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ABSTRACT 
 

Leukemia, a heterogeneous group of hematological malignancies, continues to cause 

significant morbidity and mortality despite decades of research and development. 

Chromosomal aberrations are the main cause of leukemia and lead to the generation of 

fusion/chimeric genes, resulting in activation of proto-oncogenes and suppression of 

tumor-suppressor genes. Incidence of different aberrations associated with different 

leukemias varies in different regions of the world and the data from population based 

studies in South Asia, including Pakistan, are lacking. The expression of chimeric/fusion 

genes can be detected using sensitive molecular methods like reverse transcriptase 

polymerase chain reaction (RT-PCR) and dot blot hybridization. In this study, classic 

BCR-ABL t(9;22) variants (e13a2 and e14a2) were detected in 96% of CML patients, 

while one of the patient possessed a unique e13-1a BCR-ABL variant. A total of 68 

patients of paediatric ALL, were screened by RT-PCR to determine the relative frequency 

of t(9;22), t(12;21), t(1;19), and t(4;11,). Translocation (9;22) was seen in 2/68 (3%) and 

t(1;19) in 2/68 (3) children. Seven children showed t(12;21) while 8 showed t(4;11) 

translocations. In AML patients, t(8;21) was found in 4/21 patients while t(1;19) was seen 

in only one of the patient out of 21 screened. Thus, there appears to be a significant under 

representation of the fusion transcripts for TEL-AML, a good prognostic marker, in this 

study, unlike in the West, where it is seen in 35% of children with ALL. This, together 

with the generally increased leukemic burden seen in Pakistani patients, may explain in 

part, the poor treatment outcome reported.  

Conventional therapeutic approaches for leukemias include chemotherapy, radiation 

therapy, interferon therapy, stem-cell transplantation and surgery but their application is 

limited due to their side effects. The advent of RNA interference (RNAi) technology has 

opened the door to previously unrefined methods of therapeutic interventions. Gene 

targeting of the chimeric genes by small interfering RNA is an ideal way to kill tumor 

cells specifically, while leaving the normal cells unaffected. In case of CML, the over-

expressed protein, tyrosine kinase, from BCR-ABL fusion genes, trigger malignant 

transformation and abnormal proliferation of the cells. Although targeting the BCR-ABL 

tyrosine kinase activity by imatinib mesylate has rapidly become first-line therapy, drug 

resistance suggests that combination therapy directed to a complementing target may 

significantly improve treatment results. To identify such potential targets, we used 



 
 

x 
 

lentivirus-mediated RNA interference (RNAi) as a tool for functional genomics in human 

leukemic as well as murine hematopoietic cell lines. Expression of STAT1 and STAT3 

proteins was successfully knocked down using specific shRNAs targeting STAT1 and 

STAT3 mRNA. RNAi-mediated reduction of STAT1 and STAT3 protein expression 

inhibited BCR-ABL–dependent (K562) but not cytokine-dependent (32D) cell 

proliferation. The data indicate that BCR-ABL expression may affect the function of 

normal signaling molecules. Targeting these molecules may harbor significant therapeutic 

potential for the treatment of patients with CML. 
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INTRODUCTION AND REVIEW OF LITERATURE 

Leukemia is a form of cancer that affects blood-forming tissues such as bone marrow and 

is associated with uncontrolled growth of white blood cells (Leukocytes). Under normal 

circumstances, blood-forming or hematopoietic cells of the bone marrow make 

leukocytes to defend the body against infectious organisms such as viruses and bacteria. 

If some leukocytes are damaged and remain in an immature form, they become poor 

infection fighters, multiply excessively and do not die off, as they should under normal 

physiological environment. This condition results in excessive level of non-

functional/immature leukocytes and is called leukemia (Bench et al., 2005).  

Overproduction of leukemic cells compromise physiological functionality of several other 

circulatory cells such as oxygen-carrying potential of red blood cells (erythrocytes) and 

blood-clotting associated platelets. Furthermore, continuous production of leukemic cells 

overwhelm the bone marrow, enter the bloodstream, and eventually invade other parts of 

the body, such as the lymph nodes, spleen, liver, central and peripheral nervous systems. 

In this way, pathogenesis of leukemia is quite different than other cancers, which usually 

begin in major organs and ultimately spread to the bone marrow (Greaves and 

Wiedemann, 2002).  

Leukemia is one of the leading cause of morbidity and mortality worldwide. The 

incidence of leukemia is highest among whites and lowest among American 

Indians/Alaskan natives. Incidence of leukemia ranges between 10-18 per 100,000 

persions per year worldwide with a little male dominance, while, the mortality rate is 5-9 

per 100,000 per year (www.health.sa.gov.au). The incidence rate of childhood leukemia 

varies internationally, between 0.4-4 per 100,000 per year, with the lowest rates being 

recorded in black African children (Parkin et al., 1998). The data from population based 

studies on the incidence of leukemia in South Asia, including Pakistan, are lacking. 

Estimated incidence in Pakistani population is 11 per 100,000 per year 

(www.wrongdiagnosis.com/l/leukemia/stats-country.htm). As far as the prevalence is 

concerned, leukemia is the second most prevalent form of cancer after breast cancer in 

Pakistani population. In children, leukemia is the most common type of cancer and 

prevails up to 36 percent of all childhood cancers 

(http://www.shaukatkhanum.org.pk/research.htm). 
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1.1 Classification of leukemias  

Although several classification systems exist for classifying leukemia, however, based on 

degree of disease progression, the two major forms are acute and chronic. Acute leukemia 

is fast-growing and can overwhelm the body within a few weeks or months. The new or 

immature cells, called blasts, remain immature and cannot perform normal physiological 

functions. Due to longer half life these cells continue to rise in circulation.  

In contrast, chronic leukemia progresses slowly. The blood-forming (hematopoietic) cells 

of acute leukemia remain in an immature state, so they reproduce and accumulate very 

rapidly. In chronic leukemia, there are some blast cells present, but they are more mature 

and are able to perform some of their functions. They remain in the bloodstream much 

longer than normal white blood cells, and they are unable to combat infection well. The 

cells grow more slowly, and the number increases less quickly, so the disease progresses 

gradually. Acute leukemia is fast-growing and can overrun the body within a few weeks 

or months.  

Leukemia is also classified according to the type of affected cell-types. If the abnormal 

white blood cells are primarily granulocytes or monocytes, the leukemia is categorized as 

myelogenous, or myeloid, leukemia. On the other hand, if the abnormal blood cells arise 

from bone marrow lymphocytes, the cancer is called lymphocytic leukemia. Of 

importance, combining these two classification system the four major types of leukaemia 

are: 

a. Acute lymphocytic leukemia (ALL);  

b. Acute myelogenous leukemia (AML)  

c. Chronic lymphocytic leukemia (CLL) and 

d. Chronic myelogenous leukemia (CML). 

1.1.1 Acute lymphocytic leukemia (ALL) 

ALL is characterized by the overproduction and continuous multiplication of malignant 

and immature white blood cells (also known as lymphocytes) in the bone marrow, from 

where, malignant cells spread into the bloodstream and other vital organs quickly. 'Acute' 

refers to the undifferentiated, immature state of the circulating lymphocytes (blasts), and 
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that the disease progresses rapidly with life expectancy of weeks to months if left 

untreated. ALL is the most frequent neoplastic disease in children with an early peak at 

the age of 3 to 4 years. The incidence in adults ranges from 0.7 to 1.8/100,000 per year. 

ALL is largely a pediatric disease, usually appearing in children who are under 10 years 

of age (Hoelzer and Burnett, 2002).  

1.1.2 Acute myeloid leukemia (AML)  

AML, also known as acute non-lymphocytic leukemia, represents a group of clonal 

hematopoietic stem-cell disorders in which both failure to differentiate and over 

proliferation into the stem-cell compartment result in the accumulation of myeloblasts 

(Stone et al., 2004). AML is the most common adult form of leukemia, affecting nearly 5 

in every 100,000 people each year. It represents approximately 15% of all adult 

leukemias and account for less than 5% of all childhood leukemias (Mughal and 

Goldman, 1995; Silver, 2003). The prevalence frequency of AML is quite low among 

children and 90 per cent of patients are adults above 15 years. The incidence increases 

after the age of 15 and the peak incidence is above the age of 60 years (Hoelzer and 

Burnett, 2002).  

1.1.3 Chronic lymphocytic leukemia (CLL) 

The name chronic lymphoid leukemia refers to a heterogeneous group of conditions 

associated with the production and accumulation of abnormal lymphocyte in the 

peripheral blood. The surface antigen phenotype of the neoplastic cells divides the CLL 

into those derived from a B-lymphocyte precursor and the less common disorders derived 

from a T-lymphocyte precursor (Singer and Goldstone, 2002). The prevalence of B-cell 

CLL is very high in Europe and North America, where it accounts for 30 to 40 per cent of 

all leukemias diagnoses (Finch and Linet, 1992). The incidence of CLL is much lower in 

the Far East (5-10 per cent of all leukemias). The annual incidence of CLL is 2.5 per 

100,000 in Western countries (Dighiero et al., 1991) while in Pakistan incidence is about 

3 per 100,000 and it affects twice as many males as females. CLL is usually diagnosed in 

patients aged between 60 to 80 years with a median age between 65-70 years. 
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1.1.4 Chronic myeloid leukemia (CML) 

CML is a myeloproliferative, stem cell disorder, characterized by clonal expansion of a 

primitive pluripotent stem cell that has the capacity to differentiate into the myeloid, 

monocyte, megakaryocyte, and erythrocyte lineages. CML is associated with reciprocal 

translocation between chromosome 9 and 22. This chromosomal abnormality is usually 

referred to as Philadelphia (Ph) chromosome, named after the city where this was initially 

discovered. The chromosomal translocation in Ph disorder is associated with systemic 

encoding of fusion protein exhibiting tyrosine kinase activity. This elevated expression of 

tyrosine kinase leads to uncontrolled cell growth, a hallmark of CML (Goldman and 

Melo, 2003). Cells exhibiting CML phenotype survive longer than their normal 

counterparts, as a result of a defective apoptotic response to stimuli that would otherwise 

lead to physiological cell death (Bedi et al. 1994).  

The incidence of CML in world is about 1.0 to 1.5/100,000 of population per annum 

(Sawyers, 1999) and represents approximately 15 per cent of all adult leukemias (Mughal 

and Goldman, 1995). With the possible exception of Far East there appears to be no 

geographical variation in the incidence of CML; the prevalence appears to be slightly 

high in China, particularly in Hong Kong (Deininger and Druker, 2003). The average age 

of onset of disease is 40 to 50 years and there is slight male excess.  

1.2 Molecular basis of leukemias 

The development of leukemia is associated with a remarkable variety of molecular 

genetic changes, including gain(s) and loss(es) of chromosomes, point mutations, gene 

deletions, duplications, and gene fusions derived from chromosomal translocations 

(Greaves and Wiedemann, 2002). Chromosomal translocations are the hallmark of many 

leukemias and frequently lead to the generation of chimeric fusion oncoproteins that 

trigger malignant transformation.  

The majority of translocations are due to a reciprocal exchange between two different 

chromosomes and are associated with distinct hematological type of leukemia. These 

genetic alterations lead to either inappropriate expression, due to juxtaposition of new 

genetic element, or to the creation of a novel product with altered activity following the 

fusion of two separate genes. As a result of translocations, oncogenes (cancer-promoting 
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genes) on the chromosomes may be "switched on," while tumor suppressors (cancer-

preventing genes) may be switched off (Deininger et al., 2000).  

The Philadelphia chromosome in CML was the first example of chromosomal 

translocation involving chromosomes 9 and 22. Ph chromosome is associated with a 

fusion of breakpoint cluster region (BCR) on chromosome 22 and Abelson murine 

leukemia viral proto-oncogene (c-ABL) on chromosome 9. This translocation event leads 

to the generation of a hybrid BCR-ABL gene on chromosome 22 (Kurzrock et al., 1988). 

The Ph chromosome is an acquired cytogenetic abnormality present in all leukemic cells 

of myeloid lineage and in some B cells, and in a small proportion of T cells in CML 

patients (Posthuma et al., 1999).  

In 1845, the pathologists Bennett, Craigie, and Virchow independently described the 

disease CML (Bennett, 1845; Craigie, 1845; Virchow, 1845). The first significant clue to 

its pathogenesis came later, when in 1960 newly developed techniques for studying 

human cells in mitosis allowed Nowell and Hungerford to detect a consistent 

chromosomal abnormality, later termed as Ph chromosome and identified as 22q-, in 

persons with this disease (Nowell and Hungerford, 1960).  

Chromosome banding techniques identified Ph chromosome as resulting from a deleted 

chromosome 22 (Caspersson et al., 1970; O'Riordan et al., 1971). Using the same 

techniques, it was reported that the Ph chromosome is the result of a translocation 

involving chromosomes 9 (Rowley, 1973); the abnormality is now designated as 

t(9;22)(q34;q11). In 1980s, the Ph chromosome was shown to carry a unique fusion gene, 

termed BCR-ABL, the generation of which is now believed to be the principal cause of the 

chronic phase of CML (Bartram et al., 1983). 

Now-a-days it is well established that Ph chromosome translocation and/or its molecular 

correlates are detected in more than 95% of CML patients (Anguita et al., 1998), about 

2% of patients with AML, as well as in up to 5% of children (Russo et al., 1991) and 15% 

to 30% of adults with ALL (Sandberg, 1986). There are also cases of Ph-positive AML 

and acute non-lymphocytic leukemia.  

Since the discovery of BCR-ABL, many other chromosome aberrations with fusion genes 

have been and are being continually identified. The genes involved in the genetic 
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aberrations in acute leukemias play key roles in the development and function of 

lymphoid and myeloid cells. They frequently encode transcription factors, but also cell 

cycle regulators, signal transduction molecules, receptors, junctional regions of 

rearranged immunoglobulin (Ig) and T cell receptor (TCR) genes (Rabbitts, 1994; Look, 

1997). The well-defined chromosome aberrations with fusion gene transcripts associated 

with ALL are t(1;19)(q23;p13) with the E2A-PBX1 fusion gene (Nourse et al., 1990; 

Kamps et al., 1990), t(4;11)(q21;q23) with the MLL-AF4 fusion gene (Gu et al., 1992; 

Morrissey et al., 1993) and t(12;21)(p13;q22) with the TEL-AML1 fusion gene (Golub et 

al., 1995; Romana et al., 1995).  

The chromosomal aberrations associated with AML include t(8;21)(q22;q22) with the 

AML1-ETO fusion gene (Erickson et al., 1992; Miyoshi et al., 1993), t(15;17)(q22;q21) 

with the PML-RARA fusion gene (Kakizuka et al., 1991; De The et al., 1991), 

inv(16)(p13;q22) with the CBFB-MYH11 fusion genes (Liu et al., 1993) and 

rearrangements of MLL (Grimwade, 2001). In addition, mutations within genes such as 

the receptor tyrosine kinase are also found in AML patients, the most frequent of which is 

an internal tandem duplication (ITD) involving exon 14 and 15 of FLT3 gene (Gilliland 

and Griffin, 2002).  

The incidence of different translocations varies with age. For instance, MLL-AF4 

rearrangement can be detected in 50-70 percent of infant ALL cases while it prevails only 

5 percent of pediatric and adult ALL cases (Pui et al., 2004). Chromosomal aberrations 

associated with different types of leukemias and their incidences are listed in table 1.1.  

1.3 Causative agents 

Although in most cases, there appears to be no predisposing factors or triggering 

mechanisms, there is a weakly associated risk of developing leukemia following exposure 

to high doses of irradiation [IR] as occurred in survivors of the Hiroshima and Nagasaki 

atomic bombs in 1945 (Kato and Schull, 1982; Silver, 2003). Moreover, BCR-ABL fusion 

transcripts can be induced in hematopoietic cells by exposure to high-dose radiations in 

vitro (Deininger et al., 1998; Corso et al., 1995). Such IR-induced translocations may not 

be random events but may depend on the cellular background and on the particular genes, 

involved. 
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Table 1.1 Incidence of different chromosomal aberrations involved in leukemia 

 

Sr. 

No. 

Chromosomal 

aberration 
Genes involved 

Leukemia 

type 
Global incidence 

1 t(22;9)(q11;q35) BCR-ABL CML 95 % 

2 t(22;9)(q11;q34) BCR-ABL ALL 2-5 % 

3 t(1;19)(p13;q23) E2A-PBX1 

ALL/AML 

5 % 

4 t(12;21)(p13;q22) TEL-AML1 20-25 % 

5 t(4;11) (q21;q23) MLL-AF4 
50-70 % infant ALL 

5 % pediatric ALL 

6 t(15;17)(q22;q21) PML-RARA AML/APL Most of APL 

7 inv(16)(p13;q22) CBFB-MYH11 

AML 

10 % 

8 t(8;21)(q22;q22) AML1-ETO 8-12 % 

9 itd(13)(q12) FLT3-ITD 17-34 % 
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Several other risk factors strongly associated with onset of leukemia are age, viral 

infections e.g. human T-cell leukemia virus (HTLV), genetic factors, radiotherapy and 

other medical therapy e.g. use of the antibiotics. A small number of families with a high 

incidence of disease have been reported (Greaves, 1996) but the familial link is yet to be 

established. Nevertheless, it is extremely difficult to incriminate any etiological factor in 

an individual with leukemia.  

Recently, a 76-kb duplicon (a two-copy DNA repeat sequence) was identified on 

chromosome 9 near the ABL gene and on chromosome 22 near the BCR gene; it may be 

implicated in the translocation, but the mechanism is purely speculative (Saglio et al. 

2002). 

1.4 Philadelphia chromosome: The BCR-ABL translocation 

1.4.1 Molecular biology of the BCR-ABL translocation 

The BCR and ABL genes are ubiquitously expressed in normal tissues, but their precise 

functions are not well defined. The ABL gene is the human homologue of the v-ABL 

oncogene carried by the Abelson murine leukemia virus (A-MuLV) (Abelson and 

Rabstein, 1970) and it encodes a non-receptor tyrosine kinase. The ABL gene contains 11 

exons spanning over 230 kilobases (kb). The breakpoint along ABL is fairly constant and 

is usually located just upstream of exon a2 so that almost the entire ABL sequence is 

transposed into BCR on chromosome 22. Human ABL is a 145-kDa protein with two 

isoforms arising from alternative splicing of the first exon (Laneuville, 1995). Normal 

ABL protein is involved in the regulation of the cell cycle (Kipreos and Wang, 1990; 

Sawyers et al., 1994), in the cellular response to genotoxic stress, (Yuan et al., 1999) and 

in the transmission of information about the cellular environment through integrin 

signaling (Lewis and Schwartz, 1998; Van Etten, 1999).  

The translocation partner from chromosome 22 was termed BCR for breakpoint cluster 

region, since DNA breaks occurred in a relatively small genomic region (Groffen et al., 

1984). The 160-kDa BCR protein, like ABL, is ubiquitously expressed (Laneuville, 1995). 

The breakpoint locations on the BCR gene are far more variable. The first breakpoint that 

was identified is located between exons 12 and 16 (historically referred to as b1 to b5), 

extends over 5.8 kb and is called the major breakpoint cluster region (M-BCR). The 
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breakpoint locations fall either 5' between exons b2 and b3 or 3' between exons b3 and 

b4. Later, however, in Ph-positive cases of ALL, a second breakpoint cluster region was 

identified that is located upstream of M-BCR, adjacent to exon e1, and is called minor 

breakpoint cluster region (m-BCR) of BCR (Pasternak et al., 1998). Generally the break 

occurs within introns located between exons e13 (b2) and e14 (b3) or exons b3 (e14) and 

b4 (e15) and translocates to ABL exon 2 resulting in b2a2 (e13a2) or b3a2 (e14a2) BCR-

ABL mRNAs (Deininger et al., 2000). As a result, a 5' portion of BCR and a 3' portion of 

ABL are juxtaposed on a shortened chromosome 22 (the derivative 22q, or Ph 

chromosome).  

The BCR-ABL mRNA encodes a 210-kDa oncoprotein, a novel fusion protein usually 

referred to as p210BCR-ABL, a misregulated ABL kinase in which the translocation causes 

replacement of the endogenous autoregulatory domain with erroneous coding sequences 

from BCR (Benson et al., 2006). Transposition of ABL sequences into m-BCR generates a 

more truncated version of BCR-ABL (e1a2) that yields a smaller protein of only 190 KDa 

referred to as p190BCR-ABL. Both p190BCR-ABL and p210BCR-ABL are characterized by an 

abnormally high and constitutively active tyrosine kinase activity. Although there is a 

strong preference for the expression of BCR-ABL p210 in CML, many patients can 

produce variable amounts of BCR-ABL p190. 

Other variant breakpoints and fusions can give rise to full-length, functionally oncogenic 

BCR-ABL proteins, notably p230BCR-ABL associated with the rare e19a2 Ph-positive 

chronic neutrophilic leukemia (Pane et al., 1996), but they are rather rare in classic CML 

(Melo et al., 1994; Melo, 1996).  The location of break points on BCR and ABL genes and 

variant BCR-ABL translocations are shown in Figure 1.1. Occasional cases with other 

junctions, such as e13a3, e14a3, e1a3, e6a2 (Melo, 1997), or e2a2 (Leibundgut et al., 

1999), have been reported in patients with ALL and CML. Interestingly, ABL exon 1, 

even if retained in the genomic fusion, is never part of the chimeric mRNA. Thus, it must 

be spliced out during processing of the primary mRNA; the mechanism underlying this 

apparent peculiarity is unknown.  

Based on the observation that the ABL part in the chimeric protein is almost invariably 

constant while the BCR portion varies greatly, one may deduce that ABL is likely to carry 

the transforming principle whereas the different sizes of the BCR sequence may dictate 

the phenotype of the disease (Deininger et al., 2000). Subtle differences in the biological 
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effects of the various BCR-ABL fusions may be crucial to disease phenotype. The 

prognostic significance of these abnormalities is largely unclear. 

1.4.2 Molecular physiology of the BCR-ABL translocation 

In the study of CML, of paramount importance, was the discovery that the protein derived 

from chimeric BCR-ABL gene had protein-tyrosine kinase (PTK) activity that was 

deregulated compared with normal ABL and correlated with its ability to transform cells 

to a malignant phenotype (Lugo et al., 1990). In 1990, several groups reported that a 

CML-like disease could be induced in mice transplanted with bone marrow infected with 

BCR-ABL retrovirus (Daley et al., 1990; Heisterkamp et al., 1990). This proved that BCR-

ABL is the causative agent and not just a marker of the disease.  

The leukemogenic potential of BCR-ABL p210 resides in the fact that the normally 

regulated tyrosine kinase activity of the ABL protein is constitutively activated by the 

juxtaposition of alien BCR sequences. BCR acts by promoting dimerization of the 

oncoprotein, such that the two adjacent BCR-ABL molecules phosphorylate each other on 

tyrosine residues in their kinase-activation loops (McWhirter et al., 1993; Smith et al., 

2003). 

One of the most striking differences between the normal ABL protein and BCR-ABL is in 

their contrasting subcellular locations. The ABL protein is found in both the nucleus and 

the cytoplasm and can shuttle between these two compartments under the influence of its 

nuclear-localization signal (NLS) and nuclear-export signal (NES) domains, whereas 

BCR-ABL is exclusively cytoplasmic. Nuclear ABL is an essentially pro-apoptotic protein, 

playing a key part in the cellular response to genotoxic stress. BCR-ABL, in contrast, is 

largely anti-apoptotic and, although it retains the ABL nuclear-localization and nuclear-

export sequences, seems unable to enter the nucleus. The main reason the BCR-ABL 

protein is retained in the cytoplasm is its constitutively activated tyrosine kinase property 

(Vigneri and Wang, 2001).  

It has recently been shown that BCR-ABL also translocates to the nucleus in leukemia 

cells subjected to genotoxic stress and slows down DNA repair by interaction with 

effectors of the ataxia telangiectasia–related (ATR) protein, a phenomenon that may 

underlie the genomic instability of the CML clone (Dierov et al., 2002). 
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Figure 1.1 Location of the breakpoints in the ABL and BCR genes and structure of chimeric 

mRNAs. The major breakpoint cluster region (M-bcr) and the adjacent ABL exons (e14a2 

and e13a2) are shown. The e1 breakpoint is in the minor breakpoint cluster region (m-bcr). 
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The uncontrolled kinase activity of BCR-ABL then disrupts the physiologic functions of 

the normal ABL enzyme by interacting with a variety of effector proteins, the net result of 

which is dysregulated cellular proliferation, decreased adherence of leukemia cells to the 

bone marrow stroma, and reduced apoptotic response to mutagenic stimuli. 

Unfortunately, the relative contributions of these effects to the phenotype of chronic-

phase CML is still poorly understood (Deininger et al., 2000).  

1.5 Options for leukemia diagnosis 

Since the first association between cytogenetic change (Ph chromosome) and leukemia in 

the 1960s, cytogenetics and more recently, molecular genetics has played a critical role in 

the diagnosis and management of leukemias. Various chromosomal aberrations or their 

gene products are detectable by molecular methods such as Southern blotting, reverse 

transcription-polymerase chain reaction (RT-PCR), Western blotting and fluorescent in 

situ hybridization (FISH).   

The PCR-based techniques further confirms results obtained by conventional karyotyping 

like G-banding methods. RT-PCR has been used to predict chromosomal translocations 

associated with leukemias with high sensitivity and specificity. The BCR-ABL transcript 

can be easily detected using specific primers against BCR and ABL genes (Radich et al., 

1995). A vast majority of CML cases possess a classical p210-encoding BCR-ABL 

messenger RNA (mRNA) resulting from either an e13a2 and/or e14a2 junction (Chissoe 

et al., 1995), while majority of Ph positive ALL and AML cases possess p190-encoding 

BCR-ABL mRNA. Likewise, different translocations associated with ALL and AML can 

be detected using nested RT-PCR (van Dongen et al., 1999). Sensitivity of mutation 

detection can be increased using labeled probes through dot-blot or southern blot 

hybridization. 

1.6 Treatment options for leukemias  

There are several treatment options for controlling leukemia based status and severity. 

Several prognostic features, such as the patient's age and overall health are taken into 

consideration before deciding a particular treatment regimen. Overall, there are five major 

approaches to treat individuals suffering from leukemia: 
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1.6.1 Chemotherapy 

Chemotherapy for leukemia involves usage of strong anti-cancer drugs like hydroxyurea, 

busulfan, imatinib etc. These drugs are either used individually or in combination with 

other anti-leukemic agents based on disease status. Generally, anticancer drugs control 

abnormal growth of cells and particularly in leukemia that involves hematopoietic cells 

and the cells involved in immune system. Anti-leukemic therapy mediated reduction of 

circulatory immune cells (abnormal) is also associated with side effects. These include 

blood cells, which fight infection, help the blood to clot, or carry oxygen to all parts of the 

body. When blood cells are affected by anticancer drugs, patients are more likely to 

develop infections, may bruise or bleed easily, and may have less energy. There has 

always been an urgent need for selective anti-leukemic agents capable of controlling 

affected cells only. 

1.6.2 Interferon therapy 

Interferons are given as immunomodulatory therapeutic agents to slow down the 

proliferation of leukemia cells and promote the immune system's anti-leukemia activity. 

Possible IFN-related complaints include fevers, chills, muscle aches, bone pain, 

headaches, concentration difficulties, fatigue, nausea, vomiting, and general flu-like 

symptoms. These symptoms vary from mild to severe and occur among 50% of patients. 

A unique feature of all interferons is tissue damage at the site of injection.  

1.6.3 Radiation therapy 

Radiation therapy to kill cancer cells involves exposing patients to high-energy radiation. 

Potential side effects of radiation therapy are nausea, vomiting, and loss of appetite. 

These side effects are usually reversible. Children (especially young ones) who receive 

radiation to the brain may develop problems with learning and coordination.  

1.6.4 Stem cell transplantation  

Stem cell transplantation (SCT) is complemented with high doses of chemotherapy and 

radiation therapy. Stem cells continuously divide to form the new blood cells that 

populate the arteries and veins. Side effects due to SCT may occur shortly after treatment, 

or they may develop much later. Early complications usually are related to the cellular 
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injury caused by high-dose chemotherapy and radiotherapy (for example, temporary hair 

loss, anemia, leukopenia, thrombocytopenia, and gastrointestinal symptoms like nausea, 

vomiting, and diarrhea. Long-term or chronic complications may include chronic graft-

versus-host disease, irreversible sterility in men and women, endocrine (hormonal) 

system malfunction, bone marrow toxicity (poisonous damage) etc.  

1.6.5 Surgery 

Surgery is usually performed to remove an enlarged spleen or to install a venous access 

device (large plastic tube) to give medications and withdraw blood samples. Surgery is 

not a treatment option for leukemia due to the nature of disease. In leukemia cells are 

usually widespread throughout the body at the time of diagnosis, so they cannot be "cut 

out" like other forms of cancer. The primary danger of splenectomy, especially in people 

with compromised immune systems, is infection in the blood or tissues (sepsis).  

1.7 Treatment options for CML 

CML is unusual among leukemia in that expression of a single oncogenic product 

(tyrosine kinase) has been identified as having a central role in its pathology. Although 

CML belongs to the best-characterized neoplastic diseases, molecular and cellular studies 

have not yet achieved a decisive step towards the ex vivo removal of leukemic stem cells 

or to the large-scale production in vitro of normal hematopoietic cells. CML treatment 

options can broadly be divided into stem cell transplantation and non-transplant based 

therapies, which include oral chemotherapeutic agents, interferon-alfa (IFNα) and oral 

kinase inhibitor. Treatment choice depends on the phase of the disease (chronic, 

accelerated or blast), the age of the patient and availability of suitable stem cell donor.  

1.7.1 Chemotherapy 

Chemotherapeutic drugs such as hydroxyurea and busulfan can normalize the blood count 

for a period of time, but they do not increase survival (Hehlmann et al., 1994). They often 

are used to control blood counts in patients who cannot undergo stem cell transplantation 

(SCT) or who do not respond to interferon therapy because of age or medical 

considerations. These drugs attack healthy cells as well as cancer cells, leaving patients 

with unpleasant and often severe side effects. Sadly, CML is not yet curable by standard 

methods of chemotherapy or immunotherapy.  
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1.7.2 Interferon therapy 

Interferon-α was introduced as a therapy for CML in 1980s and in contrast to 

chemotherapeutic drugs, interferon-α produced sustained cytogenetic responses in up-to 

one-third of patients (Talpaz et al., 1991). The cytogenetic remissions induced by 

interferon are durable in a proportion of patients, sometimes even after discontinuation of 

the agent (Bonifazi et al., 2001). Although, BCR-ABL mRNA can still be detected 

through RT-PCR, these long-lasting remissions amount to a biological although not 

molecular cure of the disease. 

1.7.3 Bone marrow transplantation 

The only curative therapy is transplantation of allogeneic bone marrow or peripheral stem 

cells from Humann Leukocyte Antigen (HLA)-identical siblings or HLA-compatible 

unrelated donors (Savage and Goldman, 1997). Long-term disease-free survival is in the 

range of 50-80% (Savage and Goldman, 1997; Hansen et al., 1998) but allografting is 

limited to the patients who have a suitable donor and are medically fit to undergo the 

procedure, which involves high-dose chemotherapy and total body irradiation. Side 

effects due to transplantation may occur shortly after treatment, or they may develop 

much later. Early complications usually are related to the cellular injury caused by high-

dose chemotherapy and radiotherapy (for example, temporary hair loss, anemia, 

leukopenia, thrombocytopenia, and gastrointestinal symptoms like nausea, vomiting, and 

diarrhea. Long-term or chronic complications may include chronic graft-versus-host 

disease, irreversible sterility in men and women, endocrine (hormonal) system 

malfunction, bone marrow toxicity (poisonous damage) etc.  

1.7.4 Kinase inhibition 

The treatment of CML with the selective tyrosine kinase inhibitor imatinib mesylate 

(STI571 or Gleevec) has recently evolved as a new paradigm for molecular-defined 

anticancer therapy (Druker, 2004). It binds to the ATP domain of BCR-ABL preventing 

the phosphorylation of its substrates and thereby blocking the downstream signal 

cascades. Imatinib stimulates apoptosis of BCR-ABL positive cells without affecting 

normal stem cells. This inhibitor of the novel kinase has been highly successful in the 
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treatment of CML, resulting in up to 80% response rates in newly treated patients 

(ODwyer et al., 2003).  

Although superior to conventional drugs such as interferon and cytarabine (ara-C), there 

remain two major hurdles to successful therapy. Firstly, imatinib suppresses CML but 

does not eradicate all Ph chromosome-positive cells. CML cells which fail to respond to 

imatinib therapy act as a reservoir for disease (Ren, 2005). Imatinib therapy suppresses 

disease and induces remission but does not cure the leukemia and it remains a life-long 

treatment. Secondly, the emergence of resistance to imatinib therapy, especially in 

advanced disease, due to mutations in the BCR-ABL kinase domain limits the efficacy of 

the drug (O’Brien et al., 2003). Emergence of resistance has led to the development of 

second generation ATP- or substrate-competitive inhibitors that seem to overcome 

imatinib resistance for many but not all mutations (Shah et al., 2004; Gumireddy et al., 

2005). Independent of this rapid progress, imatinib mesylate, and perhaps second-

generation inhibitors as well, are not believed to cure CML, indicating some limitations 

of this exciting therapeutic approach (Ren, 2005). 

Other strategies for targeting cellular structures of neoplastic cells include large 

molecules such as antibodies, and the application of nucleic acid-based inhibitors of gene 

expression which include antisense oligonucleotides (ODNs), ribozyme, DNAzymes and 

RNA molecules mediating RNA interference (RNAi).  

1.7.5 RNA interference based therapeutics  

RNAi is a post-transcriptional mechanism of gene silencing through chromatin 

remodelling, inhibition of protein translation or direct mRNA degradation which is 

ubiquitous in cells (Dorsett and Tuschl, 2004). The chimeric BCR-ABL oncoprotein is a 

single causative abnormality in CML, making it a unique model for the development of 

molecular targets for disease control. Targeting of the BCR-ABL encoding mRNA is a 

promising strategy to eliminate the BCR-ABL-positive cells specifically, without any 

influence on the viability of BCR-ABL-negative cells. Gene targeting of the chimeric 

fusion by RNAi is an ideal way to kill tumour cells specifically, while leaving the normal 

cells unaffected (Cheng et al., 2003).  
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The term RNA interference was first introduced in 1998, after the discovery by Andrew 

Fire and collaborators that injection of long dsRNA into Caenorhabditis elegans led to 

efficient and specific gene silencing (Fire et al., 1998; Novina and Sharp, 2004). Since the 

description of RNAi in model organism, this gene-silencing technology has been 

developed into a widely used methodology in research as well as therapeutic interventions 

for different diseases especially cancers. A major break-through in biomedical research 

was the discovery that the delivery of short interfering RNA (siRNA) to mammalian cells 

cause sequence-specific gene-silencing by RNAi (Elbashir et al., 2001).  

RNAi is induced by exogenously introduced double-stranded RNAs (dsRNA), RNA 

viruses, transposons and endogenous short dsRNA (Huppi et al., 2005). However, in 

contrast to the situation in invertebrates, introduction of dsRNAs longer than 30 base 

pairs into mammalian somatic cells activates interferon responses, finally leading to a 

general inhibition of gene expression. Nevertheless, the identification of siRNAs, double-

stranded RNAs of 21 to 28 nucleotides in length, as intermediates of the RNAi process 

paved the way for applying RNAi in mammalian cells (Tuschl et al., 1999). Due to their 

short lengths, siRNA only rarely induce interferon responses, but cause an efficient and 

sequence-specific inhibition of gene expression.  

For RNAi to be widely used accepted technology as gene-silencing tool in human, 

significant technical challenges will need to be overcome. These challenges include 

developing efficient ways of designing, identifying and delivering effective siRNAs: 

specifically, improving the accuracy with which susceptible sites in the target RNA 

molecules can be identified, and obtaining inducible tissue- and cell-specific regulation of 

siRNA both in vitro and in vivo (Mittal, 2004). 

1.7.5.1 Basic mechanism of RNA-mediated gene-silencing 

RNAi is triggered by various types of molecules, including long dsRNAs, plasmid-based 

short hairpin RNAs (shRNAs) or endogenous hairpin micro RNAs (miRNAs) depending 

on the organism. These are processed by the ribonuclease-III activity of the evolutionarily 

conserved Dicer enzyme to generate 21–22-nt siRNAs (Elbashir et al., 2001; Bernstein et 

al., 2001). These siRNAs are then incorporated into a protein complex, known as the 

RNA-induced silencing complex (RISC), which in turn uses an ATP-dependent RNA-
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helicase activity to unwind the duplex siRNA into single-stranded siRNA (Nykanen et al., 

2001) (Figure 1.2). 

The antisense strand of the duplex siRNA guides the RISC to the homologous mRNA, 

where the RISC-associated endoribonuclease cleaves the target mRNA at a single site in 

the centre, which results in the silencing of the target gene (Martinez et al., 2002). 

Interestingly, miRNAs suppress the expression of partially complementary target mRNAs 

by inhibition of translation rather than mRNA degradation (Dykxhoorn et al., 2003). 

siRNA, shRNA and miRNA elicit RNAi through common biochemical pathways (Zeng 

et al., 2003). Despite these siRNA specificity and efficacy issues, the therapeutic potential 

of siRNAs for the treatment of various diseases is in principle very promising. 

1.7.5.2 siRNAs design and target selection 

Although gene-specific long dsRNAs can efficiently induce gene silencing in 

invertebrates, RNAi in mammalian somatic cells requires the identification of siRNAs. 

The efficacy and efficiency of an siRNA is dependent on both siRNA and target 

properties.  

Optimization of the design of siRNA to increase the likelihood that it will effectively 

degrade its target mRNA can be subdivided into three steps. The first is ensuring efficient 

loading of RISC by the antisense siRNA strand, the second insuring that the loaded 

siRNA has potential  to induce efficient target mRNA degradation, while the third is to 

select an mRNA target that is available for RISC binding. In addition, it is important to 

avoid ‘off target’ effects of the siRNA chosen by minimizing the potential of the siRNA 

to activate host cell defense pathways, such as the interferon response, that can be 

induced by dsRNAs and by avoiding siRNAs that bear significant homology to other, 

irrelevant host mRNAs (Mittal, 2004). 

Over time specific rules for siRNA design have been developed. Tuschl and colleagues 

(Elbashir et al., 2002) searched systematically for effective target sites on mRNAs and 

applied a set of rules for detecting 21 mer target sites, searching for distinct motifs on the 

target gene DNA coding sequence (cds).  
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Figure 1.2 RNAi-mediated gene silencing in mammals. The processing of long dsRNAs, hairpin 
microRNAs (miRNAs) or plasmid-synthesized shRNAs by Dicer leads to the formation of small 
interfering RNAs (siRNAs)-21–23-nucleotide RNA duplexes with symmetric 2–3-nt 3′ overhangs 
and 5′-phosphate groups. Exogenously provided synthetic siRNAs are converted into active 
functional siRNAs by an endogenous kinase that provides 5′-phosphate groups in the presence of 
adenosine triphosphate (ATP). siRNAs associate with cellular proteins to form an RNA-induced 
silencing complex (RISC), which contains a helicase that unwinds the duplex siRNA in an ATP-
dependent reaction. In theory, each of the siRNA strands can be incorporated into RISC and direct 
RNA interference (RNAi). The antisense strand of an siRNA can direct the cleavage of a 
corresponding sense RNA target, whereas the sense strand of an siRNA can direct the cleavage of 
an antisense target. An RNA with a perfect match to a target mRNA behaves like an siRNA and 
results in mRNA degradation, whereas an RNA with a partial match functions as an miRNA and 
causes translational repression. ORF, open reading frame (Adapted from Mittal, 2004). 
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Another step forward in the siRNA design was the work of Reynolds et al. (Reynolds et 

al., 2004). By experimentally analyzing the silencing efficiency of 180 siRNAs targeting 

the mRNA of two genes and correlating it with various sequence features of individual 

siRNAs, eight characteristics associated with siRNA functionality have been identified 

(Reynolds et al., 2004). They found, that e.g. a low GC content, a lack of internal repeats, 

an A/U rich 5' end and other features enhance the silencing effect of siRNA.  

Since then, various other siRNA design algorithms have been suggested, but a 

combination of Tuschl’s motif search criteria on the cds to find potential target sites and 

Reynolds scoring system for validating the efficiency of the potential siRNA has become 

the most accepted design method to find effective siRNAs. These designs require the 

generation of two 21-nucleotide (nt) sense and antisense oligo ribonucleotides that target 

a region in the gene to be silenced. It is important that each strand has 2-nt 3′-end 

overhangs. An example of siRNA would be: sense 5′-(N19)TT-3′and antisense 5′-

(N19)TT-3′,where N is any nucleotide. The use of 2′-deoxythymidines for the 2-nt 3′TTs 

has also been suggested as a way of safeguarding siRNAs from exonuclease activity. As 

an example, the design of an siRNA that targets the mammalian lamin A/C gene (LMNA) 

(Harborth et al., 2001) is shown below. 

 

Most of these parameters are aimed at promoting the assembly of the siRNA with the 

RISC, activation of the RISC and entry of the antisense strand into the RNAi pathway, 

followed by target-mRNA recognition and target-mRNA cleavage. The application of 

these rules significantly improves effective siRNA selection (Reynolds et al., 2004), by 

increasing the probability that relatively lower concentrations of siRNA will be able to 

specifically silence target genes in vivo.  

Although the rational designs have enhanced the ability to generate effective siRNAs, 

there are still many hurdles to be overcome in accurately predicting the siRNA that will 

be the most effective in gene silencing. For example, little is known about which region 

in the target mRNA is most accessible to the siRNA. To overcome this, it has been 
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suggested to experimentally screening out effective siRNAs from a panel of existing 

siRNAs that target many potential sites within a given mRNA. Also, it is important to 

perform BLAST homology search to avoid off-target effects on other genes or sequences 

and design negative controls by scrambling targeted siRNA sequence. The control RNA 

should have the same length and nucleotide composition as the siRNA but have at least 4-

5 bases mismatched to the siRNA.    

1.7.5.3 Delivery of siRNA to cells 

The efficient delivery of siRNAs into cells is a vital step in RNAi-based gene-silencing 

experiments and is more complicated in mammals than in nematodes. RNAi mediated 

gene silencing in human cells can be achieved by transfection, for example using 

liposome or electroporation of siRNA molecules, or by gene transfer using plasmid- or 

virus-based expression cassettes with RNA polymerase III promoter encoding dsRNA 

molecule. 

1.7.5.3.1 Exogenous delivery of siRNA molecules 

The easiest way to induce RNAi is the use of chemically synthesized siRNAs. In addition, 

siRNAs is generated by long dsRNAs in vitro via recombinant Dicer (Kawasaki et al., 

2003; Myers et al., 2003), by in vitro transcription using T7 RNA polymerase (Donze and 

Picard, 2002; Sohail et al., 2003), or through isolation from Drosophila embryo extracts 

(Holen et al., 2002). Classic transfection of siRNA duplexes into cells can be performed 

with various physical methods such as electroporation (Kishida et al., 2004; Scherr et al., 

2003b), or through liposome-mediated transfection (Wilda et al., 2002; Chen et al., 2005), 

and have been successfully used to target genes (Elbashir et al., 2001). However, these 

approaches are limited by the transient nature of the response and in some cases by lipid-

mediated toxicity. The advantage of a transient approach is the lack of cell adaptation to 

reduced target level and genes essential for cell proliferation can be targeted.  

In vivo delivery of chemically synthesized siRNAs to mice has been reported by injection 

into the tail veins and up to 90% down regulation of target mRNA has been achieved after 

a single siRNA injection (Lewis et al., 2002). In the liver, the RNAi effect persists for 

several days. However there is no single transfection method that can be successfully 

applied to all cell types under all experimental conditions. 
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1.7.5.3.2 Endogenous expression of shRNAs  

A major disadvantage of the application of siRNAs is the transient gene expression-

inhibiting effect. To overcome this limitation and obtain more effective and sustained 

gene-silencing, several siRNA expression systems have been developed (Donze and 

Picard, 2002).  

i. Plasmid based siRNA delivery 

The use of plasmids that harbor siRNA expression cassettes overcomes some of the 

limitations of exogenous delivery of siRNA molecules. Expression vectors with dual 

promoters that express the two strands of siRNA separately can be used (Miyagishi and 

Taira, 2002; Lee et al., 2002). However; a more efficient method is to express the siRNAs 

as a hairpin structure known as short hairpin RNAs (shRNAs).  

The shRNA is predicted to contain a perfectly double-stranded stem of 19 nt sequence 

homologous to the target mRNA, linked with a 6-9 nt spacer sequence to the reverse 

complement of the same 19 nt target-specific sequence. The synthesized RNA transcript 

folds back to its complementary strand to form a 19 base pair (bp) shRNA molecule, 

which is then processed by Dicer in vivo to a mature siRNA molecule and passed into the 

RNAi pathway (Brummelkamp et al., 2002a).  

Although it is possible to apply RNA polymerase II-driven promoters for expression of 

short transcripts in gene-silencing expression vectors (Malphettes and Fussenegger, 

2004), in most cases, the polymerase III (pol III) promoters, such as H1 and U6, are 

widely used for directing the expression of shRNAs, because it is active in all cell types 

and efficiently directs the synthesis of small, non-coding transcripts (which are 

structurally close to shRNAs) that bear well defined ends (Paul et al., 2002; Scherr et al., 

2005). The H1 and U6 promoters differ in size, but contain the same conserved sequences 

and apparently there is no significant difference in the efficiency of silencing induced by 

these promoters (Myslinski et al., 2001). By contrast, pol II promoters lack these 

properties and have therefore found limited use in mediating efficient gene silencing. 

The pol III-dependent promoters have a defined start of transcription and a termination 

signal consisting of five consecutive thymidine residues (Tuschl and Borkhardt, 2002), 
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thereby, it can be used to direct the synthesis of small RNA molecules of interest lacking 

a polyadenosine tail. Cleavage of the RNA transcript at the termination site occurs after 

the second uridine residue. Thus, the pol III promoters produce small RNA molecules that 

are similar to the ends of chemically synthesized siRNAs containing two 3-overhanging 

thymidine or uridine residues.  

The constitutive expression of plasmid-based shRNAs by pol III U6 and H1 promoters 

(Paddison et al., 2002b; Sui et al., 2002; Miyagishi and Taira, 2002; Scherr et al., 2005), 

tRNA promoters (Kawasaki and Taira, 2003), and RNA-pol-II-based CMV 

(cytomegalovirus) promoters (Xia et al., 2002; Shinagawa and Ishii, 2003) has been used 

successfully to obtain stable and efficient suppression of target genes.  

ii. Viral-vector based delivery 

Although the use of plasmid-based shRNA expression has quickly become the preferred 

method for targeted gene silencing, there are potential limitations. For example, the 

delivery of plasmid-expressed shRNA cells that are difficult to transfect, such as freshly 

isolated primary cells, neural cells, and stem cells, has been hampered by inefficient 

transfection protocols; as a result, cell lines that stably express shRNA cannot be 

established. The delivery of siRNA by viral transduction is one way to overcome these 

shortcomings.  

The introduction and stable integration of these shRNA-expression cassettes into the host 

genome can be efficiently achieved by using the Moloney murine leukemia virus 

(Paddison and Hannon, 2002; Liu et al., 2004), the murine stem-cell virus (Brummelkamp 

et al., 2002b; Hemann et al., 2003), or lentiviral (Rubinson et al., 2003; Stewart et al., 

2003; Qin et al., 2003; Scherr et al., 2003a) vector systems. By contrast, vector systems 

that are based on adenoviruses do not integrate into the host genome (Shen et al., 2003; 

Arts et al., 2003) and are therefore more suitable for RNAi-mediated human gene therapy. 

Adeno-associated virus vectors can be prepared at high titers and can integrate into a 

chromosome of nondividing cells, however, their small cloning capacities (up to 5 kb) 

curtail wider applications (Monahan and Samulski, 2000).  

The various viral delivery systems ensure broad tropism and guarantee that shRNA-

expression cassettes can be delivered into both transformed and primary mammalian 
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cells. Lentivirus-mediated delivery has added advantages over the others as this virus can 

efficiently integrate into the genome of non-dividing cells, such as stem cells or 

terminally differentiated cells, which are refractory to conventional retroviral infection. In 

addition, transgenes carried by lentiviral vectors are resistant to silencing (Pfeifer et al., 

2002). Indeed lentivirus-delivered siRNA has effectively suppressed GFP (Stewart et al., 

2003), the pro-apoptotic BIM1 (Bcl2-interacting mediator of cell death) gene and the gene 

encoding the IL2 receptor (CD25) (Rubinson et al., 2003). Inhibition of HIV-1 infection 

in human T cells by the lentivirus-mediated delivery of siRNA against CCR5 (the 

chemokine (C-C motif) receptor 5) (Qin et al., 2003) has generated tremendous 

excitement owing to the potential therapeutic application of virus-mediated RNAi 

delivery.  

These studies reinforce the need to test lentiviral delivery systems that are associated with 

infrequent insertional mutagenesis. Nevertheless, the suppression of cognate target genes 

by virus-mediated RNAi delivery has widespread use, which indicates the potential 

therapeutic applications of RNAi-based methods. New methods of delivering siRNAs or 

shRNAs are continuously in development and will continue to incorporate innovative 

features. 

1.8 Lentiviruses as siRNA delivering agents  

Before 1996 scientists relied mainly on modified retroviruses when gene transfer into the 

chromosomes of target cells was needed, and adenovirus vectors when such integration 

was not needed.  However, there has been little success in gene transfer with such viral 

vectors because even though the vectors can enter into their target cells, the cells need to 

be dividing, so that their nuclear membrane are broken down, for the gene to enter and 

integrate into the chromosome (Sikorski and Peters, 1998).   

However, scientists soon realized that members of the subfamily lentivirus, such as the 

retrovirus human immunodeficiency virus (HIV), would have the same ability to transfer 

genetic material into the genomes of cells, but could do this with non-dividing or 

terminally differentiated cells such as neurons, macrophages, hematopoietic stem cells, 

retinal photoreceptors, and muscle and liver cells, cell types for which previous gene 

therapy methods could not be used (Salmon and Trono, 2002). Their preintegration 

complex (virus “shell”) can get through the intact membrane of the nucleus of the target 
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cell. They integrate stably into the host genome, resulting in long-term expression of the 

transgene for up to six months (Salmon and Trono, 2002). The only cells lentiviruses 

cannot gain access to are quiescent cells (in the G0 state) because this blocks the reverse 

transcription step (Amado and Chen, 1999).  

The genome of HIV-1 contains 9 open reading frames encoding at least 15 distinct 

proteins involved in the infectious cycle, including structural (gag, pol and rev) and 

regulatory proteins. In addition, there are a number of cis-acting elements required at 

various stages of the viral life cycle. These include the long terminal repeats (LTRs), the 

TAT activation region (TAR), splice donor and acceptor sites, packaging and 

dimerization signal (ψ), Rev-responsive elements (RRE) and the central and terminal 

polypurine tracts (PPT) (Trono, 2002).  

The general strategy used to produce vector particles that are replication-defective has 

been to eliminate all dispensable genes from HIV-1 genome and separate the cis-acting 

sequences of trans-acting factors that are absolutely required for viral particle production, 

infection and integration as much as possible (Delenda, 2004).  The transfer vector 

contains the transgene or silencing cassette to be delivered in a lentiviral backbone 

containing all the cis-acting sequences required for genomic RNA production and 

packaging. Lentiviral transfer vectors can be designed to express (constitutively or 

conditionally) both transgene and shRNAs in single units or multiple combinations 

(Naldini et al., 1996a; Brenner and Malech, 2003; Tiscornia et al., 2006). Two additional 

plasmids (pCMV-ΔR8.91 and pMDG) provide the trans-acting factors required for 

packaging. 

1.8.1 Generation of minimal helper packaging elements 

To reduce the number of viral sequences and therefore the risk of homologous 

recombinations, various LV elements in the packaging helper constructs have been 

omitted or replaced by additional heterologous sequences. These include modifications of 

cis-acting sequences such as the replacement of the long terminal repeat (LTR) elements 

by heterologous promoting and polyadenylation signals and the deletion of the 

encapsidation signal (ψ).  
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The envelope (env) gene has been deleted in all LV packaging constructs and the 

pseudotyping by other exogenous viral glycoproteins, such as the vesicular stomatitis 

virus glycoprotein (VSV-G), has been intensely used. The presence of VSV-G in the viral 

envelope membrane confers the viral particle with the ability to transduce a broad range 

of cell types, including primary cells, stem cells and early embryos (Naldini et al., 1996b; 

Pfeifer et al., 2002; Lois et al., 2002). Additionally, removals of the accessory like and/or 

regulatory genes as well as modifications in the gag-pol genes have been undertaken in 

some LV vector designs (Delenda, 2004).  

1.8.1.1 Removal of accessory genes 

Removal of several HIV-1 genes (vif, vpr, vpu, nef) which are not essential for viral 

replication in vitro, but crucially important for viral pathogenesis in vivo, is mandatory. 

Their presence in vectors may raise safety concerns because the protein they encode has 

cytotoxic or cytostatic activities. A report has, however, confirmed that nef, vif, vpr and 

vpu are not required for the transduction of both resident macrophages and activated 

lymphocytes (Rossi et al., 2003).  

1.8.1.2 Removal of regulatory genes 

Additional improvement in safety is achieved by further splitting the original viral 

genome to express tat and rev from a separate construct (Dull et al., 1998; Kim et al., 

1998; Miyoshi et al., 1998; Gasmi et al., 1999). Optimal vector production has required 

the presence of rev, which interacts with the rev responsive element (RRE) and positively 

affects the nuclear export of both the unspliced gag-pol mRNAs and the transfer vector 

genomic RNA. Nevertheless, different solutions have been proposed for the design of 

rev-independent production systems. 

1.8.1.3 LTRs modifications 

In addition an important safety feature is provided by a deletion of the promoter-enhancer 

region in the 3` LTR (SIN; self inactivating vector). During reverse transcription the 

proviral 5` LTR is copied from the 3`LTR, thus transferring the deletion to the 5` LTR; 

the deleted 5` LTR of the integrated provirus is therefore trancriptionally inactive, 
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preventing subsequent viral replication or mobilization in the transduced cell (Zufferey et 

al., 1998; Denli and Hannon, 2003).  

When producing vector stocks, it is mandatory to avoid the emergence of replication-

competent recombinants. Biosafety of a vector production system is therefore best 

achieved by distributing the sequences encoding its various components over as many 

independent units as possible, to maximize the number of recombination events that 

would be required to recreate a replication-competent virus. Replication-deficient vector 

systems based on lentiviruses derived from HIV-1 have been developed by several 

laboratories (Naldini et al., 1996a; Corbeau et al., 1996).  

In this way, the contribution of HIV is reduced to a fraction of cis-acting sequences in the 

vector, leaving out in particular most of the LTR, and to only four genes, gag, pol, tat, 

and rev, in the packaging constructs, compared with the nine genes necessary for the in 

vivo replication and pathogenesis of wild-type HIV-1 (Mangeot et al., 2000; Zufferey et 

al., 1997).  

1.8.2 Generation of lentiviral particles 

Lentivector particles are generated by co-transfection of LV (harbouring shRNA 

expression cassette), packaging construct (containing gag, pol, tat and rev) and an 

envelop plasmid (encoding VSV-G). The vector itself is the only genetic material 

transferred to the target cell (Figure 1.3). When these plasmids are transfected into cells, 

viral particles accumulate in the supernatant and viral preparation can be used to 

transduce a variety of cell types. 

1.8.3 Screening approach: Testing an shRNA 

After selecting an mRNA target sequence and designing a shRNA that is predicted to load 

RISC efficiently with an siRNA specific for that sequence, it is necessary to determine 

the percentage efficiency with which shRNA down regulates the target mRNA and its 

encoded gene product. For this purpose, shRNA expression vector, based on the U6 or H1 

promoter, can be constructed which will transcribe the shRNA at high levels in 

transfected or transduced cells. A number of vectors have been reported, but the most 

favorable is pSUPER expression vector, based on H1 promoter, because of its convenient 
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Figure 1.3 Production of lentivirus in cell using three plasmids system. When all three 

plasmids (Lentiviral vector construct, packaging construct and envelop construct) are 

co-transfected in to 293T cells (a packaging cell line), recombinant lentiviruses are 

produced.  

Envelop construct 

Titer of physical particles: PP      Titer of infectious particles: IP 
          Amount of p24             (FACS : IU/ml) 
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design (Brummelkamp et al., 2002a; Scherr et al., 2006). pSUPER contains convenient 

unique BglII and HindIII sites, the former located immediately 5` to the transcription start 

site, that allow synthetic DNA oligonucleotides encoding the ~60 nt shRNA sequence, 

together with the 3`-flanking ‘TTTTT’ transcription termination signal, to be readily 

inserted. Moreover, the resultant expression cassette is then flanked by several unique 

restriction enzyme sites that allow it to be readily moved into viral vectors.  

The plasmid constructs can be transduced in cultured cells and through Western blot or 

RT-PCR, shRNA effect can be monitored. But this approach does not give a true picture 

due to uncertainty of transfection efficacy. Recently, a quantifiable procedure that uses 

conventional transfection experiments has been developed. In this method, effective 

siRNAs are identified on the basis of their ability to reduce the expression of cognate 

sequences in an ectopically expressed target mRNA that is fused to a reporter gene for 

example green fluorescent protein (GFP).  

The shRNA probes that were identified in this way suppressed the expression of several 

genes with diverse biological functions, either in their endogenous setting or when 

ectopically expressed (Kumar et al., 2003). The approach allowed not only the 

identification of the most effective shRNAs, but also of those that produced the partial 

suppression of target-gene expression. Such shRNAs would be useful when varying 

degrees of gene silencing might result in unique phenotypes (Mittal, 2004).  

1.8.4 RNAi-mediated inhibition of BCR-ABL  

Effective knock-down of BCR-ABL protein and inhibition of cell proliferation has been 

demonstrated after transfection of BCR-ABL-positive cells with chemically synthesized 

anti-BCR-ABL siRNAs in vitro (Rapozzi and Xodo, 2004; Wohlbold et al., 2003). Also, 

up to 90% reduction in BCR-ABL protein expression and inhibition of BCR-ABL-

dependent, but not cytokine-dependent, cell proliferation in hematopoietic cell lines and 

primary cells has been observed after administration of synthetic siRNAs (Scherr et al., 

2003b). Induction of apoptosis in leukemic cells has been observed after administration of 

anti-BCR-ABL siRNAs (Wilda et al., 2002). Most of these studies used the well 

characterized CML cell line K562 derived from blast crisis. 
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It has been reported that lentiviral gene transfer strategy has therapeutic potential as an 

alternative to the exogenous delivery of chemically synthesized siRNAs in leukemic cell 

line and primary cells (Li et al., 2003; Scherr et al., 2005). These studies demonstrate 

stable expression of BCR-ABL shRNA and a sustained reduction of BCR-ABL mRNA, 

consequently resulting in inhibition of proliferation, decreased cell survival and 

compromised colony formation of CD34+ CML cells. Lentiviral gene delivery system has 

also been used to target BCR-ABL in primary chronic phase CML (Withey et al., 2005). 

The siRNA treatment inhibited the expansion of granulocyte-macrophage progenitors 

expressing the b3a2 variant of BCR-ABL without having any obvious effects on cells 

expressing the b2a2 variant. This study also underlines the role of BCR-ABL in driving 

aberrant myeloid progenitor amplification. 

Other groups have targeted siRNA against a downstream sequence in the ABL portion, 

instead of the fusion break point, having the potential to interfere with both BCR-ABL and 

ABL1 expression. Inhibition of protein tyrosine kinase activity and suppression of cell 

proliferation, as a result of inhibition of target mRNA levels, has been demonstrated in 

these studies (Zhelev et al., 2004; Ohba et al., 2004).  

Microarray analysis revealed cross talk between siRNA mediated suppression of the 

BCR-ABL oncogene and expression of several apoptotic/antiapoptotic and cell 

proliferation factors. Bartova and colleagues studied the dependence of nuclear 

topography and expression of the BCR-ABL fusion gene in the leukemic cell line K562 on 

the expression of non-fused ABL1 (Bartova et al., 2005). The report implies that not only 

BCR-ABL suppression but also inhibition of ABL expression induced down regulation of 

BCR-ABL and ABL1 proteins, which appeared to be sufficient for the stimulation of 

apoptosis.  

Of the particular interest is the study that demonstrates combined treatment with BCR-

ABL siRNAs together with imatinib mesylate to overcome a partial imatinib resistance 

(Wohlbold et al., 2003). The existence of several BCR-ABL fusion transcript variants (e.g. 

b3a2 or b2a2) is a major limitation for the application of fusion site-specific siRNAs. 

However, in a follow-up study, it has been demonstrated that all common BCR-ABL 

transcript variants could be successfully targeted with siRNAs that are homologous to the 

corresponding fusion sites (Wohlbold et al., 2003). 
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Consistently, such siRNAs decreased BCR-ABL expression without affecting BCR and 

ABL1 expression. Despite the fact that cell lines were used in these studies, they provide a 

basis for a possible RNAi application not only for functional analysis but also as 

therapeutic tool. As expected, a stable lentiviral anti-BCR-ABL shRNA expression system 

showed the highest degree of down regulation with more than 90% BCR-ABL suppression 

in K562 cells. Interestingly, anti-BCR-ABL RNAi can cooperate with imatinib in inducing 

cell death in BCR-ABL positive cell lines (Wohlbold et al., 2003; Scherr et al., 2005) and 

stable anti–BCR-ABL RNAi can inhibit colony formation of primary CML progenitors in 

semisolid cultures. 

Kinase fusion genes such as BCR-ABL directly disturbs signal transduction pathways and 

provide proliferative and survival advantages. BCR-ABL is known to transduce its 

oncogenic signal through several signaling pathways, which are then constitutively 

activated. It is thus conceivable that inhibition of these pathways as an alternative or in 

addition to BCR-ABL inhibition may be a viable means of controlling leukemic cell 

proliferation. One cell signaling pathway which may potentially serve as a target for 

RNAi based anti-leukemic therapy is STAT signaling pathway, which is inappropriately 

activated in many solid tumors and hematologic disorders including leukemias. However, 

long-term RNAi in primary hematopoietic cells has only been achieved by viral gene 

transfer strategies, and currently there is no means suitable for clinical application to 

induce RNAi in hematopoietic cells.  

JAK-STAT signaling pathway 

Members of the STAT family of signal transducers were first identified as transcription 

factors that were activated in response to interferon stimulation (Levy et al., 1989; Shuai 

et al., 1992; Schindler et al., 1992). STAT transcription factors are also activated by 

ligand binding to cytokine receptors and to growth factor receptor tyrosine kinases, such 

as the epidermal growth factor receptor (EGFR) and platelet-derived growth factor 

receptor (PDGFR) (Darnell, 1997). These growth factor receptors can phosphorylate 

STATs directly or indirectly through activation of cytoplasmic tyrosine kinases, such as 

the c-src product. Thus, activation of STATs is a common element in the cellular 

response to cytokine and growth factor stimulation.  
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The STAT transcription factors regulate the expression of a variety of genes involved in 

proliferation, differentiation, survival, and apoptosis (Levy and Darnell, 2002; Bromberg, 

2001). There are seven family members (STAT 1, 2, 3, 4, 5a, 5b, and 6) known to date, 

which are both nuclear and cytoplasmic in location and provide a direct link between 

signals generated at cell surface receptors and regulation of gene expression in the 

nucleus (Darnell, 1997). The STAT proteins share common structural features that are 

functionally important for their regulation. All of them possess a similar modular 

organization comprised of the following domains: the amino (NH2)-terminal, coiled-coil, 

DNA-binding, src-homology-2 (SH2), and transactivation domains, which are all 

important for proper functioning (Kisseleva et al., 2002).  

When a cytokine binds to its respective receptor, the receptor dimerizes and results in 

activation of constitutively associated members of the Janus kinase (JAK) family of 

tyrosine kinases (Fig 1.4). The JAK family of kinases consists of four members (JAK1, 

JAK2, JAK3, and TYK2) which are activated by cross-phosphorylation. The JAKs then 

phosphorylate the intracellular domains of the cytokine receptor. STAT proteins residing 

in the cytoplasm bind to the phosphorylated cytokine receptor subunits through their 

respective SH2 domains, and the STATs in turn are phosphorylated at the carboxy 

terminal tyrosine residue. Growth factor receptors such as EGFR and PDGFR have 

intrinsic protein tyrosine kinase activity and can phosphorylate STATs directly (Sternberg 

and Gilliland, 2004).  

In cells that express leukemic tyrosine kinases, such as BCR-ABL of chronic myelogenous 

leukemia or activated FLT3 of acute myelogenous leukemia, the activated protein 

tyrosine kinase expression leads to STAT phosphorylation and activation in a manner that 

is independent of ligand stimulation (Fig 1.4). The first evidence for involvement of the 

Jak-Stat (Janus kinase-signal transducer and activator of transcription) pathway came 

from studies in v-ABL transformed B cells (Danial, et al., 1995).  

Constitutive phosphorylation of STAT transcription factors (STAT1 and STAT5) has 

been reported in several BCR-ABL positive cell lines (Ilaria and Van Etten, 1996) and in 

primary CML cells, (Chai et al., 1997). STAT5 activation appears to contribute to 

malignant transformation (de Groot et al., 1999). Inappropriate activation of STAT1 and 

STAT5 has been observed in the Philadelphia positive cell lines K562 and BV173 

(Carlesso et al., 1996). 
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Figure 1.4 Activation of JAK-STAT signaling pathway. Ligand stimulation of a cytokine 

receptor causes activation of associated Janus kinase (JAK) tyrosine kinases, which 

phosphorylate the intracellular domain of the cytokine receptor. Signal transducer and 

activator of transcription (STAT) factors associate with the receptor cytoplasmic 

domains, are phosphorylated, dimerize, and translocate to the nuclear compartment 

(Adapted from Sternberg and Gilliland, 2004). 
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The observation that STATs are frequently activated in human leukemia, combined with 

the abundant evidence for the functional role of these pathways in cell culture and animal 

models, has supported the hypothesis that selective pharmacologic interference of these 

pathways will be effective in the treatment of leukemias. It has been observed that down 

regulation of STAT5 mRNA through RNAi, resulted in inhibition of colony formation of 

primary CML cells but not of normal CD34+ cells (Scherr et al., 2006). Other molecules, 

such as STAT1 and STAT3, involved in BCR-ABL signaling pathways, can also be 

targeted through RNAi to check their role in BCR-ABL-dependent proliferation and as a 

second agent in leukemia therapy. 
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In the present study, blood and bone marrow samples from patients suspected/ diagnosed 

for leukemia were screened for different chromosomal translocations associated with 

ALL, AML and CML through RT-PCR, to determine the prevalence of chromosomal 

translocations in Pakistani population. AML-ETO fusion prevailed in 19 percent of the 

AML samples and was found to be the most prevalent aberration in AML patients. One of 

the AML patients exhibited E2A-PBX1 translocation while in rest of the samples, none of 

the aberrations included in this screen could be detected. Out of 87 suspected ALL 

patients, 4 were found positive for MLL-AF4 translocation. Prevalence of both TEL-

AML1 and BCR-ABL p190 translocation was 3.44 percent each. The classic BCR-ABL 

p210 translocation was observed in more than 95 percent of the CML patients. 

In CML patients, expression of BCR-ABL fusion protein, protein tyrosine kinase, is found 

sufficient to cause the malignant transformation in myeloid cells. Protein tyrosine kinase 

transmits its oncogenic signal through several downstream signaling molecules. Members 

of STAT family especially, STAT1, STAT3 and STAT5 have been reported to be 

constitutively expressed in the cells expressing BCR-ABL fusion and are found to play 

important role in the pathogenesis of BCR-ABL-associated leukemias (Sternberg and 

Gilliland, 2004). To search for alternative therapeutic targets in CML for potential 

therapy with RNAi, function of STAT1 and STAT3 was analyzed on BCR-ABL–mediated 

and factor-dependent cell proliferation. The constitutive tyrosine phosphorylation of both 

targets in BCR-ABL positive cells was considered as a biochemical surrogate marker for 

their potential contribution to BCR-ABL signaling.  

A number of shRNAs directed against STAT1 and STAT3 were designed and generated 

downstream of the H1-RNA pol III promoter. All shRNAs were functionally tested in an 

adherent cell line (BHK-21) through transient transfection. The RNAi effect of shRNAs 

was quantified by fluorescence microscopy and fluorescence activated cell scanner 

(FACS) analysis of the reporter protein expression. One shRNA against STAT1 and two 

shRNAs against STAT3, mediating reduction in GFP-fluorescence were selected for 

further therapeutic interventions.  

Lentiviral mediated gene transfer method was used for delivery of shRNAs in 

hematopoietic cells. Recombinant lentiviral vector particles encoding different anti-

STAT1 and anti-STAT3 shRNAs were used to transduce human and murine 

hematopoietic cell lines (K562, 32D). All three shRNAs were found to significantly 
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reduce STAT1 and STAT3 protein level in both BCR-ABL dependent and factor-

dependent cells. Also, strong inhibition of BCR-ABL-mediated and not the BCR-ABL 

independent cell proliferation was observed in cultured cells in vitro. These results 

demonstrate that targeting STAT1 and STAT3 can disrupt the down-stream signaling 

pathway of BCR-ABL resulting in inhibition of BCR-ABL-dependent cell proliferation of 

malignant cells and silencing STAT1 and STAT3 may have significant therapeutic 

potential for the treatment of patients with CML. 
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Aims of the thesis 

The general objectives of the thesis were: 

1. To study the prevalence of fusion proteins in different types of leukemias in Punjab 

and NWFP. 

2. To design and generate siRNAs/shRNAs against chimeric genes associated with 

leukemias. 

3. To evaluate the therapeutic potential of siRNA/shRNAs in hematopoietic cell lines. 

 

The specific objectives of the thesis were:  

1. To screen ALL samples for the prevalence of TEL-AML1, E2A-PBX1, MLL-AF4, 

BCR-ABL p190 and BCR-ABL p210 fusion genes. 

2. To check the percentage prevalence of BCR-ABL p210 in CML patients. 

3. To monitor the prevalence of different chromosomal aberrations including AML-

ETO, TEL-AML1, CBFB-MYH11, PML-RARA, E2A-PBX1, MLL-AF4 and FLT3-

ITD in AML patient samples. 

4. To find out new and alternative targets for BCR-ABL-associated leukemias. 

5. To investigate the role of STAT1 and STAT3 in the pathogenesis of BCR-ABL-

associated leukemias through RNA interference in cultured cell lines (K562 and 

32D) using lentiviral-mediated gene delivery. 

6. To evaluate the efficacy of shRNAs in down-regulation of the cellular level of the 

target protein and the therapeutic potential of anti-STAT1 and anti-STAT3 shRNAs 

in vitro.  



 

 
 
 
 
 
 
 
 

MATERIAL & METHODS 
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38MATERIALS AND METHODS 

2.1 Collection and storage of samples 

A total of 159 blood/bone marrow samples from leukemia patients were collected from 

different hospitals of Punjab and NWFP during May 2004 to December 2005. Out of 

these, 51 samples were from patients suspected for CML. Theses samples were collected 

from IRNUM, Peshawar, Jinnah Hospital, Lahore, Allied Hospital, Faisalabad, and the 

patients coming at diagnostic section of NIBGE, Faisalabad. Samples from 87 ALL 

patients were collected from Allied Hospital, Faisalabad, Children Hospital Lahore, 

PIMS, Islamabad and IRNUM, Peshawar while 21 AML patient samples were collected 

from Allied Hospital, Faisalabad, and Jinnah Hospital, Lahore. All samples were 

collected in sterile vacutainers containing ethylene diamine tetra acetate (EDTA) as anti-

coagulant and were stored at -80°C prior to analyses. Analysis of samples was carried out 

at NIBGE diagnostic laboratory. 

2.2 Screening of leukemia samples 

2.2.1 Screening CML samples for BCR-ABL mRNA 

Samples from patients suspected for CML were screened for the presence/absence of 

BCR-ABL transcript using RT-PCR. The protocol involved extraction of total RNA, 

complementary DNA (cDNA) synthesis and PCR amplification. To increase the 

sensitivity of reaction, two sets of primers (external and internal) were used for the 

amplification of BCR-ABL transcript. Nested primers amplify BCR-ABL fusion gene 

yielding 230 bp (b2a2) or 305 bp (b3a2) PCR product depending on the expression of 

BCR exon 3 (Radich et al., 1995). Sequence of primers is given in table 2.1.  

2.2.1.1 RNA extraction 

Total RNA from blood/bone-marrow samples was extracted using TRIZOL reagent 

(MRC). Major steps in RNA extraction included cell lysis, phase separation, 

precipitation, washing and solubilization.  

a. Cell lysis 
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To lyse the blood cells, 200 µl of sample (blood/bone marrow) was taken in microfuge 

tube containing 750 µl of TRIZOL reagent. 20 µl of 5 N glacial acetic acid (1 ml of 

glacial acetic acid with 2.48 ml of water) was then added and mixed vigorously for 15 

seconds. 

b. Phase separation 

Lysed samples were kept at room temperature for 5 minutes to permit complete 

dissociation of nucleoprotein complexes. Lysates were supplemented with 200 µl 

chloroform and mixed vigorously for 15 seconds. The resulting mixture was kept at room 

temperature for 2-5 minutes and centrifuged at 12,000 g for 15 minutes at 4°C. Following 

centrifugation, the mixture separated into a brownish phenol-chloroform phase, an 

interphase, and a colorless upper aqueous phase. RNA remained exclusively in the 

aqueous phase where as DNA and proteins were in the interphase and organic phase, 

respectively.  

c. RNA precipitation 

Aqueous phase was transferred to a fresh microfuge tube and RNA was precipitated by 

mixing with 500 µl of isopropanol. Mixture was kept at room temperature for 5-10 

minutes and RNA was pelleted by centrifugation at 12,000 g for 8 minutes at 4-25°C. 

RNA precipitate formed a gel-like or white pellet at the bottom of the tube. 

d. RNA wash 

The supernatant was removed and the RNA pellet was resuspended in 1 ml of 75 % 

ethanol by vortexing. RNA suspension was spun at 7,500 g for 5 minutes at 4-25°C. In 

case of floating pellet, centrifugation was done at 12,000 g. 

e. RNA solubilization 

Ethanol was removed and the RNA pellet was briefly air-dried for 5 minutes. RNA was 

dissolved in diethyl pyrocarbonate (DEPC) treated water by passing the solution a few 

times through a pipette tip and incubation for 10-15 min at 55-60°C. 

f. Gel electrophoresis 
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Total RNA was resolved on 1.5 % agarose gel using 0.5X Tris borate EDTA (TBE) as 

running buffer. 10X TBE buffer (pH 8.3) was prepared by taking 7.5 g EDTA, 55 g of 

boric acid and 108 g Tris base in 800 ml of distilled water and then the volume was made 

up to 1 litre with distilled water. The gel was stained with ethidium bromide (0.005 mg 

per litre of water) and visualized under ultra-violet (UV) light. Photograph was taken 

using gel documentation system (Stratagene). Extracted RNAs were stored at -40°C or 

directly used for cDNA synthesis.  

2.2.1.2 Synthesis of complementary DNA (cDNA) 

For amplification from RNA, complementary strand was synthesized by reverse 

transcription reaction using specific external primer (BB16). For cDNA synthesis 2X 

Reverse transcriptase (RT) buffer, 0.2 mM dNTPs (dATP, dCTP, dGTP, dTTP), 40U RT, 

20U RNase inhibitor and 25 pmole reverse primer was added to 10 µl RNA making final 

volume up to  20 µl using DEPC treated distilled water (dH2O). The reaction mixture was 

incubated for 5 minutes at 37°C, 60 minutes at 42°C, 10 minutes at 70°C and then cooled 

on ice. The cDNAs were stored at -20°C. 

2.2.1.3 Polymerase Chain Reaction (PCR) 

The PCR reaction mixture (50 µl) consisted of PCR buffer (1X), MgCl2 (2.5 mM), 4 

dNTPs (0.2 mM), inner primers (25 pmole each), Taq polymerase (1U), cDNA (10 µl) 

and dH2O. Reaction mixture was placed in thermal cycler (Eppendorf).  

Thermal cycler profile 

Initial denaturation (94°C)  5 min 

Denaturation (94°C)   45 sec 

Annealing (50°C)   30 sec        30 cycles 

Extension (72°C)   45 sec 

Final extension (72°C)  10 min 

Hold at 4°C 

           

 

 

 



Chapter 2                                                                                                          Materials & Methods 

41 
 

 

 

 

 

           

 

 

 

 

 

 

 

 

 

 

Figure 2.1 Position of primers on BCR-ABL mRNA. Fusion of BCR and ABL genes 

resulting in either b3a2 or b2a2 fusion mRNA depending upon the expression of b3 

exon as detectable through RT-PCR. 
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Table 2.1 Sequence of primers used for BCR-ABL amplification 

 

Sr. 
No. 

Primer 
Code 

Primer Sequence 
(5'------3') 

Reaction PCR product 
size (bp) 

G+C content 
(% age) 

1 BB-15 gaagtgtttcagaagcttctcc Regular PCR 
230 and/or 305 

45.45 

2 BB-16 tgattatagcctaagacccgga cDNA and 
Regular PCR 45.45 

3 BB-13 tggagctgcagatgctgaccaactcg Nested PCR 
318 and/or 393 

57.7 

4 BB-14 atctccactggccacaaaatcataca Nested PCR 42.3 
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The first round PCR product was then amplified using nested primers (BB15 and BB16). 

Thermal cycler profile was same as for first round PCR. 

2.2.1.4 Analysis of PCR products by agarose gel electrophoresis 

PCR products were detected by agarose gel electrophoresis using TBE as the running 

buffer. To load the gel 3 ml of the 6X loading buffer (Fermentas) was mixed with 15 ml of 

the PCR product and loaded on 1.5 % agarose gel in 1X TBE. The DNA molecular 

weight marker was also loaded in one of the wells. The power was set in the power 

supply usually at 50 mA current to resolve DNA under the electric field. The gel was 

stained with ethidium bromide, visualized under UV and photographed. 

2.2.1.5 Cloning in TA cloning vector 

In case of unexpected DNA fragment from PCR, fragment was purified and then cloned 

in TA cloning vector (pTZ57R) using InsTAclone™ PCR Cloning Kit (Fermentas Cat. No. 

K1214). Vector map of pTZ57R is given in figure 2.2.  

2.2.1.5.1 Purification of PCR product 

For purification, PCR product was resolved on 1.5 % low-melting agarose gel using Tris 

Acetate EDTA (TAE) as running buffer. 10X TAE buffer (pH 8.3) was prepared by 

taking 3.72 g EDTA, 12.01 g of glacial acetic acid and 48.46 g Tris base in 800 ml of 

distilled water and then the volume was made up to 1 litre with distilled water.  The band 

was cut from gel under UV and was eluted using Wizard® PCR prep. DNA purification 

system (Promega Cat. No. A7170). 

2.2.1.5.2 Ligation 

The eluted DNA fragment was then ligated in vector using T4 DNA Ligase (Fermentas). 

Ligation mixture (20 µl) consisted of ligase buffer (1X), polyethylene glycol (PEG) (1X), 

T4 DNA Ligase (1 µl), insert DNA fragment (6 µl), vector (1 µl) and dH2O. The reaction 

was incubated overnight at 16°C. 
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Figure 2.2 Vector map of pTZ57R showing bla(ApR), lacZ, MCS (ApR, ampicillin 

resistance genes; MCS, multiple cloning site; lacZ, encoding ß-galactosidase)  
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2.2.1.5.3 Transformation 

Transformation was done using heat shock method. For transformation, one vial of DH5α 

competent cells was taken and 5 µl ligation mixture was added. The reaction was 

incubated on ice. After 30 minutes, mixture was incubated at 42°C for 2 minutes and snap 

cooled on ice afterwards for 2-3 minutes. 300 µl Luria Bertini (LB) medium was added to 

the transformation mixture and incubated at 37°C for 1 hr. LB broth was prepared by 

mixing tryptone (1 % w/v), yeast extract (0.5 % w/v) and sodium chloride (1 % w/v) in 

dH2O and pH was adjusted to 7.5 with sodium hydroxide (NaOH). LB agar was prepared 

by adding 1.5 % bacteriological agar to LB broth. Medium was autoclaved, cooled to 60-

65°C and ampicillin was added to a final concentration of 100 µg/ml. LB agar was poured 

in sterile petri plates and let the agar set at room temperature. 35 µl of each 5-bromo-4-

chloro-3-indolyl-ß-galactopyranosidase (X-gal) and isopropyl-beta-D-thiogalacto-

pyranoside (IPTG) stock (40 mg/µl) was then spread on plates for lacZ selection. 

Transformation mixture was spread on LB agar plates to screen white ampicillin resistant 

colonies. Plates were incubated for 16 hrs at 37°C. 

LacZ is a bacterial gene that encodes ß–galactosidase which is responsible for cleavage of 

disaccharide lactose into glucose and galactose. ß–galactosidase cleaves the colorless 

substrate X-gal into galactose and a blue insoluble product of the cleavage. IPTG acts as 

inducer for lacZ gene expression. As most of the genomes do not contain lacZ, it is used 

as a reporter gene (blue/white selection) when cloning a DNA insert into plasmid. If the 

insert is ligated into polylinker, then the lacZ gene will be disrupted and the colony will 

be white. If no insert is incorporated into the plasmid, the lacZ gene is left intact and the 

colony will turn blue.  

2.2.1.5.4 Screening and selection of clones 

From each plate, 8 individual white, round-shaped, colonies were picked and inoculated 

in    3 ml LB broth containing ampicillin (100 µg/ml) in sterile tubes. Culture tubes were 

incubated at 37°C for 16 hrs (overnight). For isolation of plasmid from overnight grown 

cultures, alkaline lysis miniprep protocol was used. 

For isolation of plasmid form bacterial culture, miniprep procedure based on alkaline 

lysis was used. From each tube, 1.5 ml of overnight culture was taken in microfuge tube 
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and spun for 1 minute at 14,000 rpm. Supernatant was aspirated and the cells were 

resuspended in 100 µl solution I (25 mM Tris-HCl, pH 8.0, 10 mM EDTA). To each tube, 

added 200 µl solution II [0.2 N sodium hydroxide (NaOH), 1.0 % sodium dodecyl sulfate 

(SDS)] and mixed gently by inversion. Added 150 µl solution III [60 ml 3 M potassium 

acetate (KOAc), pH 4.8, 11.5 ml acetic acid, 28.5 ml H2O], vortexed briefly to mix, and 

was spun for 5 minutes at 14,000 rpm. Supernatant was transferred to fresh tube 

containing 500 µl phenol:chloroform, vortexed and centrifuged for 5 minutes at 14,000 

rpm. Aqueous layer was transferred to fresh tubes containing 1 ml ethanol, mixed by 

inversion, and spun for 5 minutes at 14,000 rpm. Supernatant was discarded and the pellet 

was washed with 100 µl 75 % ethanol, spun for 1 minute. Ethanol was removed and the 

pellet was air-dried by leaving on bench with the lid open for 5 minutes. DNA was 

resuspended in 40 µl of 20 µg/ml RNaseA H2O. The extracted DNA was resolved on 1 % 

agarose gel, stained with ethidium bromide and visualized under UV to check the quality.  

To select the transformant, plasmid DNA was double digested using 1U of each EcoRI 

and PstI restriction enzyme in O+ buffer (Fermentas) and incubated at 37°C for 2 hrs. 

Restricted DNA was resolved on 1.5 % agarose gel along with 1Kb ladder (Fermentas), 

stained with ethidium bromide and visualized under UV. The selected clone was 

subjected to sequencing using ABI automated sequencer. DNA sequence was submitted 

in GenBank (Accession no. AY789120). 

2.2.2 RT-PCR for screening of ALL and AML samples  

Samples from ALL patients were screened for TEL-AML, E2A-PBX1, MLL-AF4, BCR-

ABL p190 and BCR-ABL p210 while AML samples were screened for AML-ETO, TEL-

AML, CBFB-MYH11, PML-RARA, E2A-PBX1, MLL-AF4 through RT-PCR using regular 

and nested sets of primers as described by van Dongen et al. (1999). Sequence and 

position of primers is given in table 2.2. For the detection of BCR-ABL p210, primers 

given in table 2.1 were used. 

Positive controls included cell lines RS4;11, SD1, K562 and REH for MLL-AF4, BCR-

ABL p190, BCR-ABL p210 and TEL-AML, respectively. Plasmids containing E2A-PBX1 

and TEL-AML fusion transcripts were also used as control. All these controls were 

generously provided by Dr. Rose Ann Padua (INSERM, France).  
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2.2.2.1 RNA extraction 

For the detection of fusion transcripts in ALL and AML patient samples, total RNA was 

extracted from blood/bone-marrow samples using TRIZOL reagent and cDNA was 

synthesized using specific cDNA primers (Table 2.1 and 2.2).  

2.2.2.2 cDNA preparation 

The cDNA reaction mixture (20 µl) consisted of RT buffer (1X), MgCl2 (2.5 mM), 

dNTPs (0.2 mM each), cDNA primer (25 pmole), RT (0.2 µl), RNase inhibitor (0.5 µl), 

10 µl total RNA and DEPC dH2O. The reaction mixture was incubated for 5 minutes at 

37°C, 60 minutes at 42°C, 10 minutes at 70°C and cooled on ice. The cDNAs were stored 

at -20°C.  

2.2.2.3 PCR amplification of fusion genes 

cDNAs synthesized from ALL and AML patient samples were subjected to PCR 

amplification targeting respective translocations using regular and nested PCR primers. 

Regular PCR reaction mixture (40 µl) consisted of PCR buffer (1X), MgCl2 (25 mM), 

4dNTPs (0.2 mM each), regular forward and reverse primers (25 pmole each), Taq 

polymerase (2U) and deionised H2O. 10 ml cDNA was added to PCR reaction as template 

and tubes were placed in thermal cycler for amplification of desired fragments.   

Thermal cycler profile 

Initial melting (95°C)   30 sec 

Denaturation (94°C)   30 sec 

Annealing (65°C)   60 sec        35 cycles 

Extension (72°C)   60 sec 

Reaction was stopped at 4°C. 
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Table 2.2 Primers for RT-PCR analysis of fusion genes associated with ALL and AML 

 
 

Translocation   Primer code      (position) (reaction) Primers (5'------3')  

TEL-AML1 

TEL-A  (845)    (Regular PCR) 
AML1-B  (611)       (Regular PCR and cDNA ) 
TEL-C   (928)    (Nested PCR) 
AML1-D (577)    (Nested PCR and control ) 
TEL-E5  (692)    (control) 

tgcaccctctgatcctgaac 
aacgcctcgctcatcttgc   
aagcccatcaacctctctcatc 
tggaaggcggcgtgaagc   
cgcaccaggagaacaaccac 

MLL-AF4 

MLL-A      (3916)    (Regular PCR) 
AF4-B        (1714)    (Regular PCR and cDNA) 
MLL-C      (3936)    (Nested PCR) 
AF4-D    (1677)    (Nested PCR and control ) 
MLL-E5  (3793)    (control) 

ccgcctcagccacctac   
tgtcactgagctgaaggtcg 
aggaccgccaagaaaaga 
cgttccttgctgagaatttg 
aagcccgtcgaggaaaag 

E2A-PBX1 

E2A-A               (1434)    (Regular PCR) 
PBX-B               (675)    (Regular PCR) 
E2A-C               (1479)    (Nested PCR) 
PBX-D               (636)    (Nested PCR) 
PBX-E3  (748)    (for cDNA prep.) 

caccagcctcatgcacaac 
tcgcaggagattcatcacg 
caccctccctgacctgtct 
ggcctgctcgtatttctcc 
tgaacttgcggtggatgat 

BCR-ABL 
(p190) 

BCR-e1-A (1479)    (Regular PCR) 
ABL-a3-B (458)    (Regular PCR) 
BCR-e1-C (1602)    (Nested PCR) 
ABL-a3-D (441)    (Nested PCR) 
ABL-a3-E3 (505)    (for cDNA  prep.) 

gactgcagctccaatgagaac 
gtttgggcttcacaccattcc 
cagaactcgcaacagtccttc 
ttccccattgtgattatagccta 
tgactggcgtgatgtagttgctt 

AML1-ETO 

AML1-A  (884)    (Regular PCR)             
ETO-B   (495)    (Regular PCR and cDNA) 
AML1-C  (920)    (Nested PCR) 
ETO-D   (396)    (Nested PCR and control) 
AML1-E5  (842)    (control) 

ctaccgcagccatgaagaacc 
agaggaaggcccattgctgaa 
atgacctcaggtttgtcggtcg 
tgaactggttcttggagctcct 
tggctggcaatgatgaaaactact 

PML-RARA 

PML-A2  (969)    (Regular PCR) 
RARA-B  (485)    (Regular PCR and cDNA) 
PML-C2  (997)    (Nested PCR) 
RARA-D  (426)    (Nested PCR and control ) 
RARA-E3  (682)    (for cDNA  prep.) 

ctgctggaggctgtggac 
gcttgtagatgcggggtaga  
agcgcgactacgaggagat 
ctgctgctctgggtctcaat  
gcccacttcaaagcacttct 

CBFB-
MYH11 

CBFB-A  (253)    (Regular PCR) 
MYH11-B2  (2116)    (Regular PCR and cDNA)  
CBFB-C  (345)    (Nested PCR) 
MYH11-D2  (2061)    (Nested PCR and control) 
CBFB-E5  (199)    (Control) 

gcaggcaaggtatatttgaagg 
tcctcttctcctcattctgctc  
gggctgtctggagtttgatg 
cttgagcgcctgcatgtt  
cagggagaacagcgacaaaca 
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Nested PCR was performed by replacing the regular primers with nested PCR primers 

and using regular PCR product as template in PCR. The protocol and thermal cycler 

profile was same for both rounds. 

2.2.2.4 Analysis of PCR products by agarose gel electrophoresis 

For evaluation of the PCR product, 15 µl of the PCR product was resolved on 1.5 % 

agarose gel and visualized under UV light after staining with ethidium bromide.  

2.2.2.5 Detection of amplified DNA by dot blot hybridization 

In case of ALL patients, PCR amplicons could not be detected through gel 

electrophoresis. For detection of amplifications, PCR products were subjected to dot-blot 

hybridization using radioactive labeled probes. Sequence of probes is given in table 2.3. 

The process involved labelling of primers, blotting of PCR products using dot blot 

apparatus, hybridization of labeled primer to blotted membrane and detection of 

hybridization signal by auto-radiography. 

a. Sample preparation 

Dot-blot buffer was prepared by dissolving 1.6 g sodium hydroxide (0.4N) and 0.93 g 

EDTA (25 mM) in 80 ml of distilled water and the final volume was made up to 100 ml. 

For dot blot hybridization, 10 ml of PCR product was mixed with 190 ml of dot blot 

buffer, denatured at 95 °C for 5 minutes and cooled on ice.  

b. Membrane preparation 

Hybond N+ Nylon membrane (Amersham) was used for dot-blotting. Membrane was 

soaked in deionised water and then in the dot blot buffer. 

c. Blotting PCR product on membrane 

Nylon membrane was marked at the bottom right corner and was set in dot blot apparatus. 

Dot blot buffer (200 ml) was loaded in the wells on dot-blot apparatus under vacuum. The 

samples were loaded in the wells and aspirated under vacuum. Positive and negative 

controls were also loaded. The wells were then washed with 200 ml dot-blot buffer and 
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aspirated under vacuum. Membrane was then removed from apparatus, air dried and 

DNA was immobilized on the nylon membrane using UV cross linker (Stratagene). 

d. Labelling of oligonucleotides for making probes 

The oligonucleotide probes (table 2.3) were end-labelled with 32P dTTP using T4 

polynucleotide kinase (Fermentas). The concentration of probe needed for labelling was 5 

pmol/µl and oligonucleotides were diluted accordingly. The labelling mixture (50 µl) 

consisted of 2X kinase buffer 50 pmole oligonucleotide, 6 µl of 32P δATP, 20 U of T4 

polynucleotide kinase and distilled water. The reaction mixture was incubated at 37°C for 

30 minutes and then inactivated at 72°C for 10 minutes. 

e. Probe hybridization 

The blots were pre-hybridized in hybridization buffer (6X SSPE, 5X Denhardt's solution, 

1 % SDS and 10 % Dextran Sulfate) for 30 minutes and then respective probes were 

added to each reaction. Blots were incubated overnight at temperature 5°C lower than the 

melting temperature of the probe (Table 2.3).  

To make 10X SSPE buffer 13.7 g sodium hydrogen phosphate (100 mM), 105.19 g 

sodium chloride (1.8 M) and 3.36 g EDTA (10 mM) were added and the final volume was 

made up to 1000 ml water and the pH was adjusted to 7.4. 100X Denhardt's solution was 

made by dissolving 2 % bovine serum albumin (Fraction V), 2 % polyvinyl pyrrolidone 

and 2 % Ficoll-Type 400 in appropriate volume. 

f. Washing blots 

For removal of probes, membranes were washed twice for 30 minutes with 5X SSC, 0.5 

% SDS at 65°C and once with 0.1X SSC, 1.0 % SDS at room temperature for 15 minutes. 

20X SSC was prepared by taking 175.3 g sodium chloride (NaCl) and 88.2 g tri-sodium 

citrate (hydrous) and the volume was made up to 1000 ml with distilled water.  
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Table 2.3 Sequence and melting temperature of probes used in dot blot hybridization 

 

Fusion Gene Sequence of probes (5'------3') Size Tm (°C) 

E2A-PBX1 caccctccctgacctgtctat 21 b 66 

TEL-AML1 atgcccattgggaga 15 b 46 

BCR-ABL p190 gccataagcggcaccggcac 20 b 68 

BCR-ABL p210 gagataacactctaagcata 20 b 54 

MLL-AF4 agaatcaggtccagagcagagc 22 b 68 
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g. Autoradiography 

The membranes were placed in X-ray cassettes and autoradiographed on X-ray film. The 

time for autoradiography varied from 24 to 48 hrs depending on the signal of 

radiolabelled probe. The autoradiographs were developed in darkroom using developer 

and fixer from Fuji Colour Company. 

h. Stripping of blots  

For stripping of blots, the membrane was incubated at 50°C in 200 ml strip buffer (0.4 M 

NaOH) for 45 minutes. The membrane was washed in 200 ml of neutralizing buffer (0.1X 

SSC; 0.1 % SDS; 0.2 M Tris-HCl) for 30 min at 42°C. 

2.2.3 Screening of AML samples for FLT3 internal tandem duplication (FLT3-ITD) 

Blood samples from AML patients were also screened for FLT3-ITD at DNA level 

through PCR. Genomic DNA was extracted from patient’s blood using the method 

described by Sambrook et al. (1989) with a little modifications and optimization. 

2.2.3.1 DNA extraction 

For extraction of DNA, 1 ml of blood was taken and was mixed with 9 ml of buffer A 

(Sucrose 10.95g, 1 ml of 1M Tris-HCl, 500 ml 1M MgCl2 and 1 ml of Triton X 100 per 

100 ml of buffer), incubated on ice for 2 minutes and spun at 1,500 rpm for 15 minutes at 

4°C. Pink pellet of nuclei was resuspended in 320 ml of cold buffer B (20 mM Tris-HCl, 4 

mM Na2EDTA, 100 mM NaCl, pH 7.4). Thirty-two ml of 10 % SDS and 3.5 ml of 

Proteinase-K (10mg/ml) were added. The mixture was subjected to shaking incubation at 

37°C overnight. An equal volume of buffer-equilibrated phenol was added and mixed on 

ice for 10-15 minutes. Mixture was centrifuged at 2,500 rpm for 15 minutes at 4oC.  

Supernatant was taken, and equal volume of chloroform: isoamyl alcohol (24:1) was 

added and mixed gently at room temperature for 15-30 minutes. Phases were separated by 

centrifugation at 2,500 rpm for 15 minutes at 4oC. Supernatant was taken, 1/10 volume of 

3M sodium acetate and 1.5 volume of 100 % isopropanol was added to precipitate DNA.  
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Pellet was obtained by centrifugation at 14,000 rpm for 20-30 minutes at room 

temperature. It was then washed with 70 % ethanol and air-dried. DNA pellet was 

dissolved in Tris EDTA buffer.  

2.2.3.2 Determination of DNA concentration 

Concentration of DNA was measured by spectrophotometer. Optical density was 

measured at 260 and 280 nm. The ratio of absorbance at 260/280 nm was used to 

determine the quality of DNA. Samples having the ratio below 1.7 were treated with 

phenol-chloroform to remove contaminating proteins. 

2.2.3.3 Polymerase chain reaction 

For detection of FLT3-ITD, those primers were selected which specifically target FLT3 

gene as described by Murphy et al. (2003), yielding 330 bp fragment of FLT3 gene while 

in case of duplication, primers yielded additional amplicon of 348 bp. Sequence of 

primers is given in table 2.4. The PCR reaction mixture (50 µl) consisted of PCR buffer 

(1X), MgCl2 (2.5 mM), 4 dNTPs (0.2 mM), forward and reverse primers (25 pmole each), 

Taq polymerase (1U), DNA (5 µl) and dH2O. Reaction mixture was placed in thermal 

cycler (Eppendorf).  

Thermal cycler profile 

Initial denaturation (94°C)  5 min 

Denaturation (94°C)   45 sec 

Annealing (42°C)   30 sec        30 cycles 

Extension (72°C)   45 sec 

Final extension (72°C)  10 min 

Reaction was stopped at 4°C. 
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Table 2.4 Sequence of primers used for FLT3-ITD detection 

 

No. Primer code Primer Sequence (5'----3') Product (bp) G+C (%) 

1 11F  gcaatttaggtatgaaagccagc 330 in normal 
330 and 348 in ITD 

43.5 

2 12R ctttcagcattttgacggcaacc 47.8 
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2.2.3.4 Analysis of PCR products by agarose gel electrophoresis 

For evaluation of the PCR products, 15 µl of the PCR product was resolved on 1.5 % 

agarose gel and visualized by staining with ethidium-bromide. 

All chemicals used for cDNA synthesis and PCR amplification were purchased from 

Fermentas, USA. 

2.2.3.5 Methods to avoid false positive or false negative results in PCR 

Measures were taken to avoid false positive PCR amplification results. Different steps of 

PCR amplification were carried out in separate rooms with dedicated pipettes, tips, gloves 

and laboratory coats. Barrier tips and safe-lock microfuge tubes were used. Reagents were 

kept in small aliquots to avoid contamination. One-way flow of samples and workers 

assured the safety of PCR. Appropriate positive and negative controls were always 

included to assure the quality of PCR and avoid carry-over contamination.  

2.3 Designing of siRNA against STAT 1 and STAT 3 mRNA 

Small interfering RNAs (siRNAs), targeting different regions of the STAT 1 and STAT 3 

mRNAs, were designed manually according to the empirical rules and rational design for 

siRNA designing, described by Mittal (2004). Protein structural domains were also 

considered to avoid targeting only a single protein motif or domain. Oligonucleotides 

were then subjected to BLAST-homology search at NCBI to lessen the off-target effects 

of siRNAs 

2.3.1 siRNAs targeting STAT1  

Five DNA oligonucleotides corresponding to human and murine STAT1 gene (GenBank 

accession no. NM_007315 and NM_009283, respectively) were designed to target 

STAT1 mRNA nucleotides at 431-449, 614-632, 1037-1055, 1736-1754 and 1985-2003 

located in different domains of STAT1 protein. The numbering of the first nucleotide of 

the siRNAs refers to the ATG start codon. The target sequences for siRNAs and domains 

of STAT1 are given in table 2.5. 
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2.3.2 siRNAs targeting STAT3 

Three DNA oligonucleotides corresponding to human and murine STAT3 gene (GenBank 

accession no. NM_003150 and NM_213659, respectively) were designed to target 

STAT3 mRNA at nucleotides 594 to 612, 823 to 841 and 2146 to 2161. One siRNA 

corresponding to nucleotide 1926 to 1944 of STAT3 mRNA and found to be successful in 

reducing STAT3 mRNA in vitro (Gao et al., 2005) was also included in the study. 

Sequence of siRNAs used to target STAT3 mRNA are given in Table 2.6.  

2.4 siRNA/shRNA synthesis  

The siRNAs designed against STAT1 and STAT3 were synthesized as long 

oligonucleotides, having ability to form hairpin-loop structure, containing sense strand of 

19 nucleotide (italicized), a short non-complementary 9-nt–loop sequence ttcaagaga 

(underlined), 19 nucleotide antisense strand (italicized) in reverse direction and a stretch 

of T as a pol III transcription termination signal. Oligonucleotides (64 bases) were 

thereafter chemically synthesized including overhang sequences from a 5΄-BglII and a 3΄-

SalI restriction site for cloning purposes (BioSpring, Frankfurt, Germany). A generalized 

shRNA design is given in figure 2.3.  

Complementary strands were also synthesized to make double stranded DNA 

oligonucleotides for cloning in vector. The oligonucleotide sequences of the shRNAs, 

targeting STAT 1 and STAT 3, used in this study are given in table 2.7. 

2.5 Construction of H1-shRNA expression cassettes 

For generation of pH1-shRNA constructs, oligonucleotides were cloned at 3΄ of the H1-

RNA promoter in pBlueScript derived pH1-plasmid (pSUPER). Vector map is given in 

figure 2.4. 

 

 

 

 

 



Chapter 2                                                                                                          Materials & Methods 

57 
 

 

Table 2.5 Sequence of siRNAs designed to target STAT1 mRNA 

 

No. Sequence Domain Position G+C (%) 
1. gtaaagtcagaaatgtgaa Coiled-coil 431-449 31.6 

2. tgcttgacaataagagaaa Coiled-coil 614-632 31.6 

3. gactgttggtgaaattgca DNA-binding 1037-1055 42.1 

4. tgggcttcatcagcaagga SH2 1736-1754 52.6 

5. atcccctgaagtatctgta SH2 1985-2003 42.1 

 

 

 

Table 2.6 Sequence of siRNAs designed to target STAT3 mRNA 

 

No. Sequence Domain Position G+C (%) 
1. gaagatgcagcagctggaa Coiled-coil  594-612 52.6 

2. cttcagacccgccaacaaa Coiled-coil 823-841 52.6 

3. gcagcagctgaacaacatg SH2 1926-1944 52.6 

4. acgacctgcagcaatacca SH2 
mu-2146-64 
hu-2143-61 

52.6 
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Figure 2.3 Generalized shRNA design for cloning in pSUPER vector. The 64 nt 

long sequence consists of BglII restriction sites at 5'-end, 19 nt siRNA sense target 

sequence (italicized), 9 nt long loop sequence (underlined), 19 nt antisense siRNA 

strand (italicized), termination stop signal as oligo dT and 3' SalI restriction site. 

Complementary strand is also shown. 
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aaaaaa 

ggaag     3' 
ccttcagct 
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Table 2.7 shRNA sequences targeted against STAT1 and STAT3 

 

 

siRNA Sequence of siRNA/shRNA (5'----3') 

STAT1-431 
gatcccgtaaagtcagaaatgtgaattcaagagattcacatttctgactttacttttttggaag       (Forward) 

tcgacttccaaaaaagtaaagtcagaaatgtgaatctcttgaattcacatttctgactttacgg      (Reverse)  

STAT1-614 gatccctgcttgacaataagagaaattcaagagatttctcttattgtcaagcattttttggaag       (Forward)    
tcgacttccaaaaaatgcttgacaataagagaaatctcttgaatttctcttattgtcaagcagg      (Reverse)  

STAT1-1037 
gatcccgactgttggtgaaattgcattcaagagatgcaatttcaccaacagtcttttttggaag       (Forward) 

tcgacttccaaaaaagactgttggtgaaattgcatctcttgaatgcaatttcaccaacagtcgg       (Reverse)  

STAT1-1736 
gatccctgggcttcatcagcaaggattcaagagatccttgctgatgaagcccattttttggaag             (Forward) 

tcgacttccaaaaaatgggcttcatcagcaaggatctcttgaatccttgctgatgaagcccagg            (Reverse) 

STAT1-1985 
Gatcccatcccctgaagtatctgtattcaagagatacagatacttcaggggatttttttggaag       (Forward) 

tcgacttccaaaaaaatcccctgaagtatctgtatctcttgaatacagatacttcaggggatgg       (Reverse) 

STAT3-594 
gatcccgaagatgcagcagctggaattcaagagattccagctgctgcatcttcttttttggaag             (Forward) 

tcgacttccaaaaaagaagatgcagcagctggaatctcttgaattccagctgctgcatcttcgg       (Reverse)  

STAT3-823 
gatccccttcagacccgccaacaaattcaagagatttgttggcgggtctgaagttttttggaag             (Forward) 

tcgacttccaaaaaacttcagacccgccaacaaatctcttgaatttgttggcgggtctgaaggg            (Reverse) 

STAT3-1926 
gatcccgcagcagctgaacaacatgttcaagagacatgttgttcagctgctgcttttttggaag            (Forward) 

tcgacttccaaaaaagcagcagctgaacaacatgtctcttgaacatgttgttcagctgctgcgg            (Reverse) 

STAT3-2143 
gatcccacgacctgcagcaataccattcaagagatggtattgctgcaggtcgtttttttggaag             (Forward) 

tcgacttccaaaaaaacgacctgcagcaataccatctcttgaatggtattgctgcaggtcgtgg            (Reverse) 
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Figure 2.4 Map of pSUPER vector (AMP, ampicillin resistance gene; H1 

promoter, human polymerase III promoter). 
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2.5.1 Preparation of pSUPER for cloning 

To linearize, pSUPER plasmid was double digested with BglII and SalI restriction 

enzymes (New England Biolabs) at 37°C for 3 hrs. Restriction reaction (20 µl) contained 

1X NEBuffer 3 (New England Biolabs), 0.1X BSA, 1 µl of each enzyme, 10 µg plasmid 

and dH2O. After digestion, 1 µl Bovine Alkaline Phosphatase (BAP) was added to 

dephosphorylate the restricted ends and the reaction was again incubated at 37 °C for 30 

min. Linearized dephosphorylated vector was run on 1.0 % agarose gel and extracted 

using QIAquick Gel Extraction Kit (Cat. No. 28706). The quality of vector DNA was 

checked on 1.0 % agarose gel. 

2.5.2 Preparation of oligonucleotides (Kinase reaction and oligo annealing) 

Oligonucleotides were reconstituted in distilled water to make final concentration of 

100pmole/µl. For phosphorylation reaction, complementary oligonucleotides (1.6 µl 

each), polynucleotide kinase (2 µl), 10X PNK Buffer (2 µl), 10 mM ATP (1 µl) and dH2O 

(11.8 µl) were mixed in microfuge tube. The reaction was incubated at 37°C for 30 min. 

The oligonucleotides were annealed by incubation at 100°C for 3 minutes in water bath 

and gradually cooled in the same water bath. 

2.5.3 Ligation in pSUPER plasmid  

Ligation reaction (20 µl) consisted of linearized dephosphorylated plasmid (0.8 µl), T4 

DNA Ligase (1 µl), 10X ligase buffer (2 µl), annealed oligo (4 µl) and dH2O (12.2 µl). 

The reaction was incubated at room temperature for 1 hr. 

2.5.4 Transformation in bacterial cells 

For each ligation reaction, 1 vial of TOP 10 cells (Invitrogen) was taken and 10 µl 

ligation mixture was added to cells. The reaction was incubated on ice for 30 minutes 

after which heat shock was given at 42°C for 45 seconds. The reaction mixture was 

cooled on ice (2-3 minutes) and 300 µl SOC medium (LB) was added. Transformation 

mixture was incubated at 37°C for 1 hr. 

2.5.5 Screening and selection of clones 
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To screen the ampicillin resistant transformants, transformation mixture was spread on 

LB agar plates containing ampicillin (100 µg/ml). Plates were incubated for 16 hrs at 

37°C.  

For selection of positive clones, 8 round, medium-sized colonies were randomly picked 

from each plate and inoculated in LB broth containing 100 µg ampicillin per ml of LB 

medium. Culture tubes were incubated at 37°C for 16 hrs (overnight) in shaking water 

bath (160 rpm). To isolate the plasmids from overnight grown cultures, miniprep was 

done using QIAprep Spin Miniprep kit (Cat no. 27106). 

Miniprep DNA was restricted with EcoR1 and Xho1 restriction enzymes. Each miniprep 

DNA (10 µl) was double digested with 0.8 µl of each EcoRI and XhoI in 1X NEBuffer 

EcoRI, 0.1X BSA and dH2O in a final volume of 30 µl. Restriction reactions were 

incubated at 37°C for 2 hrs and afterwards resolved on 1.5 % agarose gel. 

2.5.6 Sequencing of selected clones 

On the basis of restriction fragments produced by EcoRI and XhoI restriction enzymes, 5 

clones for each shRNA were selected and subjected to Genetic Analyzer (Applied 

Biosystem). Sequences were analyzed for point mutations and clones without any 

mutation. On the basis of sequence analysis, one clone for each shRNA was selected for 

further studies. 

2.5.7 Maxiprep 

To obtain plasmids in bulk, maxiprep was done. Cultures of the selected clones were 

inoculated in 250 ml LB broth containing ampicillin (100 µg/ml) and were incubated 

overnight at 37°C with continuous shaking (160 rpm). Cells were harvested by 

centrifugation at 6000g for 10 minutes in 500 ml centrifuge bottles. Maxipreps were done 

using QIAGEN Plasmid Maxi kit (Cat. No. 12163). 

The control plasmids were transformed in recombinant negative stab BL21 cells 

(Invitrogen) through heat shock method described in section 2.5.4 and plasmids were 

retrieved. Plasmids were digested with restriction enzymes for confirmation. Maxiprep 

DNAs were quantified using Genequant II (Pharmacia Biotech) and were diluted to final 

concentration of 1 µg/µl in dH2O. 
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2.6 Cell culture 

Human embryonal kidney cells (293T) and Syrian hamster kidney cells (BHK21) were 

cultured and maintained in Dulbecco’s modified eagle medium (DMEM) with L-

glutamine (Gibco, BRL). K562 cells (human myeloid leukemia cells expressing b3a2 

BCR-ABL) were maintained in RPMI 1640 medium with L-glutamine (Gibco, BRL) 

while for 32D cell line (mouse bone marrow cells constitutively growth factor-

dependent), RPMI 1640 was supplemented with interleukin-3 (IL-3) at final 

concentration of 10ng/ml. Medium for all cell lines was complemented with 10 % fetal 

calf serum (FCS) and penicillin/streptomycin (50 U/ml) unless mentioned. All cell lines 

were maintained at 37°C in 5 % carbon dioxide (CO2). Experiments were done with cells 

in exponential growth phase.  

2.7 Functional assay for effective siRNAs 

A quantifiable procedure that uses conventional transfection experiments to rapidly 

identify effective siRNAs (Kumar et al., 2003) was used for siRNA screening. Effective 

siRNAs were identified on the basis of their ability to reduce the expression of cognate 

sequences in an ectopically expressed target mRNA fused to enhanced green fluorescent 

protein (EGFP) as reporter gene on murine stem cell virus (MSCV) vector. The approach 

allowed not only the identification of the most effective siRNAs, but also of those that 

produced the partial suppression of target-gene expression.  

For testing effective shRNAs targeting STAT1 and STAT3 mRNA, BHK21 cells were 

transiently transfected with plasmids expressing shRNAs against STAT1 and STAT3 

along with the respective bi-cistronic expression plasmids MSCV-STAT1-EGFP and 

MSCV-STAT3-GFP encoding STAT1 and STAT3 genes along with GFP, respectively.  

Plasmid pH1-GL4 expressing an irrelevant shRNA was used as negative control while 

plasmids pH1-121-GFP, expressing shRNA against EGFP was used as positive control 

(Scherr et al., 2003a; Scherr et al., 2005). Plasmid LNSN encoding the full length low-

affinity nerve growth factor receptor (LNGFR) under the transcriptional control of the 

Mo-MuLV-LTR (Mavilio et al., 1994) was used for normalization purpose. 
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2.7.1 Seeding BHK 21 cells for lipofection 

The day before transfection, cells growing in exponential phase were harvested and 

counted using automated cell counter (Coulter). One hundred thousand (1 x 105) cells 

were seeded per well of a 24-well plate in 0.5 ml of the complete growth medium 

(DMEM with 10 % FCS). Cells were incubated at 37°C in CO2 incubator until the cells 

are 50-80 % confluent (usually took 18-24 hours).  

2.7.2 Lipofection  

Transfection of BHK21 cells was performed using the cationic lipid Lipofectamine™ 

2000 (Invitrogen). The co-transfection was performed with three different plasmids: 

MSCV-EGFP encoding transgene (STAT1/STAT3), LNSN plasmid, encoding the low-

affinity nerve growth factor receptor, and shRNA expression vector. 

Each set of experiment included un-transfected cells (Mock), cells transfected with LNSN 

plasmid (for normalization), cells transfected only with MSCV-EGFP encoding 

respective target mRNA (control), cells transfected with MSCV-EGFP and LNSN 

(control), cells transfected with MSCV-EGFP, LNSN and pSUPER (control), cells 

transfected with MSCV-EGFP, LNSN and pH1-GL4 (irrelevant shRNA as control) and 

cells transfected with MSCV-EGFP, LNSN and pH1-121-GFP (positive control).  

For lipofection in BHK21 cells, maxiprep plasmid DNAs were diluted in 50 µl DMEM 

(serum free) under sterile environment (under laminar airflow) in respective eppendorff 

tubes and mixed gently. For each transfection, 1 µl of lipofectamine per 1.0 µg of DNA 

was diluted into 50 µl DMEM medium without serum and mixed. After 5 minute 

incubation, diluted DNA was combined with the diluted lipofectamine (total volume 100 

µl). Mixed gently and incubated for 20 minutes at room temperature to allow DNA-

Liposome complexes to form.  

While the complexes were forming, the old medium from cells was replaced with 400 µl 

of fresh DMEM with 10 % serum. DNA-liposome complexes were added drop wise on 

the surface of medium in the respective well in 48-well plate. Mixed gently by rocking 

the plate back and forth. The final volume of the lipofection reaction was 0.5 ml. Plate 
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was incubated at 37°C under 5 % CO2 for 20-24 hrs to allow expression of shRNAs as 

well as transgene. The scheme for lipofection reactions is given below. 

Lipofection reactions for STAT1  

1. Mock 

2. LNSN (Control red)      1 µg 

3. MSCV-STAT1-EGFP (STAT 1-cds)   1 µg 

4. MSCV-STAT1-EGFP + LNSN    1 µg each 

5. MSCV-STAT1-EGFP+LNSN+pSUPER   1 µg each 

6. MSCV-STAT1-EGFP+LNSN+pH1-GL4   1 µg each 

7. MSCV-STAT1-EGFP+LNSN+pH1-121-gfp  1 µg each 

8. MSCV-STAT1-EGFP+LNSN+pH1-STAT 1-431   1 µg each 

9. MSCV-STAT1-EGFP+LNSN+pH1-STAT 1-614  1 µg each 

10. MSCV-STAT1-EGFP+LNSN+pH1-STAT 1-1037  1 µg each 

11. MSCV-STAT1-EGFP+LNSN+pH1-STAT 1-1736  1 µg each 

12. MSCV-STAT1-EGFP+LNSN+pH1-STAT 1-1985  1 µg each 

Lipofection reactions for STAT3 

1. Mock 

2. LNSN (Control red)      1 µg 

3. MSCV-STAT3-EGFP (STAT 3-cds)   1 µg  

4. MSCV-STAT3-EGFP +LNSN `   1 µg each 

5. MSCV-STAT3-EGFP +LNSN+pSUPER   1 µg each 

6. MSCV-STAT3-EGFP+LNSN+pH1-GL4   1 µg each 

7. MSCV-STAT3-EGFP+LNSN+pH1-121-gfp  1 µg each 

8. MSCV-STAT3-EGFP+LNSN+pH1-STAT 3-826   1 µg each 

9. MSCV-STAT3-EGFP+LNSN+pH1-STAT 3-1926  1 µg each 

10. MSCV-STAT3-EGFP+LNSN+pH1-STAT 3-2146  1 µg each 
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2.7.3 Assay for transient gene expression through FACS 

After 24 hours incubation of lipofection reactions, EGFP and low-affinity nerve growth 

factor receptor (LNGFR) expression was assessed through fluorescence microscopy 

(Axiovert 300, Nikon, Düsseldorf, Germany) and then through fluorescence activated cell 

scanner (FACS) (BD Biosciences). For FACS analysis, transfection reactions were taken 

in glass tubes removing the adherent cells from bottom of wells using trypsin. BHK21 

Cells were washed with PBS, centrifuging for 5 minutes at 1,000 rpm at 4°C. 

Supernatants were carefully decanted and incubated with phycoerythrin (PE) antihuman 

LNGFR antibody (mouse IgG) (PharMingen, San Diego, CA) for 30 minutes at 4°C and 

diluted with PBS. To monitor LNGFR expression, cells were collected by centrifugation 

for 5 minutes at 1,000 rpm. Supernatants were decanted and cells were resuspended in 

400 µl PBS and analyzed through FACS for the expression of GFP and LNGFR. To 

check for efficient shRNA, percentage reduction of GFP was calculated using the 

following formulae. 

Factor = Mean (pS+pGL4) 
  LNSN of sample 

Real GFP (%) =Factor x GFP of sample 

% reduction = 100 – real GFP (%) 

Experiment was repeated thrice to eliminate any false positive or false negative results. 

Based on transient expression in BHK21 cells, shRNAs significantly down-regulating 

GFP were selected for construction of lentivirus vectors (LV) and functional analysis in 

human and murine hematopoietic cell lines. These shRNAs included STAT1-1037 

shRNA against STAT1 mRNA and two shRNAs, STAT3-823 and STAT3-1926 targeting 

STAT3 mRNA.  

2.8 Generation of recombinant lentiviral particles 

Vesicular stomatitis virus glycoprotein-pseudotyped (VSV.G-pseudotyped) lentivirus 

particles were generated by calcium phosphate co-transfection of 293T cells by three 

components. 
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1. Lentiviral vector construct (pdcH1-shRNA-SR) containing RRE, cPPT, SFFV and 

RFP (Scherr et al., 2003a) 

2. The packaging plasmid (pCMV∆R8.91) expressing Gag, Pol, Tat and Rev 

(Zufferey et al., 1997) and 

3. The envelop plasmid (pMD.G), a CMV driven plasmid encoding VSV.G (Ory et 

al., 1996).  

Plasmid maps of pdcH1-shRNA-SR, pCMV∆R8.91 and pMD.G are given in figures 2.5, 

2.6 and 2.7, respectively. 

2.8.1 Construction of lentiviral vectors 

For generation of lentiviral particles, an HIV-1 derived lentiviral vector pdcH1-SR 

(plasmids resulting in double-copy proviruses) was used. Plasmid pdcH1-SR is a 

derivative of plasmid pHR`-SIN-SEW (Demaison et al., 2002) and transcribes shRNA 

from a human H1-RNA promoter inserted into the U3 region of the lentiviral ∆3`-long 

terminal repeat (LTR). The vector encodes red fluorescent protein (RFP) as a marker gene 

driven by the SFFV-LTR (spleen focus-forming virus-LTR) promoter and harbors a 

cPPT/CTS (cis-regulatory central polypurine tract associated with central termination 

site) (Scherr et al., 2003a). In addition an important safety feature is provided by a 

deletion of the promoter-enhancer region in the 3`-LTR (SIN; self inactivating vector). 

The vector itself is the only genetic material transferred to the target cells. Map of pdc-SR 

is given in figure 2.5.  
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Figure 2.5 Schematic representation of lentiviral transgene plasmid encoding 

shRNA. The shRNA is transcribed from a human H1-RNA promoter inserted into 

the U3 region of ∆3`-LTR of the lentiviral vector to obtain a double-copy vector. The 

vector encodes RFP as a marker gene driven by SFFV-LTR promoter and harbours a 

cPPT/CTS sequence (5`-LTR indicates HIV-1 5`-LTR; ∆3`-LTR, HIV-1 self-

inactivating (SIN) 3`-LTR; GA, deleted gag sequence; RRE, Rev responsive 

element; SA, splice acceptor site; SD, splice donor site; ψ, packaging signal; SFFV, 

spleen focus-forming virus). 
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Figure 2.6 Schematic representation of pCMV∆R8.91 packaging construct. The 

construct encodes cis-acting gag, pol, tat and rev genes driven by CMV promoter. 

(RRE, Rev responsive element; SA, splice acceptor site; SD, splice donor site; ψ, 

packaging signal; CMV, cytomegalo virus promoter; poly A, termination signal). 
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Figure 2.7 Schematic diagram of pMD.G encoding VSV-G driven by CMV 

promoter (VSV-G, vesicular stomatitis virus glycoprotein; Poly A, transcription 

termination signal; CMV, CMV based promoter.  
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When these plasmids are co-transfected into 293T human embryonic kidney cells, viral 

particles accumulate in the supernatant and high-titer viral preparation can be obtained by 

ultracentrifugation.  

For construction of lentiviral vectors, H1-shRNA expression cassettes were inserted in the 

U3 region of the ∆3`-long terminal repeat (LTR) in pdc-SR LV plasmid. To generate the 

lentiviral dcH1-shRNA-SR plasmids, the pH1-STAT1-1037, pH1-STAT3-823 and pH1-

STAT3-1926 plasmids were digested with SmaI and HincII restriction enzymes to take 

H1-shRNA (360 nt) blunt ended cassette out. To generate H1-shRNA cassette, 10 µg of 

each plasmid was digested first with 1.2 µl SmaI enzyme in the presence of 1X NEBuffer 

4 and 0.1X BSA. Reaction was incubated at 25°C for 90 minutes and 1.2 µl of HincII 

enzyme was added and incubated further for 2.5 hrs at 37°C. Restriction product was 

resolved on 1.5 % agarose gel and the 360 nt cassette was eluted from gel using 

QIAquick Gel Extraction Kit (Cat. No. 28706) and ethanol precipitated. 

2.8.1.1 Digestion of pdc-SR plasmid 

15 µg of pdc-SR was digested with 2 µl of Sna BI enzyme in 1X NEBuffer 4 and 0.1X 

BSA. Reaction was incubated at 37°C for 3-4 hrs to produce blunt-ended linearized 

plasmid. To dephosphorylate the restricted ends, 1 µl of BAP was added and the reaction 

was incubated for 2 hrs at 37°C. The reaction mix was resolved on 1.5 % agarose gel and 

the restricted plasmid was eluted from gel using QIAquick Gel Extraction Kit (Cat. No. 

28706). After extraction from gel, DNA was ethanol precipitated at -80°C for 1 hr, 

washed and re-suspended in 20 µl dH2O. 

2.8.1.2 Ligation 

H1-shRNA cassettes (360 nucleotides) were blunt-end ligated into the linearized pdc-SR 

vector. For ligation reaction (20 µl), 1 µl vector DNA and 6 µl H1-shRNA cassette was 

ligated using 1 µl T4 ligase in 1X Ligase buffer. The reaction was incubated overnight at 

16°C. 
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2.8.1.3 Transformation 

Recombinant negative competent cells (stab BL21) were transformed with the ligation 

mixture using heat shock method. Transformation mixture was spread on LB agar plates 

containing ampicillin (100 µg/ml) to screen ampicillin resistant clones. Cells were 

incubated for 16 hrs at 37°C. 

2.8.1.4 Screening and selection of clones 

From each plate 8 colonies were picked and inoculated in LB broth containing ampicillin 

(100 µg/ml) and were incubated at 37°C for 16 hrs in shaker water bath (160 rpm). 

Plasmids were isolated from overnight grown cultures using QIAprep Spin Miniprep kit 

(Cat. No. 27106). The isolated plasmids were restricted with EcoRI and PstI enzymes in 

separate reactions to confirm the presence and orientation of H1-shRNA cassette. 

Miniprep DNA (10 µl) was restricted with 1 µl of EcoRI or in 1X NEBuffer EcoRI and 

0.1X BSA and reaction was incubated for 37°C for 2 hrs. Restriction products were 

resolved on 1.5 % agarose gel. 

Clones with H1-shRNA cassettes in right orientation were further restricted with PstI 

enzyme to confirm the orientation of clones. For PstI selection, 10 µl miniprep DNA was 

restricted with 1 µl PstI in 1X NEBuffer 3 and 0.1X BSA and reaction was incubated for 

37°C for 2 hrs. Restriction products were resolved on 1.5 % agarose gel. Maxiprep was 

done using QIAGEN Plasmid Maxi kit (Cat. No. 12163) and DNA was quantified using 

Genequant II. 

2.8.2 Calcium phosphate (CaPO4) transfection of 293T cells 

In order to enhance adherence to the substrate, tissue culture flasks (125 cm2) were coated 

with polylysine (5-10 ml) and were kept at room temperature. After 5 minutes, polylysine 

was removed using sterile pipette and the flasks were washed with sterile PBS once. 

Removed the PBS and let the flasks dry in laminar air flow for two hrs.  

Two days before transfection, 4.0-5.0 x 106 293T cells were seeded in 125 cm2 polylysine 

coated flask in 35 ml DMEM and swirled thoroughly in order to obtain even distribution 

across the surface of flask. Incubated for 2-3 days at 37°C. 
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For generation of lentivirus particles, 80 µg LV, 60 µg pCMV∆R8.91, 40 µg pMD.G and 

244 µl of 2M CaCl2 were added to sterile dH2O to a final volume of 2 ml in a sterile 5 ml 

tube. These amounts were for single flask. 2X HBS (4-(2-hydroxymethyl)-1-

piperazineethane sulfonic acid (HEPES)-buffered saline) was prepared (150 mM NaCl, 

20 mM HEPES) and pH was adjusted to 7.1. HBS buffer (2 ml) was dispensed in each 

tube and 2 ml of DNA-CaCl2 mix was added drop-wise under bubbling. Mixture was kept 

at room temperature for 20-30 minutes to allow precipitation of DNA.  

Old medium was removed from the cells and 12 ml fresh DMEM containing chloroquine 

was added to each flask. Chloroquine is an amine that inhibits lysosomal enzymes and 

increases the rate of transfection of cells. For each 10 ml of medium, 3.33 µl of 0.1M 

chloroquine was added. DNA precipitates were added and the cells were incubated at 

37°C for 16-18 hrs. 

On next day, old medium was removed and the cells were washed with 10 ml of sterile 

PBS. 16 ml DMEM containing 16 µl sodium butyrate (final conc. 10 mM) was added and 

cells were incubated over day at 37°C in 5 % CO2. Sodium butyrate is added to increase 

the efficiency of transfection and expression. Treatment of transected cells with sodium 

butyrate can result in 2-3 fold increase in number of cells able to express the insert.  

After 8 hrs, old medium was removed and 16 ml RPMI 1640 (without FCS) was added. 

Cells were incubated overnight (16-18 hrs) in 5 % CO2 at 37°C. Supernatants (virus) were 

collected and 16 ml fresh RPMI 1640 (serum free) was added to the cells and incubated 

over day (8 hrs). Supernatants were centrifuged at 2,500 rpm at 4°C for 5 minutes to 

remove residual cells and stored at 4°C. The viral particles were collected again after 8 

hrs incubation and settled down the cells. Both collections were pooled and filtered 

through 0.45 mm filters. The supernatants were centrifuged at low speed 8,000-10,000 

rpm for 20 hrs. After centrifugation, the supernatants were discarded carefully and virus 

particles were collected in X-VIVO10 (Biowhitthaker, Wokingham, United Kingdom) 

medium (final volume 250 µl).  

To avoid multiple freeze-thaws, 50 µl virus suspension was aliquoted in sterile tubes and 

an aliquot of 10 µl for titer determination. Virus suspensions were stored at -80°C. 

Process was repeated every 24 hrs for 2 days (Scherr et al., 2002).  
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2.8.3 Titer determination 

dcH1-shRNA-SR lentiviral preparations were tittered by serial dilutions of the 

concentrated vector stocks on 1 x 105 K562 cells. To set the titer plate, 1x105 K562 cells 

were seeded in a volume of 200 µl in 96-well plate in RPMI 1640. From each lentiviral 

supernatant, different volumes of viral supernatants (0.1 µl, 0.5 µl and 1 µl) were used to 

transduce K562 cells in different wells of the titer plate. Cells in one of the well were left 

un-transduced as control (mock). 2 µl protamine sulfate (100X, 400 µg/ml) was added to 

each transduction (to increase the efficacy of transduction) and mixed gently through 

pipeting.  

After 24 hrs, the cells were shifted in a 24-well plate in 1 ml RPMI 1640 with serum. RFP 

fluorescence became visible 24 hrs after infection and was observed through fluorescence 

microscope. The percentage of RFP expressing cells was determined, 72 hrs after 

transduction, through FACS analysis. For FACS analysis, one million cells were collected 

and harvested through centrifugation at 2,500 rpm for 5 minutes. The cells were washed 

once with PBS. Supernatant was discarded and the cells were resuspended in 500 µl PBS. 

Biological titer (BT= TU/ml, transducing units) was calculated according to the following 

formula: TU/µl=PxN/100xV) x 1/DF, where P=% RFP+ cells, N= number of cells at the 

time of transduction=105, V=volume of dilution added to each well=20 µl and 

DFs=dilution factor=1(undiluted), 10-1 (diluted 1/10), 10-2 (diluted 1/100), and so on. The 

titers were averaged and typically ranged between 1-5 x 108 IU/ml. 

2.9 Functional analysis in hematopoietic cell lines 

Lentiviral supernatants corresponding to shRNAs (STAT1-1037, STAT3-823, STAT3-

1926, b3a2 and GL4) were used to transduce human and mouse hematopoietic cell lines 

to analyze their ability to down-regulate the cellular level of the target gene expression.  

2.9.1 Transduction of human and murine cells  

Human (K562) and murine (32D) cells were counted using cell counter and 1x105 cells 

were suspended in 200 µl RPMI (without FCS) in each well of 24-well plate. One aliquot 

of virus (50 µl) for each construct was thawed and was added to cells along with 5 µl 

protamine sulfate. Transduction plate was spun at 2,500 rpm at 32°C for 90 minutes and 
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250 µl RPMI 1640 with 10 % FCS was added to each transduction and incubated for 4 

hrs at 37°C in CO2 incubator. For second transduction, 50 µl virus aliquot was again 

added to respective transduction well and spun at 2,500 rpm at 32°C for 90 minutes. The 

plate was incubated overnight in CO2 incubator. Un-transduced cells were grown as 

control. For all experiments, cells were transduced using a double exposure to the viral 

stock. After 16-18 hrs of incubation, transduced cells were shifted from each well to 25 

cm2 tissue culture flask containing 10 ml RPMI with 10 % FCS. Each well was rinsed 

with 500 µl RPMI 1640 medium and transferred to respective flask and mixed well. The 

cells were incubated at 37°C in CO2 incubator. Transduction efficacy was observed 

through fluorescence microscopy at day 2 and day 3 after transduction.  

2.9.2 FACS analysis  

Transduced as well as un-transduced cells were analyzed for the expression of the 

reporter gene (RFP) through FACS at day 4, 12 and 18 and transduction efficiency of the 

virus particles was determined. One million cells from each transduction were collected 

in glass tubes and centrifuged at 2500 rpm for 5 minutes. Supernatants were decanted and 

cells were washed with PBS. The cells were resuspended in 500 µl PBS and analysed 

through FACS for RFP expression. 

2.9.3 Proliferation assay 

Cell proliferation of 32D and K562 cells was analyzed by trypan blue exclusion assay. 

Proliferation cultures were set by growing 2 x 104 transduced as well as un-transduced 

cells, as control, in 24-well plates in a total volume of 1 ml. The number of cells was 

determined at day 5, 7, 12, 15 and 18 after transduction. For counting the cells, 10 µl 

culture was mixed with equal volume of trypan blue (Invitrogen). The mixture was loaded 

on Neubauer’s Chamber and cells were counted under the microscope. Viable cells, 

visible as transparent white, were counted leaving unviable cells which were stained blue 

due to trypan blue.  
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2.9.4 Western blotting 

Cells were harvested for immunoblotting (western blotting) at day 6. Total protein from 

transduced and un-transduced cells was separated on sodium dodecyl sulfate-poly 

acrylamide gel electrophoresis (SDS-PAGE) and blotted with labelled antibodies against 

STAT 1, STAT 3, ABL and house keeping protein (ERK 2) to check the effect of 

shRNAs in transduced human and mouse cells.  

2.9.4.1 Preparation of cell lysates 

For preparation of cellular lysates, 5-10 million transduced K562 and 32D cells were 

collected in microfuge tubes and centrifuged at 2,500 rpm for 5 minutes. The cells were 

washed twice with PBS. Harvested cells were mixed with 200 µL lysis buffer and 

incubated on ice for 20 minutes. Lysis buffer consisted of Tris pH7.4 (50 mM), NaCl 

(150 mM), Triton X 100 (1 %), NP-40 (1 %), EDTA (5 mM), Sodium fluoride (50 mM), 

Sodium ortho vandate (2 mM) and phenylmethanesulphonylfluoride or 

phenylmethylsulphonyl fluoride (PMSF) (1 mM) in water. Stock solution of PMSF (100 

mM) was prepared in methanol and was stored at -20°C. One tablet of protease inhibitor 

cocktail was dissolved in 5 ml lysis buffer. Lysis buffer was stored at -20°C. Cells were 

vortexed after every five minutes for uniform lysis. To collect the lysates, cells were 

centrifuged at 14000 rpm for 30 minutes at 4°C. Supernatants were collected in separate 

tubes leaving cell debris (pellet). Lysates were stored at -20°C.  

2.9.4.2 Protein estimation 

Cellular lysates were estimated for protein using BradFord protein estimation method. For 

this, 5 µl sample was mixed with 800 µl water and 200 µl Biorad protein dye. Optical 

density (OD) was taken at 595 nm and protein concentration was calculated.  

2.9.4.3 Preparation of Gel 

Gel plates were assembled and 7.5 % separating gel was prepared by mixing 3.76 ml of 

40 % acrylamide solution, 5 ml of separating gel buffer (1.5 M Tris HCl, pH 8.8),  100 µl 

of 10 % SDS solution, 10 µl of N,N,N',N'-Tetramethylethylenediamine (TEMED), 100 µl 

of 10 % ammonium per sulphate (APS) and 10.94 ml of water. Gel was polymerized 

between the glass plates. Four percent stacking gel was prepared by mixing 1 ml of 40 % 
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acrylamide solution, 2.5 ml of stacking gel buffer (0.5 M Tris HCl, pH 6.8), 100 µl of 10 

% SDS solution, 10 µl of TEMED, 100 µl of 10 % APS solution and 6.25 ml of water. 

Mixture was poured on the top of separating gel. 

2.9.4.4 Sample preparation and gel loading 

Lysates (80 µg protein) were diluted in 4X sample buffer to a final volume of 35 µl and 

incubated at 95°C for 5 minutes to denature proteins. 4X Sample buffer was prepared by 

mixing Tris, 10 % SDS, Glycerol, ß-mercaptoethanol in water to a final concentration of 

0.5 M, 2 %, 87 % and 5 %, respectively. Bromophenol blue crystals were added till the 

solution turned blue. pH was adjusted to 6.8 with HCl. Samples were then immediately 

loaded on gel and resolved at 40 Volts in 1X electrode buffer. 5X electrode buffer was 

prepared by dissolving 45 g Tris base, 216 g glycine and 15 g SDS in dH2O to a final 

volume of 4 litres. Protein marker was also loaded in one of the wells. 

2.9.4.5 Transfer to membrane 

After resolving on gel, proteins were transferred from gel to Hybond enhanced 

chemiluminescence (ECL) nitrocellulose membrane (Amersham Biosciences, Uppsala, 

Sweden). Transfer stack was assembled from bottom to top (from anode to cathode) as 

two filter papers soaked wet in anode buffer I (0.2 M Tris, 10 % methanol, pH 10.4) over 

which, one filter paper wet in anode buffer II (25 mM Tris, 10 % Methanol, pH 10.4) was 

placed. Nitrocellulose membrane soaked in cathode buffer (25 mM Tris, 40 mM 6-

amono-n-capronic acid, 10 % Methanol, pH 9.4) was placed over the filter stack and then 

the gel was placed by removing bubbles carefully. Finally three filter papers soaked in 

cathode buffer were loaded over the gel. Transfer setup was run at 1.2 mA/cm2. After 1 

hr, membrane was taken out from the transfer stack and was immersed in blocking buffer 

(5 % non-fat milk in PBS) for 1 hr at room temperature with slow shaking. 

2.9.4.6 Labelling of proteins  

Membranes were exposed to commercially available primary antibodies (polyclonal 

rabbit anti-STAT1 antibody (M-22), polyclonal rabbit anti-STAT3 (C-20), polyclonal 

rabbit anti-abl antibody (K-12) and polyclonal rabbit anti-ERK2 antibody (C:14) (all 

antibodies were from Santa Cruz Biotechnology, Heidelberg, Germany) according to 
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manufacturer’s protocol (1:1000 dilution in blocking buffer). Reaction was incubated 

overnight at 4°C on magnetic shaker. Membranes were washed thrice with water (2 

minutes for each wash). Secondary antibody (goat anti-rabbit antibody SC-2301) was 

diluted in blocking buffer (1:5000) and membranes were incubated in secondary antibody 

for 2 hrs at room temperature (on shaker). Washed with water once for 1 minute, once 

with 0.05 % Tween 20 in PBS for five minutes and then twice with water (2 minutes for 

each wash) at room temperature.  

2.9.4.7 Autoradiography 

Chemiluminescence was used for visualization using the ECL western blotting detection 

reagents (Amersham Biosciences) according to the manufacturer’s protocol. ECL 

solutions were mixed in 1:1 ratio and poured on membranes. Membranes were kept in 

dark for 2 minutes and were exposed to X-ray film in dark. Exposure time ranged 

between 30 sec to 5 minutes depending on the signal strength. Films were developed in 

darkroom using automated developer and fixer (Fuji). 



 

 
 
 
 
 
 
 
 

RESULTS 
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RESULTS 

3.1 Screening of leukemia samples 

3.1.1 Screening of blood samples from CML patients 

Chronic myeloid leukemia is one of the best characterized leukemia and generation of a 

single chimeric fusion is believed to play a central role in the pathogenesis of the disease. 

Philadelphia chromosome carrying BCR-ABL fusion gene is found in more than 95 % of 

CML patients. Majority of the CML patients exhibit either an e13a2 (b2a2) or e14a2 

(b3a2) BCR-ABL fusion transcript resulting from alternative splicing of BCR exon 13 and 

14 (Chissoe et al., 1995). Molecular detection of BCR-ABL mRNA mainly through RT-

PCR is the best approach for diagnosis and screening of CML patients. Variant BCR-ABL 

mRNAs can be identified with high sensitivity and specificity through RT-PCR using 

specific primers against BCR and ABL genes (Radich et al., 1995). Use of nested primers 

in second round of PCR increases the sensitivity of detection.  

For screening of BCR-ABL in CML patients, blood samples from CML patients were 

collected and subjected to RT-PCR for the detection of BCR-ABL transcripts. Total RNA 

was extracted from blood using TRIZOL reagent. The integrity of RNA was checked on 

1.5 % agarose gel (Figure 3.1) and complementary DNA was synthesized using reverse 

primer (BB16). For amplification of BCR-ABL cDNA, primers BB15 and BB16 (outer 

forward and reverse) were used in the first round of PCR. In order to increase the 

sensitivity of the analysis, a nested reaction was set with BB13 and BB14 primers, which 

bind inside the primers used in first-round amplification. Nested PCR amplification 

yielded fragments of 230 and 305 bp length, representing the b2a2 and b3a2 type 

transcripts, respectively. Figure 3.2 a and b illustrate the qualitative analysis of CML 

samples through RT-PCR.  

Out of 51 CML samples screened, 96 % (49/51) were found to express two major variants 

of BCR-ABL mRNA. Among these, 47 % expressed only b2a2 (e13a2) and 39 % 

expressed only b3a2 (e13a2) transcript, while 8 % of the BCR-ABL positive patients 

expressed both b3a2 and b2a2 variant transcripts. Results of RT-PCR based screening of 

CML patients are shown in chart 3.1.  
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In one patient, amplified product of unexpected size (~670 bp) was observed, along with 

standard b2a2 transcript (Figure 3.2 b). The fragment was extracted from the gel and then 

cloned in TA cloning vector. Plasmids isolated from different clones were restricted with 

EcoR1 and Pst1 restriction enzymes (Figure 3.3) to confirm the presence of the desired 

fragment in the vector. Clones containing restriction fragment of 710 bp were then 

subjected to sequencing. BLAST homology search of the sequence revealed a rare e13 1a 

transcript, indicating the translocation of exon 13 of BCR to exon 1a of ABL gene. 

Sequence was submitted in GenBank (Accession no. AY789120). 
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Figure 3.1 Total RNA extracted from blood (Lane M: 100 bp DNA 

marker (Sigma), Lane 1 &2: RNA extracted from different samples) 
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Table 3.1 Expected sizes of PCR products for different translocation 

 

Translocation Nested primer code Leukemia type Expected product size (bp) 

TEL-AML1 
TEL-C 

AML1-D 
ALL/AML 181, 142 

MLL-AF4 
MLL-C 
AF4-D 

ALL/AML 127, 296, 325, 370, 502 

E2A-PBX1 
E2A-C 
PBX-D 

ALL/AML 289 

BCR-ABL 
(p190) 

BCR-e1-C 
ABL-a3-D 

ALL 381, 207 

BCR-ABL 
(p210) 

BB 13 
BB 14 

CML/ALL 230, 305 

AML1-ETO 
AML1-C 
ETO-D 

AML 260 

PML-RARA 
PML-C2 
RARA-D 

AML 688, 652, 289 

CBFB-MYH11 
CBFB-C 

MYH11-D2 
AML 271, 483, 664, 886 
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Figure 3.2 (a) BCR-ABL amplification through RT-PCR [Lane M, 50 bp DNA 

           Ladder (Fermentas); Lane 1, Negative control (H2O); Lane 2-8, 

           Nested PCR products of CML samples; Lane 9, Lymphoma  

          sample (used as negative control)]. 
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Figure 3.2 (b)   BCR-ABL amplification through RT-PCR [Lane M, 100 bp  

   DNA Ladder (Fermentas); Lane 1-5, Nested PCR products  

   (Patient samples); Lane 6, Negative control].  
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Figure 3.3  Restriction digestion of clones using EcoRI and PstI enzymes [Lane 

    M, 1 Kb DNA Ladder (Fermentas); Lanes 1-12, Restriction  

    fragments of plasmids]. 
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47%
39%

8%2%4%

e13a2

e14a2

e13a2 & e14a2

e13a2 & 663bp fragment

None

  
Chart 3.1 Pie diagram illustrating RT-PCR amplification of BCR-ABL 

transcript in CML samples.   
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3.1.2 Screening of ALL and AML samples through RT-PCR 

Unlike CML, where one chimeric gene is responsible for progression of disease, several 

different mutations including translocations, duplications and inversions of chromosomal 

segments are involved in the development of acute leukemias including ALL and AML. 

Chromosomal translocation are the hallmark of acute leukemias and can be identified 

using RT-PCR analysis of fusion genes based on the design of oligonucleotide primers at 

opposite sides of the breakpoint fusion regions so that the PCR product contain the 

tumour specific fusion sequence. Major translocations playing key role in the generation 

of ALL and AML include TEL-AML1, E2A-PBX1, MLL-AF4, BCR-ABL p190, BCR-ABL 

p210, AML-ETO, CBFB-MYH11 and PML-RARA.  

To check the prevalence of different translocation in Pakistani population, blood samples 

from ALL and AML patients were screened through RT-PCR and analyzed by agarose 

gel electrophoresis and dot-blot hybridization. Total RNA extracted from patient samples 

were reverse transcribed and amplified in regular and nested PCR rounds for different 

fusion transcripts. The sequence of primers and the expected PCR product sizes after 

nested PCR reaction for different translocation are given in table 3.1.  

A total of 87 ALL and 21 AML samples were screened through RT-PCR followed by 

agarose gel electrophoresis and dot-blot hybridization detection of amplified products. In 

ALL samples, amplified fragment could not be detected through agarose gel 

electrophoresis and PCR products were subjected to dot-blot hybridization with 

radiolabelled probes, targeting breakpoints. Out of 87 ALL samples, 4 were found 

positive for MLL-AF4 translocation, 3 for TEL-AML1 translocation, and 3 samples for 

BCR-ABL p190 translocation. Autoradiographs for different translocation are given in 

figures 3.4, 3.5 and 3.6. In rest of 77 samples, none of the listed translocation could be 

detected. Chart 3.2 illustrates the RT-PCR screening results for ALL patient samples. 

Four AML patient samples were found to be positive for AML-ETO transcript (Figure 

3.7) while only one sample was positive for E2A-PBX1 transcript. No other fusion gene 

could be detected in AML patient samples.  
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Figure 3.4 Dot blot hybridization of ALL patient samples with MLL-AF4 probe 

[Well 3B, Cell line RS4;11 (positive control); Wells 2F & 4F, Positive for MLL-

AF4; Well 5F, Negative control].  
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Figure 3.5 Screening of ALL samples for BCR-ABL p190 and p210 

translocation through dot blot hybridization. A. Blot labelled with BCR-ABL 

p190 probe [Well 3B, Cell line SD1 (+ive control); Well 2G & 4G, Positive 

for BCR-ABL p190; Well 5G, Negative control]. B. Blot labelled with BCR-

ABL p210 probe [Well 3B, Cell line K562 (control); Well 5G, Negative 

control]. 
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Figure 3.6 Dot blot hybridization using E2A-PBX1 and TEL-AML1 probes. A. 

Labelled with E2A-PBX1 probe [Well 2B, Positive control (plasmid); Well 5G, 

Negative control (H2O)]. B. Blot labelled with TEL-AML1 probe [Well 2B, Positive 

control (Plasmid); Well 3B, Cell line REH (positive control); Well 5G, Negative 

control] 
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Chart 3.2 Screening outcome of pediatric ALL patient samples through RT-PCR. 
 
 
 
 

   

89%

5%3%3%

MLL-AF4

TEL-AML

E2A-PBX

BCR-ABL p190

BCR-ABL p210

None



Chapter 3                                                                                                                                       Results 
 

92 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.7 Amplification of AML1-ETO transcript in AML patient samples (Lane 

M, 50 bp DNA Ladder (Fermentas); Lane 1, Negative control (H2O); Lane 2-6, 

PCR amplifications of transcripts of AML patients]. 
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Chart 3.3 Screening results of AML samples though RT-PCR. 
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 3.1.3 Screening for FLT3-ITD mutation in AML patients 

Somatic mutation of FLT3 involving internal tandem duplications (ITDs) of the 

juxtamembrane domain has been identified in approximately 17 % to 34 % of AML 

patients (Yamamoto et al., 2001). For the screening of AML samples for FLT3-ITD 

mutation, genomic DNA was isolated and was subjected to PCR amplification with 

primers 11F and 12R (Murphy et al., 2003), that can amplify wild type allele as 330bp 

fragment and the mutated allele as 380-563bp long fragment. None of the patient, in the 

present screen, exhibited FLT3-ITD mutation and a single band of 330 bp was seen after 

PCR amplification (Figure 3.8). Percentage prevalence of different chromosomal 

aberration in AML patients is given in chart 3.3. 

It is evident from the present screen that BCR-ABL is the most prevalent chromosomal 

translocation in CML patients and 96 % of the patients show the expression of this 

particular translocation. None of the mutations associated with AML and ALL 

predominated and prevailed with high frequency in our population. Keeping in account 

the screening results, BCR-ABL positive leukemias were selected for therapeutic 

intervention using RNA interference.  
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Figure 3.8  FLT3 Internal Tandem Duplication in AML patients [Lane M, 50 bp 

    DNA Ladder (Fermentas); Lane 1, Negative control (H2O); Lane 2,

    Healthy control; Lane 6-11, PCR amplifications of FLT3]. 
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3.2 RNAi based therapeutic intervention for CML 

Protein tyrosine kinase encoded by chimeric BCR-ABL is known to transfer its oncogenic 

signal through various down-stream signalling pathways (Deininger et al., 2000) 

including signal transducers and activators of transcription (STATs). It activates STAT 

proteins, especially STAT1 and STAT5, and gives Ph-positive stem cells a proliferative 

advantage over the normal blood cells, thus resulting in leukemia. To evaluate the 

potential role of STAT proteins in the pathogenesis of BCR-ABL mediated leukemia and 

as therapeutic targets, STAT1 and STAT3 mRNAs were targeted through RNAi.  

3.2.1 Generation of shRNAs  

The shRNAs targeting STAT1 and STAT3 were rationally designed according to the 

established rules. A total of 5 shRNAs were designed against STAT1 mRNA targeting 

coiled-coil, DNA-binding and SH2 domains. Three shRNAs were designed against 

STAT3, targeting coiled-coil and SH2 domains. One anti-STAT3 shRNA, used 

previously (Gao et al., 2005), was also included in the study. 

All shRNAs as well as their complementary strands were chemically synthesized as 64 nt 

long oligonucleotides harboring BglII and SalI restriction sites on 5` and 3`, respectively. 

Complementary strands were annealed and subsequently cloned downstream of the H1-

promoter in pSUPER plasmid digested with BglII and SalI restriction enzymes (Figure 

3.9).  H1-based transcription of shRNA produce a hairpin RNA with a 19nt long stem and 

a short loop (Brummelkamp et al., 2002a). Ampicillin resistant clones were selected and 

screened for the presence of H1-shRNA cassettes through restriction analysis of the 

isolated plasmids. A restriction fragment of 291 bp demonstrated successful cloning when 

restricted with EcoRI and XhoI enzymes (Figure 3.10). 

Multiple clones for each shRNA were subjected to sequencing to eliminate risk for any 

point mutation in H1-shRNA cassette. Verifying the sequence of an shRNA hairpin is 

essential since mismatch of even one nucleotide within the target sequence can ablate 

knockdown. Plasmids containing intact H1-STAT1-413, H1-STAT1-614, H1-STAT1-

1037, H1-STAT1-1736, H1-STAT1-1985 and H1-STAT3-594, H1-STAT3-823, H1-

STAT3-1926, H1-STAT3-2146 cassettes targeting STAT1 and STAT3, respectively, 

were selected for further studies. 
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3.2.2 Functional evaluation of anti-STAT1 and STAT3 shRNAs 

All shRNAs were functionally evaluated for their ability to down regulate ectopically 

expressed target mRNA in an adherent cell line (BHK21). The assay involves 

conventional transfection experiment to identify effective shRNAs. In this method, 

effective siRNAs are identified on the basis of their ability to reduce the expression of 

cognate sequences in an ectopically expressed target mRNA that is fused to a reporter 

gene. The assay is based on FACS analysis of EGFP fluorescence with EGFP encoded 

along with the target gene on a bi-cistronic transcript as described earlier (Scherr et al., 

2003a; Kumar et al., 2003).  

In this experiment, BHK21 cells were transiently transfected with individual pH1-shRNA 

plasmids against STAT1 and STAT3, along with bi-cistronic plasmid encoding the 

respective target gene as well as EGFP. Plasmid pH1-121-GFP, encoding anti-GFP 

shRNA, was used as positive control for down-regulation of bi-cistronic transcript, which 

reduces the GFP expression up to 95 % in vitro (Scherr et al., 2003a), while, pH1-GL4 

was used as negative control, encoding irrelevant shRNA.  

Expression of GFP was monitored through fluorescence microscope and quantified 

through FACS after 24 hrs of transfection. LNGFR expressed by LNSN plasmid was used 

for normalization in FACS analysis and detected through anti-NGFr antibody.   

To check for most efficient shRNAs, percentage reduction of GFP was calculated using 

the following formulae. 

Factor = Mean (pS+pGL4) 
  LNSN of sample 

Real GFP (%) =Factor x GFP of sample 

% reduction = 100 – real GFP (%) 

Percentage reduction of GFP caused by anti-STAT1, anti-STAT3, anti-GL4 and anti-GFP 

shRNAs was calculated. Reduction in percentage GFP expression by anti-GFP-shRNA 

was significant (75 ± 5 %) and by considering it 100 %, the effect of anti-STAT1 and 

anti-TAT3 shRNAs was calculated accordingly. Out of 5 anti-STAT1 shRNAs, anti-
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STAT1-1037 shRNA reduced GFP expression by 82 %, while anti-STAT1-614 and 1736 

shRNAs were found to be least effective and reduced GFP expression by 55 %. 

In case of STAT3 shRNAs evaluation, pH1-STAT3-823 and pH1-STAT3-1926 were 

found to be the most effective as they reduced mRNA level by 104 % and 112 %, 

respectively, as compared to anti-GFP shRNA. Experiment was repeated thrice to 

eliminate any false-negative or false-positive results. The results of FACS analysis are 

illustrated in chart 3.4. The shRNAs STAT3-823 and STAT3-1926 for STAT3 and 

STAT1-1037 for STAT1 were selected for further experiments. 
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Figure 3.9  Restriction digestion of pSUPER vector with BglII and SalI 

   [Lane M, Marker VII (Roche); Lane 1, Restricted pSUPER]. 
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Figure 3.10    Restriction digestion of clones with EcoRI and XhoI [Lane M, 

           Marker VI (Roche); Lane 2-9 & 11-17, Digested products of  

           minipreps]. 
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Chart 3.4   Percentage reduction of GFP expression by STAT1 and STAT3  

    shRNAs in BHK21 cells (averages from 3 experiments). 
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3.2.3 Construction of Lentiviral vectors 

To analyze the effects of shRNAs on endogenous expression of the STAT1 and STAT3 

genes, lentiviral mediated expression of shRNA was chosen as lentiviruses have the 

ability to transfect dividing as well as terminally differentiated cells. Lentiviral vector 

pdc-SR, encoding RFP was used for generation of recombinant lentiviral particles. 

Plasmid pCMV∆R8.91 was used as packaging construct, while, plasmid pMD.G 

encoding VSV-G protein was used as helper plasmid for generation of lentiviral particles.  

For construction of lentiviral vectors, pdc-SR was digested with Sna BI restriction 

enzyme to linearize the plasmid. Plasmid pSUPER containing H1-STAT1-1037, H1-

STAT3-823 and H1-STAT3-1926 cassettes were restricted with SmaI and HincII 

restriction enzymes to release the respective H1-shRNA cassettes (Figure 3.11). The 

linearized vector and H1-shRNA cassettes were extracted from gel, ethanol precipitated. 

Eluted fragments were run on agarose gel to check the quality of DNA before ligation 

(Figure 3.12).  

Linearized plasmid and H1-shRNA cassettes were blunt-end ligated and were 

transformed in competent cells to get dcH1-STAT1-1037-SR, dcH1-STAT3-823-SR and 

dcH1-STAT3-1926-SR. Clones were selected on ampicillin plates and screened for the 

presence of H1-shRNA cassettes in right orientation through restriction analysis with PstI 

enzyme. Restriction pattern showing band sizes of 792 and 492 demonstrate that H1-

shRNA cassette is ligated in vector in the right orientation. In case of inverted ligation of 

cassette, PstI restriction releases fragments of 792 and 765 bp (Figure 3.13). Clones were 

further confirmed through EcoRI restriction analysis. Band sizes of 137 and 7746 bp 

confirmed the presence of H1-shRNA cassettes in right orientation (Figure 3.14). 

Plasmids pCMV∆R8.91 and pMD.G were retrieved by transformation in competent cells 

and then maxiprep was done to have enough plasmid for the production of lentivirus. 

Maxipreps of pMD.G and pCMV∆R8.91 were restricted with EcoRI and SpeI restriction 

enzymes, respectively, for confirmation of the right maxi-preparation (Figure 3.15). 
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3.2.4 Preparation of recombinant lentiviral particle  

The VSV-G pseudotyped lentiviral particles for anti-STAT1 and anti-STAT3 shRNAs 

were generated in 293T cells through co-transfection of LV, packaging and helper 

plasmid. Lentiviral supernatants were collected after 48 hours and concentrated through 

ultracentrifugation.  

3.2.5 Titer determination for lentiviral particles 

For determination of viral titer, different concentrations of lentiviral supernatants were 

used to transduce K562 cells. The expression of RFP from lentiviral transduced cells 

allowed biological titration of lentiviral preparations and the RFP expressing units were 

quantified through FACS analysis. Biological titers of anti-STAT1 and anti-STAT3 

shRNAs lentiviral preparations were determined to be between 1-5x 108 IU/mL. 

3.2.6 Transduction of human and murine cells 

Human hematopoietic cells expressing BCR-ABL (K562) and murine hematopoietic cells 

(32D), growing in log phase, were transduced with lentiviral preparations to analyze the 

effect of shRNAs on the expression of their target mRNA in vitro.  

A total of 5 lentiviral preparations containing dcH1-STAT1-1037-SR, dcH1-STAT3-823-

SR, dcH1-STAT3-1926-SR, dcH1-GL4-SR and dcH1-b3a2-SR were used to transduce 

K562 and 32D cells. Lentiviral supernatants containing dcH1-b3a2-SR expressing anti-

b3a2 shRNA and dcH1-GL4-SR expressing irrelevant shRNA were used as positive and 

negative controls, respectively.  These lentiviral preparations were kindly provided by Dr. 

Scherr and stored at 80°C.  

Transduction efficacy was determined through FACS analysis of the transduced as well 

as un-transduced K562 and 32D cells for of RFP expression at cellular level. 

Transduction efficacy in K562 cells at day 4 was 99±1 % for dcH1-STAT1-1037-SR, 

dcH1-STAT3-823-SR and dcH1-STAT3-1926-SR. The efficacy of transduction was 80 

% in case of dcH1-GL4-SR and dcH1-b3a2-SR, which may be due to long term storage 

of lentiviral particles (Figure 3.16). In dcH1-STAT3-1926-SR transduced K562 cells, 

number of RFP expressing cells reduced to 90 % and 66.7 %, at day 12 and 18, 

respectively (Figure 3.16). K562 cells transduced with dcH1-b3a2-SR showed 28.7 % and 
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13.77 % RFP positive cells at 12 and 18 day of transduction (Figure 3.16). In the rest of 

transductions, no significant decrease in number of RFP expressing cells was observed 

(Chart 3.5). 

Transduction efficacy varied in case of 32 D cells for different shRNAs, ranging from 

31.65 % in case of dcH1-b3a2-SR to 90 % in case of dcH1-STAT3-823-SR (Chart 3.6). 

Reduction in RFP expressing cells at day 12 was observed in case of dcH1-b3a2-SR, 

dcH1-STAT1-1037-SR and dcH1-STAT3-1926-SR transduced cells (Figure 3.17). 

3.2.7 Proliferation Assay 

The effect of shRNAs on K562 and 32D cell proliferation was determined through 

trypan-blue exclusion assay.  The number of viable cells, for all 5 transductions as well as 

un-transduced cells was determined on day 5, 7, 12, 15 and 18, after transduction, starting 

with 2x104 cells.  

Cell proliferation of K562 cells was strongly inhibited by anti-STAT3-823 and anti-b3a2 

shRNAs when compared with proliferation of un-transduced and GL4 shRNA-transduced 

cells. The effect of anti-STAT3-1926 shRNA was drastic and it caused more than 90 % 

inhibition of K562 cell proliferation. In contrast, STAT1-1037 shRNA was less effective 

in causing inhibition of proliferation and resulted in approximately 60 % reduction in cell 

proliferation (Chart 3.7). No significant effect on 32D cell proliferation was observed 

when transduced with anti-STAT1, anti-STAT3 and anti-b3a2 shRNAs. Results of 

proliferation assay were consistent with cellular RFP reduction. 
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Figure 3.11 Restriction digestion of pdc-SR and pH1-shRNA plasmids [Lane M, 

     Marker VII (Roche); Lane 2-4, Linearized pdc-SR with Sna BI  

    enzyme; Lane 6-7, Digestion of pH1-STAT1-1037 with SmaI and 

    HincII; Lane 9-10, pH1-STAT3-823 digested with SmaI and HincII; 

    Lane 12-13, pH1-STAT3-1926 digested with SmaI and HincII]. 
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Figure 3.12  DNA Fragments after gel extraction [Lane M, Marker VII  

   (Roche); Lane 2, Linearized pdc-SR; Lane 2-4, H1-STAT1-

   1037, H1-STAT3-823 and H1-STAT3-1926 cassettes,  

   respectively]. 
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Figure 3.13  Restriction digestion of clones with PstI [Lane M: Marker VII (Roche),  

  Lane 1-15: Digestion of minipreps with PstI (Lane 1,4,5,8,9,12: insert in  

  the right orientation, Lane 2,3,6,7,10,11,12,14,15: Cassette in inverted  

  orientation]. 
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Figure 3.14     Confirmation of lentiviral clones using EcoRI enzyme (Lane M1, 

         Roche DNA Marker III; Lane 1-7: EcoRI digested clones; Lane   

         M2, Roche DNA Marker VI). 
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Figure 3.15   Confirmation of maxipreps for helper and packaging plasmids [Lane 

      M, Marker VII (Roche); Lane 1, pMD.G digested with EcoRI; Lane 

      2, pCMV∆R8.91 digested with SpeI]. 
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Figure 3.16 Dot plots of RFP fluorescence and side scatter (SSC) from K562 cells 

transduced with dcH1-GL4-SR, dcH1-b3a2-SR, dcH1-STAT1-1037-SR, dcH1-

STAT3-823-SR, and dcH1-STAT3-1926-SR 4, 12 and 18 days after lentiviral 

transduction. 
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Figure 3.17 Dot plots of RFP fluorescence and side scatter (SSC) from 32D cells 

transduced with dcH1-GL4-SR, dcH1-b3a2-SR, dcH1-STAT1-1037-SR, dcH1-

STAT3-823-SR, and dcH1-STAT3-1926-SR 4 and 12 days after lentiviral 

transduction. 
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Chart 3.5 Percentage of RFP expressing K562 cells at day 4, 12 and 18 after 

transduction with lentiviral particles (Mock, un-transduced 32D cells; GL4 

(irrelevant shRNA), b3a2, STAT1-1037, STAT-823 and STAT3-1926 represent 

K562 cells transduced with the respective lentiviruses). 
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Chart 3.6 Percentage of RFP expressing 32D cells at day 4 and 12 after 

transduction with lentiviral particles (Mock, un-transduced 32D cells; GL4 

(irrelevant shRNA), b3a2, STAT1-1037, STAT-823 and STAT3-1926 represent 

32D cells transduced with the respective lentiviruses).  
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Chart 3.7 Number of K562 cells negative for trypan blue after lentivirus transduction 

with different shRNAs (average of three experiments). Triangles depict transduction 

with dcH1-GL4-SR (control), and circles show transduction with viruses dcH1-b3a2-

SR, dcH1-STAT1-1037-SR, dcH1-STAT3-823-SR, and dcH1-STAT3-1926-SR, 

respectively. 
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3.2.8 Western blotting  

The reduction in target protein expression was analyzed through immunoblotting of the 

cellular lysates with different antibodies specific to the target protein. At day 6 of 

transduction cellular lysates were collected, separated on polyacrylamide gel, transferred 

to membrane and labeled with anti-STAT1, anti-STAT3 and anti-ABL antibodies. When 

membrane was labeled with anti-STAT1 antibody, two forms of STAT1 protein were 

detected, phosphorylated and un-phosphorylated of 91 and 84 KDa, respectively. Lysates 

from un-transduced K562 and 32D cells as well as cells transduced with anti-STAT3 

shRNAs were included as control. Anti-STAT1 shRNA reduced the cellular expression of 

STAT1 protein up to 95 % in K562 cells (Figure 3.18) without affecting STAT3 cellular 

protein expression. Reduction was comparatively less in case of 32D cells transduced 

with anti-STAT1 shRNA (Figure 3.19).  

The 92 KDa STAT3 protein can be detected using anti-STAT3 antibody. When 

membranes were labeled with STAT3 antibody, strong reduction in STAT3 cellular 

protein expression (95±3 %) was observed in K562 cells transduced with anti-STAT3-

823 and anti-STAT3-926 shRNAs (Figure 3.20). In case of 32D cells, anti-STAT3-823 

shRNA was less effective, while reduction mediated by anti-STAT3-1926 was more and 

about 70 % reduction   in STAT3 expression was observed (Figure 3.21).  

To check the effect of anti-b3a2 shRNA used as control, K562 cell lysates were labeled 

with anti-ABL antibody. Anti-ABL antibody can detect both p190BCR-ABL and p210BCR-

ABL fusion proteins in addition to house-keeping ABL protein (Not shown). Reduction in 

b3a2 BCR-ABL expression was observed (Figure 3.18 and 3.20) when labeled with anti-

ABL antibody. To check for equal loading of cellular proteins, all membranes were 

labeled with anti-ERK 2 antibody to detect the constitutively expressed ERK 2 protein of 

40 KDa. Band intensity of ERK 2 protein depicts the equal loading of the cellular lysates 

on gel.  
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Figure 3.18 Immunoblot showing gene silencing mediated by lentivirus-encoded STAT1-

shRNAs in K562 cells. For immunoblotting, cells were transduced with control dcH1-

GL4-SR (lane 2), dcH1-b3a2-SR (lane 3), dcH1-STAT1-1037-SR (lane 4), dcH1-STAT3-

823-SR (lane 5), and dcH1-STAT3-1926-SR (lane 6) and lysed 6 days after transduction, 

respectively. Lane 1 shows un-transduced K562 cells. The immunoblots were probed 

with anti-ABL and anti-STAT1 antibodies, respectively, and reprobed with anti-ERK2 

antibody as loading control. 
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Figure 3.19 Immunoblot showing gene silencing mediated by lentivirus-encoded STAT1-

shRNAs in 32D. For immunoblotting, cells were transduced with control dcH1-GL4-SR 

(lane 2), dcH1-b3a2-SR (lane 3), dcH1-STAT1-1037-SR (lane 4), dcH1-STAT3-823-SR 

(lane 5), and dcH1-STAT3-1926-SR (lane 6) and lysed 6 days after transduction, 

respectively. Lane 1 shows un-transduced K562 cells. The immunoblots were probed 

with anti-STAT1 antibody and reprobed with anti-ERK2 antibody as loading control. 
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Figure 3.20 Immunoblot of transduced K562 cells with STAT3 antibody. Immunoblot 

showing gene silencing mediated by lentivirus-encoded STAT1-shRNAs in 32D. For 

immunoblotting, cells were transduced with control dcH1-GL4-SR (lane 2), dcH1-b3a2-

SR (lane 3), dcH1-STAT1-1037-SR (lane 4), dcH1-STAT3-823-SR (lane 5), and dcH1-

STAT3-1926-SR (lane 6) and lysed 6 days after transduction, respectively. Lane 1 shows 

un-transduced K562 cells. The immunoblots were probed with anti-STAT1 antibody and 

reprobed with anti-ERK2 antibody as loading control. 
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Figure 3.21 Immunoblot of 32D cells lysates with STAT3 antibody. Immunoblot 

showing gene silencing mediated by lentivirus-encoded STAT1-shRNAs in 32D. For 

immunoblotting, cells were transduced with control dcH1-GL4-SR (lane 2), dcH1-b3a2-

SR (lane 3), dcH1-STAT1-1037-SR (lane 4), dcH1-STAT3-823-SR (lane 5), and dcH1-

STAT3-1926-SR (lane 6) and lysed 6 days after transduction, respectively. Lane 1 shows 

un-transduced K562 cells. The immunoblots were probed with anti-STAT1 antibody and 

reprobed with anti-ERK2 antibody as loading control. 
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DISCUSSION 

Leukemia comprises a heterogeneous group of clonal hematological malignancies which 

continues to cause significant morbidity and mortality despite decades of research and 

development. Leukemias like several other cancers begin as mutations in genetic 

material, the most common of which are chromosomal translocations resulting in 

chimeric fusions. Chromosomal translocations including TEL-AML1, E2A-PBX1, MLL-

AF4, BCR-ABL p190, BCR-ABL p210, AML-ETO, CBFB-MYH11, and PML-RARA are 

the hallmark of most of the leukemias like CML, AML and ALL (van Dongen et al., 

1999).  

As far as diagnostic procedures are involved, stable chromosomal translocations 

associated with leukemias are amenable to classical karyotyping and PCR analysis if 

sequence information is available. The RT-PCR has been used extensively for 

characterization of individual and small groups of translocations found in leukemic cells 

(Cross et al., 1994; Repp et al., 1995). Treatment outcomes of leukemias depend on how 

early a particular translocation/mutation has been identified. However, under certain 

circumstances patients succumb to death if the nature of disease is more aggressive. The 

incidence of different translocations varies in different regions of the world. To our 

knowledge, no data is available for the incidence of the chromosomal aberrations 

associated with different leukemias in Pakistan.  

As far as the future management of leukemia is concerned, it is prudent to devise 

individual patient-specific strategies based on information generated from chromosomal 

translocations.  Unfortunately, a complete pathogenesis picture of this disorder associated 

with gene shuffling in not available. Response to available chemotherapeutic drugs, 

developed in other regions of the world, is very low in Pakistani patients suffering from 

ALL and AML and they have a poor prognosis. There is a high early death rate as most of 

the patients die within 28 days of diagnosis (Zaki et al., 2002; Kakepoto et al., 2002).  

The present study was aimed to screen different mutations associated with different types 

of leukemias in Pakistani population. For this purpose, RT-PCR analysis was used to 

detect most prevalent chromosomal translocations in 159 clinically diagnosed patients 

with ALL, AML and CML, collected from different hospitals of Punjab and NWFP, 

Pakistan. These translocations included TEL-AML1, E2A-PBX1, MLL-AF4, BCR-ABL 
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p190 and BCR-ABL p210 for ALL, AML-ETO, TEL-AML1, CBFB-MYH11, PML-RARA, 

E2A-PBX1 and MLL-AF4 for AML and BCR-ABL p210 for CML as described (van 

Dongen et al., 1999; Radich et al., 1995). 

The CML-associated BCR-ABL oncogenes vary due to difference in contribution of BCR 

and ABL genes included in the chimera. The major junctional configurations that can be 

identified in the CML are e13a2, e14a2 BCR-ABL transcripts and can be identified in 

more than 95 % of the patients. Other leukemia-associated BCR-ABL transcripts include 

e1a2, e19a2 and e6a2. These transcripts are characterized by variation in breakpoint 

position in BCR region and lead to the view that ABL exon a2 encoded sequence must be 

essential for tumor-promoting activity of BCR-ABL protein (Melo, 1996; Wilson et al., 

1997). In this study, expression of two major alternative BCR-ABL transcripts, e13a2 and 

e14a2, was observed in 96% of CML patients screened in this study. Out of these, 39% of 

CML patients were expressing solely e13a2 transcript, about 47% expressed only e14a2 

while 8% of the patients were found to express both. Our data differs from the reports 

from western countries where e14a2 is the predominant BCR-ABL variant and prevails 

about 60% of the CML patients (Li et al., 2003). 

In the present study, an unusual BCR-ABL transcript was identified in one of the CML 

patients, in addition to classic b2a2 transcript. The sequencing revealed the inclusion of 

exon a1 of ABL gene (the type I exon) which lies 19 kb upstream of the first common 

exon in the BCR-ABL transcript. The resulting BCR-ABL transcript can be characterized 

as e131a. Although, rare BCR-ABL transcripts lacking ABL exon 2 have been reported 

earlier including one with e1a3 transcript (Iwata et al., 2000; Martinelli et al., 1999), to 

our knowledge, none of the leukemia patients with BCR-ABL transcript retaining ABL 

exon 1a has been reported yet. Such structural variations with inclusion or exclusion of 

intron in the hybrid gene may be associated with the regulation of oncogene expression 

and heterogeneity of the disease phenotype (Quackenbush et al., 2000). The sequence has 

been submitted in GenBank (Accession no. AY789120). 

Unlike CML, where a single translocation is responsible for malignant transformation, a 

number of different translocations and other chromosomal aberrations can be identified in 

the patients with ALL and AML. In the present screen, MLL-AF4 translocation was found 

in 4/87 (4.6 %) pediatric ALL patient samples. This frequency is comparable with the 

reports from other regions of the world where MLL-AF4 translocation has been found to 
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prevail 5 % of pediatric ALL patients (Pui and Evans, 1998). About 3% of the ALL 

patients possessed BCR-ABL p190 translocation which is in accordance with the 

published reports which state 2-7% prevalence of BCR-ABL in children (Maurer et al., 

1991; Sazawal et al., 2004). None of the patients possessed BCR-ABL p210 translocation. 

Translocation E2A-PBX1 could not be detected in any of the ALL patients. However 

globally, frequency of E2A-PBX1 is 5 % and different reports demonstrate 3-5 % 

prevalence of E2A-PBX1 translocation (Liang et al., 2002; Sazawal et al., 2004).  

The most significant observation in the present study was the occurrence of marked under 

representation of the fusion transcript TEL-AML1 among children. Percentage prevalence 

of TEL-AML1 translocation was found to be 3.44 %. This is in sharp contrast to the 

previous reports from the West where it has been found in 20-29% of childhood ALL 

cases (Borkhardt et al., 1997; Romana et al., 1995). Relative frequencies approximating 

22% have also been reported from Germany and Italy (Borkhardt et al., 1997). Reports 

from the Oriental countries have shown a slightly lower frequency of TEL-AML1 (16-

19%) in B-lineage childhood ALL (Liang et al., 1996; Nakao et al., 1996). However, our 

results are compatible with the reports from India which demonstrate low prevalence 

level of TEL-AML1 (0-8.7%) (Sazawal et al., 2004; Inamdar et al., 1998). 

In AML patients, AML-ETO was found to be the most prevalent translocation and 

prevailed 19% of the patients screened. The results are comparable with other report from 

West which demonstrate AML-ETO as the most common translocation and is found to 

prevail 8-12% of AML patients (Andrieu et al., 1996). Only one of the AML patients 

possessed E2A-PBX1 translocation (Chart 3.3). 

The data from the present screen led us to argue the possibility of significant under 

representation of the fusion transcripts for TEL-AML1 in ALL in South Asian 

subcontinent patients. The paucity of TEL-AML1 translocation, a known good prognostic 

marker, together with the generally increased leukemic burden seen in the patients, may 

explain, in part, the poor treatment outcome reported in Pakistan. We propose population 

based study to screen a large group of ALL and AML patients for prevalence of different 

translocations to have a clear picture in Pakistan. This can help in designing new 

treatment regimens for ALL and AML patients as the available therapies are based on 

screening from the Western countries and are not effective in our population mainly due 

to the fact that the translocations prevalent in West are not the ones prevalent here. Also, 
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a better understanding of the translocations would be of significance not only at diagnosis 

but also for the subsequent clinical decision-making and gene-directed therapy especially 

RNA interference based gene therapy. 

Although great strides in clinical response and long-term survival were initially achieved 

with the advent of chemotherapy in leukemia patients, particularly children, a plateau in 

clinical benefits has been reached with the use of standard forms of cytotoxic 

chemotherapy alone. The acute leukemias often respond to aggressive cytotoxic 

chemotherapy, especially in children and younger adults. In contrast, the chronic 

leukemia can not be cured by standard chemotherapy. In the past several years, there have 

been numerous reports demonstrating targeted cleavage of the BCR-ABL fusion 

transcripts by antisense oligos, ribozymes, and DNAzymes (Clark, 2000; James et al., 

1996; Pigneux et al., 2000; Snyder et al., 1993; Wu et al., 1999). In a number of cases, 

potent knockdowns of the target RNA have been observed, but there have not been any 

revelation of complete ablation of growth of a population of CML cells in culture.  

The advent of signal transduction inhibitor STI571 (imatinib, Gleevec), that inhibits c-

ABL tyrosine kinase activity by acting as a competitor for ATP (Buchdunger et al., 1996) 

dramatically affected strategies for treating CML and related leukemias because this drug 

provided the alternative of an effective, well-tolerated, once-a-day medication for 

treatment of the chronic phase of CML. Despite its remarkable success, however, 

resistance to this drug is becoming an increasingly important problem in the clinic 

(Paterson et al., 2003; Sacha et al., 2003; von Bubnoff et al., 2003; Zonder and Schiffer, 

2003). Accordingly, second-generation tyrosine kinase inhibitors that provide activity 

against multiple imatinib-resistant BCR-ABL point mutants have been developed and their 

function and target specificity are currently under investigation (Shah et al., 2004; 

Weisberg et al., 2005).  

Alternative to direct targeting of BCR-ABL, identification of target molecules other than 

BCR-ABL itself that are required for proliferation of CML cells may help to improve drug 

therapy for CML. The impetus to add a second agent that targets one of these downstream 

signaling pathways has come from the observation that relapses in CML patients in the 

advanced phase of the disease are common (Sawyers et al., 2002). Several individual 

signaling cascades are activated by BCR-ABL, such as signals linked to Ras, PI3-K/Akt, 

c-Myc, STATs and reactive oxygen species, and their functional relevance has been 
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described using forward and reverse genetics in cell culture and murine stem cell 

transplantation models (Van Etten, 2001). However, functional analysis of individual 

signaling molecules in primary normal as well as leukemic cells has not yet been 

accomplished, mostly because suitable genetic tools were not available.  

Signal transducers and activator of transcription are the molecules that are temporarily 

activated under normal physiological conditions. The duration of activation of individual 

STAT proteins is temporary and usually lasts anywhere from a few minutes to several 

hours. However, numerous studies have demonstrated that transient regulation of STATs, 

particularly STAT1, STAT3 and STAT5, is often replaced by constitutive activation in 

both acute and chronic leukemias (Coffer et al., 2000; Lin et al., 2000; Mora et al., 2002). 

Constitutive phosphorylation of STAT transcription factors (STAT1, STAT3 and STAT5) 

has been demonstrated in BCR-ABL positive cell lines and in primary CML cells (Ilaria 

and Van Etten, 1996; Chai et al., 1997; Coppo et al., 2006). Not surprisingly, therapeutic 

approaches in targeting these STATs have focused primarily on disrupting their 

constitutive activation.  

Constitutive activation of STAT1 and STAT3 by tyrosine phosphorylation and induction 

of DNA binding activity has been demonstrated in p190BCR-ABL and p210BCR-ABL 

transformed cells (Ilaria and Van Etten, 1996). Also, STAT3 activation has been found to 

contribute in accumulation of leukemic clones (Epling-Burnette et al., 2001). Many 

reports describe that blocking the constitutively activated STAT3 or STAT5 leads to 

apoptotic cell death in leukemic cells (Yu and Jove, 2004; Scherr et al., 2006). On the 

contrary, some reports demonstrate that there is no significant role of STAT3 activation in 

BCR-ABL signaling (Carlesso et al., 1996). A recent report demonstrates constitutive 

phosphorylation of STAT3 in response to BCR-ABL tyrosine kinase activity in BCR-ABL-

expressing cell lines (UT7-p210, MO7E-p210, and K562) and in primary CD34+ CML 

cells (Coppo et al., 2006).  

The leading hypothesis of the present study was that if STAT1 and STAT3 proteins are 

constitutively activated in BCR-ABL transformed cells and then blocking these molecules 

trough RNAi can execute a therapeutic approach for BCR-ABL associated leukemias. 

These additional targets may represent potential candidates for RNAi intervention. 
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RNAi in essence is a powerful mechanism for targeted destruction of mRNAs encoding 

proteins. Most of the RNAi candidate gene targets are involved in pathways that 

contribute to leukemic transformation, either through increased cell proliferation, reduced 

apoptosis, or both, while mRNAs expressed from a chimeric fusion gene can be directly 

targeted for RNAi intervention. It is of particular interest to explore RNAi for the targeted 

destruction of fusion oncogenes representing unique targets within the cell. Several 

groups have demonstrated RNAi-mediated knockdown of BCR-ABL fusion transcript that 

can result in potent inhibition of cancer cell proliferation in vitro (Dohjima et al., 2003; 

Heidenreich et al., 2003; Scherr et al., 2003b; Wohlbold et al., 2003). Thus, the idea of 

using this approach to purge leukemic cells from stem cell populations is attractive in 

those situations where allogeneic bone marrow transplant (BMT) is not possible.  

Effective gene silencing through RNAi depends on the sequence of siRNA and the 

method through which shRNA is delivered. The homology to the target, the internal 

stability at 5’ end of the antisense strand (Khvorova et al., 2003) as well as position-

specific sequences may contribute to the optimal activity of siRNA (Ui-Tei et al., 2004). 

Different models and rules have been proposed by different scientist including rational 

design, empirical guidelines and Tuschl’s rules for effective siRNA design against target 

mRNA (Paddison et al., 2002a; Elbashir et al., 2002; Reynolds et al., 2004). Although the 

rational designs have so far been encouraging in generating effective siRNAs, there are 

still many hurdles in accurately predicting the siRNA sequence that will be most effective 

in gene silencing. For instance, little is known about which region in the target mRNA is 

most accessible to the siRNA. Based on this rationale, it is recommended to 

experimentally screen out effective siRNAs from a panel of existing siRNAs that target 

many potential sites within a given mRNA (Kumar et al., 2003). The screening approach 

is useful for predicting one potent siRNA per gene with maximum accuracy. 

An approach that uses synthetic siRNAs in an ex vivo purging method would be ideal for 

RNAi based therapeutics, but unfortunately, efficient delivery in vitro to hematopoietic 

cells is not yet a reality (Oliveira and Goodell, 2003). Recent publications have 

determined that endogenous genes can be successfully knocked down in vivo using 

systemic administration of siRNAs (Heidel et al., 2004; Soutschek et al., 2004).  

Although knock-down of the target gene expression, using chemically synthesized 

siRNAs, has been achieved, chemical synthesis of siRNAs is not cost-effective for large-
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scale therapeutic applications. Furthermore, RNAi induced by synthetic siRNAs is 

transient, and re-expression of the target mRNA in mammalian cells usually occurs 

within a few days (Holen et al., 2002; Tuschl and Borkhardt, 2000). In contrast, plasmid-

based expression (Miyagishi and Taira, 2002; Paul et al., 2002; Sui et al., 2002) produces 

sustained amounts of siRNA over extended periods utilizing the cellular machinery and is 

relatively inexpensive to generate (Brummelkamp et al., 2002a; Ni et al., 2000; Kunath et 

al., 2003; Rubinson et al., 2003; Tiscornia et al., 2003). 

Regardless of the best efforts to develop safest and efficient vector systems, plasmid 

vectors usage is limited due to transient expression nature and efficiency of transfection 

into primary cells. To overcome transient expression nature of plasmid vectors, viral 

vectors have also been used to express shRNAs. The use of viral vectors with high 

transduction efficiency in hematopoietic stem cells (HSCs) to deliver shRNA genes is 

clearly a potential approach for achieving effective purging of leukemic cells. Lentiviral 

and other retroviral systems remove the dependence on transfection for RNAi and thus 

can be effective in most cell lines and many primary cell types (Barton and Medzhitov, 

2002; Devroe and Silver, 2002). Stable RNAi strategies employing viral vectors (Li et al., 

2003; Scherr et al., 2005) could also have potential for future clinical use. Functional 

targeting of BCR-ABL in primary CML cells has recently been demonstrated employing 

both viral-induced (Scherr et al., 2005) and siRNA induced (Withey et al., 2005) RNAi.  

Keeping in account the empirical guidelines of siRNA designing, a number of shRNAs, 

targeting different regions of the STAT1 and STAT3 mRNA, were initially designed. To 

overcome transient nature of siRNA-based interference, and to make this approach a cost-

effective treatment regime, shRNAs were generated downstream of human pol-III 

promoter (H1) that mediates continuous expression of the genes. H1-shRNA constructs 

were functionally evaluated for their efficiency to down-regulate the ectopically 

expressed target protein expression in human kidney cell line (BHK21).  

The crucial event in RNAi-mediated gene silencing is the interaction of a 21-nt siRNA 

probe with its complementary sequence within an mRNA. This led us to hypothesize that 

the expression of an endogenous gene will be as efficiently silenced as that of ectopically 

expressed mRNA by an effective shRNA. Constructs expressing target protein (STAT1 

and STAT3) fused with a fluorescent (such as EGFP) reporter protein were transfected 

into BHK21 cells together with individual H1-shRNAs expression cassettes. An shRNA 
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targeting specifically EGFP mRNA, already generated in the laboratory (Scherr et al., 

2003a), was used as positive control. A significant reduction in EGFP expression was 

observed, demonstrating specificity of the shRNA for the target gene. Transfection of the 

cells with a nonspecific/ irrelevant shRNA (anti-GL4) did not affect EGFP expression. 

The functional assay for shRNAs was done as described earlier (Kumar et al., 2003). The 

assay is based on the hypothesis that if any shRNA effectively targets and inactivates 

expression of its cognate mRNA, a marked reduction in reporter expression (EGFP) is 

expected which can be quantified through FACS analysis of the cells. Conversely if it 

fails to efficiently target its cognate mRNA, no significant change in reporter expression 

should be observed. Among several shRNAs against STAT1 mRNA, one shRNA (anti-

STAT1-1037) significantly reduced EGFP level (82 % of control). On the other hand, two 

different shRNAs against STAT3 mRNA, anti-STAT3-823 and anti-STAT3-1926, were 

found to reduce the target gene to 104% and 112% of control, respectively, indicating the 

specificity of anti-STAT3 shRNAs against their target. Out of these, one shRNA (anti-

STAT3-1926) has already been used, to down regulate STAT3 mRNA, as potential 

molecular target for prostate cancer therapy (Gao et al., 2005).  

This screening strategy can be used to find effective shRNAs directed against targets that 

cannot be monitored directly, either because of lack of reagents such as antibodies, or 

because of very low expression levels. Strength of the screening method is its ability to 

identify the most robust siRNA candidate within 24 hrs of transfection irrespective of the 

status of the endogenous protein (Kumar et al., 2003). 

To examine the effect of shRNAs on cellular expression of STAT1 and STAT3, and to 

analyze the potential therapeutics role of STAT1 and STAT3 in BCR-ABL–positive and 

BCR-ABL–negative cell lines, efficient lentiviral vector-mediated delivery of shRNAs 

was used. The principal advantage of the lentiviral system is that it allows gene silencing 

in non-dividing cells and therefore expands the usefulness of the RNAi-based gene 

silencing system in post-mitotic cells. Human BCR-ABL expressing (K562) cells and 

murine IL-3 dependent (32D) cells were transduced with lentiviral particles expressing 

anti-STAT1 and anti-STAT3 shRNAs. Fluorescence microscopy revealed >90 % 

transduction into the target cells when analyzed for reporter gene (RFP) expression.  
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Significant inhibition in STAT1 protein level was observed in both human and murine 

cell lines when interfered at DNA-binding domain of STAT1 protein. Knockdown of 

protein was examined through Western blot analysis at day 6 post transduction. Inhibition 

of K562 cell proliferation was also observed in cells transduced with anti-STAT1 shRNA 

(as described in Chart 3.7 in the result section), suggesting the potential role of STAT1 

molecules in downstream signaling of BCR-ABL and malignant proliferation of leukemic 

cells. Interestingly, no significant effect on IL-3 dependent 32D cell proliferation was 

observed after transduction with lentiviral particles, although, effective knock down of 

STAT1 protein was observed in these cells. Inhibition of STAT1 protein did not result in 

abnormal proliferation of 32D cells, as no significant difference in cell proliferation was 

observed when compared with un-transduced (Mock) cell proliferation. 

In another experiment, down regulation of STAT3 protein was observed, when targeted 

through RNAi at SH2 domain, in both BCR-ABL positive and negative cell lines. The 

anti-STAT3-823 and anti-STAT3-1926 shRNA constructs strongly reduced cellular 

STAT3 expression (Figures 3.21 and 3.22 in the result section). In K562 cells, both 

constructs reduced the STAT3 level to negligible while in 32D cells, effect was less 

enormous in case of anti-STAT3-823 shRNA as compared to anti-STAT3-1926 shRNA 

transduced cells. The differences in the efficiency of these shRNA constructs in knocking 

down Stat3 mRNA could not be attributed to differences in their expression or stability 

intracellularly, because both shRNAs continued to express at comparable levels at 96 

hours post transduction (Figure 3.17). At present, it is unclear what factors determine the 

gene silencing efficiency of a given siRNA/shRNA. It seems likely that the structure of or 

access to the target sequence governs the efficiency of a siRNA/shRNA. Therefore, it is 

reasonable to presume that sequence-specific interactions between siRNA and its target 

mRNA may dictate the efficacy. 

Mechanistically, inactivation of STAT3 mRNA by the shRNAs can cause multiple effects 

on the growth of a leukemic cell. Strong inhibition of K562 cell proliferation as well as 

cell death in case of anti-STAT3-1926 shRNA was observed while the effect was less 

immense in cells transduced with anti-STAT3-823 shRNA as described in Chart 3.7 

(Chapter 3). On the contrary, no significant difference in cell proliferation was observed 

in that of 32D cells (BCR-ABL negative) when compared to mock cells. In the cells, 

transduced with irrelevant shRNA (anti-GL4), cells were found to proliferate normally. 
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This data demonstrates the role of STAT3 in down stream signaling of BCR-ABL protein 

tyrosine kinase as inhibition of proliferation was directly associated to the degree of 

STAT3 protein knockdown in K562 cells. In the cells transduced with irrelevant shRNA, 

cells were found to proliferate normally.  

Many reports have previously dissected that how blocking of constitutive expressing 

STATs leads to inhibition of proliferation and apoptotic cell death in leukemic cells (Yu 

and Jove, 2004; Scherr et al., 2006). It has been demonstrated earlier that STAT3-

deficient murine T cells, mammary epithelial cells, macrophages, fibroblasts, and 

keratinocytes are viable, relatively normal cells with subtle defects typically involving the 

regulation of apoptosis (Akira, 2000). Thus, STAT3 is not essential for viability of 

normal cells. In contrast, many cancer-derived cell lines that contain constitutively 

activated STAT3 are dependent on this protein and undergo growth arrest or apoptosis 

when treated with antisense or dominant negative constructs directed at STAT3.  

Direct evidence showing role of STAT3 signaling in oncogenicity, comes from work with 

a spontaneously dimerizing mutant form of STAT3, STAT3-C, which does not require 

tyrosine phosphorylation to be activated yet is capable of transforming cells (Bromberg et 

al., 1999). These results are consistent with other recent reports that showed that ablation 

of STAT3 signaling through RNAi was accompanied by growth inhibition and induction 

of apoptosis in different cell lines like PC3 and LNCaP (Alas and Bonavida, 2001; Ni et 

al., 2000; Gao et al., 2005). Inhibition of constitutive STAT3 activation in diverse tumor 

cell lines, by blocking tyrosine kinase signaling using small molecule inhibitors, has been 

found to be repeatedly associated with growth suppression and induction of cell death 

(Garcia et al., 2001; Catlett-Falcone et al., 1999). 

Identification of CML-specific potential therapeutic targets can substantially improve 

drug therapy in CML in the future. RNAi itself may be used as a direct therapeutic 

approach as soon as strategies to trigger stable RNAi in primary cells become available 

for clinical application. Such options may use either repeated application of RNAi 

triggers or single-time gene transfer strategies with improved viral vectors in future. 

Independent of the potential tools, our data demonstrate that targeting of nonspecific 

molecules (anti-STAT1 and anti-STAT3 shRNA) may be highly effective and specific for 

therapeutic intervention in CML and perhaps other BCR-ABL positive leukemias. Also 

these shRNAs can be used in combinatorial therapy involving targeting of BCR-ABL with 
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anti-BCR-ABL shRNA and/or in combination with STI571 targeting protein tyrosine 

kinase. It has been reported recently that combinatorial RNAi against two cellular targets 

results in increased efficacy without loss of specificity for each target (Chaturvedi et al., 

2007). 

In summary, our data identify STAT1 and STAT3 as bonafide candidates for molecularly 

defined therapeutic intervention in CML. A potential foreseen problem is signaling nature 

of STAT1 and STAT3, because signaling molecules usually integrate several upstream 

signals and may deliver more than one downstream effect by interacting with several 

signaling components. The identification and specific targeting of individual protein-

protein interactions is likely to be required for effective molecularly defined treatment 

strategies. In spite of all these issues, potential molecular moieties playing major role in 

leukemia pathogenesis have been identified in this study. 

Although RNAi provides significant therapeutic promises to treat diseases characterized 

by aberrant gene expression, no delivery strategy is currently available to provide specific 

RNAi triggers to most target cells in a clinical setting. Many studies using nanoparticles 

and antibody-based or chemically modified siRNA preparations are under way, and first 

clinical trials with RNAi therapeutics have been initiated. The hematopoietic system with 

its high cellular turnover may still raise more hurdles for RNAi therapeutics as compared 

with other systems. However, independent of the nature of future therapeutics, e.g., small 

molecules as protein antagonists or RNAi therapeutics as gene expression antagonists, our 

study demonstrates that RNAi can be used to evaluate new therapeutic targets in a 

leukemia-specific context.  
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