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MG glioblastoma cells via activation and cross-talk between PKM2,
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Ravi P. Cholia1 & Monisha Dhiman2
& Raj Kumar3 & Anil K. Mantha1

Received: 18 December 2017 /Accepted: 6 April 2018
# Springer Science+Business Media, LLC, part of Springer Nature 2018

Abstract
Maintaining genomic integrity is essential for cell survival and viability. Reactive oxygen species (ROS) overproduction results
in oxidative stress leading to the genomic instability via generation of small base lesions in DNA and these unrepaired DNA
damages lead to various cellular consequences including cancer. Recent data support the concept Boxidative stress is an indis-
pensable participant in fostering proliferation, survival, and migration^ in various cancer cell types including glioblastoma cells.
In this study we demonstrate that treatment of non-cytotoxic doses of oxidants such as amyloid beta [Aβ(25–35)] peptide,
glucose oxidase (GO), and hydrogen peroxide (H2O2) for 24 h and 48 h time points found to increase the expression level and
activity of a multifunctional enzyme Apurinic/apyrimidinic endonuclease (APE1), a key enzyme of base excision repair (BER)
pathwaywhich takes care of base damages; and also resulted inmodulation in the expression levels of downstreamBER-pathway
enzymes viz. PARP-1, XRCC1, DNA polβ, and ligase IIIα was observed upon oxidative stress in C6 and U-87 MG cells.
Oxidants treatment to the C6 and U-87MG cells also resulted in an elevation in the intracellular expression of glycolytic pathway
enzyme Pyruvate kinase M2 (PKM2) and the metastasis inducer protein Ectonucleotide pyrophosphatase/phosphodiesterase 2
(ENPP2) as analyzed usingWestern blotting and Immunofluorescence microscopic studies. Our study also reports that oxidative
stress induced for 24 h and 48 h in C6 and U-87MG cells resulted in extracellular secretion of APE1 and ENPP2 as analyzed using
Western blotting in conditioned media. However, the biological significance of extracellular secreted APE1 remains elusive.
Oxidative stress also elevated the ENPP2’s LysoPLD activity in conditioned media of C6 and U-87 MG cells. Our results also
demonstrate that oxidative stress affects the expression level and localization of APE1, PKM2, and ENPP2 in C6 and U-87 MG
cells. As evidenced by the colocalization pattern at 24 h and 48 h time points, it can be attributed that oxidative stress mediates
crosstalk between APE1, PKM2, and ENPP2. In addition, when C6 and U-87 MG cells were treated with lysophosphatidic acid
(LPA), a bioactive lipid that negatively regulates ENPP2’s LysoPLD activity at 10 μM concentration, demonstrated strong
migratory potential in C6 and U-87 MG cells, and also induced migration upon oxidative stress. Altogether, the findings
demonstrate the potential of C6 and U-87 MG cells to utilize three proteins viz. APE1, PKM2, and ENPP2 towards migration
and survival of gliomas. Thus the knowledge on oxidative stress induced APE1’s interaction with PKM2 and ENPP2 opens a
new channel for the therapeutic target(s) for gliomas.
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Introduction

Tumor cells show modulated metabolic properties as they
need more energy supply and also need more biosynthetic
intermediates. Pyruvate kinase muscle isoform M2 (PKM2)
is a key enzyme in the glycolytic pathway which catalyzes the
terminal step of glycolysis, whose active tetrameric form con-
verts phosphoenolpyruvate (PEP) into pyruvate (Mazurek
2011; Mazurek et al. 2005). Glioblastoma multiforme
(GBM) is the most common primary brain tumor in adults
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and aged individuals (Wrensch et al. 2002). GBM is aggres-
sive in nature and shows elevated PKM2 expression in a
grade-specific manner, but this does not correlate with pyru-
vate kinase activity. However, isoform switching between
metabolic enzyme PKM1 and PKM2 has also been observed
in GBM (Mukherjee et al. 2013). The ERK1/2-dependent
PKM2 phosphorylation, PIN-1-dependent cis-trans isom-
erization and conversion of tetrameric PKM2 to mono-
meric form, subsequently resulting in its nuclear locali-
zation has been reported to be associated with cell cycle
progression and tumorigenesis (Yang and Lu 2013).
Lysophosphatidic acid (LPA) is a bioactive product of
ectonucleotide pyrophosphatase/phosphodiesterase 2
(ENPP2) enzyme which dissociates PKM2 tetrameric form
into dimeric form by causing metabolic inactivation of
PKM2 (Desmaret et al. 2005).

Mantha et al. (2012) have identified PKM2’s stable inter-
action with Apurinic/ apyrimidinic endonuclease 1 (APE1) in
PC-12 and SH-SY5Y cells upon Aβ(25–35)-induced oxida-
tive stress. APE1 is the major multifunctional enzyme which
participates in the base excision repair (BER) pathway in-
volved in the repairing of abasic (AP) sites in DNA, and also
in the reductive activation of various cancer cell surviv-
al transcription factors (TFs) (Bhakat et al. 2009; Tell
et al. 2010). Oxidative stress plays an important role in
the elevation of APE1 activity in GBM which contrib-
utes to the resistance towards alkylating agents (Silber
et al. 2002), and cancer cell survival by removing che-
motherapy-induced DNA adducts in GBM (Johannessen and
Bjerkvig 2012). Recently, we also demonstrated that oxidative
stress acounts for modulation in antioxidant state, APE1 ele-
vation and its nuclear localization in the glial cells (Cholia
et al. 2017).

ENPP2 is a well-characterized second of seven members of
the ectonucleotide pyrophosphatase/phosphodiesterase
family, capable of hydrolyzing the phosphodiester or
pyrophosphate bonds from a variety of substrates.
ENPP2 is the only secreted protein from this family
which also possesses lysophospholipase D activity
(Hausmann et al. 2013). Elevated ENPP2 expression and
LPA receptors are predominant in GBM, which plays a key
role in its growth and development (Kishi et al. 2006).
LPA signalling modulates the morphology of GBM cells
(Fukushima et al. 2000) and enhances their invasive potential
(Kishi et al. 2006).

The present study evaluates the oxidative stress responses
induced in the rat and human glioma cells following treatment
of oxidants [Hydrogen peroxide (H2O2), Glucose Oxidase
(GO), and Amyloid beta (Aβ) peptide] to understand the ag-
gressiveness displayed by the GBM. This study evaluates for
the alteration in expression, activities, and cross-talk between

the enzymes APE1, PKM2, and ENPP2; which might be
governing the underlined mechanisms contributing towards
the GBM aggressiveness.

Methodology

Cell culture and treatments

Human glioma U-87 MG and rat glioma C6 cells (gift-
ed by Prof. Gursheran Kaur, Guru Nanak Dev
University, Amritsar, India) were maintained and cul-
tured in DMEM media (Gibco) supplemented with
10% FBS (Gibco) and 1X penicillin-streptomycin solu-
tion (HiMedia) in humidified CO2 incubator (Eppendorf)
at 37 °C. For different treatments, C6 and U-87 MG
cells were seeded in 96-well plates at a density of 1 × 104 cells
per well or in 10 cm dishes at a density of 1 × 106 cells
per pla te . Aβ (25–35) [Genscr ipt ] , H2O2 (MP-
Biomedicals), and GO (Sigma) at various concentrations
as indicated were used to induce the oxidative stress in
the C6 and U-87 MG cells as suggested in various
previously performed studies (Alía et al. 2006; Duthie
et al. 1997; Cholia et al. 2017).

MTT assay

C6 and U-87MG cells survival was analyzed withMTTassay
as described by Dhiman et al. (2012) with slight modifications
in the protocol (Cholia et al. 2017). Cells were seeded (8000
cells/well) in 96-well plates and were incubated for 24 h at
37 °C. Cells were serum starved overnight and then treated
with various concentrations of oxidants Aβ(25–35) pep-
tide (0–80 μM), H2O2 (0–200 μM) and GO (0–100 μU/
ml) for 24 h and 48 h time points. Afterwards, 100 μl
of MTT (0.5 mg/ml) reagent (Invitrogen) was added to
each well and incubated for 3 h in the dark at 37 °C. The
purple colored formazan product was dissolved in acidified
DMSO. O.D. was measured by using a microplate reader
(Biotek) at 570 nm. A graph was plotted with percent relative
cell viability on the y-axis against oxidant concentration on
the x-axis.

Intracellular ROS measurement

Intracellular ROS was measured using H2DCFDA reagent as
described previously (Cholia et al. 2017). Approximately
8000 C6 and U-87 MG cells/well were seeded in 96 well
plate. Cells were serum starved overnight, and oxidants
(Aβ(25–35) peptide, H2O2 and GO) treatment was given to
the cells for 24 h and 48 h time points. Afterward, cells were
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incubated with 100 μl of 50 μM H2DCFDA (Thermo Fisher)
solution for 30 min in the dark and washed with 1X phosphate
buffered saline (PBS). A blank reading was recorded at
excitation/emission 478/518 nm, and cells were further incu-
bated for 30 min in the dark and the measurements were re-
corded . Relative fluorescence intensity was measured and the
data represented as percent change in ROS.

Western blot analysis

C6 and U-87 MG cells were lysed using RIPA buffer [20 mM
Tris-HCl (pH 7.4), 150 mM NaCl, and 1 mM EDTA]
supplemented with protease inhibitor cocktail (Amresco)
as described previously with few modifications (Mantha et al.
2012). Protein samples (total cell lysate 30 μg each or condi-
tioned media 40 μL each) were separated by electrophoresis
on 8–10% SDS-PAGE and blotted onto PVDF membranes
(Pall, Life Sciences). Then the membranes were blocked for
1 h in 5% non-fat dry milk (BioRad) in 50 mM Tris-HCl
(pH 7.4), containing 0.05% Tween 20 (TBST). Blocked mem-
branes were incubated with primary antibody for PCNA,
APE1, PKM2, Autotaxin (Santa Cruz), and ENPP2 (Sigma)
and then incubated with the secondary antibody (1:5000;
Invitrogen). β-Actin (Santa Cruz) was used as endogenous
control for normalization. The immune detection was accom-
plished using ECL reagent (BioRad), and protein expression
were visualized using FluorChem HD2 (Protein Simple) gel
documentation system.

Immunocytochemistry

Cellular localization of APE1 was determined using immuno-
cytochemistry staining as described (Singh and Englander
2012). A constant cell suspension was poured on sterile cov-
erslips placed in eachwell and the U-87MG andC6 cells were
treated with oxidants for 24 h and 48 h. Following incubation,
cells were fixed with 4% formaldehyde solution for 20 min
and permeabilized using 0.1% Triton X-100 for 10 min. Cells
were blocked using 10% FBS for 1 h at room temper-
ature. Then the cells were washed and incubated at
4 °C overnight with primary APE1, PKM2 (1:100;
Santa Cruz) and ENPP2 (1:100; Santa Cruz) antibodies.
Cells were washed three times with 1X sterile PBS and
incubated with secondary antibodies Alexa Fluor 488/
568/647 (Invitrogen) for 1 h. Then the cells were
washed three times with 1X sterile PBS and incubated
with DAPI for 10 min for nuclear staining, and images were
captured under the 60X oil objective using confocal laser
scanning microscope (FV1200, Olympus) at the Central
Instrumentation Laboratory (CIL), Central University of
Punjab, Bathinda (CUPB).

Wound healing assay

Approximately 2 × 105 C6 and U-87 MG cells per well were
seeded in 6-well plates and allowed to grow upto 70%
confluency at 37 °C in a humidified, 5% CO2 maintained
incubator for 24 h. Media was replaced with serum-free media
containing 0.1% fatty acid-free BSA (Sigma-Aldrich) to syn-
chronize the cell growth. With a sterile 200 μl pipette tip, a
cell-free straight streak/wound was created. Cells were
washed with 1X sterile PBS to remove any debris or floating
cells. The cell division was arrested using mitomycin C
(Sigma) treatment for 2 h before the oxidants treatment
(Schleicher et al. 2011). Zero h image of cell-free steak/
wound was taken at 10X objective lens using Olympus
Magnus inverted microscope equipped with Sony Color
Video Camera using TV Home Media2 software. The oxi-
dants, Aβ(25–35) peptide (10 μM), GO (10 μU) and H2O2

(50 μM) treatment with/without LPA (10 μM; Sigma) was
given to the C6 and U-87 MG cells and incubated for 24 h.
After the incubation media was discarded and cells were
washed with 1X sterile PBS and cells were fixed with meth-
anol, followed by staining with 1% crystal violet. To quan-
tify the wound healing, cells in 3 random scratch areas
were selected and counted under the 10X objective lens.
Wound healing was quantified by calculating the num-
ber of migratory cells in the streak area with a mean
and standard error for each treatment group as described
earlier with minor modifications (Schleicher et al. 2011). A
graph was plotted of cells in wound area on the y-axis against
oxidants treatment on the x-axis.

Preparation of conditioned media

For the assessment of extracellular protein levels and activi-
ties, a conditioned media was prepared from approximately
80% confluent cultured U-87 MG and C6 cells (treated/non-
treated). Cells were seeded at a constant number in 10 cm
dishes for overnight growth following which the media was
replaced with serum-free media containing 0.1% fatty acid-
free BSA to synchronize the cell growth. Cells were treated
with oxidants for 24 h and 48 h time points. Afterwards,
the treatment incubation media was removed from the
cells and clarified by centrifugation at 3000 rpm for
5 min at 4 °C to remove any cellular debris and dead
cells. The supernatant was transferred to pre-cooled new
sterile 15ml tubes and filtered through 0.2μm filter as described
previously (Wu et al. 2010). Filtered media was concentrated
using concentrator (Millipore) as indicated in manufac-
turer’s protocol. Concentrated conditioned media was
supplemented with protease inhibitors and stored at
−20 °C until further use.
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LysoPLD activity of ENPP2

LysoPLD activity of ENPP2 was measured using the N-ethyl-
N-(2-hydroxy-3-sulfopropyl)-3-methylaniline (TOOS) activity
assay as described earlier (Katsifa et al. 2015). ENPP2 cata-
lyzes the cleavage of lysophosphatidylcholine (LPC) to LPA
and choline. The released choline is oxidized by choline

oxidase to produce betaine and H2O2, which acts as an oxidiz-
ing agent. In the presence of horseradish peroxidase (HRP),
H2O2 reacts with TOOS and 4-AAP (amino antipyrine) to
form a pink quinonimine dye which absorbs at 555 nm.
Using 1X LysoPLD buffer [100 mM Tris-HCl (pH 9.0);
150 mM NaCl, 5 mM MgCl2, 5 mM CaCl2, 60 μM CoCl2,
and 1 mM LPC] at 37 °C for 30 min reaction was observed.

Fig. 1 MTT assay showing the effect of varying dose of Aβ(25–35)
peptide, GO, and H2O2 on percent cell viability compared with that of
untreated control cells for 24 h, and 48 h in C6 (a, b, & c); and in U-87
MG (d, e, & e). Effect of selected doses of Aβ(25–35) [10 μM], GO (10

μU/ml) and H2O2 (50 μM) on cell viability of human peripheral blood
mononuclear cells PBMCs for 24 h (g). The results are expressed as a
mean ± standard deviation (n = 3). The data is considered as statistically
significant at *p ≤ 0.05, *p ≤ 0.01, and **p ≤ 0.001
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Concentrated media from oxidants treated cells (10 μl) were
incubated with 1X LysoPLD buffer at 37 °C for 4 h in a final
volume of 100 μl in a 96-well plate. At the end of the incuba-
tion, a color mix [0.5 mM 4-AAP, 7.95 U/ml HRP, 0.3 mM
TOOS, 2 U/ml choline oxidase in 5 mM MgCl2/50 mM Tris-
HCl (pH 8.0)] was prepared, and 100 μl was added to each
well. Absorbance was measured at 555 nm every 5 min inter-
val for 20 min duration. For each sample, the absorbance was

plotted against time, and the slope (dA/min) was calculated for
the linear (steady-state) portion of each reaction.

ENPP2 activity was calculated as:

Activity U=mlð Þ ¼ μmol=min=mlð Þ
¼ dA=min sampleð Þ−dA=min blankð Þ½ �

�Vt= e� Vs� 0:5ð Þ

Fig. 2 Western blot analysis of PCNA protein level in the total cell lysates of C6 cells (a & b) and U-87 MG cells (c & d) treated with oxidants [10 μM
Aβ(25–35) peptide, 10 μU/ml GO, and 50 μM H2O2]. The results are expressed as a mean ± standard deviation (n = 3)
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Where, Vt: total volume of reaction (ml); Vs: volume of
sample (ml); e: millimolar extinction coefficient of quinonimine
dye under the assay conditions (e = 32.8 μmol/ cm2); and 0.5:
the moles of quinonimine dye produced by 1 mol of H2O2.

Endonuclease activity of APE1

APE1’s DNA repair activity was determined using gel based
endonuclease assay. pUC19 plasmid DNA (gifted by Dr.
Narottam Acharya, Institute of Life Sciences, Bhubaneshwar,
Odisha) was depurinated (dp) by incubating in 0.01 M sodium
citrate, 0.1 M NaCl (pH 5.2) at 70 °C in hot water bath for
45 min to induce AP sites. The dp plasmid DNAwas used as
a substrate for APE1’s endonuclease (repair) activity. The dp
DNA was incubated with 50 mM HEPES-KOH (pH 7.5),
50 mM KCl, 100 μg/ml BSA, 10 mM MgCl2, 0.05% Triton
X-100 at 37 °C for 10 min with nuclear extracts (NEs) of U-87
MG and C6 cells (treated or non-treated) to determine the repair
activity of endogenous APE1. Then the reaction was stopped
by adding 5 μl electrophoresis sample buffer (1 mM EDTA,
0.25% bromophenol blue, 0.25% xyline cyanol and 50% glyc-
erol) and incubated for 5min at −20 °C and then analyzed using
0.7% agarose gel as described previously (Chen et al. 1991;
Redaelli et al. 1998).

Statistical analysis

Student’s t-test was used to establish whether significance
difference existed between the experimental groups. The

mean and standard deviation of each treatment group was
calculated for all the experiments. The results are expressed
as a mean ± standard deviation (n = 3). All p-values were of
two-sided and the data considered statistically significant at
*p ≤ 0.05, **p ≤ 0.01, and **p ≤ 0.001 difference.

Results

Oxidants H2O2, GO, and Aβ(25–35) induces
dose-dependent cytotoxicity in C6 and U-87 MG cells

U-87MG and C6 cells were exposed to H2O2 (0–500μM), GO
(0–100 μU/ml), and Aβ (0–80 μM) for 24 h and 48 h time
periods. Aβ(25–35) peptide treated cells showed a decrease in
the cell proliferation in a concentration-dependent manner in U-
87 MG and C6 cell lines. Aβ(25–35) at 10 μM displayed a
non-cytotoxic effect. Dose dependent increase in cell prolifera-
tion was observed upto 20 μU/ml GO treatment, and thereafter
a constant increase in proliferation was observed upto 80 μU/
ml, as compared to the control C6 and U-87 MG cells after
treatment for 24 h and 48 h time points. GO at 10 μU/ml was
effective to induce proliferation in C6 and U-87MG cells with-
out any cytotoxicity. H2O2 treatment upto 100 μM showed no
cytotoxic effect in C6 and U-87 MG cells, whereas an increase
in H2O2 concentration beyond 100 μM was found to be cyto-
toxic to the cells. From these results, 50 μMH2O2 was found to
induce the proliferation of C6 and U-87MG cells at all the time
points (Fig. 1a, b, c, d, e & f). Further, to confirm the non-

Fig. 3 Percent change in ROS
(Intracellular) using fluorescent
H2DCFDA assay in C6 (a & b)
and U-87 MG (c & d) cells upon
treatment with oxidants [10 μM
Aβ(25–35) peptide, 10 μU/ml
GO, and 50 μM H2O2]. The
results are expressed as a mean ±
standard deviation (n = 3). The
data is considered as statistically
significant at *p ≤ 0.05,
and **p ≤ 0.01
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cytotoxic effect of the selected concentrations of oxidants, iso-
lated human peripheral blood mononuclear cells (PBMCs)
were cultured and exposed to the selected doses of Aβ(25–
35) peptide (10 μM), GO (10 μU/ml), and H2O2 (50 μM) for
24 h treatment period. Aβ(25–35) peptide and GO exposure
did not result in any cytotoxic effect on the PBMCs after 24 h
treatment incubation as compared to the non-treated control
cells (Fig. 1g); except a minimal cytotoxicity (~8%) was ob-
served in H2O2 treated PBMCs.

In addition, the non-cytotoxic nature of selected doses of
oxidants was determined by PCNA protein expression analy-
sis usingWestern blotting. C6 and U-87MG cells treated with
Aβ(25–35) peptide (10 μM), GO (10 μU/ml), and H2O2

(50 μM) for 24 h and 48 h time periods showed an increase

in the level of PCNA protein when compared with non-treated
control cells (Fig. 2).

Non-cytotoxic concentrations of Aβ(25–35), GO,
and H2O2 induces oxidative stress via enhancing
cellular ROS level

Treatment of oxidants Aβ(25–35) peptide, GO, and H2O2 re-
sulted in the generation of intracellular ROS which was mea-
sured using fluorescence dye-based H2DCFDA assay.
Following exposure to Aβ(25–35) peptide (10 μM), GO (10
μU/ml), and H2O2 (50 μM), a significant increase in ROS gen-
eration was observed at 24 h and 48 h time points in C6 and U-
87 MG cells as compared to untreated control cells (Fig. 3).

Fig. 4 Western blot analysis of APE1 protein level in the total cell lysates of oxidatively stressed C6 cells (a& b) and U-87MG cells (c& d). The results
are expressed as a mean ± standard deviation (n = 3)
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Oxidative stress elevates cellular and extracellular
APE1 levels in C6 and U-87 MG cells

APE1 protein expression level in total cell lysates of C6
cells treated with Aβ(25–35) peptide (10 μM), GO (10
μU/ml), and H2O2 (50 μM) for 24 h showed an in-
crease by 20%, 25%, and 47%, respectively, when com-
pared with untreated control C6 cells. Similarly, a fur-
ther increase of 48 h exposure time of oxidants resulted in
an increase in APE1 protein expression level by 27%, 11%, and
46%, respectively (Fig. 4a, b). 24 h treatment of GO and H2O2

increased the protein expression level of APE1 by 8% and
44%, respectively, in U-87MG cells, when compared with that
of untreated control U-87MG cells. U-87MG cells treatedwith
Aβ(25–35) peptide for 24 h did not show any significant
change in APE1 expression level. Further, increase in the ex-
posure time of Aβ(25–35) peptide, GO, and H2O2 upto 48 h,
increased the APE1 expression level by 30%, 18%, and 22%,
respectively (Fig. 4c, d).

Further, the impact of oxidative stress on the extracellular
secretion of APE1 in C6 and U-87 MG cells was evaluated
using Western blotting. Extracellular secretion of APE1 was
found to be time-dependent in C6 and U-87 MG cell culture
conditioned media upon Aβ(25–35) peptide, GO, and H2O2

treatments (Fig. 5). A phenomenon recently discovered in

cancer research associated with APE1 with unexplored
function(s).

Oxidative stress enhances endonuclease (DNA repair)
activity of APE1 in C6 and U-87 MG cells

APE1’s DNA repair endonuclease activity was found to be
increased by 19% (1.19 fold), 30% (1.3 fold), and 2.3 fold
after 24 h treatment of Aβ(25–35) peptide (10 μM), GO (10
μU/ml), and H2O2 (50 μM), respectively, in the nuclear ex-
tracts of C6 cells as compared to the non-treated control cells.
Similarly, APE1’s endonuclease activity was found to be in-
creased by 33% (1.33 fold), 77% (1.77 fold), and 2 fold after
24 h treatment of Aβ(25–35) peptide (10 μM), GO (10 μU/
ml), and H2O2 (50 μM), respectively, in the nuclear extract of
U-87 MG cells as compared to the non-treated control U-87
MG cells (Fig. 6).

Oxidative stress modulates expression levels
of BER-pathway enzymes

To understand the effect of oxidative stress on BER-pathway,
the key enzymes associated with BER-pathwaywere analyzed
at the protein level (Fig. 7a, f). As compared to untreated
control cells, C6 cells treated with Aβ(25–35) peptide

Fig. 5 Oxidative stress induced extracellular secretion of APE1 upon
stimulation with the oxidants Aβ(25–35) peptide (10 μM), GO (10 μU/
ml), and H2O2 (50 μM) in C6 (a& b) and U-87MG (c& d) cells for 24 h
and 48 h time points. Extracellular media was collected and filtered

through 0.2 μm syringe filter and volume based i.e. 40 μL of the clarified
media was loaded in to each well along with the SDS-loading dye.
Ponceau S was used as loading control for the normalization. The results
are expressed as a mean ± standard error (n = 2)
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(10 μM), GO (10 μU/ml), and H2O2 (50 μM) for 24 h showed
increase in the protein expression level of PARP1 by 1.5 fold,
2.5 fold, and 2.0 fold, respectively (Fig. 7b), and XRCC1 level
was elevated by 1.75, 1.84, and 3.75 folds, respectively (Fig.
7c). Further, no change was observed in the expression level
of DNA pol β in C6 cells for 24 h, however 48 h exposure
increased the DNA pol β level by 2.0 fold, 3.85 fold, and 3.7
fold, respectively (Fig. 7d). C6 cells treated with H2O2 for
24 h increased the ligase IIIα protein expression level by
18%, however, it was found to be decreased by 10% with
GO treatment, and no change was observed upon Aβ(25–
35) peptide treatment (Fig. 7e).

U-87 MG cells treated with Aβ(25–35) peptide (10 μM),
GO (10 μU/ml), and H2O2 (50 μM) for 24 h increased PARP1
expression by 16%, 64%, and 6%, respectively (Fig. 7g) and
XRCC1 expression level found to be increased in Aβ(25–35)
peptide treatment by 43%. A decrease in XRCC1 expression
level was observed by 18%, and 12%, following treatment
with GO, and H2O2 for 24 h time point when compared to
untreated control U-87 MG cells (Fig. 7h). Further, 24 h treat-
ment of Aβ(25–35) peptide increased the expression of DNA

pol β by 18%; however, no significant change was observed
in the expression of DNA pol β in GO and H2O2 treated U-87
MG cells (Fig. 7i). U-87MG cells treatedwith 10μMAβ(25–
35) for 24 h resulted in a slight increase in ligase IIIα expres-
sion level by 7%, and a significant decrease in its expression
level was observed following treatment with GO andH2O2 for
24 h time point (Fig. 7j).

Oxidative stress modulates intracellular PKM2 levels

In order to understand about the non-glycolytic function of
PKM2, Western blot analysis was performed to determine
the expression level of PKM2 protein in C6 cells treated with
Aβ(25–35) peptide (10 μM), and GO (10 μU/ml) for 24 h,
showed an increase by 35% (1.35 fold) and 8% (1.08 fold)
respectively, when compared with untreated control C6 cells.
However, H2O2 (50 μM) treatment for 24 h decreased the
PKM2 protein level by 18% (1.18 fold) in C6 cells (Fig. 8a).
C6 cells further exposed to Aβ(25–35) peptide (10 μM) for
48 h showed an increase in PKM2 protein level by 17% (1.17
fold) when compared to untreated control C6 cells. Whereas,

Fig. 6 aAnalysis of agarose gel based APE1’s endonuclease (DNA repair)
activity in nuclear extracts of C6 and U-87 MG cells treated with oxidants
[10 μM Aβ(25–35) peptide, 10 μU/ml GO, and 50 μM H2O2] after 24 h
time point. Using depurinated pUC-19 plasmid DNA as a substrate, the AP

endonuclease activity was determined, and (b & c) the densitometry anal-
ysis of band intensities in C6 and U-87 MG cell nuclear extracts are pre-
sented as corresponding % nicked band intensity (a.u.). The results are
expressed as mean ± standrad error (n = 2)
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GO (10 μU/ml) and H2O2 (50 μM) treatment to the C6 cells
for 48 h time period did not show any change in PKM2 protein
level (Fig. 8b). The level of PKM2 protein in U-87 MG cells
treated with Aβ(25–35) peptide (10 μM), GO (10 μU/ml) and
H2O2 (50 μM) for 24 h showed an increase in the protein level
of PKM2 by 33% (1.33 fold), 62% (1.62 fold) and 44% (1.44
fold), respectively. Similarly, further exposure of oxidants to
U-87 MG for 48 h time point increased the PKM2 protein
level by 27% (1.27 fold), 80% (1.8 fold), and 44% (1.44 fold),

respectively, as compared to untreated control U-87 MG cells
(Fig. 8c, d).

Oxidative stress stimulates ENPP2’s intracellular
expression and extracellular secretion

ENPP2’s intracellular expression was monitored by Western
blot analysis upon oxidative stress. In this study, the
Aβ(25–35) peptide treatment to U-87 MG cells for

Fig. 7 Western blot analysis using total cell lysates for oxidative stress
induced changes in the expression level of BER-pathway enzymes upon
stimulation with the oxidants Aβ(25–35) peptide (10 μM), GO (10μU/ml),

and H2O2 (50 μM) in C6 cells (a, b, c, d,& e) and U-87MG cells (f, g, h, i,
& j) for 24 h time period. The results are expressed as a mean ± standard
error (n = 2)
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24 h time point did not show any significant change in
ENPP2 level in total cell lysates. However, GO, and
H2O2 treatment resulted an increase by 43% (1.43 fold)
and 58% (1.58 fold), respectively, as compared with
non-treated control U-87 MG cell lysates (Fig. 9a). Further,
48 h exposure of Aβ(25–35) peptide (10 μM), GO (10 μU/
ml), and H2O2 (50 μM) resulted in 1.2 fold, 4.1 fold, and 11.5
fold increase in ENPP2 protein level, respectively (Fig. 9b).

Analysis of extracellular conditioned media byWestern blot-
ting showed extracellular ENPP2’s secretion into the medium.

C6 cells treated with Aβ(25–35) peptide (10 μM), GO (10 μU/
ml), and H2O2 (50 μM) for 24 h time period resulted in an
increase in the level of ENPP2 secretion into extracellularmedia,
as compared with that of non-treated control C6 cell culture
media. Similar trend of increase in secreted ENPP2 level in
the extracellular media was observed in C6 cells after the treat-
ment of Aβ(25–35) peptide (10 μM), GO (10 μU/ml), and
H2O2 (50 μM) for 48 h time period (Fig. 9c). U-87 MG cells
incubated in the presence of Aβ(25–35) peptide (10 μM), GO
(10 μU/ml), and H2O2 (50 μM) for 24 h time period also

Fig. 8 Western blot analysis of PKM2 protein level in the total cell lysates
of C6 cells (a & b) and U-87 MG cells (c & d) treated with the oxidants
[10 μM Aβ(25–35) peptide, 10 μU/ml GO, and 50 μM H2O2] for 24 h

and 48 h time points, respectively. The results are expressed as a mean ±
standard deviation (n = 3)

Metab Brain Dis



showed a significant increase in the secreted ENPP2 level in the
extracellular culture media when compared with that of non-
treated control U-87 MG cells culture media. Furthermore, U-
87 MG cells treated with Aβ(25–35) peptide (10 μM), GO (10
μU/ml), and H2O2 (50 μM) for 48 h time period increased the
level of secreted ENPP2 in the extracellular media (Fig. 9d).

Oxidative stress stimulates LysoPLD activity of ENPP2

ENPP2 produces bioactive lipid LPA extracellularly which
acts as a signalling molecule in various cellular processes
via its LysoPLD activity. Extracellular conditioned media of
oxidative stress induced C6 and U-87 MG cells were used to
analyze the LysoPLD activity of ENPP2. Time-dependent in-
crease in the ENPP2’s LysoPLD activity was observed. For
24 h oxidants treatment, an increase in LysoPLD activity of

ENPP2 in C6 cells was observed. Further increase in exposure
time to 48 h resulted in significant increase in LysoPLD ac-
tivity of ENPP2 (Fig. 9e). There was no change in the
ENPP2’s LysoPLD activity at 24 h time period of oxidants
treated U-87 MG cells, and upon further increase in the expo-
sure time of oxidants to 48 h, resulted in significant increase in
the LysoPLD activity in U-87MG cells as compared with that
of untreated control U-87 MG cells (Fig. 9f).

Oxidative stress modulates subcellular distribution
and localization of APE1, PKM2, and ENPP2,
and stimulates their cross-talk in C6 and U-87 MG cells

Upon establishing the role of oxidative stress in modulating the
protein level (total cell lysates) of the three enzymes (APE1,
PKM2, and ENPP2); and the endonuclease DNA repair function

Fig. 9 (a & b) Western blot analysis of ENPP2 protein level in the total
cell lysates of the human glial U-87MG cells treatedwith oxidants (10μM
Aβ(25-35), 10 μU/ml GO, and 50 μM H2O2) for 24 h and 48 h time
points. β-Actin was used as loading control; (c& d) Western blot analysis
of extracellular ENPP2’s expression in the secretary media of the untreated
control and in the oxidants:10 μMAβ(25-35), 10 μU/ml GO and 50 μM

H2O2 for 24 h, and 48 h in C6 and U-87MG cells, respectively. Ponceau S
images were used for loading control and normalization [a-d: mean ±
standard error (n = 2)]; (e& f) ENPP2 activity assay in the secretary media
of 10μMAβ(25–35), 10 μU/ml GO and 50μMH2O2 treated cells at 24 h
and 48 h in secretary media of C6 cells and U-87 MG cells, respectively
(n = 3)
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of APE1 and LysoPLD activity of ENPP2, we further thought to
determine any functional association between them towards ag-
gressiveness of brain cancer. C6 and U-87 MG cells exposed to
oxidants Aβ(25–35) peptide (10 μM), GO (10 μU/ml), and
H2O2 (50 μM) for 24 h and 48 h time points, resulted in an
increased expression level of APE1, PKM2 and ENPP2 in both
cytosolic and nuclear compartments as analyzed by immunoflu-
orescence microscopy in C6 cells. Oxidants treatment for 24 h
resulted in nuclear translocalization of APE1, nuclear and cyto-
plasmic translocalization of PKM2 and ENPP2. APE1 and
PKM2 proteins were colocalized upon oxidants treatment for
24 h in C6 and U-87 MG cells as shown in merged images.

APE1 and PKM2 were found to be colocalized strongly upon
treatment of GO. However, decreased colocalization of APE1
and PKM2 was observed in C6 and U-87 MG cells with the
progress in treatment time point of oxidants to 48 h (Fig. 10a,
b) advocating for early time point association for the non-
glycolytic PKM2 function associated in the nucleus.

Further, the colocalization of APE1 with ENPP2 was also
observed. Oxidants treatment for 24 h C6 cells and U-87 MG
cells induced colocalization of APE1with ENPP2. After 48 h of
oxidants treatment in C6 and U-87 MG cells, a decrease in
colocalization between APE1 with ENPP2 was observed
(Fig. 11a, b).

Fig. 10 Association/Co-localization between APE1 and PKM2:
Fluorescence immunocytochemistry of C6 (a) and U-87 MG cells (b)
using antibodies against APE1 and PKM2; and probed with secondary
antibodies labeled with fluorescent dye Alexa488 (Green) and Alexa647
(Red). Nuclear counter staining was performed using DAPI (Blue).

Representative micrographs of confocal laser scanning (60X) with
Olympus microscope are presented from 24 h and 48 h time points for
the untreated cells; 10 μM Aβ(25–35) peptide treated; 10 μU/ml GO
treated; and 50 μM H2O2 treated C6 and U-87 MG cells
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Further, C6 and U-87 MG cells were analyzed for the
crosstalk of these three proteins viz. APE1, PKM2 and
ENPP2 upon 24 h and 48 h exposure of oxidants
Aβ(25–35) peptide, GO, and H2O2. The immunofluores-
cence images indicate an independent protein’s expression
(APE1, PKM2 and ENPP2) upon oxidative stress in C6
and U-87 MG cells. Further colocalization of APE1,
PKM2 and ENPP2 was observed strongly at 24 h and
were found to be stable upto 48 h time period in
oxidants-treated C6 and U-87 MG cells, as compared with
that of non-treated control cells as shown in merged im-
ages (Fig. 12a, b).

LPA upregulates subcellular distribution
and cross-talk (co-localization) between APE1
and ENPP2 in C6 and U-87 MG cells

Effect of LPA (10 μM) was determined on APE1 and ENPP2
expression level in C6 and U-87 MG cells for 24 h and 48 h
time points. Our results showed that C6 cells displayed a time-
dependent increase in the cytoplasmic and nuclear expression
of APE1 and ENPP2 upon LPA treatment for 24 h, and 48 h as
compared to untreated control C6 cells. APE1 and ENPP2
were found to be colocalized strongly upon treatment of
LPA at 48 h time point as analyzed using immunofluorescence

Fig. 11 Association/Co-localization between APE1 and ENPP2:
Fluorescence immunocytochemistry of C6 (a) and U-87 MG cells (b)
using antibodies against APE1, and ENPP2; and probed with secondary
antibodies labeled with fluorescent dye Alexa488 (Green) and Alexa647
(Red). Nuclear counter staining was performed using DAPI (Blue).

Representative micrographs of confocal laser scanning (60X) with
Olympus microscope are represented from the oxidants Aβ(25–35),
GO, and H2O2 treatments for 24 h and 48 h time point for control and
oxidants treated C6 and U-87 MG cells
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microscopy (Fig. 13a). A similar finding was observed in the
U-87 MG cells upon LPA for 24 h, and 48 h time points
(Fig. 13b). These results suggested that LPA causes feedback
upregulation of ENPP2 expression and cross-talk between
APE1 and ENPP2 proteins in C6 and U-87 MG cells.

LPA also stimulates cellular migration in C6 and U-87
MG cells

LPA (10 μM) treatment for 24 h induced cellular migration in
the C6 cells as analyzed by the Wound healing assay, which
shows complete closure of the cell-free gap as compared to the
untreated control cells. An increase in cell migration was noted
in GO and H2O2 treated C6 cells by 12% and 31%, respective-
ly; and the Aβ(25–35) peptide treatment inhibited the cellular
migration marginally as compared to untreated control

C6 cells. However, LPA treatment along with the
Aβ(25–35) peptide-induced cellular migration by 64%
(1.64 fold), when compared with that of untreated con-
trol C6 cells. LPA treatment along with the treatment of
GO induced cellular migration by 2.25 folds as com-
pared to the untreated control C6 cells. 24 h LPA treat-
ment along with H2O2 treatment also increased the cel-
lular migration by 63% (1.63 fold) when compared to
untreated control C6 cells (Fig. 14a).

U-87 MG cells were treated with LPA for 24 h and analyzed
by the wound healing assay which showed complete closure of
the cell-free gap as compared with that of untreated control U-87
MG cells. Aβ(25–35) peptide treatment to the U-87 MG cells
showed negligible change in cellular migration as comparedwith
that of non-treated control U-87 MG cells. However, an increase
in cell migration was observed in GO treated cells by 46%; and

Fig. 12 Association/Co-localization/Cross-talk between APE1, PKM2,
and ENPP2: Fluorescence immunocytochemistry of C6 (a) and U-87
MG cells (b) using antibodies against APE1, PKM2, and ENPP2; and
probed with secondary antibodies labeled with fluorescent dye Alexa488
(Green), Alexa568 (Magenta) and Alexa647 (Red). Nuclear counter

staining was performed using DAPI (Blue). Representative micrographs
of confocal laser scanning (60X) with Olympus microscope are presented
from the Aβ(25–35), GO, and H2O2 treatments for 24 h and 48 h time
points for control and oxidants treated C6 and U-87 MG cells
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H2O2 treated cells showed inhibition in the migration of U-87
MGcells as compared to the untreated control cells. Surprisingly,
alone LPA treatment showed 4 folds increase in U-87 MG cell
migration as compared with that of untreated control U-87 MG
cells. LPA treatment in combination with Aβ(25–35) peptide
resulted in 2.7 folds increase in cell migration with respect to
the non-treated control U-87MG cells. LPA in combination with
Aβ(25–35) peptide increased U-87 MG cell migration to 2.5
folds when compared only with that of Aβ(25–35) peptide treat-
ed U-87 MG cells. LPA in combination with GO, induced 2.7
folds to increase in U-87 MG cell migration as compared with
that of untreated control U-87 MG cells. Further, LPA treatment
in combination with H2O2 induced cell migration by 2.6 folds
when compared to untreated U-87 MG cells, and 3.7 folds in-
crease in cellmigrationwas observed followingLPA treatment in
combination with H2O2 when compared with that of only H2O2-
treated U-87 MG cells at 24 h time point (Fig. 14b). The present
results advocates for the role of oxidative stress in association
with the bioactive LPA towards the migratory behavior of C6
and U-87 MG cells.

Discussion

GBM is a high-grade astrocytoma which is the most common
and lethal primary tumors of the CNS. Patients suffering from
GBM have a median survival of less than 1 year after treatment
with multi-model therapies (Babu et al. 2016; Capdevila et al.
2017). In order to explore the injurious mechanism(s) underly-
ing GBM, the current study focused on the role of elevated
oxidative stress in rat glioma C6 cells and human glioblastoma
U-87 MG cells, induced by three model oxidants viz. Aβ(25–
35) peptide, GO, and H2O2 (non-cytotoxic concentrations), in

the regulation of cellular key proteins viz. APE1, PKM2, and
ENPP2. Oxidative stress leads to the redox imbalance in cancer
cells as compared to the normal cells, which correlates with
oncogenic stimulation in cancer cells (Valko et al. 2006). Due
to accelerated and altered metabolism in cancer cells, there is
increased ROS production (Sosa et al. 2013) which causes ox-
idative stress and oxidative damage to cellular structures mani-
festing into high proliferative rate of cancer cells (Choi et al.
2016). Non-cytotoxicity of the oxidants was further confirmed
using Western blotting via analyzing the PCNA level for differ-
ent time points (24 h and 48 h). PCNA is an important marker of
cell proliferation and play an important role in the replication,
repair machinery, and interacts with proteins involved in the cell
cycle progression (Kelman 1997). In various research studies,
PCNA level has also been correlated with the tumor progression
and antiproliferative activities of cell cycle inhibitors (Costa
et al. 2013; Dai and Zhang 2009; Sabarinathan et al. 2011).

Pyruvate kinase, which catalyzes the final step of glycolysis,
has emerged as a potential regulator of the metabolic phenotype
(Chaneton and Gottlieb 2012). It serves as the gatekeeper of cell
growth and survival (Harris et al. 2012). Along with the meta-
bolic function, PKM2 is also involved in the non-glycolytic
functions. Translocation of the PKM2 to the nucleus leads to
activation of various transcription factors endowing cancer cells
with survival and growth advantages (Tamada et al. 2012). The
PKM2 expression is necessary for aerobic glycolysis which is
advantageous for the tumor cells (Cortés-Cros et al. 2013). In
glioblastoma, isoform switching has been observed in PKM1 to
PKM2 (Desai et al. 2014). In the present study, the PKM2 level
was found to be increased upon the oxidative stress induced by
the treatment of noncytotoxic doses of oxidants.
Immunocytochemistry staining further confirmed PKM2 eleva-
tion in C6 and U-87MG cells in the subcellular localization and

Fig. 13 Association/Co-localization between APE1 and ENPP2:
Fluorescence immunocytochemistry of C6 (a) and U-87 MG cells (b)
using antibodies against APE1, and ENPP2; and probed with secondary
antibodies labeled with fluorescent dye Alexa488 (Green) and Alexa647

(Red). Nuclear counter staining was performed using DAPI (Blue).
Representative micrographs of confocal laser scanning (60X) with
Olympus microscope are represented from 24 h and 48 h time point for
control and 10 μM LPA treated C6 and U-87 MG cells
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also in the nucleus upon oxidative stress. In response to oxida-
tive stress, PKM2 activity gets inhibited and enhances its bind-
ing with the SIRT5 resulting in stimulation in cell proliferation
and growth (Xiangyun and Xiaomin 2017). Recently it has been
suggested that increased oxidative stress is associated with mi-
tochondrial translocation of PKM2 and its interaction with Bcl2
inhibiting apoptosis and enhancing glioblastoma cell survival
(Liang et al. 2017). Various studies have also confirmed
PKM2 activity as the deciding factor for the cancer cell survival
or growth (Costa et al. 2013). In the present study, oxidative
stress resulted in the colocalization of PKM2 and APE1 in re-
sponse to oxidative stress in C6 and U-87 MG cells. Previously
it has been reported that PKM2 forms stable (binary) interaction
with APE1 in the neuronal cells against Aβ(25–35) stress

(Mantha et al. 2012). Further increase in the oxidants exposure
time resulted in decreased colocalization of APE1 and PKM2.
Our data suggest for the colocalization of APE1 and PKM2
during the early period of the oxidative stress, which might have
associated with the non-glycolytic function of PKM2 in the
nuclear region. However, further studies in deciphering the same
are required for better understanding of the interactions between
APE1 and PKM2.

ENPP2 has been found to be highly expressed in the GBM
SNB-78 cells (Kishi et al. 2006). The present study also ex-
plored the role of ENPP2 in the glioma cells subjected to the
oxidative stress. The present study demonstrates that ENPP2’s
expression and secretion is stimulated by the oxidative stress
and to be in a positive feedback mechanism for the ENPP2’s

Fig. 14 LPA induced cell migration in (a) C6 and (b) U-87 MG cells.
Analysis of cell migration in LPA treatment and LPA in combination with
the selected oxidants treatment in C6 and U-87 MG cells for 24 h time
point. Cells were stained with methylene blue and images were captured
using 10X objective lens of an inverted microscope (Olympus) equipped
with video-camera from three random areas. The marked red area shows

cell migration in the central area of the cell-free space as compared to the
0 h control cells. The results are expressed as a mean ± standard deviation
(n = 3). Students’s t-test was performed to evaluate the significance of the
results. *p ≤ 0.05, and **p ≤ 0.01 represents comparison with untreated
control cells; and $p ≤ 0.05, and $$$p ≤ 0.001 represents the significance
level compared with oxidants treated cells
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expression in C6 and U-87 MG cells. In microglial cells, it
was reported earlier that H2O2 (100 μM) induces ENPP2 ex-
pression, and this overexpressed ENPP2 reduces the ROS
level, carbonylated protein accumulation, proteasomal activity
and catalase expression in mouse microglial BV2 and EOC
cell lines and therefore, has been suggested for novel antiox-
idant role of endogenous ENPP2 expression at the brain level
(Awada et al. 2012). In the present study, treatment of oxidants
resulted in secretion of ENPP2 in the extracellular media in C6
and U-87 MG cells up to 48 h. The present study also reports
that oxidative stress stimulates ENPP2 synthesis and secretion
by C6 and U-87 MG. ROS generation also stimulated the
ENPP2 expression and its LysoPLD activity in a time-
dependent manner. Further, it is also attributed that ENPP2’s
bioactive product LPA mediates cell survival, proliferation,
migration, wound healing and tissue remodeling. LPA acts
as an inflammatory mediator in the tumor microenvironment
that promotes cancer progression and promotes resistance to
chemotherapy and radiotherapy (Benesch et al. 2014).

Various reports also advocates for the potential role of LPA
towards the metastatic potential in various cancer cells (Kishi
et al. 2006; Shida et al. 2003; Umezu-Goto et al. 2002; Yamada
et al. 2004). It is reported that ENPP2 induces an invasive
potential in the glioblastoma cells via LPA production. LPA is
a growth factor-like lipid mediator that regulates many cellular
functions. ENPP2 expressing cells invade through the oligo-
dendrocyte monolayer significantly as compared to the
ENPP2 depleted cells (Hoelzinger et al. 2008). In the present
study, migratory behavior of C6 and U-87 MG cells was ana-
lyzed and it was found that LPA (10 μM) displays a strong
migratory potential in the C6 and U-87 MG cells and also
stimulates cellular migration upon induction of oxidative stress
in C6 and U-87MG cells. Results of the present study was also
supported by the findings displaying strong migratory response
to LPA (10 μM) and LPC (10 μM) in SNB-78 cells (Kishi et al.
2006). Various reports also advocate for the role of LPA in
stimulation of migration response in ovarian cancer SKOV-3
cells at 20 μM (Hu et al. 2001) and the GBM SNB-78 cells via
promoting the chemotactic response (Kishi et al. 2006). Our
study demonstrated that the LPA treatment causes feedback
regulation on ENPP2 expression in C6 and U-87 MG cells
and acts as an activator for the ENPP2 protein expression.
However, Benesch et al. 2015 showed that LPA suppresses
the expression of ENPP2 and this inhibition is ineffective at
the high concentration of LPC that occur in vivo. Also, the
present study demonstrated that LPA treatment strongly induces
colocalization of APE1 and ENPP2 in C6 and U-87 MG cells.

From the literature it is evident that elevated activity of
APE1 is associated with GBM (Bobola et al. 2001) and oxida-
tive stress has been accounted for its role in elevation of APE1
activity in GBMwhich also contribute towards the resistance of
alkylating agents (Johannessen and Bjerkvig 2012; Silber et al.
2002). In the present study, induced oxidative stress in U-87

MG and C6 cells resulted in stimulation of BER-pathway en-
zyme APE1, which is involved in the repair of AP sites, and
also a reductive activator of various transcription factors as
reviewed extensively (Bhakat et al. 2009; Tell et al. 2009). In
the present study, it is identified that upon oxidative stress, in
addition to increased endogenous expression of APE1 (Cholia
et al. 2017), its secretion into the extracellular media. The sec-
retary APE1 levels in the extracellular medium of oxidatively-
stressed C6 and U-87 MG cells were found to be increased
time-dependently, which was also earlier documented (Choi
et al. 2013) having unknown biological functions. Recently, it
is also discovered that extracellular APE1 induces the produc-
tion and secretion of the pro-inflammatory cytokine IL-6 in
monocytic cells through the transactivation of NF-κB which
may have a key role in APE1’s inflammatory response in can-
cer progression (Nath et al. 2017). The importance of extracel-
lular APE1 lies in the regulation of cellular functions such as
apoptosis as it was reported that secreted acetylated APE1 trig-
gers apoptosis in triple negative breast cancer BT-459 and
MDA-MB-468 cells resistant to standard chemotherapeutic
agents via binding to advanced glycation end products
[RAGE] (Lee et al. 2015). The present study indicates that
moderate level of oxidative stress results in an increased expres-
sion level, activity, and extracellular secretion of APE1, which
clearly reveals that oxidative stress conditions might have effect
on the APE1 functioning in C6 and U-87MG cells that may be
associated with the aggressiveness of GBM as suggested earlier
(Montaldi et al. 2015). These results are also supported by the
finding from the current and previous studies which also deter-
mined the ROS-dependent elevation in the APE1 level and its
AP endonuclease activity (Silber et al. 2002; Cholia et al.
2017). Cross-talk or possible physical association of ENPP2
and APE1 in C6 and U-87 MG cells was analyzed using
colocalization studies. In the present study, oxidative stress re-
sulted in the colocalization of ENPP2 and APE1 in response to
oxidative stress for different time points in C6 and U-87 MG
cells. With further increase in exposure time increase in the
colocalization of APE1, ENPP2 and the PKM2 was observed.
Our data suggests for the cross-talk between the three enzymes
viz. APE1, PKM2 and ENPP2. Oxidative stress responses
might be the underlined route/mechanism(s) through which
GBM and other cancer types might be advancing.

Summary and conclusion

Aberrant ROS production in the tumor cells aggravate cancer
incidence. The current study explored the role of oxidative
stress using C6 and U-87 MG cell lines as a model system
to evaluate the ROS-mediated regulation of three key en-
zymes associated with various cellular functions viz.: APE1,
PKM2, and ENPP2. The results clearly suggest the progres-
sion of brain cancer via modulating the expression levels,
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activity, and the association between these three enzymes.
Based on these observation this study can also be extended
to other high metastatic and aggressive cancers such as lung
and breast cancers with additional focused studies.
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