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Pyruvate kinase M2 at a glance
Weiwei Yang1,* and Zhimin Lu2,3,4,*

ABSTRACT
Reprogrammed metabolism is a key feature of cancer cells. The
pyruvate kinase M2 (PKM2) isoform, which is commonly
upregulated in many human cancers, has been recently shown to
play a crucial role in metabolism reprogramming, gene transcription
and cell cycle progression. In this Cell Science at a glance article
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and accompanying poster, we provide a brief overview of
recent advances in understanding the mechanisms underlying
the regulation of PKM2 expression, enzymatic activity, metabolic
functions and subcellular location. We highlight the instrumental role
of the non-metabolic functions of PKM2 in tumorigenesis and
evaluate the potential to target PKM2 for cancer treatment.
KEY WORDS: PKM2, Pyruvate kinase M2, Metabolism
reprogramming, Protein kinase, Gene transcription

Introduction

Pyruvate kinase (PK) regulates the final rate-limiting step of
glycolysis by catalyzing the transfer of a phosphate group from
phosphoenolpyruvate (PEP) to ADP to produce pyruvate and
ATP (Altenberg and Greulich, 2004; Majumder et al., 2004).
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PKM1, PKM2 (encoded by PKM), PKL and PKR (encoded by
PKLR) are the four pyruvate kinase isoforms. PKL and PKR are
expressed in the liver and erythrocytes, respectively, whereas
PKM1 and PKM2 are expressed in different types of cells
and tissues. Alternative splicing of PKM pre-mRNA by
heterogeneous nuclear ribonucleoproteins (hnRNPs) A1 and A2
and polypyrimidine-tract binding (PTB) protein splicing factors
results in the generation of PKM2 by the inclusion of exon 10 and
the exclusion of exon 9, which is specific to PKM1 (David et al.,
2010; Noguchi et al., 1987). PKM1 is highly expressed in normal
tissues, whereas PKM2 expression is also detected in normal
tissues, including those from lung, liver, colon, thyroid, kidney
and bladder (Bluemlein et al., 2011; Yang and Lu, 2013b).
Analyses of 16 tumor types using the cancer genome atlas RNASeq and exon array datasets has revealed that an isoform switch
from PKM1 to PKM2 occurs in glioblastomas (Desai et al.,
2014). Despite a lack of isoform switches in other tumor types,
PKM2 expression has been found to be increased in all cancer
types examined (Bluemlein et al., 2011; Desai et al., 2014), and
replacement of PKM2 with PKM1 has been found to inhibit
aerobic glycolysis and tumor growth (Christofk et al., 2008a;
Gumińska et al., 1988; Mellati et al., 1992). These findings point
to a crucial role for expression of PKM2 in tumor growth.
In addition to its well-known role in glycolysis, PKM2 has also
been reported to be involved in other cellular functions. PKM2
has been shown to be the cytosolic receptor for thyroid hormone
(Kato et al., 1989). Importantly, PKM2 has recently been found to
translocate into the nucleus upon mitogenic and oncogenic
stimulation (Lv et al., 2013; Yang et al., 2012c). In the nucleus,
PKM2 functions as a transcriptional co-activator and a protein
kinase that phosphorylates histones, highlighting the crucial role
of PKM2 in the epigenetic regulation of gene transcription that is
important for the G1-S phase transition and the Warburg effect
(which states that most cancer cells produce energy by a high
level of glycolysis followed by lactic acid fermentation) (Yang
et al., 2012b; Yang et al., 2011). In addition to the crucial role of
PKM2 in G1-S phase, it phosphorylates important cell cycle
regulators, such as the spindle checkpoint protein Bub3, to
regulate chromatid segregation and the mitotic checkpoint during
mitosis, and myosin light chain 2 (MLC2, encoded by MYL2) to
initiate cytokinesis, leading to enhanced and governed tumor cell
proliferation (Jiang et al., 2014a).
In this Cell Science at a Glance article and the accompanying
poster, we briefly review recent findings regarding the metabolic
and non-metabolic functions of PKM2 and the mechanisms that
regulate PKM2 expression, its glycolytic enzymatic activity and
subcellular location.
Regulation of PKM2
Regulation of PKM2 expression

The expression of PKM2 is regulated at multiple levels through
regulation of DNA methylation, transcription factors, pre-mRNA
splicing of PKM, PKM2-specific microRNAs (miRNAs) and
post-translational modifications of the PKM2 protein (see poster).
Analyses of The Cancer Genome Atlas DNA methylation data
have revealed that elevated PKM2 expression correlates well with
a hypomethylation status of intron 1 of the PKM gene in multiple
cancer types, suggesting that epigenetic regulation by DNA
methylation is an important mechanism in controlling PKM
transcription in tumors (Desai et al., 2014).
Several transcriptional factors have been reported to regulate
the activity of the PKM promoter, which contains five putative
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binding sites for SP1 and SP3. Both SP1 and SP3 interact with the
nuclear factor (NF)-YA transcriptional factor (see poster). Indeed,
overexpression of SP1 or SP3 and NF-YA synergistically
stimulates the distal promoter activity of the PKM gene
(Discher et al., 1998; Yamada et al., 2000). Phosphoinositide 3kinase (PI3K) and mammalian target of rapamycin (mTOR)
activation, which can be induced by insulin stimulation, has also
been shown to increase PKM2 expression through hypoxiainducible factor 1a (HIF1a)-regulated transcription of the
PKM gene (Iqbal et al., 2013; Sun et al., 2011). Peroxisome
proliferator-activated receptor c (PPARc), a nuclear hormone
receptor, can also specifically and transcriptionally regulate
PKM2 expression. Activation of AKT in PTEN-deficient fatty
livers results in the binding of PPARc to PPAR response elements
(PPRE) in the promoter region of both PKM and the hexokinase-2
(HK2) gene, and contributes to liver steatosis, hypertrophy and
hyperplasia (Panasyuk et al., 2012). These results suggest that
activation of the PI3K–AKT–mTOR pathway, coupled with other
activated signaling modulators, regulates PKM2 expression in
a manner that depends on the signaling context and is tissue
specific. In response to epidermal growth factor receptor (EGFR)
activation, which occurs in many types of human cancers, PKM
transcription is upregulated by a signaling cascade that includes
EGFR, phospholipase C c1 (PLCc1), protein kinase C e (PKCe),
and NF-kB. Activation of EGFR results in the activation of
PLCc1 and the subsequent production of diacylglycerol; this in
turn activates PKCe, which is then monoubiquitylated by the E3
ligase RINCK1 (also known as TRIM41) at K321, allowing it to
interact with a ubiquitin-binding motif located in the zinc finger
region of NF-kB essential modulator (NEMO; also known as
IKKc). This interaction recruits the cytosolic IkB kinase (IKK)
complex, which is composed of NEMO, IKKa and IKKb, to the
plasma membrane, where PKCe phosphorylates IKKb at S177
and activates IKKb. Activated IKKb phosphorylates inhibitor of
nuclear factor kB (IkB) and abrogates its repressive effect on
RelA (the p65 subunit of NF-kB), thereby allowing it to
translocate to the nucleus where it directly binds to the PKM
promoter and enhances PKM2 expression, resulting in the
Warburg effect and tumorigenesis (Yang et al., 2012a) (see
poster).
PKM2 expression can also be regulated at the level of
transcribed PKM pre-mRNA by splicing factors. Heterogeneous
nuclear ribonucleoproteins (hnRNPs), including PTB (also known
as hnRNP1), hnRNPA1 and hnRNPA2, are upregulated by the
oncogenic transcription factor c-Myc and subsequently bind to
splicing signals that flank PKM exon 9, repressing the inclusion
of exon 9 and thus promoting an enhanced expression of the
PKM2 isoform (David et al., 2010; Sun et al., 2011).
miRNAs, noncoding RNAs that bind to specific target mRNAs
and promote their degradation and/or hinder their translation,
provide another means for regulating PKM2 mRNA. Both miR133a and miR-133b target the PKM transcript, and these miRNAs
have been found to be significantly reduced in tongue squamous
cell carcinoma cells, resulting in PKM2 overexpression (Wong
et al., 2008). miR-122, which is highly expressed in normal liver
tissue, is reduced in hepatocellular carcinoma and directly
targets PKM2 mRNA (Liu et al., 2014), whereas miR-326
regulates PKM2 expression in human glioma (Kefas et al., 2010),
suggesting that different miRNAs are involved in the tissuespecific regulation of PKM2 expression. In addition, the mRNAs
encoding the splicing factors PTB, hnRNPA1 and hnRNPA2 are
targeted by miR-124, miR-137 and miR-340. Consequently, these
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miRNAs mediate a switch in expression of the PKM gene
from the PKM2 isoform to PKM1, which results in a reduced
glycolysis rate and promotes the glucose flux into oxidative
phosphorylation, consequently leading to impaired cancer cell
growth (Sun et al., 2012).
Finally, PKM2 protein levels are also regulated at the level
of post-translational modifications. For instance, acetylation of
PKM2 at K305 promotes its degradation under high-glucose
concentrations. Acetylated PKM2 interacts with heat shock
protein HSC70 (also known as HSPA8), which leads to
lysosomal-dependent degradation of PKM2 by chaperonemediated autophagy (see poster). Accordingly, expression of an
acetylation-mimetic PKM2 K305Q mutant, which undergoes
degradation at high concentrations of glucose, results in the
accumulation of glycolytic intermediates upstream of PKM2 for
biosynthesis, which promotes cell proliferation and tumorigenesis
(Lv et al., 2011).
Regulation of the enzymatic activity and metabolic functions of PKM2

PKM2 catalyzes the last step of glycolysis, and its activity can be
regulated by glycolytic intermediates. Fructose 1,6-bisphosphate
(FBP), an allosteric activator of PKM2, binds to PKM2 and
promotes its tetramerization. Tetrameric PKM2 is more active
than dimeric PKM2, and the conversion between these two forms
is dynamically regulated (Dombrauckas et al., 2005) (see poster).
Binding of PKM2 to phosphorylated tyrosine releases FBP and
disrupts tetrameric PKM2 into the PKM2 dimer (Christofk et al.,
2008b). Human PKM2 mutants with heterozygous missense
mutations H391Y and K422R, which have been identified in cells
from Bloom syndrome patients, heterooligomerize with the wildtype PKM2 and reduce the overall activity of PKM2, resulting
in an increased accumulation of glycolytic intermediates and
NADPH, cell proliferation, polyploidy and tumor growth (Gupta
et al., 2010; Iqbal et al., 2014a; Iqbal et al., 2014b). JMJD5, a
dioxygenase containing a Jumonji C domain, interacts with the
region of PKM2 at the intersubunit interface, which impedes
PKM2 tetramerization and blocks pyruvate kinase activity (Wang
et al., 2014a). Decreased PKM2 pyruvate kinase activity has been
shown to result in PEP-dependent histidine phosphorylation and
activation of phosphoglycerate mutase (PGAM1), as well as in
reduced levels of PEP-dependent ATP production; this metabolic
switch might provide an alternate glycolytic pathway that
decouples ATP from PEP-mediated phosphotransfer, thereby
allowing for the high rate of glycolysis to support the anabolic
metabolism (Vander Heiden et al., 2010b). Furthermore, in
primary mouse embryonic fibroblasts in which PKM2 was
deleted, PKM1 expression is upregulated and impairs nucleotide
production and the ability of cells to synthesize DNA and progress
the cell cycle, suggesting that an appropriate level of PKM2
expression is important for normal cell proliferation (Lunt et al.,
2015).
Serine is another allosteric activator of PKM2 (Chaneton et al.,
2012) (see poster). It binds to and activates PKM2 in a manner
similar to but independent of FBP. When serine is abundant,
PKM2 is fully active, enabling maximal use of glucose through
glycolysis. When serine is limited, however, PKM2 activity is
immediately curtailed, resulting in rapid diversion of glucosederived carbon to serine biosynthesis and thus compensating
for the serine shortfall (Chaneton et al., 2012). Succinyl-5aminoimidazole-4-carboxamide-1-ribose-59-phosphate (SAICAR),
an intermediate of the de novo purine nucleotide synthesis
pathway, also regulates PKM2 activity allosterically and
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independently of FBP. Cellular SAICAR concentration increases
upon glucose starvation, which stimulates PKM2 activity to
enhance glucose and glutamine consumption rates, and promotes
cancer cell survival (Keller et al., 2012). Thus, allosteric regulation
of PKM2 might allow cancer cells to coordinate different
metabolic pathways to support cancer cell growth in the often
nutrient-limited tumor microenvironment.
PKM2 activity can also be regulated by post-translational
modifications (see poster). Fibroblast growth factor receptor type 1
(FGFR1) phosphorylates PKM2 at Y105, which disrupts the
binding of FBP to PKM2 (Hitosugi et al., 2009) (see poster). This
phosphorylation, which promotes the tetramer-to-dimer conversion
of PKM2, inhibits its pyruvate kinase activity and enhances its
protein kinase activity towards STAT3 phosphorylation (Gao et al.,
2013). Expression of the PKM2 Y105F mutant impairs cell
proliferation and tumorigenesis (Hitosugi et al., 2009). In addition,
acute increase in intracellular concentrations of reactive oxygen
species (ROS) induced by H2O2, diamide (a thiol-oxidizing
compound) or hypoxia inhibits PKM2 activity through oxidation
of C358 of PKM2, leading to diversion of glucose flux into the
pentose phosphate pathway to generate a reducing potential for the
detoxification of ROS and tumor growth (Anastasiou et al., 2011).
Similarly, reduction of PKM2 activity by ROS-induced PKM2
oxidation in response to insulin stimulation has also been reported
(Iqbal et al., 2013).
Regulation of the subcellular localization of PKM2

As a glycolytic enzyme, PKM2 predominantly localizes in the
cytosol. However, PKM2 translocates into the nucleus to promote
cell proliferation (see poster). Our group has demonstrated a crucial
mechanism underlying the nuclear translocation of PKM2. Upon
EGFR activation, activated extracellular signal-regulated kinase 1
and 2 (ERK1/2) binds to the region that is encoded by exon 10
of PKM2 through a docking groove in ERK1/2, resulting in
phosphorylation of S37 of PKM2, but not PKM1. Phosphorylated
PKM2 then recruits peptidyl-prolyl cis-trans isomerase NIMAinteracting 1 (PIN1), which specifically catalyzes the cis-trans
isomerization of peptide bonds between phosphorylated serine or
threonine residues and proline residues (Lu and Hunter, 2014). This
isomerization of PKM2 exposes its nuclear localization sequence
(NLS) and promotes its binding to importin a5, which facilitates its
nuclear translocation (Yang et al., 2012c). In addition, sumoylation
of PKM2 mediated by the SUMO-E3 ligase PIAS3, and acetylation
of PKM2 at K433 mediated by the p300 acetyltransferase (also
known as EP300) prevent the binding of FBP to PKM2, thereby
enhancing its nuclear translocation (Lv et al., 2013; Spoden et al.,
2009).
Non-metabolic functions of PKM2

In addition to its glycolytic function, PKM2 possesses nonmetabolic functions that are instrumental for gene expression and
cell cycle progression. Our group has reported that nuclear PKM2
interacts with c-Src-phosphorylated b-catenin Y333 and enhances
the transactivation activity of b-catenin, highlighting the
importance of PKM2 as a transcriptional co-activator (Yang
et al., 2011) (see poster). Importantly, b-catenin-associated PKM2
directly binds to and phosphorylates histone H3 at T11. This
phosphorylation, which uses PEP as a phosphate donor, is required
for the dissociation of histone deacetylase 3 (HDAC3) from the
promoters of the b-catenin target genes CCND1 (encoding cyclin
D1) and MYC, and for the subsequent acetylation of histone H3 at
lysine 9. PKM2-dependent histone H3 phosphorylation is essential
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for EGFR-mediated gene expression, cell proliferation and
tumorigenesis (Lu, 2012b; Yang et al., 2012b). PKM2
phosphorylates not only threonine residues but also tyrosine
residues, as demonstrated by its ability to phosphorylate STAT3 at
Y705. This phosphorylation enhances the transcriptional activity of
STAT3 and STAT3-dependent MEK5 (also known as MAP2K5)
transcription (Gao et al., 2012). These findings reveal a new
function for PKM2 as a dual-specificity protein kinase that directly
regulates gene expression. The role of PKM2 as a pleiotropic
protein kinase has been demonstrated by protein microarray
experiments, which found that more than 100 human proteins,
mostly protein kinases, are phosphorylated by PKM2. In particular,
PKM2 phosphorylates and activates ERK1/2, and the sustained
ERK1/2 activation mediated by PKM2 is instrumental for cell
proliferation (Keller et al., 2014). PKM2 has also been shown to
interact with Oct4 (also known as POU5F1) upon treatment with
dichloroacetate, a pyruvate dehydrogenase kinase inhibitor that
promotes mitochondrial oxidative phosphorylation (Morfouace
et al., 2014). This interaction is responsible for the decrease in the
transcriptional activity of Oct4 and thus induces the differentiation
of glioma spheroids. This study has also shown that PKM2
depletion enhances both apoptosis and differentiation of glioma
spheroids, suggesting that PKM2 maintains glioma stemness and
promotes gliomagenesis through Oct4 (Morfouace et al., 2014).
PKM2 regulates not only G1-S phase transition by controlling
cyclin D1 expression but also regulates mitosis (see poster). We
recently demonstrated that PKM2, but not PKM1, binds to
the spindle checkpoint protein Bub3 during mitosis and
phosphorylates Bub3 at Y207. This phosphorylation leads to
the recruitment of the Bub3–Bub1 complex to the outer
kinetochore protein Blinkin (also known as CASC5), which
acts as a receptor for Bub proteins; this regulation exerts a
precise control over the kinetochore–spindle attachment and the
mitotic (spindle assembly) checkpoint, and, subsequently,
accurate chromosome segregation and proliferation of tumor
cells (Jiang et al., 2014a).
PKM2 is also involved in cytokinesis, the final stage of cell
division, during which the two daughter cells separate completely
(see poster). During cytokinesis, Aurora B phosphorylates PKM2
at T45, which is required for the localization of PKM2 and its
interaction with MLC2 in the contractile ring region of mitotic
cells; this leads to PKM2-mediated phosphorylation of MLC2 at
Y118. This phosphorylation primes the binding of Rho-associated
protein kinase 2 (ROCK2) to MLC2 and subsequent ROCK2dependent MLC2 S15 phosphorylation. PKM2-mediated MLC2
phosphorylation, which is greatly enhanced by EGFR variant III,
K-Ras G12V and B-Raf V600E mutant expression, thus plays a
pivotal role in completion of cytokinesis, cell proliferation and
tumor development. These findings underscore the instrumental
function of PKM2 in oncogenic signaling, regulating the fidelity
of chromosome segregation, cell cycle progression, cytokinesis
and tumorigenesis (Jiang et al., 2014b).
Integrated metabolic and non-metabolic functions of PKM2

PKM2 can also regulate cell metabolism through its nonmetabolic functions (Lu, 2012b; Yang and Lu, 2013a; Yang
and Lu, 2013b). Upon activation of EGFR and platelet-derived
growth factor receptor (PDGFR), PKM2 translocates into the
nucleus where it activates b-catenin to induce c-Myc expression.
Upregulated c-Myc, in turn, induces the upregulation of GLUT1
and lactate dehydrogenase A (LDHA) and, in a positive-feedback
loop, PTB-dependent PKM2 expression (Lu, 2012a; Yang et al.,
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2011; Yang et al., 2012c) (see poster). Upregulation of these
glycolysis genes enhances glucose consumption and lactate
production, and subsequently promotes tumorigenesis. In
addition, nuclear PKM2 can also regulate HIF1a activity to
reprogram cancer metabolism. PKM2 interacts directly with
HIF1a, which requires prolyl hydroxylase 3 (PHD3)-mediated
PKM2 hydroxylation. Interaction of HIF1a with PKM2 promotes
the expression of HIF1a target genes by enhancing the binding of
HIF1a to hypoxia response elements and the recruitment of p300
to these sites. Enhanced HIF1a activity increases the transcription
of a variety of glycolytic genes and thereby promotes glycolysis
of cancer cells (Luo et al., 2011). These findings underscore the
importance of the integrated metabolic and non-metabolic
functions of PKM2 in tumorigenesis.
PKM2 as a molecular target for cancer treatment

The specific role of PKM2 in cancer makes PKM2 an attractive
therapeutic target for cancer treatment. However, the complexity
of PKM2 regulation points to several potential strategies to target
PKM2, and, accordingly, approaches to inhibit as well as to
activate PKM2 have been pursued.
Because enhanced glycolysis and high expression of PKM2
have been observed in many types of cancer cells, it is reasonable
to assume that repressing PKM2 activity will inhibit glycolysis
and thereby reduce proliferation of tumor cells. The recently
identified protein kinase activity of PKM2 and the instrumental
role of this activity in regulating the Warburg effect and cell cycle
progression of tumor cells (Jiang et al., 2014a; Yang and Lu,
2013b) have provided the molecular basis for the inhibition of
growth and survival of tumor cells that has been observed
previously with specific PKM2 inhibitors (Spoden et al., 2008;
Vander Heiden et al., 2010a). Furthermore, a Phase II clinical
trial with a peptidic inhibitor of PKM2 has been initiated to
evaluate the potential of PKM2 as a therapeutic target in patients
with refractory metastatic renal cell carcinoma, and encouraging
results have been obtained (Porporato et al., 2011). In addition,
shikonin and its enantiomeric isomer alkannin have been shown
to be able to inhibit more than 50% of the cellular PKM2 without
affecting the activities of PKM1 and PKL, which harbor the same
FBP-binding site as PKM2 (Chen et al., 2011). Shikonin
treatment inhibits glucose consumption and lactate release, and
so induces tumor cell death.
In contrast, there is also evidence that supports the notion that
the activation of PKM2 might be beneficial for the inhibition
of tumor growth. Tyrosine phosphorylation or acetylation of
PKM2, which reduces PKM2 activity or downregulates PKM2
expression, promotes tumor cell growth (Hitosugi et al., 2009; Lv
et al., 2011). High-throughput screening of a chemical compound
library has identified some PKM2 activators that effectively
promote PKM2 tetramerization and inhibit lung cancer cell
proliferation in different models (Anastasiou et al., 2012; Xu
et al., 2014). However, other potent and selective PKM2
activators that have a different mode of binding to the PKM2
protein do not affect cancer cell glycolysis and are not effective in
suppressing cancer cell growth in vitro (Guo et al., 2013). These
results suggest that activation of PKM2 per se is not the key to
regulating cell growth. Given that PKM2 translocates into the
nucleus and regulates gene expression, likely as a monomer
(Yang and Lu, 2013a; Yang and Lu, 2013b), the tetramerization
of PKM2, which is induced by some activators, or their binding to
PKM2, might disturb the nuclear translocation of PKM2 and/or
cellular activities that are regulated by PKM2 protein kinase
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activity. Further studies are therefore warranted to understand
the distinct regulatory effects of different PKM2 activators on
cells.
It is also worth noting that PKM2 expression levels vary among
different types of cancer cells (Desai et al., 2014), suggesting that
the role of PKM2 in tumorigenesis depends on the signaling
context. For instance, recent reports showed that PKM2
deficiency in mice did not block Brca1-loss-driven mammary
tumor formation but did inhibit cyclin D1 expression and
leukemia initiation that is induced by the fusion proteins BCRABL and MLL-AF9 (Israelsen et al., 2013; Wang et al., 2014b).
These findings suggest that PKM2 regulates tumor development
in a signaling-context-dependent manner and underscore the
requirement for a personalized cancer therapy that takes into
account the specific PKM2 activities present.
Conclusions

Reprogrammed metabolism provides tumor cells with a special
growth advantage compared with normal cells. PKM2, a key ratelimiting enzyme in glycolysis, plays a central role in this process.
On the one hand, both expression and enzymatic activity of PKM2
are regulated at multiple levels, including transcription, pre-mRNA
slicing, miRNA-regulated mRNA stability, protein stability,
post-translational modifications and allosteric regulation. These
regulations rewire the metabolic pathways, thereby shunting the
glycolytic intermediates to the different branches of glycolysis to
support the synthesis of biomass. On the other hand, the newly
characterized non-metabolic functions of PKM2 demonstrate its
ability to epigenetically control gene transcription and to promote
cell cycle progression, cytokinesis and feedback-regulated
metabolism. Integration of the metabolic and non-metabolic
functions of PKM2 promotes the proliferation of tumor cells.
Further deciphering the cellular functions of PKM2 might lead to
successful cancer therapy.
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