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Combination Treatment Using Pyruvate Kinase
M2 Inhibitors for the Sensitization of High Density
Triple-negative Breast Cancer Cells
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Abstract. Background/Aim: Few studies have examined the
correlation  between pyruvate kinase M2 (PKM?2)
overexpression and triple-negative breast cancer (TNBC).
TNBC is considered incurable with the currently available
treatments, highlighting the need for alternative therapeutic
targets. Materials and Methods: PKM?2 expression was
examined immunohistochemically in human breast tumor
samples. Furthermore, we studied the effect of three PKM?2
inhibitors (gliotoxin, shikonin, and compound 3K) in the
MDA-MB-231 TNBC cell line. Results: PKM?2 overexpression
correlates with TNBC. Interestingly, most TNBC tissues
showed increased levels of PKM2 compared to those of
receptor-positive breast cancer tissues. This suggests that
PKM?2 overexpression is an important factor in the
development of TNBC. MDA-MB-231 TNBC cells are
resistant to anticancer drugs, such as vincristine (VIC)
compared to other cancer cells. We found that the recently
developed PKM?2 inhibitor gliotoxin sensitized MDA-MB-231
cells at a relatively low dose to the same extent as the known
PKM?2 inhibitor shikonin, suggesting that PKM?2 inhibitors
could be an effective treatment for TNBC. Detailed
sensitization mechanisms were also analyzed. Both gliotoxin
and shikonin highly increased late apoptosis in MDA-MB-231
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cells, as revealed by annexin V staining. However, MDA-MB-
231 cells with high cellular density inhibited the sensitizing
effect of PKM?2 inhibitors, therefore, we investigated ways to
overcome  this inhibitory effect. We found that
gliotoxin+shikonin co-treatment highly increased toxicity in
MDA-MB-231 cells with high density, whereas either
VIC+gliotoxin or VIC+shikonin were not effective. Thus,
combination therapy with various PKM?2 inhibitors may be
more effective than combination therapy with anticancer
drugs. Gliotoxin+shikonin co-treatment did not increase S or
G, arrest in cells, suggesting that the co-treatment showed a
high increase in apoptosis without S or G, arrest. We
confirmed that another recently developed PKM?2 inhibitor
compound 3K had similar mechanisms of sensitizing MDA-
MB-231 cells, suggesting that PKM?2 inhibitors have similar
sensitization mechanisms in TNBC. Conclusion: PKM?2 is a
regulator of the oncogenic function of TNBC, and
combination therapy with various PKM?2 inhibitors may be
effective for high-density TNBC. Targeting PKM2 in TNBC
lays the foundation for the development of PKM?2 inhibitors
as promising anti-TNBC agents.

Among the different molecular subtypes of breast cancer,
triple-negative breast cancer (TNBC) is an extremely
aggressive subtype; it is associated with poor prognosis and
high mortality rates, despite systemic therapy (1, 2). TNBC
is also a heterogeneous disease compared to the luminal and
HER2-enriched subtypes (1-3). Chemotherapy and
combination chemotherapy are the conventional treatments
for TNBC; however, resistant types of TNBC are prevalent
(3-6). Although several clinical trials targeting molecules
specific to TNBC, including poly (ADP-ribose) polymerase
(PARP), epidermal growth factor receptor (EGFR), protein
kinase B (AKT), phosphoinositide 3-kinase (PI3K), and Src
tyrosine kinase, have been conducted, they have not led to
substantial improvements in TNBC treatment (5, 7-10).
Therefore, it is important to identify effective therapeutic
targets that may improve disease outcome and prognosis of
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patients with TNBC, and thus, improve our understanding of
TNBC development, progression, and metastasis at the
molecular level.

To meet the energy requirements for uncontrolled
proliferation, tumor cells increase their glucose uptake and
switch their energy source from mitochondrial oxidative
phosphorylation to glycolysis, which is known as the
Warburg effect (11, 12). During glycolysis, each glucose
molecule is eventually converted into two molecules each of
pyruvate and ATP in the cytoplasm. Pyruvate kinase M2
(PKM?2) is a key rate-limiting enzyme in glycolysis and
contributes to the genesis and proliferation of breast cancer
cells (11-13). The overexpression of PKM?2 results in
increased glucose uptake, lactate production, and autophagy
inhibition, thereby accelerating oncogenic growth (13-17).

The induction of glycolytic dysfunction has emerged as a
promising therapeutic strategy for several cancer types, and
PKM?2 has not been considered as a potential target
molecule. Using different strategies that involve regulation
of PKM2 expression, some studies have determined the
tumorigenic role of PKM2 in breast cancer and the
therapeutic potential of PKM2-targeting strategies (6, 13-17).
However, the therapeutic role of PKM2 in TNBC remains to
be discovered. In this study, we identified a correlation
between TNBC and PKM2 overexpression. Furthermore, we
assessed the anticancer effects of PKM?2 inhibitors (shikonin
and compound 3K) on human MDA-MB-231 cells (18-21).
In particular, we tested a newly identified PKM2 inhibitor
gliotoxin (isolated from marine environments), which
directly bound to PKM2 and inhibited its glycolytic activity
in a US7MG glioma study (22). Previously, gliotoxins were
demonstrated to have anticancer activity in various solid
cancer models (23-26). Although gliotoxins isolated from
soil showed anticancer activity in breast cancer cells (27),
their mechanism of action has not been elucidated. In our
study, we determined that combination treatment with PKM2
inhibitors (gliotoxin from marine sources, shikonin, or
compound 3K) highly increased cytotoxicity in MDA-MB-
231 cells. Our results may facilitate the development of
PKM2 inhibitor-based therapies for TNBC.

Materials and Methods

Reagents and cell culture. Gliotoxin, compound 3K and shikonin
were obtained from SelleckChem (Houston, TX, USA). Vincristine
(VIC) was purchased from Enzo Life Sciences (Farmingdale, NY,
USA). The human TNBC cell line, MDA-MB-231, was obtained
from Dr. Keun Wook Kang (Department of Pharmacy, Seoul
University, Seoul, Republic of Korea) and has been previously used
as a cell model (28). The human oral squamous carcinoma cell line
KB has been previously used as cell models (29). All cell lines were
cultured in DMEM containing 10% fetal bovine serum, 100 U/ml
penicillin, and 100 mg/ml streptomycin (WelGENE, Daegu,
Republic of Korea).

Table 1. Clinicopathological features of tissue microarrays of 49 human
breast tumor and four adjacent normal breast individuals (the
duplicated tissue microarray samples with 27 single-positive, 11 double
and triple-positive, 11 triple-negative, and four adjacent normal breast
individuals).

Histological grade, number (%)

Variable Patients Adjacent 1 2 3
normal
tissue
Cancer 53 4 11 34 4
patient (%) (100%) (7.5%) (20.8%)  (642%) (1.5%)
Receptor characteristics, number (%)
Variable Patients Adjacent Single- Double-  Triple-
normal positive Triple  negative
tissue positive
Cancer 53 4 27 11 11
patient (%) (100%) (7.5%) (509%)  (20.8%) (20.8%)

Breast tissue microarray and immunohistochemistry (IHC). The tissue
microarray slides (duplicate cores per case) of 4 adjacent normal
breasts and 49 breast tumors were obtained from US Biomax Inc.
(Rockville, MD, USA). Detailed information on the tissue microarray
samples is presented in Table I. Immunohistochemical analysis was
performed to investigate PKM?2 expression in adjacent normal and
breast tumor tissue samples as previously described (18, 19). The
tissue microarray slides were treated with xylene and ethanol,
followed by boiling in sodium citrate buffer for 20 min. Afterward,
the slides were treated with 5% H,0O, for 15 min to inactivate
endogenous peroxidases and incubated with the PKM2 antibody
(1:1,000) at 4°C for 24 h. The secondary anti-rabbit IgG (Vector
Laboratories, Burlingame, CA, USA) was added and allowed to react
at room temperature for 30 min. Subsequently, HRP-streptavidin
reagent (Vector Laboratories) was added and allowed to react at room
temperature for 30 min. After staining with DAB (Dako, Agilent,
Santa Clara, CA, USA) and hematoxylin (Dako), the slides were fixed
on a cover glass with mounting solution following ethanol and xylene
treatment. The slides were observed at 200x magnification using a
confocal K1-Fluo microscope (Nanoscope Systems, Daejeon,
Republic of Korea). For assessing immunoreactivity and histological
appearance, all tissue microarray slides were examined and scored.
The intensity of PKM2 immunostaining in individual cells (average
of duplicates) was scored according to the following scale as
previously described (18, 19): 0, no staining; 1, weak intensity; 2,
moderate intensity; and 3, strong intensity. The percentage of cells
with positive PKM2 immunostaining at each intensity level was
estimated (0 to 100%). The absolute value of the proportion of cells
at each intensity level was multiplied by the corresponding intensity
value, and the resulting values were added to obtain an
immunostaining score ranging from 0 to 300.

Microscopic observation. Microscopic observations were performed
as previously described (18, 30-33), in order to examine the effect
of gliotoxin, shikonin, compound 3K, or VIC on cellular growth.
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Briefly, MDA-MB-231 or KB cells were grown at low density
(1.5x105 cells), and were treated with 5 nM VIC, 1-1.5 uM
gliotoxin, 1-1.5 uM shikonin, or 10 pM compound 3K for 1 day.
For co-treatment experiments, MDA-MB-231 cells with 50-60%
confluence were treated with 5 nM VIC, 1-1.5 pM gliotoxin, 1-1.5
uM shikonin, 10 pM compound, 1-1.5 uM gliotoxin with 1-1.5 pM
shikonin, 5 nM VIC with 1-1.5 pM gliotoxin, 5 nM VIC with 1-1.5
uM shikonin, 5 nM VIC with 10 pM compound 3K, 10 uM
compound 3K with 1-1.5 pM gliotoxin, 10 pM compound 3K with
1-1.5 puM shikonin, or 0.1% DMSO for 1 day. All cells were
observed using an inverted microscope at x40 magnification.

The effect of these drugs on cell density (cellular confluence)
were also examined. Briefly, MDA-MB-231 cells were grown on 60
mm-diameter dishes either at low density (1.5x105 cells) or high
density (4x103 cells). After one day, they were treated with a single
drug or co-treatments, as indicated above. Then the effect of these
drugs on cell growth after one day was examined. Cells were
observed using an inverted microscope at x40 magnification. Results
were qualitatively confirmed at least in two independent experiments
using an ECLIPSETs2 inverted microscope (Nikon, Tokyo, Japan)
with a 40 or 100x objective lens (Nikon Microscopy U).

Fluorescence-activated cell sorting (FACS) analysis. FACS analysis
was performed as previously described (18, 30-33). Briefly, MDA-
MB-231 cells were grown in 60 mm diameter dishes with high
density (4x105 cells), and were treated with 5 nM VIC, 1-1.5 uM
gliotoxin, 1-1.5 pM shikonin, 10 uM compound, 1-1.5 pM gliotoxin
with 1-1.5 pM shikonin, 5 nM VIC with 1-1.5 uM shikonin, 5 nM
VIC with 1-1.5 uM gliotoxin, 5 nM VIC with 10 uM compound 3K,
10 uM compound 3K with 1-1.5 pM gliotoxin, 10 pM compound
3K with 1-1.5 pM shikonin, or 0.1% DMSO for 24 h. The detached
by trypsin were washed, and suspended in 75% ethanol for 24 h
at —20°C. The cells were then incubated with propidium iodide (PI)
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 Novocyte Flow
Cytometer (ACEA Biosciences, San Diego, CA, USA).

Annexin 'V analysis. Analysis was conducted using an annexin V-
fluorescein isothiocyanate (FITC) staining kit (BD Biosciences,
Franklin, NJ, USA) as previously reported (18, 30-33). Briefly, MDA-
MB-231 cells were grown in 60 mm diameter dishes either with low
density (1.5x105 cells) or high density (4x105 cells), and were treated
with 5 nM VIC, 1-1.5 uM gliotoxin, 1-1.5 uM shikonin, 10 uM
compound, 1-1.5 uM gliotoxin with 1-1.5 uM shikonin, 5 nM VIC
with 1-1.5 uM shikonin, 5 nM VIC with 1-1.5 uM gliotoxin, 5 nM
VIC with 10 pM compound 3K, 10 uM compound 3K with 1-1.5 uM
gliotoxin, 10 uM compound 3K with 1-1.5 uM shikonin, or 0.1%
DMSO for 24 h. The cells were then detached, pelleted, and washed
with PBS. Annexin V-FITC and PI solution was added into the cells
and incubated for 30 min at 20°C. The stained cells were qualitatively
analyzed, and the results confirmed in at least two independent
experiments using a Novocyte Flow Cytometer (ACEA Biosciences,
San Diego, CA, USA).

Cell viability assay. As previously described (18, 30-33), cell
proliferation was evaluated by colorimetric assays using the EZ-
CyTox cell viability assay kit (Daeillab, Seoul, South Korea).
Briefly, MDA-MB-231 cells were plated on 96-well plates and
grown to either low density (10-20% confluence) or high density

(30-40%). The cells were then treated for 48 h with 5 nM VIC, 1-2
uM gliotoxin, 1-2 uM shikonin, 1.5 uM gliotoxin with 1.5 uM
shikonin, or 0.1% DMSO. They were then incubated with 10 ml
EZ-CyTox solution for 1 h at 37°C. The 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.

Statistical analysis. Data are presented as the mean+S.D. from at
least three independent experiments. Statistical analysis was
performed using one-way analysis of variance (ANOVA), 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 overexpression is observed only in TNBC tissues.
Herein, PKM2 expression was immunohistochemically
examined in 49 human breast cancer samples and compared
to that of four adjacent normal breast tissue samples obtained
from patients. Each patient was analyzed in duplicate tissue
samples. PKM2 expression was higher in most breast cancer
tissues than in adjacent normal breast tissues (Figure 1A-D),
indicating that the up-regulated expression of PKM2 was
highly correlated with tumor progression in the breast. Most
samples showed increased expression of PKM?2 compared to
that in the controls, but certain exceptions were observed.
Although we did not identify a correlation between the
extent of PKM2 overexpression and breast tumor grade
(Figure 1A), we assumed that PKM2 overexpression was
required at all stages of breast cancer development. This
suggests that PKM2 overexpression is crucial for the
development of breast cancer, and PKM2 could be a
biomarker for breast cancer that can help distinguish it from
other cancers. Although there were no significant differences
between TNBC and other receptor breast cancer types, the
average PKM?2 overexpression level was higher in TNBC
than in other receptor-positive types (Figure 1B). A summary
of clinicopathological features of all tissues is presented in
Table 1. Therefore, most breast cancer tissues show increased
PKM2 expression levels compared to those of adjacent
normal tissues.

PKM? inhibitor (gliotoxin or shikonin) sensitizes MDA-MB-
231 cells at low dose. Further, we aimed to identify novel
sensitization mechanisms for PKM2 inhibition in TNBC
cells. We tested the mechanisms of PKM2 inhibition in vitro
using the TNBC cell line MDA-MB-231. To inhibit PKM2
function, we tested a recently developed PKM?2 inhibitor
gliotoxin (22) and assessed whether it can be applied to
TNBC. Vincristine (VIC) treatment was used as a positive
control to compare the effectiveness of gliotoxin (18, 33). We
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Figure 1. PKM2 overexpression is observed in TNBC tissues but not in

e

adjacent normal tissues. (A-B) Breast tumors and adjacent normal breast

tissue samples were analyzed for changes in PKM?2 expression using immunohistochemistry. The intensity of PKM2 immunostaining in individual
cells (average of duplicates) was scored in the breast cancer and adjacent normal breast tissue samples associated with the three different tumor
grades and stages. Scale bar, 200 um. The values represent the mean+S.D. *p<0.05. (C-D) Photographs are shown for representative tissues of
adjacent normal, breast grades, or receptors-types with PKM?2 expression using immunohistochemistry.

also compared the effectiveness of gliotoxin to that of the
known PKM2 inhibitor shikonin (18-21). We performed both
microscopic observations and viability assays to observe
cytotoxicity in MDA-MB-231 cells. As shown in Figure 2A-
C, 1 uM gliotoxin or shikonin was more toxic to MDA-MB-
231 cells than 5 nM VIC; thus, even a low dose of PKM?2
inhibitors could induce high sensitization. A comparison of
cytotoxicity of the above-mentioned agents (VIC, shikonin,
and gliotoxin) in other cancer cell lines revealed that KB cells
were highly sensitive to VIC but less sensitive to PKM2
inhibitor (Figure 2A), suggesting that PKM?2 inhibitors could
be exclusively effective for TNBC treatment. Collectively,
these results indicate that gliotoxin at relatively low doses has
sensitization effects similar to those of the PKM2 inhibitor
shikonin in MDA-MB-231 cells.

Gliotoxin or shikonin highly increases late-apoptosis in cells.
To further clarify the mechanism of action of gliotoxin or
shikonin, we performed a quantitative apoptosis analysis

using annexin V staining. As shown in Figure 2C, apoptotic
cell death greatly increased after gliotoxin or shikonin
treatment, but not after VIC treatment. Detailed analysis
revealed that the number of late-apoptotic cells increased by
approximately 4-fold compared to that of early-apoptotic
cells after gliotoxin or shikonin treatment. This suggests that
gliotoxin or shikonin is a strong and rapid inducer of late
apoptosis in MDA-MB-231 cells. Thus, gliotoxin or shikonin
can induce rapid apoptosis in TNBC cells.

Sensitization by gliotoxin or shikonin is majorly dependent
upon cellular density. The characteristics of drug
sensitization in cancer cells can be determined by their
dependence on cellular density, as high cellular density
inhibits drug effects (18). Therefore, we tested the extent to
which gliotoxin or shikonin sensitization depends on cellular
density. As shown in Figure 2D, we observed that the low-
density culture of MDA-MB-231 cells exhibited higher
sensitization by either 1 pM gliotoxin or shikonin than by
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Figure 2. PKM?2 inhibitors gliotoxin or shikonin sensitize MDA-MB-231 cells at low doses. (A) MDA-MB-231 and KB cells were grown on 60 mm-
diameter dishes and treated with 5 nM vincristine (VIC), 1 uM gliotoxin (GLI-1), 1.5 uM gliotoxin (GLI-1.5), or 0.1% DMSO (CON). After 1 day,
all cells were observed using an inverted microscope at x40 magnification. (B) MDA-MB-231 cells were grown on 60 mm-diameter dishes and
treated with 5 nM vincristine, 1 uM gliotoxin (GLI-1), 1.5 uM gliotoxin (GLI-1.5), 1 uM shikonin (SHI-1), 1.5 uM shikonin (SHI-1.5), or 0.1%
DMSO (CON). After 1 day, all cells were observed using an inverted microscope at x40 magnification. (C) MDA-MB-231 cells were grown on 60
mm-diameter dishes with low density (1.5x103 cells). They were then treated with 5 nM vincristine (VIC), 1 uM gliotoxin (GLI-1), 1 uM shikonin
(SHI-1), or 0.1% DMSO (CON). After 24 h, annexin V analyses were performed as described in Materials and Methods. (D) MDA-MB-231 cells
were plated on 96-well plates and grown to 10-20% confluence with low density. The cells were then treated for 48 h with 5 nM vincristine (VIC),
1 uM gliotoxin (GLI-1), 2 uM gliotoxin (GLI-2), 1 uM shikonin (SHI-1), 2 uM shikonin (SHI-2), or 0.1% DMSO (CON). Cell viability assay was
performed as described in “Materials and methods”. The data are presented as the mean=S.D. of at least two experiments repeated in triplicate
experiments. Data are presented as mean=S.D. *p<0.05 was considered be statistically significant.

VIC. However, when cellular density was increased, the
toxic effect of 1 uM of gliotoxin or shikonin on MDA-MB-
231 cells was reduced, whereas VIC showed a similar
sensitization effect (Figure 3A). Hence, gliotoxin or shikonin
is a low density-specific drug. We confirmed our results
using both microscopy and annexin V staining (Figure 3B).
Thus, the effectiveness of PKM2 inhibition depends on
TNBC cell density.

Combination of two different PKM?2 inhibitors synergistically
sensitizes high-density MDA-MB-231 cells. Furthermore, we

investigated ways to overcome the reduced sensitization-
effect of PKM2 inhibitors in high-density TNBC. We
assumed that co-treatment with an anticancer drug (VIC) and
a PKM2 inhibitor (gliotoxin or shikonin) could increase
sensitization due to the additive effects of both drugs in
MDA-MB-231 cells because they have different sensitization
mechanisms. As seen in the apoptosis analysis in Figure 3C,
we did not observe any enhanced sensitization effects by
treatments with VIC+gliotoxin or VIC+shikonin compared
to those by single treatments in high-density cultures.
Interestingly, co-treatment with gliotoxin and shikonin

2109



in vivo 36: 2105-2115 (2022)

High density

120+ High density GLI-1.5pM
= SN e G R
E == 7
S 90+ *
< T
£ 604 §
i
- N
; 30 §
2 o N
CON VIC 1 2 1 ! o
GLI (pl\[) SI.H (]JI\I) FITC-H FITC-H FITC-H
C CON VIC GLI-1.5pM SHI-1.5pM VIC+SHI VIC+GLI GLI+SHI
B 0.1] F& 01] % 03] ‘& ‘ 1.9 0.5 ° -
= £
e 03| e 0.3 . 03| | 4 0.8 .

O
—a
N
T

= *
E © 90+ S R o S ] 'i-mt.u
% % * sl 'J_ 4 i ;‘ ( 4'\ W‘
= : 60 A B g X é’&i‘vﬁ:‘{
3o : fopehp sl ok ok (Y N
O X 304 % % % § S _r-,a‘,,,. o

CON VIC GLI-1.5 SHI-1.5 GLI+SHI

Figure 3. Combination of two different PKM?2 inhibitors synergistically sensitizes high-density MDA-MB-231 cells. (A) MDA-MB-231 cells were
plated on 96-well plates and grown to 40%-50% confluence with high density. The cells were then treated for 48 h with 5 nM vincristine (VIC),
1 uM gliotoxin (GLI-1), 2 uM gliotoxin (GLI-2), 1 uM shikonin (SHI-1), 2 uM shikonin (SHI-2), or 0.1% DMSO (CON). Cell viability assay was
performed as described in Materials and Methods. Data are presented as the mean+S.D. of at least two experiments repeated in triplicate
experiments. *p<0.05 was considered statistically significant. (B) MDA-MB-231 cells were grown on 60 mm-diameter dishes at high density (4x10°
cells). They were then treated with 1.5 uM gliotoxin (GLI-1.5), 1.5 uM shikonin (SHI-1.5), or 0.1% DMSO (CON). After 24 h, either microscopic
observation or annexin V analyses were performed as described in Materials and Methods. (C) MDA-MB-231 cells were grown on 60 mm-diameter
dishes at high density (4x105 cells). They were then treated with 5 nM vincristine (VIC), 1.5 uM gliotoxin (GLI-1.5), 1.5 uM shikonin (SHI-1.5),
5 nM VIC with 1.5 uM gliotoxin (VIC+GLI), 5 nM VIC with 1.5 uM shikonin (VIC+SHI), 1.5 uM gliotoxin with 1.5 uM shikonin (GLI+SHI), or
0.1% DMSO (CON). After 24 h, annexin V analyses were performed as described in Materials and Methods. (D) MDA-MB-231 cells were plated
on 96-well plates and grown to 30-40% confluence at high density. The cells were then treated for 48 h with 5 nM vincristine (VIC), 1.5 uM gliotoxin
(GLI-1.5), 1.5 uM shikonin (SHI-1.5), 1.5 uM gliotoxin with 1.5 uM shikonin (GLI+SHI), or 0.1% DMSO (CON). Cell viability assay was performed
as described in Materials and Methods”. Data are presented as the mean+S.D. of at least two experiments repeated in triplicate experiments.
*p<0.05 was considered be statistically significant. (E) MDA-MB-231 cells were grown on 60 mm-diameter dishes with high density (4x10° cells).
They were then treated with 5 nM vincristine (VIC), 1.5 uM gliotoxin (GLI-1.5), 1.5 uM shikonin (SHI-1.5), 1.5 uM gliotoxin with 1.5 uM shikonin
(GLI+SHI), or 0.1% DMSO (CON). After 1 day, all cells were observed using an inverted microscope at x40 magnification.

significantly increased late apoptosis compared to single
treatment (Figure 3C). As seen in Figure 3D and E, both
viability assay and microscopic observations revealed that
gliotoxin+shikonin showed enhanced toxicity in high-density
MDA-MB-231 cells compared to single treatments,
confirming that the combination of two different PKM2
inhibitors increased the sensitization of high-density MDA-

MB-231 cells. These results suggest that different PKM?2
inhibitors can be used in combination therapies for TNBC.

Combination of two different PKM?2 inhibitors does not increase
S or G, arrest for the sensitization of high-density MDA-MB-
231 cells. Next, we performed FACS analyses to determine
whether cell-cycle arrest occurred along with apoptosis in
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They were then treated with 5 nM vincristine (VIC), 1.5 uM gliotoxin (GLI-1.5), 10 uM compound 3K (3K-10), or 0.1% DMSO (CON). After 24 h,
annexin V analyses were performed as described in Materials and Methods. (C) MDA-MB-231 cells were grown on 60 mm-diameter dishes with high
density (4x10° cells). They were then treated with 5 nM vincristine (VIC), 1.5 uM gliotoxin (GLI-1.5), 1 uM shikonin (SHI-1), 10 uM compound 3K
(3K-10), 5 nM VIC with 10 uM compound 3K (VIC+3K), 1.5 uM shikonin with 10 uM compound 3K (SHI+3K), 1.5 uM gliotoxin with 10 uM compound
3K (GLI+3K), or 0.1% DMSO (CON). After 24 h, annexin V analyses were performed as described in Materials and Methods. (D) MDA-MB-231 cells
were grown on 60 mm-diameter dishes at high density (4x10° cells). They were then treated with 1.5 uM gliotoxin (GLI-1.5), 1 uM shikonin (SHI-1),
10 uM compound 3K (3K-10), 1.5 uM shikonin with 10 uM compound 3K (SHI+3K), 1.5 uM gliotoxin with 10 uM compound 3K (GLI+3K), 1.5 uM
gliotoxin with 1.5 uM shikonin (GLI+SHI), or 0.1% DMSO (CON). After 1 day, all cells were observed at an inverted microscope at x 100 magnification.

gliotoxin+shikonin treated high-density cultures. As shown in
Figure 4A, we did not detect a significant increase in G, or S
phase arrest in MDA-MB-231 cells co-treated with
gliotoxin+shikonin (Figure 4A). Considering that G, or S arrest
is one of the survival mechanisms of cancer cells against toxic
agents, we concluded that gliotoxin+shikonin co-treatment is
highly effective for faster apoptotic death. We concluded that
gliotoxin+shikonin co-treatment induces high levels of late-
apoptotic death and non-G, or non-S arrest in high-density
MDA-MB-231 cells.

PKM?2 inhibitor—compound 3K in combination with
gliotoxin exhibits sensitization mechanism similar to that of
gliotoxin and shikonin co-treatment. We also tested whether
other PKM2 inhibitors could sensitize MDA-MB-231 cells
similar to that by gliotoxin or shikonin. Compound 3K has
been recently developed and is considered to be a specific
PKM2 inhibitor (18, 19, 34-36). As shown in Figure 4B,
compound 3K increased late apoptosis in low-density MDA-
MB-231 cells, as observed with gliotoxin treatment. Both,
compound 3K and gliotoxin showed an approximately 5-fold
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increase in late apoptosis in low-density MDA-MB-231 cells
compared to that in early apoptosis (Figure 4B), suggesting
that sensitization mechanisms of compound 3K are similar
to those of shikonin or gliotoxin.

Furthermore, we tested whether co-treatment with compound
3K also increases the toxicity of other PKM2 inhibitors
(gliotoxin and shikonin) in high-density MDA-MB-231 cells.
As seen in Figure 4C, both gliotoxin+compound 3K and
compound 3K+shikonin co-treatments highly increased late
apoptosis in high-density cell cultures, as seen in the case of
gliotoxin+shikonin co-treatment (Figure 3C-E). However,
treatment with VIC+compound 3K did not increase toxicity in
high-density MDA-MB-231 cells. This indicates that co-
treatment with various PKM2 inhibitors is effective in
increasing toxicity in high-density TNBC cells. We confirmed
our results by microscopy (Figure 4D). We conclude that co-
treatment with PKM2 inhibitors can induce sensitization of
high-density MDA-MB-231 cells.

Discussion

The role of PKM2 in tumor initiation and progression in
various cancer types has been studied previously (14-16,
37). It has been established that inhibition of PKM2
reduces tumor growth and causes cancer cell death (15, 16).
Studies have revealed overexpression of PKM2 mRNA in
various cancers, including liver, bladder, breast, lung,
esophagus, gastric, and colorectal cancers (14-16, 19, 38).
Furthermore, overexpression of the PKM2 protein is
associated with different types of cancers in humans. As
there are only few studies on the association between
PKM2 and its role in TNBC (6, 39-41), we examined this
relationship in the present study. Although, previous studies
have shown that PKM2 inhibition can increase the
sensitization of breast cancer cells, we attempted to identify
a more detailed and novel PKM2 inhibition mechanism in
TNBC. We believe that our novel findings on the oncogenic
role of PKM2 in TNBC will facilitate its application in
TNBC treatment.

Immunohistochemical analysis revealed that PKM?2 levels
were higher in most patients with breast cancer than in
normal adjacent controls. This suggests that the up-regulated
expression of PKM2 is required for tumor progression in
breast cancer. However, we did not observe any correlation
between the extent of PKM2 overexpression and grade
dependence or poor prognosis in these patients. Differences
in race or age of patients with breast cancer could be
responsible for the fact that PKM2 overexpression is not
dependent on grade. A greater number of breast cancer
samples should be investigated to demonstrate the role of
PKM?2 in disease prognosis. Further studies are also required
to determine the genetic characteristics of patients with high
overexpression of PKM?2.

Previous studies have reported an elevated PKM?2
expression in TNBC (39). In a detailed analysis of other
receptor-positive cancer types, we found that most TNBC
samples showed an increase in PKM2 levels compared to
those of other breast cancer tissues. This indicates that
PKM?2 overexpression is a common feature of TNBC
tissues. We hypothesized that PKM2 overexpression is
required for the development of TNBC. We also suggest that
PKM2 overexpression could be an indicator of TNBC.
Further investigations should be conducted to determine
whether PKM?2 overexpression can be used as a biomarker
for TNBC.

Furthermore, as only a few studies have investigated PKM2
inhibition in TNBC types, it remains unclear whether PKM?2
inhibitors are potential TNBC-targeting drugs. Several PKM?2
inhibitors such as shikonin, metformin, vitamin K, and
temozolomide have been studied (18, 19, 34, 42). Compounds
such as compound 3K have shown significant antiproliferative
activity in various cancer cell lines with high expression of
PKM?2 (18-21). Recently, gliotoxin was reported as a PKM2
inhibitor in glioma cells (22). Although gliotoxins have been
studied in various cancer models, their role in TNBC has not
been studied in detail.

Herein, we aimed to identify the activity of a novel PKM2
inhibitor gliotoxin regarding its anticancer effects in the
TNBC cell line MDA-MB-231. We found that they
sensitized the human TNBC cell line MDA-MB-231 at a
relatively low dose, similar to shikonin. During sensitization
analysis of gliotoxin and shikonin, we found that
sensitization was maximum in low confluent cultures,
suggesting that PKM2 inhibitors sensitize MDA-MB-231
cells with low density. Previously, the PKM2 inhibitors
shikonin and compound 3K showed low specificity for
glioma cells (18, 19). We concluded that PKM?2 inhibitors
are not effective in high-density cellular states. It is possible
that cancer cells do not utilize PKM2 activity for growth in
high-density conditions. These results may help in further
clinical application of PKM?2 inhibitors in TNBC. Previously,
gliotoxins were demonstrated to have anticancer activity in
various solid cancer models (23-27), including MDA-MB-
231 breast cancer cells. Our current results seem to be the
first to demonstrate that gliotoxin has cytotoxicity as a
PKM?2 inhibitor in MDA-MB-231 cells with low-density
specificity. Since we did not observe any significant
reduction of PKM2 protein levels by PKM?2 inhibitors
(shikonin, compound 3K, and gliotoxin) in MDA-MB-231
(data not shown), we hypothesize that those inhibitors affect
the activity of PKM?2, including posttranslational
modification, cellular localization, or tetramer formations,
etc. In further studies, it should be determined how PKM?2
inhibitors regulate PKM?2 activity in MDA-MB-231 cells.

Furthermore, to demonstrate the sensitizing efficiency of
PKM2 inhibitors in MDA-MB-231 cells, we compared their
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effects on the KB cancer cell line, which has been shown to
be highly sensitive to the anticancer drug, VIC. Interestingly,
during sensitization analysis of gliotoxin or shikonin with
other organ-generated KB cancer cells (32, 33), we found
that TNBC showed high sensitization effects at low doses.
However, KB cells are highly sensitive to VIC, whereas
MDA-MB-231 cells require higher doses of VIC for
sensitization, suggesting that PKM?2 inhibitors are specific to
TNBC. This also suggests that VIC-sensitive cells are poor
candidates for PKM2 inhibitor treatment. These results also
indicated that PKM?2 inhibitors specifically sensitize MDA-
MB-231 cells. We also concluded that PKM2 inhibitors
generally have similar sensitization mechanisms with respect
to specificity in TNBC. A detailed analysis of the
sensitization mechanisms of gliotoxin and shikonin was
performed. They induced increased late apoptosis levels in
MDA-MB-231 cells, as determined by annexin V analysis.
We hypothesized that PKM2 inhibitors could be used as
targeted drugs for TNBC.

Furthermore, we investigated how PKM?2 inhibitors could
overcome non-sensitization in high-density cultures. It has
been previously reported that co-treatment with two PKM?2
inhibitors (shikonin+compound 3K) increased cytotoxicity in
U87MG glioma, but VIC+shikonin or VIC+compound 3K
treatments did not exhibit this effect (18). We tested whether
gliotoxin also increased cytotoxicity when used with
shikonin or compound 3K. We demonstrated that co-
treatment with two PKM2 inhibitors, gliotoxin+shikonin and
gliotoxin+compound 3K, resulted in increased sensitization
compared to single treatments. However, we did not detect
an increase in toxicity upon co-treatment with VIC and
gliotoxin or shikonin in MDA-MB-231 cells. Thus, PKM2
inhibitors may be used as substitutes for anticancer drugs in
TNBC treatment and two different PKM2 inhibitor
combinations could be used in clinical settings.

We did not detect an increase in G, or S arrest after
PKM2 inhibitor co-treatment. This suggested that co-
treatment with PKM2 inhibitors increased late-apoptosis
levels faster than non-G, or non-S arrest. We assumed that
there was insufficient time to recover from toxic PKM2
inhibitors in TNBC patients. We concluded that the rapid
increase in apoptosis and late-apoptosis levels in a relatively
short time by PKM?2 inhibitors resulted from non-G, or non-
S arrest and induced late apoptosis.

Herein, we demonstrated that PKM?2 overexpression was
correlated with TNBC, and combination treatments with its
inhibitors (gliotoxin, shikonin, or compound 3K) could
highly sensitize high-density MDA-MB-231 cells via
increased rate of late apoptosis. Our findings identified
PKM2 inhibitors with antitumor activity in TNBC, laying
the foundation for the development of PKM?2 inhibitors as
promising antitumor drugs for TNBC treatment in the
future.
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