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BEYOND GLYCOLYSIS: PYRUVATE KINASE M2 REGULATES CANCER CELL
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Under the Direction of Zhi-Ren Liu, PhD

ABSTRACT
Cancer cells alter their nutrition metabolism to cope the stressful environment. One
important metabolism adjustment is that cancer cells often activate glutaminolysis in response to
the reduced carbon from glucose entering into TCA cycle due to inactivation of several enzyme
activity in glycolysis. An important question is how the tumor cells coordinate the changes of

glycolysis and glutaminolysis. In this report, we demonstrate that the pyruvate kinase inactive



dimer PKMZ2 facilitates activation of glutaminolysis. Our experiments show that the dimer PKM2
plays a role in upregulation of mitochondrial glutaminase I. Growth stimulations activate activity
of PKM2 in regulation of glutaminolysis. PKM2 dimer regulates the glutaminase expression by
controlling the IRES-dependent c-myc translation. Growth stimulations promote PKM2 and c-
myc IRES interaction. Our study reveals an important linker that coordinates the adjustments of
the metabolism pathways in cancer cells.

Cancer controls its immunity by educating its microenvironment, including regulation of
polarization of cancer associated macrophages (CAMSs). It is well documented that cancer cells
release PKM2 to facilitate tumor progression. We report here that extracellular PKM2 (EcPKM2)
modulates cancer immunity by facilitating M2 macrophage in tumors. ECPKM2 interacts with
integrin avPs on macrophage to activate the integrin-PI3K signal axis. Activation of PI3K by
EcPKM2 suppresses PTEN expression, which subsequently upregulates arginase-1 (Arg-1)
expression in macrophage. Our studies uncover a novel and important mechanism for modulation
of cancer immunity. More importantly, an antibody disrupting the interaction between ECPKM2
and integrin avpBs is effective in converting M2 macrophages to M1 macrophages in tumors,
suggesting a new therapeutic strategy and target for cancer immunotherapies. Combination of the
PKM2 antibody with checkpoint blockades and chemotherapeutics provides synergistically

enhanced treatment effects.
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1 INTRODUCTION

1.1 Cell Metabolism

Cancer cells reprogram their nutrition metabolism to meet their high bioenergetic and
biosynthetic demands in support of their rapid growth and continuous proliferation (Phan, Yeung,
& Lee, 2014). Both glycolysis and glutaminolysis are altered in cancer cells (Akins, Nielson, &
Le, 2018). Glycolysis is a universal pathway used by all living cells for energy production, which
can occur in both aerobic and anaerobic states. However, about a century ago, Otto Warburg first
discovered that the glycolysis rate is 200 times higher in cancer cells compared to healthy cells;
and cancer cells predominantly undergo anaerobic glycolysis even whether oxygen is present
(Akins et al., 2018; Warburg, 1924). This phenomenon is later termed the Warburg effect. After
its discovery, scientists have come up with many theories for why cancer cells switch to inefficient
anaerobic glycolysis. One widely accepted theory is that the Warburg effect allows cancer cells to
maintain large pools of intermediates which provide building blocks for synthesis of nucleotides,
fatty acids and amino acids, assisting the rapid proliferation and growth of cancer cells (Liberti &
Locasale, 2016).

Warburg effect limits the entry of pyruvate into the TCA cycle in cancer cells. To
compensate for the reduction in carbon coming from glycolysis, cancer cells switch to the
glutaminolysis which utilizes glutamine to replenish the TCA cycle (Anderson, Mucka, Kern, &
Feng, 2018). In addition, glutaminolysis also provides reducing power by converting glutamate to
glutathione (GSH), the most abundant antioxidant in mammalian cells in handling oxidative stress
(Anderson et al., 2018). Elevated glutaminolysis has been recognized as a critical hallmark of
cancer (Cluntun, Lukey, Cerione, & Locasale, 2017). Cancer patients have much lower

concentrations of glutamine in their blood circulation compared to healthy people (Cluntun et al.,



2017). It has been shown that the reduction in glutamine consumption can restrain the cancer
progression to some extent (Jiang, Srivastava, & Zhang, 2019). Glutamine, the most abundant
amino acid in blood circulation, is beneficial for cancer cells as it supplies a great amount of carbon
and nitrogen for macromolecule biosynthesis and maintenance of redox balance (Alberghina &
Gaglio, 2014; Kodama et al., 2020; Souba, 1993). By this means, with increased glutamine
converted via glutaminolysis, cancer cells display enhanced cell proliferation rate and reduced cell
death (Matés, Pérez-Gémez, de Castro, Asenjo, & Marquez, 2002).

Glutaminolysis as well as glycolysis in cancer cells have been extensively studied, but rare
attention has been put on how the cancer cells coordinate these two metabolic pathways. Finding
out how the cancer cells coordinate these two pathways might be critical for finding cures for

cancer.

1.2 Glycolysis and Warburg Effect

Glycolysis is one of the most important metabolic pathways in most kinds of organisms.
Due to the wide occurrence of glycolysis in different species, we know it is an ancient metabolic
pathway (Fothergill-Gilmore & Michels, 1993). It was first studied in the nineteenth century;
however, it took scientists around 100 years to fully understand how it works in normal cells.
Glycolysis converts glucose into pyruvate and generates free energy which can be used to form
energy molecules ATP and NADH (X. B. Li, Gu, & Zhou, 2015). A sequence of 10 enzyme related
reactions is involved in glycolysis, including Hexokinase, Phosphoglucoisomerase,
Phosphofructokinase, Aldolase, Phosphotriose isomerase, Glyceraldehyde 3-phosphate
dehydrogenase, Phosphoglycerate kinase, Phosphoglycerate mutase, Enolase and Pyruvate kinase
(X. B. Li et al., 2015).. Therefore, a lot of intermediates are produced during the reactions,

including glucose-6-phosphate (PPP, glycogen metabolism), Fructose 6-phosphate (PPP),



Fructose 1,6-bisphosphate, Glyceraldehyde 3-phosphate, Dihydroxyacetone phosphate, 1,3-
Bisphosphoglyceric acid, 3-Phosphoglyceric acid, 2-Phosphoglyceric acid, Phosphoenolpyruvate,
and pyruvate. The intermediates produced at each step can be used for other reactions by leaving
glycolysis and entering different metabolic pathways (X. B. Li et al., 2015; Vaupel, Schmidberger,
& Mayer, 2019).

The glycolysis metabolic pathway is an oxygen-independent pathway. In most cases, the
glycolysis occurs in cytosol, and it normally can be divided into 2 phases, the investment phase
and the pay-off phase (Lunt & Vander Heiden, 2011). The investment phase involves ATPs
consumption, but the pay-off phase has ATP production. Overall, the glycolysis will produce the
net energy ATPs along with NADH molecules and pyruvates (Lunt & VVander Heiden, 2011). Cells
rely on glycolysis to get sufficient energy for survival. In cancer cells, glucose metabolism is
altered (DeBerardinis & Chandel, 2016; Pavlova & Thompson, 2016). Though it consumes more
glucose molecules, less amount of pyruvate enters the TCA cycle (Liberti & Locasale, 2016). This
phenomenon has been reported and evidence has shown that it is because some enzymes are
altered. One well-studied mechanism is that, in cancer cells, pyruvate kinase switches from high
enzymatic tetramer form to lower enzymatic dimer form, which leads to a decrease in production
of pyruvates (W. Yang & Lu, 2015). The advantage of such metabolic alteration in cancer cells is
that cancer cells use this mechanism to synthesize more building blocks for their proliferation

(Vander Heiden, Cantley, & Thompson, 2009).

1.3 Glutaminolysis
In human blood circulation, there are a lot of different amino acids, cells can uptake these

amino acids and are used for different purposes. Glutamine is the most abundant amino acid in the



blood circulation (J. Zhang, Pavlova, & Thompson, 2017). Glutamine can come from various
dietary sources, especially the protein-rich foods like beef, chicken, fish, eggs, and beans etc.

Once up-taken by the cells, Glutamine can be lysed to glutamate, aspartate, CO2, pyruvate,
and citrate. This process is called glutaminolysis (McKeehan, 1982). The whole process involves
some steps from the citric acid cycle and the malate-aspartate shuttle. Glutaminolysis is an
important energy source for cells, especially in highly proliferating cells like lymphocytes,
thymocytes, adipocytes and cancer cells (Song, Wei, Lu, Li, & Chen, 2017; Lifeng Yang, Venneti,
& Nagrath, 2017). In the cancer cells, due to the Warburg effects, the carbon source coming from
glucose which enters into the TCA cycle is much reduced (Jin, Alesi, & Kang, 2016). Though this
change can increase the building blocks for cell proliferation purposes, the energy from glucose is
reduced. To overcome this disadvantage, the cancer cells utilize glutamine as one of the major
energy sources (Jin, Alesi, & Kang, 2016). High concentration of extracellular glutamine is
beneficial for the tumor growth (Cluntun et al., 2017).

The glutaminolysis can produce ATPs in many steps (McKeehan, 1982). It can generate
one ATP from direct phosphorylating GDP; then it can also give two ATPs by oxidating FADH2;
lastly, it can produce three ATPs from a-ketoglutarate dehydrogenase reaction (McKeehan, 1982).

There are a lot of advantages for cancer cells to use glutaminolysis. Firstly, as we said,
since the glutamine is the most abundant amino acid in the blood circulation, cancer cells have a
big energy pool (Chen et al., 2019; Newsholme et al., 2003). Secondly, the degradation products
of glutamine can be used as sources of biosynthesis, for instance, glutamate and aspartate are
precursors for nucleic acid synthesis (Cruzat, Macedo Rogero, Noel Keane, Curi, & Newsholme,
2018). Thirdly, in the cancer cells, there are a lot of reactive oxygen species, and glutaminolysis

is insensitive to the high ROS in cancer cells (Kumari, Badana, G, G, & Malla, 2018; Panieri &



Santoro, 2016). Fourthly, glutaminolysis is beneficial for the synthesis of fatty acids and
cholesterol (Phan et al., 2014). Lastly, since glutaminolysis can produce glutamate and fatty acids,
and studies have shown that glutamate and fatty acids are immunosuppressive, by releasing the
produced glutamate and fatty acids, cancer cells can protect themselves from immune attack

(Boodhoo, Kamble, Sharif, & Behboudi, 2020; Z. Wang et al., 2020).

1.4 Pyruvate Kinase

Pyruvate kinase is the enzyme catalyzing the conversion of phosphoenolpyruvate (PEP) to
pyruvate, the last step of glycolysis (W. J. Israelsen & Vander Heiden, 2015). It is a rate-limiting
step and produces one molecule of ATP. The pyruvate can further be broken down to carbon
dioxide to make more ATP molecules in aerobic respiration when oxygen is present through
subsequent steps of pyruvate oxidation, the citric acid cycle, and oxidative phosphorylation, or it
can be converted to lactic acid or ethanol when oxygen is no available(W. J. Israelsen & Vander
Heiden, 2015).

Pyruvate kinase has four isoforms L, R, M1 and M2. These four isoforms are tissue specific
(Gupta & Bamezai, 2010). The L isoform is expressed in liver tissue while R isoform is specific
in erythrocytes, both of which are encoded by the same gene PKLR. There are two distinct
conformational states of PKL and PKR: the R state and L state (Mattevi, Bolognesi, & Valentini,
1996). The R state is an active form with a high affinity for the substrate while the T-state is a less
active form with the low affinity for the substrate. Therefore, the R-state plays a role in glycolysis,
but not the T-state.

M1 and M2 isoform are alternative splicing products of the same PKM gene which contains

12 exons and 11 introns (Morgan et al., 2013). The M1 isoform is dominantly present in muscle



and brain tissues while PKM2 isoform is usually found in early fetal tissue. The PKM gene M1
isoform has exon 9 while M2 isoform has exon 10 (M. Chen, Zhang, & Manley, 2010). Therefore,
the sequences of M1 and M2 are almost the same except for the part which is encoded by the
different exon. Interestingly, PKM2 has non-metabolic roles and is also found in fast-growing cells
like tumor cells due to its non-metabolic roles (Dong et al., 2016). It is reported that PKM2 is

intensively involved in tissue repair and regeneration (Y. Zhang, L. Li, Y. Liu, & Z.-R. Liu, 2016).

1.4.1 Pyruvate kinase muscle isozyme: PKM1 and PKM2

Both PKM1 and PKM2 have tetrameric form which consists of four identical subunits (or
monomers). Each monomer contains A, B, C, and N-terminal structural domain (P. Wang, Sun,
Zhu, & Xu, 2015). The monomer dimerizes to form dimer, which further dimerizes to form
tetramer. The dimer-dimer interaction interface is localized at the C domain on the monomer,
which happens to be at the site of the differential sequence between PKM1 and PKM2. Therefore,
tetramer formation of PKM1 and PKM2 is different, PKML1 is always present as a tetramer while
PKM2 can be in the form of tetramer or dimer (Wong, Ojo, Yan, & Tang, 2015). In addition, the
difference in sequence also has an impact on allosteric regulation of two isoforms. Domain C is
where allosteric activator FBP binds. FBP can directly bind with PKM2, leading to the
conformational change of the enzyme, thus the enzymatic activity of pyruvate kinase is enhanced
(Gui, Lewis, & Vander Heiden, 2013). While FBP does not bind PKML so it does not affect PKM1
activity. FBP is the intermediate product in the glycolytic pathway, and it serves as a feedforward
stimulator by regulating pyruvate kinase (Gui et al., 2013). In addition to GBP, PKM2 can be
activated by serine and succinylaminoimidazolecarboxamide ribose-50 phosphate SDH succinate
dehydrogenase (SAICAR)(Keller, Doctor, Dwyer, & Lee, 2014). There are also inhibitors which

suppress enzymatic activity of PKM2, such as L-Cysteine, pyruvate, P-tyrosine, phenylalanine,



alanine, adenosine triphosphate, and thyroid hormone T3 (Z. Li, Yang, & Li, 2014). PKM2 activity
also can be regulated by post-translational modification, such as phosphorylation, acetylation and
oxidation, which reduce the activity PKM2 (Chaneton & Gottlieb, 2012). Another difference
between PKM1 and PKM2 is energy production and intermediate utilization. PKM1 constitutively
exists as the active tetramer to provide ATP for cells (Dayton, Jacks, & Vander Heiden, 2016).
However, PKM2, when in active tetrameric form, mainly produce ATP; when in dimeric form, it
accumulates glycolytic intermediates for the biosynthesis of different biomolecules such as amino

acids, phospholipids and nucleotides (Méndez-Lucas et al., 2017).

1.4.2 PKM2 expression regulation

The alternative splicing can be regulated by splicing factor family heterogenous
ribonucleotide proteins (hnRNPs) including hnRNP 1 (or PTB), hnRNPA1, hnRNPA2 (Clower et
al., 2010; Israelsen et al., 2013). The hnRNPs enter the nucleus and release exon 10 by binding to
exon 9 and promote PKM2 expression. The 3 splicing factors are under the regulation of c-myc
(David, Chen, Assanah, Canoll, & Manley, 2010). During hypoxia conditions, the HIFl-a
upregulating PKM2 isoform through increasing hRNPs (Williams et al., 2018). Insulin is also
reported to up-regulate the expression of M2 isoform (Igbal et al., 2013). Studies show that EGF
signaling leads to enhanced PKM2 expression via up-regulating PTB (W. Yang, Xia, Cao, et al.,
2012). In addition, recent studies have revealed that PKM2 expression is also closely controlled

by microRNAs (miRNA) (Z. Zhang et al., 2019).

1.4.3 PKM2 dimer and tetramer
The PKMZ2 has tetramer and dimer, which are composed of the same monomer, however,
they are distinct in biological functions (P. Wang et al., 2015). The tetramer PKM2 is an active

form of pyruvate kinase and regulates the glycolysis process, while the dimer PKM2 has very low



enzymatic activity (Dong et al., 2016). The dimer PKM2 and tetramer PK2 can switch between
each other when interacting with various activators and inhibitors. The conversion from dimer to
tetramer is considered as activation of PKIM2 enzyme while the reversal process is considered as
inhibition of PKM2 enzyme (P. Wang et al., 2015). For example, the high level of FBP can
stimulate tetramerization of PKM2 and stabilize tetramer PKM2. When the level of FBP is low,
PKM2 tetramer will dissociate to dimmer PKM2.

PKM2 is present in various cellular locations including cell cytosol, nucleus and
extracellular space and perform many non-glycolytic roles at different subcellular locations
(William J. Israelsen et al., 2013). When PKM2 enters the nucleus, it can modify gene regulation
(X. Gao, H. Wang, J. J. Yang, X. Liu, & Z.-R. Liu, 2012). When it attaches to the outer membrane
of mitochondrial, it can regulate mitochondrial function (Liang et al., 2017). When it can exist in
the endoplasmic reticulum, it releases endoplasmic reticulum stress (Z. Z. Li, Wang, Liu, Li, &
Wang, 2020). When it is secreted in extracellular space, it acts as a ligand and triggers intracellular
signal pathways. Moreover, PKM2 can also be modified with phosphorylation, acetylation and

other proteins, adding complexity of the function of PKM2 (Weiwei Yang et al., 2012).

1.4.4 The role of PKM2 in cancer cells

An important molecular signature of cancer development and progression is that a shift in
expression of isoenzymes of pyruvate kinase in tumor of almost all types. The tissue specific
isoform (L, R, or M1) disappears, while PKM2 is expressed in cancer cells in replacement (Boros,
Cascante, & Lee, 2002; Elbers et al., 1991; Hacker, Steinberg, & Bannasch, 1998). Interestingly,
PKM2 is converted to an inactive dimer form from an active tetramer in response to growth
stimulation (Gao et al., 2013; X. Gao, H. Wang, J. J. Yang, X. Liu, & Z. R. Liu, 2012; Mazurek,

Boschek, Hugo, & Eigenbrodt, 2005). As a critical metabolic enzyme, PKM2 in cancer cells



switches to an inactive dimer form that limits pyruvate entering into TCA cycle, by which more
precursors are saved for biosynthesis (Anastasiou et al., 2012). PKM2 in cancer cells has also been
found to act as a transcriptional regulator in the nucleus (Dong et al., 2016). For example, our lab
has reported that PKM2 localizes to the cancer cell nucleus and function as an active protein kinase
which can activates transcription of MEK5 (X. Gao, H. Wang, J. J. Yang, X. Liu, & Z.-R. Liu,
2012). PKM2 has also been reported as an extracellular signaling communicator, involved in many
diseases including cancer (Dong et al., 2016; Hsu et al., 2016). Our lab has demonstrated that
extracellular PKM2 facilitates wound healing (Y. Zhang, Li, Liu, & Liu, 2016). Extracellular
PKM2 increases the angiogenesis by promoting endothelial cell proliferation and migration, thus
promotes cancer progression (L. Li, Zhang, Qiao, Yang, & Liu, 2014). Though more and more
investigations have been conducted to understand the function of extracellular PKM2 in diseases,
so for it is not clear whether PKM2 can interact with immune cells and its potential role in the

immune environment modulation.

1.4.5 PKM?2’s functions and subcellular locations

PKM2 in the cytoplasm primarily acts as a metabolic enzyme in glycolysis. The cancer
cells express a high level of PKM2 (Y.-h. Li et al., 2018). Tumor cells prefer the inactive dimer
form of PKMZ2, rather than its enzymatic active tetramer form because the low enzymatic activity
of dimer PKM2 blocks the normal flow of glycolysis, allowing those glycolytic intermediates
accumulated and converted to biomolecules to support fast growth of cancer cells (Dong et al.,
2016). This phenomenon is discovered along with the discovery of the Warburg effect by German
biologist Warburg in the early twentieth century (Vander Heiden et al., 2009). Warburg observed
that, even when surrounded with a high level of oxygen, tumor cells still chose glycolysis not

oxidative phosphorylation (Liberti & Locasale, 2016). Such aerobic glycolysis is later termed the
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Warburg effect. The key game changer, dimeric form of PKM2, is also called Tumor M2-PK
(Rajala, Rajala, Kooker, Wang, & Anderson, 2016). The tumor M2-PK plays vital roles in cancer
progression (Zahra, Dey, Ashish, Mishra, & Pandey, 2020). Tumor cells can increase the
transcription of PKMZ2, for instance through hypoxia-inducible factor HIF1- o (Semenza, 2013).
Tumor cells can also increase dimer PKM2 post-translationally (Weibo Luo & Semenza, 2012;
Prakasam, Igbal, Bamezai, & Mazurek, 2018). Dimerization of PKM2 is elevated in tumor cells
through the interaction between PKM2 and various oncoproteins such as A-Raf (Mazurek,
Drexler, Troppmair, Eigenbrodt, & Rapp, 2007). Cytoplasmic PKM2 also acts as a signaling
modulator by interacting with other partner proteins, such as A-Raf and fibroblast growth factor
receptor 1 (FGFR 1) (Jing et al., 2017; Mazurek et al., 2007). These interacting partners drive
conformation change of PKM2 and promote the dimer/tetramer switch of PKM2, on the other
hand, PKM2 also changes the catalytic kinetics, substrate affinity and cytoplasmic location of
those interacting partners, affecting signal transduction. The anti-apoptotic protein Bcl2 is another
PKM2 interacting partner. Under oxidative stress, PKM2 translocates to mitochondria and binds
with Bcl2, preventing it from degradation (Liang et al., 2017).

PKM2 contains nuclear localization sequence (NLS). It can enter the nucleus and act as a
protein kinase and transcriptional regulator (Xueliang Gao et al., 2012). When PKM2 is in
tetramer form, the NS site is buried inside and is not exposed, while in dimeric form, the NSL
site is exposed, allowing nucleus entrance of PKM2. Mitogen-activated protein kinase 1 (MAPK1)
phosphorylates dimer PKM2 and results in conformational change of PKM2 so that PKM2 can
enter into nucleus and regulate gene expression (W. Yang, Zheng, et al., 2012). Once entering the
nucleus, PKM2 acts as a transcriptional co-activator and participates in gene regulation to promote

cell growth and proliferation (W. Luo et al., 2011; Matsuda et al., 2016). PKM2 increases the
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transcription of B-catenin targets (W. Yang, Xia, Cao, et al., 2012). After binding to Y333-
phsphorylated-B-catenin, PKM2 is recruited to nucleosomes to phosphorylate histone H3, leading
to enhancement in histone H3 acetylation. This acetylation of histone H3 activates the transcription
of B-catenin target genes, such as cyclin D (W. Yang, Xia, Cao, etal., 2012; W. Yang, Xia, Hawke,
et al., 2012). PKM2 is also demonstrated to enhance transcription of mitogen-activated protein
kinase 5 (MEKS5) by directly phosphorylating signal transducer and activator of transcription 3
(STAT3) (Xueliang Gao et al., 2012). PKM2 is also shown to promote tumor cells growth by
phosphorylating extracellular signal-regulated kinase 1 and 2 (ERK | and ERK 2) (W. Yang,
Zheng, et al., 2012). In addition, PKM2 can regulate PD-L1 expression in tumor cells and immune
cells like macrophages (Long et al., 2020; Palsson-McDermott et al., 2017). Moreover, PKM2
executes its transcription regulation in a phosphorylation-independent manner. For example,
PKM2 is reported to bind with the transcription factor Oct4 and inhibit Oct4-mediated
transcription in cell stemness (Morfouace et al., 2014). PKM2 can interact with NF-xB and HIF-
la in the nucleus and activate the expression of VEGF-A, resulting in increased level of VEGF-A
in blood circulation and sequential enhancement of tumor angiogenesis (Azoitei et al., 2016).
However, the role of PKM2 as a transcription regulator has been questioned by studies of PKM2
knockout cells (Hosios, Fiske, Gui, & Vander Heiden, 2015).

PKMZ2 serves as a signaling communicator when present extracellularly. It has been found
that PKM2 is present in exosomes, suggesting its role in conducting cell-cell communication and
extracellular signaling. PKM2 is first identified PKM2 in B-cell exosomes (Buschow et al., 2010).
Later more studies report the presence of PKM2 in exosomes which is released by various cancer
cells (Wan et al., 2019). The information is accessible in public extracellular vesicle databases like

ExoCarta and EVpedia. The presence of PKM2 in exosomes indicates that PKM2 could play a
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role in cell-cell communication, carrying messages from host cells to recipient cells. Besides,
cancer cells of various type have been shown to secrete PKM2. High levels of PKM2 are found in
the blood circulation of cancer patients (Wong, De Melo, & Tang, 2013). PKM2 in blood
circulation promotes tumor growth by enhancing endothelial cells migration and proliferation,
promotes angiogenesis (L. Li et al., 2014). PKM2 enhances colon cancer cell migration via
PI3K/AKT and Wnt/B-catenin signal pathways (P. Yang et al., 2015). PKM2 increases breast
cancer cell proliferation via activating epidermal growth factor receptor (EGFR) (Hsu et al., 2016).
Extracellular PKM2 is shown to mediate tumorigenesis of colon cancer cells by up-regulating
claudin through EGFR-PKC-claudin-1 pathway (H. Kim et al., 2020). A recent study elucidates
that secreted PKM?2 promotes lung cancer metastasis via the integrin B1/FAK/PI3K signaling
pathway (C. Wang et al., 2020). In addition to cancer cells, our lab has demonstrated that
neutrophils secrets PKM2 at would sites to promote angiogenesis and accelerate wound healing
process (Y. Zhang et al., 2016), suggesting the implication of extracellular PKM2 in inflammation
regulation. It is not clear whether the extracellular PKM2 functions as free PKM2 on its own or a
vesicle wrapped PKM2. The big molecular weight of free PKM2 makes it hard to enter the cell
readily. Therefore, the effect of PKM2 has to be through binding with cell surface receptors like
EGFR or integrin 1. Vesicle wrapped PKM2 is likely to be endocytosed by the cell, which makes
no difference in its effect as what intracellular PKM2 does. It is not known yet which form of
extracellular PKM2 plays the role outside the cells or it may be both forms.

Compared to what we have already known about PKM2, what we don’t know might
account for the majority of the PKM2 knowledge kingdom. What’s more, there are debates even
about the current knowledge of PKM2. The PKM2-knockout mice, contrast to researchers’

expectation of suppressing tumor development, do not show tumor growth prevention (Dayton et
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al., 2016). This study challenges our traditional impression on the tumor promoting role of PKM2,
which might indicate that PKM2 may not be required for tumor development (Israelsen et al.,
2013). Moreover, PKM2 knockout mice are susceptible to develop hepatocellular carcinoma

spontaneously likely due to the metabolism imbalance (Dayton et al., 2016).

1.5 C-Mycand GLS

c-Myc is an oncogene which is highly expressed in various cancers (Chi V. Dang, 2012;
Miller, Thomas, Islam, Muench, & Sedoris, 2012). c-Myc can be activated by various mitogenic
factors such as EGF. Highly expressed c-Myc can increase the expression of many other genes,
many of which are involved in cell proliferation (C. V. Dang, 1999). C-Myc protein can activate
expression of many pro-proliferative genes through enhancer box sequences(E-boxes) and
recruiting histone acetyltransferases (HATS) (Poole & van Riggelen, 2017). In addition, c-Myc
can also control DNA replication, contributing to DNA amplification in cancer cells (Dominguez-
Sola & Gautier, 2014). By modifying the expression of its target genes, Myc activation promotes
cell proliferation, cell growth, differentiation and stem cell self-renewal (Chi V. Dang, 2012;
Murphy, Wilson, & Trumpp, 2005).

Glutamine is the most abundant amino acids in the serum. Increased glutaminolysis is a
hallmark of cancer and is recognized as a key metabolic change in cancer cells (Lifeng Yang et
al., 2017). Glutaminase is the critical enzyme that converts glutamine to glutamate. Glutaminase
is an amidohydrolase enzyme that generates glutamate from glutamine. Glutaminase has two
isoenzymes, GLS and GLS2. GLS and GLS2 have opposing roles in tumorigenesis (Marquez et
al., 2017; Saha et al., 2019). GLS correlates with tumor growth rate and malignancy, and is
regulated by the oncoprotein c-Myc, whereas GLS2 tends to have tumor suppressive features, and

is regulated by p53 (M. H. Kim & Kim, 2013; Masisi et al., 2020).
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1.6 Translation-protein synthesis

Protein translation is the process that ribosomes synthesize proteins based on mRNA
information (Orphanides & Reinberg, 2002). It is an important step of gene expression. The protein
translation process includes three steps: initiation, elongation and termination. Initiation is the
process that ribosome assembles around the target MRNA; Elongation is the process that an amino
acid chain is generated by tRNA; termination is the process that ribosome releases the formed
amino acid chain (Orphanides & Reinberg, 2002). In prokaryotes, translation occurs in the
cytoplasm. However, in eukaryotes, translation occurs in the cytosol or across the endoplasmic
reticulum (ER) membrane, the translated protein will be released into the ER (Harding, Zhang, &

Ron, 1999).

1.6.1 Cap-dependent and Cap-independent initiation translation

Based on the difference in initiation process, the protein translation in eukaryotes can be
divided in two ways. One is Cap-dependent initiation translation; the other is Cap-independent
initiation translation (Richter & Sonenberg, 2005; Svitkin, Ovchinnikov, Dreyfuss, & Sonenberg,
1996). Initiation of translation usually starts with certain key proteins, which are called initiation
factors. The initiation factors need to interact with mRNA 5’ end to start the initiation by scanning
the start codon. Initiation factor elFAE is the mRNA 5’ cap-binding protein (Richter & Sonenberg,
2005). Binding of the cap by elF4E is often considered the rate-limiting step of cap-dependent
initiation, and the concentration of elF4E is a regulatory nexus of translational control (Richter &

Sonenberg, 2005).

1.6.2 The internal ribosome entry site (IRES) translation
Except the Cap-dependent initiation translation, there are other Cap-independent initiation

translation ways in eukaryotes (Sonenberg & Hinnebusch, 2009). One best example of Cap-
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independent translation is the internal ribosome entry site (IRES) translation (Hellen & Sarnow,
2001; Komar & Hatzoglou, 2011). Unlike cap-dependent translation, IRES translation dose not
require mRNA 5’ cap to initiate the scanning of start codon from the mRNA. The ribosome can
localize to the start site by direct binding to the initiation factors. This method of translation is
important in circumstances where the translation of specific mMRNAs is required during cellular
stress, when overall translation is reduced. In cancer cells, the IRES translations are important for
expression of many proteins like c-Myc (Silvera, Formenti, & Schneider, 2010; Sriram, Bohlen,

& Teleman, 2018).
1.7 Cancer

1.7.1 Causes and statistics

Cancer is a name describing a group of disease which is caused by abnormal cells in the
body that divide unstoppably and may invade distal tissues/organs. Cancer can occur at almost any
organ/tissue in the human body (Bailar & Gornik, 1997).

Normally, the growth of cells in the human body is under tight control. Cells only divide
when it is necessary. And when cells grow old or get injured, they undergo cell death. However,
if cells lose control of their growth, they become cancerous. Cancers usually are caused by a series
of mutations (Hanahan & Weinberg, 2000).

When cells become cancerous, there are six essential alterations in cell physiology. Cancer
cells have self-sufficient growth signals to divide, usually through the activation of oncogenes such
as ras or myc (Levine & Puzio-Kuter, 2010). Cancer cells are resistant to growth-inhibitory signals
usually via inactivating tumor suppressor genes, such as Rb, that normally inhibit growth (Hinds
& Weinberg, 1994; Levine & Puzio-Kuter, 2010). Cancer cells can escape programmed cell death

via inhibiting apoptosis pathways (Lowe & Lin, 2000). Cancer cells become immortal by gaining
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an uncontrolled replication ability via activating specific gene pathways. Cancer cells manage to
draw out their own blood vessel for nutrients supply. Cancer cells are able to undergo epithelial-
mesenchymal transition and migrate to other organs and re-colonize at metastatic sites (Brabletz
et al., 2005).

Either according to the kind of origin fluid or tissue, or according to the origin location in
the body, cancer can be classified into subtypes. There are five broad categories of cancer:

Carcinoma is a type of cancer found in epithelial tissue which covers surfaces of organs
(Fass, 2008). For example, a cancer of the surface of the skin is called a carcinoma. Many
Carcinomas account for 80-90% of all cancer cases (de Haes & van Knippenberg, 1985). Sarcoma
is a type of cancer that grows from connective tissues, such as cartilage, fat, muscle, tendons, and
bones, for instance osteosarcoma (bone) (Lee et al., 2003). Lymphoma is a type of cancer that
originates in the nodes or glands of the lymphatic system (Wybran & Fudenberg, 1973).
Lymphomas are further classified into two categories: Hodgkin's lymphoma and non-Hodgkin's
lymphoma. Leukemia is a type of cancer that occurs in cells from the bone marrow, such as acute
myelogenous leukemia, chronic myelogenous leukemia, acute lymphocytic leukemia, and chronic
lymphocytic leukemia (Appelbaum et al., 2006). Myeloma is a type of cancer that grows in the
plasma cells of bone marrow (Rajkumar, Gertz, Kyle, & Greipp, 2002).

Cancer is the second leading cause of death globally; and is responsible for about 10 million
deaths per year. Globally, about 1 in 6 deaths is due to cancer. Worldwide, an estimated 19.3
million new cancer and almost 10.0 million cancer deaths occurred in 2020 (Sung et al., 2021).
The most common are breast cancer, lung and bronchus cancer and prostate cancer. According to
CDC, approximately 39.5% of men and women will be diagnosed with cancer at some point during

their lifetimes based on 2015-2017 data.
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1.7.2 Breast cancer and Triple-negative breast cancer (TNBC)

Breast cancer is a type of cancer in which cells in the breast grow out of control. Depending
on which part of the breast, there are different types of breast cancer (Harris, Lippman, Veronesi,
& Willett, 1992). A breast is made up of three main parts: lobules where milk is produced, ducts
which are tubes that carry milk to the nipple, and connective tissue which is made of fibrous and
fatty tissue. Commonly, breast cancer occurs at the ducts or lobules. Breast cancer easily
metastasizes to other parts of the body, such as the lung (Harris et al., 1992).

Triple-negative breast cancer (TNBC) is a type of cancer which only accounts for 10-20%
of patients (Yin, Duan, Bian, & Yu, 2020). TNBC lacks estrogen receptors, progesterone receptors
and HERZ2 proteins on its surface. HERZ is a protein that fuels breast cancer growth. Though rare,
TNBC has a tendency to grow and spread more quickly than other types of breast cancer,
moreover, it is more difficult to treat because hormonal therapy for breast cancer is not effective

(De Laurentiis et al., 2010).

1.7.3 Lung cancer

Lung cancer is a type of cancer that occurs in the lung. It is the leading cause of cancer
death among all types of cancer (Bade & Dela Cruz, 2020). There are two major types, small cell
lung cancer and non-small cell lung cancer, with non-small lung cancer being the most common
lung cancer. These two types of cancer grow differently and are treated differently. The main risk
factors for lung cancers are smoking. Tobacco smoking causes about 9 out of 10 cases of lung
cancer in men and about 8 out of 10 cases in women (Alberg, Brock, Ford, Samet, & Spivack,
2013). Exposure to secondhand smoke also increases the risks of lung cancer occurrence

(Asomaning et al., 2008).
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1.7.4 Melanoma

Melanoma is a type of cancer that occurs in pigment producing cells in skin called
melanocytes (Rastrelli, Tropea, Rossi, & Alaibac, 2014). Though not the most common skin
cancer, melanoma is a serious form of cancer and very dangerous because it can spread to other
organs rapidly if not treated at an early stage (Damsky, Rosenbaum, & Bosenberg, 2010). Once
spreading, it can be difficult to treat, and the outcome would be very bad. Risk factors for
melanoma include overexposure to the sun, having fair skin, and a family history of melanoma

(Rastrelli et al., 2014).
1.8 Cancer microenvironment

1.8.1 Cancer microenvironment overview

The cancer microenvironment, or tumor microenvironment (TME), refers to the
environment surrounding cancer cells, which includes both cell compartments such as fibroblasts,
immune cells, endothelial cells and non-cell compartments such as extracellular proteins produced
by all of the cells present in the tumor (Whiteside, 2008). It has been well appreciated that cancers
are not criminals by themselves, they recruit a group of surrounding cells and educate them to
become accomplices in support of cancer cell growth and metastasis (Whiteside, 2008). There are
dynamic interactions between malignant and non-cancer cells form the TME. The TME affects the
therapeutic response and resistance of the tumor; and recently there are emerging therapies
targeting specific components of the environment (Balkwill, Capasso, & Hagemann, 2012). But,
so far the crosstalk and relationships between different kinds of compartment in the TME is still

not fully understood and our further investigations may lead to establish effective new treatments.
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1.8.2 Immune cells in cancer microenvironment

1.8.2.1 Innate immunity and adaptive immunity

The immune system refers to special organs, cells and chemicals in the human body that
are used to fight infection. The immune system includes white blood cells, antibodies, the
complement system, the lymphatic system, the spleen, the thymus, and the bone marrow.

The immune system is typically divided into two categories: innate immune and adaptive
immune system (Medzhitov & Janeway Jr, 1998). Innate immunity is a non-specific defense
mechanism which acts as the first line of defense. It responds to the pathogen invasion immediately
but is not specific (Medzhitov & Janeway Jr, 1998). Innate immunity includes physical barriers
such as skin, chemicals in the blood, and immune system cells such as neutrophils, macrophages
and NK cells (Medzhitov & Janeway Jr, 1998). Adaptive immunity is an antigen-specific defense
mechanism. It comes to play later than innate immunity due to a more complex process to produce
antigen-specific T cells and antibodies (Bonilla & Oettgen, 2010). Firstly, the antigen first must
be recognized and presented by antigen-presenting cells such as dendritic cells and macrophages.
After antigen presentation, T cells and B cells undergo clonal selection and expansion to generate
antigen-specific cytotoxic T cells and antibodies. Adaptive immunity also has an advantage of a
long-term memory mechanism that makes future responses against a specific antigen fast and
efficient (Bonilla & Oettgen, 2010).

Cells in the innate immunity include macrophages, neutrophils, eosinophils, basophils,
mast cells, and dendritic cells. Cells in the adaptive immunity include B cells and T cells, including

helper T cells and suppressor T cells (Bonilla & Oettgen, 2010).
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1.8.2.2 Macrophages and macrophage polarity

Macrophage is a type of white blood cell which belongs to innate immunity that engulfs
and digests foreign pathogens, damaged or old self-cells and cell debris, a process called
phagocytosis (Gordon, 2007). Macrophages do not phagocytose normal body cells due to specific
proteins expressed on the cell surface.

Depending on its location, macrophages have specific names in different organs (Gordon
& Pliddemann, 2017). Monocytes in bone marrow /blood; Kupffer cells in liver; Alveolar
macrophages or dust cells in pulmonary alveoli; Microglia in central nervous system; Hofbauer
cells in placenta; Intraglomerular mesangial cells in kidney; Osteoclasts in bone.

The major function of macrophage is phagocytosis (Hirayama, lida, & Nakase, 2017).
Macrophages are professional phagocytes. In innate immunity, neutrophils are first defenders
against pathogen, macrophages then come to place to remove dying or dead cells and cellular
debris. macrophages are also involved in adaptive immunity. Macrophages are responsible for
antigen-presentation after digesting a pathogen. In addition, macrophages produce a wide range of
enzymes, complement proteins, and cytokines to regulate recruitment and activation of
lymphocytes in adaptive immunity (Arango Dugue & Descoteaux, 2014).

Macrophages have various activated subtypes, mainly M1 and M2 (Martinez & Gordon,
2014). M1 is also referred to as classically activated macrophages, while M2 is also known as
alternatively activated macrophages (Martinez & Gordon, 2014; Részer, 2015). M1 and M2 can
convert between each other. M1 macrophages are usually activated by pathogen substances such
as LPS and pro-inflammatory cytokines such as IFN-gamma. They secret pro-inflammatory
cytokines such as IFN-gamma and are predominantly responsible for phagocytosis of pathogens

(Martinez & Gordon, 2014). However, M2 are commonly activated by anti-inflammatory
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cytokines such as TGF-betal, IL4, they are believed to suppress disruptive pro-inflammatory
response and help constructive processes like wound healing and tissue repair (Martinez &
Gordon, 2014). M2 macrophages produce abundant anti-inflammatory cytokines like IL-10 and
TGF-beta. TAMs are more like M2 phenotype and assist tumor cells to suppress immune response
(Noy & Pollard, 2014).

Macrophages in the tumor microenvironment are called Tumor-associated macrophages
(TAMs). TAMs are abundant in most humans (Qian & Pollard, 2010). An abundance of TAMs in
the TME is associated with poor patient outcome (Bingle, Brown, & Lewis, 2002). Macrophages
are major contributors to tumor angiogenesis (Lin et al., 2006; Zumsteg & Christofori, 2009).
Transcriptional profiling of TAMs shows enhanced transcripts that encode angiogenic molecules
in TAMs (Ojalvo, Whittaker, Condeelis, & Pollard, 2010). TAMs are predominant cytokine
producers in TME. They are a major source of TGF-B which can fuel persistent activity of CAFs
and promote immunosuppression. TAMs also interact with other types of immune cells in the TME
to inhibit immune response against tumor cells and promote the immunosuppressive
microenvironment (Nakamura & Smyth, 2020).

TAMs are recognized to be alternative M2 phenotype as they display anti-inflammatory
effects (Najafi et al., 2019). TAMs play a pro-tumoral role in tumor development by facilitating
multiple steps including cancer cell survival, proliferation, stemness, and invasiveness along with
angiogenesis and immunosuppression (Najafi et al., 2019). It has been elucidated that macrophages
that infiltrate tumor tissues are driven by tumor-derived and T cell-derived cytokines to acquire a

polarized M2 phenotype (Hao et al., 2012).
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1.8.2.3 T lymphocytes

Various types of T cells infiltrate into the tumor areas as an adaptive immune response to
clear out uncontrolled cancer cells. Cytotoxic CD8+ memory T cells, after presented antigen by
antigen presenting cells in lymphoid sites, are capable of killing tumor cells. They migrate to the
TME. Cytotoxic CD8+ T cells are strongly associated with a good prognosis (Fridman, Pages,
Sautés-Fridman, & Galon, 2012). CD4+ T helper 1 (TH1) cells produce the cytokines such as
interleukin-2 (IL-2) and interferon gamma (IFN-y) to support CD8+ T cells. To escape the immune
surveillance, cancer cells use various strategies to block infiltrated cytotoxic cells, including
overexpressing inhibitory ligand PDL-1 and CTLA on cell surface, and building physical fences
by secreting massive extracellular matrices (Alsaab et al., 2017). In addition, Cancer cells turn a
certain type of T cell in their favor, which is the immunosuppressive T regulatory cells (Tregs),
characterized by expression of FOXP3 and CD25 (Hsieh, Lee, & Lio, 2012). By production of IL-
10 and transforming growth factor beta (TGF-f) and cell-mediated contact through CTLA4, T reg
cells inhibit Cytotoxic T cells’ recognition and clearance of tumor cells (Campbell & Koch, 2011).
There are several other T cells whose anti-tumor roles are under debates, such as CD4+ TH2 cells
which produce IL-4, IL-5 and I1L-13 and TH17 cells which release IL-17A, IL-17F, IL-21 and IL-

22 (Kennedy & Celis, 2008).

1.8.2.4 Myeloid-derived suppressor cells

Myeloid-derived suppressor cells (MDSCs) are a population of inhibitory immune cells
originating from myeloid lineage in the TME (Gabrilovich, Ostrand-Rosenberg, & Bronte, 2012;
Sica & Bronte, 2007). Depending on their progenitors, MDSCs have two major subtypes:
monocytic and neutrophilic MDSCs. They are not terminated differentiated phenotypes and they

can further differentiate into TAMs (Kusmartsev, Nagaraj, & Gabrilovich, 2005). MDSCs inhibit
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CD8+ T cell activation through the expression of nitric oxide synthase 2 (NOS2) and arginase
(ARG1) (Bronte, Serafini, Mazzoni, Segal, & Zanovello, 2003). They also promote
immunosuppressive TME by inducing the development of Tregs (Huang et al., 2006) and the
polarization of macrophages to a TAM-like phenotype (Sinha, Clements, Bunt, Albelda, &

Ostrand-Rosenberg, 2007).

1.8.2.5 Neutrophils

Neutrophiles in the TME are termed as tumor-associated neutrophils (TANS). It has been
shown that TANs promote primary tumor growth in mouse cancer models (Pekarek, Starr,
Toledano, & Schreiber, 1995) by enhancing angiogenesis (Shojaei, Singh, Thompson, & Ferrara,
2008), promoting extracellular matrix degradation and immune suppression (De Larco, Wuertz, &
Furcht, 2004; Youn & Gabrilovich, 2010). However, their pro-tumorigenic role is still
controversial. TANs are reported to actively eliminate tumor cells (Granot et al., 2011), and

perform an anti-tumor effect by inhibition of TGF-f1 (Fridlender et al., 2009).

1.8.3 Non-immune cells in cancer microenvironment

Myofibroblasts are predominant cells which are responsible for extracellular matrix
production and contractility. They are differentiated from tissue residential fibroblasts to assist
tissue repair when tissues are injured (B. Li & Wang, 2011). However, under pathological
conditions, the persistent activated myofibroblasts can also cause organ fibrosis (Desmouliere,
Guyot, & Gabbiani, 2004; Radisky, Kenny, & Bissell, 2007). Fibroblasts are found abundant in
many TMEs. Myofibroblasts in the TME are termed as cancer-associated fibroblasts (CAFs)
(Sugimoto, Mundel, Kieran, & Kalluri, 2006). They are heterogeneous populations derived from

various precursor cells including resident fibroblasts, adipocytes, endothelial cells, smooth muscle
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cells, myoepithelial cells, or mesenchymal stem cells (Brittan et al., 2002; Spaeth et al., 2009;
Tomasek, Gabbiani, Hinz, Chaponnier, & Brown, 2002; Willis, duBois, & Borok, 2006).

CAFs produce massive extracellular matrix, which forms dense desmoplastic stroma which
is shown to inhibit cytotoxic T cell infiltration and dampen the accessibility of chemotherapy (X.
Chen & Song, 2019). In addition, CAFs have a potent secretion ability and they can secrete various
growth factors to support tumor cell growth, such as the EGF family members hepatocyte growth
factor (HGF), fibroblast growth factor (FGFs) and insulin-like growth factor 1 (IGF1) (Brittan et
al., 2002). TGF-p from CAF induces epithelial-mesenchymal transition (EMT) in malignant cells,
contributing to the metastasis of cancer, and also involved the immune-suppressive
microenvironment (Erez, Truitt, Olson, Arron, & Hanahan, 2010). CAF produce chemokines such
as CCL2 and CXCL12 that chemo-attract other types of stromal cells to the TME (Orimo et al.,
2005). CAF also secretes cytokines to regulate immune suppression. FAP-positive CAFs in TME
are reported as important mediators of immune suppression (Kraman et al., 2010).

To meet their nutrient requirement, cancer cells induce formation of new vessels sprouting
from existing vasculature, which process is called angiogenesis. During this process, endothelial
cells and their associated pericytes are stimulated through abundant chemokines, growth factors in
the TME including VEGFs, FGFs, platelet-derived growth factors (PDGFs) (Carmeliet & Jain,
2011). The angiogenic vasculature is abnormal in almost every aspect of its structure and function
(Jain, 2005). For example, vessel lumen of angiogenic vessels is uneven, unmatured and leaky.
The leakiness of the vessels leads to a high interstitial fluid pressure which causes unevenness of
blood flow, oxygenation, nutrient and drug distribution in the TME. This, in turn, increases

hypoxia and facilitates metastasis. VEGF is the predominant angiogenic factor in the TME and is
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produced by both malignant cells and inflammatory leukocytes; however, advanced tumors can

produce a range of other angiogenic factors (Carmeliet & Jain, 2011).

1.8.4 Cytokines in cancer microenvironment

Cytokines are potent signal small molecules that are major mediators of cell-to-cell
communication. Stromal cells in the TME, such as CAFs and TAMs, secrete a great number of
cytokines and facilities tumor cell proliferation, survival, migration and invasion (Landskron, De
la Fuente, Thuwajit, Thuwajit, & Hermoso, 2014). Tumor Necrosis Factor (TNF-a) is an essential
pro-inflammatory cytokine implicated in carcinogenesis. TNF-a-deficient mice are protected
against the tetradecanoyl-phorbol-13-acetate- (TPA-) induced skin cancer. Interleukin 6 (IL-6) is
also a proinflammatory cytokine with a typical pro-tumorigenic effect (Fisher, Appenheimer, &
Evans, 2014). Serum IL-6 levels have been detected elevated in patients with cancers. IL-6
promotes tumor cell proliferation and prevents their apoptosis, by activating the JAK/STAT
signaling (Johnson, O'Keefe, & Grandis, 2018). TGF- B is a powerful pleiotropic cytokine, with
immune-suppressing and anti-inflammatory properties, majorly produced by immune cells and
CAFs (Li Yang, Pang, & Moses, 2010). Three isoforms of TGF- 3 have been identified: TGF-B1,
TGF-B2, and TGF-B3. TGFps bind to TGFp receptors and activate phosphorylation of SMAD2
and SMAD3, which translocate into the nucleus once activated, where they induce gene
expression. The role of TGFp in cancer is controversial. TGF-f suppresses tumor formation
through upregulating cyclin-dependent kinase inhibitor (CKI) p21 and downregulating c-Myc
(Donovan & Slingerland, 2000). While TGF-f is also reported to enhance invasion and metastasis
by inducing epithelial-mesenchymal transition (EMT) (Wendt, Allington, & Schiemann, 2009).
Interleukin 10 (IL-10) is a commonly known anti-inflammatory cytokine. In the TME, IL-10 is

secreted by tumor cells and TAMs (Sato et al., 2011). The role of IL-10 in cancer is also complex.
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IL-10 acts as an anti-tumor cytokine by inhibiting NF-xB signaling therefore downregulates
proinflammatory cytokine expression (Murray, 2005). IL-10-deficient murine models are prone to
bacteria-induced inflammation (S. C. Kim et al., 2005). IL-10 can dampen antigen presentation
and suppress functions of dendritic cells and macrophages (lyer & Cheng, 2012). Elevated 1L-10

levels are associated with poor prognosis in diffuse B cell lymphoma (Gupta et al., 2012).

1.8.5 Extracellular matrix

The extracellular matrix is the non-cellular component of the TME which are critical for
cell-cell communication, cell adhesion and cell proliferation in the TME (Winkler, Abisoye-
Ogunniyan, Metcalf, & Werb, 2020). The ECM is mainly secreted by CAFs. It includes various
components including collagens, glycoproteins (fibronectin and laminins), proteoglycans, and
polysaccharides (Franco, Shaw, Strand, & Hayward, 2010).

Cancer cells, CAFs and TAMs modulate together ECM within the TME through deposition
and cross-linking of ECM via enzymes of the lysyl oxidase (LOX) and transglutaminase families,
particularly LOX-1, LOXL-2, and transglutaminase-2. ECM contributes to EMT of cancer cells
and facilitates cancer cell migration (Poltavets, Kochetkova, Pitson, & Samuel, 2018). In breast
cancer cells, physical signal from ECM stiffness stimulates EMT by promoting TWIST1
translocalization into the nucleus (Wei et al., 2015). An excessive accumulation of dense and rigid
ECM serves as a barrier to prevent the entrance of chemotherapy into TME (Henke, Nandigama,
& Erglin, 2020). The increased hypoxia stress also activates anti-apoptotic and drug resistance

pathways in cancer cells.
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1.9 Cancer therapy

1.9.1 Cancer treatment types

Cancer therapy is the treatment of cancer in a patient. Most common cancer therapies
include surgery which doctors cut out tissue with cancer cells; chemotherapy where medicines are
used to kill cancer cells; radiation therapy where high-energy rays are applied locally to kill cancer
cells (Sawyers, 2004). Other cancer therapy includes hormone therapy where hormones are
suppressed to avoid cancer cell growth; immunotherapy which is an emerging therapy in recent
years where immune system are manipulated to kill cancer cells; Stem cell transplant or bone
marrow transplant for blood cancer and cancer in lymph nodes where bone marrow cells are
replaced (Sawyers, 2004).

Chemotherapeutic drugs usually target DNA replication or protein synthesis processes
during cell division because cancer cells are highly proliferating cells (Chabner & Roberts, 2005).
However, chemotherapy works throughout the whole body, which means it also can affect some
fast-growing healthy cells, like those of the skin, hair, intestines and bone marrow (Chabner &
Roberts, 2005). Therefore, chemotherapy causes side effects. Compared to chemotherapy,
immunotherapy is a new and promising therapy which does not cause strong side effects because

it aims to make use of your own immune system to fight cancer.

1.9.2 Immunotherapy

Over the past decade, immune therapy has been advancing fast. So far, immune therapy
includes monoclonal antibodies, immune adjuvants, and vaccines against oncogenic Vviruses
(Dougan & Dranoff, 2009). The 2018 Nobel Prize in Physiology or Medicine was awarded to the
discovery of the programmed death molecule-1 (PD-1) on T cells which give rise to the immune

therapeutic strategy of PD-1/PDL-1 antibodies. Advances in our understanding of interactions
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between tumors and the immune cells have led to many novel investigational therapies and
continue to drive more potent therapeutics. Great attention has been put on the immune cells in the
TME such as TAM, MDSC as they play an essential role to modulate the activity of cytotoxic T
cells (Couzin-Frankel, 2013). Novel approaches of immunotherapy strive to augment antitumor
immune responses by enhancing cytotoxic T cells, blocking immunosuppressive functions of
TAM and MDSC. The future of immunotherapy for cancer is likely to combine many of these
approaches to generate more effective treatments (Bashir & Wilson, 2019).

Various types of immunotherapy are available: Immune checkpoint inhibitors which are
drugs that block immune checkpoints (Darvin, Toor, Sasidharan Nair, & Elkord, 2018). The
immune checkpoints are a part of normal regulation of the immune system to prevent immune
response from going out of control. However, cancer cells overexpress some immune checkpoints
to inhibit the normal function of cytotoxic T cells (Darvin et al., 2018). By blocking these immune
checkpoints, the cytotoxic T cells are more active in Kkilling cancer cells. T-cell transfer therapy,
which is a strategy to boost T cells in vitro and deliver these modified T cells to the same patient’s
body to fight cancer (Dudley & Rosenberg, 2003). It requires the in vitro selections and expansion
of cancer cells isolated from patients, and later transfer of these cells into the body of the same
patient through a needle via a vein (Rosenberg, Restifo, Yang, Morgan, & Dudley, 2008).
Monoclonal antibodies, which are immune system proteins created to bind to specific targets on

cancer cells to enhance antigen presentation of cancer cells (Scott, Allison, & Wolchok, 2012).
1.10 Integrin

1.10.1 Integrin family
The integrins are a superfamily of transmembrane proteins serving as primary cell adhesion

receptors. They bind to the extracellular matrix and cell-surface ligands that are responsible to
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transfer the outside signal inside or the alternative way. They are critical for sensing physical and
chemical signals from matrices and conduct communication with surrounding cells (Takada, Ye,
& Simon, 2007). Integrins are involved in multiple critical cellular processes such as cell survival,
proliferation, cell migration and cell transformation (Kumar, 1998) (Wozniak, Modzelewska,
Kwong, & Keely, 2004). Integrins are heterodimers, composed of two subunits: o subunit and 3
subunit. There are 18 a subunits and 8 § subunits which make 25 different combinations of integrin
heterodimers. The amino acid sequence Arginine-Glycine-Aspartic acid (RGD) is a conserved
sequence that is found in the interaction site of many extracellular matrix proteins which bind to
integrins (Horton, 1997). Integrins physically link with the actin cytoskeleton through cell-matrix
adhesion complexes termed “focal adhesions” (FAs) (Sun, Guo, & Féssler, 2016). Focal adhesions
are membrane-associated multi-protein complexes that transmit outside signals inside cells
(Schiller & Fassler, 2013). Focal adhesions proteins include focal adhesion kinase (FAK), paxillin,
vinculin and talin (Stutchbury, Atherton, Tsang, Wang, & Ballestrem, 2017). Ligand binding
activates integrins, followed by the assembly of focal adhesion complex, leading to
oligomerization and trans-autophosphorylation of tyrosine kinase FAK. Phosphorylated FAK can
bind with and activate PI3K, leading to activation of proliferation and survival pathways. A
common proliferation pathway induced by integrins such as avf3 is the RAS-ERK signal pathway
(Hood , Frausto , Kiosses , Schwartz , & Cheresh 2003). Integrin avp3 is reported to enhance
signaling of insulin and insulin-like growth factor receptors by binding with insulin receptor
substrate (IRS)-1 (Zheng & Clemmons, 1998). Integrins are also involved in cell survival.
Integrins provide a constitutive survival signal to cells via the PISBK-AKT pathway (X. Wu, Cali,

Zuo, & Li, 2019).
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1.10.2 avp3 integrin

The avB3 integrin, also known as vitronectin receptor, has been reported essential for
angiogenesis and cancer malignancy (Eliceiri & Cheresh, 2000). Besides vitronectin, avp3 can
also interact with other extracellular proteins such as fibronectin and fibrinogen. The interaction
between integrin avf3 and extracellular matrix molecules is demonstrated to be involved in the
inflammatory response, tissue repair and remodeling, and bone resorption (Horton, 1997). The
evidence also indicates avp3 play a role in regulating cell proliferation, differentiation, migration
and apoptosis (Horton, 1997; Kumar, 1998). The integrin is intensively studied as a therapeutic
target since upregulation of avp3 is found in many disease conditions especially angiogenesis
during tumor progression and bone diseases such as osteoporosis and bone metastasis (Goodman
& Picard, 2012; Z. Liu, Wang, & Chen, 2008). However, unexpectedly, B3 integrin knockout mice
display marked increases in angiogenesis (Reynolds et al., 2002), tumor growth (Reynolds et al.,
2002; Robinson, Reynolds, Wyder, Hicklin, & Hodivala-Dilke, 2004), elevated fibrosis (Friman
et al.,, 2012), lung inflammation (Weng et al., 2003) and wound healing responses (Weis &
Cheresh, 2011), probably due to compensatory effect of increased VEGFR2. Inhibition of avf33
through Cilengitide, a specific avp3(avp5) inhibitor, aggravates liver fibrosis (Patsenker et al.,

2009).

1.11 The focuses in this study

Due to high demand of biomaterials for fast proliferation, cancer cells inactivate several
enzymes in glycolysis to create a large pool of intermediates. Thus, cancer cells switch to
glutaminolysis for energy supply. However, it is not clear how cancer cells fine-tune the regulation

between glycolysis and glutaminolysis. In our study, we elucidate that dimer PKM2 plays a role
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in the coordination of glycolysis and glutaminolysis. Upon growth factor stimulation, PKM2 dimer
regulates the expression of mitochondrial glutaminase I, which is a key enzyme in glutaminolysis.
Further investigations on the mechanism show that dimer PKM2 controls glutaminase expression
by interacting with IRES complex and modulate IRES-dependent c-myc translation. Our study
reveals dimer PKM2 is an important linker that coordinates the adjustments of the metabolism
pathways in cancer cells.

Cancer cells not only adjust their inner metabolic pathways, but they also modulate the
surrounding microenvironment. One of the well-recognized examples is that cancer cells regulate
polarization of macrophages in its microenvironment, the TAM, in their favor. Although there are
growing studies on the mechanism how cancer cells educate TAM, it has not been fully understood
yet.

It is well documented that cancer cells release PKM2 to facilitate tumor progression. We
have performed in vitro and in vivo studies to investigate whether extracellular PKM2 (EcPKM2)
promotes cancer progression by facilitating TAM regulation in tumors. We demonstrate that
EcPKM2 interacts with integrin av33 on macrophage, which leads to the activation of integrin-
PI3K signal pathway. We further show that integrin-P13K signaling triggered by ECPKM2 reduces
PTEN expression, which subsequently upregulates arginase-1 (Arg-1) expression in macrophages.

Disruption of ECPKM2 and integrin awfs interaction by a house made PKM2 antibody
abolishes the effects of ECPKM2 on promoting M2 macrophage and increasing M1 macrophage
population in tumors, which suggests a new strategy and target in cancer immunotherapy.
Furthermore, cancer immunotherapy is powerful but has limitations in clinical application due to

immunosuppressive cancer microenvironment. TAMs are important effector cells modulating
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immune suppression. We added the PKM2 antibody treatment to checkpoint inhibitors and
chemotherapeutics and observed synergistic cancer treatment effects.

Our studies uncover a novel and important mechanism for modulation of cancer immunity.
More importantly, combination of the PKM2 antibody with checkpoint blockades and

chemotherapeutics provides novel cancer treatment strategies.
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2 PYRUVATE KINASE M2 COORDINATES METABOLISM SWITCH BETWEEN

GLYCOLYSIS AND GLUTAMINOLYSIS IN CANCER CELLS

2.1 Abstract

Cancer cells alter their nutrition metabolism to cope the stressful environment. One
important metabolism adjustment is that cancer cells often activate glutaminolysis in response to
the reduced carbon from glucose entering into TCA cycle due to inactivation of several enzyme
activity in glycolysis. An important question is how the tumor cells coordinate the changes of
glycolysis and glutaminolysis. In this report, we demonstrate that the pyruvate kinase inactive
dimer PKMZ2 facilitates activation of glutaminolysis. Our experiments show that the dimer PKM2
plays a role in upregulation of mitochondrial glutaminase I. Growth stimulations activate activity
of PKM2 in regulation of glutaminolysis. PKM2 dimer regulates the glutaminase expression by
controlling the IRES-dependent c-myc translation. Growth stimulations promote PKM2 and c-
myc IRES interaction. Our study reveals an important linker that coordinates the adjustments of

the metabolism pathways in cancer cells.

2.2 Introduction

An important molecular signature of cancer development and progression is that a shift in
expression of isoenzymes of pyruvate kinase occurs to the tumor of almost all types. The tissue
specific isoform (L, R, or M1) disappears. In replacement, PKM2 is expressed in cancer cells
(Boros, Cascante, & Lee, 2002; Elbers et al., 1991; Hacker, Steinberg, & Bannasch, 1998).
Interestingly, PKMZ2 is converted to a pyruvate kinase inactivation dimer form from the more
pyruvate kinase active tetramer in response to growth stimulation(Gao et al., 2013; Xueliang Gao
etal., 2012; Mazurek, Boschek, Hugo, & Eigenbrodt, 2005). It is believed that the inactive dimeric

PKM2 actually provides a metabolic advantage for supplying precursors for biosynthesis
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(Ferguson and Rathmell, 2008; Hitosugi et al., 2009; Mazurek, 2007). The dilemma is that it is not
sufficient to meet the needs of both energy and biosynthesis intermediates for the rapid growth
solely by adjustment of glycolysis. Tumor cells often turn to glutaminolysis, a metabolism pathway
which uses another abundant nutrition source glutamine (Cairns et al., 2011; Chen and Russo,
2012; Dang, 2010; DeBerardinis and Chandel, 2016; Yang et al., 2017). Indeed, it is well
documented that glutaminolysis is upregulated in cancer cells of many types (DeBerardinis et al.,
2007). Metabolism of glutamine, in addition to providing carbon frame for biosynthesis and TCA
cycle intermediates, also provides reducing power by directly converting to glutathione (GSH),
which is the most abundant antioxidant in mammalian cells in handling oxidative stress (Cairns et
al., 2011; Gorrini et al., 2013; Lamonte et al., 2013). An important question is how cancer cells

coordinate the activities of glycolysis and glutaminolysis to meet their growth needs.
2.3 Results

2.3.1 PKM2 dimer facilitates glutaminolysis in cancer cells

Since conversion of tetramer PKM2 to dimer PKM2 inactivates the last step of glycolysis
4, 5, 18, which consequently affects the metabolism of glucose, glucose and glutamine are two
most abundant nutrition sources, we asked whether PKM2 also plays a role in the glutamine
metabolism. Thus, we measured the glutamine consumption in PKM2 knockdown SW480 cells.
Interestingly, PKM2 knockdown (Fig. S1A) largely reduced the glutamine consumption.
Exogenous expression of wild-type PKM2 restored the glutamine metabolism, while expression
of PKML1 could not restore the glutamine consumption in the cells (Fig. 1A), suggesting a potential
role of PKM2 in glutamine metabolism. It is demonstrated that growth stimulation activates
glutaminolysis 19-21. We examined the glutamine consumption in SW480 cells under EGF

stimulation. The growth factor treatment increased the cell growth by over 3 folds (Fig. S1B). In
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consistent, glutamine consumption increased almost 3 folds. Knockdown PKM2 abolished the
effects of the growth factor on increase of the glutamine consumption (Fig. 1B). We previously
reported that growth stimulation increased the dimer PKM2 in cancer cells 4, 5. Thus, we question
whether increase in dimer PKM2 upregulated glutamine consumption. We generated a PKM2
mutant with triple mutations (R399E, K422A, N523A, Ref to as TM mutant thereafter). Size-
exclusion chromatography analyses indicated that the recombinant TM mutant mainly existed as
a dimer (Fig. S1C). We then asked if expression of this PKM2 TM mutant would increase
glutamine consumption. Clearly, exogenous expression of the TM mutant in cancer cells (Fig.
S1D) increased glutamine consumption by over 2 fold compared to that of expression wildtype
PKM2 (Fig. IC). PKM2 activator increases pyruvate kinase activity of the enzyme by converting
dimer to a tetramer 22. We tested whether treatment of SW480 cells by the PKM2 activator would
affect glutamine metabolism in the cells. It was evident that glutamine consumption decreased 4
folds by the PKM2 activator (Fig. 1D). The results suggest that the dimer PKM2 facilitates

glutaminolysis under growth stimulations.

2.3.2 PKM2 dimer facilitates glutaminolysis by regulation of c-myc IRES-dependent
translation.

We then sought to determine how the dimer PKM2 affected glutamine metabolism.
Mitochondrial glutaminase | (GLS-1) is the enzyme that catalyzes the first step of glutaminolysis,
and is a key enzyme in regulation of glutamine metabolism 23-26. We therefore investigated
whether knockdown of PKM2 affected the GLS-1 expression. Immunoblot analyses of
mitochondrial extracts prepared from SW480 cells in which PKM2 was knocked down showed
that the GLS-1 was downregulated upon PKM2 knockdown (Fig. 1E). Exogenous expression of

wt PKM2 could restore the GLS-1 expression, but PKM1 could not (Fig. 1F). Expression of the
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TM mutant in SW480 cells increased GLS-1, while treatment of the cells by the PKM2 activator
decreased GLS-1 in the cells (Fig. 1G), suggesting that the pyruvate kinase inactive PKM2 dimer
played a role in regulation of GLS-1 expression. It is known that c-myc regulates glutaminolysis
by controlling GLS-1 expression 21, 24, 27. We reasoned whether dimer PKM2 regulates
glutaminolysis via regulation of c-myc expression. Knockdown of PKM2 downregulated c-myc
expression. Expression of PKM2 but not PKM1 could restore c-myc expression in PKM2
knockdown cells (Fig. 1F). Expression of the TM mutant increased c-myc expression (Fig. 1G).
Treatment cells with PKM2 activator decreased c-myc expression (Fig. 2A and 1G). The results
suggest that PKM2 dimer regulates glutaminolysis by controlling c-myc expression. We asked
how PKM2 dimer regulated c-myc expression. RT-PCR analyses of C-MYC pre-mRNA and
MRNA in the PKM2 knockdown cells showed that PKM2 knockdown did not affect C-MYC pre-
MRNA and mature mRNA levels (Fig. 2B), suggesting PKM2 knockdown did not affect C-MYC
MRNA transcription and processing. We speculated that PKM2 dimer regulated c-myc expression
at the translation level. Two pathways contribute to c-myc protein synthesis, canonical cap-
dependent translation and internal ribosome entry site (IRES) dependent translation. The IRES-
dependent c-myc translation is a pathway that is implicated in oncogenesis, particularly, the IRES-
dependent c-myc translation remains active during apoptosis induction and G2/M transition of cell
cycle when the cap-dependent translation is largely suppressed 28-32, suggesting a potential role
of the IRES-dependent c-myc translation in cope with various stresses. Cap-analog m7G is an
inhibitor that specifically inhibits cap-dependent translation with no effects on IRES-dependent
translation, while CHX inhibits all protein synthesis (Fig. 2C). Treatment of cells with CHX
completely abrogated c-myc expression in cells with or without expressing the TM mutant, while

m7G only partially inhibited c-myc expression. The inhibitory effects of m7G in the TM mutant
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expressing cells is less than that in cells without TM mutant expression (Fig. 2D), suggesting that
dimer PKM2 might regulate c-myc expression by IRES-dependent translation. To test this
conjecture, bicistronic expression vectors were constructed containing ORFs of HA-actin and GFP
separated by c-myc IRES or Idh LDH 5°-UTR (Fig. 3A). The vectors were transfected into SW480
cells. Expression of GFP was monitored to assay IRES-dependent translation. Knockdown of
PKM2 abrogated GFP expression (Fig. 3B). To further test the role of PKMZ2 in regulating c-myc
IRES-dependent translation, we probed the interaction of PKM2 with c-myc mRNA by RNA-
immunoprecipitation (RIP). Clearly, PKM2 interacted with c-myc mRNA in the IRES region (Fig.
3C & D &E). Furthermore, we isolated a complex assembled on the c-myc IRES. Protein contents
in the isolated complex were identified by MALDI-tof/tof. Evidently, PKM2 was presented in the
isolated c-myc IRES complex (Fig. 3F). We concluded from our experiments that PKM2 regulates
c-myc expression by IRES-dependent translation, and PKM2 interacts with the c-myc IRES

complex.

2.3.3 PKM2 facilitates hnRNP L and hnRNP K interacting with c-Myc IRES

How PKM2 regulates c-myc IRES-dependent translation is an open question. To elucidate
the possible mechanism, we carried out co-immunoprecipitation attempting to find PKM2
interacting partners. Interestingly, hnRNP L co-immunoprecipitated with PKM2 in SW480
extracts (Fig. S3A). The co-immunoprecipitation was RNA independent (Fig. S3B), which
excluded a possibility that the co-IP was due to precipitation of large RNP complexes. The co-IP
was verified by using anti-hnRNP L antibody (Fig. S3C). MALDI-tof/tof analyses of the
coprecipitates with c-myc IRES complex also revealed that PKM2, hnRNP L, and hnRNP K are
present in the c-Myc IRES complex (see Fig. 3F). In consistent, hnRNP L interacted with c-myc

IRES by RIP (see Fig. 3 C&D). It is well known that hnRNP K and hnRNP L functions in the
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cmyc IRES-dependent translation by modulating the IRES-RNA structure (Godet et al., 2019;
Vaklavas et al., 2015). Knockdown of hnRNP L reduced cellular GLS-1 levels and decreased
glutamine consumption, while exogenous expression of c-myc could restore the GLS-1 levels and
glutamine consumption (see Fig. 4 C&D), suggesting that hnRNP L plays a role in regulation of
glutaminolysis by IRES-dependent c-myc expression. We reasoned whether PKM2 regulated c-
myc IRES-dependent translation by controlling the hnRNP L/K and c-myc IRES interaction. The
hnRNP L interaction with c-myc IRES. However, knockdown of PKM2 reduced the interaction of
hnRNP L with the c-Myc IRES (Fig. S3D), and expression of the TM mutant in hnRNP L
knockdown cells could not rescue the effects of hnRNP L knockdown on c-myc expression (Fig.
S3E). Interestingly, knockdown of hnRNP L/hnRNP K also abrogates the interaction of PKM2
with c-myc IRES (see Fig. 3E). It is possible that PKM2 and hnRNP L/hnRNP K cooperatively
interact with the c-MYC IRES-RNA. Thus, our experiments support a mechanism that dimer
PKM2 promotes assembly of an active complex on the c-myc IRES, including hnRNP L, hnRNP

K, PKM2, and possibly other molecules, to facilitate the c-myc IRES-dependent translation.

2.3.4 PKM2 dimer confers cancer cells glutamine addiction.

If dimer PKM2 mediates the effects of growth stimulation in activating glutaminolysis by
promoting c-myc IRES-dependent translation, we expect that growth stimulations would
upregulate c-myc and GLS-1 expression, and the regulatory effects would be PKM2 dependent.
Indeed, c-myc and GLS-1 expression in SW480 cells were upregulated upon EGF and FGF
stimulations (Fig. 4A). Upregulation of c-myc and GLS-1 by EGF were dependent on PKM2 (Fig.
4B). If c-myc IRES-dependent expression mediated the effects of PKM2 in regulation of GLS-1,
we would expect that exogenous expression of c-myc would rescue the effects of PKM2

knockdown. Evidently, exogenous expression of c-myc in PKM2 knockdown cells restores the
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GLS-1 expression (Fig. 4C) and glutamine consumption (Fig. 4D). Furthermore, growth
stimulations are supposed to promote PKM2 and c-myc IRES-RNA interaction. We probed the
PKM2 and c-myc IRES-RNA interaction by RIP in cells under EGF treatment. EGF treatment
increased PKM2 and the c-myc IRES-RNA interaction (Fig. 4E). The pattern of changes of the
PKMZ2-IRES interaction was consistent with the GLS-1 expression under EGF stimulation
(Compare Figs. 4E to 4A). PKM2 dimer mediates effects of growth signals in regulating
glutaminolysis. We would expect different effects of PKM2 in glutamine consumption in cells
under growth stimulation vs non-growth stimulation. Indeed, knockdown of PKM2 exerted
stronger effects on glutamine consumption under EGF treatment vs non-treatment (see Fig. 1B).
Upregulation of glutaminolysis commits cancer cells to glutamine addiction (Wise et al.,
2008; Wise and Thompson, 2010). If dimer PKM2 upregulated glutaminolysis, it would be
expected that an increase in PKM2 dimer would lead to an increase in the cells to glutamine
addiction. Thus, we examined viability of SW480 cells with/without the TM mutant expression
and PKM2 activator treatment under normal culture conditions or the culture condition with
glutamine withdrawal. Expression of the TM mutant decreased viability of cells under glutamine
withdraw from culture medium (Fig. 4F), while the PKM2 activator increased the viability of the
cells under glutamine withdrawal (Fig. 4G). PKM2 dimer increases the cancer cell addiction to
glutamine further supports the functional role of PKM2 in coordinating the regulation of

metabolism of glucose and glutamine.

2.4 Discussion
Proliferation cancer cells limit carbon flow from glucose to the TCA cycle by reducing
pyruvate kinase activity. An advantage of this change is pooling of glycolytic intermediates to

meet the needs of high demand for biosynthesis in proliferation. Converting of the tetramer PKM2
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to a dimer partially fulfills this regulation. However, change only in glycolysis is not sufficient to
meet the metabolic needs for cancer progression and proliferation. It is well known that cancer
cells switch to glutamine as an essential nutrient to support survival and growth (Eagle, 1955). It
is not well understood how cancer cells coordinate the switch of the metabolism pathways. We
demonstrate here that PKM2, a glycolytic enzyme, plays a role in regulating glutamine
metabolism. PKM2 dimer, glycolytic inactive form, activates glutaminolysis upon growth
stimulation. The reciprocal roles of PKM2 in regulation of glycolysis and glutaminolysis function
well in coordinating the switch of the metabolism in cancer cells. In addition to providing the
carbon inputs for the TCA cycle to act as a biosynthetic base and alternative resources for NADPH
and lipids, glutamate, the immediate product of glutamine in glutaminolysis, provides reducing
power by directly converting to GSH, which is the most abundant anti-oxidant in mammalian cells
(Cairns et al., 2011; Gorrini et al., 2013; Lamonte et al., 2013). An important metabolism role of
PKM2 in cancer cells is to help to cope with oxidative stress (Anastasiou et al., 2011). It is
plausible that the upregulation of glutaminolysis by dimer PKM2 may help PKM2 to fulfill the
role. Regulation of c-myc IRES-dependent translation by dimer PKM2 is intriguing. C-myc
regulates PKM2 expression by controlling PKM2 pre-mRNA splicing (David et al., 2010). As a
feedback, PKM2 regulates c-MY C gene transcription (Luo et al., 2011) (Yang et al., 2011, 2012).
We showed here another feedback loop that dimer PKM2 regulates c-myc translation. Regulation
of c-myc IRES-dependent translation by dimer PKM2 allows quick response of cancer cells to
adoption of various stress conditions. It is well established that cancer cells employ very different,
yet co-existing, pathways to cope both hypoxia condition and cell proliferation needs. It is not well
understood how cancer cells coordinate or ‘‘fine-tune’’ the opposite signal pathways to allow them

to proliferate under stressful hypoxia conditions (Gordan et al., 2007). Hypoxia/Hifla and c-myc
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control PKM2 expression (David et al., 2010; Luo et al., 2011); PKM2 plays a role in regulation
of Hifla activity (Luo et al., 2011; Palsson-McDermott et al., 2015). Furthermore, hypoxia and
Hifla along with c-myc also regulate metabolism adjustment and glutaminolysis in cancer cells
(Goetzman and Prochownik, 2018). Thus, it is plausible that the functional role of PKM2 in
coordinating glycolysis and glutaminolysis switch and in regulating c-myc IRES-dependent
translation is a critical control point for cancer cells to ‘‘fine-tune’’ cell responses to hypoxia

environments.

2.5 Limitations of the Study

Our data demonstrate the regulation of c-myc expression by dimer PKM2 via the IRES-
dependent translation. Although our data suggest that PKM2 facilitates assembly of hnRNP L/K
into c-Myc IRES complex, further study is needed to elucidate how assembly of hnRNP L/K into
c-Myc IRES complex facilitated by PKM2 controls assembly of c-Myc IRES complex.
Furthermore, whether dimer PKM2 is directly involved in the IRES-dependent c-myc translation,
e.g. recruiting translation initiation factors to the IRES and/or modulating c-Myc IRES structure,
remains to be elucidated. It is shown that c-myc regulates expression and cellular functions of
PKMZ2, including metabolism function of PKM2. PKM2 may also play a role in growth-signaling-
related regulation of C-MYC expression at the gene transcription level. The relationship among

these different regulatory events and consequential cellular responses needs further investigations.
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Figure 1. Dimer PKM2 regulates glutamine metabolism.

(A) — (C) and (D, left) Glutamine consumption in SW480 cells was measured by commercial Kit.
The glutamine consumption is presented as mmole per million cells per hour. In (A) — (C), PKM2
was knocked down (M2i) or cells were treated by non-targeting SiRNA (NT) as control. Wild-type
PKM1 (HA-M1)/PKM2 (HA-M2), the TM mutant (HA-TM), or empty vector (EV) was expressed
in the PKM2 knockdown cells. In (B), the cells were serum starving overnight prior to the
treatment (EGF+) or no treatment (EGF-) with EGF. In (D, left), the cells were treated with PKM2
activator ML265 (10 mM) or DMSO as control. Error bars represent mean + S.E.M. (D, right)
Pyruvate kinase activity of extracts from SW480 cells treated with 10 mM ML265 was measured
by the pyruvate kinase activity kit. The pyruvate kinase activity is presented as relative to the
extracts of DMSO treated cells (as 100) as reference. (E) — (G) Cellular levels of PKM2
(IB:PKM2), glutaminase 1 (IB:GLS), and c-myc (IB:c-myc) were measured by immunoblot
analyses. PKM2 was knocked down in the cells (M2i). Wild type PKM1 (HA-M1)/PKM2 (HA-
M2) or the TM mutant (HA-TM) was expressed in the PKM2 knockdown cells in (F) and (G). The
cells were treated by PKM2 activator ML265 (ML265) in (G). Immunoblot of HA-tag (IB: HA)
indicates the levels of exogenous expression of PKM1/PKM2 and the TM mutant. Cells were
treated with non-target sSiRNA (NT) as controls in (E), (F), and(G). Numbers under the GLS-1 blot
panel in F indicate the relative band intensities quantitated by ImagingJ. Immunoblot of GAPDH

in (E) — (G) are a loading control.
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Figure 2. PKM2 regulates c-myc expression via translational control.

(A) Cellular levels of c-myc (IB:c-Myc) were measured by immunoblot analyses in SW480 cells
that are treated by indicated concentrations of PKM2 activator ML265. (B) Cellular c-Myc
premRNA and mRNA levels were probed by RT-PCR using primer pairs showing at the bottom
of the panels. PKM2 was knocked down (M2i) or cells were treated with non-target SIRNA (NT)
as control. Immunoblot of PKM2 (IB:PKM2) indicates cellular levels of PKM2. (C) and (D)
Cellular levels of c-myc (IB:c-myc) were measured by immunoblot. Cells were treated (+) or
untreated (-) with EGF. Cells were also treated with the Cap analog m7G or CHX as translation
inhibitors. In (D), PKM2 was knocked down, and the TM mutant (HA-TM) or empty vector (EV)
was expressed in PKM2 knockdown cells. The numbers under each panel are quantitation of IB
bands using ImagingJ. Immunoblot of GAPDH (IB:GAPDH) is a loading control for all

immunoblot assays.
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Figure 3. PKM2 Regulates c-myc Expression by IRES-Dependent Translation

(A) Diagram illustrates the construction of bicistronic vectors containing reading frames of HA-
actin and GFP with 50-UTR of Idh or c-myc IRES insertions between two reading frames. (B)
Cellular levels of GFP (IB:GFP) in the bicistronic vectors, Vec — no insertion, Myc — c-myc IRES
as insertion, LDH, 50-UTR of Idh as insertion, transfected cells. PKM2 was knocked down (M2i)
or cells were treated with non-target SIRNA (NT) as control. Immunoblots of PKM2 (IB:PKM2)
and HA-actin (IB:HA) indicate cellular levels of PKM2 and HA-tagged proteins. Immunoblot of
GAPDH (IB:GAPDH) is a loading control. (C—E) RT-PCR analyses of RNA immunoprecipitation
(RIP) of (C) cellular c-Myc mRNA using primer pair span c-myc IRES by antibodies against
hnRNP L (left, IP:hnRNP L), PKM2 (middle, IP:PKM2), and PKM2 (right, IP: PKM2 for TM
mutant). (D) mRNAs from exogenously expressed bicistronic vectors in the cells (MYC, c-myc
IRES, or LDH, Idh-50-UTR) using primer pairs span c-myc IRES and GFP (c-Myc), 50UTR of
Idh and GFP (LDH) and (E) cellular c-Myc IRES RNA by antibodies against hnRNP L (IP: hnRNP
L) and PKM2 (IP: PKM2). Input in all RIP is a fraction of RT-PCR analyses of GAPDH mRNA
of RNA extracts of the designated cells. In (C), 1gG is a control antibody for anti-hnRNP L and
IgGCon is a control for anti-PKM2 antibody IgGPK. Numbers under each top panel are relative
band intensity quantified by ImagingJ. In (E), PKM2 (M2i), hnRNP L (RNPLi), or hnRNP K
(RNPKi) were knocked down or cells were treated with non-target sSiRNA (NT) as control. (F) List
of proteins that co-precipitated down with c-myc IRES analyzed by ms-MOLDI-tof/tof. The
number of peptides and percent of amino acid sequence matching the corresponding genes is

indicated.
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Figure 4. PKM2 Mediates Cancer Cell Glutamine Addiction under Growth Stimulation

(A—C) Cellular levels of c-myc (IB:c-myc), GLS1 (IB:GLS), hnRNP L (IB:hnrnp L), and PKM2
(IB:PKM2) are analyzed by immunoblots (A left, B and C). The cells are under indicated
treatments. In (A), the cells were treated with EGF (50 ng/mL) and FGF (20 ng/mL). (A left panel)
Numbers under the GLS and c-Myc blots indicate the band intensities relative to band intensities
of actin blots quantitated by ImagingJ. (A, Right panels) The relative changes of cellular levels of
c-myc and GLS1 over time. Immunoblots of GAPDH and b-actin are loading controls.
Immunoblot of HA-tag indicates cellular levels of exogenously expressed HA-c-myc. (D)
Glutamine consumption in SW480 cells was measured by a commercial kit. The glutamine
consumption is presented as mmole permillion cells per hour. The cells are under indicated RNAI
treatments, or HA-c-myc is exogenously expressed in the indicated RNAI treatment cells. (E) RT-
PCR analyses of RNA immunoprecipitation (RIP) of cellular c-Myc mRNA using PCR primer
pair span c-Myc IRES by anti-PKM2 antibody (IP:PKM2). Input is a fraction of RT-PCR analyses
of GAPDH mRNA in the RNA extracts of the cells. The cells were treated by EGF at indicated
time points. (F and G) Viability of SW480 cells with (with GIn) or without (without GIn) glutamine
in medium was measured by cell counting (per view field). PKM2 wild-type (HA-PKM2) or TM
mutant (HA-TM) was expressed in the cells in (F). Left panel in (F) is the cell viability measured
at day 3 of culture. The cells were either treated with ML265 or DMSO as a control in (G). Error

bars in D, F, and G represent mean G S.E.M.
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Figure 5. Expression, pyruvate Kinase activity, and dimer/tetramer status of PKM2 TM mutant.
Related to Figure 1 and Figure 2 (A) Cellular levels of hnRNP L (IB:hnRNP L), hnRNP K
(IB:hnRNP K), and PKM2 (IB:PKM2) were analyzed by immunoblot. The cells were treated with
RNAI against hnRNP L (RNPLi), hnRNP K (RNPKi), PKM2 (M2i), and non-target RNAi (NT).
Immunoblot of g-actin (IB:actin) is a control. (B) Proliferation of SW480 cells under 50 ng/ml
EGF (+/-) treatment was analyzed by a proliferation kit, and is presented as fold change
(proliferation) by comparing to the cells before treatment. Error bars represent mean £ S.E.M. (C)
Chromatography profiles of TM mutant at concentrations of 20 uM. Elution volumes equivalent
to tetramer, dimer, and aggregation are indicated by arrows. (D) Cellular levels of PKM2
(IB:PKM2), exogenously expressed HA-TM (IB:HA) were analyzed by immunoblot in the
extracts of cells expressing HA-TM or empty vector (EV). Immunoblot of GAPDH (IB:GAPDH)
is a loading control. (E) Pyruvate kinase activity of recombinant PKM2 (rPKM2) and TM mutant
(rPKM2 TM) was measured by the pyruvate kinase activity kit. The pyruvate kinase activity is

presented as relative to the rPKM2 (as 100) as reference.
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Figure 6. PKMZ2 regulates c-myc and GLS expression and glutamine consumption in breast cancer
M4A4 cells.

Related to Figure 1. (A) and (B) Cellular levels of c-myc (IB:c-myc), GLS1 (IB:GLS), and PKM2
(IB:PKM2) were analyzed by immunoblot using indicated antibodies. Immunoblot of GAPDH
(IB:GAPDH) is a loading control. (C) Glutamine consumption in M4A4 cells was measured by
commercial Kit. The glutamine consumption is presented as umole per million cells per hour. Error
bars represent mean = S.E.M. In (A) & (C), the cells were serum starving overnight prior to the
treatment (EGF+) or no treatment (EGF-) with EGF. In (B) & (C), PKM2 was knocked down

(M2i) or cells were treated by non-targeting sSiRNA (NT) as control.
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Figure 7. PKM2 interacts with hnRNP L/K and c-Myc IRES. Related to Figure 3 &4. (A)
Representative image of Coomassie blue staining of SDS-PAGE of co-immunoprecipitation of
PKM2 with hnRNP L using anti-PKM2 antibody (IgGPK). IgGCon is 1gG purified from
prebleeding of the rabbit from which IgGPK was raised. PKM2, hnRNP L, and 1gG heavy chain
bands were indicated by the arrows. The hnRNP L and PKM2 bands were identified by ms-
MALDItof/tof analyses. (B) and (C) Co-immunoprecipitation of PKM2 with hnRNP L using anti-
PKM2 antibody (B, IP:PKM2) and anti-hnRNP L antibody (C, IP:hnRNPL). The extracts were
treated by RNase A to remove RNA in the extracts in (B). IgG in (C) is mouse IgG as a control
for antihnRNPL (IP:hnRNP L) of cellular mMRNAs of c-Myc using primer pair span c-myc IRES
(c-Myc) and LDH using primer pair span 5’-UTR of LDH mRNA (LDH). (bottom) RT-PCR
analyses of cellular mRNA of c-myc, PKM2, GAPDH, and LDH. The cells were treated with
RNAI against PKM2 (M2i) or non-target RNAIi (NT). (E) Cellular levels of hnRNP L (IB:hnRNP
L) and c-Myc (IB:c-Myc) were analyzed by immunoblots. The cells were treated by RNAI against
hnRNP L (RNPLi) or non-target RNAi (NT). HA-tagger PKM2 TM mutant (HA-TM) was
expressed in hnRNP L knockdown cells, indicatied by immunoblot of HA (IB:HA). Immunoblot

of GAPDH in (B), (C), (D), and (E) is a loading control.
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Figure 8. Schematic diagram of the proposed mechanisms of extracellular PKM2 promoting lung
fibrosis progression. On binding to avp3 integrin on the surface of myofibroblasts, PKM2 activates
FAK and PI3K, triggering (1) enhanced apoptosis resistance of myofibroblasts via activation of
NF-kB and (2) upregulation of Arginase-1, generating proline for collagen synthesis. Both roles

of PKM2 result in myofibroblast persistence and further fibrosis progression.
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3 EXTRACELLULAR PKM2 MODULATES CANCER [IMMUNITY BY

REGULATING MACROPHAGE POLARITY

3.1 Abstract

Cancer controls its immunity by educating its microenvironment, including regulation of
polarization of cancer associated macrophages (CAMSs). It is well documented that cancer cells
release PKM2 to facilitate tumor progression. We report here that extracellular PKM2 (EcPKM2)
modulates cancer immunity by facilitating M2 macrophage in tumors. ECPKM2 interacts with
integrin avP3 on macrophage to activate the integrin-PI3K signal axis. Activation of integrin-PI3K
by ECPKM2 suppresses PTEN expression, which subsequently upregulates arginase-1 (Arg-1)
expression in macrophage. Our studies uncover a novel and important mechanism for modulation
of cancer immunity. More importantly, an antibody disrupting the interaction between ECPKM2
and integrin avp3 is effective in converting M2 macrophages to M1 macrophages in tumors,
suggesting a new therapeutic strategy and target for cancer immunotherapies. Combination of the
PKM2 antibody with checkpoint blockades and chemotherapeutics provides synergistically

enhanced treatment effects.

3.2 Introduction

Abundant infiltration of immune cells in tumors provides evidence of recognition of
aberrations in cancer by the host immune system. A long puzzling question is “how do cancer cells
avoid host immune destruction?” In fact, cancer turns host immune-responses into cancer
promoting factors, meaning tumor infiltration immune cells often facilitate cancer progression and
metastasis. Cancer cells educate immune cells in tumors through cross-talk between cancer cells
and immune cells and the cells within the tumor microenvironment (J. Wang, Li, Cang, & Guo,

2019). A key component of tumor associated inflammation is CAMSs. Macrophages in tumor come
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from two sources, tissue-resident macrophage and circulating monocytes recruited to tumor site
(). Macrophage is activated to different polarized status with two extreme phenotypes, classically
activated M1 and alternatively activated M2. The functional roles of M1/M2 macrophages in
modulating inflammation response are almost completely opposite with M1 as pro-inflammation
while M2 anti-inflammation or pro-regeneration (Martinez & Gordon, 2014). Macrophage
polarization is not completely fixed. M1/M2 are interconvertible dependent on the surrounding
environment (Italiani & Boraschi, 2014). Macrophages are the most abundant immune cells in
tumors. Levels of macrophages directly correlate with cancer progression (Hao et al., 2012;
Nielsen & Schmid, 2017; Noy & Pollard, 2014). CAMs mostly adopt M1 at an early stage of
cancer development. However, CAMs in late-stage cancer are predominately M2 subtype (). It is
well documented that cancer cells

Pyruvate kinase is an enzyme that catalyzes the last reaction in glycolysis. There are four
isoforms of pyruvate kinases, L/R and M1/M2, which are expressed in different tissue types or
under different physiological conditions. PKM2 can form a homodimer or a homotetramer. The
tetramer is active as pyruvate kinase (Elbers et al., 1991; Hacker et al., 1998), while the dimer is a
protein kinase (Gao et al., 2013; X. Gao, H. Wang, J. J. Yang, X. Liu, & Z. R. Liu, 2012; W. Yang
et al., 2012). Interestingly, a number of recent studies show that PKM2 is functionally involved in
multiple cellular processes in different locations, including metabolism control, transcription
regulation, and chromatin packaging (X. Gao et al., 2012; Luo et al., 2011; W. Yang et al., 2011).
High serum levels of PKM2 have long been observed in patients of solid tumors () and with various
inflammatory diseases (Hathurusinghe, Goonetilleke, & Siriwardena, 2007; Jeffery, Lewis, &
Ayling, 2009; Staib, Hoffmann, & Schinkothe, 2006), suggesting a potential role of ECPKM2 in

modulating inflammation responses in tumor and other inflammation associated diseases. Our
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previous studies demonstrated that ECPKM2 facilitates tumor growth by promoting angiogenesis
(L. Li, Y. Zhang, J. Qiao, J. J. Yang, & Z. R. Liu, 2014). During cutaneous wound repair, PKM2
is released by infiltration neutrophils at the wound site. The released PKM2 facilitates wound
repair (Y. Zhang, L. Li, Y. Liu, & Z. R. Liu, 2016). In this report, we present evidence to show
that ECPKM2 facilitates cancer progression by modulating tumor immunity. ECPKM2 promotes
alternative activated macrophage (M2) in tumors. ECPKM2 promotes M2 macrophage by
interacting with integrin o33 on macrophage and consequently activating the integrin signaling,
which leads to activating the integrin-PI13K signaling axis. Activation of integrin-PI3K results in
suppression of PTEN and subsequent upregulation of arginase-1 (Arg-1) expression. Disruption
of ECPKM2 and integrin awfB3 interaction by a PKM2 antibody abolished the effects of ECPKM2
on promoting M2 macrophage and increasing M1 macrophage population in tumors, suggesting a
new strategy and target in cancer immunotherapy. Combination of the PKM2 antibody with

checkpoint blockades and chemotherapeutics provides synergistic cancer treatment effects.
3.3 Results

3.3.1 EcPKM2 in patient tumors and secretion of PKM2 by cultured cancer cells

Presence of high levels of PKMZ2 in blood circulation of cancer patients is well documented
(Wong, De Melo, & Tang, 2013). The levels of circulating PKM2 correlated with tumor
progression (Zahra, Dey, Ashish, Mishra, & Pandey, 2020a). We demonstrated previously that
cancer cells release PKM2 to promote tumor angiogenesis (L. Li et al., 2014) and neutrophil
release PKM2 to facilitate wound repair (Y. Zhang et al., 2016). ELISA analyses of culture
medium of a panel of cancer cell lines supported that PKMZ2 is released from cultured cancer cells
(Fig. 9A). To further confirm presence of ECPKM2 in tumor, we carried out immuno-histological

analyses of tissue samples from cancer patients using an in-house developed rabbit monoclonal
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antibody against PKM2, IgGPK (Y. Zhang et al., 2016). High levels of PKM2 were detected in
cancer patient tissues. The ECPKM2 was apparent in the staining. As control, almost no PKM2
staining was observed in normal tissues (Fig. 9 B,C&D). Altogether, our results indicate that

PKM2 is released to extracellular space of cancer patients, and PKM2 is secreted by cancer cells.

3.3.2 EcPKM2 interacts with integrin avf3 on macrophage and promotes M2 macrophage.
We previously observed that ECPKM2 interacts with integrin av3 on myofibroblasts and
activates the integrin signaling (unpublished data). It was noted that integrin avp3 is highly
expressed in macrophages (Antonov et al., 2011). We probed integrin avp3 expression in cultured
Raw264.7 cells and isolated bone marrow macrophages (BMM) by immunoblot. Evidently, the
integrin was expressed in Raw264.7 and BMM cells (Fig. 10A). To test whether the integrin is
expressed in cancer associated macrophage, immune cells, including macrophages, CD4+ and
CD8+ T cells were isolated from the tumor from orthotopic model of murine breast cancer 4T1
cells. Expression of integrin avp3 in these isolated immune cells was analyzed by FACS. Clearly,
macrophages expressed high levels of the integrin, CD8+ T cells expressed very low levels of the
integrin, while CD4+ T cells did not (Fig. 10B). ECPKM2 interacts with integrin avp3 on
angiogenic endothelial cells and myofibroblasts (unpublished data). We questioned whether
EcPKM?2 interacted with the integrin on macrophage. We first carried out cell attachment assay
with Raw264.7 cells and culture plate coated with recombinant PKM2 (rPKM2) or PKM1
(rPKM1) expressed and purified from bacterial E. Coli. or BSA. Clearly, the cells attached to
rPKM2 but not rPKM1 and BSA coated plates (Fig. 10C). To verify the interaction is integrin
avB3 dependent, 1gG or antibody against integrin av3 LM609 were added into the attachment
assays. LM609 blocked the Raw264.7 cells attaching to the rPKM2 coated plate, while IgG did

not (Fig. 10D). To further confirm that rPKM2 interacts with tumor macrophage, macrophages
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were isolated from 4T1 tumors that were treated with His-rPKM1 or His-rPKM2. The isolated
macrophages were then sorted by his-tag. The FACS analyses suggested that rPKM2 interacted
with macrophage in the tumor (Fig. 10E). We conclude that ECPKM2 interacted with macrophage
in tumors.

Our next question is what the functional role(s) of the interaction between ECPKM2 and
integrin avp3 on macrophage is. Careful examination of morphology of Raw264.7 cells that were
treated by different agents, including rPKM2, rPKM1, LPS, or IL-4, revealed that the cells treated
with rPKM2 resemble IL-4 treated cells in morphology (namely M2 polarized macrophage) (Fig.
11A). It is well documented that M2 macrophages secrete IL-10 (Martinez & Gordon, 2014), and
the M2 macrophage express cell surface marker CD206 (Martinez & Gordon, 2014). Thus, we
examined secretion of IL-10 in the culture medium of Raw264.7 that were treated with
rPKM2/rPKM1 and LPS. The cells treated with rPKM1, or LPS did not secrete 1L-10, while the
rPKM2 treated cells secreted high levels of IL-10 (Fig. 11B). FACS analysis of Raw264.7 that
treated with rPKM1/rPKM2, or IL-4 indicated that macrophages expressed high levels of CD206
upon IL-4 or rPKM2 treatment, while CD206 expression was almost not detectable in rPKM1

treated macrophages (Fig. 11C).

3.3.3 EcPKM2 increased M2 macrophages and decreased M1 macrophages in tumors
Cancer cells secret PKM2 and circulating PKM2 correlates with cancer progression.
EcPKM2 promotes M2 macrophage in vitro. To test whether ECPKM2 promotes M2 macrophage
in vivo, we employed the orthotopic 4T1 tumor model. The mice carrying 4T1 tumor were treated
with rPKM2, rPKM1, or vehicle when tumor grew to an average size of 200 mm in diameter (Fig.
12A). At the end of experiments, tumor weights were examined. Clearly, rPKM2 increased tumor

weight (Fig. 12B). FACS analyses of macrophages by F4/80 and CD206 sorting indicated that
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rPKM2 treatment increased the percentage of M2 macrophage in 4T1 tumor compared to the
rPKM1 group. FACS analyses indicated that rPKM2 reduced M1 macrophages in tumor (Fig.
12C). It is well documented that M2 macrophages induce CD4+ Treg cells in tumors. Thus, we
analyzed CD4+ Treg cells in rPKM2 or rPKM1 treated 4T1 tumors. The Treg cells increased in
rPKM2 treated 4T1 mice (Fig. 12D). Macrophage polarity largely affects cytokine profile in
tumors, especially tumor associated M2 macrophage release high levels of 1L-10, which plays a
role in regulation of tumor immunity (Nielsen & Schmid, 2017; Sato et al., 2011). IL-10 increased
in rPKM2 treated 4T1 mice (Fig. 12E). Examination of metastatic nodules in lung revealed that
rPKM2 treatment increased both metastatic nodular number and size compared to the group treated
with rPKML1 and vehicle (Fig. 12F). We asked whether rPKM2 treatment affected macrophage
polarity in lung metastatic tumors. FACS analyses showed that rPKM2 increased M2 macrophages
in lung metastatic tumors compared to rPKM1 (Fig. 12G). Similarly, rPKM2 treatment also
increased Treg cells in lung metastatic tumor (Fig. 12H).

EcPKM2 promotes M2 macrophage by interacting with and activating integrin avp3. We
reasoned that antibody disrupting PKM2 and integrin avp3 interaction would exert opposite effects
in tumor. We used an in-house developed monoclonal anti-PKM2 antibody (PKM2 Ab) that
disrupts PKM2 and integrin avp3 interaction (Yinwei Zhang et al., 2016). Tumor bearing mice
were treated with PKM2 Ab or rabbit 1gG as a control. PKM2 Ab treatment led to smaller tumors
and less and smaller metastatic nodules in lung compared to the IgG treatment group (Fig.
13A&B). PKM2 Ab led to high M1 and low M2 macrophage in primary tumors (Fig.13D). FACS
analyses of T-reg in the tumor also demonstrated that PKM2 Ab resulted in decrease in Treg (Fig.
13E). FACS analyses of M1/M2 macrophage and Treg in the lung metastatic tumors revealed that

PKM2 Ab treatment decreased M2 macrophages and Treg in lung, while increased M1
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macrophages (Fig. 13F&G). Histology analyses showed that PKM2 Ab decreased IL-10 in the
lung (Fig. 13I). We conclude from our experiments that ECPKM2 promotes M2 macrophage, while
antibody disrupts ECPKM2 and integrin avB3 interaction abrogates the effects of ECPKM2 on
polarity of CAMs.

To test the commonality of the role of ECPKM2 in controlling CAM polarity in tumors, we
analyzed the effects of rPKM2 with two additional tumor mouse models. Orthotopic xenograft of
BI16 cells, a murine melanoma cell line. Conditional mouse model of lung cancer is a genetic
engineering mouse (GEM) lung cancer model. The GEM mice spontaneously develop lung cancer
at age of 8 weeks due to specific expression of KrasG12D and Trp53R172H in the lung. B16 tumor
bearing mice or 8-week-old GEM mice were treated with rPKM1/rPKM2 or vehicle. Analyses of
macrophages in the tumors by FACS demonstrated that rPKM2 treatment increased M2
macrophages (Fig.14A&D). Conversely, PKM2 Ab treatment led to decrease in M2 macrophage
(Fig. 14B, E&G) in tumors. Examination of macrophage in lung metastatic tumors of the treated
B16 mice showed that rPKM2 increased M2 macrophages decreased M1 macrophages in lung
metastatic tumors (Fig. 14C&E), while PKM2 Ab reduced M2 macrophages in B16 lung
metastatic tumor (Fig. 14D&E). These results further support our conclusion that ECPKM2

promotes M2 macrophage in tumors.

3.3.4 EcPKM2 activates integrin-P13K signaling axis and upregulates Arg-1 in macrophage
An open question was what is the cell surface receptor(s) that mediated the effects of
EcPKM2 on macrophage. We previously showed that ECPKM2 interacted with integrin avp3 and
activated the integrin signaling. Activated macrophage express high levels of integrin avp3, and
EcPKM2 interacts the integrin (see Fig. 10A-E). Thus, a reasonable speculation would be that

EcPKM2 activates the integrin signaling and downstream signal cascades. To test the speculation,
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we first examined activation of integrin signaling. It is well established that activation of integrin
signaling leads to activation of PI3K (Wegener & Campbell, 2008). Thus, we examined activation
of PI3K in Raw264.7 upon rPKM2 treatments. PI3K activity assay demonstrated that PI3K was
upregulated and activated in the cells (Fig. 15E). It is well established that PI3K — PTEN pathway
regulates Arg-1 expression in macrophages and subsequently modulate macrophage polarity
(Carracedo & Pandolfi, 2008; Chalhoub & Baker, 2009). We reasoned whether ECPKM2 regulated
Arg-1 expression and subsequent macrophage polarity by the same pathway. We first probed Arg-
1 levels and arginase activity in the rPKM2 treated Raw264.7 and BMM. Clearly, addition of
rPKM2 but not rPKML into culture medium upregulates Arg-1 (Fig. 15A). The effects of rPKM2
were abrogated by addition of the antibody LM609 into culture medium (Fig. 15B) and integrin
B3 knockdown in Raw264.7 cells (Fig. C&D), suggesting that upregulation of Arg-1 in
macrophage by ECPKM2 were mediated by integrin avp3. To verify the role of ECPKM2 in
regulating Arg-1 expression and promoting M2 polarity via suppression of PTEN expression,

PTEN was exogenously expressed (Fig. 15F).

3.3.5 PKM2 Ab synergistically enhances the efficacy of checkpoint blockades.

Addition of checkpoint inhibitors to various chemotherapies represents an important
advancement in the treatment of different type of cancers (D'Abreo & Adams, 2019; Vikas,
Borcherding, & Zhang, 2018). It is well documented that macrophage plays a critical role in
modulating cancer immunity by secreting pro- or anti-inflammatory soluble factors, such as
cytokines/chemokines (Nielsen & Schmid, 2017; Noy & Pollard, 2014). The anti-PKM2 antibody
PKM2 Ab that disrupts the interaction between EcCPKM2 and integrin avp3 promotes M2
macrophage in tumors. It is thus intriguing to test anti-cancer effects of PKM2 Ab in combination

with checkpoint blockade. B16 is a murine melanoma model that is well tested with checkpoint
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blockade treatment. We therefore used this model to test the efficacy of a combination of PKM2
Ab + anti-PD-1 antibody (aPD-1). Tumor bearing mice were treated with PKM2 Ab, aPD-1, and
PKM2 Ab + aPD-1. PKM2 Ab and aPD-1 alone provided marginal or modest benefits on the
animal overall survival and tumor growth. The combination provided strong anti-cancer effects

(Fig. 141).

3.3.6 PKM2 Ab synergistically enhances efficacy of cancer chemotherapeutics.

It is now fully recognized that M2 CAMs strongly facilitates chemotherapy resistance and
relapse after eradication of tumor by chemotherapy and/or radiation therapies. Antibody disrupts
EcPKM2 and integrin avf3 interaction promotes CAMs M2 to M1 conversion. We reasoned that
the PKM2 antibody may provide enhancement effects for cancer chemotherapies. To test this
conjecture, we used the 4T1 murine breast cancer model. Tumor bearing mice were treated with
PKM2 Ab and PKM2 Ab + a low dose of paclitaxel (PTX). PTX alone did not have a significant
effect on the overall survival and tumor growth. PKM2 Ab provided modest benefits on the animal
overall survival and tumor growth. However, the combination strongly prolonger the tumor

bearing mice survival and inhibited tumor growth (Fig. 13J).

3.4 Discussion

Our study here revealed an unexpected role of ECPKM2 in facilitating tumor progression
by inducing the macrophage into M2 type through activating integrin avp3. Along with our
previous observations that ECPKM2 facilitates tumor growth (L. Li, Y. Zhang, J. Qiao, J. J. Yang,
& Z.-R. Liu, 2014) and wound healing (Y. Zhang et al., 2016) by promoting angiogenesis, we
propose a hypothesis that ECPKM2 may modulate cancer microenvironment by inducing

macrophages into M2 type, which will enhance the immune suppressive environment. These



67

effects have been observed in different cancer types, implying that this could be a broad
phenomenon.

We noticed that there are high levels of ECPKM2 in tumor tissues from patients with
various cancer types, including breast cancer, lung cancer and melanoma; further in vitro analysis
showed that different types of cancer cells secrete a high level of ECPKM2. These observations
bring up a question, what is the function of ECPKM2 in cancer. By i.p. injection of rPKM2 in
multiple mouse cancer types, we noticed that rPKM2 significantly promotes the tumor
progression. Further investigations showed that M2 macrophage percentage is significantly
increased in rPKM2-treated tumor mice and that ECPKM2 induces macrophage cells into M2 type.
These results together indicate that ECPKM2 modulates cancer immunity by facilitating M2
macrophage polarization in tumors. Further investigations on the mechanism elucidated ECPKM?2
interacts with integrin avpf3 on macrophage to activate integrin-FAK-PI3K signal axis and
activation of FAK-PI3K by EcPKM2 suppresses PTEN expression, which subsequently
upregulates arginase-1 (Arg-1) expression in macrophage. Our studies uncover a novel and
important mechanism for modulation of cancer immunity.

Extracellular PKM2 facilitates tumor progression via a novel mechanism of action via the
activation of integrin avp3. It is intriguing that an antibody against PKM2 that disrupts the PKM2-
integrin avp3 interaction is very effective in inhibiting tumor progression, indicating a potential
anti-tumor strategy and target. Our study on the PKM2 antibody provides the proof of principle
evidence for targeting extracellular PKM2 as a treatment of breast cancer, lung cancer and
melanoma. Furthermore, combination of the PKM2 antibody with checkpoint blockades and

chemotherapeutics provides synergistic treatment effects.
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In fact, M2 macrophages are important in other diseases such as wound healing and organ
fibrosis. In wound healing, M1 macrophage switch to M2 type is critical for the wound healing
process; in the organ fibrosis diseases, M2 macrophage can promote fibrosis through many ways,
including producing more pro-fibrotic factors TGF-B, releasing more collagen synthesis amino
acids proline by upregulating arginase activity. It is very interesting to test whether extracellular
PKM2 plays a similar role in progression of wound healing and organ fibrosis, and whether
disrupting the PKM2-integrin avp3 interaction will interfere with the wound healing process or
have treatment benefits for organ fibrosis. Another project of ours confirms that PKM2 also
regulates M2 macrophages in bleomycin induced lung fibrosis (See appendix). We not only notice
that ECPKMZ2 is highly expressed in lung fibrosis, but also find that the core cell type in fibrosis,
myofibroblasts, secretes a high level of ECPKM2. Neutralizing ECPKM2 with PKM2Ab inhibits
the lung fibrosis progression and the M2 type macrophages are significantly reduced.

Release of extracellular PKM2 and elevation in integrin avp3 expression are closely
associated with a number of pathological conditions, particularly various inflammatory associated
chronic diseases and cancers. It is conceivable that targeted disruption of PKM2 and avp3
interaction may be beneficial for treatment of these human diseases.

Figure 9. High level of ECPKM2 expressed in cancer.

(A) ECPKM2 level was measured with ELISA assay using the culture media individually collected
from 4 different cell types, HEK, breast cancer cell line 4T1, melanoma cell line B16 and lung
cancer cell line A549. (B) Representative images of immunohistochemistry analysis of PKM2
accumulation in normal human breast tissue and breast tissue from patients with breast cancer
tissue. (C) Representative images of immunohistochemistry analysis of PKM2 accumulation in

normal human skin tissue and skin tissue from patients with melanoma. (C) Representative images
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of immunohistochemistry analysis of PKM2 accumulation in normal human lung tissue and lung
tissue from patients with pulmonary fibrosis. All columns and error bars represent means £ SD. *

p<0.05; ** p<0.01, *** p<0.001.
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Figure 10. Macrophage expresses avf33, EcCPKM2 interacts with avf33 on macrophage.

(A) Representative western blots showing av and B3 expression level in Raw 264.7 and bone
marrow derived macrophages. GAPDH is used as a loading control. (B) Tumor tissues were
collected from 4T1 breast cancer mice and subjected to the detection of avp3 level in macrophages,
CD4 T cells and CD8 T cells with FACS analysis. (C and D) Representative microscope images
of cell attachment assay. Raw 264.7 cells were seeded on plates pre-coated with BAS or rPKM1
or rPKM2 (C). Raw 264.7 cells were seeded on rPKM2-coated plates in the presence of the avf3
blocking antibody (LM609, 10 pg/ml) or IgG control (D), After incubation, unattached cells were
washed away, and the remaining cells were counted in five randomly selected view field per
images. Experiments were done in triplicate and data presented as means + SD. rPKM1 serves as
the isoform control for rPKM2. (E) Tumor tissues were collected from 4T1 breast cancer mice
treated with rPKM1 or rPKM2 (rPKM1 and rPKM2 are his-tagged proteins) and macrophages
were separated with FACS. Then his-tag positive macrophages were quantified in rPKM1 and
rPKM2-treated groups. All columns and error bars represent means + SD. * p<0.05; ** p<0.01,

*** p<0.001.
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Figure 11. PKM2 can induce macrophage into M2 type.

(A) Raw 264.7 cells were treated with indicated agents and then stained by crystal violet. LPS is
used as a typical inducer of M1 macrophages. IL4 is used as a typical inducer of M2 macrophages.
M2 like cells were identified as spread filopodia shaped cells (S. P. C. Hsu et al., 2020). (B) The
level of IL-10 cytokine was measured with ELISA assay using culture media of Raw264.7 treated
with indicated agents. (D) Raw264.7 cells were treated with rPKM2 or L4 and subjected to FACS
analysis for CD206* macrophages. CD206 is a marker for M2 macrophages. All columns and error

bars represent means £ SD. * p<0.05; ** p<0.01, *** p<0.001.
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Figure 12. PKM2 can induce macrophages into M2 type in the 4T1 mouse model.

(A) Experimental scheme of 4T1 breast cancer mouse model establishment and treatment with
rPKM1/rPKM2. (B) Representative photographs of tumor tissues from mice treated with indicated
agents. Tumor weights were measured at the endpoint. (C and D) Tumor tissues collected from
mice treated with rPKM2 or rPKM2 were dissociated and subjected to FACS analysis for
iINOS*CD206° M1 macrophages and iINOS'CD206+ positive M2 macrophages (C) and
CD4*FoxP3" T-reg cells (D). (E) Representative images of 1L-10 immunohistochemistry staining
in tumor tissues collected from 4T1 mice treated with rPKM1 or rPKM2. (F) Representative
images of HE staining of lung tissues collected from 4T1 mice treated with rPKM1 or rPKM2. (G
and H) Lung tissues collected from mice treated with rPKM1 or rPKM2 were dissociated and
subjected to FACS analysis for iNOS*CD206° M1 macrophages and iNOS'CD206" M2
macrophages (F) and CD4*FoxP3* T-reg cells (G). All columns and error bars represent means *

SD. * p<0.05; ** p<0.01, *** p<0.001.
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Figure 13. PKM2 Ab can reduce M2 macrophage level in 4T1 mouse model.

(A) Representative photographs of tumor tissues from mice treated with 1gG control or PKM2
antibody. (B) Tumor weights were measured at the endpoint. (C) Representative images of HE
staining of lung tissues collected from 4T1 mice treated with 1gG control or PKM2 antibody. (D
and E) Tumor tissues collected from 4T1 mice treated with 1gG control or PKM2 antibody were
dissociated and subjected to FACS analysis for INOS*CD206 M1 macrophages and iNOS'CD206*
M2 macrophages (D) and CD4"FoxP3* T-reg cells (E). (F and G) Lung tissues collected from 4T1
mice treated with IgG control or PKM2 antibody were dissociated and subjected to FACS analysis
for INOS*CD206~ M1 macrophages and iNOS'CD206+ positive M2 macrophages. Statistical
analyses of D-G were displayed in (H). (1) Representative images of IL-10 immunohistochemistry
staining in lung sections collected from 4T1 mice treated with IgG control or PKM2 antibody. (J)
Survival rate of 4T1 mice treated with indicated agents. All columns and error bars represent means

+ SD. * p<0.05; ** p<0.01, *** p<0.001.
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Figure 14. PKM2 and PKM2 Ab also work in mouse models of melanoma and lung cancer.

(Arand C) Tumor tissues (A) and lung tissues (C) collected from B16 melanoma mice treated with
rPKM1 or rPKM2 were dissociated and subjected to FACS analysis for iNOS'CD206™ M1
macrophages and iNOS"CD206" M2 macrophages. (B and D) Tumor tissues (B) and lung tissues
(D) collected from B16 melanoma mice treated with 1gG control or PKM2 antibody were
dissociated and subjected to FACS analysis for INOS*CD206 M1 macrophages and iNOS'CD206*
M2 macrophages. Statistical analyses of A-D were displayed in (E). (F and H) Representative
images of IL-10 immunohistochemistry staining in lung sections collected from B16 melanoma
mice (F) and lung cancer mice (H) treated with 1gG control or PKM2 antibody. (G) Lung tissues
collected from lung cancer mice treated with IgG control or PKM2 antibody were dissociated and
subjected to FACS analysis for iNOS*CD206° M1 macrophages and iNOS'CD206" M2
macrophages. () Survival rate of B16 mice treated with indicated agents. All columns and error

bars represent means £ SD. * p<0.05; ** p<0.01, *** p<0.001.
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Figure 15. PKM2 induces macrophages to M2 type through avp3, PI3K and PTEN.

(A) Representative western blots showing expression of arginase 1 (Arg-1) after indicated
treatments in Raw264.7 (upper panel) and bone marrow derived macrophages (lower panel). Actin
serves as a loading control. (B) Raw264.7 were treated with rPKM1 or rPKM2 in the presence of
the function-blocking anti-avp3 antibody (LM609) and analyzed for protein level of Arginase-1
using western blots. The rPKML1 serves as isoform control for rPKM2. Actin serves as a loading
control. (C and D) The B3 was knocked down with siRNA in Raw264.7, followed by rPKM2
treatment and then analyzed for the protein level of Arginase-1 using western blots (C) and
arginase activity with ELISA assay (D). Actin serves as a loading control for western blots.
Scrambled siRNA was used as a control for 3 siRNA. (E) Raw264.7 were treated with rPKM1
or rPKM2 and assayed for PI3K activity. (F) PTEN was exogenously expressed using adenovirus
ad-PTEN in Raw 264.7. The cells were then treated by rPKM2 and subjected to the immunoblot
analysis of PTEN and ELISA assay of arginase activity. GAPDH serves as a loading control for

western blot. All columns and error bars represent means £ SD. * p<0.05; ** p<0.01, *** p<0.001.
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4 CONCLUSIONS AND DISCUSSIONS

Cancer cells reprogram their nutrition metabolism to meet their high bioenergetic and
biosynthetic demands in support of rapid growth and continuous proliferation(Phan, Yeung, &
Lee, 2014). Both glycolysis and glutaminolysis are altered in cancer cells(Akins, Nielson, & Le,
2018). Glycolysis is a universal pathway used by all living cells for energy production, which can
occur in both aerobic and anaerobic states. However, about a century ago, Otto Warburg first
discovered that the glycolysis rate is 200 times higher in cancer cells compared to healthy cells
and cancer cells predominantly undergo anaerobic glycolysis regardless of whether oxygen is
present(AKkins et al., 2018; Warburg, 1924). This phenomenon is later termed the Warburg effect.
After its discovery, scientists have come up with many theories for why cancer cells switch to
inefficient anaerobic glycolysis. One widely accepted theory is that the Warburg effect allows
cancer cells to maintain large pools of intermediates which provide building blocks for synthesis
of nucleotides, fatty acids and amino acids, assisting the rapid proliferation and growth of cancer
cells(Liberti & Locasale, 2016).

Warburg effect limits entry of pyruvate into TCA cycle in cancer cells. To compensate for
the reduction in carbon coming from glycolysis, cancer cells switch to the glutaminolysis which
utilizes glutamine to replenish the TCA cycle(Anderson, Mucka, Kern, & Feng, 2018). In addition,
glutaminolysis also provides reducing power by converting glutamate to glutathione (GSH), the
most abundant anti-oxidant in mammalian cells in handling oxidative stress(Anderson et al., 2018).
Elevated glutaminolysis has been recognized as a critical hallmark of cancer(Cluntun, Lukey,
Cerione, & Locasale, 2017). Not only that cancer patients have much lower concentrations of
glutamine in their blood circulation compared to healthy people(Cluntun et al., 2017), but also, the

reduction in glutamine consumption can restrain the cancer progression to some extent(Jiang,
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Srivastava, & Zhang, 2019). Glutamine, the most abundant amino acid in blood circulation, is
beneficial for cancer cells as it supplies more carbon and nitrogen for macromolecule biosynthesis
and maintenance of redox balance(Alberghina & Gaglio, 2014; Kodama et al., 2020; Souba, 1993).
By this means, with increased glutamine being converted via glutaminolysis, cancer cells display
enhanced cell proliferation rate and reduced cell death(Mateés, Pérez-Gémez, de Castro, Asenjo, &
Marquez, 2002).

Glutaminolysis as well as glycolysis in cancer cells have been extensively studied, but rare
attention has been put to how the cancer cells coordinate these two metabolic pathways. In a recent
manuscript entitled “Pyruvate kinase M2 coordinates metabolism switch between glycolysis and
glutaminolysis in cancer cells” (L. Li et al., 2020), we demonstrated that the pyruvate kinase M2
(PKM2), a critical enzyme in glycolysis, helps to switch the glutaminolysis pathway in cancer cells
through IRES-dependent translation of c-Myec. This study uncovers an important mechanism how
cancer cells coordinate glycolysis and glutaminolysis and also sheds light on the novel role of
PKM2 as a regulator of glutaminolysis. Nevertheless, the unique way of PKM2 to regulate
glutaminolysis in cancer cells also brings up some intriguing questions which are worthy of further
investigations (Figure 1): Does PKM2 manipulate other proteins through IRES-dependent
translation? Does PKM2 regulate glutaminolysis in other cell types besides cancer cells? What is

the exact role of PKM2 in IRES-dependent translation of c-Myc?

4.1 The unique role of PKM2 in regulation of glutaminolysis
Pyruvate kinase is a key enzyme in glycolysis, which catalyzes the conversion of
phosphoenolpyruvate (PEP) to pyruvate at the last, yet a rate-limiting, step of glycolysis. Although

there are several different isoforms of pyruvate kinase, cancer cells highly express M2 isoform
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(Prakasam, Igbal, Bamezai, & Mazurek, 2018). More interestingly, PKM2 in cancer cells is
predominantly inactive form, dimeric PKM2(Zahra, Dey, Ashish, Mishra, & Pandey, 2020b).
Compared to its active tetrameric PKM2, the low-activity-dimeric PKM2 has compromised
affinity for its substrate PEP, leading to accumulation of glycolytic intermediates. Despite its
glycolytic roles, PKM2 in cancer cells have additional non-glycolytic functions(M.-C. Hsu &
Hung, 2018; Zahra et al., 2020b). For instance, PKM2 in cancer cells is identified to regulate
HIF1la activity as a transcriptional activator(Azoitei et al., 2016); and PKMZ2 is also demonstrated
to phosphorylate STAT3 using PEP as a phosphate donor in cancer cells(Xueliang Gao et al.,
2012). These various non-canonical functions suggest that roles of PKM2 in cancer cells are
complicated, and there might be other non-glycolytic functions which have not been elucidated
yet. Here in our new study “Pyruvate kinase M2 coordinates metabolism switch between
glycolysis and glutaminolysis in cancer cells”, we revealed another novel non-glycolytic function
of PKM2 in cancer cells.

In our recent study, we demonstrated the mechanism how PKM2 coordinates the glycolysis
and glutaminolysis pathways. We showed for the first time a crucial role of inactive dimeric PKM2
in regulating IRES-dependent protein translation in cancer cells. Our investigations indicated
PKM2 dimers, promoted by growth stimulations, elevate glutaminolysis by upregulating
mitochondrial glutaminase I (GLS-1) via interacting with c-myc IRES-RNA and facilitating IRES-
dependent translation of c-Myc. The traditional understanding of the role of PKM2 in cancer
metabolism is that the inactive dimeric PKM2 support cancer cell growth by allowing the
glycolytic intermediates to build-up and re-direct into anabolic pathways(Chi V Dang, 2012), an
advance made in our latest manuscript is that inactive dimeric PKM2 can also modulate the

augmentation of glutaminolysis, feeding synthesis materials to cancer cells.
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4.2 Could dimeric PKM2 regulate IRES-dependent translation of other genes?

A number of proliferation and survival related genes are regulated at translational level
(Ruggero, 2013). This is important to cancer cells since translational level regulation provides
them with fast adjustment to stressful environments (B. Liu & Qian, 2014). Accumulating
evidence shows that IRES-dependent translation is important for many cancer-related
proteins(Grzmil & Hemmings, 2012; Xi et al., 2017; Y. Yang & Wang, 2019), suggesting that
IRES-mediated translation is vital for cancer cells. Our work showed that PKM2 can regulate GLS-
1 through IRES-dependent translation of c-Myc. Since c-Myc is a master regulator in cancer
cells(Miller, Thomas, Islam, Muench, & Sedoris, 2012), PKM2 might regulate other c-Myc related
pathways such as cell cycle, apoptosis and proliferation(C. V. Dang, 1999; Desbarats, Schneider,
Miller, Birgin, & Eilers, 1996; Hoffman & Liebermann, 2008; McMahon, 2014), which are worth
further investigations.

Except c-Myc, many other key cancer-related proteins have been reported to be regulated
by IRES-mediated translation, like VEGF, IGF1R, cyclin D1 and XIAP (Godet et al., 2019; Komar
& Hatzoglou, 2011; Kucab & Dunn, 2003; Loges, Mazzone, Hohensinner, & Carmeliet, 2009; C.
Vaklavas et al., 2015), Furthermore, IRES-mediated translation of these proteins have been found
critical for many processes of cancer cells including metastasis and angiogenesis(Kucab & Dunn,
2003; Christos Vaklavas, Blume, & Grizzle, 2017; Walters & Thompson, 2016). Interestingly,
dimeric PKM2 is found to promote cancer cell metastasis and angiogenesis(He et al., 2017;
Liangwei Li et al., 2020). It is plausible that dimeric PKM2 might be able to regulate other cancer-
related proteins through IRES-dependent translation. It is worthy to further test if PKM2 can
regulate other targets through IRES-dependent translation in cancer cells, which may suggest a

broader implication of dimeric PKM2 in reprogramming of cancer cells.
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4.3 Could dimeric PKM2 regulate glutaminolysis in non-cancer cell types?

Besides tumor cells, metabolic reprogramming of glutaminolysis is observed in multiple
cell types such as immune cells(Kim, 2018; Pearce & Pearce, 2013; S. Wu, Kuang, Ke, Pi, &
Yang, 2021). The role of inactive dimeric PKM2 in regulation of glutaminolysis in non-cancer cell

types merits further investigations.

Macrophages and neutrophils stimulated by LPS or bacteria utilize glutaminolysis to sustain ROS
production by generating NADH(X. Zhang et al., 2020). Furthermore, macrophages and
neutrophils upon microbial activation display an increased level of PKM2 expression(Palsson-
McDermott et al., 2015; Yinwei Zhang et al., 2016) and PKM2 in LPS-activated macrophages are
primarily dimers(Palsson-McDermott et al., 2015). Altogether, innate immune cells such as
macrophages following microbial challenge might elevate dimeric PKM2 to rewire glutaminolysis
through a similar mechanism as we observed in cancer cells. Noticeably, the role of dimeric PKM2
in macrophages might not be through the regulation of IRES-dependent translation of c-Myc as c-
Myc can drive macrophages to alternative activated phenotype(Pello et al., 2012) which mainly
have tetrameric PKM2(Palsson-McDermott et al., 2015). Nevertheless, it is still worthy to
investigate whether dimeric PKM2 can regulate the glutaminolysis in innate immune cells and the

underneath mechanisms if it can.

Besides the innate immune cells, it is well appreciated that dimeric PKM2 is essential for CD4 T
cell activation(Angiari et al., 2020). Moreover, CD4 T cell activation also relies on glutaminolysis
and c-Myc is indispensable in this process(Araujo, Khim, Mkhikian, Mortales, & Demetriou, 2017;

Bandukwala et al., 2012; Wahl, Byersdorfer, Ferrara, Opipari, & Glick, 2012). So, it is possible
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that dimeric PKM2 mediates glutaminolysis remolding in the process of T cell activation via

regulating c-Myc by IRES-dependent translation.

In addition to immune cells, emerging evidence suggests glutaminolysis is required for the
activation of myofibroblasts(Bernard et al., 2018; Gibb Andrew et al., 2019), whose persistence is
a hallmark of fibrotic diseases of multiply tissues and organs(Bernard et al., 2018). Our lab has
found that dimeric PKM2 expression is enriched in the activated myofibroblasts (unpublished
data). Further investigations are needed to discover the role of dimeric PKM2 in gluaminolysis

regulation in myofibroblasts.

4.4 What are the possible roles of PKM2 in IRES-dependent translation of c-Myc?

Our data have indicated that dimer PKM2 regulates c-Myc expression via the IRES-dependent
translation. However, the detailed mechanism about how PKM2 regulates c-myc expression via
IRES-dependent translation remains unclear. IRES-dependent translation involves multiple
different proteins(Hellen & Sarnow, 2001; Y. Yang & Wang, 2019). Inferring from our
observations, it is plausible that PKM2 may facilitate assembly of hnRNP L/K into c-myc IRES
complex. However, further study is needed to elucidate how PKM2 regulates the assembly process
of c-myc IRES complex. In addition, it is also unknown whether dimeric PKM2 is directly
involved in the IRES-dependent c-Myc translation. Since the recruitment of translation initiation
factors to IRES sequence and structure is critical for IRES-dependent translation(Fitzgerald &
Semler, 2009; L6pez de Quinto, Lafuente, & Martinez-Salas, 2001). It is reasonable to hypothesize
that dimeric PKM2 may be directly involved in recruiting IRES associated translation initiation
factors and/or modulating the IRES structure, which could be deciphered with further

investigations.
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4.5 What is implicated by ECPKM2 modulating macrophage polarity?

PKM2 has been identified as serving a variety of biological functions intracellularly.
However, ECPKM2 has also been reported in many different kinds of diseases, like cancer.
EcPKM2 has been reported related to angiogenesis and wound healing. But little is known about
the function of ECPKM2 on immune cells. Here we observed that ECPKM2 can modulate
macrophage polarity in different cancer types. ECPKM2 induces macrophages into M2 subtype
through interacting with integrin on macrophages in cancer. M1 and M2 macrophages have very
different functions in diseases. M1 subtype macrophages are generally considered
“proinflammatory”, which can clear bacteria; however, M2 subtype macrophages are generally
considered “anti-inflammatory”, that can release cytokines to facilitate tissue repair and growth.

In cancer, M2 type macrophages have been well known to help the tumor growth by
providing anti-inflammatory effects. Along with our finding that ECPKM2, highly expressed in
various cancers, can facilitate macrophages polarizing to M2 type; we proposed that it would be
a novel treatment strategy by blocking the ECPKM2’s effect on cancer associated macrophages.
We expected to observe the decrease in M2 type macrophages in cancer and the reduction in tumor
growth and progression. We used the PKM2 blocking antibody in mouse models of different
cancers. As we expected, the PKM2 blocking antibody inhibited progression of these cancers in
mice. Targeting ECPKM2 modulating macrophage polarity provides us a new strategy to treat
diseases in which M2 macrophages play a critical role including cancer and certain organ fibrosis
diseases.

What is more interesting is our finding of ECPKM2 modulating macrophage polarity might
also provide us a new approach to resolve inflammation in a lot of inflammatory diseases.

Inflammatory diseases rank among the most significant causes of death in the world, such as
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chronic diseases. Chronic diseases are considered some of the greatest threats to human health,
like diabetes and cardiovascular diseases. Since the ECPKM2 can induce macrophages into M2
type which can suppress the inflammation, administration of rPKM2 to the inflammatory diseases
might help to resolve the inflammation and slow down the progression of these diseases or even
cure them. Inflammatory diseases are complicated, specially, in many cases, there are different
types of immune cells involved during different stages or time points. To use rPKM2 as an anti-
inflammation treatment, we might need to further study the optimal time point and dosage based

on the disease type.



5 METHODS AND MATERIALS

5.1 Reagents, Antibodies, and Cells

Table 1 Reagents, antibodies, and cell lines
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Reagent or Resource Source Identifier

ML265 Cayman Chemical 13942

Ultravision Peroxidase block Thermo Fisher TA060H202Q
Scientific

Ultravision Protein block Thermo Fisher TA060PBQ
Scientific

Antibody diluent OP Quanto Thermo Fisher TA-125-ADQ
Scientific

Betazoid DAB Chromogen Kit Biocare Medical BDB2004L

Tris Base Fisher Scientific BP154-1

Tween-20 Sigma-Aldrich pP5927

Citrate buffer Sigma-Aldrich C9999-

1000ML

Xylenes Fisher Scientific X5-4

Ethanol Decon Lab 22032601

DirectPCR Lysis Reagent (Mouse Viagen Biotech 102-T

Tail)

PCR Master Mix Thermo Scientific F548S

100bp DNA Ladder Thermo Scientific SM1143

Molecular Biology Agarose Bio-Rad 1613101

PKM2 siRNA Thermo Fisher 510575
Scientific

hnRNP L siRNA Thermo Fisher s6741
Scientific

hnRNP K siRNA Thermo Fisher s6739
Scientific

Antibodies

GLS1 Proteintech 19958-1-AP

c-myc Thermo Fisher 13-2500
Scientific

HA-tag Abcam ab9110

GFP Abcam ab290

hnPNP L Abcam ab6106
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GAPDH Santa Cruz sc-32233
Biotechnology
hnRNP K Abcam ab52600
B-actin Yurogen MAJ5-18035
CD16/CD32 Thermo Fisher 16-0161-82
Scientific
F4/80 BioLegend 123111
CD45 BioLegend 103108
iINOS Thermo Fisher 12-5920-80
Scientific
CD206 Thermo Fisher 48-2061-82
Scientific
CD3e Thermo Fisher 17-0031-82
Scientific
CD4 BioLegend 100447
FoxP3 BioLegend 320008
CD25 Thermo Fisher 48-0251-82
Scientific
Chemicals, Peptides, and Recombinant Proteins
Recombinant murine EGF 236-EG
Recombinant murine FGF 233-FB
Commercial Assay Kits
Picro sirus red staining kit IHC world IW-3012
Masson’s trichrome kit IHC world IW-3006
Human IGF1 ELISA kit R&D systems DG100
Novaultra Oil red O stain kit IHC world IW-3008
Annexin  V-FITC  Apoptosis abcam ab14085
Staining Kit
BrdU Cell Proliferation Assay Millipore 2752
Glutamine Colorimetric Assay Biovision K556-100
Kit
Endotoxin Removal Spin Thermo Fisher 88274
Columns Scientific
Endotoxin Assay Kit GenScript L00350
Experimental Models: Cell Lines
SW480 ATCC CCL-228
Raw 264.7 ATCC TIB-71




5.2 Primers

Table 2 primer sequences
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Name sequence

c-Myc P1 5’-TCCAGCGAGAGGCAGAGGGAGCGA-3’

c-Myc P2 5’-TCTGCGACCCGGACGACGAGACCT-3’

c-Myc P3 5’-GGCAAGTGGACTTCGGTGCTTACC-3’

c-Myc P4 5’-TGGAGGTGGAGCAGACGCTGTGGC-3’

c-Myc P5 5’>-TTGACAGGCCTGGGCGGGCTTCG-3’

GLS1F 5’-GATGGGCAACAGTGTTAAG-3’

GLS1R 5’-CTCTCCCAGACTTTCCATTC-3’

c-Myc F 5’>-TGAGGAGACACCGCCCAC-3’

c-Myc R 5’-CATCGATTTCTTCCTCATCTTC-3’

Actin F 5’-GAGCAAGAGAGGCATCCTC-3’

Actin R 5’-GCACAGCCTGGATAGCAACG-3’

Actin- 5’-CAGAAGCTTGATGATGATATCGCCGC-3’
clone F

Actin- 5’- CAGGGTACCCTACTAGAAGCATTTGCGGTGG -3’
clone R

c-Myc- 5’-CAGGGTACCAATTCCAGCGAGAGGCAGAGG-3’
S5UTRF

c-Myc- 5’- GTAGGATCCGCGTCGCGGGAGGCTGCTG -3’
5UTR R

LDH- 5’- CAGGGTACCTTAGTCTGATTTCCGCCCACC -3’
S5UTR F

LDH- 5’- GCAGGATCCGTGTCACTACAGCTTCTTTAATGT -3’
5UTR R

5.3 Cell culture

SW480 cells were maintained in L15 medium supplemented with 2mM Glutamine and

10% Fetal Bovine Serum (FBS) in 37°C with no CO2. SW480 were treated with or without EGF

(50 ng/ml) and FGF (20 ng/ml) respectively for 2 h, 4 h, and 6 h in serum free medium. Cell lysates

from indicted time points were subjected for SDS-PAGE and western blot analysis regarding to

the levels of c-Myc and GLSL.
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5.4 Construction of PKM2 and mutant expression, bicistronic, and HA-myc expression
vectors
PKM2 expression vector is the same as previous studies (PMID: 22306293). PKM2 triple
mutant (TM) was constructed based on PKM2 gene with three mutations on the following amino
acid residues: R399E, K422A, N523A. C-Myc was cloned into pHM®6 vector. For bicistronic
vectors, B-actin gene with HA tag was inserted into pHMG6 vector by Hindlll and Kpnl; Lactate

dehydrogenase (LDH) gene 5’-UTR or c-Myc gene 5’-UTR was inserted by Kpnl and BamHI.

5.5 Glutamine consumption measurement

Intracellular glutamine consumption was measured by hydrolyzing glutamine to glutamate
to produce colored signal at OD450 nm by assay kit from Biovision. Briefly, cell lysates were
deproteinized by 10K Spin Column by centrifuging at 10,000 X g for 20min at 4°C. Glutamate
concentration [Glu] of the deproteinized samples was firstly determined. Glutamine was then
converted to glutamate and total converted glutamate concentration [Glut] was measured.
Glutamine concentration was calculated by the equation of [GIn]=[Glut]-[Glu]. SW480 cells were
starved with glucose and glutamine overnight. Fresh culture media containing 2mM D-Glutamine
were applied to the cells on the second day for 2 hours and cells were lyzed at the indicated time
points. Glutamine consumption was described by glutamine concentration changes A[GlIn] per 106

cells over time.

5.6 Biotinylation of c-Myec 5’-UTR

5’-UTR of c-Myc was biotinylated following the MEGAshortscript Kit manual
(ThermoFisher). Firstly, T7 RNA polymerase promoter sequence
TAATACGACTCACTATAGGG was incorporated into the upstream of c-Myc 5’-UTR by PCR.

Briefly, 5ul pfu DNA polymerase buffer, 5 ul of primer mix, 1 ul DNA polymerase, 1 pl of ANTP
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mix and 5ng of DNA template was prepared in DNase-free water to final volume 50 pl in a 500
pl PCR tube. PCR products were mixed thoroughly, and Eppendorf Thermocycler was set up with
40 cycles: 30sec at 95°C, 30sec at 60°C and 30sec at 72°C. For in vitro transcription, 2 pl of
reaction buffer, 2 pl of 75mM ATP, 2 ul of 75mM CTP, 2 ul of 75mM GTP, 1.6 pl of 75mM
UTP, 0.4 pl of 75mM Biotin-14-CTP, 2 pl MEGAshortscript T7 enzyme and 200ng of DNA
template are mixed in water to a final volume 20 ul in a PCR tube. The reaction was incubated at
37°C for 4 hours in Thermocycler. The DNA template was removed by DNase. Biotinylated C-

myc IRES was purified by Ambion NucAway Spin column.

5.7 Western blot

After the treatment, the culture medium was removed from the plates or dishes and cells
were washed three times with ice-cold PBS buffer. Then the cells were scraped off with a rubber
scraper and centrifuged at 1000 rpm, 4 C for 10 min. The superannuants were discarded, and the
cell pellets were resuspended with RIPA buffer premixed with protease inhibitors cocktail and
phosphatase inhibitors. The mixtures were placed on a rotator and incubated at 4 C for 30 min,
after which, the lysates were centrifuged at 14000 rpm, 4 C for 10 min. The supernatants were
transferred to new tubes and stored at -20 /-80C freezer. The protein concentrations were
determined using the Quick Start Bradford 1xDye Reagent (Bio-Rad, Cat. # 5000205) and a
Biophotometer. For western blot analysis, an equal amount of protein sample was taken out and
mixed with 5x loading buffer (175 mM Tris-HCI pH 7.0, 5 mM EDTA, 10% SDS, 20% sucrose,
0.01% bromophenol blue, and 28.8 mM B-mercaptoethanol) and heated at 95C for 10 min. The
samples and protein ladder were loaded in SDS-PAGE gel and ran at constant voltage 80 V first

at the stacking stage, and then at 80 V at the separating stage.
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After the SDS-PAGE, the proteins were transferred to a nitrocellulose membrane at a
constant current of 250 mA for 2 h at 4C. The membrane was blocked in the blocking solution,
5% BSA prepared in TBST (20mM Tris-HCI pH 7.5, 150 mM NacCl, 0.1% Tween-20) at room
temperature for 1 h. After blocking, the membrane was incubated with the primary antibody
diluted in the blocking solution on a flat shaker at 4 C overnight, followed by three times washing
with TBST buffer, 10 min each time. Then the membrane was incubated with respective secondary
antibody diluted in blocking solution on a flat shaker at 4 ‘C overnight, followed by three times
washing with TBST buffer, 10 min each time. The specific bands were detected by

autoradiography using chemiluminescence reagents.

5.8 RNA-pulldown assay and PKM2 immunoprecipitation

SW480 cells cultured in the media containing EGF or buffer for 4 hours and cells were
disrupted by polysome extraction buffer and the cell lysates were collected after centrifugation at
highest speed for 10min. The cell lysates were incubated with biotinylated c-Myc IRES in assay
buffer (20mM Tris-HCI pH 8.0, ImM EDTA, 200mM NaCl and 1% triton X-100 containing
protease inhibitor and RNA inhibitor) at 4°C for 4 hours. Then c-Myc IRES was pulled down by
streptavidin-conjugated dynabeads and dynabeads were washed three times with assay buffer
without RNA inhibitor. Pull-down samples were treated with RNase and dynabeads were removed.
The samples were then subjected to incubation with in-house polyclonal anti-PKM2 antibody
conjugated Protein A agarose beads 4°C for overnight. Protein A agarose beads were washed three
times with assay buffer and eluted by 45ul of 0.1M Glycine-HCI pH 2.5. The elution was

neutralized by addition of 5 pl of 1M Tris-HCI pH 8.5
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5.9 Identification of c-MYC IRES interacting proteins by Mass Spectrometry
RNA-pulldown and IP samples proceeded to Trypsin digestion. Briefly, samples were
concentrated by Vacuum concentrator and incubated in with 8M Urea and 5mM DTT at 37°C for
1 hour. 15mM iodoacetamide was applied to samples for 30min in the dark at room temperature.
The samples were trppsinized by Trypsin Gold from Promega in trypsin digestion buffer pH 8.0
at 37°C for overnight. The digested peptides were concentrated and desalted by C18 ZipTip pipette
tips from Millipore. All HPLC-MS/MS experiments were performed on a Orbitrap Elite mass
spectrometer equipped with NanoLC Ultimate 3000 high-performance liquid chromatography

system.

5.10 Mass spectrometry data quantitative analysis

Mass spectrometry raw data files were analyzed by MaxQuant with Thermo Foundation
2.0. Data was analyzed according to previous study PMID19651621. Brief, relative protein
abundance was estimated by the number of MS/MS spectral counts representing each identified
protein. The quantitation of the spectral counts must meet three requirements: 1. Proteins with at
least two unique peptides in three independent experiments were considered as positive partners;
2. Proteins must be identified in two independent experiments; 3. The spectral count for a given
protein in the EGF treated group should be at least two folds higher than the one in the buffer
treated group; 4 The p value of the spectral counts for a given protein between EGF and buffer

group should be <0.05.

5.11 Animal model and treatment.
All animal experiments were performed according to the guidelines of Georgia State
University and were approved by IACUC. 6-week old male C57BL/6J mice were administrated

25mg/kg bleomycin twice a week for 5 weeks and treated with appropriate agents for the indicated
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time period. rPKM1 and rPKM2 are recombinant proteins expressed in bacteria. 1gG is normal
rabbit 1gG used as control. PKM2 Ab are in-house developed rabbit antibody against human
PKM2. At the end of the treatments, animals were sacrificed, and organs were harvested and
processed for embedding and sectioning or immediately collected for FACS analyses. Statistical
analyses were done in comparison to the control group.

4T1 cells (0.5-1x 10°) or B16-F10 (0.2x 10°) were suspended in PBS and implanted in
100ul volume of 1:1 mixture of cell suspension and growth factor-reduced Matrigel (BD
Biosciences) into the mammary glands of BALB/c female mice or C57BL/6J mice (aged 6-10
weeks) dorsal site subcutaneously, respectively. The tumor volumes were monitored by measuring
two principal perpendicular diameters of the tumor with calipers and calculating the tumor volume
using the formula: V =0.5xW?xL. W=width (mm), L=length (mm). When the tumor reached
indicated volume, the mice were treated with appropriate agents for the indicated time period.
rPKM1 and rPKM2 are recombinant proteins expressed in bacteria. 1gG is normal rabbit IgG used
as control. PKM2 Ab is in-house developed rabbit antibody against human PKM2. At the end of
the treatments, animals were sacrificed, and organs were harvested and processed for embedding
and sectioning or immediately collected for FACS analyses. Statistical analyses were done in
comparison to the control group. To determine the effects of application of different agents on
lung metastatic tumor frequency in vivo, the visible tumor number was counted immediately after
lungs were harvested. Lung tissue blocks were sectioned into 6-pum sections and stained by H&E.

The number of metastases was scored using 5 sections per mouse.

5.12 Flow cytometry.
Freshly harvested lung or tumor tissues were minced and dissociated using collagenase D

(Sigma 11088858001, 0.5mg/ml) and DNase | for 20 min at 37 °C on a shaker. Cell suspensions
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were subsequently passed through 40um cell strainer to get single cell suspension. Non-specific
Fc-mediated interactions were blocked by incubating cells with CD16/CD31 antibodies.

Cells were labeled with fluorophore-conjugated antibodies. At last step, Cells were
resuspended in FACS staining buffer and acquired using LSRFortessa flow cytometer (BD

Biosciences). Data were analyzed by FlowJo software (Tree Star).

5.13 Hematoxylin and eosin (H&E) staining

The paraffin slides were baked at 60 C for 2 hours, and rehydrated by immersing into the
following solution in order (xylene, 100% ethanol, 90% ethanol, 70% ethanol, 50% ethanol, 30%
ethanol). Next, the slides were incubated with Mayer’s Hematoxylin for 10 min and washed under
tap water for 10 min. The slides were immersed in Eosin for 30 sec and washed under tap water.
The slides were immersed into the previous solutions in reverse order for dehydration, after which

the slides were mounted with mounting medium and covered by coverslips.

5.14 Immunohistochemistry staining.

Tissues were fixed in 10% formalin and embedded in paraffin blocks then cut into 6 um
sections.

The tissue sections were baked at 60 ‘C for 2 hours and then dewaxed and rehydrated by
immersion in the following solutions in order (three times xylene, twice 100% ethanol, 90%
ethanol, 70% ethanol, 50% ethanol, 30% ethanol, and distilled water). Antigen retrieval was
performed by incubating tissue sections in 10 mM Sodium Citrate buffer, pH 6.0 in a pressure
cooker for 10 min. After the sections were cooled down at the room temperature, they were washed
in PBS for 5 min. The endogenous peroxidase activity was blocked with 3% H>O> for 10 min,
followed by washing with PBS for 5 min. The sections were then blocked with the blocking buffer,

5% BSA in PBST (0.1% Tween-20 in PBS) and then incubated with the primary antibody diluted
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in the blocking buffer at 4 C overnight. The sections were washed with PBST three times, 5 min
each time. The sections were then incubated with respective HRP polymer at room temperature
for 30 min, followed by the same washing step as above. The DAB substrate chromogen solution
was prepared freshly by mixing 1 ml of DAB diluent with 1 drop of DAB concentrate using
ImMmPACT DAB Peroxidase (HRP) Substrate (Vector Laboratories, Cat. # SK 4150). DAB
substrate was added onto the slides and the color development was monitored carefully under a
microscope. Hematoxylin was used for counterstain. The sections were dehydrated by immersion
in the same set of solutions in reverse order and then mounted with mounting medium.

IHC staining results were quantified using FRIDA (FRamework for Image Dataset
Analysis) software. All images for analysis were saved in the same folder and a mask was selected
by picking positive staining regions in different images. Once the mask was defined, the software

calculates the positive area for all images.

5.15 Statistical calculations

Statistical analyses were carried out using the GraphPad Prism 6.0 software. All
experiments were carried out in 5 times minimum. Statistical significance was assayed by either
Student’s t-test and/or one-way ANOVA for multiple comparisons followed by post-hoc Tukey’s
test. Box plots show range, median and quartiles. In all figures, *P < 0.05; **P < 0.01, ***P <
0.001, **** P < (0.0001; n.s. denotes not significant. All data are presented as mean + s.e.m. or as

box plots.
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Appendix: EcCPKM2 regulates lung fibrosis development in mice by modulating M2

macrophage polarization.

Appendix 1. ECPKM2 is involved in lung fibrosis progression.
(A) Representative images of immunohistochemistry analysis of PKM2 accumulation in normal
human lung tissues and lung tissues from patients with pulmonary fibrosis. (B) PKM2 levels in
the culture medium of normal human lung fibroblasts (NHLF) measured by ELISA. The cells were
treated with or without TGF-1 (10 ng/ml). All columns and error bars represent means = SD. *
p<0.05. (C) Experimental scheme of bleomycin (BLM)-induced lung fibrosis model establishment
and treatment with rPKM1/rPKM2 (left panel) or 1IgG/PKM2 antibody (right panel). (D and E)
Representative photographs of lungs from mice treated with indicated agents 1-day post-fixation

with 10% formalin.
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Appendix 2. ECPKM2 regulates the development of bleomycin-induced lung fibrosis
in mice by modulating M2 macrophage polarization.
(A and B) Lung tissues collected from bleomycin-induced lung fibrosis mice treated with
rPKM1/rPKM2 (A) or IgG/PKM2 antibody (B) were dissociated and subjected to FACS analysis
for CD206" M2 macrophages. Statistical analysis of (A) and (B) was displayed in (C) and (D),

respectively. All columns and error bars represent means + SD. * p<0.05.
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