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Abstract
Altered metabolism is fundamental to the growth and survival of cancer cells. Pyruvate kinase M2
(PKM2), a key enzyme in cancer metabolism, has been demonstrated to play a central role not
only in metabolic reprogramming but also in direct regulation of gene expression and subsequent
cell cycle progression. This review outlines the current understanding of PKM2 protein kinase
activity and regulatory mechanisms underlying PKM2 expression, enzymatic activity, and nuclear
localization, thus highlighting PKM2 as a potential therapeutic target.
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1. Introduction
In the 1920s, Otto Warburg observed that despite the availability of oxygen, most cancer
cells produce energy predominantly by a high rate of glycolysis followed by lactic acid
fermentation in the cytosol rather than by a comparatively low rate of glycolysis followed by
pyruvate oxidation in the mitochondria (as is the case in most normal cells) [1; 2]. This
phenomenon is termed the Warburg effect or aerobic glycolysis. Warburg found the ratio of
glycolysis to respiration to be a fundamental difference between normal and cancer cells. He
hypothesized that aerobic glycolysis arose from respiratory injury (mitochondrial injury) [3].
However, later studies show that mitochondrial defects are infrequent in cancer cells [4; 5].
Moreover, cancer cells can switch back to mitochondrial respiration under certain conditions
[6]. It has been established that sustained aerobic glycolysis in certain cancer cells is linked
to activation of oncogenes or to suppression of tumor suppressor functions [7].

Pyruvate kinase (PK) regulates the final rate-limiting step of glycolysis and catalyzes the
transfer of a phosphate group from phosphoenolpyruvate (PEP) to adenosine diphosphate.
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This transfer yields one molecule each of pyruvate and adenosine triphosphate [8; 9].
PKM1, PKM2, PKL, and PKR are pyruvate kinase isoforms expressed in different types of
mammalian cells and tissues. Alternate splicing of PKM pre-mRNA by hnRNP A1/2 and
polypyrimidine-tract binding (PTB) protein splicing factors leads to PKM2 generation by
including exon 10 and excluding exon 9 [10; 11]. PKM2 is expressed in some differentiated
tissues, such as lung, fat, retina, and pancreatic islets, as well as in all cells with a high rate
of nucleic synthesis, such as normal proliferating cells and embryonic cells [12; 13; 14; 15;
16; 17]. Regardless of tissue origin, most cancer cells have increased expression of PKM2,
which positions PKM2 as an attractive target for cancer therapy [18]. This review highlights
findings on PKM2 regulation and functioning in cancer cells, focusing on regulation of
PKM2 expression in tumorigenesis, regulation of PKM2 enzyme activity, protein kinase
activity of PKM2, and regulation of nuclear localization of PKM2.

2. Regulation of PKM2 expression in tumorigenesis
Regulation of PKM transcription

The PKM gene promoter consists of three cis-acting regions and three GC boxes [19; 20]. A
mutation in a GC box resulted in a 50% decrease in promoter activity [21]. Five putative
binding sites for SP1 and SP3 were found in the PKM promoter [22]. Glucose promotes the
dephosphorylation of SP1, which increases SP1’s DNA binding activity and enhances
PKM2 expression. The latter is a prerequisite for tumor cell proliferation (Fig.1A, left panel)
[23]. Conversely, overexpression of SP3 represses PKM promoter activity. Hypoxia
downregulates SP3, and thereby removes the associated transcriptional repression and
activates the promoter activity (Fig.1A, right panel) [24]. In proliferating rat thymocytes, the
reduced reactive peroxide anion generation observed during the S phase increases the
binding of SP1 to its consensus sequence in the PKM promoter and subsequently enhances
PKM2 expression [25]. Insulin also induces PKM promoter activation (independent of
glucose and glucosamine) [26]. In phosphatase and tensin homolog (PTEN)-null fatty liver,
peroxisome proliferator-activated receptor gamma (PPARγ) binds to hexokinase 2 and PKM
promoters to activate transcription [27]. PKM2 gene expression can be regulated by
microRNAs (miRNAs), which are noncoding RNAs that bind onto specific mRNA
molecules and promote degradation of target mRNA and/or hinder the translation process.
Both miR-133a and miR-133b target PKM transcript; these miRNAs were significantly
reduced in tongue squamous cell carcinoma cells relative to paired normal epithelial cells
[28].

Mammalian target of rapamycin (mTOR) signaling is frequently deregulated during
multistep oncogenic processes. mTOR increases PKM2 expression by binding hypoxia-
inducible factor 1 (HIF1) to the promoter region immediately upstream of exon 1 of PKM
[29]. Under hypoxic conditions, PKM2, acting in a feedback loop, interacts directly with
HIF1 and promotes transactivation of HIF1 downstream genes by enhancing HIF1 DNA-
binding activity and recruiting p300 to hypoxia response elements (HREs). The interaction
between PKM2 and HIF1 is mediated by the prolyl hydroxylase 3 (PHD3)-dependent
hydroxylation of PKM2 at proline 403/408 (Fig.1B) [30]. Because both PKM and EGLN3
(encoding PHD3) [31] are HIF1 target genes, the positive feedback loop that promotes HIF1
activity maintains high expression of PKM2 and other glycolytic genes, which accelerates
metabolic reprogramming of cancer cell metabolism.

Yang et al. have recently shown how PKM2 is transcriptionally upregulated in normoxic
conditions by growth factors [32]. Activation of epidermal growth factor receptor (EGFR),
which occurs in many types of cancer, results in the binding of the SH2 domain of
phospholipase C (PLC) 1 to autophosphorylated EGFR and in activation of PLC 1.
Diacylglycerol generated by PLC 1 activates PKC, which results in RINCK1-dependent
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monoubiquitylation of PKC at K321 at the plasma membrane. Monoubiquitylated PKC
interacts with a ubiquitin-binding domain in the NEMO zinc finger region and recruits the
cytosolic IKK complex composed of NEMO, IKK, and IKK, to the plasma membrane,
where PKC phosphorylates IKK at serine 177 and activates IKK. Activated RelA interacts
with HIF1, which is required for RelA to bind the PKM promoter. PKC - and NF-κB-
dependent PKM2 upregulation is required for the EGFR-promoted Warburg effect and
tumorigenesis. In addition, PKM2 expression correlates with EGFR and IKK activity in
human glioblastoma specimens and with glioma malignancy grade. These results highlight
the distinct regulation of NF-κB activation between EGFR and well-studied inflammation
responses and cytokine stimulation. These results also reveal the importance of metabolic
cooperation between EGFR and NF-κB pathways in PKM2 upregulation and tumorigenesis
(Fig.1C).

Regulation of alternative splicing of PKM pre-mRNA
PKM2 expression is regulated not only at the transcriptional level but also by alternative
splicing of PKM pre-mRNA. PKM1 and PKM2 are produced from the mutually exclusive
alternative splicing of PKM pre-mRNA, reflecting the inclusion of either exon 9 (PKM1) or
exon 10 (PKM2). In adult tissues, low expression of three heterogeneous, unclear
ribonucleoproteins (hnRNPs)—PTB (also known as hnRNP1), hnRNPA1, and hnRNPA2—
allows for recognition of exon 9 by splicing machinery and disrupts intronic structures
favorable for exon 10 inclusion. However, in rapidly proliferating cells—such as embryonic
and cancer cells—PTB, hnRNPA1 and hnRNPA2 are upregulated by oncogenic
transcription factor c-Myc, which is overexpressed in many human tumors. PTB, hnRNPA1
and hnRNPA2 then bind to splicing signals flanking exon 9 and represses exon 9’s inclusion
[11; 29]. c-Myc, which is downstream from β–catenin activation, increases the expression of
glucose transporter 1 (GLUT1), lactate dehydrogenase A (LDHA), PTB, and PTB-
dependent PKM2, thereby promoting the Warburg effect [33; 34].

3. Regulation of PKM2 enzyme activity
Effects of metabolic intermediates on glycolytic activity of PKM2

PKM2 activity can be regulated by different mechanisms (Fig.2) and PKM2 may exist in
both tetrameric and dimeric forms. Kinetic analysis has revealed that the tetrameric form has
high affinity (Km, 0.03 mM) to its substrate PEP, whereas the dimeric form has low affinity
to PEP (Km, 0.46) [18; 35; 36]. Fructose-1,6-biphosphate (FBP), a glycolysis intermediate
product upstream of PKM2, is an allosteric activator of PKM2. It is proposed that the inter-
conversion between dimeric and tetrameric PKM2 is dynamic. Increased levels of dimeric
PKM2 that is less active than tetrameric lower the rate of glycolysis and increase the
accumulation of FBP, and the latter promotes the tetramerization of PKM2. Tetrameric
PKM2 in turn increases the rate of glycolysis and decreases FBP concentration, leading to
dimerization of PKM2 [37].

PKM2 is a phosphotyrosine-binding protein [38], as evidenced by the observation that
nuclear PKM2 binds to tyrosine-phosphorylated -catenin and activates -catenin [39]. The
interaction between PKM2 and phosphotyrosine releases FBP and reduces PKM2 activity.
In tumor cells, PKM2 has been found mainly in its less active, dimeric form, which initially
appears paradoxical given the high rate of lactate production in these cells. However, the
exchange between dimeric and tetrameric forms of PKM2 can be very dynamic, and dimeric
PKM2 may allow all glycolytic intermediates above the PKM2 reaction to accumulate,
thereby providing a high level of metabolic precursors for synthetic processes [35].
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Like the well-known FBP, serine has been reported to be an allosteric activator of PKM2
[40]. Serine can bind to and activate human PKM2 in a manner similar to but independent of
FBP. Serine biosynthesis is an anabolic pathway required for growth and proliferation [41].
When serine is abundant, PKM2 is fully active, enabling maximal use of glucose through
glycolysis. However, when serine is limited, PKM2 activity is immediately curtailed,
enabling rapid diversion of glucose-derived carbon to serine biosynthesis and thus
compensating for the serine shortfall. In addition to creating a build-up of glycolytic
intermediates for serine biosynthesis, blocking PKM2 activity shifts glucose metabolism
away from lactate production in the cytosol to citrate production in the mitochondria. This
shift provides the energy required for the rapid proliferation. Intriguingly,
succinylaminoimidazolecarboxamideribose-5’-phosphate (SAICAR), an intermediate of the
de novo purine nucleotide synthesis pathway, has also been shown to specifically regulate
PKM2 activity allosterically and independently of FBP. SAICAR binding sites on PKM2 are
close to the FBP binding pocket [42]. Upon glucose starvation, cellular SAICAR
concentration has been shown to increase in an oscillatory manner. Increased amount of
SAICAR stimulates PKM2 activity, increases glucose and glutamine consumption rates, and
promotes cancer cell survival. This allosteric regulation may explain how cancer cells
coordinate different metabolic pathways to optimize their growth in the often nutrient-
limited tumor microenvironment [42].

Regulation of PKM2 glycolytic activity by post-translational modification
Protein post-translational modifications (PTMs) increase the functional diversity of the
proteome by the covalent addition of functional groups or proteins, proteolytic cleavage of
regulatory subunits, or degradation of entire proteins. These modifications, which include
phosphorylation, glycosylation, ubiquitination, nitrosylation, methylation, acetylation,
lipidation, and proteolysis, influence almost all aspects of normal cell biology and
pathogenesis [43]. A variety of PTMs can regulate the catalytic activity of PKM2 (Fig.2).
PKM2 can be directly phosphorylated by fibroblast growth factor receptor type 1 at tyrosine
105. PKM2 Y105 phosphorylation inhibits the formation of active, tetrameric PKM2 by
disrupting the binding of cofactor FBP and thus suppressing PKM2 activity. Expression of
PKM2 Y105F mutant resistant to phosphorylation in cancer cells impairs cell proliferation
and tumorigenesis [44]. Protein acetylation is another modification commonly used in
regulating many cellular processes, including metabolic pathway. Most intermediate
metabolic enzymes are acetylated and regulated by acetylation [45]. PKM2 is acetylated at
lysine 305 under high glucose concentration [46]. Acetylated PKM2 with reduced activity
interacts with HSC70 (a chaperone for chaperone-mediated autophagy), which leads to its
lysosomal-dependent degradation. Overexpression of acetylation-mimetic PKM2 K305Q
mutant increases levels of glycolytic intermediates and promotes cell proliferation and
tumorigenesis.

PKM2 is also involved in the removal of excessive intracellular reactive oxygen species
(ROS) [47]. High concentrations of ROS can damage cellular components and compromise
cell viability [48]. Controlling intracellular ROS concentrations is therefore critical for cell
proliferation and survival. Acute increases in intracellular ROS inhibit PKM2 activity
through oxidation of PKM2 cysteine 358, which diverts glucose flux to the pentose
phosphate pathway and thus generates reducing potential sufficient to detoxify ROS. Lung
cancer cells in which oxidation-resistant PKM2 C358S mutant is expressed exhibit increased
sensitivity to oxidative stress and impaired tumor formation [47].

4. Protein kinase activity of PKM2
In addition to functioning cytosolically as a glycolytic enzyme, PKM2 functions as a protein
kinase. Upon EGFR activation, nuclear PKM2 binds to c-Src -phosphorylated -catenin at
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Y333 and enhances transcriptional activity of -catenin, thereby promoting expression of its
downstream gene CCND1 (encoding cyclin D1) and MYC [39]. Intriguingly, a catalytically
inactive PKM2 mutant translocates to the nucleus and binds to -catenin but fails to induce
cyclin D1 expression. A recent study by Yang et al.[49] has demonstrated that PKM2
directly binds to histone H3 and phosphorylates it at threonine 11 upon EGFR activation.
This phosphorylation, which uses PEP as a phosphate donor, is required for the dissociation
of HDAC3 from CCND1 and MYC promoters and for subsequent acetylation of histone H3
at lysine 9. PKM2-dependent histone H3 modifications are essential for EGF-promoted gene
expression as well as for cell proliferation and tumorigenesis [49; 50]. Like histone H3,
STAT3 is a substrate for PKM2 kinase activity. Nuclear PKM2 phosphorylates STAT3 at
tyrosine 705 and activates MEK5 transcription [51]. These results suggest PKM2 can
function as a dual-specificity kinase like MEK/MAP2K and GSK3, which belong to Ser/Thr
kinase groups, but can also phosphorylate on tyrosine. Kinases use many different
mechanisms to phosphorylate their proper substrates selectively to maintain the specificity
that is observed in signaling pathways. Ser/Thr or Tyr specificity is determined by the
structure of the catalytic cleft of the kinase and local interactions between the kinase cleft
and the substrate phosphorylation site [52]. In vitro kinase assay of these studies showed that
the bacterial purified PKM2 most as tetramer can phosphorylate Histone H3 at Thr 11,
whereas PKM2 R399E mutant constantly as dimer presents much higher phosphorylation of
Stat3 at Tyr705 than PKM2 WT [49; 51]. This suggests that PKM2 confirmation may
contribute to its specificity. Of course, different structure of substrate phosphorylation sites
may also be an important factor that affects its specificity. The gel filtration chromatography
suggested that nuclear PKM2 was completely dimer, while the cytoplasmic PKM2 existed in
both dimer and tetramer [51]. Given the fact that tetrameric PKM2 has protein kinase
activity towards Histone H3 at least in vitro assay and high abundance of PEP in cytosol, it
is reasonable to hypothesize that PKM2 might also function as a protein kinase outside of
nucleus, which remains to be further identified. Together, these reports highlight the role of
PKM2 as a protein kinase in the regulation of gene expression and tumorigenesis.

5. Regulation of nuclear localization of PKM2
As a glycolytic enzyme, PKM2 predominantly localizes in cytosol. However, PKM2 has
also been shown to translocate to the nucleus under certain circumstances. In Cos-7 cells,
nuclear translocation of PKM2 can be triggered by different apoptotic agents, such as UV
and H2O2. Expression of the fusion protein of PKM2 with SV40 large T-antigen nuclear
localization signal (NLS) induces caspase-independent cell death [53]. Conversely,
interleukin-3-induced nuclear translocation of PKM2 is required for Jak2-dependent cell
proliferation [54]. Furthermore, PKM2 was reported to interact with SUMO-E3 ligase
PIAS3, the interaction is required for sumoylation and nuclear translocation of PKM2 [55].
These evidences indicate that PKM2 can translocate into the nucleus. However, the
mechanisms of nuclear translocation of PKM2 and whether this translocation is unique to
PKM2 were not answered until recently in a report by Yang et al. (Fig.3) [34]. Upon EGFR
activation, the docking groove of extracellular signal-regulated kinase 2 (ERK2) binds to
PKM2 in a region encoded by exon 10. PKM2 (not PKM1) is phosphorylated at serine 37 by
ERK2. Phosphorylated PKM2 recruits peptidyl-prolylcis-trans isomerase NIMA-interacting
1 (PIN1) for cis-trans isomerization of PKM2. Isomerization of PKM2 exposes the NLS
sequence located in a region encoded by exon 10 of PKM. This exposure promotes the
association of importin 5 with PKM2 and nuclear translocation of PKM2. In the nucleus,
PKM2 coactivates -catenin to induce c-Myc expression, resulting in upregulation of GLUT1
and LDHA and, in a positive feedback loop, PTB-dependent PKM2 expression. Expression
of PKM2 S37A, which fails to translocate to the nucleus, impairs EGFR-promoted Warburg
effect and brain tumor development. These findings explain why PKM2, but not its alternate
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splicing form PKM1, is instrumental for growth factor-induced Warburg effect, gene
expression, and tumorigenesis.

6. Therapeutic effects of PKM2 modulation
High expression of PKM2 in most of cancers made it an attractive target for cancer therapy.
Depletion of PKM2 leads to apoptosis or sensitize tumor cells to chemotherapy [56; 57].
Hence, it is reasonable to propose that inhibition of PKM2 slows down tumor growth or
even kills tumor cells. This was supported by the use of specific PKM2 inhibitors, which
showed inhibitory effects on cancer cell growth and survival [28; 58]. Shikonin, a
component of a Chinese herbal medicine was recently reported to inhibit PKM2 and induce
cell death. [59]. A clinical trial with a potential PKM2 inhibitor was even initiated to
evaluate the clinical significance of PKM2 inhibition [60].

However, this strategy became controversial recently since the finding that inhibition of
PKM2 by many post-translational modifications could support cancer cell proliferation [44;
46]. Furthermore, replacing less active PKM2 with constitutively active PKM1 effectively
attenuates cancer cell proliferation in vivo and in vitro [61]. These results suggest that high
pyruvate kinase activity may suppress tumor growth by diverting glycolytic intermediates
from anabolic processes to energy production. This was further supported by the finding that
exposure to small-molecule PKM2 activators inhibits the growth of xenograft tumors.
Afterwards, several PKM2 –specific activators were developed. Like FBP, the natural
activator of PKM2, these molecules increase the affinity of PKM2 for PEP [62; 63; 64].

More recently, discovery of the nuclear functions of PKM2, especially its protein kinase
activity, made the strategies targeting PKM2 more diverse. PKM2 nuclear functions
contribute to cell proliferation. These activities can be separate or complementary to the
well-described cytoplasmic role of PKM2 as the gatekeeper of glycolysis and metabolic flux
distribution [65]. Therefore, inhibition of PKM2 nuclear functions provides a new approach
to treat cancer. Protein kinase activity of PKM2 is the major nuclear function of PKM2 by
far. It has been recently reported that the pyruvate kinase and protein kinase activities of
PKM2 could be reciprocally regulated by growth signals [66]. Growth factor stimulations
significantly increase the dimer/tetramer PKM2 ratio in cells and consequently activate the
protein kinase activity of PKM2 and promote tumor growth [51]. They found PKM2 dimer
has higher protein kinase activity than the tetramer, whereas the tetramer has higher
pyruvate kinase activity. Based on this study, only those activators of PKM2, who can force
PKM2 tetramer formation, could inhibit PKM2 protein kinase activity as well as activate its
pyruvate kinase activity, and thereby inhibit tumor cell proliferation by two-pronged ways.
However, one critical question needs to be answered before that. Is the catalytic domain of
PKM2 protein kinase activity the same as that of its pyruvate kinase activity? If they share
the same catalytic domain, the previously developed PKM2 inhibitors may also inhibit its
protein kinase activity. If not, new inhibitors targeting PKM2 protein kinase activity need to
be further developed in future. The exact catalytic domain of PKM2 protein kinase activity
remains to be clarified. It is also important to identify the conditions in which inhibiting or
activating PKM2 would inhibit tumor growth.

7. Conclusions
Mutations in oncogenes and tumor suppressor genes cause alterations to multiple
intracellular signaling pathways. These alterations reengineer tumor cell metabolism to
allow enhanced survival and growth. PKM2, a key enzyme controlling the rate-limiting step
of glycolysis, has been demonstrated to play a central role in metabolic reprogramming
during cancer progression. Tumor cells have multiple ways to regulate PKM2 that are
favorable to cell growth and survival, including PKM2 expression, localization, post-
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translational modification, and allosteric regulation. PKM2’s newly characterized non-
metabolic functions as a transcriptional coactivator and protein kinase (especially as a
histone kinase globally regulating histone phosphorylation and acetylation) endow it with
the ability to regulate gene expression, cell cycle progression, and metabolism in a feedback
loop. All of these findings reflect the great complexity of PKM2 regulation and PKM2’s role
as a gatekeeper for both metabolism and cell cycle progression in cancer cells. This
gatekeeper role makes PKM2 an attractive target for cancer treatment.
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Fig.1.
Regulation of PKM transcription.
(A) PKM promoter activity is activated by transcription factor SP1 and inhibited by SP3.
(B) PKM2 hydroxylated by PHD3 interacts directly with HIF1, which increases
transcriptional activity of HIF1 and promotes recruitments of p300 to the PKM promoter.
(C) Monoubiquitylated PKC interacts with NEMO and recruits the IKK complex, leading to
phosphorylation of IKK. IKK -activated RelA/p50, which is associated with HIF1, binds to
the PKM promoter and initiates the transcription of PKM2.
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Fig.2.
Regulation of glycolytic activity of PKM2.
PKM2 glycolytic activity can be regulated by not only metabolic intermediates, but also
post-translational modification of PKM2 induced by different stimuli.
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Fig.3.
A model of EGF-induced nuclear translocation of PKM2 and PKM2-promoted Warburg
effect.
Upon EGF receptor activation, PKM2 is phosphorylated by ERK2 at S37. PIN1 binds to and
isomerizes phosphorylated PKM2, resulting in the recruitment of importin 5 and
translocation of PKM2 into the nucleus. Nuclear PKM2 binds to -catenin and enhances c-
Myc expression, which subsequently increases the expression of GLUT1, LDHA, PTB and
PKM2 itself, thereby promoting the Warburg effect and tumorigenesis.
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