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a b s t r a c t

Cancer cells alter regular metabolic pathways in order to sustain rapid proliferation. One example of met-
abolic remodeling in cancerous tissue is the upregulation of pyruvate kinase isoenzyme M2 (PKM2),
which is involved in aerobic glycolysis. Indeed, PKM2 has previously been identified as a tumor bio-
marker and as a potential target for cancer therapy. Here, we examined the effects of combined treatment
with doxorubicin and anti-PKM2 small interfering RNA (siRNA) on triple-negative breast cancer (TNBC).
The suppression of PKM2 resulted in changes in glucose metabolism, leading to decreased synthesis of
adenosine triphosphate (ATP). Reduced levels of ATP resulted in the intracellular accumulation of doxo-
rubicin, consequently enhancing the therapeutic efficacy of this drug in several triple-negative breast
cancer cell lines. Furthermore, the combined effect of PKM2 siRNA and doxorubicin was evaluated in
an in vivo MDA-MB-231 orthotopic breast cancer model. The siRNA was systemically administered
through a polyethylenimine (PEI)-based delivery system that has been extensively used. We demonstrate
that the combination treatment showed superior anticancer efficacy as compared to doxorubicin alone.
These findings suggest that targeting PKM2 can increase the efficacy of chemotherapy, potentially
providing a new approach for improving the outcome of chemotherapy in patients with TNBC.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

Approximately 20% of all breast cancers are classified as triple-
negative, which entails the absence of the estrogen receptor (ER),
the progesterone receptor (PR), and the human epidermal growth
factor receptor 2 (HER2) [1,2]. This type of breast cancer displays
highly proliferative and aggressive characteristics, consequently
resulting in poor prognosis [3,4]. In addition, triple-negative breast
cancer (TNBC) patients are forced to rely on chemotherapeutics
(e.g. doxorubicin), since receptor-targeted and hormonal therapies
are of little use. Unfortunately, chemotherapy frequently fails in
the treatment of TNBC due to the development of drug resistance
[5,6]. Therefore, there exists a pressing need to generate therapeu-
tic strategies that resensitize TNBC cells to cytotoxic drugs. In order
to develop such strategies it is important to understand the mech-
anisms by which cancer cells lose sensitivity to chemotherapy.
Genes that are frequently overexpressed in TNBC may provide
indications as to which cell-signaling pathways are responsible
for circumventing chemotherapy-induced cell death.

Pyruvate kinase isoenzyme M2 (PKM2) is an example of a pro-
tein that is widely overexpressed in TNBC cells [7–9]. This enzyme
catalyses the final step of glycolysis, resulting in the conversion of
phosphoenolpyruvate (PEP) to pyruvate, which generates adeno-
sine triphosphate (ATP) (Fig. S1) [10,11]. Previous reports have
shown that the suppression of PKM2 can inhibit tumor growth
[7,12]. However, the effect of PKM2 on chemotherapeutic efficacy
has not previously been evaluated. In this study we assessed
whether PKM2 inhibition could enhance the efficacy of doxorubi-
cin in vitro and in vivo. The suppression of PKM2 was achieved
through systemic administration of siRNA using the polyethyleni-
mine (PEI)-based delivery system, which has been extensively
characterized and studied [13–17].
2. Materials and methods

2.1. Cell culture and siRNA transfection

Cell lines were obtained from ATCC. MDA-MB-231 and
MDA-MB-436 triple-negative breast cancer cells were cultured in
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Dulbecco’s Modified Eagle Medium (DMEM, Invitrogen) with 10%
fetal bovine serum (FBS, Hyclone). BT-549, BT-20 and HCC70
triple-negative breast cancer cells were cultured in RPMI-1640
(Invitrogen) with 10% FBS. The cell lines were transfected with con-
trol siRNA (siControl) and two variants of PKM2 siRNA (siPKM2_1
and siPKM2_2) using oligofectamine (Life Technologies). siRNA oli-
gos were synthesized by Sigma. The sense strand sequences of the
siRNAs were: siControl (CUUACGCUGAGUACUUCGA), siPKM2_1
(CCAUAAUCGUCCUCACCAA), and PKM2_2 (GCCAUAAUCGU
CCUCACCA).

2.2. Proliferation assay

Cells were transfected for 48 h, after which they were replated
and allowed to adhere for 24 h. The cells were then exposed to var-
ious concentrations of doxorubicin (Sigma) for 72 h, throughout
which the medium was replaced every 24 h to sustain constant
levels of doxorubicin and nutrients. The number of cells present
at the end of the treatment period was calculated using a Coulter
Counter (Beckman). Oligomycin experiments were performed as
stated above, with the exception of using cell culture media sup-
plemented with oligomycin (Sigma, 1 ng/mL). The results were
normalized to that of control cells expressing the target siRNAs
in the absence of doxorubicin. The half maximal inhibitory concen-
tration (IC50) values were analyzed using GraphPad Prism 5.01
software (GraphPad Software Inc.).

2.3. Quantitative reverse transcription polymerase chain reaction (RT-
PCR)

Quantitative RT-PCR was carried out as previously described
[18]. RNA was extracted from the cells using an RNeasy kit (QIA-
GEN). Total RNA (1 mg) was reverse transcribed into cDNA with
Superscript III from Invitrogen in a 25 ml reaction. Glyceraldehyde
3-phosphate dehydrogenase (GAPDH) served as an endogenous
control. The following primer pairs were used:

PKM2 primers: forward primer: 50-ATTATTTGAGGAACTCC
GCCGCCT-30; reverse primer: 50-ATTCCGGGTCACAGCAATGATG
G-30.

GAPDH primers: forward primer: 50-TTCACCACCATGGAGAA
GGC-30; reverse primer: 50-GGCATGGACTGTGGTCATGA-30.

2.4. Immunoblotting

The cells were treated with siControl, siPKM2_1 or siPKM2_2
for 72 h. The transfected cells were the lysed with the M-PER mam-
malian protein transfection reagent (Thermo Scientific) with added
protease inhibitors. Following centrifugation of the lysates, the
protein concentration in the supernatant was measured using a
BCA Protein Assay Kit. The antibodies were diluted in 5% dry milk
in Tris-buffered saline (0.1% Tween-20). The PKM2, GAPDH, and
horseradish peroxidase (HRP)-conjugated antibodies (Cell Signal-
ing) were used at a dilution of 1:1000, 1:3000, and 1:5000, respec-
tively. The primary antibodies were incubated for 12 h at 4 �C,
while the horseradish peroxidase (HRP)-conjugated secondary
antibodies were incubated for 1 h at room temperature. Western
blots were developed using chemiluminescence as previously
described [19].

2.5. Liquid chromatography–mass spectrometry (LC–MS)

MDA-MB-231 cells were transfected with siControl, siP-
KM2_1, or siPKM2_2 for 72 h. For metabolite extraction experi-
ments, the transfected cells were washed and exposed to a
methanol mixture (methanol:acetonitrile:water, 5:3:2) at 4 �C.
After detaching the cells with a cell scraper, the insoluble and
soluble materials were separated through centrifugation at
15,000g for 15 min (4 �C). Prior to LC–MS analysis, the superna-
tants were filtered through polytetrafluoroethylene (PTFE) mem-
branes (Millipore, pore size of 0.45 lm) and LC–MS was then
performed as previously described [11]. The metabolites were
detected with a Thermo Scientific Exactive High-Resolution Mass
Spectrometer with electrospray ionization. Identification and
quantification of metabolites (phosphoenolpyruvic acid, pyru-
vate, and lactate) was performed with the LCquan software
(Thermo Scientific). Metabolites were positively identified on
the basis of exact mass within 5 p.p.m., further validated by con-
cordance with standard retention times and plotted as the peak
area for each metabolite [20].

2.6. ATP measurements

MDA-MB-231 cells were transfected with siControl, siPKM2_1,
or siPKM2_2 for 72 h. The transfected cells were then washed
and lysed using an ATP-release buffer (Sigma, Gillingham, UK).
ATP was quantified with an adenosine 50-triphosphate (ATP) biolu-
minescent somatic cell assay kit FLASC (Sigma), according to the
manufacturer’s instructions. For oligomycin experiments, MDA-
MB-231 cells were incubated with oligomycin (1 ng/mL) for 24 h
prior to ATP measurements. Values were normalized to the total
protein content of the cell lysates.

2.7. Quantification of doxorubicin

MDA-MB-231 cells were transfected with siControl, siPKM2_1,
or siPKM2_2. After 72 h, the cells were exposed to doxorubicin
for 24 h. Cells were then washed and lysed and cell debris was
cleared by centrifugation. The supernatant was collected and the
drug concentration was measured with high-performance liquid
chromatography (HPLC). For the oligomycin experiments, MDA-
MB-231 cells were incubated with oligomycin (1 ng/mL) 24 h prior
to doxorubicin treatment. The quantity of doxorubicin was nor-
malized against the corresponding protein concentration.

2.8. Tumor model

All animal experiments were performed in compliance with
guidelines of the Animal Welfare Act and the guide for the care
and use of laboratory animals following protocols approved by
the Institutional Animal Care and Use Committee (IACUC).
MDA-MB-231 cells were suspended in 40% growth factor reduced
matrigel and injected into the mammary fat pad of female Nude
mice (Charles River, 4–6 weeks of age, 3 � 106 cells/mouse). The
mice were divided into five groups (n = 8). The PEI-based delivery
system was synthesized and loaded with siRNA as previously
described [13–17]. Intravenous administration of doxorubicin
(5 mg/kg/week) and siRNAs (20 lg/mouse/week) was initiated
when the average tumor volume reached 150–200 mm3. Tumor
volume (V, mm3) was measured as previously reported
(V = 0.5 � length �width �width) [21]. To assess the expression
of PKM2 in tumor samples, the mice were treated with the indi-
cated therapeutics for four weeks, after which tumor sample were
collected 72 h after the final injection.

2.9. Statistical analysis

T-test comparisons (two-tailed, unpaired) were performed to
evaluate statistical significance between two groups.
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3. Results and discussion

3.1. Effect of PKM2 inhibition on doxorubicin efficacy in vitro

To evaluate the effect of PKM2 inhibition on the therapeutic
efficacy of doxorubicin, MDA-MB-231, BT-549, and MDA-MB-436
cells were transfected with two siRNA variants against PKM_2 (siP-
KM2_1 and siPKM2_2). The ability of the siRNAs to reduce the
expression of PKM2 was confirmed with RT-PCR and immunoblot-
ting (Fig. 1A and B). The impact of PKM2 inhibition on doxorubicin
efficacy was evident from dose–response curves and IC50 values.
Namely, the cells lacking PKM2 were more sensitive to doxorubicin
treatment (Fig. 1C). We also used another two primary TNBC cell
lines (BT-20 and HCC70) to examine the efficacy of doxorubicin
in response to PKM2 downregulation. Similar to the above result,
the cells following PKM2 inhibition displayed an increased sensi-
tivity to doxorubicin (Fig. S2), indicating that the expression of
PKM2 was promoting cell survival during chemotherapeutic stress.
Fig. 1. Suppression of pyruvate kinase isoenzyme M2 (PKM2) in triple-negative breast ca
549, and MDA-MB-436 cells transfected with siRNAs (siControl, siPKM2_1 or siPKM2_2
cells transfected with siRNAs (siControl, siPKM2_1 or siPKM2_2). Glyceraldehyde 3-
proliferation and maximal inhibitory concentration (IC50) of doxorubicin in the transfec
3.2. Effect of PKM2 inhibition on glucose metabolism and ATP
production

Since PKM2 is known to play a critical role in the regulation of
aerobic glycolysis and ATP production, we hypothesized that PKM2
inhibition would affect glycolysis and ATP levels. The validity of
this hypothesis was assessed by measuring the levels of phospho-
enolpyruvic acid (PEP), pyruvate, lactate, and ATP in response to
PKM2 suppression. As expected, inhibition of PKM2 caused a sig-
nificant increase in PEP (substrate) levels accompanied by
decreased levels of pyruvate (product) and lactate (downstream
product), indicating that enzyme activity was successfully sup-
pressed (Fig. 2A–C). Moreover, as a consequence of decreased gly-
colysis output, the levels of ATP were also reduced in response to
treatment (Fig. 2D), providing a possible explanation for siPKM2-
induced sensitivity to doxorubicin. Indeed, previous reports have
demonstrated that the intracellular levels of ATP in cancer cells
correlate with chemotherapeutic sensitivity [22,23].
ncer (TNBC) cells. (A) Messenger RNA (mRNA) levels of PKM2 in MDA-MB-231, BT-
). (B) Immunoblots from MDA-MB-231 (M231), BT-549, and MDA-MB-436 (M436)
phosphate dehydrogenase (GAPDH) was used as a loading control. (C) Relative
ted cells. Data is expressed as mean ± SEM. ⁄p < 0.05.



Fig. 2. Effect of PKM2 on glycolysis in MDA-MB-231 cells. (A–C) Levels of intracellular metabolites ((A) phosphoenolpyruvate (PEP); (B) pyruvate; (C) lactate) in siControl,
siPKM2_1 and siPKM2_2 treated cells. (D) Intracellular adenosine triphosphate (ATP) levels. Metabolites and ATP levels were normalized to that of the total protein
concentration. Data are presented as the mean ± SEM of three samples. ⁄p < 0.05.
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3.3. Effect of PKM2 inhibition on intracellular accumulation of
doxorubicin

Since reduced levels of ATP have been found to increase
chemotherapeutic efficacy, we speculated that this effect could
be attributed to ATP-dependent membrane pumps, including the
p-glycoprotein 1 (P-gp) encoded by the multidrug resistance
protein 1 (MRP1) [22,23]. Namely, decreased levels of ATP
would impair the activity of such pumps, resulting in increased
intracellular accumulation of chemotherapeutics. To examine
whether the siPKM2-induced reduction in ATP could impact the
intracellular accumulation of doxorubicin, the relative quantities
of doxorubicin were measured in MDA-MB-231 cells. Cells lacking
PKM2 expression displayed elevated levels of intracellular doxoru-
bicin compared to cells treated with siControl (Fig. 3A). The mito-
chondrial ATP synthase inhibitor oligomycin was used to confirm
that the increased accumulation of doxorubicin was due to
reduced levels of ATP, as opposed to other effects of PKM2 inhibi-
tion. Indeed, oligomycin administration resulted in higher concen-
trations of intracellular doxorubicin and improved therapeutic
efficacy (Fig. 3B and C). Taken together, these results suggest that
siPKM2 can sensitize cells to doxorubicin by impeding ATP produc-
tion, consequently elevating intracellular levels of doxorubicin.

3.4. Effect of PKM2 inhibition on doxorubicin efficacy in vivo

Given that the inhibition of PKM2 enhanced the anticancer
activity of doxorubicin in cell culture, the effect of siPKM2 was fur-
ther assessed in vivo. The therapeutic efficacy of combinational
treatment with siPKM2 and doxorubicin was evaluated in an
orthotopic mouse model of MDA-MB-231 breast cancer. PKM2 siR-
NA was systemically delivered using a PEI-based delivery system,
as previously described [13–17]. The ability of the siRNA carrier
to decrease PKM2 protein levels in tumor samples was evaluated
by immunohistochemistry and immunoblotting. The results show
a substantial reduction in PKM2 levels in mice treated with the
PEI vector containing siPKM2 (Fig. 4A and B), demonstrating the
successful in vivo delivery of siRNA to cancer cells. Notably, in
accordance with the in vitro results, doxorubicin displayed a more
pronounced inhibition of tumor growth in mice that were simulta-
neously treated with siPKM2_1 (Fig. 4C), providing further evi-
dence that PKM2 inhibition can enhance the efficacy of
doxorubicin. Moreover, the results demonstrate that PKM2 inhibi-
tion in the absence of doxorubicin did not have an effect on tumor
growth (Fig. 4C). This observation is in agreement with previous
study showing that short hairpin RNA (shRNA) against PKM2 was
unable to halt breast cancer progression in vivo [24]. However,
there is evidence that PKM2 plays a role during tumor initiation
[7,12], suggesting that PKM2 is important during the initial stages
of breast cancer formation, but is not required for maintaining
tumor growth. In this study, siPKM2 treatment was initiated after
tumors had passed the early stages of development.

In summary, we demonstrate that siRNA-mediated suppression
of PKM2 enhances the in vitro and in vivo anticancer efficacy of
doxorubicin. The proposed mechanism is that of PKM2-induced
inhibition of glycolysis, which results in decreased ATP levels and
increased intracellular accumulation of doxorubicin. These results
indicate that PKM2 could be a promising therapeutic target for



Fig. 3. Effect of PKM2 inhibition on the intracellular level of doxorubicin in MDA-MB-231 cells. (A) Intracellular levels of doxorubicin in cells transfected with siControl,
siPKM2_1 or siPKM2_2. (B) Intracellular levels of doxorubicin measured in the absence or presence of oligomycin. (C) IC50 values of doxorubicin in the absence or presence of
oligomycin. The data are presented as the mean ± SEM of tree samples. ⁄p < 0.05.

Fig. 4. Combinational treatment of doxorubicin and siPKM2 in an orthotopic MDA-MB-231 tumor model. (A) Immunohistochemical analysis of PKM2 expression in tumor
tissues. Nuclei, blue; PKM2-specific horseradish peroxidase (HRP) signal, brown. (B) Western blot analysis of PKM2 expression in tumor tissues. (C) Tumor volume in response
to treatment. Statistical comparisons were made between the target siPKM2_1 + doxorubicin group and the siControl + doxorubicin group. The results are expressed as the
mean ± SEM. ⁄p < 0.05. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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enhancing the anticancer activity of doxorubicin in patients with
TNBC. The development of strategies for improving the outcome
of conventional chemotherapeutic agents is especially important
for TNBC, due to few available treatment options and a high prev-
alence of drug resistance.
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Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
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