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ABSTRACT

Cancer therapy traditionally seeks to achieve complete tumor eradication via
induction of cancer cell death by chemotherapeutic agents or radiation. An alternative
strategy is to induce cytostasis, i.e. to arrest proliferation of cancer cells, perhaps in
parallel with conventional chemotherapy. Such an alternative strategy could provide

prolonged survival with less severe consequences of cytotoxic agents.

To be truly effective, a chemotherapeutic drug should exert its action on
biochemical targets specific for neoplastic cells while leaving the normal cells unaffected.
Therefore, the knowledge of tumor cell-specific biochemical and signaling pathways is a

pre-requisite for development of new, prospective anticancer drugs.

In this study, we concentrated on the energy metabolism which is remarkably
different in tumor and healthy cells. Cancer cells generate ATP mainly through the
glycolytic pathway, and depend far less on oxidative phosphorylation (the Warburg
effect). The way cancer cells generate energy reflects their need for energy as well as
building blocks required for fast biosynthesis. Glycolysis, in contrast to oxidative
phosphorylation, enhances biosynthetic pathways thus accelerating progression of tumor
cells through the cell cycle. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
occupies a central position in the glycolytic pathway thus playing a critical role in the
energy metabolism of cancer cells. Along with its enzymatic activity, GAPDH is a
multifunctional protein which acts as a signaling and regulatory molecule in several

cellular mechanisms.



Based on the fact that glycolysis plays a pivotal role in survival of cancer cells, we
hypothesized that down-regulation of GAPDH protein would alter the cancer cell
proliferation, and cellular sensitivity of cancer cells to chemotherapy. The goal of this

study was to evaluate GAPDH as a potential molecular target for treatment of cancer.

In this project, our aims were: 1) To determine the effect of GAPDH level on cell
proliferation and cell cycle progression of human carcinoma cells; 2) To elucidate the
molecular mechanism(s) causing proliferation arrest in GAPDH-depleted cells; 3) To
identify the chemotherapeutic agents exhibiting cytotoxic effect against non-dividing,
senescent cells; 4) To analyze molecular dynamics of nuclear GAPDH and its mutant

variants in the context of chemotherapy-induced stress.

Towards these aims, we developed an experimental model where the level of
GAPDH in human carcinoma cells was modulated by RNA interference (RNAI)
technology. In vitro experiments were performed in this model system to evaluate the
energy status, and signaling pathways in cancer cells after GAPDH depletion. Human
carcinoma isogenic cell lines with different levels of GAPDH protein were analyzed for
the sensitivity to various chemotherapeutic agents. Using site-mutagenesis, we prepared
mutated variants of GAPDH and estimated their enzymatic activity. We also prepared
constructs where GAPDH cDNA was fused with green fluorescent protein (EGFP) cDNA,
and transiently expressed them in human cancer cells, to assess GAPDH localization and
biological effects. We analyzed intranuclear localization and dynamic characteristics of

GAPDH and its variants in the live cells using image confocal technologies (e.g. FRAP).



In our study, we demonstrated that GAPDH is a molecular target with clinical
potential for senescence-based tumor suppression. Our experiments revealed that
depletion of GAPDH induces energy crisis and proliferation arrest in human carcinoma
cells. We elucidated the molecular mechanisms initiated by GAPDH depletion, and
demonstrated that GAPDH-depleted cells acquire the accelerated senescence phenotype.
Moreover, we found chemotherapeutic agents cytotoxic to the senescent cells, a finding
that opens a way to combination chemotherapy with therapy-induced senescence agents.
Our results on dynamic characteristics of intranuclear GAPDH and its mutant forms
indicate that in the nucleus, GAPDH interacts with biomolecules yet to be identified. The
results of this study suggest a novel, prospective molecular target for pharmacotherapeutic

intervention in cancer management.
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CHAPTER 1
FINDING NEW STRATEGIES FOR CANCER TREATMENT:

AN INTRODUCTION

“The respiration of normally growing tissues suffices to bring about the disappearance
of the glycolysis-products, whereas in tumors the respiration is too small for this, which

is the cause of difference between ordered and disordered growth”
(Warburg, 1925)

Cancer therapy traditionally seeks to achieve complete tumor eradication via
induction of cancer cell death by chemotherapeutic agents or radiation. While this strategy
has been in use for over a century, it inevitably confines oncologists’ armamentarium to
highly toxic agents or high dose radiation. Along with limited efficacy of this approach,
we also witness severe side effects associated with it. An alternative strategy is to induce
cytostasis, i.e. to arrest proliferation of cancer cells, perhaps in parallel with conventional
chemotherapy. Such an alternative strategy could provide prolonged survival with less

severe consequences of cytotoxic agents.

The success of any of these strategies depends on how selectively it acts on tumor
cells. To be truly effective, a chemotherapeutic drug should exert its action on biochemical
targets specific for neoplastic cells while leaving the normal cells unaffected. Therefore,
the knowledge of tumor cell-specific biochemical and signaling pathways is a pre-

requisite for development of new, prospective anticancer drugs.



1.1 Differential pathways in cancer versus normal cells

Cancer cells are abnormal cells which divide without control and are able to
invade other tissues. Cancer cells exhibit variety of differentiation states spanning from
highly differentiated cell, similar to parent cell with normal glycolysis and slow growth
rate to highly de-differentiated highly glycolytic, rapidly growing cells (Baggetto, 1992).

Multiple intrinsic and extrinsic molecular mechanisms alter the cellular
metabolism and provide basic needs of dividing cells such as rapid ATP generation to
maintain energy status, increased biosynthesis of macromolecules, and maintenance of
cellular redox status (Cairns et al., 2011). One of the most characterized metabolic
phenotypes that differentiate normal cells from cancer cells is the energy metabolism
(production of ATP) (Refer section 1.2). In contrast to normal cells which depend on
oxidative phosphorylation as the source of energy, cancer cells depend much more on
aerobic glycolysis (Warburg, 1956).

Beyond Warburg effect, tumor cells adapt to other altered metabolic pathways
important for macromolecular building blocks and maintenance of redox balance. Altered
cancer metabolism leads to increased production of reduced nicotinamide adenine
dinucleotide phosphate (NADPH) which acts as a cofactor and a reducing agent in many
enzymatic reactions required for macromolecular biosynthesis. NADPH is also an
antioxidant and exhibits defensive mechanism against reactive oxygen species (ROS) that

leads to rapid cellular proliferation (Cairns et al., 2011).

Certain other metabolic pathways are known to be deficient in cancer cells as
compared to normal cells. Cholesterol biosynthetic pathway is deficient in feed-back

regulation and in sterol-transport mechanisms in tumor cells. Tumor cells lack intra-
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mitochondrial aldehyde metabolism at the initiation of aldehyde toxicity which otherwise
is overcome by formation of a neutral product acetoin in mammalian cells (Baggetto,
1992). Most of the pyruvate in cancer cells is converted to lactate; hence the remaining
carbons enter truncated Krebs cycle extruding the citrate into cytosol where it feeds sterol
synthesis. Another distinguishing feature is glutamine, which is the major oxidizable

substrate in tumor cells, unlike normal cells (Baggetto, 1992).

It has been long known that mutations in oncogenes and tumor suppressor genes
cause alterations to multiple intracellular signaling pathways that affect cell metabolism
and reengineer the cells to allow enhanced survival and growth. Oncogenes in their proto-
oncogene state allow the cells to proceed from one cell cycle stage to next. Activation of
genetic mutations leads to dysregulation of this process resulting in cellular
transformation to cancerous cell (Chow, 2010). Some of the proto-oncogenes which get
converted to oncogenes on genetic alterations include Ras gene family, BCR/ABL and c-
MYC.

Genetic alterations in cells lead to loss of the control of tumor suppressor genes over cell
division causing uncontrolled cellular proliferation (Chow, 2010). Mutations in tumor
suppressors such as p53, RB1, genes encoding Cdk inhibitors induce cellular
transformation of a normal cell into a cancer cell. Accordingly, understanding of genetic
basis of cancer and intricacies of cellular regulatory pathways is absolutely necessary

before more effective therapeutic agents can be developed.



1.2 Energy metabolism in cancer cells

For several decades cancer was considered as a genetic disease driven by

(Warburg, 1925).

mutations and epigenetic alterations. Nowadays, it is clear that cancer is also a metabolic
disease (Hainaut and Plymoth, 2012). Cellular transformation in cancer cells involves
reprogramming of cellular pathways that involve not only cell survival and cellular
protection but also metabolism. Therefore, the difference in metabolism of growing tissue

and resting tissue is a fundamental distinction between the normal cells and cancer cells
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Figure 1: Schematic representation of the difference in energy pathways in normal vs. cancer
cells. In normal cells, glucose is metabolized to pyruvate which is further oxidized in the
mitochondria during the process of oxidative phosphorylation. In absence of oxygen, pyruvate is
converted to lactate via anaerobic glycolysis in normal cells. However, in cancer cells glucose is

converted to lactate regardless of presence of oxygen (Vander Heiden et al., 2009).



The role of metabolism in cancer was first documented in 1920’s by Otto von
Warburg who demonstrated that cancer cells exhibit increased glycolysis and decreased
dependence on oxidative phosphorylation. Warburg stated that cancer cells originate
from normal cells in two phases. The first phase involves irreversible injury of
respiration. Common methods for destruction of respiration could be removal of oxygen,
lack of energy and exposure to respiratory poisons like arsenious acid, derivatives of
hydrogen sulfide, etc (Warburg, 1956). Hence, tumor hypoxia is one of the important
aspects for initiation of cancerous growth (Vander Heiden et al., 2009). The second phase
of cancer formation is increased fermentation energy to compensate the loss of
respiratory energy. The driving force for increase in fermentation is energy deficiency
under which cells operate due to destruction of their respiration. Increased cellular
division demands increased fermentation process. Therefore it would not be incorrect to
consider that fermentation in normal cells forms the basis for origin of cancer (Warburg,

1956).

As rate of glycolysis is higher in growing cells than resting cells, glycolytic
activity can be considered as an integral part of tumor cells. This shift towards lactate
production in cancers even in presence of adequate oxygen is termed as the Warburg
effect (Fig. 2). According to the Warburg effect, cancer cells consume glucose and

produce lactic acid under aerobic conditions (Kim and Dang, 2006).
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Figure 2: Molecular basis of the Warburg effect. Tumor cells exhibit enhanced conversion of
glucose to lactate even in presence of adequate oxygen which ordinarily would be used for

oxidative phosphorylation is highlighted in the Warburg effect (Kim and Dang, 2006).

Tumor cells are known to increase glucose metabolism and glucose dependence
(Hamanaka and Chandel, 2012). This raises the question that why the proliferating cells
would switch to a less efficient metabolism in terms of ATP production. An explanation
suggested by Thompson and his co-workers was that ATP production is a problem only
in cases of scarce resources which is not a problem for proliferating mammalian cells that
are exposed continually to glucose and other nutrients via blood circulation (Vander

Heiden et al., 2009).



The way cancer cells generate ATP reflects their need for energy as well as
building blocks required for fast biosynthesis. In contrast to oxidative phosphorylation,
glycolysis enhances biosynthetic pathways thus accelerating progression of tumor cells
through the cell cycle. Although certain tumors rely on glucose, it is better understood
now that few cancer cells also rely on glutamine or on fatty acids to fuel their metabolism
(Baggetto, 1992). Hence, cancer cells display specific metabolic deviations as compared

to normal cells.

Recently, it was demonstrated that many tumor-suppressor genes and oncogenes
play a critical role in energy metabolism in normal cells as well as tumor cells. TP53
tumor suppressor gene is most commonly mutated in human cancers which encodes
protein p53 (Hainaut and Plymoth, 2012). p53 aids oxygen-dependent energy production
by promoting mitochondrial biogenesis and metabolic capacity (Wang et al., 2012), it
also suppresses glycolysis via coordinated mechanisms and by directly regulating a
component of glycolytic pathway (Hainaut and Plymoth, 2012). Hence, mutation of p53
leads to switch to anaerobic metabolism in cancer cells. MYC gene activates glycolytic
genes and triggers mitochondrial DNA damage rendering mitochondria dysfunctional
(Powers et al., 2004). AKT is an oncogene which increases glucose transportation and
stimulates Hexokinase-2 enhancing the glycolytic rates in cancer cells. RAS increases
HIF-1 levels in cancer cells which activates glycolytic genes and activates PDK1 gene,
which in turn inhibits PDH that catalyzes conversion of pyruvate to acetyl coenzyme A

(Kim and Dang, 2006).



To summarize, the metabolic phenotype of tumor cells is controlled by intrinsic genetic

mutations and external responses to the tumor microenvironment which is depicted in

Figure 3.
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Figure 3: Determinants of tumor metabolic phenotype (Cairns et al., 2011).

The differences in metabolic and signaling pathways between tumor and healthy
cells offer a therapeutic opportunity to design tumor-specific chemotherapeutic agents.
Among other potential targets, energy metabolism provides an attractive target for tumor-

specific intervention, as demonstrated further in this study.



1.3 Targeted therapy for cancer management

Cancer was considered an incurable disease until surgical treatments and radiation
therapies were introduced. However, over a period of time it was realized that neither of
the two or combination of both adequately controlled the metastatic cancer. Hence, a
need for an effective treatment to reach every organ of the body specifically arose.
Current treatments for cancer include targeted therapy, use of biological molecules and
immune mediated therapies along with surgery and irradiation (Hang-Chung et al., 2006).
Targeted therapy comprises drugs or substances that block the growth and spread of
cancer by interfering with specific molecules that are involved in tumor cell progression.
Molecular targeted therapies specific to molecular and cellular changes occurring
exclusively in cancer cells are considered to be more effective and less harmful to normal
cells in comparison to chemotherapy and radiotherapy. Hence, target therapy can be

considered as a promising approach to treat cancer (Hang-Chung et al., 2006).

Targeted therapy encompasses a variety of direct and indirect approaches. The
direct approaches include use of monoclonal antibodies or small molecule drugs that
interfere with the target proteins. Indirect approaches include targeting antigens
expressed on tumor cell surface which act as target devices for ligands containing

different effector molecules (Figure 4) (Hang-Chung et al., 2006).

Molecular targeted therapies focus on protein molecules involved in cell signaling
pathways which form a complex system regulating cell’s basic functions and activities
such as cell division, cell movement and cell death. Various molecular targeted therapies

currently used are monoclonal antibodies, antisense technology, gene therapy and small



molecules targeting specific proteins (Hang-Chung et al., 2006; Manjunath and

Dykxhoorn, 2010).

A combination of different targeted therapies or their combination with
chemotherapy is one of the widely used treatments for treating cancers today. One of the
examples of a combination of targeted therapy with chemotherapy is VEGF-targeted
agents and mTOR inhibitors given to treat renal carcinoma. Also, different combinations
of bevacizumab plus interferon, bevacizumab plus everolimus, bevacizumab plus

temsirolimus are being tested to treat renal cancer (Cowey and Hutson, 2010).
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Figure 4: Targeted therapy: A new generation of cancer drugs designed to interfere with specific

protein targets in cancer cells (Hang-Chung et al., 2006).

RNA interference is a relatively new technology which allows one to selectively
inhibit the expression of individual, cancer-specific proteins, and therefore, is an example
of the targeted therapy, which has high potential for cancer therapy. Recently, small
interfering RNA (siRNA) delivered to specific targets like EGFR, CD20, CD33, Hsp70,
VEGF etc. have been explored as a potential novel therapy to treat cancer. siRNA offers
a drug-like approach to treat various diseases. While siRNA delivery is one of the major
challenges, various methods are being developed to deliver siRNA like hydrodynamic

injection, lipid-based delivery, nanoparticles, etc.

and Dykxhoorn, 2010).
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1.4 Cellular senescence as a strategy in controlling cancer

Cellular senescence is a phenomenon where cells under certain physiological
stress conditions lose their ability to divide and stop proliferating. Normal cells usually
increase in population with finally entering a quiescent but viable state known as
replicative senescence (Vergel et al., 2010). On the other hand, accelerated senescence is
executed by cells in response to certain stress conditions. Senescence stimuli like
telomere shortening, epigenetic derepression of the INK4a/ARF locus, and DNA damage
trigger the state of irreversible growth arrest (Figure 5). Cellular senescence is regulated
by various molecular pathways and oncogenes. Several chromosomes and distinct genes
including Rafl, MAP2K®6, PTEN, etc. regulate the induction of senescence in cancer cells
(Ewald et al., 2010). Cancer cells with functional p53, Rb and other tumor suppressor
genes retain the capacity to generate senescence phenotype (Ewald et al., 2010). The two
major effector pathways known to regulate senescence include p14ARF/p53/p21 pathway
and INK4/CDK/pRb pathway (Campisi and d'Adda di Fagagna, 2007). All together these

mechanisms limit the aberrant cell proliferation (Collado et al., 2007).
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Figure 5: Induction of cellular senescence by multiple factors. Telomere shortening, accumulation
of DNA damage, derepression of INK4a/ ARF locus along with the major effectors, tumor

suppressor p53 and retinoblastoma Rb leading to senescence in the cells. (Collado et al., 2007)

Both types of senescence are characterized by cell proliferation arrest, arrest of DNA
synthesis, changes in morphology (enlarged and flattened cells), accumulation of
senescence-associated biomarkers B-galactosidase (SA-B-gal), pl6/INK4a, DEC1 and

GLB1. Activation of p53 is considered as one of the critical events in activation of

senescence (Figure 6).
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Figure 6: Schematic representation of senescence effector pathways (Vergel et al., 2010).

Cellular senescence is responsible for the pathogenesis of number of diseases like
Alzheimer’s disease, atherosclerosis, osteoarthritis, ulcer formation, diabetes, etc. Most
of the tumor cells also show replicative potential leading to the hypothesis that cellular
senescence is a natural antitumor program (Vergel et al., 2010). Hence, recent research
suggests therapy-induced senescence as a novel functional target and can be considered

as a protective mechanism against cancer.
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1.4.1 Therapy-Induced Senescence

Some compounds, including chemotherapeutic agents, force cancer cells to enter
non-dividing stage by altering DNA structure and function (Ewald et al., 2010).
Senescence phenotype induced in cancer cells by selective anti-cancer drugs or radiation
is known as Therapy-Induced Senescence (TIS). Senescence-inducing drugs mostly cause
single strand or double strand breaks leading to DNA-damage, and DNA damage is
considered as one of the crucial stimuli of replicative senescence. Interestingly, a recent
study by Huck and his group showed that senescence could be induced in cancer cells by
targeting mitosis-regulating Aurora kinase A irrespective of p53 levels in the cells (Huck
et al., 2010). These findings suggest that cancer cells possess silenced signaling pathways
which can be manipulated to trigger senescence. Chemotherapeutic agents and radiation

stimulating tumor cells to enter senescence are summarized in Table 1.
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Table 1: Drugs that induce senescence in cancer cell line and tumors (Ewald et al., 2010).

Agents p53 Mechanisms
status
Aphidocolin + DNA polymerase inhibitor
Bleomycin + DNA damage
Camptothecin +/- DNA damage
Carboplatin+docetaxel +/- DNA damage
Cisplatin +/- DNA damage
Cyclophosphamide+ DOX+ 5- +/- DNA damage
FU
Doxorubicin +/- DNA damage
Diaziquone +/- DNA damage
Epigallocatechin gallate + Telomerase Inhibition
Etoposide +/- DNA damage
Gamma radiation +/- DNA damage
Hydroxyurea + ROS
Lovastatin - HMG-COA-reductase inhibitor
Mitoxantrone +/- DNA damage
Pyrithione +/- ROS, Zn/ Ca** regulation
Reseveretrol + ROS
Retinols + Differentiation
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Senescence in cancer cells stimulates immune response, e.g. human melanoma
cells co-expressing mutants of neuroblastoma RAS viral oncogene homolog (NRAS) and
v-raf murine sarcoma viral oncogene homolog Bl (BRAF) exhibited increase in
receptiveness to cell-mediated cytotoxicity by lymphokine-activated Killer cells (Petti et
al., 2006). Certain studies have implied a connection between age-related senescence and
induction of carcinogenesis in surrounding tissues. Senescent fibroblasts secrete
proinflammatory immune cytokines IL-6 and IL-8 which lead to development of age-
related cancers (Ewald et al., 2010). Senescent fibroblasts develop resistance to
apoptosis, while senescence in human umbilical vascular endothelial cells increases their
susceptibility to programmed cell death. However, the mechanism of resistance by TIS

cells towards apoptosis remains unclear.

In our study we have proposed a novel strategy which induces senescence in
human carcinoma cells by inhibiting glycolysis, a central energy pathway for cancer cell
survival. This strategy focuses on induction of cytostasis in cancer cells. We also focused
our study on the question what chemotherapeutic agents manifest cytotoxicity in non-
dividing, senescent tumor cells. The details of this study will be discussed in next

chapters.
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1.4.2 Clinical Potential of Therapy-Induced Senescence

Therapy-Induced Senescence is a potential strategy to control the proliferation of
tumors. This strategy would help to inhibit tumor growth, rather than achieve regression
of tumor. Low doses of chemotherapeutic drugs have induced senescence in in vitro
tumor xenograft model systems (Ewald et al., 2010). Tumor model systems with
inactivated apoptotic pathways responded to senescence inducers leading to improved
survival after chemotherapy in the mouse Ep-myc lymphoma model (Schmitt et al.,
2002). Anticancer drugs causing TIS possibly are known to exhibit heterogeneous

response in tumors in vivo (Ewald et al., 2010).

Senescence-induced anticancer therapy is expected to prove beneficial in clinical
cancer therapy. Recent studies suggest that expression of cytokines by senescent cancer
cells have inhibitory growth effect on surrounding cells. This results in anti-tumor effects.
Modern findings have proposed that cells in the premalignant prostatic lesion, prostatic
intraepithelial neoplasia, are more prone to senescence and hence, indicate senescence as
tumor suppression. Senescence can also be stimulated by use of specific
chemotherapeutic drugs in advanced tumor cells that have bypassed senescent-associated

barriers.

Halvorsen and his group suggested that the incidence of senescence markers in
cancer cells can be considered as improved prognosis and lower possibility of tumor
relapse. Senescence markers were identified in nevi, lung adenomas, and other non-
malignant cancers. Current research has confirmed that certain proliferating tumor cell

lines; PC3, DU145, LNCaP, HCT116, MCF are prone to senesce, hence similar response
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could be expected in vivo in patient tumors (Ewald et al., 2010). Senescence associated
SA-B-gal staining was observed in 30% of lung and 20% of breast tumors in untreated
control patients unlike normal tissues (te Poele et al., 2002; Roberson et al., 2005). These
findings cumulatively suggest that certain malignancies, especially early cancers exhibit

senescence mechanism.

In conclusion, therapeutic-induction of senescence can be considered as a
potential strategy to treat cancer by forcing cells to enter a non-dividing state. Advantages
of TIS include low toxic, side-effects; immune stimulation; and cytostasis. Hence, TIS as
an anticancer therapy might act towards achieving eradication of cancer. Certain
problems such as development of robust, irreversible senescence-inducing agents,
identification of reliable markers and its biological implications still remain unsolved
(Ewald et al., 2010). In our study we have attempted to address the issue of developing
persistent senescence in human carcinoma cells, in combination with chemotherapy to

achieve more effective cancer treatment.
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1.5 Glyceraldehyde-3-phopshate dehydrogenase and its novel functions

Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) occupies a central position in the
glycolytic pathway thus playing a critical role in the energy metabolism of cancer cells.
GAPDH is a multifunctional protein which, along with its enzymatic activity, acts as a
signaling and regulatory molecule in several cellular mechanisms. As an enzyme, GAPDH
catalyzes the fifth reaction within the glycolytic pathway. It plays a vital role in
conversion of glyceraldehyde-3-phosphate into 1, 3-biphosphoglycerate in presence of

NAD" and inorganic phosphates (Fig. 7).
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Gcheraldehyde-3-phosphate 1,3-biphosphoglycerate

Figure 7: Role of GAPDH in glycolysis.

GAPDH is a tetrameric protein (Figure 8), with a molecular mass of 37 kDa of each
monomer. Mammalian GAPDH is transcribed from a single structural gene on human
chromosome 12, even though the human genome contains 56 GAPDH-related sequences
classified as processed pseudogenes. Despite the significant conservation of GAPDH
sequence in genomes of different species, multiple genetic variants have been found for
human GAPDH gene. National Center for Bioinformatics dbSNP database contains data
on both synonymous and non-synonymous single nucleotide polymorphisms (SNP)

within the GAPDH locus, most of which remain uncharacterized (see below). Because
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many functions of GAPDH are enigmatic, understanding of GAPDH functional domains,
as well as the effects of SNPs on these functions is incomplete. Structural analysis of G-
3-P and NAD binding sites was performed. The active site includes Cys150 which is a

requirement for its glycolytic activity (Sirover, 2011).

Figure 8: Crystal Structure of human D-glyceraldehyde-3-phosphate dehydrogenase tetramer

(Protein Data Bank- 1U8F).

In addition to its role in glycolytic pathway, GAPDH participates in various cellular
signaling and regulatory functions. Non-glycolytic functions of GAPDH are summarized

in Table 2.
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Table 2: Non-glycolytic functions of GAPDH in various subcellular locations.

Functions of GAPDH Subcellular Reference
localization
GAPDH : nucleic acid Nucleus (Mazzola and Sirover,
interactions 2003)
Cytoskeletal structure and Perinuclear (Mazzola and Sirover,
translational control region 2003)
Modulate cell signaling pathways, Cytoplasm (Tristan et al., 2011)
cell death on oxidative stress
Vesicular transport Perinuclear (Tisdale, 2001)
region
Association with tubulin Perinuclear (Huitorel and Pantaloni,
region 1985)
MRNA binding protein Polysome (Nagy and Righy, 1995)
Apoptosis Nucleus (Dastoor and Dreyer,
2001),
Autophagy Cytoplasm (Colell et al., 2007)
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Because glucose metabolism plays a central role in carcinogenesis, GAPDH plays
an important role in tumor progression, tumorigenesis and cell survival (Tristan et al.,

2011). Hence, GAPDH is an essential component of cancer metabolism.

ENERGY
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‘\ / Accumulation

Cell proliferation€——— Roles of GAPDH ——— ntracellular

membrane
/ l \ trafficking
DNAintegrity and

protection Chemosensitivity Autophagy

Figure 9: Multiple known and hypothesized functions of GAPDH (Sirover, 2011).

GAPDH and its isoforms display numerous incompletely understood activities
unrelated to its glycolytic function (Fig. 9), e.g. phosphotransferase/kinase activity,
autophosphorylation or phosphorylation of other proteins thus acting as a kinase
(Kawamoto and Caswell, 1986). Recently this moonlighting protein was demonstrated to
be involved in cellular signaling processes like phosphorelay signaling; where its redox
sensitive cysteine residue provides input signals (Morigasaki et al., 2008; Sirover, 2011),
post translational modifications of GAPDH due to hydrogen peroxide which results in its

involvement in regulation of PLD2 (Kim et al., 2003), etc. GAPDH protein also
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participates in various nuclear functions like translational control, mRNA regulation,
tRNA export, DNA replication and DNA repair as a uracil DNA glycosylase (Meyer-
Siegler et al., 1991). At subcellular level GAPDH also plays a role in endocytosis,

membrane fusion (Carujo et al., 2006) and vesicular secretory transport (Tisdale, 2001).

GAPDH is essentially located in the cytosol (Tristan et al., 2011). Under stress
conditions, GAPDH undergoes various post-translational modifications which modulates
its activity and intracellular localization (Mazzola and Sirover, 2003). One well-studied
phenomenon is that under stress induced by nitric oxide, GAPDH is S-nitrosylated at
Cys-150 which triggers its binding to Siahl (an E3 ubiquitin ligase) (Hara et al., 2005).
Nitrosylated GAPDH is translocated into the nucleus where it interacts with p300/CBP,
and undergoes acetylation. Acetylation of nuclear GAPDH leads to activation of p53 and
various proapoptotic genes (Gough, 2008; Sen et al., 2008). Hence, GAPDH is a part of
machinery involved in oxidative stress-induced apoptosis by inducing pro-apoptotic
genes (Sen et al., 2008). Cerebellar granular cells undergo apoptotic death due to
increased expression of GAPDH (Dastoor and Dreyer, 2001). Based on these findings,
GAPDH is a key to various regulatory mechanisms which control the induction of

apoptosis.

GAPDH has also been demonstrated to be involved in autophagic process in the
cytoplasm of the cell. Autophagy is a restorative pathway wherein the damaged cell
undergoes intracellular repair resulting in recovery of viability and normal cell
functioning. In this pathway, GAPDH is involved in nuclear regulation of autophagic

gene Atgl2 (Colell et al., 2007).

24



Hence, GAPDH participates in numerous cell pathways. It undergoes subcellular
modifications which further alter its localization inside the cell and its functions.
However, the mechanisms through which the functional diversity of this protein is
controlled remain obscure. It still has to be elucidated which domains of this tetrameric
molecule are important for its cytosolic and nuclear functions, as well as its partners in
protein-protein and nucleic acid-protein interactions. Further experiments are needed to
characterize the effects of genetic variability within the GAPDH locus on its biological
activity. Finally, we have to define how functions of GAPDH are related to cancer cell
survival or proliferation, and if modulation of GAPDH functions can be used to control

tumor cell life cycle.
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CHAPTER 2

GOAL OF THE STUDY:

EVALUATION OF GAPDH AS A MOLECULAR TARGET

IN CANCER TREATMENT

Cancer is one of the leading causes of death in the developed countries (Hang-
Chung et al., 2006). As the classical therapies chemotherapy and radiotherapy have their
own limitations, search for new strategies to treat cancer more effectively continues.
Despite some accomplishments, there are paramount unmet challenges to treat cancer,
e.g. drug efficiency, drug toxicity, and drug resistance. One of the promising ways to
meet these challenges is targeted therapy which implies therapy against a molecular

target specific for tumor cells (Sledge, 2005).

In this study, we concentrated our efforts on the energy metabolism which is
remarkably different in tumor and healthy cells. Based on the fact that glycolysis plays a
pivotal role in survival of cancer cells, we hypothesized that down-regulation of GAPDH
protein would alter the cancer cell proliferation, and cellular sensitivity of cancer cells to
chemotherapy. The goal of this study was to evaluate GAPDH as a potential molecular

target for treatment of cancer.
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The Specific Aims towards this goal were:

Specific Aim 1: To determine of the effect of GAPDH level on cell proliferation and cell

cycle progression of human carcinoma cells.

Experimental approach:

Human lung carcinoma cells with reduced GAPDH level were used as a model system. In
order to knockdown the levels of GAPDH, we used RNAIi technique. In vitro
experiments were performed in the cells with depleted GAPDH, to determine the cell

proliferation and cell cycle progression as a function of time.

Specific Aim 2: To elucidate the molecular mechanism(s) causing proliferation arrest in

GAPDH-depleted cells.

Experimental approach:

We used GAPDH depleted A549 cells to estimate the cell status by assessing energy
metabolism, apoptotic and cellular senescence makers. Next, we tested the hypothesis
that down-regulation of ATP levels in A549 cells activates AMPK/p53 pathway leading

to accelerated senescence.
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Specific Aim 3: To identify the chemotherapeutic agents exhibiting cytotoxic effect

against non-dividing, senescent cells.

Experimental approach:

A panel of anticancer drugs: cytarabine, 5-fluorouracil, 5-fluorouridine, 5-
fluorodeoxyuridine, 6-thioguanine, cytarabine, fludarabine, cladribine, clofarabine, 2-
chloroadenosine and doxorubicin were assessed in GAPDH-depleted A549 cells by cell
proliferation assay. Cytotoxic effects of these anticancer drugs were determined by MTT
assay and dye exclusion assay in the human lung carcinoma cell line to identify the

antimetabolite drugs active in senescent cells.

Specific Aim 4: To analyze molecular dynamics nuclear GAPDH and its mutant variants

in the context of chemotherapy-induced stress.

Experimental approach:

Several mutant variants of GAPDH including T99I, K259N, T99A, S98A, and Y94A
were prepared by site-directed mutagenesis. Enzymatic activity of GAPDH mutant
variants was determined by in vitro experiments. Effects of mutations on intranuclear
localization of GAPDH were determined by transient transfection of human carcinoma
cells with GFP-fused GAPDH, and its mutant variants. Molecular dynamic parameters
were evaluated by Fluorescence Recovery after Photobleaching (FRAP) analysis.

Intracellular localization was determined by confocal microscopy and image analysis.
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In our study, we demonstrated that GAPDH is a molecular target with clinical
potential for senescence-based tumor suppression. Our experiments revealed that
depletion of GAPDH induces energy crisis and proliferation arrest in human carcinoma
cells. We elucidated the molecular mechanisms initiated by GAPDH depletion, and
demonstrated that GAPDH-depleted cells acquire the accelerated senescence phenotype.
Moreover, we found chemotherapeutic agents cytotoxic to the senescent cells, a finding
that opens a way to combination chemotherapy with therapy-induced senescence agents.
Our results on dynamic characteristics of intranuclear GAPDH and its mutant forms
indicate that in the nucleus, GAPDH interacts with biomolecules yet to be identified. The
results of this study suggest a novel, prospective molecular target for pharmacotherapeutic

intervention in cancer management.
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CHAPTER 3

DEVELOPMENT OF IN-VITRO MODEL SYSTEM FOR GAPDH DEPLETION
AND ASSESSMENT OF THE EFFECT OF GAPDH LEVEL ON CELL

PROLIFERATION OF HUMAN CARCINOMA CELLS

3.1 Aim

To determine of the effect of GAPDH level on cell proliferation and cell cycle

progression of human carcinoma cells.

3.2 Rationale

Glyceraldehyde 3-phosphate dehydrogenase is conventionally considered a housekeeping
glycolytic enzyme, with no or very little variation in protein level between different cells.
Nevertheless, altered levels of GAPDH were observed in certain cancer cells.
Upregulated levels of GAPDH mRNA were observed in certain cancers like ovarian,
cervical and prostate cancer (Hansen et al., 2009). GAPDH has been shown to be
involved in cancer cell progression via p53/ p21 dependent pathway (Phadke et al., 2009)
because of the Warburg effect and its role in glycolytic energy metabolism. We
hypothesized that downregulation of GAPDH can reduce cancer cell growth and activate
cell cycle arrest. Cell cycle arrest in GAPDH depleted cells was accompanied by

accumulation of p53 and CDK inhibitor p21 (Phadke et al., 2009).
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3.3 Experimental design

3.3.1 In vitro cell model systems used for GAPDH depletion experiments

Human lung carcinoma cell lines (Table 3) available from ATCC (Manassas, VA) were

used as an in vitro model system.

Table 3: Characteristics of human carcinoma cell lines used for development of model system for

GAPDH depletion (Khan and Anderson, 2001).

Cell line Source Origin Status
p53 p21 pl6
A549 ATCC Human +/+ +/+ -/-
H358 ATCC Human -/- +/+ -/-
UO31 ATCC Human ++ ++ NA

A549 cells were maintained in Ham’s F12K medium at a confluency of 40-80% (Phadke
et al., 2009). Three types of cell lines, A549 and UO31 expressing active p53 levels and

p53-deficient H358 cells were used in our experiment.

SIGAPDH cells: We prepared GAPDH-depleted cells by using RNA interference with

short interfering RNA (siRNA) targeted against GAPDH mRNA. Transient transfection
was performed using chemical or electroporation protocols (Phadke et al., 2009). A549
were transfected with siGAPDH for 48 hours and the cells were processed for further
analysis. For simultaneous knockdown of p21 and GAPDH, A549 cells were co-

transfected with GAPDH Validated Stealth RNAi DuoPak duplexes 1 and 2, and
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CDKN1A Validated Stealth RNAiI DuoPak duplexes 1 and 2 (Invitrogen, Carlsbad, CA),
following the same protocol.
Control cells: The A549 cell line treated with Scrambled Negative Stealth RNAI was

used as a control.

3.3.2 Depletion of GAPDH in human cancer cells using RNA interference

technology

RNAI experiments were performed by use of predesigned Stealth RNA (GAPDH
validated Stealth RNAIi DuoPak duplexes 1 and 2 and CDKN1A Validated Stealth RNAI
DuoPak duplexes 1 and 2) (Invitrogen, CA). Transient transfections were carried out in
T25 flasks at a cell density of 1.4 X 10 cells / cm?. Transfection technique used was
Lipofectamine 2000 reagent or Neon electroporation system. Final concentration of
SiIGAPDH used was 20-145 nM. Transfection was repeated the next day and transfected
cells were incubated for a period of 48 hours. Cells were trypsinized and re-seeded in T75
flasks for drug treatment. Scrambled Negative Stealth RNAI control (Invitrogen, CA)

was used as a negative control in all the experiments (Phadke et al., 2009).
3.3.3 Analysis of cell growth and cell viability

Cell growth was estimated using the dye exclusion assay. Cell count was determined by
flow-cytometry by use of ViaCount reagent with Guava Personal Cell Analyzer (Guava
technologies, CA). A549 control cells and A549 siGAPDH cells were seeded in a 6-well
plate at a density of 100,000 cells/ well. Cells were trypsinized and counted using the
ViaCount reagent every 24 hours for 5 days. All the experiments were performed in

triplicates.

32



3.3.4 Cell cycle analysis

Cell cycle analysis was performed by use of the cell cycle kit per the manufacturer’s
protocol (Guava Technologies, CA). It is based on the principle of estimation of DNA
content in the cells. Around 5X10° to 1X10° cells were trypsinized, centrifuged and
resuspended in 30ml of ice-cold 70% ethanol. After incubation for 12 hrs at 4°C, around
1X10° to 2X10° ethanol-fixed cells were centrifuged at 450 X g for 5 min, washed with
phosphate-buffered saline and resuspended in 200ul of Guava Cell Cycle Reagent. Cells
were further incubated for 30 min at room temperature. The data was collected and
analyzed by a Guava Personal Cell Analysis (PCA) flow cytometer by using CytoSoft
software (Guava Technologies, CA). Approximately 10,000 cells were analyzed for each

experiment and all the experiments were performed in triplicate (Phadke et al., 2009).
3.3.5 Analysis of GAPDH mRNA levels by quantitative RT-PCR

Total cellular RNA was extracted with TriReagent (Invitrogen) from approximately
5X10° cells. Around 500 ng of total RNA was subjected to reverse transcription by use of
TagMan Reverse Transcription kit (Applied Biosystems, CA) per manufacturer’s
instructions. The level of GAPDH mRNA in A549 control and A549 siGAPDH cells was
quantified using ABI7300 instrument (Applied Biosystems, CA) using the calibration
curve method, per manufacturer’s instructions. Human [-actin was used as an

endogenous standard. All the experiments were performed in triplicate.
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3.3.6 Evaluation of GAPDH protein levels by Western blot analysis

Western blot analysis was performed as described earlier (Krynetskaia et al., 2009). Total
cellular extract was prepared from around 2X10° control and siGAPDH-treated cells by
lysis with RIPA buffer with protease and phosphatase inhibitors (Santa Cruz
Biotechnology, CA). The protein concentration was determined by PlusOne2D Quant kit
(GE Healthcare, UK). Electrophoretic separation was performed using 12%
polyacrylamide gels for analysis of GAPDH, B-actin, p53 and p21. Mini Trans-Blot
electrotransfer cell (Bio-Rad Laboratories, CA) was used to transfer the proteins on
nitrocellulose membrane (PAGE Gel). Membranes were developed with rabbit polyclonal
anti-GAPDH Ab at 1:10,000 dilution (Santa Cruz Biotechnology, CA), rabbit anti-Ser-
15-phosphorylated p53 at 1:500 dilution, mouse anti-p21 monoclonal Ab at a dilution of
1:50 (Santa Cruz Biotechnology, CA), and mouse anti-B-actin monoclonal Ab at a
dilution of 1:10,000 (Sigma-Aldrich, MO). Bands were visualized by IRDye-labeled
secondary antibodies. Bands were visualized and quantified by Odyssey Infrared Imaging

system (LICOR biosciences, NE) at 700 nm and 800 nm (Phadke et al., 2009).
3.3.7 GAPDH activity assay

Glycolytic enzymatic activity of GAPDH was estimated based on the principle of
formation of fluorogenic substrate in the course of reduction of glyceraldehyde-3-
phosphate. GAPDH enzymatic activity was estimated in A549 control and A549
SiIGAPDH cells with KDalert GAPDH Assay kit (Ambion, TX). Increase in fluorescence
over a period of 4 minutes was measured using SpectraMax M2 spectrofluorometer

(Molecular Devices) with an excitation at 560 nm and emission at 590 nm (Phadke et al.,
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2009). Calibration curve was performed using standards provided by the manufacturer

and each experiment was performed in triplicate.

3.3.8 Statistical Analysis
The statistical analyses were performed by use of Student’s t test with Statistica software
program (StatSoft, Tulsa, OK), and nonlinear regression analysis with GraphPad Prizm
4.0 software (GraphPad Software). A p value of < 0.05 was considered statistically

significant. Data are presented as the mean + S.E (Phadke et al., 2009).
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3.4 Results and Discussions

3.4.1 Transient modulation of GAPDH in A549 cells by short interfering RNA

Human lung carcinoma cell line, A549 was transfected with siRNA targeted against
endogenous protein GAPDH as described in Experimental design. Approximately 70-
90% decrease in GAPDH mRNA and protein content levels were observed in comparison
to A549 control cells (Fig. 10). Enzymatic activity of GAPDH was measured in GAPDH-
depleted cells in comparison to A549 control cells by glycolytic assay. Glycolytic activity
in A549 siGAPDH cells dropped to 20-40% in comparison to control cells. A continuous
suppression of GAPDH for a period of 72 hours is illustrated in Figure 11. The reduced
level of GAPDH was not restored for a period of 7 days after transfection (Phadke et al.,

2009).

36



1w I
AlZ® — 1 A349 <120 B
@ ~a 2
< T80
& -
- 860
& g
f—L) = *  x G 40 £ S
% £
(0 . —’_l—,m s -
Control GARDH €0
knockdown Control GAPDH
P knockdown
c A549
£
K §
4
& =
42kD i P
St
< 8
g *
e _ g 4 “
i ]
&
Control GAPDH Contia) GAPDH
knockdown knockdown

Figure 10: Knockdown of GAPDH by siRNA in A549 and UO31 human carcinoma cell lines.
Panel A: After transient transfection with SiGAPDH, cells were incubated for 48 hr, and mRNA
was analyzed by Real Time-PCR; Panel B: GAPDH activity was analyzed by a fluorescent
enzymatic assay; Panel C: protein extracts were analyzed by Western blot analysis. Scrambled
siRNA was used as a control in all experiments. Open bars — A549; closed bars — UO31 (Phadke

et al., 2009). * represents p<0.05 in comparison with control.
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Figure 11: Continued suppression of GAPDH for 24-72 hr after transient transfection of
A549 cells with sSiGAPDH. Panel A: After transfection, cells were incubated for 72 hr. About
200,000 cells were re-plated in T25 flasks; after 24 hr incubation cells were incubated with or
without drug for 24-72 hr; cells were harvested and analyzed by Western blot with anti-
GAPDH antibody. B-actin was used as normalization standard. Panel B: Western blot
membranes were quantified using Odyssey LI-COR Imaging system, as described in
Experimental design. Open bars — control cells; grey bars — GAPDH-depleted cells (Phadke

et al., 2009).
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3.4.2 Knockdown of GAPDH results in decreased cell proliferation and cell cycle

arrest in cells with endogenous p53

Knockdown of GAPDH after transient transfection with siGAPDH led to cell
proliferation arrest in human lung carcinoma cells A549 as shown in Fig. 12. However,
A549 control cells transfected with scrambled siRNA continued to grow normally. Cell
cycle analysis showed that cells accumulated in GO/G1 phase on treatment with
SIGAPDH. Increase in the level of cells in GO/G1 phase from 57% to 77% was observed
in A549 cells without GAPDH in comparison to control. Percentage of cells in S phase
dropped from 12% to 6%, and in G2/M phase dropped from 22% to 11% after
knockdown of GAPDH levels (Phadke et al., 2009). GAPDH-depletion in H358 cell line
(p53 -/-) resulted in slow cell proliferation unlike cell growth arrest in A549 cells. This
led us to the hypothesis that cell growth arrest on knockdown of GAPDH is p53-

dependent.
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Figure 12: Knockdown of GAPDH induces cell growth arrest and accumulation of cells in GO/G1
phase. Panel A: Cell proliferation arrest in A549 cells after transient transfection with siGAPDH
as described under Experimental design. Cell count was measured by Guava PCA flowcytometer
and scrambled siRNA was used for all control experiments. NCI-H358 cell line deficient in p53
was used in experiment to prove that cell proliferation arrest on depletion of GAPDH is p53
dependent. Panel B: GAPDH depleted cells get arrested in GO/G1 phase. Also, cells without

GAPDH accumulate in GO/G1 phase after treatment with 1uM araC without manifesting any
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change in cell cycle distribution, whereas A549 cells with endogenous GAPDH get arrested in S
phase after treatment with 1uM araC (Phadke et al., 2009). * represents p<0.05 in comparison

with control.
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To compensate for the requirements for glycolytic functions of GAPDH, the cells
were routinely maintained in pyruvate-containing medium (Zheng et al., 2003). No
significant difference in cell proliferation between GAPDH-depleted cells grown in the
regular medium and the medium supplemented with 1 mM sodium pyruvate was

observed (p > 0.5) (Figure 13) (Phadke et al., 2009).
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Figure 13: Supplemental pyruvate does not reverse the cell growth arrest in GAPDH-depleted
A549 cells. A549 siGAPDH cells were seeded in T25 flasks at a density of 5000 cells/cm? and
incubated for 24-72 hr in the medium with or without 1 mM sodium pyruvate. Cells were
harvested by trypsinization and counted with Guava PCA using ViaCount reagent kit and

software (Phadke et al., 2009).
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3.4.3 Depletion of GAPDH induces cell cycle arrest via activation of p53 and

accumulation of CDK inhibitor p21

GAPDH depleted A549 cells stop cell proliferation and undergo cell cycle arrest
in GO/G1 phase. We demonstrated the role of p53 in cell cycle arrest, by using p53-null
human carcinoma cell line NCI-H358 to check the cell proliferation arrest after
knockdown of GAPDH by RNAI. NCI-H358 human carcinoma cells do not express
endogenous p53 under normal conditions or on depletion of GAPDH is shown in Fig.
14C (Phadke et al., 2009). NCI-H358 cells continued to grow, however at a lower rate.
Fig. 12A exhibits no significant cell growth arrest in NCI-H358 cells after depletion of

GAPDH in comparison to A549 with endogenous p53.

p53 is a tumor suppressor gene which upon activation induces accumulation of
p53 protein and induces transcription of multiple genes including CDKN1A, which
encodes p21, an inhibitor of cell cycle. Figure 14A displays accumulation of p53 and
CDK inhibitor p21 in A549 cells with depleted GAPDH levels in comparison to A549
control cells by Western blot analysis. Induction of p53 is accompanied by
phosphorylation of p53 at ser 15 which was used as a signaling marker. Figure 14B
reveals quantification of protein levels of p53, phosphorylated p53 at ser 15 and p21 in

A549 cells with reduced GAPDH levels.
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Level of p21 in A549 cells was knocked down by RNAI to demonstrate the role of p21 in
cell cycle arrest of GAPDH-depleted A549 cells. A549 cells simultaneously treated with
SIGAPDH and sip21 displayed significantly lower accumulation of p21 as compared with
cells treated with siGAPDH alone (Fig. 15B). Simultaneous p21 and GAPDH depleted
cells continued to proliferate at a reduced rate (Fig. 15A) indicating that knockdown of
GAPDH causes cell growth arrest in A549 cells via p21 dependent pathway (Phadke et

al., 2009).
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Figure 14: GAPDH-depleted A549 cells exhibit p53-mediated cell cycle arrest. Panel A:
A549 siGAPDH and A549 control cells were incubated for 48 hours and analyzed by
Western blot to determine the protein levels of molecular markers by using the antibodies
against p53, p53 phosphorylated at Ser 15, p21 and GAPDH as described in Experimental
design. p-actin was used as normalization standard. Panel B: Estimated ratio of protein levels
of activated p53, p53 phosphorylated at Ser 15 and p21 to B-actin in A549 cells on reduction

of GAPDH by RNAI. * represents p<0.05 in comparison with control. Panel C: GAPDH
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knockdown by siRNA lead to p53 and p21 activation in A549 cells but not in NCI-H358

(p53™) cells. p-actin was used as normalization standard (Phadke et al., 2009).
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Figure 15: Knockdown of GAPDH induces cell growth arrest via induction of CDK inhibitor
p21 in cells proficient in p21 proteins. Panel A: Knockdown of p21 in GAPDH-depleted A549
cells abrogated cell proliferation arrest. A549 cells were transfected with siRNA (B control; ¢
sip21; O siGAPDH; + co-transfection with siGAPDH and sip21), incubated for 48 hrs, seeded
in 12-well plates at a density of 12500 cells / cm?, collected every 24 hrs by trypsinization, and
counted by use of Guava PCA flow cytometer as described in Experimental design. Panel B:
p21 and GAPDH-depleted A549 cells used in the experiment shown in Panel A was confirmed
by Western blot analysis. Antibodies to GAPDH and p21 were used for detection and
quantification of residual protein. B-actin was used as a loading control. Scrambled siRNA was
used as negative control.
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Figure 15 Panel C: Quantification of western blot shown in panel B, by use of Odyssey LI-COR
Imaging system where open bars represent p21 protein level; closed bars represent GAPDH

protein level (Phadke et al., 2009). * represents p < 0.05 in comparison with control.
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3.5 Conclusion

In this study, we focused on the role of GAPDH levels in cancer cell growth and
cell cycle progression. GAPDH has been known to play an important role in cell cycle
regulation via interactions with cyclin B (Carujo et al., 2006) and S-phase inducible H2B
transcription activator OCA-S (Zheng et al., 2003). Our experiments revealed that
downregulation of GAPDH induced cell cycle arrest via activation of p53-p21 pathway,
where GO/G1 phase accumulation of cells occurred after phosphorylation of p53 at Ser-
15, p53 stabilization, and accumulation of p21 (Fig. 14). Consistent with these findings,
p53-deficient NCI-H358 cell line, continued to proliferate after knockdown of GAPDH
(Fig. 12A), supporting our hypothesis that p53 plays a critical role in cell cycle arrest in

GAPDH-depleted cells.

The rescue experiment in which A549 cells were co-transfected with siGAPDH
and siCDKN1A showed that GAPDH- and p21-depleted cells continued proliferating
(Fig. 15A), thus supporting the idea that the cell cycle arrest in GAPDH-depleted cells
occurred via p53-induced expression of p21. It is noteworthy that cell cycle arrest in
GAPDH-depleted A549 cells was not accompanied by increasing number of apoptotic
cells. Importantly, cell growth arrest occurred in the cells with incomplete GAPDH
knockdown (20-25% in A549 cells), and in the abundance of pyruvate in the medium (up
to 3 mM). This observation indicates that the cellular level of GAPDH is under strict

cellular control (Phadke et al., 2009).
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CHAPTER 4

ELUCIDATION OF A MOLECULAR MECHANISM FOR THE

PROLIFERATION ARREST IN GAPDH-DEPLETED CELLS

4.1 Aim

To elucidate the molecular mechanism(s) causing proliferation arrest in GAPDH-

depleted cells.

4.2 Rationale

Cellular senescence is a stable cell growth arrest condition triggered by different types of
cellular stress conditions (Sharpless and DePinho, 2005; Collado et al., 2007). Cellular
senescence can be initiated by several mechanisms such as telomere shortening, INK4A/
ARF induction, and DNA damage (Vergel et al., 2010). Cellular senescence can be
considered as a major tumor suppressor mechanism to overcome tumorigenesis (Vergel
et al., 2010). Hence, the concept of cellular senescence as a barrier to tumorigenesis can

be focused upon as a new therapy to control cancer cell proliferation.

In this study, we demonstrated that depletion of pivotal glycolytic enzyme
GAPDH in human lung carcinoma cells activates senescence via p53-regulated pathway,
in the absence of DNA damage. Our findings suggested that induction of senescence in
GAPDH depleted, LKB1-deficient non-small cell lung carcinoma cells could offer a

novel strategy to control tumor growth.
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4.3 Experimental design

4.3.1 Cell line model systems and treatments used to assess the effect of GAPDH

depletion:

Human lung carcinoma A549 cell line (Table 4) was maintained in Ham’s F12K medium

at a confluency of 40-80%.

Table 4: Characteristics of human carcinoma cell line used for analysis of molecular mechanism

of proliferation arrest (Khan and Anderson, 2001).

Cell line Source Origin Status

LKB1 p53 p21 pl6

A549 ATCC Human -/- +/+ +/+ -/-

A. RNA interference with short duplex RNA: RNAI experiments were performed using
predesigned Stealth RNA (GAPDH Validated Stealth RNAIi DuoPak duplexes 1 and
2) (Invitrogen, Carlsbad, CA). Transient transfection was performed in T25 flasks
with cells plated at a density of 1.4x10* cells/ cm? using Lipofectamine 2000
transfection reagent, as described earlier (Phadke et al., 2009). After 48 hours, the
cells were trypsinized and seeded at density 5,500 cells/cm? for further experiments.
The final siGAPDH concentration used was 100 nM. Scrambled Negative Stealth
RNAI control (Invitrogen) was used as negative control in all SIRNA experiments.

B. Treatment with 2-deoxyglucose (2DG): Treatment with 2DG was used as an
alternative pathway for inhibition of glycolysis. 50 mM 2DG in F12K medium was

added to attached cells; after 6 hr incubation with 2DG cells were washed and

51



incubated for 24-72 hr in regular F12K medium containing 7 mM glucose. At
indicated time points cells were collected by trypsinization, counted, and processed

for further analysis.
4.3.2 Cell growth analysis of senescent and proliferating cells

Cell count was determined by flow cytometry by the use of ViaCount reagent with Guava
Personal Cell Analyzer (Guava technologies, CA). A549 control cells and A549
SIGAPDH cells were seeded in a 6-well plate at a density of 100,000 cells/ well. Cells
were counted using the ViaCount reagent for 24 - 120 hours. All the experiments were

performed in triplicate (Phadke et al., 2009).
4.3.3 ATP bioluminescent somatic cell assay in GAPDH depleted cells

ATP level was estimated using the Adenosine 5’-triphosphate (ATP) bioluminescent
somatic cell assay kit (Sigma, St. Louis, Missouri) using 6000-10,000 cells per assay.
Bioluminescence was measured in triplicate by a Monolight 3010 luminometer

(Pharmingen), and quantified against the standard curve (Phadke et al., 2009).
4.3.4 Western Blot analysis to estimate the protein levels of molecular markers

Western blot analysis was performed as described (Krynetskaia et al., 2009). Total
cellular extract was prepared from around 2X10° A549 control and A549 siGAPDH cells
by lysis with RIPA buffer with protease and phosphatase inhibitors (Santa Cruz
Biotechnology, CA). Electrophoretic separation was performed using 12%
polyacrylamide gels for analysis of GAPDH and B-actin, 4-12% gradient gels for analysis

of AMPK, Thrl72-phosphorylated AMPKa, and p53 and 16% polyacrylamide gels for
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analysis of pl16. Lysates from 200,000 cells were loaded and Mini Trans-Blot
electrotransfer cell (Bio-Rad Laboratories, CA) was used to transfer the proteins on
nitrocellulose membrane (PAGE Gel). Membranes were developed with rabbit
monoclonal anti-phospho AMPKa antibody at dilution of 1:1000 (Cell Signaling
Technologies, MA), rabbit polyclonal anti-GAPDH Ab at 1:10,000 dilution (Santa Cruz
Biotechnology, CA), rabbit anti-Ser-15-phosphorylated p53 at 1:500 dilution and mouse
anti- B-actin monoclonal Ab at a dilution of 1:10,000 (Sigma-Aldrich, MO). Rabbit anti-
AMPK (non-phosphorylated) antibody was a generous gift from Dr. Birnbaum
(University of Pennsylvania, PA). Bands were visualized by treatment with IRDye
labeled respective secondary antibodies. Bands were visualized and quantified by
Odyssey Infrared Imaging system (LICOR biosciences, NE) at 700 nm and 800 nm

(Phadke et al., 2009).

4.3.5 Senescence-Associated p-galactosidase activity assay

Cellular senescence of the cells was detected by Senescence cells histochemical staining
Kit (Sigma, St. Louis, Missouri). Cells were seeded in a 6-well plate at density 200,000
cells per well. Fixed cells were stained overnight at 37°C. After staining, images were
recorded by use of a Nikon Eclipse 50i microscope equipped with Plan 20X / 0.40
objective, and a CCD camera (0.97 um / px). Image capturing and analysis were
performed using NIS-Elements BR 2.30 software. The percentage of blue-stained cells in
the total number of cells was determined by light microscopy, and results were presented
as the mean number of stained cells from at least five fields for each experiment (Phadke

etal., 2011).
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4.3.6 RNA extraction and quantitative RT-PCR

Total RNA was extracted from around 2)X10° cells using Ribopure TM kit (Ambion, TX)
and was quantified by fluorescent method with Quant-iT RNA assay kit (Invitrogen, CA)
per manufacturer’s instructions, isolated RNA was used for cDNA synthesis with
Tagman Reverse Transcription reagent (Applied Biosystems, CA) per manufacturer’s
protocol. The level of GLB1 mRNA was evaluated by SYBR Green Assay (Fermentas,
MD) and DEC1 mRNA was quantified with TagMan assay (Applied Biosystems, CA)
using ABI 7300 instrument. The levels of mRNA were normalized to f-actin mRNA (for
GLB1 mRNA) and 18S rRNA (For DEC1 mRNA) using SDS v1.3.1 software (Applied

Biosystems, CA). All the experiments were performed in triplicate.

4.3.7 Statistical Analysis
The statistical analyses were performed by use of Student’s t test with Statistica software
program (StatSoft, Tulsa, OK), and nonlinear regression analysis with GraphPad Prizm
4.0 software (GraphPad Software). A p value of < 0.05 was considered statistically

significant. Data are presented as the mean + S.E (Phadke et al., 2009).
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4.4 Results and Discussions

4.4.1 Inhibition of GAPDH by siGAPDH or 2DG treatment arrests cell growth of

A549 human carcinoma cells

Human lung carcinoma, A549 cells (LKB1™”, p53**) were transiently transfected with
RNAI against GAPDH as described in Experimental design to downregulate GAPDH
levels. Knockdown of GAPDH by siGAPDH led to irreversible inhibition of cell growth
(Fig. 16). In contrast, when A549 cells were treated with 2-deoxyglucose (2DG), the cell

proliferation was temporarily arrested (Phadke et al., 2011).

5000009 w A549 control
A A549 C+2DG

— 400000
g O A549 SiGAPDH
:?-E‘ 300000+
=3
[=]
© 2000004
@
© 100000

Cell Growth , hr

Figure 16: Proliferation of A549 cells expressing p53, on inhibition of glycolysis.
Downregulation of GAPDH protein levels by siRNA led to cell proliferation arrest of A549 cells.
Cell count was measured by Guava PCA flow cytometer as described in Experimental design.
Treatment of A549 cells with 50 mM 2DG,; a glycolysis inhibitor reduced the rate of cell growth

in comparison to control A549 cells.
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4.4.2 Depletion of GAPDH protein leads to decreased glycolytic activity and reduces

ATP levels in A549 cells

We used two cell model systems: 1) A549 cells transiently transfected with sSiGAPDH to
reduce GAPDH protein level 2) A549 cells treated with 50 mM 2DG to inhibit glycolysis
without affecting the endogenous GAPDH levels. Protein level of GAPDH was evaluated
by Western blot analysis. Approximately 5-8 fold decrease in GAPDH protein level was
observed in A549 siGAPDH cells, while no significant drop in GAPDH levels was
observed in A549 cells treated with 2DG (Fig. 17A). Enzymatic activity was determined
in cells transfected with siGAPDH and in A549 cells treated with 2DG by glycolysis
assay. Around 4-5 fold decrease in glycolytic activity was achieved in A549 siGAPDH
cells in comparison to A549 control cells. However, no significant fall in glycolytic
activity of A549 cells treated with 50 mM 2DG was observed (Fig. 17B). Abrogation of
glycolysis by siRNA or 2DG significantly reduced the ATP levels in A549 cells by 40-

50% in comparison to A549 control cells (Fig. 17C) (Phadke et al., 2011).
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Figure 17: Relative protein level, enzymatic activity, and ATP level in A549 cells after treatment
with siGAPDH or 2DG. Panel A: GAPDH protein levels in A549 control, siGAPDH and 2DG
treated cells was compared by Western blot analysis as described in Experimental design.
Significant (5-8 fold) decrease in GAPDH levels was observed in A549 siGAPDH cells in
comparison to A549 control, or 2DG treated cells. B-actin was used for normalization. Panel B:
Glycolytic activity was measured by enzymatic assay. No significant drop in glycolytic activity of
GAPDH was observed after inhibition of glycolysis by 2DG in A549 cells. However, depletion of
GAPDH reduced glycolytic activity 4-5 fold compared to control cells. Panel C: Significant
decrease in ATP level was observed after abrogation of glycolysis by both the methods. ATP
levels were measured by bioluminescent assay as described in Experimental design (Phadke et

al., 2011). * represents p<0.05 in comparison with control.
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4.4.3 GAPDH depletion causes prolonged phosphorylation of AMPK and

stabilization of p53 in human lung carcinoma cells

Molecular pathways in A549 cells (LKB1”, p53"*) on inhibition of glycolysis by
different methods was determined by Western blot analysis. Inhibition of glycolysis by
either treatment with 2DG or by SiGAPDH led to ATP depletion in A549 cells (Fig.
17C). Reduced levels of ATP induced phosphorylation of AMPK at Thr-172 position was
revealed by western blot analysis with Thr172-specific anti-phospho AMPKa antibody.
As a positive control for AMPK activation, we used cell lysate from A549 cells treated
with 2 mM AICAR for 2 hours (Fig. 18A lane 2). AMPK activation was accompanied by
phosphorylation of p53 at Ser-15 and p53 stabilization (Fig. 18 A, B, C). Activation of
AMPK in GAPDH-depleted cells by siRNA persisted for at least 72 hrs, alongwith the
stabilization of p53 during this period (Fig. 18B, C). On the other hand, AMPK activation
caused by 2DG treatment was temporary, and the level of phosphorylated AMPK
dropped 5-7-fold after 72 hr incubation (Fig. 18A, C). Correspondingly, levels of p53
also decreased with increase in time (insert in Fig. 18C). Hence, inhibition of glycolysis
causes reduction in ATP levels followed by phosphorylation of AMPK in human
carcinoma cells. Phosphorylation of AMPK at Thr-172 required for the activity of AMPK
is mediated majorly by a tumor suppressor kinase LKB1. Our in vitro cell model system,
human lung carcinoma cell line A549 (LKB1™) exhibited phosphorylation of AMPK at
Thr-172 on metabolic compensation of glycolysis by depletion of GAPDH levels. Thus,
we hypothesize that in the absence of LKB1, other protein kinases such as calcium
calmodulin dependent protein kinase kinases (CAMKK) or TAK1 (TAK1) catalyze

phosphorylation and activation of AMPK (Phadke et al., 2011).
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Figure 18: Inhibition of GAPDH leads to decreased ATP levels leading to sustained AMPK
phosphorylation and p53 stabilization. Panel A: Inhibition of glycolysis with 50 mM 2DG for 24
hours leads to phosphorylation of AMPK and p53 stabilization as shown by Western blot
analysis. Incubation of A549 cells with 50 mM 2DG for 48-72 hours resulted in a temporary
phosphorylation of AMPK and stabilization of p53. A549 cells treated with 2 mM AICAR were
used as positive control for AMPK phosphorylation at Thr-172. Panel B: Inhibition of glycolysis
by siGAPDH depletes ATP levels,induces phosphorylation of AMPK and stabilizes p53 over a
period of 24-72 hours. Panel C: Accumulation of phosphorylated AMPK in A549 cells treated
with 2DG and siGAPDH. Inhibition of GAPDH results in permanent phosphorylation of AMPK

and p53 stabilization for a period of 72 hours in comprison to 2DG treated cells (Phadke et al.,

2011).
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4.4.4 GAPDH knockdown in LKB1-deficient A549 cells induces cellular senescence

As GAPDH-depleted cells demonstrated proliferation arrest without apoptotic death, we
hypothesized that cells may experience accelerated senescence. To test this hypothesis,
phenotype of cells undergoing senescence was evaluated by determining the senescence
markers including cell morphology, Senescence-Associated B-galactosidase (SA-p-gal),
accumulation of p16/INK4 and accumulation of DEC1 and GLB1 mRNA. Human lung
carcinoma cells, A549 are pl6-deficient which was confirmed by sequencing of pl6
gene. A549 cells treated with siGAPDH displayed enlarged morphology with distinct
blue staining because of the elevated SA-B-galactosidase activity (52+15% stained cells
vs. 2+2% in control cells) (Fig. 19C). Concurrently, we estimated the levels of GLB1 and
DEC1 mRNA, markers for senescence by real time PCR. Accumulation of GLB1 and
DEC1 mRNA was observed in A549 cells with depleted GAPDH levels in comparison to
A549 control cells (Fig. 19B). No difference in morphology of A549 cells was observed
on treatment with 2DG in comparison to control cells (Fig. 19C). Treatment of A549
cells with 2DG showed low SA-B-gal activity (5+3% stained cells) (Fig. 19C). We also
assessed mMTOR activity by testing phosphorylation of ribosomal protein S6.
Phosphorylation of S6 is associated with mTOR activity which regulates protein
biosynthesis and cell growth. Neither siGAPDH, nor 2DG treatment inhibited
accumulation of phosphorylated S6, which remained at the level comparable with control
proliferating cells (Fig. 19A) indicating that non-dividing senescent cells remain viable
indefinitely (Collado et al., 2007). Hence, human lung carcinoma cells, A549 exhibited

senescence-like phenotype after depletion of GAPDH (Phadke et al., 2011).

60



A. 1 2 3
- Wy ey <« D56

[

=
[l
-

HH

=

e — «— GAPDH

—— w— - <« PAcin
+ - - 2-D-Glucose
- - + {GAPDH 2D-Glucose control s1GAPDH

gontrol, FC

=
in

(=)

ps6 prolein level v

B 3.5 - Control
. sS2GAPDH

z.B 1
2.4 -
1.4 -
o7
o -

GLB1 DEC1

mRNA, Fold Changes

50mM 2D-Glucose Control siGAPDH

Figure 19: Manifestation of senescent markers in LKB1-deficient A549 cells after inhibition of
glycolysis. Panel A: Molecular markers for mTOR activation determined by Western blot
analysis as described in Experimental design. Inhibition of glycolysis by downregulation of
GAPDH and by 2DG treatment did not restrain the accumulation of Phosphorylated protein S6 in
comparison to proliferating cells. Panel B: Induction of senescent markers GLB1 and DEC1
MRNAs in A549 cells treated with siGAPDH in comparison to control cells. Downregulation of
GAPDH leads to accumulation of GLB1 and DEC1 mRNA. Panel C: Cellular morphology in
senescent cells after depletion of GAPDH by siRNA in comparison to control and 2DG treated
cells. Senescent A549 cells exhibit prominent blue staining, indicative of SA-B-galactosidase

activity (Phadke et al., 2011).
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4.4.5 Senescence phenotype is reversed by overexpression of GAPDH but not by

metabolic compensation of glycolysis

Overexpression of GAPDH restored GAPDH protein, enzymatic activity, and ATP levels
in SIGAPDH-treated A549 cells (Fig. 20B). Genetic rescue of GAPDH-depleted cells by
overexpression of wild type GAPDH restored cell proliferation (Fig. 20A).
Phosphorylation of Serl5 in p53 was abrogated by GAPDH-expressing plasmid
pGAPDH (Fig. 20C). To compensate for the requirements for glycolytic functions of
GAPDH, siGAPDH-transfected AS549 cells were incubated in F12K medium
supplemented with 10 mM pyruvate. Addition of 10 mM pyruvate compensated the
shortage of ATP, however no significant difference was observed in the levels of
GAPDH protein or activity (Fig. 20B). Sodium pyruvate did not restore proliferation of
GAPDH-depleted cells (Fig. 20A). Control experiments ruled out inhibition of cell
growth by 10 mM pyruvate, or pGAPDH transfection (Fig. 20E). Importantly, the
presence of pyruvate did not abrogate p53 phosphorylation (Fig. 20C). Overexpression of
GAPDH restored the low level of senescence biomarkers GLB1 and DEC1 mRNA, while
expression of GLB1 and DEC1 genes in siGAPDH- depleted cells supplemented with 10
mM pyruvate continued to remain high (Fig. 20D) (Phadke et al., 2011). To conclude,
mere inhibition of glycolytic pathway does not induce senescence in A549 cells, but

depletion of absolute GAPDH protein levels is necessary.
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Figure 20: Energy crisis rescue with metabolic (by adding downstream ATP-generating
metabolite pyruvate) and genetic (by ectopic overexpression of GAPDH) compensation of ATP
deficit. (A) Cell growth curves of cells treated under different conditions:@®, control; O,

SiGAPDH + pGAPDH;®, siGAPDH; M, siGAPDH + pyruvate. Following transfection with
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SiIGAPDH, cells were re-plated and treated with 10 mM pyruvate. Cells were collected by
trypsinization every 24 hrs and counted. The chart shows the results of three independent
experiments. (B) Intracellular GAPDH activity (grey bars) and ATP level (black bars) were
measured after 72 hrs incubation. Bioluminescence was measured in triplicate, and quantified
against the standard curve. (C) Relative levels of phospho-AMPK and phospho-Ser15-p53 were
estimated using Western blot analysis; GAPDH overexpression (black bars), activation of AMPK
(white bars) and phosphorylation of p53 at Serl5 (grey bars). B-actin was used as loading control
and for normalization. (D) Quantitative analysis of senescence biomarkers DEC1 and GLB1
mRNA after metabolic or genetic compensation of ATP. Total RNA was extracted from the cells,
and the relative levels of GLBL1 (grey bars) and DEC1 (black bars) mRNA were estimated using
guantitative Real-Time PCR analysis. B-actin mMRNA and 18S rRNA were used as endogenous
controls. The chart shows the results from two independent experiments performed in triplicate.
(E) Proliferation of A549 control cells (O), cells treated with 10 mM pyruvate (A), and cells

over-expressing GAPDH (m).
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4.5 Conclusion

On depletion of GAPDH, human lung carcinoma cells (LKB1-/-, p16-/-) acquire
senescence-like phenotype. Depletion of GAPDH leads to p53 stabilization via
phosphorylation of p53 at ser 15, and cell cycle and cell proliferation arrest. Decrease in
GAPDH levels also reduces ATP levels which results in phosphorylation of AMPK at
Thr-172 position, AMPK activation and accumulation of p53. Persistent activation of
AMPK leads to cellular senescence in GAPDH depleted A549 cells. We confirmed this
by analyzing the senescence markers including, cell morphology, accumulation of
senescence biomarkers GLB1 and DEC1 mRNA, and induction of SA-B-galactosidase
activity. GAPDH was downregulated continually for a week in A549 cells by transient
transfection with 10-100 nM siGAPDH. Treatment with SiGAPDH led to sustained
activation of AMPK for a period of 72 hours. siGAPDH-transfected cells undergo energy
crisis for a long period triggering cellular senescence in the cells. On the contrary, energy
crisis in A549 cells caused by treatment with 50 mM 2DG, led to transient activation of
AMPK which eventually weakened over a period of 72 hours. Hence, the two contrasting
effects were observed for two different ATP depleting agents, sSiGAPDH and 2DG. Based
on these results, we can conclude that GAPDH depletion results in sustained AMPK
activation and stabilization of p53. Accelerated senescence was induced in response to
downregulation of GAPDH levels in A549 cells. Hence, knockdown of GAPDH can
impel the cancer cells to enter into a non-dividing senescent stage. Our findings raise an
important question about genetic variability in the GAPDH locus: if abrogation of

GAPDH enzymatic activity prevents cancer cell proliferation, what is the effect of
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genetic variants of GAPDH on cancer cell biochemistry? We addressed this question in

direct experiments described in Chapter 6.
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CHAPTER 5

CYTOTOXIC EFFECT OF ANTIMETABOLITES IN GAPDH-DEPLETED,

NON-DIVIDING CELLS

5.1 Aim

To identify the chemotherapeutic agents exhibiting cytotoxic effect against non-

dividing, senescent cells.

5.2 Rationale

In the chapters 3 & 4 we reported that knockdown of GAPDH results in energy
crisis, cell proliferation arrest and induction of accelerated senescence in human
carcinoma cells. Cellular senescence provides a barrier to tumorigenesis by arresting
mitosis. Hence, accelerated senescence in cancer cells can be a prospective approach to
inhibit cancer cell proliferation (Collado et al., 2007). Although cellular senescence is a
critical mechanism to avert the proliferation of cancer cells (Rodier and Campisi, 2011),
senescent cells remain alive and are metabolically active (Erdmann, 2005). Studies from
in vitro experiments have shown that senescent cells are likely to re-enter mitotic cycle
on acquiring senescence compromising mutations (Zhang and Yang, 2011). Reduction in
the levels of a tumor suppressor gene calveolin causes re-entry of senescent cells into S-
phase of cell cycle (Cho et al., 2003). Studies have shown that suppression of p53 in
senescent mouse fibroblasts led to rapid cell cycle re-entry (Dirac and Bernards, 2003).

Hence, we cannot exclude the possibility that senescence is a reversible cell growth arrest
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process. Thus, a need arises to combine senescence induction with chemotherapy to

prevent re-entry of non-dividing cells into mitotic cycle.

Cytotoxicity assays were performed for determining the effect of GAPDH levels

in chemosensitivity to a panel of ten genotoxic drugs (Table 5).
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Table 5: Structures and mechanisms of action of chemotherapeutic agents.

Drug Name Analogue Structure Mechanism of Action
PH e Incorporated into
Cytarabine Pyrimidine %SL DNA
HOw N7 e Cell cycle arrest at S-
(Eridani, 1972) HO D)‘/NJ\NHZ phase
o Apoptosis
oo B o ¢ Inhibits thymidylate
5-Fluoro-2°- Pyrimidine | "} o T T synthase
deoxyuridine v " o Disrupts DNA
HO™ synthesis
(Henn et al., 1993)
"o N\ . | Activates adenosine
2-Chloroadenosine Purine L(_TN%\L( 2 receptors
son o Ny e Inhibition of DNA
(Bastin-Coyette et oo E synthesis
al., 2008)
S e Incorporated into
Thioguanine Purine N R DNA and RNA
PP Nf> e Apoptosis
(Nelson et al., HN" N
1975)
H ¢ Inhibits thymidylate
5-Fluorouracil Pyrimidine O M AL synthase

(Henn et al., 1993)

¢ Disrupts DNA
synthesis
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# Drug Name Analogue Structure Mechanism of Action
6 Doxorubicin Anthracycline 11 / - e Inhibits
antibiotic L T Topoisomerase |l
(Shi et al., 2011) I T 11 e Intercalates into
DNA
"N Ny e Inhibits DNA &
N RNA synthesis
7 | 5-Fluorouridine Pyrimidine o o Ao e Inhibits rRNA
k@,NJF metabolism
(Wilkinson and ~ e Inhibits thymidylate
Crumley, 1976) e synthase
8 Clofarabine Purine e Inhibits DNA
"ol N , | Ppolymerase
(Bonate et al., H_(’ ~ e Inhibits RNA
2005) HO ¥ "'-=::Y-N reductase
I e Disrupts release of
cytochrome ¢ from
mitochondrion
9 Cladribine Purine e Inhibits DNA
HQ =N polymerase
(Ménsson et al., ‘\G‘“\\A/”Hz e Inhibits
1999) G N. N ribonucleotide
| reductase
e Incorporated into
DNA, inhibits DNA
synthesis
10 e Inhibits DNA
Fludarabine Purine synthesis
o A\ e Inhibits
(Ménsson et al., \Y_ZJ\(/\\( : ribonucleotide
1999) . Na N reductase
oo R \1: e Induces apoptosis by

activation of
caspase-3
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5.3 Experimental design

5.3.1 Cell cultures and drug treatment

Human lung carcinoma A549 cell line (Table 6) was maintained in Ham’s F12K medium

at a confluency of 40-80%.

Table 6: Characteristics of human carcinoma cell line used for cytotoxicity studies (Khan and

Anderson, 2001).

Cell line Source Origin Status

LKB1 p53 p21 pl6

A549 ATCC Human -/- +/+ +/+ -/-

Human lung carcinoma cell A549 (LKB1 deficient, p53 proficient) was obtained from
American Type Culture Collection (ATCC, Manassas, VA). A549 cell were maintained
in Ham’s F12K medium containing 7 mM glucose with 10% FBS at a confluency of 40-
80%. Cells were cultured for 3-6 days in varying concentrations of the following drugs:
Cytarabine; araC (Sigma, MO), 2-chloroadenosine; 2-CIA (Sigma, MO), 5-fluorouracil;
FU (Sigma, MO), 5-fluoro-deoxyribouridine; FdU (Sigma, MO), Thioguanine; TG
(Sigma, MO), Doxorubicin; DOX (Sigma, MO), Cladribine (Sigma, MO), Fludarabine
(GensiaSicor Pharmaceuticals, CA), Clofarabine (Genzyme, MA), and 5-fluorouridine;

FrU (Sigma, MO).
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5.3.2 Modulation of energy pathway by RNA interference with short duplex RNA

RNAI experiments were performed using predesigned Stealth RNA (GAPDH Validated
Stealth RNAi DuoPak duplexes 1 and 2) (Invitrogen, Carlsbad, CA). Transient
transfection was performed in T25 flasks with cells plated at a density of 1.4 x 10* cells /
cm’ using Lipofectamine 2000 transfection reagent, as described earlier (Phadke et al.,
2009) or by electroporation technique using Neon™ Transfection System per the
manufacturer’s protocol (Invitrogen, Carlsbad, CA) for higher transfection efficiency
(Phadke et al., 2011). After 48 hours, the cells were trypsinized and seeded at density
5,500 cells / cm? for further experiments. The final siGAPDH concentration used was 50
nM. Scrambled Negative Stealth RNAI control (Invitrogen) was used as negative control

in all SIRNA experiments.
5.3.3 Cell growth and viability

Cell viability was determined by MTT assay using CellTitre 96 cell proliferation Kit
(Promega, Madison, WI). A549 cells were seeded in a 96-well plate at density 250
cells/well. Attached cells were treated with chemotherapeutic drugs including cytarabine
(0-45 uM), 2-chloroadenosine (0-100 uM), S5-fluorouracil (0-100 uM), S5-fluoro-
deoxyribouridine (0-100 uM), thioguanine (0-45 uM), doxorubicin (0-45 pM), cladribine
(0-100 uM), fludarabine (0-100 uM), clofarabine (0-100 uM), and 5-fluorouridine (0-100
uM) for a period of 3-6 days. The assay was performed per manufacturer’s instructions.
The end point data were collected by SpectraMax M2 microplate spectrophotometer
(Molecular Devices, Sunnyvale, CA). The ICsy values were calculated using the

GraphPad Prism software (GraphPad Software Inc., San Diego, CA) by fitting the
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sigmoid Emax model to the cell viability versus drug concentration. All the data

determined in duplicates from three independent experiments.
5.3.4 Evaluation of apoptosis by dye exclusion assay

Total cell count, viable cells, apoptotic and dead cells were determined by measuring the
fluorescence compensation on flow cytometer Guava PCA (Guava technologies, CA)
using CytoSoft software. The Guava reagent differentially stains viable and non-viable
cells based on permeability of DNA-binding dyes in the reagent. Enable Apoptotic gate
software was used to calculate apoptotic/dead cells. Percentage of apoptotic cells in A549
cells treated with 0.2 pM araC were used as standard. The data was generated from 3
independent experiments. Briefly, A549 control and A549 siGAPDH cells or cells after
different drug treatments were trypsinized, 20 pul of cell suspension was mixed with 180

ul of Guava cell count reagent and fluorescence was measured on Guava PCA.
5.3.5 Western blot analysis

Western blot analysis was performed as described earlier (Krynetskaia et al., 2009). Total
cellular extract was prepared from around 2 X 10° control and siGAPDH-treated cells by
lysis with RIPA buffer with protease and phosphatase inhibitors (Santa Cruz
Biotechnology, CA). The protein concentration was determined by PlusOne2D Quant kit
(GE Healthcare, UK). Electrophoretic separation was performed using 12%
polyacrylamide gels for analysis of GAPDH, B-actin, and 16% polyacrylamide gels for
analysis of H2AX. Mini Trans-Blot electrotransfer cell (Bio-Rad Laboratories, CA) was
used to transfer the proteins on nitrocellulose membrane (PAGE Gel). Membranes were

developed with rabbit polyclonal anti-GAPDH Ab at 1:10,000 dilution (Santa Cruz
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Biotechnology, CA), rabbit anti-y H2AX at 1:500 dilution (Calbiochem, CA), and mouse
anti-p-actin monoclonal Ab at a dilution of 1:10,000 (Sigma-Aldrich, MO). Bands were
visualized by IRDye-labeled secondary antibodies. Bands were visualized and quantified
by Odyssey Infrared Imaging system (LICOR biosciences, NE) at 700 nm and 800 nm

(Phadke et al., 2009).

5.3.6 Neutral Comet assay to quantify the double strand breaks (DSBs) in DNA

Neutral Comet assay analysis was used to detect the double strand break using the Comet
Assay kit (Trevigen, MD) per manufacturer’s protocol. It is based on the evaluation of
DNA double strand breaks by electrophoretic mobility of DNA after in situ lysis of the
cells. Approximately 350,000 cells were exposed to 200 uM H,0,, 1 uM DOX and 1 uM
araC for 24 hours. Cells were trypsinized, mixed with low melting point agarose (1:10
v/v) and applied on Fragment Length Analysis using Repair Enzymes (FLARE) slides
(Trevigen, MD). After lysis in neutral lysis buffer at 4 °C overnight, the slides were
rinsed with buffer and subjected to electrophoresis. 70% ethanol was used to fix the
slides. Images were recorded using Nikon Eclipse 50 fluorescent microscope after
staining with SYBR Green. The Olive Tail Moment was determined for 50 cells from
each sample and was analyzed using Comet Score freeware (Tri Tek, VA) (Phadke et al.,

2009).

5.3.7 Caspase activity for estimation of pro-apoptotic proteases

Caspase activity was determined using fluorogenic substrates for caspase 3 and caspase 7
to estimate the proteolytic activation of pro-apoptotic proteases using the Apo-ONE

Homogenous Caspase 3/7 Assay as described in (Krynetskaia et al., 2009).
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5.3.8 Statistical Analysis
The statistical analyses were performed by use of Student’s t test with Statistica software
program (StatSoft, Tulsa, OK), and nonlinear regression analysis with GraphPad Prizm
4.0 software (GraphPad Software). A p value of < 0.05 was considered statistically

significant. Data are presented as the mean + S.E (Phadke et al., 2009).
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5.4 Results and Discussion

5.4.1 Depletion of GAPDH level in human carcinoma cells alters the

chemosensitivity to antimetabolites

The cytotoxic effects of chemotherapeutic drugs in GAPDH-depleted A549 cells were
evaluated by MTT assay. A549 cells with diminished levels of GAPDH were
approximately 50 times less sensitive to genotoxic drug araC in comparison to A549
control cells treated with scrambled siRNA. On the contrary, cytotoxicity of DOX, a topo
I inhibitor remained the same in both the cell model systems. Cytotoxic effect was
estimated by determining the ICso value for both the drugs. Both araC and DOX cause
DNA double strand breaks as seen in Fig. 21B from the Comet assay, and accumulation
of y-H2AX. H2AX gets phosphorylated at Ser-139 (y-H2AX) as a reaction to DNA
double strand breaks. Accumulation of DNA double strand breaks, caspase activity and y-
H2AX was significantly lower in A549 siGAPDH cells treated with araC in comparison
to A549 control cells treated with araC. In contrast to these results, treatment with DOX
in GAPDH depleted A549 cells and control cells did not reveal any significant difference
in accumulation of DNA double strand breaks, caspase activity and protein levels of y-

H2AX (Fig. 21) (Phadke et al., 2009).
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Figure 21: Comparison between cytotoxic effects of araC and DOX in A549 cells with and
without GAPDH. GAPDH-depleted A549 cells exhibited increased resistance to antimetabolite
araC but not to DOX treatment. Panel A: A549 cells after transfection ( 1\ O scrambled siRNA,
A \ ¥V siGAPDH) were seeded in 96 well plates and treated with 0-100 uM of araC and 0-2 uM
DOX and evaluated by MTT assay as described in Experimental design. Panel B: Accumulation
of double strand breaks in DNA of A549 control and A549 siGAPDH cells estimated by neutral
Comet assay analysis. After electrophoresis, cells were stained with SYBR Green and the Olive
Tail treatment was measured for 50 cells from each sample as described in Experimental design.
Level of DNA damage in A549 siGAPDH cells was lesser than in A549 control cells after araC

treatment but not after DOX treatment.
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Figure 21 Panel C: Caspase activation after araC treatment is lower in GAPDH depleted cells.
Caspase activity in A549 control cells and A549 siGAPDH cells was assessed by fluorescence
based caspase 3/7 assay as described under Experimental design. Panel D: Phosphorylation of
YH2AX in A549 cells (molecular marker for DNA double strand break). A549 control and
siGAPDH cells were incubated for 48 hours after transfection and then treated with 1 uM DOX

for 16 hours and 1 uM araC for 48 hours. Cell lysates were analyzed by Western blot analysis
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for yYH2AX as described under Experimental design. p-actin was used as normalization

standard. * represents p < 0.05 in comparison with control.
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5.4.2 Low GAPDH level in human carcinoma cells is associated with an increased

chemoresistance to S-phase specific genotoxic drugs

In a previous study we reported that the cytotoxic effect of cytarabine (araC) in
human carcinoma cells was dependent on the level of endogenous GAPDH. Abrogation
of GAPDH synthesis in the human non-small cell lung cancer cells was accompanied by
more than 50-fold increased chemoresistance to araC (Phadke et al., 2009). In contrast,
treatment of A549 cells with a topoisomerase Il inhibitor doxorubicin (DOX) was toxic
for both GAPDH-depleted and GAPDH-proficient cells (Phadke et al., 2009).
Differential effects of araC and DOX in the cells with senescent phenotype suggest that
some chemotherapeutic agents may be useful to suppress tumorigenic potential of
senescent cells. In this study, we tested the premise that antimetabolite chemotherapy
could be used concomitantly with senescence-associated cell proliferation arrest triggered

by GAPDH depletion.

Two cell model systems were used to determine the cytotoxic effect of
antimetabolites, 1) A549 cells with normal levels of GAPDH 2) Non-dividing A549 cells
with depleted GAPDH. The cytotoxic effects of cytarabine, 5-fluoro-2’-deoxyuridine, 2-
chloroadenosine, thioguanine, 5-fluorouracil, doxorubicin, 5-fluorouridine, clofarabine,
cladribine and fludarabine were evaluated by MTT assay (Table 7). Cytotoxicity studies
in A549 cells with and without GAPDH identified two groups of chemotherapeutic
agents, those with decreased cytotoxicity in non-dividing cells (Group A) and those
active in both dividing and non-dividing cells (Group B). A549 cells with decreased level
of GAPDH were around 50 times less sensitive to araC treatment (Fig. 22A) and 30 times

more resistant to FAU (Fig. 22B). GAPDH-depleted A549 cells were around 4-5 times
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less sensitive to cytotoxic effects of other group A chemotherapeutic drugs including 2-
chloroadenosine, thioguanine and 5- fluorouracil (Fig. 22C, D and E). On the contrary,
the cytotoxic effect of anti-cancer drugs (Group B) including doxorubicin, 5-
fluorouridine, clofarabine, cladribine and fludarabine was similar in A549 control and

GAPDH-depleted cells (Fig. 23A-E).
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Figure 22: Chemosensitivity of Group A antimetabolites in A549 cells with normal GAPDH (@)
and in cells with depleted GAPDH (). Anticancer drugs belonging to group A exhibit reduced
cytotoxic effect in non-dividing, senescent A549 cells. A549 cells with normal GAPDH and
depleted GAPDH were seeded in 96-well plate (250 cells per well) and treated with varying
concentrations of (A) 0-45 uM cytarabine, (B) 0-100 uM 5-fluoro-deoxyuridine, (C) 0-100 uM 2-
chloroadenosine, (D) 0-45 uM thioguanine and (E) 0-100 uM 5-fluorouracil. Chemosensitivity

was evaluated by MTT assay as described in Experimental design.
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Figure 23: Chemosensitivity of Group B anticancer drugs in A549 cells with normal GAPDH (@
/m) and in cells with depleted GAPDH (). Chemotherapeutic agents belonging to group B
exhibit similar cytotoxic effects in non-dividing A549 cells in comparison to A549 cells with
normal GAPDH levels. A549 cells with normal GAPDH and depleted GAPDH were seeded in
96-well plate (250 cells per well) and treated with varying concentrations of (A) 0-45 uM
doxorubicin, (B) 0-100 uM FrU, (C) 0-100 uM clofarabine, (D) 0-100 uM cladribine and (E) 0-

100 uM fludarabine. Chemosensitivity was evaluated by MTT assay as described in Experimental

design.

83




Table 7: Cytotoxic effects of chemotherapeutic drugs in A549 cells with depleted GAPDH level.

Days of siGAPDH Fold
##  Treatment incubation Control treated change
1Cs0 (WM) 1Cs0 (LM)

GROUP A
1 araC 3 0.03 £0.015 1.68 +0.282 56
2 Fdu 6 3.71+0.91 > 100 27
3 2-CIA 5) 1.5+ 0.57 7.1+1.82 5
4 TG 6 1.4 +0.54 7.5+1.65 5
5 FU 5 3.01 + 0.67 13.2+248 4

GROUP B
6 DOX 2 0.035 +0.0154 0.05 +0.023 1
7 Fru 5) 0.1 +£0.032 0.1 +£0.029 1
8  Clofarabine 5 0.5+0.27 0.7+0.32 1
9 Cladribine 6 0.55 +0.202 0.48 +0.125 1
10  Fludarabine 6 15.7+£2.85 185+2.34 1
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5.4.3 Chemotherapeutic agents active against GAPDH-depleted, non-dividing

human carcinoma cells exhibit cytotoxic effect via induction of apoptosis

Based on our previous experiments, we concluded that A549 cells with depleted
GAPDH levels exhibit resistance and lower sensitivity to chemotherapeutic agents
belonging to group A while group B chemotherapeutic drugs exhibit cytotoxic effect in

A549 cells, independent of their GAPDH level.

Resistance to chemotherapy limits the effect of anticancer drugs. Cancer cells are
either intrinsically resistant to chemotherapeutic agents or develop chemoresistance
(Longley and Johnston, 2005). The molecular mechanisms of drug resistance that reduce
the sensitivity in cancer cells may occur due to increased drug efflux, drug inactivation,
alterations in drug target, drug-induced damage and evasion of apoptosis (Longley and
Johnston, 2005). Towards this we examined for induction of apoptosis in A549 cells with

depleted GAPDH levels.

Using dye exclusion assay we evaluated the percentage of apoptotic cells in A549
and A549 siGAPDH cells following treatment with doxorubicin, 5-fluorouridine,
clofarabine and cladribine. Previously we had shown that treatment with araC stimulates
apoptosis in A549 cells via activation of caspase and cleavage of PARP (Krynetskaia et
al., 2009). A549 cells and A549 siGAPDH cells before and after treatment with araC
were used as positive control for verification of apoptosis. Viability (PM1) vs. Nucleated
Cells (PM2) dot plot represented apoptotic events between specific populations of A549
treated and untreated cells (Fig. 24A). A549 control cells and A549 siGAPDH cells

without drug treatment showed 95.4% and 97.9% viable cells respectively (Fig. 24B).
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A549 cells treated 0.21 puM araC and 3.7 pM cladribine showed 37.4% and 23.6%
apoptotic cells (Fig. 24B). On depletion of GAPDH, A549 cells treated with 3.7 uM
cladribine demonstrated 23.6% apoptotic cells similar to A549 control cells treated with
cladribine (Fig. 24B). We conclude that cladribine induces apoptosis in GAPDH-depleted
A549 cells. Hence, cladribine can be considered as a potential cytotoxic drug for non-

dividing cancer cells.
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Figure 24: Pro-apoptotic effects of cladribine and araC in A549 cells following depletion of
endogenous GAPDH. (A): Dot plot representation of viable vs. nucleated cells for A549 control
cells (Panel 1), A549 cells treated with 0.21 uM araC for 72 hrs (Panel 2), and A549 cells treated
with 3.7 uM cladribine for 72 hrs (Panel 3). Upper panels represent A549 cells with endogenous
GAPDH, and bottom panels represent GAPDH-depleted A549 cells transfected with siGAPDH.
(B): Quantification of data presented in Figure 24A. Fraction of apoptotic cells in A549 cells
(filled bars) and siGAPDH-treated A549 cells (open bars) following incubation with 0.21 uM

araC or 3.7 uM cladribine. Every experiment was performed in triplicate and presented as mean *

SE.
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5.5 Conclusion

To determine the effect of levels of GAPDH on chemosensitivity of cells, we used
pyrimidine antimetabolite araC and Topo Il inhibitor DOX. Cytarabine (araC) gets
incorporated into DNA and induces cell cycle arrest in S-phase leading to apoptosis via
p53 dependent pathway (Sampath et al., 2003). Hence, after araC treatment, cells with
endogenous GAPDH get arrested in S-phase and undergo apoptotic death (Fig. 12 and
21). However, depletion of GAPDH causes GO/G1 arrest, devoiding cells from
progression to S-phase. GAPDH-depleted cells demonstrated chemoresistance (ICso
increased 50-100 fold) to antimetabolite araC but not to Topo Il inhibitor DOX. Our
experiments conclude that cells with depleted GAPDH levels develop chemoresistance to
S-phase specific drugs via p53/p21 dependent GO/G1 cell cycle arrest. To emphasize on
this result, we used non S-phase specific genotoxic drug DOX. In contrast, A549 cells
with low levels of GAPDH did not exhibit significant difference in chemosensitivity to
DOX (Fig. 21). This data correlated with decreased DNA double strand breaks detected
by Comet assay, reduced caspase activity and lower levels of y-H2AX (a protein marker
for DNA double strand break) in araC treated cells with depleted GAPDH levels as

compared to DOX treated cells (Fig. 21).

Next, we performed cytotoxicity studies in dividing and non-dividing cells using a
panel of ten antimetabolites. Based on the results, we separated these drugs into two
groups, A and B. Group A encompasses drugs with differential cytotoxic effects in
control vs. GAPDH-depleted cells, and Group B includes drugs with similar cytotoxic
effects in dividing (GAPDH-proficient), and non-dividing (senescent GAPDH-depleted)

cells (Table 8).
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Table 8. Cytotoxic effects of chemotherapeutic drugs in A549 cells transfected with SiGAPDH.

it Drug Name Cytotoxic effect reduced in
GAPDH-depleted cells
GROUP A
1 Cytarabine Yes
2 5-Fluoro-2’-deoxyuridine Yes
3 2-Chloroadenosine Yes
4 Thioguanine Yes
5 5-Fluorouracil Yes
GROUP B
6 Doxorubicin No
7 5-Fluorouridine No
8 Clofarabine No
9 Cladribine No
10 Fludarabine No
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Drugs in group A interfere with DNA biosynthesis at S-phase of cell cycle,
probably by more than one mechanism. 5-fluorouracil and 5-fluoro-2’-deoxyuridine
inhibit thymidylate synthase, which prevents biosynthesis of DNA precursors (Nakagawa
et al.,, 2001; Noordhuis et al., 2004). Thioguanine undergoes metabolic conversion to
deoxythioguanosine triphosphate, and is incorporated in DNA (Waters and Swann,
1997). Deoxythioguanosine-containing DNA manifests aberrant flexibility, and is
presumably recognized by DNA mismatch repair system thus promoting apoptotic death
of cancer cells (Somerville et al., 2003). 2-chloroadenosine exhibits multiple mechanisms
of cytotoxicity including ATP depletion and inhibition of DNA synthesis (Bastin-Coyette
et al., 2008). In many cases, the details of the cytotoxic effects of chemotherapeutic
agents remain obscure. However, as the mechanism of action of cytarabine, 5-
fluorouracil, 5-fluoro-2’-deoxyuridine, thioguanine and 2-chloroadenosine action
interferes with DNA synthesis, these agents can be broadly classified as S-phase specific
drugs (Poorter et al., 1998; Somerville et al., 2003; Bellezza et al., 2008; Prakasha Gowda

et al., 2010).

In contrast, DOX, 5-fluorouridine, clofarabine, cladribine and fludarabine have
been found to be equally active in non-dividing, senescent cells. DOX is a known
inhibitor of topoisomerase 11, and induces accumulation of double strand breaks in DNA
independent of DNA polymerase activity (Phadke et al., 2009). 5-fluorouridine is a
potent inhibitor of rRNA metabolism, and fludarabine is known to exert its cytotoxic
effect via inhibition of RNA transcription, rather than by inhibiting DNA synthesis
(Patton, 1994). Cladribine, impedes the functions of enzymes involved in DNA

maintenance and repair required for cells to enter S-phase of cell cycle, hence it is not
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specific for S-phase (Carson et al., 1983). Cladribine, biologically active in several cell
types is phosphorylated intracellularly to cytotoxic chlorodeoxyadenosine triphosphate
(Beutler, 1992). Though chlorodeoxyadenosine triphosphate interferes with normal
functions of DNA by inhibiting DNA polymerase and DNA ligase, ribonucleotide
reductase is also a target for this drug (Piro, 1992). In line with our findings, cladribine
had been reported to be cytotoxic for both proliferating and quiescent cells (Chow et al.,
2002). Chemotherapeutic effects of clofarabine are exerted via multiple mechanisms,
including inhibition of DNA synthesis, inhibition of ribonucleotide reductase, and direct
induction of apoptosis by release of cytochrome ¢ and other pro-apoptotic factors (Bonate
et al., 2006). Therefore, Group B drugs manifest cytotoxic effects via mechanisms not
directly dependent on DNA synthesis. A combination of different mechanisms of action
explains the efficacy of group B chemotherapeutic agents against rapidly growing as well
as quiescent tumor cells (Carson et al., 1992) which is in line with the findings in our

present work.

Downregulation of GAPDH not only leads to development of chemoresistance to
group A antimetabolites but also hinders stimulation of apoptosis. We demonstrated that
the anticancer drugs belonging to group B exert cytotoxic effect against non-dividing,

senescent cells via induction of apoptosis (Figure 24).

In conclusion, doxorubicin, cladribine, 5-fluorouridine, clofarabine, and
fludarabine active in non-dividing cells are potential candidates for combination therapy
with glycolysis inhibitors; to enhance the outcome of cancer treatment. Our findings
suggest that induction of accelerated senescence in combination with chemotherapy could

provide a novel strategy to control proliferation of tumor cells.
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CHAPTER 6

MOLECULAR DYNAMICS OF NUCLEAR GAPDH IN LIVE CELLS:

WILD-TYPE AND MUTANT GAPDH VARIANTS

6.1 Aim

To analyze molecular dynamics of nuclear GAPDH and its mutant variants in the

context of chemotherapy-induced stress.

6.2 Rationale

In the previous chapters, we concentrated on metabolic properties of GAPDH and
its contribution to the energy metabolism in cancer cells. The role of GAPDH and its
partners in other cellular processes remains obscure though many studies indicate its
involvement in the critically important cellular pathways and mechanisms. For example,
GAPDH plays a critical role in stress response leading to apoptosis (Chen et al., 1999;
Berry and Boulton, 2000). Despite the fact that three-dimensional structure of GAPDH is
determined at high resolution, contribution of GAPDH domains to its functions is poorly
understood. Analysis of the functional domains in GAPDH is hampered by the fact that
GAPDH is not a static protein, but demonstrates remarkable variability: GAPDH shows
significant genetic polymorphism, it undergoes multiple post-translational modifications,

and its functions are likely different in different cellular compartments.

The GAPDH gene is located on chromosome 12 at position 12p13.31. Several

dozen pseudogenes of GAPDH, with nucleotide sequence similar to the active GAPDH
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gene sequence, are present in the human genome. Pseudogenes are non-functional
relatives of known genes which have lost their protein-coding ability or are no longer
expressed in the cell. Despite the fact that GAPDH is a highly conserved protein in
different organisms, human GAPDH gene reveals significant genetic polymorphism. In
the updated version of dbSNP database (06/26/2012: NCBI dbSNP Build 137 for Human
Genome), 92 synonymous and non-synonymous SNPs (Single Nucleotide
Polymorphisms) within GAPDH locus have been documented in the world population

(Fig. 25). The effects of these polymorphisms on GAPDH functions are poorly
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Figure 25: Location of Single Nucleotide Polymorphisms (SNPs) in GAPDH gene (NCBI- Gene

ID: 2597, HapMap Data)
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GAPDH undergoes various post-translational modifications, which change its
intranuclear localization and likely interaction with other biomolecules. For example, S-
nitrosylation of GAPDH at Cys-150 position in response to cytotoxic stress leads to
intranuclear accumulation of cytosolic GAPDH and its involvement in apoptotic pathway
(Krynetski et al., 2001; Hara and Snyder, 2006). Acetylation of GAPDH at Lys 227

facilitates transport of the protein from cytosol to nucleus (Ventura et al., 2010).

GAPDH, a multifunctional protein undergoes multiple in vivo localizations which
might be obligatory for its diverse functions. Non-cytosolic localization of GAPDH
results in its very distinct role other than cytosolic glycolysis (Sirover, 2012). This raises
the question if there is a specific transport mechanism which results in subcellular

translocation of GAPDH.

Nuclear accumulation of cytosolic GAPDH occurs in response to various stress
conditions including serum withdrawal, aging of cultures, oxidative stress and treatment
with anticancer drugs (Brown et al., 2004). Nuclear accumulation of GAPDH has led to
increased apoptotic effects in cancer cells (Carlile et al., 2000; Krynetski et al., 2001).
The details of nuclear transport of GAPDH and most of its nuclear functions still remain
to be elucidated. Nuclear GAPDH interacts with nuclear proteins like CRM1 and
p300/CBP which alter its export from the nucleus and its biological activity (Brown et al.,

2004; Hara and Snyder, 2006; Sen et al., 2008).

To address these questions, we performed experiments to identify the nature and
sites of post-translational modification in GAPDH polypeptide chain after genotoxic

stress. Based on results of these experiments, we prepared a panel of mutated variants of
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GAPDH where the sites of post-translational modification (phosphorylation) were
abrogated, and further tested their enzymatic activity. In another set of experiments, we
performed site-mutagenesis of the polypeptide domains putatively involved in interaction
with other cellular components, and analyzed molecular characteristics of these GAPDH
variants in the live cells. Our results revealed functional significance of post-translational
modifications in the GAPDH molecule, and elucidated the effect of SNP rs11549329 on

GAPDH enzymatic activity.
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6.3 Experimental design

6.3.1 Human carcinoma cell model system used for transient expression of GAPDH

variants

Human lung carcinoma cells (Table 9) were used as model system to analyze nuclear

accumulation of cytosolic GAPDH under genotoxic stress conditions.

Table 9: Characteristics of human carcinoma cell lines used for experimental analysis of

nuclear GAPDH.

Cell line Source Origin Status

p53 p21 | pl6

A549 ATCC Human +/+ +/+ -/-

HCT116 40-16 John Hopkins School of Human | +/+ +/+ -/-

Medicine

HCT116 379.2 John Hopkins School of Human -/- +/+ -/-

Medicine

Distribution of GAPDH between cellular compartments (nuclear and cytoplasm) was
assessed in A549 cells after genotoxic stress induced by antimetabolite treatment. A549

cells were maintained in Ham’s F12K medium at a confluency of 40-80% (Phadke et al.,

2009).

In our second set of experiments, we used two human colorectal carcinoma isogenic cell

lines HCT116 differing in p53 status (Table 9). In order to elucidate the role of GAPDH
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mutant variants in response to drug and to determine if its nuclear localization is p53
dependent, HCT116 40-16 (p53"*) and HCT116 379.2 (p53™) cells were used in the in
vitro experiments. HCT116 40-16 and HCT116 379.2 cells were maintained in McCoy’s

5A medium at 40-80% confluency.
6.3.2 2D gel electrophoresis and proteomic studies

2D-gel electrophoresis was performed using the 2D electrophoresis system
(Amersham Biosciences, NJ) according to the manufacturer’s protocol. Cytosolic and
nuclear cellular extracts were prepared from around 2 X 10° A549 untreated cells and
A549 cells after treatment with 1 uM araC. Protein content was estimated by Bradford
assay in untreated and treated samples. Around 20 pg protein was loaded for Western blot
analysis and 50 pg sample was loaded for proteomic analysis. First dimensional
electrophoretic separation was performed using Immobline Dry Strip Gels (Amersham
Biosciences, NJ) with a pl range 3-11 and 6-11. Second-dimension gel electrophoresis
was performed using 12% gels for analysis of GAPDH. Mini Trans-Blot electrotransfer
cell (Bio-Rad Laboratories, CA) was used to transfer the proteins on nitrocellulose

membrane (PAGE Gel).

For Western blot analysis, membranes were developed with rabbit polyclonal anti-
GAPDH Ab at 1:10,000 dilution (Santa Cruz Biotechnology, CA). Spots were visualized
by treatment with IRDye-labeled respective secondary antibodies. Bands were visualized
and quantified by Odyssey Infrared Imaging system (LICOR Biosciences, NE) at 700 nm

(Phadke et al., 2009). For proteomic studies the second dimension gel was stained using
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Coomassie stain, samples were extracted and analyzed by LC/MS for post-translational

modifications in the Proteomics Center (TUSM).

6.3.3 Isolation of subcellular fractions for comparative study of nuclear and

cytosolic GAPDH

Isolation of cytosolic and nuclear fractions from A549 cells was performed by use of NE-
PER Nuclear and Cytoplasmic Extraction kit (Thermo Fisher Scientific, IL), per
manufacturer’s instructions. Briefly, 1-2 X 10° A549 cells were lysed with cytoplasmic
extraction reagents provided, supplemented with protease inhibitor (Sigma-Aldrich, MO).
After centrifugation, the supernatant cytoplasmic fraction was separated. The nuclei
pellet was lysed with nuclear extraction reagent supplemented with protease inhibitor
(Sigma-Aldrich, MO). The subcellular extracts were snap-frozen and stored at -80°C

(Phadke et al., 2009).
6.3.4 Estimation of Nitric oxide concentration by Nitrite/ Nitrate Fluorometric assay

Nitric oxide (NO) level was estimated by measurement of total nitrate/ nitrite
concentration in biological samples by detection of fluorescent product, 1(H)-
naphthotriazole. Nitric oxide content was estimated in A549 cells treated with 1 uM araC
using the Cayman Nitrate/ Nitrite Fluorometric assay kit (Ann Arbor, MI). Treated and
untreated cells were counted and resuspended in PBS solution with protease inhibitors at
density 10,000 cells/ul. Next, the cells were exposed to three freeze thaw cycles, and the
lysates were centrifuged at 100,000 X g for 2 hours at 4°C. The assay was performed per
manufacturer’s protocol, and fluorescence (excitation 360 nm, emission 430 nm) was

measured using SpectraMax M2 spectrofluorometer (Molecular Devices, CA).
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Calibration curve was performed using the manufacturer’s standards and each experiment

was conducted in triplicate.

6.3.5 Design of expression constructs encoding GAPDH mutant variants and

plasmid preparation

Mutant variants of GAPDH with K259N, T991, T99A, S98A and Y94A amino acid
substitutions were constructed by site-directed mutagenesis and inserted in the plasmid
pET28 for expression of Hisx6-tagged proteins in bacterial expression system (Novagen,
WI), or plasmid pcDNA3.1(+) for expression of fusion EGFP-GAPDH proteins in human
cells (Invitrogen, CA) (Fig. 27). T991 mutation was selected because it results from
expression of the GAPDH variant gene carrying rs11549329 SNP catalogued in the NCBI
dbSNP database (see previous section). S98, Y94 and T99 are the sites of
phosphorylation identified by our proteomic studies of GAPDH (Fig. 29B). Substitution
of these amino acid residues to Ala prevents phosphorylation of the recombinant GAPDH
protein. K259 is a site for protein-GAPDH interaction within the nucleus, as described
earlier (Brown, 2003). Recombinant plasmids for ectopic expression of the wild type and
mutated GAPDH variants were prepared by Dr. Mishra and kindly provided for this

work.
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Figure 26: Structural monomer of tetrameric protein GAPDH with marked sites of modifications,
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Figure 27: Vector map of recombinant plasmid pcDNA 3.1(+) used for transfection (Invitrogen).
Wile-type and variant EGFP-GAPDH cDNA were cloned into the Kpn | site, and verified by

complete sequencing of the insert in both directions.
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6.3.6 Expression, purification, and characterization of recombinant GAPDH wild-

type and mutant proteins

Recombinant GAPDH protein and its mutated variants tagged with Hisx6 polypeptide
were expressed in E. coli BL21 strain transformed with pET28 expression vector
(Novagen, WI), per manufacturer’s instructions. Briefly, after promoter induction with
isopropyl-p-D-thiogalactoside, cells were harvested, lysed, and purified using Ni-NTA-
agarose (Qiagen, CA), per manufacturer’s instructions. GAPDH-containing fractions
were collected, combined and dialyzed against buffer F (100 mM HEPES pH 7.9; 100
mM NacCl; 0.5 mM EDTA; 5% glycerol; 5 mM DTT), and concentrated using Centricon-
10 cartridge (Millipore, Billerica, MA). Glycerol was added to the protein solution to the
final concentration 20%; protein was stored at (-20°C). Recombinant wild type and
mutated GAPDH variant proteins were prepared by Dr. Mishra and kindly provided for

this work.
6.3.7 Transfection with EGFP-tagged plasmids by electroporation

Recombinant plasmids coding for wild type and mutant GAPDH variants were
transfected into isogenic cell lines HCT116 40-16 and HCT116 379.2 by electroporation.
The plasmids were delivered by use of Neon Transfection system (Invitrogen, CA).
Transfection was carried out at 1530 V for 20 ms and 1 pulse for both the cell lines
HCT116 40-16 and HCT116 379.2. Approximately 250,000 cells per dish were seeded in
35 mm glass-bottom Petri dishes (MattTek, MA) and transfected with pEGFP and
PEGFP-GAPDH fused plasmids. The final plasmid concentration used for transfection

was: 0.046 pg/ul (T99A, S98A, K259N, T99I, and wild-type) and 0.023 pg/ul (Y94A).
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Medium was replaced for transfected cells after overnight incubation. Transfected cells
were incubated for additional 48 hours before the treatment with 10 uM araC and then

incubated with the drug for additional 24 hours.

6.3.8 Evaluation of intranuclear mobility of EGFP-GAPDH fusion proteins using

Fluorescence Recovery after Photobleaching (FRAP) method

FRAP (Fluorescence Recovery after Photobleaching) experiments were performed by use
of Leica TCS SP2 AOBS confocal microscope equipped with 63X 1.4 N.A. oil
immersion objective at 37°C. Prebleaching plateau was defined by acquiring 20 single-
section images with 6X zoom on an area of 4 X 4 um for pEGFP, GFP-GAPDH T99A,
Y94A, S98A-transfected cells and 7 X 7 um for GFP-GAPDH WT, T99l, K259N-
transfected cells with speed of 287 ms / frame. Bleaching was performed with 3 pulses at
458, 476 and 488 nm using Ar laser at 100% power. Fluorescence recovery was
monitored by collecting 40 single-section images with a speed of 287 ms / frame at 5% of
the bleach intensity at 488 nm. Quantitative analysis was performed by background
subtraction, correction for laser fluctuations and acquisition photobleaching and
normalization as described in Rabut and Ellenburg (2005). Five cells per dish were
scanned and each experiment was repeated four times. Diffusion coefficient, D was
calculated according to Axelrod et al. (1976) by using the equation D = 0.88*W?/ (4tyy),
where w is the radius of the bleached area. Immobile fraction was calculated as the ratio
of final fluorescence intensity to initial, after correction of loss of signal due to

photobleaching (Phadke et al., 2009).
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Figure 28: Schematic representation of FRAP analysis in live cells. Right panel: schematic of the
FRAP experiment. A live cell attached to the plastic is irradiated with the laser, which results in
photobleaching of EGFP fluorescence. After irradiation is complete, intact molecules of EGFP-
fused protein diffuse into the bleached area. Left panel: intensity of EGFP fluorescence is
registered within the irradiated region. Diffusion coefficient and the percent of immobile fraction

are calculated from the recovery kinetics.

6.3.9 Statistical Analysis
The statistical analyses were performed by use of Student’s t test with Statistica software
program (StatSoft, Tulsa, OK), and nonlinear regression analysis with GraphPad Prizm
4.0 software (GraphPad Software). A p value of < 0.05 was considered statistically

significant. Data are presented as the mean + S.E (Phadke et al., 2009).
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6.4 Results and Discussion

6.4.1 Post-translational modifications of GAPDH under chemotherapy

induced stress conditions

Post-translational modification of GAPDH is a common event occurring inside
the cell in response to various stress conditions. GAPDH undergoes structural
modification such as phosphorylation at Tyr and Ser sites (Tisdale, 2002; Tisdale and
Artalejo, 2006), S-nitrosylation at its active site Cys 150 (Hara et al., 2005), acetylation at
Lys 160 (Sen et al., 2008) and O-linked N-acetyl glucosamine glycosylated at Thr 227

(Park et al., 2009) leading to its functional changes.

To identify the location of post-synthetic modification within the GAPDH
polypeptide chain, we used proteomics analysis based on mass-spectroscopy of
polypeptides separated on two-dimensional gel. Specifically, we analyzed A549 cells as
described in Experimental Design section. 2D gel electrophoresis and proteomic analysis

were performed in the TUSM Proteomics Center by Dr. Carlos Barrero.

Mass-spectroscopic analysis revealed three amino acid residues phosphorylated in
the GAPDH polypeptide (Fig. 29B). All three amino acid residues (Tyr94, Ser98, and
Thr99) were located within the same segment of GAPDH. In the 3D structure of
GAPDH, this segment was located in the vicinity of the catalytic center of GAPDH.
Importantly, SNP rs11549329 reported in the dbSNP database as a non-synonymous
missense polymorphism results in amino acid substitution (Thr99lle) in one of these
phosphorylation positions. For the first time, the effect of this SNP on GAPDH activity

has been characterized in our study.

105



Importantly, the T991 mutant variant showed no affinity to NADH. This result

suggested that phosphoT99 participates in NADH binding, a hypothesis in agreement

with the 3D structure of the catalytic center in GAPDH.
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MGKVKVGVNGFGRIGRLVTRAAFNSGKVDIVAINDPFIDLNYMVYMFQYDSTHGKF
HGTVKAENGKLVIN
GNPITIFQERDPSKIKWGDAGAEYVVESTGVFTTMEKAGAHLQGGAKRVIISAPSAD
APMFVMGVNHEKYDNSLKIISNASCTTNCLAPLAKVIHDNFGIVEGLMTTVHAITATQ
KTVDGPSGKLWRDGRGALQNIIPASTGAAKAVGKVIPELNGKLTGMAFRVPTANVSV
VDLTCRLEKPAKYDDIKKVVKQASEGPLKGILGYTEHQVVSSDFNSDTHSSTFDAGA

GIALNDHFVKLISWYDNEFGYSNRVVDLMAHMASKE

Figure 29: Positions of post-translational modification in GAPDH. Panel A: 2D gel on staining
with Coomassie stain (left panel) and on development with antibody against GAPDH (right
panel). Panel B: Sites of phosphorylation in GAPDH determined by proteomic analysis (Figure
by Dr. Carlos Barrero). Panel C: GAPDH peptide sequence with marked positions of sites of

modification (NCBI- GenBank: ABM85670.1).

To evaluate functional significance of these post-translational modifications, we
prepared cDNA coding for wild type and mutant variants of GAPDH (T991 and K259N).
T991 mutation eliminated phosphorylation site at position 99, and K259N mutation
abrogated interaction with nuclear protein(s) (Brown et al., 2003). cDNA of all proteins
were inserted into pET28 vector, expressed in BL21 (DE3) E. coli bacterial expression
system, and purified using metal-chelate affinity chromatography. Catalytic properties of
the mutant proteins were compared with the wild-type GAPDH. Catalytic activity of
GAPDH protein was significantly reduced in the T991 mutant variant (Vmax 1.6+0.33
U/mg vs. Vmax 40£1.9 U/mg in wild-type GAPDH), while there was no significant
difference in Vmax between K259N variant and wild-type GAPDH (p=0.97) (Fig. 30).
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Figure 30. Enzymatic activity of GAPDH mutant variants. T991, K259N and wild-type variants of
GAPDH were expressed in E.coli, and purified by Ni-affinity chromatography. GAPDH activity

was measured by glycolytic assay as described in Experimental Design section.

Therefore, alterations at T99 abrogate the glycolytic activity of GAPDH, and T99I-

GAPDH mutant variant is catalytically inactive.

6.4.2 Intranuclear accumulation of GAPDH in response to chemotherapeutic stress

We used the image analysis of confocal microscopy images, to study intracellular
distribution of GAPDH after genotoxic stress induced by chemotherapeutic agents.
Because araC incorporates into DNA and induces DNA damage response in A549 cells,
we selected araC to analyze its effect on GAPDH intracellular distribution. Another

chemotherapeutic agent, mercaptopurine (MP) also acts by incorporating into DNA and
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inducing DNA damage response. Because A549 cells are resistant to MP, we used this

chemotherapeutic agent drug as a negative control.

Following the genotoxic stress induced by cytarabine (araC) treatment, we
observed intranuclear accumulation of GAPDH as shown in Fig. 31. A549 cells
transfected with GFP-GAPDH were treated for 24 hour with 1 uM araC or 10 pM MP.
Level of GAPDH in the nuclear and cytosol compartments of stressed and unstressed
cells was determined by Western blot analysis and confocal microscopy. In the absence
of stress (no drug treatment in control cells) GAPDH was localized in cytosol. After
treatment with araC or MP, we observed accumulation of GFP-GAPDH in nuclear
compartment (Fig. 31A, B). No significant change in the level of cytosolic GAPDH was
observed between untreated and treated A549 cells (Phadke et al., 2009). In contrast to
araC treatment, treatment with MP induced only a short-term accumulation of GAPDH

protein in nuclear compartment (Fig. 31B lower panel).
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Figure 31: Nuclear localization of GAPDH under araC and MP-induced stress conditions in A549
cells. Panel A: Localization of GFP-GAPDH in cells treated with 1 pM araC and 10 uM MP for
24 hrs and in untreated cells within the subcellular compartments (images by confocal
microscopy). Panel B: Protein levels of GAPDH in nuclear extracts of stressed and unstressed
A549 cells demonstrated by Western blot analysis. B-actin was used as normalization standard.
Relative level of nuclear GAPDH was calculated after image analysis of Western blot

membranes.

To characterize the catalytic properties of intranuclear GAPDH, we tested its
glycolytic activity in nuclei and cytosolic extracts of stressed and unstressed cells. A
significant decrease (p < 0.05) in specific glycolytic activity of nuclear GAPDH
normalized per intranuclear GAPDH protein level, in cells treated with araC was
observed. In contrast, treatment with mercaptopurine did not reduce the enzymatic

activity of nuclear GAPDH (Fig. 32).
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Figure 32: Nuclear GAPDH enzymatic activity in A549 cells after drug treatment. Cells were
treated with 10 uM araC and 1 uM MP for 24 hrs. The specific activity of nuclear GAPDH in

untreated and treated cells was estimated by a fluorescent based assay.
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Because stress-induced synthesis of NO has been proposed as a mechanism
leading to GAPDH nitrosylation at Cys150, and subsequent translocation of GAPDH in
the nucleus, we estimated accumulation of NO after chemotherapeutic stress. We
detected formation of NO in A549 cells after treatment with 1 uM araC by nitrite/ nitrate
fluorometric assay. Around 3-fold increase in NO concentration was observed in A549
cells on treatment with araC (17 pM) as compared to A549 control cell (5.5 uM), as

shown in Fig. 33.
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Figure 33: Nitrosylation of GAPDH in A549 control cells and after treatment with 10uM araC.
NO concentration was estimated by determining nitrite/ nitrate levels by a fluorescent based

assay.

Interestingly, no nitric oxide accumulation occurred in cells treated with mercaptopurine.
This finding is consistent with A549 resistance to MP treatment (Phadke, 2009). In other

words, MP is not toxic to A549, does not facilitate accumulation of NO, and therefore, is
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unable to induce GAPDH nitrosylation at Cys150. Taken together with the observed
temporary intranuclear accumulation of GAPDH after mercaptopurine treatment, this fact

indicates alternative, NO-independent mechanisms of GAPDH intranuclear translocation.
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6.4.3 Intranuclear molecular dynamics of wild type and mutant GFP-GAPDH

proteins depends on GAPDH phosphorylation and p53 status

Molecular dynamic properties of pEGFP and GFP-GAPDH WT and mutant variants
T99l, K259N, T99A, Y94A, S98A were evaluated in cytosolic and nuclear
compartments of live HCT116 40-16/ 379.2 cells by FRAP analysis. Mutant variants of

GAPDH were constructed as described in Experimental Design.

WT GFP-GAPDH 1 335

GFP

K259N
Mutant GFP-GAPDH (K259) 1 335

GFP

931
Mutant GFP-GAPDH [T991) 1 335

GFP

TI5A
Mutant GFP-GAPDH [T994) 1 335

GFP

S08A
Mutant GFP-GAPDH [598A) 1 335

GFP

Yo44
Mutant GFP-GAPDH (Y94A) 1 335

GFP

Figure 34: GFP-fusion mutant variant constructs of GAPDH. T991 mutation is introduced by SNP
rs11549329. K259N mutation was artificially generated by site-mutagenesis at the site of

GAPDH-protein interaction (Brown, 2003) and T99A, S98A, Y94A were artificially generated by

site-mutagenesis at the site of phosphorylation.
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The EGFP-fused wild-type and mutant variants of GAPDH were transiently
transfected into HCT116 isogenic cell lines by electroporation. EGFP-GAPDH-
transfected live cells were subjected to FRAP analysis, and recovery of fluorescence
intensity in cytosolic and nuclear compartments was measured after a short-term

photobleaching of selected region of interests in the nucleus and cytosol of each cell.

Recovery of the fluorescent signal for EGFP protein was fast and reached a

plateau after approximately 20 s. as shown in Figure 35 (Phadke et al., 2009).
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Figure 35: Molecular dynamics of fluorescent protein EGFP in A549 cells transfected with
EGFP-encoding plasmid, before and after drug treatment. Panels A and B: Confocal imaging
and recovery after photobleaching of EGFP protein in transfected cells before treatment. Panels
C and D: A549 cells transfected with EGFP-encoding plasmid after treatment with 10 uM araC,

for 24 hr; O, represents cytosolic EGFP; @ represents nuclear EGFP (Phadke et al., 2009).
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Intracellular distribution, molecular dynamic properties of GAPDH wild-type and
mutant variants were evaluated in nuclear compartments of the live HCT116 40-16 cells
and HCT116 379.2 cells. Results were expressed in terms of diffusion coefficient (D) and
immobile fraction (1-Mgs). The diffusion coefficient was determined as described in
Experimental Design. High percentage of fluorescence recovery in cells indicated low

immobile fraction (1-Mg) in cells.

Figure 36-38 illustrates the images from confocal microscopy and fluorescence
recovery after photobleaching in HCT116 40-16 (p53*") cells. Importantly, analysis of
confocal images before and after drug treatment revealed the significantly higher
accumulation of mutant forms T98A, T99A, and T99l in the nucleus (Figs. 37, 38).
Recovery of fluorescent signal by wild-type variant of GAPDH was slower after
treatment with araC. Fluorescence recovery of GAPDH-K259N variant in stressed and
unstressed cells was similar to wild-type GAPDH: recovery of fluorescence intensity was
fast and reached the plateau in untreated cells but the recovery was lower in treated cells.
This confirms the previous results that K259N mutant interacts with nuclear components,
similar to wild-type GAPDH. Mutations at Y94, S98 and T99 showed high fluorescence
recovery in comparison to WT-GAPDH. Hence, altering the sites of phosphorylation in

GAPDH modifies its interactions and its mobility within the nucleus.
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Figure 36: Confocal imaging and evaluation of fluorescence recovery after photobleaching of EGFP-fused (A) GAPDH WT protein was
performed in HCT116 40-16 cells before treatment ((0) and after treatment with 10 uM araC (M); (B) GAPDH K259N protein was performed in

HCT116 40-16 cells before treatment (O) and after treatment with 10 uM araC ().
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Figure 37: Confocal imaging and evaluation of fluorescence recovery after photobleaching of EGFP-fused (A) GAPDH T99I protein was
performed in HCT116 40-16 cells before treatment (O) and after treatment with 10 uM araC (@); (B) GAPDH T99A protein was performed in

HCT116 40-16 cells before treatment (V) and after treatment with 10 uM araC (V).
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Figure 38: Confocal imaging and evaluation of fluorescence recovery after photobleaching of EGFP-fused (A) GAPDH Y94A protein was
performed in HCT116 40-16 cells before treatment () and after treatment with 10 uM araC (@); (B) GAPDH S98A protein was performed in

HCT116 40-16 cells before treatment (A) and after treatment with 10 uM araC (A).
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Fluorescence recovery in nuclear compartment of HCT116 379.2 (p53™) cell line
is shown on Figs. 39-41. Similarly to the previous experiments, analysis of confocal
images before and after drug treatment revealed the significantly higher accumulation of
the mutant form T99I in the nucleus (Fig. 40). Recovery of fluorescence intensity was
lower for GAPDH-WT variant in untreated cells, as depicted in Fig 39, and Table 11. No
significant difference was observed in the fluorescence recovery pattern of nuclear
GAPDH variants K259N, T99A, Y94A and S98A with and without stress conditions.
Mutations at the sites of phosphorylation increased the recovery of fluorescence intensity,

evidently by abrogating intranuclear interactions in HCT116 379.2 (p53™) cells.
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Figure 39: Confocal imaging and evaluation of fluorescence recovery after photobleaching of EGFP-fused (A) GAPDH WT protein was
performed in HCT116 379.2 cells before treatment (M) and after treatment with 10 uM araC (O); (B) GAPDH K259N protein was performed in

HCT116 379.2 cells before treatment (#) and after treatment with 10 uM araC ().
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Figure 40: Confocal imaging and evaluation of fluorescence recovery after photobleaching of EGFP-fused (A) GAPDH T99I protein was
performed in HCT116 379.2 cells before treatment (@) and after treatment with 10 uM araC (O); (B) GAPDH T99A protein was performed in

HCT116 379.2 cells before treatment (VW) and after treatment with 10 uM araC (V).
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Figure 41: Confocal imaging and evaluation of fluorescence recovery after photobleaching of EGFP-fused (A) GAPDH Y94A protein was
performed in HCT116 379.2 cells before treatment (*) and after treatment with 10 uM araC (X); (B) GAPDH S98A protein was performed in

HCT116 379.2 cells before treatment (A) and after treatment with 10 uM araC (A).
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Quantitative analysis of confocal images was performed after processing the collected
data with ImageJ software (NIH, Bethesda, MD). The results of the analysis are

summarized in Tables 10, 11.

As shown in Table 10, the diffusion coefficient of nuclear wild-type GAPDH
after treatment with araC is low. We hypothesize that the drop in the intranuclear
mobility in HCT116 40-16 (p53"*) cells indicates interaction of GAPDH with
intranuclear components. Mutation at K259 position revealed the molecular dynamics
parameters similar to those of wild-type GAPDH. This variant demonstrated around 5
times lower diffusion coefficient and 4 times higher immobile fraction of GAPDH in
HCT116 40-16 (p53""*) cells on treatment with araC, as compared to untreated cells. The
mutation K259 site was shown to affect interaction between GAPDH and CRML1 protein
which facilitates export from the nucleus (Brown, 2003). Compared to wild-type
GAPDH, under stress conditions the intranuclear mobility of K259N mutant variant was
decreased, though to a lesser degree than that of wild-type GAPDH. Another important
conclusion from these experiments came from the observation that mutations at sites of
phosphorylation; Y94, S98, T99 abrogates the intranuclear interactions. We hypothesize
that phosphorylation of GAPDH at these positions is essential for its nuclear

accumulation and interaction with nuclear components.
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Table 10. Molecular dynamics parameters of nuclear EGFP-GAPDH-WT and its mutant variants

estimated by FRAP analysis in HCT116 40-16 (p53™) cells.

Immobile
Cellular Drug Fraction  tup) D
Protein compartment  treatment (1-My) (s)  (um?/s)
EGFP-GAPDH-
WT Nuclei No drug 0.22 0.12  28.88
EGFP-GAPDH-
WT Nuclei araC 0.57 1.09 3.23
EGFP-GAPDH-
K259N Nuclei No drug 0.15 0.11  32.89
EGFP-GAPDH-
K259N Nuclei araC 0.52 056  6.33
EGFP-GAPDH-
T99I Nuclei No drug 0.19 0.39 9.13
EGFP-GAPDH-
T99I Nuclei araC 0.32 0.68  5.17
EGFP-GAPDH-
T99A Nuclei No drug 0.35 0.30 11.68
EGFP-GAPDH-
T99A Nuclei araC 0.36 0.18 19.94
EGFP-GAPDH-
S98A Nuclei No drug 0.38 0.22 16.17
EGFP-GAPDH-
S98A Nuclei araC 0.22 0.19 18.66
EGFP-GAPDH-
Y94A Nuclei No drug 0.45 0.21 16.77
EGFP-GAPDH-
Y94A Nuclei araC 0.23 0.14 25.32
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Table 11 shows the molecular dynamics of GAPDH and its variants in p53-
deficient cells HCT116 379.2. Because this cell line is isogenic to p53-proficient
HCT116 40-16 cells used in the previous experiments, we experimented with it to
evaluate the role of p53 in the processes of nuclear accumulation and nuclear dynamics of

GAPDH.

Importantly, intranuclear mobility of wild-type GAPDH in the absence of stress
was low in HCT116 379.2 (p53™) cells as compared to HCT116 40-16 (p53™"). Similar
observation was made in experiments with K259N mutant GAPDH — in the absence of

+/+

stress, its intranuclear mobility was much lower than in HCT116 40-16 (p53™") cells.
These data clearly indicate the role of p53 in molecular dynamics of GAPDH. The reason
for such difference in FRAP Kkinetics remains to be elucidated by further experiments.

As expected, mutations at sites of phosphorylation K259, Y94, S98 and T99 had the same

effect on GAPDH intranuclear mobility in both cell lines.

Our experiments indicated that intranuclear interactions of GAPDH are

modulated by levels of p53 in the cells.
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Table 11. Molecular dynamics parameters of nuclear EGFP-GAPDH-WT and its mutant variants

estimated by FRAP analysis in HCT116 379.2 (p53™) cells.

Cellular Drug Immobile  tup) D
Protein compartment  treatment  Fraction ()  (pm?/s)
(1-My)
EGFP-GAPDH-
WT Nuclei No drug 0.82 0.56 6.27
EGFP-GAPDH-
WT Nuclei araC 0.61 0.60 5.83
EGFP-GAPDH-
K259N Nuclei No drug 0.68 0.60 5.82
EGFP-GAPDH-
K259N Nuclei araC 0.61 0.23  15.32
EGFP-GAPDH-
T99I Nuclei No drug 0.67 0.48 7.4
EGFP-GAPDH-
T99I Nuclei araC 0.44 021 17.14
EGFP-GAPDH-
T99A Nuclei No drug 0.45 0.22  15.98
EGFP-GAPDH-
T99A Nuclei araC 0.47 0.18  18.80
EGFP-GAPDH-
S98A Nuclei No drug 0.51 0.20 17.80
EGFP-GAPDH-
S98A Nuclei araC 0.38 0.17  20.17
EGFP-GAPDH-
Y94A Nuclei No drug 0.40 0.22  16.00
EGFP-GAPDH-
Y94A Nuclei araC 0.49 0.19 18.43
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6.5 Conclusion

We studied intranuclear accumulation of GAPDH after treatment with araC. To
evaluate the behavior of nuclear GAPDH, we monitored its intranuclear mobility inside
live cells by FRAP analysis. Mutant variants of GAPDH were used to identify if
mutations in GAPDH affect its activity and intracellular localization. T991 mutant variant
of GAPDH exhibited negligible enzymatic activity, evidently due to the loss of
interaction with NADH cofactor. Mutant GAPDH accumulate inside the nucleus even in
absence of genotoxic stress. Modification of the sites of phosphorylation of GAPDH
resulted in high mobility of proteins within the nucleus. This observation suggests that
the mutations at phosphorylation sites inhibited interaction of nuclear GAPDH with other
nuclear components. We used isogenic cell lines HCT116 40-16 (p53"*) and HCT116
379.2 (p53™) as in vitro cell model systems, to assess if the nuclear mobility of GAPDH
is p53 dependent. Analysis of protein distribution and molecular dynamics revealed that
K259N mutant variant showed low mobility and high immobilized fraction in cells with
endogenous p53 on treatment with araC. However, in p53-deficient cells it showed higher
mobility under stress conditions. Thus, molecular interactions of nuclear GAPDH are

p53-dependent.

As a result of our in vitro experiments with GAPDH variants, and isogenic cell

lines, we made the following conclusions:

1. We identified the domain of GAPDH involved in GAPDH regulation via
phosphorylation. Phosphorylation is important for interaction with yet to be

characterized macromolecular component(s) inside the nucleus. We hypothesize
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that one or more of the phosphorylated amino acid residues (T99, S98, or Y94)
are involved in intranuclear interactions between GAPDH and these unknown
components, possibly via phosphorylated amino acid(s). The biological

significance of these interactions remains to be elucidated.

We demonstrated that abrogation of phosphorylation sites within GAPDH
polypeptide resulted in increased intranuclear accumulation of GAPDH. Taken
together with the above conclusion, we hypothesize that dephosphorylation of
GAPDH at one or more positions 94, 98, 99 is important for GAPDH retention

inside the nucleus.

Our experiments demonstrated that T99 plays an important role in GAPDH
enzymatic activity by facilitating co-factor binding in the enzymatic reaction
catalyzed by GAPDH. We hypothesize that enzymatic activity of GAPDH could

be important to its nuclear functions.

Finally, our experiments with the isogenic cell lines with different p53 status
indicate that p53 mediates intranuclear interactions with GAPDH. Considering
the pivotal role of p53 in cellular stress response, we plan to expand our
experiments to elucidate the mechanism and biological significance of this

interaction.

129



CHAPTER 7

EVALUATION OF GAPDH AS A MOLECULAR TARGET FOR

CHEMOTHERAPY

Glyceraldehyde-3-phosphate dehydrogenase was extensively examined as a
classical metabolic enzyme. More recently, a plethora of other enzymatic and non-
enzymatic functions of GAPDH has been demonstrated. In this study, our experimental
results identify GAPDH as a novel molecular target to control proliferation of cancer
cells.

Our experiments indicate two effects GAPDH depletion exhibits on cancer cells:
1) Changes in absolute levels of GAPDH alter the cell cycle progression. Decrease in
levels of GAPDH leads to cell growth arrest and accumulation of cells in GO/G1 phase.
2) Arrest of cancer cells in GO/G1-phase modifies their sensitivity to chemotherapeutic
drugs active in S-phase. Based on our findings, we suggest new approaches to manage

proliferation of cancer cells.
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7.1 Clinical Potential for Pharmacological Intervention

A novel strategy is based on downregulation of the GAPDH levels, specifically in
cancer cells by targeting localized tumor. Recently, various in vivo delivery techniques
for siRNA delivery, e.g. chemical modification, conjugation, lipid-based techniques, and
polymer-based nanosystems have been developed (Oh and Park, 2009). Another novel
approach for siRNA cellular delivery using siRNA coiling into carboxyl-functionalized
single-wall carbon nanotubes (SWCNTS) is suggested. The CNT—-siRNA delivery system
successfully demonstrated lack of non-specific toxicity and transfection efficiency greater
than 95% (Ladeira et al., 2010). Abrogation of glycolysis in cancer cells by
downregulation of GAPDH levels to arrest their progression and growth may represent a
potential strategy and merits further investigation. The model system in Figure 42

represents targeting GAPDH by siRNA to abrogate energy pathway in cancer cells.
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Figure 42: Schematic representation of downregulation of GAPDH by siRNA targeting solid

tumors.
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Our studies also demonstrated that in human carcinoma cells, energy crisis caused
by GAPDH depletion leads to cell cycle arrest and triggers cellular senescence. We found
that activation of senescence phenotype occurred without DNA damage or telomere
shortening. Induction of senescence via energy stress by non-genotoxic agents can be
used to inhibit tumor growth and division in LKB1-deficient cells. The senescent cells
can be further subjected to chemotherapeutic drugs to destroy the cancer cells. Hence, the
model system in Figure 43 suggests a novel combination therapy based on synergistic

action of the non S-phase chemo-drugs along with depletion of GAPDH.

ucersof :I‘:n?a“g': Chemotherapeutlc
energy crisis/ CEIIUIar + agents active
e A against
depletion non-dividing cells

Figure 43: Schematic representation of induction of senescence by energy crisis by depletion of
GAPDH in combination with chemotherapeutic agent to inhibit cancer cell division and

progression and increase the sensitivity to drug treatment.
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GAPDH, a cytosolic protein is known to be translocated into the nucleus under
stress conditions (Brown et al., 2004). Increased nuclear accumulation has led to
increased apoptosis, due the interaction of protein with pro-apoptotic factors inside the
nucleus (Carlile et al., 2000). Various genotoxic drugs like cytarabine, mercaptopurine
which induce nuclear accumulation of GAPDH can be administered in combination with
agents that would enhance its interactions with nuclear proteins increasing the apoptotic
effect. Stress inducers causing nuclear translocation of GAPDH can also be given with
inhibitors such as Leptomycin B preventing the export of GAPDH back into the
cytoplasm. Hence, synthesis of agents causing nuclear accumulation and localization of
GAPDH in combination with chemotherapeutic agents would increase the apoptotic
effect and further lead to a better approach to treat cancer as represented by model system

in Figure 44.

Modulator of

. nuclear protein
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agent GAPDH
interactions

Increased
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Figure 44: Schematic representation of transient model system to increase nuclear accumulation

and localization of GAPDH so as to improve the treatment to cancer.
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Based on all these results, we can conclude that GAPDH is a potential molecular target in

cancer therapy (Figure 45).

GAPDH- Molecular
target of Anti-cancer
therapy

Small

RNAI Molecules
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Figure 45: Schematic representation of GAPDH as a molecular target in anticancer therapy.
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7.2 Future Prospects: Cytotoxicity studies in human carcinoma cells stably

transfected with mutant variants of GAPDH

7.2.1 Rationale

Previous chapters conclude that downregulation of GAPDH results in cell
proliferation arrest and induction of accelerated senescence via p53/ p21 dependent
pathway in human carcinoma cells. We confirmed that the S-phase specific
antimetabolites exhibit differential cytotoxic effect in GAPDH-depleted cells arrested in
GO/G1 phase. Experiments assessing molecular dynamic properties of GAPDH
demonstrated variation in nuclear accumulation and diffusivity of WT-GAPDH and its
mutant variants inside the nucleus of human carcinoma cells. Molecular interactions of

nuclear GAPDH and its mutant variants additionally depended on level of p53.

We generated important experimental data using our approach, but one limitation
of the model system used in this study is the transient effect of our manipulations, such as
RNA interference or expression of mutated proteins. This limitation stems from the fact
that GAPDH is an essential, house-keeping protein, and its modulation stops cell
proliferation. Further analysis of GAPDH molecular effects required a model system

stably expressing EGFP-GAPDH and its mutated variants.

Towards this goal, we generated cell lines stably transfected with WT-GAPDH
and mutant variants K259N-GAPDH and T99I-GAPDH in human colorectal carcinoma
cell line SW48. In future studies, cytotoxicity studies will be performed in stably
transfected cells to determine the chemosensitivity of antimetabolites in cells with mutant

variants of GAPDH as compared to wild-type GAPDH.
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7.2.2 Experimental design

7.2.2.1 Human colon adenocarcinoma isogenic cell lines used for stable expression of

GAPDH wild type and mutant variants

Human colon adenocarcinoma SW48 cell line (Table 12) was maintained in McCoy’s SA

medium at a confluency of 40-80%.

Table 12: Characterization of human colon adenocarcinoma cell line.

Cell line Source Origin Status

LKB1 | p53 | p21 | pl6

SW48 (297) | John Hopkins School | Human | +/+ +/+ ++ |+

of Medicine

SW48 (213) | John Hopkins School | Human | +/+ -/- ++ | H+

of Medicine
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7.2.2.2 Design of constructs for expression of GAPDH mutant variants and plasmid

preparation

Constructs encoding wild-type EGFP-GAPDH and mutant variants of GAPDH with
K259N and T991 amino acid substitutions were prepared by site-directed mutagenesis, as
described in the previous chapter. For optimal integration of DNA into host genome,
recombinant plasmids were linearized with Scal restriction endonuclease. Linearized
plasmids for stable expression of the wild type and mutated GAPDH variants were

prepared by Dr. A. Mishra and provided for this work.

7.2.2.3 Transfection with EGFP-tagged plasmids by electroporation and stable clone

selection

Recombinant plasmids coding for wild type and mutant GAPDH variants were
transfected into cell line SW48 (297) by electroporation. The plasmids were delivered by
use of Neon Transfection system (Invitrogen, CA). Transfection was carried out at 1300
V for 20 ms and 2 pulses. Approximately 2 X 10° cells were transfected with pEGFP-
GAPDH fused plasmids. The final plasmid concentration used for transfection was; 0.042
pg/ul (K259N) and 0.039 pg/ul (WT). Transfected cells were seeded evenly across TX75
flasks. Medium was replaced for transfected cells after overnight incubation. Transfected
cells were incubated for additional 48 hours before inspection for GFP-positive cells
under fluorescent microscope. Approximately 150,000 cells per dish were seeded in 100
mm tissue culture-treated Petri dishes (Celltreat, MA). After 24 hour incubation, medium
was replaced with McCoy’s 5A medium with 500 pg /ml Geniticin (Enzo, NY). Medium

was changed twice per week for two weeks to obtain GFP-positive colonies with more
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than 200 cells per clone. Colonies were picked and expanded in 24-well plates containing
0.5 ml of fresh medium (McCoy’s 5SA medium: conditioned medium (2:1)) containing
250 pg/ml Geniticin (MBL International, MA). On generation of clones of stably

transfected cells, samples were frozen and cryopreserved.

7.2.3 Results and Future studies

Clones obtained from stable transfection of wild-type GAPDH and K259N-
GAPDH in SW48 (297) cells were cryopreserved. Similar experiments would be
conducted in SW48 (297) to receive T991 mutant variant clones and in SW48 (213) cell

line to receive clones of WT, K259N and T99I variants of GAPDH.

Next, stably transfected cells would be cultured for 3-6 days in varying
concentrations of the following drugs: Cytarabine; araC (Sigma, MO), 2-
chloroadenosine; 2-CIA (Sigma, MO), 5-fluorouracil; FU (Sigma, MO), 5-fluoro-
deoxyribouridine; FdU (Sigma, MO), Thioguanine; TG (Sigma, MO), Doxorubicin;
DOX (Sigma, MO), Cladribine (Sigma, MO), Fludarabine (GensiaSicor Pharmaceuticals,
CA), Clofarabine (Genzyme, MA), and 5-fluorouridine; FrU (Sigma, MO). Cytotoxic
effect of antimetabolites in p53 positive and negative cells with mutant GAPDH variants

would be compared to WT-GAPDH cells.
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7.3 Significance of the study

In this study, we focused on the role of GAPDH in cancer cell growth and cell
cycle progression. Our experiments revealed that downregulation of GAPDH induced
cell cycle arrest via activation of p53-p21 pathway, where GO/G1 phase accumulation of
cells occurred after phosphorylation of p53 at Ser-15, p53 stabilization, and accumulation

of p21.

Decrease in GAPDH levels also reduces ATP levels which results in
phosphorylation of AMPK at Thr-172 position, AMPK activation and accumulation of
p53. Persistent activation of AMPK leads to cellular senescence in GAPDH-depleted
A549 cells. Our findings raised an important question about genetic variability in the
GAPDH locus: if abrogation of GAPDH enzymatic activity prevents cancer cell
proliferation, what is the effect of genetic variants of GAPDH on cancer cell

biochemistry?

We performed screening of a panel of chemotherapeutic agents including
cytarabine, 2-chloroadenosine, 5-fluorouracil, thioguanine, 5-fluorodeoxyribouridine,
doxorubicin, cladribine, 5-fluorouridine, clofarabine, and fludarabine in non-dividing,
senescent cells. Among these agents, we identified those that are active against senescent
cells and are therefore potential candidates for combination therapy with glycolysis
inhibitors. Our findings suggest that induction of accelerated senescence in combination

with chemotherapy could provide a novel strategy to control proliferation of tumor cells.
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Proteomics analysis of GAPDH revealed the region of post-translational
modification (phosphorylation) within the GAPDH polypeptide chain. The results of our
FRAP experiments indicated that this region is involved in interaction with yet to be
characterized macromolecular component(s) inside the nucleus. We hypothesize that one
or more of the phosphorylated amino acid residues (T99, S98, or Y94) are involved in
molecular interactions between GAPDH and these components, possibly via the
phosphate group attached to these amino acids. The biological significance of these
interactions remains to be elucidated. One result amongst these studies was the
hypothesis that enzymatic activity of GAPDH could be important to its nuclear functions.
Our experiments with the isogenic cell lines with different p53 status indicate that p53 is
a regulatory protein for intranuclear interaction with GAPDH. Considering the pivotal
role of p53 in cellular stress response, this finding opens avenues to elucidate the

mechanism and biological significance of this interaction.

In summary, we demonstrated that GAPDH is a promising molecular target with
clinical potential for senescence-based tumor suppression. The effect of such suppression
can be further enhanced by combining with conventional chemotherapeutic agents
cytotoxic in non-dividing, senescent cells. The results of this study suggest a novel,
prospective molecular target for pharmacotherapeutic intervention in cancer

management.
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