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Abstract

Background Pyruvate kinase isoenzyme M2 (PKM2) is
an essential enzyme involved in the regulation of aerobic
glycolysis in cancer cells and promotes the translation
between glycolytic flux and biosynthesis of cellular
building blocks.

Aim Our present study aims to explore the expression
pattern and underlying cellular functions of PKM2 in
pancreatic ductal adenocarcinoma (PDAC) under meta-
bolic stress.

Methods Oncomine database and a tissue microarray
(n = 90) were used to investigate the expression pattern of
PKM2 and its clinicopathological findings. In vitro prolif-
eration, apoptosis and invasion assays were used to deter-
mine the role and related mechanism of PKM2 in PDAC.
Results Data from Oncomine database and our tissue
microarray show that PKM?2 is significantly elevated in
PDAC specimens compared with the corresponding normal
tissues. Kaplan—Meier survival analysis shows that higher
expression of PKM?2 is closely correlated with a poor
prognosis of patients with PDAC. Under metabolic stress,
suppression of PKM2 expression in PANC-1 and AsPC-1
cells results in decreased cell survival, increased caspase-3/
7 activity, and reduced invasive potential, and these effects
can be reversed by reintroduction of PKM2. Furthermore,
sh-PKM2 cells show a significant decreased Warburg
effect compared with sh-Ctrl cells as demonstrated by
reduced glucose consumption and lactate production.
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Treatment with 2-deoxy-D-glucose, a glycolysis inhibitor,
completely blocks the influences of PKM2 on cell survival
and invasion.

Conclusions Our study reveals that silencing of PKM?2
exhibits a tumor-suppressive role through altered Warburg
effect and suggests that targeting PKM2 might serve as a
potential therapeutic target for PDAC.

Keywords PKM?2 - Pancreatic ductal adenocarcinoma -
Survival - Invasion - Warburg effect

Introduction

Pancreatic ductal adenocarcinoma (PDAC) is one of the
most lethal human malignancies worldwide with an overall
5-year survival rate of <6 % [1]. Due to the aggressive
behaviors, such as abnormal growth, early local invasion,
and tumor metastasis, the average survival time in PDAC
patients is usually <6 months after the time of diagnosis
[2]. Currently, surgical resection is the most effective
treatment of PDAC. Because the majority of PDAC
patients are diagnosed at advanced stage, only 10-15 % of
PDAC patients are eligible for surgical resection [3, 4].
Therefore, it is of great importance to find new prognostic
factors and develop novel therapeutic approaches to
improve the poor outcome of patients with PDAC.
Reprogrammed glucose metabolism is a one of the
hallmarks of cancer, known as Warburg effect [5]. Pyru-
vate kinase (PK) is a rate-limiting enzyme in executing
aerobic glycolysis in tumor cells [6]. PK is composed of
four isoforms: L, R, M1, and M2 [6-8]. Up-regulated
expression of the M2 type of pyruvate kinase (PKM2) has
been reported in multiple cancers including hepatocellular
carcinoma (HCC) [9, 10], tongue cancer [11], glioma [12],
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colorectal cancer [13], and gallbladder cancer [14]. And
high PKM2 expression is closely associated with shorter
overall survival in patients with esophageal squamous cell
cancer [15], tongue cancer [11], and HCC [9, 10]. PKM2
has been demonstrated to be involved in cell proliferation,
survival, migration, invasion, and angiogenesis. In HCC,
PKM2 promotes metastasis by recruiting myeloid-derived
suppressor cells and prevents cell apoptosis via modulating
Bim stability [10, 16]. In colon cancer cells, secreted
PKM2 protein facilitates cell migration via PI3K/Akt and
Whnt/B-catenin signaling pathway [13]. PKM2 not only
controls glycolytic intermediates to divert to the biosyn-
thesis of cellular building blocks, but also regulates gene
expression to promote tumor progression [17]. For exam-
ple, PKM2 promotes HCC cell proliferation through up-
regulating the expression of HIFla and Bcl-xL in culture
[18]. Besides its function as a glycolytic enzyme in the
cytoplasm, PKM2 also acts as a protein kinase in the
nucleus [19]. It has been reported that PKM?2 functions as a
protein kinase in controlling the fidelity of chromosome
segregation, cell-cycle progression, and tumorigenesis of
tumor cells [20]. However, the possible clinical signifi-
cance and underlying cellular functions of PKM2 in human
PDAC remain largely unknown.

In current study, we demonstrate that PKM2 expression
is up-regulated in PDAC and is closely linked to a poorer
prognosis. Knockdown of PKM2 in PDAC cell lines
impairs cell survival, and invasive potential under meta-
bolic stress and reintroduction of PKM2 can completely
reverse this effect. Mechanistically, the oncogenic activity
of PKM2 is markedly blocked by 2-DG, a glycolysis
inhibitor, indicating that PKM2-mediated cellular functions
is dependent on enhanced Warburg effect. These findings
provide evidence of the roles of PKM2 in PDAC and
indicate that PKM2 might be a suitable therapeutic target
for PDAC.

Materials and Methods
Clinical Tissue Samples

The commercial tissue microarray (HPan-Adel80Sur-01)
used in this study was purchased from Shanghai Outdo
Biotech Inc. The achievable clinical data of PDAC patients
in this cohort are reported in Table 1. All specimens were
collected between September 2004 and December 2008.
The clinical stages were classified according to the seventh
edition of the American Joint Committee on Cancer
(AJCC) staging system. The follow-up time was calculated
from the date of surgery to the date of death, or the last
known follow-up. All specimens were collected in full
accordance with the ethical and legal standards.
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Cell Culture and Transfection

Human PDAC cells including PANC-1, MiaPaca-2, AsPC-
1, SW1990, Capan-1, HPAC, and the nonmalignant
hTERT-HPNE cells were all obtained from American Type
Culture Collection (ATCC). Cells were cultured in indi-
cated medium supplemented with 10 % (v/v) fetal bovine
serum (FBS) and 1 % antibiotics (penicillin and strepto-
mycin) at 37 °C in a humidified incubator under 5 % CO,
condition according to ATCC protocols. The metabolic
stress was induced by Cocl, (50 pM) and serum depriva-
tion. 2-DG was obtained from Sigma (St. Louis, USA). All
reagents were diluted to preferable concentrations in the
culture medium before use. Specific shRNA targeting
PKM2 and a negative control were obtained from Gene-
Pharma (Shanghai, China). A PKM2 expression plasmid
was obtained from GeneCopoeia™. The transfection was
performed according to the manufacturer’s protocol.

Quantitative Real-Time PCR

Total RNA was extracted from PDAC cells with Trizol
reagent (Takara, Shiga, Japan) and reverse transcribed into
cDNA with PrimeScript RTMasterMix (Takara, Japan).
The mRNA expression of indicated genes was measured
using ABI Prism 7500 Sequence Detection System with
SYBR Green (Applied Biosystems, Life Technology). The
RT-PCR primer sequences are as follows: PKM2, forward
5'-AAGGGTGTGAACCTTCCTGG-3', reverse, 5-GCT
CGACCCCAAACTTCAGA-3'; B-actin, forward 5'-GCAC
AGAGCCTCGCCTT-3/, reverse, 5'-GTTGTCGACGACG
AGCG-3'. The AAC; comparative method was used to
calculate the relative mRNA expression level and B-actin
was used as internal control.

Immunohistochemistry

Firstly, the commercial slide was deparaffinized and rehy-
drated. Then neutralization of endogenous peroxidase and
blocking were performed by treatment with 3 % hydrogen
peroxide in methanol and 10 % (v/v) bovine serum albumin
(Sangon, Shanghai), respectively. After washed with 1x
phosphate-buffered saline (PBS) for three times, the slide
was incubated with primary antibody (PKM?2, #38237,
Abcam) at 4 °C overnight. Then the sections were labeled
by HRP (rabbit) second antibody for 1 h at 37 °C. Visual-
ization was performed by 3,3’-diaminobenzidine tetrahy-
drochloride (DAB) and counterstained by hematoxylin.
Immunoreactivity was evaluated on the basis of staining
intensity. Intensity score was defined as: —, negative; +,
weak; +4, moderate; and +++, strong. The cohort was
divided into two groups based on the intensity score: — to
+, low expression; and ++4 to +4+, high expression.
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g;?:[ez lexl;re;:s;r]ls:[ll% between Clinical parameters Expression of PKM2
corresponding clinicopathologic Low (total = 25) High (total = 65) p value
parameters in patients with
PDAC Age (years)
<65 12 30 0.875
>65 13 35
Gender
Female 10 23 0.684
Male 15 42
Tumor size (cm)
<4 20 32 0.010%*
>4 5 32
Tumor location
Head 19 32 0.016*
Body/tail 5 31
TNM stage
1 17 23 0.004
II-111 7 40
Neuronal invasion
Yes 12 25 0.410
No 13 40
Histological grade
I-1I 19 38 0.066
-1v 3 20

**% p values with significant differences

Western Blot

The whole cell extracts were collected in cell lysis buffer
(Beyotime, China). Equal amounts of protein (20 pg) were
separated by SDS-PAGE and then -electrophoretically
transferred onto PVDF membranes. After blocked with
5 % bovine serum albumin for 1 h at room temperature, the
membranes were incubated with primary antibodies at 4 °C
overnight. After washed with 1x TBST for three times,
membranes were incubated with HRP-conjugated sec-
ondary antibodies (Abmart, China) and visualized using
ECL Plus kit (Millipore).

Cell Survival and Apoptosis Assay

A total of 1 x 10* cells with indicated gene types were
seeded into a 96-well plate per well in the presence of
50 uM CoCl,. After incubation for 48 h under serum
deprivation, cell viability and caspase-3/7 activity were
measured. Cell viability was evaluated by Cell Counting
Kit-8 (CCK-8, Dojindo, Japan) following the manufac-
turer’s protocols, and the absorbance was measured at
450 nm using a Multifunctional Microplate Reader (Te-
can). The caspase-3/7 activity in each group was detected
according to manufacturer’s instructions (Promega).

Cell Invasion Assay

The invasive potential of PANC-1 or AsPC-1 cells was
measured by transwell model (Corning, NY, USA) accord-
ing to the manufacturer’s instructions. Briefly, 3 x 10* cells
in 100 pl medium were seeded into the upper chamber of
matrigel-coated transwell inserts (BD Bioscience, USA).
The lower chambers were supplemented with 600 pl of
RPMI-1640 or DMEM medium containing 2 % FBS. After
incubation under metabolic stress for 48 h, the non-invading
cells that remained on the upper surface were removed. The
invaded cells were fixed with 4 % paraformaldehyde and
stained with 0.1 % crystal violet. The number of invaded
cells was counted under a light microscope in six random
fields. Each experiment was performed at least in triplicate.

Measurement of Glucose Utilization and Lactate
Production

PANC-1 or AsPC-1 cells were seeded in fresh phenol red-
free medium and the culture medium was collected in the
first 24 h after indicated treatment. All the treatment in
PANC-1 or AsPC-1 cells was based on the metabolic stress
condition. The glucose and lactate levels were detected by
glucose assay kits (Life technologies) or lactate assay kits
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(Biovision) according to manufacturer’s instructions,
respectively. The value of each well was normalized to the
amounts of protein.

Statistical Analysis

Data were presented as the means & standard deviations
(SDs). Statistical analyses and graphical representations
were performed with SPSS 16.0 (SPSS Inc., Chicago,
USA) and GraphPad Prism 5 (San Diego, CA, USA)
software. Overall survival rate was calculated according to
the Kaplan—-Meier method and the difference in survival
curves was evaluated by the log-rank test. The Student’s
t test was used to determine the statistically significant
differences among indicated experimental results. p < 0.05
was considered as significant.

Results

Up-Regulated PKM2 Predicts Poor Prognosis
in PDAC

To observe the expression pattern of PKM2 in PDAC, we
first analyzed the differential expression of PKM2 mRNA

A Logsdon Pancreas
p=3.09E-9

o]

log2 median-centered intensity
845
log2 median-centered intensity

Pei Pancreas
p=5.34E-8

between PDAC tissues and normal pancreas tissues by
Oncomine microarray gene expression datasets. We found
that PKM2 was significantly up-regulated in PDAC tis-
sues compared with normal pancreas using Logsdon
pancreas dataset (Fig. la) and Pei pancreas dataset
(Fig. 1b). Similar result was also observed in 39 paired
PDAC tumor and non-tumor tissues using Badea pancreas
dataset (Fig. 1c). Consistent with this finding from
Oncomine database, PKM?2 was also over-expressed in all
the PDAC cell lines detected compared with the non-
malignant hTERT-HPNE cells (Fig. 1d). To further
illustrate the underlying roles in PDAC, we analyzed the
clinical significance of PKM2 using a tissue microarray
with corresponding patients’ parameters (Fig. le). As
shown in Table 1, elevated PKM2 expression in PDAC
tissues was significantly associated with tumor size
(p = 0.010), tumor location (p = 0.016), and TNM stage
(p = 0.004), whereas no significant correlations were
observed between PKM?2 expression and age, gender,
neuronal invasion, and histological grade. Meanwhile,
PDAC patients with higher PKM2 expression had
remarkably shorter survival time than those with lower
PKM2 expression (p = 0.0043, Fig. 1f). Collectively,
these data above indicate that up-regulated PKM2 predicts
poor prognosis in PDAC.
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Fig. 1 Up-regulated PKM2 predicts poor prognosis in PDAC.
a PKM?2 was upregulated in PDAC tissues comparing with the
normal pancreatic tissues revealed using the Logsdon pancreas
dataset from Oncomine database. b Elevated PKM2 expression in
PDAC tissues revealed by Pei pancreas dataset. ¢ PKM2 is
upregulated in PDAC tissues comparing with their normal
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F =&- High PKM2 expression (n=65)
== Low PKM2 expression (n=25)
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counterparts revealed using the Badea pancreas. d PKM2 mRNA
expression in 6 PDAC cell lines and the non-malignant hTERT-
HPNE cells. e Representative images of PKM2 immunoreactivity in
PDAC tissues. f Kaplan-Meier curves for PDAC patients grouped
based on PKM?2 expression



Dig Dis Sci (2016) 61:767-773 771
A B 151 PANC-1 1.21 AsPC-1
PANC-1 AsPC-1 8 8 0.9-
I- - l |— - -l § 1.0 4 e =a
3 S 0.6+ *%k
2 < i 0
|_ — -l |— — -l 8 0.5 ; 034
N \ O
& Ny Sy o Sy 0.0 - 0.0
F & K & &K Q¢ @ Q@ @
T S SN & & o & S o
X DN ESEIE AN\ ESEIIR AR\
S S & &N 5 &N
< < TF DN
Y Y
< <
(o
2 > D
= =
S 15 PANC-1 T 15 AsPC-1 T 300 PANC-1 T 300 AsPC-1
> ~ = =
c\') ~ 13 S
g 10 % 10 & 200 & 200
o * R 5 *% 5
a 8 *k Rt o] e
8 05 205 E 100 £ 100
o 8 c 2
> = =
£ 00 2 0.0 8 o 8 o
© SR\ Z Qg 3 Q x Q N x Q N x Q@
& & & Y e g o N & & & S o
57 &0 S w7 F e 5 &8 oe® BRI
@ e?“ ) e?‘ ) %v ) é?‘
9 S S O
O Qc, @) QO

Fig. 2 PKM2 contributes to cell survival and invasion under
metabolic stress. a Knockdown and reintroduction of PKM2 were
confirmed by Western blotting. The cell viability (b) caspase-3/7

PKM2 Contributes to Cell Survival and Invasion
Under Metabolic Stress

PDAC is histologically characterized by intense desmo-
plasia and poor vascular, which constitutes a hypoxic
microenvironment. To simulate this type of metabolic
stress in PDAC, we cultured PDAC cells with 50 uM
CoCl, in the presence of serum deprivation. Because up-
regulated PKM2 expression is closely associated with
tumor size and TNM stage in patients with PDAC
(Table 1), we hypothesized whether elevated PKM?2 con-
tributes to tumor progression under metabolic stress in
PDAC. To confirm this hypothesis, we first silenced PKM?2
expression in PANC-1 and AsPC-1 cells. As shown in
Fig. 2a, sh-PKM?2 markedly reduced PKM?2 expression in
PANC-1 and AsPC-1 cells. By comparison, in sh-Ctrl and
sh-PKM2 PANC-1 cells, the OD450 value was
0.99 + 0.08 and 0.67 £ 0.07, respectively; similar result
was also observed in AsPC-1 cells (Fig. 2b). Meanwhile,
suppression of PKM2 also remarkably promoted cell
apoptosis as demonstrated by enhanced caspase-3/7 activ-
ity, indicating that PKM2 exhibits a critical role in cell
apoptosis under metabolic stress (Fig. 2c). To further
analyze the potential roles of PKM2 on cell invasion, we
performed Transwell assay. Indeed, cell invasion ability of

activity (c) and invasion ability (d) of PANC-1 or AsPC-1 cells under
metabolic stress were measured at 48 h after knockdown and
reintroduction of PKM2. sh-Ctrl vs sh-PKM2, *p < 0.05; **p < 0.01

sh-PKM2 cells was significantly decreased compared with
sh-Ctrl cells (Fig. 2d). And surprisingly, all these effects
induced by suppression of PKM2 can be completely
blocked by reintroduction of PKM?2, indicating that
endogenous PKM?2 favors cell survival and invasion under
metabolic stress in PDAC (Fig. 2b—d).

PKM2-Mediated Cellular Functions Are Dependent
on Enhanced Warburg Effect

Because PKM2 is an essential enzyme in aerobic glycol-
ysis (Warburg effect), which characterizes by glucose uti-
lization and lactate production, we analyzed the glucose
and lactate level in the culture medium of PANC-1 and
AsPC-1 cells. Indeed, both glucose utilization (Fig. 3a) and
lactate production (Fig. 3b) were significantly reduced in
sh-PKM2 of PANC-1 and AsPC-1 cells compared with the
sh-Ctrl cells. Reintroduction of PKM2 expression can
completely restore the Warburg effect to normal level in
PANC-1 and AsPC-1 cells (Fig. 3a, b). To demonstrate
whether the cellular functions of PKM?2 are associated with
Warburg effect, we determined cell survival and invasion
assay in the presence of 2-DG, a glycolysis inhibitor. The
result showed that no significant differences in cell via-
bility (Fig. 3c) and invasive potential (Fig. 3d) among sh-
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Fig. 3 PKM2-mediated cellular functions are dependent on enhanced
Warburg effect. Glucose utilization (a) and lactate production (b) of
PANC-1 or AsPC-1 were measured at 24 h after knockdown and
reintroduction of PKM2. In the presence of 2-DG, cell viability

Ctrl cells, sh-PKM2 cells, and sh-PKM2 + pcDNA3.1-
PKM2 cells were observed upon 2-DG treatment. Taken
together, these data above indicate that the oncogenic
activities of PKM2 in PANC-1 and AsPC-1 cells are
mediated by enhanced Warburg effect.

Discussion

In the present study, we determined the clinical signifi-
cance and cellular functions of PKM2 in PDAC. The
results showed that up-regulated PKM2 promotes tumor
progression under metabolic stress by regulation of aerobic
glycolysis. First, we found that PKM2 was up-regulated in
PDAC specimens and closely associated with the prognosis
of PDAC patients. Second, suppression of PKM?2 exhibited
a tumor-suppressive role, whereas reintroduction of PKM2
did the opposite. At last, we demonstrated that PKM2-
mediated oncogenic activities were dependent on enhanced
Warburg effect. Thus, dysregulated PKM2 signaling con-
tributed to the enhanced Warburg effect and ultimately to
the development and progression of PDAC cells.
Previous studies have demonstrated that PKM2 is
mainly expressed in all proliferating cells (embryonic cells
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(c) and invasion ability (d) of PANC-1 or AsPC-1 cells under
metabolic stress were measured after knockdown and reintroduction
of PKM2. sh-Ctrl versus sh-PKM2, *p < 0.05

and adult stem cell), especially cancer cells [21-23].
Consistent with the observations from other groups [11, 15,
16, 24, 25], PKM2 is significantly up-regulated in PDAC.
Apart from its functions as a glycolytic enzyme, PKM2 has
also been reported to translocate to the nucleus under
specific conditions [17]. We found that PKM?2 immunore-
activity was mainly distributed in the cytoplasm but not the
nucleus, indicating that the metabolic function of PKM?2 is
critical for its roles in PDAC. And in line with previous
reports focused on the prognostic value of PKM?2 in tumors
[10, 11, 16, 25], we confirmed that elevated PKM2
expression was associated with tumor size and TNM stage
as well as a poor prognosis, indicating the importance of
PKM2 in evaluating the prognosis of PDAC patients.
PKM?2 has been demonstrated to act as an oncogene in
many types of cancers [26-29]. In PDAC, it has been
demonstrated that PKM2 has an important role in the
proliferation, invasion, migration, and apoptosis of PANC-
1 and SW1990 pancreatic cancer cells, which may be
associated with the expression of ERK1/2 and p38 of the
MAPK signaling cascade [30]. Different form the experi-
mental conditions in this study, we mimicked the
undernourished microenvironment of PDAC by treatment
with CoCl, and serum deprivation in current study. And
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consistent with previous reports in HCC and colorectal
cancer [10, 13, 16], suppression of PKM2 in PDAC cells
under metabolic stress also resulted in an antitumor effect.
In brain tumor cells, depletion of PKM?2 expression largely
inhibited Warburg effect and tumor growth [31]. Similar
findings were observed in our study. By treatment with
2-DG in PANC-1 and AsPC-1 cells under metabolic stress,
we confirmed that PKM2-mediated oncogenic functions in
PDAC cells were closely correlated with enhanced War-
burg effect. However, the clear mechanisms involved in
PKM2-mediated cell survival and invasion under meta-
bolic stress warrant further investigation.

Taken together, we demonstrated the expression pattern
and clinical significance of PKM2 in PDAC and revealed
that elevated PKM2 favors PDAC cell survival and inva-
sion under metabolic stress condition. Our study propose
that PKM?2 is a valuable prognostic factor in PDAC and the
metabolic PKM2-related signaling might be a potential
cascade in PDAC progression.
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