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Introduction

Tumor cells evolve to rewire the expression of metabolic enzymes to compete with their
neighboring normal cells in consuming more glucose to metabolize it chiefly into lactate,
regardless of the presence of molecular oxygen to support cellular respiration, a phenomenon
known as Warburg effect or aerobic glycolysis (Warburg 1956). This shift in glucose metabolism
towards aerobic glycolysis from oxidative phosphorylation (Cairns et al. 2011) is the first
biochemical hallmark feature of cancer cells, apart from six cardinal alterations in cell physiology
that collectively dictate transformation (Hanahan and Weinberg 2000). Till date, the
comprehensive understanding and significance of aerobic glycolysis remains unclear and under
debate. However, the emerging evidences have more or less established the indispensable role of
oncogenic mutations in metabolism reprogramming (Vander Heiden et al. 2009), offering potential
benefits to cancer cells by the accrual of metabolic intermediates for macromolecular synthesis,
prompt ATP production, retaining balanced redox state, and the ability to tolerate recurrent
microenvironmental stresses (hypoxia/hypoglycemia), to support their rapid division and

progression (DeBerardinis et al. 2008, Cairns et al. 2011).

Amongst the wide range of oncogenes that involve in cellular transformation, aberrant oncogenic
protein kinases involved in pro-growth signaling pathways, such as MAP-Kinase and PI3K-AKT-
mMTOR, have been shown to constitutively stimulate the downstream transcription networks of HIF
and Myc to remodel metabolism (Shackelford and Shaw 2009, Vander Heiden et al. 2009). In
particular, the aforementioned aberrant signaling cascades converge to alter the expression of
tissue-specific isoforms of glycolytic enzymes, preferentially to HK2 (Isoform 2 of Hexokinase),
PKM2 (Isoform M2 of Pyruvate kinase) and LDHA (Lactate dehydrogenase A subunit), to exhibit
aerobic glycolysis (Fantin et al. 2006, Christofk et al. 2008, Patra et al. 2013). Besides deregulated
oncogenic pathways loss of tumor suppressors, that principally serve as cellular metabolic
checkpoint, have been shown to further strengthen the pro-growth metabolism of cancer cells. In
the recent past, tumor suppressor LKB1 (a serine/threonine protein kinase) has gained ample
interest, where loss of its function fails to activate its downstream substrate AMP-activated protein
kinase (AMPK) to inhibit AKT-mTOR driven HIF and c-Myc transcription activation of pro-
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growth metabolism (aerobic glycolysis) in non-small cell lung cancer (Faubert et al. 2014) and

cervical adenocarcinomas (Zeng et al. 2016).

With the pouring literature, that has improved our understanding of cancer metabolism, researchers
now unequivocally believe that aerobic glycolysis is indispensable on the course of tumorigenesis
to meet the demands of its rapid proliferation. However, the key challenges in understanding tumor
development and its progression are of, how rapidly dividing cancer cells in solid tumors overcome
the checkpoints that maintain tissue homeostasis, including the cellular metabolic checkpoints.
Emerging evidences have demonstrated that glucose addicted and rapidly proliferating cancer
cells, in comparison to their normal counterparts, are more vulnerable to metabolic stress both in
vitro and in vivo (Jones and Thompson 2009). Owing to the high proliferation rate and poor
vasculature, tumor cells frequently outpace the diffusion limits of blood supply; and the
intratumoral microenvironment often faces the hypoglycemic challenge. This situation raises an
important question of how nutrient insufficiency affects metabolism of the cancer cells. Also, what
remains unanswered is, whether these cells rely on aerobic glycolysis, like their richly vascularized
counterparts and how do the critical glycolytic enzymes respond to nutrient deprivation? It is of
interest to unravel the signaling pathway(s) and its downstream adaptive metabolic phenotype(s)

that benefit cancer cells to survive the fluctuations in available nutrient conditions.

The ability of the cellular or tissue organization in physiological conditions to adapt to the dynamic
microenvironment with recurrent replete and deplete nutrient supply depends on the energy
sensing signaling pathways, which sense and couple the availability of nutrient status with the cell
growth and division (Jones and Thompson 2009). During nutrient deprivation and hypoxia,
AMPK-a serine/threonine protein kinase is known to get activated by sensing bioenergetic stress
of decreasing intracellular ATP and increasing intracellular AMP and ADP (Hardie et al. 2012).
AMPK plays a pivotal role in conserving the cellular energetic homeostasis by remodeling the
metabolic phenotype to resist nutritional stress. Upon activation, AMPK increases catabolic ATP-
generating processes, such as fatty-acid oxidation and inhibits ATP-consuming biosynthetic
processes, such as protein, cholesterol and fatty-acid synthesis (Shackelford and Shaw 2009,
Hardie et al. 2012). In recent years, extensive studies have appreciated the importance of LKB1-
AMPK pathway in tumorigenesis, where the axis of LKB1-AMPK is shown to provide tolerance

to nutrient deprivation in cancer cells (Kato et al. 2002, Jeon et al. 2012, Liang and Mills 2013).
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However, how AMPK contributes to metabolic phenotype of cancer cells, and the mechanistic link
through which AMPK exhibits tolerance to hypoglycemic situation that arises upon tumor

progression, remains largely elusive.

Comprehending further the impact of HPV encoded oncoproteins, E6 and E7, on metabolic
remodeling within proliferating tumor cells is of utmost importance; but remains ambiguous with
special focus on loss of LKB1-AMPK signaling that facilitates metabolic transformation. Based
on global cancer incident statistics, HPV accounts for 5% of global cancer burden, and serves as a
prime etiological factor of 99% of cervical adenocarcinoma cases (Arbyn et al. 2011, de Martel
et al. 2012). Nearly 20% of human papillomavirus (HPV)-driven cervical adenocarcinoma, 30%
of lung adenocarcinoma cases, and a substantial number of cases with endometrial and prostate
cancers either lack LKB1 expression or harbor a loss of function mutation (Hezel and Bardeesy
2008, Wingo et al. 2009, Marcus and Zhou 2010). Further, a recent study by Zeng et al. reveals
that the loss of LKB1 expression facilitates glycolytic reprograming in cervical adenocarcinoma
(Zeng et al. 2016). However, the absence of LKB1-AMPK signaling pathway in cervical cancer
cells and lung adenocarcinoma make them more prone to cell death in response to limited glucose
availability or treatment with 2-deoxy glucose or AMPK activators (Nafz et al. 2007, Inge et al.
2009, Shackelford et al. 2013, Whang et al. 2016). Understanding the mechanisms through which
HPV (HPV-16 or HPV-18) facilitates metabolic remodeling to nurture tumor progression provides
an experimental model to find out causal association with oncogenesis and allows drawing
parallels with metabolic reprogramming in other non-viral human cancers. Evidently, it is pertinent
to investigate the role of LKB1-AMPK axis in the regulation of glycolytic enzymes involved in
aerobic glycolysis, such as hexokinase (HK), pyruvate kinase (PK) and lactate dehydrogenase
(LDH), and to validate their importance in the regulation network in tumor maintenance and

progression.

Finally, in view of heterogenic cellular status of the LKB1-AMPK pathway in cancer cells, there
is a great scope to understand how tumor cells that fail to activate AMPK, either due to the lack or
loss of function of LKBL, tolerate hypoglycemic stress. A deeper insight is expected to rationalize
therapeutic strategies based on synthetic lethality approach with reference to the unique glycolytic

metabolism of cancer cells in association with the cellular status of the LKB1-AMPK pathway.
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1.1. AMP-activated protein kinase, the bio~-energetic sensor, and a metabolic

checkpoint.

Responding to the dynamic extracellular and intracellular cues are the primary tasks of the cells to
coordinate their growth and division with the availability of nutrients to guarantee sustenance of
generations. It is not surprising if the cells through the passages of evolution have conserved a
special sensor to monitor and alarm the cells about an assault of physiological (Nutritional,
Hypoxic, and Genotoxic) stress, critical in establishing the bioenergetic homeostasis within the
system. AMPK (5’ Adenosine Monophosphate - activated Protein kinase) (EC; 2.7.11.31) is a
cellular energy sensor that is activated by increased intracellular levels of AMP or ADP, produced
as a result of unrestrained ATP hydrolysis, thus representing scarcity of cellular ATP. AMPK,
therefore, allows adaptation to low energy conditions to preserve the cellular energy homeostasis;
and in response increases catabolism to generate more ATP. Besides acting as a sensor of
intracellular metabolic stress signals, due to nutritional insufficiency and hypoxia, AMPK also
gets activated by an array of physiological stimulations, including calcium concentration via
calmodulin kinase (CAMKKZJ), the action of various hormones and cytokines. Once activated by
sensing the falling energy (ATP) status, it reprograms the cellular metabolic pathway by increasing
the expression or activity of proteins (enzymes) involved in catabolism; and on the other hand
restricts the energy demanding anabolic pathway to conserve ATP (Fig. 1.1). AMPK regulates
the energy balance at cellular as well as at whole-body (organismal) level. Though the role of
AMPK in metabolism regulation is considered central, it has many other functions, including
regulation of mitochondrial biogenesis, autophagy, cell polarity, cell growth and proliferation
(Shackelford and Shaw 2009).

2|Page



Chapter-~1 Review of Literature

... Ca2+
Ca?”
. Metabolic Stress,
- Nutrient deprivation,
AICAR, A_-"69662! . . Muscle contraction,
Ml’elt1forfmm and \ . Ischemia and Hypoxia.
enformin -
(AMPK agonist and g
Activators) -
pThr172 AMP/ATP
ATP
AMP
AMP
ROS (HZOZ) AMP
AMPK
Hormones and
Cytokines

ANABOLISM CATABOLISM

Fig. 1.1. Schematic elucidation of the factors that impact AMPK activation and affect metabolism.
LKB1 and CAMKK are the two distinct protein kinases that activate the bioenergetic sensor,
AMPK, by phosphorylating Thr172 residue in response to the surge in AMP/ADP and calcium
(Ca2+) concentrations. In addition, AMPK activation is influenced by various stimuli that involve
AMPK agonists, activators, hormones, cytokines and reactive oxygen species. The activated

AMPK in response to bioenergetic stress reprograms the metabolic phenotype from anabolism to
catabolism for rapid energy generation.
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1.1 Features of AMP-activated protein kinase.

The first seminal observation on AMPK (primarily named as HMG-CoA reductase kinase)
was made in 1973 when the study emphasized about HMG-CoA reductase kinase and its regulation
both in vivo and in-vitro (Hardie et al. 1994). Shortly after this, researchers realized that the kinase
which inactivated HMG-CoA reductase was identical with the one which phosphorylated and
inactivated Acetyl-CoA carboxylase (ACC), the key regulatory enzyme that controls fatty acid
synthesis (Hardie et al. 1994). The term HMG-CoA reductase was collectively replaced by AMP-
activated protein kinase after it was shown that the protein kinase could be allosterically activated
by 5’-AMP (Ferrer et al. 1985).

The physiological role of AMPK apart from its role in regulating HMG-CoA reductase and
ACC activity (controlling net sterol and fatty acid synthesis pathways) remained unclear for
decades. However, with time numerous protein substrates were discovered downstream to AMPK
protein Kkinase, unraveling the unique role of AMPK in sensing and safeguarding cells from
environmental stresses and in preserving energy homeostasis. Later findings revealed that AMPK
homologs are evolutionarily conserved in all eukaryotes, from yeast to mammals. Snfl (Sucrose
non-fermenting 1), an AMPK homolog in yeast, was shown to serve a pivotal role in maintaining
energy homeostasis upon encountering nutritional stress in Saccharomyces Cerevisiae (Hardie et
al. 1994).

A long search of decades for the upstream kinase that phosphorylates AMPK at the Thr172
residue lead to a landmark finding of the heterotrimeric protein complex, a tumor suppressor
kinase-liver kinase B1 (LKB1), the pseudokinase STE20-related adaptor (STRAD), and the
scaffold protein mouse protein 25 (MO25) (Hardie and Alessi 2013). Further, studies using LKB1
knockout models and tumor cells lacking LKB1 demonstrated that AMPK could still undergo
Thrl72 phosphorylation by a secondary kinase known as calmodulin-dependent protein kinase
kinase f (CaMKK}) (Hardie et al. 2012).

1.2.1 Genes that encode AMPK Subunits and ifs isoforms.

AMPK, a heterotrimeric serine/threonine protein kinase, consists of alpha, beta and gamma

subunits. Each of the subunits exists in more than one isoform, encoded by independent genes.
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Protein kinase AMP-activated catalytic subunit alphal (PRKAA1) (5p12) and alpha2 (PRKAA2)
(1p31) genes code for the two isoforms of a subunit (al and a2); whereas, PRKAB1 (12q24) and
PRKAB?2 (1q21) encode the two isoforms of B subunit (1 and, f2). PRKAGI (12ql12-ql4),
PRKAG?2 (7q36) and PRKAG3 (2q35), however, code for 3 isoforms of the y subunit (y1, y2, and
v3) (See, Table. 1.1 for more details). The expression of a given subunit isoform and the resultant
combination of the heterotrimeric complex is suggested to be cell type and tissue specific.
Theoretically, the co-expression of these isoforms could result in 12 combinations of
heterotrimeric complexes, though the functional efficiency and relevance of these distinct
complexes are unclear (Ross et al. 2016). In the background of distinct heterotrimeric
combinations of AMPK in response to diverse stresses, it is interesting to expedite the structural
combinations of different isoforms and their cell type or tissue-specific functional implication.

1.2.2 Structural features of Human AMPK Profein.

Within a heterotrimeric complex of AMPK, each subunit performs a distinct function,
which includes protein kinase activity, stability and stress sensing (regulation). The alpha subunit
of AMPK consists of, a typical serine/threonine kinase domain, where its kinase activity depends
on Thrl72 phosphorylation at the activation loop by the upstream kinases, an autoinhibitory
sequence (AIS) and a C-terminal B-subunit interacting domain (3-SID). The 8 subunits consist of
a conserved carbohydrate binding module (CBM) and a carboxyl-terminal ay subunit binding
sequence (ay-SBS), the latter serves a pivotal role in connecting o and y subunits to make the core
complex. The y subunit serves as a regulatory domain and contains four tandem repeats of adenine
nucleotide binding sites known as cystathionine beta synthase (CBS) motifs. CBS motifs usually
exist as pairs and each pair of CBS motifs is termed as Bateman domain. This regulatory domain
of AMPK senses energy status by binding competitively to AMP or ADP during energetic stress;
and ATP when there is an adequate quantity of nutrient supply and energy production (Fig. 1.2).
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Subunits of | Gene name Chromosome | Alternate | No. of amino acid | Protein size
AMPK loci variants
complex
AMPKal PRKAA1 5pl2 2 559 (Isoform 1) 64 kDa (Isoform 1)
(Entrez 5562) 574 (Isoform 2) 65.5 kDa (Isoform 2)
AMPKa2 PRKAAZ2 1p31 N.A. 552 62.3 kDa
(Entrez 5563)
AMPKB1 PRKAB1 12g24-924.3 | N.A. 270 30.3 kDa
(Entrez 5564)
AMPKf2 PRKAB2 1921.1 2 272 (Isoform 1) 30.3 kDa
(Entrez 5565) 190 (Isoform 2) 21.4 kDa
AMPKYyl PRKAG1 12q12-q14 3 331 (Isoform 1) 37.5 kDa
(Entrez 5571) 340 (Isoform 2) 34.0 kDa
299 (Isoform 3) 38.5 kDa
AMPKYy 2 PRKAG2 7936.1 5 569 63.0 kDa
(Entrez 51422) 328 37.5 kDa
328 37.5 kDa
525 58.4 kDa
444 48.8 kDa
AMPKy 3 PRKAG3 2035 1 489 54.2 kDa
(Entrez 53632)
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Fig. 1.2. Schematic illustration of the subunits of human AMPK isoforms and their domain

AMPK 72

LN
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HyN

organization. The alpha subunits of AMPK involve N-terminal Serine/Threonine protein kinase
domain, followed by an autoinhibitory sequence (AIS) and a C-terminal [-subunit interacting
domain (f-SID). Thr-172 phosphorylation of N-terminal kinase domain triggers AMPK activation
by an upstream kinase. § subunits of AMPK comprise of a carbohydrate binding module (CBM)
at the epicenter and a a-, y-subunit binding sequence (ay-SBS) at the C-terminal end. y subunits of
AMPK differ by the length of their amino terminal end and contain four nucleotide binding
cystathionine beta synthase (CBS) domains, numbered 1-4; pairs of CBS domains form two
Bateman domains, the latter sense energetic stress by binding AMP/ATP and allosterically
regulate AMPK complex.
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1.3 Mechanics of AMPK activation and sensing of energy stress

Structural studies have demonstrated that at resting - normoglycemic and normoxic - phase,

the regulatory y subunit shows preferential binding of ATP to CBS-1, CBS-3 and of AMP to CBS-
4 (Fig. 1.1 and 1.2). CBS-2 remains unoccupied with adenine nucleotides. While encountering
moderate nutritional stress, the ratio of AMP versus ATP within a cell rises gradually and one of
the resultant outcomes within the structure of AMPK protein is the replacement of ATP with AMP
at CBS-3, which in turn favors phosphorylation of AMP kinase at Thr172 position of the o subunit
by AMPKK and protects AMPK from dephosphorylation by phosphatases, stimulating its activity
by many folds. However, a severe stress causes replacement of ATP with AMP at CBS-1, resulting
in the allosteric activation of AMPK activity.
Once cells recover back from extrinsic and intrinsic stresses and replenish their ATP levels, the
bound AMP at CBS sites 1 and 3 of y subunit are readily replaced with ATP, which in turn
promotes dephosphorylation of AMPK at Thrl72 and retains its conformation in resting state
(Hardie et al. 2012). This mode of AMPK activation in sensing moderate to severe or acute to
chronic stress provides graded responses to a wide range of stimuli. Although the allosteric
activation of AMPK by cellular AMP has been known for quite some time, the role of ADP in
influencing the rate of phosphorylation and dephosphorylation has been identified in the recent
past (Oakhill et al. 2011, Xiao et al. 2011). However, with the exception, AMPK in hypothalamic
neurons, T cells, and endothelial cells has been shown to be activated predominantly by
calcium/calmodulin-dependent kinase kinase2 (CaMKK) in response to the rise in cellular Ca?*
levels, without influencing AMP or ADP concentrations.

In addition to the above mentioned canonical mechanisms responsible for AMPK
activation, involving the cellular increase in the concentration of AMP, ADP, and Ca?*, there are
reports which demonstrate that TGF-B-activating kinase 1 (TAK1) and reactive oxygen species
(e.g. H202) could activate AMPK through non-canonical mechanisms. ROS-mediated AMPK
activation involves phosphoinositide 3-kinase (PI3K) or Ataxia telangiectasia mutated (ATM)
signaling pathway (Hardie et al. 2012). Moreover, ATM-mediated activation of AMPK requires
LKB1 presence as reflected from studies where abrogation of LKB1 expression resulted in the loss

of H20, mediated AMPK activation. Conversely, studies using cells exposed to DNA damaging
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agents like etoposide, doxorubicin and IR (radiation) have demonstrated that ATM can
phosphorylate AMPK independent of LKBL.

1.3.1 Pharmacological agonists that activate AMPK in vitro and in vivo

A variety of natural and synthetic drugs have been shown to differentially activate AMPK.
Based upon the mode of AMPK activation, these drugs are categorized in 3 different major classes
(Grahame Hardie 2016).
The first category of activators includes drugs, such as (i) glycolysis inhibitor: 2-deoxyglucose
(2DG); and (ii) inhibitors of mitochondrial complex I: Metformin and Phenformin; -Complex I11:
Antimycin A; and -Complex V: F1 ATP synthase, Oligomycin and Resveratrol that activate
AMPK by modulating the ratio of AMP and ADP by inhibiting ATP synthesis. The second
category involves Pro-drugs: (i) 5-aminoimidazole-4-carboxamide ribonucleoside (AICAR),
which is cell permeable and is enzymatically converted into ZMP molecule to activate AMPK; (ii)
C2, a potent synthetic allosteric activator of AMPK, produced from its pro-drug C13 (phosphonate
diester) by cellular esterases, preferentially binds and activates AMPK complex containing al
rather than the a2 isoform; and (iii) Cordycepin, a natural compound extracted from the fungus,
Cordyceps militaris, which is readily permeable in cells and is converted to Cordycepin -5’-
monophosphate (AMP analog) by cellular enzymes that bind y subunit of AMPK to activate the
protein kinase. The third category is a class of activators that bind and activate AMPK distinct
from AMP binding site, and these are: (i) A-769662 from Abbot Laboratories, which directly binds
AMPK in the cleft situated in-between a subunit kinase domain and CBM of -subunit, although
A-769662 binding is distinct from that of AMP, however like AMP, it allosterically activates
AMPK and protects it from dephosphorylation of Thr172 (Goransson et al. 2007, Sanders et al.
2007), A-769662 selectively activates AMPK complex that comprises B1 rather than B2 subunit;
(ii) two compounds, 991(also known as ex229) and MT 63-78, identified by high-throughput
screens, that bind the above-stated region and allosterically activate AMPK; (iii) in addition to the
above-mentioned synthetic compounds, salicylate, a plant-derived natural product has also been
shown to bind this site and in turn activate AMPK; similar to A-769662, preferentially activating

B1 subunit comprising complexes instead of B2 complexes (Hawley et al. 2012).
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1.4. Role of AMPK in Metabolism
1.4.1 AMPK in regulation of anabolic pathway fo limit energy Consumption

Upon activation, AMPK reversibly inhibits almost all energy demanding pathways, such
as biosynthesis of lipids, proteins, carbohydrates, ribosomal RNA transcription and cell division,
to preserve ATP (Fig. 1.3). The effect of AMPK activation on its downstream targets is either
through direct phosphorylation of protein substrates (that entails highly conserved motif with
characteristic sequence features) or through the control of transcriptional programs that modulate
the expression status of key regulatory proteins (regulatory enzymes) of anabolic pathways. This
includes ACC Ser79 phosphorylation which inhibits its role and attenuates the function of
mitochondrial glycerol-3-phosphate acyltransferase (GPAT) (involved in phospholipids and
triglycerides synthesis) following phosphorylation by AMPK. The 3-hydroxy-3-methylglutaryl
CoA reductase (HMGCR) phosphorylation by AMPK blocks its function in cholesterol
biosynthesis; whereas, glycogen synthase (GS) phosphorylation at Ser7 residue inhibits glycogen
synthesis. Activation of malonyl-CoA decarboxylase by AMPK decreases fatty acid esterification
and increases its oxidation. Muscle contraction-induced AMPK phosphorylates hormone-sensitive
lipase (HSL), a neutral lipase, which hydrolyzes variety of esters, breaks diacylglycerides to
monoglycerides and free fatty acids (Fig. 1.4) (Hardie et al. 2012).

Alternatively, AMPK negatively regulates the expression of lipogenic enzymes FAS (fatty
acid synthase) and ACC by downregulating the expression of the key transcription factor, sterol
regulatory element-binding transcription factor 1 (SREBP-1), or by preventing SREBP1 nuclear
translocation and transactivation of lipogenic enzymes by direct phosphorylation. Likewise,
AMPK inhibits gluconeogenesis pathway by phosphorylating transcriptional coactivator, TORC2
(transducer of regulated CREB activity 2; also known as CRTC2), to prevent its nuclear entry and
transcriptional activation of gluconeogenesis enzymes (Shackelford and Shaw 2009). In addition,
AMPK phosphorylates and prevents class Il histone deacetylase family members in activating

FOXO family transcription factors to encode gluconeogenesis enzymes.
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Fig. 1.3. Illustration of the central role of AMPK stress signaling cascade in the regulation of
metabolism. The physiological targets of activated AMPK from carbohydrate, lipid and protein
metabolism are depicted. This metabolic regulation by AMPK in diverse organs plays a vital role
in maintaining physiological homeostasis. The above artwork was modified from the original

source http://themedicalbiochemistrypage.org/ampk.php.
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1.4.2 AMPK regulates catabolism for rapid energy generation

The major contribution of AMPK to glucose metabolism involves enhanced glucose uptake
and increased glycolytic flux in order to generate energy (ATP) rapidly. AMPK enables the
glucose uptake primarily in contracting muscles by facilitating the translocation of type 4 glucose
transporter (GLUT4) to the plasma membrane from intracellular storage vesicles (Fig. 1.4). AMPK
is directly involved in the trafficking of membrane-bound vesicle of GLUT4 transporters by
phosphorylating RabGAP-TBC1D1 (TBC1 domain family member 1) to relieve the anchored
cargo to fuse with the plasma membrane. In addition, AMPK also regulates the translocation of
GLUT1. AMPK accelerates the flux of glycolysis by phosphorylating 6-phosphofructo-2-kinase
(PFKFB; fructose-2, 6-biphosphatase), in particular, AMPK phosphorylates isoform - PFKFB2 in
cardiac myocytes (Marsin et al. 2000) and -PFKFB3 in monocytes and macrophages, on sensing

ischemic and hypoxic stresses (Marsin et al. 2002) (Fig. 1.4).

AMPK mediated phosphorylation of dual functional phosphofructokinase-2 (PFK2)
promotes its kinase activity while inhibiting its phosphatase activity to accumulate fructose-2, 6-
bisphosphate (F26BP), which allosterically activates key rate-limiting glycolytic enzyme
phosphofructokinase-1 (PFK1) to accelerate the glycolytic flux for energy generation. On the other
hand, F26BP inhibits energy consuming gluconeogenesis by allosteric inhibition of fructose-1, 6-
bisphosphatase (F1,-6BPase) enzyme. In cardiomyocytes, AMPK has been shown to promote fatty
acid uptake by transporting the membrane-bound vesicles harboring CD36 (Fatty acid transporter)
to the plasma membrane, however, the precise mechanism remains obscure. Further, AMPK has
been shown to facilitate the export of fatty acid from cytosol to mitochondria for B-oxidation.
AMPK achieves this by phosphorylating and inactivating acetyl-CoA carboxylase (isoform ACC1
and ACC2) to synthesize malonyl-CoA, a potent inhibitor of Carnitine O-palmitoyltransferase.
Drop in the level of malonyl-CoA sets Carnitine O-palmitoyltransferase free to export fatty acid

to mitochondria followed by B-oxidation, an energy generating process (Hardie et al. 2012).
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1.4.3 AMPK in mitochondrial biogenesis, autophagy, and mifophagy

The connecting link of AMPK with mitochondrial biogenesis is elucidated from studies on
rats fed with AICAR, an AMPK agonist. These rats demonstrated increased mitochondrial gene
expression, especially in the cells of muscle origin (Fig. 1.4). Further, extensive studies carried out
using double knockout mice models for AMPK-1 and AMPK-B2 exhibited attenuated AMPK
activity in muscle and reduced mitochondrial content or biogenesis. Peroxisome proliferator
activated receptor-y coactivator la (PGCla), the master regulator of mitochondrial biogenesis,
plays an indispensable role in regulating the expression of nuclear encoded mitochondrial genes
by serving as a transcriptional co-activator. AMPK phosphorylates PGCla at Thr177 and Ser538
residues to induce the expression of GLUT4, nuclear encoded mitochondrial genes, and self-
regulates its own expression through a positive feedback loop. In addition, through a distinct
mechanism AMPK enhances mitochondrial biogenesis, which involves deacetylation of PGCla
by NAD-dependent deacetylase, sirtuin 1 (SIRT1) (Canto, Jiang et al. 2010). Besides
mitochondrial biogenesis, AMPK is also involved in the recycling of non-functional mitochondria
by selectively targeting them through autophagy known as mitophagy. AMPK executes this
function by interacting and phosphorylating master regulator of autophagy, UNC-52-like kinase 1
(ULK1), an orthologue of yeast Atgl (Behrends et al. 2010, Egan et al. 2011). AMPK and ULK1
axis through mitophagy eliminates aberrant mitochondria which undergo oxidative damage and
restores new ones by mitochondrial biogenesis to increase the oxidative catabolic endurance of

cells to meet energy paucity.

1.5 Role of AMPK beyond energy Metabolism

1.5.1 AMPK, mTOR and profein synthesis

AMPK controls net protein translation rate under the nutrient deprived circumstances by
negatively regulating mammalian target of rapamycin (MTOR). mTOR, a highly conserved
Serine/Threonine protein kinase, couples the available growth factor and nutrient signaling to

stimulate protein synthesis and cell growth (Guertin and Sabatini 2007) (Fig. 1.4). Active mTOR
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complex plays a vital role in controlling the assembly of translation initiation by recruiting and
phosphorylating its well-characterized substrates, 4EBP1 and p70 ribosomal S6 kinase (S6K).
Active AMPK exerts its inhibitory effects on mTOR and its protein translation mechanism through
Tuberous sclerosis complex 2 (TSC2 or tuberin). TSC2 and its obligate partner TSC1 inhibit
MTORC1 (mTOR Complex 1) through the regulation of small GTPase Ras homologue enriched
in brain (RHEB). Moreover, AMPK has been shown to directly phosphorylate raptor (regulatory
associated protein of mTOR) subunit of mTORC1 and promote raptor to bind 14-3-3, thus
decreasing the mTOR activity.

1.5.2 AMPK and cell cycle checkpoints

Like protein synthesis, cell division is also a high energy demanding processes. AMPK, in
order to conserve energy, creates cell division checkpoints in cells that meet energy deficiency
(Fig. 1.4). Studies have demonstrated the characteristic ability of AMPK to directly phosphorylate
P53 at Serl5 residue and cyclin-dependent kinase inhibitor P27 at Thr198 residue to block cell
cycle upon limited nutrient supply (Jones et al. 2005) (Fig. 1.5). In addition, AMPK
phosphorylates Ser36 residue of histone2B (H2B) at the promoter and coding region of stress
associated genes, p21 and cptlc, to regulate their expression for stress adaptation. On the contrary,
Banko et al., using chemical genetic screen, has revealed the key role of AMPK in progression of
mitosis and cytokinesis, via the phosphorylation of protein phosphatase 1 regulatory subunit 12C
(PPP1R12C), suggesting the importance of the energy sensor, AMPK, in the accomplishment of
mitosis (Banko et al. 2011).

1.5.3 Confrol of cell polarity, migration and cyfoskeletal dynamics by AMPK

Studies in the recent past have found remarkable interconnecting links of AMPK pathway
with cell polarity and cytoskeletal dynamics (Mihaylova and Shaw 2011). Loss of AMPK in
drosophila has shown abnormal cell polarity and mitosis. It was anticipated that loss of AMPK
abrogates phosphorylation on myosin light Chain (MLC), a key event that regulates cell polarity

and mitotic cell division. The involvement of activated AMPK following calcium switch and its
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role in tight junction formation was reported by using mammalian MDCK cell lines. It has been
reported that Afadin, an adherens junction protein, and GBF1 (Golgi-specific brefeldin A
resistance factor 1), a guanine nucleotide exchange factor for the ADP-ribosylation factor family,
act as putative downstream substrates of AMPK, proposed to be involved in regulating cell

polarity.

1.5.4 AMPK and organism physiology

In addition to its confined role at the cellular level, AMPK exerts major biochemical and
behavioral changes at a whole-body level to preserve energy homeostasis. For instance, AMPK
activity in hypothalamus regulates appetite. The factors that induce appetite, such as ghrelin,
adiponectin (adipokine) or cannabinoids, enhance AMPK activity in the hypothalamus. Whereas,
hormones that inhibit eating (anorexigenic or appetite suppressant), such as leptin and insulin
inhibit AMPKa?2 activity in the hypothalamus (Fig. 1.3). Notably, administration of AMPK
agonist or AMPK-constitutively-active-mutants in the hypothalamus has shown to induce hunger.

In recent studies it has been shown that ghrelin activates AMPK through Ca?* dependent
CaMKKZp kinase in presynaptic neurons upstream of NPY/AgRP neurons in the hypothalamus,
which in turn triggers a positive feedback loop of continued neurotransmitter release for an urge
to eat. Whereas, leptin after feeding activates pro-opiomelanocortin (POMC) neurons to release
opioids, halting the AMPK activation in the presynaptic neurons (Hardie et al. 2012). Emerging
evidence states that dietary restriction and well-characterized agonist or activator of AMPK, like
resveratrol and metformin, have been shown to enhance the longevity of C. elegans. In addition,
genetic deletion screens have validated the role played by AMPK orthologues in life-extending
effects (Greer and Brunet 2009, Onken and Driscoll 2010).
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Fig. 1.4. The role of AMPK in cellular and whole body energy metabolism and homeostasis.
AMPK following activation exerts its inhibitory effect on the anabolic pathway and promotes
catabolic metabolism for energy conservation in tissues of diverse origin. AMPK inhibits the
biosynthesis of fatty acid and cholesterol in the liver and adipose tissue. In addition, AMPK
inhibits; gluconeogenesis in the liver, lipolysis in adipose tissue, an action potential in neurons,
protein synthesis and cell division in cells of multiple tissue origin. Conversely, AMPK stimulates
glucose uptake, enhances the rate of glycolysis, fatty acid uptake, fatty acid oxidation and
mitochondrial biogenesis in cardiomyocytes and in skeletal muscle cells. AMPK activity in
hypothalamus co-ordinates the food intake habit. The above graphics was modified from its

original source (Kahn et al. 2005)
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Fig. 1.5. Schematic representation of AMPK signaling cascade with ifs recognized upstream
regulators and downstream effectors. The model demonstrates the energy sensing mechanism of
AMP-activated protein kinase and its antagonistic relationship with pro-growth signaling pathway
i.e.PI3BK-AKT-mTOR to affect the protein translation and cell cycle machinery. The graphics

presented here were reused from Cell Signalling Technology®.
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1.6 Emerging role of AMPK in cancer: a contextual oncogene or a conditional
tumor suppressor.

Evidence from literature suggests that AMPK activation in tumors may exert anti-tumorigenic
potential, considering the cellular checkpoint character of AMPK and its association with
characterized tumor suppressors including; LKB1, P53, and TSC1/2. As a proof of concept,
epidemiological studies in type Il diabetes patients supplemented with anti-diabetic biguanide —
potent activators of AMPK (metformin, phenformin) has revealed a statistical reduction in tumor
incidence (Shaw 2006). Besides, AMPK agonists, as well as glucose withdrawal, has been shown
to inhibit tumor cell growth in vitro and in vivo. However, till date, this area of study lacks a
convincing evidence to support the tumor suppressive role of AMPK.

Contrary to the above hypothesis, extensive studies in recent years have emphasized the
importance of LKB1-AMPK (Liver Kinase B1, an upstream kinase of AMPK) pathway in
tumorigenesis (Jeon and Hay 2012, Liang and Mills 2013, Faubert et al. 2015, Jeon and Hay 2015,
Zadra et al. 2015). The lack of LKB1 expression has been shown to result in inhibition of
tumorigenesis (Bardeesy et al. 2002). Numerous studies have demonstrated the indispensable role
of AMPK in the oncogene-driven tumor propagation, such as oncogene Src which was shown to
activate AMPK by regulating PKCo-LKB1 pathway (Rios et al. 2013), oncogene Myc and H-
RasV!? in osteosarcoma cell lines and astrocytes to activate AMPK to maintain cancer cell energy
homeostasis (Liu et al. 2012, Rios et al. 2013), androgen receptor (AR) in prostate cancer cells to
activate AMPK through the upstream CAMKK2 (Frigo et al. 2011, Massie et al. 2011, Tennakoon
et al. 2014). Altogether, these studies have highlighted the inherent, context dependent, tumor
supportive and tumor suppressive properties of the LKB1-AMPK signaling pathway (Liang and
Mills 2013).

1.6.1 AMPK in Cancer metabolism and the unmet challenges.

Ever since AMPK has been shown to regulate lipid, cholesterol and glucose metabolism in
specialized metabolic tissues, such as liver, muscle, and adipose tissue, it is considered as a very
attractive target for drug discovery in metabolic diseases, like diabetes and cancer. Interestingly,
it turns out that AMPK activation is vital for tumor cells to survive the dynamic tumor

microenvironment that often encounters recurrent hypoglycemic stress (Kato et al. 2002, Jeon et
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al. 2012). However, the mechanistic link through which AMPK exhibits tolerance to hypoglycemic
situation and how AMPK contributes to the metabolic phenotype of cancer cells remains largely
elusive. Besides, the proven role of AMPK in regulating PFK2 (a rate limiting enzyme of the
glycolytic pathway) to facilitate glycolytic flux in cardiomyocytes (Marsin et al. 2002), much work
is needed to understand the role of AMPK in adaptive glycolysis metabolism of cancer. It is,
therefore, pertinent to investigate the role of LKB1-AMPK axis in the regulation of critical players
of aerobic glycolysis, such as hexokinase (HK), pyruvate kinase (PK) and lactate dehydrogenase
(LDH). Unraveling a mechanism that couples the AMPK signaling pathways with the downstream
adaptive metabolic phenotype(s) that benefit cancer cells to survive the fluctuations under

available nutrient conditions may suggest promising targeted therapeutic interventions.
1.7 Oncoviruses and tumor metabolism

Virus-derived malignancies have been shown to account for roughly 11% of global cancer burden
(de Martel et al. 2012). The regulation of growth-signaling pathways by oncogenic viruses has
been related to its potential in forming neoplastic tumors, however, till date, the precise molecular
mechanism through which oncoviruses give rise to cancer remains largely elusive. Intriguingly, in
comparison to transformed cells, oncovirus infections in mammalian cells have been shown to
alter the central carbon metabolism to support biosynthesis to facilitate uninterrupted viral
replication. Emerging evidences have revealed that the onco-modulatory features of viruses in
mammalian cells are accomplished by the viral encoded oncoproteins (Noch and Khalili 2012,

Levy and Bartosch 2016), which dynamically govern both cellular- and metabolic transformation.
1.7.1 Human Papilloma Virus (HPV) mediated carcinogenesis

Human papillomavirus (HPV) is one among many tumor-causing viruses that has been extensively
studied to understand the molecular basis of tumorigenesis by the virally encoded oncoproteins.
High-risk type—HPV:s serve as a prime etiological agent in cervical carcinoma and account for 5%
of global cancer burden (Arbyn et al. 2011). HPV-encoded E6 and E7 viral oncoproteins facilitate
cellular transformation by inactivating potent tumor suppressors, P53 and RB; and on the other
hand these viral oncoproteins stimulate components of growth signaling pathway, including the

protein Kinase B (AKT), and mammalian target of rapamycin (mTOR) (Fig. 1.6) (Lu et al. 2004,
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Menges et al. 2006, Zheng et al. 2008, Spangle and Munger 2010). The molecular events that
follow post-HPV infection, such as HPV E6 oncoprotein dependent proteasomal degradation of
tumor suppressor P53, could only immortalize the cancer cells but did not cause cellular
transformation (zur Hausen 2009). Extensive studies in this area, however, have postulated an
indispensable role of additional aspects in supporting HPV-mediated cellular transformation or
carcinogenesis, such as recurring genetic alterations, immune deficiency, hormone imbalance, and

adaptive metabolic remodeling (zur Hausen 2009, Moody and Laimins 2010).
1.7.2 HPV encoded oncoproteins in tumor metabolic remodeling and the unmet problems.

Cervical cancer cells have been shown to preferentially depend more on glycolytic metabolism.
HPV encoded oncoproteins in cervical cancer cells were suggested to remodel the metabolism by
modulating the pro-growth signaling pathways or through their interaction with central carbon
metabolism enzymes. In the recent past, the loss of function of LKBL1 in cervical cancer has been
shown to facilitate the HPV encoded oncoproteins to acquire aerobic glycolysis by up-regulating
the expression of glycolytic enzymes, such as Hexokinase 2 (HK2) in a c-Myc dependent manner
(Zeng et al. 2016). Ectopic expression of LKB1 in HPV-positive cells was shown to inhibit the
growth of cervical cancers by restoring their altered glucose metabolism. Besides, a study using
yeast two-hybrid technique uncovered a physical interaction between high-risk type HPV16
encoded E7 oncoprotein and the glycolytic M2 isoform of pyruvate kinase enzyme. The interaction
was shown to influence the quaternary structure of PKM2 by stimulating a disassociation of more
active tetrameric PKM2 into less active dimeric form (Zwerschke et al. 1999). Tetrameric isoform
of PKM2 is known to show a high affinity to substrate phosphoenol pyruvate, PEP, and actively
convert PEP into pyruvate; whereas, the dimeric PKM2 that has low affinity to PEP allows
accumulation of the upstream glycolytic intermediates, redirecting the reactions towards the
biosynthetic pathway, yielding macromolecules that support rapid proliferation (Mazurek 2011).
Nevertheless, more studies are required to comprehend the molecular events that regulate the
metabolic phenotype of HPV-associated cancer cells (Cervical Carcinomas). Understanding the
mechanisms through which HPV facilitates metabolic remodeling to nurture tumor progression is
an interesting experimental model to try fathom causal association with oncogenesis and also draw

parallels to understand metabolic reprogramming in other non-viral human cancers.
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Fg. 1.6. Schemaftic porfrayal of the HPV encoded Oncoprofein driven cell cycle and metabolic
control. HPV encoded oncoproteins accelerate cell proliferation through consecutively
stimulating the PI3K and MAPK, pro-growth signaling cascade and prevent cell cycle arrest by
negatively regulating p53 and ATM. Conversely, they rearrange the metabolic phenotype of virus-
driven cancer cells with the support of HIF-7/a and AMPK expression. The graphics was derived

and modified from its original source (Noch and Khalili 2012).
1.8 Cancer metabolism at a glance: Warburg and Beyond.

Cancer cells in contrast to their normal non-transformed counterparts consume a large amount of
glucose and preferentially catabolize it into lactate under well-oxygenated conditions, a
phenomenon known as aerobic glycolysis or Warburg effect (Fig. 1.7) (Warburg 1956). This
unique theory was proposed nearly a century ago by Otto Warburg (Warburg 1924), which he later
postulated as a shift in glucose metabolism due to the defect in the cellular mitochondrial
respiratory pathway, forming a molecular basis for cellular transformation (Warburg 1956). With
advances in the field of cancer biology, the importance of the theory weaned due to the lack of
concrete support, however, it was later accepted that the altered glucose metabolism in tumors was

a result of the consequence of cellular transformation and not a cause of tumorigenesis, as proposed
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by Warburg (Seyfried and Shelton 2010). In the past two decades, the theory, however, has
regained its significance in mainstream oncology research, ever since aerobic glycolysis was
proven to be a hallmark feature of most of the cancer types studied. Further, the mechanism of
aerobic glycolysis is considered to hold more promise for discovering novel diagnostic markers
and therapeutic targets. Notably, the phenomenon of aerobic glycolysis is clinically exploited in
imaging technique of positron emission tomography (PET), using the glucose analogue tracer'®
fluorodeoxyglucose (FDG) (Weber et al. 2000) to diagnose and precisely locate the site of most
primary and metastatic human cancers; as well as in the follow-up studies to monitor the effect of
the drugs on tumors (Hsu and Sabatini 2008, Ben-Haim and EIl 2009).

Differentiated tissue Proliferative Tumor
Y 3 tissue [
| | .
+0 -0 _ =
i/ \ 2 +1-0,
Glucose Glucose Glucose
0, Pyruvate ‘ 0, Pyruvate
Pyruvate
Lactate l Lactate
Lactate
Oxidative Anaerobic Aerobic
phosphorylation glycolysis glycolysis
-36 mol ATP/ 2 mol ATP/ (Warburg effect)
mol glucose mol glucose 4 mol ATP/mol glucose

Fig. 1.7. Types of metabolism. The diagramatic illustration depicts the characteristic differences
in the metabolism of the differentiated, and proliferating cancer cells and also highlights the
metabolic outcomes from oxidative phosphorylation, anaerobic and aerobic glycolysis (Vander
Heiden et al. 2009).
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Fg. 1.8. Scheme of metabolic remodeling in cancer cells. Pro-growth signaling pathway
facilitates the HIF and Myc (transcription factors) dependent transcriptional activation of
glycolytic enzymes to orchestrate aerobic glycolysis to obtain an enormous amount of ATP and
precursors for the biosynthesis of nucleotides, protein, and lipid. Loss of function of tumor
suppressors that serve as metabolic checkpoints, such as p53 and LKB1, provide additional

benefits of facilitating aerobic glycolysis.
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1.8.1 Dissecting the molecular mechanistic link

Cellular transformation is the outcome of deregulated cell-signaling pathways majorly influenced
by aberrant-genetic, -epigenetic, -environmental and/or infectious processes. The fundamental
requisite of aerobic glycolysis in cancer cells is still an open debate and provides an adequate scope
for active research. Emerging studies widely admit an intricate connecting-link between the
oncogenic factors that collectively dictate cellular transformation and the metabolic rewiring of
cancer cells that exhibit aerobic glycolysis (Fig. 1.7 and 1.8) (DeBerardinis et al. 2008, Hsu and
Sabatini 2008, Jones and Thompson 2009, Vander Heiden et al. 2009, Sun et al. 2011, Faubert et
al. 2014).

1.8.1.1 Aberrant oncogene signal and the altered metabolism

Among the wide range of oncogenes, aberrant receptor tyrosine kinases (e.g. FGFR, EGFR,
PDGFR etc.) or non- receptor tyrosine kinases (e.g. Src, ABL etc.) and their subsidiary pro-growth
signaling pathways, such as MAP-Kinase and PI3K-AKT-mTOR and downstream transcription
networks, HIF and Myc, have been shown to contribute to the adaptive metabolic remodeling in
tumour cells (Shackelford and Shaw 2009, Vander Heiden et al. 2009). The aberrant oncogenic
signals in cancer cells remodel the expression of major glycolytic pathway housekeeping genes by
switching to the alternate isoforms, such as, HK2 (Isoform 2 of Hexokinase), PKM2 (Isoform M2
of Pyruvate kinase) and LDHA (Lactate dehydrogenase A subunit), which have been proposed as
critical regulators of Warburg effect (Fantin et al. 2006, Christofk et al. 2008, Patra et al. 2013)
(Fig. 1.7 and 1.8). The preferential expression and oligomeric status of these enzymes are
suggested to determine the flux of glycolysis and the fate of glucose. Besides their preferential
expression these enzymes also undergo post-translational modifications by the oncogenic stimuli
to provide an adaptive sustenance, metabolically and non-metabolically, to encourage proliferation
of cancer cells that ultimately develop into a tumor (Hitosugi et al. 2009, Fan et al. 2011, Yang et
al. 2012, Roberts et al. 2013).

1.8.1.2 Loss of function of tumor suppressor and metabolism remodeling

Besides deregulated oncogenic pathways, loss of function of many critical tumor suppressors

supports the pro-growth metabolic phenotype of cancer cells. In this context, tumor suppressor
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p53 and LKB1 have gained ample interest, where P53 was shown to inhibit the pro-growth
metabolism feature (aerobic glycolysis) by hindering PI3K-AKT-mTOR pathway, either through
activation of TSC1/TSC2 complex to inhibit mTOR, or phosphate and tensin homolog (PTEN) to
inhibit the PI3K pathway (Vousden and Ryan 2009, Berkers et al. 2013). Likewise, the loss of
function mutation of LKB1 that fails to activate the bioenergetic sensor, AMPK was shown to
reprogram the glycolytic metabolism of cervical adenocarcinoma (Zeng et al. 2016), and non-small

cell lung cancer (Faubert et al. 2014).
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Fig. 1. 9. Schematic presentation of the cause and consequence of cancer cell metabolism. Driver
oncogenic mutations and intratumoral microenvironment principally shape the metabolic
phenotype of cancer cells. Such acquired metabolic phenotype support the aggressive proliferation
of cancer by providing them a multitude of advantages, such as biosynthetic precursors, rapid
energy generation, and redox balance. The ensuing metabolic adaptations also affect the tumor
microenvironment, potentially resulting in sporadic hypoxia, acidity, and/or nutrient starvation.
Consequently, the tumor microenvironment exerts additional selective pressure on the cancer cells

to adapt to the harsh conditions.

25| Page



Chapter-~1 Review of Literature

1.8 1.3 Tumor-microenvironment in remodeling cell metabolism

The hostile intratumoral microenvironment faces numerous challenges; and as the primary tumor
propagates it outpaces the diffusion limits of blood supply, giving rise to hypoxic (less oxygenated)
conditions and hypoglycemia (low blood sugar supply) in the tumor microenvironment. In order
to tolerate the hypoxic stress, cancer cells stabilize hypoxia-inducible transcription factor (HIF),
which transactivate the early response genes, such as glucose transporters, nearly all glycolytic
enzymes, and the inhibitors of mitochondrial oxidative phosphorylation (reviewed in Kaelin and
Ratcliffe, 2008). In addition, HIF also stimulates angiogenesis by inducing the expression of
delayed response genes, such as vascular endothelial growth factor (VEGF), and erythropoietin
(EPO) to evade the hypoxic condition. However, the blood vessels that have been recruited to the
site of hypoxia in primary tumors are highly disorganized and fail to deliver efficient blood supply,
exposing the tumor mass to recurrent hypoxia (reviewed in Gatenby and Gillies, 2004).
Compelling evidences suggest that the cancer cells that encounter recurrent hypoxia within the
intratumoral microenvironment undergo a selection pressure to exhibit aerobic glycolysis (Fig.
1.8). Cancer cells by choosing aerobic glycolysis acquire an advantage to survive and proliferate

in the dynamic tumor microenvironment with recurrent hypoxia.

However, studies are scanty to understand how cancer cells adapt to the hypoglycemic condition.
Further, it is also not clear, how nutrient insufficiency affects the metabolism of these cells, where
the outcome of glucose depletion on aerobic glycolysis and associated key glycolytic enzymes
remains elusive. Also, what remains unanswered is if these cells rely on glycolysis like their richly
vascularized counterparts and how do the critical glycolytic enzymes respond to the condition of
nutrient deprivation? Under physiological conditions, during nutrient deprivation, AMP-activated
protein kinase (AMPK) - a serine/threonine protein kinase and its orthologues, are known to get
activated by sensing bioenergetic stress of decreasing intracellular ATP and increasing
intracellular AMP and ADP (Hardie et al. 2012). AMPK plays a pivotal role in conserving the
cellular energetic homeostasis by remodeling the metabolic phenotype to resist nutritional stress
and in maintaining physiological homeostasis. Consistent with the role of AMPK in a cell
metabolic checkpoint, the importance of AMPK pathway in tumor metabolism and tumor

progression has remained largely ambiguous.

26| Page



Chapter-~1 Review of Literature

1.9 Pyruvate kinase (PK) M: key enzyme in cancer cell metabolism

M2 isoform of pyruvate kinase (PKM2), a glycolytic terminal enzyme and one of the two alternate
isoforms encoded by PKM gene, has emerged as a key factor that regulates aerobic glycolysis in
cancer cells (Christofk et al. 2008, Mazurek 2011). PKM2 (pyruvate kinase muscle isoform 2) is
an isoform of pyruvate kinase (PK; ATP-pyruvate 2-O-phosphotranferase, EC 2.7.1.40); catalyzes
an irreversible rate limiting transphosphorylation reaction between phosphoenolpyruvate (PEP)
and adenosine diphosphate (ADP) to generate pyruvate and ATP, accounting for net glycolytic
energy (ATP) generation (Mazurek 2011). The expression of PKM isoforms has been assumed as
mutually exclusive in nature, where out of 12 exons that PKM gene harbors, a primary transcript
that retains exon 9 and skips exon 10 is PKML1 and the one that retains exon 10 is PKM2 (Noguchi
et al. 1986, Noguchi et al. 1986). A preferential expression of PKM2 over other tissue-specific PK
isoforms has been proposed as one of the metabolic hallmarks of cancer (Cairns et al. 2011,
Chaneton and Gottlieb 2012), where preferential expression of PKM2 and its enzymatically
inactive dimeric state serves a pivotal role in cancer growth by governing aerobic glycolysis
(Mazurek et al. 2005, Gupta et al. 2010, Mazurek 2011, Igbal et al. 2013, Igbal et al. 2014, Wong
et al. 2015).

1.9.1 PK gene isoforms, their expression regulation, and subcellular localization

Mammals have four isoforms of pyruvate kinase, namely PKR, PKL, PKM1 and PKM2 (Harada
et al. 1978), encoded by two distinct pyruvate kinase genes (PKLR and PKM). The expression of
PK isoforms is tightly regulated to exhibit tissue specificity and to meet the metabolic demands of
tissues in which they are preferentially expressed. PKLR gene of Homo sapiens, positioned in
chromosome 1g21, encodes for PKR and PKL isoforms in erythrocytes and liver by transactivating
alternate promoters (Noguchi et al. 1987). PKM gene, located on chromosome 15923, encodes
alternative splice variants PKM1 and PKM2 with 12 exons, of which the PKML1 retains exon 9 and
skips exon 10; whereas, PKM2 retains exon10 (Noguchi et al. 1986). The proteins encoded by the
mutually exclusive exons represented in PKM1 and PKM2, thus differ by 23 of the 56-amino acid
stretch at their C-terminal end. PKM2 expression dominates in cells with high proliferative
capacities, such as embryonic cells, stem cells, and transformed cancer cells. Embryonic cells that

show PKM2 expression gradually replace it with the tissue-specific isoforms during their
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differentiation. Thus, the expression of PKM1 is demonstrated to be ideal for the cell types
(tissues- of muscle, brain, and heart) that are highly differentiated and require a large quantity of
energy (ATP) supply (Fig. 1.10 and Table 1.2).

The expression of PKM gene is regulated by hormones (insulin, triiodothyronine-T3), cytokines
(interleukin-2), mitogens, nutrient status and hypoxia. PKM gene possesses the putative consensus
DNA binding sites for numerous transcription factors, including Sp1, Sp2, HIF-1alpha and Myc.
Sp1/Sp2 and HIF1-alpha transcription factors are experimentally validated to regulate PKM2
expression (Igbal et al. 2014). c-Myc controlled expression of hnRNPs’ (heterogeneous nuclear
ribonucleoproteins) has been shown to regulate the alternative splicing of PKM transcripts by
repressing the presence of exon 9 and supporting the inclusion of exon 10 in PKM primary
transcript to yield the PKM2 spliced isoform (Fig. 1.10) (David et al. 2010). Nuclear localization
of PKM2 has been associated with various non-glycolytic functions and the nuclear presence of
PKM2 is regulated by epidermal growth factor (EGF), Interleukin-3 (IL-3), lipopolysaccharide

and hypoxia (details of non-glycolytic features are documented separately).

1.9.2 Structure and function of PKMZ2

PKM2 consists of 531 amino acids and its sequence partitioned into A-, B- and C-domains
possesses characteristic functional features. The interface between A- and B-domain together
forms the catalytic active site; whereas, C-domain involves allosteric activator- fructose 1, 6
bisphosphates (FBP) - binding site, and nuclear localization signal sequence (NLS) and
intersubunit contact domain (ISCD). The protein sequence of PKM2 that stretches across the ISCD
domain markedly differs from its alternate splice variant PKM1 by 23 amino acids, offering
characteristic kinetic features (i.e. allosteric regulation by FBP) to PKM2, and its ability to
associate with unique protein partners including phosphotyrosine proteins. PKM2 exists both in
tetrameric and dimeric forms, however, all other PK isoforms (i.e. PKL, PKR, and PKM1) occur
as tetramers. The A-domain of PKM2 monomers associate to give rise to a dimer and two dimers
interact at the interface of ISCD (C-domain) to form the PKM2 tetramer. Tetrameric form of
PKM2 has a higher affinity towards PEP, demonstrating more pyruvate kinase activity. Whereas,
dimeric PKM2 shows a lower affinity towards PEP and remains nearly inactive at physiological

conditions. PKM2, one of the rate-limiting glycolytic enzymes, is known to be allosterically
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regulated, besides FBP, by other metabolic intermediates, like serine, phosphatidyl serine and
succinylaminoimidazolecarboxamide ribose-5'-phosphate (SAICAR). Amino acids, such as

alanine, phenylalanine, and tryptophan are known to allosterically inhibit the activity of PKM2.
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Fig. 1.10. Schematic representation of human PKM gene, its isoforms, and expression regulation.
PKM gene occupies g23 band position in chromosome 15, encoding 2 mutually exclusive
alternative splice variants, PKM1 and PKM2. The expression of PKM is tightly regulated by
various extracellular stimuli, such as nutrients, hypoxia, growth factors, hormones, cytokines and
lipopolysaccharides (LPS) that largely influence glycolytic pathway. PKM promoter region
harbors consensus binding sites for numerous transcription factors, including Spl, Sp2, HIF-1a;,
and an extra level of c-Myc controlled expression of hnRNPs’ (heterogeneous nuclear

ribonucleoproteins) regulates the alternative splicing of PKM transcripts. Higher expression of
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hnRNPs represses the inclusion of exon 9, enabling the proliferating cells to preferentially express

PKM2; whereas a low expression of hnRNPs includes exon 9 to express PKM1 (Chaneton et al.

2012, Keller et al. 2012, Igbal et al. 2014).

Table 1.2. Molecular and biochemical properties of human pyruvate kinase enzyme

Molecular Features

Pyruvate kinase muscle isoforms

R L M1 M2
Name of gene PKLR PKLR PKM PKM
Chromosome no. 1 1 15 15
Size of gene 19.43 kb 19.43 kb 32.79 kb 32.79 kb
No. Of amino acids 574 543 531 531
Molecular mass of subunit 61,830 58,494 58,062 57,937
(Da)
Cellular localization Cytoplasmic Cytoplasmic Cytoplasmic &
Nuclear
Tissue specificity Erythrocytes Liver Brain, Heart, Embryonic cells,
Skeletal Muscle | Cancer cells, and
etc. Proliferating cells
Biochemical properties
Subunit structure Monomer and Tetramers Monomer Dimer and
Tetramer
Allosteric Yes Yes No Yes
Allosteric activator FBP FBP -—-- FBP, Serine,
SAICAR
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1.9.3 Role of PKM_Z in cancer
1.9.3.1 PKM2Z in cancer metabolism
In recent years, PKM2 biology has generated enormous interest, especially with regards to its role

in cancer. Numerous studies have revealed that the embryonic PKM2 reappears during tumor
development, in order to help cancer cells achieve metabolic transformation required for cell
division and other important cancer traits, like invasion and migration. Intriguingly, PKM2 has
been shown to be vital in producing a unique metabolic phenotype of ‘aerobic glycolysis’ or
‘Warburg effect’ in cancer cells. Despite an elevated PKM2 expression, cancer cells choose to
accumulate enzymatically inactive dimeric form of PKM2 by promoting subunit dissociation. Low
activity dimeric PKM2 retards the final step of glycolysis, thus resulting in the pile-up of glycolytic
intermediates, which are a precursor of pentose phosphate pathway (PPP) for biomass production,
in addition to a balanced supply of ATP via glycolysis. The dimer: tetramer ratio of PKM2 in
cancer cells is influenced by numerous factors, like drop in concentration of allosteric activator
FBP, competitive binding of tyrosine phosphorylated proteins at the FBP-binding pocket
(Christofk et al. 2008), dominant negative mutation at ISCD region (Anitha et al. 2004), interaction
with oncoproteins (e.g. HPV16 E7 Oncoprotein) and remarkably by post-translational
modifications (PTMs) (Gupta and Bamezai 2010, Igbal et al. 2014). Amongst the PTMs of PKM2,
phosphorylation of Tyr105 residue is carried out by oncogenic tyrosine kinases (e.g. FGFR1, BCR-
ABL, JAK?2). In addition, acetylation of lysine-305, oxidation of cysteine-358 have been shown to
facilitate the formation of dimeric PKM2, eventually contributing to aerobic glycolysis in the
tumor (Gupta et al. 2014, Igbal et al. 2014). In a study carried out by Igbal et al, insulin was shown
to regulate cancer metabolism by induction of high expression of PKM2, regulated by PI3K-
mTOR-HIF1-o pathway, along with simultaneous inactivation of the same through ROS up-
regulation, depicting a dual regulatory control within a cell to favor aerobic glycolysis and
anabolism (Fig. 1.11) (Igbal et al. 2013). Further, it was shown that cancer cell treated with DNA
damaging agent could stimulate PKM2 Tyr105 phosphorylation and redirect the glycolytic flux
towards pentose phosphate pathway (PPP) for anabolism (Kumar and Bamezai 2015). Recently,
PARP-14 has been shown to contribute to aerobic glycolysis by negatively regulating JINK-1 (pro-
apoptotic factor) and preventing Thr365 phosphorylation of PKM2 and its activation.
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Fig. 1.11. Schematic illustration of the features that coordinate the dimeric and tetrameric state

of PKM2 isoform and its resultant impact on metabolic phenotypes. Oncogenes, ROS, nutrient

status and post-translational modifications of PKM2 facilitate enzymatically inactive dimeric state

(Red), which in turn reprogram the glycolytic pathway to exhibit aerobic glycolysis, essential for

the biosynthesis of macromolecules to support cell growth and rapid proliferation. Conversely,

FBP, SAICAR, and serine promote an active tetrameric state of PKM2 (Green), which couples

glycolysis with mitochondrial oxidative phosphorylation (OXPHQOS) to yield ample amount of
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energy to meet the demands of differentiated cells. Red arrows in the illustration indicate the flux
of the glycolysis and fate the glycolytic intermediates, as a result of the dimeric state of PKM2.
Green arrows signify the path of glycolytic intermediates and flux governed by the tetrameric
PKM2.  Abbreviations: PPP -  pentose  phosphate  pathway, SAICAR -
succinylaminoimidazolecarboxamide ribose-5'-phosphate; G-6-P-Glucose-6-phosphate; FBP -
fructose-1, 6-bisphosphate, 3-PG - 3-phosphoglyceric acid; PEP - phosphoenol pyruvate; RTKSs -
receptor tyrosine kinase; TCA - tricarboxylic cycle; ROS - reactive oxygen species.

1.9.3.2 Non-meftapolic attributes of PKMZ in cancer

Besides regulating cancer metabolism, PKM2 plays an important role in tumor progression via
non-metabolic attributes e.g. gene regulation. A study carried out by Lee et al, was first of its kind
to demonstrate PKM2 as a transcription co-activator that interacted with Oct-4 (transcription
factor) to enhance transactivation of its target genes that retain pluripotency in embryonic stem
cells (Lee et al. 2008). Several other studies also showed that PKM2 could act as a transcriptional
co-activator of, HIF 1 a, the signal transducer and activator of transcription (Stat-3), B-catenin and
aryl hydrocarbon receptor (AhR). This transcriptional co-activation results in expression of target
genes involved in regulation of cell proliferation, survival and metabolic reprogramming (Fig.
1.12).

On the other hand, emerging studies propose that physical binding of PKM2 with a group of
transcription factors could regress their transactivation in a context-dependent manner. As a proof
of concept, Atsushi Hamabe et al. revealed that cancer cells undergoing epithelial-mesenchymal
transition (EMT) direct PKMZ2 inside the nucleus where it binds to TGFp induced factor homeobox
2 (TGIF2) (Hamabe et al. 2014). PKM2 bound to TGIF2 results in repression of E-cadherin
(CDH1) expression, thus, allowing epithelial to mesenchymal transition. A Recent study by Li Xia
et al. unraveled yet another co-repressor feature, where PKM2 interacted with P53 and repressed
it to transactivate cell cycle inhibitors (p21 and p27) upon exposure of cancer cells to DNA
damaging agents (Xia et al. 2016). This study provides a plausible explanation for the resistance
shown by cancer cells against DNA damaging drugs.
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Another important non-metabolic attribute of PKM2 associated with tumor progression is by virtue
of its protein kinase activity. Inactive dimeric PKM2 acts as a protein kinase, whereas the tetramer
behaves as an enzyme, pyruvate kinase. Gao et al. found that the dimeric PKM2 with PEP as
phosphate donor phosphorylates Stat3 at Tyr705 residue to transactivate factors that promote cell
proliferation (Gao et al. 2012). Another study by Yang et al. showed that EGF stimulation
mobilized dimeric PKM2 into the nucleus to interact and phosphorylate Thrll of H3 to control
the expression of c-Myc and cyclin D1 in cancer cells (Yang et al. 2012). Further, studies by Lv
et al. describe that acetylation of PKM2 at lysine 433 residue, mediated by p300 acetyltransferase
in response to diverse mitogenic and oncogenic signals, enable PKM2 to localize inside the nucleus
and carry out Stat3 and H3 phosphorylation and transactivation, leading to expression of proteins
that promote cell proliferation (Fig. 1.12) (Lv et al. 2013).

Apart from its role in cell cycle initiation, PKM2 supports cell cycle progression by governing the
precise chromosomal segregation by phosphorylating Tyr207 residue of spindle checkpoint
protein Bub3. Recently, binding of SAICAR with PKM2 has been shown to enhance its protein
kinase activity, where several novel putative protein substrates were reported to be phosphorylated
by SAICAR-PKM2 complex. Earlier studies by Mazurek et al. have reported that the individuals
with gastrointestinal and colorectal tumors secreted dimeric PKM2 in blood plasma and in stool,
resulting in the use of dimeric PKM2 as a diagnostic and prognostic marker. However, the
mechanism by which cancer cells secrete dimeric PKM2 in circulation and its precise function in
cancer progression has remained obscure (Mazurek 2011). A Recent study in this direction has
shown the involvement of secreted dimeric PKM2 in tumor angiogenesis by stimulating
angiogenic endothelial cell proliferation, migration, and cell- ECM adhesion. In addition, the non-
secreted intracellular dimeric PKM2 of cancer cells promotes angiogenesis by transactivating
HIF1a to enable the expression of vascular endothelial growth factor (VEGF), a proangiogenic

factor.
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Fig. 1.12. Schematic representation of the non-glycolytic nuclear function of PKM2. a- importin

mobilizes post-translationally modified PKM2 dimer inside the nucleus in response to the distinct
extrinsic stimuli. In brief, nuclear PKM2 exhibits the characteristic features of a transcriptional co-
activator and a protein kinase to enhance the transactivation of HIF1a, B-catenin, STAT3 and AhR,
transcription factors. The transactivation of mentioned transcription factors together code for the
factors that control, cell proliferation, metabolism, and survival. Abbreviations: OH -
hydroxylation; Ac — acetylation. P — phosphorylation; JMJD5 - Jumonji C domain-containing
dioxygenase; HIF1- hypoxic inducible factor 1; PHD3 — HIF prolyl-hydroxylase 3; HRE — hypoxic
response elements; LCF/TCF — lymphoid enhancing factor/T-cell factor; LDHA - lactate
dehydrogenase A; GLUT1 —glucose transporter 1; PDK1 — pyruvate dehydrogenase kinase; STAT
3 —signal transducer and activator of transcription 3; MEK5 - Mitogen-Activated Protein Kinase
Kinase 5; CYP1Al - cytochrome P450 family 1 subfamily A member 1; Ahr — aryl hydrocarbon

receptor; Arnt — aryl hydrocarbon receptor nuclear translocator.
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1.10 PKM2 as a therapeutic target in cancer and the strategies to improve its

efficacy.

Considering the variety of benefits that PKM2 confers to the cancer cells, it has turned out to be a
promising therapeutic target. Several reports have suggested strategies that target PKM2 to retard
tumor progression. Natural compounds like resveratrol, gemcitabine, and shikonin have been
shown to inhibit PKM2 (Chen et al. 2011, Igbal and Bamezai 2012, Pandita et al. 2014). Small
interfering RNA (SiRNA) against PKM2 has been shown to significantly abrogate the tumor
growth and induce caspase-dependent apoptosis in cancer cells, both in vitro and in vivo. It is also
reported that silencing of PKM2 may have a synergistic effect with anticancer drugs (Kumar and
Bamezai 2015). Synthetic small molecule inhibitors ((N-(3-carboxy-4- hydroxy) phenyl 1-2, 5,-
dimethylpyrole) and Arava), identified through high throughput screen, have been shown to
selectively target PKM2 activity. In addition, cell permeable structural analogs of FBP, TEPP-46
(ML265; thieno-[3,2-b]pyrrole[3,2-d]pyridazinone) and DASA-58 (ML203; substituted N,N'-
diarylsulfonamide), that drive PKM2 tetramer formation in cancer cells, have been shown to
inhibit human lung carcinoma progression in xenograft mouse models (Gupta et al. 2014, Igbal et
al. 2014) .

On the contrary, recent studies have highlighted the limitation that exist in the strategy of targeting
PKM2 in cancer. Where the knockdown of PKMZ2 in vitro and in vivo has been reported to affect
proliferation and viability of cancer cells of different tissue origin heterogeneously (Christofk et
al. 2008, Goldberg and Sharp 2012, Cortés-Cros et al. 2013, Israelsen et al. 2013), and has raised
doubts about the efficacy of targeting PKM2 in tumors at a global scale. To find out what
determines such a heterogeneous response, more studies are required to examine the key features
that confer protection against PKM2 knockdown induced growth inhibition and cell death in
cancer cells. A deep insight, in this context, may answer some of these contradictions and
rationalize a promising therapeutic strategy to enhance the efficacy of PKM2 targeting in cancer

cells, a subject partly researched on in the present work.
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Chapter-2

2.1 Rationale of the Study

Cancer cells acquire a unique metabolic signature of aerobic glycolysis (Warburg effect) and
undergo metabolic fine-tuning to feast on glucose and excrete a major chunk as lactate (Warburg
1956). Preferential expression of glycolytic enzymes like HK2 (Isoform 2 of Hexokinase), PKM2
(Isoform M2 of Pyruvate kinase) and LDHA (Lactate dehydrogenase A subunit), by cancer cells
has been proposed to result in the Warburg effect. Amongst all, PKM2 has emerged as a key factor
that regulates aerobic glycolysis in cancer cells (Christofk et al. 2008, Mazurek 2011). The
preferential expression of PKM2 and its enzymatically inactive dimeric state serves a pivotal role
in cancer growth by governing aerobic glycolysis (Mazurek et al. 2005, Gupta et al. 2010, Mazurek
2011, Igbal et al. 2013, Igbal et al. 2014, Wong et al. 2015).

Growing body of evidence highlights that the rewiring of cancer metabolism provides a
multitude of advantages including, precursors for macromolecular synthesis, rapid ATP
generation, and rapid proliferation (Vander Heiden et al. 2009, Cairns et al. 2011). Moreover, due
to their high proliferation rate and poor vasculature, malignant tumors frequently outpace the
diffusion limits of blood supply, and often face the challenge of hypoglycemia. This situation
raises an important question of how nutrient insufficiency affects the metabolism of these
cells. Also, what remains unanswered is whether these cells rely on glycolysis, like their richly
vascularized counterparts and how do the critical glycolytic enzymes respond to nutrient

deprivation?

In the recent past, the axis of LKB1-AMPK has been shown to provide tolerance to nutrient
deprivation in cancer cell (Kato et al. 2002, Jeon et al. 2012, Liang and Mills 2013), however, how
AMPK contributes to metabolic phenotype of cancer cells; and the mechanistic link through which
AMPK exhibits tolerance to hypoglycemic situation remains largely elusive. Thus, as part of this
thesis work, an attempt was made to unravel the effect of AMPK signaling pathway on adaptive
metabolic phenotype and its outcome which made cancer cells survive the fluctuations of available

nutrient conditions.
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Further, understanding the mechanisms through which HPV facilitates metabolic
remodeling to nurture tumor progression in nutrient replete condition and how it survives nutrient
deprived condition provides a model to understand metabolic reprogramming in other non-viral
human cancers. Since, nearly 20% of HPV-driven cervical adenocarcinoma and 30% of lung
adenocarcinoma have been shown to lack LKB1 expression or harbor a loss of functional mutation
(Hezel and Bardeesy 2008, Wingo et al. 2009, Marcus and Zhou 2010) that failed to activate
AMPK, an attempt was made to understand the impact of HPV-18 encoded oncoprotein on
metabolic remodeling in proliferating tumor cells. In addition, it was proposed to understand how
HPV-driven cervical carcinomas tolerated nutritional stress in absence of LKBl1expression. It was
expected that to rationalize therapeutic strategies based on unique glycolytic metabolism of cancer

cells in association with the cellular status of the LKB1-AMPK pathway, could prove meaningful.
With this background, following Aims and Objectives were proposed for the Study:
2.2 Aims and Objectives

1. [Investigate the role of AMPK signaling in regulation of rate limiting glycolytic enzyme(s)
that are critical to tumor metabolism (Warburg Effect).

2. Examine the impact of AMPK signaling and HPV 18 encoded E6 Oncoprotein in
regulation of PKM gene and their resultant influences on an overall glycolytic flux, pro-

cancerous metabolic features and growth of tumors in in-vitro assays.

3. Characterize the cellular localization pattern, and the interactome of PKM gene splice
product- PKM1, along with its functional relevance, compared to PKM2.
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Materials and Methods

3.1 Mammalian Cell Culture

MCF-7 (Human Breast Adenocarcinoma), MDA-MB-231 (Human Breast Adenocarcinoma), PC-
3 (Human Prostate Adenocarcinoma), H1299 (Non-Small Cell Lung Carcinoma), A549 (Lung
Carcinoma), A431 (epidermoid carcinoma), HeLa (Human Cervical Adenocarcinoma), HEK293T
(Human Embryonic Kidney Cell line) and L6 (Rat Skeletal Muscle) were procured (ATCC, USA)
or (NCBS, INDIA) and were cultured in DMEM (Sigma, USA), supplemented with 1%
penicillin/streptomycin (Sigma, USA), 10 % (Vol./Vol.) heat inactivated Fetal Bovine Serum
(Gibco - Life technologies) and maintained in the incubator at 37°C supplied with 5% CO.
(Thermo Scientific Heraeus® - UK) in a humidified atmospheric condition. Cells were grown up
to a monolayer and passaged routinely on every 3" or 4" day based upon their confluence. Detailed
procedure of cell culture medium preparation, cryopreservation and cell counting using
hemocytometer; and cell passaging methods are provided in appendix-I. Glucose deprivation was
accomplished by culturing the cells in glucose free DMEM media (Sigma) supplemented with
antibiotics and 10 % dialyzed FBS (Gibco - Life technologies), supplemented in addition with

required glucose concentration.

3.2 RNA Extraction, cDNA preparation and RT-PCR (qRT and Semi-quantitative
PCR)

Total RNA isolated from cells with TRI Reagent (Sigma-Aldrich) was reverse transcribed into
cDNA, using Superscript® 111 Reverse Transcriptase kit (Life Technologies). gRT-PCR analysis
was carried out in BIORAD CFX96 Touch™ Real-time PCR Detection system, using SYBR
Green PCR master mixture (Applied Biosystems). The relative gene expression was calculated
using the comparative ¢ method (2-24<"). Results were analyzed and presented as fold change after

normalizing with the control group, where actin served as an endogenous control. Primers used for
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the RT-PCR analysis are mentioned in Table 3.1. For semi-quantitative RT-PCR, images of PCR
products resolved in 2-3% agarose gel were obtained by SYNGENE gel documentation system
and densitometric analysis performed using ImageJ software (http://imagej.nih.gov/ij/) to calculate
the changes in the ratio of gene expression, which were plotted after normalizing with the
expression of ACTINB (ACTB).

3.3 Semi-~quantitative RT~PCR assay to examine PKM1/PKM2 mRNA proportion

RNA was isolated from 2 X 10° cells using TRI Reagent (Sigma-Aldrich). 2ug from total RNA
was subjected to DNAse | (Applied Biosystems) treatment to remove contaminating DNA and was
reverse transcribed into cDNA, using Superscript® 1lII Reverse Transcriptase kit (Life
Technologies). Alternatively, spliced transcripts, PKM1 (exon 9 included) and PKM2 (exon 10
included) were PCR amplified together, using primers specific to Exon 8 and Exon 11 (Exon-8 5'-
GAAACAGCCAAAGGGGACT-3" and Exon-11 5-CATTCATGGCAAAGTTCACC-3") as
described earlier (Clower et al. 2010). The amplified products were equally divided into 2 aliquots
(approx. 20 ul), one of which was subjected to restriction digestion with Ale | restriction enzyme
and the other one served as an uncut control. Ale | specifically cuts at exon 10 of PKM2 and leaves
PKM1 undigested. Details of restriction mapping with Alel restriction enzyme to examine the
proportion of PKM1 and PKM2 expression in human cancer cells are provided in appendix-I.
Images of semi-quantitative RT-PCR products resolved in 3 % agarose gel were obtained by
SYNGENE gel documentation system. Densitometry analysis was performed using Imagel
software (http://imagej.nih.gov/ij/) to calculate the percentage of PKM isoform expressions in

human cancer cells.
3.4 Cloning and Site Directed Mutagenesis

The Coding Sequences of AMPKa2, c-Myc, PKM1 and PKM2 isoforms were PCR amplified from
cDNA prepared using H1299 cells, using the primers mentioned in Table. 3.2. The PCR amplified
fragments were sequenced to cross-check the background mutations and were cloned in
pcDNAT™3 1/myc-His © A vector (Table. 3.3). Expression vector pcDNA™3.1/myc-His () A,
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Lentiviral transfer vector (pLKO.1), and packaging vectors (psPAX and pMD2.G), were a kind
gift from Prof. Shyamal K Goswami and Dr. Goutam K Tanti (SLS, JNU, New Delhi). Full-length
constructs of ‘pcDNA-LKB1-HA tag’ was a generous gift from Dr. Shaida Andrabi (University of
Kashmir, Srinagar, J&K). Lentiviral transducing vector, pLKO.1 encoding shPKM1 and shPKM2
was a generous gift from Dr. Marta Cortes Cros (Novartis, Basel). LentiViral ShRNA vectors
targeting the expression of AMPKal and a2 ((pLKO.1 shAMPKal -TRCN0000000861) and
(pLKO.1shAMPKa2 - TRCN0000002171 were procured from Sigma-Aldrich. Lentiviral ShRNA
vector targeting the expression of c-Myc (pLKO.1 shc-Myc) was constructed in-house, using
synthetic oligonucleotides mentioned in Table 2. Site Directed

Mutagenesis (SDM) was performed using Quick Change Site directed mutagenesis Kit (Agilent
Technologies), according to the manufacturer’s protocol. In brief, Wild Type (WT) construct of
AMPKo2 was truncated and constitutively active AMPKa2 T172D mutant was generated, using
the site directed mutagenesis (Table. 3.3).

3.5 Mammalian transfection and Stable gene expression

To establish stable gene expression, constructs ()cDNA — PKM1, PKM2, C-Myc & LKB1) were
transfected using Lipofectamine® LTX reagent (Life Technologies), as per the manufacturer’s
instruction. Briefly, after 48 hours of the post transfection, cells were selected in G418 (1 mg/mL)

containing selection medium for 2 weeks to generate stable cell lines.
3.6 Lentivirus production and stable gene knockdown

For stable gene knockdowns, the lentiviral particles were generated as described previously
(Cortes-Cros et al. 2013). In brief, HEK 293T cells were transfected with transfer vector (LKO.1)
harboring ShRNAs and psPAX & pMD2.G packaging vectors, using Lipofectamine® LTX. After
48 hours of post-transfection viral particles were harvested and used to infect the target cells.
Infected cells were selected in puromycin (2ug/mL) containing DMEM medium for the course of

7 days for generating cell lines with stable gene knockdown.
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Name Sequence (5'-~ 3" Amplicon Size

HK1 Forward TACTTCACGGAGCTGAAGGATG 197 bp
HK1 Reverse AGCCATCAGGAATGGACCTT

HK2 Forward CCAACCTTAGGCTTGCCATT 196 bp
HK2 Reverse CTTGGACATGGGATGGGGTG

PKM Exon 9 Forward AGGCAGCCATGTTCCAC 150 bP
PKM Exon 9 Reverse TGCCAGACTCCGTCAGAACT

PKM Exon 10 Forward TGCAATTATTTGAGGAACTCC 102 bP
PKM Exon 10 Reverse CACTGCAGCACTTGAAGGAG

LDHA Forward GACCTACGTGGCTTGGAAGA 176 bp
LDHA Reverse TCCATACAGGCACACTGGAA

LDHB Forward CCAACCCAGTGGACATTCTT 219 bp
LDHB Reverse AAACACCTGCCACATTCACA

c-Myc Forward GCTTTTTTGCCCTGCGTGAC 200 bp
c-Myc Reverse CGCACAAGAGTTCCGTAGC

PTBP1 Forward ACGGACCGTTTATCATGAGC 194 bP
PTBP1 Reverse CATCAGGAGGTTGGTGACCT

hnRNPAL1 Forward TTGTGAACTCAGCCAAGCAC 241 bP
hnRNPAL Reverse CAGCGTCACGATCAGACTGT
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hnRNPA2/B1 Forward GGCTACGGAGGTGGTTATGA 241 bP
hnRNPA2/B1 Reverse CCCATGGCAAATAGGAAGAA

PGC1 A Forward TGTCACCACCCAAATCCTTATTT 75 bP
PGC1 A Reverse TGTGTCGAGAAAAGGACCTTGA

NRF1 Forward CCATCTG GTGGCCTGAAG 93 bp
NRF1 Reverse GTGCCTGGGTCCATGAAA

NRF2 Forward ACACGGTCCACAGCTCATC 83 bp
NRF2 Reverse TGTCAATCAAATCCATGTCCTG

TFAM Forward GAACAACTACCCATATTTAAAGCTCA 95 bp
TFAM Reverse GAATCAGGAAGTTCCCTCCA

COl Forward TTCTGACTCTTACCTCCCTCTC 110 bp
COI Reverse TGGGAGTAGTTCCCTGCTAA

ND3 Forward CCACAACTCAACGGCTACATA 143 bp
ND3 Reverse AGGAGGGCAATTTCTAGATCAAA

ATP6 Forward TAGCCCACTTCTTACCACAAGGCA 138 bp
ATP6 Reverse TGAGTAGGTGGCCTGCAGTAATGT

Actin Forward ACTCTTCCAGCCTTCCTTC 171 bp
Actin Reverse ATCTCCTTCTGCATCCTGTC
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Table 3.2. List of primers and sShRNA oligo’s used for gene expression, Site-directed mutagenesis

and shRNA transducing vectors.

Reverse

Name of Gene Primers Restriction Site
PKM1/2 Forward ATATGAATTCATGTCGAAGCCCCATAGTGAAG | EcoRl
PKM1/2 Reverse ATATGGATCCCGGCACAGGAACAACACGCA BamHI
AMPKa2 Forward ATATGGATCCATGGCTGAGAAGCAGAAGCA BamH1
AMPKa2 312 Reverse ATATAAGCTTATATAAACTGTTCATTACTTCTG | Hindlll

ATTCTGT
AMPKa2 Reverse ATATAAGCTTACGGGCTAAAGTAGTAATCA Hindlll
c-Myc Forward ATATCTCGAGATGCCCCTCAACGTTAGCTTC Xho |
c-Myc Reverse ATATAAGCTTCGCACAAGAGTTCCGTAGC Hind 111
LKB1 Forward ATATCTCGAGATGGAGGTGGTGGACCCGCA Xhol
LKB1 Reverse ATATGAATTCCTGCTGCTTGCAGGCCGACA EcoRlI
shRNA Custom designed Oligo’s
shc-Myc CCGGCCTGAGACAGATCAGCAACAACTCGAGT | Agel
TGTTGCTGATCTGTCTCAGGTTTTTG
shc-Myc AATTCAAAAACCTGAGACAGATCAGCAACAA | EcoRlI
CTCGAGTTGTTGCTGATCTGTCTCAGG
Site Directed Mutagenesis Primers
AMPKa2 T172D TTTCTGAGAGATAGTTGCGGA NIL
Forward
AMPKa2 T172D TCCGCAACTATCTCTCAGAAA NIL
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Table 3.3. Constructs generated and used in the study and their restriction sites

Name of Vector Gene of Restriction | Restriction Vector Type
Interest Site | Site 11
pcDNA™3 1/myc-His (-) A PKM1 EcoRl BamHI Mammalian expression
pcDNAT™3 1/myc-His (-) A PKM2 EcoRlI BamHI Mammalian expression
pcDNA™3 1/myc-His (-) A AMPKoa2 BamHlI Hind 111 Mammalian expression
pcDNA™3 1/myc-His (-) A AMPKa2 BamHlI Hind 111 Mammalian expression
T172D

pcDNA™3 1/myc-His (-) A LKB1 Xhol EcoRlI Mammalian expression
pcDNA™3 1/myc-His (-) A c-Myc Xhol Hind 111 Mammalian expression
pLKO.1 shPKM1 Agel EcoRlI Mammalian Expression,

Lentiviral, RNAI

pLKO.1 shPKM2 Agel EcoRlI Mammalian Expression,
Lentiviral, RNAI

pLKO.1 shc-Myc Agel EcoRI Mammalian Expression,
Lentiviral, RNAI

pLKO.1 shAMPKal Agel EcoRI Mammalian Expression,
Lentiviral, RNAI,

pLKO.1 shAMPKa2 Agel EcoRI Mammalian Expression,
Lentiviral, RNAI,

pGEX-4T-1 PKM1 BamH 1 Xho 1 Bacterial expression

pGEX-4T-1 PKM2 BamH 1 Xho 1 Bacterial expression
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3.7 Expression, purification of Recombinant PKM1 or PKM2 (rGST-PKM1 or rGST-
PKM2)

For protein expression, competent E.coli BL21 strain was transformed with pGEX4T1 constructs
habouring cDNA of M1 or M2 isoform of PKM gene; and grown overnight in 10 ml LB, luria
broth, containing 100ug/ml ampicillin at 37°C in an orbital shaker. Secondary culture was scaled-
up by inoculating 10% of overnight culture in a fresh 100 ml LB media for 2-3 hours. Upon
achieving a density of ODeoonm, 1mM of IPTG was added into the secondary culture and incubated
at 20°C for 10-12 hours in a shaker to induce protein expression. Following the protein expression
induction, cells were harvested and sonicated (5 sets of pulse with 25% amplitude, 15 sec ON and
45 Sec OFF cycle) in 5-10 ml of GST pull down buffer (50 mM Tris-HCL pH8, 500 mM NaCl,
10 % glycerol and with ImM PMSF). The resultant slurry was cleared by centrifugation and the
soluble protein fraction was incubated with GST beads (Sigma Aldrich). The GST bead bound
protein complex was washed thrice with GST pull down buffer and the protein eluted by adding
10mM reduced glutathione. The purity of recombinant protein was examined by resolving it in a

10% SDS gel and activity measured by LDH coupled assay (described elsewhere in detail).
3.8 Glycolytic Enzyme Assays and Glycerol Gradient Centrifugation.

Hexokinase (HK) activity was measured through an enzyme glucose-6-phosphate dehydrogenase
(G6PD) coupled assay, following the reduction of NADP. 5 pg of whole cell protein lysate was
added with the mixture of 100 mM Tris-HCI (pH 8), 5 mM MgCl2, 100 mM glucose, 0.8 mM
ATP, 1 mM NADP and 2 units of G6PD and reaction was quantified spectrophotometrically at
340nm for 5 min (Marini et al. 2013). Lactate Dehydrogenase (LDH) catalytic activity was
measured spectrophotometrically at 340 nm, through the conversion of pyruvate into lactate,
following the oxidation of NADH. To the mixture of 200mM Tris-HCI (pH 7.3), 6.6 mM NADH
and 30 mM Sodium pyruvate in the final volume of 1mL, 5 pg of protein lysate was added to
measure the LDH activity. Pyruvate kinase (PK) activity was measured by the routine procedure
adopted in the laboratory and as described previously (Igbal et al. 2013). Specific activity of
enzymes (HK, LDH and PK) per mg of cell lysate was calculated as:
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0OD340/min

Units/mg =
6.22x mg lysate / mL reaction mixture

Glycerol gradient ultracentrifugation experiment was performed by loading 750 ug of protein
lysates on top of 15-33% step gradient and centrifuged at 50,000 rpm for 18 hours at 4°C in
SW55Ti rotor (Beckman Coulter); and fractions (75ul approx.) collected and examined for PK
activity as previously mentioned (Gupta et al. 2010), followed by Immunoblot analysis.

3.9 In-Gel Lactate Dehydrogenase Assay (Zymography)

Native agarose gel electrophoresis was performed as described (Ross et al. 2010); to characterize
the five known LDH isozymes, using the protein lysates of cultured cancer cells. 1.5% agarose gel
was cast in 25 mM Tris-HCI and 250 mM glycine (pH 9.5) buffer, and loaded with 50 g of protein
followed by electrophoresis for 120 min at 100v in 5mM Tris-HCI and 40 mM glycine (pH 9.5)
running buffer to resolve the proteins. The patterns of LDH isozymes were visualized by
incubating the gel for 20 min at 37°C in a solution containing lactate (29 mM), NAD"* (0.42 mM),
NBT (0.93 mM) and PMS (0.51 mM) dissolved in 10 mM Tris-HCI (pH 8.5).

3.10 Immunoblotting Analysis

Whole cell protein lysates were prepared using modified RIPA buffer containing (50 mM Tris-
HCI pH 7.2, 150 mM NaCl, 0.5% Sodium deoxycholate, 0.1% SDS, 1% Triton X 100) and
additionally 1 mM PMSF, Protease Inhibitor Cocktail and Phosphatase Inhibitor Cocktail 11 and
I11 (Sigma). Briefly, the cell pellets were re-suspended in modified RIPA buffer and incubated in
ice for 30 min. Further, the resultant mixture was cleared by centrifugation for 30 min at 12000g
for 15 min at 4°C; and the supernatant was collected in pre chilled tubes. Protein concentration
was quantified by BCA method as per manufacturer’s protocol (Thermo scientific). 30 pg of
protein was resolved on 10% SDS-PAGE and transferred to the nitrocellulose membrane. The
membrane was blocked with 5% BSA (Tris Buffer Saline Tween 20) and probed with respective
primary antibodies at 4°C overnight. The blots were further incubated in HRP conjugated

secondary antibodies for 1 hour and proteins detected by the addition of Luminata Forte. Primary
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antibodies used in the study were: PKM1 (#SAB4200094), PKM2 (#SAB4200095), Myc-tag (#C
3956), LC3B (L7543) and B-Actin (#A1978), which were procured from Sigma-Aldrich. AMPKa
(#5831), p-AMPKa (T172) (#2535), ACC (#3676), p-ACC (Ser79) (#11818), p-PKM2 (Y105)
(#3827), P70 S6 Kinase (#2708), p-P70 S6 Kinase (T389) (#9234), p-S6 (Ser 235/236) (#4858),
p-S6 (Ser 240/244) (#5364), Histone H3 (#5192), PARP (#9542), COX IV (#4850), B-Tubulin
(#2128) and Histone-H3 (#4499) were obtained from Cell Signaling Technology. Secondary
antibodies, anti-Rabbit HRP (# 7076) and anti-Mouse HRP (# 7074), were from Cell signaling
Technology. Secondary antibodies, chicken anti-Rabbit Alexa 488 (# A-11008) was procured from

Molecular probes.
3.11 Immunohistochemistry using Tumor Tissues

Tumor tissues from sporadic breast cancer patients (provided by Dr. Gaurav Agarwal from Sanjay
Gandhi Postgraduate Institute of Medical Sciences, Lucknow), were collected as detailed earlier
(Pal et al. 2010, Pal et al. 2011) with the prior approval from Jawaharlal Nehru University ethical
committee. ImmunoHistochemistry (IHC) was performed as described previously (Mohseni et al.
2014). In brief, clinically and histologically defined sporadic breast cancer tissue samples were
fixed for 24 hours in phosphate buffer saline with 10% formalin and embedded in paraffin,
followed by sectioning (4um serial section), and staining with anti-pACC (Ser79), anti-PKM1 and
anti-PKM2, respectively (with the assistance of Dr. Chitra Sarkar, Department of Pathology,
AIIMS, New Delhi).

3.12 Subcellular fractionation and Co~immunoprecipitation

Nuclear and cytoplasmic fractions were obtained by using NE-PER extraction kit (Thermo
Scientific #78833) and fractions of mitochondria extracted, using mitochondrial isolation kit
(Thermo  Scientific #89874), according to the manufacturer’s instructions. Co-
immunoprecipitation (Co-IP) was performed using the kit procured from Thermo Scientific. In
brief, the antibodies were cross-linked with the amine-activated Agarose A beads and incubated
with cell lysates at 4°C overnight. Protein complex bound to the beads were washed thrice with
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lysis buffer and then eluted by adding elution buffer. The resultant IP products and inputs were

subjected to immunaoblotting analysis with the antibodies of interest.
3.13 Confocal microscopy

Cells grown on coverslips were fixed by adding 3.7% paraformaldehyde, dissolved in phosphate
buffer saline (PBS) for 20 min and cells were permeabilized with blocking buffer (5% chicken
serum in 1 X PBS) containing 0.1% Triton X 100 for 1 hour at room temperature. Slides were
incubated overnight at 4°C with primary antibodies to mark their subcellular localization.
Excessive antibodies were washed and coverslips incubated with secondary antibody (anti-rabbit
Alex 488 or anti-rabbit Alex 594) for 1 hour at room temperature. Nuclei were stained with DAPI
(Sigma-Aldrich) and the mitochondria with MitoTracker Red (Molecular probes, Life
Technologies). Coverslips were mounted on glass slides with Prolong® Antifade reagent
(Molecular probes, Life Technologies), and cells examined, followed by imaging, using Nikon
Eclipse Ti-S Inverted Microscope. The data was analyzed using NIS- Elements image analysis

software (Nikon).

3.14 LC~-MS studies

His and Myc-tagged PKM1 was purified from the lysates of H1299 stable cells, using His-pull
down and Myc-IP. We first used His-tag for pull-down and then immunoprecipitated PKM1 using
myc-tag from the elute we got after His-pull down. The resultant eluent was subjected to in-
solution Trypsin digestion. In brief, the eluted proteins were mixed with surfactant RapiGest
(Waters) and were reduced with DTT and alkylated, using iodoacetamide. Samples were digested
with 2ug of sequencing grade trypsin gold (Promega) at 37°C overnight and subjected to LC/MS-
MS analysis (LC-MS/MS Waters SYNAPT G2 with 2D nano ACQUITY System). Mass spectrum
obtained from the LC/MS was analyzed using Protein Lynx Global SERVER (PGLS); and the
interactome for PKM1 was generated. We acknowledge, Mr. Plabon Borah (AIRF — JNU, New

Delhi) for providing assistance in LC/MS analysis.
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3.15 Computational prediction of protein subcellular localization

To predict subcellular localization of PKM1 (Uniprot 1.D.: P14618-2) and PKM2 (Uniprot 1.D.:
P14618), the amino acid sequences of PKM isoforms were examined using six online computation
tools that employ various algorithms to predict the subcellular localization. In brief, these tools
employ algorithms that involve homology-based annotation, amino acid composition, localization
signal sequences (sorting signals) and functional motifs to predict the subcellular localization. The
following computational tools were used to assess the subcellular localization of PKM isoforms:
CELLO v.2.5: http://cello.life.nctu.edu.tw/, HSLpred:_http://www.imtech.res.in/raghava/hslpred/,
Hum-mPLoc  2.0: http://www.csbio.sjtu.edu.cn/bioinf/hum-multi-2/, SubLoc  v1.0:

http://www.bioinfo.tsinghua.edu.cn/SubLoc/, YLoc: http://abi.inf.uni-

tuebingen.de/Services/Y Loc/webloc.cgi, and BaCellLo: http://gpcr.biocomp.unibo.it/bacello/.

3.16 Glucose uptake, Lactate Release and ATP Assays

Glucose consumption and lactate release levels were measured in culture medium that was
collected after growing the cells under appropriate conditions, using Glucose (Hexokinase) assay
kit (Sigma-Aldrich) and Lactate Colorimetric/Fluorometric assay Kit (BioVision), following the
manufacturer’s specifications. The concentration of the ATP was measured using the ATP

bioluminescence assay kit (BioVision) as per the manufacturer’s instruction.

3.17 FACS Analysis

To assess the mitochondrial membrane potential and mass, the stable knockdown cells were
trypsinized and stained with 100nM Mito Tracker Red CMXROS dye (Invitrogen # M7512) to
examine mitochondrial membrane potential or MitoTracker Green dye (Invitrogen # M 7514) to
examine mitochondrial mass and incubated for 30 min at 37°C. To acquire the fluorescence
MitoTracker signals, samples were run on flow cytometry (BD biosciences, USA); and the data

acquired were analyzed using inbuilt “Cellquest Pro” software.
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3.18 Cell proliferation Assay (CCK8 Assay)

Cell proliferation was measured using cell counting kit-8 reagent (CCK8, Dojindo Molecular
Technologies, Inc.). In brief, to each well of a 96-well plate, the stable cells were seeded at a
density of 10,000 cells/well. Following 12 hours of seeding, the adherent cells were washed with
phosphate buffer saline and replaced with fresh 100ul growth medium. Cell proliferation was
measured at every 24-hour interval, starting from 0 to 72 hours, by adding 10ul of CCK8 reagent
to the appropriate groups and incubated at 37°C for 1 hour. Absorbance was quantified at a
wavelength of 450 nm using a microplate reader (Molecular Devices). Cells were seeded in
triplicates for each group in these experiments and in addition, the experiment was repeated twice.

3.19 Statistical Analysis

Data was represented as mean + SEM. Level of significance was tested with paired Student t test
or ANOVA (Two-way ANOVA and Two-way ANOVA), using Prism software (GraphPad). P<.05
was considered to be statistically significant. Tested significance was displayed in the figures as *
P<0.05; ** P<0.01; *** P<0.001.
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Chapter-4

Results

4.1 AMPK activation by glucose depletion or AICAR treatment affects glycolytic

pathway enzyme, Pyruvate kinase M, expression and its isoform switch.

AMP-activated protein kinase plays a pivotal role in conserving the cellular energetic homeostasis
by remodeling the metabolic phenotype to resist nutritional stress. In recent years, extensive
studies have appreciated the importance of LKB1-AMPK pathway in tumorogenesis, where the
axis of LKB1-AMPK is shown to provide tolerance to nutrient deprivation in cancer cells (Kato
etal. 2002, Jeon et al. 2012, Liang and Mills 2013). However, how AMPK contributes to metabolic
phenotype of cancer cells, and the mechanistic link through which AMPK exhibits tolerance to

hypoglycemic situation that arises upon tumor progression, remains largely elusive.

In order to comprehend the effect of AMP-activated protein kinase on crucial glycolytic enzymes
that govern aerobic glycolysis, lung (H1299) and breast (MCF-7) adenocarcinoma cells were
cultured under declining concentrations of glucose (25, 10, 5, 1, .1 and 0 mM) and the cell lysates
run in the gels and transferred to the membrane. Immunoblots of the membranes, when analyzed
for the expression status of PKM1, PKM2, AMPK, p-AMPK (T172) and p-ACC (Ser 79), revealed
the activation of AMPK signaling kinase with simultaneous PKM expression switch toward PKM1
(Fig. 4.1A and 4.2A). The p-ACC (Ser79) profile served as a marker to show the degree of AMPK
activation. To validate if AMPK played a role in PKM isoform switch, we treated cells with a
concentration gradient of AICAR (5-Aminoimidazole-4-carboxamide ribonucleotide), an agonist
of AMPK; and replicated the pattern of PKM isoform switch (Fig. 4.1B and 4.2B) as observed
under glucose insufficient experimental conditions. Further, to confirm these observations, cells
were pretreated with or without Compound C (C.C.), an inhibitor of AMPK kinase and subjected
to AMPK activation using glucose insufficient condition or AICAR treatment. Immunoblots
depicted that the pretreatment with C.C. specifically impaired the function of AMPK, assessed by
using p-ACC (ser79) and switched splice variant from PKM2 to PKM1 (Fig. 4.1C and 4.2C),

supporting the conclusion of an involvement of AMPK in PKM2 to PKM1 switch. In order to
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ensure that the antibodies used for the two isoforms were not cross-reacting, the recombinant GST

tagged PKM1 and PKM2 proteins were used to validate their specificity (Fig. 4.1D).
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Fig.4.1. PKM1 expression under hypoglycemic conditions is regulated by AMPK pathway. (A-C)
Immunoplots of (A) p-AMPKa(T172), AMPKa, p-ACC (S79), ACC, PKM1 and PKM2 from the
protein lysates of H1299 cells, grown in glucose-free medium, supplemented with relative lowering
concentration of glucose (25, 10, 5, 1, .1, 0 mM) for a period of 8 hours to show AMPK activation
and PKM expression status. (B) the protein lysates of H1299 cells cultured in enriched glucose
(25mM) medium and treated with a gradient of AICAR (0, .5, .1, .2, .5, 1 mM) for 8 hours, using
the indicated antibodies, to show AMPK activation and PKM isoform expression status. (C) p-
ACC (S79), PKM1 and PKM2 to show AMPK activation and PKM expression status in protein
lysates of H1299 cells, pretreated with or without 10 uM Compound C (inhibitor of AMPK) for 30
minutes and cultured in the presence and absence of glucose or 500uM of AICAR as indicated, for

the period of 8 hours. The relative expression levels (signals) of PKM1 and PKM2 from the above

56 | Page



Chapter-4 Results

immunoblots were quantified using ImageJ and normalized to -Actin. (D) Immunoblotting with
anti-PKM1 and anti-PKM2 to show the specificity for purified recombinant PKM1 (rGST-PKM1)

and PKM2 (rGST-PKM1), C.B.B. Coomassie Brilliant Blue stained.
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Fig. 4.2 AMPK regulates the pyruvate kinase M2 to M1 isoform switch in MCF-7 cells. (A)
Immunoblot of p-ACC (S79), PKM1 and PKM2 from the protein lysates of cells, grown in glucose-
free medium, supplemented with relative lowering concentration of glucose (25, 10, 5, 1, .1, 0 mM)
for a period of 8 hours; (B) Immunoblot for p-ACC (S79), PKM1 and PKM2 from the protein
lysates of cells, treated with a gradient of AICAR (0, .5, .1, .2, .5, 1 mM) for 8 hours; (C)
Immunoblot of p-AMPKa, AMPKa (T172), p-ACC (S79), ACC, PKM1 and PKM2 from the protein
lysates of H1299 cells, pretreated with or without 10 uM Compound C (inhibitor of AMPK) for
30 minutes, and cultured in the presence and absence of glucose or 500uM of AICAR as indicated,

for the period of 8 hours.
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4.2 AMPK requires its protein kinase feature (Thr172 phosphorylation) to regulate
the pyruvate kinase M2 to M1 isoform switch in cancer cells.

Further, to explore if the protein kinase activity of AMPK (i.e., Threonine 172 phosphorylation,
pT172, mediated by LKB1) was critical to activate PKM isoform switch, H1299 and A549 cells
cultured with enriched glucose (25mM) were transiently transfected with T172D AMPKo2
constitutively active (CA) mutant (AMPKo2 T172D-Myc) (Fig. 4.3A), resulting in PKM2 to
PKM1 switch with increased Ser79 ACC phosphorylation. Whereas, cells transfected with vector
or wild-type AMPKa2 (AMPKa2-Myc) failed to show such a switch (Fig. 4.3B), suggesting the
involvement of the activation of AMPK and the LKB1-AMPK axis in the regulation of PKM

isoform switch.
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Fig. 4.3. AMPK requires LKB1 kinase to regulate the pyruvate kinase M2 to M1 isoform switch
in cancer cells. (A) schematic diagram depicts the construct of pPCDNA3.1-AMPKa2T172D-Myc

that encodes Myc-tagged AMPKo.2 constitute active protein.(B) Immunoblots of the protein lysates
of H1299 and A549 cells transfected with empty vector (pcDNA3.1), Myc-tagged wild-type
AMPKaz2 (AMPKa2-Myc) or AMPKa?2 constitutively active T172D mutant (AMPKa2T172D-Myc)
and cultured under enriched (25mM) glucose conditions and probed with Myc-tag and pACC
(ser79) antibodies to show the expression and functional validation of AMPKa2 Wild-type and
Mutant; also, depicting the results of probing with PKM1 and PKM2 antibodies to show their
expression status. The relative expression levels (signals) of PKM1 and PKM2 were quantified

using ImageJ and normalized to S-Actin.
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4.3 AMPX activation by glucose depletion affects pyruvate kinase activity, but not
of hexokinase and lactate dehydrogenase.

Besides the expression regulation of PKM isoforms, the effect of AMPK was also examined for
rest of the known glycolytic enzymes that govern aerobic glycolysis. We cultured, H1299 and
MCEF-7 cells in glucose free medium and supplemented with selected standardized concentrations
(25, 5 & 1mM) of glucose to mimic, nutrient replete (25 mM), human physiological (5mM) and
near glucose deplete condition (1mM), to stimulate AMPK in cell culture condition. Cell lysates
assayed for the activity of critical enzymes (HK, PK and LDH) associated with aerobic glycolysis
showed a significant increase in the PK activity with decreasing glucose concentrations; whereas
the activity of HK and LDH remained unaltered (Fig. 4.4A). Immunoblots showed a consistent
decrease in PKM2 protein expression with unaltered PKM2-Tyr105 phosphorylation and a shift
in expression from PKM2 to PKM1 (Fig. 4.4B), suggesting that the enhanced PK activity
apparently resulted due to an increased expression of alternatively spliced PKM1. The results of
semiquantitative RT-PCR in H1299 and MCF-7 cells also depicted the switch towards PKM1,
without altering significantly the expression of isoforms of hexokinase (HK1 and HK?2) and lactate
dehydrogenase (LDHA and LDHB) at RNA level (Fig. 4.4C). The appearance of PKM1 isoform
at mMRNA and protein level in the experimental lung (H1299) and breast cancer (MCF-7) cell lines
concomitantly with PKM2 contradicted the exclusiveness of the latter in cancer cells as reported
earlier (Mazurek et al. 2005, Christofk et al. 2008). In order to find out if the two alternatively
spliced forms of PKM co-expressed in cancers, we observed that the expression of PKM2
increased with the advancing stages of sporadic breast tumors when compared with the adjoining
normal tissues. To our surprise, PKM1 co-expressed along with PKM2 in these tissues and showed
a similar trend of increasing expression with advancing stages of the tumors (Fig. 4.5A) The
prevalence of co-expression was confirmed further in cultured cancer cells of different tissue
origins, where we examined 6 different cell lines (MCF-7, MDA-MB-231, PC-3, H1299, A549
and HelLa), derived from four different tissue (Breast, Lung, Prostate and Cervical) origins and
compared with two other non-cancerous (L6-rat skeletal muscle and HEK293-Human Embryonic
Kidney) cell lines (Fig. 4.5B). The phenomenon of co-expression was also confirmed at RNA level
in cultured human cancer cells, using semi-quantitative RT-PCR followed by exon-specific

restriction digestion of PKM2, a modified technique adopted from David et al. 2010 (David et al.
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2010), to examine the proportion of the expression of the two isoforms (Fig. 4.5C-D). Further, to
understand the relevance of the co expressing isoform of PKM1, we proposed to study its
interactome, sub-cellular localization, role in aerobic glycolysis and cell viability, using mostly

lung cancer cell lines, unless specified otherwise.
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Fig. 4.4. Effect of glucose depletion on glycolytic pathway enzymes and the pyruvate kinase
isoform switch. (A) Relative enzyme activity of glycolytic enzymes: Hexokinase, HK; Pyruvate
Kinase, PK; and Lactate Dehydrogenase, LDH; in the protein lysates of H1299 and MCF-7 cells,
cultured in glucose-free medium, supplemented with (25mM, 5mM, 1mM) glucose for a period of
8 hours. (B) Immunoblot of PKM2, p-PKM2 (Try105) and PKM1 from protein lysates of cells as
in ‘4’ with relative expression levels (signals) quantified using ImageJ and normalized to S-Actin.
(C) RT-PCR analysis to show the relative expression of genes involved in glucose metabolism
(HK1, HK2, PKM1, PKM2, LDH A, LDHB) from H1299 (Left) and MCF-7 (Right) cells, cultured
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in glucose-free medium, supplemented with (25 mM, 5mM, 1mM) glucose for a period of 8 hours.
*P < 0.05, **P < 0.01, ***P < 0.001.
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Fig. 4.5. Co-expression of PKM1 and PKM2 in tumor cells and cancer cell lines. (A)
Immunoblotting with anti-PKM1 and anti-PKM2 to demonstrate co-expression of PKM1 and
PKMZ2 isoforms of pyruvate kinase in stage Il and stage 111 sporadic breast tumors in comparison
to their normal tissue pair (N — Normal tissue, T — Tumor tissue). (B) Expression status of PKM1
and PKM2 in six human cancer cell lines of four different tissue origins and two non-cancerous
cell lines, used as a control. (C) Schematic representation to depict the approach employed to
assay PKM1/PKM2 mRNA ratio in human cancer cells. (D) Semi-quantitative RT-PCR followed
by PKM2 exon-specific restriction digestion with Alel restriction enzyme to examine the
proportion of PKM1 and PKM2 expression in human cancer cells, using Alel restriction enzyme.
UCT-Uncut, Ale I — Restriction digested and D.L — DNA Ladder. Uncut PKM1 and PKM2, 397

bp, Ale I undigested PKM1, 397 bp, Ale | digested PKM2 product I, 249 bp, and Ale | digested
PKM2 product 11, 148 bp.
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4.4 AMPK mediated PKM2 to PKMI1 switch in glucose deprived condition

influences the oligomeric state of pyruvate kinase but not of lactate dehydrogenase.

The observation of co-existence of both PKM1 and PKM2 in cell lines and tumor samples
necessitated correlating the observed changes to the oligomeric (dimer: tetramer, using glycerol
gradient density ultracentrifugation) status of the two isoforms, which showed a significant shift
in response to the hypoglycemic culture conditions (Fig. 4.6). H1299 cells cultured in 25mM of
glucose exhibited predominantly enzymatically inactive dimeric form of PKM and showed a shift
towards tetramer peak under lower glucose concentrations (5mM and 1mM). The oligomeric
status, however, of LDH when investigated in H1299 and replicated in MCF-7 cells in presence
of similar glucose concentrations, using in-gel-activity-assay (Zymography), remained unaltered
(Fig. 4.7A-B).
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Fig. 4.6. Glucose inadequacy shifts the tetramer : dimer ratio of PKM. (A) Dimeric and Tetrameric
peaks of PK, resolved by spectrometric PK enzyme assay of the fractions collected from glycerol
density gradient ultracentrifugation, loaded with protein lysates of H1299 cells cultured in

glucose-free medium, supplemented with (25mM, 5mM, 1mM) glucose for a period of 8 hours.
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Fig. 4.7. Effect of Glucose deprivation on LDH isozymes and their oligomeric status. (A) The
oligomeric patterns of LDH in MCF-7, H1299 and L6 Rat muscle cells, assessed through ‘in-gel
activity assay’ (Zymography), (B) LDH Zymography, displaying the oligomeric status in protein
lysates of H1299 and MCF-7 cells, cultured in glucose free DMEM medium and supplemented
with 25 mM, 5mM, 1mM glucose for a period of 8 hours.

4.5 Prediction and validation of AMPK phosphorylation sites of M1 and M2
isoforms of pyruvate kinase.

To examine if the activated AMPK interacted and phosphorylated PKM isoforms to influence its
glycolytic activity, computationally two sites (Threonine 45 and 93), both in M1 and M2 isoforms
of PK; and one additional site (Serine 403) exclusive to PKM1, as consensus phosphorylation sites
of AMPK with moderate stringency, were predicted (Fig. 4.8A). For subsequent validation, we
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generated H1299 stable cells, overexpressing either Myc-His-tagged- PKM1 (PKM1-Myc-His) or
PKM2 (PKM2-Myc-His) (Fig. 4.8B). These isoforms when independently immunoprecipitated
(IP) from whole cell lysates of H1299 stable cells cultured under depleted glucose (1mM)
condition and subjected to LC-MS/MS analysis, revealed neither a physical interaction between
PKM isoforms and AMPK, nor phosphorylation on the predicted sites in either of the PKM
isoforms, in accordance with the PKM1 and PKM2 interactome and the coverage map (Fig. 4.8C).
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Fig. 4.8. Identification and characterization of AMPK consensus phosphorylation sites and
interactome of M1 and M2 isoforms of pyruvate kinase. (A) The AMPK consensus
phosphorylation motif shown in top panel were acquired from Gwinn et al (2008). where the level
of stringency represents the optimal match with the motif. The potential AMPK consensus
phosphorylation site in both PKM1 and PKM2 (Threonine 45 and 93) and PKM1 alone (Serine
403) were predicted using Scansite3. ACC1, TSC-2, and PFK2 are reference targets, previously
recognized phosphorylation sites of AMPK. (B) Immunoblots of the protein lysates of H1299 stable
cell lines, expressing empty vector, Myc-His-tagged PKM1 (Left) or Myc-His-tagged PKM2
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(Right) with Myc-tag, PKM1, and PKM2 antibodies to show over-expression of PKM1 or PKM2.
(C) LC/MS, coverage map of M1 and M2 isoforms of pyruvate kinase, amino acid sequence
highlighted in yellow color shows the sequence covered by M/S analysis; Green color represents
amino acid predicted to be phosphorylated as in A., red color shows the M1 and M2 specific

sequences obtained from independent M/S analysis of PKM1 and PKM2.

4.6 Identification of protein interacting partners of human PKM1 using LC/MS-
MS.

The complex of PKM1 and its interacting partners were co-purified by Myc-tag
immunoprecipitation from whole cell lysates of H1299 cells stably expressing Myc-tagged-PKM1
(PKM1-Myc-His) (Fig. 4.8B) and subjected to Liquid Chromatography-Mass spectrometry (LC-
MS) based analysis. From the results of two independent LC-MS studies, nearly 30 interacting
proteins of PKM1 were found (Table 4.1), which involved the proteins from cytoplasm,
mitochondria, and nucleus, as an integral part of diverse cellular machinery of, glycolytic pathway,
mitochondrial electron transport chain, protein translation, protein folding, DNA replication and
cytoskeletal networks (Fig. 4.9).
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Fig. 4.9. Identification of protein interacting pariners of human PKM1 using LC/MS-MS. (A)
Cytoscape map of PKM1 interactome, involving a total of 30 interacting partners of PKM1, co-

immunoprecipitated with myc tagged PKM1 from H1299 lysate and identified using LC/MS-MS
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from two biological replicates. The identified interacting partners were further separated with
distinct color codes and marked as an integral part of cellular machinery like; glycolytic pathway,
mitochondrial electron transport chain, protein translational, protein folding, DNA replication

and cytoskeletal networks.

Table. 4.1. List of proteins identified as PKM1 interacting partners using LC/MS-MS.

Accession Entry Description Mass (Da) Peptides Coverage PLGS Score
1.D. (%)
P63261 ACTG Actin cytoplasmic 2 41765 13 31.4667 892.889
P12814 ACTN1 Alpha actinin 1 102992 32 28.5874 623.7095
043707 ACTN4 Alpha actinin 4 104788 58 48.5181 1891.53
P04083 ANXA1 Annexin Al 38689 14 28.9017 336.3753
P07355 ANXA2 Annexin A2 38651 12 28.9086 850.7295
P48047 ATPO ATP synthase subunit O 23262 7 33.8028 315.8188
mitochondrial
P33993 MCM7 DNA replication 81256 24 32.267 712.8558
licensing factor MCM7
P68104 EF1A1 Elongation factor 1 50109 33 47.8355 4913.585
alpha 1
P24534 EF1B Elongation factor 1 beta 24748 3 10.6667 411.1423
P04075 ALDOA Fructose bisphosphate 39395 14 48.3517 1219.534
aldolase A
P04406 G3P Glyceraldehyde 3 36030 26 60.597 1782.219
phosphate
dehydrogenase
P11142 HSP7C Heat shock cognate 71 70827 16 22.1362 524.3831
kDa protein
P22392-2 NDKB Isoform 3 of Nucleoside 30117 15 36.7041 1039.605
diphosphate kinase B
Q9H254-4 SPTN4 Isoform 4 of Spectrin 243272 20 12.0241 281.8018
beta chain
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P14618-2 KPYM Isoform M1 of Pyruvate 58025 24 40.678 584.7386
kinase isozymes M1
M2
Q06830 PRDX1 Peroxiredoxin 1 22096 10 38.191 1235.415
Q15102 PA1B3 Platelet activating 25718 10 37.2294 333.5217
factor acetylhydrolase
IB subunit gamma
POCG48 UBC Polyubiquitin C 85533 32 31.5374 1067.547
Q5VTEO EF1A3 Putative elongation 50153 26 38.961 3000.535
factor 1 alpha like 3
AG6NJU9 NPIL5 Putative NPIP like 125886 20 20.826 242.025
protein LOC613037
P14618 KPYM Pyruvate kinase 57900 29 43.5028 896.5508
iIsozymes M1 M2
Q8WXA9 SREK1 Splicing regulatory 59345 32 24.2126 298.4866
glutamine lysine rich
protein 1
P17987 TCPA T complex protein 1 60410 12 22.6619 496.8228
subunit alpha
P78371 TCPB T complex protein 1 57452 16 42.243 524.3919
subunit beta
Q99832 TCPH T complex protein 1 59328 17 21.7311 673.8492
subunit eta G
P49368 TCPG T complex protein 1 60495 19 32.6605 740.262
subunit gamma
P50990 TCPQ T complex protein 1 59582 21 34.854 483.6839
subunit theta GN
P40227 TCPZ T complex protein 1 57987 19 34.6516 658.8874
subunit zeta
P29401 TKT Transketolase 67834 16 29.695 325.851
P68363 TBA1B Tubulin alpha 1B chain 50119 35 44,1242 5546.314
P07437 TBB5 Tubulin beta chain 49638 39 43.6937 2897.446
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4.7. PKM1 and PKM2 localize differentially to subcellular organelles.

To support the observation of PKM1 interaction with proteins of different subcellular organelles,
the amino acid sequence of PKM1 was analyzed, using six online computational tools to predict
the subcellular localization of PKM1 and compare the same with PKM2. The predictions revealed
that both PKM1 and PKM2 localized predominantly in the cytoplasm, followed by their presence
in mitochondria and at appreciative levels in the nucleus (Table. 4.2). This was further confirmed
by immunoblotting studies with subcellular fractions and confocal microscopy. Results revealed a
differential localization pattern of PKM isoforms in H1299 and A549 cells, where PKM1 localized
within the cytosol, mitochondria, and nucleus; whereas, PKM2 localized predominantly in the
cytoplasm and with appreciative levels in the nucleus, showing an apparent absence in the
mitochondria (Figs. 4.10A-F). Interestingly, the interactome data of PKM1 revealed a possible
interaction between co-expressed PKM1 and PKM2 isoforms; where LC-MS data of PKM1
isoform exhibited the peptide sequence corresponding to that of PKM2 isoform. To validate the
interaction between PKM1 and PKM2, confocal microscopy and co-immunoprecipitation (Co-1P)
studies were carried out. The distribution and strong interaction within cytoplasm between the
endogenous PKM1 (immunostained with anti-PKM1 and Alexa594-Red) and exogenously
expressed Myc-tagged PKM2 (PKM2-Myc) (immunostained with anti-Myc and Alexa 488-
Green) was visualized using confocal microscopy (Fig. 4.11A). The IP of Myc-tag from the lysate
of H1299 cells stably expressing PKM1-Myc showed the co-precipitation of endogenous PKM2,
re-confirming the interaction between the two. This was further validated in the reciprocal
experiment between exogenously expressing PKM2-Myc and endogenous PKM1 (Fig. 4.11B).
The likelihood of the hetero-oligomers, expected to be formed through PKM1-PKM2 interaction,
was examined by separating PKM oligomers (dimer and tetramer) from H1299 cell lysates in a
glycerol step gradient subjected to ultracentrifugation (Gupta et al. 2010, Igbal et al. 2013). The
precise location of PKM dimer or tetramer was detected by examining pyruvate kinase activity
(Fig. 4.11C), followed by Westerns of the same glycerol fraction with PKM1 and PKM2 specific
antibodies, which established the formation of heterotetramers of PKM1 and PKM2 without

forming heterodimers. (Fig. 4.11D).
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Table 4.2. In silico subcellular localization prediction of PKM isoforms (PKM1 and PKM2).

Software

CELLOVv.2.5

HSLpred

Hum-mPLoc
2.0.
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Localization
PKM1 PKM2

Cytoplasm Cytoplasm
RELIABILITY: RELIABILITY:
Cytoplasmic 2.831  Cytoplasmic 2.940
Mitochondrial 0.958 | Mitochondrial 0.958
Nuclear 0.043 | Nuclear 0.055
Peroxisomal Peroxisomal 0.111
0.116 Cytoskeletal 0.020

Cytoskeletal 0.029
Plasma Membrane

Plasma Membrane
0.009

0.014
ER 0.007

ER 0.007
Mitochondrial Protein. Cytoplasmic Protein.

Cytoplasm
Mitochondrion

and ' Cytoplasm and
Mitochondrion

Basis of Prediction

Amino acid composition and
its physicochemical
properties (Yu et al. 2006).

Support  vector machine-
based hybrid modules that
acid

involve amino

composition, dipeptide
compositions and
evolutionary information of

protein (Garg et al. 2005)

Gene ontology, functional
domains and  sequential
evolutionary information

(Chou and Shen 2006)



SubLoc v1.0 Mitochondrial

Expected accuracy = 74
%

YLoc Cytoplasm
Probability:

Cytoplasm 80.2%,
Nucleus 16.9%,
Mitochondrion  3.0%,
Secreted pathway
0.0%

BaCelLo Cytoplasm
LOCALIZATION
STEPS:
Intracellular -
Nucleus or
Cytoplasm -
Cytoplasm

Mitochondrial

Expected accuracy = 56 %

Cytoplasm
Probability:
Cytoplasm 88.2%,
Nucleus 7.9 %,

Mitochondrion 3.8 %,
Secreted pathway 0.0 %

Cytoplasm
LOCALIZATION

STEPS:

Intracellular -
Nucleus or
Cytoplasm -
Cytoplasm
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Uses vector support machine
Amino acid composition
(Hua and Sun 2001)

Sequence-based predictions
(amino acid composition,
sorting signals)
(Briesemeister et al. 2010)

Support  vector machine-
based amino acid
compositions

of both the N- and C-
terminal (Pierleoni et al.
2006).

Table. 4.2. In silico subcellular localization prediction of PKM isoforms. The methods to predict

subcellular Localization of PKM1 and PKM2 were acquired from Zambo et al. (Zambo et al.
2016); where the amino acid sequence of PKM isoforms PKM1 (P14618-2) and PKM2 (P14618)

was examined using six online computational tools that employed different algorithms to predict

the subcellular localization of PKM isoforms.
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Fig. 4.10. Sub-cellular localization of PKM isoforms and their validation. (A) Immunoblots
showing PKM1 and PKM2 in the lysate of H1299 (left panel) and A549 (right panel) cells collected
by fractionating the cytoplasm and the nucleus (W.C.L. — Whole cell Lysate, C.F. - Cytoplasmic

Fraction and N.F. Nuclear Fraction). PARP and -Tubulin served as loading controls for nucleus,
and cytoplasm, respectively. (B) Immunoblots of PKM1 and PKM2 from a lysate of H1299 (left
panel) and A549 (right panel) cells collected by fractionating the cytoplasm and the mitochondria
(W.C.L. —Whole cell Lysate, C.F. - Cytoplasmic Fraction, M.F. Mitochondrial Fraction). COX IV
and p-Tubulin served as loading controls for mitochondria, and cytoplasm respectively. (C-F)

Confocal microscopy images demonstrating the subcellular localization of PKM1 or PKM2 in
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H1299 and A549 cells, immunostained with antibodies of PKM2 (Green) or PKM1 (Green);

mitochondria were stained with Mito-tracker Red (Red) and the nucleus was stained with DAPI
(Blue). Merged figures are shown with a scale bar of 20pum.

DIC DAPI PKMI PKM2-Myc tag MERGE
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Fig. 4.11. PKM1 and PKMZ inferaction and hefero-oligomeric formation confribute fo the nef
pyruvate kinase activity. A) Confocal microscopy images, displaying the co-localization of

endogenous PKM1 (Immunostained with anti-PKM1 and secondary-anti-Alexa589; Red) and
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exogenously expressed Myc-tagged PKM2 (Immunostained with anti-Myc-tag and secondary-
anti-Alexa488: Green) in H1299 cells; Nucleus was stained with DAPI (Blue); figures are shown
with a scale bar of 20um. (B) Immunoprecipitation (IP) performed with anti-Myc-tag in lysates of
H1299 cells, stably expressing Myc-tagged PKM1 (PKM1-Myc) (left panel), or Myc-tagged PKM2
(PKM2-Myc) (right panel), followed by immunoblotting with PKM1 or PKM2 antibodies, to show
the interaction between PKM-isoforms (IgG - used as Isotype control). (C) Dimeric and tetrameric
peaks of PKM2, resolved by examining pyruvate kinase activity from the fractions collected after
glycerol density gradient ultracentrifugation, loaded with protein lysates from H1299 cells. (D)
Immunoblotting with anti-PKM1 and anti-PKM2 of the glycerol density gradient fractions as
mentioned in panel C to measure the distribution of PKM1 and PKM2 in the separated peaks in
panel (C).

4.8 Alternative splicing in favor of PKM1 is regulated by AMPK by downregulating
the expression of hnRNPs.

Given the observation of LKB1-AMPK pathway driven preferential expression of PKM1 isoform,
the link between the LKB1-AMPK pathway and the PKM1-expression switch was investigated.
Since c-Myc, a downstream effector of MTOR (Mammalian Target of Rapamycin) controls
transcription activation of hnRNPs (Heterogeneous nuclear ribonucleoproteins) and results in
PKML1 repression and preferential expression of PKM2 (Clower et al. 2010, David et al. 2010, Sun
etal. 2011), it was pertinent first to investigate if the activated LKB1-AMPK pathway antagonized
MTOR-c-Myc-hnRNP axis to regulate alternative splice switch towards PKM1 isoform under
insufficient glucose condition. We observed that glucose deprived (1mM) cells resulted in the
switch in expression towards PKM1, repressing MTOR signaling pathway and the expression of
its downstream effector, c-Myc, an observation which was similar to the what was detected in cells
cultured under enriched glucose (25mM) condition in presence of the MTOR inhibitor, Rapamycin
(Fig. 4.12A). Likewise, the expression status of: c-Myc, hnRNPs [nnRNPA1, hnRNPA2 and PTB]
and PKM isoforms at RNA level in H1299 cells, pretreated with or without AMPK inhibitor (C.C)
and/or stimulated for AMPK activation, revealed that activation of AMPK downregulated the
expression of c-Myc and hnRNPs in association with PKM2 to PKM1 isoform switch. This switch
in expression was prevented by the pretreatment of AMPK inhibitor (C.C), confirming the effect
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of AMPK on c-Myc-hnRNP axis by down-regulating c-Myc and hnRNPs and the PKM isoform
switch (Fig. 4.12B-D).
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Fig. 4.12. AMPK regulates the alternative splicing of PKM isoforms. (A) Immunoblots of the
protein lysates of H1299 cells, grown under enriched (25mM) or insufficient (ImM) glucose
medium or enriched (25mM) glucose medium with 10 nM Rapamycin for 8 hours, using the

indicated antibodies to show an antagonistic relation between AMPK and MTOR signaling
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pathways. The relative expression levels (signals) of PKM1 and PKM2 were quantified using
ImageJ and normalized to g-Actin. (B) RT-PCR of c-Myc, hnRNPAL, hnRNPA2, PTBP1, PKM1
and PKM2 using H1299 cells grown under enriched (25mM) or insufficient (ImM) glucose
medium or enriched (25mM) glucose medium with 10 nM Rapamycin for 8 hours; RT-PCR bands
were subjected to densitometric analysis using Image J software and the ratio was plotted using
the loading control ACTINB (ACTB), (C-D) Bars represent the relative RNA expression levels of
hnRNPAL, hnRNPA2, PTBP1, PKM1 and PKM2 in H1299 cells as of (B) * P < 0.5, **P < 0.01,
***pP < 0.001.

4.9 AMPK driven PKM1 expression supports metabolic shift towards glycolysis
from oxidative phosphorylation to support ATP synthesis.

Since AMPK is known to be involved in maintaining energy homeostasis (Shackelford and Shaw
2009), it was hypothesized that the AMPK driven PKM switch would influence aerobic glycolysis
and the cellular energy of cancer cells in culture. In this context, to investigate the specific
glycolytic implications of AMPK induced PKM2 to PKM1 switch, stable knockdowns of PKM1
and PKM2 were generated in H1299 cells (Fig. 4.13A). Subsequently, aerobic glycolysis and
energy status was measured in these cells, grown under enriched (25mM) and insufficient (1mM)
glucose conditions, revealing that knockdown of PKML1 significantly reduced the glucose uptake,
lactate release, and ATP production (Fig. 4.13B-D), under glucose insufficient condition,
compared to their respective vector (pLKO.1) and shPKM2 transduced cells. Expectedly,
knockdown of PKM2 reduced the glucose uptake and lactate release, however, ATP production
remained unaltered in cells cultured with enriched (25mM) glucose (Fig. 4.13B-D). Whereas,
under glucose depletion, PKM2 knockdown did not affect metabolism, probably because of the

replacement of PKM1 isoform upon AMPK induction.

Further, AMPK-PKML1 dependent augmented ATP production in glucose depleted cancer cells
(Fig. 4.13D) prompted us to examine the glycolytic and OXPHOS contribution to the ATP
production in nutritionally deprived cancer cells. The glycolytic ATP levels in stable H1299 cells
transduced with vector, shPKM1 or shPKM2, and cultured under enriched (25mM) and
insufficient (ImM G) glucose conditions, followed by treatment with Oligomycin (a specific

inhibitor of mitochondrial ATP synthase). It was clear in Oligomycin treated experiments with a
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Fig. 4.13. Loss of PKM1 negatively affects the acrobic glycolysis and ATP production in glucose
depleted cancer cells. (A) Immunoblots to validate stable knockdown of PKM1 (Left) and PKM2
expression (right) in H1299 cell lines transduced with lentiviruses containing empty vector
(pLKO.1) or shPKML1 or shPKMZ2; (B, C and D) Glucose uptake (B); Lactate release (C) and
Intracellular ATP (D) levels in H1299 cells stably expressing with vector, PKM1 or PKM2
targeting shRNAs, cultured in enriched (25mM) or insufficient (ImM) glucose medium for 24
hours. (E) ATP levels in Vector, shPKM1, and shPKM2 transduced H1299 stable cells is shown
under enriched (25mM) or insufficient (LmM) glucose culture condition, with or without 100nm
Oligomycin treatment for 24 hours. (F) Bar diagram depicts the relative mitochondrial membrane
potential in H1299 cells stably transduced with control vector (pLKO.1), shPKM1 or shPKM2 and
cultured under enriched (25mM) or insufficient (1mM) glucose culture condition. For all the
experiments above (n=3; mean + SEM),*P < 0.05, **P < 0.01, ***P < 0.001.
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knock-down expression of PKM2 under insufficient glucose conditions that PKM1 contributed to
a substantial increase in ATP production through glycolysis (Fig. 4.13E). The large drop in ATP
upon PKM1 knockdown, compared to vector and shPKM2, substantiated this further (Fig. 4.13E).

Given that the cancer cells depend on aerobic glycolysis for energy generation under nutrient-
starved condition through the AMPK-PKM1 axis, the mitochondrial-membrane potential (A¥m)
was examined under nutrient-deprived condition to perceive the status of oxidative
phosphorylation. Results revealed that H1299 stable cells that are transduced with shPKML1 or
shPKM2 and cultured under enriched (25mM) glucose condition exhibited an increase in
mitochondrial - membrane potential (A¥m), compared to the cells transduced with vector alone
(Fig. 4.13F). However, under insufficient (LmMG) glucose condition, the cells that exclusively
expressed PKM2 and were knocked-down for PKM1, exhibited a further increase in potential,
when compared with cells transduced with vector or shPKM1. Moreover, when compared with
H1299 cells cultured under replete glucose condition, there was a concomitant decrease in net
mitochondrial - membrane potential (A¥m) in cells cultured under 1ImM glucose (Fig. 4.13F).
Together, the data suggested that under glucose insufficient conditions, AMPK driven PKM2 to
PKM1 switch in cancer cells promote aerobic glycolysis to enhance the ATP production.

4.10. AMPK driven PKM1 expression is essential for cancer cell survival under

glucose depletion.

The preferential requirement of PKM isoforms (M1 or M2) under enriched (25mM) and
insufficient (1mM) glucose conditions in H1299 cells, transduced with vector (LKO.1), shPKM1
and shPKM2 was assessed. As is known, the knockdown of PKM2 retarded the cell proliferation
rate (vector vs. sShPKM2: P< 0.01; 48 hrs and 72 hrs), but PKM1 knockdown did not affect the
proliferation of cells in presence of 25 mM glucose (Fig. 4.14A). However, glucose-depleted cells
showed a remarkable sensitivity to PKM1 silencing (vector vs. shPKM1: P< 0.001; 72 hrs and
shPKM1 vs. shPKM2: P<0.01; 72 hrs). The viability of cells differed markedly in prolonged
glucose depletion (ImM), resulting in cell death, which did not differ between PKM2 knockdown
cells and the vector (Fig. 4.14B). Further, immunoblotting with apoptosis markers in the lysates
of stable H1299 cells transduced with vector, sShPKM1 and shPKM2 and cultured under limited
glucose (1mM), revealed the PARP cleavage only in PKM1 knockdown cells (Fig. 4.14C). To
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further corroborate our in vitro observations, we performed immunohistochemistry (IHC) on
sporadic breast tumor tissue (4 pm serial) sections to examine the spatial distribution of PKM1
and PKM2. PKM1 was found to be confined to a subset of cells which also showed the presence
of pACC (Ser79) (a marker we used to locate hypoglycemic tumor microenvironment). PKM2
distribution, however, was spatially different from pACC (Ser79) positive regions, though with an
appreciative co-expression of both PKM1 and PKM2 (Fig. 4.15 A). Together, these results
demonstrated that the expression of PKM2 is critical for cancer cells to proliferate, as is known in
literature, under nutritionally enriched conditions; whereas, an AMPK dependent PKM switch

towards PKM1 is necessary for cancer cells to survive in glucose insufficient conditions (Fig.
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Fig 4.14. Loss of PKM1 expression inhibits survival and enhances apoptosis of glucose deprived
cancer cells. (A and B) Bars represent the proliferation rate of stable H1299 cells transduced with
lentiviruses expressing empty vector (pLKO.1), shPKM1 or shPKM2, and cultured under glucose
enriched (25mM) or insufficient (ImM) conditions for a period of 72 hours; where cell
proliferation rate was assayed every 24 hours. For all the experiments mentioned (n=4; mean *
SEM), statistical analyses were performed using two-way ANOVA with Tukey’s multiple
comparison test (GraphPad Prism),*P < 0.05, **P < 0.01, ***P < 0.001. (C) Immunoblot for

cleaved PARP to assess apoptosis in lysates of H1299 cells stably transduced with vector
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(pLKO.1), shPKML1 or shPKM2 and grown in glucose free medium supplemented with 1mM of
glucose for the indicated time periods.
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Fig. 4.15 Immunohistochemistry analysis to reveal differential distribution of PKM1 and PKM2
in tumor tissues. (A) Hematoxylin and eosin (H & E), anti-pACC, anti-PKM1 and anti-PKM2
staining of representative serial sections from sporadic breast tumor tissues (representative of
images of 8-Stage 1l ductal invasive carcinoma) is shown. Scale bars shown are of 200um. (B)
Schematic illustration of the dynamic regulation of expression of PKM1 and PKM2 by antagonistic
signaling pathways of LKB1-AMPK and MTOR-hnRNPs in response to the nutritional status of
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tumor microenvironment which provides proliferative (PKM2) and survival (PKM1) advantage.
The latter is proposed to be under nutrition deprivation (poor vascularized regions of a tumor)
state; where ATP is generated through aerobic glycolysis predominantly. OXPHOS apparently

operates in the cells regardless of glucose and PKM status.

4.11 Ectopic expression of LKB1 is essential in tumor cells that lack LKB1 to trigger
AMPK mediated PKM1 expression under glucose deprivation.

Given that the axis of LKB1-AMPK-PKM1 was observed to be essential to tolerate nutritional
deprivation, it has been suggested that a significant number of lung, breast and cervical carcinoma
cases lack LKB1 expression and exhibit glucose addiction. To study the significance of functional
LKBL1, upstream to AMPK, to regulate PKM isoform switch; the cell lines, A549 (Ji et al. 2007)
and MDA-MB-231 (Shen et al. 2002) lacking LKB1 were transfected with vector or Myc-tagged-
LKB1 (LKB1-Myc) constructs and subjected to AMPK activation by glucose depletion (1mM).
Both cell lines harboring LKB1-Myc showed a switch towards PKMZ1, which was not observed in

vector-transfected controls (Fig. 4.16).

Vector LKBl-myc Vector LKBl-myc

(GlucosemM) 25 1 25 1 25 1 25 1
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Fig. 4.16 AMPK requires LKB1 kinase to regulate the pyruvate kinase M2 to M1 isoform switch
in cancer cells that lack LKB1. Immunoblots from the protein lysates of A549 and MDA-MB 231
cells stably transfected with empty vector (pcDNA3.1) or Myc-tagged LKB1 (LKB1-Myc), cultured
in glucose enriched (25mM) and deplete (ImM) medium for a period of 8 hours, probed with Myc-
tag, PKM1 and PKM2 antibodies, to show overexpression of LKB1-Myc and PKM expression

status.
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4.12 Ectopic expression of LKB1 is required for AMPK activation along with the
pre-treatment of MG132 (proteasome inhibitors) to prevent PKM1 degradation in

HPV 18 positive HeLa (cervical cancer) cells under glucose deprivation.

Since HelLa cells are known to lack LKB1 expression, the observation of relatively less PKM1
expression (Fig. 4.5B) despite the presence of a sufficient level of RNA expression which was
comparable to PKM2, was surprising. It suggested exploring reasons for the same and finding out
if the integration of HPV18 in the genome of HeLa cells played any role. Therefore it was pertinent
to investigate if the ectopic expression of LKB1 for AMPK activation could facilitate AMPK
mediated PKM1 expression. Results revealed that the ectopic expression of LKB1 in HeLa cells
in presence and absence of glucose or 500uM of AICAR indeed triggered the expression of PKM1
in AMPK dependent manner. However, PKM1 thus produced underwent proteasomal degradation,
which required MG132, a proteasome inhibitor to prevent the degradation (Fig. 4.17A). A
comparison with HPV~v¢ A431 skin cancer cell line with endogenous LKB1 expression, used as a
control, exhibited AMPK mediated PKM1 switch under the mentioned conditions (Fig. 4.17B).

Further, the half-life of PKM1 and PKM2 proteins in the cycloheximide chase experiment was
examined. HeLa cells treated with 100 pg of cycloheximide (CHX) to block nascent polypeptide
synthesis and harvested at different time points (2, 4, 8, 12 and 24 hours) were subjected to
immunoblotting analysis to compare the rate of protein decay in comparison to the initial levels (0
hours). Results revealed that PKM1 in HelLa cells had a relatively weak protein stability (t1/2 = 2
hours), when compared with PKM2 (t1/2 = 10 hours) (Fig. 4.18A-C). To explore the pathway
which targeted PKM1 and PKM2 for proteolysis, HeLa cells were treated with cycloheximide in
combination with MG132 (proteasome inhibitor) and chloroquine (lysosome inhibitor). Results
revealed that the half-life of PKM2 was extended by the co-treatment of chloroquine with CHX;
whereas, MG132 co-treatment, failed to prevent PKM2 degradation (Fig. 4.19A and B). In case
of PKM1, the combination of MG132 with CHX stabilized PKM1 accumulation with time,
however, co-treatment of chloroquine failed to prevent degradation (Fig. 4.19A and B).
Altogether, the results suggested that HeLa cells choose to degrade PKML1 through proteasome
and PKM2 using lysosome.
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Fig. 4.17. Hela cells require LKB1 re-constitution and MG132 treatment to stimulate AMPK
mediated PKM1 expression. (A) Immunoblot of Myc-tag, p-ACC (S79), PKM1, PKM2 and Actin
from the protein lysates of HeLa cells transfected with empty vector (o)cDNA3.1) or re-constituted
with Myc-tagged LKB1 (LKB1-Myc) and cultured in presence and absence of glucose or 500uM
of AICAR as indicated, for a period of 8 hours. (B) Immunoblot of p-ACC (S79), PKM1, PKM2
and Actin from the protein lysates of A431 cancer cells cultured in presence and absence of glucose

or 500uM of AICAR as indicated for a period of 8 hours.
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Fig 4.18. Cycloheximide chase experiment to analyze the stability of PKM1 and PKM2. (A)
Immunoblots of PKM1 and PKM2 from the protein lysate of HeLa cells treated with 100 pg of
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cycloheximide and harvested at the indicated time intervals. (B-C) The level of remaining, un-
degraded PKM2 (B) and PKML1 (C) at different time points, were plotted as percentage, following
the quantification of bands in the immunoblots from A and normalized against the initial levels
t=0; 100% (0 hour of CHX treatment).
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Fig. 4.19. Proteasome inhibitor prevents PKM1 degradation and lysosome inhibitor prevents
PKM2 degradation in HeLa cells. (A) Immunoblots of PKM1 and PKM2 from the protein lysate of
HeLa cells treated with combination of 100 pg of cycloheximide + 10 ug MG132 or 100 pg of
cycloheximide + chloroquine for the indicated time periods. (B-C) The level of remaining, un-
degraded PKM2 (B) and PKML1 (C) at different time points, plotted in graphs as percentage,
following the quantification of bands in the immunoblots from A and normalized against the initial

levels t=0; 100%.
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4.13 HPV encoded E6 and E7 viral oncoproteins regulate expression switch of PKM

isoforms and glycolytic pathway enzymes to favor aerobic glycolysis.

To comprehend the role of HPV encoded oncoproteins (E6 and E7) in the expression of PKM
isoforms and the core glycolytic enzymes that govern aerobic glycolysis, HPVV18+ve HelLa cells
were transfected with siRNA to target the expression of E6 and E7 oncoproteins. The silencing of
E6 and E7 oncoproteins was validated by semi-quantitative RT-PCR (Fig. 4.20A). Subsequent to
this, the expression level of key glycolytic enzymes that govern aerobic glycolysis, like HK1, HK2,
LDHA, LDHB and PKM1/2, were examined and found with a significant decrease in their
expression (Fig. 4.20A and B). Further, to evaluate the absolute expression levels of PKM1 and
PKM2 in HelLa cells transduced with sil8E6/E7, a semi quantitative RT-PCR was performed,
using PKM primers flanking Exon 8 and Exon 11 followed by the restriction digestion with Ale |
enzyme. Results revealed a significant shift in the isoforms of PKM from PKM2 to PKM1 (Fig.
4.20C and D).

4.14 HPV18 encoded E6 and E7 oncoproteins regulate c-Myc and the splicesome

factors to regulate PKM isoform switch.

Since transcriptional factor, c-Myc mediated transactivation of hnRNPs (Heterogeneous nuclear
ribonucleoproteins) controls the preferential expression of PKM2 and PKM1 repression (Clower
et al. 2010, David et al. 2010, Sun et al. 2011); it was appropriate to examine the expression status
of c-Myc and hnRNPs to correlate with observed PKM2 to PKM1 switch in HeLa cells transfected
with 18E6 and E7siRNA. As anticipated, silencing of E6 and E7 oncoproteins significantly down
regulated the expression of c-Myc, hnRNPA1, hnRNPA2 and PTBP1; correlating with PKM2 to
PKML1 switch (Fig. 4.21A and B).
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Fig. 4.20. Effect of HPV18 encoded oncoprotein E6 and E7 silencing on glycolytic pathway
enzymes in Hela cells. (A) RT-PCR of HPV18E6, HPV18E7, GLUT1, HK1, HK2, PKM1/2, LDHA
and LDHB, using HeLa cells transfected with 50nM or 100nM of siRNA, to silence the expression
of E6 and E7 oncoprotein. RT-PCR bands were subjected to densitometric analysis using Image J
software and the ratio was plotted using the loading control ACTINB (ACTB). (B) Bars represent
the relative RNA expression levels of HPV18E6, HPV18E7, GLUT1, HK1, HK2, PKM1/2, LDHA
and LDHB in HeLa cells as of (A) * P < 0.5, **P < 0.01, ***P < 0.001. (C) Semi-quantitative
RT-PCR followed by PKM2 exon-specific restriction digestion with Alel restriction enzyme to
examine the proportion of PKM1 and PKM2 expression in HeLa cells transfected with 50nM or
100nM of siRNA, after silencing the expression of E6 and E7 oncoprotein. (D) Bar diagrams
showing a relative percentage of PKM1 and PKM2 as of (C).
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Fig. 4.21. C-Myc and its downstream splicesome factors (hnRNPS’) govern the E6 and E7
oncoprotein stimulated PKM switch. (A) RT-PCR of c-Myc, hnRNPAL, hnRNPA2, PTBP1, and
PKM1/2 using HelLa cells transfected with 50nM or 100nM of siRNA to silence the expression of
E6 and E7 oncoprotein; RT-PCR bands were subjected to densitometric analysis using Image J
software and the ratio was plotted using the loading control ACTINB (ACTB). (B) Bars represent
the relative RNA expression levels of hnRNPA1, hnRNPA2, PTBP1, PKM1 and PKM2 in HeLa
cellsas of (A) * P < 0.5, **P < 0.01, ***P < 0.001.

4.15 PKM1 or PKM2 knockdown differentially affect net pyruvate kinase activity,

ATP level and cell proliferation of lung cancer cell lines.

M2 isoform of pyruvate kinase (PKM2) has emerged as a potential candidate to target different
types of tumors. However, recent studies have highlighted the limitation that exists in the strategy
of targeting PKM2 in cancer. The knockdown of PKM2 in in vitro and in vivo has been reported
to affect proliferation and viability of cancer cells of different tissue origin heterogeneously
(Christofk et al. 2008, Goldberg and Sharp 2012, Cortés-Cros et al. 2013, Israelsen et al. 2013). In
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order to find out what determines such a heterogeneous response and to examine the key features
that confer protection against PKM2 knockdown induced growth inhibition and cell death in
cancer cells, the lentivirus harboring shRNA targeting PKM1 or PKM2 mRNA in human lung
cancer cell lines (A549 and H1299) was introduced to generate stable knockdowns for PKM
isoforms. PKM1 or PKM2 knockdown was validated with Western blotting (Fig. 4.22A). When
measured for PK activity, H1299 cells that were subjected to PKM2 knockdown, exhibited 90%
reduction in the net PK activity; whereas, PKM1 knockdown reduced the activity by 26% in
comparison to vector (pLKO.1) transfected cells (Figs. 4.22B-C left panels). In A549 cells
silenced for PKM2, the activity was reduced by 67%; and PKM1 silencing reduced the activity by
58% (Figs. 4.22B-C right panels), suggesting a differential contribution of PKM2 and PKM1
isoforms to the net PK activity in the two (H1299 and A549) cell lines. Intriguingly, stable
knockdown of PK isoforms in A549 cells significantly reduced the cellular ATP level; whereas,
in H1299 cells the knockdown left the level of ATP unaltered (Fig. 4.22D). However, H1299 cells
that were transiently transduced with shPKM1 or shPKM2 showed a reduction in the total cellular
ATP level (Data not shown), which probably suggests that H1299 stable cells for PKM1 and
PKM2 knockdown passaged for successive generations attained energy homeostasis. When
measured for cell proliferation rate, H1299 cells stably transduced with shPKM2 demonstrated a
significant reduction in their proliferation (vector vs. shPKM2, 24 hrs; P< 0.001, 48 hrs; P< 0.001
and 72 hrs; P< 0.001); whereas, the proliferation rate of cells transduced with shPKM1 remained
unaffected (Fig. 4.23A). Likewise, stable PKM2 knockdown in A549 cells showed a remarkable
reduction in their proliferation rate (vector vs. shPKM2, 48 hrs; P< 0.001 and 72 hrs; P< 0.01).
However, in contrast to H1299, stable PKM1 knockdown in A549 cells also exhibited proliferation
reduction (vector vs. shPKM1, 48 hrs; P< 0.001 and 72 hrs; P< 0.001) (Fig. 4.23B). The effect of
PKM silencing on H1299 and A549 cell proliferation was further validated using colony forming
assay, where PKM2 silencing significantly affected H1299 propagation and colony formation
(vector vs. shPKM2; P< 0.05) (Fig. 4.23C); whereas, knockdown of either PKM1 or PKM2
largely reduced A549 cell colony forming ability (vector vs. shPKM1; P< 0.05 and vector vs.
shPKM2; P< 0.05) (Fig. 4.19D).
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Fig. 4.22. Knockdown of PKM1 or PKM2 differentially affects the metabolism of human lung
cancer cells, H1299 and A549. (A) Immunoblots to validate stable knockdown of PKM1 and
PKM2 expression in H1299 (left panel) and A549 (right panel) cells, transduced with vector
control (pLKO.1), shPKM1 or shPKM2. (B) Relative pyruvate kinase enzyme activity from protein
lysates of H1299 (left panel) and A549 (right Panel) cells stably transduced with control vector
(pLKO.1), shPKM1 or shPKM2. (C) Bar diagrams showing a relative reduction in the percentage
of pyruvate kinase activity after silencing of PKM1 and PKM2 in H1299 (left panel) and A549
(right panel) cells. (D) Intracellular ATP levels in H1299 (left panel) and A549 (right panel) cells
stably transduced with vector (pLKO.1), shPKM1 or shPKM2. *P < 0.05, **P < 0.01, ***P <
0.001.
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Fig. 4.23. PKM1 or PKM2 silencing differentially affects the proliferation of H1299 and A549
cells. (A-B) CCK8 assay to examine the proliferation rate of (A) H1299 cells and (B) A549 cells,
stably transduced with vector (pLKO.1), shPKM1 or shPKM2 and cultured for a period of 72
hour; cell proliferation rate was assayed at every 24 hour interval. (C-D) Bars represent the
number of colonies obtained from the anchorage-dependent clonogenic assay of H1299 (left) and
A549 (right) stable cells transduced with lentivirus containing empty vector (pLKO.1), shPKM1
or shPKM2. *P < 0.05.
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4.16. PKM knockdown activates AMPK signaling to promote mitochondrial

biogenesis and autophagy, evading apoptosis.

The stable knockdown of PKM1 or PKM2 in H1299 cells activated AMPK signaling pathway in
response to the perturbed energy (ATP) homeostasis. The activation of AMPK was measured by
amarked increase in the Threonine 172 (Thr172) phosphorylation of AMPK and Serine 79 (Ser79)
phosphorylation of Acetyl-CoA carboxylase (ACC; a downstream substrate of AMPK) (Fig.
4.24A left panel). Also, we observed that the prolonged abrogation of PKM isoforms (i.e. stable
knockdowns that were passaged through successive generations) resulted in the up-regulation of
the expression of AMPK alpha subunits. Conversely, stable PKM isoform knockdowns in A549
cells failed to activate AMPK, owing to the lack of the upstream protein kinase LKB1 (Ji et al.
2007, Shackelford et al. 2013, Faubert et al. 2014) (Fig. 4.24A right panel).

Further, the active AMPK in stable H1299 cells stimulated mitochondrial biogenesis, where
activation of AMPK in H1299 cell was associated with concomitant increase in mitochondrial-
membrane potential (A¥m) (Fig. 4.24B) and-mass (Fig. 4.24C), with an overall increase in the
expression of master regulatory transcription factors of mitochondrial biogenesis (PGC 1a, NRF1,
NRF2 and TFAM) and mitochondrial-encoded subunits of electron transport chain (ETC)
complexes (COX 1, ND3 and ATP6) (Fig. 4.24D). A549 cells that were silenced for the expression
of PKM1 or PKMZ2 failed to show such changes in the mitochondrial membrane potential (A¥m),
mitochondrial content, and expression of genes associated with mitochondrial biogenesis (Fig.
4.24B-D). Remarkably, H1299 cells that were silenced for PKM isoforms showed autophagy,
examined using autophagic marker LC3B-11, without showing any sign of apoptosis (Fig. 4.24E);
while, A549 cells that failed to activate AMPK pathway in response to PKM isoform silencing
underwent apoptosis, but not autophagy. (Fig. 4.24E).
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Fig. 4.24. AMPK signaling reprograms energy metabolism pathway to sustain energy

homeostasis and to prevent apoptotic cell death. (A) Immunoblots from the protein lysate of

H1299 (left panel) and A549 (right panel) cells stably transduced with lentivirus containing
control vector (pLKO.1), shPKM1 or shPKM2, to show AMPK signaling activation. (B-C) Bar
diagram depicts the relative mitochondrial membrane potential (B) and mitochondrial mass (C)
in H1299 (left panel) and A549 (right panel) cells stably transduced with control vector (pLKO.1),
shPKM1 or shPKM2, *P < 0.05, **P < 0.01. (D) gRT-PCR analysis to show the relative change
in expression of the genes involved in mitochondrial biogenesis (PGC la, NRFI, NRF2 and

TFAM) and mitochondrial-encoded subunits of electron transport chain complexes (COX 1, ND3
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and ATP6) from H1299 (left) and A549 (right) cells with stable PKM1 and PKM2 knockdown. The
bars represent the fold-change after normalizing with the control of each group (vector
transfected), *P < 0.05, **P < 0.01, ***P < 0.001. (E) Immunoblots from the protein lysate of
H1299 (left panel) and A549 (right panel) cells transduced with lentivirus containing empty vector
(pLKO.1), shPKM1 or shPKM2, to assess autophagy and apoptosis, using LC3B-11 and Cleaved

PARP as markers.

4.17. Knockdown of AMPK catalytic alpha subunit along with PKM1 or PKM2

induces apoptosis in H1299 cells.

Given that PKM1 or PKM2 silencing in H1299 cells stimulated a metabolic shift to mitochondrial
oxidative phosphorylation in an AMPK pathway-dependent manner to preserve energy
homeostasis, we speculated that this reprogramming of energy metabolism might have warranted
resistance against PKM1 and PKMZ2 silencing induced cell death in H1299 cells. To test our
hypothesis, the expression of AMPK alpha2 catalytic subunit was silenced in H1299 stable cells
for PKM1 and PKM2 knockdown and validated with Western blotting (Fig. 4.25A).

Furthermore, we observed that the combination of AMPKa2 catalytic subunit and PKM1 or PKM?2
knockdown in H1299 cells did not affect the mitochondrial membrane potential (A¥m) (Fig.
4.25B), mitochondrial mass (Fig. 4.25C), and expression of genes associated with mitochondrial
biogenesis (PGC 1a, NRF1, NRF2 and TFAM) and mitochondrial-encoded subunits of electron
transport chain (ETC) complexes (COX 1, ND3 and ATP6) (Fig. 4.25D). When evaluated for cell
proliferation rate, H1299 cells that were transduced with the combination of sShAMPKa2+shPKM1
or shAMPKo2+shPKM?2 demonstrated a significant reduction in their proliferation (vector vs.
shAMPKa2+shPKM1, 24 hrs; P< 0.01, 48 hrs; P< 0.001 and 72 hrs; P< 0.001) (vector vs.
shAMPKa2+shPKM2, 24 hrs; P< 0.001, 48 hrs; P< 0.001,72 hrs; P< 0.001) (Fig. 4.25E), and
also exhibited apoptotic cell death, however, with no sign of autophagy (Fig. 4.25F).
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Fig. 4.25. AMPKa2 and PKM1 or PKM2 dual knockdowns induce cell death in H1299 cells by
preventing reprogramming of energy metabolism. (A) Immunoblots from the protein lysate of
H1299 cells stably transduced with control vector (pLKO.1), shAMPKa2, shAMPKa2- and -
shPKM1 or -shPKM2 to validate the knockdown of AMPKa2, PKM1, and PKM2. (B-C) Bar
diagram depicts the relative mitochondrial membrane potential (B) and mitochondrial mass (C)
in H1299 cells stably transduced with control vector (pLKO.1), shAMPKo.2, shAMPKa2- and -
shPKM1 or -shPKM2. (D) gRT-PCR analysis to show the relative expression change of genes
involved in the mitochondrial biogenesis (PGC 1o, NRF1, NRF2 and TFAM) and mitochondrial-
encoded subunits of electron transport chain complexes (COX 1, ND3 and ATP6) from H1299
cells for stable AMPKo.2 or AMPKa2 and PKM1 or PKM2 knockdown. The bars represent the
fold-change after normalizing with the control of each group (vector transfected). (E) CCK8 assay
to examine the proliferation rate of H1299 cells stably transduced with control vector (pLKO.1),
shAMPKa?2, shAMPKo.2, and shPKM1 or shPKM2 and cultured for the period of 72 hours; cell
proliferation rate was assayed at every 24 hour interval. (F) Immunoblots from the protein lysate
of H1299 as mentioned in (A) to measure autophagy and apoptosis, using LC3B-11 and Cleaved

PARP as markers.
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Discussion

The key challenge in tumor metabolism and growth is to comprehend how rapidly the dividing
cancer cells in solid tumors overcome the checkpoints that maintain tissue homeostasis, especially
under nutritional stress. To unravel the signaling pathway and its downstream adaptive metabolic
phenotype(s) that benefit cancer cells to survive the fluctuations in available nutrients, remains of
interest. The study conducted in this thesis attempted to address some of mentioned scientific
puzzles by elucidating a novel signaling axis of LKB1-AMPK-PKML1, providing metabolic
benefits that nurse cancer cells to overcome the unfavorable condition of nutritional stress. In the
light of the results obtained, this work proposes a potential therapeutic strategy of employing
silencing of both the PKM isoforms in tumors, that shelter heterogeneous clones of cancer cells

with diverse metabolic signatures, after evaluating the cellular status of AMPK.

5.1 LKB1~AMPK axis regulates the switch of Pyruvate Kinase M isoforms to tolerate

nufritional stress

The results obtained demonstrated an integral role of LKB1-AMPK signaling pathway in
regulating the expression switch from M2 to M1 isoform of the glycolytic enzyme, pyruvate
kinase, in response to glucose depletion in cancer cells (Fig. 4.1 and 4.2), which did not alter the
expression of isoforms of hexokinase (HK1 and HK2) and lactate dehydrogenase (LDHA and
LDHB) (Fig. 4.4 and 4.7). The role played by AMPK in PKM isoform switch towards PKM1
under hypoglycemic conditions corroborated with the results obtained after the use of AMPK
activator (AICAR) and the inhibitor compound C (C.C) (Fig. 4.1 and Fig. 4.2). The cell lines
lacking LKB1 when used in the experiments expressing the constitutively active mutant of AMPK
(T172D) demonstrated further the critical importance of LKB1 upstream to AMPK in regulating
PKM1 switch (Fig. 4.3 and 4.16). Results showed that the activation of AMPK resulted in the
inhibition of MTOR signaling and downregulated c-Myc, hnRNPA1, hnRNPA2 and PTB

expression, concomitant with the switching of expression from PKM2 to PKM1 (Fig. 4.12).
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Till date in literature, a preferential expression of PKM2 over other tissue isoforms has been
considered as one of the metabolic hallmark feature of cancer (Cairns et al. 2011); where PKM2
expression serves the pivotal role in cancer growth (Christofk et al. 2008) by governing aerobic
glycolysis (Yang et al. 2012) and performs a non-metabolic role of; co-transcription activation
(Luo etal. 2011, Yang et al. 2011), protein kinase function (Gao et al. 2012, Yang et al. 2012) and
chromosomal segregation (Jiang et al. 2014). The expression of PKM2 in tumors has been
considered to be a strategic step, retaining an intrinsic feature of interchangeable oligomeric states
of catalytically active tetramer and an inactive dimer in response to numerous factors (Igbal et al.
2014). The dynamic oscillation between PKM2 dimer : tetramer replenishes the biosynthetic and
bioenergetic needs of cancer cells by redirecting flux of glycolysis towards anabolism or
catabolism ; as well as presumably surviving under varying oxygen and nutrient conditions in
tumor microenvironment. The co-expression of M1 and M2 isoforms of pyruvate kinase detected
in a representative set of sporadic breast cancer tissues and several cancer cell lines (Fig. 4.5)
elucidated their role by finding how nutrient status of insufficient glucose under culture conditions
resulted in a preferential switch of expression towards PKM1 isoform. In addition to their co-
existence, a novel interaction between M1 and M2 isoforms of pyruvate kinase, generating
heterotetrameric cross-oligomers but not heterodimers was revealed (Fig. 4.11); which in all
likelihood contributed to the net pyruvate kinase enzyme activity in cancer cells cultured under
enriched glucose condition. The switch towards non-allosteric, catalytically more active PKM1
expression in glucose depleted cancer cells increased the net PKM activity by facilitating the
subunit association of PK towards its catalytically more active oligomeric (tetrameric) form (Fig.
4.6). In comparison to the established non-metabolic functions of PKM2 by regulating PKM2
nuclear localization under the influence of growth factors and hormones (Hoshino et al. 2007,
Yang et al. 2011), the localization of PKML1 in the cytoplasm, nucleus and mitochondria, as
observed in LC-MS/MS interactome data, was interesting (Fig. 4.9 and Table 4.1); which was
further supported by confocal and immunoblotting analysis of subcellular localization (Fig. 4.10).
Altogether, these results widen the scope of the role of both the isoforms of PK, assigning new
roles to PKML1. The possible interactions between PKM1 and ATP synthase of mitochondria and

MCM-7 of nucleus, as indicated in LC-MS/MS interactome, provided an apparent support to the
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proposed role of PKM1, requiring additional functional studies to validate the interaction and to

examine the non-metabolic functions of PKM1 in future.

The preferential expression of PKML1 in glucose depleted cancer cells and its increased activity
with enhanced aerobic glycolysis, a conclusion drawn from the observation of increased glucose
uptake, lactate release rate, and decrease in mitochondrial membrane potential (A¥m) to maintain
energy (ATP) homeostasis (Fig. 4.13), apparently provided endurance for cell survival. Silencing
of PKML1 expression by knockdown impaired aerobic glycolysis and apparently energy
homeostasis (Fig. 4.13), reducing the survival of glucose depleted cancer cells and inducing the
state of apoptosis (Fig. 4.14). However, similar metabolic features were observed with the
knockdown of PKM2, showing impaired proliferation rate of cancer cells, under enriched nutrient
condition, an observation consistent with the present knowledge in literature (Christofk et al.
2008). The switch from PKM2 to PKM1 expression probably shifted the flux of glycolysis from
biosynthesis to bioenergetics phase, essential for cell survival under hypoglycemic conditions.
Notably, despite the association of AMPK pathway with mitochondrial biogenesis (Reznick and
Shulman 2006), the LKB-AMPK-PKM1 axis in glucose depleted cancer cells uncoupled the
mitochondrial oxidative phosphorylation and showed an enhanced aerobic glycolysis for ATP
generation; evidenced from the observation of an unaltered ATP levels with Oligomycin treatment,
and reduced mitochondrial membrane potential (A¥m) in glucose depleted cancer cells (Fig. 4.13).
It appeared enigmatic, but contemporary studies support the observation of accelerated aerobic
glycolysis associated with nutrient depleted cancer cells (Amoroso et al. 2012, Wu et al. 2013).
Wau et al, have shown how AMPK inhibited the mitochondrial pyruvate entry in nutrient depleted
cancer cells, which is in support of the observation made here. One more plausible justification
could be in terms of how real-life tumors encounter the ‘recurrent’ hypoglycemia with hypoxia,
which obliges the cancer cells to prefer aerobic glycolysis over mitochondrial oxidative
phosphorylation.

PKM2 has been validated as a potential candidate of glycolysis for therapeutic interventions to
target cancer metabolism (Gupta et al. 2014). However, in the background of the observations of
co-existence of the two isoforms of PKM (Fig. 4.5), and the preferential expression of one of the

isoforms, PKM1, under nutrient deficient conditions (Fig. 4.1 and 4.2), a model of gradient
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creation of the two PKM isoforms in malignant tumors is proposed. Where cells nourished with
nutrients in the periphery of tumor and in proximity to the blood vessels express PKM2
predominantly in a dimeric state with concomitant low expression of PKM1 tetramer for attaining
proliferation advantage. Whereas, the cells in the core of tumors (hypoglycemic/hypoxic centers),
starved of nutrients, are programmed to express the PKM1 isoform in an AMPK dependent manner
to provide the cancer cells a survival advantage. Thus, the two processes, one driven by PKM2
dimer/tetramer state of attending to the biosynthetic/bioenergetic needs and the other driven by
PKM1 tetramer for bioenergetic requirement alone, contribute to the metabolic heterogeneity of
real-life tumor cells (Fig. 4.15), demanding the tailor made therapeutics to target both PKM2 in
the periphery and PKML in the core of solid tumors.

5.2 HPV18+ve Hela cells constitutively direct PKM1 for proteasomal degradation
and transactivate c-Myc to regulate PKM2 expression switch and glycolytic

pathway enzymes to favor aerobic glycolysis

Given that the axis of LKB1-AMPK-PKM1 provides tolerance to cancer cells under hypoglycemic
condition; mounting evidence in literature suggests that HeLa cells lacking the expression of LKB1
due to promoter hyper-methylation (Tiainen et al. 1999) undergo apoptosis. This happened when
cells were cultured under nutrient deprived condition or were treated with agents that increased
the cellular AMP/ATP ratio, causing energy perturbation (Nafz et al. 2007, Inge et al. 2009,
Shackelford et al. 2013, Whang et al. 2016 Shaw et al. 2004, Jeon et al. 2012) (Shaw et al. 2004,
Jeon etal. 2012) . In the present study HelLa cells re-constituted with LKB1ectopic expression and
cultured under glucose starved condition or in presence of ACIAR failed to show PKM1 isoform
expression switch (Fig. 4.17). However, pre-treatment with MG132 (Proteasome inhibitor)
stabilized PKM1 expression (Fig. 4.17). Further, results of cycloheximide chase experiments along
with proteolysis inhibitor co-treatment demonstrated that PKM1 in HPV18"¢ Hela cells was
constitutively dictated to undergo proteasomal degradation (Fig. 4.18 and 4.19). Intriguingly,
SiRNA mediated silencing of HPV18 encoded E6 and E7 oncoproteins in HeLa cells significantly
decreased the expression of major glycolytic pathway enzymes (that contribute to aerobic
glycolysis), in particular showing a shift in the isoforms of PKM from PKM2 to PKML1 (Fig. 4.20).
Further experiments emphasized the involvement of c-Myc controlled transcriptional regulation
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of hnRNPs’ in HPV18 E6 and E7 mediated PKM1 to PKM2 expression switch (Fig 4.21). This
was confirmed in the present study by silencing E6 and E7 oncoproteins in HelLa cells, where a
significant down-regulation of expression of c-Myc, hnRNPA1, hnRNPA2 and PTB1 was
observed; the features which correlated well with PKM2 to PKM1 switch.

5.3 Tumor cells lacking LKB1-AMPK axis are more prone to PKM knockdown
induced growth inhibition and apoptosis

The phenotype of altered metabolism in cancer cells has gained enormous attention in recent years.
Attempts have been made to develop drugs that could target important metabolic enzymes, like
PKM2, which arguably is the critical regulator of aerobic glycolysis in cancer cells. The
therapeutic intervention that involves the strategy of silencing the expression of PKM2 has several
limitations, although the knockdown of PKM2 affects aerobic glycolysis in cancer cells (Christofk
et al. 2008), yet its ability in regressing the proliferation and in inducing cell death of cancer cells
from distinct tissue origin has been debated (Goldberg and Sharp 2012, Cortes-Cros et al. 2013,
Israelsen et al. 2013, Qin et al. 2014, Chu et al. 2015, Sun et al. 2015).

The experiments in this study in a representative set of sporadic breast cancer tissues and human
cancer cell lines of different tissue origin, co-expressing M1 and M2 isoforms of pyruvate kinase
(Fig. 4.4), provided an insight in suggesting alternative approaches for therapeutic intervention in
cancer cells. Realizing that the cancer cells mostly express both the isoforms of PKM which
interact to generate hetero-tetrameric cross-oligomers (Fig. 4.11), besides homo-tetramers of
PKM1, PKM2, and homo-dimers of PKMZ2; contributing to the overall pyruvate kinase activity in
cancer cells. Thus, it was obvious from the results that cancer cells involved both PKM1 and PKM2
to drive the glycolysis to yield ATP (Fig. 4.22), emphasizing that PKM1 in cancer cells is not just
a bystander. Hence, a standalone therapeutic strategy that silences the expression of PKIM2 might
not warrant success in regressing the tumor propagation. The abrogation of PKM2 expression in
such a situation may be compensated by the expression of PKM1 or the signaling pathway that
reprograms energy metabolism to preserve energy homeostasis. This is supported by a recent study
conducted by Israelsen et al., where PKM2 knockout reprogrammed tumors to express PKM1,

which instead of regressing stimulated tumor propagation (Israelsen et al. 2013). A recent study
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by Qin et al. also observed that AKT survival signaling that was activated followed by PKM2
knockdown conferred protection against growth inhibition and apoptosis (Qin et al. 2014).

Interestingly, the result obtained in this work demonstrated that the knockdown of PKM1 and
PKM2 affected the glycolytic metabolism and proliferation of A549 and H1299 cells (lung
adenocarcinoma cells) differentially (Figs. 4.22 and 4.23). The heterogeneous response between
PKM silenced H1299 and A549 cells were because of the presence of LKB1 (a serine/threonine
protein kinase upstream to AMPK) and an active AMPK signaling network downstream to LKB1
in H1299 and its absence in A549 cells (Ji et al. 2007, Shackelford et al. 2013, Faubert et al. 2014)
(Fig. 4.24). H1299 cells that were silenced for PKM isoforms activated AMPK survival signaling
to reprogram energy metabolism by stimulating mitochondrial biogenesis and by triggering
autophagy to preserve energy homeostasis and evading apoptosis. Whereas, A459 cells that lack
LKB1, failed to activate AMPK in order to maintain the adaptive energy metabolic phenotype
governed by AMPK, resulting in enhanced growth inhibition and apoptosis (Fig. 4.24).

Lack of LKB1 or harboring a loss of functional mutation is known in nearly 20-30% percent of
lung adenocarcinomas (Marcus and Zhou 2010). In addition, a substantial number of cases with
cervical, endometrial and prostate cancers also carry LKB1 mutations (Hezel and Bardeesy 2008).
Loss of LKB1 expression has been linked largely to a deregulated cellular metabolism, which
generally relies on aerobic glycolysis and supports the aggressive replicative phenotype of the
tumors by delivering precursors for biosynthesis (Carretero et al. 2007, Dupuy et al. 2013, Faubert
et al. 2014). Taken together, the results in the present work suggest that the cancer cells with
aberrant LKB1-AMPK axis could be contained by targeting glycolytic metabolism and energy
homeostasis through PKM1 and PKM2 silencing (Fig. 4.24). The conclusions drawn here are
consistent with recent studies, which collectively demonstrated that triggering bioenergetic stress
by pharmacological or genetic means in LKB1-AMPK pathway deficient tumors could enhance
anti-tumorigenic effect (Inge et al. 2009, Hardie and Alessi 2013, Shackelford et al. 2013, Whang
et al. 2016).

Further, this study also demonstrated that the cancer cells with active LKB1 could be targeted by
employing a strategy of introducing a combination of knockdowns for AMPK catalytic alpha
subunit and PKM1 or PKM2 (Fig 4.25). To this end, targeting AMPK could be appealing over
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LKB1, since LKB1 confers most of its biological role of cellular energy metabolic reprogramming
through the bioenergetic sensor AMPK via phosphorylation of threonine 172 residue of AMPK
(Shackelford and Shaw 2009, Hardie et al. 2012). Although, numerous strategies that choose to
target aerobic glycolysis are underway, the present study emphasizes upon development of a
resistance against those strategies through AMPK dependent energy metabolic rewiring. Taken
together, the findings provide a rationale for PKM knockdown in LKB1-deficient lung cancer
cells, and in addition, propose that the combined silencing of AMPK and PKM isoforms through
genetic or pharmacological means may provide a promising therapeutic strategy that could

compromise further growth of the tumor cells with a functional background of LKB1-AMPK axis.
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A.1 MAMMALIAN CELL CULTURE

A.1.1 10X PBS
Component | Concentration | Quantity in 1000 ml (10X) | Quantity in 2000 ml (1X)
NaCl 137 mM 80 gm 8.0gm
KCI 2.7 mM 2gm 0.2gm
Na2HPO4 10 mM 14.4 gm 1.44 gm
KH2PO4 2mM 2.4gm 0.48 gm

Storage: 4°C

A. 1.2 Incomplete cell culfure Media recipe

Component Quantity for 1000ml
DMEM (with high glucose) 13.7 gm
NaHCOs3 3.7gm
Autoclaved Water 890ml

A. 1.3 Complefe media recipe

l.
.
M.
IV.

To 890ml of sterile filtered incomplete media in a 1000ml Duran screw-cap bottle.
10ml of 100X Penicillin + Streptomycin cocktail was added.

Further, 100 ml of heat inactivated filtered fetal bovine serum was added to it.
The resultant complete media was mixed well and the cap of bottle was sealed with
paraffin and stored at 4°C.

A. 1.4 Trypsin solution: 200 ml

Trypsin 500 mg
EDTA 40 mg

Glucose 200 mg
PBS 200 ml
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A. 1.5 Culture media preparation and filter sterilization

V.

Two 1000ml Duran screw-cap bottles (one empty bottle and the other one with 890ml of
double distilled water), and a filter unit fitted with 0.22um filter membrane was
autoclaved.

The constituents of mammalian cell culture media were weighed and dissolved in the
autoclaved water.

The incomplete media was filtered sterilized and collected in a sterile empty Duran screw-
cap bottle.

To the sterile incomplete media, 1% of antibiotic (penicillin and streptomycin cocktail)
and 10% of filter sterile FBS was added to obtain complete media; later it was sealed with
parafilm and refrigerated.

A. 1.6 Profocol for passaging of cells

Vi.

Vii.

viii.

Cells grown in the 60 mm culture dishes were regularly monitored under the
microscope to take a note on their level of confluency.

Upon attaining a sub-confluent level of around 75-80%, the culture media was
removed gently without disturbing the monolayer of the cultured cells.

The monolayer of the cells was washed twice with 1 ml of 1X PBS to remove toxic
excretion from the cells.

500 pul of trypsin was added over the monolayer of cells and were spread evenly. The
cells were then left in the cell culture incubator for 2 Min to allow trypsinization to
occur.

Following the detachment of the cell from the dish, to stop further trypsinization, 2 ml
of fresh complete medium was added to neutralize trypsin activity.

To remove the trypsin, cell suspension was collected in 15ml falcon and centrifuged
for 3 min at 1500 rpm and without further delay the supernatant was removed, leaving
the cell pellet undisturbed.

Further, to passage the cells, the pellet was resuspended in 1ml of fresh complete media
and pipetted gently back and forth to obtain a uniform cell suspension.

From the 1ml of cell suspension, 100 pl was pipetted out and re-seeded in a fresh
culture dish added with 5 ml of fresh complete media.

The exterior of the culture dish was wiped with spirit and then the cells were incubated

in a CO2. incubator at 37°C in presence of 5% CO..
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A. 1.7 Profocol for cell counting using hemocyfometer

To calculate the exact number of mammalian cells in the known volume of cell
suspension, 100 ul of cell suspension was pipetted out and diluted by adding an equal
volume of trypan blue solution.

The counting chamber and the dedicated cover slip of the hemocytometer was cleaned
using 70% ethanol and was assembled and equipped for loading samples.

Both of the counting chambers were loaded separately with 10 ul of a diluted mixture
of trypan blue and cell suspension.

The cells spread above the grid of hemocytometer counting chamber were visualized
under a microscope with 10X magnification. The sum of cells that occupied all four
corner squares (1mm?) were counted and the exact no. of cells in the initial volume of
cell suspension was calculated using the formula given below.

For calculating the total number of cells in the suspension the following formula was
used:

Cells/ml= Average no. of cells in 4 corner box X 10,000 X 2 (dilution factor).

A. 1.8 Profocol for cryopreservation

The cells harvested by trypsinization were washed twice with complete media and were
spun down to pellet the cells and the media in the suspension was discarded.

The cell pellet was re-suspended with 80% incomplete media without antibiotic, 10%
FBS, and 10% of dimethyl sulfoxide (DMSO).

The mixture was pipetted in cryovials as 1ml aliquots and were stored in -152°C deep

freezer or alternatively in liquid nitrogen tanks.

A. 1.9 Profocol for cell revival

The cryovials stored at -152°C were retrieved and thawed immediately by placing in a
water bath pre-set at the temperature of 37°C.

The cells from the cryovials were then transferred to a fresh 15ml falcon and to that 4
ml of fresh complete media was added.

The falcon was centrifuged shortly to sediment the cells (1500 rpm for 3 min).
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iv. After discarding the supernatant the cell pellet was resuspended in 5ml of fresh DMEM
medium and was seeded in a 60mm culture dish and incubated in a COz.incubator for

24 hours.
v.  Next day the media of the culture dish was replaced with a fresh media to remove the

dead cells.

A. 1. 10 Transfection of mammalian cells using Lipofectamine™ 3000

i. 48 hours prior to transfection, a fresh 60 mM dish was seeded with 1X108 cells; so that
it attains required confluency (around 80-90%) on the day of transfection.

ii.  On the day of transfection, 5 ug of DNA was diluted in 500 pl of Opti-MEM media in
a fresh 1.5ml Eppendorf tube and 5ul of Lipofectamine 3000 reagent was added, mixed
thoroughly and incubated for 5 min at RT.

iii. 10 pl of Lipofectamine 3000 transfection reagent was added to the above ingredients
in the Eppendorf tube, mixed gently by pipetting and incubated for 30 min at RT.

iv.  Prior to transfection, the media in the 60 mm dish was removed, and replaced with fresh
media.

v.  The transfection mixture was added on the top of the cell monolayer in a drop-wise
manner.

vi. 60 mm dish was gently agitated and incubated in a COz incubator for 24 hours; the
media in the dish was replaced with fresh media.
vii.  The cells were harvested in between 48 to 72 hours post transfection and utilized for

downstream methods.

A.Z RNA Extraction and cDNA Preparation for Real-Time PCR

A.2. 1 RNA isolation

i.  The cultured cell pellets (1 — 2 X10°) were washed with ice-cold PBS, followed by
addition of 1 ml of TRIZOL (TRI) reagent.
ii.  The cells were pipetted vigorously to dissolve it with TRI reagent and allowed to stand
for 10 min at RT
iii. 200 pl of chloroform was added to the samples and vortexed for 15 sec and incubated
for 10 min at RT.
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iv.  The resultant mixtures were centrifuged at 12000 rpm for 15 min at 4°C, to obtain three
distinct phases-
A. proteins in the red organic phase
B. DNA in the interphase
C. RNA in the colorless upper aqueous phase

v.  The aqueous phase was carefully collected in a fresh 1.5ml Eppendorf tube followed by
the addition of 0.5 volume of isopropanol.

vi.  The resultant mixture was vortexed for 15 sec, allowed to stand for 5 min at RT and then
centrifuged at 12000 rpm for 15 min in a refrigerated condition.

vii.  Without disturbing the RNA pellet that had formed on the bottom side of the
microcentrifuge tube, the supernatant was discarded.
viii. ~ To remove the contaminating salts, RNA pellet was washed with 1ml of 70% ethanol

and centrifuged at 12000 rpm for 10 min at 4°C.

ix.  Following centrifugation, the supernatant was decanted and the RNA pellet was air dried
for 5 to 10 min.

X.  The air dried RNA was dissolved in 20-30 pl of RNase-free water, 2 pl of RNA was
resolved on 1% agarose gel to check its quality.

xi.  RNA was quantified using NanoDrop and the remaining RNA was stored in -80°C, until
further use.

A.2.2 cDNA preparation

A.2.2.1 DNase Treatment

DNase treatment was given by mixing 1 pl of reaction buffer, 2000ng of RNA and the
mixture was made up to the volume of 7 pl by adding nuclease-free water.

1 pl of DNase enzyme was added to the mixture and incubated at 37°C for 30 min using
a PCR machine.

This was followed by addition of EDTA (Ethylenediaminetetraacetic acid) and kept at
62°C for 10 min, to stop further DNase activity.
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Typical DNase treatment reaction

10X DNase buffer 1l
RNA 2000 ng
H20 7 ul (Makeup)
DNase Enzyme 1l

A.2.2.2 Single-stranded cDNA synthesis

Appendix I

RNA that was subjected to DNase treatment was used for cDNA conversion using random

hexamer primers.

cDNA synthesis reacti

on mixture used

DNase-treated RNA (2000ng) 10 pl
5X Reverse Transcriptase

Buffer 4ul

DNTP’s (10mM) 2 ul

Random Hexamer primers 2 ul

Reverse Transcriptase 1l

RNase free H.O 1l

A.2.2.3 cDNA preparation conditions

Activation 25°C for 10 min
Reaction 37°C for 120 min
Denaturation of enzyme 85°C for 5 sec
Storage 4°C for a
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A.2.2.4 PCR cycles (Real time)

iv.
40

50°C — 2 min
95°C — 15 sec
60°C — 1 min
95°C — 10 min

Cycles of steps ii and iii were performed.

A.3 Confocal Microscopy

A.3.1 Seeding of cells on coverslips

Coverslips were cleaned by immersing in absolute alcohol and dried by bringing in
contact with flame.

Coverslips were then placed in the 6 well plates and 2 ml of complete cell culture
medium was added to the wells.

The required number of cells were then seeded over the cover slip, the culture plate was
gently agitated to spread the cells evenly

6 well plates were then incubated in a CO incubator for 24-48 hours.

A.3.2 Cell fixing and Immunostaining

Vi.

Upon achieving the required confluency, the cells grown on the coverslips were washed
twice with PBS and the cells on the coverslip were fixed by adding 3.7% of
paraformaldehyde (PFA) solution for 20 min at RT.

Cells were again washed twice with PBS, and then blocked and permeabilized by
incubating in the blocking buffer contain Triton X-100 for 1 hour at RT.

Following the above step, the coverslips were incubated in the primary antibodies of
interest overnight at 4°C on a static platform.

The slides were washed thrice at 10 min intervals by adding Tris Buffer Saline and
Triton X-100 (TBST) and kept on a rocker.

The cells were then incubated with secondary antibodies conjugated with fluorophores
(e.g. Alexa 488) for 1 hour at RT.

Once again the cells are washed thrice with TBST and then subjected to mitochondrial
and nuclear staining, using 4, 6-diamidino-2-phenylidone (DAPI) and MitoTracker-
Red (1:500 dilution in PBS), and preventing it from light for 20 minutes at RT.
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A.3.3 Mounting and visualization of microscopy slides

The glass slide was cleaned by wiping with absolute alcohol and labeled with
experimental details.

20 i of prolonged gold anti-fade agent was dropped on the middle of the slide

The coverslips were placed exactly over the anti-fade droplet in an inverted position,

avoiding trapping of air bubbles.

iv.  Gentle pressure was exerted over the coverslip to remove the excessive anti-fade
reagent using tissue paper ; and the square edges of the coverslip were sealed using nail
polish (At this stage glass slides could be stored at -20°C for a week).

v.  The slides prepared were visualized using inverted confocal microscope under oil
immersion objective.

A.3.4 Tris Buffer Saline (1BS)
Ingredients Concentration
Tris A.05 gram
NaCl 8.76 gram
H20 Make up to 1000 ml
pH 7.6

A.3.5 Blocking and permeabilization solution

Ingredients Concentration
BSA 5 gram
Triton X-100 0.1%
TBS Makeup to 100 ml
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A.4 Plasmid Isolation

A.4.1 Luria Broth (100 ml)

Components Concentration
Tryptone 1 gram
NaCl 500 mg
Yeast Extract 500 mg
Double Distilled Water 100 ml

A.4.2 Competent cell preparation

Vi.

5 ml of LB medium was inoculated with a fresh E. coli colony; and was grown
overnight in an orbital shaker at 37°C.

From the overnight grown culture, 1 ml of medium was added to the pre-warmed broth
of 100ml of LB and placed in orbital shaker at 37°C.

The growth of bacteria was monitored periodically until it reached an optical density of
0.6 at the wavelength of 600 nm.

Upon attaining required growth the bacterial culture was precooled in ice and then
transferred to a sterile centrifuge tube which was subjected to centrifugation at 6,000
rpm for 8 minutes at 4 °C. Cells were collected and the supernatant was discarded.
Cells were re-suspended in 20 ml of ice-cold competent cell buffer [100 ml of
competent cell buffer contained: 100 mM CaCl: (dihydrate), 70 mM MnClz, 40 mM
C2H302Na pH 5.5, and 80% of Glycerol], incubated on ice for 20 minutes and then the
cells were pelleted by centrifugation 6,000 rpm for 8 minutes at 4 °C.

After discarding the supernatant, cell pellet was re-suspended gently in an aseptic
condition by adding chilled 0.1 M CaCl,and 0.5 ml. The re-suspended, competent cells
were distributed into aliquots of 50-100 microliters in microfuge tubes and snap frozen
in liquid nitrogen and stored at -80°C for later use.
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A.4.3 Transformation

Vi.

Vii.

viil.

An aliquot of competent cells was taken out of -80°C and thawed on ice.

10 ng of plasmid DNA or ligation mixture was added into 50uL of competent cells and
was gently mixed by tabbing a few times and the mixture was placed on ice for 20 min.
Heat shock was given to the bacterial cells by placing the tubes into a 42°C water bath
for 60-90 seconds and then back on the ice for 5 min.

500 pl to 800 ul of LB media (without antibiotic) was added and cells were incubated
at 37°C for 45 min with vigorous shaking.

Agar plates (containing the appropriate antibiotic selection) were taken out from 4°C
and pre-warmed to room temperature.

The mixture was centrifuged at 2000 rpm for 3 min to pellet down the transformed
bacterial cells, and the supernatant was discarded.

The pellet was re-suspended in 100 pl of LB and was evenly spread on the agar plate
containing selection antibiotic.

Further, the plates were incubated at 37°C for 12 hour and positive colonies were
confirmed by performing single colony PCR or plasmid isolation followed by

restriction digestion to confirm the insert release.

A.4.4 Plasmid isolation (Alkaline lysis method)

A.4.4.1 Solution I 100 ml (Re-suspension solution)

50 mM Glucose 1.711gm

10 mM Tris pH-8 2.5ml

pH-10 mM EDTA pH-8 2 ml

Double Distilled Water Make up to 100 ml

Glucose solution was filtered sterilized, and solution | was stored at 4°C.

A.4.4.2 Solution II (Iysis solution) 10 ml (freshly made)

10 N NaOH 0.2 ml (0.2M NaOH)

10% SDS 1 ml (1% SDS)

121 |Page



Appendix I

A.4.4.3 Solution III, 100 ml (Neutralization solution); Stored at 4°C

5M Potassium acetate 60 ml

Glacial acetic acid 11.5ml

Water 28.5 ml
A.4.4.4 Profocol

Vi.

Vii.

viil.

A single colony of bacteria was inoculated in 5 ml of LB medium, with added
selective antibiotic (Ampicillin or Kanamycin); and grown overnight at 37°C with
vigorous shaking.

Overnight culture was centrifuged at 8000 RPM for 5 min to pellet bacterial cells.
200upl of solution | and RNase was added to the cell pellet and mixed by vortexing
and then kept on ice for 10 min.

To this, 200 ul of the solution Il (freshly prepared) was added and subjected to 6-
10 invert mixing and left for 5 min at room temperature.

400 pl of solution 111 was added and was invert mixed 6-10 times before keeping
on ice for 10 min.

The resultant mixture was centrifuged for 15 min at 12000 RPM at 4°C and
supernatant was carefully collected in a fresh 1.5 ml Eppendorf tube.

0.6 volume of isopropanol was added to the above supernatant, vortexed for 15
sec and centrifuged for 15 min at 12,000 RPM to precipitate plasmid DNA.
Following this, the supernatant was discarded and the pellet was gently washed
with 1ml of 70% ethanol by centrifuging at 12000 RPM for 15 min with
subsequent removal of supernatant.

The pellet was air dried and the isolated plasmid DNA was dissolved in 50 ul TE
or nuclease free water.

To check the quality, 2 pl of plasmid DNA was loaded on an agarose gel and
electrophoresed at 60V and visualized using U.V. trans-illuminator; further the

concentration was quantified using Nanodrop.

Note: For transfections in mammalian cells, plasmid isolation was performed using Plasmid
Midiprep kit (Qiagen) by following manufacturer’s instructions.
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A.5 Agarose Gel Electrophoresis

A.5.1. 10X TBE (Tris, Boric acid, EDTA)

Tris-base 80 mM
Boric acid 40 mM
EDTA (pH 8.0) 2mM

A.5.2. Ethidium bromide
10 mg/ml; prepared in MilliQ water, wrapped in aluminum foil was kept in dark at RT.

A.5.3. 6X DNA loading buftfer

Bromophenol blue 0.25% (w/v)
Xylene cyanol 0.25%
Glycerol 30% (v/v)

A.6. Glycolytic Enzyme Assay

A.6.1 Hexokinase Assay (Stock solution preparation)

Components | MW (Da) | Stock Working | Storage
Conc. Conc.
Tris-Cl pH 8 157.56. 1M 100 mM RT
MgCl2 95.211 100 mM 5 mM RT
Glucose 180.155 2M 100 mM | -20°C
ATP 507.18 16 mM 0.8 mM -20°C
NADP 744.41 20 mM 1 mM -20°C
G6PD 133,000 ---- 2 units -20°C
Total reaction volume (1 ml, makeup with Water)
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A.6.2 Pyruvate Kinase Assay (Stock solution preparation)

Components | MW (Da) | Stock Working | Storage
Conc. Conc.

Tris-Cl pH 7.4 | 157.56. 1.35 M 67.5mM | RT

KCI 74.55 19M 95 mM RT
MgCl> 95.21 0.135 M 6.75mM | RT
PEP 267.2 34 mM 1.7mM -20°C
ADP 427.2 25 mM 1.25mM | -20°C
NADH 709.4 2.8 mM 14 mM -20°C
LDH 14,000 2 mg/ml 2 ul -20°C

Total reaction volume (1 ml, makeup with Water)

Appendix I

A.6.3 Glycerol Gradient (To resolve and examine the oljgomeric forms of Pyruvate kinase)

Required ingredients

i. 50 ml of 50 % glycerol was obtained by mixing 25 ml of 100% glycerol with 25 ml of
2X cell lysis buffer (250 mM Tris-cl pH 7.5, 300 mM NaCl and 2mM PMSF).
ii. 50 ml of 1x lysis buffer was used to make further dilutions
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Final glycerol (%) | 50% Glycerol (ul) | 1X Lysis buffer (ul)
13 260 740
15 300 700
17 340 660
19 380 620
21 420 580
23 460 540
25 500 500
27 540 460
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i A step gradient 27% - 13% in a decreasing order from the bottom (27% to 13%) of
glycerol solution (300 pl each) was loaded into the centrifugation tubes that were
compatible with Beckman SW Ti55 rotor.

ii. 500 ug to 1000 ug of whole cell lysate were loaded on the top of the step gradient
tubes; care was taken to balance the rotor.

iii. Tubes were placed in a centrifuge (Beckmann SWT55i rotor) and revolved at
50,000 rpm for 18 hrs.

iv. After completion of the spin, tubes were gently taken out from the rotor and 100 pl
aliquots were collected in pre-chilled tubes

v. Relative pyruvate kinase activity for each fraction was examined as described earlier.

A.6.4 Lactate Dehydrogenase Assay (Stock solution preparation)

Components | MW (Da) Stock Working | Storage
Conc. Conc.

Tris-Cl pH 7.3 157.56 1.35M 200 mM RT
Sodium 110 600 mM 30 mM -20°C
Pyruvate
NADH 709.4 132 mM 6.6 MM -20°C

Total reaction volume (1 ml, makeup with Water)

A.7 Protein isolation and quantification

A.7.1 Composition of cell lysis buffer (for protein isolation)

Components | MW (Da) Stock 5X
Conc. Stock
Tris-Cl pH 7.5 157.56. 1M 250 mM
NaCl 58.44 5M 750 mM
NP-40 5%
EDTA 372.24 500 mM 5mM
EGTA 380.35 500 mM 5mM
Lysis buffer was prepared in 5X concentration and
stored in -80°C as 200pl aliquots, until further use
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To prepare 1X working lysis buffer, the 5X aliquot was thawed and added to the below

mentioned protease and phosphatase inhibitors and further diluted by adding MilliQ water.

The whole cell protein lysate obtained by the above lysis method was quantified and used for

downstream experimental processes such as glycolytic enzyme assay and Western blotting.

A.7.2 Protease and phosphatases used in protein isolation methods

Inhibitor Protease/ Final concentration | Stock Conc.
phosphatase in lysis buffer and Storage

Leupeptin (2ug/ul) Protease 5ug/ mi -20°C*
Aprotinin (1pg/pl) Protease 2 g/ ml -20°C*
Pepstatin (1pg/ul) Protease 1pg/ mi -20°C*
100 mM PMSF Protease 1mM -20°C*
Sodium Vanadate (NaV) Phosphatase 1mM -20°C*
Sodium Fluoride (NaF) Phosphatase 5mM -20°C*

(*) Multiple freeze-thaw cycle was avoided, and the stock was stored as aliquots, strictly

following a single freeze-thaw cycle.

A.7.3 Protein Estimation Using BCA (Bicinchoninic Acid)

Principle

BCA Protein Assay is based on bicinchoninic acid (BCA) for the colorimetric detection and
quantitation of total protein. This method involves reduction of Cu+2 to Cu+1 by protein in an
alkaline medium (the biuret reaction) with the highly sensitive and selective colorimetric
detection of the cuprous cation (Cu+1), using a unique reagent containing bicinchoninic acid.
The purple-colored reaction product of this assay is formed by the chelation of two molecules
of BCA with one cuprous ion. This water-soluble complex exhibits a strong absorbance at
562nm that is nearly linear with increasing protein concentration over a broad working range
(20-2000pg/mL).

The macromolecular structure of protein, the number of peptide bonds and the presence of
four particular amino acids (cysteine or cysteine, tryptophan, and tyrosine) are reported to be

responsible for color formation with BCA.
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BCA Reagent A: Sodium carbonate, sodium bicarbonate, bicinchoninic acid and sodium
tartrate in 0.1M sodium hydroxide

BCA Reagent B: 4% cupric sulfate

Albumin standard: Bovine serum albumin (BSA) at 2mg/mL in 0.9% saline and 0.05%
Sodium azide.

Protocol

Vi.

Vii.

viil.
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200 ul of BCA reagent (50:4 ratio of reagent A: B) was added to the required
number of wells of a 96 well plate.

10 wells were dedicated to BSA standard, 1 well for sample blank, 1 well for test
blank and rest test sample wells as per the requirement.

20 pl of water was added to the first blank and 1 pl of 1X lysis buffer was added
to the second blank, already containing 19 ul of water.

Test samples were prepared as follows- T1: 200 pul BCA reagent + 19 pl PCR
water + 1 pl test sample volume.

Standard Preparation: BSA (2 mg/ml) was diluted suitably to obtain
concentrations ranging from 0.1-10 pg/ml and was added to the 10 wells allocated
for the same.

Samples were mixed properly by pipetting to ensure complex formation and air
bubble creation avoided.

The plate was incubated at 37°C for 30 minutes and then the absorbance was read
at 562 nm in a microplate reader.

Protein estimation was carried out using the absorbance and the standard curve
obtained.

Standard was made by using the OD of known BSA concentrations after
subtracting B1 (BSA) blank O.D.

Test sample OD was also subtracted by B2 (Test) blank OD. Test sample OD was
divided by the factor obtained from excel and further multiplied by the dilution

factor of 20 in order to get the sample concentration (ug/ul).
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A.8 Western Blotting
A.8.1 SDS-PAGE

A.8.1.130% Acrylamide solution preparation

To prepare 200 ml of 30% Acrylamide solution, 58 grams of acrylamide and 2 grams of bis-
acrylamide was dissolved by adding 50 ml of water and kept overnight at RT in a light
protective container, then the volume was made up to 100 ml and filtered using Whatman filter

paper and stored at 4°C.

A.8.1.2 4X-SDS sample buffers

Tris-Cl (pH 6.8) 100 mM

SDS 4% wiv
Bromophenol blue 0.2% w/v
Glycerol 20% viv
DTT or B-Mercaptoethanol 200 mM

A.8.1.3 5X SDS running buffer (for 500 ml) pH 8.3

Tris 15 grams

Glycine 72 grams

SDS 5 grams

Double Distilled Water | Makeup to 500 ml

A.8. 1.4 Staining solution (Coomassie brilliant blue R-250, for 100 ml)

Coomassie brilliant blue R-250 0.25gm
Glacial acetic acid 10 ml
Methanol 50 ml
Water 40 ml

A.8.1.5 Destaining solution (for 100 mi)

Methanol 50 ml
Glacial acetic acid 10 ml
Water 40 ml

128 | Page



Appendix I

A.8.1.6 Separating and stacking gel

% resolving gel (5 ml) 5% stacking
Components gel (2 ml)
6 8 10 12 15
H20 2.6 2.3 1.9 1.6 1.1 1.4
30% acrylamide 1.0 1.3 1.7 2.0 2.5 0.33
1.5 M Tris (pH 8.8) 1.3 1.3 1.3 1.3 13| -
1M Tris-ClpH (6.8) |  ----- 0.25
10% SDS 0.05 0.02
10% APS* 0.05 0.02
TEMED 0.04 0.002
Running SDS-PAGE

Vi.

Vii.

viii.
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Bio-Rad mini protean SDS-PAGE casting plates (1.5 mm thickness) were cleaned with
spirit and then assembled using the plastic clamp and the lower portion was sealed using

1% agarose gel.

. 8 ml of 10% resolving gel was prepared and poured in-between the gel casting plates,

and then 2 ml of water saturated butanol was added over resolving gel to remove air

bubbles and to restrict air entry.

iii. To allow polymerization, the acrylamide gels were allowed to stand for 30 min at RT.

The unpolymerized acrylamide and butanol overlay was discarded and washed twice
with MilliQ water and the excessive water droplets were removed using tissue papers.
5ml of 5% stacking gel was prepared and poured to fill the space in-between the glass
plates; on top of the resolving gel layer.

10 well clean Teflon comb was inserted in between the glass plates following the
addition of stacking gel solution, care was taken to avoid trapping of air bubbles and
the gel allowed standing for another 30 min to polymerize.

Meanwhile, the protein samples were prepared by mixing SDS gel loading dye with a
required concentration of protein and cell lysis buffer to yield final 1X SDS gel loading
dye concentration.

Protein samples were kept in the boiling water bath (100°C) for 10 min to denature

protein quaternary structure and to allow the binding of SDS to the protein.

age



iX.

Xi.

Xii.

Xiil.

Xiv.
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Following polymerization of the gel, Teflon comb was removed and the wells were
washed with deionized water to remove unpolymerized separating gel solution.

The clamp holding the glass plates was removed and the gel was placed in the
electrophoresis apparatus; and 1X SDS running buffer was added to submerge the
acrylamide gel.

Samples and the pre-stained protein molecular weight marker (ladder) were loaded in
the wells in a predetermined order

The apparatus was attached to a power pack and 80V of current was applied to the gels
to resolve the proteins.

When the gel loading dye reached the bottom of separating gel layer, the power supply
was terminated.

The gel in-between the glass plates was carefully removed and used for the downstream

processing for Western blotting.

A.9 Western blotting

Reagents preparation

A.9.1 1X Transfer Buffer (1000ml)

Tris 25 mM

Glycine 192 mM

Methanol 20% (200 ml)

SDS 3.75 ml of 10% SDS

H20 MilliQ Makeup to 1000 ml
A.9.2 Blocking Buffer (5% BSA)

2.5 grams of BSA was taken in a fresh 50 ml falcon, dissolved by adding TBS to the final
volume of 50ml and stored at 4°C with 0.01% sodium azide.

A.9.3 Antibody dilution

The dilution of antibody was carried out as per manufacturers’s suggestions in the above
mentioned 5% blocking buffer.

A.9.4 Developer and Fixer

Developer (Kodak): A-3.2 gm+B-17.8 gm in 200 ml water
Fixer (Kodak): 48.6 gm in 200 ml water.
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A.9.5 ECL chemiluminescence kif

Luminata Forte from Millipore: 0.5-1.0 ml substrate solution was used as per the
size of nitrocellulose membrane.

Profein franster fo Nitrocellulose membrane, Membrane Blocking and developing the blof

Vi.

Vii.

viil.

Xi.

Xii.

Xiil.

Nitrocellulose (NC) membrane and the Whatman filter papers were cut equal to the
dimension of the gel.

Gel and NC-membrane were incubated and equilibrated with pre-chilled transfer buffer.

A sandwich of filter paper/NC-membrane/SDS-Gel were placed in Bio-Rad transfer
apparatus cassettes.

Further, the transfer cassettes were placed into the apparatus and then placed directly
between positive and negative electrodes.

The apparatus was further, filled with pre-chilled transfer buffer, leaving a magnetic
bead at the bottom of the tank to maintain even buffer temperature and ion distribution
in the tank.

125 mA was passed through the gel and NC-membrane sandwich for 4 hours at 4°C.
At the end of the protein transfer, the membrane was removed from the sandwich,
washed once using TBST and then incubated in 5% blocking solution for 1 hour at RT.
After blocking, the membrane was incubated overnight with appropriate primary
antibody for 12-15 hrs at 4°C with gentle agitation on the rocker.
Following this step, the membrane was washed thrice with TBST at 10 minutes interval
each and then incubated in appropriate secondary antibody conjugated with horseradish
peroxidase for 1 hour at RT.
Once again, the membrane was washed thrice with TBST at 10 minutes interval each.
The membrane was developed using Luminata Forte® ECL chemiluminescence in a dark
room.
Briefly, the membrane was removed from wash buffer, air dried and kept in the middle
of the saran-wrap.
1 ml of Luminata Forte® substrate solution was gently added over the membrane, the
saran-wrap was folded and sealed, to prevent leakage of ECL substrate and kept inside

the X-ray cassette.
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xiv.  The luminescence signals that emerged from the protein of interest in the membrane
were captured on X-ray film and then immersed sequentially in the developer, water,
and fixer to capture and record the signal in the X-ray film.
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A.10 Vector Maps and DNA Sequences

A.10.1 pcDNA 3.1 (Invitrogen, USA)

Appendix I

Nhel
Apal*
Xbal**
Xhol
Mot |
BstX |
EcoRV
EcoR |
BstX |
BamH |
Asp718 1
Kpn |
Hind 1
Aftl

pcDNA™3.1/
myc-His(-)

Comments for pcDNA™3.1/myc-His(-) A:
5522 nucleotides

CMV promoter: bases 209-863

T7 promoter/priming site: bases 863-882
Multiple cloning site: bases 895-1008

myc epitope: bases 1007-10386

Polyhistidine tag: bases 1052-1089

BGH reverse priming site: bases 1113-1130
BGH polyadenylation signal: bases 1116-1343
f1 origin: bases 1389-1817

SV40 promoter and origin: bases 1844-2152
Neomycin resistance gene: bases 2227-3021
SV40 polyadenylation signal: bases 3195-3325
pUC origin: bases 3708-4381

Ampicillin resistance gene: bases 4526-5386 (complementary strand)

Source: www.invitrogen.com
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A.10.2 pGEX~-4T-1 (GE Healthcare Life Sciences)

f|tac_pro(184, 212)
S [M13_pUC_rev_pri(224, 246)

Mscl(465)

Narl(4308) %, BstBI(655)

EcoRV(4118) Tac_pfo(4449, 4478)

[BamHI(930)
Hpal(4174) M13/ pUC_rev_pri(4492, 4514) EcoRI(939)
M3 _« svarss_pri| :_ 13,4532 Smal(946)
lapZ_a(4340, 4693) &, Sall(949)
M13_forward20_pri(4543, 4359) %L Xhol(954)
Apal(3879) AM13_pUC_fwd_pri(4552, 4574) ? Notl(960)
[Eagl(960)
pGEX-4T-1 = Aatll(1245)

49 kb

Q
Pstl(1922)

Source: www.gelifesciences.com
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A.10.3 pGIPZ (Open Biosystems, USA)

SLTR

Vector Element

CMV Promoter

-

G

O

NN
Hiurs

Utility

RNA Polymerase 1l promoter

cPPT Central Polypurine tract helps translocation into the nucleus of non-dividing cells
WRE Enhances the stability and translation of transcripts
TurboGFP Marker to track shRNAmir expression

IRES-puro resistance

Mammalian selectable marker

Amp resistance

Ampicillin (carbenicillin) bacterial selectable marker

5'LTR 5' long terminal repeat
pUC ori High copy replication and maintenance of plasmid in E. coli
SIN-LTR 3 self inactivating long terminal repeat (Shimada, et al. 1993)
RRE Rev response element

Zeo resistance

Bacterial selectable marker

Source: Open Biosystems manual at www.openbiosystems.com
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A.10.4 pLKO.1 (Sigma-Aldrich)

shRNA
Construct

U6 I cPPT

hPGK

PuroR

pLKO.1 puro sin 3'LTR
= with shRNA construct
\ 7,091 bp
F1ori

AmpR

Source: MISSION® shRNA Vector - Sigma-Aldrich
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16.5 Human PKM1 cDNA sequence (NCBI Reference Sequence: NM_002654.3)

ATGTCGAAGCCCCATAGTGAAGCCGGGACTGCCTTCATTCAGACCCAGCAGCTGCACGCAGCCA
TGGCTGACACATTCCTGGAGCACATGTGCCGCCTGGACATTGATTCACCACCCATCACAGCCCGG
AACACTGGCATCATCTGTACCATTGGCCCAGCTTCCCGATCAGTGGAGACGTTGAAGGAGATGA
TTAAGTCTGGAATGAATGTGGCTCGTCTGAACTTCTCTCATGGAACTCATGAGTACCATGCGGAG
ACCATCAAGAATGTGCGCACAGCCACGGAAAGCTTTGCTTCTGACCCCATCCTCTACCGGCCCGT
TGCTGTGGCTCTAGACACTAAAGGACCTGAGATCCGAACTGGGCTCATCAAGGGCAGCGGCACT
GCAGAGGTGGAGCTGAAGAAGGGAGCCACTCTCAAAATCACGCTGGATAACGCCTACATGGAA
AAGTGTGACGAGAACATCCTGTGGCTGGACTACAAGAACATCTGCAAGGTGGTGGAAGTGGGC
AGCAAGATCTACGTGGATGATGGGCTTATTTCTCTCCAGGTGAAGCAGAAAGGTGCCGACTTCCT
GGTGACGGAGGTGGAAAATGGTGGCTCCTTGGGCAGCAAGAAGGGTGTGAACCTTCCTGGGGCT
GCTGTGGACTTGCCTGCTGTGTCGGAGAAGGACATCCAGGATCTGAAGTTTGGGGTCGAGCAGG
ATGTTGATATGGTGTTTGCGTCATTCATCCGCAAGGCATCTGATGTCCATGAAGTTAGGAAGGTC
CTGGGAGAGAAGGGAAAGAACATCAAGATTATCAGCAAAATCGAGAATCATGAGGGGGTTCGG
AGGTTTGATGAAATCCTGGAGGCCAGTGATGGGATCATGGTGGCTCGTGGTGATCTAGGCATTGA
GATTCCTGCAGAGAAGGTCTTCCTTGCTCAGAAGATGATGATTGGACGGTGCAACCGAGCTGGG
AAGCCTGTCATCTGTGCTACTCAGATGCTGGAGAGCATGATCAAGAAGCCCCGCCCCACTCGGG
CTGAAGGCAGTGATGTGGCCAATGCAGTCCTGGATGGAGCCGACTGCATCATGCTGTCTGGAGA
AACAGCCAAAGGGGACTATCCTCTGGAGGCTGTGCGCATGCAGCACCTGATAGCTCGTGAGGCT
GAGGCAGCCATGTTCCACCGCAAGCTGTTTGAAGAACTTGTGCGAGCCTCAAGTCACTCCACAG
ACCTCATGGAAGCCATGGCCATGGGCAGCGTGGAGGCTTCTTATAAGTGTITAGCAGCAGCTTTG
ATAGTTCTGACGGAGTCTGGCAGGTCTGCTCACCAGGTGGCCAGATACCGCCCACGTGCCCCCAT
CATTGCTGTGACCCGGAATCCCCAGACAGCTCGTCAGGCCCACCTGTACCGTGGCATCTTCCCTG
TGCTGTGCAAGGACCCAGTCCAGGAGGCCTGGGCTGAGGACGTGGACCTCCGGGTGAACTTTGC
CATGAATGTTGGCAAGGCCCGAGGCTTCTTCAAGAAGGGAGATGTGGTCATTGTGCTGACCGGA
TGGCGCCCTGGCTCCGGCTTCACCAACACCATGCGTGTTGTTCCTGTGCCGTGA ...1596

16.6 Human PKM1 proteins sequence:

MSKPHSEAGTAFIQTQQLHAAMADTFLEHMCRLDIDSPPITARNTGIICTIGPASRSVETLKEMIKSGMN
VARLNFSHGTHEYHAETIKNVRTATESFASDPILYRPVAVALDTKGPEIRTGLIKGSGTAEVELKKGATL
KITLDNAYMEKCDENILWLDYKNICKVVEVGSKIYVDDGLISLQVKQKGADFLVTEVENGGSLGSKKG
VNLPGAAVDLPAVSEKDIQDLKFGVEQDVDMVFASFIRKASDVHEVRKVLGEKGKNIKIISKIENHEGV
RRFDEILEASDGIMVARGDLGIEIPAEKVFLAQKMMIGRCNRAGKPVICATQMLESMIKKPRPTRAEGS
DVANAVLDGADCIMLSGETAKGDYPLEAVRMQHLIAREAEAAMFHRKLFEELVRASSHSTDLMEAM
AMGSVEASYKCLAAALIVLTESGRSAHQVARYRPRAPIIAVIRNPQTARQAHLYRGIFPVLCKDPVQEA
WAEDVDLRVNFAMNVGKARGFFKKGDVVIVLTGWRPGSGFTNTMRVVPVP
...531
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16.5 Human PKM2 cDNA sequence (NCBI Reference Sequence: NM_002654.3)

ATGTCGAAGCCCCATAGTGAAGCCGGGACTGCCTTCATTCAGACCCAGCAGCTGCACGCAGCCA
TGGCTGACACATTCCTGGAGCACATGTGCCGCCTGGACATTGATTCACCACCCATCACAGCCCGG
AACACTGGCATCATCTGTACCATTGGCCCAGCTTCCCGATCAGTGGAGACGTTGAAGGAGATGA
TTAAGTCTGGAATGAATGTGGCTCGTCTGAACTTCTCTCATGGAACTCATGAGTACCATGCGGAG
ACCATCAAGAATGTGCGCACAGCCACGGAAAGCTTTGCTTCTGACCCCATCCTCTACCGGCCCGT
TGCTGTGGCTCTAGACACTAAAGGACCTGAGATCCGAACTGGGCTCATCAAGGGCAGCGGCACT
GCAGAGGTGGAGCTGAAGAAGGGAGCCACTCTCAAAATCACGCTGGATAACGCCTACATGGAA
AAGTGTGACGAGAACATCCTGTGGCTGGACTACAAGAACATCTGCAAGGTGGTGGAAGTGGGC
AGCAAGATCTACGTGGATGATGGGCTTATTTCTCTCCAGGTGAAGCAGAAAGGTGCCGACTTCCT
GGTGACGGAGGTGGAAAATGGTGGCTCCTTGGGCAGCAAGAAGGGTGTGAACCTTCCTGGGGCT
GCTGTGGACTTGCCTGCTGTGTCGGAGAAGGACATCCAGGATCTGAAGTTTGGGGTCGAGCAGG
ATGTTGATATGGTGTTTGCGTCATTCATCCGCAAGGCATCTGATGTCCATGAAGTTAGGAAGGTC
CTGGGAGAGAAGGGAAAGAACATCAAGATTATCAGCAAAATCGAGAATCATGAGGGGGTTCGG
AGGTTTGATGAAATCCTGGAGGCCAGTGATGGGATCATGGTGGCTCGTGGTGATCTAGGCATTGA
GATTCCTGCAGAGAAGGTCTTCCTTGCTCAGAAGATGATGATTGGACGGTGCAACCGAGCTGGG
AAGCCTGTCATCTGTGCTACTCAGATGCTGGAGAGCATGATCAAGAAGCCCCGCCCCACTCGGG
CTGAAGGCAGTGATGTGGCCAATGCAGTCCTGGATGGAGCCGACTGCATCATGCTGTCTGGAGA
AACAGCCAAAGGGGACTATCCTCTGGAGGCTGTGCGCATGCAGCACCTGATTGCCCGTGAGGCA
GAGGCTGCCATCTACCACTTGCAATTATTTGAGGAACTCCGCCGCCTGGCGCCCATTACCAGCGA
CCCCACAGAAGCCACCGCCGTGGGTGCCGTGGAGGCCTCCTTCAAGTGCTGCAGTGGGGCCATA
ATCGTCCTCACCAAGTCTGGCAGGTCTGCTCACCAGGTGGCCAGATACCGCCCACGTGCCCCCAT
CATTGCTGTGACCCGGAATCCCCAGACAGCTCGTCAGGCCCACCTGTACCGTGGCATCTTCCCTG
TGCTGTGCAAGGACCCAGTCCAGGAGGCCTGGGCTGAGGACGTGGACCTCCGGGTGAACTTTGC
CATGAATGTTGGCAAGGCCCGAGGCTTCTTCAAGAAGGGAGATGTGGTCATTGTGCTGACCGGA
TGGCGCCCTGGCTCCGGCTTCACCAACACCATGCGTGTTGTTCCTGTGCCGTGA ...1596

16.6 Human PKM2 proteins sequence:

MSKPHSEAGTAFIQTQQLHAAMADTFLEHMCRLDIDSPPITARNTGIICTIGPASRSVETLKEMIKSGMN
VARLNFSHGTHEYHAETIKNVRTATESFASDPILYRPVAVALDTKGPEIRTGLIKGSGTAEVELKKGATL
KITLDNAYMEKCDENILWLDYKNICKVVEVGSKIYVDDGLISLQVKQKGADFLVTEVENGGSLGSKKG
VNLPGAAVDLPAVSEKDIQDLKFGVEQDVDMVFASFIRKASDVHEVRKVLGEKGKNIKIISKIENHEGV
RRFDEILEASDGIMVARGDLGIEIPAEKVFLAQKMMIGRCNRAGKPVICATQMLESMIKKPRPTRAEGS
DVANAVLDGADCIMLSGETAKGDYPLEAVRMQHLIAREAEAAIYHLQLFEELRRLAPITSDPTEATAV
GAVEASFKCCSGAIIVLTKSGRSAHQVARYRPRAPITAVIRNPQTRQAHLYRGIFPVLCKDPVQEAWAE
DVDLRVNFAMNVGKARGFFKKGDVVIVLTGWRPGSGFTNTMRVVPVP
...531
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16.5 Human AMPKa2 cDNA sequence (NCBI Reference Sequence: NM_002654.3)

ATGGCTGAGAAGCAGAAGCACGACGGGCGGGTGAAGATCGGACACTACGTGCTGGGCGACACG
CTGGGCGTCGGCACCTTCGGCAAAGTGAAGATTGGAGAACATCAATTAACAGGCCATAAAGTGG
CAGTTAAAATCTTAAATAGACAGAAGATTCGCAGTTTAGATGTTGTTGGAAAAATAAAACGAGA
AATTCAAAATCTAAAACTCITTCGTCATCCTCATATTATCAAACTATACCAGGTGATCAGCACTC
CAACAGATTTTTTITATGGTAATGGAATATGTGTCTGGAGGTGAATTATTTGACTACATCTGTAAGC
ATGGACGGGTTGAAGAGATGGAAGCCAGGCGGCTCTTTCAGCAGATTCTGTCTGCTGTGGATTAC
TGTCATAGGCATATGGTTGTTCATCGAGACCTGAAACCAGAGAATGTCCTGTTGGATGCACACAT
GAATGCCAAGATAGCCGATTTCGGATTATCTAATATGATGTCAGATGGTGAATTTCTGAGAACTA
GTTGCGGATCTCCAAATTATGCAGCACCTGAAGTCATCTCAGGCAGATTGTATGCAGGTCCTGAA
GITGATATCTGGAGCTGTGGTGTTATCTTGTATGCTCTTCTTTGTGGCACCCTCCCATTTGATGATG
AGCATGTACCTACGTITATTITAAGAAGATCCGAGGGGGTGTCTITTTATATCCCAGAATATCTCAAT
CGTTCTGTCGCCACTCTCCTGATGCATATGCTGCAGGTTGACCCACTGAAACGAGCAACTATCAA
AGACATAAGAGAGCATGAATGGTTTAAACAAGATTTGCCCAGTITACTTATTTCCTGAAGACCCIT
CCTATGATGCTAACGTCATTGATGATGAGGCTGTGAAAGAAGTGTGTGAAAAATTTGAATGTACA
GAATCAGAAGTAATGAACAGTTTATATAGTGGTGACCCTCAAGACCAGCTITGCAGTGGCTTATCA
TCTTATCATTGACAATCGGAGAATAATGAACCAAGCCAGTGAGTTCTACCTCGCCTCTAGTCCTC
CATCTGGTTCITTTATGGATGATAGTGCCATGCATATTCCCCCAGGCCTGAAACCTCATCCAGAA
AGGATGCCACCTCITATAGCAGACAGCCCCAAAGCAAGATGTCCATTGGATGCACTGAATACGA
CTAAGCCCAAATCTTTAGCTGTGAAAAAAGCCAAGTGGCATCTTGGAATCCGAAGTCAGAGCAA
ACCGTATGACATTATGGCTGAAGTTTACCGAGCTATGAAGCAGCTGGATTTITGAATGGAAGGTAG
TGAATGCATACCATCTTCGTGTAAGAAGAAAAAATCCAGTGACTGGCAATTACGTGAAAATGAG
CITACAACTTTACCTGGTTGATAACAGGAGCTATCTTTTGGACTTTAAAAGCATTGATGATGAAGT
AGTGGAGCAGAGATCTGGTTCCTCAACACCTCAGCGTTCCTGTTCTGCTGCTGGCTTACACAGAC
CAAGATCAAGTTTTGATTCCACAACTGCAGAGAGCCATTCACTTTCTGGCTCTCTCACTGGCTCTT
TGACCGGAAGCACATTGTCTTCAGTTTCACCTCGCCTGGGCAGTCACACCATGGATTTTTITGAAA
TGTGTGCCAGTCTGATTACTACTTTAGCCCGTTGA ...1659

16.6 Human AMPKa?2 proteins sequence:

MAEKQKHDGRVKIGHYVLGDTLGVGTFGKVKIGEHQLTGHKVAVKILNRQKIRSLDVVGKIKREIQNL
KLFRHPHIKLYQVISTPTDFFMVMEY VSGGELFDYICKHGRVEEMEARRLFQQILSAVDYCHRHMVVH
RDLKPENVLLDAHMNAKIADFGLSNMMSDGEFLRTSCGSPNYAAPEVISGRLYAGPEVDIWSCGVILY
ALLCGTLPFDDEHVPTLFKKIRGGVFYIPEYLNRSVATLLMHMLQVDPLKRATIKDIREHEWFKQDLPS
YLFPEDPSYDANVIDDEAVKEVCEKFECTESEVMNSLYSGDPQDQLAVAYHLIIDNRRIMNQASEFYLA
SSPPSGSFMDDSAMHIPPGLKPHPERMPPLIADSPKARCPLDALNTTKPKSLAVKKAKWHLGIRSQSKP
YDIMAEVYRAMKQLDFEWKVVNAYHLRVRRKNPVTGNYVKMSLQLYLVDNRSYLLDFKSIDDEVVE
QRSGSSTPQRSCSAAGLHRPRSSFDSTTAESHSLSGSLTGSLTGSTLSSVSPRLGSHTMDFFEMCASLITTL

139 |Page



Appendix I

16.5 Human AMPKa2 T172D cDNA sequence (NCBI Reference Sequence: NM_002654.3)

ATGGCTGAGAAGCAGAAGCACGACGGGCGGGTGAAGATCGGACACTACGTGCTGGGCGACACG
CTGGGCGTCGGCACCTTCGGCAAAGTGAAGATTGGAGAACATCAATTAACAGGCCATAAAGTGG
CAGTTAAAATCTTAAATAGACAGAAGATTCGCAGTTTAGATGTTGTTGGAAAAATAAAACGAGA
AATTCAAAATCTAAAACTCTTTCGTCATCCTCATATTATCAAACTATACCAGGTGATCAGCACTC
CAACAGATTTTTITATGGTAATGGAATATGTGTCTGGAGGTGAATTATTTGACTACATCTGTAAGC
ATGGACGGGTTGAAGAGATGGAAGCCAGGCGGCTCTTTCAGCAGATTCTGTCTGCTGTGGATTAC
TGTCATAGGCATATGGTTGTTCATCGAGACCTGAAACCAGAGAATGTCCTGTTGGATGCACACAT
GAATGCCAAGATAGCCGATTTCGGATTATCTAATATGATGTCAGATGGTGAATTTCTGAGAACTA
GTTGCGGATCTCCAAATTATGCAGCACCTGAAGTCATCTCAGGCAGATTGTATGCAGGTCCTGAA
GTTGATATCTGGAGCTGTGGTGTTATCTTGTATGCTCTTCTTTGTGGCACCCTCCCATTTGATGATG
AGCATGTACCTACGTTATTTAAGAAGATCCGAGGGGGTGTCTTTITATATCCCAGAATATCTCAAT
CGTTCTGTCGCCACTCTCCTGATGCATATGCTGCAGGTTGACCCACTGAAACGAGCAACTATCAA
AGACATAAGAGAGCATGAATGGTTTAAACAAGATTTGCCCAGTTACTITATTTCCTGAAGACCCTT
CCTATGATGCTAACGTCATTGATGATGAGGCTGTGAAAGAAGTGTGTGAAAAATTTGAATGTACA
GAATCAGAAGTAATGAACAGTTTATAT ...936

16.6 Human AMPKa2 T172D consecutive active protein proteins sequence:

MAEKQKHDGRVKIGHYVLGDTLGVGTFGKVKIGEHQLTGHKVAVKILNRQKIRSLDVVGKIKREIQNL
KLFRHPHIIKLYQVISTPTDFFMVMEY VSGGELFDYICKHGRVEEMEARRLFQQILSAVDYCHRHMVVH
RDLKPENVLLDAHMNAKIADFGLSNMMSDGEFLRDSCGSPNYAAPEVISGRLYAGPEVDIWSCGVILY
ALLCGTLPFDDEHVPTLFKKIRGGVFYIPEYLNRSVATLLMHMLQVDPLKRATIKDIREHEWFKQDLPS

YLFPEDPSYDANVIDDEAVKEVCEKFECTESEVMNSLY ...531
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16.5 Human C-Myc cDNA sequence (NCBI Reference Sequence: NM_002654.3)

ATGCCCCTCAACGTTAGCTTCACCAACAGGAACTATGACCTCGACTACGACTCGGTGCAGCCGTA
TTTCTACTGCGACGAGGAGGAGAACTTCTACCAGCAGCAGCAGCAGAGCGAGCTGCAGCCCCCG
GCGCCCAGCGAGGATATCTGGAAGAAATTCGAGCTGCTGCCCACCCCGCCCCTGTCCCCTAGCC
GCCGCTCCGGGCTCTGCTCGCCCTCCTACGTTGCGGTCACACCCTTCTCCCTTCGGGGAGACAAC
GACGGCGGTGGCGGGAGCTTCTCCACGGCCGACCAGCTGGAGATGGTGACCGAGCTGCTGGGAG
GAGACATGGTGAACCAGAGTTTCATCTGCGACCCGGACGACGAGACCITCATCAAAAACATCAT
CATCCAGGACTGTATGTGGAGCGGCTTCTCGGCCGCCGCCAAGCTCGTCTCAGAGAAGCTGGCCT
CCTACCAGGCTGCGCGCAAAGACAGCGGCAGCCCGAACCCCGCCCGCGGCCACAGCGTCTGCTC
CACCTCCAGCTTGTACCTGCAGGATCTGAGCGCCGCCGCCTCAGAGTGCATCGACCCCTCGGTGG
TCTTCCCCTACCCTCTCAACGACAGCAGCTCGCCCAAGTCCTGCGCCTCGCAAGACTCCAGCGCC
TTCTCTCCGTCCTCGGATTCTCTGCTCTCCTCGACGGAGTCCTCCCCGCAGGGCAGCCCCGAGCCC
CTGGTGCTCCATGAGGAGACACCGCCCACCACCAGCAGCGACTCTGAGGAGGAACAAGAAGAT
GAGGAAGAAATCGATGTTGTTTCTGTGGAAAAGAGGCAGGCTCCTGGCAAAAGGTCAGAGTCTG
GATCACCTTCTGCTGGAGGCCACAGCAAACCTCCTCACAGCCCACTGGTCCTCAAGAGGTGCCA
CGTCTCCACACATCAGCACAACTACGCAGCGCCTCCCTCCACTCGGAAGGACTATCCTGCTGCCA
AGAGGGTCAAGTTGGACAGTGTCAGAGTCCTGAGACAGATCAGCAACAACCGAAAATGCACCA
GCCCCAGGTCCTCGGACACCGAGGAGAATGTCAAGAGGCGAACACACAACGTCTITGGAGCGCC
AGAGGAGGAACGAGCTAAAACGGAGCTTTTTTGCCCTGCGTGACCAGATCCCGGAGTTGGAAAA
CAATGAAAAGGCCCCCAAGGTAGTTATCCTTAAAAAAGCCACAGCATACATCCTGTCCGTCCAA
GCAGAGGAGCAAAAGCTCATTTCTGAAGAGGACTTGTTGCGGAAACGACGAGAACAGTTGAAA
CACAAACTTGAACAGCTACGGAACTCTTGTGCGTAA ...1320

16.6 Human c-Myc proteins sequence:

MPLNVSFTNRNYDLDYDSVQPYFYCDEEENFYQQQQQSELQPPAPSEDIWKKFELLPTPPLSPSRRSGLC
SPSYVAVTPFSLRGDNDGGGGSFSTADQLEMVTELLGGDMVNQSFICDPDDETFIKNIIQDCMWSGFS

AAAKLVSEKLASYQAARKDSGSPNPARGHSVCSTSSLYLQDLSAAASECIDPSVVFPYPLNDSSSPKSCA
SQDSSAFSPSSDSLLSSTESSPQGSPEPLVLHEETPPTTSSDSEEEQEDEEEIDVVSVEKRQAPGKRSESGSPS
AGGHSKPPHSPLVLKRCHVSTHQHNYAAPPSTRKDYPAAKRVKLDSVRVLRQISNNRKCTSPRSSDTE

ENVKRRTHNVLERQRRNELKRSFFALRDQIPELENNEKAPKVVILKKATAYILSVQAEEQKLISEEDLLR
KRREQLKHKLEQLRNSCA ....439
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I. Publications

- Chaman, N., M. A. Igbal, F. A. Siddiqui, P. Gopinath and R. N. Bamezai (2015). "ERK2-
Pyruvate Kinase Axis Permits Phorbol 12-Myristate 13-Acetate-induced Megakaryocyte
Differentiation in K562 Cells." J Biol Chem 290(39): 23803-23815. ISSN/ISBN 1083-
351X.

- Igbal, M. A., V. Gupta, P. Gopinath, S. Mazurek and R. N. Bamezai (2014). "Pyruvate
kinase M2 and cancer: an updated assessment.” FEBS Lett 588(16): 2685-2692.
ISSN/ISBN 1873-3468.

- lIgbal, M. A, F. A. Siddiqui, N. Chaman, V. Gupta, B. Kumar, P. Gopinath and R. N.
Bamezai (2014). "Missense mutations in pyruvate kinase M2 promote cancer metabolism,
oxidative endurance, anchorage independence, and tumor growth in a dominant negative
manner." J Biol Chem 289(12): 8098-8105. ISSN/ISBN 1083-351X.

- lIgbal, M. A., F. A. Siddiqui, V. Gupta, S. Chattopadhyay, P. Gopinath, B. Kumar, S.
Manvati, N. Chaman and R. N. Bamezai (2013). "Insulin enhances metabolic capacities of
cancer cells by dual regulation of glycolytic enzyme pyruvate kinase M2." Mol Cancer 12:
72. ISSN/ISBN 1476-4598.

- Vibhor Gupta, P. Gopinath, Mohd Askandar Igbal, Sybille Mazurek, Kathryn E. Wellen
and Rameshwar N. K. Bamezai (2014). “Interplay between epigenetics & cancer
metabolism." Curr Pharm Des. 20(11): 1706-1714. ISSN/ISBN 1873-4286.

- P._ Gopinath, Mohd Askandar Igbal et al., Knockdown of PKM isoforms in cancer cells
activates AMPK signaling to reprogram energy metabolism by stimulating mitochondrial

biogenesis and autophagy for cell survival (Manuscript under Review).
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II. Abstracts Published in peer-reviewed international journals

- Gopinath Prakasam and Rameshwar N.K. Bamezai, LKB1-AMPK axis regulates
the switch of Pyruvate Kinase M isoforms to tolerate nutritional stress. Molecular
Cancer Research. DOI: 10.1158/1557-3125.METCA15-B19 Published January
2016.

I1I. International and National, conference, workshop, and presentation.

- Attended, an international conference “Metabolism and Cancer”, an ‘American
Association for Cancer Research (AACR) Conference event, held at Hyatt Regency,
Bellevue Washington, USA in June 2015 and presented a poster on the topic of
“LKB1-AMPK axis regulates the switch of Pyruvate Kinase M isoforms to tolerate
nutritional stress ”.

- Attended, an international symposium “Frontiers in Metabolism: From Molecular
Physiology to systems Medicine”, an ‘EMBO/EMBL symposia event, held at
Heidelberg, Germany in November 2014 and presented a poster on the topic of “AMPK
regulates pyruvate Kinase M gene isoform switching and reverts Warburg effect in
cancer cell lines”.

- Attended, 9th National Research Scholar Meet in Life Sciences -2013, held at Advance
Centre for Treatment, Research and Education in Cancer, Navi Mumbai on December
2013 and delivered an oral presentation on the topic of “Insulin enhances metabolic

capacities of cancer cells by dual regulation of glycolytic enzyme pyruvate kinase M2”.

- Attended, BioCamp 2013 — Novartis Biotechnology Leadership Camp, Hyderabad, India
on July 8 -10, 2013.
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IV. Awards

- Won a “Best team award” and cash price of Rs. 5000 from BioCamp 2013 — Novartis
Biotechnology Leadership Camp, Hyderabad, India on July 8 -10, 2013

- Awarded Corpus Fund by Jawaharlal Nehru University, New Delhi, India.

- Awarded Travel Grant by Department of Science and Technology (DST), Govt. of
India.

- Awarded Travel Grant by Indian Council for Medical Research (ICMR), Govt. of India

- Awarded Travel Grant by Council for Scientific and Industrial Research (CSIR), Govt.
of India

- Awarded Travel Grant by Immunology foundation of India (G.P. Talwar Foundation).

- Awarded travel grant by organizers of “Frontiers in Metabolism: From Molecular
Physiology to systems Medicine”, an ‘EMBO/EMBL symposia event, held at
Heidelberg, Germany in November 2014.
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