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ॐ असतो मा सद्गमय । 

तमसो मा ज्यो�तगर्मय ।। 

मतृ्योमार्मतृं गमय । 

ॐ शािन्त शािन्त शािन्त ।।  

– बहृदारण्यक उप�नषद् 1.3.28 

 

Translation  

om asato mā sadgamaya 

tamaso mā jyotirgamaya 

mṛtyor mā amṛtaṁ gamaya 

OM śānti śānti śānti  

– bṛhadāraṇyak upaniṣad 1.3.28 

 

Translation 

Lead me (by giving knowledge) from the unreal to the real;  

From darkness (of ignorance) to the light (of knowledge);  

From fear of death (sense of limitation) to the Knowledge immortality (limitless liberation)  

OM - Let There Be Peace Peace Peace.  

 – Brihadaranyaka Upanishad 1.3.28 
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G-CSF Colony stimulating factor 3 (granulocyte) 
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Zusammenfassung 

Die akute myeloide Leukämie (AML) ist eine häufige Erkrankung bei Erwachsenen. Sie zeichnet sich 
durch ein schnelles Wachstum anormaler myeloider Zellen aus und ist weiterhin durch chromosomale 
Veränderungen, Translokationen, Duplikationen, Inversionen, Deletionen charakterisiert. In der AML 
wird die Differenzierung (Blastenkrise) geblockt und Zellen können nicht in ihre verschiedenen Linien 
ausdifferenzieren. Dadurch reifen diese Zellen nicht aus und entkommen dem Apoptose-Signalweg. 
Eine Repression dieser Stammzellen ist für eine AML-Therapie notwendig. Der übliche Therapieansatz 
für die Behandlung der AML ist eine intensive Chemotherapie. Dennoch sterben ca. 50% dieser 
Patienten. Außerdem sind die Standardtherapien sehr toxisch und werden von älteren Patienten 
schlecht vertragen.  

In verschiedenen Studien wurde die Rolle von nicht-steroidalen anti-inflammatorischen Medikamenten 
(NSAIDs) überprüft, die eine Proliferations-Inhibierung und eine Apoptose-Induzierung bei 
verschiedenen Krebszellen in-vivo und in-vitro bewirken. Deshalb wurde dieser Ansatz verwendet, um 
mögliche Effekte einer Behandlung von CD34+ AML- Zellen aus dem Knochenmark von Patienten sowie 
AML Zelllinien mit NSAIDs zu untersuchen. Dabei wurden die Zellen mit einer physiologisch 
erreichbaren Konzentration der NSAIDs (OSI-461, Sulindac Sulfide und Diclophenac) behandelt. Eine 
DMSO-Behandlung mit der gleichen Konzentration diente als Kontrolle. Viabilität, Apoptose, 
Zelldifferenzierung sowie zugrunde liegende molekulare Mechanismen wurden untersucht. Es konnte 
eine beständige Apoptose-Induzierung sowie bis zu einem gewissen Grad eine myeloide 
Differenzierungskapazität in NSAIDs behandelten Zellen nachgewiesen werden.  

Außerdem waren ein G2/M Zellzyklus-Arrest und die Inhibierung der cyclin dependent kinase-1 (CDK1) 
bei OSI-461 behandelten Zellen zu sehen. AML Zellen, die mit 1 µM OSI-461 behandelt wurden, waren 
nicht in der Lage, ihr proliferatives Potential wieder zu erlangen, wenn sie nach einer initialen 48 
Stunden Behandlung in ein 1 µM OSI-461 freies Medium gegeben wurden, selbst in bis zu acht Tagen 
nicht. Außerdem zeigten auch normale CD34+ Zellen einen Anstieg der Apoptoserate nach einer 
initialen 48-stündigen Behandlung mit 1 µM OSI-461. Aber sie waren in der Lage, nach einer 48-
stündigen Behandlung mit OSI-461 ihr normales Proliferationspotential wieder zu erlangen. Bei 
Leukämien ist der Schutz der normalen gesunden Stamm- und Progenitorzellen immer nötig, da 
gesunde Zellen für die Erholung nach der Therapie essentiell sind.  

Es wurden vergleichende Protein- und Genexpressionsanalysen von Diclophenac-behandelten Zellen 
verwendet, um den Einfluss einer NSAID-Behandlung zu untersuchen und weitere mechanistische 
Einblicke in anti-leukämische Aktivitäten der NSAIDs als Reaktion auf die Behandlung zu erhalten. Die 
Resultate zeigen eine transkriptionale Aktivierung von GADD45α sowie dem nachgeschalteten 
MAPK/JNK Signalweg sowie erhöhte Proteinlevel des CASPASE 3 - Precursors. Das deutet auf eine Rolle 
der c-Jun NH2-terminal kinase (JNK) in NSAID vermittelter Apoptose hin, die von der JNK-Aktivität 
abhängt und eine Ergänzung zu einer durch eines spezifischen JNK-Inhibitor erzielten Apoptose ist. 

Mitglieder der AP-1 Familie sind bei in der AML herunter reguliert. Eine transkriptionale Aktivierung der 
AP-1 Transkriptionsfaktoren Familienmitglieder c-Jun, JunB und Fra2 nach einer Behandlung der AML-
Zellen mit NSAIDs konnte gezeigt werden. Eine Re-Expression dieser Transkriptionsfaktoren führte zu 
einer Aktivierung von GADD45α sowie zu einer Apoptose-Induktion. Zusätzlich konnte gezeigt werden,
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dass die durch OSI-461 erzielten antiproliferativen Effekte in AML Zellen mit der Induktion der pro-
apoptotischen Zytokine MDA-7/IL-24 und der Aktivierung des Wachstumsarrests sowie der DNA-
damage inducible genes (GADD) 45α and 45γ assoziiert sind. Diese Daten deuten auf ein Potential der 
NSAIDs hin, den Zelleintritt zu Signalwegen zu regulieren, was zu Apoptose versus Proliferationsarrest 
führt und dass manche von ihnen möglicherweise therapeutisches Potential für einen selektiven Angriff 
auf leukämische Zellen haben. 

Zusammengefasst wurde GADD45α als neuer Differenzierungs und Apoptose-Induzierer in der 
humanen AML identifiziert, der das Ziel der AP-1 Familienmitglieder c-Jun, JunB und Fra2 ist. Die 
Ergebnisse zeigten, dass NSAIDs eine Expression der AP-1 Genfamilie re-induzieren könnten, wobei sie 
die AML Proliferation inhibieren und eine Differenzierung induzieren. Damit erhält man eine neue 
Einsicht in die AML Pathophysiologie und eine neue Strategie, Apoptose und Differenzierung in der 
AML zu induzieren.    
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ABSTRACT 

AML is described by a rapid growth of abnormal myeloid cells, which are further characterized by 
chromosomal abbreviations, translocations, duplications, inversions and deletions. In AML, there is a 
block in differentiation (blast crisis) of stem cells. Stem cells are not able to divide into different lineage. 
Therefore, these stem cells do not mature and escape the apoptotic pathway. Eradication of these 
leukemic stem cells is required for the treatment of AML. The common approach for the treatment of 
AML is the use of intensive chemotherapy. Yet, approximately 50% of these patients die from their 
leukaemia. Furthermore, standard treatments are very toxic and poorly tolerated especially in elderly 
patients.   

Several studies have proven the role of Non-steroidal anti-inflammatory drugs (NSAIDs) to inhibit 
proliferation and induce apoptosis in various cancer cells in-vitro and in-vivo. Therefore, this approach 
was used to investigate the potential effects of NSAIDs treatment on CD34+ AML cells derived from 
patients´ bone marrow and AML cell lines. These cells were treated with the physiologically achievable 
concentration of NSAIDs (OSI-461, Sulindac Sulfide and Diclofenac). Cells treated with equal amounts of 
DMSO were used as control. Viability, apoptosis and differentiation were analysed. The molecular 
mechanisms involved were also observed. In present study, a consistent induction of apoptosis and to 
some extent an increased myeloid differentiation capacity in NSAIDs treated AML cells was observed.  

The G2/M cell cycle arrest was also observed along with Inhibition of the cyclin dependent kinase-1 
(CDK1) in OSI-461 treated AML cells.  AML cells treated with OSI-461 1 µM was not able regain their 
proliferative potential when after initial 48 hour treatment they were placed in a medium free of OSI-
461 1 µM, even up-to 8 days. Whereas, although normal CD34+ cells also showed the increase in 
apoptosis after initial 48 hour OSI-461 1 µM treatment. But they were able to regain their normal 
proliferative potential, when they were placed in OSI-461 free cell culture medium. In leukaemia 
protection of normal healthy stem and progenitor cells is always needed as healthy cells are essential 
for recovery after therapy.  

Comprehensive protein and gene expression profiling of Diclofenac treated AML cells was utilized to 
study the impact of NSAIDs treatment with  the aim of gaining further mechanistic insights into the 
anti-leukemic activities of NSAIDs. The findings demonstrate a transcriptional activation of DNA-
damage inducible genes (GADD) 45α and MAPK/JNK pathway as well as, increased protein levels of the 
CASPASE-3 precursor. This signifies the role of c-Jun NH2-terminal kinase (JNK) in NSAIDs mediated 
apoptosis. Indeed this NSAIDs mediated apoptosis is dependent on JNK activity. Addition of a specific 
JNK-inhibitor abrogated apoptosis.  

The AP-1 family members are commonly down regulated in AML. It was found that NSAID treatment of 
AML cells leads to activation of AP-1 transcription factor family members: c-Jun, JunB and Fra2. Re-
expression of these transcription factors results in activation of GADD45α and induction of apoptosis. 
In addition, the OSI-461 mediated anti-proliferative effects observed in AML are associated with the 
induction of the pro-apoptotic cytokine MDA-7/IL-24 and activation of the growth arrest and GADD45α 
and GADD45γ. These data indicate that NSAIDs are able to regulate AML cell entry to apoptotic 
pathways, which leads to apoptosis versus proliferation arrest, and that some of these findings may 
have therapeutic potential for the selective targeting of leukemic cells.     



 

Abstract VIII 
 

 
Molecular mechanisms of the anti-leukemic properties of Non-steroidal Anti Inflammatory Drugs  

 

In summary, GADD45α is identified as a novel inducer of differentiation and apoptosis in human AML, 
targeted by the AP-1 family member’s c-Jun, JunB and Fra2. The results demonstrated that NSAIDs can 
re-induce expression of AP-1 family genes, thereby inhibiting AML proliferation and inducing 
differentiation. These findings provide novel insights into AML pathophysiology and provide a new 
strategy to induce apoptosis and differentiation in the AML.       
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1. INTRODUCTION 

1.1 Perfective aspect 

Due to developments in the field of stem cell biology in 20th century, many questions like, how a single 
cell grows in a multi-cellular and highly sophisticated organism can be addressed. In multicellular 
organism there is a continuous turnover of the cells, due to cell death. Hence there is a need to 
replenish the depleted cells. To make up the for loss of these cells and to insure maintenance and 
development throughout the life of an organism small number of organ-specific cells are present,  
known as stem cells (Cairns, 1981). 

All cellular blood components are derived from haematopoietic stem cells (HSCs). HSCs are the first and 
best-studied cells in terms of differentiation and hierarchical order. Haematopoietic cells are short lived 
so there is a regular need of their regeneration throughout life of an organism (Cumano and Godin, 
2007). In mammals the development of various pre, pro-precursor and mature cells is known as 
“Haematopoiesis” (Figure 1).    

 

Figure 1:  Haematopoiesis. Lineage tree, showing areas where branching can occur. A single haematopoietic cell can 
differentiate and can give rise to different lineage progenitor cells, which can further proliferate and mature, finally giving rise 
to mature blood cells. (HSC = Haematopoietic stem cell, MPP = Multi-Potential Progenitors, CMP= Common Myeloid 
Progenitor, CLP= Common Lymphoid Progenitor, Blast CFU = Blast colony-forming unit/cells, MEP = Megakaryocyte-Erythroid 
Progenitor cell, GMP = Granulocyte Macrophage Progenitors, CFC = Colony-forming cells, CFU = Colony-Forming Unit, CFC = 
Colony-forming cells, Colony-forming cells granulo-monocyte = GM- CFC, Colony-forming cell Eosinophil = Eo-CFC). Adapted 
from (Dalerba et al., 2007; Lobo et al., 2007) 
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In general, all blood cells can be found in bone marrow (BM), which is a primary site for synthesis of 
various Haematopoietic cells. The foundation work done by Metcalf and Moore (Metcalf, 1970; Moore 
and Metcalf, 1970), Till and Mc Cullock (Till and Mc, 1961) in their respective studies showed that blood 
stem cells or multi-potent progenitors (MPP) are located in BM. MPP are responsible for constant make 
up of blood cells.  Different cells of haematopoietic stem cells (HSCs) and steps involved in HSCs 
differentiation and maturation are shown in Figure 1.   

 

1.2 Leukaemia 

Rudolf Virchow coined the term “Leukaemia” in 1856, he has described that, “there is an accumulation 
of abnormal White Blood Cells in patients”. “Leukaemia” is a Greek word meaning “White Blood” to 
describe the condition of the blood in the patient samples.    

As per the definition, leukaemia can be defined as the disease of blood in which there is a blocking of 
differentiation (blast crisis) and cells are unable to divide into different lineage. These cells do not 
mature and escape apoptotic pathway, leading to over production of abnormal white blood cells. 

Primary cause of origin of leukaemia can be contributed due to constant accumulation of chromosomal 
abbreviations, translocations, duplications, inversions and deletions (Lowenberg, 2008; Mrozek and 
Bloomfield, 2006; Tallman et al., 2005). The events which induce leukaemia are suppression of 
apoptosis, deregulation of cell-cycle to support uncontrolled expansion and invasion. The deregulation 
of cell-cycle provides a mechanism to support further neoplastic progression.     

Leukaemia can divided into two basic types  

• Myeloid Leukaemia  
 

• Lymphoid Leukaemia or Lymphocytic Leukaemia 
 

Myeloid Leukaemia: - If there is a differentiation blockage of the myeloid cells i.e. monocytes, 

macrophages, neutrophils, basophils, eosinophils, erythrocytes, megakaryocytes / platelets and 
dendritic cells, it is known as myeloid leukaemia. In some cases, these cells can still advance to 
maturation.   

Lymphoid Leukaemia or Lymphocytic Leukaemia: - In lymphoid leukaemia or lymphocytic leukaemia as 
name suggests majority of the effected cells belong to lymphoid lineage i.e. T-cells, B-cells, Nκ-cells. 

Leukaemia can also be divided according to progression and lineage type of the disease. Most of the 
present day leukaemia falls in one of the following major classes.   

• Acute Myeloid Leukaemia (AML) 
 

• Acute Lymphocytic Leukaemia (ALL) 
 

• Chronic Myeloid Leukaemia (CML) 
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• Chronic Lymphocytic Leukaemia (CLL) 
 

AML is related to this present study and is discussed further here. 

1.3 Acute myeloid leukaemia (AML) 

In 1889, Wilhelm Ebstein coined the term “acute leukaemia” to differentiate between fatal and rapidly 
progressive leukaemia and mild “chronic leukaemia”. AML can be defined as a maturation arrest in BM 
cells which are not able to perform their normal activity. AML is heterogeneous disease of precursor 
stage myeloid cell multiagency. There is a rapid increase in immature blast cells. AML develops quickly, 
if not treated can be fatal in few months of its onset.  AML is associated with a wide spread of 
deformities at the DNA level and in signalling pathways. AML is the second most common type of 
leukaemia in USA. It is estimated that about 12,330 people were diagnosed with AML in 2010.   

 

Figure 2: Classification of Leukaemia. Leukaemia can be divided based on clinical and pathologically into variety of 
large groups i.e. according to which kind of blood cell is affected. Thus, first division can be between its Myeloid and Lymphoid 
forms. Further, Leukaemia can be subdivided. This division makes difference between acute and chronic forms.  (Adapted 
from www.info-medicine.com/aml-french-american-british-fab-classification-m0.html and www.med-ed.virginia.edu/.%20../wcd/myeloid1. 

cfm, web-sites last visited on 28th of July, 2011) 

AML is a heterogeneous disease due to the combination of the mutations in chromosome. These 
mutations play a role in the prediction of the disease. Unlike most other cancers, which are classified 
based on a stage or progression, AML is classified on bases of various aspects of the disease i.e. 
genomic mutations, age of patient, cytological disorders, etc. (Figure 2). 
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Abiotic and biotic sources have been reported to cure AML, including Non-Steroidal Anti-Inflammatory 
Drugs (NSAIDs) (Gullett et al., 2010), Green Tea (Yang and Wang, 2010), Vitamin A (Retinoic Acid) 
(Shimizu et al., 2004), and curcumin powder (Das et al., 2010). But among these, NSAIDs stand apart 
due to most extensively studied group of drugs in relation to cancer.    

 

1.4 Non-Steroidal Anti-Inflammatory Drugs (NSAIDs)  

Non-Steroidal Anti-Inflammatory Drugs (NSAIDs) belong to structurally diverse group, but similar in 
action. Felix Hoffmann (1897) oxidised salicylic acid to Acetylsalicylic Acid (ASA) for his father who was 
suffering from the pain of arthritis (Cuzick et al., 2009). Later “Bayer” marketed this product under 
trade name “ASPRIN”, thus giving rise to first commercially marketed NSAID.  NSAIDs are normally used 
as anti-inflammatory, anti-rheumatic, anti-pyretic, and as analgesic. NSAIDs are weak acids and they 
dissolve in acidic environment of stomach giving high bioavailability. These drugs have greater affinity 
to bind to the surface molecule on ribosomes, thus further increasing their action. From the beginning 
of early 20th century it is known that NSAIDs arrest many tumour progressions.      

 

Figure 3: Metabolic pathway of arachadonic acid and cyclooxygenase (COX) pathway. Arachidonic acid, 
released from membrane phospholipids by phospholipase A2 (PLA2), is metabolized by cyclooxygenases to prostaglandin H2 
(PGH2) in two steps. PGH2 is converted to a variety of prostanoids by specific isomerases. COX = cyclooxygenase; PG = 
prostaglandin; NSAIDs = Nonsteroidal Anti-Inflammatory Drugs; PGD2 = prostaglandin D2; PGE2 = prostaglandin E2; PGF2 = 
prostaglandin F2; PGI2 = prostaglandin I2; TxA2 = Thromboxane A2. Adapted from (Thun et al., 2002; Ting and Khasawneh, 
2010) and Expert Reviews in Molecular Medicine © 2003 Cambridge University Press. 

Around 1940, it was first found that aspirin (NSAID) has effect on various vascular events (Xu, 2002).  
Not much is known about mechanism involved in the pharmacokinetics of the NSAIDs. In 1971, John 
Vane and his colleagues demonstrated that aspirin and other NSAIDs exert their pharmacologic 
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activities by inhibiting the Cyclo-Oxygenase (COX). COX further causes the production of prostaglandin 
(Figure 3). Prostaglandins are involved in inflammation, blood clotting, immune response and many 
other physiological processes. It was discovered that COX exists in other forms COX2 and COX3 too. But 
later it was found that COX3 is splice variant of COX1 (Ulrich et al., 2006). NSAIDs can also act by 
inducing physical modification on lipid bi-layer membrane, NFқB signalling, Apoptosis signalling, APL-β- 
Catenin pathway, PPARα/γ/δ target genes and by release of MPR4 etc. (Ferreira et al., 2005; Sousa et 
al., 2008). 

There are many safety data reports on use of NSAIDs, but there are also reports about adverse effects 
due to regular, prolonged, or excessive use of NSAIDs. In these reports NSAIDs are shown to cause 
lymphoid malignancies like non–hodgkin lymphoma, asthma, effects on gastric intestine (GI) even up to 
bleeding, peptic ulcer and lesions, etc.(Lanas, 2009; Robak et al., 2008)  

 

1.5 Effects of NSAIDs on Cancer 

Various experimental, epidemiological and clinical data were churned out in 1980’s.These data showed 
that NSAIDs acted positively in decreasing the development and prevention of the induction of cancers, 
when NSAIDS were taken occasionally or regularly (i.e. 5 to 7 times per week) or prolonged (>2 years) 
at clinical approved dose (Harris et al., 2005; Ruegg et al., 2003; Umar et al., 2003). NSAIDs were 
reported to decrease the size and number of intestinal adenomas in-patient with Familial 
Adenomatous (FAP) (Giardiello et al., 1993; Spagnesi et al., 1994; Steinbach et al., 2000). There was up 
to 50 per-cent reduction in incidence of colorectal cancer in people who took NSAIDs regularly (DuBois 
and Smalley, 1996; Smalley and DuBois, 1997).    

Table 1   Effects of various NSAIDs on different types of cancers in clinical trials.  

Disease 
Number of 

Patients 
Duration 

Drug used in 
study 

Phase Results Reference 

FAP 77 6 months Celecoxib II 
Celecoxib significantly 

decreases the No. of colon 
polyps 

(Steinbach et 
al., 2000) 

FAP 10 4 months Sulindac III 
Polyps regressed completely in 

6 patients, partly in 3 
(Labayle et 
al., 1991) 

FAP 22 9 months Sulindac III 
Sulindac decreased No. of 

polyps by 56% and size by 65% 
(Giardiello et 

al., 1993) 

FAP 24 6 months Sulindac III 
Duodenal polyps <2 mm 

regressed in 9 of 11 patients 
treated with sulindac 

(Nugent et al., 
1993) 

Previous 
adenomat
ous polyps 

44 4 months Sulindac III 
Sulindac did not statistically 

significantly decrease number 
or size of poylps 

(Ladenheim 
et al., 1995) 
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In studies on various animal models with induced or transplanted cancers, NSAIDs had inhibitory and 
protective effects on FAP, esophageal, stomach, lung, skin, breast, prostate, urinary bladder, colorectal 
cancer (Jacoby et al., 2000; Oshima et al., 1996; Wang et al., 2004), colon and pancreatic (Fujimura et 
al., 2006; Gonzalez-Perez et al., 2003; Thun et al., 2002; Xu, 2002). In various clinical trials NSAID has 
shown its effects on various cancers also. Few of the randomised clinical trials are listed in Table 1.  

It is widely accepted that NSAIDs causes apoptosis and G2/M phase growth arrest (Czibere et al., 2005; 
Czibere et al., 2006; Zerbini et al., 2006). NSAID (Exisulind) was reported to affect on primary leukemic 
cells and leukemic cell lines such as KG1, THP-1 & SKM-1, through an induction of apoptosis by JNK 
pathway (Czibere et al., 2005; 2006ab). Recent studies have shown that Aspirin (NSAID) caused 
apoptosis in various human primary T & CLL-B leukemic cells and various cell lines (Iglesias-Serret et al., 
2010; Ou et al., 2010).  

NSAIDs are believed to act through blockage of COX activity or independently through other targets. 
These targets include  β–Catenin (Lu et al., 2005), Ras (Herrmann et al., 1998), Nuclear factor қB (Bren-
Mattison et al., 2008; Yamamoto et al., 1999), Cyclin GMP (Rice et al., 2006), ERK1/2 (Rice et al., 2006), 
Peroxisome proliferation activated receptor δ (PPARδ) (He et al., 1999), NSAIDs activated Gene- 1 (Kim 
et al., 2005), GADD45 (Zerbini et al., 2006), IL-24 (Zerbini et al., 2006), MKK4 (Czibere et al., 2005; Dai et 
al., 2010; Zerbini et al., 2006),(Rice et al., 2006), JNK (Czibere et al., 2005; Zerbini et al., 2006), 
Epidermal growth factor receptor (Pangburn et al., 2005), prostate apoptosis response gene -4 
(Herrmann et al., 1998) and CSK/SRC, etc. (Kunte et al., 2008).  

 

1.6 NSAIDs used in present study  

1.6.1  Sulindac Sulfide 

Sulindac Sulfide is (Z)-5-Fluoro-2-methyl-1-[p-(methylthio) benzylidene] indene-3-acetic acid with 
C20H17FO2S molecular formula (Figure 4) and 340.41 is the molecular weight. Sulindac Sulfide and 
Sulindac Sulfone are metabolites of Sulindac. Sulindac is known to cause apoptosis in different cancer 
cell lines (Chan et al., 1998; Herrmann et al., 1998; Lim et al., 1999; Shiff et al., 1995; Zhang et al., 
2000). Sulindac Sulfide causes apoptosis in solid tumour cell lines through activation of JNK pathway via 
GADDs (Zerbini et al., 2006). Sulindac Sulfide is shown to have anti-cancer effects in mice models 
(Boolbol et al., 1996; Chiu et al., 1997). Role of Sulindac Sulfide in Familial Adenomatous Polyposis 
(FAP) regression of has also been reported (Giardiello et al., 1993; Labayle et al., 1991). Further studies 
are required to understand the role and pathways involved in anticancer activates.  

 

Figure 4: Molecular structure of Sulindac Sulfide (Source:  http://www.sigmaaldrich.com/catalog/ProductDetail.do 
?D7=0&N5= SEARCH_CONCAT_PNO|BRAND_KEY&N4=S3131|SIGMA&N25=0&QS=ON&F=SPEC, web-site last visited on 11th of 
August, 2011) 
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1.6.2 Diclofenac 

Diclofenac is 2-[(2,6-Dichlorophenyl)amino]benzeneacetic acid sodium salt. C14H10Cl2NNaO2 is the 
molecular formula (Figure 5) and 296.148 is the molecular mass. It is mainly used to reduce pain, 
inflammation and used as analgesic agent. It is a research molecule of “Ciba-Geigy” (now Novartis) and 
was discovered in 1973. Diclofenac treatment causes 60% decrease in tumour size in mouse model for 
pancreatic cancer due to the increase in apoptosis in tumours cells (Mayorek et al., 2010). Diclofenac 
treatment has anti-proliferative effects on various human tumours and causes apoptosis (Zerbini et al., 
2006). 

 

Figure 5: Molecular structure of Diclofenac (Source: http://www.sigmaaldrich.com/catalog/ProductDetail.do?D7 
=0&N5=SEARCH_CONCAT_PNO|BRAND_KEY&N4=D6899|SIGMA&N25=0&QS=ON&F=SPEC, web-site last visited on 11th of August, 
2011) 

1.6.3  OSI-461 

OSI-461 was earlier known as CP-461, and is Z-5-fluro-2methyl-(-4 pyridene)-3-(-N-benzyl) - 
indenyacetmide hydrochloride. OSI-461 (Figure 6) is a new generation drug and synthetic derivative of 
Exisulind. OSI-461 lacks both COX-1 and COX-2 inhibition activity i.e. independent of COX-1 and COX-2 
inhibition. OSI-461 has induced apoptosis and arrest of the cell cycle in G2/M phase in variety of human 
cancer cells (Shimizu et al., 2004). OSI-461 has shown a slight antitumor activity in a Phase II pilot study 
with patients having hormone-refractory prostate cancer (Resta et al., 2011).   

 

Figure 6: Molecular structure of OSI-461 Source: (Xiao et al., 2006) 

 

1.7  Cell-cycle  

Different events are required for the cellular progression and development of organisms, which 
includes cell division, cell-cycle, differentiation and apoptosis. Among these one of the important 
events is cell-cycle. In cell-cycle genetic material is replicated in a semi-conservative way.  Cell has to 
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pass through many stages, these are different stages of the preparation and cell division and are known 
as “Cell-cycle” (Figure 7). Generally, cell divides into daughter cells, according to the requirement of the 
body and in this process, passes its genetic information to the daughter cells.  

 

 

Figure 7: Cell-cycle. The different phases of cell cycle are represented with regulators and cell cycle checkpoints. Adapted 
from (Thornton and Rincon, 2009; Vermeulen et al., 2003) 

 

1.7.1 Cell-cycle regulation 

Cell-cycle is a tightly regulated mechanism.  Any abnormality in single cell organism leads to its death. It 
causes malignancies in case of multicellular organism. To maintain cellular integrity and to pass an 
intact copy of the genetic material, accurate cell division is essential. Maintenance of genetic material is 
beneficial for cell survival and is required for cancer avoidance. The cells invest huge resources for 
maintenance of the genetic material. For development of cancer, cells undergo many uncontrolled cell 
divisions and escape apoptosis, due to these genetic modifications. Cells have regulatory mechanisms 
to avoid these genetic modifications, deformities and alterations (Figure 7).    
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1.7.2 Cell-cycle regulators 

Few of the cell-cycle regulators are described below 

Cyclins: -There are at least 13 cyclins known to date. Different cyclins are required to regulate cell 
cycle at different stages of cell-cycle. CyclinA expression is required for cells to leave G1 phase arrest 
(Bonda et al., 2010) while cyclinA/E is required in G1 to S phase transit and again in S to G2-phase 
arrest. CyclinB is required in G2 to M phase transit arrest (Bucher and Britten, 2008). Cyclins are 
classified on the basis of their time of expression and activation. All cyclins contain a 100 amino acids 
homologous region, known as “Cyclin-Box”. Cyclins bind to cyclin dependent kinase (CDK) at this 
homologues region and degeneration of cyclin leads to inactivation of CDKs.  

 

CDKs: - Cyclin Dependent Kinases (CDKs) are activated by the formation of the complex between 
cyclins and CDKs.  In mammalians 12 loci are known for encoding CDKs but only CDK1, CDK2, CDK3, 
CDK4 and CDK6 are directly involved in cell cycle. CDK1 is expressed in late cell-cycle and is considered 
as mitotic kinases while other kinases are known to act in the Interphase (Chen et al., 2006a; 
Malumbres and Barbacid, 2005). Mutations or over-expression of CDKs is associated with a number of 
human cancers.  

 

CKIs: - CKIs is short form of CDK inhibitors and indirectly control cell-cycle. Seven different CKIs are 
known in mammals, which belong to different classes.  p21, p27 & p57 CKIs act in G1/S phase and are 
also known as first class. P15, p16, p18 and p19 are another class of CKI and are known as second CKIs. 
CKIs act by inhibiting cyclins complex (CDKs).  

 

1.7.3 Cell-cycle check points 

Checkpoints can be defined as the point of cell division with further no return, In other words if a cell 
has crossed this point, it is committed to next step in cell-cycle. Experiments on cells, which were 
starved of serum before G0 phase did not advance for cell-cycle for division, but in another scenario 
even starvation of serum after G0 phase did not inhibit them from cell-cycle division and to go into 
mitosis. These cells appeared to be committed and continued cell-cycle (Vermeulen et al., 2003). 

 

1.7.3.1 Major cell cycle check points 

 

G1 Check Point: - CyclinB and CDK4 complex mediates the progression of cells in early G1-phase. 
The G1 checkpoint is first line of defence against DNA damage; it delays and stops the cells with DNA 
damage from entering into S-Phase. The S-phase entry of the cells is mediated by two different ways 
following the DNA damage. The first and reversible pathway is CDC25A mediated de-phosphorylation 
at Try15/Thr14 of CDK2-cyclinE/A. By this action CDK2-cyclinE/A is activated (Figure 7 and 8). The 
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second pathway is slow and sustained. G1 arrest is caused by p53 which is induced by p21. The p21 
inhibits CDK2 leading to maintenance arrest of cell-cycle (Houtgraaf et al., 2006; Warmerdam and 
Kanaar, 2010). CDC25A plays a role in this checkpoint by the phosphorylation of the CDK2. If there are 
DNA double-stranded breaks (DSBs) then there is activation of ATM mediated phosphorylation of Chk2. 
DSBs cause inhibition of CDC45. However, single-strand breaks are repaired by activation of rad17, 
RFC.9-1-1 complex and ATR through Chk1. In this pathway CDK1 cause G1 arrest by phosphorylation of 
CDC25A. ATM and ATR phosphorylated p53, causes accumulation of p53 and increased activity of the 
transcription factor p53 (Houtgraaf et al., 2006). p53 leads to expression of p21, an inhibitor of CDK 
(Figures 7 and 8). p21 reduces activity of cyclinD/CDK4 complex by inhibiting CDK4 (Kraft et al., 2009). 
AP-1 transcription factors also play role as they help in expression of cyclinD1,D2, E & CDK4 (Kraft et al., 
2009).  

 

Figure 8: Cell cycle checkpoint pathways. Once DNA damage is identified with the help of sensors, the checkpoint 
transducers ATM and ATR undergo conformational change and/or localisation, resulting in their activation. Together with their 
mediators, ATM and ATR activate a series of downstream molecules, including the checkpoint transducer kinases. Checkpoint 
kinase-2 and Chk1 inactivate CDC25 phosphatases, culminating in cell cycle arrest. Adapted from (Bucher and Britten, 2008)  

S-phase checkpoint: - Integrity of DNA is maintained in S-phase checkpoint. This checkpoint 
monitors the DNA-damage and errors occurred during replication in S-phase (Dai and Grant, 2010). 
CDK2 activity is increased in S-phase and thus contributes to the homologous recombination and DNA 
repair (Warmerdam and Kanaar, 2010). CDK1, is also known as CDC2, plays an important role in this 
checkpoint (Kraft et al., 2009). During S phase CDK1 or CDC2 is activated by ATR and is the key 
regulator. Two pathways are reported which acted in S-phase checkpoint. First is ATR.ATM-Chk2.Chk1-
CDC25A-CDK2. Second is ATM.Nbs1.MRE11.SMC1 (Dai and Grant, 2010; Falck et al., 2002).  

In S-phase, Chk1 (checkpoint kinase 1) down regulation can abrogate S-phase arrest (Xiao et al., 2003). 
In the first pathway cyclinE/A-CDK2 are inhibited by the degradation of CDC25A-ATM/CHK2 & 
ATR/CHK1 due to DNA damage (Bartek et al., 2004). In the second pathway ATM  recruit to DNA 
damage site with the help of MDC1 via senor MRN (Watrin and Peters, 2006). ATM is activated on DNA 



 

Introduction 11 

 

 
Molecular mechanisms of the anti-leukemic properties of Non-steroidal Anti Inflammatory Drugs  

 

damaged site and it phosphorylates SMC1. SMC1 is thought to function in DNA repair and S-phase 
progression. PCNA also plays a role in S-phase checkpoint via CHK1 (Bucher and Britten, 2008; Dai and 
Grant, 2010).  

 

G2/M checkpoint: - In most cancers, G1 checkpoint is defective, so G2/M checkpoint and S 
checkpoint are critical in cancer. However, S-phase checkpoint is known only to slow down cell-cycle 
rather than the arrest. G2/M checkpoint controls the DNA damage which has passed through G1 and S-
phase checkpoint. It forces the respective cells with DNA damage to apoptosis (Bucher and Britten, 
2008). G2/M checkpoint ensures cell division is blocked, if damaged DNA or deformities are present in 
DNA (Burgoyne et al., 2009). G2/M checkpoint stops the cells with the damaged DNA from entering 
into M-phase. ATM-CHK2-CDC25/CDK1 pathway is activated due to double-stranded breaks and ATR-
CHK1-CDC25 by DNA lesions (Houtgraaf et al., 2006). G2/M checkpoint is mainly controlled by CDK1/ 
cyclinB complex, p21, Cip & p27 regulators (Wang et al., 2009). The entry of cell in M phase is 
controlled by cyclinB/CDK1 complexes which are also involved in nuclear envelope breakdown. While in 
M phase CDK7, a CDK activating kinase phosphorylates CDK1 of cyclinB/CDK1 complex and activate it. 
In interphase cyclinB/CDK1 complex is activated by phosphorylation on Tyrosin 15 (Try15) by Myt1 and 
Threonin 14 (Thr14) by Wee1 (Liang et al., 2003). G2/M checkpoint works by inhibition of cyclinB/CDK1 
complex by CDC25A, CDC25B and CDC25C dual specificity phosphatases that is required to 
dephosphorylate these sites to activate the cyclinB/CDK1 complex and progress in mitosis (Ganzinelli et 
al., 2008; Nigg, 2001; Raleigh and O'Connell, 2000). CDK1 is dephosphorylated by CDC25A in G2/M 
checkpoint. CDC25A kinase is phosphorylated at Ser 76/124 and CDC20C at Ser216 by Chk1. This further 
leads to CDC20A proteosomal degradation and ubiquitination via APC/C and Skp1/Cullin/F-Box 
protein/SCF and ubiquition ligases (Figures 7 and 8).   

In G2/M, ATR activates Chk1 by phosphorylation of CDC25A, B, and C.  This phosphorylation prevents 
the activation of cyclinB/Cdk1 and results in G2/M phase arrest (Boutros et al., 2006). Further sustained 
G2/M phase arrest is required for the induction of the transcription factors which endogenously 
inhibited CDK1 e.g. GADD45s, p21, p53 14-3-3j (Dai and Grant, 2010; Tse et al., 2007). The stress 
induced activation of p38 MAPK/MK2 and inactivation of CDC25B/C, is thought to be another 
mechanism involved in G2/M phase arrest (Bucher and Britten, 2008).    

 

1.8 Cell cycle and apoptosis 

Many physiological processes are balanced in human body. These processes include proper tissue 
development and homeostasis. Proper balance is always required between cell cycle and apoptosis. In 
fact there are many positive and negative regulations identical in cell cycle and apoptosis. 
Morphological common features are shrinkage of nucleolus and cell, chromatin condensation, 
membrane blebbing etc. Many cell-cycle genes i.e. p53, GADD45s, cyclins, CDKs, EF2 etc. participate in 
apoptosis too. A normal human body needs proper balance in apoptosis and cell proliferation by cell 
cycle. On average normal human body makes up to 60X109 cells every day. Some of these cells die or 
used for maintenance and homeostasis. Uncontrolled cell division with lack of apoptosis cause further 
complications like tumour formation and cancer in human body (Alenzi, 2004).   
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1.9 Apoptosis  

The apoptosis is a programmed cell death and plays a crucial role in regulation of many physiological 
processes during embryological development as well as in adult organism. Apoptosis is highly 
conserved throughout evolution (Fulda, 2009). Apoptosis is essential for the removal of unwanted, 
damaged, or infected cells. Escape from apoptosis is a signal for many cancers. 

Cell death by apoptosis was described in 1972 in ground-breaking publication by Kerr, Wyllie and 
Currie (Kerr et al., 1972). Apoptosis is a Greek word, which is referred to falling of leaves from trees in 
autumn. As its meaning suggest word was chosen for cell death in mammalian cells to represent 
desirable death of cells for better survival for the host (Cohen et al., 1992). The process of physiological 
cell death has been discovered more or less five times independently by various researchers in past 160 
years (Cotter, 2009).    

 

Figure 9: Signalling pathway-showing apoptosis. GADDs, JNKs and AP-1 members leading to apoptosis. NSAIDs 
cause activation of GADDs and they bind to MEKK4, MKK7 those results in JNKs phosphorylation via GADDs. JNKs leads to 
phosphorylation of c-Jun (AP-1 family transcription factors) and translocated to nucleus. c-Jun through Caspases induce 
apoptosis. Adapted from (Eferl and Wagner, 2003). 

Apoptosis is caused by caspases (Figure 9). Caspases are cysteine-aspartic proteases or cysteine-
dependent aspartate-directed proteases and are involved in apoptosis, necrosis, and inflammation. 
About 14 caspases are known for their role in Apoptosis in humans. Depending upon their role in 
human apoptosis, caspases can be divided into two groups.  
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Caspases 2, 8, 9 and 10 are known as initiator caspases and mediate the interaction of caspases 
with upstream adaptors and effectors (Noy, 2010).  

Caspases 3, 6 and 7 are known as effecter caspases or executioner caspases and catalyse the 
downstream steps of apoptosis by mediating & regulating DNA repair, structural proteins & cell-cycle 
related proteins (Noy, 2010).  

1.9.1 Apoptosis can occur through two pathways 

The intrinsic apoptotic pathway: - Intrinsic apoptotic pathway start from inside the cell in 
response to cellular signals from DNA damage, a defective cell-cycle or stress signals. This pathway is 
mediated by mitochondria and endoplasmic reticulum (ER). Bcl-2 family members regulate this process. 
The Bcl-2 family is also involved in anti-apoptotic process. Other important players of this pathway are 
Cytochrome C, Apaf-1 and pro-caspases9 (Noy, 2010).  

The extrinsic pathway:-This pathway is activated from external signals by activation pro-apoptotic 
receptors, which are on the cell surface (Figure 9). These cell surface death receptors include TNFα, Fas 
and TRAIL etc. These receptors further bind to Caspases8 and initiate downstream signalling of 
apoptotic pathway. JNK and NFқB are known target of extrinsic pathway (Figure 9). Extrinsic pathway 
unlike the intrinsic pathway, triggers apoptosis independent of the p53 protein (Del Principe et al., 
2005).   

 

1.10  JNKs 

JNKs are members of MAPK (mitogen-activated protein kinase) super-family that also includes the ERK 
and the p38 MAP kinases. The c-Jun N-terminal kinase (JNK) pathway and its components plays central 
role in mediating the apoptotic effect of NSAIDs. JNKs are known to target AP-1 (Activator Protein – 1) 
transcription factors phosphorylation especially of c-Jun and related molecules (Weston and Davis, 
2007). Generally, JNKs phosphorylates c-Jun on transcriptional activation domain at Ser 63 or Ser 73 
sites in response to oncogenic expression (Figure 9) (Heasley and Han, 2006) and enhance the initiation 
of apoptosis. JNKs are generally activated in response to various stresses, UV or γ radiation, 
inflammation, growth factors, and oncogenes (Heasley and Han, 2006). Until now 10 JNK, isoforms are 
known spliced form of three JNK Genes, JNK1, JNK2 and JNK3. JNK1 and JNK2 are expressed 
ubiquitously, and JNK3 is expressed up to some extent in testis and heart but mainly in brain. Main 
target of JNKs is c-Jun, but they can also be phosphorylated by JunD but in lesser extent and 
phosphorylation of JunB via JNKs is still not clear (Shaulian, 2010).   

Phosphorylation of c-Jun via JNKs was required for development and neuronal apoptosis in mice. Single 
JNK knockout mice in any of three JNK did not show any development defects. These knockout mice 
were more sensitive to skin cancer and induced lung tumorigenesis (Heasley and Han, 2006). JNKs 
exhibited role in cell-cycle via c-Jun, which further controls cyclinD (Shaulian, 2010). JNKs appeared to 
act in both pro and anti-apoptotic functions depending on the various factors i.e. tumour type, JNK 
isoform etc. (Heasley and Han, 2006).  

The apoptotic pathway, mediated by JNKs is initiated by diverse signals i.e. stress or oncogenic signals. 
These signals activated MAP Kinase Kinase Kinase (MP3Ks) which in turn phosphorylated and activates 
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MKK4/MTK1 and MKK7, the isoforms of MAP2K. The phosphorylated MKK4/MTK1 and MKK7 activates 
JNK (Weston and Davis, 2007). Once activated JNKs were translocated to the nucleus, where they 
phosphorylated c-Jun at Ser 63 and Ser 73 at N-terminal transactivation domain. By this transactivation 
of c-Jun expression of c-Jun is increased and there was also activation of c-Jun dependent apoptotic 
pathway (Li et al., 2004; Zerbini et al., 2004) (Figure 9).      

 

1.11 AP-1 family 

The activator protein-1 (AP-1) is a heterodimeric protein. AP-1 transcription factor was discovered in 
1987 in Hela cell line nuclear extracts and identified by DNA element 5'-TGAGCTCA-3’ (TRE or TPA 
response element). AP-1 is the first transcription factor identified in mammals and is one of the 
extensively studied transcription factor, functions of which are yet to be fully understood. AP-1 is a 
redox sensitive transcription factor and can sense stress. It can transduce changes in cellular redox 
status by modulating gene expression according to the stress. The AP-1 is a family of proteins, which 
are recognised by presence of basic leucine zipper (bZip), later is essential for DNA binding (Nair et al., 
2010; Shaulian, 2010). The AP-1 has following sub families (Nair et al., 2010; Shaulian, 2010).   

Jun: - This sub-family includes c-Jun, JunB, and JunD  

Fos: - This sub-family includes c-Fos, FosB, Fra1 and Fra-2     

 Besides these other sub-families are:  

Activating transcription factor (ATF) family includes, ATF1, ATF2, ATF3, ATF4, ATF5, ATF6 &  ATF7.  

Jun dimerization protein (Jdp) family, includes Jdp1 and Jdp2 

Musculoaponeurotic Fibrosarcoma (Maf) family, includes, c-Maf, MafA, MafB and MafG/F/K. 

AP-1 family members are known for the Dimer formation, which can occurs between same sub-family 
members or in the two sub-families to regulate the genes and the expression. Jun family can make both 
homo-dimers (formed by two identical molecules) and hetero-dimers (formed by two different 
macromolecules), whereas FOS members can make only hetero-dimers but. It is proved that AP-1 
transcription factors are active in cell proliferation, information, differentiation, apoptosis, and cellular 
migration and wound healing (Shaulian, 2010).   
 

Major genes related to present study are described below  
 

1.11.1  c-Jun 

The c-Jun was earlier known as Jun. c-Jun is an early response transcription factor of AP-1 transcription 
family and Jun sub-family. c-Jun is activated by various stimuli and mediates the transcriptional 
regulation response (Black et al., 1994). c-Jun is phosphorylated at Ser 63 and Ser 73 by the JNK 
pathway (Kallunki et al., 1994). c-Jun is essential for development of mice and knock down of c-Jun is 
lethal for mice at E12.5 (Vesely et al., 2009).  Knock-in for c-Jun with JunB or JunD rescue embryonic 
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lethality until birth suggesting the overlapping functions between Jun family members (Eferl and 
Wagner, 2003). 

c-Jun is known as an enhancer of proliferation, and tumour promoter and oncogene, but there are 
many studies, which show that c-Jun is involved in prevention of the cancer, e.g. c-Jun induces 
apoptosis in UV exposed cells, killing the cells with damaged DNA. c-Jun is also involved in regulation of 
tumour suppressor via p14ARF/p19ARF (Durchdewald et al., 2009). 

1.11.2  JunB  

In last decades several studies on animal and clinical observations has shown JunB as a tumour 
suppressor. Expression of cyclinA by any protein was first reported through JunB and later through c-
Jun, Fra1 etc. JunB is required for the re-entry in cell cycle after quiescence (Shaulian, 2010). The data 
in previous studies suggested that there is a co-operation between JunB and c-Jun.  JunB rescues and 
improves survival of c-Jun deficient mice embryos (Nair et al., 2010; Shaulian, 2010). The knockout mice 
for JunB was embryonic lethal and embryos died between E 8.5 and E 10.0 day due to defect in 
placentation. Embryos of conditional knockout mice for JunB were without obvious abnormalities, but 
adult mice developed osteopenia and myelo-proliferative diseases (Vesely et al., 2009). Transgenic 
mice lacking JunB in myeloid lineage developed a myeloid disease, which resembled to Human CML 
(Shaulian, 2010; Zenz and Wagner, 2006). In AML patients, JunB expression is generally down regulated 
in haematopoietic stem cells (HSCs) (Shaulian, 2010).     

1.11.3  Fra2 

Fra2, also known as FOSL2 or FOS-like antigen 2 is the member of AP-1 transcription factor family and 
FOS sub family. FOS sub family consists of three other members namely, FOSB, FOSL1 or Fra1, C-FOS or 
FOS. The Fra2/FOSL2 proteins form heterodimers with Jun proteins and then bind to DNA. The Fra2 
knockout is lethal at birth in mice (Eferl and Wagner, 2003). In a study on mice adenocarcinoma, 
CSMLO cell line, it was observed  that these cells do not express Fra2/FOSL2 and very low expression of 
c-Fos (Tkach et al., 2003). In other recent study on Fra2/FOSL2, deficient mice had a defect in 
differentiation in osteoblast cells (Bozec et al., 2010). However, the over expression of Fra2/FOSL2, 
increases tumour cell motility and invasion in breast cancer, colorectal cancer and mesothelioma 
(Milde-Langosch et al., 2008).     
 

1.12  GADDs 

The Growth Arrest and DNA Damage or GADD members are mostly localized in nucleus. Five GADD 
family members are known until now: GADD153, GADD34, GADD45α (GADD45alfa), GADD45β 
(GADD45beta) and GADD45γ (GADD45gamma). GADD45 family members are identified as regulatory 
molecules, which protect cell and its survival by the process of cell-cycle arrest, DNA repair, and 
apoptosis (Reddy et al., 2008; Rosemary Siafakas and Richardson, 2009). GADD45α was earlier known 
as  GADD45 and was discovered in Chinese hamster ovary cells (CHO) (Fornace et al., 1988). The 
GADD45β was known as MyD118 as it was discovered as myeloid differentiation primary gene (Zhan et 
al., 1994). The GADD45γ was earlier known as CR6 as it was isolated by using cDNA homologues to mice 
gene that is known as CR6 (Zhang et al., 1999).    
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GADD45α, GADD45β and GADD45γ have shown 55% homology to each other at amino acid level and 
are conserved throughout evolution. GADD45 are highly acidic with pH around 4. GADD45s functions 
are not well understood (Abdollahi et al., 1991; Vairapandi et al., 2002; Zhang et al., 1999). GADD45α, 
GADD45β and GADD45γ are strongly induced by stress through independent or p53 dependent way. 
There was a failure of G2/M checkpoint in human cells exposed to UV and is devoid of endogenous 
GADD45s (Liebermann and Hoffman, 1998; Vairapandi et al., 2002; Wang et al., 1999). Interaction and 
inhibition of CyclinB1/CDC2 complex with GADD45s also causes G1 cell-cycle arrest, which is may be via 
p21. GADDs play a role in DNA repair and de-methylation also (Cretu et al., 2009). In their interaction 
with MKK4 which is upstream regulator of JNK, they induce apoptosis which was validated in Hela cells 
(Takekawa and Saito, 1998). Further induction of apoptosis via GADD45 dependent is shown in M1 
leukemic, lung cancer etc. GADD45γ plays a significant role in apoptosis of neuronal cells and UV 
irradiated keratinocytes (Cretu et al., 2009). Deficiency of GADD45β in haematopoietic cells induces 
apoptosis. The GADD45β had a role in mice embryo fibroblast cell survival through NfқB. The GADD45β 
promotes cell survival through inhibition of MKK4-JNK stress response apoptotic pathway (Gupta et al., 
2006). GADD45s repaired DNA and promotes survival through PCNA (Cretu et al., 2009).  

The GADD45 members especially GADD45γ play an important role in cellular apoptosis (Bulavin et al., 
2003; Hollander et al., 1999). Mice which were null for GADD45β and GADD45γ were more prone to 
ionizing radiations, chemical carcinogens and hence had higher mutation rates and chances to have 
cancer (Hollander et al., 1999). The down regulation of GADD45α and GADD45γ is essential for survival 
of cancer cells. The loss of GADD45α expression contributes to tumour formation, tumour growth and 
decreases the rate of apoptosis, decreased rate of senescence via JNK (Tront et al., 2006). In many 
primary human tumours and cell lines of breast, prostate, pituitary, adenomas, hodgkin and non-
hodgkin lymphoma, nasopharyngeal, cervical, oesophageal, lung carcinoma, and pancreatic cancer; 
methylation and mutations were observed in GADD45 promoter and genes. The major step to escape 
from apoptosis in tumour cells was through activation of NFқB, which causes repression of GADD45α 
and GADD45γ.  In recent studies, it is observed that in AML there is a down regulation of GADD45s. 
GADD45α is reported a role in mice for suppression of leukemogenesis (Cretu et al., 2009; Zerbini and 
Libermann, 2005).    
  

1.13  MDA-7/IL-24 

Interleukin-24 (IL-24) is also known as Melanoma differentiation-associated-7 (MDA-7) and was 
discovered by subtraction hybridization of cDNA in human melanoma cells (Jiang et al., 1995). MDA-
7/IL-24 belongs to IL-10 family of cytokines and like IL-10 family of cytokines can exist as monomer or 
dimer. MDA-7/IL-24 mediates its biological effects through two heterodimer receptors, IL-20R1/IL-20R2 
and IL-22R1/IL-20R2 (Sarkar et al., 2002). The transcription of MDA-7/IL-24 is regulated by the AP-1 and 
C/EBP transcription factor families (Madireddi et al., 2000). The MDA-7/IL-24 has antitumor activity in 
many cancers via JNK/MAPK dependent or other signalling pathways and result in apoptosis of tumour 
cells (Chada et al., 2004; Inoue et al., 2006). Expression of MDA-7/IL-24 via adenoviral vector carrying 
the MDA-7 gene (Ad-MDA-7) cause growth suppression and apoptosis in cancer cells not to normal 
cells (Otkjaer et al., 2010). Phase one clinical trial using Ad-MDA-7 is reported to have tumour 
suppressor effect (Cunningham et al., 2005; Tong et al., 2005).  
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2. Aim of this study 

 

Acute myeloid leukaemia (AML) is characterized by disturbed differentiation and rapid expansion of 
leukemic cells. AP-1 transcription family members are known as key regulators of myeloid 
differentiation. AP-1 family members are generally down regulated in AML and thus play an important 
role in pathophysiology of the disease. NSAIDs cause initiation of apoptosis effectively and G2/M phase 
growth arrest in various types of cancer cells. GADD45α and GADD45γ activation in-vitro and in-vivo 
plays a major role in neo-plastic effect of NSAIDs (Czibere et al., 2005; Czibere et al., 2006).  

Further studies should be carried-out to understand their role in AML and especially in-connection to 
GADD45s and JNKs. Elucidation of pathways involved in AML rescue in NSAIDs dependent way  can be 
translated into clinical prospective. These pathways and their target genes can be used as therapeutic 
agents for designing new safer, low cost drugs, which are able to overcome drug resistance.  

However, there are some questions which need to be addressed about the pathways like, role of 
different genes and involvement of transcription factors. How the NSAIDs dependent orchestra of 
pathways works in the rescue of AML and cause arrest in cell cycle and apoptosis? What is role of 
NSAID in apoptosis and differentiation?   

Main purpose of this study was to investigate the effects of NSAIDs in AML cells and to know the 
pathways activated in AML cells after treatment with NSAIDs. In present study, evidence is provided 
that OSI-461 induces apoptosis and a G2/M cell cycle arrest in AML cells through MDA-7/IL-24 pathway 
and GADD45α and GADD45γ activation in AML patients. It has been observed that treatment of AML 
cells with Sulindac Sulfide and Diclofenac leads to a consistent transcriptional activation of the AP-1 
transcription factor gene and GADD45α with consecutive induction of apoptosis through a c-Jun NH2-
terminal kinase (JNK) dependent pathway.  

This study provides the evidences that non-steroidal anti-inflammatory drugs (NSAIDs) can be effective 
in chemoprevention or treatment of AML.  
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4.1 The non-steroidal anti-inflammatory drugs Sulindac Sulfide and 
Diclofenac induce apoptosis and differentiation in human acute 
myeloid leukemia cells through an AP-1 dependent pathway.  
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4.2 The novel compound OSI-461 induces apoptosis and growth arrest in 
human acute myeloid leukemia cells.  
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5. SUMMARY AND DISCUSSION 

 

Acute myeloid leukaemia (AML) is a disease in which there is a constant accumulation of various 
neoplastic transformations, especially genetic alterations in stem and related cells. Studies conducted 
in the last decade have shed deep insights into the stem cells. It is believed now, that there are 
specialized cells which cause initiation of leukaemia and known as leukaemia stem cells. It is speculated 
that these leukaemia stem cells escape the programmed cell death in cell cycle. Leukemic stem cells 
have high regenerative potential and pluripotency  properties. These cells are able to initiate tumours 
on distant and different places too; whereas normal stem cells are able to divide only at low pace that 
too in respective niche (Levesque and Winkler, 2009).      

Non-steroidal anti-inflammatory drugs (NSAIDs) are diverse group of heterogeneous, chemically 
different substances which provide anti-inflammatory, anti-pyretic and analgesic effects. NSAIDs are 
also known for their ability to inhibit proliferation of cancer cells under in-vitro and in-vivo conditions 
(Fujimura et al., 2006; Gonzalez-Perez et al., 2003; Thun et al., 2002; Xu, 2002). In a previous study it 
was shown that NSAIDs cause up-to 70% reduction in colonic adenomas patients (Piazza et al., 2009). 
Anti-neoplastic effects of NSAIDs have already shown promising results in pre-clinical, clinical and 
epidemiological studies.      

NSAIDs can play an important role in the treatment of leukaemia (Levesque and Winkler, 2009). 
Different modes of action of NSAIDs have been put forward. One of these is though COX 
(cyclooxygenase) inhibitors. COX1 plays an important role in pathogenesis of leukaemia. MLL-AF4 is 
rare genetic mutation of genes and is found in AML. MLL-AF4 knock-in mice has a lymphoid and 
myeloid deregulation accompanied by increased number of cells in lymphoid and myeloid 
compartments (Chen et al., 2006b).  It has been shown though micro-array data that COX1 is the most 
up regulated gene in GMP-MLL-AF4 leukemic cells when compared to the normal HSCs.  

Besides their above said commonalities NSAIDs differ in binding affinity towards iso-enzymes of COX. 
Moreover, NSAIDs are able to inhibit proliferation of cancer cells independently of COX activity, 
through other targets. These targets include ERK1/2 (Rice et al., 2006), GADD45s, MKK4 and JNK 
(Czibere et al., 2005; Zerbini et al., 2006) etc. In the present study three NSAIDs drugs; OSI-461 (COX1 
and COX2 independent), Sulindac Sulfide (COX1 and COX2 inhibitor) and Diclofenac (selective COX2 
inhibitor) were examined. 

The aim of the current study was to explore the role of NSAIDs anti-neoplastic effects in AML. Emphasis 
was paid to have an inside look into mechanism of induction of pro-apoptosis responses and those 
pathways which are associated with pro-apoptosis responses (Figure 10). Detailed investigation  was 
carried-out to study the effects of NSAIDs in various human AML cells lines and primary human AML 
cells with different FAB types and chromosomal abnormalities. All three NSAIDs have shown similar 
effects on induction of apoptosis (2.2 to 6.30 fold change as compared to control), reduction of 
proliferation (from 23% to 40% as compared to control) and cell cycle arrest in G2/M phase (from 
12.09% to 12.96% accumulation of the cells as compared to control). Also, it is worth mentioning that 
OSI-461 is both COX1 and COX2 independent.    
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Figure 10: Schematic representation of our model of NSAIDs mediated induction of apoptosis in 
human AML. NSAIDs lead to an induction of expression of the AP-1 transcription factors c-Jun, JunB and Fra2. This results in 
activation of GADDs and they that results in JNKs activation and consecutive induction of apoptosis.  

To find-out mode of action of NSAIDs in AML, AML cells were treated with above mentioned NSAIDs. 
For controls, cells were also cultured in DMSO alone as control by using same amounts of DMSO as of 
amount of NSAIDs, which was <0.1% of the final concentration. Our results confirmed the earlier 
studies that NSAIDs induce apoptosis and reduction of proliferation (Zerbini et al., 2006).  The 
expression of MDA-7/IL-24 was increased when AML cells was treated with OSI-461 (2.2 to 60.3 fold 
change), but not with Sulindac Sulfide and Diclofenac.  

MDA-7/IL-24 is a cytokine and belongs to the IL-10 family of cytokines. In recent investigations on 
treatment of maligned solid tumours it was proved that MDA-7/IL-24 causes the growth suppression 
and apoptosis in cancer cells but not in normal cells. MDA-7/IL-24 is considered as a potent anti-
neoplastic with high efficacy (Rahmani et al., 2010; Yang et al., 2011). Various studies have been carried 
out to examine the expression of MDA-7/IL-24 via adenoviral vector carrying the MDA-7 gene (Ad-
MDA-7) (Otkjaer et al., 2010). The transfer of MDA-7/IL-24 through adenovirus is related to the 
immune reaction and it cannot deliver satisfactory levels of MDA-7/IL-24 (Sauane et al., 2008). Our 
results indicate that the level induction of MDA-7/IL-24 through OSI-461 is higher and could have fewer 
side effects than the adenoviral vector therapy as induction of MDA-7/ IL-24 is through the drug rather 
than adenoviral vector carrying the MDA-7 gene.    
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G2/M checkpoint is important as it prevents the cell with damaged DNA from entering mitosis (M-
phase) and further cell division and proliferation. In AML there is a rapid increase in number of 
undifferentiated myeloid cells, which have a defective genomic DNA. In present study, G2/M arrest was 
observed in OSI-461 treated AML cells. OSI-461 treated AML cells were accumulated in the G2/M phase 
of the cell cycle. Initiation of apoptosis in NSAIDs treated cells was also observed. Above described data 
indicates the return of the cells towards normal cell cycle and apoptosis rather than escaping it.  

Induction of MDA-7/IL-24 is not affected in case of Sulindac Sulfide and Diclofenac treated AML cells. 
To investigate the mechanism involved in Sulindac Sulfide and Diclofenac mediate effects on AML, 
comprehensive protein and gene expression profiling of Diclofenac treated AML cells was done. There 
was an increased expression of CASPASE-3 precursor and other related proteins which function in 
cellular structure and metabolism. Re-organization of the cellular structure and high rate of metabolism 
is associated with the differentiation and apoptosis (Cohen and Chen, 2008; Grzanka et al., 2003; 
Launay et al., 2003; Rebillard et al., 2010). CASPASE-3 is a key molecule of MAPK/JNK pathway and it 
plays an important role in induction of apoptosis after NSAIDs treatment (Senthivinayagam et al., 
2009). These observations were further verified by flow cytometric analysis.  

Gene expression data revealed that the expression of the MAPK/JNK pathway is the target of NSAIDs 
treatment. GADD45α, which is an upstream target of MAPK/JNK pathway, was significantly up-
regulated in NSAIDs treated AML cells. GADD45 family plays an important role in proliferation and 
apoptosis in the cancer (Takekawa and Saito, 1998). The GADD45 is critical in activation of JNK and 
inhibition of CDK1. In most of the cancers GADD45α is down-regulated (Zerbini et al., 2006). 

MAPK/JNK pathway is known to cause activation of c-Jun NH2-terminal Kinase (JNK) which in turn 
increases expression of c-Jun. The activation of this pathway can lead to activation of JNK with 
increased phosphorylation of c-Jun. The phosphorylation of c-Jun by the MAPK / JNK pathway, initiates 
Caspases-3 dependent apoptosis pathway (Johnson and Lapadat, 2002; Takada et al., 2008) (Figure 9). 
MAPK / JNK pathway is related to mechanisms causing apoptosis. In line with these observations, 
MAPK / JNK pathway was the most significantly altered pathway in response to the NSAIDs treatment.  
The NSAIDs treatment up-regulated MAPK / JNK pathway and there was an activation of apoptosis in 
AML cells.  This proved that activation of this pathway is important for NSAIDs related effects.   

JNK is also known for its role in repression of basal transcription level of p53 oncogene which down-
regulate the expression of p21cip1 (Cripe et al., 2002). p21cip1 has been linked to cell cycle arrest (Tuder 
et al., 2008). Effect of inhibition of JNK on rate of apoptosis in NSAIDs treated AML cells was studied by 
the addition of JNK inhibitor in cell culture medium.  Addition of JNK inhibitor resulted in significant 
decrease of the apoptosis rate in AML cells (26% to 50% decrease).  

Treatment of primary AML cells with Sulindac Sulfide lead to an increased expression of cell surface 
differentiation markers like CD11b, CD14, CD15 and CD114 (at-least by 1.5 fold change respectively) 
after 48 hours. CD11b is a maturation marker i.e. mature granulocytes and macrophages express the 
high levels of CD11b. CD14 is a marker molecule for monocytes and macrophages. CD15 is a marker for 
the identification of granulocyte cells. CD114 is granulocyte colony stimulating factor (G-CSF) receptor. 
G-CSF is known to play a significant role in the hematopoietic cell differentiation into granulocytes. 
Under normal conditions, 10 days are required post G-CSF or GM-CSF treatment for induction of 
myeloid differentiation markers like CD11b, CD14, CD15 and CD114. But in present study expression of 
these cell surface differentiation markers was observed under normal conditions without addition of G-
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CSF or GM-CSF and after 48 hours only with the addition of NSAIDs. Differential expression of the 
myeloid differentiation markers in our study is a significant observation and it was complementary to 
the results that NSAIDs treatment caused apoptosis in AML cells.  

Further the genes which were differently expressed in the human micro-array were verified by the 
quantitative real time PCR. Expression level of differential expressed genes, GADD45α was 1.1 to 77.2 
and GADD45γ 0.8 to 39.8, c-Jun 3.34 to 99.41, JunB 1.49 to 15.83 and Fra-2/FosL2  1.66 to 4.82 fold 
respectively as compared to control in quantitative real time PCR.  

Another observation of this study was the activation of AP-1 family transcription factors. In NSAIDs 
treated AML cells, c-Jun and JunB were up-regulated. Both of the genes are known for their important 
role in Leukaemia. c-Jun and JunB in mice animal model studies are known to be associated with PU.1 
(Steidl et al., 2006). When transcription factor PU.1 is knockdown in mice, it leads to AML.  Restoration 
of c-Jun and JunB expression in the PU.1 knockdown mice cells initiates differentiation and prevents the 
proliferation of the cells. In agreement with the animal model study, it was observed that when c-Jun 
and JunB were re-expressed in the AML cells without treatment, there was induction of apoptosis.  

Expression of Fra2/FOSL2, another AP-1 family member was also observed in our study. Fra2/FOSL2 
forms heterodimer with Jun family members (Shaulian, 2010). When AML cells were transfected with 
GADD45α or AP-1 family transcription factor, they have induced apoptosis in heterodimer state (1.52 
to 2.1 fold increase in apoptosis rate). Transfection of AML cells with AP-1 family heterodimer was able 
to increase the expression level of GADD45α (9.87 to 133.5 fold respectively). With knockdown of the 
JunB+Fra2/FosL2 with shRNAi, rate of apoptosis was decreased (0.76 to 1.37 fold decrease in apoptosis 
rate). This observation indicated that more than one transcription factor is required for the initiation of 
the apoptosis and it can be achieved by NSAIDs treatment. It was also observed that AP-1 transcription 
factors and GADD45 interact and induced apoptosis after NSAIDs treatment.   

NSAIDs treatment of AML cells was responsible for apoptosis in leukemic cells even with complex 
aberrant karyotypes like, FLT3-ITD mutations, MLL-mutations and recurrent translocations such as t 
(15; 17). No expression of p38 or NF-κB was observed. NF-κB is known for its role in cancer by helping 
the leukemic cells to escape from programmed cell death or apoptosis. Expression of NF-κB leads to 
repression of GADDs and inhibition of NF-κB leads to consecutive expression of JNK thereof, apoptosis 
in AML cells (Zerbini et al., 2004). Similar observations were also made in this study confirming the 
important role played by NSAIDs treatment of the AML cells.  

Under the present set of experimental conditions it was observed that after NSAIDs treatment of AML 
cells there was an activation of AP-1 transcription factors i.e. c-Jun, JunB and Fra-2/FosL2. This 
activation of AP-1 family members induced GADD45 transcription factors. GADD45 further activates 
JNK. The activation of JNK initiated apoptosis and myeloid differentiation (Figure 10). 

In OSI-461 treated cells initiation of apoptosis was in agreement with earlier studies on MDA-7/IL-24. 
Clinical trials of phase I and phase II, confirmed that OSI-461 was almost free of any major side effects. 
Minor side effects like fatigue were reported. No haematopoietic toxicities were reported even when 
doses between 200 and 800 mg OSI-461 twice daily were given (O'Bryant et al., 2009).  

In-vitro observations of OSI-461 treated cells do not show any significant clinical benefits to the 
patients suffering from solid tumours like colorectal carcinoma, lung or prostate cancer (O'Bryant et al., 
2009; Resta et al., 2011). Apparent dissimilarities might be due to fact that, the amount of OSI-461 
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used in those studies was up-to 10 µM which is far more than the achievable plasma concentration in 
patients. In humans achievable plasma concentration of OSI-461 is 2.5 µM (O'Bryant et al., 2009).  

The dose response curve (killing curve) showed that initiation of apoptosis in AML cells started at 0.75 
µM concentration of OSI-461 and after 36 hours of treatment. Therefore, AML cells were treated with 1 
µM of OSI-461 for 48 hours. 1 µM concentration of OSI-461 is easily achievable steady-state 
concentration in humans. A consistent and significant induction of apoptosis was observed after 1 µM 
of OSI-461 treatment.  

Higher availability of OSI-461 in AML than in solid tumours can be explained as - AML is a disease of 
blood and originates from bone marrow. Environment of bone marrow is more accessible to relevant 
drug concentrations than cancer cells from solid tumours. In a previous study it was shown that 
intensive chemotherapy has no benefit for patients aged over 60 years (Knipp et al., 2007). OSI-461 can 
be a safe drug for elderly patients who are resistant to chemotherapy or with high-risk AML like FLT3-
ITD. OSI-461 can also be an additional or alternative drug for patients suffering from MDS, for whom 
high dose chemotherapy is not recommended and they are resistant to normal treatment.   

Treatment of normal CD34+ cells from healthy donors with OSI-461 has induced apoptosis, but these 
effects were only transient and when after initial 48 hour treatment the cells were transferred to 
medium without OSI-461 they overcame effects of drug and started their normal proliferation. 
Whereas AML CD34+ cells treated with OSI-461 1 µM was not able regain their proliferative potential 
when after initial 48 hour treatment they were placed in a medium free of OSI-461, even up-to 8 days. 
This phenomenon is relevant and very important in leukaemia as there is always a need to protect 
normal healthy stem and progenitor cells. Protection of the healthy cells is essential for recovery after 
therapy.     

In the present study an increase in the rate of apoptosis after NSAIDs treatment in various primary 
CD34+ AML cells and in AML cell lines was observed. Freshly obtained samples from patients, indicated 
that above mentioned MAPK / JNK pathway in association with GADDs can cause apoptosis after 
NSAIDs treatment in various types of AML. The expression of GADDs along with AP-1 family could be a 
common reason for the increase in apoptosis due the NSAIDs treatment.  

For patients suffering from AML, NSAIDs can bring new hope but nerveless NSAIDs can-not be 
suggested as the single agent for the treatment. Rather they can be thought of as compliment to the 
conventional drugs. NSAIDs may increase action of the conventional drugs and thus, saving 
susceptibility to cytotoxic effects. This study can be useful in future for the designing of the novel 
chemo-preventive agents or novel agents which can target pathways specifically activated through 
NSAIDs in AML.  
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