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PKM2 is an isoenzyme of the glycolytic enzyme pyruvate kinase that promotes aerobic glycolysis. Here,
we describe an important role for PKM2 in regulating the survival of gastric cancer (GC) cells. We showed
that PKM2 was overexpressed in gastric tumor tissues compared to normal tissues and its expression
level was associated with poor survival of gastric cancer patients. We also showed that PKM2 affected
cell survival by regulating Bcl-xL at the transcriptional level. PKM2 knockdown partially affected the sta-
bility of NF-kB subunit p65, suggesting that post-translational regulation of p65 by PKM2 is one of plau-
sible mechanisms for the increased cell growth. Therefore, PKM2 may function as an upstream molecule
that regulates p65 function and thus enhances the growth of tumor cells.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Metabolism is an essential cellular function that enables cells to
grow, reproduce, maintain their structures, and respond to their
environments. It is well known that the metabolism of tumor cells
shifts from oxidative phosphorylation to aerobic glycolysis, which
is known as the Warburg effect [1]. Pyruvate kinase (PK) is one of
the molecules that are important for aerobic glycolysis [2,3]. Mam-
malian cells have four PK isoforms: PKL in the liver and kidney, PKR
in red blood cells, PKM1 in muscle and the brain, and PKM2 (a
splice variant of PKM1) in embryonic and tumor cells [1]. Whereas
the pyruvate kinase isoenzyme types L, R and M1 are present as
enzymatically highly active tetrameric forms, PKM2 may occur in
both tetrameric and nearly inactive dimeric forms [2]. PKM2 plays
a central role in the metabolism of cancer cells and is expressed in
a broad range of human cancers [4]. Knocking down PKM2 expres-
sion by shRNA and replacing it with PKM1 significantly reduces the
ability of tumor cells to form tumors in nude mice [5]. Clinical
studies have demonstrated that PKM2 is released into the blood,
and PKM2 in EDTA plasma samples is increased in gastrointestinal
cancers [6]. As PKM2 is necessary for aerobic glycolysis in cancer
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cells, PKM2 is a potential molecular target for disrupting glucose
metabolism in cancer cells.

NF-kB is an inducible transcription factor that controls the
expression of a number of proteins involved in the regulation of
cell survival and the immune response [7]. The NF-xB family is
composed of five members, p65 (RelA), RelB, c-Rel, p50 and p52,
which are sequestered in the cytoplasm as an inactive complex
associated with members of the inhibitor of kB (IkB) protein fam-
ily. In addition to the well-established role of NF-xB in both immu-
nity and inflammation, deregulation of NF-kB signaling is also
associated with oncogenesis and cancer malignancies [8,9]. Acti-
vated NF-kB in cancer cells has been shown to increase the expres-
sion of many genes involved in cell proliferation, metastasis,
angiogenesis, and anti-apoptosis. Moreover, NF-kB activation has
been shown to correlate with higher malignancies and poor prog-
nosis [8,9]. Therefore, it is important to find the mechanisms that
regulate NF-xB activity in cancer.

In this study, we identified PKM2 as an overexpressed gene in
gastric cancer (GC) patients at both the transcriptional and protein
levels and showed that PKM2 expression level affects the survival
of GC cells. In addition, we found that high PKM2 expression was
associated with poor prognosis in GC patients. We also showed
that PKM2-mediated NF-xB stabilization may underlies the molec-
ular basis for increased survival in GC cells, in part, by regulating
the expression of Bcl-xL, one of apoptosis related genes.
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2. Materials and methods
2.1. Cell lines and tissue samples

GC cell lines were cultured in complete RPMI 1640 medium. The
293T cell line was maintained in complete DMEM media. All cell
lines were obtained from the Korean Cell Line Bank, and all com-
plete media contained 10% fetal bovine serum (Hyclone), 100 U/
ml penicillin/streptomycin (Invitrogen, Carlsbad, CA), 2 mM L-glu-
tamine, and 0.5 mM HEPES. One hundred eighty-eight tumors
were collected from Chungnam National University Hospital. All
samples were obtained with informed consent, and their use was
approved by the Internal Review Board at Chungnam National
University Hospital.

2.2. Real-time reverse transcription-polymerase chain reaction

Real-time RT-PCR has been done as described previously (for
details see Supplementary data) [10].

2.3. Tissue array and immunohistochemistry

To investigate PKM2 protein expression in cancer tissues, we
immunostained tissue array slides with tissues from GC cases trea-
ted at the Seoul National University College of Medicine. Core tissue
biopsies (2 mm in diameter) were taken from individual paraffin-
embedded gastric tumors (donor blocks) and arranged in a new re-
cipient paraffin block (tissue array block) using a trephine appara-
tus (Superbiochips Laboratories, Seoul, Republic of Korea). An
adequate case was defined as a tumor occupying more than 10%
of the core area. Sections (4 pm) were cut from each tissue array
block, deparaffinized with xylene, and dehydrated using ethanol.
Normal serum was used to block nonspecific protein binding.
Immunohistochemical staining for PKM2 (Cell Signaling Technol-
ogy) was performed using a standard avidin-biotin immunoperox-
idase complex method (Vectastatin Elite ABC peroxidase kit; Vector
Laboratories, Burlingame, CA) after microwave antigen retrieval.

2.4. Lentiviral packaging and transduction of PKM2 small hairpin RNA
(shRNA)

Lentiviral packaging and transduction of PKM2 shRNA was done
as described previously (for details see Supplementary data) [10].

2.5. siRNA transfection

A non-targeting siRNA control (catalog No.: SN1003) and
siRNAs for targeting human Bcl-XL mRNA (siRNA No. for siBcl-
xL-1: 1011922 and siBcl-xL-2: 1011925) were purchased from
Bioneer (Daejeon, Korea). For siRNA transfection, AGS cells were
transfected with siRNAs (100 nM) using Lipofectamine Plus (Invit-
rogen), and the Bcl-xL knockdown was quantified 48 h post trans-
fection by qRT-PCR. To assess the effect of Bcl-XL siRNA on cell
proliferation, AGS cells were seeded in 96-well plates and transfec-
ted with siRNAs (100 nM) using Lipofectamine Plus (Invitrogen).
Cell growth was measured 48 and 72 h after transfection using
CCK-8 reagent (Dojindo).

2.6. Cell proliferation and anchorage-dependent colony formation
assays

Cell proliferation and anchorage-dependent colony formation
assays were done as described previously (for details see
Supplementary data) [10].

2.7. Caspase-3/7 assay and TUNEL assay

Cells transduced with either shCTL or shPKM2 lentivirus were
harvested, and then resuspended in PBS. The cells were mixed with
the caspase-Glo-3/7 reagent (Promega) and incubated for 1h at
room temperature with agitation. The luciferase activity was mea-
sured using a luminometer and was normalized by protein concen-
tration. Apoptotic cells were detected with the TUNEL method
using an in situ cell death detection kit (Roche). The assay was per-
formed according to the manufacturer’s instructions. Apoptotic
cells were visualized on a fluorescence microscope.

2.8. Western blot and preparation of nuclear fraction

Western blot and preparation of nuclear fraction were done as
described previously (for details see Supplementary data) [10].

2.9. Statistical analysis

Statistical analysis of group differences was performed using
Student’s t-test. A P value <0.05 was considered significant. The fol-
lowing parameters were obtained from the medical records of the
188 patients studied: age, gender, histology, lymph node metasta-
sis, and tumor stage. Estimates of cumulative survival were
calculated using the Kaplan-Meier method, and the observed
differences in survival were analyzed by the log-rank test. Statisti-
cal analyses were performed with the R statistical programming
language (http://cran.r-project.org/).

3. Results
3.1. PKM2 is a reliable prognostic marker for GC patients

We assessed PKM2 expression levels in various cancers by
searching the GENT database [11]. PKM2 is up-regulated in many
cancer tissues compared to the corresponding normal tissues
including GC (data not shown). PKM1 and PKM2 are produced by
alternative splicing of transcripts of the PKM gene (exon 9 for
PKM1 and exon 10 for PKM2) [1]. Thus, we designed specific prim-
ers that distinguish PKM2 from PKM1 (Supplementary Fig. S2A).
We then assessed PKM2 mRNA levels in 188 paired gastric tumor
and adjacent normal tissues. As expected, a majority of patients
(146 of 188) showed higher expression levels of PKM2 in cancer
tissues than in adjacent normal tissues (Fig. 1A). We then analyzed
the correlation between PKM2 expression and several clinicopath-
ological parameters of GC patients and observed a positive correla-
tion between PKM2 expression and the tumor size (Fig. 1B).
However, PKM2 expression was not correlated with other exam-
ined parameters such as age, gender, histology, lymph node metas-
tasis, and tumor stage (Supplementary Table S1).

To examine PKM2 protein levels in gastric tumors and adjacent
normal tissues, we performed tissue microarray (TMA) using
PKM2-specific antibody on 46 paired normal and tumor tissues.
We found that 37 of 46 tumor tissues were positive (80%), whereas
22 of 46 normal tissues were positive (48%) for PKM2 staining
(Fig. 1C). We further performed TMA for PKM2 on gastric tumor
tissues (n=380) to examine the relationship between PKM2
expression and patients’ survival. We separated the patients into
two groups, low and high PKM2 expression groups, respectively,
and then compared overall survival between the two groups.
Kaplan-Meier survival analysis showed that there was a significant
difference in survival between the two groups (Fig. 1D), suggesting
that PKM2 may be a useful prognostic marker for GC patients.

We checked the expression level of PKM2 mRNA and protein in
GC cell lines (Supplementary Figs. S1A and B). We also compared
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Fig. 1. The expression of PKM2 in gastric tumor and adjacent normal tissues and its correlation with the overall survival of patients with GC. (A) The expression levels of
PKM2 were measured by qRT-PCR in 188 tumor and adjacent normal tissues. Expression levels were normalized to the B-actin level in each sample. (B) The relationship
between tumor size and relative PKM2 mRNA level. (C) The expression pattern of PKM2 protein in gastric tumor and adjacent normal tissues by immunohistochemistry. (D)
Survival of patient groups with high and low expression levels of PKM2 protein in gastric tumor tissues.

the expression levels of PKM1 and PKM2 in GC cell lines by
gqRT-PCR, and found that all the cell lines expressed PKM1 at low
level, while expressing PKM2 at high level (Supplementary
Fig. S2B). Furthermore, the levels of total PKM expression, which
were obtained using the primers covering the common regions of
PKM1 and PKM2 (Supplementary Fig. S2A), were similar to the
pattern of PKM2 expression, suggesting that PKM2 is mainly
responsible for the expression of the pyruvate kinase (both from
M1 and M2 form) in GC cell lines.

To investigate whether the constant expression of PKM2 is asso-
ciated with chromatin remodeling, we performed chromatin
immunoprecipitation assays (ChIP). We designed primer sets cov-
ering two regions of the promoter. The active histone methylation
marker, H3K4me3, was amplified in all examined cell lines
(Supplementary Fig. S1C), indicating that an open chromatin struc-
ture is involved in maintaining the constant expression of PKM2.

3.2. Reduced expression of PKM2 decreased GC cell survival

Given that PKM2 is constantly expressed in GC cells and that it
has been implicated in the survival of other tumors [5,12], we as-
sessed its importance for the survival of GC cells. Using a PKM2
shRNA-expressing lentiviral vector, we observed reduced expres-
sion levels of PKM2 mRNA and protein in AGS cells by qRT-PCR
and immunoblotting, respectively (Fig. 2A, top and bottom).
Although PKM2 shRNA also reduced expression levels of PKM1

mRNA (data not shown), as shown in Supplementary Fig. S2, the
expression levels of PKM2 exhibited about 100-fold increase com-
pared to those of PKM1 in AGS cells, suggesting that PKM1 might
have little effect on the cell phenotype. As expected, AGS cells trans-
duced with PKM2 shRNA grew much more slowly than control
shRNA-treated cells (Fig. 2B). An anchorage-dependent colony for-
mation assay also revealed a significant reduction in the size and
number of colonies (Fig. 2C). The growth inhibition was also ob-
served in other GC cell lines (Supplementary Fig. S3). It was reported
that PKM2 siRNA increased caspase-3/7 activity and reduced the
survival of glioma cells [12]. We investigated whether the reduced
cell growth mediated by PKM2 knockdown was caused by apoptosis.
AGS cells stably expressing PKM2 shRNA were examined by TUNEL
assay. Under fluorescence microscopy, many TUNEL-positive (green
fluorescent) PKM2 shRNA-treated cells were observed, whereas
fewer control cells were TUNEL-positive (Fig. 2D). In addition, cas-
pase-3/7 activity and cleaved PARP-1 levels were increased signifi-
cantly in PKM2 shRNA-treated cells compared to control cells
(Figs. 2E and F). These results indicate that the apoptotic pathway
may be involved in the reduced cell growth after PKM2 knockdown.

3.3. PKM2 affects the survival of GC cells by regulating Bcl-xL expression

We then asked whether the apoptosis of GC cells caused by the
PKM2 knockdown was associated with Bcl-related genes. Using the
GENT database, we first examined the pattern of correlation in
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Fig. 2. Effect of PKM2 knockdown on the growth of AGS cells. (A) AGS cells were transduced with PKM2 shRNA (shPKM2-1 or shPKM2-2) or control shRNA (shCTL). PKM2
expression in each cell line was analyzed by qRT-PCR (top) and western blotting (bottom). (B) Proliferation of AGS cells was measured at 24, 48, 72, 96, and 120 h. The results
from triplicate experiments are shown; error bars, SD. (C) Anchorage-dependent colony formation assay in monolayer culture. AGS cells were plated in 6-well plates. After
two weeks of incubation, the cells were stained with crystal violet. The graph shows the number of colonies. Columns, results of triplicate experiments; error bars, SD. (D)
TUNEL assay of AGS cells. The relative apoptotic cells were determined by counting TUNEL-positive cells in five random fields for each sample. (E) A plot of caspase-3/7
activity normalized to protein concentration in AGS cells. (F) The level of PARP-1 was determined by western blots using whole cell lysates.

expression between Bcl-xL and PKM2 in GC cell lines. A significant
positive correlation was observed between PKM2 and Bcl-xL in 10
GC cell lines (Fig. 3A). The PKM2 knockdown in AGS cells decreased
Bcl-xL expression (Fig. 3B, top and bottom). We further examined
the correlations between PKM2 and Bcl-xL genes in gastric tumor
and adjacent normal tissues. We performed qRT-PCR in paired nor-
mal and tumor tissues obtained from 188 individuals with GC (the
same as the tissues used in qRT-PCR for PKM2 expression) and
examined the correlation between PKM2 and Bcl-xL expression.
Positive correlations were observed between PKM2 and Bcl-xL in
both normal and tumor tissues (Figs. 3C and D). Our previous study
revealed that Bcl-xL is overexpressed in tumor tissues compared to
normal tissues [13]. These results suggest that PKM2 may be an
important upstream regulator of the Bcl-xL gene in GC. We further
examined whether Bcl-XL gene knockdown affects cell growth.
Bcl-xL knockdown by siRNA significantly inhibited the growth
(Figs. 3E and F) and increased caspase-3/7 activity of AGS cells
(Fig. 3G). These results suggest that PKM2 expression in GC cells
may affect cell survival through the regulation of the Bcl-xL gene.

3.4. PKM2 may regulate the expression of Bcl-xL gene via alteration of
p65 expression at protein level

p65 activity is known to be modulated by the glycolytic pathway
[14,15]. To investigate whether PKM2 regulates NF-kB activity, we

performed western blot analysis with nuclear fraction of p65 and
found that the nuclear p65 level was lower in PKM2-knockdown
cells compared to control cells (Fig. 4A). To investigate whether
the reduced nuclear p65 was due to a blockade of the nuclear
translocation of p65, we examined the p65 level in the whole cell
lysates. Interestingly, the whole cell p65 level was also lower in
PKM2-knockdown cells compared to control cells (Fig. 4B). mRNA
levels were similar between PKM2-knockdown cells and control
cells (Fig. 4B), suggesting that p65 might be regulated by post-
translational mechanisms, such as protein stability. To further char-
acterize whether PKM2 affected p65 stability, we carried out a
cycloheximide chase assay. We found that the half-life of p65 in
shPKM2-transduced cells was considerably shorter than that in
shCTL-transduced cells (Fig. 4C and D), suggesting that PKM2 might
affect p65 stability. To determine whether down-regulation of the
Bcl-xL gene was caused by reduced p65 binding to the promoters
of the gene, we performed ChIP assays. We used a previously pub-
lished set of primers for the amplification of p65 DNA binding sites
in the ChIP assays [16]. ChIP assays showed that the reduced nuclear
levels of p65 were paralleled with reduced DNA binding activity
(Fig. 4E), indicating that PKM2 regulation of p65 stability affects
the expression of its target genes. To confirm whether NF-kB regu-
lates Bcl-xL expression, we treated AGS cells with the IKK inhibitor,
PS1145. As expected, PS1145 reduced the expression levels of
Bcl-xL (Fig. 4F), and increased caspase-3/7 activity (Fig. 4G).
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Fig. 3. PKM2 expression is significantly correlated with Bcl-xL expression in gastric normal and tumor tissues. (A) The relationship between expression levels of PKM2 and
Bcl-xL in 10 GC cell lines. (B) Bcl-xL expression was analyzed by qRT-PCR using total RNA (top) and western blot using whole cell lysates (bottom) from AGS cells. (C) and (D)
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4. Discussion

Aerobic glycolysis is proposed to increase the availability of
macromolecules needed for biosynthesis and cell growth [17].
Aerobic glycolysis is also involved in anti-apoptotic pathways.
Increased glucose metabolism protects cells against the pro-
apoptotic Bim and attenuates the degradation of the anti-apoptotic
protein Mcl-1 [18]. PKM2 is believed to promote aerobic glycolysis
to support biosynthesis and maintain ATP levels. Mice injected
with PKM1-overexpressing cells showed a delay in tumor develop-
ment compared with those injected with PKM2-overexpressing
cells [5]. Reduced expression of PKM2 protein in lung tumors is
associated with inhibited tumor growth and survival both in vitro
and in vivo [19]. Recently, it was reported that miRNA-326 targets
PKM2 in glioma cells and induces their apoptosis and reduces their
metabolic activity [12]. We showed that shRNA-mediated inhibi-
tion of PKM2 down-regulated the anti-apoptotic gene Bcl-xL at
the transcriptional level, resulting in increased apoptosis and re-
duced cell growth. Correlation analysis showed that PKM2 expres-
sion was positively correlated with Bcl-xL expression in GC cell
lines and tumor tissues.

NF-kp activity affects proliferation, death, cell motility, and sen-
sitivity to anti-tumor agents. Therefore, the inhibition of NF-«kp sig-
naling may be a potential therapeutic strategy for treating cancer

[20-21]. In terms of cell survival, NF-xB regulates its target genes
at the transcriptional level, either negatively or positively. For
example, p65 binds to the kB site of the Bax promoter and nega-
tively regulates Bax gene expression, resulting in the prevention
of cell apoptosis [22-23]. In contrast, NF-xp p65 binding to the
Bcl-xL promoter up-regulates Bcl-xL gene expression and protects
cells from radiation-induced apoptosis [16].

Some reports have linked NF-xB activation with glycolysis.
Increased glycolysis can enhance the O-glycosylation of IKKB
that subsequently triggers NF-kB signaling [14]. It was recently
reported that lactate triggers the phosphorylation/degradation of
IxBa and then stimulates an autocrine NF-kB/IL-8 pathway driving
cell migration [15]. For these reasons, we investigated the relation
between PKM2 and p65 in GC. We found that PKM2 knockdown
decreased p65 proteins (both in the nuclear and the whole cell ly-
sates) but not mRNAs, suggesting that PKM2 might modulate p65
stability. It is well known that p65 is posttranslationally modified
by diverse mechanisms such as phosphorylation, ubiquitination,
or acetylation, and these modifications influence its transcriptional
activity. Some reports showed that p65 is polyubiquitinated and
degraded [24-25]. Thus, we do not exclude possibilities that re-
duced nuclear p65 level may be caused by other modifications in
addition to protein stability. It is known that pyruvate and lactate,
which are end products of glycolytic metabolism, promote HIF-1a
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protein stability and activate HIF-1o-inducible gene expression
[26], indicating that glycolysis is an important part in regulating
protein stability. However, Lu et al. excluded the possibility that
pyruvate inhibits the proteasomal system [26]. At present, the
mechanism involved remains obscure and is a subject for further
study.

In summary, we showed that PKM2 expression in tumor tissues
was higher than adjacent normal tissues, and high levels of PKM2
expression associated with poor clinical outcome among GC pa-
tients. We suggest that one of the reasons why PKM2 expression
associates with poor prognosis may be PKM2-mediated regulation
of Bcl-xL expression. Moreover, PKM2-mediated stabilization of
p65 may be one of important mechanisms in regulating the
expression of Bcl-xL gene at transcriptional level. We propose that
PKM2/NF-kB/Bcl-xL may be a potential cascade in cancer
progression.
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