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Abstract

activity.

Pyruvate kinase is a terminal enzyme in the glycolytic pathway, where it catalyzes the conversion of phospho-
enolpyruvate to pyruvate and production of ATP via substrate level phosphorylation. PKM2 is one of four isoforms of
pyruvate kinase and is widely expressed in many types of tumors and associated with tumorigenesis. In addition to
pyruvate kinase activity involving the metabolic pathway, increasing evidence demonstrates that PKM2 exerts a non-
metabolic function in cancers. PKM2 has been shown to be translocated into nucleus, where it serves as a protein
kinase to phosphorylate various protein targets and contribute to multiple physiopathological processes. We discuss
the nuclear localization of PKM2, its protein kinase function and association with cancers, and regulation of PKM2
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Background

Glycolysis is an important process of glucose degrada-
tion in which a glucose is broken down into two pyru-
vates. The basic metabolic function of pyruvate kinase
(PK) in the glycolytic pathway is to catalyze the final
step, in which a phosphate group in phosphoenolpyru-
vate (PEP) is transferred to ADP, yielding pyruvate and
ATP [1]. Pyruvate kinase has four different tissue-spe-
cific isozymes in animals, PKL, PKR, PKM1, and PKM2.
The L and R isozymes are expressed in the liver (L) and
red blood cells (R), whereas PKM2 is expressed in early
embryonic cells and other proliferating cells, and PKM1
is expressed in the brain, skeletal muscle, and heart
which need high energy [2]. Pyruvate kinase L and R are
encoded by the PKLR gene, and PKM1 and PKM2 are
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transcribed from the PKM gene via alternative splicing.
PKM2 possesses the PKM2-specific exon 10 and lacks
the PKM1-specific exon 9. The splicing process is regu-
lated by splicing factors of the heterogeneous nuclear
ribonucleoprotein A1 (hnRNPA1) and A2 (hnRNPA2)
and polypyrimidine tract binding protein (PTB) [3]. The
expression of these splicing factors is induced by tran-
scription factor c-Myc and correlated with PKM2 level in
tumors [3].

Pyruvate kinase can be present as a tetrameric or a
dimeric form. The tetrameric structure is an active form
with high binding affinity to PEP, while the dimeric form
is less active with low binding affinity to PEP. The sin-
gle exon difference between PKM1 and PKM2 leads to
important function distinctions. PKM1 constitutively
oligomerizes to a tetramer under physiological condi-
tions, while PKM2 may be present as dimer or tetramer
depending on the corresponding regulators. PKM1 and
PKM?2 are subject to differential allosteric regulation and
covalent modification. Fructose-1,6-bisphosphate (FBP),
a glycolytic intermediate, preferentially binds to PKM2,
but not PKM1, and consequently increases the affinity of
PKM2 to PEP [4]. In addition to FBP, many other metab-
olites [5], amino acids [6], and small molecules [7-9] are
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involved in the regulation of PKM2 activity. The binding
of small molecule PKM2 activators to PKM2 promotes
tetramer formation, constitutively activating PKM2 and
suppressing tumorigenesis [8]. Post-translational modifi-
cation of PKM2 such as through phosphorylation, acety-
lation, or oxidation facilitates the low activity of dimeric
PKM2 [10]. Thus, pyruvate kinase activity can be regu-
lated by altering its conformation. Constitutive activity
of a tetramer such as PKM1 allows it to serve as pyru-
vate kinase in cytosol, favoring the glycolytic process and
energy generation, while the less active dimeric PKM2
promotes the accumulation of glycolytic intermediates
and subsequent biosynthesis in tumor cells. Importantly,
the PKM2 dimer can be imported to the nucleus and
function as a protein kinase [11].

Evidence supports a potential role of PKM2 in tumo-
rigenesis. As an embryonic isoform, PKM2 is reactivated
in tumors and overexpressed in multiple cancer types
[12-15]. The alteration in PKM2 activity is related to cel-
lular proliferation and tumor growth [8, 15, 16]. The dele-
tion of PKM2 in normal cells results in the expression
of PKM1 and induces proliferation arrest by impairing
nucleotide production and subsequent DNA synthesis
[2]. A switch from PKM1 to PKM2 has been detected
in various cancers, and a reverse isoform switch from
PKM2 to PKM1 has been found to inhibit aerobic gly-
colysis and reduce tumorigenesis in a nude mouse xeno-
graft model [13, 14]. The oncogenic transcription factor
c-Myc induces transcription of splicing factors to ensure
PKM2 expression required for cancer cell proliferation
and metabolism [3]. Protein kinase B (AKT2) induces
expression of PKM2 and PKM2-mediated STAT3 up-reg-
ulation and NF-kB activation facilitates invasion of can-
cer cells and tumor metastasis in nude mice [17]. PKM2
also induces tumor angiogenesis through activation of
NF-«B and HIF-1a [18].

Non-metabolic function of PKM2

Independent of its pyruvate kinase activity, PKM2 exerts
non-metabolic functions such as protein kinase activity
and transcriptional co-activation (Fig. 1). PKM2 has been
observed to transfer to the nucleus, phosphorylate pro-
tein histone, and activate gene transcription, acting non-
metabolic functions in cancer cells [18—21]. For example,
epidermal growth factor receptor (EGFR) signaling pro-
motes transfer of PKM2 into the nucleus, and the nuclear
PKM2 binds to phosphorylated-Tyr333 of f-catenin [19].
The complex of PKM2/B-catenin is recruited to the pro-
moter of CCND1, which encodes for cyclin D1, leading
to cyclin D1 expression and consequently promoting
tumor development and tumor cell proliferation [19].
Evidence supports a non-metabolic function of PKM2 in
EGFR-induced tumorigenesis [19, 22].
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Fig. 1 Metabolic and non-metabolic nuclear function of PKM2.
PKM2 was originally known to serve as a pyruvate kinase in the
glycolytic pathway, where it transferred a phosphate group from
phosphoenolpyruvate to ADP, producing pyruvate and ATP. In
addition to this so-called metabolic function, increasing evidence
demonstrates that PKM2 can function as a protein kinase to
phosphorylate a variety of protein targets and be involved in multiple
physiopathological processes

The non-metabolic functions of PKM2 contribute to
multiple processes of tumor pathology. In addition to
tumor development, PKM2 is involved in regulation of
the Warburg effect (Fig. 2) [23], cancer metastasis [24],
epithelial mesenchymal transition (EMT) [25-27], gene
expression [20], mitosis [28, 29], cellular proliferation [30,
31], apoptosis [32], DNA damage response [33], and exo-
some secretion [34] (see discussion below). PKM2 also
interacts with some tyrosine kinases, acting as a signal-
ing regulator in the cytoplasm. Cytosolic PKM2 interacts
with mutant EGFR and HSP90, and consequently stabi-
lizes EGFR [35]. This may contribute to EGFR-depend-
ent tumorigenesis and drug resistance to EGFR tyrosine
kinase inhibitor. Interaction of Src kinase and PKM2 is
potentially associated to the metastasis of liver cancer
[36]. In addition, PKM2 may serve as an epigenetic mod-
ulator by blocking nucleosome repositioning in chroma-
tin via blockade of the Chromodomain Helicase DNA
binding protein-7 mediated sliding of nucleosome [37].

Roles of PKM2 in cancer

PKM2 is involved in many pathological processes of
numerous tumor types such as gastrointestinal cancer,
hepatocellular carcinoma and lung cancer. PKM2 can
promote tumor growth, metastasis and chemo-resist-
ance by directly regulating tumor cell metabolism as
an enzyme or regulating different signaling pathways
as a nuclear transcription cofactor [38, 39]. For exam-
ple, PKM2 promotes tumor growth and suppresses cell



Chen et al. Cancer Cell Int (2020) 20:523

Page 3 of 11

EGFR @

e
s

Warburg effect >

Cancer metastasis <

Cytoplasm

Nucleus

EMT

Fig. 2 A schematic diagram illustrating the regulation of PKM2 on the Warburg effect, cancer metastasis and EMT. a Proposed mechanism of
PKM2-regulated the Warburg effect. EGFR engagement facilitates PKM2 nuclear translocation. Nuclear PKM2 serves as a coactivator of 3-catenin
to activate expression of c-Myc, leading to the up-regulation of GLUT1, LDHA and PTB-dependent PKM2 expression. These glycolytic enzymes
promote the Warburg effect. b PKM2 promotes cancer invasion and metastasis. Nuclear PKM2 interacts directly with and phosphorylates PAK2, a
serine—threonine kinase with a major role in regulating cell mobility. The phosphorylation stabilizes PAK2 by facilitating HSP90 association to PAK2
and thus prevents ubiquitination and proteasomal degradation of PAK2, which increase the cell invasion ability and promote tumor metastasis.

¢ PKM2 regulates EMT. Nuclear PKM2 dimer binds to TGIF2 and promotes its degradation through ubiquitin-proteasome system. This facilitates the
recruitment of HDAC3 to the CDH1 promoter, which subsequently deacetylates histone H3 and inhibits CDH1 transcription. Down-regulation of
E-cadherin expression induces EMT and promotes tumor cell invasion and metastasis COH1, E-cadherin; EMT, epithelial mesenchymal transition;
GLUT1: glucose transporter 1; HDAC3: histone deacetylase 3; HSP90: heat shock protein 90; LDHA: lactate dehydrogenase A; PAK2: p21 protein
activated kinase 2; PTB: polypyrimidine tract binding protein; TGIF2: TGF-B-induced factor homeobox 2

apoptosis through regulating Bcl-xL transcription in
gastric cancer cells [40] or regulating NF-«kB/p65 and
HIF-1a activation [18] and mitogen-activated protein
kinases (MAPKSs) [41] in pancreatic tumor cells. PKM2-
mediated EMT is critical for colon cancer cells to acquire
the invasive potential. EMT stimulation induces direct
interaction of nuclear PKM2 with TGF-p-induced factor
homeobox 2 (TGIF2), which recruits histone deacetylase
3 to the E-cadherin promoter, leading to deacetylation of
histone H3 and suppression of E-cadherin transcription
[26]. PKM2 also enhances tumor cell chemo-resistance
[42-44]. Increase of PKM2 production by alternative
splicing promotes gemcitabine resistance in pancre-
atic cancer cells [45]. PKM2 modulates the sensitivity of
colorectal cancer cells to gefitinib through up-regulation
of STAT3 activation [42]. miR-122 targets PKM2 in the

colon cancer cells, and forced expression of miR-122 re-
sensitizes 5-fluorouracil (5-FU)-resistant cells to 5-FU
by inhibiting PKM2 [43]. Silencing PKM2 and kidney-
type glutaminase expression significantly reverses the
resistance of colorectal cancer cells to oxaliplatin [46].
Inhibition of PKM2 in esophageal squamous cell carci-
noma cells significantly decreases cisplatin resistance
and increases apoptosis by inactivating the pentose phos-
phate pathway [47].

High PKM2 expression is significantly associated with
reduced overall survival in hepatocellular carcinoma [48].
PKM2 promotes metastasis of hepatocellular carcinoma
by recruiting myeloid-derived suppressor cells [49]. Cir-
cular RNA MAT2B promotes hepatocellular carcinoma
progression by enhanced glycolysis through activating
the circMAT2B/miR-338-3p/PKM2 axis under hypoxia



Chen et al. Cancer Cell Int (2020) 20:523

[50]. PKM2 nuclear translocation and activation is
required for the aerobic glycolysis-driven hepatocarcino-
genesis [51]. The m6A demethylase-mediated demethyla-
tion of PKM2 mRNA promotes hepatocellular carcinoma
tumorigenesis [52]. In addition, knockdown of PKM2 in
lung cancer suppresses tumor growth and invasion [53]
and enhances the efficacy of docetaxel [54] and radiosen-
sitivity [55]. Pharmacologic activation of PKM2 by small
molecules reduces lung tumor xenograft growth [56].

Nuclear localization of PKM2
Glycolysis takes place in the cytosol, where the involved
enzymes activate their substrates and catalyze corre-
sponding reactions. The PKM2-specific exon 10 encodes
a nuclear localization signal (NLS), facilitating PKM2
import into the nucleus [23]. PKM2 was first reported
in the nuclear extracts of tumors in 1988 [57], and many
factors have been found to facilitate its translocation
into the nucleus [58, 59]. Post-translational modification
and conformation change are requirements for PKM2
nuclear translocation (Fig. 3). For example, EGFR sign-
aling activates ERK1/2, which binds to PKM2 Ile429/
Leu431 and phosphorylates PKM2 at Ser37 [23]. The
PKM2 Ser37 phosphorylation recruits protein interact-
ing with never in mitosis A-1 (PIN1) binding to PKM2.
PIN1, a peptidyl-proline isomerase, specifically promotes
cis-trans isomerization of the pSer37-Pro38 bond within
PKM2. PIN1-dependent conformation change promotes
the conversion of PKM2 tetramer to PKM2 monomer
and exposes the PKM2 NLS for binding to importin a5,
inducing PKM2 entrance to the nucleus [23, 60]. Impor-
tin o5 functions as an adaptor, facilitating the transloca-
tion of NLS-containing proteins through the nuclear
membrane. Mutation of PKM2 Ser37 does not affect its
pyruvate kinase activity but blocks its translocation into
the nucleus as well as the EGF-induced Warburg effect
and tumor development [23]. Phosphorylation of PKM2
at Thr454 has also been reported to facilitate its nuclear
translocation and promote xenograft tumor growth [61].
Acetylation of PKM2 at Lys433 suppresses binding of
FBP to PKM2 and the conversion of monomer or dimer
to tetrameric form and enhances PKM2 nuclear import
and protein kinase activity [62]. The shift of PKM2 from
a metabolic enzyme in cytoplasm to a nuclear protein
kinase potentiates cell proliferation and tumorigenesis.
In contrast, SIRTS6, a sirtuin family deacetylase, binds to
and deacetylates nuclear PKM2 at Lys433, and SIRT6-
mediated deacetylation facilitates export of nuclear
PKM?2 via exportin 4 transporter [63]. PKM2 deacetyla-
tion abolishes its nuclear protein kinase and transcrip-
tion coactivator activities, leading to suppression of its
nuclear oncogenic function and consequent tumor sup-
pression and metastasis inhibition. KDMS, a histone
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Fig. 3 The proposed mechanism of PKM2 nuclear localization. PKM2
can be phosphorylated at Ser37 by ERK1/2 upon EGFR stimulation

or acetylated at Lys433 by p300acetyltransferase. The conformation
changes in response to post-translational modification favor the
monomeric isoform of PKM2 and expose its nuclear localization
signal, leading to nuclear localization. KDMS8, a histone lysine
demethylase, binds to PKM2, blocking PKM2 tetramer formation and
promoting its nuclear translocation. Nuclear PKM2 serves as a protein
kinase to phosphorylate histone H3 and transcription factor such as
STAT3 or acts as a transcription coactivator to regulate the expression
of glycolytic genes and other genes responsible for cell proliferation
and tumor growth

lysine demethylase, binds directly to the interface area
of PKM2 subunits, retarding PKM2 tetramer forma-
tion and promoting its nuclear translocation, where the
KDM8/PKM2 complex acts as a coactivator of HIF-1a
to induce the expression of glycolytic genes [64, 65].
The data suggest that PKM2 may enter the nucleus as a
monomer. In addition, PIAS3-mediated SUMOylation
of PKM2 enhances nuclear localization of PKM2, and
overexpression of PIAS3 leads to the nuclear co-locali-
zation of PKM2 with PIAS3 [66].

The poly-ADP-ribose (PAR) signal and PAR polymer-
ase play a role in base excision repair and are associ-
ated with tumorigenesis. Upon EGF stimulation, PKM2
enters the nucleus and binds to PAR [67]. The disrup-
tion of PKM2/PAR interaction via inhibition of PAR
production or PKM2 mutation interferes with PKM2
nuclear retention and inhibits nuclear PKM2-mediated
glycolysis and tumor growth, suggesting that PAR plays
an important role in nuclear location and function of
PKM2.
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Nuclear PKM2 can serve as a transcriptional coac-
tivator in cancer cells and contribute to the Warburg
effect and tumorigenesis [23, 61, 62]. For example,
nuclear PKM2 is a coactivator of -catenin [23, 68].
Upon translocation into the nucleus, PKM2 is dephos-
phorylated at Ser37 through interaction with phos-
phorylated phosphatase Cdc25A at Tyr59, mediated
by c-Src upon EGFR activation [68]. Dephosphoryla-
tion of PKM2 enhances PKM2-dependent (-catenin
activity and c-Myc-mediated expression of the several
glycolytic genes, facilitating the Warburg effect and
tumorigenesis [68]. Deficiency of nuclear translocation
in mutant PKM2 Ser37 inhibits the EGFR-mediated
Warburg effect and tumor development in mice. PKM2
has been found to bind to nuclear HIF-1a, inducing
the expression of LDHA, PDK1I, and SLC2A1 and pro-
motes the metabolic switch from oxidative phospho-
rylation to glycolysis [69]. The prolyl hydroxylation of
PKM2, but not PKM2 enzyme activity, is required for
HIF-1-mediated transactivation in tumor cells [69].
Nuclear PKM2 has been identified as a coactivator of
the transcription factor STAT5a, inducing cyclin D1
expression [70]. In addition, PKM2 has been found to
bind to transcription factor Oct4, a critical regulator
of stem cells, and modulate Oct4-mediated transcrip-
tion, implicated in tumor cell growth and differentia-
tion through the regulation of tumor cell stemness [21,
71].

Table 1 Select reported protein substrates of PKM2
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Protein kinase function of PKM2

PKM2-mediated gene transcription regulation may rely
on its protein kinase activity that phosphorylates his-
tones, transcription factors, and other signal molecules
(Table 1). PKM2 acts as protein kinase with dual-speci-
ficity, phosphorylating both Ser/Thr and Tyr residues in
protein substrates. Upon EGFR activation, PKM2 binds
to histone H3 and acts as a protein kinase to phospho-
rylate H3 at Thr11 [30], an effect confirmed in yeast [72].
PKM2-dependent H3 phosphorylation facilitates the
dissociation of histone deacetylase 3 from CCND1 and
MYC promoters, resulting in subsequent acetylation of
H3 at Lys9 and EGF-induced cyclin D1 and c-Myc tran-
scription, which promotes cyclin D1-dependent cell cycle
progression and tumorigenesis [30]. c-Myc expression
upregulates the GLUT1, PKM2, and LDHA, and nuclear
PKM2-mediated upregulation of these glycolytic proteins
facilitates the Warburg effect and tumorigenesis [23].
This suggests a function of PKM2 as a protein kinase
in its epigenetic control of gene expression and tumor
development [23, 30].

PKM2 can also directly phosphorylate transcrip-
tion factor and regulate its transactivation activity [20].
Nuclear PKM2 has been demonstrated to phosphoryl-
ate STAT3 at Tyr705 using a phosphate group from
PEP, subsequently activating transcription of MEK5
[20, 73] and HIF-1a [15]. The interaction of polypyrimi-
dine tract-binding protein (PTBP1) and PKM2 facili-
tates phosphorylation of STAT3 Tyr705 and promotes
oncogenesis in lymphoma [74]. PKM2-mediated STAT3

Substrates Amino acids Functions Reference

AKT1S1 Ser202, Ser203 mTORC1 signaling He etal. [77]

Bcl2 Thr69 Apoptosis Liang et al. [32]

Bub3 Tyr207 Cell cycle Jiang et al. [28]

Histone H1 Ignacak and Stachurska [107]
Histone H3 Thr11 Gene transcription Yang et al.[12]

Histone H2AX Ser139 Genomic instability Xia etal. [33]

MLC2 Tyr118 Cell cycle Jiang etal. [29]

PAK2 Ser20, Ser141, Ser192, Ser197  Tumor invasion, metastasis Cheng et al. [24]

SNAP-23 Ser95 Exosome release Wei et al. [34]

STAT3 Tyr705, Thr454 Nuclear translocation, gene transcription ~ Gao et al. [20]; Yu et al. [61]

Interacting-partners when PKM2 serves as a transcription coactivator
f3-catenin
HIF-1a
Oct4
STAT5a

Yang et al. [19]; Yang et al. [23]; Liang et al. [68]
Luo et al. [69]

Lee et al. [71]; Morfouace et al. [21]

Park et al. [70]

AKT1S1, AKT1 substrate 1; Bcl-2, B-cell lymphoma 2; Bub3, spindle checkpoint protein; HIF-1a, hypoxia inducible factors-1 alpha; MLC2, myosin light chain 2; Oct4,
octamer-binding transcription factor 4; PAK2, p21-activated kinase 2; SNAP-23, synaptosome-associated protein 23; STAT: signal transducers and activators of

transcription
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phosphorylation promotes progression of esophagus
cancer via TGF-f1-mediated EMT [75]. A PKM2 mutant
predominantly expressed as a dimer enhances cell prolif-
eration, and the level of nuclear PKM2 is associated with
cell proliferation, indicating an effect of PKM2 protein
kinase activity on cell proliferation. Lipopolysaccharide
facilitates PKM2 binding to the STAT3 promoter, subse-
quently promoting STAT3 transcription and its nuclear
translocation and inducing pro-inflammatory cytokine
secretion and cell proliferation in colorectal cancer
[31]. Knockdown of STAT3 decreases PKM2-mediated
inflammatory cytokine TNF-a and IL-1f expression that
is dependent on PKM2 protein kinase activity but not
pyruvate kinase activity. PKM2-mediated STAT3 nuclear
translocation and the dimeric form of PKM2 showing
protein kinase activity are also essential for colorectal
cancer cell migration and adhesion [76]. The activation
of STAT3 by nuclear PKM2 reduces the sensitivity of
colorectal cancer cells to tyrosine kinase inhibitor of the
EGER pathway [42].

PKM2 can phosphorylate several key molecules asso-
ciated with cell division and regulate cell cycle progres-
sion. In addition to being a histone kinase upregulating
the expression of cyclin D1 promoting cell cycle progres-
sion described above [19, 30, 60], PKM2 binds to and
phosphorylates Bub3 at Tyr207 during mitosis [28]. Bub3
is a spindle checkpoint protein, and its phosphorylation
is essential for accurate chromosome segregation, pro-
liferation of cancer cells, and active EGFR-induced brain
tumorigenesis. Upon phosphorylation of PKM2 Thr45 by
Aurora B, it binds to myosin light chain 2 (MLC2) in the
contractile ring region of mitotic cells and, in turn, phos-
phorylates MLC2 at Tyr118 [29]. MLC2 phosphorylation
induces the binding of Rho-associated protein kinase 2
(ROCK2) to MLC2 and the subsequent ROCK2-medi-
ated phosphorylation of MLC2 at Serl5. PKM2-induced
MLC2 phosphorylation is essential for cytokinesis and
cell division as well as cancer cell proliferation and cancer
development, highlighting the importance of PKM2 pro-
tein kinase function in oncogene-regulated cytokinesis
and tumorigenesis [29].

PKM2 protein kinase activity can phosphorylate other
signal molecules and be involved in multiple pathologi-
cal processes in tumors. PKM2 phosphorylates mTORC1
inhibitor AKT1 substrate 1 (AKT1S1) at Ser202/203,
and PKM2-induced AKT1S1 phosphorylation promotes
PKM2 binding to 14-3-3, activating mTORCI1 signaling
and accelerating oncogenic growth in cancer cells [77].
PKM?2 directly phosphorylates the p21-activated kinase
2 (PAK2) at four Ser residues and enhances PAK2 sta-
bility through PAK2 phosphorylation-induced HSP90
binding, facilitating the metastasis of pancreatic ductal
adenocarcinoma [24]. Nuclear PKM2 binds to histone
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H2AX under conditions of DNA damage and phospho-
rylates H2AX at Ser139 [33]. Mutation of PKM2 kinase
activity results in reduced cell proliferation and chromo-
some aberrations under conditions of DNA damage, sug-
gesting that PKM2-mediated phosphorylation of H2AX
increases genomic instability in cancer cells. PKM2
functions as a protein kinase to phosphorylate synapto-
some-associated protein 23 (SNAP-23) at Ser95, which
promotes exosomes release [34]. Mutation of SNAP-
23 Ser95 impairs PKM2-induced tumor cell exosome
release, suggesting a non-metabolic role of PKM2 in reg-
ulating tumor microenvironments via inducing exosome
release. In addition, PKM2 can translocate to the outer
mitochondrial membrane in response to oxidative stress,
where it binds to and phosphorylates Bcl2 at Thr69 [32].
Phosphorylation of Bcl2 interferes with the binding of E3
ligase to Bcl2 and stabilizes Bcl2, inhibiting the apoptosis
triggered by oxidative stress.

Regulation of PKM2 activity

Activity of PKM2 can be modulated by covalent modi-
fication and allosteric regulation. As a protein kinase,
PKM2 itself can be regulated by phosphorylation [78].
As mentioned, activated ERK1/2 phosphorylates PKM2
at Ser37, which promotes its nuclear translocation
[23]. It has been found that PKM2 Tyr105 is frequently
phosphorylated in human tumor response to fibroblast
growth factor receptor signal [79]. Phosphorylation of
PKM2 Tyr105 disrupts binding of FBP and prevents the
formation of active, PKM2 tetramer. Tyr105 substitution
has demonstrated that phosphorylation of PKM2 Tyr105
enhances the Warburg effect and tumor growth in xen-
ografts in nude mice [79]. Phosphorylation of PKM2
Tyr105 by oncogenic kinases induces cancer stem-like
cells and promotes tumorigenesis in breast cancer cells
[80]. Centromere protein F, a microtubule binding pro-
tein involved in the chromosomal segregation during
mitosis, rewires cancer metabolism through regulating
PKM2 phosphorylation [81]. HSP90 induces phosphoryl-
ation of PKM2 at Thr328 via glycogen synthase kinase-3[3
(GSK-3p), which is critical to maintaining PKM2 stability
and potentiating glycolysis and PKM2-mediated hepato-
cellular carcinoma growth [82]. AKT directly interacts
and phosphorylates PKM2 at Ser202, which contributes
to the nuclear import of PKM2 in response to insulin-
like growth factor [70]. Nuclear PKM2 binds to STAT5a,
facilitating the transcriptional activation of STAT5a tar-
get gene cyclin D1 and tumor growth [70]. Phosphoryl-
ated PKM2 easily dimerizes, promoting the release of
exosomes [34]. Proviral insertion in murine lymphomas
2, a protein kinase acting as an oncogene, has been shown
to phosphorylate PKM2 at Thr454, which facilitates the
transcriptional co-activation of HIF-la and [-catenin
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transcription factors to promote non-glycolytic nuclear
function of PKM2 and tumor growth [83].

Several metabolic intermediates are allosteric effectors
of PKM2. Besides FBP, a classic intermediate of the gly-
colytic pathway described above, succinyl-5-aminoimi-
dazole-4-carboxamide-1-ribose-5’-phosphate (SAICAR)
and serine can allosterically activate PKM2 [6, 84, 85].
SAICAR, an intermediate of de novo purine nucleotide
biosynthesis, has been identified as a critical stimulator
of PKM2. SAICAR is an abundant metabolite in pro-
liferating cells, and the binding of SAICAR to PKM2
induces PKM2 protein kinase activity and phosphoryla-
tion of recombinant histone H3 [84]. SAICAR is essen-
tial for PKM2 nuclear localization, H3 phosphorylation,
and c-Myc expression in tumor cells. SAICAR-mediated
activation of PKM2 is critical for sustained prolifera-
tive signaling of cancer cells [84]. Proteomic analysis has
demonstrated that many proteins associated with cell
proliferation are phosphorylated by the PKM2-SAICAR
complex [84]. ERK1/2 was identified as an important
substrate. The PKM2-SAICAR complex phosphorylates
and activates ERK1/2, which phosphorylates PKM2 and
promotes SAICAR binding, forming a positive feedback
regulation loop [84]. Introduction of a SAICAR-insen-
sitive or a non-phosphorylatable PKM2 mutant inhib-
ited the EGF-stimulated ERK activation and consequent
cancer cell proliferation, suggesting SAICAR-induced
PKM2 protein kinase activity is required for EGF-medi-
ated cancer cell proliferation [84]. These findings sug-
gest that PKM2-SAICAR protein kinase activity directly
couples intracellular metabolic status with proliferation
in cancer cells. A PKM2 variant (G415R) derived from
a cancer patient was shown to bind to FBP, but can-
not be activated by FBP, whereas it is activated by SAI-
CAR [86]. Serine has been shown to be a natural ligand
and allosteric effector of PKM2 [6]. PKM2 activity can
be controlled through serine availability. Adequate ser-
ine activates PKM2 completely, enabling the maximum
use of glucose via glycolytic pathway. Serine deprivation
attenuates PKM2 activity, leading to the accumulation of
glycolytic intermediates that feed into serine synthesis to
facilitate cell proliferation [6, 85].

PKM2 as a therapeutic target

Up-regulation of PKM2 is a hallmark of numerous tumor
types, making it a potential therapeutic target [87]. Tar-
geting PKM2 with some small molecules has been used
in the preclinical studies to interfere with tumor growth.
The strategy usually involves down-regulation of PKM2,
blocking the nuclear translocation of PKM2 and promot-
ing the tetrameric state of PKM2. For example, silencing
PKM2 by specific siRNA increases tumor cell apoptosis
and induces tumor regression in xenograft model [88,
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89]. LY294002, a specific phosphatidylinositol-3-kinase
inhibitor, inhibits gastric cancer cell proliferation and
induces early apoptosis through the down-regulation
of PKM2 [90]. Beta-elemene, a drug for complemen-
tary cancer therapy, inhibits breast cancer metastasis via
blocking PKM2 dimerization and nuclear translocation
[91]. As described above, targeting PKM2 also affects the
sensitivity of cancer cells to chemotherapeutics. Knock-
down of PKM2 increases 5-FU efficacy in colorectal can-
cer cells [92] and the sensitive of lung cancer xenograft
to docetaxel [54]. PKM2 knockdown or drug inhibition
makes resistant hepatocellular carcinoma re-sensitize to
doxorubicin and cisplatin [93].

Small molecule PKM2 activators may also interfere
with the metabolism of cancer cells for therapeutic pur-
poses [94]. 2’-hydroxycinnamaldehyde, isolated from
cinnamon, suppresses proliferation of prostate cancer
cells through binding directly to PKM2 and blocking the
phosphorylation of PKM2 at Tyr105. The decrease of the
phosphorylation at Tyr105 inhibits protein kinase activ-
ity of PKM2 and increases its pyruvate kinase activity by
facilitating the tetramer of PKM2, consequently reduc-
ing PKM2-mediated STAT3 phosphorylation and down-
stream target gene expression [95]. Therefore, PKM2
activators have therapeutic potential in the treatment
of cancer [95, 96]. PKM2 activators induce tetrameriza-
tion of two PKM2 dimers, causing PKM2 to function like
PKM1 [96, 97]. Some activators that promote nuclear
translocation of PKM2 and the conversion of PKM2 from
dimer to tetramer or inhibitors that down-regulate the
expression of PKM2 and inhibit the PKM2 activity could
be promising anti-cancer drugs.

Challenges against PKM2 protein kinase activity
and its pro-tumorigenic effects

Although accumulating evidence demonstrates protein
kinase activity of PKM2, the conclusion has recently been
challenged [98-100]. A phosphoproteomic survey has
identified 974 PKM2 substrates in the proteome of renal
cancer [77], but the biochemical evidence of PKM2 pro-
tein kinase activity is still limited. When recombinant
PKM2 and *’P labelled PEP were added to PKM2-defi-
cient cell lysates, neither PKM2-dependent phosphoryla-
tion nor PKM2-dependent transfer of phosphate from
ATP directly to protein were observed [98]. The results
contradict a role of PKM2 as a protein kinase, although
it may result from low levels of target substrate proteins
and 3’P-PEP in the reaction system [98]. In a previous
study, PKM1 and PKM2 were quantified using mass
spectrometry in many cancers and matched controls as
well as cancer cell lines [100]. PKM2 was found to be a
prominent isoform in all cancer and control samples,
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suggesting that PKM2 dominance was not a result of iso-
form switch during cancer formation [100].

The role of PKM2 in tumorigenesis has also been
argued. A transgenic study revealed that PKM2 is not
essential for BRCA1-deficiency-mediated breast cancer
formation [101]. In contrast, PKM2 deficiency without
disrupting PKM1 accelerated breast cancer formation in
a mouse model of BRCA1 deficiency. PKM2 is not nec-
essary for cancer maintenance and growth in vivo [102].
Mice lacking PKM2 are prone to spontaneous develop-
ment of hepatocellular carcinoma due to inflammation
and an imbalance in metabolism [103]. PKM2 absence
did not affect c-Myc-mediated tumorigenesis in the liver,
suggesting that PKM2 or PKM shift is not essential to
facilitate c-Myc-induced tumorigenesis [99]. PKM1 has
been revealed to be expressed in non-proliferating tumor
cells but not in proliferating cells in PKM2 deficient
tumors, suggesting that PKM2 is not required for cell
proliferation and pyruvate kinase activity is necessary for
non-proliferating tumor cells [101]. These data demon-
strated that cells can modify PKM2 activity to meet the
metabolic requirements of proliferating and non-prolif-
erating cancer cells [101].

Discrepancies in results of PKM2 research may pos-
sibly be attributed to different experimental design or
to cellular metabolic status. It has been reported that
knock-down of either PKM isoforms in lung carcinoma
cell lines H1299 and A549 resulted in different pheno-
types, due to deficiency in AMP-activated protein kinase
signaling in A549 cells [104]. Differential regulation of
PKM?2, inactivation or activation, by A-Raf in primary
mouse fibroblasts or immortal NIH3T3 fibroblasts is
reported dependent on metabolic flux of glutamine and
serine [105].

Conclusions
Emerging evidence suggests that some metabolic
enzymes that phosphorylate metabolic intermediates
can also act as protein kinases to phosphorylate various
protein substrates in multiple biological processes [106].
PKM2 is highly expressed in many types of tumors and
dominant expression of the low-activity dimeric isoform
of PKM2 is considered critical for aerobic glycolysis in
tumor cells and tumor growth [104]. PKM2 has been
proposed to exert dual roles in tumor cells: metabolic
functions serving as a pyruvate kinase to control cancer
cell metabolism and non-metabolic function acting as a
protein kinase to regulate gene expression required for
cell proliferation [19]. PKM2 dimer has been suggested
to serve as a protein kinase, while the tetramer acts as a
pyruvate kinase [20].

As described above, the effects of PKM2 in tumorigen-
esis remain controversial. Although the moonlighting
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phenomenon of a metabolic enzyme is not rare in bio-
chemistry, contradictory data on PKM2 protein kinase
activity need to be clarified by providing further solid
biochemical evidence and elucidation of function in vivo.
With respect to this, several important issues are still
unresolved. First, the elucidating the evolutionary origin
of PKM2 protein kinase function may help to charac-
terize the complex PKM2 functions. Secondly, key evi-
dence of the PKM2 protein kinase activity contribution
to tumorigenesis has been produced by research on brain
tumors [12, 19, 23, 30]. Brain mainly obtains energy from
glucose catabolism, and glycolysis is vigorous in brain tis-
sue. Current data does not confirm tumor specificity of
PKM2 activity. Finally, the PKM2-mediated balance of
metabolism and proliferation is required for tumorigen-
esis [19], but underlying mechanisms are not well under-
stood. Although PKM2 may undergo a function shift
according to cellular metabolic status [84], this needs fur-
ther investigation. Furthermore, whether there is cross-
talk between PKM1 and PKM2 is also an open question.
As far as we know, there seems to be no direct evidence
that PKM1 regulates PKM2 function or vice versa. Fully
understanding PKM2 function in cancers will help char-
acterize metabolic reprogramming of tumors, providing
targets for tumor therapy.

Acknowledgements

This study was funded by the National Natural Science Foundation of
China (Nos. 81873711 and 31670788) and Open Fund of Guangdong Key
Laboratory of Pharmaceutical Functional Genes (Nos. 2014B030301028 and
2017B030314021).

Authors’ contributions
XC, SC and DY wrote the review. All authors read and approved the final
manuscript.

Funding

None of the funders of this research had any influence on the design of the
study, the collection, analysis and interpretation of the data, or the writing of
the manuscript.

Availability of data and materials
Not applicable.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 2 November 2019 Accepted: 20 October 2020
Published online: 29 October 2020

References
1. Yul, Chen X, Wang L, Chen S.The sweet trap in tumors: aerobic glyco-
lysis and potential targets for therapy. Oncotarget. 2016;7:38908-26.



Chen et al. Cancer Cell Int

20.

21.

22.

23.

24.

(2020) 20:523

Lunt SY, Muralidhar V, Hosios AM, Israelsen WJ, Gui DY, Newhouse L,

et al. Pyruvate kinase isoform expression alters nucleotide synthesis to
impact cell proliferation. Mol Cell. 2015;57:95-107.

David CJ, Chen M, Assanah M, Canoll P Manley JL. HnRNP proteins con-
trolled by c-Myc deregulate pyruvate kinase mRNA splicing in cancer.
Nature. 2010;463:364-8.

Jurica MS, Mesecar A, Heath PJ, Shi W, Nowak T, Stoddard BL. The
allosteric regulation of pyruvate kinase by fructose-1,6-bisphosphate.
Structure. 1998;6:195-210.

Keller KE, Tan IS, Lee YS. SAICAR stimulates pyruvate kinase isoform M2
and promotes cancer cell survival in glucose-limited conditions. Sci-
ence. 2012;338:1069-72.

Chaneton B, Hillmann P, Zheng L, Martin ACL, Maddocks ODK, Chok-
kathukalam A, et al. Serine is a natural ligand and allosteric activator of
pyruvate kinase M2. Nature, 2012;491:458-62.

Vander Heiden MG, Christofk HR, Schuman E, Subtelny AO, Sharfi H,
Harlow EE, et al. Identification of small molecule inhibitors of pyruvate
kinase M2. Biochem Pharmacol. 2010;79:1118-24.

Anastasiou D, Yu'Y, Israelsen WJ, Jiang JK, Boxer MB, Hong BS, et al. Pyru-
vate kinase M2 activators promote tetramer formation and suppress
tumorigenesis. Nat Chem Biol. 2012;8:839-47.

Palsson-McDermott EM, Curtis AM, Goel G, Lauterbach MA, Sheedy FJ,
Gleeson LE, et al. Pyruvate kinase M2 regulates Hif-1alpha activity and
IL.-1beta induction and is a critical determinant of the warburg effect in
LPS-activated macrophages. Cell Metab. 2015;21:65-80.

Hsu MC, Hung WC. Pyruvate kinase M2 fuels multiple aspects of cancer
cells: from cellular metabolism, transcriptional regulation to extracel-
lular signaling. Mol Cancer. 2018;17:35.

HeY, Gao M, Cao Y, Tang H, Liu S, Tao Y. Nuclear localization of meta-
bolic enzymes in immunity and metastasis. Biochim Biophys Acta.
2017;1868:359-71.

Yang W, Xia Y, CaoY, Zheng Y, BuW, Zhang L, et al. EGFR-induced and
PKCepsilon monoubiquitylation-dependent NF-kappaB activation
upregulates PKM2 expression and promotes tumorigenesis. Mol Cell.
2012;48:771-84.

Desai S, Ding M, Wang B, Lu Z, Zhao Q, Shaw K; et al. Tissue-specific
isoform switch and DNA hypomethylation of the pyruvate kinase PKM
gene in human cancers. Oncotarget. 2014;5:8202-10.

Christofk HR, Vander Heiden MG, Harris MH, Ramanathan A, Gerszten
RE, Wei R, et al. The M2 splice isoform of pyruvate kinase is important
for cancer metabolism and tumour growth. Nature. 2008;452:230-3.
Dong T, YanY, ChaiH, Chen S, Xiong X, Sun D, et al. Pyruvate kinase M2
affects liver cancer cell behavior through up-regulation of HIF-1alpha
and Bcl-xL in culture. Biomed Pharmacother. 2015,69:277-84.

Spoden GA, Mazurek S, Morandell D, Bacher N, Ausserlechner MJ,
Jansen-Durr P, et al. Isotype-specific inhibitors of the glycolytic key
regulator pyruvate kinase subtype M2 moderately decelerate tumor
cell proliferation. Int J Cancer. 2008;123:312-21.

Zheng B, Geng L, Zeng L, Liu F, Huang Q. AKT2 contributes to increase
ovarian cancer cell migration and invasion through the AKT2-PKM2-
STAT3/NF-kappaB axis. Cell Signal. 2018;45:122-31.

Azoitei N, Becher A, Steinestel K, Rouhi A, Diepold K, Genze F, et al.
PKM2 promotes tumor angiogenesis by regulating HIF-1alpha through
NF-kappaB activation. Mol Cancer. 2016;15:3.

Yang W, XiaY, JiH, Zheng ¥, Liang J, Huang W, et al. Nuclear PKM2
regulates beta-catenin transactivation upon EGFR activation. Nature.
2011;480:118-22.

Gao X, Wang H, Yang JJ, Liu X, Liu ZR. Pyruvate kinase M2 regu-

lates gene transcription by acting as a protein kinase. Mol Cell.
2012;45:598-609.

Morfouace M, Lalier L, Oliver L, Cheray M, Pecqueur C, Cartron PF, et al.
Control of glioma cell death and differentiation by PKM2-Oct4 interac-
tion. Cell Death Dis. 2014;5:e1036.

Lu Z. Nonmetabolic functions of pyruvate kinase isoform M2 in
controlling cell cycle progression and tumorigenesis. Chin J Cancer.
2012;31:5-7.

Yang W, Zheng Y, Xia Y, Ji H, Chen X, Guo F, et al. ERK1/2-dependent
phosphorylation and nuclear translocation of PKM2 promotes the
Warburg effect. Nat Cell Biol. 2012;14:1295-304.

Cheng TY, Yang YC, Wang HP, Tien YW, Shun CT, Huang HY, et al. Pyru-
vate kinase M2 promotes pancreatic ductal adenocarcinoma invasion

25.

26.

27.

28.

29.

30.

32.

33

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Page 9 of 11

and metastasis through phosphorylation and stabilization of PAK2
protein. Oncogene. 2018;37:1730-42.

Tanaka F, Yoshimoto S, Okamura K, Ikebe T, Hashimoto S. Nuclear
PKM2 promotes the progression of oral squamous cell carcinoma by
inducing EMT and post-translationally repressing TGIF2. Oncotarget.
2018;9:33745-61.

Hamabe A, Konno M, Tanuma N, Shima H, Tsunekuni K, Kawamoto

K, et al. Role of pyruvate kinase M2 in transcriptional regulation lead-
ing to epithelial-mesenchymal transition. Proc Natl Acad Sci U S A.
2014;111:15526-31.

LinY, Meng F, Lu Z, Chen K, Tao Y, Ouyang Y, et al. Knockdown of PKM2
suppresses tumor progression in human cervical cancer by modulat-
ing epithelial-mesenchymal transition via Wnt/beta-catenin signaling.
Cancer Manag Res. 2018;10:4191-202.

Jiang Y, Li X, Yang W, Hawke DH, Zheng Y, Xia Y, et al. PKM2 regulates
chromosome segregation and mitosis progression of tumor cells. Mol
Cell. 2014;53:75-87.

Jiang Y, Wang Y, Wang T, Hawke DH, Zheng Y, Li X, et al. PKM2 phospho-
rylates MLC2 and regulates cytokinesis of tumour cells. Nat Commun.
2014;5:5566.

Yang W, Xia Y, Hawke D, Li X, Liang J, Xing D, et al. PKM2 phosphorylates
histone H3 and promotes gene transcription and tumorigenesis. Cell.
2012;150:685-96.

Yang P, Li Z, Li H, Lu Y, Wu H, Li Z. Pyruvate kinase M2 accelerates
pro-inflammatory cytokine secretion and cell proliferation induced by
lipopolysaccharide in colorectal cancer. Cell Signal. 2015;27:1525-32.
Liang J, Cao R, Wang X, Zhang Y, Wang P, Gao H, et al. Mitochondrial
PKM2 regulates oxidative stress-induced apoptosis by stabilizing Bcl2.
Cell Res. 2017;27:329-51.

Xia L, Qin K, Wang XR, Wang XL, Zhou AW, Chen GQ, et al. Pyruvate
kinase M2 phosphorylates H2AX and promotes genomic instability in
human tumor cells. Oncotarget. 2017;8:109120-34.

WeiY,Wang D, Jin F, Bian Z, Li L, Liang H, et al. Pyruvate kinase type

M2 promotes tumour cell exosome release via phosphorylating
synaptosome-associated protein 23. Nat Commun. 2017;8:14041.
Yang YC, Cheng TY, Huang SM, Su CY, Yang PW, Lee JM, et al. Cytosolic
PKM2 stabilizes mutant EGFR protein expression through regulating
HSP90-EGFR association. Oncogene. 2016;35:3387-98.

Qin GX, Dang MJ, Gao HJ, Wang H, Luo FT, Chen RB. Deciphering the
protein protein interaction network regulating hepatocellular carci-
noma metastasis. Bba-Proteins Proteom. 2017;1865:1114-22.

Verma K, Patel A. Pyruvate Kinase M2 serves as blockade for nucleo-
some repositioning and abrogates Chd7 remodeling activity. Plos ONE.
2019;14:€0211515.

Guo G, Li G, Hou JN, Deng XM, Ao S, Li ZF, et al. Tumor pyruvate kinase
M2: A promising molecular target of gastrointestinal cancer. Chinese J
Cancer Res. 2018;30:669-76.

Zahra K, Dey T, Ashish, Mishra SP, Pandey U. Pyruvate kinase M2 and
cancer: the role of PKM2 in promoting tumorigenesis. Front Oncol.
2020;10:159.

Kwon OH, Kang TW, Kim JH, Kim M, Noh SM, Song KS, et al. Pyruvate
kinase M2 promotes the growth of gastric cancer cells via regulation
of Bcl-xL expression at transcriptional level. Biochem Bioph Res Co.
2012;423:38-44.

Feng JK, MaTL, Ge ZJ, Lin J, Ding WL, Chen H, et al. PKM2 gene regu-
lates the behavior of pancreatic cancer cells via mitogen-activated
protein kinase pathways. Mol Med Rep. 2015;11:2111-7.

LiQ Zhang D, Chen X, He L, Li T, Xu X, et al. Nuclear PKM2 contributes
to gefitinib resistance via upregulation of STAT3 activation in colorectal
cancer. Sci Rep. 2015;5:16082.

He JX, Xie GF, Tong JT, Peng YH, Huang HH, Li JJ, et al. Overexpression
of microRNA-122 re-sensitizes 5-FU-resistant colon cancer cells to
5-FU through the inhibition of PKM2 in vitro and in vivo. Cell Biochem
Biophys. 2014;70:1343-50.

Kim DJ, Park YS, Kang MG, You YM, Jung Y, Koo H, et al. Pyruvate kinase
isoenzyme M2 is a therapeutic target of gemcitabine-resistant pancre-
atic cancer cells. Exp Cell Res. 2015;336:119-29.

Calabretta S, Bielli P, Passacantilli I, Pilozzi E, Fendrich V, Capurso G, et al.
Modulation of PKM alternative splicing by PTBP1 promotes gemcit-
abine resistance in pancreatic cancer cells. Oncogene. 2016;35:2031-9.



Chen et al. Cancer Cell Int

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

62.

63.

64.

65.

66.

67.

(2020) 20:523

LuWQ, Hu YY, Lin XP, Fan W. Knockdown of PKM2 and GLS1 expression
can significantly reverse oxaliplatin-resistance in colorectal cancer cells.
Oncotarget. 2017;8:44171-85.

Fukuda S, Miyata H, Miyazaki Y, Makino T, Takahashi T, Kurokawa Y, et al.
Pyruvate kinase M2 modulates esophageal squamous cell carcinoma
chemotherapy response by regulating the pentose phosphate path-
way. Ann Surg Oncol. 2015;22:1461-58.

Lu DH, Lv WW, Li WX, Gao YD. High PKM2 expression is independently
correlated with decreased overall survival in hepatocellular carcinoma.
Oncol Lett. 2018;16:3603-10.

Liu WR, Tian MX, Yang LX, Lin YL, Jin L, Ding ZB, et al. PKM2 promotes
metastasis by recruiting myeloid-derived suppressor cells and
indicates poor prognosis for hepatocellular carcinoma. Oncotarget.
2015;,6:846-61.

Li Q Pan XX, Zhu DM, Deng ZM, Jiang RQ, Wang XH. Circular RNA
MAT2B Promotes glycolysis and malignancy of hepatocellular
carcinoma through the miR-338-3p/PKM2 axis under hypoxic stress.
Hepatology. 2019;70:1298-316.

Wong TL, Ng KY, Tan KV, Chan LH, Zhou L, Che N, et al. CRAF methyla-
tion by PRMT6 regulates aerobic glycolysis-driven hepatocarcinogen-
esis via ERK-dependent PKM2 nuclear relocalization and activation.
Hepatology. 2020;71:1279-96.

LiJ, Zhu LJ, ShiYH, Liu N, Lin L, Chen X. m6A demethylase FTO pro-
motes hepatocellular carcinoma tumorigenesis via mediating PKM2
demethylation. Am JTransl Res. 2019;11:6084-92.

Sun H, Zhu AY, Zhang LJ, Zhang J, Zhong ZR, Wang FC. Knockdown of
PKM2 suppresses tumor growth and invasion in lung adenocarcinoma.
Int J Mol Sci. 2015;16:24574-87.

Shi HS, Li D, Zhang J,Wang YS, Yang L, Zhang HL, et al. Silence of pkm2
increases the efficacy of docetaxel in human lung cancer xenografts in
mice. Cancer 5ci. 2010;101:1447-53.

Wang SJ, Ma 'Y, Wang PG, Song Z, Liu B, Sun XD, et al. Knockdown of
PKM2 enhances radiosensitivity of non-small cell lung cancer. Cell
Biochem Biophys. 2015;73:21-6.

Parnell KM, Foulks JM, Nix RN, Clifford A, Bullough J, Luo B, et al. Phar-
macologic activation of PKM2 slows lung tumor xenograft growth. Mol
Cancer Ther. 2013;12:1453-60.

Guminska M, Stachurska MB, Ignacak J. Pyruvate kinase isoenzymes

in chromatin extracts of Ehrlich ascites tumour, Morris hepatoma

7777 and normal mouse and rat livers. Biochim Biophys Acta.
1988,966:207-13.

Hoshino A, Hirst JA, Fujii H. Regulation of cell proliferation by interleu-
kin-3-induced nuclear translocation of pyruvate kinase. J Biol Chem.
2007;282:17706-11.

Stetak A, Veress R, Ovadi J, Csermely P, Keri G, Ullrich A. Nuclear translo-
cation of the tumor marker pyruvate kinase M2 induces programmed
cell death. Cancer Res. 2007;67:1602-8.

Yang W, Lu Z. Nuclear PKM2 regulates the Warburg effect. Cell Cycle.
2013;12:3154-8.

Yu Z, Huang L, Qiao P, Jiang A, Wang L, Yang T, et al. PKM2 Thr454 phos-
phorylation increases its nuclear translocation and promotes xenograft
tumor growth in A549 human lung cancer cells. Biochem Biophys Res
Commun. 2016;473:953-8.

Lv L, XuYP, Zhao D, Li FL, Wang W, Sasaki N, et al. Mitogenic and onco-
genic stimulation of K433 acetylation promotes PKM2 protein kinase
activity and nuclear localization. Mol Cell. 2013;52:340-52.

Bhardwaj A, Das S. SIRT6 deacetylates PKM2 to suppress its nuclear
localization and oncogenic functions. Proc Natl Acad Sci U S A.
2016;113:E538-47.

Wang HJ, Hsieh YJ, Cheng WC, Lin CP, Lin YS, Yang SF, et al. JMJD5 regu-
lates PKM2 nuclear translocation and reprograms HIF-1alpha-mediated
glucose metabolism. Proc Natl Acad Sci U S A. 2014;111:279-84.

Wang HJ, Pochampalli M, Wang LY, Zou JX, Li PS, Hsu SC, et al. KDM8/
JMJDS as a dual coactivator of AR and PKM2 integrates AR/EZH2 net-
work and tumor metabolism in CRPC. Oncogene. 2019;38:17-32.
Spoden GA, Morandell D, Ehehalt D, Fiedler M, Jansen-Durr P, Hermann
M, et al. The SUMO-E3 ligase PIAS3 targets pyruvate kinase M2. J Cell
Biochem. 2009;107:293-302.

LiN, Feng L, Liu H, Wang J, Kasembeli M, Tran MK, et al. PARP inhibition

suppresses growth of EGFR-mutant cancers by targeting nuclear PKM2.

Cell Rep. 2016;15:843-56.

68.

69.

70.

71

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Page 10 of 11

Liang J, Cao R, Zhang Y, Xia Y, Zheng Y, Li X, et al. PKM2 dephosphoryla-
tion by Cdc25A promotes the Warburg effect and tumorigenesis. Nat
Commun. 2016;7:12431.

Luo W, Hu H, Chang R, Zhong J, Knabel M, O'Meally R, et al. Pyruvate
kinase M2 is a PHD3-stimulated coactivator for hypoxia-inducible factor
1. Cell. 2011;145:732-44.

Park YS, Kim DJ, Koo H, Jang SH, You YM, Cho JH, et al. AKT-induced
PKM2 phosphorylation signals for IGF-1-stimulated cancer cell growth.
Oncotarget. 2016;7:48155-67.

Lee J, Kim HK, Han YM, Kim J. Pyruvate kinase isozyme type M2 (PKM2)
interacts and cooperates with Oct-4 in regulating transcription. Int J
Biochem Cell Biol. 2008;40:1043-54.

Li S, Swanson SK, Gogol M, Florens L, Washburn MP, Workman JL,

et al. Serine and SAM responsive complex SESAME regulates histone
modification crosstalk by sensing cellular metabolism. Mol Cell.
2015;60:408-21.

Bravo-Adame ME, Vera-Estrella R, Barkla BJ, Martinez-Campos C,
Flores-Alcantar A, Ocelotl-Oviedo JP, et al. An alternative mode of CD43
signal transduction activates pro-survival pathways of T lymphocytes.
Immunology. 2017;150:87-99.

Hwang SR, Murga-Zamalloa C, Brown N, Basappa J, McDonnell SR,
Mendoza-Reinoso V, et al. Pyrimidine tract-binding protein 1 mediates
pyruvate kinase M2-dependent phosphorylation of signal transducer
and activator of transcription 3 and oncogenesis in anaplastic large cell
lymphoma. Lab Invest. 2017,97:962-70.

Ma R, Liu Q, Zheng S, Liu T, Tan D, Lu X. PKM2-regulated STAT3 promotes
esophageal squamous cell carcinoma progression via TGF-beta-
induced EMT. J Cell Biochem. 2019. doi: https://doi.org/10.1002/
jcb.28434. Online ahead of print.

Yang P, Li Z, Fu R, Wu H, Li Z. Pyruvate kinase M2 facilitates colon cancer
cell migration via the modulation of STAT3 signalling. Cell Signal.
2014;26:1853-62.

He CL, Bian YY, Xue Y, Liu ZX, Zhou KQ, Yao CF, et al. Pyruvate Kinase M2
Activates mTORC1 by Phosphorylating AKT151. Sci Rep. 2016;6:21524.
Prakasam G, Igbal MA, Bamezai RNK, Mazurek S. Posttranslational
Modifications of Pyruvate Kinase M2: Tweaks that Benefit Cancer. Front
Oncol. 2018;8:22.

Hitosugi T, Kang S, Vander Heiden MG, Chung TW, EIf S, Lythgoe K; et al.
Tyrosine phosphorylation inhibits PKM2 to promote the Warburg effect
and tumor growth. Sci Signal. 2009;2:ra73.

Zhou Z, Li M, Zhang L, Zhao H, Sahin O, Chen J, et al. Oncogenic Kinase-
Induced PKM2 Tyrosine 105 Phosphorylation Converts Nononcogenic
PKM2 to a Tumor Promoter and Induces Cancer Stem-like Cells. Cancer
Res. 2018;78:2248-61.

Shahid M, Lee MY, Piplani H, Andres AM, Zhou B, Yeon A, et al. Cen-
tromere protein F (CENPF), a microtubule binding protein, modulates
cancer metabolism by regulating pyruvate kinase M2 phosphorylation
signaling. Cell Cycle. 2018;17:2802-18.

Xu Q,Tu J, Dou C, Zhang J, Yang L, Liu X, et al. HSP90 promotes cell
glycolysis, proliferation and inhibits apoptosis by regulating PKM2
abundance via Thr-328 phosphorylation in hepatocellular carcinoma.
Mol Cancer. 2017;16:178.

Yu Z, Zhao X, Huang L, Zhang T, Yang F, Xie L, et al. Proviral insertion

in murine lymphomas 2 (PIM2) oncogene phosphorylates pyruvate
kinase M2 (PKM2) and promotes glycolysis in cancer cells. J Biol Chem.
2013;288:35406-16.

Keller KE, Doctor ZM, Dwyer ZW, Lee YS. SAICAR induces protein kinase
activity of PKM2 that is necessary for sustained proliferative signaling of
cancer cells. Mol Cell. 2014;53:700-9.

Ye J, Mancuso A, Tong X, Ward PS, Fan J, Rabinowitz JD, et al. Pyruvate
kinase M2 promotes de novo serine synthesis to sustain mTORC1 activ-
ity and cell proliferation. Proc Natl Acad Sci USA. 2012;109:6904-9.

Yan M, Chakravarthy S, Tokuda JM, Pollack L, Bowman GD, Lee YS.
Succinyl-5-aminoimidazole-4-carboxamide-1-ribose 5-Phosphate (SAI-
CAR) Activates Pyruvate Kinase Isoform M2 (PKM2) in Its Dimeric Form.
Biochemistry. 2016;55:4731-6.

Su QL, Luo SP, Tan QH, Deng J, Zhou SC, Peng M, et al. The role of
pyruvate kinase M2 in anticancer therapeutic treatments. Oncol Lett.
2019;18:5663-72.

Goldberg MS, Sharp PA. Pyruvate kinase M2-specific siRNA induces
apoptosis and tumor regression. J Exp Med. 2012;,209:217-24.


https://doi.org/10.1002/jcb.28434
https://doi.org/10.1002/jcb.28434

Chen et al. Cancer Cell Int

89.

90.

92.

93.

94,

95.

96.
97.
98.

99.

(2020) 20:523

Suzuki A, Puri S, Leland P, Puri A, Moudgil T, Fox BA, et al. Subcellular
compartmentalization of PKM2 identifies anti-PKM2 therapy response
in vitro and in vivo mouse model of human non-small-cell lung cancer.
Plos One. 2019;14:0217131.

Lu J, Chen M, Gao SM, Yuan JG, Zhu Z, Zou XP. LY294002 inhibits the
Warburg effect in gastric cancer cells by downregulating pyruvate
kinase M2. Oncol Lett. 2018;15:4358-64.

Pan YH, Wang W, Huang S, Ni WT, Wei ZH, Cao YZ, et al. Beta-elemene
inhibits breast cancer metastasis through blocking pyruvate

kinase M2 dimerization and nuclear translocation. J Cell Mol Med.
2019;23:6846-58.

CaoY, LinY,Wang DX, Pan D, Zhang Y, Jin Y, et al. Enhancing 5-fluoro-
uracil efficacy through suppression of PKM2 in colorectal cancer cells.
Cancer Chemoth Pharm. 2018;82:1081-6.

Martin SP, Fako V, Dang H, Dominguez DA, Khatib S, Ma LC, et al. PKM2
inhibition may reverse therapeutic resistance to transarterial chemoem-
bolization in hepatocellular carcinoma. J Exp Clin Canc Res. 2020;39:99.
Liu B, Yuan X, Xu B, Zhang H, Li RD, Wang X, et al. Synthesis of novel
7-azaindole derivatives containing pyridin-3-ylmethyl dithiocarbamate
moiety as potent PKM2 activators and PKM2 nucleus translocation
inhibitors. Eur J Med Chem. 2019;170:1-15.

Yoon YJ, Kim YH, Jin'Y, Chi SW, Moon JH, Han DC, et al. 2"-hydroxycin-
namaldehyde inhibits cancer cell proliferation and tumor growth by
targeting the pyruvate kinase M2. Cancer Lett. 2018;434:42-55.
Warner SL, Carpenter KJ, Bearss DJ. Activators of PKM2 in cancer
metabolism. Future Med Chem. 2014;6:1167-78.

Adem S, ComakliV, Uzun N. Pyruvate kinase activators as a therapy
target: a patent review 2011-2017. Expert Opin Ther Pat. 2018,28:61-8.
Hosios AM, Fiske BP, Gui DY, Vander Heiden MG. Lack of Evidence for
PKM2 Protein Kinase Activity. Mol Cell. 2015;59:850-7.

Mendez-Lucas A, Li X, Hu J, Che L, Song X, Jia J, et al. Glucose
Catabolism in Liver Tumors Induced by c-MYC Can Be Sustained by

100.

101.

102.

104.

105.

106.

107.

Page 11 of 11

Various PKM1/PKM2 Ratios and Pyruvate Kinase Activities. Cancer Res.
2017,77:4355-64.

Bluemlein K, Gruning NM, Feichtinger RG, Lehrach H, Kofler B, Ralser
M. No evidence for a shift in pyruvate kinase PKM1 to PKM2 expression
during tumorigenesis. Oncotarget. 2011;2:393-400.

Israelsen WJ, Dayton TL, Davidson SM, Fiske BP, Hosios AM, Bellinger G,
et al. PKM2 isoform-specific deletion reveals a differential requirement
for pyruvate kinase in tumor cells. Cell. 2013;155:397-409.

Cortes-Cros M, Hemmerlin C, Ferretti S, Zhang J, Gounarides JS, Yin H,
et al. M2 isoform of pyruvate kinase is dispensable for tumor mainte-
nance and growth. P Natl Acad Sci USA. 2013;110:489-94.

Dayton TL, Gocheva V, Miller KM, Israelsen WJ, Bhutkar A, Clish CB, et al.
Germline loss of PKM2 promotes metabolic distress and hepatocellular
carcinoma. Genes Dev. 2016;30:1020-33.

Prakasam G, Singh RK, Igbal MA, Saini SK, Tiku AB, Bamezai RNK. Pyru-
vate kinase M knockdown-induced signaling via AMP-activated protein
kinase promotes mitochondrial biogenesis, autophagy, and cancer cell
survival. J Biol Chem. 2017,292:15561-76.

Mazurek S, Drexler HC, Troppmair J, Eigenbrodt E, Rapp UR. Regulation
of pyruvate kinase type M2 by A-Raf: a possible glycolytic stop or go
mechanism. Anticancer Res. 2007,27:3963-71.

Lu Z, Hunter T. Metabolic kinases moonlighting as protein kinases.
Trends Biochem Sci. 2018;43:301-10.

Ignacak J, Stachurska MB. The dual activity of pyruvate kinase type M2
from chromatin extracts of neoplastic cells. Comp Biochem Physiol B
Biochem Mol Biol. 2003;134:425-33.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Learn more biomedcentral.com/submissions

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.




	Protein kinase function of pyruvate kinase M2 and cancer
	Abstract 
	Background
	Non-metabolic function of PKM2
	Roles of PKM2 in cancer
	Nuclear localization of PKM2
	Protein kinase function of PKM2
	Regulation of PKM2 activity
	PKM2 as a therapeutic target
	Challenges against PKM2 protein kinase activity and its pro-tumorigenic effects
	Conclusions
	Acknowledgements
	References




