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Although oxaliplatin is an effective chemotherapeutic drug
commonly used for colorectal cancer (CRC) treatment, drug
resistance usually occurs during the long-term use of it. It is
urgent to create strategies to reduce the resistance of CRC cells
to oxaliplatin. Oxaliplatin-resistant CRC cells (OR-SW480 and
OR-HT29) were acquired through long-term exposure of CRC
cells to oxaliplatin. It was found that OR-SW480 andOR-HT29
cells exhibited obvious lower sensitivity and a higher meta-
bolism rate of glucose compared to their parental SW480 and
HT29 cells, respectively. However, combination with scutel-
larin significantly resensitized the OR-SW480 and OR-HT29
cells to oxaliplatin-induced cytotoxicity. Mechanically, overex-
pression of pyruvate kinase isoenzymeM2 (PKM2) was respon-
sible for the resistance to oxaliplatin in OR-SW480 and OR-
HT29. Combination with scutellarin was able to inhibit the
PKM2 activity and thus reduced the production of adenosine
triphosphate (ATP) to sensitize the oxaliplatin-induced
mitochondrial apoptosis pathway in both OR-SW480 and
OR-HT29 cells. It was indicated that scutellarin resensitizes ox-
aliplatin-resistant CRC cells to oxaliplatin treatment through
inhibition of PKM2.

INTRODUCTION
Colorectal cancer (CRC) is the third most commonly diagnosed can-
cer worldwide. Unfortunately, the incidence of CRC continues to in-
crease, and its mortality rate is high. Despite the advancement of CRC
treatment in recent decades, the 5-year survival rate of CRC patients
remains poor due to the high incidence of liver metastasis.1,2

Although surgical resection is the most effective approach for CRC
treatment, chemotherapy is still indispensable for postoperative adju-
vant treatment and metastatic cancer treatment.3,4 In addition, many
patients’ tumors showed obvious chemoresistance.5,6 Therefore, it is
urgent to explore novel strategies to enhance the chemosensitivity
in CRC.

Oxaliplatin, a third generation of platinum compound, is known to
induce formation of intra-strand guanine-guanine and guanine-
adenine DNA links in cancer cells. As the result of DNA damage,
oxaliplatin induces apoptotic cell death of cancers. Nowadays, oxali-
platin-based chemotherapy is considered to be the first-line treatment
for CRC patients.7–9 Oxaliplatin is used for patients with both colon
This is an open access article under the CC BY-NC
cancer and rectal cancer, but, for example, chemotherapy including
oxaliplatin is regularly used neoadjuvantly for the treatment of resect-
able rectal cancer.10 However, all of the CRC cells eventually become
resistant to oxaliplatin because of the long-term use of it.11,12 Novel
approaches are required to overcome the oxaliplatin resistance in
CRC. Scutellarin, a flavone glycoside, is a major active component
of the traditional Chinese herb Erigeron breviscapus. As a natural
drug, scutellarin exhibits a low toxicity in humans.13 Besides the clin-
ical use in treatment with cardiovascular diseases, sleep disorders, and
depression, scutellarin is also found to show some anti-tumor activ-
ities in some cancers such as human tongue squamous carcinoma
and breast cancer.14,15 In this study, we hypothesized that scutellarin
may exert its special functions in oxaliplatin-resistant CRC.

Pyruvate kinases (PK) are the key enzymes of glycometabolism.
Among them, the PK isoenzyme M1 (PKM1) is expressed in normal
tissues while the PKM2 is strongly overexpressed in cancers.16–19 As
one function of PK, it converts phosphoenolpyruvate and adenosine
diphosphate (ADP) to pyruvate and adenosine triphosphate (ATP),
suggesting that cellular level of PK determines the glycometabolism
rate and production of ATP.16,17 To meet the need of high prolifera-
tion and high glycometabolism rate, cancer cells usually show a high
glycolytic rate with production through changes of the glycolytic
isoenzyme.18,19 Therefore, PKM2 is special in the glycometabolism
pathway in cancer cells. Here, we explored the effects and the mech-
anisms of scutellarin and oxaliplatin in oxaliplatin-resistant CRC.
RESULTS
Oxaliplatin-resistant SW480 and HT29 cells exhibit a higher rate

of glycometabolism

First, the oxaliplatin-resistant CRC model was established using
SW480 and HT29 cell lines. Our data showed that the OR-SW480
and OR-HT29 cells exhibited obvious resistance to oxaliplatin
treatment compared to their parental SW480 and HT29 cells, respec-
tively (Figure 1A). Specifically, inhibitory concentration (IC50) of
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Figure 1. Oxaliplatin resistance and glycometabolism rate in OR-SW480 and OR-HT29

(A) Cell viability of SW480, OR-SW480, HT29, and OR-HT29 cells after treatment with different concentrations of oxaliplatin. (B) IC50 of SW480, OR-SW480, HT29, and OR-

HT29 to oxaliplatin. (C) Relative glucose uptake in SW480, OR-SW480, HT29, and OR-HT29 cells. (D) Relative lactate generation in SW480, OR-SW480, HT29, and OR-

HT29 cells. (E) Relative ATP production in SW480, OR-SW480, HT29, and OR-HT29 cells. *p < 0.05.
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oxaliplatin to OR-SW480 and OR-HT29 was 11.2- and 6.5-fold
higher than that to SW480 and HT29 cells, respectively (p < 0.05; Fig-
ure 1B). Next, we compared the glucose metabolism between oxali-
platin-resistant CRC and routine CRC cells and found that uptake
of glucose in OR-SW480 and OR-HT29 was significantly higher
than that in SW480 and HT29, respectively (p < 0.05; Figure 1C).
Furthermore, OR-SW480 and OR-HT29 produced more lactate (Fig-
ure 1D) and ATP (Figure 1E) than the SW480 and HT29 cells
(p < 0.05). Taken together, we demonstrated that oxaliplatin-treated
CRC cells exhibited obvious oxaliplatin resistance and a high rate of
glycometabolism compared to the routine CRC cells.

Expression of PKM2 determines glycometabolism rate and

oxaliplatin sensitivity in CRC cells

Results of quantitative real-time polymerase chain reaction (PCR)
and western blot analysis showed that mRNA and protein expression
of PKM2 was increased significantly in OR-SW480 and OR-HT29
cells compared to the SW480 and HT29 cells, respectively (p <
0.05; Figure 2A). Next, we investigated the association between
PKM2 expression and chemoresistance in oxaliplatin-resistant CRC
and routine CRC cells. To perform the gain- and loss-of-function
of PKM2 in SW480, OR-SW480, HT29, and OR-HT29 cells, these
CRC cells were transfected with PKM2 plasmid or its specific small
interfering RNA (siRNA). PKM2 expression was increased in
PKM2 plasmid transfected cell lines while it was decreased signifi-
cantly in PKM2 siRNA transfected cell lines (p < 0.05; Figure 2B),
indicating good transfection efficiency of PKM2 plasmid or its spe-
cific siRNA. Overexpression of PKM2 increased glucose up-intake,
lactate, and ATP in both SW480 and HT29 cells (p < 0.05; Figure 2C),
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suggesting that PKM2 determined the glycometabolism rate in CRC.
By contrast, knockdown of PKM2 directly in OR-SW480 and OR-
HT29 reduced the glucose up-intake, lactate, and ATP obviously
(p < 0.05; Figure 2D). Furthermore, we found that overexpression
of PKM2 in SW480 andHT29 cells significantly decreased their sensi-
tivity to oxaliplatin treatment (p < 0.05; Figure 2E). Most importantly,
knockdown of PKM2 sensitized the OR-SW480 and OR-HT29 cells
to oxaliplatin treatment (p < 0.05; Figure 2F). Taken together, we indi-
cated that PKM2 determines the glycometabolism rate and sensitivity
to oxaliplatin in CRC, and it may be a potent target for reversing the
oxaliplatin resistance in OR-SW480 and OR-HT29.

Scutellarin resensitizes OR-SW480 and OR-HT29 cells to

oxaliplatin treatment

To study the effect of scutellarin on oxaliplatin resistance in CRC, we
co-treated the OR-SW480 and OR-HT29 cells with 2 mM scutellarin
and oxaliplatin at concentrations of 0, 5, 10, 15, 20, and 30 mM. Cyto-
toxicity was shown in Figure 3A, after SW480, OR-SW480, HT29,
and OR-HT29 cells were treated with scutellarin at concentrations
of 0, 2, 5, 10, 20, and 40 mM. The data proved that cytotoxicity of
2 mM scutellarin to SW480, OR-SW480, HT29, and OR-HT29 was
slight, so this concentration of scutellarin (2 mM) was used for co-
treatment with oxaliplatin. Results of 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) assays showed that scutel-
larin significantly increased the cytotoxicity of various concentrations
of oxaliplatin to OR-SW480 and OR-HT29 (p < 0.05). Specifically,
scutellarin decreased the IC50 of oxaliplatin to OR-SW480 and OR-
HT29 by 79.5% and 75.2%, respectively (p < 0.01; Figure 3B). In addi-
tion, scutellarin decreased the IC50 of oxaliplatin to SW480 and HT29
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Figure 3. Scutellarin resensitizes OR-SW480 and OR-HT29 cells to oxaliplatin treatment

(A) After single treatment with different concentrations of scutellarin (0–40 mM) in OR-SW480, OR-HT29, SW480, andHT29 cells for 24 h or 48 h, cytotoxicity of scutellarin was

evaluated byMTT assays. (B) Effect of scutellarin (2 mM) on reducing the IC50 of oxaliplatin to OR-SW480 andOR-HT29. *p < 0.05 versus control group. (C) Effect of scutellarin

(2 mM) on decreasing the IC50 of oxaliplatin to SW480 and HT29. *p < 0.05 versus control group.
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by 32.5% and 53.3%, respectively (p < 0.05; Figure 3C). It was sug-
gested that OR-SW480 and OR-HT29 cells were more sensitive to
the synergistic effect of scutellarin compared to the SW480 and
HT29 cells, indicating that scutellarin was able to resensitize the
OR-SW480 and OR-HT29 cells to oxaliplatin treatment.
Figure 2. Expression of PKM2 determines glycometabolism rate and sensitivit

(A) Expression of PKM2 in SW480, OR-SW480, HT29, and OR-HT29 was evaluated b

efficiency of PKM2 siRNA (50 pmol/mL) and PKM2 plasmid (2 mg/mL) in SW480, OR

performed to evaluate the glycometabolism of SW480 and HT29 cells after treatment w

group. (D) Glucose, lactate, and ATP assays were performed to evaluate the glycometab

PKM2 siRNA (50 pmol/mL). *p < 0.05 versus NCO group. #p < 0.05 versus Oxaliplat

resistance in SW480 and HT29. *p < 0.05 versus Oxaliplatin + empty plasmid group. (F

SW480 and OR-HT29. *p < 0.05 versus oxaliplatin + NCO group.
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Scutellarin targets PKM2 to reduce the oxaliplatin resistance

and glycometabolism in OR-SW480 and OR-HT29 cells

To explore the mechanism by which scutellarin reversed the oxalipla-
tin resistance in OR-SW480 and OR-HT29, we detected the expres-
sion of PKM2 in OR-SW480 and OR-HT29 cells after treatment
y to oxaliplatin in SW480, OR-SW480, HT29, and OR-HT29 cells

y quantitative real-time PCR and western blot analysis. *p < 0.05. (B) Transfection

-SW480, HT29, and OR-HT29 cells. (C) Glucose, lactate, and ATP assays were

ith oxaliplatin (1 mM) and PKM2 plasmid (2 mg/mL). *p < 0.05 versus empty plasmid

olism of OR-SW480 and OR-HT29 cells after treatment with oxaliplatin (10 mM) and

in + NCO group. (E) Effect of PKM2 plasmid (2 mg/mL) on inducing the oxaliplatin

) Effect of PKM2 siRNA (50 pmol/mL) on reversing the oxaliplatin resistance in OR-
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with scutellarin and oxaliplatin. We found that scutellarin but not ox-
aliplatin obviously reduced the protein expression of PKM2 in both
OR-SW480 and OR-HT29 cells (Figure 4A), suggesting that PKM2
may be the target of scutellarin in OR-SW480 and OR-HT29 cells.
Thus, we “rescued” the OR-SW480 and OR-HT29 cells with PKM2
plasmid after combination treatment with oxaliplatin and scutellarin.
Results of cell viability assays showed that scutellarin significantly
increased the cytotoxicity of oxaliplatin against OR-SW480 and
OR-HT29 (p < 0.05; Figure 4B). However, overexpression of PKM2
in OR-SW480 and OR-HT29 cells was found to protect them from
the cytotoxicity of co-treatment of oxaliplatin and scutellarin (Fig-
ure 4B). Scutellarin treatment significantly weakened the glycometab-
olism of OR-SW480 and OR-HT29 cells, expressed as the decreased
glucose uptake, lactate, and ATP (p < 0.05; Figure 4C). Moreover, en-
forced expression of PKM2 almost completely abolished the effect of
scutellarin on changes of the glycometabolism inOR-SW480 andOR-
HT29 cells (Figure 4C). The above findings demonstrated that scutel-
larin reduced the oxaliplatin resistance and glycometabolism in OR-
SW480 and OR-HT29 cells through inhibition of PKM2.

Scutellarin promotes oxaliplatin-induced mitochondrial

apoptosis in OR-SW480 and OR-HT29 cells

To investigate the damage of mitochondria in oxaliplatin and scutel-
larin co-treated OR-SW480 and OR-HT29 cells, we evaluated mito-
chondrial membrane potential (D4) by flow cytometry. The results
showed that scutellarin obviously enhanced the effect of oxaliplatin
on reducing the D4 of OR-SW480 and OR-HT29 cells (Figure 5A),
suggesting that scutellarin promoted oxaliplatin-dependent mito-
chondria damage in OR-SW480 and OR-HT29 cells. Next, we found
that scutellarin obviously promoted the release of cytochrome c and
apoptosis-inducing factor (AIF) from mitochondria into cytosol in
oxaliplatin-treated OR-SW480 and OR-HT29 cells (Figure 5B). As
shown in the results, cleaved caspase-9 and cleaved caspase-3 protein
expression in OR-SW480 and OR-HT29 were increased by oxalipla-
tin and scutellarin (Figure 5C). And finally, severe apoptosis occurred
in OR-SW480 and OR-HT29 cells, which were co-treated with oxali-
platin and scutellarin (p < 0.05; Figure 5D). We therefore demon-
strated that adjuvant treatment with scutellarin can promote oxalipla-
tin-induced mitochondrial apoptosis in OR-SW480 and OR-HT29
cells through suppression of PKM2.

Scutellarin reverses oxaliplatin resistance of CRC in vivo

To investigate the effect of scutellarin on reversing the oxaliplatin
resistance of CRC in vivo, we established the in vivo CRCmodel using
OR-SW480 cells in mice. Although oxaliplatin single treatment failed
to inhibit the tumor growth of OR-SW480 efficiently, we observed
that combination treatment with scutellarin could enhance the anti-
Figure 4. Scutellarin decreases the oxaliplatin resistance through inhibition of

(A) Effect of scutellarin (2 mM), oxaliplatin (10 mM), and PKM2 plasmid (2 mg/mL) on chan

plasmid (2 mg/mL) on protecting the OR-SW480 and OR-HT29 cells from the cytotoxic

oxaliplatin + empty plasmid group. #p < 0.05 versus oxaliplatin + scutellarin + empty p

scutellarin-treated (2 mM) OR-SW480 and OR-HT29 cells. *p < 0.05 versus empty pla

oxaliplatin + scutellarin + empty plasmid group.
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tumor effect of oxaliplatin dramatically on the oxaliplatin-resistant
CRC mice model (Figures 6A and 6B). After analyzing the cleavage
of caspase-9 and caspase-3 through western blot assay, we found
that scutellarin decreased cleaved caspase-9 and caspase-3 protein
expression induced by oxaliplatin, indicating that scutellarin sensi-
tized the oxaliplatin-induced apoptosis in the OR-SW480 mice model
(Figure 6C). Next, we found that scutellarin significantly decreased
the protein expression of PKM2 (Figure 6D) and production of
ATP (Figure 6E) in the resected tumors. These results indicated
that scutellarin negatively regulated the glycometabolism of oxalipla-
tin-resistant CRC in vivo. We thus demonstrated that scutellarin can
reverse the oxaliplatin resistance of CRC by targeting the PKM2/gly-
cometabolism/ATP pathway.

DISCUSSION
Drug combinations are often used to overcome drug resistance, and
numerous studies have identified novel drug combinations to
improve therapeutic efficiency.20,21 Recent studies have demonstrated
that combination drug treatments are able to reduce the
chemoresistance and thus improve the efficacy of chemotherapy on
CRC cells.22–24 Oxaliplatin is usually used with 5-fluorouracil and
considered as the first-line treatment for CRC.25 In the present study,
we proved that our established oxaliplatin-resistant CRC cells show
significant resistance to oxaliplatin treatment. However, we found
that combination treatment with scutellarin is able to resensitize
the oxaliplatin-resistant CRC cells to oxaliplatin-induced cytotoxicity
both in vitro and in vivo, demonstrating the effect of scutellarin on
reversing the oxaliplatin resistance in CRC.

PKM2 is overexpressed in cancer cells and associated with cancer
development.26 Previous studies have reported that overexpression
of PKM2 is responsible for induction of drug resistance and has
been found to promote the cancer process and indicate poor prog-
nosis of cancer patients.27 PKM2 plays an important role in maintain-
ing the metabolic process of cancer cells and is considered as a poten-
tial target for cancer therapy.28 Chemoresistance is associated with
dysregulation of multiple factors, including mutation of K-Ras and
p53, overexpression of anti-apoptotic proteins, and change of meta-
bolism.29–31 We focused on the role of PKM2 in changing the oxali-
platin sensitivity in CRC, because one important target of scutellarin
is PKM2.32 In this study, we observed significant upregulation of
PKM2 protein expression in OR-SW480 and OR-HT29 cells
compared to their parental SW480 and HT29 cells, respectively.
Furthermore, we found that knockdown of PKM2 directly in OR-
SW480 cells and OR-HT29 sensitizes these cells to oxaliplatin-
induced cytotoxicity, whereas enforced expression of PKM2 in
routine SW480 and HT29 induced obvious resistance of these CRC
PKM2 in OR-SW480 and OR-HT29 cells

ging the expression of PKM2 in OR-SW480 and OR-HT29 cells. (B) Effect of PKM2

ity of co-treatment with oxaliplatin (10 mM) and scutellarin (2 mM). *p < 0.05 versus

lasmid group. (C) PKM2 plasmid (2 mg/mL) increased the glycometabolism rate in

smid group. #p < 0.05 versus oxaliplatin + empty plasmid group. &p < 0.05 versus



Figure 5. Promotion of scutellarin on oxaliplatin-induced mitochondrial apoptosis pathway

(A) Mitochondrial membrane potential (D4) of OR-SW480 and OR-HT29 cells treated with oxaliplatin (10 mM), scutellarin (2 mM), and PKM2 plasmid (2 mg/mL) was measured

by flow cytometry. (B) Release of cytochrome c and AIF was evaluated by western blot analysis after removal of mitochondria from cytosol of OR-SW480 and OR-HT29 cells

treated with oxaliplatin (10 mM), scutellarin (2 mM), and PKM2 plasmid (2 mg/mL). (C) Western blot analysis was performed to detect the cleavage of caspase-9 and caspase-3

in OR-SW480 and OR-HT29 cells treated with oxaliplatin (10 mM), scutellarin (2 mM), and PKM2 plasmid (2 mg/mL). (D) Flow cytometry analysis was performed to detect

the apoptotic rate of OR-SW480 and OR-HT29 cells treated with oxaliplatin (10 mM), scutellarin (2 mM), and PKM2 plasmid (2 mg/mL). *p < 0.05 versus empty plasmid group.
#p < 0.05 versus oxaliplatin + empty plasmid group. &p < 0.05 versus oxaliplatin + scutellarin + empty plasmid group.
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cells to oxaliplatin treatment. We proved the role of PKM2 in deter-
mining the sensitivity of CRC cells to oxaliplatin.

A previous study has demonstrated that glucose metabolism deter-
mines cell survival and chemosensitivity in cancers.24 Previous
studies also have demonstrated that glycometabolism rates and intra-
cellular ATP levels are pivotal determinants of chemoresistance in tu-
mor cells. It is reported that depletion of glycometabolism and intra-
cellular ATP induces the depression of drug efflux system and
sensitizes cells to mitochondrial dysfunction-induced apoptosis
pathway.33–36 Thus, a high level of glycometabolism and intracellular
ATP facilitates the occurrence of chemoresistance of cancer cells. In
this study, we explored the effect of scutellarin on reversing the oxa-
liplatin resistance in CRC. Mechanically, we found that scutellarin in-
hibits the PKM2 expression and thus reduces the glycometabolism
rate and the production of ATP. The lower level of ATP then facili-
tated the oxaliplatin-induced mitochondrial dysfunction, as deter-
mined by a decrease of D4. As the results, cytochrome c and AIF,
the mitochondria-derived pro-apoptotic inducers,37,38 were released
from themitochondria into the cytosol. Subsequently, these apoptotic
inducers activate the effector caspases and cause the final occurrence
of apoptosis (Figure 7).

In conclusion, we indicate the effect of scutellarin on resensitizing ox-
aliplatin-resistant CRC cells to oxaliplatin treatment through inhibi-
tion of PKM2/glycometabolism/ATP pathway. Combination with
Molecular Therapy: Oncolytics Vol. 21 June 2021 93

http://www.moleculartherapy.org


Figure 6. Scutellarin sensitizes oxaliplatin-resistant CRC cells to oxaliplatin treatment in vivo

(A) Tumor growth of mice bearing OR-SW480 cells after treatment with oxaliplatin (10 mg/kg) and scutellarin (10 mg/kg) twice a week. (B) Resected tumors frommice in each

group. (C) Western blot assay was performed to detect the cleavage of caspase-9 and caspase-3 in the resected tumors. (D) Western blot assay was performed to analyze

the expression of PKM2 in the resected tumors. (E) Production of ATP in the purified tumor cells in each group. *p < 0.05 versus control group. #p < 0.05 versus oxaliplatin

group.
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scutellarin may represent a novel strategy for efficient application of
oxaliplatin in CRC treatment.

MATERIALS AND METHODS
Establishment of an oxaliplatin-resistant CRC cell model

Human CRC cell line SW480 derived from colon cancers was pur-
chased from American Type Culture Collection (ATCC, Manassas,
VA, USA). The cells were cultured in Dulbecco’s modified Eagle’s me-
94 Molecular Therapy: Oncolytics Vol. 21 June 2021
dium (DMEM, GIBCO, CA, USA) with 10% fetal bovine serum (FBS,
GIBCO, CA, USA) at 37�C in a humidified incubator with 5% CO2.
To establish the oxaliplatin-resistant CRC cell model, we exposed
the SW480 cells with gradually increasing concentrations of oxalipla-
tin. Briefly, SW480 cells were initially treated with 0.5 mM oxaliplatin
for 2 months. Subsequently, the oxaliplatin concentration was
increased every 1 week by 0.1 mM up to a final concentration of
2 mM. The established oxaliplatin-resistant SW480 cells were named



Figure 7. Schema of the predicted mechanisms

implicated in OR-SW480 cells response to oxaliplatin

Scutellarin inhibits PKM2 expression and thus reduces the

glycometabolism rate and the production of ATP. The lower

level of ATP facilitates the oxaliplatin-induced mitochondrial

dysfunction, as determined by a decrease inD4. As a result,

cytochrome c and AIF are released from the mitochondria

into the cytosol. Subsequently, these apoptotic inducers

activate the effector caspases and cause the final occur-

rence of apoptosis.
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as OR-SW480 cells. Human CRC cell line HT29 derived from colon
cancers and oxaliplatin-resistant HT29 cell model were kindly pro-
vided by Professor Bai from Cancer Hospital of China Medical Uni-
versity, Liaoning Cancer Hospital & Institute.

Gain- and loss-of-function of PKM2

For enforced expression of PKM2, PKM2 expression vector was con-
ducted by cloning the open reading frame of the PKM2 gene into the
pcDNA3.1 plasmid (Invitrogen, Carlsbad, CA, USA). For direct
knockdown of PKM2, PKM2 siRNA was purchased from Santa
Cruz Biotechnology (Santa Cruz, CA, USA). To perform the gain-
and loss-of-function experiments of PKM2, we transient transfected
cells with 2 mg/mL PKM2 plasmid or 50 pmol/mL PKM2 siRNA us-
ing Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) according to
the manufacturer’s instructions. Negative control oligonucleotides
(NCOs), used as the general negative control RNA, were purchased
from Genechem (Shanghai, China), and empty pcDNA3.1 plasmids
were used as the internal control for transfection with PKM2 siRNA
and PKM2 plasmids, respectively.

Quantitative real-time PCR

Relative expression of PKM2 was detected by quantitative real-time
PCR on an Applied Biosystems ABI Prism 7900 sequence detection
system (Applied Biosystems, Foster City, CA, USA). Briefly, total
RNAs were isolated from CRC cells using Trizol reagent (Invitro-
gen, Carlsbad, CA, USA). cDNA was reverse transcribed by
Moloney’s mouse leukemia virus reverse transcriptase (Invitrogen,
Carlsbad, CA, USA) followed by real-time PCR amplification with
SYBR Premix Ex Taq (TaKaRa, Tokyo, Japan). The program
included: 1 cycle at 94�C for 10 min and 38 cycles at 94�C for
45 s, 58�C for 30 s, and 72�C for 30 s. Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) was used as normalization control to
determine the relative expression of PKM2.
Mole
Cell viability detection

MTT assay was performed to detect the viability
of CRC cells. Briefly, cells were seeded into
96-well plates at a density of 5 � 103/well and
cultured at 37�C. After treatment with oxaliplatin
(Sigma-Aldrich, Steinheim, Germany) and scutel-
larin (Sigma-Aldrich Steinheim, Germany), 20 mL
of MTT reagent (Sigma-Aldrich, Steinheim, Ger-
many; 5 mg/mL) was added into the culture me-
dium followed by 4 h incubation at 37�C. Cells were then suspended
in 150 mL of dimethyl sulfoxide before detection of the absorbance at
490 nm by an ELISA microplate reader (Sunrise Microplate Reader,
TECAN, Switzerland). Half maximal IC50 of oxaliplatin was calcu-
lated according to the cell viability curve.

Western blot analysis

Total proteins were extracted by using radioimmunoprecipitation
assay (RIPA) buffer (Cell Signaling Technology, Danvers, MA,
USA) before separation with 10% sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE). Proteins were then trans-
ferred to polyvinylidene fluoride (PVDF) membranes (Millipore, Bill-
erica, MA, USA). Membranes were then blocked with 5% non-fat
milk in Tris-buffered saline (TBS) with 0.1% Tween 20 at 37�C for
1 h, and probed with specific antibodies of PKM2, cytochrome c,
AIF, caspase-9, caspase-3, and GAPDH (Cell Signaling, Danvers,
MA, USA) overnight at 4�C. The membranes were washed with
TBST for 15 min, followed by incubation with a horseradish peroxi-
dase (HRP)-conjugated secondary antibody at room temperature for
2 h. Membranes were then visualized by an enhanced chemilumines-
cence detection kit (Pierce, Rockford, IL, USA). In addition, to eval-
uate the release of cytochrome c and AIF from mitochondria into
cytosol, we separated cellular mitochondria using mitochondria/
cytosol fraction kits (BioVision, Milpitas, CA, USA).

Glucose, lactate, and ATP assays

Cells were collected and washed with phosphate-buffered saline (PBS)
twice. Relative glucose uptake, lactate production, and ATP produc-
tion were detected by Amplex Red Glucose/Glucose Oxidase Assay
kits (Molecular Probes, Eugene, OR, USA), Lactate Assay kits (Bio-
Vision, Milpitas, CA, USA) and ATP Colorimetric/Fluorometric
Assay kits (BioVision Milpitas, CA, USA) according to the manufac-
turer’s instructions, respectively.
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Flow cytometry analysis

Cell apoptosis and D4 were detected by flow cytometry analysis. For
measurement of apoptotic rate, Annexin V-fluorescein isothiocya-
nate (FITC) apoptosis detection kits (Sigma-Aldrich, Steinheim,
Germany) were used to detect and calculate the Annexin V-positive
cells. Briefly, OR-SW480 and OR-HT29 cells were grown in
6-well plates for 24 h and then transfected with empty plasmid,
scutellarin + empty plasmid, oxaliplatin + empty plasmid,
oxaliplatin + scutellarin + empty plasmid, and oxaliplatin +
scutellarin + PKM2 + empty plasmid for 48 h. Next, cells were di-
gested with trypsin and washed with PBS, followed by resuspending
in 1� binding buffer, and stained with propidium iodide (PI) and
FITC-Annexin V for 15 min at 25�C in the dark. Cells were finally
detected by a flow cytometer (Beckman Coulter, Fullerton, CA,
USA). For detection of D4, cells were stained with 5,50,6,6’-tetra-
chloro-1,1’,3,30-tetraethylbenzimidazoly-lcarbocyanine iodide (JC-1,
Molecular Probes, Eugene, OR, USA) to detect the red fluorescence
according to the manufacturer’s instructions.
Xenograft on nude mice

The animal care and experimental protocols were approved by the
Animal Care Committee of Shengjing Hospital of China Medical
University. 4-week-old female immunodeficient nude BALB/c mice
were purchased from Shanghai Super-B&K Laboratory Animal
(Shanghai, China). A total of 5 � 106 OR-SW480 cells were subcuta-
neously injected into the right armpit. Oxaliplatin (10 mg/kg) and
scutellarin (10 mg/kg) were administrated by intraperitoneal injec-
tion twice a week. Tumor size was measured every 5 days. Tumor vol-
ume was calculated according to the following formula: volume (V) =
1/2 � length � width2.
Statistical analysis

Experiments were independently repeated at least three times to
obtain the data. Non-paired t test was used to estimate the statistical
differences between two groups. One-way analysis of variance
(ANOVA) was used to determine the differences between three or
more groups. Data were analyzed by Statistical Package for the Social
Science (SPSS) 15.0 software (SPSS, Chicago, IL, USA). A p value <
0.05 was considered to indicate a statistically significant difference.
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