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*Tumor of Institution, Hainan Medical College, Haikou, 570102, Hainan Province,
P.R. China

Abstract: Liver cancer, which is one of the most common malignancies, has a high
incidence and case fatality rate, and is the third most common cause of death attributed
to cancer. Warburg effect is a form of modified cell metabolism by which tumor cells
obtain energy by glycolysis instead of oxidative phosphorylation, whether in an aerobic
or anaerobic environment. It plays an important role in tumor proliferation, growth,
invasion, and treatment. Pyruvate kinase M2 (PKM2), an essential key enzyme in
the glycolytic process, is significantly elevated in multiple tumor tissues and plays
a crucial role in the Warburg effect. Recently, increasing attention has been devoted
to the mechanism of action of PKM2 in tumors, and interference with the glycolysis
pathway is one of the new strategies for cancer treatment. This paper provides a review
of the Warburg effect of PKM2 activation and its relationship with tumorigenesis and
development and the potential value of Warburg effect in clinical diagnosis, treatment,
and prognostic evaluation of liver cancer.
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1. Introduction

Hepatocellular carcinoma (HCC) is one of the most malignant tumors, characterized by
high morbidity and high case fatality rates!'l. In China, the fatality rate of primary liver
cancer has increased every year, and it is ranked second in the fatality rates attributed
to malignant tumors™. The occurrence and development of liver cancer involve various
factors: age, sex, viral hepatitis, toxin exposure to food (aflatoxin), long-term alcohol
abuse, chemical substances, and water pollution?!. Since the early stage of primary liver
cancer tends to be asymptomatic, a confirmed diagnosis and treatment (liver resection or
liver transplantation) are usually delayed™.

In 1956, the German biologist called Otto Heinrich Warburg and his group found that
under normal oxygen conditions, tumor cells do not decompose glucose by the oxidative
phosphorylation process but rely on glycolysis, which involves high-speed decomposition
of glucose and low ATP yield, as the main route of energy production. This abnormal mode
of energy metabolism is called the Warburg effect’®!, also known as aerobic glycolysis,
which is characterized by enhanced glucose uptake and lactate production. The occurrence
of the Warburg effect is closely associated with certain characteristics of tumor cells, such
as changes in tumor signaling pathways, the prolonged hypoxia of microenvironment,
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changes in isoenzyme profiles, and increased activity of
glycolytic and glycogenic enzymes. Warburg effect plays
an important role in tumor proliferation, growth, invasion,
and treatment; a better understanding of aerobic glycolysis
in HCC will help reveal the pathogenesis and potential
therapeutic pathway of HCC.

As a key enzyme of the glycolytic pathway, pyruvate
kinase M2 (PKM2) can provide metabolic raw materials
such as nucleic acids, amino acids and lipids to promote the
growth and division of tumor cells!®. In addition, increased
PKM2 activity can significantly promote the Warburg
effect, and is an important regulator of tumorigenesis and
development!®), closely related to the proliferation of tumor
cells and invasion'”. However, the mechanism through
which PKM2 promotes the occurrence of HCC and the
role of treatment and prognosis in HCC patients remain to
be elucidated. This paper analyzes the role of the Warburg
effect in the occurrence and development of HCC.

2 Biological properties of the pyruvate
kinase (PK)

2.1 Expression, function, and tissue distribution
of PK

As a rate-limiting enzyme for the last step of the glycolytic
pathway, PK is also a key enzyme for abnormal glucose
metabolism in tumor cells. Within the cytoplasm, glucose
eventually generates phosphoenolpyruvate (PEP) after
a series of glycolytic reactions, and PEP generates
pyruvate catalyzed by PK and produces ATP supplied
for metabolism. In mammals, PK has four isoenzymes,
including PKM1, PKM2, PKL, and PKR®!. PKL is mainly
expressed in tissues with active gluconeogenesis, such as
in the liver, kidney, and small intestine; PKR is mainly
expressed in red blood cells; PKM1 is expressed in tissues
with high energy consumption such as muscle, brain, heart,
and skeletal muscle; and PKM?2 is expressed in tissues with
embryonic cells and proliferating cells, especially tumor
cells (Figure 1), Since tumor cell growth and invasion
require large amounts of energy, tumor development is
generally accompanied by a change in PK conformation.
During embryonic formation, PKM1/L/R can replace
PKM2, while in tumor cells, PKM2 increases in expression
and replaces the original PK isoenzyme type; for example,
during the development of HCC, by transitioning from
PKL to PKM2, HCC cells can increase glucose uptake
levels and increase oxidative stresst'!.

2.2 Different structural characteristics and
effects of PKM2

PKM2 exists in two forms: dimer and tetramer. In normal
proliferating cells, PKM?2 is mainly in the tetrameric form,;
however, PKM2 in tumor cells is mainly in the dimeric
form. The two PKM2 conformations, which are mainly
regulated by fructose 1,6-bisphosphate (FBP), and its

binding to PKM2 promotes PKM2 transformation into
constitutive tetramers and thus increases its activity!'?.
The PKM2 tetrameric form can bind to the substrate PEP
with high affinity, while the dimer form has a low affinity,
resulting in high PKM?2 tetramer activity at physiological
FBP concentrations but with little PKM2 dimer activity!'?!.
Low-activity PKM2 dimers often cause blocked
glycolytic pathways followed by the accumulation of
numerous intermediates in cells that are used via multiple
metabolic pathways for the synthesis of biomolecules
such as nucleic acids, lipids, and proteins!!>!*15 such
as glucose 6-phosphate, dihydroxyacetone phosphate,
3-phosphoglycerate, glycine, and cysteine. Phosphorylation
of amino acid sites is essential for PKM2 modification.
Phosphorylation of tyrosine residue 105 (Tyrl105) of
PKM2 results in changes in the binding site to FBP, causing
dissociation from PKM2 and ultimately eliminating the
allosteric effect of FBP on PKM2['l. It has recently been
shown that viral or oncogenes such as fibroblast growth
factor receptor 1, Janus kinase 2, Fms-like tyrosine kinase
3, BCR-ABL and ETS variant 6- neurotrophic receptor
tyrosine kinase 3 change the phosphorylation process of
PKM2 and subsequently affect tumor cell proliferation and
invasion'®!"1. The regulation of the PKM2 conformational
transition by FBP and site phosphorylation allows tumor
cells to change rapidly according to the different needs of
the body in production capacity and synthesis of required
metabolites, thus maintaining the balance between the
body and tumor cell metabolism.

2.3 Selective splicing of the PKM gene

The PKM gene is approximately 32 kb, and the human,
rat, and mouse PKM genes each have 11 introns and 12
exons!'®19. PKM1 and PKM2 are generated by variable
splicing of the PKM gene with equal lengths of exon
9 and exon 10 with homology. Exon 9 is specific to
PKMI1, exon 10 is specific to PKM2, and only one of
both exons is expressed in the correctly spliced final
transcript. PKM2 production requires inhibition of
exon 9 expression and activation of exon 10 expression.
Three splicing factors, namely polypyrimidine binding
(PTB) protein, heteronuclear protein A1 (hnRNPA1), and
heteronuclear protein A2 (hnRNPA2), act downstream
of oncogenic signaling, revealing exon 10 by inhibiting
PKMI1 expression and increasing the amount of PKM2
expression®?2, However, serine/arginine-rich splicing
factor 3 (SRSF3) binds to exon 10 to promote the cleavage
of exon 10, thus completing the transformation of PKM1
to PKM2 and facilitating the production of mature PKM2
RNA (Figure 2). Since PKM1 is generally expressed only
in differentiated tissues, further research has not been
conducted on how mRNA splicing is regulated to increase
the generation of PKMI1 transcripts. Even the glioblastoma
(U-118MG and A-172) and neuroblastoma (SK-N-BE)
cell lines that have been used to study PKM1 expression
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Figure 1. Distribution of different isoforms of pyruvate kinases. PKL is mainly expressed in tissues with active gluconeogenesis, such
as in the liver, kidney and small intestine. PKR is mainly expressed in red blood cells. PKM1 is expressed in tissues with high energy
consumption, such as muscle, brain, heart, and skeletal muscle. PKM2 is expressed in embryonic cells and proliferating cells, especially

tumor cells.
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Figure 2. Selective splicing of the PKM gene. The PKM gene has 11 introns and 12 exons. Exons 9 and 10 are equal in length, and exon
9 is specific to PKM1 while exon 10 is specific to PKM2. PTB, hnRNPA1, and hnRNPA2 suppress the expression of exon 9, causing
increased PKM2 production. SRSF3 binds to exon 10, thereby favoring the production of PKM 2. RBM4 splicing factor negatively
regulates PKM2 expression by inhibiting the activity of the splicing regulator PTB.

predominantly express PKM2, and only 5 — 15% of the
PKM transcripts are PKM 119223, Furthermore, it has also
been found that the RNA binding motif protein 4 (RBM4)
splicing factor negatively regulates PKM2 expression by
inhibiting the activity of the splicing regulator PTB3,

3 Relationship of PKM2 with tumorigenesis
and development

3.1 Association between PKM?2 and tumor cell
metabolism

PKM2 has two forms: a low active dimer and a highly
active tetramer. The dimeric form of PKM2 is mainly
expressed in tumor cells, and the tetrameric form is mainly

expressed in normal proliferating cells!'®**4. Hitosugi et al.
found that the activity of PKM2 tyrosine phosphorylation
(Tyr105) is reduced when inhibiting the tetrameric form
of PKM2!", When Tyr105 is replaced by a phenylalanine,
PK activity can be increased. The low-activity dimer form
of PKM2 is an important driver of glycolysis, and instead,
PKM1 and the highly active tetramers of PKM2 drive
cells for the TCA cyclel®?l, PKM2, relative to PKM1, with
higher expression and low enzymatic activity in promoting
glycolysis, can promote tumor cell growth and inhibit the
generation of reactive oxygen species, and the mechanisms
are divided into the following two aspects®?**I, First,
glycolysis can generate ATP more efficiently than oxidative
phosphorylation, accelerating the utilization of carbon

Gastroenterology & Hepatology Letters | 2021, Volume 3, Issue 2 15



Zhou, et al.

for the synthesis of its bioactive materiall®.. On the other
hand, low-activity PKM2 promotes the intermediates of
glycolysis into the glycolytic bypass pathway, providing
rich substrates for rapid proliferation of tumor cells, such
as the glycerol synthesis pathway and glucose phosphate
pathway, which produces NADPH and in turn inhibits
reactive oxygen species generation and participates in
nucleotide synthesis®*!. If PKM1 replaces PKM2, it can
reduce lactate production, increase oxygen consumption,
reduce the tumorigenic rate of tumor cells in nude mice,
and reverse the Warburg effect®. The conversion of the
dimer and tetrameric forms of PKM?2 is regulated by many
factorsi?l. FBP, as one of the intermediates of glycolysis,
can be conjugated with PKM2 to promote the synthesis
of tetrameric active forms; serine, derived from the
conversion of glycolytic intermediate 3-phosphoglyceric
acid, is also a positive regulator of PKM2 enzymatic
activity?®, Among the negative regulators, L-cysteine also
specifically inhibited the enzymatic activity of PKM2,
inducing the conversion of the tetramer into a low-activity
dimer®”. Tyrosine phosphorylation of PKM2P¥ releases
FBP to convert PKM2 from the tetrameric form to the
dimeric form™, thereby facilitating the Warburg effect in
tumor cells.

3.2 Association between PKM?2 and tumor
angiogenesis

Tumor angiogenesis involves the proliferation of vascular
endothelial tissue, as well as the destructive degradation
and migration of the endothelial matrix, and can provide
nutrients for the growth and infiltration of tumor cells,
which is a complex process?***!l. Studies confirm that the
dimeric form of PKM2 can promote tumor angiogenesis
by promoting extracellular matrix adhesion as well as
the proliferation and migration of endothelial cells, and
ultimately stimulate tumor cell proliferation®*32. It has
been reported that the PKM2-mediated NF-xB/miR-
148a/152 feedback loop promotes tumor cell growth and
angiogenesis®’l. In some cancer cells, inhibition of miR-
148a/152 expression contributes to the overexpression of
PKM2, nuclear factor kappa B (NF-kB), and insulin-like
growth factor 1 receptor (IGF-IR) and plays a key role in
tumor development and metabolismP*. Recent studies have
shown that IGF-IR activation, which is an important step in
tumor angiogenesis, upregulates PKM2 expression by the
inhibition of miR-148a/152; PKM2-mediated enhanced
binding of the hypoxia inducible factor-1o. (HIF-1a)-p65
complex to the PKM2 gene promoter is regulated by IGF-1/
IGF-IRB3), This binding results in the nuclear translocation
of PKM2 and interacts with other molecules to regulate the
expression of vascular endothelial growth factor, thereby
promoting tumor angiogenesis®*. Thus, PKM2 plays an
indispensable role in tumor cell proliferation and tumor
angiogenesis.

3.3 PKM2 and tumor immunosuppression

The cells which are unfavorable may escape the immune
surveillance of the body through a variety of channels,
thus proliferating rapidly in the body and forming
tumors. Tumor cells suppress the immune response
by producing immunosuppressive molecules such as
transforming growth factor beta (TGF-p), interleukin (IL)-
10, indoleamine 2,3-dioxygenase or programmed death-
ligand 1 (PD-L1) or by gathering regulatory T cells that
can auto-secrete immunosuppressive cytokines?®l. One
of the important causes of immune evasion is PD-L1/PD-
1-induced T cell failure®®>37, and PD-L1/PD-1 blockade
therapy was found to effectively improve survival in
patients with cancer®3’, including liver cancer#!,
PKM2 remodels the tumor immune microenvironment in
HCC cells and promotes HCC progression by inducing the
immunosuppressive microenvironment. A clear positive
correlation was demonstrated between PKM2 expression
and the immunosuppressive factors CD45, CD4, and
CD8, and that tumors with high PKM2 expression had
higher levels of inflammatory factors TNF and IL-6, the
immunosuppressive factors CD274 (PD-L1), CTLAA4,
LAG3, and the chemokines CXCLI, and CSF1#%,
Alternatively, in HCC cells with high PKM?2 expression,
infiltration of CD8* T cell, Treg cell, and M2 macrophage
was increased, whereas M1 macrophage infiltration was
decreased™”. These immune cells and immune factor
alterations promote the immune escape of cancer cells
and effectively enhance the progression of HCC*?., The
enhanced glycolysis enables lactate accumulation in the
tumor microenvironment, improves the immunosuppressive
activity in the tumor microenvironment, contributes to the
immune surveillance of tumor cells to escape the host, and
improves tumor survival**#7. On the other hand, aerobic
glycolysis coordinates chemokine molecular networks
to maintain tumor immunosuppression and influence
the growth of bone marrow-derived suppressive cells %,
These findings demonstrate that PKM2 promotes aerobic
glycolysis in tumor cells (Warburg effect) and favors tumor
cells from immune surveillance.

3.4 PKM2 regulates the apoptotic pathway to
affect tumor growth

Goldberg et al. reported that silencing PKM2 expression
induced apoptosis in cancer cells and inhibited the growth
of tumor cells™®’); however, the molecular mechanism
by which PKM2 inhibits tumor cell apoptosis has not
been deeply studied. It is well known that Bcl-2 family
proteins are key regulatory proteins that determine cell
fate®, Bim is a type of protein and a novel member of
the Bcl-2 family with multiple proapoptotic activitiesP'.
The stability of Bim was shown to be regulated by
protein kinase A (PKA) and differentiation-related gene
1 (Drgl)P23], Bim interacts with Bcl-xl and Mcl-1 to
initiate the mitochondrial release of cytochrome ¢ and to
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Figure 3. PKM2 regulates Hippo signaling to promote the
proliferation, invasion and migration capacity of HCC cells.
YAP is a downstream effector molecule of the Hippo signaling
pathway. The upstream mediator LATS1/2 phosphorylates YAP
and then inhibits YAP growth and antiapoptotic and cancer-
promoting activities. Negative regulation of YAP and TAZ
activity is the main function of the Hippo signaling pathway.
PKM2 may promote the proliferation, invasion, and migration of
HCC cells by inhibiting LATS1 and YAP phosphorylation and in
the end affecting the Hippo signaling pathway.
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activate caspase 9, thereby triggering the mitochondrial
apoptotic pathway®. Bim siRNA markedly abolished
apoptosis induced by PKM2 depletion, and PKM2
knockdown attenuated Bim degradation, suggesting that
Bim plays a critical role in PKM2 depletion-mediated
apoptosist®l. PKM2 and Bim expression was analyzed in
clinical samples of 490 HCC patients. The results showed
that Bim is also an independent predictor of overall
survival in HCC patients that cases with high PKM2
expression in tumor tissues are often accompanied by low
Bim expression and that PKM2 expression is inversely
correlated with Bim expression®. Stetak et al. reported
that PKM2 significantly induced programmed cell death
in Cos-7 cellsP. Interestingly, Shimada et al. revealed
that PKM2 inhibited intestinal apoptosis in epithelial
cells by upregulating the antiapoptotic protein Bcl-x187,
In further studies done by Kwon ef al., it was shown that
PKM?2 promotes gastric cancer cell growth by inducing
Bel-xl expression at the transcriptional level®. The
transcriptional activity of PKM2 has also been reported in
colon cancer, suggesting that PKM2 interacts with TGIF2

and transcriptionally regulates TGF-f signaling®™. In
conclusion, PKM2 increases the growth of tumor cells by
inhibiting the apoptosis signaling pathway.

4 Mechanism of action of PKM2 in the
malignant progression of HCC

4.1 Relations between PKM2 and the
proliferation, invasion, and metastasis of HCC
cells

Having demonstrated that PKM2 is highly expressed
in HCC tissues and is closely related to the prognosis in
HCC patients®®®'] it is speculated that PKM2 also plays
an indispensable role in the malignant progression of HCC
cells. In 1968, Lo et al.®¥ first validated that PKM2 was
highly expressed in rat liver cancer transplant tumors,
and subsequently studies found that PKM2 was highly
expressed in nuclear extracts of HCC cells!®. Recently,
PKM2 was found to be higher in HCC tissues and lower in
adjacent cancerous tissues, and high PKM2 expression is
closely related to clinical characteristics such as tumor size,
peritumoral vessel invasion, number of nodules, alpha-
fetal protein expression, and tumor stagingB>%4, PKM2
phosphorylates STAT3 (signal transducer and activator
of transcription 3) at Y705 (tyrosine 705) to activate the
transcription of HIF-la, which is closely related to the
proliferation, invasion, and metastasis of tumor cellsf®,
Interference with the expression of the PKM2 gene can not
only significantly inhibit the proliferation and migration
process of HCC cells, but also promote the apoptosis
of HCC cellst!. In the model of HCC xenograft tumor,
HCC lung metastasis is greatly reduced after interfering
with PKM2 expression'!. The substantial reduction
in the migration number of HCC cell in in vitro studies
was also due to interference with PKM2 expression*?. In
addition, PKM2 is involved in epithelial-mesenchymal
transformation (EMT) processes in HCC cells with
important links to tumor cell migration, infiltration, and
metastasis®’l. These findings suggest that PKM2 plays an
important role in the proliferation, invasion, and metastasis
of HCC cells.

4.2 Inhibition of hippo signaling by PKM?2
promotes the proliferation, invasion, and
migration of HCC cells

The Hippo signaling pathway which is currently found to
be a new cellular signaling pathway plays an important
role in regulating tumor cell proliferation and growth. Yes-
associated protein 1 (YAP) and transcriptional coactivator
with PDZ-binding motif (TAZ) is the major downstream
mediators of Hippo pathway, and the major function of
Hippo signaling pathway is to negatively regulate YAP and
TAZ activity!®®. YAP is a downstream effector molecule
of Hippo signaling pathway, and the upstream factor
large tumor suppressor kinase (LATS) 1/2 phosphorylates
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YAP and then inhibits the growth-, antiapoptotic-, and
cancer-promoting activities of YAP®. It was found that
after HepG2 cells interfered with PKM2 expression, the
expression of p-LATS1 and p-YAP was significantly higher
in the PKM2 interference group than in the normal group
while the expression of LATS1 and YAP were significantly
lower than in the normal group, suggesting that siRNA-
mediated inhibition of PKM2 blocked PKM2 inhibition
of Hippo pathway in HCC cells and then inhibited the
proliferation and invasion of HCC cells®. Flow cytometry
and Transwell analysis of HepG2 cell growth with LATS
siRNA and PKM2 siRNA showed that LATS siRNA
effectively restored the effect of PKM2 siRNA on HCC
cell proliferation and restored the effect of PKIM2 siRNA
on the migration and invasion of HCC cells. Therefore,
after interference with PKM2, Hippo signaling pathway
activity is enhanced, and the inhibition of Hippo signaling
activity can significantly reverse the inhibitory effect of
PKM2 on the proliferation, invasion, and metastasis ability
of HCC cells. PKM2 is likely to promote the proliferation,
invasion, and metastasis of HCC cells by inhibiting LATS1
and YAP phosphorylation and eventually suppressing the
Hippo signaling pathway (Figure 3) .

4.3 Silencing of PKM2 activates the Epidermal
growth factor (EGF)/EGF binds to receptor
(EGFR) and TGFB/TGFfR signaling pathways
to promote invasion and cell invasion of HCC

In epithelial cell carcinoma, the loss of E-cadherin easily
leads to decreased cell adhesion, and the low expression of
E-cadherinisclosely associated with the low differentiation,
high invasion, and high metastasis of cancer”). EGF
EGFR to promote endogenous receptor tyrosine kinase
activation and detachment of the E-cadherin/catenins
complex on actin, thereby reducing cell adhesion capacity,
affecting downstream signaling pathways, and increasing
the proliferation and aggressiveness of tumor cellst’.
After silencing PKM2 expression, E-cadherin expression
decreased and N-cadherin expression increased, thereby
activating signaling pathways downstream of EGF/EGFR
Phospholipase C-yl (PLCyl) and Extracellular signal-
regulated kinase (ERK1/2)!". PLC-y1, by mobilizing actin
translocation, drives the membrane into being active, which
subsequently increases cell motility!” and also increases
the proliferation, invasion, and metastasis ability of tumor
cells?. ERKI1/2 activates matrix metalloproteinase
(MMP) 1, and persistent phosphorylation of ERK1/2 can
regulate MMPI9USl,. MMP1 and MMP9 can destroy the
basement membrane of tumor cells and are conducive to
tumor infiltration and metastasis”’. EMT (Figure 4) is an
important way for cancer cells to acquire rapid growth,
invasion, and metastasis, and this process can be induced
by multiple cytokines. TGF is a very important inducer of
EMT induction in epithelial cells”””’®. As a polypeptide
cytokine, TGF-f promotes tumor growth, invasion, and

metastasis by evading the immune surveillance and
response of tumor cells”. TGF-f receptor has three
different isoforms: TGF-BRI, TGF-BRII, and TGF-
BRIII. TGF-BRI and TGF-BRII are transmembrane
glycoproteins that are members of the serine and threonine
kinase receptor families®. Upon mutual binding to the
TGF-BRII receptor, Upon mutual binding of TGF-f to
the TGF-P RII receptor, it is recognized by TGF-BRI due
to an altered conformation between the receptors, and in
turn, phosphorylates TGF-RI. Receptor regulatory Smad
proteins can be specifically recognized and phosphorylated
by activated TGF-BRI®!%2], Ag target signaling molecules
downstream of the TGF-B receptor complex, Smad
proteins play an important role. It was found that the
phosphorylation of Smad2/3 was increased by interfering
with PKM2 expression in HCC cells, and it was also
found that the p-Smad2/3 levels were downregulated
with TGF-PRI silencing (Figure 4). Therefore, it is
hypothesized that in HCC cells, PKM2 can influence
cellular EMT through TGF-B/TGF-BRI/Smad signaling
and then regulate EGF/EGFR signaling in the form of
E-cadherin dependence, ultimately enhancing HCC cell
invasion and migration.

Taken together, PKM2 may induce the development of
HCC by regulating the Warburg effect (Figure 5).

S Clinical applications of PKM2
5.1 Application of PKM2 in tumor diagnosis

The invasion, necrosis, and metastasis of tumor cells
facilitate the secretion of PKM2 into the blood, while
in the patients with digestive tract tumors, PKM2 is
excreted in feces. Therefore, testing the PKM2 content
in the patients’ blood has become an auxiliary means for
the diagnosis of tumors in liver, kidney, pancreas, lungs,
breast, uterus, and neck. Testing PKM2 in stool can help
detect gastrointestinal tumors, such as gastric cancer
and rectal cancer®, and also some other gastrointestinal
disorders!®. The combined testing if CA19—-9 and PKM2
also improves the detection rate of cholangiocarcinomat®!.
Moreover, because PKM?2 is difficult to detect in a normal
person without tumor and can only be released into the
blood from necrotic tumor cells, testing PKM?2 in the
blood can also evaluate the efficacy of chemotherapy and
the judgment of tumor prognosis®*3¢. Recent studies have
found that highly expressed PKM2 is associated with
multidrug resistance to tumors®”.. For example, the long-
term exposure of tumor cells to oxaliplatin will lead to an
upregulation of PKM2 expression, which in turn causes
tumor resistance to oxaliplatin; therefore, PKM2 can
be used as an indicator of resistance to some antitumor
drugs, such as oxaliplatin. In summary, PKM2 has the
potential to be a new indicator for tumor diagnosis, tumor
screening, evaluation of cancer treatment efficacy, and
prognostic judgment.
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Figure 4. Silencing of PKM?2 activates EGF/EGFR and TGFP/TGFfR signaling to promote HCC cell invasion and migration. After
interference with PKM2, E-cadherin expression decreases, and N-cadherin expression increases, activating EGF/EGFR signaling
pathways downstream of PLCyl and ERK1/2. PLC-y1 is able to activate the cell membrane and to increase the proliferation, invasion,
and metastasis of tumor cells. ERK1/2 is able to activate MMP1, persistently phosphorylate ERK1/2, and regulate MMP9. MMP1 and
MMP9 are beneficial to tumor infiltration and metastasis. Phosphorylation of Smad2/3 was increased after interference with PKM2
expression. Smad proteins can be specifically recognized and phosphorylated by activated TGF-BRI, p-Smad2/3 levels are downregulated
after TGF-PRI silencing, and TGF-f} promotes tumor growth, invasion, and metastasis by avoiding the immune surveillance and response

of tumor cells.

5.2 Application of PKM2 in tumor therapy

Given the specific expression of PKM?2 in tumor cells and
its key role in maintaining the balance between energy
metabolism of tumor cells and the supply of synthetic raw
materials, intervention targeting PKM2 is an ideal strategy
for tumor therapy. In 2008, adapter peptides (peptide
aptamers) were studied by Spoden et al.®¥ to inhibit
the formation of PKM2 dimers and keep PKM2 in the
tetramer form, thereby inhibiting tumor cell proliferation.
In 2010, Matthew et al.®* developed three novel classes of
small molecule PKM2 inhibitors that promote tumor cell
mortality by attenuating aerobic glycolysis, suggesting that
selective targeting of PKM2 with similar drug molecules
can be an effective means to treat tumors. In addition,
PKM2 inhibitors that were tested in a model of mouse
tumor transplantation were able to inhibit tumor growth in
mice*. Studies have found that multiple small molecule
activators and inhibitors of PKM2, such as N-N'-diaromatic
sulfamide and certain cyclulfamide thiazolane diketone
derivatives, have important value in the study of PKM2
and tumor treatment applications®**2l. In short, targeting
PKM?2 treatment of tumors will become a new method for
the treatment of tumors. The anti-tumor PKM2 inhibitors

have good application prospects, but the targeted treatment
of PKM2 could be difficult. This is because PKM2 is not
only expressed in tumor tissue, but also in normal tissue.
Another reason is that gene silencing of PKM2 through
small interfering RNA cannot completely inhibit tumor cell
proliferation. Further experimental studies are required to
study how to specifically inhibit PKM?2 expression without
affecting the normal cells.

6 Outlook

Warburg effect is a unique phenomenon of tumor cell
metabolism, and the expression levels of PKM2 playing
a key regulatory role in the Warburg effect can provide
valuable therapeutic information on the therapeutic effect
and prognostic evaluation. PKM2 is promising as a hallmark
of early detection of HCC. Furthermore, the expression
of PKM2 can be used as a new prognostic indicator
after radical resection in HCC patients; therefore, these
findings are important for the design of immunotherapies
against PKM2. The isomer changes, transformation of
localization within cancer cells, and reprogramming
effects of glucose metabolism in HCC cells of PKM2
in the development of liver cancer is the focus of future
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Figure 5. Regulation of the Warburg effect by PKM2 induces the development and development of HCC. The active Warburg effect
of PKM2 promotes the development, invasion, and proliferation of HCC. The dimeric form of PKM2 exhibits low levels of pyruvate
kinase activity that can be phosphorylated at Tyr105, Tyr328, or Thr328 and then transported to the nucleus as coactivators of certain
transcription factors (e.g., HIF-1a., -catenin/c-Myc, and STAT3) to promote the progression of HCC. Inhibition of Hippo signaling by
PKM2 promotes the proliferation, invasion, and migration of HCC cells, and silencing of PKM2 activates the EGF/EGFR and TGFf/
TGFPR signaling pathways to promote the invasion and migration of HCC cells.

research, and the epigenetic changes of PKM?2 gene, such
as methylation degree, expression pattern and expression
of phosphorylation, acetylation, ubiquitination, etc., which
may enable PKM2 to promote malignant behavior of HCC
cells, have not been clarified yet. Glucose metabolism
in HCC cells is an important cognitive mode of energy
production in tumor cells, and the reprogramming effect
of PKM2 on glucose metabolism in HCC cells highlights
the need to explore the molecular mechanism of the
metabolic reprogramming of HCC cells. The revelation of
the mechanism of PKM2 on aerobic glycolysis (Warburg
effect) in HCC cells will effectively help with the design of
targeted drugs to treat HCC.

Acknowledgments

Not applicable.

Funding

This work is supported by the Natural Science Foundation
of Hainan Province (No. 2019CXTD406) and the National

Natural Science Foundation of China (No. 82060514,
81960519, 81660463).

Conflict of interest

The authors declare that this article content has no conflict
of interest. All authors of this paper have read and consented
to publication of the final version.

Author contributions

Y.Z., M.L. and M.Z. gathered the related literature,
prepared the figures and drafted the manuscript. M.L.
and M.Z. participated in the conception and design of the
review. All authors read and approved the final manuscript.

References

1. Forner A, Reig M, Bruix J, 2019, Hepatocellular
Carcinoma. Lancet, 391(10127):1301—4. DOI: 10.1016/
S0140-6736(18)30010-2.

20

Gastroenterology & Hepatology Letters | 2021, Volume 3, Issue 2



Zhou, et al.

10.

I1.

12.

13.

14.

Tseng CH, Hsu YC, Chen TH, et al., 2021, Hepatocellular
Carcinoma Incidence with Tenofovir Versus Entecavir
in Chronic Hepatitis B: A Systematic Review and Meta-
Analysis. Lancet Gastroenterol Hepatol, 5(12):1039-52.
DOI: 10.1016/S2468-1253(20)30249-1.

Liu Z, Jiang Y, Yuan H, et al., 2019, The Trends in Incidence
of Primary Liver Cancer Caused by Specific Etiologies:
Results from the Global Burden of Disease Study 2016
and Implications for Liver Cancer Prevention. J Hepatol,
70(4):674-83. DOI: 10.1016/j.jhep.2018.12.001.

Lee M, Ko H, Yun M, 2018, Cancer Metabolism as
a Mechanism of Treatment Resistance and Potential
Therapeutic Target in Hepatocellular Carcinoma. Yonsei
Med J, 59:1143-9. DOI: 10.3349/ym;.2018.59.10.1143.
Warburg O, 1956, On the Origin of Cancer Cells. Science,
123(3191):309-14. DOTI: 10.1126/science.123.3191.309.
Vander Heiden MG, Cantley LC, Thompson CB,
2009, Effect: The
Metabolic Requirements of Cell Proliferation. Science,
324(5930):1029-33. DOI: 10.1126/science.1160809.
Mazurek S, 2011, Pyruvate Kinase Type M2: A Key
Regulator of the Metabolic Budget System in Tumor Cells.
Int J Biochem Cell Biol, 43(7):969-80. DOI: 10.1016/].
biocel.2010.02.005.

Otto AM, 2016, Warburg Effect(s)-a Biographical Sketch
of Otto Warburg and his Impacts on Tumor Metabolism.
Cancer Metab, 4:5. DOIL: 10.1186/s40170-016-0145-9.
Gupta V, Bamezai RN, 2010, Human Pyruvate Kinase M2:
A Multifunctional Protein. Protein Sci, 19(11):2031-44.
DOI: 10.1002/pro.505.

Israelsen WJ, Dayton TL, Davidson SM, et al., 2013,
PKM2 Isoform-Specific Deletion Reveals a Differential

Understanding the = Warburg

Requirement for Pyruvate Kinase in Tumor Cells. Cell,
155(2):397-409. DOI: 10.1016/j.cell.2013.09.025.

Wong CC, Au SL, Tse AP, er al., 2014, Switching of
Pyruvate Kinase Isoform L to M2 Promotes Metabolic
Reprogramming in Hepatocarcinogenesis. PLoS One,
9(12):e115036. DOI: 10.1371/journal.pone. 0115036.
LvL,XuYP,Zhao D, et al., 2013, Mitogenic and Oncogenic
Stimulation of K433 Acetylation Promotes PKM2 Protein
Kinase Activity and Nuclear Localization. Mol Cell,
52(3):340-52. DOTI: 10.1016/j.molcel.2013.09.004.
Mazurek S, 2007, Pyruvate Kinase Type M2: A Key
Regulator Within the Tumour Metabolome and a Tool for
Metabolic Profiling of Tumours. Ernst Schering Found
Symp Proc, 4:99-124. DOI: 10.1007/2789_2008 _091.
Miccheli A, Tomassini A, Puccetti C, et al., 2006, Metabolic
Profiling by 13C-NMR Spectroscopy: [1, 2-13C2] Glucose

15.

16.

17.

18.

20.

21.

22.

23.

24.

25.

26.

Reveals a Heterogeneous Metabolism in Human Leukemia
T Cells. Biochimie, 88(5):437-48. DOI: 10.1016/].
biochi.2005.10.004.

Dombrauckas JD, Santarsiero BD, Mesecar AD, et al., 2005,
Structural Basis for Tumor Pyruvate Kinase M2 Allosteric
Regulation and Catalysis. Biochemistry, 44(27):9417-29.
DOI: 10.1021/bi0474923.

Hitosugi T, Kang S, Heiden MG, et al., 2009, Tyrosine
phosphorylation Inhibits PKM2 to Promote the Warburg
Effect and Tumor Growth. Sci Signal, 2(97):ra73.
DOI: 10.1126/scisignal.2000431.

Shang Y, He J, Wang Y, et al., 2017, CHIP/Stub1 Regulates
the Warburg Effect by Promoting Degradation of PKM2
in Ovarian Carcinoma. 36(29):4191-200.
DOI: 10.1038/0nc.2017.31.

Desai S, Ding M, Wang B, et al., 2014, Tissue-Specific
Isoform Switch and DNA Hypomethylation of the Pyruvate

Oncogene,

Kinase PKM Gene in Human Cancers. Oncotarget,
5(18):8202-10. DOI: 10.18632/oncotarget.1159.

Wang Z, Chatterjee D, Jeon HY, et al., 2012, Exon-Centric
Regulation of Pyruvate Kinase M Alternative Splicing Via
Mutually Exclusive Exons. J Mol Cell Biol, 4(2):79-87.
DOI: 10.1093/jmcb/mjr030.

Chen M, David CJ, Manley JL, 2012, Concentration-
Dependent Control of Pyruvate Kinase M Mutually
Exclusive Splicing by hnRNP Proteins. Nat Struct Biol,
19(3):346-54. DOI: 10.1038/nsmb.2219.

Taniguchi K, Ito Y, Sugito N, et al., 2015, Organ-Specific
PTB1-Associated microRNAs Determine Expression of
Pyruvate Kinase Isoforms. Sci Rep, 5:8647. DOIL: 1038/
srep08647.

Gu Z, Xia J, Xu H, et al., 2017, NEK2 Promotes Aerobic
Glycolysis in Multiple Myeloma Through Regulating
Splicing of Pyruvate Kinase. J Hematol Oncol, 10(1):17.
DOI: 10.1186/s13045-017-0392-4.

Su CH, Hung KY, Hung SC, et al., 2017, RBM4 Regulates
Neuronal Differentiation of Mesenchymal Stem Cells by
Modulating Alternative Splicing of Pyruvate Kinase M.
Cell Mol Biol, 37(3):e00466-516. DOI: 10.1128/
MCB.00466-16.

Christofk HR, Heiden MG, Harris MH, et al., 2008, The M2
Splice Isoform of Pyruvate Kinase is Important for Cancer
Metabolism and Tumour Growth. Nature,452(7184):230-3.
DOI: 10.1038/nature06734.

Cairns RA, Harris IS, Mak TW, 2011, Regulation of
cancer cell metabolism. Nat Rev Cancer, 11(2):85-95.
DOI: 10.1038/nrc2981.

Ye J, Mancuso A, Tong X, et al., 2012, Pyruvate Kinase M2

Gastroenterology & Hepatology Letters | 2021, Volume 3, Issue 2 21



Zhou, et al.

27.

28.

29.

Promotes De Novo Serine Synthesis to Sustain mTORC1
Activity and Cell Proliferation. Proc Natl Acad Sci USA,
109(18):6904-9. DOI: 10.1073/pnas.1204176109.

Nakatsu D, Horiuchi Y, Kano F, et al., 2015, L-Cysteine
Reversibly Inhibits Glucose-Induced Biphasic Insulin
Secretion and ATP Production by Inactivating PKM2. Proc
Natl Acad Sci USA, 112(10):E1067-76. DOI: 10.1073/
pnas.1417197112.

Xu Q, Tu J, Dou C, et al., 2017, HSP90 Promotes Cell
Glycolysis,
Regulating PKM2 Abundance via Thr-328 Phosphorylation
in Hepatocellular Carcinoma. Mol Cancer, 16(1):178.
DOI: 10.1186/s12943-017-0748-y.

Christotk HR, Heiden MG, Wu N, et al., 2008, Pyruvate

Proliferation and Inhibits Apoptosis by

38.

39.

40.

Feng Z, Rong P, Wang W, 2020, Meta-Analysis of the
Efficacy and Safety of PD-1/PD-L1 Inhibitors Administered
Alone or in Combination with anti-VEGF Agents in
Advanced Hepatocellular Carcinoma. Gut, 69(10):1904-6.
DOI: 10.1136/gutjnl-2019-320116.

Havel JJ, Chowell D, Chan TA, 2019, The Evolving
Landscape of Biomarkers Inhibitor
Immunotherapy. Nat Rev Cancer, 19(3):133-50. DOI: 10.
1038/s41568- 019- 0116- x.

Finn RS, Ryoo BY, Merle P, et al., 2020, Pembrolizumab
as Second-Line Therapy in Patients With Advanced
Hepatocellular KEYNOTE-240:
A Randomized, Double-Blind, Phase I1I Trial. J Clin Oncol,
38(3):193-202. DOI: 10.1200/JC0O.19.01307.

for Checkpoint

Carcinoma in

Kinase M2 is a Phosphotyrosine-Binding Protein. Nature, 41. Finn RS, Qin S, Ikeda M, et al., 2020, Atezolizumab Plus
452(7184):181-6. DOI: 10.1038/nature06667. Bevacizumab in Unresectable Hepatocellular Carcinoma.

30. LiZ, Yang P, Li Z, 2014, The Multifaceted Regulation and N Engl J Med, 382(20):1894-905. DOI: 10.1056/
Functions of PKM2 in Tumor Progression. Biochim Biophys NEJMoal915745.

Acta, 1846(2):285-96. DOTI: 10.1016/j.bbcan.2014.07.008. 42. Li TE, Wang S, Shen XT, et al., 2020, PKM2 Drives

31. Kedar VP, Zucconi BE, Wilson GM, et al., 2012, Direct Hepatocellular Carcinoma Progression by Inducing
Binding of Specific AUF1 Isoforms to Tandem Zinc Finger Immunosuppressive Microenvironment. Front Immunol,
Domains of Tristetraprolin (TTP) Family Proteins. J Biol 11:589997. DOI: 10.3389/fimmu.2020.589997.

Chem, 287(8):5459-71. DOI: 10.1074/jbc.M111.312652. 43.  ChoiSY, Collins CC, Gout PW, ez al., 2013, Cancer-Generated

32. Li L, Zhang Y, Qiao J, et al., 2014, Pyruvate Kinase Lactic Acid: A Regulatory, Immunosuppressive Metabolite?
M2 in Blood Circulation Facilitates Tumor Growth by J Pathol, 230(4):350-5. DOI: 10.1002/path.4218.
Promoting Angiogenesis. J Biol Chem, 289(37):25812-21. 44. Romero-Garcia S, Moreno-Altamirano MM, Prado-
DOI: 10.1074/jbc.M114.576934. Garcia H, et al., 2016, Lactate Contribution to the Tumor

33. Azoitei N, Becher A, Steinestel K, et al., 2016, PKM2 Microenvironment: Mechanisms, Effects on Immune
Promotes Tumor Angiogenesis by Regulating HIF- Cells and Therapeutic Relevance. Front Immunol, 7:52.
loo Through NF-kB Activation. Mol Cancer, 15:3. DOI: 10.3389/fimmu.2016.00052.

DOI: 10.1186/s12943-015-0490-2. 45. Brand A, Singer K, Koehl GE, et al., 2016, LDHA-

34. Xu Q, Liu LZ, Yin Y, et al., 2015, Regulatory Circuit Associated Lactic Acid Production Blunts Tumor
of PKM2/NF- «kB/miR- 148a/152-Modulated Tumor Immunosurveillance by T and NK Cells. Cell Metab,
Angiogenesis and Cancer Progression. Oncogene, 24(5):657-71. DOI: 10.1016/j.cmet.2016.08.011.
34(43):5482-93. DOI: 10.1038/0onc.2015.6. 46. Fischer K, Hoffmann P, Voelkl S, et al., 2007, Inhibitory

35. Kalbasi A, Ribas A, 2020, Tumour-Intrinsic Resistance Effect of Tumor Cell-Derived Lactic Acid on Human
to Immune Checkpoint Blockade. Nat Rev Immunol, T Cells. Blood, 109(9):3812-9. DOI: 10.1182/
20(1):25-39. DOI: 10.1038/s41577-019-0218-4. blood-2006-07-035972.

36. Herbst RS, Baas P, Kim DW, et al., 2016, Pembrolizumab 47. Cassim S, Pouyssegur J, 2019, Tumor Microenvironment:
Versus Docetaxel for Previously Treated, PD-L1-Positive, A Metabolic Player that Shapes the Immune Response. /nt J
Advanced Non-Small-Cell Lung Cancer (KEYNOTE-010): Mol Sci, 21(1):157. DOI: 10.3390/ijms21010157.
ARandomised Controlled Trial. Lancet,387(10027):1540-50. 48. Li W, Tanikawa T, Kryczek I, er al., 2018, Aerobic
DOI: 10.1016/S0140-6736(15)01281-7. Glycolysis Controls Myeloid-Derived Suppressor Cells and

37. Gandini S, Massi D, Mandala M, 2016, PD-L1 Tumor Immunity via a Specific CEBPB Isoform in Triple-
Expression in Cancer Patients Receiving Anti PD-1/PD- Negative Breast Cancer. Cell Metab, 28(1):87-103.¢6.
L1 Antibodies: A Systematic Review and Meta-Analysis. DOI: 10.1016/j.cmet.2018.04.022.

Crit Rev Oncol Hematol, 100:88-98. DOI: 10.1016/j. 49. Goldberg MS, Sharp PA, 2012, Pyruvate Kinase M2-
critrevonc.2016.02.001. Specific siRNA Induces Apoptosis and Tumor Regression.

22 Gastroenterology & Hepatology Letters | 2021, Volume 3, Issue 2



Zhou, et al.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

J Exp Med, 209(2):217-24. DOI: 10.1084/jem.20111487.
Youle RJ, Strasser A, 2008, The BCL-2 Protein Family:
Opposing Activities that Mediate Cell Death. Nat Rev Mol
Cell Biol, 9(1):47-59. DOI: 10.1038/nrm2308.

Bouillet P, Huang DC, O’Reilly LA, et al., 2000, The
Role of the Pro-Apoptotic Bcl-2 Family Member Bim in
Physiological Cell Death. Ann N Y Acad Sci, 926:83-9.
DOI: 10.1111/j.1749-6632.2000.tb05601.x.

Moujalled D, Weston R, Anderton H, et al., 2011, Cyclic-
AMP-Dependent Protein Kinase a Regulates Apoptosis
by Stabilizing the BH3-Only Protein Bim. EMBO Rep,
2(1):77-83. DOI: 10.1038/embor.2010.190.

G, Seelman SL, Schwartz GK, 2009,
Bim Stabil
Ity by Proteasome-Mediated Degradation. Cancer Res,
69(15):6115-21. DOT: 10.1158/0008-5472.

Akiyama T, Dass CR, Choong PF, 2009, Bim-Targeted
Cancer Therapy: A Link Between Drug Action and
Underlying Molecular Changes. Mol Cancer Ther,
8(12):3173-80. DOI: 10.1158/1535-7163.

Hu W, Lu SX, Li M, er al., 2015, Pyruvate Kinase
M2 Prevents Apoptosis via Modulating Bim Stability

Ambrosini

Differentiation-Related Gene-1 Decreases

and Associates with Poor Outcome in Hepatocellular
Carcinoma. Oncotarget, 6(9):6570-83. DOIL: 10.18632/
oncotarget.3262.

Stetak A, Veress R, Ovadi J, et al., 2007, Nuclear
Translocation of the Tumor Marker Pyruvate Kinase M2
Induces Programmed Cell Death. Cancer Res, 67(4):1602—
8. DOI: 10.1158/0008-5472.

Tang Q, Ji Q, Xia W, et al., 2015, Pyruvate Kinase M2
Regulates Apoptosis of Intestinal Epithelial Cells in Crohn’s
Disease. Dig Dis Sci, 60(2):393—404. DOI: 10.1007/
$10620-014-3189-0.

Kwon OH, Kang TW, Kim JH, et al., 2012, Pyruvate
Kinase M2 Promotes the Growth of Gastric Cancer Cells
Via Regulation of Bcl-xL Expression at Transcriptional
Level. Biochem Biophys Res Commun, 423(1):38-44.
DOI: 10.1016/j.bbrc.2012.05.063.

Hamabe A, Konno M, Tanuma N, et al., 2014, Role of
Pyruvate Kinase M2 in Transcriptional Regulation Leading
to Epithelial-Mesenchymal Transition. Proc Natl Acad Sci
US4, 111(43):15526-31. DOI: 10.1073/pnas.1407717111.
Wang C, Li Y, Yan S, et al., 2020, Interactome Analysis
Reveals that IncRNA HULC Promotes Aerobic Glycolysis
Through LDHA and PKM2. Nat Commun, 11(1):3162.
DOI: 10.1038/s41467-020-16966-3.

Chen Z, Lu X, Wang Z, et al., 2015, Co-Expression of
PKM2 and TRIM35 Predicts Survival and Recurrence in

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Hepatocellular Carcinoma. Oncotarget,
DOI: 10.18632/oncotarget.2991.
Lo CH, Farina F, Morris HP, et al., 1968, Glycolytic
Regulation in Rat Liver and Hepatomas. Adv Enzyme Regul,
6:453-64. DOI: 10.1016/0065-2571(68)90028-9.
Feng C, Gao Y, Wang C, 2013, Aberrant

Overexpression of Pyruvate Kinase M2 is Associated

6(4):2538-48.

et al.,

with Aggressive Tumor Features and the BRAF Mutation
in Papillary Thyroid Cancer. J Clin Endocrinol Metab,
98(9):E1524-33. DOIL: 10.1210/jc.2012-4258.

Guminska M, Stachurska MB, Ignacak J, 1988, Pyruvate
Kinase Isoenzymes in Chromatin Extracts of Ehrlich
Ascites Tumour, Morris Hepatoma 7777 and Normal Mouse
and rat Livers. Biochim Biophys Acta, 966(2):207-13. DOI:
10.1016/0304-4165(88)90113-4.

Jeffery J, Lewis SJ, Ayling RM, 2009, Fecal Dimeric
M2-Pyruvate Kinase (Tumor M2-PK) in the Differential
Diagnosis of Functional and Organic Bowel Disorders.
Inflamm Bowel Dis, 5(11):1630—4. DOI: 10.1002/ibd.20946.
Wang C, Delogu S, Ho C, et al., 2012, Inactivation of
Spry2 Accelerates AKT-Driven Hepatocarcinogenesis Via
Activation of MAPK and PKM2 Pathways. J Hepatol,
57(3):577-83. DOI: 10.1016/j.jhep.2012.04.026.

Liu WR, Tian MX, Yang LX, et al., 2015, PKM2 Promotes
Metastasis by Recruiting Myeloid-Derived Suppressor
Cells and Indicates Poor Prognosis for Hepatocellular
Carcinoma. Oncotarget, 6(2):846-61. DOI: 10.18632/
oncotarget.2749.

Hong W, Guan KL, 2012, The YAP and TAZ
Transcription Co-Activators: Key Downstream Effectors
of the Mammalian Hippo Pathway. Semin Cell Dev Biol,
23(7):785-93. DOI: 10.1016/j.semcdb.2012.05.004.
Johnson R, Halder G, 2014, The Two Faces of Hippo:
Targeting the Hippo Pathway for Regenerative Medicine
and Cancer Treatment. Nat Rev Drug Discov, 13(1):63-79.
DOI: 10.1038/nrd4161.

Rong O, Fei Y, Jun M, et al., 2019, Inhibition of Hippo
Signaling by PKM2 Promotes Proliferation and Invasion and
Migration of HCC Cells. J Nanjing Med Univ, 39(8):1183-7.
Mendonsa AM, Na TY, Gumbiner BM, 2018, E-Cadherin in
Contact Inhibition and Cancer. Oncogene, 37(35):4769-80.
DOI: 10.1038/s41388-018-0304-2.

Bure IV, Nemtsova MV, Zaletaev DV, 2019, Roles of
E-Cadherin and Noncoding RNAs in the Epithelial-
Mesenchymal Transition and Progression in Gastric Cancer.
Int J Mol Sci, 20(12):2870. DOI: 10.3390/ijms20122870.
Chen YL, Song JJ, Chen XC, et al., 2015, Mechanisms
of Pyruvate Kinase M2 Isoform Inhibits Cell Motility in

Gastroenterology & Hepatology Letters | 2021, Volume 3, Issue 2 23



Zhou, et al.

74.

75.

76.

71.

78.

79.

80.

81.

82.

83.

Hepatocellular Carcinoma Cells. World J Gastroenterol,
21(30):9093-102. DOI: 10.3748/wjg.v21.130.9093.

Arora PD, McCulloch CA, 1996, Dependence of Fibroblast
Migration on Actin Severing Activity of Gelsolin. J Biol
Chem, 271(34):20516-23. DOI: 10.1074/jbc.271.34.20516.
Piccolo E, Innominato PF, Mariggio MA, et al., 2002, The
Mechanism Involved in the Regulation of Phospholipase
Cgammal Cell
21(42):6520-9. DOI: 10.1038/sj.onc.1205821.

Peng TS, Qiu JS, Wu HX, et al., 2002, Expressions of
CD44s, MMP-9, and Ki-67: Possible Association with
Invasion, Metastasis, and Recurrence of Osteosarcoma. Ai
Zheng, 21(7):745-50.

Chen T, Nie H, Gao X, et al., 2014, Epithelial-Mesenchymal
Transition Involved in Pulmonary Fibrosis Induced by Multi-
Walled Carbon Nanotubes via TGF-Beta/Smad Signaling
Pathway. Toxicol Lett, 226(2):150-62. DOI: 10.1016/].
toxlet.2014.02.004.

Katsuno Y, Lamouille S, Derynck R, 2013, TGF-f
Signaling and Epithelial-Mesenchymal Transition in Cancer
Progression. Curr Opin Oncol, 25(1):76—84. DOI: 10.1097/
CCO0.0b013e32835b6371.

Kriegel MA, Li MO, Sanjabi S, et al., 2006, Transforming
Growth Factor-Beta: Recent Advances on its Role in
Immune Tolerance. Curr Rheumatol Rep, 8(2):138-44.
DOI: 10.1007/s11926-006-0054-y.

Huang X, Huang S, Zhang F, et al., 2010, Lentiviral-
Mediated Smad4 RNAi Promotes SMMC-7721 Cell
Migration by Regulation of MMP-2, VEGF and MAPK
Signaling. Mol Med Rep, 3(2):295-9. DOI: 10.3892/
mmr_00000254.

Del Re E, Babitt JL, Pirani A, et al., 2004, In the Absence of
Type III Receptor, the Transforming Growth Factor (TGF)-

Activity in Migration.  Oncogene,

Beta Type II-B Receptor Requires the Type I Receptor
to Bind TGF-beta2. J Biol Chem, 279(21):22765-72.
DOI: 10.1074/jb¢.M401350200.

Suzuki H, Yagi K, Kondo M, et al., 2004, c-Ski Inhibits
the TGF-Beta Signaling Pathway Through Stabilization
of Inactive Smad Complexes on Smad-Binding Elements.
Oncogene, 23(29):5068-76. DOI: 10.1038/sj.0nc.1207690.
Hardt PD, Ewald N, 2008, Tumor M2 Pyruvate Kinase:
A Tumor Marker and its Clinical Application in

Gastrointestinal Malignancy. Expert Rev Mol Diagn,

84.

85.

86.

87.

88.

89.

90.

91.

92.

8(5):579-85. DOI: 10.1586/14737159.8.5.579.

Hardt PD, Toepler M, Ngoumou B, et al., 2003, Fecal
Pyruvate Kinase Concentrations (ELISA Based on a
Combination of Clone 1 and Clone 3 Antibodies) for Gastric
Cancer Screening. Anticancer Res, 23(2A):855-7.
Goonetilleke KS, Mason JM, Siriwardana P, 2007,
Diagnostic and Prognostic Value of Plasma Tumor M2
Pyruvate Kinase in Periampullary Cancer: Evidence for a
Novel Biological Marker of adverse prognosis. Pancreas,
34(3):318-24. DOI: 10.1097/MPA.0b013e31802ee9c7.
Masuo T, Okamura S, Zhang Y, 2009, Cyclosporine A
Inhibits Colorectal Cancer Proliferation Probably by
Regulating Expression Levels of c-Myc, p21(WAF1/
CIP1) and Proliferating Cell Nuclear Antigen. Cancer Lett,
285(1):66—72. DOI: 10.1016/j.canlet.2009.05.001.
Martinez-Balibrea E, Plasencia C, Ginés A, et al., 2009,
A Proteomic Approach Links Decreased Pyruvate Kinase
M2 Expression to Oxaliplatin Resistance in Patients with
Colorectal Cancer and in Human Cell Lines. Mol Cancer
Ther, 8(4):771-8. DOI: 10.1158/1535-7163.

Spoden GA, Mazurek S, Morandell D, et al., 2008, Isotype-
Specific Inhibitors of the Glycolytic Key Regulator Pyruvate
Kinase Subtype M2 Moderately Decelerate Tumor Cell
Proliferation. Int J Cancer, 123(2):312-21. DOI: 10.1002/
jc.23512.

Heiden MG, Christofk HR, Schuman E, et al., 2010,
Identification of Small Molecule Inhibitors of Pyruvate
Kinase M2. 79(8):1118-24.
DOI: 10.1016/j.bcp.2009.12.003.

Boxer MB, Jiang JK, Heiden MG, et al., 2010, Evaluation
of Substituted N, N’-Diarylsulfonamides as Activators of

Biochem  Pharmacol,

the Tumor Cell Specific M2 Isoform of Pyruvate Kinase.
J Med Chem, 53(3):1048-55. DOI: 10.1021/jm901577g.
Jiang JK, Boxer MB, Heiden MG, et al., 2010, Evaluation of
thieno [3, 2-b] pyrrole [3, 2-d] Pyridazinones as Activators
of the Tumor Cell Specific M2 Isoform of Pyruvate Kinase.
Bioorg Med Chem Lett, 20(11):3387-93. DOI: 10.1016/].
bmcl.2010.04.015.

Walsh MJ, Brimacombe KR, Veith H, et al., 2011, 2-Oxo-
N-aryl-1, 2, 3,
as Activators of the Tumor Cell Specific M2 Isoform of
Pyruvate Kinase. Bioorg Med Chem Lett, 21(21):6322-7.
DOI: 10.1016/j.bmcl.2011.08.114.

4-Tetrahydroquinoline-6-Sulfonamides

Publisher’s note

Whioce Publishing remains neutral with regard to
jurisdictional claims in published maps and institutional
affiliations.

24

Gastroenterology & Hepatology Letters | 2021, Volume 3, Issue 2



