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PKM2 Is Overexpressed in Glioma Tissues,
and Its Inhibition Highly Increases Late Apoptosis
in US7MG Cells With Low-density Specificity
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Abstract. Background/Aim: Pyruvate kinase M2 (PKM2)
functions as an important rate-limiting enzyme in aerobic
glycolysis and is involved in tumor initiation and progression.
However, there are few studies on the correlation between
PKM?2 expression and its role in glioma. Materials and
Methods: PKM?2 expression was immunohistochemically
examined in human brain tumor samples. Furthermore, we
studied the effects of two PKM?2 inhibitors (shikonin and
compound 3K) on the US7MG glioma cell line. Results:
PKM?2 was overexpressed in most glioma tissues when
compared to controls. Interestingly, glioma-adjacent tissues
from showed slight PKM?2 overexpression. This suggests that
PKM?2 overexpression maybe an important trigger factor for
glioma tumorigenesis. We found that the PKM?2 inhibitor
shikonin was effective against US7TMG cells at a relatively
low dose and was largely dependent on low cellular density
compared to the effects of the anticancer drug vincristine.
Shikonin highly increased late-apoptosis of US7MG cells. We
also demonstrated that autophagy was involved in the
increase in late-apoptosis levels caused by shikonin. Although
vincristine treatment led to a high level of G,-phase arrest in
US7MG cells, shikonin did not increase G, arrest. Co-
treatment with two PKM?2 inhibitors, shikonin and compound
3K, increased the inhibitory effects. Conclusion: Combination
therapy with PKM?2 inhibitors together might be more
effective than combination therapy with anticancer drugs.
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Our findings encourage the application of PKM2-targeting in
gliomas, and lay the foundation for the development of PKM?2
inhibitors as promising antitumor agents for glioma.

Malignant glioma is the most common and aggressive form
of intrinsic brain tumor, and is accompanied by a very poor
prognosis (1-3). The treatment of malignant glioma remains
a worldwide challenge, although it has been studied for
decades. Glioma therapies mainly consist of surgical
excision combined with radiotherapy and chemotherapy (3-
6). Patient survival rates are very low despite surgery in
combination with postoperative chemotherapy and
radiotherapy (1, 3,4, 6, 7). Thus, new therapies for treatment
of glioma are urgently needed.

To meet the energy needs of unlimited proliferation, tumor
cells increase their uptake of glucose and switch their energy
source from mitochondrial oxidative phosphorylation to
glycolysis, which is known as the Warburg effect (8, 9).
During glycolysis, each glucose molecule is eventually
converted into two molecules of pyruvate and two molecules
of ATP in the cytoplasm (10-12). Pyruvate kinase M2
(PKM2) is a key rate-limiting enzyme of glycolysis in cancer
cells. It has been demonstrated to contribute to the genesis
and proliferation of glioma cells (13), and has thus recently
gained much attention.

PKM?2 is an alternatively spliced variant of the PKM gene,
which is highly expressed in various cancer types and
provides more selective growth advantages for tumor
formation as compared to its counterpart PKM2 (12, 14, 15).
The overexpression of PKM?2 results in increased glucose
uptake, lactate production, and autophagy inhibition, thereby
accelerating oncogenic growth (9, 10, 12, 16).

As triggering glycolysis dysfunction has emerged as a
promising strategy for killing cancer cells, PKM?2 has been
considered as a targeting molecule. Various studies have used
different strategies, involving the regulation of PKM?2
expression, to determine the tumorigenic role of PKM2 in
glioma and the therapeutic potential of PKM?2-targeting
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Table 1. Clinicopathological features of the tissue microarray samples.

Sample N (%) Tumor-adjacent tissue Histological grade of tumor, n (%)

2 3 4
Cancer patient 24 (100%) 5 (20.8%) 9 (37.5%) 5 (20.8%) 5 (20.8%)
Healthy controls 5 (100%) - - - -

strategies (17, 18). However, the therapeutic role of PKM?2
in gliomas remains unclear.

In this study, we investigated the correlation between
glioma and PKM2 overexpression. We also assessed the
anticancer effects of PKM2 inhibitors on human U87MG
glioma cells. We hypothesized that PKM2-targeting may be
a potential therapeutic strategy for gliomas.

Materials and Methods

Reagents and cell culture. Vincristine was obtained from Enzo
Life Sciences (Farmingdale, NY, USA). PKM2 inhibitors,
compound 3K and shikonin, were purchased from SelleckChem
(Houston, TX, USA).

The human brain carcinoma cell line U87MG was obtained from
Dr. Suntaek Hong (Department of Health Sciences and Technology,
GAIHST, Gachon University, Incheon, South Korea). Cells were
grown in Dulbecco’s modified Eagle’s medium containing 10% fetal
bovine serum, 100 U/ml penicillin, and 100 mg/ml streptomycin
(WelGENE, Daegu, Republic of Korea).

Brain tissue microarray and immunohistochemistry. Human tissue
microarray slides (duplicate cores per case) of five normal brain
tissues, five tumor-adjacent brain tissues, and 19 brain tumor
tissues were obtained from US Biomax Inc. (Rockville, MD, USA).
Detailed information regarding tissue microarray samples is
presented in Table I. Immunohistochemical analysis was performed
to investigate PKM2 expression in normal and brain tumor tissue
samples as previously described (12). The tissue microarray slides
were treated with xylene and ethanol, and then boiled in sodium
citrate buffer. Tissue sections were treated with 5% H,0, for 15
min to inactivate endogenous peroxidases. Slides were incubated
with PKM2 antibody (#4053, 1:1000, dilution; Cell Signaling
Technology, Danvers, MA, USA) at 4°C for 24 h. The secondary
anti-rabbit IgG (Vector Labs, Burlingame, CA, USA) was allowed
to react at room temperature for 30 min. Then horseradish
peroxidase-conjugated streptavidin (Vector Labs) was added and
allowed to react at room temperature for 30 min. After staining
with 3,3’-diaminobenzidine (Dako, Agilent, Santa Clara, CA, USA)
and hematoxylin (Dako), then ethanol and xylene treatment, the
slides were fixed on a cover glass using a mounting solution. Slides
were then observed at 200x magnification using a confocal K1-fluo
microscope (Nanoscope Systems, Daejeon, Republic of Korea).
For the evaluation of immunoreactivity and histological
appearance, all tissue microarray slides were examined and scored
by two pathologists. They screened the histological sections and
selected areas of representative tumor cells, with one tissue core (2
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mm in diameter) taken from each of the representative tumor
samples and placed in a new recipient paraffin block. The intensity
of PKM2 immunostaining in individual cells (average of duplicates)
was scored in tissue according to the following scale, as previously
established (12): 0, No staining; 1, weak intensity; 2, moderate
intensity; or 3, strong intensity. The percentage of cells with
immunostaining at each intensity was estimated, ranging from 0 to
100%. The proportion of cells at each intensity level was multiplied
by the corresponding intensity value, and these products were added
to obtain an immunostaining score ranging from 0 to 300.

Microscopic  observation. Microscopic observations were
performed as previously described (19-21), in order to examine
the effect of shikonin, compound 3K, or vincristine on cellular
growth. Briefly, US87MG cells with 30-40% confluence were
treated with 5 nM vincristine or 2 pM shikonin for 1 or 2 days.
For co-treatment experiments, U87MG cells with 30-40%
confluence were treated with 5 nM vincristine, 1 pM shikonin, 7.5
uM compound 3K, 5 nM VIC with 1 pM shikonin, 5 nM VIC with
7.5 uM compound 3K, 7.5 uM compound 3K with 1 uM shikonin,
or 0.1% DMSO for 1 day. Cells were then observed using an
inverted microscope at x40 magnification.

The effects of these drugs at different cellular density were also
examined. Briefly, U§7MG cells were grown on 60 mm-diameter
dishes at low density (2x105 cells) or high density (4x105 cells).
After 1 day, they were then treated with 5 nM vincristine, 2 pM
shikonin, or 0.1% DMSO. The effect of these drugs on cellular
growth was then examined after 1 day using an inverted microscope
at x40 magnification.

Results were qualitatively confirmed in at least two independent
experiments using an ECLIPSETs2 inverted microscope (Nikon,
Tokyo, Japan) with a 40x or 100x objective lens (Nikon
Microscopy U).

Fluorescence-activated cell sorting analysis. Fluorescence-
activated cell sorting analysis was performed as previously
described (19-21), in order to determine whether PKM?2 inhibitors
led to cell-cycle arrest. Briefly, cells with 30-40% confluence were
treated with 2 pM shikonin, 15 pM compound 3K, or 5 nM
vincristine for 24 h. The cells were then treated with trypsin and
collected by centrifugation. The pelleted cells were washed,
suspended in 75% ethanol for at least 24 h at —20°C, washed with
phosphate-buffered saline (PBS), and suspended in a propidium
iodide and RNase A staining solution for 30 min at 37°C. The cell-
cycle distribution of stained cells was qualitatively analyzed and
the results confirmed in at least two independent experiments
using a Guava EasyCyte Plus Flow Cytometer (Merck Millipore,
Burlington, MA, USA).
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Annexin V analysis. Annexin V analysis was performed using an
annexin V-fluorescein isothiocyanate staining kit (BD Bioscience,
Franklin, NJ, USA) as previously described (19-21), in order to
measure apoptosis quantitatively. Briefly, cells with 30-40%
confluence were treated with 2 uM shikonin, 15 pM compound 3K,
or 5 nM vincristine for 24 h. The cells were then treated with
trypsin and collected by centrifugation. The pelleted cells were
washed, re-suspended with PBS. Cells with annexin V-fluorescein
isothiocyanate and propidium iodide solution were then incubated
for 30 min at 37°C. The stained cells were qualitatively analyzed
and the results confirmed in at least two independent experiments
using a Guava EasyCyte Plus Flow Cytometer (Merck Millipore).

Cell viability assay. Colorimetric assay using the EZ-CyTox cell
viability assay kit (Daeillab, Republic of Korea) was used for
measuring cellular proliferation, as described previously (19-21).
Briefly, cells with 30-40% confluence were grown in wells of 96-
well plates. The cells were then treated with 1-4 uM of shikonin or
5 nM vincristine for 1 or 2 days. EZ-CyTox solution was then added
for 1 h at 37°C. Absorbance at 450 nm was measured using the
VERSA MAX Microplate Reader (Molecular Devices Corp.,
Sunnyvale, CA, USA). All experiments were performed at least in
triplicate and repeated twice. The quantitative analysis was
performed in at least two independent experiments in triplicate.

Acridine orange staining. Acridine orange staining was performed
as described previously (12) in order to investigate whether
autophagy was involved in the effects of PKM2 inhibitor. Cells
were treated with 2 uM of shikonin or 5 nM vincristine for 24 h.
Cells were stained with acridine orange (50 mg/ml) by incubation
for 15 min and then washed three times with Dulbecco’s PBS to
remove extracellular dye. Images were analyzed using a confocal
K1-fluo microscope (Nanoscope Systems, Daejeon, Republic of
Korea) at 40x magnification. Results were confirmed in at least two
independent experiments.

Nuclear staining with 4°,6-diamidino-2-phenylindole (DAPI). DAPI
staining was used for observing apoptotic bodies, as previously
described (12). Nuclear morphology and chromosomal condensation
was also examined by DAPI staining. Cells grown in 60-mm
diameter dishes were treated with 2 uM of shikonin or 5 nM
vincristine for 24 h, and then fixed in acetone for 10 min at room
temperature. Next, the cells were washed three times with PBS,
stained with 0.1 pg/ml DAPI in PBS, and washed again with PBS.
Apoptotic bodies and nuclear morphology were examined using
fluorescence microscopy. Apoptotic cells were identified and
determined based on characteristic observations, including the
presence of condensed, fragmented, and degraded nuclei. Results
were confirmed in at least two independent experiments.

Western blot analysis. Total cellular proteins were extracted as
previously described (12, 22, 23). Briefly, cells were treated with 2
uM of shikonin or 5 nM vincristine for 24 h, and then were washed
with PBS and detached using trypsin. PRO-PREP™ protein extract
solution (iNtRON, Seongnam, Republic of Korea) was used for
isolating total proteins. A protein assay kit (Bio-Rad, Hercules, CA,
USA) was used for measuring protein concentrations. The proteins
were then subjected to western blot analysis as previously described
(23, 24). Antibody against microtubule-associated proteins 1A/1B
light chain 3B (a-LC3B) was obtained from Cell Signaling
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Technology (Danvers, MA, USA). Antibody against b-actin was
obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
Results were confirmed in at least two independent experiments.

Statistical analysis. All data are presented as the mean+S.D. of at
least three independent experiments. Statistical analysis was
performed using one-way analysis of variance, analysis of variance
followed by Bonferroni’s test. Analysis was performed using
GraphPad Prism software (version 5.0; GraphPad Software, CA,
USA). Statistical significance was set at p<0.05.

Results

PKM?2 was overexpressed in glioma tissue compared with
normal  brain  tissue. PKM2  expression  was
immunohistochemically examined in 19 human brain tumor
tissues and five tumor-adjacent brain tissue samples obtained
from patients. The patients’ samples were compared with
five normal human brain tissue samples obtained from
healthy individuals (Table I). PKM2 expression was higher
in most glioma tissues compared to that in normal brain
tissues (Figure 1A and B), indicating that up-regulation of
PKM2 is highly correlated with tumor progression in glioma.
Most samples showed increased expression levels of PKM?2
compared to controls, although there were some exceptions.
There were no differences between males and females for
PKM2 overexpression in glioma cells (data not shown).
Interestingly, we found that the expression of PKM2 in
tumor-adjacent normal tissues was slightly increased
compared to that of tissues from controls but was not higher
than that in glioma tissues. We assumed that adjacent glioma
tissues have genetic alterations even if they have normal
phenotypes. This suggests that PKM2 overexpression is an
important factor in the development of tumorigenesis. It is
possible that PKM2 can be a marker for glioma, and may
represent a very early stage of cancer. A summary of the
clinicopathological features of all tissues is provided in Table
I. Collectively, we concluded that most glioma tissues had
increased PKM?2 expression compared to normal tissues.

A PKM?2 inhibitor, shikonin, inhibits growth of US7TMG
glioma cell line at a low dose. Next, we aimed to identify
novel mechanisms for PKM?2 inhibition in glioma cells. We
assume that our findings are more applicable for PKM?2
inhibition in patients with brain cancer. We investigated the
mechanisms of PKM2 inhibition in vitro using US7TMG
glioma cells (24). To inhibit PKM2 function, we used
shikonin, a well-known PKM2 inhibitor (18, 25, 26).
Vincristine was used as a positive control to compare the
effectiveness of shikonin; at 5 nM, vincristine has been
shown to effectively inhibit the growth of cancer cell lines
from other organs (21). As seen in Figure 2A, the effect of
2 uM of shikonin on U87MG cell viability was similar to
that of 5 nM vincristine; thus, we concluded that even a low
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Figure 1. Pyruvate kinase M2 (PKM2) overexpression is observed in glioma tissues but not in normal brain tissues. A: Brain tumor, normal brain,
and tumor-adjacent normal brain tissue samples were analyzed for changes in PKM?2 expression using immunohistochemistry. The intensity of
PKM?2 immunostaining in individual cells (average of duplicates) was scored in all tissue samples and in tumor according to grade. Scale bar=200
um. The values represent the mean=SD. **Significantly different at p<0.01. B: Photographs are shown of PKM?2 expression in representative tissues

using immunohistochemistry.

dose of PKM2 inhibitor had a high effect. Since the effects
of some drugs decline over time, we tested the effect of
shikonin for 48 h. As seen in Figure 2B, the effects of
shikonin treatment for 24 and 48 h on cell viability were
similar. We also confirmed our results using microscopic
observations of U887MG cells (Figure 2C and D). These
results indicated that at a relatively low dose, shikonin
maintained its effects on US7MG cells over time.

Inhibition by shikonin highly depends on cellular density.
The characteristics of drug effects on cancer cells can be
determined by how much they depend on cellular density,
since high cellular density inhibits drug effects (27).
Therefore, we tested the extent to which the effect of
shikonin depends on cellular density. As seen in Figure 2E
and F, we observed that under low-density culture of
U87MG culture, vincristine and shikonin had similar
inhibitory effects. However, when we increased cellular
density, we found that shikonin did not inhibit U§7MG cells
to a greater extent than vincristine. Considering that
vincristine has a similar effect on cells regardless of cell
density, we concluded that shikonin, a PKM?2 inhibitor, is a
drug acting at low cell density. It is possible that PKM?2 is

not necessary for energy metabolism in high-density cellular
states. We concluded that the effectiveness of PKM2
inhibition depended on the cellular density of glioma cells.

Shikonin highly increases the level of late-apoptosis. To
further clarify the mechanism of action of shikonin, we
performed quantitative apoptotic analysis using annexin V
staining (12). As shown in Figure 3A, apoptotic cell death
greatly increased after both shikonin and vincristine
treatment. In a detailed analysis of apoptosis, the late-
apoptosis level was increased two-fold over that of early
apoptosis in shikonin treatment, whereas vincristine showed
a smaller increase in late-apoptosis. This suggests that
shikonin strongly induced apoptosis of US87MG cells. To
evaluate late-apoptotic death after annexin V staining, we
performed DAPI staining of US7MG cells. DAPI staining
can detect late events during the apoptotic process. As seen
in Figure 3B, we observed much more frequent
chromosomal condensation in DAPI-stained U87MG cells
with shikonin treatment than with vincristine treatment. This
also supports the notion that shikonin is a strong and rapid
inducer of late apoptosis. Collectively, we concluded that
shikonin can induce rapid apoptosis in glioma cells.
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Figure 2. The pyruvate kinase M2 inhibitor shikonin inhibits growth of US7MG glioma cell line cultured at low density. A: US7TMG glioma cells
were plated on 96-well plates and grown to 30-40% confluence. The cells were then stimulated for 24 h with 5 nM vincristine (VIC), 1-4 uM shikonin
(SHI), or 0.1% dimethyl sulfoxide (DMSO; (Con). Cell viability assay was performed. B: US7MG glioma cells were plated on 96-well plates and
grown to 30-40% confluence. The cells were then stimulated for 48 h with 5 nM vincristine (VIC) or 2 uM shikonin. The data are presented as the
mean=S.D. of at least two experiments repeated in triplicate experiments. *Significantly different at p<0.05 compared to the corresponding control.
C: US7MG cells were grown on 60 mm-diameter dishes and treated with 5 nM vincristine, 2 uM shikonin, or 0.1% DMSO (Control). After 1 day,
cells were observed using an inverted microscope at x40 magnification. D: US7MG cells were grown on 60 mm-diameter dishes and treated with
2 uM shikonin, or 0.1% DMSO (Control). After 24 h or 48 h, cells were observed using an inverted microscope at x40 magnification. E: US7MG
cells were grown on 60 mm-diameter dishes either with low density (2x10° cells) or high density (4x10° cells). They were then treated with 5 nM
vincristine, 2 uM shikonin, or 0.1% DMSO (Control). After 1 day, all cells were observed using an inverted microscope at x40 magnification.

The PKM?2 inhibitor does not increase G,-phase arrest of
US7MG cells. Next, we performed fluorescence-activated
cell sorting analyses to determine whether cell-cycle arrest
occurs together with apoptosis in shikonin-treated cells (20,
21). As shown in Figure 3C, vincristine considerably
increased the number of cells in G,-phase arrest compared
to that in the control cells, in a dose-dependent manner. This

698

indicates that the reduction in cellular viability in vincristine-
treated US7MG cells resulted from G,-phase cell-cycle
arrest. However, we did not detect a significant increase in
G,-phase arrest in shikonin-treated US7MG cells (Figure
3C). Considering that shikonin led to a high rate of late
apoptosis of US7MG cells (Figure 3A and B), we concluded
that non-G,-phase arrest by shikonin stimulated the apoptotic



in vivo 36: 694-703 (2022)

A

B

Control Vincristine Shikonin Control Vincristine Shikonin
9%14905‘3 ) 5% Hﬂés.sr,s ) 7% | "% i 13% N
F ’
% ¢
S

(@)

: Control Vincristine (2.5 nM) Vincristine (5 nM) Shikonin (1 pM) Shikonin (2 pM)
of - QT or oF e Q
hr! G1:53% g G1:40% ot G2/M GL:14% > =i = GLS3% . ¥ GL:51%
3 S:12% 3 S:10% - o S:9% . 3 ol $:13% , 3 $:17%
L & GaM:34% | S G1 o' G2AMES0% S 61 GM:T6% | 82 GE3% | S 61 | G2M:33%
c.3 e ks - c™ s € s I~—ls <
2 R 3R 3R 3 & 3R e
o™ o 3] (3 -5 }_T—i
3 & | g < &
e o o o o N

0 2000 4000 6000 8000 10000
DNA Content (RED-HLin) DNA Content (RED-HLin)

O

T —
0 2000 4000 6000 8000 10000
DNA Content (RED-HLin)

2000 4000 6000 8000 10000
DNA Content (RED-HLin)

0 2000 4000 6000 8000 10000 O
DNA Content (RED-HLin)

E

. Control Vincristine Compound 3K Compound 3K
of o7 o7 <, TaaT
3 hX G1:34% 3 GlL:44% s |# 11%
O-i % o-‘ S:14% o—i S:14% X =
- G2/M:45% - G2/M:52% = S G2NM:41% 2 G593 2
¢ 5 = 25 N " g Bl ' B 3 L2
é g G2/M 81 g G G2{M 81 g G2/M 22 £2
(=5 o3 oz
<+ <3 < 2 >
5 s & 2% 2%

O+

2000 4000 6000 8000 10000
DNA Content (RED-HLin)

0 2000 4000 6000 8000 10000 O
DNA Content (RED-HLin)

2000 4000 6000 8000 10000 £ R R PR
DNA Content (RED-HLin) FITCH

FITC-H

Figure 3. Shikonin strongly induces late apoptosis in US7MG cells. A: USTMG cells were grown on 60 mm-diameter dishes. They were then treated
with 5 nM vincristine, 2 uM shikonin, or 0.1% dimethyl sulfoxide (DMSO; Control). After 24 h, annexin V-propidium iodide (PI) analyses were
performed. B: US7TMG cells were grown on 60 mm-diameter dishes. They were then treated with 5 nM vincristine, 2 uM shikonin, or 0.1% DMSO
(Control). After 24 h, staining with 4’,6-diamidino-2-phenylindole was performed. C: US7MG cells were grown on 60 mm-diameter dishes and
treated with vincristine, shikonin or 0.1% DMSO (Control). After 24 h, fluorescence-activated sorting (FACS) analyses were performed. D: US7TMG
cells were grown on 60 mm-diameter dishes and treated with 5 nM vincristine, 15 uM compound 3K, or 0.1% DMSO (Control). After 24 h, FACS
analyses were performed. E: US7TMG cells were grown on 60 mm-diameter dishes. They were then treated with 15 uM compound 3K, or 0.1%

DMSO (Control). After 24 h, annexin V-PI analyses were performed.

pathway in U87MG glioma cells. In a detailed quantitative
analysis, we also found that shikonin treatment increased S-
phase arrest in a dose-dependent manner (Figure 3C). This
suggested that DNA replication was prevented by shikonin
treatment. We assumed that this S-phase increase also
contributed to faster and stronger pathways of induction of
late apoptosis.

Another PKM?2 inhibitor, compound 3K, has a similar
mechanism of inhibition to that of shikonin. We also tested
whether PKM2 inhibitors have similar mechanisms in
inhibiting U87MG glioma cells. Compound 3K was recently
developed and is generally considered a PKM2-specific
inhibitor (12, 28-31). As seen in Figure 3D and E, compound
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3K highly increased late apoptosis in U87MG glioma cells
without G,-phase arrest, whereas vincristine significantly
increased G,-phase arrest. These results indicate that the two
PKM?2 inhibitors studied have have similar inhibitory
mechanisms in glioma cells. Considering that G,-phase
arrest is one of the survival mechanisms in cancer against
toxic agents, we concluded that PKM?2 inhibitors are highly
effective targeting drugs for faster apoptotic death without
allowing cellular survival delays in glioma cells.

Shikonin increases induction of autophagy in US7MG glioma
cells. To further clarify the mechanism of late apoptotic
death induced by shikonin, we studied autophagic cell death.
PKM?2 inhibits autophagy formation to increase cancer
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Figure 4. The combination of two different PKM?2 inhibitors synergistically reduces growth of US7MG glioma cells. A: US7MG cells were grown
on 60 mm-diameter dishes. They were then treated with 5 nM vincristine, 2 uM shikonin, or 0.1% DMSO (Control). After 24 h, acridine orange
staining was performed. B: US7MG cells were grown on 60 mm-diameter dishes. They were then treated with 5 nM vincristine, 2 uM shikonin, or
0.1% DMSO (Control). After 24 h, western blot analysis was performed using antibodies against the marker of autophagosome formation
microtubule-associated proteins 1A/1B light chain 3B (a-LC3B) and b-actin. C: US7TMG cells were grown on 60 mm-diameter dishes and treated
with 5 nM vincristine, 1 uM shikonin, 7.5 uM compound 3K, 5 nM VIC with 1 uM shikonin (VIC+SHI), 5 nM VIC with 7.5 uM compound 3K
(VIC+3K), 7.5 uM compound 3K with 1 uM shikonin (3K+SHI), or 0.1% DMSO (Control). After 1 day, cells were observed using an inverted

microscope at x40 magnification.

survival or proliferation. To identify autophagy induction by
shikonin, acridine orange staining and western blot analysis
were performed (12). As shown in Figure 4A, acridine
orange staining was highly accumulated in acidic vacuoles
in shikonin-treated US87MG cells, indicating that autophagy
largely increased. However, vincristine-treated U87MG cells
showed much less staining (Figure 4A), suggesting that with
autophagy contributed less to late apoptosis induced by
vincristine. These results indicate that the high level of late-
apoptotic death caused by shikonin results from the induction
of autophagic death of U87MG glioma cells. Increased
autophagy induced by shikonin was also confirmed with
degradation of a-LC3B protein, which is a major marker of
autophagosome formation. As seen in Figure 4B, shikonin,
but not vincristine, increased a-LC3B degradation,
suggesting that shikonin induced autophagic death I of
U87MG cells. Collectively, we concluded that shikonin
induced high levels of late-apoptotic cell death via both non-
G,-phase arrest and induction of autophagy.

The combination of two different PKM?2
synergistically reduces growth of US7MG glioma cells. We
hypothesized that co-treatment with an anticancer drug

inhibitors
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(vincristine) and a PKM?2 inhibitor (shikonin or compound
3K) would have additive effects in U87MG glioma cells,
since they have different mechanisms action. As seen in
Figure 4C, however, we did not observe increased inhibition
in co-treatments with vincristine with shikonin nor with
compound 3K when compared to single treatments.
Interestingly, we found that co-treatment of shikonin with
compound 3K led to greater growth-inhibitory effects when
compared to single treatments (Figure 4C). These results
suggest that different types of PKM2 inhibitors can be used
for combination therapy against glioma.

Discussion

The role of PKM2 has been studied in tumor initiation and
progression in various cancer types (9, 10, 12, 16). It has
been established that inhibition of PKM2 reduces tumor
growth and causes cancer cell death. Studies have revealed
the overexpression of PKM2 mRNA in various human cancer
type, including liver, bladder, breast, lung, esophageal,
gastric, and colorectal (8, 10, 14, 15). Furthermore, the
overexpression of the PKM2 protein has been associated
with different types of human cancer. Since there are few
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studies on the correlation between PKM2 and its role in
glioma (11, 32, 33), we studied the relationship between
PKM2 and glioma. Although previous studies have shown
the effects of PKM?2 inhibition of glioma cells (13, 17, 18,
34), we attempted to identify the mechanism of PKM?2
inhibition. We also anticipated that our novel findings about
the role of PKM?2 in glioma might facilitate the application
of PKM2-targeting in glioma in clinical applications.

Firstly, our immunohistochemical analysis revealed that
PKM2 levels were higher in most patients with glioma than
those in heathy controls. This suggested that the up-
regulation of PKM2 was required for tumor progression of
glioma, and PKM2 might be used in a high energy
production process in tumorigenesis. There were no
differences between males and females for PKM?2
overexpression in glioma cells. This suggested that gender
did not affect PKM2 overexpression in tumorigenesis in
glioma. Since some glioma tissues seemed to overexpress
PKM2 more highly than others, it is important to investigate
the genetic characteristics of patients with highly
overexpressed PKM?2 in the future.

A previous study has reported that elevated PKM?2
expression is dependent on the tumor grade (34). However,
we did not detect a correlation between the expression of
PKM?2 and grade-dependency. Race or age differences
among glioma tissues might result in glioma grade-
independent results in our PKM2 overexpression studies.
Interestingly, although we did not find grade-dependence of
PKM2 expression, we did find that adjacent normal tissues
in glioma exhibited increased expression of PKM2 when
compared with normal tissues, although the expression levels
were lower than in glioma tissues. This suggested that
overexpression of PKM?2 in adjacent tissues occurs during
the tumorigenesis. We hypothesize that the phenotypes of
adjacent glioma tissues were normal, but they had genetic
alterations in tumorigenesis, with an increased PKM?2 level.
PKM2 overexpression is assumed to be an important factor
in the development of tumorigenesis. More investigations
should be conducted to determine whether PKM?2
overexpression may be a bio-indicator for the early stages of
tumorigenesis in glioma.

Furthermore, although few studies have investigated
PKM2 inhibition in glioma tumorigenesis, it remains unclear
whether PKM?2 inhibitors may be potential glioma-targeting
drugs. Several PKM2 inhibitors, such as shikonin,
metformin, vitamin K, and temozolomide, have been studied
(25, 26). Recently, the biological effects of novel
naphthoquinone derivatives have been reported as selective
inhibitors of PKM2. Some compounds, such as compound
3K, have shown significant antiproliferative activity in
various cancer cell lines with high expression of PKM2, and
have exhibited more potent PKM?2 inhibition than the
conventional PKM2 inhibitor shikonin (12, 28-31). Here, we
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evaluated and aimed to identify novel findings for the
anticancer effects of PKM?2 inhibitors in the glioma cell line
U87MG. We found that they inhibited U87MG growth at a
relatively low dose. Interestingly, we found that the effect of
shikonin was dependent on cultures having a low confluence,
suggesting that PKM?2 inhibitors may not work in a high
cell-density state. It is possible that cancer cells do not use
PKM2 activity for their growth in high-density states. This
finding may help in further clinical applications of PKM2
inhibitors in glioma therapy.

A detailed analysis of the mechanisms of action was
performed for PKM2 inhibitors shikonin and compound 3K.
They showed these agents highly increased the level of late-
apoptosis, as determined by annexin V analysis, whereas
vincristine treatment increased early apoptosis. We also
confirmed that the increase in late-apoptosis was due to
increased condensation with shikonin treatment compared to
vincristine; this suggested that PKM2 inhibitors more rapidly
increased apoptosis than did vincristine.

Overexpression of PKM2 has been shown to increase
glucose uptake, lactate production, and autophagy inhibition,
thereby accelerating oncogenic growth (25). We found that
shikonin increased autophagy, suggesting that PKM2 in
glioma has a functional role in reducing autophagy for
cancer cell survival. Vincristine increases G,-phase arrest by
microtubule targeting; we accordingly observed an increase
in G,-phase arrest after vincristine treatment. However, we
did not detect increased G,-phase arrest after treatment with
PKM2 inhibitor, although the proportion of S-phase cells
slightly increased. This suggests that PKM2 inhibitors
increase late apoptosis faster than cell-cycle arrest. We
assumed that there was insufficient time for glioma cells to
recover from the effects of PKM?2 inhibitors, whereas with
vincristine, they had recovery time with G,-phase arrest,
leading to less late apoptosis. We conclude that the rapid
increases in apoptosis and late-apoptosis levels in a relatively
short time by PKM?2 inhibitors resulted from non-G,-phase
arrest and increased induction of autophagy.

Finally, we tested whether PKM2 inhibitors increased the
effect of an anticancer drug in co-treatment. However, we
did not find any increase in effect upon co-treatment with
vincristine and either shikonin or compound 3K.
Surprisingly, we found that co-treatment with both shikonin
and compound 3K increased efficacy compared to single
treatments. These results suggest that PKM?2 inhibition is
sufficient for effects on glioma cells without the use of an
anticancer drug. They also suggest that PKM2 inhibitors can
be used as substitutes for anticancer drugs in glioma therapy,
and supports the use of the combination of two different
PKM2 inhibitors clinically. Our findings identify PKM2
inhibitors with antitumor activity, which lays the foundation
for the development of PKM2 inhibitors as promising
antitumor drugs.
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