential gene that
is directly associated with cancer, mainly via
controlling the cell cytoskeleton remodeling,
migration and differentiation. Besides, GNA13
mutation can lead to cell dysfunction such as
increased necrosis and growth inhibition in lym-
phoma [2] and promotion of G1/S cell cycle
transition in gastric cancer [3]. Besides, several
studies have suggested the possible correla-
tion between GNA13 and chemotherapy. For
example, the induced drug resistance in head
and neck squamous cells where GNA13 is over-
expressed [4]. In the retrospection of some
Gal2 proteins, it was shown that they were
associated with some key proteins in drug
resistance of different tumors, like JNK, NF-kB,
YAP and so on [5-7]. Nonetheless, the relation-
ship between Gal3 and these proteins remains
unclear despite being in the same subfamily.

The complicated pathways of resistance to
alkylating agent include mismatch repair
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(MMR), base excision repair (BER), nucleotide
excision repair (NER), translesion DNA synthe-
sis (TLS) and homologous recombination (HR)
[8]. Besides, O6-alkylguanine DNA alkyltrans-
ferase (AGT or MGMT) also plays a specific role
in resisting alkylating mutagens, especially
TMZ [9]. This protein removes the alkyl group
from lesions through a stoichiometric reaction,
thus denying it as a real enzyme [10]. MGMT is
influenced by many factors in vivo, such as
transcription factors, epigenetic alteration like
methylation of the MGMT promoter region,
phosphorylation, regulation by histone acetyla-
tion and microRNAs expression [11]. Other than
that, MGMT is also affected by the PKA signal-
ing pathway [12], MAPK/JNK signaling pathway
[13] and NFkB [14]. Several studies pointed out
that some of the factors influencing MGMT as
mentioned above were partially associated
with GNA13 in specific tumors for example,
GNA13/NFkB in prostate cancer [15] and
colorectal cancer [16]. Therefore, it is crucial to
explore the possibility of such association
between glioma cells and drug resistance. The
detection of MGMT protein expression and
methylation status of MGMT promoter is the
most effective way in evaluating the efficiency
of TMZ treatment.

Our previous bioinformatic analysis suggested
the correlation between highly expressed
GNA13 in glioma and good 0S, making GNA13
a potential unfavorable prognostic biomarker
[17]. However, the mechanism is yet to be iden-
tified. Herein, this study aims to elucidate the
role of GNA13 in prolonging OS via TMZ
sensitization.

The results of this study shows that the glioma
cell line with GNA13 overexpression yielded
lower half maximal inhibitory concentration
(IC,,) when compared to the vector group.
There is no previous report that has suggested
the role of G proteins in reducing the resistance
of such a widely-used drug before. Besides, the
previously described result may also wrongfully
identify GNA13 as a marker of good prognosis.
Thus, the strategy of bioinformatic analyses
and experiments were deployed in this attempt
to clarify the relationship between GNA13 and
the complicated pathway of TMZ treatment.
Functioning GNA13 can be found in the cell
membrane. Due to its role as a switch to many
cascade reactions, it is essential to find out the
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downstream effectors of GNA13 that are asso-
ciated with the response of TMZ.

Materials and methods
Cell lines, reagents and transfection

The U251MG and U138MG cell lines were
purchased from Jennio Biotech Co., Ltd
(Guangzhou, China) and cultured in DMEM-
basic (GIBCO,USA), supplemented with 10%
Fetal Bovine Serum (FBS, GIBCO, USA) and 1%
Penicillin/Streptomycin (PS). The U251MG and
U138MG stable cell lines expressing pCMV3-
Vector and pCMV3-GNA13-Flag respectively
were cultured in DMEM-basic (GIBCO) supple-
mented with 10% FBS, 1% PS and 50 ug/ml
Hygromycin (Dalian meilune biotechnology Co,
LTD, China). The Human GNA13 ORF mammali-
an expression plasmid, C-FLAG tag (HG12512-
CF) and pCMV3-C-FLAG negative Control Vector
(CV012) were purchased from Sino Biological
Inc. (Beijing, China). The Lipofectamine™ 3000
Transfection Reagent was purchased from
Thermo Fisher Scientific (USA). For transfec-
tion, U251MG and U138MG cells were seeded
in 35 mm dish and were plated at 8x10° cells
per plate 24 hours prior to transfection. The
transfection-mix was prepared using 2 ug of
the cDNA plasmid. 6 hours after transfection,
the media was replaced with culture media
without antibiotic. After the first 48 hours upon
transfection, media was replaced every 24
hours with culture media containing 100 pg/ml
Hygromycin for 7 days and then maintained
with culture media containing 50 pg/ml Hy-
gromycin.

Extraction and reverse transcription of total
RNA in U138MG and U251MG cell lines

Total RNA from the cells was extracted using
Trizol according to the manufacturer’s protocol.
The RNA was eluted in 20 pyl of RNase-free
water, and 1 pg of the extracted RNA was used
as a template for complementary DNA synthe-
sis. The gDNA erasing was done by using
PrimeScript™ RT reagent Kit with gDNA Eraser
(Perfect Real time) (RRO47A, Takara Bio, Shiga,
Japan). A 10 pl gDNA erasing mixture was made
by adding 1 pl of gDNA Eraser, 2 pl of 5 times
gDNA Eraser Buffer and 1 pg of the extracted
RNA, then topped up to 10 ul with RNase-free
water before performing at 4°C for 2 minutes.
A 20 pl reverse transcription mixture was made
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by including 10 pl of gDNA erasing mixture as
described previously, 1 ul of PrimeScript RT
Enzyme Mix |, 1 pl of RT Enzyme Mix, 4 ul of 5
times PrimeScript Buffer 2 and 4 ul RNase-free
water before performing at 37°C for 15 min-
utes, followed by incubation at 85°C for 5
seconds.

Total RNA of tumor samples from glioma
patients

41 glioma samples and 2 normal brain tissues
were obtained from glioma patients in Shantou
Central Hospital from 2010 to 2018. The total
RNA of these samples were extracted by using
the PureLink RNA Mini Kit (12183018A, Ther-
mo Fisher Scientific, USA) according to the
quick reference provided by the manufacturer.
Reverse transcription was done as the cell lines
described in section 2.2.

Real-time quantitative PCR analysis

The cDNA products were analyzed by real-time
PCR using LightCycler® 480 (Roche Diagnos-
tics, Basel, Switzerland). Real-time PCR was
performed in a 20 ul mixture that includes 0.4
ul of the diluted cDNA (1 ug) template, 10 pl of
2 times RealStar Green Fast mixture (Genstar,
China), 0.8 pl of gene-specific primers (0.4 ul
forward primer and 0.4 ul reverse primer) and
8.8 ul of RNase-free water. Genstar cycling con-
ditions are as follows: an initial denaturation
step at 95°C for 2 minutes, followed by 40
cycles including denaturation at 95°C for 15
seconds, annealing and extension at 60°C for
30 seconds; a melt curve analysis was per-
formed from 60 to 95°C at 0.11°C increment
per second. The reference gene B-actin was
used as an internal control. Primers used for
detecting the mRNAs of B-actin (forward: 5-
GCCGACAGGATGCAGAAGG-3’; reverse: 5-GAT-
GGAGGGGCCGGACTC-3’), GNA13 (forward: 5-
ACCATCTACAGCAACGTGATC-3’; reverse: 5-TTG-
GTTTGAGTTGTCTCCCC-3’), PRKACA (forward: 5
CAAGGACAACTCAAACTTATACATGG-3’; reverse:
5-CAGATACTCAAAGGTCAGGACG-3’) and MGMT
(forward: 5-GCTGAATGCCTATTTCCACC-3’; rev-
erse: 5-CACTTCTCCGAATTTCACAACC-3’) were
purchased from BGI (Hubei, China). The relative
quantification of GNA13 expression was ana-
lyzed using the comparative 2-AACp method
and data was visualized through the GraphPad
Prism 7 software.
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Immunoblot analysis

U251 and U138 cells were seeded in 35 mm
dishes and grown in culture media containing
10% FBS for 24 hours. The cells were then
washed with phosphate-buffered saline (PBS)
and lysed in protein extraction buffer (50 M
HEPES pH 7.5, 1 mM EDTA, 3 mM dithiothreitol,
10 mM MgSO,, 1% polyoxyethylene-10-lauryl
ether) with the protease inhibitor cocktails
(Thermo Fisher Scientific, USA). BCA Protein
Assay Kit (Thermo Fisher Scientific, USA) was
used to determine the protein concentrations
of the lysates. 30 pg of the lysates were sepa-
rated on a 10% polyacrylamide gel with SDS-
PAGE before being transferred to a PVDF mem-
brane. The membrane was then incubated with
antibody against Flag-tag (MA1-91878, Thermo
Fisher Scientific, USA), antibody against MGMT
(#86039, CST, USA), antibody against NF-kB
(#4767, CST, USA) and antibody against GAPDH
(MA5-15738, Thermo Fisher Scientific, USA)
overnight at 4°C, and subsequently with sec-
ondary antibody, goat-anti-mouse (31430, Th-
ermo Fisher Scientific, USA). Finally, the mem-
brane is visualized using chemiluminescence
(ECL, Abcam, USA) in the ChemiDoc™ Imaging
System.

Cell viability assay

To determine the cell viability after TMZ treat-
ment, U251 and U138 cells were seeded in
96-well plates at densities of 1x10* per well, 24
hours before TMZ treatment. TMZ (S1237,
Selleck, China) was added at a serial dilution of
10, 50, 100, 200 and 500 pM/mL. CCK-8
assays (AR1160-500, Boster, China) were per-
formed 24 hours after treatment. The TMZ mix-
ture was replaced with 100 yL DMEM-basic
medium and 10 yL CCK-8 in each well for 1
hour at 37°C. As for modified CCK-8 assays
as control, three blank wells were not seeded
but only filled with 100 yL medium and 10 yL
CCK-8. The absorbance at 450 nm was
assessed by using a Multiskan FC microplate
reader (Thermo Fisher Scientific, USA). All
experiments were done in triplicates.

Apoptosis detection

The U251 and U138 cells were seeded in 35
mm dishes and 24-well plates, grown in culture
media containing 10% FBS for 24 hours. All
cells were then treated with 100 yM/mL TMZ
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for 24 hours. After that, cells were collected
from the 35 mm dishes and stained with
Annexin V-FITC/7-AAD Apoptosis Detection Kit
(APK10448-F, Sino Biological, China) accord-
ing to the manufacturer’s guideline. Flow cyto-
metric was subsequently done using the BD
Accuri™ C6 cytometric machine (Becton, Dick-
inson and Company, New York, USA). Cells from
the 24-well plates were conjugated to the anti-
body against Flag-tag (MA1-91878, Thermo
Fisher Scientific, USA) and the Alexa Fluor 488
donkey anti-rabbit 1gG as secondary antibody
(R37118, Thermo Fisher Scientific, USA). The
nucleus was stained by DAPI.

Microarray data and differentially expressed
genes (DEGs)

Gene expression profiles of GSE80729 and
GSE43452 were downloaded from the Gene
Expression Omnibus (GEO, https://www.ncbi.
nim.nih.gov/geo/). GSE80729 is a dataset for
genome-wide analysis of BCL3 mediated che-
motherapy resistance that contains 3 GSMs
pairs of U87 siCtrl with TMZ treatment and
U87 siCtrl with DMSO control, based on the
GPL10558 platform (lllumina HumanHT-12
V4.0 expression beadchip); whereas GSE43-
452 is a dataset for gene profile of glioblasto-
ma cells treated with y15 and TMZ that con-
tains 2 GSMs pairs of U87 with 20 uM TMZ
treatment and U87 untreated control, based on
the same platform as GSE80729. Since these
two GSE datasets originate from the same plat-
form, quantile normalization could be accom-
plished. The analysis of DEGs was carried out
with GEO2R, an online analysis tool designed
for the GEO database based on R language. We
applied GEO2R to identify the sample with
expression patterns that are significantly differ-
ent between the TMZ treated group and the
control group. The differentially expressed
genes (DEGs) were defined using a cut-off stan-
dard as Log2-fold threshold or an adjusted P
value of <0.05. Also, R studio 1.1.4 was used to
show the data in a volcano plot.

Integration of protein-protein interaction (PPI)
network and module analysis

PPl information was downloaded from the
Human Protein Reference Database and the
Biological General Repository for Interaction
Datasets (BioGRID) (released on 07/24/2017).
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Cytoscape software was then used to visualize
the PPI network. The STITCH database is an
online tool for showing and predicting protein-
protein and chemical-protein interactions,
including both direct association and indirect
relationship. STITCH version 5.0 covers
9,643,763 proteins from 2031 organisms. It
was used to assess the interactional relation-
ships among the GNA13, DEGs and TMZ. The
cut-off standard was defined at an interaction
score of 0.4. GeNets is a unified web platform
developed by Harvard and MIT that is specifi-
cally designed for network-based genomic
analyses. It involves several nets of machines
learning to analyze protein-protein interactions.
Due to its high AUC of Inweb3 algorithm com-
pared with other tools, GeNets was used for
speculating the most probable connection
between GNA13 and its PPI including function-
al association.

Functional and pathway enrichment analysis

Gene ontology (GO) annotation was integrated
into the total DEGs PPl sub-networks for
enriched GO “molecular function” (MF), “bio-
logical pathways” (BP), and “cellular compo-
nent” (CC) terms of proteins using DAVID online
tools (https://david.ncifcrf.gov/). DAVID pro-
vides annotated information of systematic and
comprehensive biological function for high
throughput gene expression. Meanwhile, the
Kyoto Encyclopedia of Genes and Genomes
(KEGG) is an online database for obtaining
information about high-level functions and utili-
ties of the biological system. Both GO and
KEGG were used to analyze DEGs based on
DAVID and the data was visualized using bab-
ble chart by R studio. A value of < 0.01 was con-
sidered statistically significant.

Verification of the correlation between GNA13
and the candidate gene

LinkedOmics  (http://www.linkedomics.org/admin.
php) is a public portal, containing multi-omics
data from 32 TCGA cancer types [18]. The gene
correlation analysis was done through Pe-
arson’s correlation test in HiSeq RNA platform
and Meth450 Methylation platform using the
TCGA-GBMLGG dataset and the outcome was
drawn with the online tools of LinkedOmics and
R studio 3.5.1.
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mRNA library construction

DNase | was used for digesting double-strand-
ed and single-stranded DNA in total RNA.
Magnetic beads were then purified to recover
the reaction products. RNase H or Ribo-Zero
method (human, mouse, plants) (lllumina, USA)
was applied to remove the rRNA. Purified mRNA
from previous steps was fragmented into small
pieces. The first- and second-strand cDNA was
generated in First Strand Reaction System by
PCR. The reaction product was purified with
magnetic beads. A-Tailing Mix and RNA Index
Adapters were then added to carry out end
repair. The cDNA fragments with adapters were
subsequently amplified by PCR, and the prod-
ucts were purified by Ampure XP Beads. The
quality of the library was validated on the
Agilent Technologies 2100 bioanalyzer. After
that, the double stranded PCR products were
denatured via heating and circularized with the
help of the splint oligo sequence. The single
strand circle DNA (ssCir DNA) was formatted as
the final library. The final library was amplified
with phi29 (Thermo Fisher Scientific, USA) to
create DNA nanoball (DNB) that contains more
than 300 copies of one molecular. These DNBs
were loaded for patterned nanoarray and 50
base-pair single-end reads were generated on
the BGISEQ500 platform (BGI-Shenzhen,
China). The analysis of the RNA-seq was visual-
ized using the network platform of Dr. Tom Data
Visualisation Solution on BGI (http://report.bgi.
com).

Result

The expression of GNA13 in human glioma is
inversely correlated with tumor grade and the
sensitivity of TMZ

Pearson’s correlation analysis indicated an
inverse correlation between the mRNA of tumor
samples and tumor grade in TCGA datasets
(Figure 1A) and GSE4412 (Figure 1B). gRT-PCR
was used to detect the mRNA expression level
of GNA13 in 43 samples collected from 41
patients at the Shantou Central Hospital
between 2010 and 2018 (Figure 1C). Samples
were divided into three categories according to
tumor grades: normal, low and high. GNA13 is
significantly downregulated in high-grade glio-
ma as compared to low-grade glioma. Fur-
thermore, the quantity of GNA13 mRNA in glio-
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ma is also lower than that in normal brain tis-
sue. These data suggest that GNAL13 may play
an important role in the inhibition of glioma
malignancy. This result also correlates to the
data in TCGA GBMLGG datasets.

To investigate the possible role of GNA13 in
TMZ sensitization, GNA13 was overexpressed
in U251MG and U138MG cells, which was sub-
sequently confirmed through immunoblotting
and gRT-PCR (Figures 1D and 5D). The cell
growth was inhibited in GNA13 overexpressed
U138MG and U251mg cells (Figure 1E). The
CCK-8 assay was used to verify TMZ cytotoxici-
ty. Notably, the IC,, of both GNA13-overex-
pressed U251MG and U138MG cells are
approximately 50% less than their respective
vector controls (Figure 1F). Besides, the pro-
portions of GNA13 overexpressed cell lines
induced apoptosis or dead by TMZ were higher
than the control group (Figure 1G, 1H).

The 10 first neighbors of GNA13 are associ-
ated with the DEGs from the merged GEO
dataset

A total of 2121 DEGs were obtained from the
merged microarray dataset of GSE80729 and
GSE43452, in which 1038 were upregulated
and 1083 were downregulated (Figure 2A-C).
56 nodes of GNA13 within 132 edges had been
discovered via PPI analysis in human species
(Figure 3A). The intersection of the said 56
nodes and the 2121 DEGs is shown as a group
of 10 genes that includes CXCR5, DUSP22,
CUL7, RGS16, AKAP3, TMEM206, S1PR1,
SLC25A41, PRKACA and DRD5. These 11
genes (including GNA13) built a PPl network of
1107 nodes that have interacted with 19211
edges (Figure 3B). Based on the PPI informa-
tion of humans, PRKACA comes into direct con-
tact with the most neighbors (Figure 3C), indi-
cating its possibly crucial role in reducing TMZ
resistance in GNA13-overexpressed glioma.
Moreover, PPI of these 10 genes indicated that
there is no direct interaction among them. The
GO and KEGG analyses aimed at identifying
upregulated and downregulated genes were
then done separately through DAVID (Figure
3C). According to the merged dataset, AKAP3,
CXCR5, DUPS22, PRKACA, RGS16 and SCL-
25A41 were noticed to have been downregu-
lated, most of which are cellular components
and are involved in certain biological process-
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Figure 1. Basic bioinformation of GNA13 in datasets and glioma cell lines. A. The mRNA level of GNA13 is inversely
correlated with tumor grade in TCGA datasets and. B. The mRNA level of GNA13 is inversely correlated with tumor
grade in GSE4412. C. GNA13 is inversely correlated to glioma grade at mRNA level, as proven by qRT-PCR. D. The
GNA13-overexpressed cell lines were confirmed through qRT-PCR. E. Cell growth inhibition is observed in GNA13-
overexpressed cell lines when compared with the cell growth of vector cell lines, both U138MG and U251MG were
significantly inhibited while GNA13 was overexpressed (P<0.01). F. The relative cell viability is significantly decreased
in GNA13-overexpressed glioma cells after TMZ treatment (P<0.01). G. 24 hours after TMZ treatment, the propor-
tion of cells at end stage apoptosis or dead was seen to be significantly increased in the GNA13-overexpressed
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group (P<0.01). X axis represented the conditions of Annexin V-FITC incubated shown in 575 nm light while Y axis
represent the 7-AAD incubated shown in 488 nm light. H. 24 hours after TMZ treatment, the proportion of karyor-
rhexis occurrence was significantly increased in the GNA13-overexpressed group (P<0.01). Green represented the
GNA13 expressed conditions, blue means the nucleus staining by DAPI and red arrow was used for emphasizing

the karyorrhexis.

es. On the other hand, CUL7, DRD5, S1PR1 and
TMEM206 were noted to have been upregulat-
ed, some of which are cellular components and
play important roles in both molecular func-
tions and biological processes (Figure 3C). GO
analysis suggested that the DEGs were
enriched in signal transduction activity, plasma
membrane and multicellular organismal pro-
cess. Meanwhile, 8 of the first neighbors are
either plasma membrane or part of the plasma
membrane, which suggests that GNA13 may
sensitize the cell response to TMZ by regulating
the membrane structure (Figure 3C). KEGG
analysis of the merged dataset shows that the
upregulated genes are associated with the p53
signaling pathway, a finding that parallels the
outcome of a previous study [19]. Focus is then
set on CUL7, CXCR5, DRD5, PRKACA, CUL7 and
DUSP22, all of which corresponded to the GO
analysis of the merged datasets (Figure 3C).

Verification of the correlation between GNA13
and the 6 selected genes in TCGA GBMLGG
datasets

Pearson’s correlation test was applied in the
HiSeq RNA platform of the TCGA GBMLGG data-
set. Significant value was set at P<0.05 to
determine the correlation between GNA13 and
the 6 selected genes. CXCR5 and S1PR1 were
proven to correlate positively with GNA13; while
CUL7, DRD5 and PRKACA exhibited negative
correlation. No correlation was evident between
GNA13 and DUSP22. PRKACA was downregu-
lated both in the drug treatment GSE datasets
and the GNA13 correlated conditions in glioma
cells. These data seem to point out the poss-
ibility of GNA13 inducing TMZ sensitization
through PRKACA (Figure 3D).

Verification of the correlation of GNA13 and
the classical TMZ resistance pathway in TCGA
GBMLGG datasets

It was demonstrated that GNA13 might be posi-
tively correlated to MSH3, MSH6, PMS1 in
MMR and PARP1 in BER; while exhibiting nega-
tive correlation with MLH1 and PMS2 in MMR,
PARP2 in BER and MGMT. There is no correla-
tion between GNA13 and both MLH3 and
MSH2. GNA13 and methylated MGMT shows
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no correlation (P<0.05 as the significant value)
in another Pearson’s correlation test based on
the Meth450 platform in the TCGA GBMLGG
dataset. Based on these data, it is deduced
that GNA13 might induce the sensitization of
TMZ by downregulating MGMT instead of MMR
or BER. There seems to be no connection
between GNA13 and the methylation of MGMT
(Figure 4A).

Verification of GNA13-associated pathway
in TMZ sensitization through bioinformatic
analysis

Interactive analysis was carried out through
GeNets and STITCH. GNA13 is able to associ-
ate with PRKACA, which may in turn interact
with MGMT. The GNA13-PRKACA-MGMT axon
was shown in both datasets. Moreover, STITCH
data suggests that there is no direct interaction
between TMZ and neither GNA13 nor PRKACA.
Besides, STITCH also indicated that PRKACA
would interact with RELA simultaneously for
TMZ sensitization (Figure 4B, 4C). Based on the
RNA-seq analysis that includes both GNA13-
overexpressed and vector cell lines of U251MG
and U138MG, NF-kB signaling pathway is also
identified as one of the key pathways.

Verification of the PRKACA, MGMT, p-RELA in
glioma cell lines

Pearson’s correlation test between PRKACA
and MGMT based on Hiseq mRNA platform of
TCGA GBMLGG datasets also shows a positive
correlation between GNA13 and PRKACA
(Figure 5A). GNA13 overexpression leads to
significant downregulation (approximately 50%)
of PRKACA mRNA in both U138MG and
U251MG cells, which was proven by qRT-PCR
(Figure 5B, 5C). Although MGMT is not expre-
ssed in U251MG, qRT-PCR and immunoblotting
of MGMT in U138MG cells demonstrated that
MGMT will be downregulated if GNA13 is over-
expressed. As a subunit of PKA, it can therefore
be hypothesized that PRKACA would influence
the phosphorylation status of RELA in glioma
cell lines independent of MGMT expression.
The result of RELA and pho-RELA (Ser536)
immunoblotting shows that the expression of
both genes were downregulated (Figure 5D).
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Figure 2. Preliminary bioinformatic analysis about TMZ resistance based on GSE data. A. A total of 2121 DEGs that
were identified in the merged datasets and the logical relations of them in GSE80729 and GSE43452; 1695 of
those were from GSE80729 while the other 426 were from GSE43452; 1038 were upregulated and 1083 were
downregulated. B. The KEGG pathway analyses of DEGs in merged datasets indicated that the key genes respond-
ing to TMZ treatment are possibly associated with signal transduction activity, p53 signaling pathways and multicel-
lular organismal process. C. The GO analyses of DEGs in merged datasets indicated that the key genes responding
to TMZ treatment are possibly associated with plasma membrane.

Discussion

TMZ resistance is a critical issue that influenc-
es the OS and the quality of life since TMZ is
one of the few effective drugs in glioma treat-
ment. To date, various mechanisms including
protein, non-coding RNAs and epigenetics
have been suggested to be involved in TMZ
resistance.

In this bioinformatic study, GNA13 was proven
to be downregulated and indirectly inhibits
MGMT activity via MGMT phosphorylation th-
rough PKA activation. Furthermore, GNA13 is
able to downregulate the phosphorylation on
Ser536 of RELA. Besides, GNA13 seems to
be associated with the pathological grades of
glioma as well, both in the TCGA GBMLGG da-
tasets, GSE4412 and tumor samples. GNA13
is also highly associated with IDH1_p.R132G
(P<0.01), which appears in 4% of IDH1-mutant
glioma, indicating the potential role of GNA13
alteration in the early events of glioma.

PRKACA gene encodes the catalytic subunit o
of protein kinase A, commonly abbreviated as
PKA Ca (Protein kinase A catalytic subunit).
Protein kinase A is an essential enzyme re-
sponsible for phosphorylating many intracellu-
lar molecules to regulate various cellular ac-
tivities. In 2001, Niu et al. first observed that
the interaction between Gal3 and AKAP110
can lead to the cyclic AMP-independent activa-
tion of protein kinase A [20]. They have proven
that Gal3 could regulate many phosphoryla-
tion reactions in cells. Prior to this study,
Srivenugopal et al. suggested that the activity
of MGMT can be inhibited upon its phosphory-
lation [12], and PKA is one of the key proteins
in this process. Therefore, it was speculated
that GNA13 could downregulate the activity
of MGMT by MGMT phosphorylation through
PKA. By that, the interacting axon of ‘GNA13/
PRKACA/p-MGMT’ is partly confirmed. Based
on the outcome of bioinformatic analyses and
other experiments in this study, it was obser-
ved that RELA phosphorylation is down-
regulated after GNA13 overexpression, thus
validating the signaling pathway of ‘GNA13/
PRKACA/p-RELA'.

11421

However, there are limitations in this study.
The experiment outcomes suggested that
PRKACA is downregulated in GNA13-overex-
pressed glioma cell lines, which parallels the
results of the informatic analysis in TCGA
GBMLGG datasets and the merged dataset
from GSE which has shown negative correla-
tion. However, Manganello et al. reported that
GNA13 can be phosphorylated at T203 [21].
This phenomenon indicated the possibility of a
loop within the GNA13 and PKA system. Be-
sides, there may be some other mechanisms
that require activation by GNA13 and may sub-
sequently lead to the reduction of RELA and
JNK phosphorylation. Due to its potential nega-
tive correlation with the pathological grade of
glioma, it is logical to speculate that GNA13
may be a molecular marker in predicting the
low grade of glioma, and thus mistakenly being
linked to the better prognosis sets after TMZ
treatment in the same pathological grade.

Although the interacting axon has been eluci-
dated, the relationship between GNA13 and
the sensitization of TMZ may be far more com-
plex than what is understood to date. GNA13
is known to activate NFkB and JNK/MAPK-AP-
1 signaling pathways and therefore influencing
the susceptibility of HNSCC cells to cisplatin
treatment [4]. JNK was also reported to en-
hance TMZ resistance by regulating the MGMT
expression [13]. These phenomena are differ-
ent in glioma. The JNK expressed in GNA13-
overexpressed U251 cells is opposite of that
in GNA13-overexpressed U138 cells. Combin-
ed with the fact that mRNA level of PRKACA is
downregulated in GNA13-overexpressed cell
lines as proven, it remains unclear whether
GNA13 can regulate MGMT phosphorylation
through the JNK pathway in specific glioma cell
lines.

Finally, TMZ sensitization cannot be deter-
mined by a single pathway. Proteins like STAT3
[22] and APE1 [23] were previously proven to
play significant roles in TMZ resistance as well.
They might also be involved in the GNA13-
derived TMZ response. Previous studies have
implied the possible relationship between
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Figure 3. Basic informatic analysis of GNA13. A. A total of 56 first neighbors of GNA13 were identified in the PPl analysis of HRPD and BioGRID databases. B. The
PPI network of 11 selected genes in HRPD and BioGRID databases. The black lines represent direct interactions among the 10 genes. The dark gray lines represent
the interactions between the 10 genes and their first neighbors. The light gray lines represent the interactions among these first neighbors. PRKACA interacted with
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GNA13 and STAT3 [24], but the mechanism is
yet to be elucidated.
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