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Abstract

Many forms of leukaemia are caused by chromosomal translocations, which
result in specific and characteristic genomic sequences. Where these sequences are
unique to the leukaemic cells, they represent good candidates for targeting by sequence-
specific techniques, such as RNA-Interference (RNAi). RNAIi is a mechanism inherent
in eukaryotic cells which silences target mRNAs based on homology to a dsRNA
template. This template may be introduced artificially by a number of methods, and so
this mechanism can be manipulated to regulate the expression of target genes. One of
the most efficient methods of introducing RNAi templates is by expression of short-
hairpin RNA (shRNA) cassettes from DNA plasmids or vectors.

Lentiviral vectors are based on viruses that integrate into the DNA of the host
cell, and are a highly efficient class of vectors for transducing and providing stable
transgene expression in a range of cell types. They are particularly effective at
tansducing haematopoietic cells, which have proven difficult to transduce by other
methods. By fine-tuning the methods of vector production and transduction, a range of
human leukaemic cells lines were able to be transduced with unprecedented efficiency
in the present study. Lentiviral transduction was combined with rapid puromycin
selection to generate a pure population of transduced cells with minimal expansion of
the cell population.

The strategy of expressing shRNAs from retroviral and lentiviral vectors
combined with puromycin selection was used to target three well-characterised fusion
genes; Ber-Abl, PML/RARa and RUNXI1/ETO, in three human leukaemic cell lines. In
two of these, the shRNA was able to efficiently and effectively down-regulate the target
mRNA, and inhibit the proliferation of the transduced leukaemic cells. In the third case,
RUNXI/ETO, no effective sShRNA design could be identified.

Finally, concerns over the safety of integration targeting by current gene therapy
vectors motivated an investigation of the activity of a novel integrase enzyme from the
Ty3 retrotransposon found in yeast. In yeast cells, the integration-mediating enzyme of
this retrotransposon has very specific targeting characteristcs, which, if retained in
human cells, would provide a very safe gene therapy vector. It was found that this
enzyme is indeed active in human cells, and therefore has potential in the context of

human gene therapy.
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1 Literature Review

1.1 Outline

Cancer is a class of diseases characterised by uncontrolled growth and spread of
cells. Cancer therapies ideally inhibit the abnormal proliferation of cancerous cells, or
selectively kill the cancerous cells, or both. Leukaemias are cancers of the white blood
cells and are frequently caused by chromosomal translocations. They typically arise
from stem cell populations resident in the bone marrow. These stem cells are also
essential for proper immune function, and targeting this stem cell population without
disrupting immune activity is very difficult. Many therapies for leukaemia utilise stem
cell transplantation, using cells from either the patient or a closely matched donor. Such
strategies allow ablation of stem cells in the marrow, followed by reconstitution of
normal function with the transplanted cells.

The number of leukaemias that have been characterised, with sequencing of the
molecular lesion, is continually increasing. In many cases, the ultimate cause of the
disease is a mutation (translocation) that gives rise to a unique genetic sequence. Thus
many leukaemias represent a class of disease caused by specific and characteristic
genetic sequences. Molecular therapies are an emerging class of cancer therapy that
acts at the genetic level, responding to and influencing the genetic milieu of diseased
cells. RNA interference (RNA1), an enzymatic mechanism that is able to specifically
degrade the mRNA of unique sequences, has in recent years proven to be both powerful
and widely applicable (reviewed in Caplen 2003).

The nature of the cancer causing genomic lesions requires ongoing therapy, and
at present, effective and efficient long-term delivery of RNAi represents a major
challenge. RNAi may be effected by either short-interfering RNA’s (siRNA) or by
short-hairpin RNA’s (shRNA) (Rao et al. 2009). siRNA molecules must be
synthesised, and the systemic delivery of these molecules is both expensive and
wasteful, as synthesis is expensive, and they have a short half-life in vivo. Better
targeting of these molecules will enhance efficiency and efficacy.

shRNA molecules are very similar to siRNAs, but may be formed by expression

of lincar DNA within the target cell (Brummelkamp et al. 2002; Yu et al. 2002),



providing a cheaper and potentially more efficient alternative (reviewed in Rao et al.
2009). The shRNAs may be expressed from cassettes integrated into the genome of the
host cell, enabling stable expression of the hairpin and offering long-term protection
from the effects of disease-causing genetic sequences (Damm-Welk et al. 2003). These
cassettes are also compatible with the method of stem cell transplantation commonly
used as part of the treatment regimen for leukaemias. This method may be adapted to
‘pre-treat’ potentially oncogenic stem cells before transplantation, protecting them
against the deleterious effects of subsequent expression of the fusion gene. Presently,
lentiviral vectors offer the most effective and efficient option for integrating shRNA
expression cassettes into the genome of haematopoietic stem cells, and development to

enhance the safety and efficiency of these vectors is ongoing.

1.2 Leukaemia

The production of blood cells, or haematopoiesis, begins in embryogenesis and
continues throughout life. This complicated process is tightly regulated and requires
coordination between extracellular elements, such as cytokines and transcriptional
regulators, as well as intracellular factors (reviewed by Alcalay et al. 2001).
Dysregulation of the haematopoietic processes can lead to leukaemia. Frequently,
further aberrations multiply and accumulate, ultimately resulting in blockage of terminal
differentiation of the cells, and consequently the blood is overpopulated with immature,
proliferative, non-functional blood cells. The broadest classifications of leukaemia are
based of the rate of progression of the disease - acute versus chronic - and the origin of
the cell population involved; lymphocytic or myelogenous (reviewed by Crans and
Sakamoto 2001).

Chromosomal abnormalities such as translocations or inversions are frequently
associated with particular types or subtypes of leukaemia, lymphoma or sarcoma.
Cloning and characterisation of these breakpoints has greatly facilitated our
understanding of the molecular biology of cancer, and has allowed more accurate
tailoring of available treatments (Rowley 1998). It can also present novel and cancer-
specific targets for the latest gene-silencing therapies (Damm-Welk et al. 2003).

Cell lines have been derived from a number of forms of leukaemia and these

provide excellent models for in vitro studies. In some leukaemias, a large proportion of



cases are due to a common breakpoint location. Cell lines of such leukaemias represent
ideal models for testing new molecular therapies. Three such cancers, CML, APL and

AML, were examined in this thesis.

1.2.1 Chronic Myelogenous Leukaemia (CML)

Chronic myelogenous leukaemia (CML) is a chronic myeloproliferative disorder
of haematopoietic stem cells (Shet et al. 2002) resulting in proliferation of myeloid and
erythroid cells and platelets in the peripheral blood (Sawyers 1999). CML typically
progresses from a benign chronic phase to a rapidly fatal blast crisis within three to five
years (Sawyers 1999). CML is associated with an acquired genetic abnormality, the
Philadelphia chromosome, which is present in 95 percent of patients. This mutation
was first described as a shortened chromosome 22 in 1960 (Nowell and Hungerford
1960) and then as a t(9;22) translocation in 1973 (Rowley 1973). Another 5 percent of
patients have various translocations involving additional chromosomes, but with the
same end result; the fusion of the Bcr gene on chromosome 22 to the Abl gene on
chromosome 9 (reviewed in Sawyers 1999). Depending on the site of the break point,
the translocation results in fusion proteins varying in size from 185 kd to 230 kd.
However, patients with chronic-phase CML typically express a 210-kd fusion protein
(Sawyers 1999). This 210 kDa protein is necessary and sufficient for malignant
transformation (McLaughlin et al. 1987; Daley et al. 1990; Elefanty et al. 1990;
Heisterkamp et al. 1990; Gishizky and Witte 1992; Gishizky et al. 1993).

The Bcr or ‘Breakpoint cluster region’ gene encodes a ubiquitously expressed,
160 kDa protein (Laneuville 1995). Bcr contains a serine threonine kinase near the N-
terminus (Figure 1.1), with only one substrate identified to date (Reuther et al. 1994),
however, there may also be some autophosphorylation activity (Laneuville 1995). The
coiled coil domain near the N-terminus allows dimer formation (McWhirter et al. 1993),
and the Dbl- and pleckstrin-homology domains near the middle of Bcer stimulate
guanidine exchange on Rho guanidine exchange factors (Denhardt 1996). The C-
terminus has also guanidine triphosphatase activity (Diekmann et al. 1991). Ber may be
phosphorylated on any of several tyrosine residues (Wu et al. 1998), with
phosphorylation of the tyrosine at 177 involved in Ras activation (Ma et al. 1997).
Mice with only one copy of Bcr are phenotypically normal, indicating that loss of a

single copy of this gene has minimal effect (Shet et al. 2002).



Figure 1.1 Domains of the Ber, Abl, and Bcr-Abl proteins
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Figure 1.1 - The c-Ber, c-Abl and Ber—Abl proteins. Structural motifs have been highlighted in p160®,
pl1454" and the fusion protein p210°%*"  which is formed following breakpoint translocation. (a) c-Ber
comprises an oligomerisation domain, a domain thought to mediate binding to Src-homology 2 (SH2)-
domain-containing proteins, a serine/threonine kinase domain, a region with homology to Rho guanine-
nucleotide-exchange factor (Rho-GEF), a region thought to facilitate calcium-dependent lipid binding
(CaLB) and a region showing homology to Rac GTPase activating protein (Rac-GAP). Ber is
phosphorylated on many tyrosine residues, notably Tyr177, which when phosphorylated mediates the
binding of the adaptor molecule Grb2. (b) c-Abl comprises an SH3 and SH2 domain, an SH1 tyrosine
kinase (TK) domain, several proline-rich domains (P), a nuclear localisation signal (NLS), several DNA-
binding domains (DNA BD) and an actin-binding domain. (c¢) The Ber—Abl fusion protein comprises the
first four domains of Ber and all the c-Abl domains except the N-terminal SH3 domain. From Smith et
al. (2003).



The Abl or Abelson gene was first described in the Abl leukemia virus (Abelson
and Rabstein 1970) and encodes a ubiquitously expressed 145 kDa tyrosine kinase
(Laneuville 1995). The protein has two isoforms, resulting from alternative splicing
(Laneuville 1995). Three SRC homology (SH) domains are located towards the N-
terminus of the protein, of which SH1 bears the tyrosine kinase function, with SH2 and
SH3 responsible for interactions with other proteins (Cohen et al. 1995). The roles of
ABL are complex, but it is involved in cell signalling (Kipreos and Wang 1990;
Sawyers et al. 1994), integrating signals from the internal and external cellular
environments (Lewis and Schwartz 1998; Yuan et al. 1999), and thus influencing cell
cycling and apoptosis (reviewed in Van Etten 1999)). Mice lacking one copy of Abl are
normal (Shet et al. 2002), however, double knockouts die shortly after birth
(Tybulewicz et al. 1991).

1.2.1.1 Ber/Abl Breakpoint

Breakpoints within the Abl gene occur within a 300 kb region at the 5’ end
(Melo 1996). Thus the fusion may include both exons la and 1b, only the 1b exon, or
neither 1a or 1b (Melo 1996). Nevertheless, splicing of the transcript results in mRNA
with Abl exon 2 attached directly to the Bcr fragment (Melo 1996). Thus Abl exon 1,
even if retained in the genomic fusion, never constitutes part of the chimeric mRNA
(Melo 1996; Deininger et al. 2000b). By contrast, breakpoints in the Bcr gene almost
always localise to one of three ‘breakpoint cluster regions’ (Melo 1996). In most cases
of Chronic Myelogeous Leukaemia (CML), and one third of Philadelphia-chromosome-
positive Acute Lymphoblastic Leukaemias (ALL), the break occurs in a 5.8 kb region of
Bcr, known as the major breakpoint cluster region (M-bcr). This covers exons 12-16 of
Ber (originally named b1-b5). After splicing, fusion transcripts with either e13a2 or
el4a2 (b2a2 or b3a2) are formed. Both transcripts give rise to the 210 kDa fusion
protein (Melo 1996). In the remaining cases of ALL, and in some cases of CML, the
breakpoint occurs upstream in a 54.4 kb region, between Bcer exons €2’ and e2. This is
the minor breakpoint cluster region (m-bcr) and gives rise to ela2 mRNA, and the
190 kDa fusion protein (Melo 1996). A third breakpoint cluster region (p-bcr) occurs
downstream of exon 19, and is found in some cases of the rare Philadelphia-positive

chronic neutrophilic leukaemia (Pane et al. 1996; Wilson et al. 1997). This results in a



230 kDa fusion protein (Melo 1996). In many patients, alternate fusion transcripts may
be found in addition to the initial variant (van Rhee et al. 1996; Melo 1997; Leibundgut
et al. 1999). Mutational analysis has identified numerous features of the chimeric
protein that are essential for transformation, including the SHI1, SH2, actin-binding
domains of Abl, the coiled-coil motif, the tyrosine at 177, and the phosphoserine-
threonine-rich regions between residues 192-242 and 298-413 of BCR (reviewed in
Deininger et al. 2000b).

The Bcr/Abl fusion protein gains autophosphorylative activity due to
dysregulation of the ABI tyrosine kinase activity resulting from loss of the inhibitory
SH3 domain in the Abl region (Muller et al. 1991) and oligomerisation of the coiled coil
domain in the Ber region (McWhirter et al. 1993). Autophosphorylation of the Y-177
tyrosine residue (Pendergast et al. 1993) recruits GRB2 (Ma et al. 1997), activating the
RAS pathway (Egan et al. 1993; Reuther et al. 1994; Tauchi et al. 1994; Sawyers et al.
1995). JAK and STATI1/STATS are also phosphorylated (Carlesso et al. 1996; Frank
and Varticovski 1996; Ilaria and Van Etten 1996; Shuai et al. 1996), leading to
independence from growth factors (Shet et al. 2002). Loss of the Abl nuclear-
localisation signal leads to increased amounts of the fusion protein in the cytosol and
increased binding of actin (McWhirter and Wang 1993; Van Etten et al. 1994; Salgia et
al. 1997). Subsequent phosphorylation of cytoskeletal proteins disrupts adhesion
receptor function, likely causing the premature entry of progenitor cells into the
circulation (Gordon et al. 1987; Bhatia and Verfaillic 1998).

The Ber/Abl protein also enhances the resistance of cells to apoptosis caused by
DNA damage (Bedi et al. 1994; Bedi et al. 1995), and phosphorylation of Bad
inactivates the pro-apoptotic of this protein (Wang et al. 1996a; Zha et al. 1996). The
Bcr/Abl protein also activates the PI(3)K/Akt pathway (Skorski et al. 1995; Carpino et
al. 1997; Franke et al. 1997; Jain et al. 1997), increases expression of BCL-2 (Sanchez-
Garcia and Grutz 1995), and phosphorylates STAT5 (de Groot et al. 2000; Horita et al.
2000), all of which increase resistance to apoptosis. In addition to, the Bcr/Abl protein
may trigger mitogenesis by numerous paths, such as the Ras/MAP-kinase, Jak-Stat, PI3
or the Myc pathways (reviewed in Deininger et al. 2000b). While the role of the fusion
protein in differentiation is not fully elucidated, it is known to cause a block in blast

phase CML (Wetzler et al. 1993a; Wetzler et al. 1993b; Gordon et al. 1999).



1.2.1.2 Neutralisation of the Bcr/Abl Fusion Gene

Specific targeting of the Ber/Abl fusion gene and protein has been attempted via
many routes. STI571 has proven successful and is widely used in the clinic, however,
relapse or resistance occurs in a significant number of cases and a number of targeted
molecular therapies are also under investigation.

STI571 (= CGP57418B = Gleevec = Imanitib) is a competitive inhibitor of the
ATP-binding cleft of Abl and selectively inhibits the kinase activity of both Abl and
Ber/Abl (Buchdunger et al. 1995; Druker et al. 1996; le Coutre et al. 1999). This
inhibition results in the apoptotic death of Philadelphia-positive cells (Deininger et al.
2000a) and the selective suppression of proliferation of CML primary cells and cell
lines, both in vitro and in vivo (Druker et al. 1996; Deininger et al. 1997; le Coutre et al.
1999). The relationship between c-Abl, Ber-Abl and differentiation is not completely
understood as STI571 has been reported to induce apoptosis without differentiation
(Deininger et al. 1997; Gambacorti-Passerini et al. 1997) while elsewhere it induced
haemoglobin and the expression of the myeloid differentiation marker CD11b (Fang et
al. 2000). Interestingly while STI571 has no effect on Bcr/Abl-negative cells, when
these same cells are made to express Ber/Abl, STIS71 induces apoptosis and growth
arrest (Dan et al. 1998; Fang et al. 2000; Blagosklonny et al. 2001; Nimmanapalli et al.
2002). It is suggested that this results from an accumulation of proapoptotic stimuli
behind the Bcr/Abl block, which when removed, releases the apoptotic cascade,
flooding the cell (Blagosklonny 2004).

Unfortunately clinical resistance to STI571 is common, particularly in the later
stages of CML (Druker et al. 2001; Talpaz et al. 2002). In addition to over expression
of Ber/Abl and mutations such as the His396Pro Bcer/Abl kinase mutant (Corbin et al.
2003), resistance to STI571 may develop due to the acquisition of mutations in other
genes and independence from the Ber-Abl fusion gene (Nimmanapalli et al. 2002).

Short-interfering RNA’s designed to target the Ber/Abl fusion gene were found
to reduce Ber/Abl mRNA by up to 87% in Bcer/Abl-positive cells lines as well as
primary cells from CML patients. c-Bcr and c-Abl mRNA levels in these cells were
unaffected (Scherr et al. 2003b). Knockdown of fusion mRNA was demonstrated by
quantitative PCR and down-regulation of the fusion protein was confirmed by Western

blotting (Wilda et al. 2002; Scherr et al. 2003b; Wohlbold et al. 2003). This down-



regulation of Ber/Abl protein levels relieved Ber-Abl-dependent effects on cell cycle
regulation and anti-apoptotic proteins, selectively inhibited cell growth (Wohlbold et al.
2003), and induced apoptosis (Wilda et al. 2002). RNAi took 24 hours longer than
STI571 for full induction of apoptosis (Wilda et al. 2002), which is presumably due to
the different modes of action of each, with STI571 acting directly on the protein, while
RNAI prevents the synthesis of new fusion protein, which has a half-life of 48 hours
(Dhut et al. 1990; Spiller et al. 1998). RNAIi produces no additive effect with STI571 in
K562 cells (Wilda et al. 2002), although this cell line is inherently resistant to STI571
(Wohlbold et al. 2003). In other cell lines, RNAi enhanced sensitivity to gamma-
radiation and STI571, and restored STI571 sensitivity in cells expressing the STI571-
resistant, His396Pro Bcr-Abl kinase mutant (Wohlbold et al. 2003). The Ber-ABI
fusion transcript has also been targeted with ribozymes, resulting in, variously,
downregulation of the fusion mRNA, reduced expression of the fusion protein,
suppressed clonogenicity of the cells, and increased apoptosis (Snyder et al. 1993;
Snyder et al. 1997; Wright et al. 1998; Wu et al. 1998; Wu et al. 2003). However some
of the most active ribozyme designs also cleaved non-target transcripts (Wright et al.
1993; Kearney et al. 1995)

A few studies have also investigated the potential of antisense oligonucleotides
designed to target Ber/Abl, however, these have given conflicting results with respect to
specificity and functionality (Skorski et al. 1994; Smetsers et al. 1994) and have not

been pursued further.

1.2.2 Acute Promyelocytic Leukaemia (APL)

Acute promyelocytic leukaemia (APL) is a common subtype of acute myeloid
leukaemia (AML) (Bennett et al. 1976) that was first identified in 1957 (Hillestad
1957). APL is characterised by a distinct blockage of myeloid differentiation and the
accumulation of immature promyelocytes in patient bone marrow and the peripheral
blood (Zhou et al. 2005). The majority of APL patients possess a translocation
involving the RARa gene on chromosome 17, with five fusion partners far identified to
date (Warrell et al. 1993). All translocations in APL are reciprocal but only the X-
RARa fusion products are implicated in the block to myeloid differentiation and the

development of APL (Lin et al. 1999; Melnick and Licht 1999; Pandolfi 2001). The



RARa-X proteins appear to play some role in modulating the disease phenotype (Lin et
al. 2001a).

The leukaemogenic effects of these fusion proteins are exerted through dominant
negative inhibition of the transcription regulatory pathways (Lin et al. 2001a). This
results in enhanced binding of corepressor units leading in turn to the repression of
target genes and the generation of the promyelocytic differentiation block (Lin and
Evans 2000; Minucci et al. 2000). In contrast to other types of AML, APL patients
initially respond to pharmacological concentrations of retinoic acid (RA), which triggers
differentiation of the leukaemic blasts into granulocytes (Huang et al. 1988; Warrell et
al. 1991).

The PML gene is involved in 98 % of APL cases and is located on chromosome
15g22. Alternative splicing gives rise to approximately 20 different forms of the
protein, with the longest predicted to be 70 kDa (Grignani et al. 1994). PML is
expressed ubiquitously and contains a RING domain, B1 and B2 boxes, and an a-helical
coiled coil domain (Mu et al. 1994; Borden et al. 1996). PML also appears to have
tumour-suppressive activity, probably via involvement in the RA-pathway (Wang et al.
1998; Piazza et al. 2001). PML also acts as a transcription coactivator, and can
potentiate the transactivating functions of AP-1 (Jun/Fos) (Vallian et al. 1998) by
targeting transcriptional accessory factors such as CBP and TIF1a (Vallian et al. 1998;
Doucas et al. 1999). PML also forms cellular coactivating complexes with TIFla and
CBP, and these complexes are recruited to RA-responsive elements (RARE’s),
indicating that PML is also a coactivator of RARs (Zhong et al. 1999).

RARa« is a member of the nuclear hormone receptor superfamily (Evans 1988)
and helps to mediate myeloid differentiation induced by retinoic acid signalling (de The
et al. 1989; Gallagher et al. 1989; Largman et al. 1989). This role is auxiliary, however,
as RAR-a and -y double knockout mice are normal with respect to myeloid lineage
distribution and early differentiation (Labrecque et al. 1998; Kastner et al. 2001).
Nevertheless X-RARa fusion proteins are still able to block the RA-independent
differentiation of primary myeloid progenitors, suggesting a general inhibitory effect on
such differentiation. It is also possible that the reciprocal RARa-X fusion proteins

cooperate in deregulating myeloid target genes (Tsai and Collins 1993; Du et al. 1999).



RARa normally forms a heterodimer with the retinoid X receptor (RXR), and in
the absence of retinoic acid, this heterodimer recruits a repression complex containing
nuclear receptor corepressors (SMRT or N-CoR), mSin3, and histone deacetylases
(Chen and Evans 1995; Horlein et al. 1995; Heinzel et al. 1997). Retinoic acid induces
conformational change in RARa that leads to dissociation of the HDAC complex and
recruitment of coactivators, in turn leading to a permissive chromatin structure and
transcriptional activation (Minucci et al. 2001). Retinoic acid also promotes the
association of a coactivator complex containing nuclear receptor coactivator pl160
family members, and histone acetylases CBP/p300 (Chen et al. 1997; Torchia et al.
1997). Core histone acetylation leads to chromatin relaxation, promoter clearance, and

activation of gene transcription.

1.2.2.1 PML-RARa Breakpoint

The t(15;17) translocation contains multiple cluster regions (Figure 1.2), with
variation in the contribution of the PML gene while the contribution of RARa is
invariant (Pandolfi et al. 1992). Individual APL patients usually possess a unique set of
fusion products that reflect alternative splices derived from a single breakpoint
(Pandolfi et al. 1992). The breakpoint variants each show different sensitivity to ATRA
(Gallagher et al. 1995) and incidence of relapse (Huang et al. 1993).

The fusion protein when it forms is more abundant than the wild-type RARa
(Pandolfi et al. 1992; Jansen et al. 1995), and whereas the wild-type RARa forms a
heterodimer with RXR, the mutant X-RARa’s are able to form homodimers and/or
oligodimers (Lin et al. 2001a). In PML-RARa, for example, this is due to the self-
associating coiled coil domain of PML (Minucci et al. 2001). Consequently, whereas
the normal RARa-RXR heterodimer binds only one unit of the corepressor complex, the
PML-RARa homodimer or oligomers are able to bind multiple corepressor units (Lin
and Evans 2000; Minucci et al. 2000). Mutant X-RARa proteins also retain the DNA-
and ligand-binding domains of wild-type RARa, and have comparable affinity for RA
(Dong et al. 1996; Benedetti et al. 1997; Minucci et al. 2001). The enhanced
stoichiometry of the interaction between NCoR/SMRT and PML-RARa results in an

increased local concentration of HDAC on the target DNA, and enhanced



Figure 1.2 Domains of the PML and RARa proteins
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Figure 1.2 - Schematic of the PML and RAR-alpha genes, the two PML-RAR-alpha fusion protein
isoforms and their modifications. Red triangles denote fusion points between the PML and RAR-
alpha sequences. Based on the genomic breakpoint in PML gene, either a short (PM/RAR-alpha-B) or
long (PML/RAR-alpha-A) isoform is generated. From Nichol et al. (2009).



transcriptional repression, at physiological concentrations of RA (Perez et al. 1993;
Dong et al. 1996; Minucci et al. 2001).

Many proteins involved in transcriptional regulation interact directly with PML,
or colocalise with PML in so-called ‘PML oncogenic domains’ (POD’s), in which PML
is normally found (Dyck et al. 1994; and reviewed in Li et al. 2000; Zhong et al. 2000).
These nuclear bodies are also involved in the regulation of apoptosis and replicative
senescence, through regulation of p53 function (Minucci et al. 2001). It is unclear by
which mechanism, or mechanisms, the POD complexes are able to regulate
transcription, nor is it clear how the displacement of PML from this complex by PML-
RARa affects the genes targeted by this transcriptional regulation (Dyck et al. 1994;
Weis et al. 1994; reviewed Lin et al. 2001a). PML-RARa also triggers the release of
PML from STATS3, restoring the activity of the latter and promoting the growth and

survival of myeloid cells (Kawasaki et al. 2003).

1.2.2.2 Neutralisation of the PML-RARa Fusion Gene

Retinoic acid is the natural ligand for the Retinoic Acid Receptor a, yet at
physiological concentrations of RA the fusion proteins PML-RARa and PLZF-RARa
interact strongly with SMRT or N-CoR, recruit HDACs, blocking the RA activated
differentiation of myeloid leukemic cells (see above). At higher, ‘pharmacological’
doses of RA, corepressor dissociation from PML-RARa is induced, and thus mediated
transcription and differentiation is activated. This does not occur with PLZF-RAR«
(Hong et al. 1997; Grignani et al. 1998; Guidez et al. 1998; Lin et al. 1998). Also, a
subset of APL patients (eg. t(11;17)) will fail to respond to the pharmacological doses
of RA, and many responsive patients eventually relapse and develop RA resistance
(Warrell 1993). In some cases this acquisition may be due to a point mutation in the
ligand-binding domain of the RARa portion, which decreases sensitivity to retinoic acid
(Imaizumi et al. 1998). Accordingly, alternate therapies are under investigation.

Transcriptional repression mediated by Histone Deacetylases (HDAC’s) is
common with translocation-associated oncogenes, with the deregulated chromatin
structure potentially leading to neoplasia (reviewed in Lin et al. 2001a). Consistent
with this is the recruitment of the HDAC complex, which is crucial for the oncogenic

activity of X-RARa. Specific HDAC inhibitors combined with RA can overcome the
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repressor activity of X-RARa and trigger terminal differentiation, even in RA-resistant
APL cells (Hong et al. 1997; Grignani et al. 1998; Guidez et al. 1998; Lin et al. 1998).
HDAC-inhibitors in combination with ATRA have also proved effective in a relapsed
case of t(15;17) (Warrell et al. 1998).

Arsenic trioxide (ATO) was used as an early form of treatment for CML, prior
to the advent of radiation and cytotoxic chemotherapy, and interest in the therapeutic
potential of ATO has been revived (see Zhou et al. 2007). ATO was shown to be
effective in bringing about complete remission in the majority of newly-diagnosed
and/or relapsed APL patients (Wang 2003), including some who had relapsed after
ATRA (Shen et al. 1997). Furthermore, it was effective when delivered alone, or in
combination with low-dose chemotherapeutics or ATRA (Shen et al. 1997). It also
proved to be relatively safe (Shen et al. 1997).

The PML-RARa fusion has also been targeted by a number of molecular
techniques. Hammerhead ribozymes targeted to the breakpoint found in NB4 cells were
able to down-regulate the fusion mRNA, and the resulting knockdown of the fusion
protein inhibited growth and induced apoptosis in this cell line. It was also found to
increase the sensitivity of the cells to ATRA (Nason-Burchenal et al. 1998a).
Knockdown of the PML-RARa protein did not overcome the maturation block found in
these leukemic cells (Nason-Burchenal et al. 1998b). An antisense oligonucleotide
targeting the PML-RARa fusion resulted in transient down-regulation of the fusion
mRNA (Chen et al. 1999b), accompanied by a reduction in levels of the fusion protein,
with partial differentiation of NB4 cells at day 5 and apoptosis at day 7 (Chen et al.
1999a). Finally, a short-hairpin RNA of 30 bp length down-regulated the fusion protein
in HeLa cells transfected with PML-RARa (Oshima et al. 2003). Despite the length of
the hairpin construct, there was no evidence of a non-specific interferon-mediated
response (Oshima et al. 2003). Effects on cell proliferation were not investigated in this

study.

1.2.3 Acute Myeloid Leukaemia (AML) — RUNX1/ETO
The RUNXI/ETO fusion gene is usually found in Acute Myeloid Leukaemia
(AML) of the FAB M2 subtype, in the granulocytic lineage (Rowley 1984; Brunning

and McKenna 1994). This fusion gene is often found in early adulthood, and is
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associated with a good prognosis (Choi et al. 2006). Secondary mutations occurring in
other genes are important in the development of AML (Elagib and Goldfarb 2007).

The Runx1 gene (or AML1, CBFA2, PEBP2aB) is essential for the development
of the haematopoietic system during embryogenesis (Okuda et al. 1996; Wang et al.
1996b), and is one of the most common targets of chromosomal translocation in human
leukaemias (Look 1997; Speck and Gilliland 2002). Three Runx splice variants are
possible, and all contain a ‘Runt homology domain’. The two longer isoforms (numbers
1 and 2) also have a transactivation domain that is absent on the shorter isoform
(Meyers et al. 1993; Bae et al. 1994; Takahashi et al. 1995). This short form may still
have a regulatory role, as it binds more efficiently to regulatory regions of DNA, but
does not initiate transcription following binding (Meyers et al. 1993; Bae et al. 1994;
Licht 2001). Runx1 combines with CBFf to form a heterodimer that co-operates with
other transcription factors and is thus able to regulate a range of haematopoietic linecage-
specific genes (Lutterbach and Hiebert 2000). The RUNX-1/CBF-f heterodimer may
regulate gene expression by recruiting proteins with histone acetyl transferase (HAT)
activity, thus acetylating nearby histone tails and in turn switching on gene expression
(reviewed Licht 2001).

The human and murine Eight Twenty-One (ETO) gene (also known as ‘Myeloid
Translocation Gene 8 (MTGS)) belongs to a family of three myeloid transforming
genes (Gamou et al. 1998; Kitabayashi et al. 1998) and was identified as the partner of
AML-1 in the t(8;21) fusions (Miyoshi et al. 1993; Erickson et al. 1996). Much
information about the co-repressor function of ETO has been gleaned from studies of
the repressive activity of AMLI1/ETO (Hiebert et al. 2001). The zinc-finger domains of
ETO (NHR2 and NHR4) are required for AMLI/ETO repression of transcription and
suggest a co-repressor role for ETO (Lenny et al. 1995). Numerous co-repressor
binding partners have been identified, including nuclear receptor co-repressor (N-CoR)
(Wang et al. 1998), the silencing mediator of retinoic acid and thyroid hormone
receptors (SMRT) (Chen and Evans 1995; Gelmetti et al. 1998), mSin3A and HDAC1
(Gelmetti et al. 1998; Wang et al. 1998; Lutterbach et al. 1998a), as well as the
promyelocytic leukaemia zinc-finger (PLZF) and Growth factor independence-1 (Glfl)
(Melnick et al. 2000). The NHR2 domain mmediates dimerisation, and multiple ETO

domains are required for maximal repression (Lutterbach et al. 1998b)
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MTGS8 also plays an important role in development of the gastro-intestinal
system as indicated by gene-targeting in mice in which inactivation of the MTG8 gene
resulted in reduced viability of heterozygotes, evidently stemming from gross disruption
of the gut architecture, including absence of the midgut in many cases (Calabi et al.

2001).

1.2.3.1 RUNXI1-ETO Breakpoint

The RUNX1-ETO translocation, t(8;21)(q22;g22), is one of the most common in
acute myeloid leukaemia, and comprises the N-terminal end of the RUNX-1 protein,
and the c-terminus of the ETO protein (Miyoshi et al. 1991, and see Figure 1.3). Where
Runx1 is involved in acute myeloid leukaemia translocations, the Runt homology
domains are usually intact, but the transactivation domain is often replaced (Nucifora
and Rowley 1995; Speck and Gilliland 2002).

It is thought that AMLI1-ETO fusion leads to the development of leukaemias
because the RUNXI transcriptional activator, after fusion with ETO, becomes a
transcriptional repressor of the RUNXI activation targets (reviewed in Elagib and
Goldfarb 2007), that is, those required for haematopoiesis and differentiation (Sakakura
et al. 1994; Gelmetti et al. 1998). RUNXI1/ETO may also selectively bind co-repressor
proteins (eg. N-CoR, SMRT) with deacetylating activities and then prevent the binding
of proteins that stimulate acetyl transferase activity, resulting in the repression of target
genes (Wang et al. 1999). This binding appears to be regulated by the ETO domain
(Gelmetti et al. 1998). However it is becoming clear that rather than causing the
indiscriminate inhibition of RUNX-1 targets, specific genes, such as G-CSF, are
upregulated by RUNXI1-ETO (Shimizu et al. 2000). Similarly microarray studies
demonstrate that a range of genes can be upregulated or downregulated (Shimada et al.

2000).

1.2.3.2 Neutralisation of the RUNX1-ETO Fusion Gene

AML is conventionally treated with chemotherapies, such as a combination of
an anthracycline (eg. daunorubicin or idarubicin) and cytarabine (Lowenberg et al.
1999). As permanent remission is rare after this treatment alone (Cassileth et al. 1988),
it is usually followed with consolidating treatments. Depending on the patient’s

prognosis this may consist of further chemotherapy if the prognosis is good, or
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Figure 1.3 Domains of the RUNX1/ETO protein
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Figure 1.3 - AMLI/ETO (RUNXI1/ETO) promiscuously targets and blocks the activities of RXR/RARa
and other hematopoietic transcription factors. Different functional domains of the AMLI1/ETO fusion
protein are indicated as follows: the Runt DNA-binding domain (DBD) of the AML1 moiety; a region
that shares homology with TAF110 and other related TAF proteins; a heptad repeat of hydrophobic amino
acids (HHR); a region that shares homology with Drosophila nervy protein; and a C-terminal region
containing 2 nonclassical zinc fingers. Positions of indicated transcription factors relative to AML1/ETO
do not reflect regions of interaction with the fusion protein. From Petrie and Zelent (2007).



allogeneic or autologous stem cell transplantation for patients with a poor prognosis
(Appelbaum et al. 2000).

Alternatively, as abnormal recruitment and altered activity of histone
deacetylases (HDAC’s) are a common theme in acute myeloid leukaemias (Minucci et
al. 2001), the development of various HDAC inhibitors (HDACi) offers the potential for
differentiation therapy in a range of acute myeloid leukaemias. However, while this is
able to revert the malignant phenotype in some cases (Marks et al. 2000), inhibition of
the enzymatic activity of the HDAC complex on its own is not sufficient to restore the
ability of AML cells to differentiate (Minucci et al. 2001). Combination with retinoic
acid is emerging as the superior option, even in non-APL cases of AML (ie. those with
the RUNX1-ETO translocation) (Ferrara et al. 2001).

In spite of these developments, no specific and effective therapy has thus far
been found for AML, yet molecular therapies have achieved some promising results.
The RUNXI-ETO fusion mRNA has successfully been targeted in vitro with
hammerhead ribozymes, resulting in protein knockdown (Szyrach et al. 2001), and
inhibition of cell growth (Kozu et al. 2000). Similarly the use of siRNAs targeted
against the RUNXI-ETO selectively downregulated the fusion mRNA, without effect
on normal RUNX1 (Heidenreich et al. 2003). This resulted in increased sensitivity to
differentiation agents and reduced clonogenicity of the cells (Heidenreich et al. 2003).
Microarrays showed that these effects were accompanied by upregulation of
antiproliferative genes and genes associated with differentiation, but down-regulation of
genes associated with drug resistance and a poor prognosis (Dunne et al. 2006).
Finally, the transient delivery of the siRNA molecules proved sufficient to delay tumour

formation in vivo (Martinez Soria et al. 2009).

1.3 RNA Interference

RNA Interference (RNAi) is an enzymatic mechanism triggered by double-
stranded RNA and found in eukaryotes (Fire et al. 1998) by which mRNA molecules
are specifically degraded in the cytoplasm. Some form of RNA interference has been
found in all eukaryotic phyla, from plants and fungi to mammals (reviewed in
Dykxhoorn et al. 2003) and is thought to have developed as a form of intracellular
defence against viruses (Gitlin et al. 2002).
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An RNAse III enzyme, Dicer mediates cleavage of long, double-stranded RNA
(dsRNA) (Bernstein et al. 2001; Billy et al. 2001; Ketting et al. 2001, and see Figure
1.4) in an ATP-dependent reaction (Zamore et al. 2000). The resulting short interfering
RNA’s (siRNAs) are 21-23-nt double-stranded RNA duplexes with 2-3-nt 3° overhangs,
and 5’-phosphate and 3’-hydroxyl groups (Elbashir et al. 2001a). These siRNAs are
incorporated into an RNA-induced silencing complex (RISC), where the duplex is
unwound in an ATP-dependent reaction (Hammond et al. 2000) and the antisense strand
guides the RISC to homologous target mRNA. The target mRNA is enzymatically
cleaved at a single site in the centre of the duplex region, 10 nt from the 5’ end of the
siRNA (Elbashir et al. 2001a). This process takes place in the cytoplasm (Hutvagner
and Zamore 2002; Zeng and Cullen 2002; Kawasaki and Taira 2003).

Long dsRNA may be cleaved into multiple siRNAs however in mammalian cells
dsRNA longer than 30 nt induces a non-specific interferon response (Elbashir et al.
2001b). Interferon activates two enzymes; the protein kinase PKR, which acts
indirectly to shut down all protein synthesis, and 2°,5’-oligoadenylate synthetase (OAS),
which indirectly activates RNAsel, a non-specific enzyme that targets mRNA
(reviewed in Bass 2001). However the introduction of 21 nt siRNAs into mammalian
cells results in sequence-specific silencing of the target gene, and does not trigger the
non-specific interferon response (Elbashir et al. 2001b). This has allowed experimental
manipulation of the RNAi pathway.

In designing siRNA molecules for triggering the RNAi1 pathway, there is general
consensus that a GC content of approximately 50%, or at least within the range of 30-
70%, is optimal (Dykxhoorn et al. 2003). Secondary structure of the target mRNA does
not appear to affect silencing (Harborth et al. 2001; Yoshinari et al. 2004). Analysis of
a panel of active siRNAs has resulted in eight criteria which, when combined into an
algorithm, have vastly improved the probability of selecting an effective siRNA
(Reynolds et al. 2004). These criteria included; a G/C content of 30-52%, the presence
of an ‘A’ or ‘U’ in positions 15-19, low internal repeat stability, an ‘A’ at position 19
and position 3, and a ‘U’ in position 10, the absence of ‘G’ or ‘C’ at position 19 of the
sense strand, and a ‘G’ at position 13 of the sense strand (Reynolds et al. 2004).
Another analysis found that the following features - A/U at the 5' end of the antisense

strand, G/C at the 5' end of the sense strand, at least five A/U residues in the 5' terminal
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Figure 1.4 The RNA Interference Pathway.
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Figure 1.4 — The RNA Interference Pathway; (a) Short interfering (si)RNAs. Molecular hallmarks of an
siRNA include 5' phosphorylated ends, a 19-nucleotide (nt) duplexed region and 2-nt unpaired and
unphosphorylated 3' ends that are characteristic of RNase III cleavage products. (b) The siRNA pathway.
Long double-stranded (ds)RNA is cleaved by the RNase III family member, Dicer, into siRNAs in an
ATP-dependent reaction. These siRNAs are then incorporated into the RNA-inducing silencing complex
(RISC). Although the uptake of siRNAs by RISC is independent of ATP, the unwinding of the siRNA
duplex requires ATP. Once unwound, the single-stranded antisense strand guides RISC to messenger
RNA that has a complementary sequence, which results in the endonucleolytic cleavage of the target
mRNA. (¢) | The micro (mi)RNA pathway. Although originally identified on the basis of its ability to
process long dsRNA, Dicer can also cleave the ~70-nt hairpin miRNA precursor to produce ~22-nt
miRNA. Unlike siRNAs, the miRNAs are single stranded and are incorporated into a miRNA—protein
complex (miRNP). Caenorhabditis elegans let-7 and lin-4 miRNAs pair with partial sequence
complementarity to target mRNA leading to translational repression. In addition to Dicer, the two
pathways require other PAZ/PIWI domain proteins (PPD), including eukaryotic translation initiation
factor 2C 2 (eIF2C2). From Dykxhoorn et al. (2003).



one-third of the antisense strand, and the absence of any GC stretch of more than 9 nt in
length - were associated with effective RNAi1 in mammalian cells and chick embryos
(Ui-Tei et al. 2004) While these and similar analyses have formed the basis of
algorithms for siRNA design developed by various groups (eg. Tuschl et al. Elbashir et
al. 2002; Paddison and Hannon 2002) and commercial entities (eg. Ambion,
Dharmacon, GenScript), the selection and/or design of siRNAs remains something of an
empirical process, and it is recommended to test at least three siRNAs for any given
target sequence (Dykxhoorn et al. 2003).

It was found that RNA interference may be triggered by molecules expressed as
inverted repeats that spontaneously fold into a hairpin structure (Yu et al. 2002). These
short-hairpin RNA’s (shRNAs) are processed by the Dicer enzyme (Paddison et al.
2002b) and enter the RNAi pathway (Paddison et al. 2002a). While it has generally
been assumed that features desirable for siRNA design also apply to shRNA design, it is
becoming increasingly apparent that many sequences that are active as siRNAs are
inactive as shRNAs (Kolykhalov et al. 2005), and that functional shRNAs and siRNAs
exhibit similar but not identical sequence preferences (Li et al. 2007). Algorithms
developed specifically for shRNA design have only recently been developed but are
proving quite effective (Li et al. 2007).

1.3.1 RNAi and Antisense RNA

The gene silencing abilities of antisense RNA’s have been under investigation
for some time, and there is evidently some overlap of pathways used by RNA-
interference and antisense RNA (Martinez et al. 2002; Holen et al. 2003). However in
direct comparison the potency of RNA-interference was found to be approximately an
order greater than that of antisense RNA (Aoki et al. 2003; Cioca et al. 2003).
Furthermore, siRNAs were quantitatively more efficient in vitro, with a longer-lasting
effect than oligonucleotides targeted against the same sequence (Bertrand et al. 2002).
Furthermore, following ‘Cytofectin’ transduction of both molecule types in mice,
siRNA was found to be effective, but no activity was observed with the oligonucleotides

(Bertrand et al. 2002).

1.3.2 Non-Specific Activities of siRNAs
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While many of the non-specific effects that can occur with long dsRNA’s are
not observed with siRNAs and shRNAs, potential affects on off target genes still
remain. The three major categories on non-specific effects recognised to date are

described below.

1.3.2.1 miRNA-like Activity

Micro-RNAs (miRNAs) are endogenous molecules that are structurally identical
to siRNAs, being small (~22 nt) non-coding, regulatory RNA’s (Lagos-Quintana et al.
2001; Hannon 2002; Pasquinelli and Ruvkun 2002) with widespread roles in
development and disease (see Marquez and McCaffrey 2008). miRNA’s may suppress
their target mRNA’s by a number of mechanisms. Where perfect complementarity
exists with the target mRNA, the miRNA’s act as siRNAs and trigger mRNA cleavage
via the RNAi pathway, although this is not thought to be common in mammals
(Marquez and McCaffrey 2008). However where the miRNA guide strand has only
partial complementarity to the 3* untranslated region of the target mRNA, suppression
generally results from translational repression (see Marquez and McCaffrey 2008), but
may also result from methylation of the target gene (Kawasaki and Taira 2004; Morris
et al. 2004). This repression is cumulative, with more miRNA molecules bound to the
target gene producing greater transcriptional repression of that gene (Doench et al.
2003). Thus siRNAs designed to target one gene may have partial complementarity

with non-target genes and trigger suppression of those genes (Doench et al. 2003).

1.3.2.2 Interferon Response

The interferon response is a non-specific anti-viral response that occurs in
mammals, and can be triggered by dsRNA longer than 30 nt (Elbashir et al. 2001b).
However there have also been many reports of interferon-stimulated gene (ISG)
induction by siRNAs and shRNAs (reviewed in Schlee et al. 2006), with some ISG’s
responding to dsRNA a short as 15 bp (Sarkar et al. 1999). In a study of shRNAs,
shRNAs of 21-25 nt’s consistently induced a non-specific response (OAS1), whereas
shRNAs of 19nt did not (Fish and Kruithof 2004). Aside from length,
immunorecognition of RNA depends on certain molecular features such as double-
versus single-strand configuration, sequence motifs (eg. ‘AA’ at the transcription start

site), and nucleoside modifications such as triphosphate residues (Pebernard and Iggo
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2004; Schlee et al. 2006). This immunorecognition is also dose-dependent (Sledz et al.
2003; Persengiev et al. 2004). Similarly it is thought that shRNAs excess to the
processing capacity of the RNAi machinery contribute to the triggering of IFN
expression (Bridge et al. 2003). Strategies that appear to ameliorate the interferon
response include the use of an miRNA-like backbone (Bauer et al. 2009), and reducing
the length of the dSRNA stem to 14 bp (Pebernard and Iggo 2004).

1.3.2.3 Overload Toxicity

One final non-specific effect of RNAi emerged after systemic delivery and
sustained high-level expression of a range of sShRNAs in mice (Grimm et al. 2006).
Liver damage and death were associated with down-regulation of endogenous, liver-
derived miRNA’s. Evidence suggested overloading of part of the miRNA/shRNA
processing mechanism, namely exportin-5, therefore it is expected that the siRNA form
of the molecule will not trigger this effect (Grimm et al. 2006). Furthermore, more
accurate targeting of shRNA/siRNA delivery would reduce the dose required and
should ameliorate many of the potential adverse effects (eg. Ghatak et al. 2008)

1.4 Expression of shRNAs

Short-hairpin RNA’s (shRNAs) may be expressed as inverted repeats from
linear DNA cassettes using a Pol-III promoter (Brummelkamp et al. 2002b). When
transcribed, these inverted repeats spontaneously form a hairpin RNA molecule, which
is then processed by Dicer as per the processing of long-dsRNA or miRNA’s (Siolas et
al. 2005).

The choice of Pol-III promoter affects the potency of RNA interference (Boden
et al. 2003). Two most commonly used Pol-III promoters are U6 and H1. The level of
hairpin expression from U6 promoters in human lymphocytes expression was higher
than from HI1 promoters, though this expression was less stable in the long term,
possibly due to cytotoxicity of the U6 promoter itself (An et al. 2006). The lower level
of shRNA expression from the H1 promoter would also reduce the risk of cytotoxic
effects (Grimm et al. 2006). Furthermore, expression from the U6 promoters also
resulted in higher induction of ISG’s in some conformations (Pebernard and Iggo 2004).

These factors suggest that the H1 promoter is preferable for use in human cells.
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1.5 RNA Interference Targeting Oncogenes

Many of the human cancer genes identified to date involve chromosomal
translocations (Futreal et al. 2004). Where the chromosomal translocation results in a
chimeric mRNA that contains a tumour-specific sequence at the fusion site, there is
potential to target the tumour-specific sequence without affecting normal genes (Damm-
Welk et al. 2003). This is also true of point mutations (Brummelkamp et al. 2002a) and
there are many studies utilising various methods to deliver short-interfering RNA
(siRNA) to cancerous cells, and a number of these have proven effective (for example,
see summary in Devi 2006). Unfortunately, the emergence of point mutations within
the RNAI target region may abolish the sequence-specific silencing. Alternatively,
mutations in the RNAi machinery would engender resistance (Damm-Welk et al. 2003).
Furthermore, many chromosomal translocations bear alternatively spliced transcripts,
and any single hairpin would only be effective against a subset of any given oncogene
(Damm-Welk et al. 2003). There are also certain hurdles to be overcome in delivery of
RNAI, whether it be via siRNA or shRNA molecules (siRNA or shRNA) (Heidenreich
2004).

1.5.1 Delivery of siRNA
With respect to the delivery of synthetic siRNAs, while the development of

vesicle-mediated forms of delivery continues, high concentrations are required for
systemic delivery and the rate of turnover in vivo is high, making this option very
expensive. Furthermore, where the oncogene is harboured in quiescent stem cells, these
siRNAs must be applied repeatedly and patients must be monitored closely for signs of

relapse.

1.5.2 Vector Delivery of shRNA

The expression of shRNAs from Pol-III promoters means they are compatible
with delivery by viral vectors. For example, when a cassette comprising the Pol-III
promoter, the inverted repeat, and the appropriate termination signal, is expressed from
a stably-integrated, self-inactivating retroviral vector (Brummelkamp et al. 2002b),
oncogenes can be specifically and stably inactivated in human cancer, even though the

oncogenic allele differs from wild-type by only one nucleotide, as in the case of K-RAS
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(Brummelkamp et al. 2002a). Similarly lentivector delivery of shRNA molecules
targeting fusion oncogenes has been successfully demonstrated against various forms of
fusion oncogenes, such as the Ber-Abl fusion gene (Li et al. 2003b; Scherr et al. 2005),
and the ALK fusion gene (Piva et al. 2006), leading to cell-cycle arrest and apoptosis, in
vitro and in vivo (see also summary in Devi 2006). The stable transduction mediated by
integrating vectors largely eliminates the need for repeated administration of treatments.
Another advantage of shRNA is that the expression cassettes may be inserted into the
lentiviral U3 LTR, resulting in duplication of shRNA transcription unit during reverse
transcription (Scherr et al. 2003a). Finally, the production of retroviral and lentiviral
vectors is much cheaper than the production of synthetic siRNAs.

There are, however, some potential disadvantages with vector delivery of
shRNA molecules. While transgene expression may be stable in the short- to medium-
term, transgenes expressed from stably-integrated vectors are subject to the effects of
transgene silencing in the longer term (eg. Mok et al. 2007), although this would be less
of a problem in quiescent cells. Finally, where integrating vectors are used for delivery
of shRNA, the widespread, systemic use of these vectors there carries the risk of
insertional mutagenesis (O. Heidenreich pers. comm. Scherr and Eder 2004; Nienhuis et
al. 2006). This point is explored further below (Section 1.6.7).

More recently, miRNA-based systems for delivery of RNAi have become more
common, and are commercially available. The expression of miRNAs from Polll
promoters (Boden et al. 2004) allow tissue-specific and inducible expression (reviewed
in /Marquez and McCaffrey 2008). However, at the time that this study was
undertaken, these systems were not readily available. Furthermore, the objectives of the
present study were oriented more towards the discovery of effective shRNA designs,

and so modulated expression of sShRNAs was not necessary.

1.5.3 Stable Transduction of shRNA as a Therapy for Leukaemia

In leukaemias in which the haematopoietic stem cells carry a chromosomal
translocation, stable transduction of quiescent cells with a hairpin targeted to the
breakpoint sequence might protect against future activation of the fusion gene, allowing
vector transduction combined with transplantation of the haematopoietic stem cells

(Pavletic et al. 2005) as an alternative form of therapy avoiding many of the problems
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associated with current stem cell transplantation therapies (Khouri et al. 1994; Pavletic
et al. 1998; Dreger and Montserrat 2002; Kufe et al. 2006; Bruno et al. 2007). Viral
vectors are the most efficient form of delivery for stably integrated shRNA, however,

selection of vector type depends on a number of factors.
1.6 Gene Therapy

1.6.1 Vector Delivery of therapeutic transgenes

The main objective of gene therapy is the expression of therapeutic genes - or
‘transgenes’ - in target cells, however, this may be achieved in many ways. For some
applications, transient expression of a transgene is sufficient, in which case a number of
non-viral (eg. liposomes, ‘envelope-interacting protein’ vesicles, plasmids), and/or non-
integrating viral (eg. Adenovirus, Epstein-Barr virus) delivery systems might be
utilised. Where efficient and stable transgene expression is required the options are
more limited. Vectors designed to bring about stable expression of transgenes often
depend upon insertion of a transgene cassette into the host genome. Such vectors may
be based on viral vectors or liposomes, but in each case, integration of the transgene
cassette will depend upon some form of integrating enzyme, or ‘integrase’. To date a
number of virus types have undergone extensive development as viral vectors. The

major classes of vectors capable of stable transgene expression are summarised below.

1.6.1.1 Adeno-associated viruses

Adeno-associated Viruses (AAV’s) are small, single-stranded DNA viruses that
can integrate into the genome of infected cells (Coffin et al. 1997). The packaging
capacity of AAV’s is limited, and large-scale production is inefficient (Lundstrom
2003). Pre-existing immunity to AAV vectors is common and can impair transduction
rates however use of alternative serotypes can avoid this (Lundstrom 2003). AAV’s
depend on the presence of a helper virus for replication, usually adenovirus or
herpesvirus. In the absence of these, adeno-associated virus establishes latency by
integrating into the host genome (reviewed in Lai et al. 2002) specifically to human
chromosome 19 q13.3-gter (Kotin et al. 1990; Samulski et al. 1991; Kotin et al. 1992).
However this site-specificity is mediated by adeno-associated virus Rep protein, which

is absent from the recombinant adeno-associated virus vector (Russell et al. 1994).
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Recombinant adeno-associated virus may persist in non-dividing cells as an episome, or
less frequently as an integrated concatemer (Nakai et al. 2001). Adeno-associated virus,
by preferentially integrating into genes rather than non-coding regions (Nakai et al.
2003), presents a risk of genetic disruption and oncogenic transformation (Check 2003),
with recent mapping of AAV insertions identifying a number of insertions with

oncogenic potential (Nakai et al. 2005; Donsante et al. 2007).

1.6.1.2 Herpes Simplex Virus

Vectors based on Herpes Simplex Virus-1, the a-Herpesvirus vectors, have a
natural tropism for cells of the nervous system, and are able to transduce dividing and
non-dividing cells. (Latchman 2002). While expression levels are modest (Lundstrom
2003), they have a large transgene capacity and are the subject of much interest in
delivery of gene therapy to neural tissues (Coffin et al. 1997), however, the inability of
these vectors to integrate into the host cell genome limits their potential in dividing cell
populations.

v-Herpesvirus vectors such as Epstein-Barr virus are attractive candidates for
stable gene therapy as they are able to persist as non-integrated latent episomes in
dividing cell populations by active episomal maintenance (Yates et al. 1985; Yates and
Guan 1991). Unfortunately the Epstein-Barr virus persists asymptomatically in >90%
of the population, raising the potential for recombination between Esptein-Barr based
vectors and wild-type Epstein-Barr viruses. There is therefore much interest in an
alternate y-HSV, the Herpesvirus saimiri, though considerable development of this virus

vector is still required (Griffiths et al. 2006).

1.6.1.3 Retroviruses

Retroviruses are RNA viruses that replicate through an integrated DNA
intermediate (Coffin 1996). The lipid envelope of the infectious ‘virion’ contains two
RNA copies of the viral genome (see Figure 1.5). After binding of the viral envelope to
receptors on the target cell surface, fusion of the virion and cell membranes allows entry
of the virion into the target cell cytoplasm (step 1). Within the cell, viral RNA is
reverse transcribed into DNA (step 2), then transported and integrated into the host
genome by integrase respectively (step 3). These viral enzymes enter the cell as part of

the virion particle. The integrated ‘provirus’ is transcribed back to RNA by the cellular
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Figure 1.5 Retroviral Life Cycle
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Figure 1.5 - Retroviruses have two identical copies of a plus single-stranded RNA genome and an outer
envelope containing protruding viralglycoproteins. After envelope glycoproteins on a virion interact with
a specific host-cell membrane protein or group of proteins, the retroviral envelope fuses directly with
the plasma membrane without first undergoing endocytosis (step 1). Following fusion,
the nucleocapsid enters the cytoplasm of the «cell; then deoxynucleoside triphosphates from
the cytosol enter thenucleocapsid, where viral reverse transcriptase and other proteins copy the
ssSRNA genome of the virus into a dsDNA copy (step 2). The viral DNA copy is transported into
the nucleus (only one host-cell chromosome is depicted) and integrated into one of many possible sites in
the host-cell chromosomal DNA (step 3). The integrated viral DNA, referred to as a provirus, is
transcribed by the host-cell RNA polymerase, generating mRNAs (light red) and genomic RNA
molecules  (dark  red). The  host-cell ~ machinery  translates the  viral mRNAs
into glycoproteins and nucleocapsid proteins (step 4). The latter assemble with genomic RNA to form
progeny nucleocapsids, which interact with the membrane-bound viral glycoproteins, as illustrated
inFigure 6-17. Eventually the host-cell membrane buds out and progeny virions are pinched off (step 5).
See Figures 9-20 and9-21 for details of the reverse transcription process and the transcription and
processing of viral RNA. From Darnell et al. (1990).




machinery, driven by signals in the U3 region of the long terminal repeats (LTR’s) of
the proviral genome (step 4). Some copies of the transcribed genome are spliced and
processed to express the viral genes necessary for formation of new virions. The
relevant viral proteins and the full-length RNA genome assemble to form new viruses
(step 5) (summarised by Coffin 1996). Spumaviruses differ from other retroviruses in
that reverse transcription occurs before the virus leaves the host cell, such that the
infectious virus particle contains a DNA genome (Yu et al. 1999).

Their efficient integration into the genomic DNA of host cells makes
retroviruses attractive as gene therapy vectors. As they are replicated with the host
DNA they are transmitted to all daughter cells (Coffin et al. 1997). Furthermore, they
are able to bring about long term transgene expression in a variety of human cell types

(Austin et al. 2000).

1.6.1.4 Lentiviral Vectors and Transduction of Non-mitotic Cells

While lentiviruses are a subgroup of retroviruses and share the general features
of the group, their ability to transduce non-mitotic cells has important implications for
gene therapy. Whereas nuclear transport of the preintegration complex of other
retroviruses is dependent upon the breakdown of the nuclear envelope that occurs at
mitosis (Weinberg et al. 1991; Roe et al. 1993; Lewis and Emerman 1994), the
karyophilic properties of the lentiviral preintegration complex enable active transport
through the nucleopore, and thus they are able to mediate efficient delivery, integration,
and long-term transgene expression of non-mitotic cells (Naldini et al. 1996a; Naldini et
al. 1996b; Blomer et al. 1997). This allows transduction of terminally differentiated
and non-dividing quiescent cells (Lewis et al. 1992; Bukrinsky et al. 1993;
Srinivasakumar 2001; Scherr and Eder 2002), ultimately resulting in higher rates of
transduction (Chang et al. 1999; Park and Choi 2004).

1.6.2 Enhancing the Safety of Retroviral and Lentiviral Vectors
While retroviruses, including lentiviruses, hold great potential as gene therapy
vectors, the wild type viruses are often highly pathogenic and have undergone and

continue to undergo extensive modifications in order to make them safer.
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1.6.2.1 Self-Inactivating Retrovectors

To minimise the risk of replication and inadvertent spread of vectors to non-
target tissues, vectors were designed to self-inactivate after gene delivery. In these
vectors, after integration certain Cis-acting elements necessary to efficiently complete
another round of replication were deleted (Hu and Pathak 2000). U3-negative vectors
were the first such self-inactivating vectors to be developed, and are still the most
commonly used form of self-inactivating vector (Hu and Pathak 2000). In such vectors,
the U3 region of the 3° LTR is deleted. Because this forms the template for the U3
region of the 5° LTR during reverse transcription, the resulting integrated provirus lacks
the strong U3 promoter (Yu et al. 1986; Dougherty and Temin 1987; Zufferey et al.
1998). Elimination of this promoter also reduces the risk of aberrant gene expression
and genotoxicity, with cell-culture assays demonstrating a significantly reduced
transforming capacity from self-inactivating vectors when compared with corresponding

LTR-intact vectors (Modlich et al. 2006).

1.6.2.2 Fragmentation of the Retrovirus Genome and Use of Packaging

Cells

The risk of vector replication has been further reduced by deletion of non-
essential and pathogenic genes fragmentation of the genome into separate elements (Ni
et al. 2005). Packaging cells lines that stably express the retroviral accessory protein
have been developed that facilitate the safe production of replication-deficient virus
carrying only the genes of interest (Mann et al. 1983; Watanabe and Temin 1983). The
development of packaging cells able to stably express lentiviral accessory proteins has
proved challenging and transient co-transfection of helper cells with multiple plasmids
is more common (Ni et al. 2005). By these methods, high-titre, replication-defective
retrovirus or lentivirus vectors may be safely produced (Landau and Littman 1992; Pear
et al. 1993; Finer et al. 1994; Soneoka et al. 1995).

The fragmentation and development of the lentiviral genome has continued
beyond the original designs, and progressed through various generations of packaging
systems. The ‘first generation’ lentiviral vectors were initially developed as a three-
plasmid (transgene, packaging and envelope plasmids) expression system (Naldini et al.

1996b), as per the retroviral strategy. The HIV-1 core proteins, enzymes and accessory
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genes are expressed in transiently co-transfected helper cells. Various deletions or
substitutions were made in order to minimise pathogenicity and the likelihood of genetic
recombination (Naldini et al. 1996b).

To address biosafety issues, the vif, vpr, and nef accessory genes were also
deleted, to create the ‘second generation’ lentiviral vectors (Zufferey et al. 1997).
These deletions were found to reduce transduction efficiency in some cell types, for
example primary macrophages (Dull et al. 1998). This impairment can be overcome by
replacing certain elements, for example by pseudotyping with the G surface protein
from the Vesicular Stomatitis Virus (VSV-G) (Scherr and Eder 2002).

“Third generation’ vectors also have a tat deletion, as this gene is unnecessary
when replaced by alternate promoters from other viruses (Dull et al. 1998). Some
variants of the third generation vectors express the rev gene from a separate, fourth
plasmid (Dull et al. 1998).

The deletion of the accessory proteins, as in the second and third generation
vectors, minimises the risk of producing replication-competent lentiviruses (Scherr and
Eder 2002). Deletion of these various regions also reduces the risk of interaction with
host genes near the integration site (Scherr and Eder 2002). The development of vectors
from lentiviruses, such as feline immunodeficiency virus (FIV) (Poeschla et al. 1998b),
and HIV-2 (Poeschla et al. 1998a) that are less pathogenic to humans, should also
reduce the potential for adverse side-effects (Scherr and Eder 2002).

1.6.3 Markers for Elimination of Non-transduced Cells

Marker genes are widely used in gene therapy as they allow the identification of
cells that have been successfully transduced with the vector, and can allow selection for
or against the transduced cells by various methods. Two common forms of marker gene
are fluorescent proteins, or growth selection markers such as puromycin resistance.

The Green Fluorescent Protein was originally isolated from the jellyfish
Aequorea victoria and fluoresces green when exposed to blue light (Tsien 1998). Itis a
widely used and well-understood marker gene, and is frequently used as a reliable
marker of cellular transduction, and may also be used semi-quantitatively. There has
been some suggestion of cellular toxicity of the GFP protein (Hanazono et al. 1997; Liu
et al. 1999), however, this may be due to specific sequences in the multiple cloning site

of the vectors involved (Endemann et al. 2003).
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Puromycin is an aminonucleoside antibiotic isolated from Streptomyces
alboniger that inhibits translation in prokaryotes and eukaryotes (reviewed in Vazquez
1979). Expression of puromycin N-acetyl-transferase (PAC), originally derived from S.
alboniger, confers resistance to puromycin upon mammalian cells (Vara et al. 1986).
Puromycin is one of the fastest growth selection markers available, eliminating non-
transduced cells in a matter of days (Kallifatidis et al. 2008). For some applications,
puromycin selection is superior to FACS sorting (Kallifatidis et al. 2008), however, the
ultimate use of growth selection markers in a therapeutic context has a limited future,
with the European Union ruling that antibiotic resistance genes cannot be used

therapeutically (Products 2001).

1.6.4 A Comparison of Retrovectors and Lentivectors

While both vector types have undergone extensive development to enhance
safety, a direct comparison of both vector types in a tumour prone mouse model found
that retroviral vector transduction triggered a dose-dependent acceleration of tumour
onset, subsequent to vector LTR activation. By contrast, transduction with the lentiviral
vector did not accelerate tumourigenesis in transplant recipients, even at high
integration loads. In addition to the advanced vector design of the lentiviral vector,
analysis suggested that the integration profile of the lentiviral vector also contributed to
this enhanced safety (Montini et al. 2006). In addition, lentiviral vectors appear to be
less prone to suppression of transgene expression than retroviral vectors (Svoboda et al.
2000; Tiscornia et al. 2003; Anderson and Akkina 2005). In one study, transgene
expression from a lentiviral vector persisted for over 6 months in the central nervous
system (Blomer et al. 1997). Finally, lentiviral vectors do not induce interferon-
stimulated genes (Bridge et al. 2003; Fish and Kruithof 2004; Pebernard and Iggo
2004), and the lentiviral Tat element exerts an inhibitory effect on the interferon-
stimulated dsRNA-activated inhibitor (DAI) protein kinase (Gunnery et al. 1990; Roy et
al. 1990).

1.6.5 Transduction of Haematopoietic Stem Cells
The ability of different vector types to transduce certain cell types also varies
markedly. Lentiviral vectors were able to efficiently transduce CD34+ cells whereas

vectors based on the Murine Leukaemia Virus (MLV) were relatively inefficient
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(Salmon et al. 2000). Furthermore, efficient transduction with the HIV vectors was
achieved at a relatively low multiplicity of infection (Salmon et al. 2000).

The promoter used to express the transgene must be chosen with consideration
of the cell type targeted. Commonly used promoters, such as CMV and CAG were
inefficient and vulnerable to suppression in embryonic stem cells (Xia et al. 2007).
CMYV promoters also had low transcriptional activity in most lympho-haematopoietic
cell lines (Case et al. 1999; Miyoshi et al. 1999; An et al. 2000). In contrast, the EF-1a
promoter is highly efficient in CD34+ cells and several differentiated haematopoietic

cell lines the, and there was no evidence of transgene suppression (Salmon et al. 2000).

1.6.6 Retroviral Integrases and Targeting of Integration

The integration of gene therapy vectors is crucial to the long term expression of
therapeutic transgenes from these vectors, and this integration is mediated by
specialised and characteristic enzymes known as integrases (Coffin et al. 1997).
Retroviral integrase (IN) contains three physically distinct domains; an N-terminal
domain, including three a-helices and a zinc-binding motif; a central domain containing
the conserved central triad D,D(35)E; and the C-terminal domain, which contributes to
oligomerisation and has non-specific DNA-binding activity (reviewed in Sandmeyer
2003; Zhu et al. 2003). The retroviral preintegration complex consists of integrase
bound to the ends of the full-length DNA. This complex mediates the integration of the
DNA into the host genome (Sandmeyer 2003). Integrase is also responsible for nuclear
import of viral cDNA in HIV (lkeda et al. 2004).

Traditionally, retroviral integration was considered to be targeted primarily
towards active genes, with access dependent upon the open chromatin associated with
transcription (Coffin et al. 1997). Bending of the target DNA and hairpin structures
also favour integration (Sandmeyer 2003) while a high level of transcriptional activity
disfavours integration at that location, probably due to stearic hindrance with the
polymerase machinery (Weidhaas et al. 2000; Mitchell et al. 2004; Maxfield et al.
2005). Beyond these trends, however, integration biases exist with respect to whole
chromosomes that cannot be entirely accounted for by gene density or activity,
suggesting the influence of other factors (Mitchell et al. 2004). Such results are more
compatible with a ‘tethering’” model, in which the pre-integrative complex (PIC)

associates with specific elements of the target genome (Bushman 2003). Tethering
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would allow more specific association with promoters of factors found in transcription

units, for example (Bushman 2003).

1.6.6.1 Targeting Preferences of Currently-Used Vectors

Integration of retroviral integrases is clearly not targeted to specific sequences,
and it is evident that different selection pressures apply to different integrating
retroviruses, resulting in characteristic integration profiles for each virus group
(Bushman 2003). Unfortunately, the integration strategies that might be useful for a
pathogenic virus, which routinely cause the death of the host cell in the course of
replication and transmission, are often not desirable in most gene therapy application.
For example, HIV infection which quickly leads to pathogenic cell death, and in this
context transcription and virion production would be maximised by integration into
transcriptionally active regions (Bushman 2003; Jordan et al. 2003). As such, the
integration profiles of vectors currently used for gene therapy are coming under closer
scrutiny.

The wild-type adeno-associated virus (AAV) integrates preferentially in a
specific region of human chromosome 19 (Russell et al. 1994). AAV gene therapy
vectors in human cells exhibited a significant integration preference for CpG islands,
and the first 1 kb of genes. However overall, there was only a slight preference for
transcribed sequences (Miller et al. 2005)

Over one third (39%) of Murine Leukemia Virus (MLV) integrations in the
human genome were within transcription units (Wu et al. 2003). Within these
transcription units, there was a preference for promoter regions over downstream
regions. Up to 17% of all integration sites were within lkb either side of the
transcriptional start point, dropping off to background levels within 5kb on either side
(Wu et al. 2003). MLV integration was also positively associated with CpG islands
(Wu et al. 2003; Mitchell et al. 2004).

The distribution of foamy virus integration sites in the human genome was
similarly non-random, but they did not preferentially integrate within genes. There was
however a modest preference for integration start sites, and a significant preference for

CpG islands (Trobridge et al. 2006).
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Human Immunodeficiency Virus (HIV) vector integrations appear to show a
strong bias, with up to 69% of integration sites occurring within transcription units,
though there was no bias within these units (Schroder et al. 2002; Wu et al. 2003).
Areas of very high-level transcription were actually disfavoured, as were CpG islands,
which usually correspond with transcription factor binding sites (Mitchell et al. 2004).
More broadly, integration site selection correlated with transcriptional activity.
Similarly, genes activated by HIV infection were subject to higher rates of integration
(Schroder et al. 2002). Despite the preference of HIV for insertion into transcriptionally
active sites, direct oncogenic transformation of human cells by HIV is rare (Beatty et al.
2002), with only one probable case recorded (Herndier et al. 1992). However, while a
causative association was not demonstrated, a number of non-Hodgkins lymphomas
from late-stage AIDS patients were found to have HIV inserted in a uniform location,
within the fur gene. This insertion evidently upregulated the c-fes/fps protooncogene
(Shiramizu et al. 1994). Furthermore, it is probable that the lytic nature of wild-type

HIV may obscure any oncogenic tendencies (Mok and Lever 2005).

1.6.6.2 Integration Targeting Characteristics of Other Retroviral
Groups

A series of other lentiviral and retroviral vectors are under investigation for gene
therapy, and the integration profiles of these have also come under scrutiny. The
integration profile of Feline immunodeficiency virus (FIV) favoured actively-
transcribed genes, with integrations occurring across the entire length of the
transcriptional units. As such, FIV integration preferences were more similar to those
of other primate lentiviruses, and distinct from those of Moloney murine leukemia virus,
Foamy Virus, and ASLV (see below) (Kang et al. 2006). It is worth noting that FIV
was associated with an instance of B-cell lymphoma, with vector insertion occurring in
a gene in a region of tumour-specific deletions (Beatty et al. 2002).

Vectors based on the equine infectious anaemia virus (EIAV) preferentially
integrated within active genes, but showed no preference within the transcription unit
(Hacker et al. 2006).

Avian Sarcoma-Leukosis Virus (ASLV) showed no preference for transcription

units or active genes in human cells, and integration was only slightly correlated with
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CpG islands (Mitchell et al. 2004). These characteristics may result from ALSV having
strict reactive preferences with chicken cells (Mitchell et al. 2004).

Avian Sarcoma Virus (ASV) also shows only a slight preference for genes, and
transcriptional activity does not appear to influence site selection (Narezkina et al.

2004).

1.6.7 Safety Concerns and Insertional Mutagenesis

Retroviral vectors are widely used, and a number of clinical trials have been
conducted. One such trial involved a replication-defective Moloney murine leukemia
retrovirus vector designed to express the IL2 receptor y chain (IL2RG) successfully
corrected X-linked severe combined immunodeficiency (Hacein-Bey-Abina et al.
2002). Unfortunately a number of X-linked severe immunodeficiency patients
receiving viral therapy developed leukaemia (Bonetta 2002; Hacein-Bey-Abina et al.
2003a; Marshall 2003). Two of these cases were examined in detail and the IL2RG-
containing vector was found to have integrated in proximity to LMOZ2, a known T-cell
oncogene (Boehm et al. 1991; Royer-Pokora et al. 1991) resulting in aberrant
transcription and expression of LMO2 in monoclonal T-cells (Hacein-Bey-Abina et al.
2003a; Hacein-Bey-Abina et al. 2003b). The oncogenic interaction of these genes has
previously been recorded in a database of retrovirally induced hematopoietic tumours in
mice (Davé et al. 2004). It was likely that many patients received a high number of
cells each with insertions in similar locations, suggesting that this event was likely
accompanied by other acquired somatic mutations, possibly from other vector insertions
(Hacein-Bey-Abina et al. 2003b; Davé et al. 2004; Howe et al. 2008). Furthermore,
there are a number of factors unique to X-SCID that may facilitate a high rate of
transformation (Shou et al. 2006).

Detailed studies with another retrovirus vector, derived from the Harvey murine
sarcoma retrovirus found clonal amplification caused by insertional mutagenesis
following vector integration (Modlich et al. 2005). The leukemic clones had an over-
representation of insertional mutations in proto-oncogenes and/or other signalling genes
(Modlich et al. 2005). Some cases also exhibited additional chromosomal
translocations, indicating secondary genetic instability (Modlich et al. 2005).

In light of these findings of retrovector genotoxicity, attention has focussed on

strategies to minimise the risks of insertional mutagenesis. These include the generation
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of more efficient vectors to minimise the number of copies required per cell (Bonetta
2002; Scherr et al. 2005), and improved vector design, in order to minimise the vectors’
ability to transactivate neighbouring genes (Baum et al. 2003; Kohn et al. 2003;
Sadelain 2004). Another avenue for enhancing the safety of gene therapies is the
development of site-specific recombinases, or the identification and utilisation of novel
integrase enzymes from non-retroviral integrating elements that might have safer

integration profiles (Glover et al. 2005).

1.6.8 Selection Pressures on Other Integrating Elements

Different selection pressures apply to different integrating retroviruses and this
is true of other integrating elements as well however many groups of integrating
elements have lost the ability to infect new hosts, and in such cases, the selection
pressures are dramatically different (Bushman 2003). For example; yeast LTR-
retrotransposons replicate within a single, gene-dense cell, and must integrate without
suicidal disruption of genes necessary for host cell survival. Similarly, most HERVs
present in the human genome are found outside transcription units, and where they do
occur within genes, they are usually in a reverse orientation, such that they do not
interfere with expression of that gene (Smit 1999). These characteristics suggest
selection after integration (Bushman 2003).

Alternate integration systems should allow modulation of integration target sites
and offer the potential for safer gene therapy options (Schroder et al. 2002; Wu et al.
2003; Mitchell et al. 2004).

1.6.9 Retrotransposons

Retrotransposons represent one of the major groups of ‘retroelements’, units that
are able to amplify to new locations within the eukaryotic genome via an RNA
intermediate. The ‘LTR retrotransposons’, aside from possessing long terminal repeats,
share other structural characteristics with retroviruses, and encode proteins necessary
for retrotransposition (eg. integrase and reverse transcriptase). However, they lack the
genetic components required for forming a functional viral capsule (reviewed Deininger
and Batzer 2002; Bowen et al. 2003). They are therefore dependent upon vertical

transmission from their host cell to their vertically derived progeny (Craigie 1992).
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Retrotransposons occur in many groups, including humans (reviewed in Miki
1998) however perhaps some of the most interesting, and certainly among the best
studied, are the retrotransposons found in yeast cells. Compared with the genomes of
many eukaryotes, the genomes of yeast, such as that of Saccharomyces cerevisiae, are
densely packed with open reading frames (ORFs). These genomes appear to be
intolerant of excessive junk DNA, containing relatively few transposon copies (Boeke
and Devine 1998). From this it is concluded that there exists strong selection pressure
on retrotransposon integration to minimise adverse effects upon their host. accordingly,
the integration targeting of yeast retrotransposons is highly specific to ‘safe’ regions of
the host genome, where they are least likely to cause damage (Boeke and Devine 1998).

A number of retrotransposons found in Saccharomyces cerevisiae have been
examined in considerable detail. The Ty5 retrotransposon preferentially inserts into the
heterochromatic regions of the yeast genome, at the telomeres, and at silent mating loci
(Brady et al. 2008). This is also the case for most eukaryotic retrotransposons (Zou et
al. 1995). Targeting is mediated by an interaction between Ty5 integrase and the
heterochromatin protein silent information regulator 4 (Sir4) (Xie et al. 2001; Brady et
al. 2008). The Tyl retrotransposon integrates within a window located 100-700bp
upstream of genes transcribed by RNA polymerase III (Devine and Boeke 1996). The
integration targeting of Ty3 also occurs upstream of PollIl genes, however, the targeting
of Ty3 integration is specific to the 1-4 nucleotides immediately upstream of the
transcription initiation sites (Chalker and Sandmeyer 1992). This targeting results from
tethering of the Ty3 integration machinery to the Pol III transcription apparatus,
specifically via protein-protein interaction with the transcription factors TFIII-B and -C
(Kirchner et al. 1995; Connolly and Sandmeyer 1997).

As locations for integration, the areas upstream of Pol III genes are thought to be
excellent locations for retrotransposon integration, as they are gene-poor, and most Pol
III genes, including the tRNA genes that are the targets of Ty3 integrase, possess only
internal promoters. Thus insertions in such locations are expected to have a minimal
effect on gene expression levels (Chalker and Sandmeyer 1992; Devine and Boeke
1996; Zhu et al. 2003). It should be noted, however, that there is some evidence that
levels of SUP2 pre-tRNA were moderately increased when SUP2 was associated with
the Ty3 LTR, in either orientation (Kinsey and Sandmeyer 1991).
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1.6.10 Ty3 Integrase and Human Genes

The Ty3 integrase has numerous features that are desirable in human gene
therapy, although the activity of Ty3 integrase in human cells has not yet been
examined directly. Nevertheless, two early studies have examined aspects of the
interaction between this enzyme and human genes, and provide a benchmark for further
study.

In the first of these experiments, a plasmid containing the human tRNA-Lys
gene was introduced into yeast cells. The Ty3 integrase was found to preferentially
interact with the transcription start site of these genes, although this interaction was
presumably mediated by the recognition of the human gene by the yeast transcription
factor subunits, TFIIIB and TFIIIC (Dildine and Sandmeyer 1997).

The second study was conducted with a chimeric integrase in which the C-
terminal domain of MoMLYV integrase was replaced with the C-terminal domain of Ty3
integrase. This chimeric integrase was found to be active in human cells, however,
sequence analysis of integration sites indicated that it did not target human tRNA genes
(Dildine et al. 1998). It should be noted however that in a range of viral systems, while
the N-terminus had no real influence both the C-terminus and the central domain
determine the activity and substrate specificity of the enzyme (Berger et al. 2001).

Another observation relevant to the potential of Ty3 integrase in human cells is
the high degree of homology between the S. cerevisiae and human TFIIIB subunits
(Huang and Maraia 2001). The homology extends as far as the three initiation-related
subunits of TFIIIC that are associated with the proximal promoter element, but there is

markedly less homology in the more distal TFIIIC subunits (Huang and Maraia 2001).

1.7 Aims

The hypotheses and aims of this project are as follows:
Hypothesis 1: That an optimised vector design and arrangement of shRNA

cassettes within the lentiviral vectors can enhance delivery and expression of shRNA

molecules
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Aim 1: To optimise the structure of lentiviral vectors for the most efficient and

effective knockdown of target genes.

Hypothesis 2: That down-regulation of the Bcr/Abl fusion gene and protein will
trigger cell differentiation in surviving cells
Aim 2: To analyse the effects of knockdown of the Bcr/Abl fusion gene by

retroviral delivery of shRNAs on cell differentiation.

Hypothesis 3: That appropriately-designed shRNAs will down-regulate PML-
RARa mRNA, with subsequent effects on biology of the cancer cells

Aim 3: To test lentivector-delivered shRNAs designed to downregulate the
PML-RARa fusion gene, and assess their effects on the biology of the cells.

Hypothesis 4: That appropriately-designed shRNAs will down-regulate
RUNXI-ETO mRNA, with subsequent effects on biology of the cancer cells

Aim 4: To test lentivector-delivered shRNAs designed to downregulate the
RUNXI1-ETO fusion gene, and assess their effects on the biology of the cells.

Hypothesis 5: That the integrase enzyme of the Ty3 yeast retrotransposon will
facilitate integration in human cells
Aim 5: To investigate the rate and nature of transgene integration mediated by

the Ty3 yeast retrotransposon integrase in human cells.
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2 General Materials and Methods

2.1 Cell Culture

The 293T cells were cultured in 10% DMEM (see list of buffers and recipes,
Section 2.13). To passage or replate the 293T cells, they were trypsinised by washing
with sterile PBS, followed by the addition of approximately 5 ml Trypsin/EDTA per
T75 flask. Culture vessels were gently rocked until cells detached.

K562 and NB4 cell lines were cultured in 10% RPMI. Kasumi cells were
cultured in 20% RPMI, which was made up in small batches such that the L-glutamine
never exceeded two weeks of age. Doubling time of the K562 and NB4 cell lines was
approximately two days, whereas the Kasumi’s doubled in approximately three days.
Cells were maintained at densities in the range of 5-10 x 10° cells/ml, except Kasumi
cells were split at approximately 12 x 10° cells/ml. For maintenance of the culture, cells
were split by diluting the culture volume with fresh medium. Cells were cultured at
37 °C and 5% CO; in a humidified incubator.

Cell density was measured with a haematocytometer. In the case of cell viability
counts, cells were first mixed 1:1 with Trypan blue, with the number of Trypan positive
and negative cells counted.

All cell lines were spun at 1000 g, except for Kasumi cells, which were spun at
300 g. Cells were frozen at 10° cells per ml of 10% DMSO (Sigma) and 90% FCS, and

stored at —80 °C or in liquid nitrogen.

2.2 Cloning

Custom vectors were generated by modifying existing plasmid and vector
backbones, as indicated. The principal methods used in cloning were Polymerase Chain
Reaction (PCR) amplification, restriction digestion and ligation.

To generate genes flanked by useful restriction sites, primers were designed
using one of three programs; MacVector software, or the Primer 3
(http://frodo.wi.mit.edu/primer3/) or Primer BLAST
(http://www.ncbi.nlm.nih.gov/tools/primer-blast/index.cgi?LINK LOC=BlastHome)

online tools. Useful restriction sites were added to the 5’ ends of these primers as
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appropriate. PCRs were performed using iTaq DNA Polymerase (BioRad) or Taqg DNA
Polymerase (Invitrogen), as per the manufacturers instructions.
Restriction maps of existing vectors were generated from available vector maps

entered into the NEBcutter online tool (http://tools.neb.com/NEBcutter2/). Restriction

digestions were performed with restriction enzymes (New England Biolabs), as per the
supplier’s instructions. Dephosphorylation of digested fragments, when required, was
performed using Alkaline or Antarctic Phosphatases (New England Biolabs), as per the
manufacturers instructions.

The products of PCRs and restriction digests were separated by electrophoresis
on 1% agarose gels in TAE buffer. DNA was visualised with 0.85 ng of Ethidium
Bromide (Sigma) per 50 ml gel, or with 1.7 ul SYBR-safe stock (Invitrogen) per 50 ml
gel. Gels were electrophoresed at 70-120 V, then examined using a UV light-box. Gels
images were recorded using the Gel Doc system (Bio-Rad).

Selected bands were excised and purified using a Wizard SV Gel and PCR
Clean-up kit (Promega), as per manufacturer’s instructions.

Ligation of DNA fragments was performed using T4 DNA Ligase (New
England Biolabs), based on the manufacturers instructions. Ligation incubation times

and volumes were sometimes varied to improve reaction efficiency.
2.3 Culture and Transformation of Bacteria

2.3.1 Transformation, Culture and Screening of Bacteria

Competent E. coli were transformed with custom plasmids by mixing the
plasmid with 100 ul of recently thawed competent E. coli in an Eppendorf tube. Tubes
were placed on ice for 40 minutes, ‘heat shocked’ at 42 °C for 90 seconds, then returned
to ice for 10 minutes. E. coli were then plated onto agar plates containing the
appropriate antibiotic, and grown overnight at 37 °C. Top 10 E. coli (Invitrogen) were
used for general cloning and ER2925 E. coli (New England Biolabs) were used for
Dam-negative culture.

Where possible, candidate colonies were screened by PCR. This was done by
introducing a small sample of the colony into a PCR reaction that included appropriate

primers. The PCR reaction was then visualised by gel electrophoresis.
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Candidate colonies were subsequently transferred via clean pipette tip to Luria
Broth containing ampicillin or kanamycins, as appropriate, at 0.05 mg/ml. For routine
cloning, 5 ml of broth was incubated at 37 °C overnight with shaking. Cultures were
then prepared with either a Wizard Plus SV Miniprep DNA Purification System kit
(Promega), or a PureLink Quick Plasmid Miniprep kit (Invitrogen), as per the
manufacturer’s instructions. For larger cultures, bacteria were as above, but in 200 ml
of Luria Broth. These cultures were prepared with a PureYield Plasmid Midiprep

System kit (Promega), as per manufacturer’s instructions.

2.3.2 Glycerol Stocks

Select cultures of E. coli were frozen for later use in glycerol by adding 8501 of
overnight culture to 150 pl of glycerol. This was mixed thoroughly and stored at —
80 °C.

2.4 Hairpin Design, Annealing and Nonsense Control

All shRNA designs were generated from one of two online algorithm tools,

provided by Ambion (http://www.ambion.com/techlib/misc/siRNA_finder.html) and

GenScript (https://www.genscript.com/ssl-bin/app/rnai). Output sequences were 20 and
21 nucleotides respectively, however both tools presented the output in an inverted
repeat format suitable for expression of shRNAs from pSilencer vectors. The 3.1-H1
neo pSilencer vector (Ambion) provided a H1 Pollll promoter for shARNA expression,
and facilitated subsequent cloning of the expression cassette into other backbones (see
below). While it is usual to test at least five different hairpin designs, the need to
include the breakpoint restricted the target sequence to 40 nucleotides (20 nucleotides
either side of the breakpoint) which in turn greatly reduced the number of candidate
designs that could be tested.

The sense and antisense strands provided by the online tools were ordered as
custom oligos from Geneworks, and the 2 pl of each of the complementary single-
stranded oligonucleotides (at 30 uM) were mixed with 5 pl of ‘10x annealing buffer’ in
a 50 ul reaction (made up with dH,O). This mixture was heated to 100 °C in a heating
block and allowed to cool slowly. Alternatively, a thermocycler was used, in which

case the mixture was cooled from 100 °C at a rate of 1 °C per minute. The resulting
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dsDNA fragments were purified and ligated into a BamHI- and HindIII-digested
pSilencer backbone.

A variety of controls are recommended for experiments involving shRNAs
(“Whither RNAi?”, Nature Cell Biology (2003), v.5 (6) pp. 489-490), and selection of
appropriate controls is discussed in the relevant sections. However the ‘Nonsense’
control was used as the default control throughout these experiments, and consisted of a
scrambled shRNA design which was provided with the pSilencer vector (Ambion),

which corresponded to no known sequence.

2.5 Vector Construction

The pHIV-7-GFP vector and the plasmids described below were used
throughout many sections of this thesis. Additional vectors used in this study are
described where appropriate.

The pHIV-7-GFP lentivirus vector was donated by Professor J. J. Rossi (City of
Hope, Duarte). This vector has been used and validated previously, and resulted in
>98 % transgene expression in K562 cells (Li et al. 2003b). Of the unique restriction
sites available in this vector, the BamHI site has been used and validated for expression
of shRNA cassettes (Li et al. 2003b). Immediately adjacent to this site there was also
an Xmal restriction site. As the BamHI site was also present in the pSilencer shRNA
expression cassette, the Xmal site was used for insertion of the shRNA cassette. The
shRNA cassettes from the pSilencer vectors (see above) were amplified by PCR. The
primers used for this amplification were based on the pSilencer sequencing primers
recommended by Ambion, with Xmal linker sequences added to the 5’ end of each to
allow cloning into the pHIV-7-GFP backbone in either orientation. The final
arrangement is shown in Figure 2.1.

Although the pHIV-7-GFP vector was a ‘third-generation’ lentiviral vector, and
was supplied with three accessory plasmids (pCHGP-2, pCMV-rev and pCMV-G, Li et
al. 2003b), it was used here in conjunction with the ‘second-generation’ accessory
plasmids supplied by the Tronolab (Lausanne, Switzerland). These accessory plasmids
were the pMD2.G and psPAX2 plasmids.

Diagnostic restriction digestions were used for initial screening vector

constructs. Finally, Beckman sequencing was carried out by Macrogen (Seoul, Korea).
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Figure 2.1 pHIV-7-GFP-NSf

5'LTR

pHIV =7 -GFP-INSF
7938bp

3'LTR

7 of the 7 labels are shown. Created using PlasMapper

Figure 2.1 — The pHIV-7-GFP-shf vector construct, with the (NS) shRNA cassette inserted upstream of
the GFP marker gene, and oriented in the same direction.




2.6 Production of Infectious Vector Particles

293T cells were seeded at 5x10° cells per well, in a 6-well plate, with 2 ml
complete DMEM two days prior to transfection.

For each well, 4 pg of vector, 3 pg of psPAX2 plasmid, and 1 pg of pMDG2
plasmid in 50 pl of sterile dH,O was mixed with 50 pl of sterile 2 M CaCl,. This
mixture was added dropwise to 100 pl sterile 2x HBS (pH 7.06), with bubbling, then
incubated at room temperature for 20 minutes. During the incubation, the culture
medium was removed from the packaging cells and replaced with 1 ml of serum-free
DMEM. After incubation, the mixture was added dropwise to the cells (200 pl/well)
with gentle swirling. Cells were returned to the incubator, then after 1 hour, 1 ml of
DMEM with 20% FCS was added to each well.

After a further 5-7 hours (at 6-8 hours), the media was replaced with 2 ml per
well of complete DMEM plus 20 ul of 0.6 M butyric acid (sterile, in PBS). This media
was harvested and frozen at 24 hours, and replaced with same. Media was finally
harvested and frozen at 36-48 hours, after which the cells were discarded.

The frozen supernatant was thawed and filtered through 0.4 pm filter cartridges.
1 ml aliquots of the filtrate were ultracentrifuged in autoclaved Eppendorf tubes for
5 hours at 21,640 g and 4 °C. Tubes were then opened and the supernatant gently
decanted to avoid disturbing the loose pellet, and excess liquid removed by touching the
rim to a clean tissue. The pellet was then resuspended in an appropriate volume (0.5 ml
for NB4 cells, 0.25 ml for Kasumi cells) of the appropriate complete medium, and

frozen until required.

2.7 Transduction of target cells with purified vector

The following protocol was found to give reliably high titres in the refractory
leukaemic cell lines used in these experiments (see Chapter 3).

Vector aliquots were thawed and reconstituted with the addition of an equal
volume of fresh medium, restoring the original vector concentration. 2 ml total of
reconstituted vector medium was added to 5x10° cells per well in a 6-well plate, with
‘Polybrene’ (hexadimethrine bromide, Sigma) added at 250 ng/ml. This was

‘spinoculated’ at 1000 g (300 g for Kasumi cells) for 100 minutes at room temperature.
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Plates were then returned to the incubator. This transduction procedure was repeated
after 6 hours.

Rates of transduction were assessed by measurement of expression of the GFP
marker at 48 hours post-transduction.

For attached 293T cells, the percentage of fluorescent cells was estimated by
visual examination of cells using a Leica DM ARB inverted fluorescent microscope
with a blue filter. This was sufficient to reliably distinguish fluorescent from non-
fluorescent cells.

For more detailed analysis, flow cytometry analysis of cellular fluorescence was
performed with a Coulter EPIGS ELITE ESP fluorescence activated cell sorter (FACS)
machine. Where appropriate, cells were fixed in ‘FACS Fix’ and stored in the dark at
4 °C prior to FACS analysis. The proportion of transduced cells was measured as the
percentage of cells greater than a threshold fluorescent level. The mean or median
fluorescence intensity was measured on an arbitrary scale, with all appropriate control

samples included in each run.

2.8 Quantitative Reverse Transcription Polymerase Chain
Reactions (QRT-PCRs)

2.8.1 RNA Isolation

RNA was isolated using Tri Reagent (Sigma) from 2-5x10° cells per sample.
Cells were pelleted then lysed by repeated pipetting with 1 ml Tri-reagent (per 5-10 x
10° cells). After a 5 minute incubation at room temperature, 0.1 ml of 1-Bromo-3-
chloro-propane was added to each homogenate, which were then shaken vigorously for
30 seconds, then incubated for 15 minutes at room temperature. Samples were then
centrifuged at 12,000 g and 4 °C for 15 minutes, and the upper, aqueous phase was
carefully transferred to a fresh tube, avoiding the intermediate phase. 0.5 ml
isopropanol was added to this, tubes were mixed by inversion, and RNA was allowed to
precipitate at room temperature for 10 minutes. Samples were centrifuged at 12,000 g
for 10 minutes at 4 °C, then the supernatant removed. The pellet was washed by
vortexing with 1 ml 75% ethanol, then centrifuged at 12,000g for 5 minutes at 4 °C. the
ethanol was removed, and the pellet briefly air-dried. The RNA was then dissolved in
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sterile, nuclease-free water by pipetting followed by incubation for 10-15 minutes at
60 °C.

Prior to qRT-PCR, 1000 ng of RNA was made up to 8 ul with SNFW, 1 ul of
10x DNase Reaction Buffer (Sigma) was added to each sample, then samples were each
treated with 1 pl of Amplification Grade DNase I (1 unit/ul, Sigma). Samples were
mixed without vortexing, then incubated for 15 minutes at room temperature.
Subsequently 1 ul of Stop Solution (Sigma) was added and the mixture heated at 70 °C

for 10 minutes. After chilling on ice, samples were ready for downstream applications.

2.8.2 gqRT-PCR Chemistry

qRT-PCRs were performed using the one-step iScript SYBR Green RT-PCR Kit
(Bio-Rad) or the Plexor One-Step qRT-PCR System (Promega), according to the
manufacturers instructions. The Plexor system required the use of labelled primers
(Biosearch Technologies).

qRT-PCR programmes were based on the recommendations of the
manufacturers of the various kits used, and were modified with respect to annealing

temperatures, acquisition temperatures, and cycle number, as appropriate.

2.8.3 ‘House-keeping’ Genes

Multiple house-keeping genes were used as standards in this study.

Glyceraldehyde 3-phosphate dehydrogenase (GAPDH), has long been used as a
house-keeping standard for qRT-PCR, however due to the presence of pseudogene
copies and variability under certain conditions, alternative housekeeping genes have
been sought (Gabert et al. 2003). Beta-2-microglobulin (B2M) is considered a more
reliable house-keeping gene (Schmittgen and Zakrajsek 2000), and so was used in
preference throughout this study.

The Beta-2-microglobulin house-keeping gene (Beillard et al. 2003) used with
the SYBR Green chemistry were as follows:
B2MFP

57 -GAGTATGCCTGCCGTGTG-3~
B2MRP

57 -AATCCAAATGCGGCATCT-3~

Product size = 110 bp
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The primers used for 2’5’-oligoadenylate synthetase (OAS) (Bridge et al. 2003)
were as follows:
OASFP

57 -AGGTGGTAAAGGGTGGCTCC-3”
OASRP

57 -ACAACCAGGTCAGCGTCAGAT-3”

Product size = 70 bp

Due to the unique chemistry of the Plexor system, specific Beta-2-microglobulin
primers were designed using the Plexor Primer Design System (Promega website).
These primers were as follows:
B2MFP

57 -TGCTTACATGTCTCGATCCCACTTAAC-37, labelled with a 5 CAL Fluor
Red 610 fluorophore
B2MRP

57 -CTGGTCTTTCTATCTCTTGTACTACACTGAAT-3”

Product size = 127 bp.

2.8.4 Standard Curves

gRT-PCRs were performed using a RotorGene 3000 (Qiagen).

To generate standard curves, PCR products obtained with the relevant primers
were gel purified, extracted, quantified, and then used at 10-fold serial dilutions, ranging
from 107 to 10" copies per 10 pl reaction. Reaction conditions for the standard curves
were identical to conditions used for the samples, including the presence of the other
primer pairs used in the qRT-PCR run. After generation of the standard curves, one
standard was included in each run as an internal control, allowing normalisation to the
standard curve during analysis. In this way, a ‘relative copy number’ value per tube
was obtained for each gene. Values for the gene of interest (ie. the fusion gene) were
then normalised against the house-keeping gene to obtain a relative value of fusion gene
mRNA levels for that sample.

A standard threshold value of 0.05 was used for all qRT-PCR runs.

2.8.5 Analysis of Rotorgene Results
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For each sample, relative copy number estimates of the house-keeping gene and
the gene of interest were obtained. Where the SYBR Green system was used, these
readings were obtained from separate tubes, however the Plexor system reduced
variability by allowing both readings to be taken from the same tube. The copy number
of the gene of interest was normalised against the copy number of the house-keeping
gene providing a ‘relative copy number’ for each sample.

Due to variation between RotorGene runs, relative copy numbers for NS
controls and the experimental shRNA designs for each run were treated as paired
values, and analysed using paired t-tests from a minimum of four runs (n=4), and p-

values less than 0.05 were considered significant.
2.9 Western Blotting

2.9.1 Isolation of Nuclear and Cytosol Extracts

All buffers and reagents used for the isolation of nuclear and cytosol extracts
were chilled on ice before commencing the protocol. The following volumes are
appropriate for up to 1.25 x 107 cells.

Cells were spun down at 500 g for 5 minutes at 4°C, then the supernatant
removed by aspiration. The side of the tube was gently tapped to loosen the cell pellet,
which was then resuspended in 1 ml ice-cold PBS. A further 9 ml PBS was added, then
the were spun down again at 500 g for 5 minutes at 4 °C. The supernatant was removed
and the cell pellet placed on ice. Again, the pellet was loosened, then resuspended in
1 ml of Buffer A containing Igepal, and transferred to an Eppendorf tube and incubated
on ice for 5 minutes. The tubes were then spun at 1500 g for 5 minutes at 4 °C. The
supernatant was removed and transferred to a clean Eppendorf tube. These cytoplasmic
extracts were stored at —80 °C until required.

The pellet was resuspended in 1 ml Buffer A (no Igepal), then spun for 5
minutes at 1500 g. During this spin, 20 ul of Protease Inhibitor Cocktail (Sigma) and
1 ul of dithiorithrol (Bio-Rad) were added to 1 ml of Buffer C. After spinning, the
supernatant was removed and the pellet resuspended in 25 pl of Buffer C. This was
incubated on ice with shaking for 15 minutes at 4 °C, then spun at 13,000 g for 5
minutes at 4 °C. The supernatant was removed to a clean tube, and these nuclear

extracts were stored at — 80 °C until required.
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Protein content of these samples was assayed in duplicate using Bradford

reagent (Bio-Rad) at 490 um.

2.9.2 Polyacrylamide Gel Electrophoresis (PAGE)

Proteins were separated by polyacrylamide gel electrophoresis (PAGE). For
proteins in the size range of 10-100 kDa, 12 % gels were used. 12% separating gels
were cast into plastic cassettes (Invitrogen) and overlayed with 1 ml saturated butanol
solution (butyl-alcohol plus dH,O) until set (approximately 20 minutes). After setting,
the butanol solution was removed, the cassette was washed with dH,O, and the stacking
gel poured over the separating gel, the comb was inserted, and all bubbles removed.

50 pg of cytosolic samples, and 30 pg of nuclear samples were run per lane.
Prior to loading, samples were mixed with 3x Laemmli sample loading buffer and
boiled for 5 minutes.

The cassette was placed into a Novex XCell II mini cell (Invitrogen), the cell
filled with running buffer, and the comb removed. Samples and Protein-Pure ladder
(Bio-Rad) were loaded, then run at 30 mA until sufficient separation of the ladder dye

bands was observed.

2.9.3 Electro-Blotting

Samples were electroblotted onto nitrocelullose membranes (Amersham or Bio-
Rad). the membrane and filter papers were trimmed to the size of the gel, and pre-wet
in a shallow dish of electro-blot buffer. Gels were carefully removed from the cassette
and layered with a blotting pad on the bottom (negative side), and on top of this, in
order, a filter paper, the gel, the nitrocellulose membrane, another filter paper, and
finally, another blotting pad. All bubbles were carefully removed from the sandwich
before assembling blot module in the dH,O-rinsed Novex XCell II mini cell
(Invitrogen). The cell was filled with electroblot buffer, completely submerging the
sandwich, and then the blot was run overnight at 30 V and 4 °C.

2.9.4 Antibody Staining

After electroblotting, membranes were removed from electroblot buffer and
blocked with 5% low-fat skim-milk powder in TBS-Tween for 30 minutes at room

temperature with rocking. Primary antibody was applied at a suitable dilution (eg.
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1:1000) in 5% milk powder in TBS-Tween, and incubated at room temperature for 1
hour with rocking. Membranes were washed four times in TBS-Tween for 5 minutes
each at room temperature with rocking. Secondary antibody was applied at 1:5000 in
5% milk powder in TBS-Tween at room temperature for 1 hour with rocking.
Membranes were again washed four times in TBS-Tween. The membrane was kept in

TBS-Tween to prevent drying out.

2.9.5 Enhanced Chemi-Luminescent Detection

Washed membranes were incubated in a 1:1 mixture of ECL Buffer and ECL
Reagent (Sigma) for one minute. Membranes were exposed to X-ray films (Amersham)
in a light proof container, in darkroom conditions. Timing of exposure was adjusted as
appropriate.

Films were developed in Kodak Polymax RT Developer and Replenisher
(Sigma), washed ten times briefly in running tap water, and then fixed for 10 minutes in
Kodak Polymax RT Fixer and Replenisher (Sigma). Films were then washed for a

minimum of 10 minutes in running tap water before air-drying.

2.9.6 Semi-Quantitative Analysis of Western Blots

Films of the Western Blots were scanned into the Quantity One program (Bio-
Rad) and the peak intensity of the bands representing the fusion protein and the B-actin
loading control were measured. To account for minor differences in the amount of
protein loaded, the staining intensity of the fusion protein was expressed as a proportion
of the staining intensity of the loading control. This analysis is considered to be semi-

quantitative.

2.9.7 Cell Proliferation and Viability Assays

Cell proliferation assays were performed with a colorimetric ‘Cell Titer 96’ cell
proliferation assay (Promega). 10 ul of ‘Cell Titer 96° reagent was added to 200 ul of
treated cells in a flat-bottom 96-well plate. The plate was returned to the incubator for 2
hours, and then absorbance was read at 490 nm using a Spectra max M2 plate reader,

and SoftMax Pro 4.2 software (Molecular Devices, Surrey Hills, Australia). Raw
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absorbance was converted to total cell number using a set of standard curves for each

cell type.

2.9.8 Statistical Analyses

For many of the preliminary studies, where the sample size was less than three,

statistical analysis was not performed. For the qRT-PCR and cell proliferation assays,

there was considerable variation between replicate data sets, and analysis consisted of

paired, one-tailed t-tests.

2.10List of Buffers, Media

10% DMEM:

Dulbecco’s Modified Eagles Medium (DMEM) (Gibco)
10% heat-inactivated foetal calf serum (HI-FCS),

200 mM L-glutamine and

0.04 mg/ml Gentamicin (Pfizer)

10% RPMI:

RPMI 1640 Medium (Gibco)

10% heat-inactivated foetal calf serum (HI-FCS),
200 mM L-glutamine

0.04 mg/ml Gentamicin (Pfizer)

20% RPMI:

RPMI 1640 Medium (Gibco)

20% heat-inactivated foetal calf serum (HI-FCS),

200 mM L-glutamine

0.04 mg/ml Gentamicin (Pfizer)

Medium made up fresh in small batches so that L-glutamine never exceeds two
weeks of age

Phosphate Buffered Saline (PBS):

2.7 mM KCl,

4.3 mM dibasic Sodium Phosphate (Na,HPOy,),

1.8 mM monobasic Potassium Phosphate (KH,PO,), and
137 mM NacCl

Adjust pH to 7.2
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Trypsin/EDTA:

e 0.125% Trypsin,
e 0.05% EDTA,
e Made up in PBS and filter sterilised

Standard PCR Program:
The following PCR program reaction was used throughout this study, except
where variations are indicated.

94 °C 2 minutes

94 °C 15 seconds

60 °C 15 seconds

72 °C 30 seconds

Go to Step 2, 30 times
72 °C 2 minutes

A e e

TAE Buffer:

4.84 g Tris base,

1.142 ml glacial acetic acid
2ml 0.5 M Na2 EDTA (pH 8.0)
Made up to 11 with dH,O

Luria Broth (LB):

1 g of tryptone (Oxoid Australia, Pty. Ltd.),

0.5 g of yeast extract (Oxoid),

0.5 g NaCl,

This was made up to 100 ml with dH,O.

The pH was balanced by adding 20 pl of 10 M NaOH. The vessel was then
autoclaved.

Agar plates:

Agar plates were made by adding 1.5 g of agar (Oxoid) to 100 ml of Luria broth.
This mixture was autoclaved, then allowed to cool to between 40 and 50 °C before
addition of ampicillin or kanamycin at 0.05 mg/ml. This was poured into 90 mm plates

in a laminar flow hood and allowed to cool. Plates were then stored at 4 °C.

Competent E. coli:

e Grow E. coli bacteria in 6 ml Luria broth overnight with shaking at 37 °C
e Add this culture to 300 ml of Luria Broth a culture a further two hours to an
optical density of 0.45 to 0.55 (at 550 nm).
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Decant this cell suspension into six 50 ml tubes and cool on ice for 15 minutes
with occasional swirling

Centrifuge tubes at 2,500 rpm for 15 min in a table-top centrifuge.

Completely remove the supernatant and resuspend each pellet in 15 ml of cold
0.1 M MgCl, with gentle vortexing.

Combine resuspended cells into two tubes and centrifuge again at 2,500 rpm for
15 minutes.

Completely remove supernatant and resuspend pellets in 20 ml each of cold
0.1 M CaCl, and incubate on ice for 20 minutes

Centrifuge again at 2,500 rpm for 10 minutes.

Remove supernatant, resuspend each pellet in 6 ml of 0.1 M CaCl,/15 %
Glycerol, and combine into one tube.

Transfer 100 pl aliquots of these competent cells to Eppendorf tubes and store at
—-80 °C.

10x Annealing Buffer:

1 ml of 1 M Tris.HCI (pH 7.5),
2 ml of 5 M NaCl,
200 ul of 0.5 M EDTA

Tris/EDTA (TE) Buftfer:

1 ml of 1 M Tris-HCI, (pH 7.4),
0.2 ml of 0.5 M EDTA (pH 7.8)
pH to 7.4 and make up to 100 ml with dH,O.

2x Hepes Buffered Saline (HBS):

280 mM NaCl
50 mM HEPES
1.5 mM NaPO4
pH 7.06

FACS Fix:

2 g glucose

0.67 ml 15% NaNj

8 ml 40% (w/v) formaldehyde
Made up to 100 ml with PBS

Buffers for Preparation of Nuclear Extracts
Buffer A:
100 pl 1 M Tris (pH 7.4)
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100 pl 1 M NaCl

30 ul 1 M MgCl,

2 ul 0.5 M EDTA (pH 8.0)

0.5 ml 10% Igepal (in MilliQ water)
9.298 ml MilliQ water

Buffer A (no Igepal):

50 ul 1 M Tris (pH 7.4)

50 ul 1 M NacCl

15 ul 1 M MgCl,

1 u1 0.5 M EDTA (pH 8.0)
4.884 ml MilliQ water

Buffer C:

400 ul 1 M NaCl

7.5 ul 1 M MgCl

0.4 u1 0.5 M EDTA

591.1 pl MilliQ water

Immediately before use, add 1 pul 1 M dithiorethrol

Polyacrylamide Gel Electrophoresis
5x Separating buffer:

112.5 g Tris

2.5 g SDS

Make up to 500 ml with dH,O
Adjust pH to 8.8

10x Stacking Buffer:

75.5 g Tris

5gSDS

Make up to 500 ml with dH,O
Adjust pH to 6.8

12% separating gel:

4 ml of 30% acrylamide (Bio-Rad)
3 ml of ‘5 x separating buffer’
8 ml deO

50 pl of 10% Ammonium Persulphate (in dH,0), added immediately before

pouring

20 pl Temed (Bio-Rad) added immediately before pouring



Stacking gel:

1 ml of 30% acrylamide (Bio-Rad)

1 ml of ‘10 x stacking buffer’

8 ml deO

30 pl of 10% Ammonium Persulphate (in dH,0), added immediately before
pouring

e 12 ul Temed (Bio-Rad) added immediately before pouring

Laemmli Sample Loading Buffer (3x):

2.4 ml of 1 M Tris-CL, pH 6.8

3 ml of 20% SDS

3 ml of glycerol

1.6 ml of Beta-mercaptoethanol
6 mg Bromophenol blue

Running Buffer:

3.028 g Tris

14.414 g glycine

1 g SDS

Made up to 1 1 with dH,O

Electroblot Buffer:

4 1dH,O

1 I methanol
15.1 g Tris
72 g glycine

10x Tris-Buffered Saline (TBS):

12.11 g Tris-base

87.66 g NaCl
Made up to 11 with ddH,O
Adjust pH to 7.6

TBS-Tween:

e (.5 ml Tween 20 (BDH)
e 500 ml Tris-buffered Saline

2.11List of Reagents and Suppliers

Product/Brand Supplier Address




Ambion Applied Austin, TX.,
Biosystems USA
Amersham GE Healthcare | Rydalmere, NSW
Bio-Sciences Australia
BDH Biolab Australia Scoresby Vic.,
Laboratory Australia
Supplies
Corbett Qiagen Doncaster Vic.,
Research Australia
Geneworks Geneworks Pty. Hindmarsh, SA,
Ltd. Australia
Gibco Invitrogen Mulgrave Vic.,
Australia
New England Genesearch Arundel Qld
Biolabs Australia
Sigma Sigma-Aldrich | Castle Hill NSW,
Australia
Bio-Rad Gladesville
NSW, Australia
Biosearch Novata, CA.,
Technologies USA
Crown Scientific Brisbane, QId.,
Australia
Molecular Surrey Hills,
Devices Vic., Australia
Promega Alexandria NSW,
Australia
Quantum Murarrie, Qld,
Scientific Australia

51



3 Vector Adaptation

3.1 Introduction

Integrating vectors of the retroviral class provide efficient and stable expression
of transgenes in a range of cell types. The efficiency of vector transduction, and by
extension, the safety of these vectors (Baum et al. 2003; Woods et al. 2003) is
influenced by many factors including vector type, but is also a consequence of vector
production and transduction methods.

The production of retroviral vectors is a multistep process, and many of the
methods involved require specific equipment, notably the high-speed centrifuges
required for vector concentration. There are, however, a number of alternative methods
that may be employed that provide some flexibility with respect to equipment, but also
allow customisation and optimisation for maximal rates of vector production and
transduction.

The characteristics of the chosen vector used for transduction also influence the
efficiency and reliability of transduction and subsequent gene therapy. Retroviruses
have formed the basis for many of the earliest gene therapies, but more recently
lentiviral vectors have been shown to provide highly efficient transduction of a range of
cell types, and improved rates of transduction in a number of recalcitrant cell types, for
example primary cells, haematopoietic stem cells and numerous leukaemic cell lines
(Bai et al. 2003; Zhang et al. 2004).

The lower titre of retroviral vectors can be enhanced in vitro by a number of
methods, such as multiple application of vector to the target cells, and low-speed
‘spinoculation’ of cells after application of the vector. The effect of these methods on
titre of lentiviral vectors on recalcitrant leukaemic cells lines will be examined in this
chapter.

In the therapeutic model examined in this thesis, autologous transplantation of
therapeutically transduced haematopoietic stem cells, transfusion of a pure population
of transduced cells is one of the major objectives. Consequently, post-transduction
options for purification of the transduced cell population were also examined in this

chapter.
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The purification methods examined here were both dependent on marker genes
expressed by the lentiviral vectors themselves. Specifically, cells transduced with
fluorescent marker genes can be positively sorted with by flow cytometry. The vectors
tested here expressed an enhanced green fluorescent protein (Persons et al. 1998; Li et
al. 2003b).

Antibiotic resistance genes can also allow elimination of non-transduced cells by
growth selection. A range of antibiotic resistance markers are available, however, the
puromycin resistance marker gene (PUROr) was tested here as it can effectively
eliminate non-transduced cells within approximately 48 hours (Kallifatidis et al. 2008).

Expression of shRNAs from retroviral or lentiviral vectors is usually
accomplished by use of Pol-III class promoters (see Section 1.4.4), however, as in the
vectors tested here, a number of other genes are expressed from the vectors. Such genes
are typically expressed from stronger, Pol-II class promoters. Due to the limited
capacity of integrating vectors consideration must be given to the possibility of
promoter interference, an effect whereby expression of either or both of the sShARNA and
the Pol-II class genes might be impaired. Reversing the orientation of a gene relative to
other genes can reduce the effects of promoter interference, however this strategy must
be tested empirically, as it is not always successful (Curtin et al. 2008). The effect of
orientation of the shRNA cassettes, relative to neighbouring transgenes, was also
examined in this chapter. Another option that can reduce promoter interference is the
bicistronic expression of two genes from a single promoter (Wong et al. 2002).

The aims of this study, therefore, were to optimise vector production and vector
titre in refractory cell types. This chapter also aimed to identify the optimal
arrangements for efficient expression of transgenes, and to construct vectors allowing

purification of transduced cells.
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3.2 Materials and Methods

3.2.1 Transfection of Packaging Cells
Unless indicated otherwise, the GFP-expressing, pHIV-7-GFP vector backbone,

without hairpin cassettes, were used throughout these experiments.

3.2.1.1 293T Packaging Cells

The HEK-293T cell line (hereafter 293T cells) was used as the packaging cell
line for these experiments. The standard calcium phosphate precipitation protocol
(Section 1.11, and Sambrook and Russell 2000) was used to transfect these cells, with
variations as indicated. All the vectors used in this chapter carried the GFP marker
gene, and the rates of transfection of these cells were measured by microscopy using
blue fluorescent light on an inverted florescent microscope. This method allowed
recording of the percentage of fluorescent cell in situ, permitting ongoing culture of the

attached packaging cells.

3.2.1.2 Culture Vessels

Standard transfection protocols recommend transfections be carried out in
90 mm petri dishes. To examine whether efficiency may be improved by use of
alternate culture vessels, 293T cells were seeded in 90 mm petri dishes, 6-well plates,
and T75 culture flasks at equivalent densities, based on surface area of the vessel. This
density was in turn based on the cell number needed to achieve at least 50% coverage
by 48 hours, as indicated in the standard method.

At 48 hours, the culture medium was removed and replaced with serum free
medium. The DNA/calcium phosphate mixtures were also added, as per the standard
method, and in proportion to the surface area of the vessels. Serum was replenished
after one hour, and transfection rates were assessed by fluorescent microscopy at 24 and

48 hours.
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3.2.1.3 Comparison of Three-plasmid and Four-plasmid Packaging
Systems

Transfection rates using the calcium phosphate precipitation method are usually
high, however a transfection rate of 100% of cells is rarely achieved. As the genomes
of retroviral and lentiviral vectors are always fragmented into separate plasmids to
improve safety (Ni et al. 2005), any shortfalls in transduction rates are amplified by the
number of plasmids involved.

Many lentiviral vectors, such as those used here, are compatible with both
second and third generation packaging systems, and both were available for use in this
study. In order to generate infectious vector particles, the packaging cells need to be
transfected with all necessary plasmid components; three in the case of the second
generation vector, and four in the case of the third generation vector. To calculate the
proportion of cells transfected with all plasmids necessary for vector production, it was
assumed that the transfection rate for each component was the same, and then the
transfection rate of the vector, measured as the proportion of packaging cells expressing
the GFP marker, was cubed or quadraticised as appropriate (for the three- and four-

plasmid systems respectively).

3.2.1.4 Concentration of Vector

Two different types of centrifuge tubes were compared for their ability to
concentrate the vector particles. ‘Oak Ridge’ tubes, of 36 ml capacity and a rounded
bottom, were used with a swing bucket rotor, while 1.5 ml ‘Eppendorf’ tubes were
centrifuged in a fixed-angle rotor. Oak Ridge tubes were filled with filtered
supernatant, and topped up with sterile PBS where necessary to eliminate bubbles.
Filtered supernatant was added to autoclaved Eppendorf tubes in 1 ml aliquots. Both
sets of samples were then spun at 21,640 g for five hours at 4 °C. After centrifugation
the supernatant was gently decanted, with great care taken not to dislodge any pellet that
had formed. Pellets were then frozen in the fluid remaining after decanting.

The titre of vector prepared in each tube was tested on 293T cells in 6-well
plates. Tubes were thawed, and the pellets were resuspended in the remaining volume

and volumes added to the 293T cells, diluted into 1 ml complete DMEM, with 5 pl
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Polybrene stock per well. Transfection rates were assessed by fluorescent microscopy

48 hours after transduction.

3.2.1.5 Storage and Reconstitution of Vector Pellet

The effect of storage volume on vector titre was examined by pipetting off the
supernatant after ultracentrifugation to leave 10 or 100 ul of DMEM. Samples were
frozen in these volumes for a minimum of 24 hours, then aliquots were thawed and
added to 2.5x10° K562 or NB4 cells in one well of a 24-well plate, with culture volume
made up to 1000 pl with complete RPMI, and 5 pl of Polybrene stock (50 pg/ml) added.
Preliminary observations were made at 48 hours, then cells were prepared for
examination by flow cytometry at 72 hours to determine the percentage of fluorescent
cells and mean fluorescent intensity (MFI).

The effect of storage volume on vector titre was examined further by
resuspending pellets in 500 pul complete RPMI before freezing. After freezing for at
least 24 hours, two of these 500 pl aliquots were thawed and applied to 5x10° NB4 cells
in one well of a 6-well plate, with 1 ml fresh complete RPMI and 10 pl Polybrene stock.
The percentage of fluorescent cells and mean intensity of fluorescence were examined

by flow cytometry at 48 hours post-transduction.

3.2.2 Methods for Transduction of Refractory Cell Types

Although not normally required for lentiviral transduction, ‘spinoculation’ and
repeated application of vector are routinely used to improve retroviral vector titres. The
effects of these methods on lentiviral vector titre in refractory cell types were examined
separately.

The effect of spinoculation on lentiviral titre was examined by applying 500 ul
aliquots of vector to NB4 cells, with 1 ml fresh RPMI and 10 pl Polybrene as described
above. The 6-well plates were then centrifuged at 1000 g for 100 minutes at room
temperature. The percentage of fluorescent cells and mean intensity of fluorescence
were examined by flow cytometry at 48 hours post-transduction.

To examine the effect of repeated applications of vector, this treatment and
spinoculation was repeated two or three times with different samples, at six hour
intervals. The percentage of fluorescent cells and mean intensity of fluorescence were

examined by flow cytometry at 48 hours post-transduction.
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3.2.3 Transduction of Kasumi Cells

As the Kasumi cells were more sensitive to physical stresses, and should not be
centrifuged at speeds greater than 300 ¢, a separate study was conducted in order to
determine if spinoculation at 300 g also improved vector titre in these cells. As Kasumi
cells have a lower rate of proliferation than other cells examined in this thesis, the effect
of repeating treatment and spinoculation at a longer interval was also examined. Both
these factors were examined simultaneously in a four-way study.

In order to maintain Kasumi cells at a suitable density throughout this trial, the
purified vector aliquots were resuspended in 250 pl of complete RPMI (with 20% FCS),
rather than 50 pl. These aliquots were added to

2.5x10° Kasumi cells in one well of a 24-well plate, with 250 pl fresh RPMI
(with 20% FCS) and 10 pl Polybrene. The first group was spinoculated at 300 g, with
the transduction repeated at 6 hours. The second group was also spinoculated at 300 g,
but transduction was repeated at 12 hours. The third group was not spinoculated, with
application of vector repeated at 6 hours. The fourth and final group was not
spinoculated, with application of the vector repeated at 12 hours. The percentage of
fluorescent cells and mean fluorescence intensity were examined by flow cytometry at

72 hours post-transduction.

3.2.4 Orientation of shRNA cassette

The influence of orientation of the shRNA cassette on the expression of the
shRNA was tested indirectly using the PR2 shRNA. Preliminary testing demonstrated
consistent activity of this ShRNA design in down-regulating levels of the PML-RAR«
mRNA target that could be reliably measured by qRT-PCR. Accordingly, qRT-PCR
was used to measure expression of the PR2 shRNA cassette in the forward and reverse
orientation relative to the vector backbone. The shRNA cassettes were cloned into the
pHIV-7-GFP vector as per Section 2.8, and NB4 cells were transduced with these
vectors, or control vectors bearing the NS shRNA in forward (see Figure 2.1) or reverse
orientations (Figure 3.1) for comparison. RNA was collected from transduced cells at
48 and 72 hours and PML-RARa mRNA levels assessed by qRT-PCR (see Section
2.13)
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Figure 3.1 pHIV-7-GFP-NSr
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Figure 3.1 —The pHIV-7-GFP-shr vector construct, with the (NS) shRNA cassette inserted upstream of
the GFP marker gene, but oriented in the reverse direction.




3.2.5 Vector Backbones Incorporating Antibiotic Resistance

The puromycin resistance gene (PUROTr) can allow positive growth selection of
transduced cells, and was obtained from the pBABE-puro vector (AddGene). The
objective was to express the shRNAs, as well as the GFP and PUROr markers from a
single vector, allowing puromycin selection of transduced cells, as well as monitoring of
transgene expression by flow cytometry. Multiple strategies were used to achieve this,
namely insertion of the PUROr marker into the pHIV-7-GFP used thus far, and the
construction of a novel vector (based on pLV-tTRKRAB-Red) expressing GFP and
PUROTr bicistronically, with shRNA expressed separately from the vector backbone.

The steps involved in each strategy are outlined below.

3.2.5.1 PUROFr into pHIV-7-GFP

The pHIV-7-GFP vector has been shown to reliably express shRNA cassettes
from positions upstream of the GFP marker (this study, see also Li et al. 2003b). The
Agel and Afel restriction sites immediately upstream of the GFP marker promoter were
also considered sufficiently distal from the location of the shRNA cassettes (see Section
2.8) to avoid promoter interference. Due to the proximity of this location to the CMV
promoter driving GFP expression, the PUROr gene, along with SV40 promoter (from
pBABE-puro) was inserted in the reverse orientation. The forward and reverse primers
designed to amplify the SV40 promoter and PUROr gene from the pBABE-puro vector

were Agel-linked and Afel-linked respectively. The primer sequences were as follows:

AgeSV40FP
57 -CGACGCGTACCGGTCCCTGTGGAATGTGTGTCAGTTAGGGTG-3”

AfeRP
57 -CGAGCGCTGCATGGGGTCGTGCGCTCCTTTCGG-3”

The resulting amplicon was double digested with Agel and Afel, and ligated into
a similarly digested pHIV-7-GFP backbone to form the ‘pHIV-PUROr-GFP’ vector.

3.2.5.2 Bicistronic Vectors

A bicistronic vector, pPLV-tTRKRAB-Red, was obtained from the laboratory of
Professor Didier Trono (http://tronolab.epfl.ch/page58115.html). This vector originally

contained an EF-1a promoter, a KRAB gene, an internal ribosomal entry site (IRES), a
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gene for the dsRed fluorescent protein, and a WRPE insulator element. The PUROr and
GFP marker genes were substituted for the KRAB and dsRed genes, respectively, by the
steps described below.

The IRES fragment was first sub-cloned into a pGEM-T-easy vector (Promega)
to facilitate subsequent cloning steps. The primers used for this sub-cloning step
included a number of additional restriction sites, and were also designed to reintroduce
the more efficient wild-type IRES start codon (Martin et al. 2006). The sequences of
these primers, designed by Dr Stephen Frankenberg (University of Melbourne), were as
follows:

IRES-FP (42 nt containing, in order, Mlul, BamHI, Xmal, and Spel restriction sites)

57 -ACGCGTGGATCCCGGGACTAGTTCCGCCCCCCCCCCCCTAAC-3”IRES-

RP (38 nt containing, in order, Xbal, EcoRI, and Bglll restriction sites. The

complement of the wild-type IRES start codon is underlined)
57 -TCTAGAATTCAGATCTCCATATTATCATCGTGTTTTTC-3”

The purified amplicon was ligated directly into the pGEM-T-easy vector by Dr
Stephen Frankenberg, creating the ‘pGTE-IRES’ vector.

The GFP fragment from the pEGFP-N2 vector (Clontech) was excised with
BamHI and Xbal restriction enzymes and ligated into a Bglll- and Xbal-cut pGTE-
IRES vector, creating the ‘I-G-pGTE’ intermediate vector. This cloning step was also
performed by Dr Stephen Frankenberg. The IRES-GFP fragment from this I-G-pGTE
vector was then excised by double-digestion with Mlul and Xbal. The pLV-tTRKRAB-
Red was double-digested with Mlul and Spel, creating compatible overhangs, and the
IRES-GFP fragment was ligated into this backbone, creating the ‘I-G-pLV’
intermediate.

The PUROr gene was copied from the pBABE-puro vector by PCR
amplification using BamHI- and Spel-linked forward and reverse primers respectively.
The sequence of these primers was as follows:

PUROFP2

57 -GGGATCCGCATGACCGAGTACAAGCCCACGG-3~
PURORP2

57 -GACCGGTACCGGCGCGCCTCTAGAGCATGGGGTCGTGCGCTCCTTTCGG-
3”

59



The resulting 686 bp amplicon was double-digested with BamHI and Xbal, and
ligated into an I-G-pLV vector backbone digested with BamHI and Spel to create the
‘pPIG-LV’ vector. This vector construct became the basis for further studies. shRNA
cassettes were inserted in two different locations to identify the optimal arrangement for
expression of the shRNA, GFP and PUROTr transgenes. to reflect the different locations
of the shRNA cassettes in the following constructs, the relative position of the cassettes
was represented by ‘sh’ in the name of the vector. The construction of each vector is

described below.

3.2.5.2.1 psh-PIG-LV

The pPIG-LV vector retains two unique restriction sites, Sall and Clal, upstream
of the EF-1a promoter. These sites were used to insert shRNA cassettes in the reverse
orientation relative to the EF-la promoter, as per the strategy used with the pHIV-7-
GFP vector. The primers used to amplify the shRNA cassettes comprised the pSilencer
forward and reverse sequencing primers linked with Sall and Clal restriction sites
respectively. The primer sequences were as follows:

SalFP
57 -ACGCGTCGACGTTTTCCCAGTCACGACGTTG-3”
ClaRP
57 -CCATCGATGAGTTAGCTCACTCATTAGGC-3~
The amplicons and the vector backbone were each double-digested with Sall and

Clal, and ligated to form the ‘psh-PIG-LV’ vector.

3.2.5.2.2 pPIG-2sh-LV

The original pLV-tTRKRAB-Red vector possessed a LoxP reaction site to
facilitate Cre-Lox recombinase-mediated recombination of shRNA cassettes into the 3’
LTR region of the vector. The location of the ShRNA cassette in the 3° LTR results in
two copies of the cassette after integration of the vector into the host genome. This
LoxP location, retained in the pPIG-LV vector, formed the basis of two strategies to
insert shRNA cassettes into this location. The first strategy used the Cre-Lox
recombinase (LoxP reactions), whereas in the second strategy, unique restriction sites
were introduced to the same location, generating the ‘pPIG-MUT-LV’ intermediate

vector. The details of each strategy are outlined below.
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3.2.5.2.2.1 LoxP Reactions

To generate ShRNA cassettes with LoxP overhangs, the pSilencer sequencing
primers were designed to amplify the shRNA cassette from the existing pSilencer
vectors with LoxP linkers at each end. The sequence of each primer was as follows:
LoxFP

57-
ATAACTTCGTATAGCATACATTATACGAAGTTATGTTTTCCCAGTCACGACGTTG-3”
LoxRP

57-
ATAACTTCGTATAATGTATGCTATACGAAGTTATGAGTTAGCTCACTCATTAGGC-3”

The first sShRNA cassette used in the LoxP reaction was the PR1 cassette, as it
contained a unique Bglll restriction site that would facilitate identification of
recombinants by diagnostic digestion. Cre-Lox recombinase reactions with Lox-linked
PR1 cassettes were performed as per the manufacturer’s recommendations (NEB),
however no successful recombinants were able to be identified by this method.

To allow growth selection of recombinants, the Kanamycin gene from the
pEGFP-N1 vector (Clontech) was cloned, also with LoxP linkers. These linker primers
also included BamHI and Xmal restrictions sites designed to facilitate subsequent
cloning steps independent of the LoxP recombinase. The design of these primers was as
follows:

LOXKFP

57—
ATAACTTCGTATAGCATACATTATACGAAGTTATCGGGATCCTCCTGAGGCGGAAAGAA
CCAGC-3~
LOXKRP

57-
ATAACTTCGTATAATGTATGCTATACGAAGTTATCCCCCGGGACAAACGACCCAACACC
GTGCG-3”

No successful recombinants were able to be identified following this method.

3.2.5.2.2.2 pPIG-MUT-LV

As an alternative to utilising the LoxP sites, a novel Xmal unique restriction site

was introduced into the 3’ LTR, in approximately the same location as the LoxP site.
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To introduce these restriction sites, the regions of the 3’ LTR upstream and downstream
of the target site were amplified separately by PCR reactions using custom primers with
appropriate linkers.

The upstream region of the LTR included an Xbal restriction site, and the
forward primer was designed to include this site to allow cloning of the mutant LTR
back into the vector backbone. The reverse primer for the upstream region of the LTR
introduced the new Xmal restriction site. The primers were as follows:

GTELTRFP

57 -TCCCAGTCACGACGTTGTAAAACG-3~
MUTRP

57 -CCCCCGGGATACATTATACGAAGTTATGCTGCTTTTT-3”

As an intetrmediate step, this upstream amplicon was digested with Xbal and
Xmal and ligated into an Xmal- and Xbal-cut pGem-T Easy vector backbone (‘pGTE-
UpP’).

The downstream region of the LTR included an Ndel site, and the reverse primer
was designed to include this site to allow cloning of the mutant LTR back into the
vector backbone. The forward primer for the downstream region of the LTR introduced
the new Xmal restriction site. The primers were as follows:

MUTFP

57 -CCCCCGGGAATTCATCTTGTCTTCGTTGGGAGTGAATTAG-3”
GTELTRRP

57 -GCTATGACCATGATTACGCCAAG-3”

The resulting amplicon was digested with Xmal and Ndel. These same enzymes
were used to digest the pGTE-UP intermediate vector, and the amplicon and backbone
were then ligated, creating the pGTE-MUT vector. This vector now contained the
lentiviral LTR, with the original Xbal and Ndel sites at either end, and a novel Xmal
site near the original LoxP site. This ‘mutant’ LTR was excised with Xbal and Ndel
restriction enzymes, and ligated back into an Xbal- and Ndel-cut pPIG-LV backbone,
creating the ‘pPIG-MUT-LV’ vector. The new Xmal restriction site in the 3> LTR of
this vector was available for insertion of Xmal-linked shRNA cassettes. As integrated
forms of this vector would possess two copies of the shRNA cassette, after insertion of

the shRNA cassette the pPUT-MUT-LV, the resulting vector was referred to as pPIG-
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2sh-LV (Figure 3.2), where ‘sh’ represents the shRNA cassette. Except where
indicated, the pPIG-2sh-LV vector was used throughout this thesis.

3.2.6 Puromycin Kill Curves

To determine the appropriate dose of puromycin to use for growth selection, a
series of kill curves was performed for both NB4 and Kasumi cells. Cells at a density of
5x10° cells/ml in complete RPMI, were treated with puromycin at a range of
concentrations spanning the effective dose range indicated by the supplier (0, 0.75, 1,
1.5, 2, 3 and 6 pg/ml) and returned to culture. At 48 hours, the number of viable NB4
cells was counted by Trypan blue exclusion. Trypan blue counts of Kasumi cells were

performed at 48 and 72 hours.

3.2.7 Activity of PUROTr in the Alternate Lentiviral Backbones

To test the activity of the PUROr gene in the pHIV-PUROr-GFP construct, cells
were transduced with the vector and then treated with 1.5 pg/ml at 48 hours post-
transduction to allow recovery of cells from the transduction protocol, and to allow time
for expression of the transgenes. Trypan blue counts for viable cells were carried out at
96 and 120 hours post-transduction.

The activity of the PUROr gene in the psh-PIG-LV and pPIG-2sh-LV vector
constructs was examined by transducing NB4 cells with the NS form of each vector (ie.
pNS-PIG-LV or pPIG-2NS-LV), then cells were treated with 2.5, 5 or 12.5 pg/ml
puromycin to ensure rapid growth selection, again at 48 hours post-transduction. Non-
transduced cells were cultured in each plate, with and without puromycin selection, as
controls. Transduction and subsequent cell culture took place in 96-well plates, but
cells were not spinoculated. To allow assessment of the long term effects of puromycin
selection, CellTiter cell proliferation assays were performed at 24 hour intervals,
commencing at 48 hours after treatment with puromycin, with the last assay at 120
hours. Accordingly, four wells of a 96-well plate were seeded with 2.5 x 10 cells per
well for each of the 48, 72 and 96 hour time points, and four wells were seeded with
1.25 x 10* cells per well, with volumes adjusted accordingly, for the 120 hour time

point. Puromycin treatment was repeated at 96 hours for the 120 hour sample.
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Figure 3.2 pPIG-2sh-LV Vector
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Figure 3.2 — The pPIG-2sh-LV vector construct, with the EGFP marker following the puromycin
resistance marker in the bicistronic cassette, and with the ShRNA cassette inserted in the reverse direction

within the 3° LTR.




3.3 Results
3.3.1 Transfection of Packaging Cells

3.3.1.1 Effect of Culture Vessels on Transfection Rates

Transfection rates of the vector in 293T cells were compared in 90 mm petri
dishes, 6-well plates and T75 culture flasks. The percentage of fluorescent cells was
examined by fluorescent microscopy 48 hours after calcium phosphate transfection and
indicated that transfection rates in 90 mm Petri dishes and 6-well plates were
comparable, however transfection rates in T75 flasks was much lower (Table 3.1).

Packaging cells were subsequently cultured in 6-well plates.

Table 3.1 Packaging Cell Transfection Rates in Different Culture Vessels

Vessel Type 90 mm Petri Dish 6-well Plate T75 Flask

% Fluorescent Cells >90% >90% 10-15%

Table 3.1 — 293T packaging cells were grown in different culture vessels and transfected with lentiviral
vectors expressing GFP by calcium phosphate precipitation. The percentage of fluorescent cells was
examined at 48 hours post-transfection by fluorescent microscopy.

3.3.1.2 Second vs Third Generation Packaging Systems

To calculate the percentage of packaging cells transfected with all components
necessary for each vector system, the accessory plasmids were assumed to be
transfected at the same rate as the GFP vector component. The transfection rate for this
vector, 90%, was then cubed for the three-plasmid, second generation system, and
quadraticised for the four-plasmid, third generation system. This calculation suggests
that with a 90% transfection rate, the percentage of packaging cells transfected with all
elements of the second generation system was 72.9% (ie. 90% x 90% x 90%). The
same value for the third generation system was 65.61% (ie. 90% x 90% x 90% x 90%).
Therefore the rate of production of complete vector particles with the second generation
system was higher than the rate of production of complete vector particles with the third

generation system. The second generation vector system was subsequently used.

64



3.3.2 Tubes for Ultracentrifugation

Packaging cell supernatant was ultracentrifuged in Oak Ridge tubes or
Eppendorf tubes, to compare their ability to concentrate the vector particles. After
ultracentrifugation and decanting of the packaging cell supernatant, no pellet was
evident in the Oak Ridge, however pellets were visible in the Eppendorf tubes. 10 pl of
remaining concentrated supernatant was applied to 293T cells in 6-well plates and these
cells were examined by fluorescent microscopy 48 hours later. The percentage of
fluorescent 293T cells transduced with vector ultracentrifuged in the Oak Ridge tubes
was 15%. The proportion of cells transduced with vector ultracentrifuged in the
Eppendorf tubes was 65%. Therefore, despite the grater initial volume of vector
supernatant added to the Oak Ridge tubes, the rate of transduction from the resulting
preparation was much lower than for the Eppendorf tubes. Eppendorf tubes were

subsequently used to concentrate vector supernatant.

Table 3.2 Vector Titre After Ultracentrifugation in Different Tubes

Tube Type Oak Ridge Eppendorf

% Fluorescent Cells 15% 65%

Table 3.2 — Vector supernatant was ultracentrifuged in Oak Ridge or Eppendorf tubes. The concentrated
supernatant from each was used to transduce 293T cells, which were examined by fluorescent microscopy
48 hours later.

3.3.3 Transduction of Target Cells

3.3.3.1 Resuspension and Storage of Vector Supernatant

The effect of storage volume was examined using ultracentrifuged samples that
were resuspended in 10 pul or 100 ul DMEM after removal of supernatant. These
samples were applied to K562 and NB4 cells, and the culture volumes made up with
fresh complete RPMI 1000 pl with 250ng/ml of Polybrene. Fluorescent microscopic
observations at 48 hours showed that greater than 90% of K562 cells were expressing
GFP in both treatment groups, although the intensity of fluorescence was higher in the
cells receiving the vector stored in 100 pl. In NB4 cells at 48 hours, both the percentage
of fluorescent cells, and the fluorescent intensity in those cells were low, regardless of

the vector storage conditions. At 72 hours, flow cytometric analysis showed that both
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vector storage conditions resulted in a high titre and high fluorescence intensity in the
K562 cells (Table 3.3). Flow cytometric analysis of NB2 cells at 72 hours demonstrated
that fluorescence intensity in both groups was similarly low (Table 3.3), however the
percentage of cells expressing the transgene was considerably higher when transduced
with vector stored in 100 pl than with vector stored in 10 pl. It was clear that storage in

larger volumes of media improved vector titre.

Table 3.3 The Effect of Storage Volume on Vector Titre

Cell Type K562 NB4
Storage 10 pl 100 pl 10 ul 100 pl
Volume
Fluorescent 96% 97% 63% 80%
Cells
MFI 111 136 3.61 4.55

Table 3.3 — Fluorescence of K562 and NB4 cells 72 hours after transduction with vector stored in 10 or
100 pl of DMEM.

These results were pursued further, by resuspending the vector in 500 pl fresh
complete RPMI before freezing. NB4 cells were transduced with these 500 pl aliquots,
made up to 1000 pl with fresh RPMI, and Polybrene added. For compatibility with
other assays, fluorescence was assayed by flow cytometry at the earlier 48 hour time
point. Nevertheless, the percentage of fluorescent cells at this time point (see below,
Table 3.4, Column 1) was greater than at 72 hours after transduction with vector stored
in 10 or 100 pl volumes (Table 3.3). The intensity of fluorescence was similar. From
these results it was clear that resuspension and storage of the ultracentrifuged vector
supernatant in 500 pl of RPMI prior to freezing resulted in an increase in the proportion

of transduced cells.

3.3.3.2 Spinoculation and Repeated Transductions

To test the effect of spinoculation after application for the vector, NB4 cells
were subsequently centrifuged at 2200 rpm for 100 minutes, with fluorescence assessed
at 48 hours. The increase in the percentage of fluorescent cells after spinoculation was
only minor however it resulted in a doubling of the mean fluorescence intensity (Table

3.4).
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The effect of repeated transductions, including spinoculation, was also tested.
Vector application and spinoculation was repeated after six hours for the ‘2x’ treatment
and then a third time after another six hours for the ‘3x’ treatment (Table 3.4). The
second transduction increased the percentage of transduced cells to over 90%, but also
improved levels of transgene expression almost three fold (Table 3.4). A third
application of vector showed no real improvement over these levels, but resulted in a
minor decrease in mean fluorescence intensity.

Both spinoculation and repeated transduction improved effective vector titre

(percent fluorescent cells and fluorescent intensity) and were subsequently adopted.

Table 3.4 The Effect of Spinoculation and Repeated Transduction

48 hours post- Not Centrifuged, 1x Centrifuged, 2x Centrifuged, 3x
transduction Centrifuged,
Ix
% 84.8 86.5 923 92.4
MFI 2.52 5.7 14.2 12.8

Table 3.4 — NB4 cells were transduced with vector stored in 500 ul RPMI. The effect of spinoculation
and repeated transduction were examined by flow cytometry at 48 hours.

3.3.3.3 Transduction of Kasumi Cells

Kasumi cells proliferate more slowly than NB4 cells, and are more sensitive to
physical stresses and cell density. To test the value of low speed spinoculation after
vector application, Kasumi cells were spinoculated at 300 g and titre was compared with
cells that were not spinoculated. The value of a greater interval before the second
application of vector was also tested by comparing titre in cells transduced at 6 hours
interval with cells transduced after a 12 hours interval.

In the sensitive Kasumi cells, cells were compared with and without
centrifugation (at 300 g) after vector application. The effect of a greater period of
recovery before the second application was also tested. Table 3.3 clearly demonstrates
that higher rates of transduction and higher levels of transgene expression were
achieved with low speed centrifugation after vector application. It is also clear that a

longer interval between applications had a detrimental effect on vector titre. Therefore
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the conditions used for the NB4 cells, with a lower centrifugation speed, were also

appropriate for the Kasumi cells also with a reduced spinoculation speed.

Table 3.5 The Effects of Low Speed Spinoculation and Interval between Vector

Applications
Spinoculated Not Spinoculated
Interval 6 hours 12 hours 6 hours 12 hours
% Fluorescent
Cells 91% 84% 75% 70%
MFI 3.19 2.73 1.93 1.69

Table 3.5 — Kasumi cells were treated with vector then spinoculated at 300 g or not spinoculated. In the
same trial, the effect of a 12 hour interval prior to the second vector application was also examined.

3.3.4 Orientation of shRNA cassette

The effect of orientation of the sShRNA cassette on shRNA activity was tested by
transducing NB4 cells with vectors bearing shRNA cassettes in the forward or reverse
orientations, relative to the strong CMV promoter (compare Figures 2.1 and 3.1). The
activity of the PR2 shRNA in each orientation as measured by qRT-PCR was compared
with NS control shRNAs in the same orientation. It was clear that the activity of the
PR2 shRNA in the reverse orientation was higher both at 48 and 72 hours post

transduction (Figure 3.3). This orientation was subsequently used in all experiments.

3.3.5 Puromycin Kill curves

Non-transduced NB4 and Kasumi cells were treated with a series of puromycin
concentrations and returned to culture. Trypan counts of viable NB4 cells were
conducted at 48 hours, and counts of viable Kasumi cells were condicted at 48 and 72
hours. It is clear from the results (Table 3.6) that a dose of 1 pg/ml was sufficient for
complete elimination of NB4 cells after 48 hours of treatment. None of the tested doses
was sufficient to eliminate all Kasumi cells by 48 hours, however by 72 hours the
1 pg/ml dose had eliminated all viable cells. Therefore the 1 pg/ml dose was considered

sufficient for further use in these experiments.
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Figure 3.3 Activity of shRNA Cassettes in the Forward and Reverse Orientations
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Figure 3.3 — The activity of the PR2 shRNA in the forward and reverse orientations relative to
neighbouring transgenes was analysed by qRT-PCR and compared with the NS control shRNA in the
same orientation. PML-RARa mRNA levels were normalised to the f2m house-keeping gene. This
normalised value is presented relative to the NS control, and this graph presents the average of two
separate experiments.



Table 3.6 Viable Cell Counts Following Puromycin Treatment

48 hours 72 hours
Puromycin NB4 cells | Kasumi cells | Kasumi cells
(ug/ml) (x10%/ml) (x10*/ml) (x10%/ml)
0 41 72 101
0.75 1 6 <1
1 0 3 0
1.5 0 1 0

Table 3.6 — NB4 and Kasumi cells were treated with puromycin over a range of doses based on the
manufacturer’s recommendations. Viable NB4 cells were counted at 48 hours, and the more slowly
proliferating Kasumi cells were counted at 48 and 72 hours.

3.3.6 Activity of PUROr Marker Gene in pHIV-PUROr-GFP

NB4 cells were transduced with the pHIV-PUROr-GFP vector and treated with
I pg/ml puromycin at 48 hours post-transduction. After 48 hours of puromycin
treatment (i.e. 96 hours post-transduction) a count of viable cells revealed that none
remained. Thus the activity of the PUROr marker gene in this construct was

insufficient to allow growth selection using puromycin.

3.3.7 PUROFr Activity in the Bicistronic Constructs

Alternative lentiviral vectors bearing a puromycin resistance (PUROr) marker
gene, a GFP marker gene and the NS control shRNA cassette, were tested in NB4 cells.
The two constructs, pNS-PIG-LV and pPIG-2NS-LV (‘pNS’ and ‘2NS’ respectively),
differed with respect to the position of the shRNA cassette. Transduced cells were
treated with high doses of puromycin (2.5, 5, and 12.5 pg/ml) to provide strong and
rapid selection of transduced cells. Two sets of non-transduced cells were included as
controls. The ‘P’ controls were treated with puromycin at the same concentrations as
the transduced cells, while the ‘K’ controls received no puromycin. Puromycin was
added at 48 hours, and again at 96 hours for the 120 hour sample. CellTiter cell
proliferation assays were performed at 96 and 120 hours post-transduction.

It was clear from the results (Figure 3.4) that the puromycin treatment reduced
the number of viable cells, at all concentrations, relative to the untreated cells. It was

also clear that the pNS-PIG-LV (‘pNS’) vector had no protective effect on cell survival
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Figure 3.4 The Effect of Puromycin on the Number of Viable Cells Transduced with

Biscistronic Vectors
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Figure 3.4 — NB4 cells were transduced with pNS-PIG-LV (‘pNS’) and pPIG-2NS-LV (‘2NS’) vectors
and treated with puromycin at 48 hours. Two sets on non-transduced cells were included as controls, the
first group (‘K’) was not treated with puromycin, while the second set of controls (‘P’) received the same
doses of puromycin as the transduced cells. CellTiter assays were conducted at 96 (A) and 120 hours (B)
post-transduction. These graphs represent the averages of four replicates from a single experiment.



against puromycin treatment. By contrast, the pPIG-2NS-LV vector (‘2NS’) did protect
the NB4 cells against puromycin. This effect appeared to be stronger at higher doses of
puromycin, and at 12 pug/ml, the number of viable cells bearing this vector approached
or even exceeded the number of viable untreated cells (‘2NS’ vs ‘P’).

A number of general trends were apparent from the results of the proliferation
assays (Figure 3.4). It was also clear that the relative effects of each vector on cell
proliferation were comparable between the three different doses of puromycin. That is,
the relative proliferation of each group receiving a given vector were similar compared
to groups receiving the same vector bearing the other shRNA, regardless of puromycin
concentration received. There were also trends associated with each of the vectors

tested, which are outlined below.

3.3.7.1 Dose and Effect of Puromycin

A comparison of the ‘K’ and ‘P’ samples confirmed that the puromycin doses
were effective at restricting growth of the NB4 cells at each time points (after 48 hours).
However, in contrast to the Trypan blue counts above (Table 3.4), it is clear that there
remains some cellular activity, and thus some viable cells, at each time point.

In connection with this point, it is interesting that a number of the transduced
samples actually contained a lower number of viable cells than the non-transduced

control treated with puromycin (‘P’).

3.3.7.2 Activity of PUROFr in Alternate Vector Constructs

At all puromycin concentrations and at all time points the cells transduced with
both forms of the psh-PIG-LV vector (ie. pNS-PIG-LV or pPR2-PIG-LV) showed
levels of cellular activity approximating that of the ‘P’ controls. It is therefore clear that
the PUROr marker gene in this arrangement/construct did not offer protection against
puromycin treatment.

The levels of cellular activity in samples transduced with the two pPIG-2sh-LV
vectors were higher than the ‘P’ samples at almost all points (except after 72 hours of
5 pg/ml), and the difference was most pronounced in the samples treated with
12.5 pg/ml puromycin. This demonstrates that the PUROr gene in this construct is

protecting the cells from the effects of puromycin.
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The pHIV-2sh-LV vector construct therefore provides good protection against

puromycin, and allows positive selection of transduced cells.
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3.4 Discussion

Efficient and stable gene therapy depends on high titre integrating vectors, such
as retroviral or lentiviral vectors. The final titre of such is strongly affected by the
methods of preparation, including production and storage, of the infectious vector
particles. This chapter has identified a number of methods to improve final titre of
lentiviral vectors.

Vector titre also influences the safety of gene therapy, as minimising the number
of vectors required to deliver a therapeutic effect reduces the risk of adverse integration
events (Baum et al. 2003; Woods et al. 2003). Similarly, the number of vectors
required for a therapeutic effect can be minimised by optimising the efficiency of
expression of the therapeutic transgene from the gene therapy vector. Factors
influencing the efficiency of transgene expression, and ways to maximise this
expression, were also examined in this chapter.

Finally, the therapeutic strategy explored in this thesis is dependent upon
obtaining a pure population of cells transduced with the gene therapy vector. Vector
marker genes may be used to select transduced cells in a population, and the potential of
one such marker gene was also explored in this chapter.

Inefficient transduction of packaging cells can lead to low titre vectors and an
exponential increase in the number of ‘empty’ vector coats that can compete against
complete vector particles for binding sites on the surface of the target cells. This
competition impairs the titre of the vector. Two aspects affecting the efficiency of
production of complete vectors particles were examined in this chapter.

In third generation vector packaging systems, the viral elements essential for
transduction of the target cell and genomic integration and transgene expression are
divided amongst four separate plasmids, reducing the chances of pathogenic
recombination of the viral elements and improving vector biosafety. The greater
number of plasmids, however, has an adverse effect of the production of complete
vector particles. The transfection rate of each component plasmid in packaging cells is
generally below 100%, therefore each additional plasmid required to produce of
complete vector particles reduces the number of cells receiving all plasmids, increasing

the proportion of incomplete vector particles. Therefore, in applications where the
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biosafety of vector production is not of primary importance, the analysis from this
chapter demonstrates that higher vector titres would be achieved with a second
generation vector packaging system.

Petri dishes are used for the culture of packaging cells used in standard vector
production protocols, however they have a limited surface area when compared with
other culture vessels. Examination of other culture vessels found that packaging cell
transfection rates were comparable between 90 mm petri dishes and 6-well plates,
however transfection was greatly impaired in T-75 culture flasks. This difference was
likely explained by the superior mixing possible in the circular dishes, and therefore
more efficient dispersal of the calcium phosphate and DNA mixture over the culture
surface, highlighting the importance of this aspect in efficient transfection. While
transfection rates in 6-well plates and petri dishes were similar, however, the 6-well
plates had a greater culture surface area, were easier to handle, and could be stacked
with greater stability. Therefore the 6-well plates provide a better solution for the
culture of packaging cells for vector production.

The supernatant collected from the packaging cells is usually concentrated by
ultracentrifugation however alternate protocols offering greater flexibility in the
methods of purification of harvested vector supernatant have been established and
published (Geraerts et al. 2005), and have provided a useful starting point for further
explorations.

A comparison of vessels used for ultracentrifugation found that choice of vessel
had a dramatic effect on vector titre. Oak Ridge centrifuge tubes are generally
recommended for their large capacity and tolerance of the forces involved in high-speed
centrifugation, however distinct pellets of concentrated vector did not form in these
tubes. By contrast, distinct pellets readily formed in Eppendorf tubes, despite the much
lower capacity. These results correlated with vector titre, as the samples prepared in the
Eppendorf tubes had a much higher titre than those prepared in the Oak Ridge tubes.
Furthermore the narrow, conical bottom of the Eppendorf tubes also facilitated
decanting of the supernatant without disturbing the pellet whereas removal of
supernatant from the Oak Ridge tubes by either decanting or pipetting had no effect on
final titre, indicating that the hemispherical shape of the tubes, and not accidental

disturbance of any nascent pellet, was the main factor in the low titres observed from
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vectors prepared in these tubes. Finally, the smaller Eppendorf tubes allow storage of
vector in aliquots, minimising exposure of stored vector to excessive thaw cycles.
Consequently, Eppendorf tubes, despite their smaller capacity, have many advantages of
over Oak Ridge tubes with respect to vector preparation, and provide a useful
alternative where vector titre needs to be enhanced.

Following production and ultracentrifugation of vector particles, the conditions
of storage have a marked effect on the final titre (Zhang et al. 2004). Accordingly a
study examining the effect of storage volume identified a novel protocol resulting in a
large improvement in vector titre. Standard protocols indicate that the pellet collected
by ultracentrifugation can be stored without resuspension in only a few microlitres of
medium. This method was found to be sufficient to achieve high titres in certain
commonly used cell lines, namely 293T and K562 cells. By contrast, vector produced
by this method had much lower titres in NB4 and Kasumi cells, whereas results from
this chapter demonstrated that, following ultracentrifugation and decanting of the
supernatant, immediate resuspension of the pellet in 250 or 500 ul of cell culture
medium greatly improved vector titre in these refractory cell types. The reasons for this
effect were unclear, nevertheless this method results in an improved vector titre and
therefore provides a further option for enhancing vector titre in cell types that are
difficult to transduce.

Retroviral vectors have been in use for some time however the titre of these
vectors is generally much lower than for lentiviral vectors. Consequently additional
methods have been used with retroviral vectors that are generally considered
unnecessary with lentiviral vector. Without these methods, for example, lentiviral
vectors can reliably transduce more than 90% of K562 cells (Bai et al. 2003). By
contrast, transduction rates of NB4 cells under the same conditions are typically
between 1 and 25% (Bai et al. 2003). Kasumi cells are also difficult to transduce by
standard methods (P. Oakford pers. comm.). Consequently the impact of the additional
methods used for retroviral vectors on lentiviral titre in these refractory cell types was
examined in this chapter. The results form this chapter clearly demonstrated that both
‘spinoculation’ and the repeated application of vector greatly improved vector titre in

both NB4 and Kasumi cell types, with transduction rates exceeding 90% in each. These
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methods, therefore, may be used to improve vector titre in other refractory cell types,
such as other leukaemic cell lines, haematopoietic stem cells, or primary cell types.

Efficient expression of therapeutic transgenes from gene therapy vectors results
in efficient gene therapy from minimal vector copy numbers. The vectors developed in
this study were designed to deliver therapeutic shRNA cassettes. The pHIV-7-GFP
vector used throughout this study originally contained an shRNA cassette upstream
from the CMV promoter used to drive the GFP marker gene. This location allowed
strong expression of the shRNAs (Li et al. 2003b) and was used for insertion of the
novel shRNA cassettes used in the present study. In positioning the shRNA cassettes,
however, attention was given to the possibility of promoter interference from the CMV
promoter. It has been shown that positioning genes in a reverse orientation relative to
neighbouring genes can ameliorate the effects of promoter interference (Curtin et al.
2008), and the insertion of novel shRNA cassettes into the vector backbone was taken
as an opportunity to identify to optimal orientation for expression of shRNAs relative to
the CMV. While there was evidence of some expression of shRNAs from cassettes in
both orientations, efficacy of the shRNAs from cassettes of the reverse orientation was
greater. This was consistent with the effects of promoter interference, and the reverse
orientation was subsequently used for all sShRNAs.

For many gene therapy applications, such as the autologous transplantation
strategy examined in this thesis, it is necessary to obtain a pure population of transduced
cells. It is unlikely that this will be achieved by improvements in transduction rates
alone however there are a number of methods are available for purifying populations of
transduced cells. One of these is the use of growth selection markers, such as the
puromycin resistance marker examined in this chapter. The vectors used in this study
already carried the GFP marker, necessitating inclusion of the PUROr marker in such a
way as to avoid promoter interference. Two alternative locations were tested, each
designed to avoid promoter interference by a different method.

When the PUROr marker was expressed from an SV40 promoter and located
upstream of the GFP marker driven by a CMV promoter in the existing pHIV-7-GFP
vector, the puromycin resistance marker gene was inactive, as transduced cells showed
no resistance to puromycin and did not appear to be active as the cells did not survive

low doses of puromycin. By contrast, the GFP marker gene in this vector remained
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active. This suggested that promoter interference was suppressing expression of the
PUROTr marker.

One strategy to avoid promoter interference is the bicistronic expression of two
Polll genes from a single promoter, with the genes separated by an internal ribosomal
entry sites (IRES) (Curtin et al. 2008). This approach was tested in this chapter, with
the GFP and PUROr markers expressed in series from an EF-loa promoter. This
arrangement allowed strong expression of both genes, as demonstrated by rates of cell
growth from puromycin-treated cells that approximated normal rates of growth from
untreated cells.

In addition to the two marker genes, however, the vectors were intended to
express an shRNA cassette, and the positioning of this cassette had a strong influence
on expression of the bicistronic marker genes. In one vector, psh-PIG-LV, the shARNA
cassette was located upstream of the EF-la promoter. The PUROr marker in this
construct was also inactive, as transduced cells had no survival advantage over non-
transduced cells under puromycin selection. This indicated a promoter interference
effect, which was interesting as it involved suppression of a Polll promoter by a PollIl
promoter. However, in the pPIG-2sn-LV, where the shRNA cassette was located
distally from the bicistronic arrangement, the vectors did confer puromycin resistance.
This design was therefore superior with respect to expression of the marker genes, and
had the added benefit of expressing two copies of the shRNA cassette from the
integrated vector.

While antibiotic selection remains a viable option for purifying transduced cell
populations, it should be used in conjunction with optimised transduction rates, in order
to minimise proliferative stress. Furthermore a great deal of fine tuning is required to
avoid promoter interference and other disruptive effects on transgene expression.

Although not available at the time of the present study, the flexibility offered by
Pol II-, miRNA-based vectors may provide a range of possibilities for addressing the
challenges encountered here, in the development of gene therapy vectors (Marquez and

McCaffrey 2008)

3.4.1 Summary
The methodological modifications identified in this chapter resulted in

improvements at all stages of vector production and transduction, with improvements in
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vector titre and transgene expression. Finally, this chapter confirmed the suitability of
growth selection markers in purifying populations of transduced cells for gene therapy

applications.
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4 Down-regulation of Bcr-Abl by RNAi leads to erythroid
differentiation

Aspects of this work have been published in Brozik, A., N.P. Casey, C. Hegedus, A.
Bors, A. Kozma, H. Andrikovics, M. Geiszt, K. Nemet and M. Magocsi (2006).
"Reduction of Ber-Abl function leads to erythroid differentiation of K562 cells
via downregulation of ERK." Annals of the New York Academy of Sciences
1090: 344-54. All experiments in this chapter were performed at the National
Medical Center, and Semmelweis University, in Budapest, Hungary between
May 2004 and May 2005. Of the data presented here, only the qRT-PCR and
Western blot data were included in the paper.

4.1 Introduction

During normal haematopoietic differentiation pluripotent stem cells commit to
various lineages and differentiate into distinct blood cell types (Shet et al. 2002). The
MEK/ERK signalling pathway has been implicated in differentiation of numerous
lineages of haematopoietic cells (Melemed et al. 1997; Sevinsky et al. 2004), and
evidence suggests that in vitro differentiation of several erythroid cell lines is
accompanied by the down-regulation of ERK1/2 mitogen activated protein kinase
activities (Kang et al. 1999; Kolonics et al. 2001; Woessmann and Mivechi 2001;
Kawano et al. 2004; Kucukkaya et al. 2006), however, the changes in ERK1/2 activity
in erythroid differentiation depend on the inducing agent (Woessmann et al. 2004).
More generally, erythroid differentiation is marked by a decrease in PU.1 levels (Back
et al. 2004) and the increased expression of B-globin (Stamatoyannopoulos and
Nienhuis 1994; Bulger and Groudine 1999; Crusselle-Davis et al. 2006).

The Bcr/Abl chromosomal translocation occurs in many cases of Chronic
Myelogenous Leukaemia (CML) (Heisterkamp et al. 1985) and selective inhibition of
this fusion gene results in apoptosis, but also causes erythroid differentiation (Fang et
al. 2000; Jacquel et al. 2003). While the constitutive tyrosine kinase activity of the
Bcer/Abl fusion protein leads to abnormal signalling of growth and survival signals
along multiple signalling pathways, including ERK mitogen-activated protein kinase
(MAPK) cascade (Zou and Calame 1999), the mechanisms of these responses have yet
to be clearly defined (Shet et al. 2002).

The K562 cell line is used as an in vitro model of chronic myelogenous

leukaemia, and was originally isolated from an adult patient with CML (Lozzio and
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Lozzio 1975). These are undifferentiated blast cells expressing the phenotypic markers
of an erythroid lineage (Koeffler and Golde 1980). The b3a2 Bcr/Abl breakpoint is
commonly amplified in K562 cells, with amplification ranging from four-fold (Grosveld
et al. 1986) to 22-24 fold, apparently increasing with the age of the cell line (Wu et al.
1995). Targeting of the fusion mRNA with RNAi has been shown to induce specific
and significant down-regulation of the Bcr-Abl fusion gene and its fusion protein
(Wilda et al. 2002; Li et al. 2003b; Scherr et al. 2003b; Wohlbold et al. 2003; Scherr et
al. 2005). Consequently, the main aims of this chapter were to examine the effects of
knocking out the upstream Bcer-Abl kinase by retroviral delivery of anti-Bcl-Abl shRNA
on the dynamics of the ERK1/2 pathway, and to study the downstream effects on
erythroid differentiation by assessing changes to a number of differentiation associated

markers.
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4.2 Methods

4.2.1 Retrovirus-vector construction

Retroviral vectors were designed and constructed as described in the General
Materials and Methods, with the following variations. The anti-Bcr-Abl shRNA
sequence (‘BA1’) used in this experiment was derived from a sequence validated and
published previously (Li et al. 2003b). The nonsense sShRNA design (‘NS’, see General
Materials and Methods, Section 2.6.3.2) was used as a control. The shRNA sequence
was cloned into the pSilencer vector, as outlined in the General Materials and Methods,
but with Agel linkers added to the primers.
The retro-vector backbone was pLPCX (Clontech, discontinued), a ‘RetroPack’-
compatible vector derived from the Moloney murine leukemia and sarcoma retroviruses
(MoMuLV and MoMuSV). The unique Agel restriction site of pLPCX, located
between the extended viral packaging signal and the puromycin resistance gene, was
considered the optimal location for the shRNA cassette, to minimise the risk of
interference from other promoters in the vector. Enhanced Green Fluorescent Protein
was amplified from the pEGFP-NI plasmid (BD Biosciences), and cloned into the
multiple cloning site (MCS) of the pLPCX vector using the Xhol and Notl restriction
sites in the donor plasmid and recipient vector. The final arrangement of the resulting

pLPCX-sh-GFP is shown in Figure 4.1.

4.2.2 Virus Production

Stable transduction of K562 cells was achieved by using a double packaging cell
system Phoenix / PG13 (Ujhelly et al. 2003). The Phoenix-eco packaging cell line
(Orbigen) was transfected by calcium phosphate coprecipitation. Supernatant from
these cells was collected 48 hours after transfection, filtered, then used to transduce the
PG13 packaging cell line (ATCC CRL 10686). At 48, 72 and 96 hours, PG13
supernatant was harvested and fresh culture medium applied to the cells. The harvested
supernatant was frozen at -80°C. Supernatant was thawed, filtered through 0.4 um filter
cartridges, and centrifuged at 4 °C at 180,000 g for 1 hour. Centrifuged filtrate was
resuspended in 1 ml fresh medium per 50 ml of original harvest, and stored at —80 °C

until use.
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Figure 4.1 pLPCX-sh-GFP Vector

5'LTR

__——ShRNA cassette

- i pLPCX-sh-GFP

7334bp

CMY promoter

ECFF repartar

7 of the 7 labels are shown. Created using PlasMapper

Figure 4.1 — The pLPCX-sh-GFP has a EGFP marker, with a separate CMV promoter, inserted
downstream of the puromycin resistance gene, and the shRNA cassette inserted upstream of the
puromycin resistance gene, and the reverse orientation.




K562 cells were transduced as per the General Materials and Methods (Section
2.11), with the following variations. Due to the high speed ultracentrifugation,only
50 pl of concentrate was necessary per 1 ml total medium for 10° cells in each well of a
24-well plate. Cells were transduced three times, and one hour after the final
transduction, the virus supernatant was removed and replaced with fresh medium for
ongoing culture. Expression of the GFP marker gene was assessed by flow cytometric

analysis 48 hours after final transduction

4.2.3 Preparation of cell extracts

Cells were collected by centrifugation at 1200 g and lysed for 10 minutes on ice
with gentle shaking in buffer containing; 250 mM NaCl, 50 mM HEPES pH 7.4, 1 mM
EDTA, 1 mM EGTA, 1.5 mM MgCl,, 0.1% Nonidet P-40, 40 mM -glycero-phosphate,
1 mM Na’VO,, 1 mM phenyl-methyl-sulphonyl-fluoride, 10 mM benzamidine, 20 mM
NaF, ImM PNPP, 10 mM Na-pyrophosphate, 10 pg/ml aprotinin, 10 pg/ml leupeptin,
10 pg/ml antipain. After centrifugation for 12 minutes at 13,000 g at —4 °C, clear

supernatants were mixed with 1/3 volume of Laemmli gel loading buffer.

4.2.4 Western Blotting

Western blotting was carried out as per the General Materials and Methods
(Section 2.13), with the following variations. 50 pg of lysed protein was separated by
SDS-PAGE and transferred to PVDF membrane using the Mini-Protean III system
(Bio-Rad). Anti-cAbl (Santa Cruz, #sc-887), anti-ERK1 (Santa Cruz, #sc-93) and anti-
PU.1 (Santa Cruz, #sc-352) polyclonal antibodies, and anti-phosphorylated-ERK1/2
(Santa Cruz, #sc-101760) and anti-phosphorylated-Tyrosine (Upstate #16-184)

monoclonal IgGs were used. Western blotting was performed by A. Brozik.

4.2.5 Preparation of total RNA and quantitative measurement of -
globin mRNA levels by the LightCycler System
Total RNA was prepared as per the General Materials and Methods (Section
2.12.1). Total cDNA was prepared by reverse transcription with random hexamers using
1 ng RNA. 1 pl of total cellular cDNA was amplified using the LightCycler FastStart
DNA Master SYBR Green I kit (Roche). B-globin mRNA copy number was calculated

relative to B-2-microglobulin copy number. B-globin primers were designed to detect
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the elements of the B-globin gene cluster, (B, d, €, Y1, y2) but not the elements of the a-
globin cluster. The sequences of these primers were as follows:

B-globinFP
57 -TACCCTTGGACCCAGAGGTTCTTT-3~

B-globinRP
57 -CCCAGGAGCCTGAAGTTCTC-3”

4.2.6 Puromycin Selection

A range of concentrations of puromycin was tested to find the optimal level of
growth selection. Preliminary results indicated that a final concentration of 1.5 pg/ml
was most the suitable, consequently this dose was used to select PG13 cells before
collection of the virus supernatants. K562 cells were also selected with 1.5 pg/ml

puromycin from day two post-transduction, and this dose was repeated every 48 hours.

4.2.7 Flow-cytometric Analysis

The rate of vector transduction was interpreted from the number of cells
expressing the GFP marker, and the level of transgene expression in each cell was
estimated from intensity of fluorescence. Both were measured by flow cytometry
(General Materials and Methods, Section 2.11.1). To assess the rate of cell death, cells
were washed twice in ice cold PBS, then pelleted again and resuspended in Propidium
Todide (40 pg propidium iodide per ml of PBS) and incubated at 37 °C for 30 minutes.

The proportion of cells positive for propidium iodide was measured by flow cytometry.

4.2.8 Fluorescent In Situ Hybridisation

Cells were prepared for Fluorescent In Situ Hybridisation (FISH) analysis as per
standard protocols (Pardue and Gall 1969). Cells were fixed in a 3:1 mixture of
ethanol-acetic acid, then transferred to a drop of 45% acetic acid on a slide coated with
0.1% gelatine and 0.01% chrome alum. Slides were fixed in 95% ethanol, air dried,
then dipped in 0.5% agar at 60°C. Slides were air dried in a vertical position until the
agar had gelled, then placed in 0.07 M NaOH for 5 minutes at room temperature. Slides
were next washed in two changes of 70% ethanol and two changes of 95% ethanol

before air drying. The slide-mounted samples were hybridised with labelled DNA at
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66 °C for 12-15 hours. Slides were then washed five times with SSC (0.15 M NaCl,
0.015 M Na citrate, pH 7.0) at 60°C, with a final wash in SSC at room temperature. The

slides were then rinsed in 70 and 95% ethanol and air dried.

4.2.9 Statistical Analyses
Many of the results presented below are semi quantitative and from preliminary
trials with only one or two replicates. Quantitative assays with at least three replicates

were analysed by paired, one-tailed t-tests.
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4.3 Results

The efficacy of the anti-Bcr-Abl shRNA design has been demonstrated
numerous times (Wilda et al. 2002; Li et al. 2003b; Scherr et al. 2003b; Wohlbold et al.
2003), but the efficacy of the shRNA expression cassette and the retroviral construct
used here was confirmed in in observations of down-regulation of the Bcr/Abl fusion
protein (see below). Therefore the main aim of this chapter was to evaluate the
downstream effects of this shRNA in transduced cells. Changes in cell number,
viability, apoptosis, erythroid differentiation as well as alterations in cellular signalling

were followed in transduced cells from day 3 up to day 21.

4.3.1 Fluorescent In Situ Hybridisation

FISH analysis of the K562 cells revealed multiple copies of the Ber-Abl fusion
gene. A total of 10 copies were evident in most cells (Figure 4.2), indicating
amplification and increased copy number of the chromosomal translocation in these

cells.

4.3.2 Transduction efficiency of the retroviral vector

K562 cells were transduced with retroviral vectors expressing NS or BA1
shRNAs, as well as GFP and puromycin resistance markers. Transduction rates were
assessed by flow cytometry utilising the GFP marker, with fluorescence recorded at 4, 5
and 7 days post-transduction.

The percentage of fluorescent cells transduced with the NS-expressing vector
was stable at approximately 80% (80 to 84%), with median fluorescence peaking at
approximately 1000 units on day 5 post-transduction (Figures 4.3A, B). Following
transduction with the BA1 vector, the percentage of fluorescent cells fluctuated between
65 and 71% with median fluorescence intensity reaching 410 units by day 5 (Figures
4.3A, B). The percentage of propidium iodide positive cells in each population did not
exceed 1.5% (Figure 4.3C). These results clearly show that the NS shRNA design
allows both a greater percentage of fluorescent cells, and a higher intensity of

fluorescence from those cells.
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Figure 4.2 FISH Probing for Ber/Abl Chromosomal Translocations

Figure 4.2 — K562 cells were prepared and probed by Fluorescent In Situ Hybridisation for Ber (green)
and ADI (red) genes. This fluorescent micrograph shows one K562 cell, with multiple copies of the
Bcer/Abl translocation (yellow).



Figure 4.3 Flow Cytometry of Transduced Cells
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Figure 4.3 — K652 cells were transduced with retroviral vectors expressing NS or BA1 shRNAs then
analysed by flow cytometry on days 4, 5 and 7 post-transduction. (A) The percentage of GFP positive
cells indicates the proportion of cells successfully transduced with the vectors. (B) The median
fluorescence intensity reflects the level of transgene expression in transduced cells. (C) Live staining
with propidium iodide identified apoptotic cells. These graphs represent the results of a single flow
cytometric assay.



4.3.3 Puromycin Treatment of Transduced Cells

In a separate trial, transduced cells were treated with 1.5 pg/ml puromycin,
commencing at day 2 post-transduction. Puromycin treatment resulted in a decrease in
the percentage of fluorescent cells in the NS shRNA treated population, dropping from
70% at day 4 to 42% by day 7 (Figure 4.4A). This decrease was accompanied by an
increase in median fluorescence intensity, peaking at over 1400 units at day 7 (Figure
4.4B), and an increase in propidium iodide positive cells, with a maximum of 25% at
day 5 (Figure 4.4C). Puromycin treatment of cells transduced with the BA1 shRNA
resulted in an increase in the percentage of fluorescent cells, increasing from 70 at day 4
to 91% at day 7 (Figure 4.4A). Median fluorescence intensity also increased over this
period, from 194 to 449 units (Figure 4.4B), while the percentage of propidium iodide
positive cells did not exceed 3% (Figure 4.4C). From these results it was clear that
puromycin treatment had a marked effect on the transduced cells. Puromycin treatment
reduced the percentage of fluorescent cells in the NS population, while there was also a
correlation between the increased fluorescence intensity and the increased rate of cell
death. The affect of puromycin selection on the BAI1 transduced cells was less
dramatic, resulting only in an increase in the percentage of fluorescent cells, without

major impact on fluorescence intensity or cell death.

4.3.4 MEK-ERK Signalling Pathway

Following transduction with retroviral vectors expressing NS or BA1 shRNA,
K562 cells were growth-selected with puromycin commencing on day 2 post-
transduction. Cells were collected at various intervals and samples prepared for RT-
PCR and Western blotting to assess the effects of the BA1 shRNA on the differentiation
of transduced cells.

To confirm the effect of the BA1 shRNA on levels of the fusion gene, Western
blots were probed with an antibody to the Abl component of the fusion protein (Figure
4.5). The relative amount of the fusion protein was calculated from Western-blots using
ERKI1 as a reference protein and optical density values were normalized to the non-
transduced control. The amount of Bcer-Abl protein was significantly lower in cells
transduced by the BA1 shRNA vector than those transduced by the nonsense shRNA or

in the non-transduced cells, at days 3 and 4 after transduction (Figure 4.6). This
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Figure 4.4 Flow Cytometry of Transduced Cells Following Puromycin Selection
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Figure 4.4 — K652 cells were transduced with retroviral vectors expressing NS or BA1 shRNAs, selected
with puromycin from day 2, then analysed by flow cytometry at days 4, 5 and 7 post-transduction. (A)
The percentage of GFP positive cells indicates the proportion of cells successfully transduced with the
vectors. (B) The median fluorescence intensity reflects the level of transgene expression in transduced
cells. (C) Live staining with propidium iodide identified apoptotic cells. These graphs represent the
results of a single flow cytometric assay.



Figure 4.5 Western Blots
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Figure 4.5 - K562 cells were transduced with retroviral vectors expressing NS (‘nonsense’) or BAI
shRNAs (‘Bcr/Abl siRNA’), then prepared for Western blotting. Western blots were stained and
developed with antibodies against Ber-Abl, phosphorylated tyrosine (‘P-Y’), phosphorylated ERK (‘P-
ERK’), and ERK1/2 proteins. The gel shown here was representative of three independent transductions.
(Figure reproduced with permission from Brozik et al. (2006). Western blotting was performed by A.
Brozik).

Figure 4.6 Normalised Levels of Bcr/Abl Protein
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Figure 4.6 — K652 cells were transduced with retroviral vectors expressing NS or BA1 shRNAs then
sampled for Western blotting on days 3, 4, 6 and 10 post-transduction. Optical densities from the Ber/Abl
band of blots stained with the anti-c-Abl antibody were scanned and quantified with ERK1/2 as a loading
control, and were normalized to protein levels from non-transduced cells. This graph presents the mean +
standard deviation from three independent transductions. NS and BA1 samples were compared with a
paired t-test and were found to be significantly different (p < 0.05) at days 3 and 4.



reduction in levels of Bcer-Abl protein was transient, with some recovery of protein
levels after 6-10 days.

The Western blots were stripped and reprobed with anti-phospho-ERK1/2
(pERK) antibody to assess the activity of the MEK/ERK pathway downstream of Bcer-
Abl signalling, and optical densities were calculated (Figure 4.7). Levels of pERK in
BAT1 treated cells decreased to day 4, then showed recovery to day 10. These results
correlate with the changes in Ber-Abl protein levels, indicating that expression of the

anti-Bcr-Abl shRNA also results in a significant decrease of ERK1/2 activities.

4.3.5 Differentiation Markers

Following transduction with NS or BA1 vectors, K562 cells were analysed for
markers of erythroid differentiation, B-globin mRNA and PU.1 protein. B-globin
mRNA levels in cells transduced with the BA1 vector increased markedly by day 6
compared with levels in cells transduced with the NS control vector (Figure 4.8). Semi-
quantitative analysis of the PU.1 protein demonstrates a considerable and stable
reduction in protein levels by day 12, lasting at least until day 17 (Figure 4.9). Both of
these changes demonstrate that reduced Bcr/Abl function resulting from the BAI1

shRNA leads to erythroid differentiation in K562 cells.
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Figure 4.7 Normalised Levels of Phosphorylated ERK Protein
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Figure 4.7 — K652 cells were transduced with retroviral vectors expressing NS or BA1 shRNAs then
sampled for Western blotting on days 3, 4, 6 and 10 post-transduction. Optical densities from blots
stained with anti-pERK antibody were scanned and quantified with ERK1/2 as a loading control, and
were normalized to protein levels from non-transduced cells. This graph presents the mean + standard
deviation from three independent transductions. NS and BA1 samples were compared with a paired t-test
and were found to be significantly different (p < 0.05) at days 3 and 4.

Figure 4.8 Levels of -Globin mRNA at Day 6 Post-Transduction
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Figure 4.8 — K652 cells were transduced with retroviral vectors expressing NS or BA1 shRNAs. mRNA
was collected at day 6 post-transduction and quantified by qRT-PCR. p-globin mRNA levels were
normalised to the B-2-microglobulin house-keeping gene, and results from BA1 transduced cells were
normalised to results from NS control cells. This graph represents the average of two separate
experiments.



Figure 4.9 Normalised Levels of PU.1 Protein
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Figure 4.9 — K652 cells were transduced with retroviral vectors expressing NS or BA1 shRNAs then
sampled for Western blotting on days 12, 14 and 17 post-transduction. Optical densities from blots
stained with anti-PU.1 antibody were scanned and quantified with ERK1/2 as a loading control. Protein
levels from BA1 transduced cells were normalised to protein levels from NS transduced cells. This graph
represents the mean + standard deviation from three independent transductions (only two transductions
for day 17).



4.4 Discussion

The shRNA (‘BA1’) designed to target the Bcr/Abl fusion mRNA has
previously been shown to reliably and effectively downregulate levels of this fusion
transcript and the corresponding protein, leading to apoptosis and the inhibition of
proliferation in the K562 cell line (Wilda et al. 2002; Li et al. 2003b; Scherr et al.
2003b; Wohlbold et al. 2003; Scherr et al. 2005). This effect, however, is dose-
dependent, as low vector and shRNA copy numbers can allow cells to escape the effect
of the shRNA, and continue to proliferate (Scherr et al. 2005), presenting a challenge to
the use of this molecule in the context of cancer therapy. In addition to enhancing cell
survival and proliferation, however, the Bcr/Abl fusion protein must also block
differentiation of these cells (Fang et al. 2000). Therefore, as part of a broader study of
erythroid differentiation in K562 cells (Brozik et al. 2006), the proliferating
subpopulation of transduced cells was examined for evidence of erythroid
differentiation. In order to minimise vector and shRNA copy number per cell, a lower-
titre, retroviral vector was used to deliver the sShRNA cassette in this study.

Initial screening of the K562 cells used in this study for genomic amplification
of the Ber/Abl fusion gene revealed a 10-fold amplification , which was moderate for
this cell line (Wu et al. 1995). Nevertheless this amplification would be sufficient to
confer enhanced resistance of these cells to the effects of the BA1 shRNA, compared
with primary CML cells such as might be found in CML patients (Mahon et al. 2000).
These cells therefore represented a good model of relatively low-levels of BA1 shRNA
expression. The results from this chapter confirmed that transduction of K562 cells
with retroviral vectors expressing the BA1 shRNA resulted in a decrease in Bcr/Abl
protein levels, as has been reported previously (Li et al. 2003b; Scherr et al. 2005),
however, a population of cells that continued to proliferate was also (Brozik et al.
2006). This population of cells continued to proliferate despite reduced levels of the
Bcer/Abl fusion protein, and so were consistent with such populations identified
previously, which were also reported to exhibit aberrant proliferation kinetics, and
enhanced sensitivity to the Ber/Abl-kinase inhibitor STI571 (Scherr et al. 2005).

The mechanisms by which the Bcr/Abl protein blocks the differentiation
pathway have yet to be resolved, but it appears that the MEK/ERK signalling pathway
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is involved (Melemed et al. 1997; Sevinsky et al. 2004), as reduced ERK1/2 activity has
been associated with differentiation induced by certain agents, such as haemin, cisplatin,
butyrate and ara-C (Woessmann et al. 2004). Key steps in this pathway were examined
in the proliferating population of BA1-transduced cells.

ERK1/2 is one of many proteins phosphorylated and thus activated by the
constitutive phosphorylation activity of the Bcr/Abl fusion protein. The results from
this chapter demonstrate that the down-regulation of the Bcr/Abl fusion protein resulted
in a decrease in the active, phosphorylated form of ERK (pERK). This decrease in
pERK closely reflected the changes in Bcr/Abl protein levels, with the pattern of initial
down-regulation followed by recovery of Bcr/Abl protein levels echoed after a short
delay by a similar pattern of changes in pERK levels. This confirms the relationship
between the Ber/Abl and ERK proteins (Mizuchi et al. 2005), and demonstrates that
such changes can also result from specific targeting of the fusion mRNA by shRNA.

One important finding from the present study, however, was the observation that
despite the transience of the down-regulation of Bcr/Abl protein and pERK levels, these
changes were nevertheless sufficient to irreversibly commit these cells to the erythroid
differentiation pathway. This was demonstrated by changes to levels of twp
differentiation markers. Increased expression mRNA levels of the B-globin precursor at
day six indicated that the cells were preparing for expression of B-globin protein,
despite the restored levels of Bcr/ABI and pERK protein seen at this time point.
Similarly, levels of the PU.1 protein, a transcription factor associated with non-erythroid
lineages, were dramatically reduced at every time point examined between 12 and 17
days post transduction.

Low levels of transgene expression are a constant challenge to gene therapies,
and is perhaps more significant for cancer therapies, such as RNA interefence.
However the results from this chapter have good implications for shRNA-based, anti-
Ber-Abl therapy, as it suggests that while some treated cells may initially escape
apoptosis due to low vector and transgene copy number, they will nevertheless commit
to differentiation and exit the proliferative phase of the cell cycle. Therefore, aside from
the immediate effects on apoptosis and proliferation, the BA1 shRNA also has activity

as a ‘differentiation therapy’, whereby agents are used to push cells past the
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proliferative phase of the cell cycle towards more differentiated cell types, rather than
simply triggering apoptosis of cancer cells.

The retroviral vectors used in this study carried two marker genes. The first of
these, the puromycin resistance (PUROr) marker, was used simply to purify the
transduced population of cells by growth selection. The second marker, enhanced green
fluorescent protein (GFP), was included as an indicator of vector copy number per cell,
and transgene activity. The interaction between these markers was more complex than
expected, and must be considered in order to place the shRNA results in context.

In the absence of puromycin selection, the lower percentage and intensity of
fluorescence in the cells transduced with the BA1 vector compared with the control.
This result was consistent with the survival of cells bearing only a low copy number of
the BA1 vector. A similar result has been reported previously with this shRNA design
(Scherr et al. 2005). Furthermore, when puromycin selection was applied to these cells,
there was no increase in fluorescence, as might be expected with selection of cells
bearing a higher vector copy number. Instead, fluorescence intensity was similar to
BA1 transduced cells without puromycin selection. From these results it can be
concluded that cells with a vector copy number above a certain threshold were
eliminated by the activity of the BA1 shRNA, and that only cells below this threshold
were able to survive and proliferate.

By contrast, when puromycin selection was applied to the cells bearing the
control vector, the outcome was more complex. Puromycin selection resulted in a
decrease in the overall percentage of cells that expressed the GFP marker, but the
fluorescence in those cells that did express GFP increased markedly. It is important to
note that in the retrovector construct used here, the PUROr and GFP marker genes were
driven by separate promoters. Consequently the dichotomy of cells within the
puromycin treated NS control cells, with certain cells ceasing expression of the GFP
marker, yet remaining resistant to puromycin selection, was most likely the result of
promoter interference (Curtin et al. 2008), or perhaps the emergence of a GFP negative
mutant.

Another change that accompanied puromycin selection in this population of cells
that was a large increase in the number of apoptotic cells, peaking after three days of

puromycin selection. This indicates that GFP expression may also have interfered with
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expression of the puromycin resistance marker. Any such promoter interference in cells
bearing the BA1 vector, which was identical to the NS apart from the shRNA cassette,
was likely obscured by the effects of the BA1 shRNA itself. Given the temporal
correlation between increased apoptosis and increased GFP expression, it is worth
considering a direct effect of the GFP expression upon cell survival. Expression of GFP
from this construct was highly efficient, so it is possible that the physiological burden of
high level GFP expression simply overwhelmed the cells, and they were unable to
survive. Alternately, it has been suggested that at least some transgenic forms of GFP
may be directly toxic to cells (Liu et al. 1999). The details of such toxicity have yet to
be elucidated, and it has been suggested that the particular constructs used to express
GFP encode for toxic peptides (Endemann et al. 2003). Regardless, these results

highlight the need for great care in designing gene therapy vectors for any application.

4.41 Conclusion

In summary, this chapter has demonstrated that in cases where the copy number
‘dose’ of anti-Bcr/Abl shRNA is below the threshold required to prevent proliferation
and trigger apoptosis, it was nevertheless sufficient to bring about a transient lowering
of Ber-Abl protein levels. Although these levels of Ber/Abl protein, and those of the
downstream target, phosphorylated ERK recovered, and cells continued to proliferate,
this transient change was sufficient to irreversibly commit cells to the erythroid
differentiation pathway. These results also demonstrate that of the multiple signal
transduction pathways influenced by Ber/Abl down-regulation, the effect upon ERK1/2
activities might be a key determinant in overcoming the differentiation blockade that is
characteristic of myeloproliferative disorders. Finally, these results also confirm the

flexibility of delivery of shRNAs designed to target fusion oncogenes.
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5 Down-regulation of PML-RARa by RNAi

5.1 Introduction

Acute promyelocytic leukaemias (APL’s) are a subtype of acute myeloid
leukaemias (Bennett et al. 1976) that usually result from chromosomal translocations
involving the retinoic acid receptor a (RARa) and a range of fusion partners (Warrell et
al. 1993), but 98 % of cases involve the PML gene (Grignani et al. 1994). The
leukaemogenic effects of these translocations result from a dominant negative inhibition
of transcription regulation (Lin et al. 2001a). In contrast to other forms of AML, APL
patients initially respond to pharmacological concentrations of retinoic acid (RA)
(Huang et al. 1988; Warrell et al. 1991).

In vitro studies of APL have been facilitated by the isolation of the NB4 cell line
from the marrow of an APL patient in relapse (Lanotte et al. 1991). These cells express
one of the larger isoforms of the PML-RARa fusion protein at 120 kDA (Jansen et al.
1995), with the breakpoint occurring after exon 6 of PML and before exon 2 of RAR«a
(de The et al. 1990; Melnick and Licht 1999). The nucleotide sequence of the
breakpoint region identified in NB4 cells has also been sequenced (de The et al. 1991).

Current treatment for APL primarily consists of retinoic acid therapy. The
chimeric forms of the RARa receptor are insensitive to normal physiological
concentrations of retinoic acid, however higher pharmacological doses are usually
effective (Warrell 1993). Histone deacetylases provide another option for treatment
(reviewed in Lin et al. 2001a), and can be effective in cases insensitive to retinoic acid
(Warrell et al. 1998). Arsenic trioxide is another effective therapy and is currently
undergoing a minor revival (Shen et al. 1997). While these therapies represent a range
of options for the treatment of APL, there exists, as with all therapies, the threat of
relapse (Warrell 1993)

A range of molecular strategies has been tested against the PML-RARa fusion
gene. Hammerhead ribozymes were able to down-regulate PML-RARo mRNA,
inhibiting growth and inducing apoptosis, but did not overcome the maturation block
(Nason-Burchenal et al. 1998b). Antisense oligonucleotides targeted to the PML-RAR«

fusion sequence lead to a reduction in levels of the fusion mRNA, inducing partial
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differentiation, and apoptosis (Chen et al. 1999b). Finally, a 30 nt short hairpin RNA
(shRNA) has been shown to reduce levels of the fusion protein (Oshima et al. 2003).
Effects on cell proliferation were not examined in this study.

Delivery of therapeutic molecules is a challenge in cancer therapy, but lentiviral
transduction is an efficient method for systemic delivery of therapeutic transgenes and is
suitable for therapeutic strategies involving autologous transplantation. While such
vectors are also able to deliver hammerhead ribozymes, they are not suitable for
delivery of antisense oligonucleotides and siRNA. By contrast, siRNAs are efficiently
expressed from lentiviral vectors and consequently the primary aim of this chapter was
to test ShRNA designs delivered via lentiviral vectors and targeted to the PML-RARa
fusion gene and to assess their efficacy in down-regulating levels of the PML-RARa
fusion gene mRNA. Concomitant with this, the downstream biological effects on cell

cycling and proliferation of the target cells was also monitored.
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5.2 Methods

5.2.1 Transduction of NB4 cells with lentiviral vectors

The NB4 cells were transduced according to the general protocol outlined in
Section 3.11. Briefly, two 0.5 ml aliquots of filtered and resuspended vector were
applied to 5x10° cells in one well of a 6-well plate. 1 ml of fresh complete RPMI and
10 pl of Polybrene stock (0.6 ng/ml) were also added and the cells centrifuged at 1000 g

for 100 minutes at room temperature.

5.2.2 Hairpin Design
The shRNA designs were compared using the pHIV-7-GFPshr lentiviral vector
backbone (Section 3.2.4).

5.2.2.1 PR1 and PR2 Hairpin Designs

The chromosomal fusion found in NB4 cells has been previously sequenced and
lodged on the NCBI database with the accession number S50916 (de The et al. 1991).
The target region for hairpin design spanned 20 nt on each side of the breakpoint,
corresponding to nucleotides 20-60 of S50916. This sequence was as follows, with a
forward slash indicating the breakpoint;

CAGTGGCGCCGGGGAGGCAG/CCATTGAGACCCAGAGCAGC

This sequence was submitted to both the Ambion and GenScript algorithms,
however, neither identified a suitable sShRNA design. It is worth noting that these
algorithms are updated as new data is gathered, and that a previous version of the
Ambion algorithm did identify a candidate shRNA for the PML-RARa breakpoint,
although this design was not tested (Damm-Welk et al. 2003). Examination of the
sequence showed that this sequence was optimised for minimal G/C content, and was
used here as ‘PR1°. The target sequence for this design, with the breakpoint indicated
by a forward slash, was as follows:

57 -GGCAG/CCATTGAGACCCAGA-3~

A second sequence designed to target the PML-RARa breakpoint was tested as a
30 nt hairpin sequence (Oshima et al. 2003). This sequence was shortened to 21 nt,
keeping the breakpoint in the middle of the target sequence, and adapted to an shRNA
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format. The target sequence, designated ‘PR2’, was as follows, with the breakpoint
indicated by a forward slash;

57 -CGGGGAGGCAG/CCATTGAGAC-3~

Both hairpin cassettes were cloned into the lentiviral vectors in the reverse
orientation (see Section 3.3.4) and these vectors were transduced into NB4 cells, with
vectors bearing the nonsense shRNAs acting as controls. The pHIV-7-GFPshr lentiviral
backbone was used for testing shRNA designs.

5.2.2.2 Control shRNAs

A range of controls is available for testing hairpin activity although most were
not appropriate here. Aside from the nonsense hairpin design, the remaining relevant
control was the use of a modified hairpin bearing a 2- or 4-nt inversion at the central
‘active site’. After preliminary experiments identified the PR2 hairpin as the more
effective design, this design was used as the basis for a control hairpin with an inverted
centre.

As per the recommendations of the Nature editorial panel (“Whither RNAi?”,
Nature Cell Biology (2003), v.5 (6) pp. 489-490), the control shRNAs were based on an
inversion of the central nucleotides of the PR2 target sequence. Blasting of candidate
control sequences bearing 2 and 4 nucleotide inversion indicated homology with non-
target genes. For a 2 nt inversion, there was a 16 nt homology with a range of non-
target genes. Furthermore this design would mimic a micro-RNA designed to target the
same PML-RARa sequence. By contrast, the 4 nt inversion shared only 14 nt
homology, and with fewer non-target genes. Therefore a 4 nt inversion hairpin was
constructed and designated ‘PRK’. This sequence, with the central 4 nt inversion

underlined, was as follows:

57 -CGGGGAGGCCCGAATTGAGAC-3”

5.2.3 qRT-PCR Assays

Total RNA was collected as per the General Materials and Methods. For the
PML-RARa chapter, both SYBR Green and Plexor chemistries were used for the qRT-
PCR’s. SYBR Green was used for the preliminary comparison of PR1 and PR2 hairpin
designs, as well as the OAS comparisons. All other results were based on the Plexor

system.
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B-2-microglobulin was used as the house-keeping gene throughout this chapter
and the SYBR Green and Plexor primers for B-2-microglobulin, and the SYBR Green

primers for OAS, were as per the General Materials and Methods.

5.2.3.1 SYBR Green Primers

The SYBR Green primers for the PML-RARa fusion gene were as follows:
PRAFP

57 -GCCCAACAGCAACCACGT-3~
PRARP

57 -GGAGGGCTGGGCACTATCTC-3”

Product size = 90 bp

5.2.3.2 Plexor Primers

The Plexor primers for the PML-RARa fusion gene were as follows:
PRAFP (5’ labelled with the 6-FAM fluorophore)

57 -CTGCTGCTCTGGGTCTCAATG-3”
PRARP

57 -CCAGGAGCCCCGTCATAGGAA-3”

Product size = 97 bp

5.2.4 Puromycin Treatment
Cells were transduced with the pPIG-2sh-LV vectors (see Section 3.2.5.2.2.2)
and growth-selected for 48 hours with 12.5 pg/ml puromycin.

5.2.5 Retinoic Acid treatment
All Trans Retinoic Acid (Sigma, cat. #R2625) was dissolved in DMSO at a
stock concentration of 10™* mol/ml, and stored at —80 °C. Before use, this was diluted to

10 mol/ml with complete RPMI, and added at the appropriate concentrations.

5.2.6 Cell Cycle Analysis
Samples of 5-10x10° treated cells were washed in PBS then fixed in 70%
ethanol at 4 °C for at least 60 minutes, or overnight at 4 °C. Cells were again

centrifuged, and resuspended in 300 pl Hypotonic Propidium Iodide (40 pg propidium
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iodide, 1 ng RNase per ml PBS) for 2 hours at RT, or 4 °C overnight. Analysis was
performed with a Coulter EPICS ELITE ESP flow cytometer.

5.2.7 Differentiation Assays

Samples of 5x10° cells were pelleted at 1300 g for 5 minutes at room
temperature then vortexed and resuspended in PBS. Cells were incubated in the dark
for 15 minutes with 10 ul of either CD11b or CDI4 antibody, conjugated to
phycoerythrin (BD Biosciences, North Ryde NSW, Australia). Cells were washed with
100 pl PBS, pelleted, vortexed, then washed with another 100 ul of PBS. They were
then pelleted, vortexed, and resuspended in 100 ul of FACS Fix (see General Materials
and Methods). Cells were stored at 4 °C in the dark until analysed with a Coulter
EPICS ELITE ESP flow cytometer.
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5.3 Results

5.3.1 Selection of anti-PML-RARa and control shRNAs

The pHIV-7-GFP lentiviral backbone was used for this section.

5.3.1.1 PR1 vs PR2

To compare the PR1 and PR2 shRNA designs, NB4 cells were transduced with
lentiviral vectors expressing each design. Control cells were transduced with vectors
expressing the NS shRNA. For this preliminary trial, mMRNA samples were collected 12
hours after the first transduction, and at 12 hour intervals thereafter up to 72 hours. The
copy number of the PML-RARa fusion mRNA was assessed by qRT-PCR and
normalised to B-2-microglobulin copy number. It was clear from this trial that the PR1
was not effective in down-regulating PML-RARa mRNA (Figure 5.1). Instead, cells
transduced with the PR1 shRNA design had higher levels of PML-RARo mRNA than
the NS controls. By contrast, expression of the PR2 shRNA resulted in a reduction in
PML-RARa mRNA relative copy number relative to the NS controls, particularly over
the first 36 to 48 hours. Although this preliminary data was derived from a single trial,
the consistency of the effect was considered a sufficient demonstration of the efficacy of
the PR2 shRNA design to pursue further testing of this design. The PR1 shRNA was

not examined further.

5.3.1.2 Testing of ‘inverted centre’ control hairpin

Aside from the scrambled NS control shRNA, another control, based on the
active hairpin but with an inversion of the central nucleotides is recommended where
appropriate (“Whither RNAIi?”, Nature Cell Biology (2003), v.5 (6) pp. 489-490).
Accordingly a control based on the PR2 shRNA, with an inversion of the 4 central
nucleotides, was tested. NB4 cells were transduced with vectors expressing this ‘PRK’
shRNA, and compared with cells transduced with the NS and PR2 expressing vectors.
Sampling of the PML-RARo mRNA at 72 hours post-transduction demonstrated that
the effect of the PRK shRNA on PML-RARa mRNA levels was similar to that of the
PR2 shRNA, in that both designs lead to a reduction in mRNA levels (reduced to 8%
and 14% for the PR2 and PRK shRNA respectively), relative to the NS shRNA (Figure
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Figure 5.1 NS vs PR1 vs PR2 shRNAs
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Figure 5.1 - NB4 cells were transduced with vectors expressing the NS, PR1 or PR2 shRNAs. mRNA
was collected at 12 hour intervals and quantified against B-2-microglobulin mRNA. This normalised
value is presented relative to the NS controls at each time point. This graph represents a single

experiment.

Figure 5.2 Relative activity of NS, PR2 and the novel PRK control
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Figure 5.2 - NB4 cells were transduced with vectors expressing the NS, PR2 or PRK shRNAs. mRNA
was collected at 72 hours and quantified against B-2-microglobulin mRNA. This normalised value is
presented relative to the NS control. This graph represents a single experiment.



5.2). Due to this activity, the PRK shRNA was not considered an appropriate control
and was subsequently discarded.

5.3.1.3 Testing for non-specific effects

After establishing the PR2 shRNA as the most active design, and NS shRNA as
the most appropriate control, samples were re-analysed to look for stimulation of a non-
specific interferon response. 2’,5’-oligoadenylate synthetase (OAS), a gene upregulated
as part of the interferon response, was used as a marker for such stimulation. Levels of
OAS mRNA were quantified from samples collected 48 hours after transduction, and
normalised against B-2-microglobulin mRNA. There was no evidence of OAS
stimulation by the PR2 shRNA design, when compared with the NS control (Figure
5.3).

5.3.2 Activity of PR2 Hairpin in Down-regulating the PML-RARa

Fusion mRNA and Protein

5.3.2.1 gRT-PCR results

Preliminary trials with the lentiviral vector in NB4 cells indicated that
expression of the transgene at 24 hours post-transduction was observed in
approximately 65% of cells. Maximal expression and activity of the shRNA was
therefore expected between 48 and 72 hours post-transduction. Therefore, in order to
confirm the effects of the PR2 shRNA, RNA was collected from five replicates of
transduced cells at these two time points, and PML-RARo mRNA copy number
quantified against the B-2-microglobulin house keeping gene. While there were
differences in scale between replicates, there was a consistent trend of PML-RARa
MRNA down-regulation in all samples at both time points (Figure 5.4). When these
results were expressed relative to the NS control, average down-regulation was 30% at
48 hours, and 40% at 72 hours (Figure 5.5). The difference at 72 hours was significant
(paired t-test; p=0.052 at 48 hours, and p=0.025 at 72 hours).

After the preliminary trials outlined above, NB4 cells were transduced with
vectors expressing the NS control hairpin or the PR2 hairpin. qRT-PCR results (Figures
5.4 and 5.5) confirmed that the PR2 hairpin had a down-regulatory effect on PML-
RARo mRNA levels at both 48 and 72 hours. The results of five replicates were
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Figure 5.3 OAS levels at 48 hours after transduction
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Figure 5.3 - NB4 cells were transduced with vectors expressing the NS, PR2 or PRK shRNAs. mRNA
was collected at 48 hours and quantified against B-2-microglobulin mRNA. This normalised value is
presented relative to the NS control. This graph presents the mean from two separate experiments.

Figure 5.4 PML-RARa mRNA levels following treatment with shRNAs
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Figure 5.4 — NB4 cells were transduced with vectors expressing the NS or PR2 shRNAs. mRNA was
collected at 48 and 72 hours and quantified against B-2-microglobulin mRNA. PML-RARa levels were
significantly lower in the PR2 transduced cells at 72 hours. This graph presents the plots from five
independent transductions.



Figure 5.5 Average down-regulation of PML-RARa mRNA relative to controls
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Figure 5.5 — NB4 cells were transduced with vectors expressing the NS or PR2 shRNAs. mRNA was
collected at 48 and 72 hours and quantified against B-2-microglobulin mRNA. PML-RARa levels were
significantly lower in the PR2 transduced cells at 72 hours. This graph presents the mean + standard
deviation from five independent transductions. NS and PR2 samples were compared with a paired t-test.



averaged (Figure 5.4) and at 48 hours post-transduction the fusion gene mRNA was
reduced to approximately 75% by the PR2 hairpin, while at 72 hours the PML-RARa«
mRNA was reduced to approximately 60%. These results were analysed by paired t-
tests, and despite the high standard deviations, the decrease in PML-RARa mRNA at 72
hours was significant (p=0.052 at 48 hours, and p=0.025 at 72 hours. n=5. See
Appendix 5.3.2). Examination of the individual plots clearly demonstrates a consistent
downward trend in PML-RARa mRNA levels in all samples transduced with the PR2
expressing vector (Figure 5.5). In summary these results clearly demonstrated that the
PR2 hairpin was able to consistently down-regulate the level of PML-RARo mRNA in
transduced NB4 cells.

5.3.2.2 Western Blots

Expression of the PR2 shRNA resulted in consistent down-regulation of PML-
RARa mRNA levels. The half-life of the PML-RARa fusion protein is less that 24
hours (Grignani et al. 1999), therefore, after NB4 cells were transduced with the NS and
PR2 expressing vectors as above, nuclear proteins were collected at 48 and 72 hours for
Western blotting. Samples were probed with anti-RARa antibody, which recognised
both the normal 55 kDa RARa protein, and the 210 kDa PML-RARa fusion protein
found in NB4 cells (Figure 5.6A). The same blot was probed separately with anti-f-
actin antibody as a loading control (Figure 5.6B). These blots were scanned and
analysed semi-quantitatively using ChemiDoc software, and the results normalised to
the B-actin loading control, and expressed relative to the NS control (Figure 5.7). PML-
RARa fusion protein levels were similar between treatments at 48 hours (PR2 sample
was 94% of control), however, the fusion protein was down-regulated at 72 hours post-
transduction (69% of control). These results indicate that the PML-RARa mRNA
down-regulation caused by expression of the PR2 shRNA also resulted in a decrease in
levels of the PML-RARa fusion protein, however, this decrease was most prominent up

to 48 hours later.

5.3.2.3 Cell Proliferation and Apoptosis

The PML-RARa fusion protein is involved in promoting proliferation and
inhibiting apoptosis. To assess any effect of the PR2 shRNA in transduced cells,

proliferation was assessed by a ‘CellTitre’ dye conversion assay. In the first trial,
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Figure 5.6A Western blot of RARa and PML-RARa proteins

Figure 5.6B B—actin loading.control
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Figure 5.6 — Western blots of NS and PR2 transduced samples, collected at 48 and 72 hours post-
transduction and stained with RARa antibody, which detected both the normal RARa protein, and the
PML-RARa fusion protein (Figure 5.6A). The same blot was stained with the B-actin antibody as a
loading control (Figure 5.6B). Additional bands evident on this figure are due to non-specific labelling.
These figures are representative of three independent transductions and blots.




Figure 5.7 Relative Band Intensity
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Figure 5.7 — The Western blots stained with the anti-RARa and anti-f-actin antibodies were scanned and
quantified. The intensity of the PML-RARa bands was normalised against the B-actin loading control,
and expressed here relative to the NS controls. This graph is based on the blots in Figure 5.6. This graph
represents the two independent transductions.



proliferation assays were carried out before transduction, and at 24 hours intervals
thereafter. Two additional assays were subsequently carried out at the time of maximal
shRNA expression (48 and 72 hours). The results from these assays are combined in
Figure 5.8, from which it was clear both that the transduction protocol had a pronounced
adverse effect on cell survival, and recovery of the population was impaired in cells
transduced with the PR2 vector, compared with cells transduced with the control.
Furthermore, the difference in cell number was significant at 48 hours but not at 72
hours (p=0.003 and p=0.201 at 48 and 72 hours respectively). These results also
indicate that the transduction protocol results in the death of many cells. There was also
recovery of both cell populations, as cell number increased following both treatments.
These results were examined in more detail in subsequent experiments (see Section
5.3.3). To complement the cell proliferation assays Trypan blue counts to assess
viability were performed following transduction with NS or PR2 vectors. The
percentage of Trypan blue positive cells did not reflect the adverse effects of the
transduction protocol, suggesting that cell death occurred via a different pathway. The
counts of Trypan blue positive cells (Figure 5.9) however, demonstrated a spike in cell
death amongst PR2 transduced cells at 24 hours after transduction. It was clear from
these results that the PR2 shRNA, in down-regulating both the PML-RARa mRNA and
protein, also affected proliferation of the NB4 cells. This inhibition of proliferation was

due at least in part to apoptosis.

5.3.2.4 Cell Cycling

The PML-RARa fusion gene disrupts the retinoic acid differentiation signal and
effectively prevents the differentiation of the cells. This blockage is reflected in a
greater proportion of cells in the M, S and G2 phases. Removal of this block should
result in a greater percentage of cells remaining in the G,/G; phase. To assess the effect
of the PR2 shRNA on cell cycling, NB4 cells were transduced, and then stained with
propidium iodide for cell cycle analysis by flow cytometry. Cells were sampled at 24,
48, 72 and 96 hours post-transduction. Transduction with the PR2 vectors resulted in
only minor differences compared with the NS controls, and there was no consistent
effect (Figure 5.10). These results provide no indication that the PR2 shRNA had any

effect on cell cycling.
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Figure 5.8 Proliferation of transduced cells
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Figure 5.8 — NB4 cells were transduced with NS or PR2 vectors, and cell proliferation assays performed
at 24 hour intervals. This graph presents the mean + standard deviation from three independent
transductions for the 48 and 72 hour standards. NS and PR2 samples were compared with a paired t-test
and were found to be significantly different (p < 0.05) at 48 hours post transduction. The values at 0, 24
and 96 hours represent the average of four samples from a single experiment.

Figure 5.9 Cell death following transduction
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Figure 5.9 — NB4 cells were transduced with NS or PR2 vectors, and viability assessed with Trypan blue.
The number of Trypan blue positive (dead) cells is expressed as a percentage of the total cell count at
each time point. This graph represents the average of four samples from a single experiment.



Figure 5.10 Cell Cycling
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Figure 5.10 — NB4 cells were transduced with NS orPR2 vectors and then stained with propidium iodide
to assess cell cycling. The number of cells in each phase of the cell cycle is presented as a proportion of
the total number of analysed cells. This graph presents the average from two replicates.



5.3.3 Proliferation of Purified PR2 Transduced Cells

5.3.3.1 Activity of shRNA in the pPIG-2sh-LV vector

From the preceding results it was apparent that despite higher rates of cell death,
especially at earlier time points, and despite lower total cell counts, there remained a
certain level of proliferation in the PR2 transduced cells. As transduction rates were
below 100%, it was thought that this proliferation might be the result of expansion of a
sub-population of non-transduced cells. In order to test this explanation, non-
transduced cells were eliminated by one of two methods. The NS and PR2 expression
vectors used above also expressed a GFP marker that allowed positive selection of
transduced cells by fluorescent activated cell sorting. The samples sorted by this
method are hereafter referred to as ‘sNS’ and ‘sPR2’. The second method was based on
growth selection. Lentiviral vectors expressing a puromycin resistance marker and two
copies of the shRNA cassettes were developed (‘2sh’ vectors, see Chapter 3). Growth
selection with 12.5 pg/ml successfully eliminated non-transduced cells. Samples
selected by this method are referred to hereafter as ‘2NS’ and ‘2PR2’, reflecting the
different form of the vector.

Cells were transduced with each of these vectors, selected by the appropriate
method, and grown as a purified population for at least another 48 hours. To confirm
the activity of the shRNAs in these vectors under these conditions, RNA was collected
and quantified, with PML-RARa copy number normalised against the [-2-
microglobulin house-keeping gene. Although each method resulted in between 30 and
40% down-regulation of PML-RARao mRNA relative to the NS controls (Figure 5.11),
only the difference in the growth selected population was significant (paired t-tests,
p=0.052 and p=0.030 for the sorted and growth selected populations respectively).

Cell proliferation assays were also performed at 48 hours after sorting or growth
selection. Non-transduced, unselected NB4 cells were included to indicate maximum
growth under these conditions. These results show that transduced cells suffer some
growth retardation relative to the non-transduced control, however, despite selection and
purification of the respective transduced cell populations, there was no apparent effect

from the PR2 shRNAs relative to the NS controls (Figure 5.12).
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Figure 5.11 Levels of PML-RARa mRNA in purified cells
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Figure 5.11 — NB4 cells were transduced with NS or PR2 forms of two vector types, then purified as
appropriate. After a further 48 hours culture, mRNA was collected and PML-RARa copy number was
normalised to the B-2-microglobulin house-keeping gene. PML-RARa mRNA levels are expressed
relative to the appropriate NS control. This graph presents the mean + standard deviation from four
independent transductions, each the average of four samples. NS and PR2 samples with each vector type
were compared with a paired t-test, and the difference between the 2NS and the 2PR2 samples was
significant (p < 0.05).

120

100

80

60

40

20

Relative PML-RARa mRNA Levels

Figure 5.12 Relative proliferation of purified cells
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Figure 5.12 — NB4 cells were transduced with NS or PR2 forms of two vector types, then purified by
sorting (sNS and sPR2), or with 12.5 pg/ml puromycin (2NS and 2PR2). Cell proliferation assays were
conducted at 48 hours after selection, with non-transduced, unselected cells included as a control (NB4).
This graph represents the average of four samples from a single experiment.



From these results it was apparent that some cells were surviving and
proliferating despite expression of the PR2 shRNA, and despite the down-regulation of
the PML-RARo mRNA.

5.3.3.2 Sensitisation to Stress of ‘Spinoculation’

The inhibitory effect of the PR2 shRNA on proliferation that was observed
immediately after transduction was not observed in the purified transduced cell
populations. To determine if the initial inhibition of proliferation by the PR2 shRNA
was the result of sensitisation to the stresses of the ‘spinoculation’ procedure, NB4 cells
were transduced as before but without the spinoculation step, and proliferation was
examined up to 72 hours. The results clearly demonstrate that when cells were
transduced without the spinoculation step, the effect of the PR2 shRNA on cell
proliferation remained (Figure 5.13). This effect was most pronounced at 24 hours
post-transduction, with possible proliferative recovery apparent before 48 hours post-

transduction. Therefore, the PR2 shRNA was affecting NB4 proliferation directly.

5.3.3.3 Effect of Addition of Fresh Medium

Given the timing of the period in which the PR2 shRNA affected cell
proliferation, and the fact that the culture medium in the proliferation trials was usually
replenished at 72 or 96 hours, the effect of replenishing the culture media was also
examined. Cells were transduced with the NS and PR2 vectors without the
spinoculation step, as above, however, at 48 hours an equal volume (2 ml) of fresh
complete RPMI was added to one set of transduced cells (NS and PR2 samples),
diluting them by half. Proliferation of these samples at 72 hours was compared with
cells cultured in the original volume. The results of this trial clearly demonstrated that
the addition of fresh culture medium at 48 hours after transduction eliminated the
inhibitory effect of the PR2 shRNA on cell proliferation at later time points (Figure
5.14). These results suggested that the effects of the shRNA on proliferation remained
in effect, but that some cells escaped these effects, and by proliferating were able to

obscure the effects of the ShRNA on cell proliferation.
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Figure 5.13 Proliferation of cells without spinoculation
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Figure 5.13 — Cells were transduced with NS or PR2 vectors without ‘spinoculation’, and cell
proliferation assayed at 24 hour intervals. Proliferation of PR2 transduced cells is presented relative to
the NS controls. This graph represents the average of four samples from a single experiment.

Figure 5.14 Effect of replenishing culture media
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Figure 5.14 - Cells were transduced with NS or PR2 vectors without ‘spinoculation’, then cultured. An
equal volume of fresh culture medium was added to one sample (“fresh”) at 48 hours, and cell
proliferation was assayed at 72 hours. This graph represents the average of four samples from a single
experiment.



5.3.3.4 Threshold effect

From the results thus far, it was apparent that a subpopulation cells transduced
with the PR2 vectors retained the ability to proliferate. Vector copy number is known to
influence the efficiency of RNA interference triggered by shRNAs (Scherr et al. 2005).
To determine the relative vector copy number in the proliferating PR2 transduced cells,
levels of expression of the GFP marker were compared with the NS controls in each cell
population were examined. Purified populations of sNS and sPR2 cells, and 2NS and
2PR2 cells (see above), were cultured for 48 hours, and the mean fluorescence intensity
of each population was measured by flow cytometry (Figure 5.15 and Table 5.1).
Regardless of the vector backbone and the method of purification, cells transduced with
the PR2 shRNA had lower levels of GFP expression than the NS controls. These results
suggest that the cells surviving after PR2 transduction were those cells in which
expression of the sShRNA was lower. By contrast, transduced cells were able to tolerate
higher levels of NS shRNA expression. These findings confirm the suggestion that
cells transduced with higher copy numbers of the PR2 vector were experiencing greater
inhibition of proliferation, whereas cells with lower vector copy numbers were able to

proliferate at a rate similar to the controls.

Table 5.1 Fluorescence intensity of purified transduced cells

Mean Fluorescent FACS-sorted Puromycin selected
Intensity (pHIV-sh-GFP vectors) (12.5 pg/ml Puro.,
pPIG-2sh-LV vectors)

NS 28.4 46.7

PR2 16.1 23.8

Table 5.1 - NB4 cells were transduced with the indicated vectors and were purified as appropriate at 48
hours. After a further 48 hours culture, mean fluorescence intensity was measured by flow cytometry.
Units are arbitrary fluorescence units.

5.3.3.5 Summary

While transduction with PR2 shRNAs inhibited proliferation or triggered
apoptosis in some cells, other transduced cells were able to continue proliferating. The
difference between these subpopulations was evidently related to the level of PR2

shRNA expression.
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Figure 5.15 Fluorescence of purified transduced cells
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Figure 5.15 - NB4 cells were transduced with the pHIV-sh-GFP (A) or pPIG-2sh-LV (B) vectors, and
purified as appropriate (by cell sorting or 12.5 ng/ml puromycin, respectively). After a further 48 hours
culture, intensity of green fluorescence was measured by flow cytometry. In each experiment, levels of
GFP expression were lower in cells transduced with the PR2 shRNAs (green overlay) compared with the
NS controls (blue histogram).



5.3.4 Sensitivity to Retinoic Acid

Despite the ongoing proliferation of PR2 transduced cells, the shRNA still
down-regulated levels of the PML-RARa mRNA and protein. Besides the effects on
proliferation and apoptosis, the PML-RARa fusion gene is known to mediate the
differentiation signalling of retinoic acid. The fusion gene desensitises cells to retinoic
acid, necessitating a higher, ‘pharmacological’ dose for the same effect (see
Introduction). To examine the effect of the PR2 shRNA on sensitivity of the NB4 cells
to retinoic acid, purified cells were treated with retinoic acid. A consequence of retinoic
acid induced differentiation is a decrease in cell proliferation, and therefore preliminary
trials examined the combined effects of the PR2 shRNA and retinoic acid on NB4 cell
proliferation.

In order to determine the effective dose of ATRA on the cells used in this study,
non-transduced NB4 cells were treated at a range of concentrations for 72 hours, and
cell proliferation was measured. At lower doses, ATRA stimulated cell proliferation,
however, cell proliferation was inhibited at 50 nmol/l (Figure 5.16). This was taken as
the minimum dose required to trigger differentiation under these conditions.

Accordingly, purified populations of sNS, sPR2, 2NS and 2PR2 transduced cells
were treated with 50 nmol/l ATRA, and cell proliferation was measured after 72 hours
of culture. The results show that cells transduced with the NS shRNAs proliferated at a
rate comparable with the non-transduced controls (Figure 5.17). By contrast,
proliferation of cells transduced with the PR2 shRNAs was strongly inhibited by the
ATRA treatment, regardless of the vector backbone and the method of purification.
This inhibition was significant with both vector backbones (paired t-tests, p=0.045 and
p=0.010 for the sPR2 and 2PR2 vectors, respectively). When proliferation over time
was examined (Figure 5.18), the number of both the NS controls and the non-transduced
cells increased at least four fold over the course of the trial. By contrast, the population
of cells transduced with the PR2 vectors approximately doubled after 72 hours of
ATRA treatment. These results clearly indicate that the PR2 shRNAs sensitised the
cells to the effects of ATRA.

To determine whether the inhibitory affect on proliferation was a result of cell
differentiation in response to the retinoic acid treatment, purified cells were treated with

retinoic acid for 72 hours, labelled with myeloid differentiation markers, CD11b and
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Figure 5.16 Effect of ATRA on NB4 cell proliferation
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Figure 5.16 — NB4 cells were treated with increasing doses of ATRA and cell proliferation was measured
by CellTitre assay at 72 hours. This graph represents total cell number from a single trial.

Figure 5.17 Sensitivity of PR2 transduced tells to ATRA treatment

250000
— 200000 +—
=
(=3
< -
= 150000 +— F
(]
!
5

100000 +— =
= 1
: Hod
© 50000 ] oy B

0 T
No ATRA NB4 sNS sPR2 2NS 2PR2
Treatment

Figure 5.17 — NB4 were transduced as indicated (‘NB4’ is a non-transduced control) and purified as
appropriate, then cultured for 48 hours. Purified cells were treated with 5x10® mol/l ATRA and cell
proliferation measured by CellTitre assay 72 hours later. The differences between sPR2 and sNS, and
between 2NS and 2PR2, were significant (p <0.05). This graph represents total cell number, and
presents the averages of four replicates. The “No ATRA” sample was a single experiment, conducted
with the first of the four replicates, and is included as a baseline for NB4 cell proliferation in the absence
of ATRA.



Figure 5.18 Proliferation of purified transduced NB4 cells after 72 hours ATRA
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Figure 5.18 — NB4 were transduced as indicated (‘NB4’ is a non-transduced control) and purified as
appropriate, then cultured for 48 hours. Purified cells were treated with 5x10™ mol/l ATRA and cell
proliferation measured by CellTitre assay 72 hours later. The differences between sPR2 and sNS, and
between 2NS and 2PR2, were significant (p < 0.05). This graph presents average proliferation relative to
the starting cell number (‘0 hours’) from four replicates. The “No ATRA” sample was a single
experiment, conducted with the first of the four replicates, and is included as a baseline for NB4 cell
proliferation in the absence of ATRA.

Figure 5.19 Labelling of sorted transduced NB4 cells for myeloid differentiation
markers after 72 hours ATRA treatment
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Figure 5.19 - NB4 cells were transduced with sNS (blue histogram) or sPR2 (green overlay) vectors,
purified by cell sorting, then cultured for 48 hours. Cells were then treated with 5x10™® mol/l ATRA, and
cultured for another 72 hours. Finally cells were labelled with myeloid differentiation markers CD14 (A)
or CD11Db (B), then analysed by flow cytometry.



CD14, and then analysed by flow cytometry. This analysis showed that the retinoic acid
treatment had very little effect on myeloid differentiation (Figures 5.19 and 5.20).

5.3.5 Conclusions

In conclusion, the lentiviral delivery of shRNA targeted against the PML-RARa
fusion mRNA proved effective in down-regulating the copy number of the mRNA and
levels of the fusion protein. The effects of this down-regulation were dose dependent,
with higher doses resulting in apoptosis and/or inhibition of cell proliferation, while

lower doses allowed continued proliferation of transduced cells, whilst sensitising them

to the effects of ATRA.
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Figure 5.20 - NB4 cells were transduced with 2NS (blue histogram) or 2PR2 (green overlay) vectors,

selected with 12.5 ng/ml puromycin, then cultured for 48 hours. Cells were then treated with 5x10™ mol/l
Finally cells were labelled with myeloid differentiation

ATRA, and cultured for another 72 hours.
markers CD14 (A) or CD11b (B), then analysed by flow cytometry.



5.4 Discussion

The PML-RARa fusion gene occurring in the NB4 cell line interferes with
retinoic acid signalling (Huang et al. 1988; Warrell et al. 1991) and is a causative agent
in many acute promyelocytic leukaemias (Jansen et al. 1995). As a consequence of the
desensitisation of cells to retinoic acid caused by the PML-RAR« fusion protein, current
therapies commonly involve use of higher, pharmacological doses of retinoic acid
(Warrell 1993).

Molecular  strategies, including hammerhead ribozymes, antisense
oligonucleotides and shRNAs, have been used to target and down-regulate PML-RAR«
mRNA (Nason-Burchenal et al. 1998b; Chen et al. 1999b; Oshima et al. 2003). The
antisense oligonucleotides lead to apoptosis, growth inhibition and differentiation (Chen
et al. 1999b) while the ribozymes affected apoptosis and proliferation only (Nason-
Burchenal et al. 1998b). These aspects were not examined in the study involving
shRNA (Oshima et al. 2003). In these previous studies, each molecular strategy was
delivered transiently. ~ However, shRNA molecules may also be delivered via
integrating vectors, allowing stable transduction and presenting the possibility of stable
therapy. Accordingly, the effects of the shRNA on apoptosis and proliferation, and the
sensitivity of transduced cells to retinoic acid, require exploration. Furthermore, the
effects and consequences of stable delivery of these shRNAs also need examination.

To address these questions, two shRNAs were designed to trigger RNA
interference against the PML-RARa mRNA following delivery of the shRNAs via
lentiviral vectors. The first sShRNA design, ‘PR1’, was derived de novo from an siRNA
design algorithm. The second design, ‘PR2’, was derived from a 30 bp shRNA used by
Oshima et al. (2003) but reduced to 21 bp in accordance with optimal shRNA design
criteria (Elbashir et al. 2001b). Results from this chapter demonstrated that the PR1
design did not down-regulate the target PML-RARa mRNA. Instead, cells treated with
this shRNA had higher levels of PML-RARa mRNA than cells receiving the NS control
shRNA. This apparent increase was unexpected, but might be explained by a mild
immunostimulatory effect of the NS shRNA design. This possibility is discussed
further below. By contrast, levels of PML-RARa mRNA were consistently and
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significantly lower in cells treated with the PR2 design compared with cells treated with
the NS shRNA.

Results from Western blots confirmed that the PR2-induced down-regulation of
PML-RARa mRNA was accompanied by a reduction in levels of the PML-RAR«
protein. Protein down-regulation was evident 24 hours after mRNA down-regulation,
which was consistent with the half-life of the PML-RARa protein (Grignani et al.
1999). Having demonstrated down-regulation of the PML-RARa protein, the
downstream biological consequences were also examined.

The changes induced by the PR2 shRNA resulted in an increased number of
dead cells at the early time points. This was consistent with increased apoptosis
following targeting of the PML-RARa with hammerhead ribozymes and antisense
oligonucleotides (Nason-Burchenal et al. 1998b; Chen et al. 1999b). Furthermore,
analysis of cell cycling and differentiation indicated that the shRNA affected cell
survival directly, without effecting these parameters. As such, the shRNA results
described in this chapter closely mirror those described with hammerhead ribozymes
(Nason-Burchenal et al. 1998b). By contrast, antisense oligonucleotides reportedly
triggered apoptosis in combination with growth inhibition, although details were
unavailable (Chen et al. 1999b).

Prolonged culture of the cells and supplementation with fresh culture medium
resulted in some recovery of the PR2 transduced population. The timing of the wave of
apoptosis suggested that it may have resulted from sensitisation of the cells by PR2
shRNA expression to the stress associated with the spinoculation transduction method.
Experiments addressing this question demonstrated that the wave of apoptosis was also
evident where cells were transduced without spinoculation

The recovering cell population also included non-transduced cells. Proliferation
of transduced cells was therefore confirmed by eliminating non-transduced cells, by one
of two methods. Positive selection by fluorescence activated cell sorting and puromycin
selection were both effective in producing a purified population of transduced cells, and
both purified populations continued to proliferate.

Finally, suppression of shRNA expression in the proliferating PR2-transduced
cells was refuted by the persistent downregulation of PML-RARa mRNA levels, as
measured by qRT-PCR, indicating that the PR2 shRNAs remained active. There was,
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however, evidence for selection of cells bearing lower PR2 shRNA cassette copy
numbers. The activity and efficacy of shRNAs expressed from lentiviral vectors is
dependent upon vector copy number and thus the number of shRNAs copies present in
the cell (Scherr et al. 2005). Vector copy number in transduced cells was interpreted by
flow cytometric analysis of GFP expression, which revealed that the fluorescent
intensity of the proliferating PR2 transduced cells was lower than for the comparable
NS transduced controls, and this was true of both vector types. These results indicate
that proliferating PR2 transduced cells have a lower vector copy number and
consequently a lower copy number of the PR2 shRNA cassette. As the vectors were
otherwise identical, and initial rates of transduction must be assumed to be the same, it
must therefore be concluded that cells with a higher copy number of the PR2 vector
were eliminated from the population. These results point to a threshold of PR2 shRNA
expression; below which, cells are able to proliferate at a rate similar to the controls,
while shRNA expression above the threshold triggers apoptosis.

Aside from its anti-apoptotic role the PML-RARa fusion protein also interferes
with retinoic acid signalling due to the formation of RARa homodimers or oligodimers
(Lin et al. 2001a) that enhance transcriptional repression at physiological concentrations
of RA (Perez et al. 1993; Dong et al. 1996; Minucci et al. 2001).

Down-regulation of the PML-RARa fusion protein using hammerhead
ribozymes has been shown to increase the sensitivity of the cells to ATRA (Nason-
Burchenal et al. 1998a) and consequently the effects of the PR2 shRNA on retinoic acid
signalling was also investigated.

If it could be shown that the PR2 shRNA, aside from triggering proliferation,
was able to sensitise surviving cells to retinoic acid signalling, the shRNA would also
have potential in differentiation therapy. Therefore, the effect of the PR2 shRNA on
ATRA sensitivity of transduced cells was also examined.

Retinoic acid has been shown to affect a number of pathways in myeloid cells,
resulting in differentiation of such cells combined with a decrease in cell proliferation
(Otsuki et al. 2003; Jasek et al. 2008). When PML-RARo mRNA was targeted with
hammerhead ribozymes and then the cells treated with ATRA, cell proliferation was
inhibited, but this was the result of apoptosis, without any effect on the differentiation of

the myeloid cells (Nason-Burchenal et al. 1998a). In the present study, both the
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proliferation and differentiation of transduced cells treated with ATRA were examined.
Consequently in this chapter, the effects of ATRA were initially examined with cell
proliferation assays. These assays demonstrated that PR2-transduced cells, while able
to survive and proliferate despite reduced levels of the PML-RARa mRNA, were more
sensitive to the inhibitory effects of ATRA on cell proliferation, although differentiation
was not affected. Therefore, these results again agree with studies targeting the PML-
RARa mRNA with hammerhead ribozymes.

With regard to the therapeutic potential of the shRNA strategy, the results from
this chapter have identified an shRNA design that is effective against the PML-RARa
fusion mRNA, highlighting the therapeutic potential of these molecules. The beneficial
effects of these molecules on activity of the fusion gene was dose dependent, and
specific to the target gene only. In triggering apoptosis of the cells, or sensitising them
to the pro-apoptotic effects of retinoic acid, the anti-PML-RARa shRNA was able to
break the proliferative cycle of these leukaemic cells.

As regards the therapeutic delivery of these molecules, the results from this
chapter indicated that the inclusion of selectable marker genes in lentiviral vectors
provided an efficient and stringent means for positive selection of transduced cells,
resulting in a pure population of transduced cells suitable for transplantation. The
activity of the PR2 shRNA, combined with efficient selection of transduced cells,
therefore, offers the ability to restore normal functioning of the haematopoietic stem
cells, while eliminating the risk of cancerous growth, and thus, in combination with
bone marrow ablation and autologous transplantation, provides an efficient method for
replacing and reconstituting the myeloid cell population in PML patients.

Two technical points also arose from the results of this chapter. The results in
this chapter hold implications for methods of the design of effective shRNAs. The PR2
shRNA was based on an empirical design, with the centre of the shRNA aligning with
the centre of the target sequence. By contrast, the ineffective PR1 shRNA was designed
according to the criteria of an siRNA design algorithm. Therefore, in this case, reliance
on contemporary siRNA design algorithms alone would not have identified any
effective shRNAs. These results also support the need for more advanced design
algorithms that are appropriate for sShRNAs. This is discussed further in the General
Discussion (Chapter 8).
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Another interesting result to emerge from this chapter relates to the selection and
use of suitable controls in studies examining RNAi. Of the numerous forms of control
recommended for studies examining RNAi (“Whither RNAi?”, Nature Cell Biology
(2003), v.5 (6) pp. 489-490), many were not applicable or not safe in the present study.
The remaining strategies involved the use of a scrambled or ‘nonsense’ shRNA design,
and the use of a control shRNA based on the active PR2 but with an inversion of the
central nucleotides.  This latter control was tested, however it proved to be
inappropriate. Therefore the scrambled, ‘nonsense’ control was used throughout. A
suitable ‘nonsense’ control will distinguish the specific effects of the experimental
shRNA from non-specific effects, such as stimulation of non-specific innate immunity.
One widely used control, designed to target GFP, has been criticised due to its unusually
low immunostimulatory properties (Robbins et al. 2008). It was considered that use of
this control would lead to non-specific effects of the experimental shRNA being
attributed instead to sequence specific activity. In contrast to this, the nonsense control
shRNA used in the present study may be superior to many alternate designs, as this
nonsense design appeared to trigger some non-specific responses, such as upregulation
of the OAS mRNA, part of the interferon pathway. This control shRNA may also have
partially suppressed the super abundant expression of the PML-RARoa mRNA,
providing an explanation for the comparatively high levels of PML-RARa mRNA seen
in PR1 transduced cells. If the nonsense shRNA was stimulating a low level non-
specific response, it might consequently be considered as providing a more stringent test
for the active shRNAs. That is, against the background of this non-specific response,
any down-regulatory activity unique to the non-immunostimulatory PR2 shRNA must
be considered to be specific. This interpretation was supported by the down stream
effects of the PR2 shRNA, which were consistent with specific down-regulation of the
PML-RARa fusion gene. Therefore, in cases where alternate controls are inappropriate
or not applicable, it seems that use of this nonsense hairpin, combined with regular
screening for expression of interferon stimulated genes, provides valid analysis of

shRNA activity.
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5.4.1 Summary

The PML-RARa translocation is a well defined genetic lesion responsible for
many cases of APL. The results from this chapter demonstrate a number of points that
form a path towards a potential therapy for this disease. Firstly, the experiments
confirmed that the ShRNA targeted to the breakpoint down-regulated expression of the
target mRNA and inhibited proliferation of the cells in a dose-dependent manner. In
cells where the level of shRNA expression was lower, cells were still able to proliferate,
however sensitivity to retinoic acid signalling was restored, demonstrating multi-faceted
effects of shRNA expression. The results also demonstrated that, using appropriate
protocols, haematopoietic stem cells could be efficiently transduced with lentiviral gene
therapy vectors. When such vectors are combined with puromycin growth selection,
pure populations of transduced cells may rapidly be generated, minimising the need for
excessive expansion of a small population of founder cells. Such purified populations
of transduced cells would also be suitable for therapeutic transplantation and

retransfusion.
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6 Down-regulation of RUNXI-ETO by RNAi

6.1 Introduction

Acute myeloid leukaemias (AMLs) result from a range of chromosomal
abnormalities including the RUNX1-ETO translocation. This fusion gene occurs in 10
to 15 % of AML cases, making it one of the most common translocations found in this
disease (Rowley 1984). The fusion occurs between the RUNXI1 (AMLI1) gene on
chromosome 21, and the ETO (MTG, CBF2T1) gene on chromosome 8 (Miyoshi et al.
1993). This t(8;21)(q22;q22) fusion acts by changing the transcriptional activator,
RUNXI, into a transcriptional repressor (reviewed in Elagib and Goldfarb 2007).

In vitro studies of AML have been facilitated by the establishment of a cell line
from the peripheral blood of a young AML patient (Asou et al. 1991). This ‘Kasumi’
cell line carries the t(8;21)(q22;q22) fusion and has become an in vitro model for AML.
The molecular fusion in this cell line has been sequenced and mapped to the same
AMLI1 intron that is involved in all AML fusions (Miyoshi et al. 1993; Shiramizu et al.
1994).

Numerous attempts to interrupt the oncogenic capacity of Kasumi cells have
been based on methods to directly reduce, or eliminate, the fusion gene mRNA.
Hammerhead ribozymes and antisense oligonucleotides resulted in knockdown of the
fusion protein and inhibition of cell growth (Kozu et al. 2000). siRNAs have also been
used to target the RUNXI1-ETO fusion gene, which selectively down-regulated the
fusion mRNA, resulting in an increased sensitivity to differentiation agents, changes in
cell shape and reduced clonogenicity of the cells (Heidenreich et al. 2003). The
transient delivery of siRNA molecules was also sufficient to delay tumour formation in
vivo (Martinez Soria et al. 2009) while repeated electroporation of the siRNAs
eventually resulted in lower proliferation, which became apparent between days 4 and 7
of treatment (Martinez et al. 2004).

While the siRNAs are an effective means of down-regulating the RUNX1-ETO
mRNA, delivery of these molecules with current methods is inefficient. Consequently
siRNAs are not yet strong candidates for efficient cancer therapy. Lentiviral vector

delivery of shRNAs has much greater transduction efficiency and one aim of this
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chapter was to investigate the potential of ShRNA molecules, delivered by lentiviral
vectors, in down-regulating RUNX1-ETO mRNA. Furthermore, as Kasumi cells have
to date proven difficult to transduce by conventional methods, and there are few, if any,
reports of attempted retroviral or lentiviral transduction in this cell line, a concomitant
aim for this chapter was to determine if modified lentiviral protocols can achieve

efficient transduction of Kasumi cells.
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6.2 Methods

6.2.1 Kasumi Cell Culture and Transduction

The Kasumi cells were cultured as per the General Materials and Methods
(Section 2.1.2), with the following modifications to accommodate the characteristics of
this cell line. The complete culture medium used for Kasumi culture contained 20 %
foetal calf serum, and L-glutamine was added fresh before use. Medium was made up
fresh every two weeks to ensure that the L-glutamine remained fresh. The doubling
time of Kasumi cells is approximately three days, and cell cultures were diluted to half
when they reached 1-1.2x10° cells/ml.

Transduction of Kasumi cells was performed as per the modified method
developed and outlined in Chapter 3, with the following modifications. As Kasumi
cells are susceptible to high centrifugation speeds (P. Oakford, pers. comm.), these cells
were never centrifuged at speeds above 300 g. In addition, total culture volume during
transductions was carefully manipulated such that the density of the cells was always
within the range of 5-10x10° cells/ml. To achieve this the 1 ml aliquots of harvested
vector supernatant (see Section 3.3.3.1) were resuspended in 0.25 ml complete medium.
This volume was applied to 5x10°> Kasumi cells in one well of a 24-well plate. Finally,
because of the slow doubling time of Kasumi cells, samples for both the qRT-PCR and

the cellular proliferation assays were collected at 72 and 96 hours.

6.2.2 Hairpin Design

The nucleotide sequence of the RUNX1-ETO chromosomal breakpoint found in
Kasumi cells has been sequenced previously (Miyoshi et al. 1993) and is available
online (accession number D13979). In order to include the unique fusion sequence in
the hairpin design algorithms, the region of interest included the 20 nucleotides on each
side of the chromosomal breakpoint (see Section 2.6.2). This corresponded to
nucleotide’s 20-60 of D13979 (ie. GGGCCCCGA GAACCTCGAA/ATCGTACTGA
GAAGCACTCC). This sequence was entered into both the Ambion and GenScript
algorithms (also see Section 2.6.2). The output sequences are shown 5’ to 3’, and the
location of the chromosomal breakpoint is indicated with a forward slash.

The output target sequences using the Ambion algorithm were:
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Target sequence 1
57 -AACCTCGAA/ATCGTACTGAG-3~”

Target sequence 2
57 -AA/ATCGTACTGAGAAGCACT-3~”

The target sequences output from the GenScript algorithm were:
Target sequence 1 (“AE1”)

57 -CCTCGAA/ATCGTACTGAGAAG-3~
Target sequence 2 (“AE2”)

57 -CGAGAACCTCGAA/Z/ATCGTACT-3~
Target sequence 3 (“AE3™)

57 -ACCTCGAA/ATCGTACTGAGAA-3~

The Ambion algorithm produced two sequences from the region of interest. Of
these, the second was excluded because the breakpoint was too near the end of the target
sequence. The first Ambion sequence was also very similar to GenScript sequences 1
and 3, beginning 2 nucleotides and 1 nucleotide respectively, upstream. The GenScript
target sequence 1 also corresponded exactly with the sense sequence of the siRNA
published previously (Damm-Welk et al. 2003), and later validated by Heidenreich and
colleagues (Heidenreich et al. 2003). Furthermore, the second Ambion design
possessed strong homology with the normal ETO gene, as the breakpoint distant from
the active site of the shRNA. Therefore the three GenScript designs were selected for
testing as they provided the widest range and included the design homologous to the
validated design. Initial testing was performed with the AE1 hairpin because of the
strong agreement with the validated sequence of Heidenreich et al. (2003). The other
two GenScript sequences were subsequently also assembled and cloned into the
lentiviral vectors. The shRNA designs were compared using the pHIV-7-GFPshr

lentiviral vector backbone (Section 3.2.4).

6.2.3 Observations of Cell Shape and Appearance

In order to detect changes that may indicate entry into the differentiation
pathway, Kasumi cells were observed at 24 hour intervals, starting on the day of
transduction. Cells were observed at high magnification with an inverted light

microscope, and cell shape was recorded as circular, irregular, or cylindrical.
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6.2.4 qRT-PCR

Quantitative real-time PCR’s were performed as per the General Materials and
Methods, except for the following. Initial analyses indicated that there was considerable
variation between replicate samples normalised to the B-2-microglobulin house-keeping
gene (see below). Consequently, GAPDH was also used as a house-keeping gene.
Assays were performed in parallel, with four replicates available for the [-2-
microglobulin house-keeping gene, but only three were available for the GAPDH assay
(only two for the AE3 hairpin). The Plexor system was used exclusively in this study,
in order to minimise additional variation caused by pipetting error. The Plexor primers
for the B-2-microglobulin were as per Section 2.12.6, but the GAPDH primers were
obtained from Promega and the sequence of these primers was not made available,
although the length of the product was 64 bp. The forward primer was labelled with 5’
CAL Fluor Red 610 fluorophore label.

The primers for the RUNXI1-ETO fusion gene were as follows (5°-3”). The
forward primer was labelled with a 5' 6-FAM fluorophore.

RUNX/ETO-ForP

57 -GGAGGTGGCATTGTTGGAGGA-3”
RUNX/ETO-RevP

57 -CCTACCACAGAGCCATCAAAATCAC-3~

6.2.5 Cell Proliferation Assays

MTS cell proliferation assays for the Kasumi cells were performed as per the
General Materials and Methods, except that assays were undertaken at additional time
points, at 24 hour intervals from 72 hours to 144 hours. Cell density at the start of
culture was modified such that cell density remained within the optimal range for

Kasumi cells.
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6.3 Results

6.3.1 Delayed Transgene Expression
Preliminary observations with an inverted fluorescent microscope indicated that
expression of the GFP marker transgene was minimal at 48 hours post-transduction, but

maximal at 72 hours post-transduction.

6.3.2 qRT-PCR

The figures in this section (Figures 6.1 to 6.6) show RUNXI1-ETO fusion gene
mRNA copy number relative to GAPDH or B-2-microglobulin, in Kasumi cells
transduced with vectors expressing a range of short hairpin RNA’s. The cells were
transduced with vectors expressing a nonsense (NS) control hairpin sequence, or one of
three shRNAs (AE1, AE2 or AE3) designed to reduce the copy number of RUNXI1-
ETO mRNA. To examine the effect of the various shRNAs on RUNX1-ETO mRNA
copy number RNA samples were collected at 72 and 96 hours. The RUNXI-ETO
mRNA copy numbers were measured by Plexor qRT-PCR and normalised against both
the B-2-microglobulin (f2m) or glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
house-keeping genes. Relative copy number of RUNX1-ETO mRNA from multiple
replicates was compared between cells treated with the NS control and cells treated with

each of the three anti-RUNX1-ETO hairpin designs.

6.3.2.1 AE1 Hairpin

The average relative copy number of RUNX1-ETO mRNA from four replicates
of cells treated with the AE1 hairpin, and normalised to the B-2-microglobulin house-
keeping gene, is shown in Figure 6.1A. At 72 hours after transduction, RUNXI1-ETO
mRNA levels in AE1-treated cells were more than 40 times greater (4345%) than levels
found in NS-treated cells. By 96 hours after transduction, relative RUNX1-ETO copy
number in the AEI treated cells was approximately 1/8th (17%) of the level found in
NS treated cells. It should be noted that relative RUNX1-ETO mRNA copy number in
the NS treated controls was much higher at 96 hours than at 72 hours. Furthermore

standard deviation between replicates was high, and there was no significant difference
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Figure 6.1 RUNX1-ETO mRNA Levels from AE] treated Kasumi cells
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Figure 6.1 — Relative levels of RUNXI1-ETO mRNA normalised to (A) the B2M and (B) the GAPDH
house-keeping genes, comparing cells treated with AE1 or NS shRNAs, at 72 and 96 hours post-
transduction. This graph presents, on a log scale, the mean =+ standard deviation from four independent
transductions for the f-2-microglobulin house-keeping genes, and three independent transductions for the
GAPDH house-keeping gene. NS and AE1 samples were compared with a paired t-test.



between RUNX1-ETO mRNA levels in AE1 treated cells and controls (p = 0.190 and p
=0.163 at 72 and 96 hours respectively).

The qRT-PCR analysis of cells treated with the NS and AE1 vectors performed
using GAPDH as the house-keeping gene is shown in Figure 6.1B. This assay was
performed on the same RNA samples, although sufficient RNA was available from only
three replicates. At 72 hours, RUNX1-ETO mRNA was three-fold higher (317%) in the
AE]l treated cells than in the controls. At 96 hours, RUNX1-ETO mRNA was more
than a thousand times higher (16523%) than the controls. Standard deviation between
replicates was high, and no significant differences were present (p = 0.234 and p =
0.195 at 72 and 96 hours respectively).

Normalisation to the B-2-microglobulin house-keeping gene revealed a trend of
down-regulation at the later time point, however there was high variation between
samples and the results were not significant. Analysis of the remaining samples
normalised to the GAPDH house-keeping gene contradicted this trend, suggesting a
tendency to upregulation, however, there was high variation in these results also. These
results did not provide any evidence for down-regulation of the RUNXI-ETO fusion
mRNA by the AE1 hairpin.

6.3.2.2 AE2 Hairpin

When normalised to the f2m house-keeping gene, transduction with the AE2
hairpin resulted in a decrease in RUNX1-ETO relative copy number compared to NS
transduced cells (Figure 6.2A). At 72 hours post-transduction, average relative copy
number of the fusion mRNA in AE2 treated cells was approximately two orders of
magnitude less (1%) than in NS transduced cells. At 96 hours, there was an overall
increase in RUNXI1-ETO relative copy number in both the control and AE2 treated
samples compared with the 72 hour samples. Nevertheless, at 96 hours the RUNX1-
ETO mRNA relative copy number in AE2 treated cells was little over half (52%) of the
relative copy number in NS treated cells. There was a high standard deviation between
replicates, especially in the 96 hours samples (Figure 6.2A). The differences between
treatments were not significant at either 72 or 96 hours (p = 0.197 and p = 0.293

respectively).
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Figure 6.2 RUNX1-ETO mRNA Levels from AE2 treated Kasumi cells
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Figure 6.2 — Relative levels of RUNX1-ETO mRNA normalised to (A) the B2M and (B) the GAPDH
house-keeping genes, comparing cells treated with NS or AE2 shRNAs, at 72 and 96 hours post-
transduction. This graph presents, on a log scale, the mean + standard deviation from four independent
transductions for the f-2-microglobulin house-keeping genes, and three independent transductions for the
GAPDH house-keeping gene. NS and AE2 samples were compared with a paired t-test.



The RNA collected from three replicates of NS vs AE2 treated cells was
available for reanalysis using GAPDH as the house-keeping gene (Figure 6.2B). Use of
this house-keeping gene produced results contrasting with those obtained using 2m as
the house-keeping gene, despite use of the same RNA. Normalisation to the GAPDH
house-keeping gene indicated a greater relative copy number of RUNXI-ETO mRNA
in AE2 treated cells than in the NS treated controls at both 72 and 96 hours post-
transduction. At 72 hours, RUNX1-ETO mRNA relative copy number in AE2 treated
cells was greater than the relative copy number in controls by almost a half (140%). At
96 hours, the increase in RUNX1-ETO mRNA relative copy number was greater by
many orders of magnitude (461862%). Despite this, standard deviation was high and
the differences were not significant (p = 0.403 and p = 0.206 respectively).

The results obtained using the P2m house-keeping gene indicated down-
regulation of the RUNX1-ETO target mRNA by the AE2 hairpin compared to the NS
controls, however there was high variation between samples and this trend was not
significant. Normalisation of the remaining samples to the GAPDH house-keeping gene
contradicted this trend, suggesting a tendency of upregulation, however there was high
variation in these results also. Therefore these results did not provide any evidence for

down-regulation of the RUNX1-ETO fusion mRNA by the AE2 hairpin.

6.3.2.3 AE3 Hairpin

The AE3 hairpin appeared to increase the relative copy number of the RUNX1 -
ETO mRNA, with normalisation of samples against the f2m house-keeping gene
(Figure 6.3A) indicating that the relative copy number of the RUNX1-ETO fusion gene
at 72 hours was fifty times higher (5221%) in the AE3 treated cells than in the controls.
At 96 hours, the relative copy number of the fusion gene was again higher in AE3
treated cells, although the difference was less (243%). Standard deviation was high,
especially in the AE3 treated, 72 hour sample (Figure 6.3A), and there were no
significant differences between hairpin treatments at 72 or 96 hours (p = 0.094 and p =
0.220 respectively).

Only two RNA samples from AE3 treated cells were available for reanalysis
with the GAPDH house-keeping gene. Normalisation to this gene also indicated an

increase in RUNXI-ETO mRNA following treatment with the AE3 hairpin, compared
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Figure 6.3 RUNX1-ETO mRNA Levels from AE3 treated Kasumi cells
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Figure 6.3 — Relative levels of RUNX1-ETO mRNA normalised to (A) the B2M and (B) the GAPDH
house-keeping genes, comparing cells treated with NS or AE2 shRNAs, at 72 and 96 hours post-
transduction. This graph presents, on a log scale, the mean + standard deviation from four independent
transductions for the B-2-microglobulin house-keeping genes, and two independent transductions for the
GAPDH house-keeping gene. NS and AE3 samples normalised to the B-2-microglobulin house-keeping
gene were compared with a paired t-test.



to the NS control. Relative copy number of the fusion gene at 72 hours post-
transduction was higher by 2/3rds (168%) in the AE3 treated cells than in the controls
(Figure 6.3B). At 96 hours, fusion gene levels in the AE3 treated cells were a little over
1/10th higher (113%) than in the controls. Due to the low sample size, statistical
analyses were not performed.

Both analyses of RNA from AE3 treated cells indicated an upregulation of
RUNXI-ETO fusion gene relative copy number, although this upregulation was not

significant.

6.3.2.4 Summary of qRT-PCR Results

The qRT-PCR assays did not provide any evidence of a knockdown effect of the
shRNAs designed to target the RUNX1-ETO fusion gene mRNA. The relative copy
number of the fusion gene in each sample differed depending upon which house-
keeping gene was used in the analysis. Furthermore, there was high variation in relative

copy number between replicates of any given treatment.

6.3.3 Cell Proliferation assays

Because elimination of the RUNXI1-ETO fusion gene and protein has been
shown to have an inhibitory effect on Kasumi cell proliferation, cell proliferation assays
were performed following transduction with the lentiviral vectors expressing the NS,
AE1, AE2 or AE3 shRNAs. A range of time points was examined, beginning at 72
hours post-transduction, with the latest time point examined being 144 hours post-
transduction.

Two assays at 72 hours (Figure 6.4) indicated that there was a minor increase in
cell proliferation following treatment with the AE2 and AE3 shRNAs compared with
the NS treated controls. Treatment with the AE1 hairpin had no apparent effect at this
time point. Due to the low sample size, statistical analysis was not performed.

Four replicates were obtained for the 96 hour time point, as this period was
considered most likely to demonstrate any inhibitory effect, given the proliferation rate
of the Kasumi cells. These assays again indicated enhanced proliferation in the AE2
and AE3 treated cells, with no real effect of the AE1 hairpin on Kasumi proliferation
(Figure 6.5). Statistical analysis indicates that the increase in proliferation of the AE3

treated cells was significant (p = 0.009).
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Figure 6.4 Relative cell growth of Kasumi cells treated with AE1, AE2 or AE3 shRNAs
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Figure 6.4 — Average cell number at 72 and 96 hours from two separate experiments following
transduction with vectors expressing the NS, AE1, AE2 or AE3 shRNAs (n=2 except NS, AEl and AE2
samples at 96 hours, n=4).

Figure 6.5 Relative cell growth of Kasumi cells treated with AE1 or AE2 shRNAs
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Figure 6.5 — Average cell number at 120 and 144 hours following transduction with vectors expressing
the NS, AE1 or AE2 shRNAs. This graph represents a single replicate.



While 96 hours was considered optimal to observe any effects on cell
proliferation, a single trial with the AE1 and AE2 shRNAs assessing cell proliferation to
196 hours was performed to examine any delayed effects from these shRNAs. While
the number of cells transduced with the AE2 hairpin at 120 hours was lower than for the
NS transduced controls, cell number in the control sample at 144 hours was very similar
to the AE2 sample, indicating that the difference observed at 120 hours was not
biologically significant.

For the cell proliferation assays, variation between replicates was low and the
trends for each hairpin were consistent between time points, suggesting the assays
themselves are reliable. From these assays it was concluded that there was no inhibitory
effect on cell growth by any of the shRNAs designed to target the RUNXI1-ETO fusion
mRNA.

6.3.4 Appearance of Cells

As irregular cell shape can indicate entry of Kasumi cells into the differentiation
pathway, regular observations of cellular appearance were made by light microscopy.
From the first observation on the day of treatment up until the last time points examined
(ie. 144 hours), all cells treated with the shRNAs remained regular in shape, indicating

that none of the shRNAs were inducing differentiation.
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6.4 Discussion

The RUNXI1-ETO fusion gene found in Kasumi cells is responsible for many
cases of acute myeloid leukaemia. Hammerhead ribozymes (Kozu et al. 2000; Szyrach
et al. 2001) and siRNAs (Heidenreich et al. 2003) have been used to down-regulate the
fusion mRNA, resulting in down-regulation of the protein, and impaired clonogenicity
of Kasumi cells, although effects on cell proliferation were somewhat delayed (Martinez
et al. 2004). Effective delivery of these molecules, however, has so far been inefficient,
and one aim of this chapter was to enhance the delivery efficiency of effective gene
therapy using lentiviral vectors. Transduction of Kasumi cells has in the past proved a
challenge to delivery of therapeutics in vitro.

As has been outlined in Chapter 3, the modified lentiviral vectors and
transduction techniques developed and used in this thesis reliably achieved high rates of
transduction in Kasumi cells. To date there have been few if any reports of retroviral
transduction of Kasumi cells, and this is the first report of successful transduction of
these cells with lentiviral vectors. This strategy, combined with optional positive
selection of transduced cells (see Chapter 3), provides a basis for effective and stable
gene therapy of Kasumi cells and similar cell types. These results open the way for
further investigations using compatible methodologies, such as hammerhead ribozymes
and RNAi. The implications of these results extend beyond this, however, as many
primary or patient-derived cell types have proven difficult to transduce with existing
vector types, including lentiviral vectors. The methods and vectors developed here may
therefore have application across a wide range of gene therapy protocols. This is
discussed further in the General Discussion (Chapter 8).

Adapting RNAi molecules to delivery by lentiviral vectors required the
identification of an shRNA molecule that was effective against the RUNX1-ETO fusion
of Kasumi cells. A series of three different shRNAs molecules was designed using
siRNA design algorithms, then cloned into lentiviral vectors for delivery and
expression. Of the three shRNAs tested here, one bore homology with the effective
siRNA design of Heidenreich et al. (2003), while the other two were novel designs. To
test these designs, the shRNAs were delivered by lentiviral vectors, and the effects on

levels of the RUNX1-ETO mRNA assessed by qRT-PCR.
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The B-2-microglobulin house-keeping gene was used for normalisation as it was
found to be one of the most stable in a comparison of commonly used house-keeping
genes (Schmittgen and Zakrajsek 2000). When RUNXI-ETO mRNA levels were
normalised to P-2-microglobulin, however, there was high variability between
replicates. Consequently, samples were reanalysed and normalised against another
commonly used house-keeping gene, GAPDH. This gene was selected as it was used
previously to study RNAi against RUNX1-ETO (Heidenreich et al. 2003), however
results normalised to GAPDH were also highly variable. Therefore the qRT-PCR
results provided no evidence of a down-regulatory effect by any of the three shRNAs on
RUNXI-ETO mRNA levels.

Despite widespread use as a house-keeping gene, GAPDH has been reported to
be susceptible to perturbation by a range of factors (Schmittgen and Zakrajsek 2000),
and qRT-PCR studies of RUNX1-ETO levels in Kasumi cells have previously proved
unreliable when normalised against GAPDH (Krauter et al. 1999). While there have
been no such reports in relation to B-2-microglobulin, problems with quantification of
mRNA in the Kasumi cell line are frequently encountered (A. Holloway, pers. comm.).
As such, future studies with this cell line must start with the identification of reliable
housekeeping genes. One candidate housekeeping gene that has proven reliable after
stringent testing is c-Abl (Beillard et al. 2003), and it may be worth examining the
reliability of this housekeeping gene in Kasumi cells.

As the gRT-PCR results were unreliable, cells were examined for likely
downstream effects of down-regulation of the RUNX-/ETO fusion mRNA, specifically
induction of cell differentiation and inhibition of cell proliferation. Specific targeting
and down-regulation of the RUNXI1-ETO mRNA by catalytic ribozymes and antisense
RNA results in rapid inhibition of proliferation, with changes in viable cell number
evident within 48 hours (Kozu et al. 2000). Considering the expected delay in shRNA
expression following vector delivery, changes in viable cell number might therefore be
expected as soon as 72 or 96 hours. Despite examination of cell numbers from 72 hours
to 144 hours, however, there was no evidence of any inhibitory effect of the shRNAs on
Kasumi cell proliferation. Similarly there was no evidence of differentiation in the
transduced cell populations. It should be noted, however, that when RUNXI1-ETO
mRNA was targeted by siRNAs, the inhibitory effect was delayed by comparison with
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the ribozyme and antisense methods. Whereas the latter methods both inhibit cell
proliferation within 48 hours, a single treatment with siRNA did not affect cell
proliferation within 5 days, despite effective and sustained down-regulation of RUNX1-
ETO mRNA and protein over this period (Heidenreich et al. 2003; Martinez et al.
2004). Instead, repeated treatments with siRNA were necessary to bring about changes
to cell number, which was not evident until approximately day 5 (Martinez et al. 2004).
Results from this thesis have demonstrated that despite effective transduction and
knockdown of the fusion mRNA and proteins, a subpopulation of cells, that has
received a lower effective dose of shRNA, may survive and lead to recovery of the
transduced population (see Chapters 4, 5). This recovery was typically observed within
a matter of days. Considering the delayed effect of the siRNAs on cell proliferation, it
was therefore unlikely that any inhibitory effect of the shRNAs delivered by the
lentiviral vectors would be observed before possible recovery of the transduced cell

population.

6.4.1 Conclusion

From the results presented in this chapter it must be concluded that the three
shRNAs designed to target the RUNXI-ETO mRNA were ineffective in down-
regulating this target. This was despite the close homology of one of these designs with
an effective siRNA design. Furthermore, it should be noted that an shRNA design
based on this active siRNA has elsewhere been reported to successfully down-regulate
the RUNX1-ETO mRNA target (Fazi et al. 2007). The design of this active shRNA has
not been published, however, and a comparison with the shRNA designs used here has
not been possible. Nevertheless the results from this chapter highlight the differences
between optimal siRNA and shRNA designs, and emphasise the need for design
algorithms more suitable for shRNA design.
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7 Activity of Ty3 Integrase in Human Cells

7.1 Introduction

Stable gene therapy relies on long term expression of transgenes, which is best
achieved by integration of the transgenes into the genome of the target cell. Use of viral
vectors can mediate efficient and reliable integration of transgenes, however, such
vectors present a potential risk due to insertional mutagenesis. Insertional mutagenesis
is the disruption of normal genes by mutation or dysregulation by vector transgenes and
their promoters. Integrase, the enzyme that mediates integration of the vector into the
host genome, strongly influences the risk of insertional mutagenesis. Integrase enzymes
from different vector types have characteristic integration profiles, but integration of
many viruses is often targeted to areas of high transcriptional activity. Such targeting is
due to selection pressures favouring higher expression of viral genes. Unfortunately, as
speed of replication and transmission are priorities for many virus types, survival of the
host cell rarely enters the equation for viral success. These priorities conflict with those
of stable gene therapy. By contrast, retrotransposons are a group of integrating
elements that share many characteristics with retroviruses, but are incapable of lateral
transfer, and consequently their fate is closely tied to their host cells. Part of ensuring
the long term survival of host cell is maintaining the genomic integrity of that host.
Amongst retrotransposons, those found in yeast must navigate a gene-rich host genome
without causing disruption, generating further selective pressure on targeting
retrotransposon integration. Studies of a suite of yeast retrotransposons and their
integrases have revealed a range of strategies to minimise the risk of genomic disruption
(reviewed in Bushman 2003).

One of these yeast retrotransposons, Ty3, has evolved strict targeting
characteristics. This retrotransposon is found in Saccharomyces cerevisiae, where
integrated copies are always found between 1 and 4 nucleotides upstream of PolllIl class
tRNA genes (Chalker and Sandmeyer 1992). Such integration is mediated by direct
interaction between the retrotransposon integrase and the yeast transcription factor
subunits, TFIIIB and TFIIIC (Kirchner et al. 1995; Connolly and Sandmeyer 1997).

Integration at this site is unlikely to cause disruption as tRNA genes possesses internal
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promoters (Sharp et al. 1981; L'Etoile et al. 1994). Such integration targeting would be
highly desirable in integrating vectors for human gene therapy. The Ty3 integrase has
been shown to recognise the human tRNA-Lys gene present in a plasmid introduced
into yeast cells, and bound upstream of this gene as it did for yeast genes (Dildine and
Sandmeyer 1997), however, in this context the integrase would still be interacting with
yeast TFIIIB and TFIIIC. Therefore it remains to be determined whether the Ty3
integrase possesses any integrative activity in human cells. There does exist a high
degree of similarity between the TFIIIB and TFIIIC subunits of S. cerevisiae and
humans, especially upstream near the site of Ty3 insertion (Huang and Maraia 2001).

In order to assess the integrative activity of the Ty3 integrase in human cells,
experiments were carefully designed in consideration of the characteristics and varied
roles of integrase enzymes. For example, the integration mechanism is dependent on
interaction between the integrase and a reverse transcript of the Ty3 genome. This
interaction has not been closely studies in retrotransposons, however, in retroviruses the
region of the reverse transcript to which the retroviral integrase binds extends at least 21
base pairs from the end of the transcript, although sequences beyond the terminal 15
base pairs appear to play little role in substrate specificity (reviewed in Coffin et al.
1997). Furthermore, CA/GT dinucleotide pairs are consistently found at the ends of
integrated transposable elements of many types, including Ty3 (Coffin et al. 1997,
Sandmeyer et al. 2002), suggesting an important role for such pairs in the integration
reaction (reviewed in Coffin et al. 1997). The integrase enzymes of HIV and MoMLV
also carry out ‘end processing’, the cleavage of the terminal 2 nucleotides from each 3’
end of the reverse transcripts, prior to insertion (Craigie et al. 1990; Engelman et al.
1991) and the same process evidently takes place in Ty3 (Kirchner and Sandmeyer
1996). Finally, Ty3 integrase also initiates reverse transcription (Nymark-McMahon et
al. 2002), catalyses disintegration (Chow et al. 1992), and mediates nuclear localisation
of the Ty3 genome, across the intact nuclear membrane (Lin et al. 2001b). These
features have been incorporated into the experimental design. Similarly, the Ty3
integrase, normally expressed as part of the Pol polyprotein (Coffin et al. 1997), may
instead be linked to a Met transcription start site immediately upstream of the coding

region (Thyagarajan et al. 2001).
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The main aim of this chapter, therefore, was to assess the integrative activity of
Ty3 integrase in human cells. This aim relied on successfully expressing the integrase

in these cells and providing this enzyme with a compatible substrate.
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7.1.1 Methods

7.1.1.1 Expression Vectors

The pLV-tTRKRAB-Red lentiviral vector was selected as the basis for delivery
and expression of the Ty3 integrase gene as it contained an EF-1a promoter, an internal
ribosomal entry site, and a WPRE insulator element. To allow positive selection of
cells expressing the Ty3 integrase (IN), this gene was linked to a puromycin resistance
gene (PUROTr) via the IRES. Accordingly the PUROr marker was inserted downstream
of the IRES, from which position expression was expected to be lower than for the
upstream gene. The PUROTr gene was inserted first, and this form of the vector without
the IN was used as the negative control. The details of the construction of these vectors
are outlined below.

The original pLV-tTRKRAB-Red vector contained the tTRKRAB and dsRed
genes upstream and downstream of the IRES, respectively. Of these, only the IRES was
retained, being sub-cloned into a pGEM-T-easy vector (Promega) to facilitate
subsequent cloning steps (see also Section 3.2.5.2). The primers used for this sub-
cloning step included additional restriction sites, and also reintroduced the more
efficient wild-type IRES start codon (Martin et al. 2006). The sequences of these
primers, designed by Dr Stephen Frankenberg (University of Melbourne), were as
follows:

IRES-FP (42 nt containing, in order, Mlul, BamHI, Xmal, and Spel restriction sites)

57 -ACGCGTGGATCCCGGGACTAGTTCCGCCCCCCCCCCCCTAAC-3”IRES-
RP (38 nt containing, in order, Xbal, EcoRI, and Bglll restriction sites. The
complement of the wild-type IRES start codon is underlined)

57 -TCTAGAATTCAGATCTCCATATTATCATCGTGTTTTTC-3~

The purified amplicon was ligated directly into the pGEM-T-easy vector by Dr
Stephen Frankenberg, creating the ‘pGTE-IRES’ vector.

The puromycin-resistance gene (PUROr) was amplified from the pPBABE-PURO
vector (supplied by AddGene) using primers with multiple restriction sites, including
BamHI and Xmal on the forward and reverse primers respectively, which were used

here. The sequences of the primers were as follows:
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PUROFP2

57 -GGGATCCGCATGACCGAGTACAAGCCCACGG-3”
PURORP2

57 -GACCGGTACCGGCGCGCCTCTAGAGCATGGGGTCGTGCGCTCCTTTCGG-
37

The resulting amplicon was digested with BamHI and Xbal restriction enzymes
and ligated into a pGTE-IRES vector cut by Bglll and Xbal restriction enzymes. The
overhangs generated by BamHI digestion of the amplicon and BglIl digestion of the
vector were compatible, and when these were ligated, the BgllI site in the vector was
obliterated, leaving the BgllI site in the amplicon as a unique restriction site for this
enzyme. ligation of the compatible BamHI and BglIl overhangs obliterated the BglIl
site of the vector, while retaining the Xbal site. From this ‘pGTE-IRES-PURO’
intermediate construct, the IRES-PURO fragment was excised with an Mlul-Xbal
double-digest. This fragment was then ligated into an Mlul-Spel-cut, pLV-tTR KRAB-
Red backbone, to give the pLV-IRES-PURO vector. This was used as the negative
control vector.

The pEGTy3-1 plasmid was provided by Professor Suzanne Sandmeyer
(University of California, Irvine), and contained the complete genome of the Ty3
retrotransposon (accession number M23367). The integrase gene, as part of the Pol
polyprotein, spanned nucleotides 3450-5060 of this sequence. The forward primer used
for amplification of this sequence was also designed to introduce a Kozak consensus
sequence and a Met/start codon immediately before the first integrase codon.

The forward primer was linked with an Ascl restriction site, while the reverse
primer was linked with an Xmal restriction site. The sequence of each primer was as
follows:

KOZAKFP (Kozak consensus sequence in bold, start codon underlined)

57 -CGGGCGCGCCACCATGACTATAACCCCCGAAACATCCCGACCT-3”
3INRP

57 -TCCCCCCGGGAGGTTGTTTCATATGTGTTTTATGAAC-3"

The resulting amplicon was serially digested with Ascl and Xmal and ligated
into an Mlul-Xmal-cut pLV-IRES-PURO vector backbone. The resulting expression
vector was designated ‘pLV-3IN-IRES-PURO’ (Figure 7.1).
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Figure 7.1 pLV-3IN-IRES-PURO
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Figure 7.1 - Vector plasmid for expression of Ty3 integrase gene (Ty3 IN)
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Figure 7.2 - The marker ‘integrant’ construct, with a CMV promoter (CMV), enhanced green fluorescent
protein (GFP), and WPRE insulator (WPRE), flanked by wild-type long terminal repeats from the Ty3
retrotransposon (LTR).



7.1.2 Marker ‘Integrant’

To substitute for the wild-type Ty3 genome, a marker ‘integrant’ was
constructed, which consisted simply of a marker gene flanked by Ty3 LTRs. The GFP
marker gene of the pHIV-7-GFP lentiviral vector (Li et al. 2003a) gave robust
expression of the fluorescent protein and this vector was selected as the basis for the
integrant. In this vector GFP expression was driven by a CMV promoter and followed
by a WPRE insulator. These genes spanned nucleotides 2024 to 3653 of the pHIV-7-
GFP vector and were flanked by a number of unique restriction sites that were used for
insertion of Ty3 LTR sequences (see below). The restriction sites used for the cloning
steps were BamHI and Xmal (cutting at positions 1467 and 1473 respectively), and
Kpnl and DrallI (cutting at positions 3860 and 4275 respectively).

The long terminal repeats of the wild-type Ty3 retrotransposon were also cloned
from the pEGTy3-1 plasmid. The primers used to amplify the LTRs were linked with
restriction sites compatible with those of the pHIV-7-GFP vector indicated above. That
is, the forward primers were linked with BamHI and Kpnl for the 5° and 3° LTRs
respectively, while the reverse primers were linked with Xmal and Dralll, respectively.
These primers allowed insertion of the LTRs in the forward orientation. The complete
sequences for these primers were as follows:

LTRLINKBAMFP

57 -CGGGATCCCGAAACACAAGACAACCCTGA-3”
LTRLINKXMARP

57 -CCCCCGGGGAGCATCCAAAATGGAACTTT-3”
LTRLINKKPNFP

57 -GGGGTACCCGAAACACAAGACAACCCTGA-3”
LTRLINKDRARP

57 -CCCACTACGTGGAGCATCCAAAATGGAACTTT-3”

The resulting vector was designated ‘pHIV-LTR’. This formed the template for
amplification of the linear integrant by PCR. As the reverse transcript of the Ty3
genome is blunt-ended prior to end processing by the integrase enzyme, the integrant
was amplified by blunt-ended PCR using the Phusion proofreading polymerase

(Genesearch), as per the manufacturers’ instructions. The annealing temperature was
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60 °C. The primers used for this amplification were designed to anneal at each terminus
of the Ty3 LTR sequence. The sequences of these primers were as follows:
LTRENDSFP

57 -GATGTTGTATCTCAAAATGAGATATG-3”
LTRENDSRP

S5”-TCTGTTGTATTACGGGCTCGAGTAATA-3~

The full-length linear integrant amplicon was 3128 nt (Figure 7.2). As the
primers bound at the termini of the LTRs, and the LTRs were complete at both ends of
the template, a shorter, 344 nt product was also generated. This shorter product was
dominant in the PCR reaction, however sufficient quantities of the 3128 nt product were
generated for gel separation and extraction by standard methods. Preliminary testing by
transient transfection of 293T cells demonstrated that low concentrations were sufficient

for robust expression of the GFP marker gene.

7.1.3 Puromycin Selection

In order to determine the appropriate dose of puromycin from the transfected
293T cells, a series of dose-response experiments was performed. 293T cells were
seeded at 5x10° cells per well of a 6-well plate. After 48 hours, cells were transfected
with 1 pg per well of either the pLV-3IN-IRES-PURO vector or the negative control
vector (pLV-IRES-PURO), as per standard Calcium Phosphate precipitation methods
(see Chapter 2.10).

At 48 hours post transfection, cells were treated with puromycin at doses
ranging from 0.5 to 50 ug/ml. The number of adherent 293T cells was assessed after 48
hours of puromycin treatment. The appropriate concentration of puromycin for each
vector was taken as the dose at which approximately 10% of cells remained attached.
For cells transduced with the pLV-3IN-IRES-PURO vector, the appropriate dose was
2.5 pg/ml puromycin, whereas for cells transduced with the negative control vector, the

appropriate dose was 50 pg/ml.

7.1.4 Co-transfection
Preliminary testing indicated that transfection of 293T cells with 350 ng of the
integrant marker per well (for a 6-well plate) was sufficient for widespread expression

of the GFP marker. Accordingly, cells were seeded at 5x10° cells per well of a 6-well
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plate, and after 48 hours, cells were co-transfected by calcium phosphate precipitation
with 350 ng of the marker integrant and 1 pg of either the pLV-3IN-IRES-PURO vector
or the negative control vector. At 48 hours post transfection, cells were treated with
puromycin at the doses indicated above, with this dose repeated at 120 hours post
transfection. At day 7, cells were trypsinised and counted. Cells were diluted to a
density of 2 cells per 200 pl with fresh DMEM, and dispensed into 96-well plates at
200 pl per well.

7.1.5 Monitoring for Marker Gene Expression

At day 8, the 96-well plates were initially screened for adherent, fluorescent
cells by inspection with an inverted fluorescent microscope. Fluorescent cells were
identified, and their shape and location within the well were recorded. These
fluorescent cells were checked every second day for two weeks with non-proliferating
cells excluded from further observations. Similarly, where fluorescence was lost from
proliferating colonies within this period, such colonies were also excluded. As colonies
grew, they were passaged to 24-well plates then to 6-well plates. Where two or more
proliferating colonies were present in the same original well, each colony was
transferred separately such that after the first passage each well contained a single
colony.

All colonies remaining in the study at week two were observed weekly up to 7
weeks post transfection, with the proportion and distribution of fluorescent cells within
the colony recorded at each time point. Detailed records were kept and colonies fell
into three distinct categories. In the first category, all cells within the colony retained
fluorescence, and these colonies were recorded as ‘fluorescent’. In the second category,
colonies included fluorescent cells and cells from which fluorescence had been lost.
These colonies were designated ‘mosaic’. In the third category, fluorescence was lost
from all cells in the colony, including the once-fluorescent progenitor cells. These
colonies were recorded as ‘fluorescence lost’.

Cells toward the centre of each colony would have limited opportunity for cell
division, reducing the dilution or expulsion of non-integrated DNA. Therefore, colonies
in which only a few cells toward the centre retained fluorescence were categorised as
‘non-fluorescent’ but with a note recording the presence of these few fluorescent cells.

In all of these colonies, however, fluorescence from these few cells was lost after
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passaging and replating. At the end of the 7 week culture period, gDNA was collected

from each colony using a Wizard Genomic DNA Purification Kit (Promega).

7.1.6 Screening gDNA for integration of expression vectors

To ensure that results were not skewed by passive integration of the expression
vectors and continued expression of the Ty3 integrase, gDNA from each colony was
probed for the presence of the puromycin resistance gene using the PUROFP2 and
PURORP2 cloning primers (see Section 7.3.1). PCR reactions were visualised on

Agarose gels.

7.1.7 ldentification of Integration targeting sites

Linear Amplification Mediated Polymerase Chain Reaction (LAM-PCR) was
used to sequence the integration sites of the marker integrant in the gDNA of the
transfected cells. The method used was that of Schmidt et al. (2007), except that high-
resolution gels were not used. Furthermore, sequencing of Ty3 integration sites
required the design of custom primers, and selection of an appropriate restriction
enzyme. These steps are outlined below. The linker cassette and corresponding reverse
primers described in the original protocol (Schmidt et al. 2007) were compatible with

the 4-cutter restriction enzyme selected here.

7.1.7.1 Restriction Enzyme

As per the criteria set out in Schmidt et al. (2007), the Bfal 4-cutter restriction
enzyme was selected. Within the Ty3 LTR, the Bfal restriction site occurred only at
position 121 of the LTR sequence. From the 5’ LTR, the next Bfal restriction site
within the integrant sequence was at nucleotide 2390. Therefore, using primers
designed to bind downstream of the Bfal restriction site, linear PCR from the 5° LTR,
followed by Bfal digestion, should result in a fragment of no less than 2269 base pairs.

By contrast, the Bfal restriction enzyme cuts relatively frequently in the human
genome. In human chromosome 21, for example, average ‘fragment length’
(chromosome length divided by the number of Bfal restriction sites) after Bfal digestion

would be 398.7 nt (see www.bioinformatics.org/pipermail/bbb/2006-

September/003548.html). Consequently, products amplified from the 3’ LTR would be

shorter on average, and should dominate the subsequent nested PCRs. The longer
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products from the 5° LTR might also be easily identified and eliminated by gel

separation.

7.1.7.2 Forward Primer Design

MacVector software was used to design nested forward primers to bind 3’ of
nucleotide 121 of the Ty3 LTR sequence. These primer sequences were ‘Blasted’
against the human genome to assess the probability of non-specific binding. The
sequence of the primers is given below, along with the position of each primer in the
344 nt Ty3 LTR sequence and the degree of homology with the human genome.

LTI (biotinylated)

5" -GCTTCCACCACTTAGTATGATTC-3"

Positions 180-202 of Ty3 LTR. Primer length 23 nt, 17/17 nt homology with
human genome.

LTI

5"-GTTTTGACAACTGGTTACTTCC-3"

Positions 258-279 of Ty3 LTR. Primer length 22 nt, 17/17 nt homology with
human genome.

LTI

5"- AACTGGTTACTTCCCTAAGACTG -3*

Positions 266-288 of Ty3 LTR. Primer length 23 nt, 17/17 nt homology with
human genome.

The reverse linker cassette and reverse primers were used in the nested PCRs, as
per the original protocol (Schmidt et al. 2007), and the products separated by

electrophoresis on a 1% agarose gel.

7.1.7.3 Sequencing

Bands longer than 79 bp (the length from the LTIII primer to the end of the
LTR) were excised and extracted using a Wizard SV Gel and PCR Clean-up kit
(Promega). Extracted bands were cloned into pPGEM-T-easy cloning vectors (Promega),
which were then used to transform ‘Top 10 E. coli (Invitrogen). The bacteria were
grown overnight on Ampicillin agar plates that had been coated with X-gal 30 minutes
before plating to enable blue/white screening. Blue colonies were probed with the LTIII

and LCII primers in a 10 ul PCR reaction to confirm the presence of the insert, and
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candidate colonies cultured overnight in Luria broth with Ampicillin. Cloning vector
cultures were miniprepped (Promega) and sent to Macrogen for sequencing using both
the T7 and SP6 universal primers.

Returned sequence data was filtered to exclude sequence from the cloning
vectors and the primers. Remaining candidate sequences were then ‘Blasted’ against

the human genome.

7.1.8 Screening of gDNA for Integrated Copies of the Marker Gene
To determine the genotype of colonies in each category, gDNA was also directly
probed by PCR for integrated copies of the marker gene. Various combinations of
existing primers (see above) that were specific to the marker sequence were tested,
however, most combinations did not reliably discern positive from negative gDNA
controls. Finally the LTRENDSFP primer was used in conjunction with a novel primer,
‘PROBERP’, designed to bind within the GFP sequence. These primers spanned a
region extending from the 5° LTR to the GFP sequence, with an expected product size
of 1271 bp. The sequence of the novel primer was as follows:
PROBERP
5"-AAGTCGTGCTGCTTCATGTG-3"
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7.2 Results

7.2.1 Long-term Expression of Marker Transgene in Human Cell

Colonies

In order to assess the influence of the Ty3 integrase on the stability of transgene
expression, colonies of 293T cells were transfected with a marker integrant and either a
vector expressing the integrase or a control vector. Cells were selected with puromycin
and proliferating fluorescent colonies were observed every second day up to day 14. By
this time the initial and widespread transient transgene expression had almost
completely disappeared, and therefore only colonies with fluorescence at day 14,
whether mosaic or completely fluorescent, were observed further. This left a total of 32
control colonies and 33 integrase-treated colonies.

At day 14 (week 2), at least one third of the control colonies had lost
fluorescence from some of the cells (Figure 7.3A). By contrast, only one of the 33
integrase treated colonies had lost fluorescence from any of the cells. This trend
continued to week 4, with most control colonies at this time point losing fluorescence
from some (mosaic) or all cells (Figure 7.3B). One of the integrase treated colonies had
lost all fluorescence, and some were categorised as mosaic, however two thirds of all
colonies retained fluorescence in all cells.

At the end of the experiment (week 7), only one of 32 control colonies retained
fluorescence in all cells, while half had lost all fluorescence, with the remaining 15
colonies categorised as mosaic (Figure 7.3C). For the integrase treated cells, the
number of colonies in which all cells were fluorescent had decreased only marginally,
from 22 at week 4 to 20 at week 7. The number of mosaic and non-fluorescent colonies
had each increased by one.

These results clearly demonstrate that more integrase treated cells retained
fluorescence than the controls, and in colonies where fluorescence was lost, it occurred
later than in the controls. Thus the presence of integrase had a clear positive effect on

the long term stability of transgene expression.
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Figure 7.3 Relative numbers of fluorescent and mosaic colonies following treatment

with Ty3 integrase
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Figure 7.3 — 293T cells were co-transfected with an integrant marker, and the integrase vector or control.
Graphs represent the proportion of colonies that were completely fluorescent, a mosaic of fluorescent and
non-fluorescent cells, or completely non-fluorescent, at 2, 4 and 7 weeks (A, B and C respectively) after
transfection. The results represent the total number of colonies from two separate experiments.



7.2.2 Screening for PUROr Marker Gene of the Expression Vectors
Genomic DNA samples representative of each group were screened by PCR for
the presence of the puromycin resistance gene (PUROTr), indicating the persistence of
the expression vectors integrated into the genome. While a range of bands was present
in all cells, there were no bands corresponding to the PUROr gene itself (Figure 7.4).
From this it was concluded that the expression vectors had not integrated, and that the

expression of the Ty3 integrase was only transient.

7.2.3 Gel-Separation of LAM-PCR Products
LAM-PCR reactions were performed on all available gDNA samples, then

visualised by gel separation. Multiple bands were evident from most reactions,
regardless of the treatment or the colony category (Figures 7.5 and 7.6). Most bands
were up to 400 bp in length, but the maximum was approximately 800 bp. There were,
however, some colonies from which no bands were produced (see Figures 7.5A and
7.6B), but again this bore no relation to the treatment or category of the colony.
Similarly the number of bands produced bore no relation to the treatment or category of
the colony. From these results it was clear that the number and size of PCR products
from the LAM-PCR reactions did not accurately reflect the genomic status of the

marker integrant in these colonies.

7.2.4 LAM-PCR Sequencing Results

The brightest and cleanest bands from the LAM-PCR products were extracted
from the separation gels then cloned into cloning vectors and sequenced. Of the 29
sequences returned, few were of acceptable quality. Many sequences consisted only of
the forward and reverse primers (6 sequences), or consisted of the primers plus
sequence from the cloning vector (8 sequences). These sequences were ignored. Of the
15 remaining sequences that contained the primers and the marker LTR, 12 consisted of
sequence from within the marker integrant. That is, the linear PCR step had extended
from the 5° LTR rather than the 3’ LTR.

Only three sequences contained human genomic DNA. Two of these were from
the same control treated mosaic colony, while the third was from an integrase treated
fluorescent colony. These sequences were ‘Blasted’ and the strongest homology for

each sequence was as follows. Sequence A from the control treated mosaic colony
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Figure 7.4 Probing for integrated expression vectors

Figure 7.4 — Genomic DNA of cells treated with integrase (‘IN’) or controls (‘K’), as well as gDNA of
untreated controls (‘neg’), were probed for integrated copies of the PUROr marker gene (expected size
686 bp) of the vectors. The PCR products were separated on a 1% agarose gel. The ladder (‘“HP’) is a
HyperLadder II (Appendix 7.X), with bright bands at 300 and 1000 bp (100 bp intervals, no band at
900 bp).

Figure 7.5 LAM-PCR products from integrase treated colonies

Figure 7.5 — LAM-PCR reactions were performed on gDNA from all colonies. The products of these
reactions were visualised by gel separation. These images are of representative samples of integrase
treated colonies that were all fluorescent (A), mosaic (B), or from which fluorescence had been lost
entirely (C). The ladders are HyperLadder II ladders (Appendix 7.X), with brighter bands at 300 and
1000 bp (100 bp intervals, no band at 900 bp).



Figure 7.6 LAM-PCR Products from of control treated, fluorescent colonies

Figure 7.6 — LAM-PCR reactions were performed on gDNA from all colonies. The products of these
reactions were visualised by gel separation. These images are of representative samples of control treated
colonies that were all fluorescent (A), mosaic (B), or from which fluorescence had been lost entirely (C).
The ladders are HyperLadder II ladders (Appendix 7.X), with brighter bands at 300 and 1000 bp (100 bp
intervals, no band at 900 bp).



mapped to an intergenic region on chromosome 2 (genomic contig reference assembly).
Sequence B from the control treated mosaic colony mapped to a solute carrier family 9
(sodium/hydrogen exchanger) gene, also on chromosome 2 (genomic contig reference
assembly). The sequence from the integrase treated fluorescent colony mapped to an
intergenic region on chromosome 20 (genomic contig, reference assembly). From these
few results it was not possible to describe any general integration targeting

characteristics of the Ty3 integrase in human cells.

Sequence A
TAACTGGTTACTTCCCTAAGACTGTTTATATTAGGATTGTCAAGACACTCCGGT
B ACCCACCCCC A ACAA T TBABATCTGGTCTAACCAGAGAGACCCAGTACAGGC
AAAAAGCAGATCTTGTCTTCTTTGGGAGTGAATTAGCCCTTCCAGTCCCCCCTTTTCTT
TTAAAAAGTGGCTAAGATCTACAGCTGCCTTGTAAGTCATTGATCTTAAAGGTACGGCT

Name; Homo sapiens chromosome 2 genomic contig, reference assembly (flanking files only), (77-99)
Intergenic

Accession number; ref[NT 005403.17

Homology; 66287470 — 66287448

(Blue highlighted text corresponds to vector sequence, while red highlighted text corresponds to the
adaptor sequence).

Sequence B

TAACTGGTTACTTCCCTAAGACTGTTTATATTAGGATTGTCAAGACACTCCGGT

EACIeEAEEEEEIA T TG TATCTCAAAATGAGATATGTCAGTATGACAATACGTCACH

Name; solute carrier family 9 (sodium/hydrogen exchanger),chromosome 2 Genomic Contig reference
assembly (8-29 (of unknown sequence))

Acession number; ref[NT _022171.15|

Homology; 7921799-7921779

(Blue highlighted text corresponds to vector sequence, while red highlighted text corresponds to the
adaptor sequence).

Sequence from Integrase-treated colony

TAACTGGTTA CTTCCCTAAG ACTGTTTATA TTAGGATTGT CAAGACTAAC

AGGTTACTAA GAGCCTATGC TTCAACCAAT ATTCAGAATT GGCATGTATA
TTTACCACAA ATTGAATTTG TTTACAATTC TACACCTACT ACiEE

TGTGCCACT}

Name; Homo sapiens chromosome 20 genomic contig, reference assembly
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Accession number; ref]NT_011387.8

Homology; 22046670 — 22046648

(Blue highlighted text corresponds to vector sequence, while red highlighted text corresponds to the
adaptor sequence).

As many of the LAM-PCR products were not genuine integrants, nor contained
gDNA, these results indicated that the forward primers used for the LAM-PCR were
binding non-specifically to areas of the human genome rather than to the LTR of the
marker integrant. They were also disposed to primer-dimer formation. Therefore these

LAM-PCR reactions need to be repeated with new, carefully designed primers.

7.2.5 Screening gDNA for GFP Transgene

Aside from generating unreliable sequence data, the LAM-PCR reactions also
failed to provide any information regarding the integration status of the integrant marker
in each colony. Therefore, to determine whether the colonies in each category
contained integrated copies of the marker gene, the gDNA of colonies representative of
all categories were screened by PCR for the marker integrant. Primer probes were
designed to detect the LTR-GFP region of the marker integrant and the PCR products
were visualised by gel separation. In integrase treated, fluorescent colonies, the marker
was evident in most samples, however some colonies were negative for the integrant
(Figure 7.7A). In integrase treated colonies with lower levels of fluorescence, the
majority of colonies were negative for the integrant (Figure 7.7B). Similarly, integrase
treated colonies that were mosaic or non fluorescent were also negative for the integrant
(Figure 7.7C). By contrast, control colonies that were fluorescent or mosaic were
positive for the integrant, while the non fluorescent colonies were negative (Figure
7.7D).

These results demonstrate that the fluorescent phenotype of each colony did not
necessarily reflect the genotype of that colony. More specifically they suggest that in
numerous colonies, the observed fluorescence was not derived from integrated copies of

the marker gene.
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Figure 7.7 Probing gDNA for Integrated Marker Sequence

Figure 7.7 — Genomic DNA from each colony category was probed for integrated marker (expected
product size 1271 bp). A number of integrase treated, fluorescent colonies were probed (A), as well as a
number of integrase treated colonies with low fluorescence (B). Integrase treated colonies that were
mosaic or that had lost fluorescence were also probed and compared with fluorescent colonies (C). A
range of control colonies was also probed, including samples from fluorescent and mosaic colonies, and
colonies that had lost fluorescence (D). The ladder (‘HL’) is a HyperLadder II (Appendix 7.X), with
bright bands at 300 and 100 bp (100 bp intervals, no band at 900 bp). (Legend; ‘+’ fluorescent, ‘+
mosaic, ‘-¢ fluorescence lost).



7.3 Discussion

The integrase from the Ty3 retrotransposon has very specific targeting
characteristics in the genome of Saccharomyces cerevisiae, the normal host for this
retrotransposon.  Ty3 retrotransposons integrate four nucleotides upstream of the
transcription initiation site of tRNA genes within the S. cerevisiae genome (Chalker and
Sandmeyer 1992). Targeting characteristics such as these would be advantageous in
human gene therapy, however, while the Ty3 integrase recognises human genes
transfected into S. cerevisiae cells (Dildine and Sandmeyer 1997), there has been no
investigation of the activity of this integrase in human cells. The purpose of this chapter
was to examine this activity by co-transfecting the Ty3 integrase gene and a marker
gene flanked by Ty3 LTRs into human 293T cells.

Previous studies of novel integrases in human cells have used growth selection
markers to identify cells expressing transgenes (eg. Thyagarajan et al. 2001) however
growth selection can promote passive integration of the marker genes, distorting assays
of integrase activity. Furthermore, ongoing expression of the transgenes is difficult to
monitor by growth selection, as cells in which transgene expression is diminished are
excluded from the assay. Expression of the GFP transgene presents a burden on cellular
metabolism and the GFP protein may be toxic under certain conditions (Liu et al. 1999).
Consequently the GFP marker may be considered to have a neutral or negative effect on
cell survival. In addition, the use of a GFP marker in adherent cell lines allows linear
monitoring of individual cells through the course of the experiment. This experimental
design allowed the identification of cells in which fluorescence was lost, sometimes
after many weeks of observation, contributing greater detail regarding the long term
effects of Ty3 integrase activity in human cells.

The total number of colonies in the control treatment was much higher than in
the integrase treated sample. This was attributed to greater expression of the puromycin
resistance marker from the vector lacking the Ty3 integrase gene, as genes upstream of
internal ribosome entry sites have been shown to impair expression of genes
downstream of the IRES (Mizuguchi et al. 2000). Nevertheless the percentage of GFP-
positive colonies was similar in both the control and integrase treated groups. The bulk

of the fluorescence in the control cells was lost within the first week or two, evidently

140



due to the loss of unintegrated GFP marker genes from the proliferating cells.
Furthermore, many of the control colonies soon became heterogenous, with some cells
losing fluorescence while neighbouring cells retained expression of the GFP marker.
This was attributed to differential rates of ejection, dilution or digestion of the
unintegrated GFP marker transgene. In the samples treated with the Ty3 integrase,
however, more colonies, and more cells within the colonies, remained fluorescent.

Both the high overall percentage of fluorescent cells in the integrase treated
samples, and the duration of GFP expression in these cells, demonstrate that the Ty3
integrase enzyme expressed in these cells was able to mediate stable expression of the
co-transfected GFP marker gene. This was an important result as it not only
demonstrated that the integrase was expressed in a functional conformation in human
cells and that it recognised, bound and processed the co-transfected linear marker DNA,
but it also recognised, bound and cleaved human genomic DNA. These are all essential
steps in adapting the enzyme for use in human gene therapy.

Given these activities, it is of considerable interest to determine the integration
targeting specificities of this enzyme in the human genome, and so LAM-PCR
sequencing was undertaken with gDNA samples collected from each colony. The aims
of the LAM-PCRs were to confirm the integration of the marker transgene, and to locate
these integrations within the human genome. Although refined LAM-PCR protocols are
available (Schmidt et al. 2007), the methodology remains complicated, and obtaining
useful results with the published primers can be time consuming (J. Hyman, pers.
comm.). Novel nested primers specific to the Ty3 LTRs were tested prior to
undertaking the complete LAM-PCR reaction, however it was impossible to exactly
replicate the conditions of the LAM-PCR, and the suitability of the primer design could
not be determined until sequences were finally obtained. Unfortunately the primers
were discovered to be unsuitable for the LAM-PCRs, however there was insufficient
time to repeat the LAM-PCR reactions. Consequently the locations of the integrations
could not be determined. Nevertheless, in light of the results confirming activity of the
Ty3 integrase in human cells, and given the potential improvements to the safety of
stable gene therapies of an integrase enzyme with characteristics such as those of the
Ty3 integrase, sequencing of the integrations mediated by this enzyme would yield very

interesting information, and should be pursued in future studies.
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Another consequence of the unsuitable primers was that integration of the
marker gene in the human gDNA could not be confirmed by LAM-PCR however, an
alternate was available to answer this question. The gDNA was collected using a kit
designed to remove non-genomic DNA from the sample. The gDNA collected in this
way was screened by PCR using a pair of primers specific to the transgene marker itself.
The characteristic size of the product expected from these primers meant that the
presence of the transgene marker in the gDNA could be determined with some
confidence.

It was found that in the majority of the samples, the fluorescence status of the
colonies (‘phenotype’) did correlate with the results of the PCR (genotype), however
this was not always the case. Of the colonies from which fluorescence had been lost
that were probed were negative for copies of the marker gene in the gDNA. In most
cases fluorescence was lost within two weeks of transfection and so this loss was
evidently due to dilution or digestion of non-integrated copies of the marker. In some
cells, however, fluorescence was not lost until after week 4. Unintegrated intracellular
DNA usually only persists by forming circular episomes which, in proliferating cell
populations, generally only survives a matter of days (see Cara and Klotman 2006) and
often less than 48 hours, before degrading or being diluted out by cell proliferation
(Sharkey et al. 2000; Butler et al. 2001). As such, the timing of the late loss of
fluorescence, taking place between weeks 4 and 7, warrants consideration. Firstly, this
result may have been due to ‘disintegration’ of previously integrated copies of the
marker gene from the gDNA. In this case, such disintegration would most likely have
been spontaneous, as the integrase, which can also mediate disintegration (Chow et al.
1992; Moore et al. 1995), was no longer present in the cells. However, given the
conditions of these experiments, a simpler explanation for this delay might be that,
despite repeated passaging of the cells, those cells towards the centre of the proliferating
colonies would have been crowded, and thus their opportunities for proliferation
limited, reducing the rate at which unintegrated DNA was lost via dilution.

The finding that all mosaic colonies tested positive for marker DNA was
consistent with the presence of the marker gene in at least some cells. The presence of
the marker DNA in daughter cells from which fluorescence had been lost could not be

determined, as the screening performed in this thesis was not quantitative. However,
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while it was not possible here, the fate of the marker DNA in the non-fluorescent cells,
whether suppressed or lost, might easily be answered in future studies by subculturing
non-fluorescent cells derived from fluorescent progenitors.

Most of the fluorescent colonies also tested positive for marker DNA, as
expected, however a number of colonies with the fluorescent phenotype tested negative
for marker DNA. This result could not be explained by the usual mechanisms outlined
above, and so alternative explanations have been considered. Of the alternative
explanations, the most likely are discussed below.

First, it was possible that that the screening for the marker DNA was negative
simply because the gDNA samples had degraded after collection. This explanation
seems unlikely, however, as there was no evidence for such degradation in the other
samples, which were stored under the same conditions.

Secondly, it was possible that the marker DNA persisted as unintegrated
episomes that were excluded by the gDNA purification protocol.  While this
explanation may seem unlikely, it was interesting to note that phenotypically positive
but genotypically negative colonies only occurred in the integrase treated samples. This
raised the intriguing possibility that the integrase itself was contributing to the
persistence of unintegrated DNA. In viruses where episomal viral DNA persists in
dividing cells as a normal part of the viral life cycle, for example in the herpes virus
group, this persistence results from tethering of the viral genome to chromosomes of the
host genome, which is mediated by DNA binding proteins produced by the virus
(Griffiths et al. 2006). As such, it is interesting to note that one of the main functions of
the Ty3 integrase is to bind to the Ty3 genome, then interact with the genome of the
host (Lin et al. 2001b). There is, however, no direct precedent for an integrase enzyme
performing such a role, and furthermore this explanation is dependent upon the long
term stability of the Ty3 integrase enzyme in proliferating human cells.

The final, and perhaps simplest explanation for the negative result from gDNA
probing of the marker gene in fluorescent colonies, was that cells in these colonies had a
low copy number of the marker gene. Although this is unlikely, given the number of
PCR cycles, it was consistent with the variations in fluorescence intensity often
observed between some colonies as well as the variations in intensity of the bands in

probes of some of the genotypically positive colonies.
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7.3.1 Conclusions

The results from this chapter raise many questions for future investigation,
particularly with respect to the interaction between the Ty3 integrase enzyme and the
human genome. Nevertheless, in relation to the primary objective of this chapter,
regarding the potential of the Ty3 integrase in human gene therapy, the results from this
chapter clearly demonstrate that Ty3 integrase reliably facilitates the long term
expression of transgenes in human cells via high rates of stable transgene integration.
Given the potential of Ty3 integrase in mediating safer genomic integration, it is thus
certainly worth the further effort to sequence the locations of the integrations mediated

by this enzyme.
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General Discussion

In the field of gene therapy, the therapeutic potential of RNA interference has
emerged from an increasing number of studies. Whether mediated by siRNA or shRNA
molecules, RNAi has proven effective against a wide range of targets, including
numerous oncogenes and cancer associated genes (Devi 2006; Heidenreich 2009).
RNAI can also be used to specifically target oncogenic mutants, resulting in apoptosis
and/or inhibition of proliferation in mutant cells, leaving normal cells unaffected (see,
for example, Brummelkamp et al. 2002a; Wilda et al. 2002; Wohlbold et al. 2003).
While a range of options is available for the delivery of RNAi, with many of these
options specific to either the siRNA or shRNA form of molecule, siRNAs have to date
been the favoured form of molecule for experimental studies. Many options exist for
synthesis and delivery of siRNAs (reviewed in Amarzguioui et al. 2005) and they have
been validated against a wide range of oncogenes (reviewed in Heidenreich 2009).
Nevertheless the main drawback for siRNAs is their transience (Holen et al. 2002),
requiring repeated doses for a sustained effect. This is not only expensive, but also
makes them incompatible with strategies requiring stable gene-correction, for example
in transplanted stem cells. A more efficient and more effective option for such
strategies is the delivery of RNAi by stably integrating viral gene therapy vectors.
Numerous options exist for delivery of RNAi from such vectors, for example the
separate expression of sense and antisense strands, or expression of chimeric miRNA’s.
Of the options available, the expression of shRNAs from inverted repeats is the best
understood, and is arguably the most efficient (review Amarzguioui et al. 2005).

In light of these considerations, one of the major aims of this thesis was to
develop and enhance methods for retroviral (including lentiviral) delivery of shRNAs.
In pursuing these aims, chromosomal translocations that give rise to leukaemias are an
ideal target for a number of reasons. Firstly, the sequences of chromosomal
translocations are often unique to the leukaemic cells and are sufficient to cause
pathology on their own. Secondly, the availability of leukaemic cells lines with well-
characterised translocations, and existing therapeutic options such as ex Vivo
transduction followed by autologous transplantation, provide a meaningful and
convenient model for in vitro studies. Finally, a number of such oncogenes have

already been successfully targeted using conventional therapies, as well as siRNAs, and
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thus provide a benchmark for development of shRNA alternatives. Furthermore, many
haematopoietic cell types are difficult to transduce by existing methods, and so these
cells also provide a challenging test for efficient transduction.

As regards the candidate integrating vectors to be used for delivery of these
shRNAs, lentiviral vectors are one of the most efficient integrating vectors currently
available, yet titres in many cell types remain low. A large part of this thesis examined
many alternate methods with the aim of improving the final effective titre of lentiviral
vectors in cell types that have been difficult to transduce. While many of the alternate
methods explored here were ultimately not appropriate, this exploration nevertheless
enabled the development of the protocols outlined in Chapters 2 and 3, which offer
great improvements in effective vector titre over existing methods for the cell lines
examined. These improvements have the potential to increase the efficiency and the
safety of gene therapy in a wide range of human cells. Similarly, many of these
methods remain applicable to more recent generations of shRNA vectors as they
continue to develop.

The integrating vectors themselves, however, are not without their own risks, as
the process of integration into the genome of the target cell presents the possibility of
insertional mutagenesis, mutation or disruption of genes adjacent to the site of
integration. As such, another aim of this thesis was to expand the potential of RNAi
gene therapy in transplanted stem cells by enhancing the safety (including efficiency) of
integrating vectors by testing the activity in human cells of Ty3 integrase, a novel
integrase that possesses a safe integration profile in its normal host.

The specific chromosomal translocations studied in this thesis represent a cross-
section of stages in the development of therapeutic ShRNAs. The Bcer-Abl translocation
has already been effectively targeted with shRNAs, and provides a platform for further
examination and comparison. The RUNXI1-ETO translocation represents an oncogene
which may be treated with broad-spectrum conventional therapies, and has also been
effectively targeted using siRNAs. No effective shRNA design is currently available.
Finally, the PML-RARa translocation gives rise to a form of leukaemia that can often
be effectively treated by conventional therapies, but is prone to relapse. Also, while
there has been some success with molecular methods such as hammerhead catalytic

ribozymes, no appropriate siRNA or shRNA designs are available.
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The Bcer-Abl chromosomal translocation gives rise to a constitutively active
tyrosine kinase which activates multiple signalling pathways and leads to the
unregulated proliferation of cells (Zou and Calame 1999). RNAIi directed against
certain forms of the Bcr/Abl fusion oncogene has proven to be relatively successful in
vitro, with validation of both siRNA and shRNA molecules (see Section 4.1 for
summary). The shRNA molecule used in those trials was directly homologous to the
siRNA form, and both have been shown to down-regulate mRNA levels and to inhibit
proliferation of CML cells in vitro in a dose dependent fashion (Wilda et al. 2002; Li et
al. 2003b; Wohlbold et al. 2003; Scherr et al. 2005). However, in addition to causing
apoptosis, selective inhibition of the Ber-Abl fusion protein by Gleevec also leads to
differentiation of surviving cells towards the erythroid lineage (Fang et al. 2000;
Jacquel et al. 2003; Kuzelova et al. 2005). In light of this, the effects of anti-Bcr/Abl
shRNA on cell differentiation were examined in Chapter 4. The results from this
chapter confirmed that down-regulation of Bcr/Abl by targeted shRNA caused
differentiation of K562 cells in addition to apoptosis. These results further highlighted
the potential of sShARNA-mediated gene therapy and indicated that the specific activity of
the shRNAs acts against the Ber/Abl fusion gene in a manner similar to the action of
Gleevec. That is, both treatments specifically inhibited tyrosine kinase activity,
resulting in a cascade of downstream effects that ultimately lead to the inhibition of
proliferation, as well as triggering differentiation via a pathway that involves the
transient down-regulation of ERK (Kawano et al. 2004). The results from Chapter 4
confirmed the activity of the anti-Bcr-Abl shRNA, and demonstrated the effects of low
dose treatment with this molecule, which had not been examined previously.

The PML-RARa fusion gene, by disrupting the normal function of the retinoic
acid receptor-a (RARa), decreases the sensitivity of cells bearing this mutation to
retinoic acid, in turn leading to uncontrolled proliferation of these cells (Warrell 1993).
Many patients bearing this oncogene initially respond to higher, pharmacological doses
of retinoic acid, however relapse, characterised by insensitivity to even these high
doses, is common (Warrell 1993). Down-regulation of PML-RARa mRNA by catalytic
ribozymes has been shown to lead to apoptosis of some cells, as well as enhanced
sensitivity to RA in surviving cells (Nason-Burchenal et al. 1998a; Nason-Burchenal et

al. 1998b). Targeting the PML-RARa fusion gene with a long form of hairpin RNA,
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delivered by plasmid transfection, also lead to down-regulation of fusion mRNA and
protein levels, however, downstream effects were not examined (Oshima et al. 2003).
Results from this thesis (Chapter 5) indicated that delivery of shRNA by lentiviral
vectors also down-regulated PML-RARa mRNA and protein levels, which led to one of
two consequences, depending on dose. Those cells with a higher vector copy number
were evidently eliminated from the population. By contrast, those cells bearing a lower
vector copy number survived, and retained a level of proliferative potential. The
reduced levels of the fusion gene in these surviving cells, however, combined with
positive growth selection of transduced cells, resulted in a pure population of cells that
resembled normal myeloid cells in their sensitivity to retinoic acid signalling. This
resensitisation would be beneficial in a therapeutic context, particularly as the
development of resistance to pharmacological doses of retinoic acid is a major problem
for existing PML therapies, and so the strategy outlined here may provide additional
treatment options. Finally, there have been numerous reports of cells escaping the
apoptotic effects of various shRNAs after receiving only a low dose, for example with
shRNAs directed against the Ber-Abl fusion (Scherr et al. 2005, and see chapter 4).
This response to lower doses of retinoic acid would allow regulation of those transduced
cells that escaped the cell death triggered by higher doses of shRNA. This thesis
represents the first report of transduced malignant cells returning to a phenotype that
responds to lower doses of cellular signalling.

With regard to the design of the anti-PML-RARa shRNA used in chapter 5, the
effective shRNA was related to a longer and, therefore, less suitable hairpin design used
by Oshima et al. (2003). There was, however, another hairpin design that was tested in
this study. This second design was based upon an siRNA design published by Damm-
Welk et al. (2003) which was derived from an siRNA design algorithm. This design
was tested here for the first time, in the form of an shRNA molecule, however this
shRNA design was found to be ineffective in down-regulating PML-RARa mRNA
levels. The implications of these findings for shRNA design are discussed further
below. The effective anti-PML-RARa shRNA design detailed in Chapter 5 was a novel
design and was shown to be effective in down-regulating levels of the target mRNA, as
well as inhibiting proliferation and/or restoring sensitivity to retinoic acid, in a dose-

dependent manner. From these results it was concluded that retransfusion of the
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marrow stem cell pool with transduced cells bearing this shRNA may provide additional
therapeutic options for the treatment of myeloid leukaemias, whether alone or in
combination with existing therapies.

The RUNXI-ETO chromosomal translocation is one of the most common
causes of acute myeloid leukaemias (Rowley 1984). While the oncogenic mechanism
has yet to be fully detailed, the key action of the fusion protein appears to be the
conversion of the transcriptional activator, RUNXI, into a transcriptional repressor
(reviewed in Elagib and Goldfarb 2007). Transfection of the Kasumi cell line with
siRNAs targeted against the RUNX1-ETO fusion gene carried by these cells has been
shown to result in down-regulation of the fusion mRNA and protein with a resultant
impaired cell proliferation and enhanced sensitivity to differentiation agents
(Heidenreich et al. 2003; Martinez et al. 2004). In Chapter 6 a series of shRNA designs
was generated using siRNA design algorithms, and delivered to Kasumi cells via
lentiviral transduction. In total, three ShRNA designs were tested, including one with
strong homology to the siRNA design validated previously (Heidenreich et al. 2003).
Unfortunately, standard assays of RUNXI-ETO mRNA levels and for the expected
downstream biological effects of RUNX1-ETO down-regulation showed no beneficial
effect from any of the three shRNAs tested. Thus the siRNA design algorithms again
failed to identify an effective ShRNA design.

The RUNX1-ETO mRNA has been successfully targeted by stably expressed
shRNAs (Fazi et al. 2007) was derived from the active empirical siRNA design of
Heidenreich et al. (2003). Unfortunately the sequence of the shRNA design was not
published and so could not be compared to the designs used in this thesis. Such a
comparison would be of great value, as differences of only a single nucleotide, not only
in the sequence of the shRNA, but in the length of the strands and the size and identity
of the overhangs, are crucial to the activity of RNAi molecules (Elbashir et al. 2001c;
Elbashir et al. 2002).

These results further question the value of using current generation siRNA
design algorithms for designing active shRNAs (Kolykhalov et al. 2005; Li et al. 2007).
It is hoped that the next generation of design algorithms might be more effective in this
role (see below). The results from chapters 5 and 6, involving the anti-PML-RARa and
anti-RUNXI1-ETO shRNAs, indicate that siRNA designs are often ineffective when
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adapted directly to shRNA form, as none of the shRNA designs derived directly from
siRNA algorithms, whether generated previously (Damm-Welk et al. 2003) or derived
de novo in the present study, had any effect in the ShRNA format. By contrast, the
shRNA designs that were effective were not derived from any algorithm, but instead
were originally designed by simply placing the chromosomal breakpoint at the centre of
the corresponding shRNA (see Oshima et al. 2003; Scherr et al. 2005). It is clear,
therefore, that the first generation siRNA design algorithms are not appropriate for the
design of shRNA molecules. Second generation siRNA algorithms, ‘trained’ by results
from large-scale screening of siRNAs and generated by artificial neural networks, are
already proving more accurate than the first generation algorithms, which were based on
thermodynamic features alone (reviewed Tilesi et al. 2009). Given the flexibility of
delivery of the shRNA molecules, new algorithms should explicitly distinguish between
optimal siRNA and shRNA designs, and generate designs specific for each form of
molecule. Alternatively, separate algorithms for siRNA and shRNA design will be
required. In any case, the results here highlight the value of empirical testing of all
candidate designs as a first experimental step (Reynolds et al. 2004).

One of the great attractions of RNA1 gene therapy against cancer is the potential
to distinguish between normal genes and oncogenic mutants. Development of RNAi
molecules against oncogenic mutants, however, must overcome a number of hurdles.
Aside from the problems with designing shRNA molecules outlined above, the mutant
sequence may simply not be unique. That is, while the sequence may be altered from
the wild-type form of the gene, the mutant sequence may be identical to another wild-
type gene, making the RNAi design unacceptable. The similarity between RNAi
mechanisms and the structure and action of miRNA molecules compounds this problem,
as si or shRNA molecules specific to the mutant sequence may still act as miRNA
molecules by suppressing, rather than silencing, the normal sequence. The length of the
siRNA or shRNAs also means that the necessity of including unique sequence of the
oncogene within the 40-nt candidate target area for the siRNA or shRNA greatly
reduces the probability of finding an effective design.

Potentially the first candidate application for therapies based on lentiviral
vectors expressing shRNAs, however, would be an adaptation of the existing autologous

stem cell transplantation protocol as the lentiviral vectors are able to transduce quiescent
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cells, ‘pretreating” any precancerous cells that can evade conventional therapies.
Lentiviral vectors, by inclusion of include marker transgenes may allow selection of
transduced cells prior to retransfusion, eliminating untreated cells from the transplanted
population. Two such marker transgenes were were examined in this thesis. The use of
vectors expressing a fluorescent marker gene allows purification of the population by
fluorescence-activated cell sorting, resulting in a pure population of cells stably
expressing the marker gene as well as the therapeutic shRNA. Elimination of non-
transduced cells by puromycin growth selection also resulted in a pure population of
transduced cells expressing the shRNA, however, growth selection would require
stimulation of quiescent cells. Aside from complicating the protocol, stimulation of
quiescent cells is preferably avoided, as there is a cumulative risk of mutation associated
with unnecessary cell division, an effect known as ‘proliferative stress’.

Successful retransfusion requires a minimum number of stem cells, however,
expansion from a small population of transduced cells results in higher proliferative
stress. This stress can be minimised with higher initial rates of transduction. In
addition, more efficient vectors, requiring lower multiplicities of infection for the same
rate of transduction, also minimise the risk of insertional mutagenesis. Lentiviral
vectors typically have high rates of transduction in many commonly used cell lines (Li
et al. 2003b), however, many leukaemic cell lines, and most primary cells, have proven
difficult to transduce using standard lentiviral protocols (Bai et al. 2003). Results from
Chapter 3 identified a number of techniques normally used in retroviral protocols that
usefully increased lentiviral transduction efficiency in a number of recalcitrant cell
lines. This improved efficiency minimised the number of cells that need to be
transduced to obtain the number of cells necessary for reliable transplantation. This also
reduced the need for in vitro amplification of the transduced population, thereby
minimising the risks of proliferative stress, and so provides methodological
improvements that may enhance the safety of gene therapy using integrating vectors.

Another aspect of integrating vector safety, the possibility of insertional
mutagenesis, is strongly affected by the locations of the vector integrations. Modulating
the targeting of integration might be expected to reduce this risk. There has
consequently been much interest in novel integrase enzymes, which it is hoped might

modify vector integration profiles in ways that enhance the safety of vector integration
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(eg. Hackett et al. 2005). One novel integrase, from the Ty3 retrotransposon, was
examined in Chapter 7. The Ty3 retrotransposon has an attractive integration profile in
the yeast cells that are its natural host. The activity and integration profile mediated by
this integrase has not yet been characterised in humans, but if this enzyme retains its
native characteristics with respect to the human genome, it would greatly reduce the risk
of insertional mutagenesis in human cells. The results from Chapter 7 indicate that Ty3
integrase from this retrotransposon was active in human cells, and facilitated stable
integration and expression of a marker transgene. Although no integrations were
mapped to Pollll tRNA promoters, probably as a result of technical issues, this integrase
activity demonstrates an essential level of interaction between the integrase and the
human genome. While the wild-type of this enzyme may ultimately prove inefficient by
comparison with existing lentiviral integrase enzymes, the essential activity
demonstrated here provides an advanced template for future studies, including possible
manipulation of the integrase genetic sequence to optimise integration and targeting in
human cells, and thereby lead to safer gene therapy in human cells.

These results suggest that the Ty3 integrase has potential in human gene therapy,
and is worthy of further investigation. Specifically, the utilisation of next generation
sequencing of genomic integrations should provide information about the integration
profile of the native Ty3 integrase in human cells, thus providing a guidepost for future
efforts to transfer the desirable characteristics of this integrase into a vector for human

gene therapy.

8.1 Future Investigations

The results presented in this thesis represent advancements in many areas of
gene therapy and RNA interference, and suggest a number of directions for future
research.

The results relating to the anti-PML-RARa shRNA design point to the great
potential of this design as an alternate or additional therapy for promyelocytic
leukaemia, and one that is worthy of further investigation. Future research should test
this design under a range of conditions, and also examine the signalling pathways

involved more closely, especially in relation to retinoic acid signalling pathways. As a
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candidate for human gene therapy, the next steps for this shRNA and the delivery
mechanism would be testing on a larger scale, and experiments with in vivo models.

The studies relating to RUNX1-ETO mRNA levels were hampered by unreliable
housekeeping genes for the qRT-PCR assay. Future work in this area must begin with
identification of an appropriate standard for such assays involving the Kasumi cells.
Also, the availability of improved shRNA design tools would invite repetition of these
experiments with improved shRNA designs.

The experiments with the Ty3 integrase enzyme showed considerable promise in
regard to the potential of this enzyme in human cells. The existing gDNA samples,
containing marker gene integrations that were mediated by this enzyme, should be
sequenced in order to locate these integrations within the genome. Larger scale
sequencing, possibly utilising next generation technologies, would also be valuable.
Further studies might focus on manipulating the sequence of the enzyme to optimise

efficiency and targeting in the human genome.

8.2 Conclusions

In conclusion, the strategy of cancer gene therapy by lentiviral vector delivery of
shRNA molecules has been demonstrated to be sound. The efficacy of the anti-Bcr-Abl
shRNA was confirmed, and the mechanism of differentiation was shown to be via the
ERK signalling pathway. This thesis has also identified a novel shRNA design that was
effective against the PML-RARa fusion gene. This shRNA might potentially be used in
therapy for promyelocytic leukaemia, whether delivered by lentiviral vectors or by other
methods. No shRNA design was found to be effective against RUNX1-ETO. Any
form of RNAI is dependent upon the design and selection of effective siRNA or shRNA
designs, and that was the problem here. As such, these results merely highlighted the
great need for better sShRNA design tools, as distinct from siRNA algorithms.

The strategies explored here will ultimately be contingent upon improvements in
vector safety that are currently under development, and were also explored in this thesis.
The targeting of integrating vectors has a major impact on their overall safety and the
results presented here suggest that the Ty3 integrase might form the basis for a modified

integrating vector that can greatly enhance the safety of vector integration.
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While the applications of these strategies in cancer gene therapy are not yet
ready for the clinic, they remain as promising options in need of further exploration,

especially where alternatives do not exist.

154



9 Bibliography

Abelson, H.T. and L.S. Rabstein (1970). "Lymphosarcoma: virus-induced thymic-
independent disease in mice." Cancer Research 30(8): 2213-22.

Alcalay, M., A. Orleth, C. Sebastiani, N. Meani, F. Chiaradonna, C. Casciari, M.T.
Sciurpi, V. Gelmetti, D. Riganelli, S. Minucci, M. Fagioli and P.G. Pelicci
(2001). "Common themes in the pathogenesis of acute myeloid leukemia."
Oncogene 20(40): 5680-94.

Amarzguioui, M., J.J. Rossi and D. Kim (2005). "Approaches for chemically
synthesized siRNA and vector-mediated RNA1." FEBS Letters 579(26): 5974-
81.

An, D.S., R.P. Wersto, B.A. Agricola, M.E. Metzger, S. Lu, R.G. Amado, 1.S.Y. Chen
and R.E. Donahue (2000). "Marking and Gene Expression by a Lentivirus
Vector in Transplanted Human and Nonhuman Primate CD34+ Cells." Journal
of Virology 74(3): 1286-1295.

An, D.S., F.X. Qin, V.C. Auyeung, S.H. Mao, S.K. Kung, D. Baltimore and I.S. Chen
(2006). "Optimization and Functional Effects of Stable Short Hairpin RNA
Expression in Primary Human Lymphocytes via Lentiviral Vectors." Molecular
Therapy 14(4): 494-504.

Anderson, J. and R. Akkina (2005). "HIV-1 resistance conferred by siRNA
cosuppression of CXCR4 and CCRS5 coreceptors by a bispecific lentiviral
vector." AIDS Research and Therapy 2(1): 1.

Aoki, Y., D.P. Cioca, H. Oidaira, J. Kamiya and K. Kiyosawa (2003). "RNA
interference may be more potent than antisense RNA in human cancer cell
lines." Clinical and Experimental Pharmacology and Physiology 30(1-2): 96-
102.

Appelbaum, F.R., M.R. Baer, M.H. Carabasi, S.E. Coutre, H.P. Erba, E. Estey, M.J.
Glenn, E.H. Kraut, P. Maslak, M. Millenson, C.B. Miller, H.I. Saba, R. Stone
and M.S. Tallman (2000). "NCCN Practice Guidelines for Acute Myelogenous
Leukemia." Oncology 14(11A): 53-61.

Asou, H., S. Tashiro, K. Hamamoto, A. Otsuji, K. Kita and N. Kamada (1991).
"Establishment of a human acute myeloid leukemia cell line (Kasumi-1) with
8;21 chromosome translocation." Blood 77(9): 2031-6.

Austin, T.W., S. Salimi, G. Veres, F. Morel, H. Ilves, R. Scollay and 1. Plavec (2000).
"Long-term multilineage expression in peripheral blood from a Moloney murine
leukemia virus vector after serial transplantation of transduced bone marrow
cells." Blood 95(3): 829-36.

Back, J., A. Dierich, C. Bronn, P. Kastner and S. Chan (2004). "PU.1 determines the
self-renewal capacity of erythroid progenitor cells." Blood 103(10): 3615-23.

Bae, S.C., E. Ogawa, M. Maruyama, H. Oka, M. Satake, K. Shigesada, N.A. Jenkins,
D.J. Gilbert, N.G. Copeland and Y. Ito (1994). "PEBP2 alpha B/mouse AMLI
consists of multiple isoforms that possess differential transactivation potentials."
Molecular Cell Biology 14(5): 3242-52.

Bai, Y., Y. Soda, K. Izawa, T. Tanabe, X. Kang, A. Tojo, H. Hoshino, H. Miyoshi, S.
Asano and K. Tani (2003). "Effective transduction and stable transgene

155



expression in human blood cells by a third-generation lentiviral vector." Gene
Therapy 10(17): 1446-57.

Bass, B.L. (2001). "RNA interference. The short answer." Nature 411(6836): 428-429.

Bauer, M., N. Kinkl, A. Meixner, E. Kremmer, M. Riemenschneider, H. Forstl, T.
Gasser and M. Ueffing (2009). "Prevention of interferon-stimulated gene
expression using microRNA-designed hairpins." Gene Therapy 16(1): 142-7.

Baum, C., J. Dullmann, Z. Li, B. Fehse, J. Meyer, D.A. Williams and C. von Kalle
(2003). "Side effects of retroviral gene transfer into hematopoietic stem cells."
Blood 101(6): 2099-2113.

Beatty, J., A. Terry, J. MacDonald, E. Gault, S. Cevario, S.J. O'Brien, E. Cameron and
J.C. Neil (2002). "Feline immunodeficiency virus integration in B-cell
lymphoma identifies a candidate tumor suppressor gene on human chromosome
15q15." Cancer Research 62(24): 7175-80.

Bedi, A., B.A. Zehnbauer, J.P. Barber, S.J. Sharkis and R.J. Jones (1994). "Inhibition of
apoptosis by BCR-ABL in chronic myeloid leukemia." Blood 83(8): 2038-44.

Bedi, A., J.P. Barber, G.C. Bedi, W.S. el-Deiry, D. Sidransky, M.S. Vala, A.J. Akhtar,
J. Hilton and R.J. Jones (1995). "BCR-ABL-mediated inhibition of apoptosis
with delay of G2/M transition after DNA damage: a mechanism of resistance to
multiple anticancer agents." Blood 86(3): 1148-58.

Beillard, E., N. Pallisgaard, V.H. van der Velden, W. Bi, R. Dee, E. van der Schoot, E.
Delabesse, E. Macintyre, E. Gottardi, G. Saglio, F. Watzinger, T. Lion, J.J. van
Dongen, P. Hokland and J. Gabert (2003). "Evaluation of candidate control
genes for diagnosis and residual disease detection in leukemic patients using
'real-time' quantitative reverse-transcriptase polymerase chain reaction (RQ-
PCR) - a Europe against cancer program." Leukemia 17(12): 2474-86.

Benedetti, L., A.A. Levin, B.M. Scicchitano, F. Grignani, G. Allenby, D. Diverio, F. Lo
Coco, G. Avvisati, M. Ruthardt, S. Adamo, P.G. Pelicci and C. Nervi (1997).
"Characterization of the retinoid binding properties of the major fusion products
present in acute promyelocytic leukemia cells." Blood 90(3): 1175-85.

Bennett, J.M., D. Catovsky, M.T. Daniel, G. Flandrin, D.A. Galton, H.R. Gralnick and
C. Sultan (1976). "Proposals for the classification of the acute leukaemias.
French-American-British (FAB) co-operative group." British Journal of
Haematology 33(4): 451-8.

Berger, N., A.E. Heller, K.D. Stormann and E. Pfaff (2001). "Characterization of
chimeric enzymes between caprine arthritis-encephalitis virus, maedi-visna virus
and human immunodeficiency virus type 1 integrases expressed in Escherichia
coli." Journal of General Virology 82(1): 139-148.

Bernstein, E., A.A. Caudy, S.M. Hammond and G.J. Hannon (2001). "Role for a
bidentate ribonuclease in the initiation step of RNA interference." Nature 409:
363-366.

Bertrand, J.R., M. Pottier, A. Vekris, P. Opolon, A. Maksimenko and C. Malvy (2002).
"Comparison of antisense oligonucleotides and siRNAs in cell culture and in
vivo." Biochemical and Biophysical Research Communications 296(4): 1000-4.

Bhatia, R. and C.M. Verfaillie (1998). "Inhibition of BCR-ABL expression with
antisense oligodeoxynucleotides restores betal integrin-mediated adhesion and
proliferation inhibition in chronic myelogenous leukemia hematopoietic
progenitors." Blood 91(9): 3414-22.

156



Billy, E., V. Brondani, H. Zhang, U. Muller and W. Filipowicz (2001). "Specific
interference with gene expression induced by long, double-stranded RNA in
mouse embryonal teratocarcinoma cell lines." Proceedings of the National
Academy of Sciences of the United States of America 98: 14428-14433.

Blagosklonny, M.V., T. Fojo, K.N. Bhalla, J.S. Kim, J.B. Trepel, W.D. Figg, Y. Rivera
and L.M. Neckers (2001). "The Hsp90 inhibitor geldanamycin selectively
sensitizes Bcer-Abl-expressing leukemia cells to cytotoxic chemotherapy."
Leukemia 15(10): 1537-43.

Blagosklonny, M.V. (2004). "Do cells need CDK2 and...Bcr-Abl?" Cell Death and
Differentiation 11: 249-251.

Blomer, U., L. Naldini, T. Kaftri, D. Trono, .M. Verma and F.H. Gage (1997). "Highly
efficient and sustained gene transfer in adult neurons with a lentivirus vector."
Journal of Virology 71(9): 6641-9.

Boden, D., O. Pusch, F. Lee, L. Tucker, P.R. Shank and B. Ramratnam (2003).
"Promoter choice affects the potency of HIV-1 specific RNA interference."
Nucleic Acids Research 31(17): 5033-8.

Boden, D., O. Pusch, R. Silbermann, F. Lee, L. Tucker and B. Ramratnam (2004).
"Enhanced gene silencing of HIV-1 specific siRNA using microRNA designed
hairpins." Nucleic Acids Res 32(3): 1154-8.

Boehm, T., L. Foroni, Y. Kaneko, M.F. Perutz and T.H. Rabbitts (1991). "The
rhombotin family of cysteine-rich LIM-domain oncogenes: distinct members are
involved in T-cell translocations to human chromosomes 11pl5 and 11p13."
Proceedings of the National Academy of Sciences of the United States of
America 88(10): 4367-71.

Boeke, J.D. and S.E. Devine (1998). "Yeast retrotransposons: finding a nice quiet
neighborhood." Cell 93(7): 1087-9.

Bonetta, L. (2002). "Leukemia case triggers tighter gene-therapy controls." Nature
Medicine 8(11): 1189.

Borden, K.L., J.M. Lally, S.R. Martin, N.J. O'Reilly, E. Solomon and P.S. Freemont
(1996). "In vivo and in vitro characterization of the Bl and B2 zinc-binding
domains from the acute promyelocytic leukemia protooncoprotein PML."
Proceedings of the National Academy of Sciences of the United States of
America 93(4): 1601-6.

Bowen, N.J., LK. Jordan, J.A. Epstein, V. Wood and H.L. Levin (2003).
"Retrotransposons and their recognition of pol II promoters: a comprehensive
survey of the transposable elements from the complete genome sequence of
Schizosaccharomyces pombe." Genome Research 13(9): 1984-97.

Brady, T.L., C.L. Schmidt and D.F. Voytas (2008). "Targeting integration of the
Saccharomyces Ty5 retrotransposon." Methods in Molecular Biology 435: 153-
63.

Bridge, A.J., S. Pebernard, A. Ducraux, A.L. Nicoulaz and R. Iggo (2003). "Induction
of an interferon response by RNAi vectors in mammalian cells." Nature
Genetics 34(3): 263-4.

Brozik, A., N.P. Casey, C. Hegedus, A. Bors, A. Kozma, H. Andrikovics, M. Geiszt, K.
Nemet and M. Magocsi (2006). "Reduction of Bcer-Abl function leads to
erythroid differentiation of K562 cells via downregulation of ERK." Annals of
the New York Academy of Sciences 1090: 344-54.

157



Brummelkamp, T., R. Bernards and R. Agami (2002a). "Stable suppression of
tumorigenicity by virus-mediated RNA interference." Cancer Cell 2(3): 245-
247.

Brummelkamp, T.R., R. Bernards and R. Agami (2002b). "A System for Stable
Expression of Short Interfering RNAs in Mammalian Cells." Science 296(5567):
550-553.

Brunning, R.D. and R.W. McKenna (1994). Tumors of the Bone Marrow. Acute
Myeloid Leukemias. Washington D.C., Armed Forces Institute of Pathology:
22-100.

Bruno, B., M. Rotta, F. Patriarca, N. Mordini, B. Allione, F. Carnevale-Schianca, L.
Giaccone, R. Sorasio, P. Omede, I. Baldi, S. Bringhen, M. Massaia, M. Aglietta,
A. Levis, A. Gallamini, R. Fanin, A. Palumbo, R. Storb, G. Ciccone and M.
Boccadoro (2007). "A comparison of allografting with autografting for newly
diagnosed myeloma." New England Journal of Medicine 356(11): 1110-20.

Buchdunger, E., J. Zimmermann, H. Mett, T. Meyer, M. Muller, U. Regenass and N.B.
Lydon (1995). "Selective inhibition of the platelet-derived growth factor signal
transduction pathway by a protein-tyrosine kinase inhibitor of the 2-
phenylaminopyrimidine class." Proceedings of the National Academy of
Sciences of the United States of America 92(7): 2558-62.

Bukrinsky, M.I., S. Haggerty, M.P. Dempsey, N. Sharova, A. Adzhubel, L. Spitz, P.
Lewis, D. Goldfarb, M. Emerman and M. Stevenson (1993). "A nuclear
localization signal within HIV-1 matrix protein that governs infection of non-
dividing cells." Nature 365: 666-669.

Bulger, M. and M. Groudine (1999). "Looping versus linking: toward a model for long-
distance gene activation." Genes and Development 13(19): 2465-77.

Bushman, F.D. (2003). "Targeting survival: integration site selection by retroviruses
and LTR-retrotransposons." Cell 115(2): 135-8.

Butler, S.L., M.S. Hansen and F.D. Bushman (2001). "A quantitative assay for HIV
DNA integration in vivo." Nature Medicine 7(5): 631-4.

Calabi, F., R. Pannell and G. Pavloska (2001). "Gene targeting reveals a crucial role for
MTGS in the gut." Molecular Cell Biology 21(16): 5658-66.

Caplen, N.J. (2003). "RNAI as a gene therapy approach." Expert Opinion on Biological
Therapy 3(4): 575-86.

Cara, A. and M.E. Klotman (2006). "Retroviral E-DNA: persistence and gene
expression in nondividing immune cells." Journal of Leukocyte Biology 80(5):
1013-7.

Carlesso, N., D.A. Frank and J.D. Griffin (1996). "Tyrosyl phosphorylation and DNA
binding activity of signal transducers and activators of transcription (STAT)
proteins in hematopoietic cell lines transformed by Bcr/Abl." Journal of
Experimental Medicine 183(3): 811-20.

Carpino, N., D. Wisniewski, A. Strife, D. Marshak, R. Kobayashi, B. Stillman and B.
Clarkson (1997). "p62(dok): a constitutively tyrosine-phosphorylated, GAP-
associated protein in chronic myelogenous leukemia progenitor cells." Cell
88(2): 197-204.

Case, S.S., M.A. Price, C.T. Jordan, X.J. Yu, L. Wang, G. Bauer, D.L. Haas, D. Xu, R.
Stripecke, L. Naldini, D.B. Kohn and G.M. Crooks (1999). "Stable transduction
of quiescent CD34(+)CD38(-) human hematopoietic cells by HIV-1-based

158



lentiviral vectors." Proceedings of the National Academy of Sciences of the
United States of America 96(6): 2988-93.

Cassileth, P.A., D.P. Harrington, J.D. Hines, M.M. Oken, J.J. Mazza, P. McGlave, J.M.
Bennett and M.J. O'Connell (1988). "Maintenance chemotherapy prolongs
remission duration in adult acute nonlymphocytic leukemia." Journal of Clinical
Oncology 6(4): 583-7.

Chalker, D.L. and S.B. Sandmeyer (1992). "Ty3 integrates within the region of RNA
polymerase III transcription initiation." Genes and Development 6(1): 117-28.

Chang, L.J., V. Urlacher, T. Iwakuma, Y. Cui and J. Zucali (1999). "Efficacy and safety
analyses of a recombinant human immunodeficiency virus type 1 derived vector
system." Gene Therapy 6(5): 715-28.

Check, E. (2003). "Harmful potential of viral vectors fuels doubts over gene therapy."
Nature 423(6940): 573-4.

Chen, H., R.J. Lin, R.L. Schiltz, D. Chakravarti, A. Nash, L. Nagy, M.L. Privalsky, Y.
Nakatani and R.M. Evans (1997). "Nuclear receptor coactivator ACTR is a
novel histone acetyltransferase and forms a multimeric activation complex with
P/CAF and CBP/p300." Cell 90(3): 569-80.

Chen, J.D. and R.M. Evans (1995). "A transcriptional co-repressor that interacts with
nuclear hormone receptors." Nature 377(6548): 454-7.

Chen, Y., J. Miao and X. Zhu (1999a). "[Effects of anti-PML-RAR alpha antisense on
cell morphology and expression of PML-RAR alpha mRNA and protein of NB4
cells]." Zhonghua Xue Ye Xue Za Zhi 20(6): 307-9.

Chen, Y., J. Miao and X. Zhu (1999b). "[Design and synthesis of anti-PML-RAR alpha
antisense and its effects on the growth and apoptosis of NB4 cells]." Zhonghua
Xue Ye Xue Za Zhi 20(6): 303-6.

Choi, Y., K.E. Elagib, L.L. Delehanty and A.N. Goldfarb (2006). "Erythroid inhibition
by the leukemic fusion AMLI-ETO is associated with impaired acetylation of
the major erythroid transcription factor GATA-1." Cancer Research 66(6): 2990-
6.

Chow, S.A., K.A. Vincent, V. Ellison and P.O. Brown (1992). "Reversal of integration
and DNA splicing mediated by integrase of human immunodeficiency virus."
Science 255(5045): 723-6.

Cioca, D.P., Y. Aoki and K. Kiyosawa (2003). "RNA interference is a functional
pathway with therapeutic potential in human myeloid leukemia cell lines."
Cancer Gene Therapy 10(2): 125-33.

Coffin, J.M. (1996). Retroviridae: The Viruses and Their Replication. Philadelphia, PA,
Lippincott-Raven.

Coffin, J.M., S.H. Hughes and H.E. Varmus (1997). Retroviruses. Cold Spring Harbor,
Cold Spring Harbor Laboratory Press.

Cohen, G.B., R. Ren and D. Baltimore (1995). "Modular binding domains in signal
transduction proteins." Cell 80(2): 237-48.

Connolly, C.M. and S.B. Sandmeyer (1997). "RNA polymerase III interferes with Ty3
integration." FEBS Letters 405(3): 305-311.

Corbin, A.S., P. La Rosee, E.P. Stoffregen, B.J. Druker and M.W. Deininger (2003).
"Several Ber-Abl kinase domain mutants associated with imatinib mesylate
resistance remain sensitive to imatinib." Blood 101(11): 4611-4.

159



Craigie, R., T. Fujiwara and F. Bushman (1990). "The IN protein of Moloney murine
leukemia virus processes the viral DNA ends and accomplishes their integration
in vitro." Cell 62(4): 829-37.

Craigie, R. (1992). "Hotspots and warm spots: integration specificity of retroelements."
Trends in Genetics 8(6): 187-90.

Crans, H.N. and K.M. Sakamoto (2001). "Transcription factors and translocations in
lymphoid and myeloid leukemia." Leukemia 15(3): 313-31.

Crusselle-Davis, V.J., K.F. Vieira, Z. Zhou, A. Anantharaman and J. Bungert (2006).
"Antagonistic regulation of beta-globin gene expression by helix-loop-helix
proteins USF and TFII-1." Molecular Cell Biology 26(18): 6832-43.

Curtin, J.A., A.P. Dane, A. Swanson, [.LE. Alexander and S.L. Ginn (2008).
"Bidirectional promoter interference between two widely used internal
heterologous promoters in a late-generation lentiviral construct." Gene Therapy
15(5): 384-90.

Daley, G.Q., R.A. Van Etten and D. Baltimore (1990). "Induction of chronic
myelogenous leukemia in mice by the P210bcr/abl gene of the Philadelphia
chromosome." Science 247(4944): 824-30.

Damm-Welk, C., U. Fuchs, W. Wossmann and A. Borkhardt (2003). "Targeting
oncogenic fusion genes in leukemias and lymphomas by RNA interference."
Seminars in Cancer Biology 13(4): 283-92.

Dan, S., M. Naito and T. Tsuruo (1998). "Selective induction of apoptosis in
Philadelphia chromosome-positive chronic myelogenous leukemia cells by an
inhibitor of BCR-ABL tyrosine kinase, CGP 57148." Cell Death and
Differentiation 5(8): 710-715.

Darnell, J.E., H.F. Lodish and D. Baltimore (1990). Molecular cell biology. New York,
Scientific American Books : Distributed by W.H. Freeman.

Davé, U.P., N.A. Jenkins and N.G. Copeland (2004). "Gene Therapy Insertional
Mutagenesis Insights." Science 303(5656): 333.

Davis, J.N., L. McGhee and S. Meyers (2003). "The ETO (MTGS) gene family." Gene
303: 1-10.

de Groot, R.P., J.A. Raaijmakers, J.W. Lammers and L. Koenderman (2000). "STATS-
Dependent CyclinD1 and Bcl-xL expression in Bcr-Abl-transformed cells."
Molecular Cell Biology Research Communications 3(5): 299-305.

de The, H., A. Marchio, P. Tiollais and A. Dejean (1989). "Differential expression and
ligand regulation of the retinoic acid receptor alpha and beta genes." The EMBO
Journal 8(2): 429-33.

de The, H., C. Chomienne, M. Lanotte, L. Degos and A. Dejean (1990). "The t(15;17)
translocation of acute promyelocytic leukaemia fuses the retinoic acid receptor
alpha gene to a novel transcribed locus." Nature 347(6293): 558-61.

de The, H., C. Lavau, A. Marchio, C. Chomienne, L. Degos and A. Dejean (1991). "The
PML-RAR alpha fusion mRNA generated by the t(15;17) translocation in acute
promyelocytic leukemia encodes a functionally altered RAR." Cell 66(4): 675-
84.

Deininger, M.W., J.M. Goldman, N. Lydon and J.V. Melo (1997). "The tyrosine kinase
inhibitor CGP57148B selectively inhibits the growth of BCR-ABL-positive
cells." Blood 90(9): 3691-8.

Deininger, M.W., S. Vieira, R. Mendiola, B. Schultheis, .M. Goldman and J.V. Melo
(2000a). "BCR-ABL tyrosine kinase activity regulates the expression of multiple

160



genes implicated in the pathogenesis of chronic myeloid leukemia." Cancer
Research 60(7): 2049-55.

Deininger, P.L. and M.A. Batzer (2002). "Mammalian Retroelements." Genome
Research 12(10): 1455-1465.

Deininger, W.M.N., J.M. Goldman and J.V. Melo (2000b). "The molecular biology of
chronic myeloid leukemia." Blood 96: 3343-3356.

Denhardt, D.T. (1996). "Signal-transducing protein phosphorylation cascades mediated
by Ras/Rho proteins in the mammalian cell: the potential for multiplex
signalling." The Biochemical Journal 318 ( Pt 3): 729-47.

Devi, G.R. (2006). "siRNA-based approaches in cancer therapy." Cancer Gene Therapy
13(9): 819-829.

Devine, S.E. and J.D. Boeke (1996). "Integration of the yeast retrotransposon Tyl is
targeted to regions upstream of genes transcribed by RNA polymerase II1."
Genes and Development 10(5): 620-33.

Dhut, S., T. Chaplin and B.D. Young (1990). "BCR-ABL and BCR proteins:
biochemical characterization and localization." Leukemia 4(11): 745-50.

Diekmann, D., S. Brill, M.D. Garrett, N. Totty, J. Hsuan, C. Monfries, C. Hall, L. Lim
and A. Hall (1991). "Ber encodes a GTPase-activating protein for p2lrac.”
Nature 351(6325): 400-2.

Dildine, S.L. and S.B. Sandmeyer (1997). "Integration of the yeast retrovirus-like
element Ty3 upstream of a human tRNA gene expressed in yeast." Gene 194(2):
227-33.

Dildine, S.L., J. Respess, D. Jolly and S.B. Sandmeyer (1998). "A Chimeric
Ty3/Moloney Murine Leukemia Virus Integrase Protein Is Active In Vivo."
Journal of Virology 72(5): 4297-4307.

Doench, J.G., C.P. Petersen and P.A. Sharp (2003). "siRNAs can function as miRNAs."
Genes and Development 17(4): 438-442.

Dong, S., J. Zhu, A. Reid, P. Strutt, F. Guidez, H.J. Zhong, Z.Y. Wang, J. Licht, S.
Waxman, C. Chomienne, Z. Chen, A. Zelent and S.J. Chen (1996). "Amino-
terminal protein-protein interaction motif (POZ-domain) is responsible for
activities of the promyelocytic leukemia zinc finger-retinoic acid receptor-alpha
fusion protein." Proceedings of the National Academy of Sciences of the United
States of America 93(8): 3624-9.

Donsante, A., D.G. Miller, Y. Li, C. Vogler, E.M. Brunt, D.W. Russell and M.S. Sands
(2007). "AAV vector integration sites in mouse hepatocellular carcinoma."
Science 317(5837): 477.

Doucas, V., M. Tini, D.A. Egan and R.M. Evans (1999). "Modulation of CREB binding
protein function by the promyelocytic (PML) oncoprotein suggests a role for
nuclear bodies in hormone signaling." Proceedings of the National Academy of
Sciences of the United States of America 96(6): 2627-32.

Dougherty, J.P. and H.M. Temin (1987). "A promoterless retroviral vector indicates that
there are sequences in U3 required for 3' RNA processing." Proceedings of the
National Academy of Sciences of the United States of America 84(5): 1197-201.

Dreger, P. and E. Montserrat (2002). "Autologous and allogeneic stem cell
transplantation for chronic lymphocytic leukemia." Leukemia 16(6): 985-92.

Druker, B.J., S. Tamura, E. Buchdunger, S. Ohno, G.M. Segal, S. Fanning, J.
Zimmermann and N.B. Lydon (1996). "Effects of a selective inhibitor of the Abl

161



tyrosine kinase on the growth of Bcr-Abl positive cells." Nature Medicine 2(5):
561-6.

Druker, B.J., C.L. Sawyers, H. Kantarjian, D.J. Resta, S.F. Reese, J.M. Ford, R.
Capdeville and M. Talpaz (2001). "Activity of a specific inhibitor of the BCR-
ABL tyrosine kinase in the blast crisis of chronic myeloid leukemia and acute
lymphoblastic leukemia with the Philadelphia chromosome." New England
Journal of Medicine 344(14): 1038-42.

Du, C., R.L. Redner, M.P. Cooke and C. Lavau (1999). "Overexpression of wild-type
retinoic acid receptor alpha (RARalpha) recapitulates retinoic acid-sensitive
transformation of primary myeloid progenitors by acute promyelocytic leukemia
RARalpha-fusion genes." Blood 94(2): 793-802.

Dull, T., R. Zufferey, M. Kelly, R.J. Mandel, M. Nguyen, D. Trono and L. Naldini
(1998). "A Third-Generation Lentivirus Vector with a Conditional Packaging
System." Journal of Virology 72(11): 8463-8471.

Dunne, J., C. Cullmann, M. Ritter, N.M. Soria, B. Drescher, S. Debernardi, S.
Skoulakis, O. Hartmann, M. Krause, J. Krauter, A. Neubauer, B.D. Young and
O. Heidenreich (2006). "siRNA-mediated AML1/MTGS8 depletion affects
differentiation and proliferation-associated gene expression in t(8;21)-positive
cell lines and primary AML blasts." Oncogene 25(45): 6067-78.

Dyck, J.A., G.G. Maul, W.H. Miller, Jr., J.D. Chen, A. Kakizuka and R.M. Evans
(1994). "A novel macromolecular structure is a target of the promyelocyte-
retinoic acid receptor oncoprotein." Cell 76(2): 333-43.

Dykxhoorn, D.M., C.D. Novina and P.A. Sharp (2003). "Killing the messenger: short
RNAs that silence gene expression." Nature Reviews Molecular Cell Biology
4(6): 457-67.

Egan, S.E., B.W. Giddings, M.W. Brooks, L. Buday, A.M. Sizeland and R.A. Weinberg
(1993). "Association of Sos Ras exchange protein with Grb2 is implicated in
tyrosine kinase signal transduction and transformation." Nature 363(6424): 45-
51.

Elagib, K.E. and A.N. Goldfarb (2007). "Oncogenic pathways of AMLI1-ETO in acute
myeloid leukemia: multifaceted manipulation of marrow maturation." Cancer
Letters 251(2): 179-86.

Elbashir, S.M., W. Lendeckel and T. Tuschl (2001a). "RNA interference is mediated by
21- and 22-nucleotide RNAs." Genes and Development 15: 188-200.

Elbashir, S.M., J. Harborth, W. Lendeckel, A. Yalcin, K. Weber and T. Tuschl (2001Db).
"Duplexes of 2I1-nucleotide RNAs mediate RNA interference in cultured
mammalian cells." Nature 411: 494-498.

Elbashir, S.M., J. Martinez, A. Patkaniowska, W. Lendeckel and T. Tuschl (2001c).
"Functional anatomy of siRNAs for mediating efficient RNAi in Drosophila
melanogaster embyro lysate." The EMBO Journal 20: 6877-6888.

Elbashir, S.M., J. Harborth, K. Weber and T. Tuschl (2002). "Analysis of gene function
in somatic mammalian cells using small interfering RNAs." Methods 26(2): 199-
213.

Elefanty, A.G., LK. Hariharan and S. Cory (1990). "bcr-abl, the hallmark of chronic
myeloid leukaemia in man, induces multiple haemopoietic neoplasms in mice."
The EMBO Journal 9(4): 1069-78.

162



Endemann, G., D. Schechtman and D. Mochly-Rosen (2003). "Cytotoxicity of pEGFP
vector is due to residues encoded by multiple cloning site." Analytical
Biochemistry 313(2): 345-347.

Engelman, A., K. Mizuuchi and R. Craigie (1991). "HIV-1 DNA integration:
mechanism of viral DNA cleavage and DNA strand transfer." Cell 67(6): 1211-
21.

Erickson, P.F., G. Dessev, R.S. Lasher, G. Philips, M. Robinson and H.A. Drabkin
(1996). "ETO and AMLI1 phosphoproteins are expressed in CD34+
hematopoietic progenitors: implications for t(8;21) leukemogenesis and
monitoring residual disease." Blood 88(5): 1813-23.

Evans, R.M. (1988). "The steroid and thyroid hormone receptor superfamily." Science
240(4854): 889-95.

Fang, G., C.N. Kim, C.L. Perkins, N. Ramadevi, E. Winton, S. Wittmann and K.N.
Bhalla (2000). "CGP57148B (STI-571) induces differentiation and apoptosis
and sensitizes Bcr-Abl-positive human leukemia cells to apoptosis due to
antileukemic drugs." Blood 96(6): 2246-53.

Fazi, F., G. Zardo, V. Gelmetti, L. Travaglini, A. Ciolfi, L. Di Croce, A. Rosa, I.
Bozzoni, F. Grignani, F. Lo-Coco, P.G. Pelicci and C. Nervi (2007).
"Heterochromatic gene repression of the retinoic acid pathway in acute myeloid
leukemia." Blood 109(10): 4432-40.

Ferrara, F.F., F. Fazi, A. Bianchini, F. Padula, V. Gelmetti, S. Minucci, M. Mancini,
P.G. Pelicci, F. Lo Coco and C. Nervi (2001). "Histone deacetylase-targeted
treatment restores retinoic acid signaling and differentiation in acute myeloid
leukemia." Cancer Research 61(1): 2-7.

Finer, M.H., T.J. Dull, L. Qin, D. Farson and M.R. Roberts (1994). "kat: a high-
efficiency retroviral transduction system for primary human T lymphocytes."
Blood 83(1): 43-50.

Fire, A., S.-Q. Xu, M.K. Montgomery, S.A. Kostas, S.E. Driver and C.C. Mello (1998).
"Potent and specific genetic interference by double-stranded RNA in
Caenorhabditis elegans." Nature(391): 806-811.

Fish, R.J. and E.K. Kruithof (2004). "Short-term cytotoxic effects and long-term
instability of RNA1 delivered using lentiviral vectors." BMC Molecular Biology
5:9.

Frank, D.A. and L. Varticovski (1996). "BCR/abl leads to the constitutive activation of
Stat proteins, and shares an epitope with tyrosine phosphorylated Stats."
Leukemia 10(11): 1724-30.

Franke, T.F., D.R. Kaplan and L.C. Cantley (1997). "PI3K: downstream AKTion blocks
apoptosis." Cell 88(4): 435-7.

Futreal, P.A., L. Coin, M. Marshall, T. Down, T. Hubbard, R. Wooster, N. Rahman and
M.R. Stratton (2004). "A census of human cancer genes." Nature Reviews
Cancer 4(3): 177-83.

Gabert, J., E. Beillard, V.H. van der Velden, W. Bi, D. Grimwade, N. Pallisgaard, G.
Barbany, G. Cazzaniga, J.M. Cayuela, H. Cave, F. Pane, J.L. Aerts, D. De
Micheli, X. Thirion, V. Pradel, M. Gonzalez, S. Viehmann, M. Malec, G. Saglio
and J.J. van Dongen (2003). "Standardization and quality control studies of 'real-
time' quantitative reverse transcriptase polymerase chain reaction of fusion gene
transcripts for residual disease detection in leukemia - a Europe Against Cancer
program." Leukemia 17(12): 2318-57.

163



Gallagher, R.E., F. Said, 1. Pua, P.R. Papenhausen, E. Paietta and P.H. Wiernik (1989).
"Expression of retinoic acid receptor-alpha mRNA in human leukemia cells with
variable responsiveness to retinoic acid." Leukemia 3(11): 789-95.

Gallagher, R.E., Y.P. Li, S. Rao, E. Paietta, J. Andersen, P. Etkind, J.M. Bennett, M.S.
Tallman and P.H. Wiernik (1995). "Characterization of acute promyelocytic
leukemia cases with PML-RAR alpha break/fusion sites in PML exon 6:
identification of a subgroup with decreased in vitro responsiveness to all-trans
retinoic acid." Blood 86(4): 1540-7.

Gambacorti-Passerini, C., P. le Coutre, L. Mologni, M. Fanelli, C. Bertazzoli, E.
Marchesi, M. Di Nicola, A. Biondi, G.M. Corneo, D. Belotti, E. Pogliani and
N.B. Lydon (1997). "Inhibition of the ABL kinase activity blocks the
proliferation of BCR/ABL+ leukemic cells and induces apoptosis." Blood Cells
Molecules and Diseases 23(3): 380-94.

Gamou, T., E. Kitamura, F. Hosoda, K. Shimizu, K. Shinohara, Y. Hayashi, T. Nagase,
Y. Yokoyama and M. Ohki (1998). "The partner gene of AMLI1 in t(16;21)
myeloid malignancies is a novel member of the MTG8(ETO) family." Blood
91(11): 4028-37.

Gelmetti, V., J. Zhang, M. Fanelli, S. Minucci, P.G. Pelicci and M.A. Lazar (1998).
"Aberrant recruitment of the nuclear receptor corepressor-histone deacetylase
complex by the acute myeloid leukemia fusion partner ETO." Molecular Cell
Biology 18(12): 7185-91.

Geraerts, M., M. Michiels, V. Backelandt, Z. Debyser and R. Gijsbers (2005).
"Upscaling of lentiviral vector production by tangential flow filtration." Journal
of Gene Medicine 7(10): 1299-310.

Ghatak, S., V.C. Hascall, F.G. Berger, M.M. Penas, C. Davis, E. Jabari, X. He, J.S.
Norris, Y. Dang, R.R. Markwald and S. Misra (2008). "Tissue-specific shRNA
delivery: a novel approach for gene therapy in cancer." Connective Tissue
Research 49(3): 265-9.

Gishizky, M.L. and O.N. Witte (1992). "Initiation of deregulated growth of multipotent
progenitor cells by ber-abl in vitro." Science 256(5058): 836-9.

Gishizky, M.L., J. Johnson-White and O.N. Witte (1993). "Efficient transplantation of
BCR-ABL-induced chronic myelogenous leukemia-like syndrome in mice."
Proceedings of the National Academy of Sciences of the United States of
America 90(8): 3755-9.

Gitlin, L., S. Karelsky and R. Andino (2002). "Short interfering RNA confers
intracellular antiviral immunity in human cells." Nature 418: 430-434.

Glover, D.J., H.J. Lipps and D.A. Jans (2005). "Towards safe, non-viral therapeutic
gene expression in humans." Nature Reviews Genetics 6(4): 299-310.

Gordon, M.Y., C.R. Dowding, G.P. Riley, J.M. Goldman and M.F. Greaves (1987).
"Altered adhesive interactions with marrow stroma of haematopoietic progenitor
cells in chronic myeloid leukaemia." Nature 328(6128): 342-4.

Gordon, M.Y., F. Dazzi, S.B. Marley, J.L. Lewis, D. Nguyen, F.H. Grand, R.J.
Davidson and J.M. Goldman (1999). "Cell biology of CML cells." Leukemia 13
Suppl 1: S65-71.

Griffiths, R.A., J.R. Boyne and A. Whitehouse (2006). "Herpesvirus saimiri-based gene
delivery vectors." Current Gene Therapy 6(1): 1-15.

164



Grignani, F., M. Fagioli, M. Alcalay, L. Longo, P.P. Pandolfi, E. Donti, A. Biondi, F.
Lo Coco and P.G. Pelicci (1994). "Acute promyelocytic leukemia: from genetics
to treatment." Blood 83(1): 10-25.

Grignani, F., S. De Matteis, C. Nervi, L. Tomassoni, V. Gelmetti, M. Cioce, M. Fanelli,
M. Ruthardt, F.F. Ferrara, I. Zamir, C. Seiser, M.A. Lazar, S. Minucci and P.G.
Pelicci (1998). "Fusion proteins of the retinoic acid receptor-alpha recruit
histone deacetylase in promyelocytic leukaemia." Nature 391(6669): 815-8.

Grignani, F., V. Gelmetti, M. Fanelli, D. Rogaia, S. De Matteis, F.F. Ferrara, D. Bonci,
C. Nervi and P.G. Pelicci (1999). "Formation of PML/RAR alpha high
molecular weight nuclear complexes through the PML coiled-coil region is
essential for the PML/RAR alpha-mediated retinoic acid response." Oncogene
18(46): 6313-21.

Grimm, D., K.L. Streetz, C.L. Jopling, T.A. Storm, K. Pandey, C.R. Davis, P. Marion,
F. Salazar and M.A. Kay (2006). "Fatality in mice due to oversaturation of
cellular microRNA/short hairpin RNA pathways." Nature 441(7092): 537-41.

Grosveld, G., T. Verwoerd, T. van Agthoven, A. de Klein, K.L. Ramachandran, N.
Heisterkamp, K. Stam and J. Groffen (1986). "The chronic myelocytic cell line
K562 contains a breakpoint in ber and produces a chimeric ber/c-abl transcript.”
Molecular Cell Biology 6(2): 607-16.

Guidez, F., S. Ivins, J. Zhu, M. Soderstrom, S. Waxman and A. Zelent (1998).
"Reduced retinoic acid-sensitivities of nuclear receptor corepressor binding to
PML- and PLZF-RARalpha underlie molecular pathogenesis and treatment of
acute promyelocytic leukemia." Blood 91(8): 2634-42.

Gunnery, S., A.P. Rice, H.D. Robertson and M.B. Mathews (1990). "Tat-responsive
region RNA of human immunodeficiency virus 1 can prevent activation of the
double-stranded-RNA-activated protein kinase." Proceedings of the National
Academy of Sciences of the United States of America 87(22): 8687-91.

Hacein-Bey-Abina, S., F. Le Deist, F. Carlier, C. Bouneaud, C. Hue, J.P. De Villartay,
A.J. Thrasher, N. Wulffraat, R. Sorensen, S. Dupuis-Girod, A. Fischer, E.G.
Davies, W. Kuis, L. Leiva and M. Cavazzana-Calvo (2002). "Sustained
correction of X-linked severe combined immunodeficiency by ex vivo gene
therapy." New England Journal of Medicine 346(16): 1185-93.

Hacein-Bey-Abina, S., C. von Kalle, M. Schmidt, F. Le Deist, N. Wulffraat, E.
Mclintyre, 1. Radford, J.L. Villeval, C.C. Fraser, M. Cavazzana-Calvo and A.
Fischer (2003a). "A serious adverse event after successful gene therapy for X-
linked severe combined immunodeficiency." New England Journal of Medicine
348(3): 255-6.

Hacein-Bey-Abina, S., C. Von Kalle, M. Schmidt, M.P. McCormack, N. Wulffraat, P.
Leboulch, A. Lim, C.S. Osborne, R. Pawliuk, E. Morillon, R. Sorensen, A.
Forster, P. Fraser, J.I. Cohen, G. de Saint Basile, I. Alexander, U. Wintergerst,
T. Frebourg, A. Aurias, D. Stoppa-Lyonnet, S. Romana, 1. Radford-Weiss, F.
Gross, F. Valensi, E. Delabesse, E. Macintyre, F. Sigaux, J. Soulier, L.E. Leiva,
M. Wissler, C. Prinz, T.H. Rabbitts, F. Le Deist, A. Fischer and M. Cavazzana-
Calvo (2003b). "LMO2-associated clonal T cell proliferation in two patients
after gene therapy for SCID-X1." Science 302(5644): 415-9.

Hacker, C.V., C.A. Vink, T.W. Wardell, S. Lee, P. Treasure, S.M. Kingsman, K.A.
Mitrophanous and J.E. Miskin (2006). "The integration profile of EIAV-based
vectors." Molecular Therapy 14(4): 536-45.

165



Hackett, P.B., S.C. Ekker, D.A. Largaespada and R.S. Mclvor (2005). "Sleeping beauty
transposon-mediated gene therapy for prolonged expression." Advances in
Genetics 54: 189-232.

Hammond, S.M., E. Bernstein, D. Beach and G.J. Hannon (2000). "An RNA-directed
nuclease mediates post-transcriptional gene silencing in Drosophila cells."
Nature 404: 293-296.

Hanazono, Y., JM. Yu, C.E. Dunbar and R.V. Emmons (1997). "Green fluorescent
protein retroviral vectors: low titer and high recombination frequency suggest a
selective disadvantage." Human Gene Therapy 8(11): 1313-1319.

Hannon, G.J. (2002). "RNA interference." Nature 418: 244-251.

Harborth, J., S.M. Elbashir, K. Bechert, T. Tuschl and K. Weber (2001). "Identification
of essential genes in cultured mammalian cells using small interfering RNAs."
Journal of Cell Science 114(24): 4557-4565.

Heidenreich, O., J. Krauter, H. Riehle, P. Hadwiger, M. John, G. Heil, H.P. Vornlocher
and A. Nordheim (2003). "AMLI1/MTGS8 oncogene suppression by small
interfering RNAs supports myeloid differentiation of t(8;21)-positive leukemic
cells." Blood 101(8): 3157-63.

Heidenreich, O. (2004). "Oncogene suppression by small interfering RNAs." Current
Pharmaceutical Biotechnology 5(4): 349-54.

Heidenreich, O. (2009). "Targeting oncogenes with siRNAs." Methods in Molecular
Biology 487: 221-42.

Heinzel, T., R.M. Lavinsky, T.M. Mullen, M. Soderstrom, C.D. Laherty, J. Torchia,
W.M. Yang, G. Brard, S.D. Ngo, J.R. Davie, E. Seto, R.N. Eisenman, D.W.
Rose, C.K. Glass and M.G. Rosenfeld (1997). "A complex containing N-CoR,
mSin3 and histone deacetylase mediates transcriptional repression." Nature
387(6628): 43-8.

Heisterkamp, N., K. Stam, J. Groffen, A. de Klein and G. Grosveld (1985). "Structural
organization of the bcr gene and its role in the Ph' translocation." Nature
315(6022): 758-61.

Heisterkamp, N., G. Jenster, J. ten Hoeve, D. Zovich, P.K. Pattengale and J. Groffen
(1990). "Acute leukaemia in ber/abl transgenic mice." Nature 344(6263): 251-3.

Herndier, B.G., B.T. Shiramizu, N.E. Jewett, K.D. Aldape, G.R. Reyes and M.S.
McGrath (1992). "Acquired immunodeficiency syndrome-associated T-cell
lymphoma: evidence for human immunodeficiency virus type 1-associated T-
cell transformation." Blood 79(7): 1768-74.

Hiebert, S.W., B. Lutterbach and J. Amann (2001). "Role of co-repressors in
transcriptional repression mediated by the t(8;21), t(16;21), t(12;21), and inv(16)
fusion proteins." Curr Opin Hematol 8(4): 197-200.

Hillestad, L.K. (1957). "Acute promyelocytic leukemia." Acta Medica Scandinavica
159(3): 189-94.

Holen, T., M. Amarzguioui, M.T. Wiiger, E. Babaie and H. Prydz (2002). "Positional
effects of short interfering RNAs targeting the human coagulation trigger Tissue
Factor." Nucleic Acids Research 30(8): 1757-66.

Holen, T., M. Amarzguioui, E. Babaie and H. Prydz (2003). "Similar behaviour of
single-strand and double-strand siRNAs suggests they act through a common
RNAIi pathway." Nucleic Acids Research 31(9): 2401-7.

Hong, S.H., G. David, C.W. Wong, A. Dejean and M.L. Privalsky (1997). "SMRT
corepressor interacts with PLZF and with the PML-retinoic acid receptor alpha

166



(RARalpha) and PLZF-RARalpha oncoproteins associated with acute
promyelocytic leukemia." Proceedings of the National Academy of Sciences of
the United States of America 94(17): 9028-33.

Horita, M., E.J. Andreu, A. Benito, C. Arbona, C. Sanz, 1. Benet, F. Prosper and J.L.
Fernandez-Luna (2000). "Blockade of the Bcr-Abl kinase activity induces
apoptosis of chronic myelogenous leukemia cells by suppressing signal
transducer and activator of transcription 5-dependent expression of Bcl-xL."
Journal of Experimental Medicine 191(6): 977-84.

Horlein, A.J., A.M. Naar, T. Heinzel, J. Torchia, B. Gloss, R. Kurokawa, A. Ryan, Y.
Kamei, M. Soderstrom, C.K. Glass and et al. (1995). "Ligand-independent
repression by the thyroid hormone receptor mediated by a nuclear receptor co-
repressor." Nature 377(6548): 397-404.

Howe, S.J., M.R. Mansour, K. Schwarzwaelder, C. Bartholomae, M. Hubank, H.
Kempski, M.H. Brugman, K. Pike-Overzet, S.J. Chatters, D. de Ridder, K.C.
Gilmour, S. Adams, S.I. Thornhill, K.L. Parsley, F.J. Staal, R.E. Gale, D.C.
Linch, J. Bayford, L. Brown, M. Quaye, C. Kinnon, P. Ancliff, D.K. Webb, M.
Schmidt, C. von Kalle, H.B. Gaspar and A.J. Thrasher (2008). "Insertional
mutagenesis combined with acquired somatic mutations causes leukemogenesis
following gene therapy of SCID-X1 patients." Journal of Clinical Investigation.

Hu, W.-S. and V K. Pathak (2000). "Design of Retroviral Vectors and Helper Cells for
Gene Therapy." Pharmacology Reviews 52(4): 493-512.

Huang, M.-E., Y.-C. Ye, S.-R. Chen, J.-R. Chai, J.-X. Lu, L. Zhoa, L.-J. Gu and Z.-Y.
Wang (1988). "Use of all-trans retinoic acid in the treatment of acute
promyelocytic leukemia." Blood 72: 567-572.

Huang, W., G.L. Sun, X.S. Li, Q. Cao, Y. Lu, G.S. Jang, F.Q. Zhang, J.R. Chai, Z.Y.
Wang, S. Waxman and et al. (1993). "Acute promyelocytic leukemia: clinical
relevance of two major PML-RAR alpha isoforms and detection of minimal
residual disease by retrotranscriptase/polymerase chain reaction to predict
relapse." Blood 82(4): 1264-9.

Huang, Y. and R.J. Maraia (2001). "Comparison of the RNA polymerase III
transcription machinery in Schizosaccharomyces pombe, Saccharomyces
cerevisiae and human." Nucleic Acids Research 29(13): 2675-90.

Hutvagner, G. and P.D. Zamore (2002). "A microRNA in a multiple-turnover RNAi
enzyme complex." Science 297(5589): 2056-60.

Ikeda, T., H. Nishitsuji, X. Zhou, N. Nara, T. Ohashi, M. Kannagi and T. Masuda
(2004). "Evaluation of the Functional Involvement of Human Immunodeficiency
Virus Type 1 Integrase in Nuclear Import of Viral ¢cDNA during Acute
Infection." Journal of Virology 78(21): 11563-11573.

Ilaria, R.L., Jr. and R.A. Van Etten (1996). "P210 and P190(BCR/ABL) induce the
tyrosine phosphorylation and DNA binding activity of multiple specific STAT
family members." Journal of Biological Chemistry 271(49): 31704-10.

Imaizumi, M., H. Suzuki, M. Yoshinari, A. Sato, T. Saito, A. Sugawara, S. Tsuchiya, Y.
Hatae, T. Fujimoto, A. Kakizuka, T. Konno and K. Iinuma (1998). "Mutations in
the E-domain of RAR portion of the PML/RAR chimeric gene may confer
clinical resistance to all-trans retinoic acid in acute promyelocytic leukemia."
Blood 92(2): 374-82.

Jacquel, A., M. Herrant, L. Legros, N. Belhacene, F. Luciano, G. Pages, P. Hofman and
P. Auberger (2003). "Imatinib induces mitochondria-dependent apoptosis of the

167



Bcer-Abl-positive K562 cell line and its differentiation toward the erythroid
lineage." The FASEB Journal 17(14): 2160-2.

Jain, S.K., W.Y. Langdon and L. Varticovski (1997). "Tyrosine phosphorylation of
p120cbl in BCR/abl transformed hematopoietic cells mediates enhanced
association with phosphatidylinositol 3-kinase." Oncogene 14(18): 2217-28.

Jansen, J.H., A. Mahfoudi, S. Rambaud, C. Lavau, W. Wahli and A. Dejean (1995).
"Multimeric complexes of the PML-retinoic acid receptor a fusion protein in
acute promyelocytic leukemia cells and interference with retinoid and
peroxisome-proliferator signalling pathways." Proceedings of the National
Academy of Sciences of the United States of America 92: 7401-7405.

Jasek, E., J. Mirecka and J.A. Litwin (2008). "Effect of differentiating agents (all-trans
retinoic acid and phorbol 12-myristate 13-acetate) on drug sensitivity of HL60
and NB4 cells in vitro." Folia Histochemica et Cytobiologica 46(3): 323-30.

Jordan, A., D. Bisgrove and E. Verdin (2003). "HIV reproducibly establishes a latent
infection after acute infection of T cells in vitro." The EMBO Journal 22(8):
1868-77.

Kallifatidis, G., B.M. Beckermann, A. Groth, M. Schubert, A. Apel, A. Khamidjanov,
E. Ryschich, T. Wenger, W. Wagner, A. Diehlmann, R. Saffrich, U. Krause, V.
Eckstein, J. Mattern, M. Chai, G. Schutz, A.D. Ho, M.M. Gebhard, M.W.
Buchler, H. Friess, P. Buchler and I. Herr (2008). "Improved lentiviral
transduction of human mesenchymal stem cells for therapeutic intervention in
pancreatic cancer." Cancer Gene Therapy 15(4): 231-40.

Kang, C.D., I.LR. Do, K.W. Kim, B.K. Ahn, S.H. Kim, B.S. Chung, B.H. Jhun and M.A.
Yoo (1999). "Role of Ras/ERK-dependent pathway in the erythroid
differentiation of K562 cells." Experimental of Molecular Medicine 31(2): 76-
82.

Kang, Y., C.J. Moressi, T.E. Scheetz, L. Xie, D.T. Tran, T.L. Casavant, P. Ak, C.J.
Benham, B.L. Davidson and P.B. McCray, Jr. (2006). "Integration site choice of
a feline immunodeficiency virus vector." Journal of Virology 80(17): 8820-3.

Kastner, P., H.J. Lawrence, C. Waltzinger, N.B. Ghyselinck, P. Chambon and S. Chan
(2001). "Positive and negative regulation of granulopoiesis by endogenous
RARalpha." Blood 97(5): 1314-20.

Kawano, T., J. Horiguchi-Yamada, S. Iwase, Y. Furukawa, Y. Kano and H. Yamada
(2004). "Inactivation of ERK accelerates erythroid differentiation of K562 cells
induced by herbimycin A and STI571 while activation of MEK1 interferes with
it." Molecular and Cellular Biochemistry 258(1-2): 25-33.

Kawasaki, A., I. Matsumura, Y. Kataoka, E. Takigawa, K. Nakajima and Y. Kanakura
(2003). "Opposing effects of PML and PML/RARalpha on STAT3 activity."
Blood 101(9): 3668-3673.

Kawasaki, H. and K. Taira (2003). "Short hairpin type of dsSRNAs that are controlled by
tRNA(Val) promoter significantly induce RNAi-mediated gene silencing in the
cytoplasm of human cells." Nucleic Acids Research 31(2): 700-7.

Kawasaki, H. and K. Taira (2004). "Induction of DNA methylation and gene silencing
by short interfering RNAs in human cells." Nature 431(7005): 211-7.

Kearney, P., L.A. Wright, S. Milliken and J.C. Biggs (1995). "Improved specificity of
ribozyme-mediated cleavage of bcr-abl mRNA." Experimental Hematology
23(9): 986-9.

168



Ketting, R.F., S.E. Fischer, E. Bernstein, T. Sijen, G.J. Hannon and R.H. Plasterk
(2001). "Dicer functions in RNA interference and in synthesis of small RNA
involved in developmental timing in C. elegans." Genes and Development
15(20): 2654-2659.

Khouri, LF., M.J. Keating, H.M. Vriesendorp, C.L. Reading, D. Przepiorka, Y.O. Huh,
B.S. Andersson, K.W. van Besien, R.C. Mehra, S.A. Giralt and et al. (1994).
"Autologous and allogeneic bone marrow transplantation for chronic
lymphocytic leukemia: preliminary results." Journal of Clinical Oncology 12(4):
748-58.

Kinsey, P.T. and S.B. Sandmeyer (1991). "Adjacent pol II and pol IIl promoters:
transcription of the yeast retrotransposon Ty3 and a target tRNA gene." Nucleic
Acids Research 19(6): 1317-24.

Kipreos, E.T. and J.Y. Wang (1990). "Differential phosphorylation of c-Abl in cell
cycle determined by cdc2 kinase and phosphatase activity." Science 248(4952):
217-20.

Kirchner, J., C.M. Connolly and S.B. Sandmeyer (1995). "Requirement of RNA
polymerase III transcription factors for in vitro position-specific integration of a
retroviruslike element." Science 267(5203): 1488-91.

Kirchner, J. and S.B. Sandmeyer (1996). "Ty3 integrase mutants defective in reverse
transcription or 3'-end processing of extrachromosomal Ty3 DNA." Journal of
Virology 70(7): 4737-47.

Kitabayashi, 1., K. Ida, F. Morohoshi, A. Yokoyama, N. Mitsuhashi, K. Shimizu, N.
Nomura, Y. Hayashi and M. Ohki (1998). "The AML1-MTGS8 leukemic fusion
protein forms a complex with a novel member of the MTG8(ETO/CDR) family,
MTGR1." Mol Cell Biol 18(2): 846-58.

Koeffler, H.P. and D.W. Golde (1980). "Human myeloid leukemia cell lines: a review."
Blood 56(3): 344-50.

Kohn, D.B., M. Sadelain and J.C. Glorioso (2003). "Occurrence of leukemia following
gene therapy of X-linked SCID." Nature Reviews Cancer 3: 477-488.

Kolonics, A., A. Apati, S. Nahajevszky, R. Gati, A. Brozik and M. Magocsi (2001).
"Unregulated activation of STAT-5, ERK1/2 and c-Fos may contribute to the
phenotypic transformation from myelodysplastic syndrome to acute leukaemia."
Haematologia 31(2): 125-38.

Kolykhalov, A.A., M.W. Graham, D.A. Suhy, P.W. Roelvink, A.R. Schroeder, A.E.
Parker, L.M. Garcia, M.A. Kay, S.M. Cunningham and L.B. Couto (2005). "997.
Loop Composition as Well as Orientation of the Guide Strand in shRNA May
Dramatically Modulate Activity of the shRNA: Effect on the Development of
RNAi-Based Inhibitors." Molecular Therapy 11(S1): S385.

Kotin, R.M., M. Siniscalco, R.J. Samulski, X.D. Zhu, L. Hunter, C.A. Laughlin, S.
McLaughlin, N. Muzyczka, M. Rocchi and K.I. Berns (1990). "Site-specific
integration by adeno-associated virus." Proceedings of the National Academy of
Sciences of the United States of America 87(6): 2211-5.

Kotin, R.M., R.M. Linden and K.I. Berns (1992). "Characterization of a preferred site
on human chromosome 19q for integration of adeno-associated virus DNA by
non-homologous recombination." The EMBO Journal 11(13): 5071-8.

Kozu, T., Y. Sugio, T. Fukuyama, E. Sueoka, T. Otsuka and K. Akagi (2000).
"Ribonuclease H attack of leukaemic fused transcripts AML1-MTGS (ETO) by
DNA/RNA chimeric hammerhead ribozymes." Genes to Cells 5(8): 637-47.

169



Krauter, J., M.P. Wattjes, S. Nagel, O. Heidenreich, U. Krug, S. Kafert, D. Bunjes, L.
Bergmann, A. Ganser and G. Heil (1999). "Real-time RT-PCR for the detection
and quantification of AML1/MTGS8 fusion transcripts in t(8;21)-positive AML
patients." British Journal of Haematology 107(1): 80-5.

Kucukkaya, B., D.O. Arslan and B. Kan (2006). "Role of G proteins and ERK
activation in hemin-induced erythroid differentiation of K562 cells." Life
Sciences 78(11): 1217-24.

Kufe, D.W., R.C. Bast, W. Hait, W.K. Hong, R.E. Pollock, R.R. Weichselbaum, J.F.
Holland and E. Frei (2006). Cancer Medicine. Hamilton, B. C. Decker Inc.

Kuzelova, K., D. Grebenova, I. Marinov and Z. Hrkal (2005). "Fast apoptosis and
erythroid differentiation induced by imatinib mesylate in JURL-MKI1 cells."
Journal of Cellular Biochemistry 95(2): 268-80.

Labrecque, J., D. Allan, P. Chambon, N.N. Iscove, D. Lohnes and T. Hoang (1998).
"Impaired granulocytic differentiation in vitro in hematopoietic cells lacking
retinoic acid receptors alphal and gamma." Blood 92(2): 607-15.

Lagos-Quintana, M., R. Rauhut, W. Lendeckel and T. Tuschl (2001). "Identification of
novel genes coding for small expressed RNAs." Science 294(5543): 853-8.

Lai, C.M., Y.K. Lai and P.E. Rakoczy (2002). "Adenovirus and adeno-associated virus
vectors." DNA and Cell Biology 21(12): 895-913.

Landau, N.R. and D.R. Littman (1992). "Packaging system for rapid production of
murine leukemia virus vectors with variable tropism." Journal of Virology 66(8):
5110-3.

Laneuville, P. (1995). "Abl tyrosine protein kinase." Seminars in Immunology 7(4):
255-66.

Lanotte, M., V. Martin-Thouvenin, S. Najman, P. Balerini, F. Valensi and R. Berger
(1991). "NB4, a maturation inducible cell line with t(15;17) marker isolated
from a human acute promyelocytic leukemia (M3)." Blood 77(5): 1080-6.

Largman, C., K. Detmer, J.C. Corral, F.M. Hack and H.J. Lawrence (1989). "Expression
of retinoic acid receptor alpha mRNA in human leukemia cells." Blood 74(1):
99-102.

Latchman, D.S. (2002). "Herpes simplex virus vectors for gene delivery to a variety of
different cell types." Current Gene Therapy 2(4): 415-26.

le Coutre, P., L. Mologni, L. Cleris, E. Marchesi, E. Buchdunger, R. Giardini, F.
Formelli and C. Gambacorti-Passerini (1999). "In vivo eradication of human
BCR/ABL-positive leukemia cells with an ABL kinase inhibitor." Journal of the
National Cancer Institute 91(2): 163-8.

Leibundgut, E.O., M. Jotterand, V. Rigamonti, V. Parlier, D. Muhlematter, A. Tobler
and M. Solenthaler (1999). "A novel BCR-ABL transcript e2a2 in a chronic
myelogenous leukaemia patient with a duplicated Ph-chromosome and
monosomy 7." British Journal of Haematology 106(4): 1041-4.

Lenny, N., S. Meyers and S.W. Hiebert (1995). "Functional domains of the t(8;21)
fusion protein, AML-1/ETO." Oncogene 11(9): 1761-9.

L'Etoile, N.D., M.L. Fahnestock, Y. Shen, R. Aebersold and A.J. Berk (1994). "Human
transcription factor IIIC box B binding subunit." Proceedings of the National
Academy of Sciences of the United States of America 91(5): 1652-6.

Lewis, JM. and M.A. Schwartz (1998). "Integrins regulate the association and
phosphorylation of paxillin by c-Abl." Journal of Biological Chemistry 273(23):
14225-30.

170



Lewis, P., M. Hensel and M. Emerman (1992). "Human immunodeficiency virus
infection of cells arrested in the cell cycle." The EMBO Journal 11: 3053-3058.

Lewis, P.F. and M. Emerman (1994). "Passage through mitosis is required for
oncoretroviruses but not for the human immunodeficiency virus." Journal of
Virology 68(1): 510-6.

Li, H., C. Leo, J. Zhu, X. Wu, J. O'Neil, E.J. Park and J.D. Chen (2000). "Sequestration
and inhibition of Daxx-mediated transcriptional repression by PML." Molecular
Cell Biology 20(5): 1784-96.

Li, L., X. Lin, A. Khvorova, S.W. Fesik and Y. Shen (2007). "Defining the optimal
parameters for hairpin-based knockdown constructs." RNA 13(10): 1765-74.

Li, M.J., G. Bauer, A. Michienzi, J.K. Yee, N.S. Lee, J. Kim, S. Li, D. Castanotto, J.
Zaia and J.J. Rossi (2003a). "Inhibition of HIV-1 infection by lentiviral vectors
expressing Pol Ill-promoted anti-HIV RNAs." Molecular Therapy 8(2): 196-
206.

Li, M.J., R. McMahon, D.S. Snyder, J.K. Yee and J.J. Rossi (2003b). "Specific killing
of Ph+ chronic myeloid leukemia cells by a lentiviral vector-delivered anti-
bcer/abl small hairpin RNA." Oligonucleotides 13(5): 401-9.

Licht, J.D. (2001). "AMLI and the AMLI-ETO fusion protein in the pathogenesis of
t(8;21) AML." Oncogene 20(40): 5660-79.

Lin, R.J., L. Nagy, S. Inoue, W. Shao, W.H. Miller, Jr. and R.M. Evans (1998). "Role of
the histone deacetylase complex in acute promyelocytic leukaemia." Nature
391(6669): 811-4.

Lin, R.J.,, D.A. Egan and R.M. Evans (1999). "Molecular genetics of acute
promyelocytic leukemia." Trends in Genetics 15(5): 179-84.

Lin, R.J. and R.M. Evans (2000). "Acquisition of oncogenic potential by RAR chimeras
in acute promyelocytic leukemia through formation of homodimers." Molecular
Cell 5(5): 821-30.

Lin, R.J., T. Sternsdorf, M. Tini and R.M. Evans (2001a). "Transcriptional regulation in
acute promyelocytic leukemia." Oncogene 20(49): 7204-15.

Lin, S.S., M.H. Nymark-McMahon, L. Yieh and S.B. Sandmeyer (2001b). "Integrase
Mediates Nuclear Localization of Ty3." Molecular Cell Biology 21(22): 7826-
7838.

Liu, H.-S., M.-S. Jan, C.-K. Chou, P.-H. Chen and N.-J. Ke (1999). "Is Green
Fluorescent Protein Toxic to the Living Cells?" Biochemical and Biophysical
Research Communications 260(3): 712-717.

Look, A.T. (1997). "Oncogenic transcription factors in the human acute leukemias."
Science 278(5340): 1059-64.

Lowenberg, B., J.R. Downing and A. Burnett (1999). "Acute myeloid leukemia." New
England Journal of Medicine 341(14): 1051-62.

Lozzio, C.B. and B.B. Lozzio (1975). "Human chronic myelogenous leukemia cell-line
with positive Philadelphia chromosome." Blood 45(3): 321-34.

Lundstrom, K. (2003). "Latest development in viral vectors for gene therapy." Trends in
Biotechnology 21(3): 117-22.

Lutterbach, B., J.J. Westendorf, B. Linggi, A. Patten, M. Moniwa, J.R. Davie, K.D.
Huynh, V.J. Bardwell, R.M. Lavinsky, M.G. Rosenfeld, C. Glass, E. Seto and
S.W. Hiebert (1998a). "ETO, a target of (8;21) in acute leukemia, interacts with
the N-CoR and mSin3 corepressors." Mol Cell Biol 18(12): 7176-84.

171



Lutterbach, B., D. Sun, J. Schuetz and S.W. Hiebert (1998b). "The MYND motif is
required for repression of basal transcription from the multidrug resistance 1
promoter by the t(8;21) fusion protein." Mol Cell Biol 18(6): 3604-11.

Lutterbach, B. and S.W. Hiebert (2000). "Role of the transcription factor AML-1 in
acute leukemia and hematopoietic differentiation." Gene 245(2): 223-35.

Ma, G., D. Lu, Y. Wy, J. Liu and R.B. Arlinghaus (1997). "Ber phosphorylated on
tyrosine 177 binds Grb2." Oncogene 14(19): 2367-72.

Mahon, F.X., M.W. Deininger, B. Schultheis, J. Chabrol, J. Reiffers, J.M. Goldman and
J.V. Melo (2000). "Selection and characterization of BCR-ABL positive cell
lines with differential sensitivity to the tyrosine kinase inhibitor STI571: diverse
mechanisms of resistance." Blood 96(3): 1070-9.

Manjunath, N., H. Wu, S. Subramanya and P. Shankar (2009). "Lentiviral delivery of
short hairpin RNAs." Adv Drug Deliv Rev 61(9): 732-45.

Mann, R., R.C. Mulligan and D. Baltimore (1983). "Construction of a retrovirus
packaging mutant and its use to produce helper-free defective retrovirus." Cell
33(1): 153-9.

Marks, P.A., V.M. Richon and R.A. Rifkind (2000). "Histone deacetylase inhibitors:
inducers of differentiation or apoptosis of transformed cells." Journal of the
National Cancer Institute 92(15): 1210-6.

Marquez, R.T. and A.P. McCaffrey (2008). "Advances in microRNAs: implications for
gene therapists." Human Gene Therapy 19(1): 27-38.

Marshall, E. (2003). "Gene therapy. Second child in French trial is found to have
leukemia." Science 299: 320.

Martin, P., O. Albagli, M.C. Poggi, K.E. Boulukos and P. Pognonec (2006).
"Development of a new bicistronic retroviral vector with strong IRES activity."
BMC Biotechnology 6: 4.

Martinez, J., A. Patkaniowska, H. Urlaub, R. Luhrmann and T. Tuschl (2002). "Single-
stranded antisense siRNAs guide target RNA cleavage in RNAiL." Cell 110: 563-
574.

Martinez, N., B. Drescher, H. Riehle, C. Cullmann, H.P. Vornlocher, A. Ganser, G.
Heil, A. Nordheim, J. Krauter and O. Heidenreich (2004). "The oncogenic
fusion protein RUNX1-CBFA2T1 supports proliferation and inhibits senescence
in t(8;21)-positive leukaemic cells." BMC Cancer 4: 44.

Martinez Soria, N., R. Tussiwand, P. Ziegler, M.G. Manz and O. Heidenreich (2009).
"Transient depletion of RUNX1/RUNXI1T1 by RNA interference delays tumour
formation in vivo." Leukemia 23(1): 188-90.

Maxfield, L.F., C.D. Fraize and J.M. Coffin (2005). "From The Cover: Relationship
between retroviral DNA-integration-site selection and host cell transcription."
Proceedings of the National Academy of Sciences of the United States of
America 102(5): 1436-1441.

McLaughlin, J., E. Chianese and O.N. Witte (1987). "In vitro transformation of
immature hematopoietic cells by the P210 BCR/ABL oncogene product of the
Philadelphia chromosome." Proceedings of the National Academy of Sciences
of the United States of America 84(18): 6558-62.

McWhirter, J.R., D.L. Galasso and J.Y. Wang (1993). "A coiled-coil oligomerization
domain of Ber is essential for the transforming function of Bcr-Abl
oncoproteins." Molecular Cell Biology 13(12): 7587-95.

172



McWhirter, J.R. and J.Y. Wang (1993). "An actin-binding function contributes to
transformation by the Ber-Abl oncoprotein of Philadelphia chromosome-positive
human leukemias." The EMBO Journal 12(4): 1533-46.

Melemed, A.S., J.W. Ryder and T.A. Vik (1997). "Activation of the mitogen-activated
protein kinase pathway is involved in and sufficient for megakaryocytic
differentiation of CMK cells." Blood 90(9): 3462-70.

Melnick, A. and J.D. Licht (1999). "Deconstructing a disease: RARalpha, its fusion
partners, and their roles in the pathogenesis of acute promyelocytic leukemia."
Blood 93(10): 3167-215.

Melnick, A.M., J.J. Westendorf, A. Polinger, G.W. Carlile, S. Arai, H.J. Ball, B.
Lutterbach, S.W. Hiebert and J.D. Licht (2000). "The ETO protein disrupted in
t(8;21)-associated acute myeloid leukemia is a corepressor for the promyelocytic
leukemia zinc finger protein." Mol Cell Biol 20(6): 2075-86.

Melo, J.V. (1996). "The diversity of BCR-ABL fusion proteins and their relationship to
leukemia phenotype." Blood 88(7): 2375-84.

Melo, J.V. (1997). "BCR-ABL gene variants." Bailliere's Clinical Haematology 10(2):
203-22.

Meyers, S., J.R. Downing and S.W. Hiebert (1993). "Identification of AML-1 and the
(8;21) translocation protein (AML-1/ETO) as sequence-specific DNA-binding
proteins: the runt homology domain is required for DNA binding and protein-
protein interactions." Molecular Cell Biology 13(10): 6336-45.

Miki, Y. (1998). "Retrotransposal integration of mobile genetic elements in human
diseases." Journal of Human Genetics 43(2): 77-84.

Miller, D.G., G.D. Trobridge, L.M. Petek, M.A. Jacobs, R. Kaul and D.W. Russell
(2005). "Large-scale analysis of adeno-associated virus vector integration sites
in normal human cells." Journal of Virology 79(17): 11434-42.

Minucci, S., M. Maccarana, M. Cioce, P. De Luca, V. Gelmetti, S. Segalla, L. Di Croce,
S. Giavara, C. Matteucci, A. Gobbi, A. Bianchini, E. Colombo, I. Schiavoni, G.
Badaracco, X. Hu, M.A. Lazar, N. Landsberger, C. Nervi and P.G. Pelicci
(2000). "Oligomerization of RAR and AMLI1 transcription factors as a novel
mechanism of oncogenic activation." Molecular Cell 5(5): 811-20.

Minucci, S., C. Nervi, F. Lo Coco and P.G. Pelicci (2001). "Histone deacetylases: a
common molecular target for differentiation treatment of acute myeloid
leukemias?" Oncogene 20(24): 3110-5.

Mitchell, R.S., B.F. Beitzel, A.R. Schroder, P. Shinn, H. Chen, C.C. Berry, J.R. Ecker
and F.D. Bushman (2004). "Retroviral DNA Integration: ASLV, HIV, and MLV
Show Distinct Target Site Preferences." PLoS Biology 2(8): E234.

Miyoshi, H., K. Shimizu, T. Kozu, N. Maseki, Y. Kaneko and M. Ohki (1991). "t(8;21)
breakpoints on chromosome 21 in acute myeloid leukemia are clustered within a
limited region of a single gene, AML1." Proceedings of the National Academy
of Sciences of the United States of America 88(23): 10431-4.

Miyoshi, H., T. Kozu, K. Shimizu, K. Enomoto, N. Maseki, Y. Kaneko, N. Kamada and
M. Ohki (1993). "The t(8;21) translocation in acute myeloid leukemia results in
production of an AMLI-MTGS8 fusion transcript." The EMBO Journal 12(7):
2715-21.

Miyoshi, H., K.A. Smith, D.E. Mosier, .M. Verma and B.E. Torbett (1999).
"Transduction of human CD34+ cells that mediate long-term engraftment of
NOD/SCID mice by HIV vectors." Science 283(5402): 682-6.

173



Mizuchi, D., T. Kurosu, A. Kida, Z.H. Jin, A. Jin, A. Arai and O. Miura (2005).
"BCR/ABL activates Rapl and B-Raf to stimulate the MEK/Erk signaling
pathway in hematopoietic cells." Biochemical and Biophysical Research
Communications 326(3): 645-51.

Mizuguchi, H., Z.L. Xu, A. Ishii-Watabe, E. Uchida and T. Hayakawa (2000). "IRES-
dependent second gene expression is significantly lower than cap-dependent first
gene expression in a bicistronic vector." Molecular Therapy 1(4): 376-382.

Modlich, U., O.S. Kustikova, M. Schmidt, C. Rudolph, J. Meyer, Z. Li, K. Kamino, N.
von Neuhoff, B. Schlegelberger, K. Kuehlcke, K.D. Bunting, S. Schmidt, A.
Deichmann, C. von Kalle, B. Fehse and C. Baum (2005). "Leukemias following
retroviral transfer of multidrug resistance 1 (MDRI1) are driven by combinatorial
insertional mutagenesis." Blood 105(11): 4235-46.

Modlich, U., J. Bohne, M. Schmidt, C. von Kalle, S. Knoss, A. Schambach and C.
Baum (2006). "Cell-culture assays reveal the importance of retroviral vector
design for insertional genotoxicity." Blood 108(8): 2545-53.

Mok, H.P. and A.M. Lever (2005). "Vector integration: Location, location, location."
Gene Therapy 12(1): 1-2.

Mok, H.P., S. Javed and A. Lever (2007). "Stable gene expression occurs from a
minority of integrated HIV-1-based vectors: transcriptional silencing is present
in the majority." Gene Therapy 14(9): 741-51.

Montini, E., D. Cesana, M. Schmidt, F. Sanvito, M. Ponzoni, C. Bartholomae, L.S.
Sergi, F. Benedicenti, A. Ambrosi, C. Di Serio, C. Doglioni, C. von Kalle and L.
Naldini (2006). "Hematopoietic stem cell gene transfer in a tumor-prone mouse
model uncovers low genotoxicity of lentiviral vector integration." Nature
Biotechnology 24(6): 687-96.

Moore, S.P., M. Powers and D.J. Garfinkel (1995). "Substrate specificity of Tyl
integrase." Journal of Virology 69(8): 4683-92.

Morris, K.V., S.W. Chan, S.E. Jacobsen and D.J. Looney (2004). "Small interfering
RNA-induced transcriptional gene silencing in human cells." Science 305(5688):
1289-92.

Muy, Z.M., K.V. Chin, J.H. Liu, G. Lozano and K.S. Chang (1994). "PML, a growth
suppressor disrupted in acute promyelocytic leukemia." Molecular Cell Biology
14(10): 6858-67.

Muller, A.J., J.C. Young, A.M. Pendergast, M. Pondel, N.R. Landau, D.R. Littman and
O.N. Witte (1991). "BCR first exon sequences specifically activate the
BCR/ABL tyrosine kinase oncogene of Philadelphia chromosome-positive
human leukemias." Molecular Cell Biology 11(4): 1785-92.

Nakai, H., S.R. Yant, T.A. Storm, S. Fuess, L. Meuse and M.A. Kay (2001).
"Extrachromosomal recombinant adeno-associated virus vector genomes are
primarily responsible for stable liver transduction in vivo." Journal of Virology
75(15): 6969-76.

Nakai, H., E. Montini, S. Fuess, T.A. Storm, M. Grompe and M.A. Kay (2003). "AAV
serotype 2 vectors preferentially integrate into active genes in mice." Nature
Genetics 1: 1.

Nakai, H., X. Wu, S. Fuess, T.A. Storm, D. Munroe, E. Montini, S.M. Burgess, M.
Grompe and M.A. Kay (2005). "Large-scale molecular characterization of
adeno-associated virus vector integration in mouse liver." Journal of Virology
79(6): 3606-14.

174



Naldini, L., U. Blomer, F.H. Gage, D. Trono and I.M. Verma (1996a). "Efficient
transfer, integration, and sustained long-term expression of the transgene in adult
rat brains injected with a lentiviral vector." Proceedings of the National
Academy of Sciences of the United States of America 93(21): 11382-8.

Naldini, L., U. Blomer, P. Gallay, D. Ory, R. Mulligan, F.H. Gage, .M. Verma and D.
Trono (1996b). "In vivo gene delivery and stable transduction of nondividing
cells by a lentiviral vector." Science 272(5259): 263-7.

Narezkina, A., K.D. Taganov, S. Litwin, R. Stoyanova, J. Hayashi, C. Seeger, A.M.
Skalka and R.A. Katz (2004). "Genome-Wide Analyses of Avian Sarcoma Virus
Integration Sites." Journal of Virology 78(21): 11656-11663.

Nason-Burchenal, K., J. Allopenna, A. Begue, D. Stehelin, E. Dmitrovsky and P. Martin
(1998a). "Targeting of PML/RARalpha is lethal to retinoic acid-resistant
promyelocytic leukemia cells." Blood 92(5): 1758-67.

Nason-Burchenal, K., G. Takle, U. Pace, S. Flynn, J. Allopenna, P. Martin, S.T. George,
A.R. Goldberg and E. Dmitrovsky (1998b). "Targeting the PML/RAR alpha
translocation product triggers apoptosis in promyelocytic leukemia cells."
Oncogene 17(14): 1759-68.

Ni, Y., S. Sun, I. Oparaocha, L. Humeau, B. Davis, R. Cohen, G. Binder, Y.-N. Chang,
V. Slepushkin and B. Dropulic (2005). "Generation of a packaging cell line for
prolonged large-scale production of high-titer HIV-1-based lentiviral vector."
Journal of Gene Medicine 7(6): 818-34.

Nichol, J.N., L.A. Petruccelli and W.H. Miller, Jr. (2009). "Expanding PML's functional
repertoire through post-translational mechanisms." Frontiers in Bioscience 14:
2293-306.

Nienhuis, A.W., C.E. Dunbar and B.P. Sorrentino (2006). "Genotoxicity of retroviral
integration in hematopoietic cells." Moleculat Therapy 13(6): 1031-49.

Nimmanapalli, R., E. O'Bryan, M. Huang, P. Bali, P.K. Burnette, T. Loughran, J.
Tepperberg, R. Jove and K. Bhalla (2002). "Molecular characterization and
sensitivity of STI-571 (imatinib mesylate, Gleevec)-resistant, Ber-Abl-positive,
human acute leukemia cells to SRC kinase inhibitor PD180970 and 17-
allylamino-17-demethoxygeldanamycin." Cancer Research 62(20): 5761-9.

Nowell, P.C. and D.A. Hungerford (1960). "A minute chromosome in human chronic
granulocytic leukemia." Science 132: 1497.

Nucifora, G. and J.D. Rowley (1995). "AMLI1 and the 8;21 and 3;21 translocations in
acute and chronic myeloid leukemia." Blood 86(1): 1-14.

Nymark-McMahon, M.H., N.S. Beliakova-Bethell, J.-L. Darlix, S.F.J. Le Grice and
S.B. Sandmeyer (2002). "Ty3 Integrase Is Required for Initiation of Reverse
Transcription." Journal of Virology 76(6): 2804-2816.

Okuda, T., J. van Deursen, S.W. Hiebert, G. Grosveld and J.R. Downing (1996).
"AMLI, the target of multiple chromosomal translocations in human leukemia,
is essential for normal fetal liver hematopoiesis." Cell 84(2): 321-30.

Oshima, K., H. Kawasaki, Y. Soda, K. Tani, S. Asano and K. Taira (2003). "Maxizymes
and Small Hairpin-Type RNAs That Are Driven by a tRNA Promoter
Specifically Cleave a Chimeric Gene Associated with Leukemia in Vitro and in
Vivo." Cancer Research 63(20): 6809-6814.

Otsuki, T., H. Sakaguchi, T. Hatayama, P. Wu, A. Takata and F. Hyodoh (2003).
"Effects of all-trans retinoic acid (ATRA) on human myeloma cells." Leukemia
and Lymphoma 44(10): 1651-6.

175



Paddison, P.J., A.A. Caudy, E. Bernstein, G.J. Hannon and D.S. Conklin (2002a).
"Short hairpin RNAs (shRNAs) induce sequence-specific silencing in
mammalian cells." Genes and Development 16(8): 948-958.

Paddison, P.J., A.A. Caudy and G.J. Hannon (2002b). "Stable suppression of gene
expression in RNAi in mammalian cells." Proceedings of the National Academy
of Sciences of the United States of America 99: 1443-1448.

Paddison, P.J. and G.J. Hannon (2002). "RNA interference: the new somatic cell
genetics?" Cancer Cell 2(1): 17-23.

Pandolfi, P.P., M. Alcalay, M. Fagioli, D. Zangrilli, A. Mencarelli, D. Diverio, A.
Biondi, F. Lo Coco, A. Rambaldi, F. Grignani and et al. (1992). "Genomic
variability and alternative splicing generate multiple PML/RAR alpha transcripts
that encode aberrant PML proteins and PML/RAR alpha isoforms in acute
promyelocytic leukaemia." The EMBO Journal 11(4): 1397-407.

Pandolfi, P.P. (2001). "Oncogenes and tumor suppressors in the molecular pathogenesis
of acute promyelocytic leukemia." Human Molecular Genetics 10(7): 769-75.

Pane, F., F. Frigeri, M. Sindona, L. Luciano, F. Ferrara, R. Cimino, G. Meloni, G.
Saglio, F. Salvatore and B. Rotoli (1996). "Neutrophilic-chronic myeloid
leukemia: a distinct disease with a specific molecular marker (BCR/ABL with
C3/A2 junction)." Blood 88(7): 2410-4.

Pardue, M.L. and J.G. Gall (1969). "Molecular hybridization of radioactive DNA to the
DNA of cytological preparations." Proceedings of the National Academy of
Sciences of the United States of America 64(2): 600-4.

Park, S.W. and S.Y. Choi (2004). "A stable gene transfer system for hematopoietic
progenitor cells from human bone marrow using pseudotyped retroviral
vectors." Molecules and Cells 17(2): 297-303.

Pasquinelli, A.E. and G. Ruvkun (2002). "Control of developmental timing by
micrornas and their targets." Annual Review of Cell and Developmental Biology
18: 495-513.

Pavletic, S.Z., LF. Khouri, M. Haagenson, R.J. King, P.J. Bierman, M.R. Bishop, M.
Carston, S. Giralt, A. Molina, E.A. Copelan, O. Ringden, V. Roy, K. Ballen,
D.R. Adkins, P. McCarthy, D. Weisdorf, E. Montserrat and C. Anasetti (2005).
"Unrelated donor marrow transplantation for B-cell chronic lymphocytic
leukemia after using myeloablative conditioning: results from the Center for
International Blood and Marrow Transplant research." Journal of Clinical
Oncology 23(24): 5788-94.

Pavletic, Z.S., P.J. Bierman, J.M. Vose, M.R. Bishop, C.D. Wu, J.L. Pierson, J.P.
Kollath, D.D. Weisenburger, A. Kessinger and J.O. Armitage (1998). "High
incidence of relapse after autologous stem-cell transplantation for B-cell chronic
lymphocytic leukemia or small lymphocytic lymphoma." Annals of Oncology
9(9): 1023-6.

Pear, W.S., G.P. Nolan, M.L. Scott and D. Baltimore (1993). "Production of high-titer
helper-free retroviruses by transient transfection." Proceedings of the National
Academy of Sciences of the United States of America 90(18): 8392-6.

Pebernard, S. and R.D. Iggo (2004). "Determinants of interferon-stimulated gene
induction by RNA1 vectors." Differentiation 72(2-3): 103-111.

Pendergast, A.M., M.L. Gishizky, M.H. Havlik and O.N. Witte (1993). "SH1 domain
autophosphorylation of P210 BCR/ABL is required for transformation but not
growth factor independence." Molecular Cell Biology 13(3): 1728-36.

176



Perez, A., P. Kastner, S. Sethi, Y. Lutz, C. Reibel and P. Chambon (1993). "PMLRAR
homodimers: Distinct DNA binding properties and heteromeric interactions with
RXR." The EMBO Journal 12: 3171-3182.

Persengiev, S.P., X. Zhu and M.R. Green (2004). "Nonspecific, concentration-
dependent stimulation and repression of mammalian gene expression by small
interfering RNAs (siRNAs)." RNA 10(1): 12-18.

Persons, D.A., J.A. Allay, J.M. Biberdy, R.P. Wersto, R.E. Donahue and B.P.
Sorrentino (1998). "Use of the green fluorescent protein as a marker to identify
and track genetically modified hematopoietic cells." Nature Medicine 4: 1201-
1205.

Petrie, K. and A. Zelent (2007). "AMLI1/ETO, a promiscuous fusion oncoprotein."
Blood 109(10): 4109-4110.

Piazza, F., C. Gurrieri and P.P. Pandolfi (2001). "The theory of APL." Oncogene
20(49): 7216-22.

Piva, R., R. Chiarle, A.D. Manazza, R. Taulli, W. Simmons, C. Ambrogio, V.
D'Escamard, E. Pellegrino, C. Ponzetto, G. Palestro and G. Inghirami (2006).
"Ablation of oncogenic ALK is a viable therapeutic approach for anaplastic
large-cell lymphomas." Blood 107(2): 689-97.

Poeschla, E., J. Gilbert, X. Li, S. Huang, A. Ho and F. Wong-Staal (1998a).
"Identification of a human imunodeficiency virus type 2 (HIV-2) encapsidation
determinant and transduction of nondividing human cells by HIV-2-based
lentivirus vectors." Journal of Virology 72: 6527-6536.

Poeschla, E., F. Wong-Staal and D.J. Looney (1998b). "Efficient transduction of
nondividing human cells by feline immunodeficiency virus lentiviral vectors."
Nature Medicine 4: 354-357.

Products, C.f.P.M. (2001). Note for guidance on the quality, clinical and preclinical
aspects of gene transfer medicinal products. London, The European Agency for
the Evaulation of Medicinal Products.

Rao, D.D., J.S. Vorhies, N. Senzer and J. Nemunaitis (2009). "siRNA vs. shRNA:
similarities and differences." Advanced Drug Delivery Reviews 61(9): 746-59.

Reuther, G.W., H. Fu, L.D. Cripe, R.J. Collier and A.M. Pendergast (1994).
"Association of the protein kinases c-Ber and Ber-Abl with proteins of the 14-3-
3 family." Science 266(5182): 129-33.

Reynolds, A., D. Leake, Q. Boese, S. Scaringe, W.S. Marshall and A. Khvorova (2004).
"Rational siRNA design for RNA interference." Nature Biotechnology 22(3):
326-330.

Robbins, M., A. Judge, E. Ambegia, C. Choi, E. Yaworski, L. Palmer, K. McClintock
and I. Maclachlan (2008). "Misinterpreting the therapeutic effects of siRNA
caused by immune stimulation." Human Gene Therapy.

Roe, T., T.C. Reynolds, G. Yu and P.O. Brown (1993). "Integration of murine leukemia
virus DNA depends on mitosis." The EMBO Journal 12(5): 2099-108.

Rowley, J.D. (1973). "Letter: A new consistent chromosomal abnormality in chronic
myelogenous leukaemia identified by quinacrine fluorescence and Giemsa
staining." Nature 243(5405): 290-3.

Rowley, J.D. (1984). "Biological implications of consistent chromosome
rearrangements in leukemia and lymphoma." Cancer Research 44(8): 3159-68.

Rowley, J.D. (1998). "The critical role of chromosome translocations in human
leukemias." Annual Review of Genetics 32: 495-519.

177



Roy, S., M.G. Katze, N.T. Parkin, I. Edery, A.G. Hovanessian and N. Sonenberg
(1990). "Control of the interferon-induced 68-kilodalton protein kinase by the
HIV-1 tat gene product." Science 247(4947): 1216-9.

Royer-Pokora, B., U. Loos and W.D. Ludwig (1991). "TTG-2, a new gene encoding a
cysteine-rich protein with the LIM motif, is overexpressed in acute T-cell
leukaemia with the t(11;14)(p13;q11)." Oncogene 6(10): 1887-93.

Russell, D.W., A.D. Miller and I.E. Alexander (1994). "Adeno-associated virus vectors
preferentially transduce cells in S phase." Proceedings of the National Academy
of Sciences of the United States of America 91(19): 8915-9.

Sadelain, M. (2004). "Insertional oncogenesis in gene therapy: how much of a risk?"
Gene Therapy 11(7): 569-573.

Sakakura, C., Y. Yamaguchi-Iwai, M. Satake, S.C. Bae, A. Takahashi, E. Ogawa, A.
Hagiwara, T. Takahashi, A. Murakami, K. Makino and et al. (1994). "Growth
inhibition and induction of differentiation of t(8;21) acute myeloid leukemia
cells by the DNA-binding domain of PEBP2 and the AMLI/MTGS(ETO)-
specific antisense oligonucleotide." Proceedings of the National Academy of
Sciences of the United States of America 91(24): 11723-7.

Salgia, R., J.L. Li, D.S. Ewaniuk, W. Pear, E. Pisick, S.A. Burky, T. Ernst, M. Sattler,
L.B. Chen and J.D. Griffin (1997). "BCR/ABL induces multiple abnormalities
of cytoskeletal function." Journal of Clinical Investigation 100(1): 46-57.

Salmon, P., V. Kindler, O. Ducrey, B. Chapuis, R.H. Zubler and D. Trono (2000).
"High-level transgene expression in human hematopoietic progenitors and
differentiated blood lineages after transduction with improved lentiviral
vectors." Blood 96(10): 3392-3398.

Sambrook, J. and D.W. Russell (2000). Molecular Cloning: A Laboratory Manual. Cold
Spring Harbour, Cold Srping Harbour Laboratory Press.

Samulski, R.J., X. Zhu, X. Xiao, J.D. Brook, D.E. Housman, N. Epstein and L.A.
Hunter (1991). "Targeted integration of adeno-associated virus (AAV) into
human chromosome 19." The EMBO Journal 10(12): 3941-50.

Sanchez-Garcia, 1. and G. Grutz (1995). "Tumorigenic activity of the BCR-ABL
oncogenes is mediated by BCL2." Proceedings of the National Academy of
Sciences of the United States of America 92(12): 5287-91.

Sandmeyer, S. (2003). "Integration by design." Proceedings of the National Academy of
Sciences of the United States of America 100(10): 5586-8.

Sandmeyer, S., B., M. Aye and T. Menees (2002). Ty3, a Position-Specific, Gypsy-Like
Element in Saccharomyces cerevisiae. Mobile DNA II. N.L. Craig, R. Craigie,
M. Gellert and A.M. Lambowitz. Washington, D.C., ASM Press: 663-682.

Sarkar, S.N., S. Bandyopadhyay, A. Ghosh and G.C. Sen (1999). "Enzymatic
characteristics of recombinant medium isozyme of 2'-5' oligoadenylate
synthetase." Journal of Biological Chemistry 274(3): 1848-55.

Sawyers, C.L., J. McLaughlin, A. Goga, M. Havlik and O. Witte (1994). "The nuclear
tyrosine kinase c-Abl negatively regulates cell growth." Cell 77(1): 121-31.

Sawyers, C.L., J. McLaughlin and O.N. Witte (1995). "Genetic requirement for Ras in
the transformation of fibroblasts and hematopoietic cells by the Bcr-Abl
oncogene." Journal of Experimental Medicine 181(1): 307-13.

Sawyers, C.L. (1999). "Chronic myeloid leukemia." New England Journal of Medicine
340(17): 1330-40.

178



Scherr, M. and M. Eder (2002). "Gene transfer into hematopoietic stem cells using
lentiviral vectors." Current Gene Therapy 2(1): 45-55.

Scherr, M., K. Battmer, A. Ganser and M. Eder (2003a). "Modulation of gene
expression by lentiviral-mediated delivery of small interfering RNA." Cell Cycle
2(3): 251-7.

Scherr, M., K. Battmer, T. Winkler, O. Heidenreich, A. Ganser and M. Eder (2003b).
"Specific inhibition of bcr-abl gene expression by small interfering RNA."
Blood 101(4): 1566-9.

Scherr, M. and M. Eder (2004). "RNAI in functional genomics." Current Opinion in
Molecular Therapeutics 6(2): 129-135.

Scherr, M., K. Battmer, B. Schultheis, A. Ganser and M. Eder (2005). "Stable RNA
interference (RNA1) as an option for anti-bcr-abl therapy." Gene Therapy 12(1):
12-21.

Schlee, M., V. Hornung and G. Hartmann (2006). "siRNA and isRNA: two edges of one
sword." Molecular Therapy 14(4): 463-70.

Schmidt, M., K. Schwarzwaelder, C. Bartholomae, K. Zaoui, C. Ball, I. Pilz, S. Braun,
H. Glimm and C. von Kalle (2007). "High-resolution insertion-site analysis by
linear amplification-mediated PCR (LAM-PCR)." Nature Methods 4(12): 1051-
7.

Schmittgen, T.D. and B.A. Zakrajsek (2000). "Effect of experimental treatment on
housekeeping gene expression: validation by real-time, quantitative RT-PCR."
Journal of Biochemical and Biophysical Methods 46(1-2): 69-81.

Schroder, A.R., P. Shinn, H. Chen, C. Berry, J.R. Ecker and F. Bushman (2002). "HIV-
1 integration in the human genome favors active genes and local hotspots." Cell
110(4): 521-9.

Sevinsky, J.R., A.M. Whalen and N.G. Ahn (2004). "Extracellular signal-regulated
kinase induces the megakaryocyte GPIIb/CD41 gene through MafB/Kreisler."
Molecular Cell Biology 24(10): 4534-45.

Sharkey, M.E., 1. Teo, T. Greenough, N. Sharova, K. Luzuriaga, J.L. Sullivan, R.P.
Bucy, L.G. Kostrikis, A. Haase, C. Veryard, R.E. Davaro, S.H. Cheeseman, J.S.
Daly, C. Bova, R.T. Ellison, 3rd, B. Mady, K.K. Lai, G. Moyle, M. Nelson, B.
Gazzard, S. Shaunak and M. Stevenson (2000). "Persistence of episomal HIV-1
infection intermediates in patients on highly active anti-retroviral therapy."
Nature Medicine 6(1): 76-81.

Sharp, S., D. DeFranco, T. Dingermann, P. Farrell and D. Soll (1981). "Internal control
regions for transcription of eukaryotic tRNA genes." Proceedings of the National
Academy of Sciences of the United States of America 78(11): 6657-61.

Shen, Z.X., G.Q. Chen, J.H. Ni, X.S. Li, S.M. Xiong, Q.Y. Qiu, J. Zhu, W. Tang, G.L.
Sun, K.Q. Yang, Y. Chen, L. Zhou, Z.W. Fang, Y.T. Wang, J. Ma, P. Zhang,
T.D. Zhang, S.J. Chen, Z. Chen and Z.Y. Wang (1997). "Use of arsenic trioxide
(As203) in the treatment of acute promyelocytic leukemia (APL): II. Clinical
efficacy and pharmacokinetics in relapsed patients." Blood 89(9): 3354-60.

Shet, A.S., B.N. Jahagirdar and C.M. Verfaillie (2002). "Chronic myelogenous
leukemia: mechanisms underlying disease progression." Leukemia 16(8): 1402-
11.

Shimada, H., H. Ichikawa, S. Nakamura, R. Katsu, M. Iwasa, I. Kitabayashi and M.
Ohki (2000). "Analysis of genes under the downstream control of the t(8;21)
fusion protein AMLI1-MTGS: overexpression of the TIS11b (ERF-1, cMG1)

179



gene induces myeloid cell proliferation in response to G-CSF." Blood 96(2):
655-63.

Shimizu, K., I. Kitabayashi, N. Kamada, T. Abe, N. Maseki, K. Suzukawa and M. Ohki
(2000). "AMLI1-MTGS leukemic protein induces the expression of granulocyte
colony-stimulating factor (G-CSF) receptor through the up-regulation of
CCAAT/enhancer binding protein epsilon." Blood 96(1): 288-96.

Shiramizu, B., B. Herndier and M. McGrath (1994). "Identification of a common clonal
human immunodeficiency virus integration site in human immunodeficiency
virus-associated lymphomas." Cancer Research 54(8): 2069-2072.

Shou, Y., Z. Ma, T. Lu and B.P. Sorrentino (2006). "Unique risk factors for insertional
mutagenesis in a mouse model of XSCID gene therapy." Proceedings of the
National Academy of Sciences of the United States of America 103(31): 11730-
5.

Shuai, K., J. Halpern, J. ten Hoeve, X. Rao and C.L. Sawyers (1996). "Constitutive
activation of STATS by the BCR-ABL oncogene in chronic myelogenous
leukemia." Oncogene 13(2): 247-54.

Siolas, D., C. Lerner, J. Burchard, W. Ge, P.S. Linsley, P.J. Paddison, G.J. Hannon and
M.A. Cleary (2005). "Synthetic shRNAs as potent RNAi triggers." Nature
Biotechnology 23(2): 227-31.

Skorski, T., M. Nieborowska-Skorska, N.C. Nicolaides, C. Szczylik, P. Iversen, R.V.
lozzo, G. Zon and B. Calabretta (1994). "Suppression of Philadelphial leukemia
cell growth in mice by BCR-ABL antisense oligodeoxynucleotide." Proceedings
of the National Academy of Sciences of the United States of America 91(10):
4504-8.

Skorski, T., P. Kanakaraj, M. Nieborowska-Skorska, M.Z. Ratajczak, S.C. Wen, G.
Zon, A.M. Gewirtz, B. Perussia and B. Calabretta (1995). "Phosphatidylinositol-
3 kinase activity is regulated by BCR/ABL and is required for the growth of
Philadelphia chromosome-positive cells." Blood 86(2): 726-36.

Sledz, C.A., M. Holko, M.J. de Veer, R.H. Silverman and B.R.G. Williams (2003).
"Activation of the interferon system by short-interfering RNAs." Nature Cell
Biology 5(9): 834-839.

Smetsers, T.F., T. Skorski, L.T. van de Locht, HM. Wessels, A.H. Pennings, T. de
Witte, B. Calabretta and E.J. Mensink (1994). "Antisense BCR-ABL
oligonucleotides induce apoptosis in the Philadelphia chromosome-positive cell
line BV173." Leukemia 8(1): 129-40.

Smit, A.F. (1999). "Interspersed repeats and other mementos of transposable elements
in mammalian genomes." Current Opinion in Genetics and Development 9(6):
657-63.

Smith, D.L., J. Burthem and A.D. Whetton (2003). "Molecular pathogenesis of chronic
myeloid leukaemia." Expert Reviews in Molecular Medicine 5(27): 1-27.
Snyder, D.S., Y. Wu, J.L. Wang, J.J. Rossi, P. Swiderski, B.E. Kaplan and S.J. Forman
(1993). "Ribozyme-mediated inhibition of bcr-abl gene expression in a

Philadelphia chromosome-positive cell line." Blood 82(2): 600-5.

Snyder, D.S., Y. Wu, R. McMahon, L. Yu, J.J. Rossi and S.J. Forman (1997).
"Ribozyme-mediated inhibition of a Philadelphia chromosome-positive acute
lymphoblastic leukemia cell line expressing the pl190 bcr-abl oncogene."
Biology of Blood and Marrow Transplantation 3(4): 179-86.

180



Soneoka, Y., P.M. Cannon, E.E. Ramsdale, J.C. Griffiths, G. Romano, S.M. Kingsman
and A.J. Kingsman (1995). "A transient three-plasmid expression system for the
production of high titer retroviral vectors." Nucleic Acids Research 23(4): 628-
33.

Speck, N.A. and D.G. Gilliland (2002). "Core-binding factors in haematopoiesis and
leukaemia." Nature Reviews Cancer 2(7): 502-13.

Spiller, D.G., R.V. Giles, C.M. Broughton, J. Grzybowski, C.J. Ruddell, D.M. Tidd and
R.E. Clark (1998). "The influence of target protein half-life on the effectiveness
of antisense oligonucleotide analog-mediated biologic responses." Antisense and
Nucleic Acid Drug Development 8(4): 281-93.

Srinivasakumar, N. (2001). "HIV-1 vector systems.
Genetics 26(1-6): 51-81.

Stamatoyannopoulos, G. and A. Nienhuis (1994). Hemoglobin switching. The
molecular basis of blood diseases. G. Stamatoyannopoulos, A. Nienhuis, P.
Majerus and H. Varmus. Philadelphia, Pa, W. B. Saunders: 107-155.

Svoboda, J., J. Hejnar, J. Geryk, D. Elleder and Z. Vernerova (2000). "Retroviruses in
foreign species and the problem of provirus silencing." Gene 261(1): 181-8.

Szyrach, M., F.E. Munchberg, H. Riehle, A. Nordheim, J. Krauter, S. Nagel, G. Heil
and O. Heidenreich (2001). "Cleavage of AMLI/MTGS8 by asymmetric
hammerhead ribozymes." European Journal of Biochemistry 268(12): 3550-7.

Takahashi, A., M. Satake, Y. Yamaguchi-Iwai, S.C. Bae, J. Lu, M. Maruyama, Y.W.
Zhang, H. Oka, N. Arai, K. Arai and et al. (1995). "Positive and negative
regulation of granulocyte-macrophage colony-stimulating factor promoter
activity by AML1-related transcription factor, PEBP2." Blood 86(2): 607-16.

Talpaz, M., R.T. Silver, B.J. Druker, J.M. Goldman, C. Gambacorti-Passerini, F.
Guilhot, C.A. Schiffer, T. Fischer, M.W. Deininger, A.L. Lennard, A. Hochhaus,
0.G. Ottmann, A. Gratwohl, M. Baccarani, R. Stone, S. Tura, F.X. Mahon, S.
Fernandes-Reese, I. Gathmann, R. Capdeville, H.M. Kantarjian and C.L.
Sawyers (2002). "Imatinib induces durable hematologic and cytogenetic
responses in patients with accelerated phase chronic myeloid leukemia: results
of a phase 2 study." Blood 99(6): 1928-37.

Tauchi, T., H.S. Boswell, D. Leibowitz and H.E. Broxmeyer (1994). "Coupling between
p210bcr-abl and She and Grb2 adaptor proteins in hematopoietic cells permits
growth factor receptor-independent link to ras activation pathway." Journal of
Experimental Medicine 179(1): 167-75.

Thyagarajan, B., E.C. Olivares, R.P. Hollis, D.S. Ginsburg and M.P. Calos (2001).
"Site-specific genomic integration in mammalian cells mediated by phage
phiC31 integrase." Molecular Cell Biology 21(12): 3926-34.

Tilesi, F., P. Fradiani, V. Socci, D. Willems and F. Ascenzioni (2009). "Design and
validation of siRNAs and shRNAs." Current Opinion in Molecular Therapeutics
11(2): 156-64.

Tiscornia, G., O. Singer, M. Ikawa and I.M. Verma (2003). "A general method for gene
knockdown in mice by using lentiviral vectors expressing small interfering
RNA." Proceedings of the National Academy of Sciences of the United States of
America 100(4): 1844-8.

Torchia, J., D.W. Rose, J. Inostroza, Y. Kamei, S. Westin, C.K. Glass and M.G.
Rosenfeld (1997). "The transcriptional co-activator p/CIP binds CBP and
mediates nuclear-receptor function." Nature 387(6634): 677-84.

n

Somatic Cell and Molecular

181



Trobridge, G.D., D.G. Miller, M.A. Jacobs, J.M. Allen, H.P. Kiem, R. Kaul and D.W.
Russell (2006). "Foamy virus vector integration sites in normal human cells."
Proceedings of the National Academy of Sciences of the United States of
America 103(5): 1498-503.

Tsai, S. and S.J. Collins (1993). "A dominant negative retinoic acid receptor blocks
neutrophil differentiation at the promyelocyte stage." Proceedings of the
National Academy of Sciences of the United States of America 90(15): 7153-7.

Tsien, R.Y. (1998). "The green fluorescent protein." Annual Review of Biochemistry
67: 509-44.

Tybulewicz, V.L., C.E. Crawford, P.K. Jackson, R.T. Bronson and R.C. Mulligan
(1991). "Neonatal lethality and lymphopenia in mice with a homozygous
disruption of the c-abl proto-oncogene." Cell 65(7): 1153-63.

Ui-Tei, K., Y. Naito, F. Takahashi, T. Haraguchi, H. Ohki-Hamazaki, A. Juni, R. Ueda
and K. Saigo (2004). "Guidelines for the selection of highly effective siRNA
sequences for mammalian and chick RNA interference." Nucleic Acids
Research 32(3): 936-948.

Ujhelly, O., C. Ozvegy, G. Varady, J. Cervenak, L. Homolya, M. Grez, G. Scheffer, D.
Roos, S.E. Bates, A. Varadi, B. Sarkadi and K. Nemet (2003). "Application of a
human multidrug transporter (ABCG2) variant as selectable marker in gene
transfer to progenitor cells." Human Gene Therapy 14(4): 403-12.

Vallian, S., J.A. Gaken, E.B. Gingold, T. Kouzarides, K.S. Chang and F. Farzaneh
(1998). "Modulation of Fos-mediated AP-1 transcription by the promyelocytic
leukemia protein." Oncogene 16(22): 2843-53.

Van Etten, R.A., P.K. Jackson, D. Baltimore, M.C. Sanders, P.T. Matsudaira and P.A.
Janmey (1994). "The COOH terminus of the c-Abl tyrosine kinase contains
distinct F- and G-actin binding domains with bundling activity." Journal of Cell
Biology 124(3): 325-40.

Van Etten, R.A. (1999). "Cycling, stressed-out and nervous: cellular functions of c-
Abl." Trends in Cell Biology 9(5): 179-86.

van Rhee, F., A. Hochhaus, F. Lin, J.V. Melo, J.M. Goldman and N.C. Cross (1996).
"p190 BCR-ABL mRNA is expressed at low levels in p210-positive chronic
myeloid and acute lymphoblastic leukemias." Blood 87(12): 5213-7.

Vara, J.A., A. Portela, J. Ortin and A. Jimenez (1986). "Expression in mammalian cells
of a gene from Streptomyces alboniger conferring puromycin resistance."
Nucleic Acids Research 14(11): 4617-24.

Vazquez, D. (1979). Inhibitors of protein biosynthesis. Berlin ; New York, Springer-
Verlag.

Wang, H.G., U.R. Rapp and J.C. Reed (1996a). "Bcl-2 targets the protein kinase Raf-1
to mitochondria." Cell 87(4): 629-38.

Wang, J., T. Hoshino, R.L. Redner, S. Kajigaya and J.M. Liu (1998). "ETO, fusion
partner in t(8;21) acute myeloid leukemia, represses transcription by interaction
with the human N-CoR/mSin3/HDACI1 complex." Proceedings of the National
Academy of Sciences of the United States of America 95(18): 10860-5.

Wang, J., Y. Saunthararajah, R.L. Redner and J.M. Liu (1999). "Inhibitors of histone
deacetylase relieve ETO-mediated repression and induce differentiation of
AMLI1-ETO leukemia cells." Cancer Research 59(12): 2766-9.

Wang, Q., T. Stacy, M. Binder, M. Marin-Padilla, A.H. Sharpe and N.A. Speck
(1996b). "Disruption of the Cbfa2 gene causes necrosis and hemorrhaging in the

182



central nervous system and blocks definitive hematopoiesis." Proceedings of the
National Academy of Sciences of the United States of America 93(8): 3444-9.

Wang, Z.G., L. Delva, M. Gaboli, R. Rivi, M. Giorgio, C. Cordon-Cardo, F. Grosveld
and P.P. Pandolfi (1998). "Role of PML in cell growth and the retinoic acid
pathway." Science 279(5356): 1547-51.

Wang, Z.Y. (2003). "Ham-Wasserman lecture: treatment of acute leukemia by inducing
differentiation and apoptosis." Hematology The Education Program of the
American Society of Hematology: 1-13.

Warrell, R.P., Jr., S.R. Frankel, W.H. Miller, Jr., D.A. Scheinberg, L.M. Itri, W.N.
Hittelman, R. Vyas, M. Andreeff, A. Tafuri, A. Jakubowski, J. Gabrilove, M.S.
Gordon and E. Dmitrovsky (1991). "Differentiation therapy of acute
promyelocytic leukemia with tretinoin (all-trans retinoic acid)." New England
Journal of Medicine 324: 1385-1393.

Warrell, R.P., Jr. (1993). "Retinoid resistance in acute promyelocytic leukemia: new
mechanisms, strategies, and implications." Blood 82(7): 1949-53.

Warrell, R.P., Jr., H. de The, Z.Y. Wang and L. Degos (1993). "Acute promyelocytic
leukemia." New England Journal of Medicine 329(3): 177-89.

Warrell, R.P., Jr., L.Z. He, V. Richon, E. Calleja and P.P. Pandolfi (1998). "Therapeutic
targeting of transcription in acute promyelocytic leukemia by use of an inhibitor
of histone deacetylase." Journal of the National Cancer Institute 90(21): 1621-5.

Watanabe, S. and H.M. Temin (1983). "Construction of a helper cell line for avian
reticuloendotheliosis virus cloning vectors." Molecular Cell Biology 3(12):
2241-9.

Weidhaas, J.B., E.L. Angelichio, S. Fenner and J.M. Coffin (2000). "Relationship
between retroviral DNA integration and gene expression." Journal of Virology
74(18): 8382-9.

Weinberg, J.B., T.J. Matthews, B.R. Cullen and M.H. Malim (1991). "Productive
human immunodeficiency virus type 1 (HIV-1) infection of nonproliferating
human monocytes." Journal of Experimental Medicine 174(6): 1477-82.

Weis, K., S. Rambaud, C. Lavau, J. Jansen, T. Carvalho, M. Carmo-Fonseca, A.
Lamond and A. Dejean (1994). "Retinoic acid regulates aberrant nuclear
localization of PML-RAR alpha in acute promyelocytic leukemia cells." Cell
76(2): 345-56.

Wetzler, M., M. Talpaz, Z. Estrov and R. Kurzrock (1993a). "CML: mechanisms of
disease initiation and progression." Leukemia and Lymphoma 11 Suppl 1: 47-
50.

Wetzler, M., M. Talpaz, R.A. Van Etten, C. Hirsh-Ginsberg, M. Beran and R. Kurzrock
(1993b). "Subcellular localization of Ber, Abl, and Bcr-Abl proteins in normal
and leukemic cells and correlation of expression with myeloid differentiation."
Journal of Clinical Investigation 92(4): 1925-39.

Wilda, M., U. Fuchs, W. Wossmann and A. Borkhardt (2002). "Killing of leukemic
cells with a BCR/ABL fusion gene by RNA interference (RNA1)." Oncogene
21(37): 5716-5724.

Wilson, G., L. Frost, A. Goodeve, E. Vandenberghe, 1. Peake and J. Reilly (1997).
"BCR-ABL transcript with an e19a2 (c3a2) junction in classical chronic myeloid
leukemia." Blood 89(8): 3064.

183



Woessmann, W. and N.F. Mivechi (2001). "Role of ERK activation in growth and
erythroid differentiation of K562 cells." Experimental Cell Research 264(2):
193-200.

Woessmann, W., D. Zwanzger and A. Borkhardt (2004). "ERK signaling pathway is
differentially involved in erythroid differentiation of K562 cells depending on
time and the inducing agent." Cell Biology International 28(5): 403-10.

Wohlbold, L., H. van der Kuip, C. Miething, H.-P. Vornlocher, C. Knabbe, J. Duyster
and W.E. Aulitzky (2003). "Inhibition of bcr-abl gene expression by small
interfering RNA sensitizes for imatinib mesylate (STI571)." Blood 102(6):
2236-2239.

Wong, E.T., S.M. Ngoi and C.G.L. Lee (2002). "Improved co-expression of multiple
genes in vectors containing internal ribosome entry sites (IRESes) from human
genes." Gene Therapy 9(5): 337-344.

Woods, N.-B., A. Muessig, M. Schmidt, J. Flygare, K. Olsson, P. Salmon, D. Trono, C.
von Kalle and S. Karlsson (2003). "Lentiviral vector transduction of NOD/SCID
repopulating cells results in multiple vector integrations per transduced cell: risk
of insertional mutagenesis." Blood 101(4): 1284-1289.

Wright, L., S.B. Wilson, S. Milliken, J. Biggs and P. Kearney (1993). "Ribozyme-
mediated cleavage of the bcr/abl transcript expressed in chronic myeloid
leukemia." Experimental Hematology 21(13): 1714-8.

Wright, L.A., S. Milliken, J.C. Biggs and P. Kearney (1998). "Ex vivo effects associated
with the expression of a bcr-abl-specific ribozyme in a CML cell line."
Antisense and Nucleic Acid Drug Development 8(1): 15-23.

Wu, S.-Q., K.V. Voelkerding, L. Sabatini, X.-R. Chen, J. Huang and L.F. Meisner
(1995). "Extensive amplification of bcr/abl fusion genes clustered on three
marker chromosomes in human leukemic cell line K-562." Leukemia 9(5): 858-
862.

Wu, X., Y. Li, B. Crise and S.M. Burgess (2003). "Transcription Start Regions in the
Human Genome Are Favored Targets for MLV Integration." Science 300(5626):
1749-1751.

Wu, Y., Y. Chen and J. Hu (1998). "[Construction of retrovirus vector of bcr/abl mRNA
cleaving ribozyme gene and its effects on K562 cells]." Zhonghua Xue Ye Xue
Za Zhi 19(12): 623-6.

Wu, Y., Y.Z. Chen, H.F. Huang, P. Chen and L.H. Lu (2003). "[The effect of anti-bcr-
abl hammerhead ribozyme on bone marrow purging]." Sheng Wu Hua Xue Yu
Sheng Wu Wu Li Xue Bao (Shanghai) 35(9): 859-63.

Wu, Y., J. Liu and R.B. Arlinghaus (1998). "Requirement of two specific tyrosine
residues for the catalytic activity of Bcr serine/threonine kinase." Oncogene
16(1): 141-6.

Xia, X., Y. Zhang, C.R. Zieth and S.C. Zhang (2007). "Transgenes delivered by
lentiviral vector are suppressed in human embryonic stem cells in a promoter-
dependent manner." Stem Cells and Development 16(1): 167-76.

Xie, W., X. Gai, Y. Zhu, D.C. Zappulla, R. Sternglanz and D.F. Voytas (2001).
"Targeting of the yeast TyS5 retrotransposon to silent chromatin is mediated by
interactions between integrase and Sirdp." Molecular Cell Biology 21(19): 6606-
14.

Yates, J.L., N. Warren and B. Sugden (1985). "Stable replication of plasmids derived
from Epstein-Barr virus in various mammalian cells." Nature 313(6005): 812-5.

184



Yates, J.L. and N. Guan (1991). "Epstein-Barr virus-derived plasmids replicate only
once per cell cycle and are not amplified after entry into cells." Journal of
Virology 65(1): 483-8.

Yoshinari, K., M. Miyagishi and K. Taira (2004). "Effects on RNAi of the tight
structure, sequence and position of the targeted region." Nucleic Acids Research
32(2): 691-699.

Yu, J.Y., S.L. DeRuiter and D.L. Turner (2002). "RNA interference by expression of
short-interfering RNAs and hairpin RNAs in mammalian cells." Proceedings of
the National Academy of Sciences of the United States of America 99(9): 6047-
6052.

Yu, S.F., T. von Ruden, P.W. Kantoff, C. Garber, M. Seiberg, U. Ruther, W.F.
Anderson, E.F. Wagner and E. Gilboa (1986). "Self-inactivating retroviral
vectors designed for transfer of whole genes into mammalian cells." Proceedings
of the National Academy of Sciences of the United States of America 83(10):
3194-8.

Yu, S.F., M.D. Sullivan and M.L. Linial (1999). "Evidence that the human foamy virus
genome is DNA." Journal of Virology 73(2): 1565-72.

Yuan, Z.M., H. Shioya, T. Ishiko, X. Sun, J. Gu, Y.Y. Huang, H. Lu, S. Kharbanda, R.
Weichselbaum and D. Kufe (1999). "p73 is regulated by tyrosine kinase c-Abl in
the apoptotic response to DNA damage." Nature 399(6738): 814-7.

Zamore, P.D., T. Tuschl, P.A. Sharp and D.P. Bartel (2000). "RNAi: double-stranded
RNA directs the ATP-dependent cleavage of mRNA at 21 to 23 nucleotide
intervals." Cell 101: 25-33.

Zeng, Y. and B.R. Cullen (2002). "RNA interference in human cells is restricted to the
cytoplasm." RNA 8(7): 855-60.

Zha, J., H. Harada, E. Yang, J. Jockel and S.J. Korsmeyer (1996). "Serine
phosphorylation of death agonist BAD in response to survival factor results in
binding to 14-3-3 not BCL-X(L)." Cell 87(4): 619-28.

Zhang, B., P. Metharom, H. Jullie, K.A. Ellem, G. Cleghorn, M.J. West and M.Q. Wei
(2004). "The significance of controlled conditions in lentiviral vector titration
and in the use of multiplicity of infection (MOI) for predicting gene transfer
events." Genetic Vaccines and Therapy 2(1): 6.

Zhong, S., L. Delva, C. Rachez, C. Cenciarelli, D. Gandini, H. Zhang, S. Kalantry, L.P.
Freedman and P.P. Pandolfi (1999). "A RA-dependent, tumour-growth
suppressive transcription complex is the target of the PML-RARalpha and T18
oncoproteins." Nature Genetics 23(3): 287-95.

Zhong, S., P. Salomoni and P.P. Pandolfi (2000). "The transcriptional role of PML and
the nuclear body." Nature Cell Biology 2(5): E85-90.

Zhou, G.B., W.L. Zhao, Z.Y. Wang, S.J. Chen and Z. Chen (2005). "Retinoic acid and
arsenic for treating acute promyelocytic leukemia." PLoS Medicine 2(1): el2.

Zhou, G.B., J. Zhang, Z.Y. Wang, S.J. Chen and Z. Chen (2007). "Treatment of acute
promyelocytic leukaemia with all-trans retinoic acid and arsenic trioxide: a
paradigm of synergistic molecular targeting therapy." Philosophical transactions
of the Royal Society of London. Series B: Biological sciences 362(1482): 959-
71.

Zhu, Y., J. Dai, P.G. Fuerst and D.F. Voytas (2003). "Controlling integration specificity
of a yeast retrotransposon." Proceedings of the National Academy of Sciences of
the United States of America 100(10): 5891-5.

185



Zou, S., D.A. Wright and D.F. Voytas (1995). "The Saccharomyces Ty5 retrotransposon
family is associated with origins of DNA replication at the telomeres and the
silent mating locus HMR." Proceedings of the National Academy of Sciences of
the United States of America 92(3): 920-4.

Zou, X. and K. Calame (1999). "Signaling pathways activated by oncogenic forms of
Abl tyrosine kinase." Journal of Biological Chemistry 274(26): 18141-4.

Zufferey, R., D. Nagy, R.J. Mandel, L. Naldini and D. Trono (1997). "Multiply
attenuated lentiviral vector achieves efficient gene delivery in vivo." Nature

Biotechnology 15(9): 871-5.
Zufferey, R., T. Dull, R.J. Mandel, A. Bukovsky, D. Quiroz, L. Naldini and D. Trono

(1998). "Self-inactivating lentivirus vector for safe and efficient in vivo gene
delivery." Journal of Virology 72(12): 9873-80.

Appendices
Table A-5.1 Data used in Figures 5.4 and 5.5.
48 hours 72 hours
Date NS PR2 NS PR2
2/12/2007 0.000791 | 0.00048 0.000572 | 0.000141
22/2/2007 0.012045 | 0.010823 0.011711 | 0.007522
3/03/2007 0.009903 | 0.006368 0.005065 | 0.004812
8/3/2007 #1 0.009318 | 0.008862 0.011085 | 0.006219
8/3/2007 #2 0.010261 | 0.00417 0.008704 | 0.004589
Mean 0.008464 | 0.006141 0.007428 | 0.004657
StanDev 0.004408 | 0.004041 0.004635 | 0.002787
t-test (one-tailed, p= | 0.051673 p= | 0.025185
paired)

Table A-5.4 — The copy number values in this table were used for Figures 5.4 and 5,5. The numbers in
this table are derived from the relative copy number for the PR2 fusion gene, which was normalised over
the relative copy number of the f2M housekeeping gene.

Table A-5.2 Data used in Figures 5.17 and 5.18

Sample

ID 0 ATRA | NB4 sNS sPR2 2NS 2PR2
3-7A 216518.8 | 124611.9 | 97026.05 | 52170.6 | 76778.56 | 49029.42
10-7A 150903.1 | 170790.7 | 86225.94 | 155156.4 | 71269.14
10-7B 132482.7 136036 | 83119.63 | 111349.7 | 59602.11
10-7C 98636.52 | 70838.8 | 73830.65 | 142566.9 | 60108.88
Average | 216518.8 | 126658.6 | 118672.9 | 73836.7 | 121462.9 | 60002.39
S.D. 21688.25 | 43872.67 | 15374.07 | 35021.9 | 9083.267
t-test 0.044746 0.009854

Table A-5.17 — The cell numbers in this table were used for Figures 5.17 and 5,18. The data point for
each experiment is the average of four samples.

Table A-5.3 Data used in Figure 5.10

Sample % G0/G1 % S % G2/M
NS 48 hrs 47.9 34.1 16.4
PR2 48 hrs 55.6 27.9 13.2
NS 72 hrs 47.9 28.5 18.9
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PR2 72 hrs 45.5 30.7 19.3
NS 96 hrs 56.3 27.1 13.8
PR2 96 hrs 513 26.4 15.5

Table A-5.3 — This table

S, or G2/M phases of the cell cycle.

shows the percentages derived from FACS analysis of transduced cells (as
indicated) stained with propidium iodide and gated according to DNA staining intensity into the GO/G1,
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Table A-6.1 Raw Data used in

figures 6.1A, 6.2A and 6.3A
C D

NS 72 A B
B2M 20,360.57 938,264.30 93,094.27 12,120,335
.01
AE 0.01 12,972.92 2.29 397.18 Average S.D.
AE/B2M 4.91145E- 0.0138265 2.45987E- 3.27697E- 0.0034711 0.0069036
07 09 05 05
NS 96
B2M 396,815.23 258,663.70 134,705.73 3,290,660.
33
AE 151,970.68 38,071.83 5.2 212.94 | Average S.D.
AE/B2M 0.3829759 0.1471865 3.86027E- 6.47104E- 0.1325665 0.1807752
26 98 05 05
AE172
B2M 222,188.81 646,913.92 85,577.93 3,965,149.
88
AE 2,681.56 382,411.12 1.59 44.82 | Average S.D. t-test (vs.
NS)
AE/B2M 0.0120688 0.5911313 1.85796E- 1.13035E- 0.1508075 0.2936042 0.1898328
35 83 05 05
AE1 96
B2M 226,914.63 175,447.69 1.31 2,761,473.
78
AE 2,483.08 13,481.45 0.47 1.45 Average S.D. t-test (vs.
NS)
AE/B2M 0.0109427 0.0768402 0.3587786 5.25082E- 0.1116406 0.1682179 0.4489728
94 82 26 07
AE2 72
B2M 96,869.71 49,860.96 104,152.87 11,738,582
.69
AE 8.72 1.8 3.09 63.64 Average S.D. t-test (vs.
NS)
AE/B2M 9.00178E- 3.61004E- 2.96679E- 5.42144E- 4.03E-05 3.568E-05 0.1968528
05 05 05 06
AE2 96
B2M 332,980.76 521,689.72 86,382.17 1,591,611.
54
AE 5,155.46 135,413.97 3.05 0.36 Average S.D. t-test (vs.
NS)
AE/B2M 0.0154827 0.2595680 3.53082E- 2.26186E- 0.0687716 0.1274064 0.2925847
56 24 05 07
NS 72 A B C1 c2 D1 D2
B2M 93,094.27 12,120,335 12,401.81 15,235.50 8,897.57 9,150.79
.01
AE 2.29 397.18 8.75 4.06 0.13 0.31 Average S.D.
AE/B2M 2.45987E- 3.27697E- 0.0004860 2.424E-05 0.0001419 0.0002294
05 05 13 38
NS 96
B2M 134,705.73 3,290,660. 17,448.62 14,071.06 7,362.22 32,884.08
33
AE 5.2 212.94 15 11.03 0.01 0.07 | Average S.D.
AE/B2M 3.86027E- 6.47104E- 0.0008217 1.743E-06 0.0002317 0.0003942
05 05 73 24
AE3 72
B2M Sample 10,128,837 95,296.92 57,103.77 26,027.16 18,029.32
lost .05
AE Sample 397.18 268.16 1,633.92 221.26 300.94 Average S.D. t-test (vs.
lost NS)
AE/B2M 3.92128E- 0.0157135 0.0125964 0.0094497 0.0082974 0.0935073
05 57 38
AE3 96
B2M 225,328.29 1,408,180. 9,065.59 17,367.20 94,409.68 116,252.94
90
AE 1.3 0.13 8.75 11.03 175.67 110.74 Average S.D. t-test (vs.
NS)
AE/B2M 5.76936E- 9.23177E- 0.0008001 0.0014066 0.0005532 0.0006819 0.2195585
06 08 47 01

Table A-6.1 — This table presents the raw copy number values generated by the RotorGene software from
a single set of standard curves. The copy number for both the B-2-microglobulin housekeeping gene
(B2M) and the RUNXI1-ETO gene (AE) are presented for each replicate (A-D). In an attempt to improve
reliability, the final two replicates for the AE3 experiment were done in duplicate (C1, C2 and D1, D2)
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and pooled. Each sample was normalised to the housekeeping gene (AE/B2M), and the average and
standard deviation (S.D.) calculated. Finally, each AE hairpin treatment sample was compared with the
NS control using a t-test.
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Table A-6.2 Raw Data used in figures 6.1B, 6.2B and 6.3B

NS 72 A B C

GAPDH 1,103,165.61

AE 0.01 484,876.16 96,523.70 | Average SD.

AE/GAPDH 9.06482E-09 5.06633E-12 1.51979E-11 3.02836E-09 5.23E-09

NS 96

GAPDH

AE 247,484.95 1,740,150.07 725,905.44 | Average SD.

AE/GAPDH 1.53662E-11 6.39665E-12 8.61441E-12 1.01257E-11 4.67E-12

AE172

GAPDH

AE 1,952.35 21,981.30 56,359.65 | Average SD. t-test (vs. NS)

AE/GAPDH 2.10993E-10 1.22296E-12 7.2969E-11 9.50618E-11 1.07E-10 0.213089

AE196

GAPDH

AE 154,557.96 110,420.66 14450510 | Average SD. t-test (vs. NS)

AE/GAPDH 3.39209E-13 1.89594E-14 1.36144E-11 4.65752E-12 7.76E-12 0.222623

AE272

GAPDH

AE 3452 144,505.10 1,329,700.67 | Average SD. t-test (vs. NS)

AE/GAPDH 8.53036E-11 3.87836E-11 3.00276E-12 4.23633E-11 4.13E-11 0.212019

AE2 96

GAPDH

AE 3452 1,861,207.98 888,187.52 | Average SD. t-test (vs. NS)

AE/GAPDH 6.52353E-16 3.8694E-14 1.93518E-10 6.4519E-11 1.12E-10 0.246264

NS 72 Al A2 B1 B2

GAPDH 53,826,321.80 | 102,357,928.78

AE 2.19 322 0.19 0.14 | Average SD.

AE/GAPDH 7.13593E-08 2.44881E-09 3.69E-08 4.87E-08

NS 96

GAPDH 26,260,508.18

AE 27.74 29.96 0.06 0.81 | Average SD.

AE/GAPDH 1.02201E-07 1.54502E-08 5.88E-08 6.13E-08

AE3 72

GAPDH

AE 119.60 751 129.15 393.89 | Average SD t-test (vs. NS)
AE/GAPDH 9.49293E-08 2.93579E-08 6.21E-08 4.64E-08 0.02102442
AE3 96

GAPDH

AE 114 9.45 81.42 1558 | Average SD. t-test (vs. NS)
AE/GAPDH 1.32765E-07 5.01466E-10 6.66E-08 9.35E-08 0.39479553

Table A-6.2 — This table presents the raw copy number values generated by the RotorGene software from
a single set of standard curves. The copy number for both the GAPDH housekeeping gene (B2M) and the
RUNXI1-ETO gene (AE) are presented for each replicate (A-C). In an attempt to improve reliability, the
two replicates for the AE3 experiment were done in duplicate (Al, A2 and B1, B2) and pooled. Each
sample was normalised to the housekeeping gene (AE/B2M), and the average and standard deviation
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(S.D.) calculated. Finally, each AE hairpin treatment sample was compared with the NS control using a t-
test.
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Figure A-5.1 FACS plot and cell-cycle gating of cells stained with propidium iodide 48

hours after transduction with NS vectors
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Figure A-5.1 — This FACS plot is derived from cells stained with propidium iodide 48 hours after
transduction with NS vectors, and gated into the GO/G1, S, or G2/M phases of the cell cycle.

Figure A-5.2 FACS plot and cell-cycle gating of cells stained with propidium iodide 48

hours after transduction with PR2 vectors
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Figure A-5.2 — This FACS plot is derived from cells stained with propidium iodide 48 hours after
transduction with PR2 vectors, and gated into the GO/G1, S, or G2/M phases of the cell cycle.



Figure A-5.3 FACS plot and cell-cycle gating of cells stained with propidium iodide 72

hours after transduction with NS vectors
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Figure A-5.3 — This FACS plot is derived from cells stained with propidium iodide 72 hours after
transduction with NS vectors, and gated into the GO/G1, S, or G2/M phases of the cell cycle.

Figure A-5.4 FACS plot and cell-cycle gating of cells stained with propidium iodide 72

hours after transduction with PR2 vectors
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Figure A-5.4 — This FACS plot is derived from cells stained with propidium iodide 72 hours after
transduction with PR2 vectors, and gated into the GO/G1, S, or G2/M phases of the cell cycle.



Figure A-5.5 FACS plot and cell-cycle gating of cells stained with propidium iodide 96

hours after transduction with NS vectors
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Figure A-5.5 — This FACS plot is derived from cells stained with propidium iodide 96 hours after
transduction with NS vectors, and gated into the GO/G1, S, or G2/M phases of the cell cycle.

Figure A-5.6 FACS plot and cell-cycle gating of cells stained with propidium iodide 96

hours after transduction with PR2 vectors
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Figure A-5.6 — This FACS plot is derived from cells stained with propidium iodide 96 hours after
transduction with PR2 vectors, and gated into the GO/G1, S, or G2/M phases of the cell cycle.



Figure A-7.1 HyperLadder II marker
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Figure A-7.1 — HyperLadder II DNA size marker (Bioline) used with agarose gels of LAM-PCR products
in Figures 7.3 to 7.6 in Chapter 7.
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