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ARTICLE INFO ABSTRACT

Original paper The roles of apolipoprotein B mRNA-editing enzyme catalytic polypeptide-like 3C (A3C) in various human
malignancies are not consistent. A3C expression is correlated with early-stage breast cancer and is presented
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gliomas. To explore the impact of A3C on gliomas, a statistical analysis of several public databases was
conducted. The results showed that enhanced A3C expression was associated with advanced tumor grades and
poor expression of prognostic factors. Similarly, our in vitro study revealed that glioblastoma (GBM) cell lines
had higher A3C mRNA and protein expression than that of normal brain tissue cDNA and lysates. We first
performed an immunohistochemical stain (IHC) to prove that gliomas with high A3C expression presented the
wild type-Isocitrate dehydrogenase 1 (IDH1), and they had an unfavorable prognosis in human glioma tissues.
In addition, the oncological factors associated with A3C expression suggested that DNA repair pathways are
important mechanisms for inducing tumorigenesis and chemoresistance in gliomas. Moreover, a significant
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correlation was observed between A3C expression and proteolipid protein 2 (PLP2). Reactive oxygen species
(ROS) -activated PLP2 prevents DNA damage-induced cell apoptosis. Compared to high immunostaining
scores for A3C and/or PLP2 expression, combined low immunostaining scores for A3C and PLP2 correlated
with improved survival in gliomas; however, the detailed mechanism is to be elucidated. In conclusion, our
results not only confirmed A3C played an important role in glioma development, but the A3C IHC test could

successfully predict the therapeutic effects and disease prognosis.
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Introduction

Gliomas, originating from glial cells, are the most com-
mon primary tumors of the central nervous system (CNS)
(1,2). Although the median age of patients with glioma is
>60 years, primary brain tumors are the secondary ma-
lignant neoplasm of children of age <14 years (3). In a
previous study, histological tumor grading was revealed
to be highly relevant to the therapeutic policy; however,
the discordance between histological appearances and
therapeutic results was a major challenge for prognosis.
According to the 2016 World Health Organization (WHO)
classification of CNS tumors, molecular analysis is an
important tool for the precise diagnosis and the develop-
ment of a convenient and targeted therapeutic regimen
(4). IDH1/2 mutations, 1p19q chromosomal co-deletion,
alpha-thalassemia x-linked mental retardation (ATRX),
and TP53 mutations are critical for evaluating aggressive
glioma behavior (5). The p53, mitogen-activated protein
kinase/extracellular signal-related kinase (MAPK/ERK),
and retinoblastoma (RB) are the major pathways associa-
ted with glioma progression and invasion (6). Temozolo-
mide (TMZ), the standard treatment for DNA breakage in

high-grade gliomas, inhibits tumor survival (7). However,
Of-methylguanine-DNA methyltransferase (MGMT) and
poly [ADP-ribose] polymerase 1 (PARP-1) induce the-
rapeutic failure during systemic chemotherapy or radio-
therapy by repairing the damaged DNA sites (7,8). A3C
was discovered as a nucleolar protein located at the DNA
damage site stimulated by genotoxic ROS (9). Based on a
review of several human cancer databases, Luo et a/ (10).
demonstrated that an A3C mutation resulted in tumor pro-
gression and poor prognosis of gliomas.

ROS is produced by NADPH-dependent uncoupled
electron transduction and induces free radical activation,
thereby modulating the cell cycle and promoting tumor
growth (11). Exposure to cytotoxic drugs, inflammatory
processes, ionization, and cigarette smoking are predispo-
sing factors for ROS production (11). Some genetic muta-
tions, such as those in Ras and p53 tumor suppressor genes,
are associated with ROS activation (12,13). Additionally,
the tumor angiogenesis of gliomas is induced by ROS,
upregulating epidermal growth factor (EGF) and platelet-
derived growth factor (PDGF) expression (14). Moreo-
ver, mitochondrial ROS induce oxidative stress, resulting
in DNA damage and apoptosis induction (15). However,
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ROS is associated with the enhancement of endoplasmic
reticulum (ER) stress transcription factors, which include
activating transcription factor 4 (ATF4), X-Box binding
protein 1 (XBP1), and ATF6, to stimulate autophagy and
angiogenesis in human cancers (16). However, Feng et a/
(17). demonstrated that PLP2 suppression could induce
ER stress and autophagy and cause GBM apoptosis. Al-
though the roles of ER stress and autophagy remain uncer-
tain, PLP2 overexpression is considered oncogenic and
results in aggressive glioma behavior (18).

In the present study, we first evaluated the relationship
between A3C expression and common oncogenic factors
in The Cancer Genome Atlas (TCGA) and Chinese Glio-
ma Genome Atlas (CGGA) databases. In addition, IHC of
human tissue microarrays was performed to confirm that
A3C expression was not only related to tumor grades but
also positively correlated with the overall survival time
of various grades of gliomas. Finally, the correlation of
the A3C and PLP2 IHC scores with glioma prognosis was
performed to determine whether the combination of these
biomarkers provided clinicians with stronger evidence
than either of the biomarkers alone to predict the survival
time of glioma patients.

Materials and Methods

In silico study

All clinical parameters and genomic data were collec-
ted from the TCGA database on the following websites:
https://xenabrowser.net/heatmap/. The comparability of
A3C with IDH-1 and EGF receptor (EGFR) mutations,
phosphatase and tensin homolog (PTEN) expression,
MGMT methylation, 1p/19q chromosomal co-deletion,
and chromosomes 7 and 10 copy numbers was performed
using the TCGA database.

Human glioma cell lines and Western blotting

Human glioma cell lines, A172, GBM8401, HS683,
LN229, LNZ308, T98G, U87, and U118, were purchased
from the Cell Resource Center, Shanghai Institute of Bio-
chemistry and Cell Biology at the Chinese Academy of
Sciences (Shanghai, China). The cell lines were maintai-
ned in Dulbecco’s modified Eagle medium comprising
13.1 mM NaHCO,, 13 mM glucose, 2 mM glutamine,
10% fetal bovine serum, 100 U/mL penicillin, and 100
mg/mL streptomycin. The cell culture was incubated in
a humidified incubator and supplied with 5% CO, at 37
°C. After the incubation period, lysis buffer, containing 10
mM Tris-HCI, 1 mM EGTA, 1 mM MgCl,, 1 mM sodium
orthovanadate, 1 mM DTT, 0.1% mercaptoethanol, 0.5%
Triton X-100, and protease inhibitor cocktails, was added
to the culture to lyse the cells. Cell lysates were prepared
using 3 x 107 cells from the mentioned glioma cell lines.
Human normal brain tissue lysate (GeneTex, Inc., Irvine
CA) was used as the control. Lysates were used for wes-
tern blot analysis of A3C, with GADPH (Santa Cruz Bio-
technology, Texas, USA) as an internal control. The mo-
noclonal mouse anti-f-actin antibody (Sigma-Aldrich, St.
Louis, MO, USA) was employed as the primary antibody
in western blotting. The analysis was performed according
to a previously described protocol (19).

RNA isolation and real-time reverse transcription-PCR
Total RNA was extracted using the PAXGeneTM

Blood RNA kit (PreAnalytix), and the residual geno-
mic DNA was digested using the RNase-Free DNase set
(Qiagen, Hilden, Germany). Single-stranded cDNA was
prepared from 1 g of the total RNA using a Thermoscript
RT-PCR system (Invitrogen, Carlsbad, CA, USA). The
mRNA expressions of selected genes were quantified via
gRT-PCR. In addition, the human adult normal brain tis-
sue cDNA (BioChain Institute, CA, USA) was used as the
control. PCR was performed on a LightCyclerTM instru-
ment using the Fast-StartTM DNA Master SYBR Green
I Real-Time PCR Kit (Thermo Fisher Scientific, MA,
USA). Thermocycling was performed with a final volume
of 20 pL of 3 mM magnesium chloride (MgClL,), 0.5 pM
of each of the required primers, and 10 pL of appropriately
diluted cDNA. PCR was performed with an initial denatu-
ration step of 10 min at 95 °C, followed by 40 cycles of a
touch-down PCR protocol (10 s at 95 °C, 10 s annealing at
68-58 °C, and 16 s extension at 72 °C). Specific primers
for GAPDH and PLP2 (see list below) were purchased
from Search-LC (Heidelberg, Germany). To confirm
amplification specificity, the PCR products from each of
the primer pairs were subjected to a temperature of 58-98
°C (0.1 °C/s) for melting curve analysis.

Mouse GAPDH: 5- GCACCGTCAAGGCTGAGAAC

-3’ (forward)

Mouse GAPDH: 5'- ATGGTGGTGAAGACGCCAGT -3’
(reverse)

Mouse A3C: 5'- CTAAGAGGCTGAACATGAATC -3’
(forward)

Mouse A3C: 5'- GGCTAGAGGAGACAGACCATG -3’
(reverse)

Tissue microarray construction

Two sets of tissue microarray (no. GL2083a and
GL2083b) were obtained from GenDiscovery Biotechno-
logy Inc. After reviewing all microscopic images, we ex-
cluded the cases with incomplete tissue cores and incom-
patible diagnoses. From both microarrays, we included 76
gliomas and 5 non-neoplastic brain tissues in this study.
Histological diagnosis by tissue microarrays depends
on the 2016 WHO Classification of Tumors of the Cen-
tral Nervous System. We used antigen retrieval and ITHC
staining of several biomarkers to explore the relationship
between A3C expression and some well-known oncogenic
factors. We utilized a monoclonal mouse anti-human IDH1
R132H antibody (1:100, Dianova, Hamburg, Germany),
polyclonal rabbit anti-human ATRX antibody (1:100, AT-
LAS, Stockholm, Sweden), polyclonal rabbit anti-human
Histone H3, mutant K27M (H3K27M) antibody (1:100,
Millipore, Bedford, CA, USA), polyclonal rabbit anti-hu-
man Trimethyl-Histone H3, Lys27 (H3K27me3) antibo-
dy (1:1000, Millipore, Bedford, CA, USA), monoclonal
mouse anti-human EGFR antibody (1:100, Thermo Fisher
Scientific, San Jose, CA, USA), monoclonal mouse anti-
human EGFRvIII antibody (1:100, Absolute, Oxiford,
UK), polyclonal rabbit anti-human AXL antibody (1:50,
Sigma-Aldrich, St Louis, MO, USA), monoclonal mouse
anti-human phosphor-Ax1 (Y779) antibody (1:50, R&D
system, Minneapolis, MN, USA), monoclonal mouse an-
ti-human p53 antibody (1:100, DAKO, Carpinteria, CA,
USA), monoclonal mouse anti-human neurofilament anti-
body (1:100, DAKO, Carpinteria, CA, USA), monoclonal
mouse anti-human platelet-derived growth factor-alpha
(PDGFRA) antibody (1:100, Santa Cruz Biotechnology,
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Santa Cruz, TX, USA), polyclonal rabbit anti-human neu-
rofibromin (NF1) antibody (1:100, Abcam, Cambridge,
UK), and polyclonal rabbit anti-human nuclear receptor
77 (NUR77) antibody (1:100, Abcam, Cambridge, UK).

IHC analysis

The tissue microarray sections were dewaxed using
xylene, rehydrated in alcohol, and immersed in 3% hy-
drogen peroxide for 5 min. Antigen retrieval was perfor-
med by heating the tissue sections (at 100 °C) for 30 min in
0.01 M sodium citrate buffer (pH 6.0). After three washes
with phosphate-buffered saline (PBS), the tissue sections
were incubated for 1 h at room temperature with a polyclo-
nal rabbit anti-human A3C antibody (1:100, Thermo Fisher
Scientific, MA, USA) and polyclonal rabbit anti-human
PLP2 antibody (1:100, Biorbyt, Cambridge, UK) diluted
in PBS. After three washes (5 min each in PBS), the tis-
sue sections were incubated with biotin-labeled secondary
immunoglobulin (1:100, DAKO, Glostrup, Denmark) for
1 h at room temperature. After three additional washes,
peroxidase activity was assessed using a 3-amino-9-ethyl-
carbazole chromogenic substrate (DAKO, Glostrup, Den-
mark) at room temperature. The IHC scores for A3C and
PLP2 were calculated as the intensity of cytoplasmic and
nuclear staining multiplied by the percentage of positively
stained areas. Tissue microarray slides showed uniform
staining, as observed in the original paraffin-embedded
specimens. The intensities of A3C and PLP2 staining were
scored on a scale previously described as follows: 0 (ab-
sence of staining), 1+ (weak staining), 2+ (moderate stai-
ning), and 3+ (strong staining).!'"”! Tissues with less than
5% of tumor cells showing cytoplasmic or nuclear staining
were considered to be IHC negative. To minimize techni-
cal bias, IHC staining for A3C and PLP2 was performed
twice. The average of the two immunostaining scores for
A3C and PLP2 represented the degree of expression of
these biomarkers. Pancreatic ductal adenocarcinoma and
human cerebellar tissues were used as positive controls for
A3C and PLP2 expression, respectively.

Statistical analysis

The Pearson product-moment correlation test was per-
formed to evaluate the relationship between the A3C im-
munostaining scores and glioma tumor grades. In addition,
a Student’s ¢-test and one-way ANOVA were performed to
evaluate the differences in A3C expression in each glioma
subtype. Finally, survival time was calculated from the
date of diagnosis to the date of death. Sixty-six patients
with glioma, with 5 years of follow-up, were divided into
four groups based on a set A3C and PLP2 immunostaining
cut-off score. Statistical analysis of the overall survival
time was performed using the Kaplan—Meier survival esti-
mate. Furthermore, the independent prognostic factors in
gliomas were evaluated by multivariate analysis.

Results

Expression of A3C correlated with advanced tumor
grades and poor prognostic factors in the TCGA data-
base

Higher A3C mRNA expression in primary and recur-
rent GBM was identified in the TCGA database compared
to that in secondary GBM (Fig. 1). GBM is classified into
classical, proneural, and mesenchymal subtypes based on

genome-wide transcriptome findings. Our results showed
that the mesenchymal subtype of GBM had significantly
higher A3C expression than the other two subtypes (Fig.
1). Additionally, A3C mRNA expression was inversely
correlated with IDH1 mutations and MGMT methyla-
tion (Fig. 1). To evaluate the difference in A3C expres-
sion between non-tumor brain tissue and GBM, TCGA
database showed significantly high mRNA expression in
the highest-grade gliomas. G-CIMP is a prognostic factor
associated with IDH mutations (20), therefore, high A3C
expression was observed in the cases of GBM with non-
G-CIMP and represented a poor prognosis. A heatmap of
the TCGA database revealed that A3C expression tended
to increase in chromosome 7 and decrease in chromosome
10, EGFR overexpression, and PTEN suppression.

High A3C mRNA and protein expression in GBM cell
lines

To confirm the role of A3C in gliomas, we compared
A3C protein expression in normal brain cell lysates and
GBM cell lines. We found that most of the GBM cell lines,
including A172, GBM8401, HS683, LN229, LNZ308,
T98G, U87, and U118, had a higher A3C expression than
normal cell lysates (Fig. 2A). Similar to A3C protein ex-
pression, A3C mRNA expression in the normal brain was
lower than that in the GBM cell lines (Fig. 2B). Therefore,
A3C appears to be a critical factor in the development of
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Figure 1. The analysis of A3C mRNA expression with various mole-
cular subtypes of GBM in the TCGA database. (A) High A3C mRNA
expression tended to primary and recurrent, mesenchymal subtype,
IDH1-wild type, unmethylated MGMT, and non-G-CIMP (B) A3C
expression correlated with the differences of copy numbers of chro-
mosome 7 and 10, enhancement of EGFR and loss of PTEN expres-
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Figure 2. . A3C protein and mRNA expression of various clones of
GBM cell lines, SVGp12 and Normal brain tissue. (A) The western-
blot analysis revealed higher A3C expression in most GBM cell lines
than in normal brain tissue lysates. (B) Compared to normal brain
cDNA, all of the GBM cell lines had higher A3C mRNA expression.
Normal brain lysates and cDNA were extracted from normal human
brain tissue. SVGp12 is a normal fetal brain cell line. These error bars
mean standard deviation. The statistical significance was presented
as *P<0.05, **P<0.01, ***P<0.001 compared with a normal brain.

GBM.

Overexpression of A3C in human glioma tissue

The number of cases in the tissue microarrays was as
follows: 5 non-neoplastic brain tissues, one WHO grade |
glioma, 18 WHO grade II gliomas, 16 WHO grade 111 glio-
mas, and 55 WHO grade IV gliomas, comprising one case
of pilocytic astrocytoma; one case of diffuse astrocytoma,
mutant-IDH1; 13 cases of diffuse astrocytoma, wild type-
IDH1; three cases of anaplastic astrocytomas, mutant-

Table 1. A3C immunostain scores in gliomas.

IDHI1; seven anaplastic astrocytomas, wild type-IDHI;
six cases of GBM, mutant-IDH1; 35 cases of GBM, wild
type-IDH1; 14 cases of diffuse midline gliomas, mutant
H3 K27M; one case of oligodendrogliomas, mutant-IDH1;
three cases of oligodendrogliomas, wild type-IDH1; four
cases of anaplastic oligodendrogliomas, mutant-IDHI;
and two cases of anaplastic oligodendrogliomas, wild
type-IDH]1. The average immunostaining score of A3C in
non-neoplastic brain tissue was 13.33. In glioma cases, the
average immunostaining scores for WHO grade I, 11, III,
and IV tumors were 20, 20.88, 50.31, and 58.61, respec-
tively (Table 1). Therefore, we successfully demonstrated
that A3C IHC expression was significantly correlated with
glioma tumor grade in human tissues (Fig. 3, P=0.031). In
all cases of astrocytomas and oligodendrogliomas, higher
A3C immunostaining scores were observed in high-grade
tumors than in low-grade tumors (Table 1, P = 0.007, P
= 0.046). Compared with mutant-IDH1 gliomas, most
wild-type-IDH1 tumors presented a higher percentage of
positive A3C IHC-stained cells. To explore the expres-
sion of A3C-related factors, we conducted univariate and
multivariate analyses. The univariate analysis revealed
that A3C expression was associated with wild type-IDH1,
high MGMT expression, overexpressed EGFRvIII, muta-
ted p53, and an increase in phosphorylated AxL and Nur77
expression (Table 2). Similarly, the multivariate analysis
revealed that MGMT, EGFRvIII, mutated p53 and phos-
phorylated AxL expression was associated with A3C ex-
pression in human gliomas (Table 2).

A3C has a poor prognosis in human glioma tissues
The present study included 64 patients with glioma with
confirmed survival times to determine if the enhancement

Average Average Average
Correlation*

intensity % tumor score
Non-neoplastic brain tissue 1 13.33 13.33
Classification of gliomas
Pilocytic astrocytoma 1 20 20
Diffuse astrocytoma, IDH1-mutant 1 20 20
Diffuse astrocytoma, IDH1-wildtype 0.92 24.17 24.17 Positive correlation
Anaplastic astrocytoma, IDH1-mutant 1 45 45
Anaplastic astrocytoma, IDH1-wildtype 1.29 48.57 67.86 (P=0.007%)
Glioblastoma, IDH1-mutant 1.33 32.5 42.5
Glioblastoma, IDH1-wildtype 1.29 46.18 62.35
Oligodendroglioma, NOS 1 11.25 11.25 Positive correlation
Anaplastic oligodendroglioma, NOS 1 32.5 325 (P=0.046%)
Diffuse midline glioma, H3 K27M-mutant 1.14 46.43 56.43
WHO grades of gliomas
WHO grade | 1 20 20
WHO grade II 0.94 20.88 20.88 Positive correlation
WHO grade 11 1.13 41.88 50.31 (P=0.031%)
WHO grade IV 1.26 44.72 58.61

* The differences were analyzed by Pearson Correlation Method.
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Table 2. Univariate and multivariate analysis of risk factors associated with a positive A3C expression.

Variable

Univariate analysis

OR (95% CT)

P value

Multivariate analysis

OR (95% CT)

P value

Sex
Male

Female
Mutated

IDHI R132H
Negative

Positive
ATRX
Preserve
Loss
H3K27M
Negative
Positive
MGMT
Negative
Positive
EGFR
Positive
Negative
EGFRvIII
Positive
Negative
P53
Overexpression
Negative
p-AxL
Positive
Negative
NUR77
Positive
Negative
PDGFRA
Positive
Negative

1
0.75 (0.74-0.76)

1

1.40 (1.04-2.71)

1
1.21 (1.19-1.24)

1
0.84 (0.72-1.12)

1
0.70 (0.55-0.76)

1
0.53 (0.47-0.62)

1
0.46 (0.44-0.47)

1
0.67 (0.60-0.72)

1
0.54 (0.29-0.72)

1
0.64 (0.50-0.74)

1
0.78 (0.61-1.28)

0.087

0.005%*

0.256

0.460

0.037*

0.006"

<0.001*

0.018"

0.009*

0.015*

0.391

0.76 (0.76-0.77)

1.46 (1.08-3.03)

0.96 (0.94-0.97)

0.98 (0.89-1.10)

0.68 (0.58-0.75)

0.56 (0.49-0.67)

0.74 (0.72-0.77)

0.69 (0.60-0.74)

0.57 (0.31-0.75)

0.61 (0.46-0.71)

0.68 (0.54-1.06)

0.395

0.008*

0.199

0.076

0.003*

0.166

<0.001*

0.005*

0.006*

0.047%*

0.591

* The differences were analyzed by Pearson Correlation Method.

of A3C expression had a prognostic impact. To ensure an
equal number of patients with high A3C (A3C-H) and low
A3C (A3C-L) gliomas, the cut-off value of the A3C im-
munostaining score was set at 40. Subsequently, we per-
formed a Kaplan—Meier analysis to evaluate the difference
in the survival time between the two groups. Our results
showed that the A3C-H group of gliomas had a higher
percentage of shorter survival times than the A3C-L group
(Fig. 4, P =0.039). The multivariate analysis revealed that
age, A3C expression, presence of the wild type-IDH]1, loss
of ATRX nuclear staining, phosphorylated AxL (p-AxL)
overexpression, and PDGFRA overexpression were asso-
ciated with poor prognosis in human gliomas (Table 3).
Therefore, we demonstrated that the enhancement of A3C
expression aids in the prognosis of patients with glioma.

Concordance of A3C and PLP2 protein expression has
a more precise prognosis in gliomas

As A3C and PLP2 expressions were associated with
the activation of oxidative stress, the comparative immu-
nostaining scores of the above biomarkers were evaluated
to determine their relationship. In this study, the statistical
significance of A3C and PLP2 IHC expression was ana-
lyzed via linear regression analysis (r = 0.343) (Fig. 5A).
Furthermore, gliomas with A3C-L and PLP2-L had a bet-
ter prognosis than other groups of glial neoplasms (P =
0.018) (Fig. 5B). Therefore, the above findings imply an
association between A3C and PLP2 protein expression,
resulting in a short survival time of gliomas. However, the
detailed mechanisms of action of A3C and PLP2 remain
undetermined.
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Figure 3. Representative hematoxylin and eosin staining of (A) non-
neoplastic brain tissue, (B) pilocytic astrocytoma, (C) diffuse astrocy-
toma, (D) anaplastic astrocytoma, and (E) GBM; and representative
immunohistochemical staining of A3C in (F) non-neoplastic brain
tissue, (G) pilocytic astrocytoma, (H) diffuse astrocytoma, (I) 10 ana-

plastic astrocytoma, and (J) GBM (J). (Original magnification 400x).
N J

Discussion

The APOBEC protein family comprises five members
in the human genome: APOBEC1, APOBEC2, APOBEC3,
APOBEC4, and activation-induced cytidine deaminase
(41CDA) (21). APOBEC3A (A3A), APOBEC3B (A3B),
A3C, APOBEC3D (A3D), APOBEC3F (A3F), and APO-
BEC3G (A3G) are distributed on chromosome 22 (22).
Previous studies have revealed that the APOBEC family
catalyzes cytosine deamination from single-stranded
DNA to form uracil in human cancers (10). A3G, an Hu-
man immunodeficiency virus 1 restriction factor, targets
double-stranded DNA and promotes DNA damage repair,
potentially resulting in therapeutic resistance in human
lymphoma cells (23,24). In addition, the upregulation of
A3A can induce a DNA damage response and result in cell
cycle arrest (24). Recent studies have demonstrated that
high A3C mRNA expression is correlated with better clini-

cal outcomes in breast cancer and enhances the cytotoxic
effects of cancer therapy (21,25). However, A3C expres-
sion is associated with advanced tumor grades and high
IC50 values for chemotherapeutic regimens in low-grade
gliomas (10). In the present study, we demonstrated that
A3C is a neoplastic factor in tumor development through
its association with the expression of well-known poor
prognostic factors in gliomas.

A previous study demonstrated that PLP2 overexpres-
sion induces aggressive glioma behaviors, such as tumor
proliferation, migration, invasion, and angiogenesis, by
activating the phosphoinositide 3-kinase (PI13k)/mamma-
lian target of rapamycin (mTOR)/ protein kinase B (AKT)
and MAPK/ERK signaling pathways (18). In addition, the
inhibition of PLP2 induces the cleavage of PARP-1 and
the loss of DNA repair activity (26). Because the enhance-
ment of PARP-1 depends on single-stranded DNA breaks
resulting from ROS (27), PLP2 overexpression is likely
associated with ROS activation. Additionally, the upregu-
lation of A3C was strongly associated with cytochrome
¢ oxidase (COX) family expression, particularly that of
COXSA, COXS5B, COX6A1, and COX6B1, based on the
protein—protein interaction map. These COX members
mentioned are involved in mitochondrial ROS activation
or regulation under normoxia or hypoxia (28). As A3C
was positively correlated with PLP2 expression, we infer-
red that both play important roles in upregulating ROS-
induced cellular stress and further oncogenesis of gliomas.
However, no adequate results have confirmed the rela-
tionship between A3C and PLP2, and further evidence is
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Figure 4. . The correlation of A3C expression with prognosis in
human gliomas by Kaplan-Meier analysis. (P<0.05 means statistical
significance).
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Figure 5. . (A) Linear regression analysis of A3C and PLP2 immu-
nostain scores in 62 gliomas. (B) Co-expression of A3C and PLP2
correlating with overall survival time in gliomas. Survival rates were
analyzed using the Kaplan-Meier survival test.
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Table 3. Multivariate Analysis for Overall Survival in gliomas.

Multivariate analysis

Variable Hazard ratio 95% Coinfidence Interval P value
Sex (male/female) 1.62 0.78-3.36 0.199

Age (<50/>50) 3.81 1.64-8.89 0.002*
A3C (<40/>40) 1.00 0.98-1.01 0.035*
IDH1 R132H (Wild type/Mutated) 2.65 1.02-6.91 0.046*
ATRX (Preserve/Loss) 0.40 0.19-0.85 0.018%*
H3K27M (Negative/Positive) 0.86 0.28-2.63 0.796
MGMT (Unmethylated/ Methylated) 0.70 0.34-1.41 0.316
EGFR (Negative/Positive) 1.36 0.31-5.92 0.684
EGFRVIII (Negative/Positive) 1.58 0.51-4.94 0.432
P53 (Negative/Overexpression) 1.51 0.72-3.19 0.279
p-AxL (Negative/Positive) 4.17 1.57-11.06 0.004*
NUR?77 (Negative/Positive) 0.53 0.25-1.11 0.090
PDGFRA (Negative/Positive) 11.81 1.75-80.00 0.011*

* The differences were analyzed by Pearson Correlation Method.

needed to elucidate the detailed mechanism. Compared to
the Kaplan—Meier analysis of single A3C immunostaining
scores, the combination of PLP2 and A3C IHC staining re-
vealed a more significant correlation with glioma progno-
sis. Out of the four groups, with various immunostaining
scores, A3C-L IHC staining predicted a relatively better
survival rate than the A3C-H groups of gliomas, regardless
of PLP2-L or PLP2-H. In our opinion, A3C and PLP2 IHC
staining is a good tool for the accurate prognosis of glio-
mas based on WHO grades or molecular signatures.

In a previous study, A3C expression was associated
with the mutated state of some well-known oncological
factors of gliomas, including IDH1 R132H, MGMT, EG-
FRvIII, p53, p-AxL, and Nur77. The IDH1 R132H muta-
tion comprises more than 90% of mutated-IDH1 gliomas
and represents a better prognosis and a prolonged GBM de-
velopment time in low-grade gliomas (29,30). TP53 loss-
of-function and ATRX inactivation are strongly correlated
with the IDH1 R132H mutation (31). MGMT methylation
is a good predictor of response to TMZ treatment (32,33).
Several studies have revealed that evaluating both MGMT
protein expression and promoter methylation status is
important for assessing the therapeutic efficacy of glio-
mas (34-36). As mismatch repair (MMR) proteins are res-
ponsible for DNA repair (37,38), the combination of low
MGMT protein expression and MMR deficiency is the op-
timal prediction strategy for a good clinical outcome (39).
In contrast, EGFRVIII overexpression indicates aggressive
glioma behavior, including decreased tumor apoptosis and
increased tumor progression (40). Recently, EGFRVIII-
positive GBM cells showed the suppression of cell cycle
checkpoint protein expression, including that of cyclin-
dependent kinase 4 and mouse double minute 2 homolog
(41). AXL belongs to the receptor tyrosine kinase family
and is a poor prognostic factor in GBM (42). In addition,
AxL induces tumor-associated macrophages and mediates
tumor survival via interactions with growth arrest-speci-
fic protein 6 (43). p-AxL activates the PI3k/Akt cascade
signaling pathway and further protects tumors from apop-
tosis (44). AxL prevented DNA damage-induced apopto-
sis in head and neck squamous cell carcinomas (45,46).
Similar to A3C, most of the above oncological factors are

capable of inducing chemoresistance by repairing DNA
breaks after TMZ treatment. Although the interaction
between A3C and these factors is not clear, the application
of A3C IHC might provide some useful information to cli-
nicians about predicting therapeutic efficacy.

Conclusions

The current study demonstrated that A3C not only plays
a role in tumorigenesis but also presents a poor prognosis
for gliomas. A3C has been discovered as an oncological
factor in gliomas based on the results of some databases
and in vitro studies. Furthermore, we established that A3C
protein expression may be associated with PLP2 in hu-
man glioma tissues; however, the mechanism is not clear.
Additionally, our results indicate that the combination of
A3C and aberrant gene expression is a good predictor of
TMZ treatment outcome. In the future, pharmacological
inhibitors of A3C may be beneficial for suppressing tumor
progression and combating chemoresistance in gliomas.
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