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ABSTRACT
MLL (Mixed-Lineage or Mveloid-Lymphoid Leukaemia), the mammalian
homologue of the Drosophila trithorax gene, is a gene located on chromosome
band 1lq23 that is frequently rearranged in myeloid and lymphoblastic
leukaemias. The mechanism by which MLL rearrangements lead to leukaemia is
still unknown. One potential mechanism by which MLL rearrangements give rise
to leukaemia is by deregulation of its target genes. Therefore, the purpose of this
project was to investigate the expression of MLL target genes in haematopoiesis
and to determine if their deregulation is associated with leukaemogenesis. Two
putative target genes of MLL were selected for this study: PITX2 (also known as
ARPl <ALL-1/MLL responsive protein 1>, Rieg, Otlx or Brxl) and H0XA7.

The bicoid-TQ\di\.Q6. homeobox gene PITX2 was initially identified as the causative
gene for the autosomal dominant human disorder, Rieger syndrome. It is also
involved in the formation of left-right asymmetry and anterior structures during
embryogenesis. Recently, Pitx2 was isolated by differential display as a gene
that is down-regulated in MLL knockout embryonic stem cells. To investigate if
PITX2 is involved in haematopoiesis, the expression pattern in normal and
leukaemic cells was studied by RT-PCR and northern blotting. The results
indicate that PITX2 is expressed in normal haematopoietic cells but suggest that
it is not regulated by MLL and is not deregulated in leukaemic cells.

H 0XA7 up-regulation is associated with a poor prognosis in patients with acute
myeloid leukaemia. To study the potential role of H 0XA7 in myeloid
differentiation the U937 cell line was used. U937 cells are promonocytic cells
that can be induced to differentiate into a more mature macrophage-like
phenotype in vitro by addition of PMA. The Tet-Off system was used to
overexpress H0XA7 during differentiation and markers of proliferation and
differentiation were analysed. No differences in proliferation were observed.
However, there was a marked reduction in the number of CD 1lb-expressing cells
and adherent cells. Both are markers of differentiation. The results suggest that
de-regulation of H0XA7, but not PITX2, could contribute to a leukaemic
phenotype.
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In this project the expression of two homeobox genes in haematopoietic cells and
their role in leukaemogenesis was studied. The two homeobox genes are
putative target genes of the Mixed Lineage Leukaemia {MLL) gene (see section
1.2), which is a gene that is frequently rearranged in leukaemias.

In this chapter homeobox genes in Drosophila and vertebrates, homeobox genes
in haematopoietic cells and the regulation of homeobox genes by MLL are
discussed. The involvement of the MLL gene in leukaemia and its putative target
genes, Pitx2 and H 0XA7 are also introduced along with the experimental model
used to study the monocyte-macrophage lineage of haematopoietic
differentiation, the U937 cell line.

1.1 Homeobox genes
1.1.1 Homeobox genes in Drosophita
The homeobox motif was first described in Drosophila homeobox genes in 1984
(McGinnis et al., 1984a; McGinnis et al., 1984b; Scott and Weiner, 1984).
Homeobox genes share a 183-bp homeobox sequence that encodes a 61 amino
acid homeodomain (Scott et al., 1989). Homeodomain-containing proteins are
sequence-specific DNA binding proteins that function as transcriptional
regulators (Levine and Hoey, 1988) and are involved in a variety of biological
processes, including the specification of body segment identity along the
anterior-posterior axis of embryos (Ingham, 1988).

The homeobox genes can be divided into classes by looking at sequence
similarities in the homeodomain and flanking protein sequences that they encode.
The Antp class, or class 1 (Cillo et al., 1999), includes the Antennapedia gene
and homeobox genes encoding proteins that share 60% or more identity with the
Antennapedia protein (McGinnis and Krumlauf, 1992). Within the Antp class,
there are three groups - Antp-\ik& genes, Abd-B-\ik& genes and lab-\ik& genes
(Duboule, 1994). Non-class 1 homeobox genes are termed Class 11 or divergent
homeobox genes, and their homeodomains exhibit less than 50% homology to
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the homeodomain encoded by the Antennapedia gene (van Oostveen et a i,
1999). These class H homeobox genes are grouped into classes based on
additional conserved sequences that they carry outside the homeodomain. They
include the classes eve {even-skipped), cad {caudal), ems {empty-spiracles), TCL,
prd {paired), prd-like {paired-like), en {engrailed), POU {Pit, Oct, une), cut, ZF
(zinc-finger), LIM {lin-11, Isl-1, mec-3), NK-1, NK-2, msh. Dll {Distal-less),
NEC, Hlx and TALE (three amino acid loop extension). There are also various
orphan homeobox genes that have no identified homologues and therefore do not
belong to a specific class (Duboule, 1994).

In Drosophila, all the Antp class homeobox genes map to two complexes located
on one chromosome. These are the Antennapedia complex {ANT-C) and
Bithorax complex {BX-C) (Regulski et al., 1985). They are collectively known
as the homeotic complex {HOM-C) (Akam, 1989). The homeobox genes in this
complex are termed homeotic genes. Fig 1.1 shows how the HOM-C genes are
arranged in the two clusters. The ANT-C genes are labial {lab), proboscipedia
{pb). Deformed {Dfd), Sex combs reduced {Scr) and Antennapedia {Antp), the
BX-C genes are Ultrabithorax {Ubx), abdominal-A {Abd-A) and abdominal-B
{Abd-B). The Abd-B gene does not fit the criteria for the Antp class completely,
but is more closely related to Antp class proteins than to any other class. There
are also class II homeobox genes interspersed within ANT-C, including
tarazu (ftz), zerkniillt {zen) and bicoid {bed).
1.1.2 Evolution of Hox/HOM-C complex
Since the discovery of HOM-C in Drosophila, homeobox genes have been
identified in many species including humans, chick, fish (Akam, 1989) and mice
(McGinnis and Krumlauf, 1992) and also plants (Farcy et a l, 1998) and fungi
(Torres-Guzman and Dominguez, 1997). In mammals, the Antp class (class I)
homeobox genes that are homologous to the homeotic genes of the HOM-C
complex are known as Hox genes (Akam, 1987; Scott et al., 1989). Human and
murine Hox genes have been studied in most detail. There are 39 genes in four
separate clusters, or loci, designated HOXA, B, C and D on chromosomes 7, 17,
12 and 2 respectively in humans, each of approximately lOOkb in length (Cillo et
al., 1999).

Fig 1.1 summarises the organisation of the cluster and shows the
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Fig 1.1 Organisation of the Drosophila HOM-C and vertebrate Hox
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homology between Hox and HOM-C. The four clusters are thought to have been
formed as a result of a two-step duplication process (Kappen et al., 1989), the
first phase being the multiplication of genes within a primordial gene cluster
which favoured amino acid variability, and the second step being the duplication
of the cluster. The HOXA and HOXD complexes contain an Evx gene at the 5’
end (Scott, 1993). These genes are not class I genes, but are located within the
HOX locus and are most similar to the Drosophila even-skipped gene.

As in Drosophila, Hox genes are thought to function in the specification of the
anterior-posterior axis and positional identity, indicated in Fig 1.1 by ‘hindbrain’
and ‘trunk’, and positional identity in the developing limb buds (Maconochie et
a i, 1996; Tabin, 1992). This is supported by the experiments that show
phenotype alterations in embryos after perturbation of Hox gene expression. Hox
genes are also thought to be involved in the organogenesis of the lung, kidney,
colon, spleen, liver and other organs (Cillo et al., 2001; van Oostveen et al.,
1999), as well as being involved in the regulation of haematopoiesis (van
Oostveen et al., 1999).
1.1.3 Paralogs
Each Hox cluster has at least 9 genes that are numbered from 1 to 13 starting
from the 3’ end. Based on the position of the gene in the cluster and sequence
similarity, genes from different clusters can be aligned with each other and with
one of the 13 Drosophila HOM-C genes (Acampora et al., 1989; Scott, 1992).
The term ‘paralog’ is signified by giving paralogs the same number after the
letter that indicates which cluster they are located in. For example, HOXAl and
HOXBl are paralogs. The nomenclature for Hox genes is in lower case {Hoxa-1,
Hoxa-2 etc.) in mice, and upper case for human genes {HOXAl, HOXAl etc.)
(Scott, 1992). When describing the protein, the name of the gene is not
italicised, as is the case for all genes. The paralog numbers are also indicated in
Fig 1.1.

Paralogs 1 are labial-Wke, genes, paralogs 2 to 8 are Antp-\ik& genes and paralogs
9 to 13 are AW-B-like genes (Duboule, 1994).
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Paralogous Hox genes have been suggested to share overlapping functions. For
example, abnormalities in mice that are homozygous for null alleles at Hoxa-3
are exacerbated by mutations at the Hoxd-3 locus (Sharkey et al., 1997). To
examine the functional overlap between Hoxa-3 and Hoxd-3, the protein-coding
regions of Hoxa-3 and Hoxd-3 were exchanged reciprocally in the mouse
genome (Greer et al., 2000). This allowed the Hoxd-3 or Hoxa-3 protein to be
expressed at both the Hoxa-3 and Hoxd-3 locus. Hoxa-3 protein expressed from
the Hoxd-3 locus or Hoxd-3 protein expressed from the Hoxa-3 locus was able to
complement the absence of the Hoxd-3 or Hoxa-3 protein, respectively, as
assessed by the reduction in lethality and skeletal structures. This study suggests
that the Hoxa-3 and Hoxd-3 genes can carry out identical biological functions if
expressed in the correct context.
1.1.4 Colinearitv
The homeotic genes in HOM-C are arranged in the same order as their functional
and expression domains on the anterior-posterior axis of the embryo (Lewis,
1978), a phenomenon referred to as colinearity. The Hox complex shows several
types of colinearity. There is a colinear relationship between gene order and
anterior boundaries of expression along the axis of embryos as in Drosophila
(Duboule and Dolle, 1989; Graham et al., 1989), referred to as spatial
colinearity. Temporal colinearity is the relationship between the time of
appearance of expression during embryogenesis and the order of the genes
(Izpisua-Belmonte et al., 1991). There is also a colinear relationship between the
order of Hox genes in the cluster and in the sensitivity with which the genes
respond transcriptionally to retinoic acid treatment (Papalopulu et al., 1991;
Simeone et a l, 1990; Simeone et a l, 1991). Thus, Hox genes at the 3’ end of the
clusters have the most anterior boundaries of expression, are activated the earliest
time in embryogenesis and have the greatest sensitivity to retinoic acid. Genes at
the 5’ end have expression boundaries that are most posterior, are activated later
and show low retinoic acid sensitivity. The colinearity is also indicated in Fig
1. 1.
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1.1.5 DNA binding of HOX proteins and cofactors
The three-dimensional structure of the homeodomain in solution was first
determined for the product of the Drosophila gene, Antennapedia, by nuclear
magnetic resonance spectroscopy (Qian et al., 1989). The homeodomain was
found to be composed of three a-helices and a more flexible fourth helix. The
crystal structure of two copies of the homeodomain encoded by the Drosophila
gene, engrailed, bound to a 21 base pair duplex DNA has also been studied
(Kissinger et a l, 1990). This study revealed that the helix 1 and helix 2 pack
against each other in an antiparallel arrangement. Helix 3 lies approximately
perpendicular to the other two helices and fits into the major groove of the DNA
to make contact with the bases and the sugar-phosphate backbone. The first few
residues of helix 1 form an N-terminal “arm” that fits into the minor groove of
the DNA to supplement the contact made by helix 3.

Homeodomain-containing proteins share a similar DNA binding specificity in
vitro (Graba et a l, 1997; Hayashi and Scott, 1990). The nucleotide sequence
that the majority of homeoproteins recognise contains a TAAT core motif with
variable flanking nucleotides. This also appears to be the case in vivo, as DNA
protein cross-linking experiments using whole embryos have shown that evenskipped and fushi tarazu, which are two Drosophila proteins from two different
homeobox classes, have the same DNA-binding activity (Walter et a l, 1994).

Recently, it has been shown that cofactors interact with homeodomain proteins
and direct HOX proteins to slightly different target sequences. The cofactors
identified to date all belong to the TALE (three amino acid loop extension) class
of homeobox genes (Burglin, 1997). Pbxl and Pbx2 are two such homeoprotein
cofactors and are homologous to the Drosophila gene, extradenticle (van Dijk et
a l, 1995). The extradenticle protein can cooperate with the ultrabithorax protein
to bind to sites present in the decapentaplegic enhancer in Drosophila (Chan et
a l, 1994).

M eisl is another cofactor that is the homologue of the Drosophila homothorax
gene product (Rieckhof et a l, 1997). Meis2 and MeisS are also genes of the
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same family and are aberrantly expressed in some cases of murine myeloid
leukaemia (Nakamura et a l, 1996a).

Prep-1 is also a homeoprotein that can complex with Pbx and has been shown to
form a ternary complex with HOXBl and Pbxl proteins on HOX-Pbx target
DNA and to modulate transcriptional activity (Berthelsen et aL, 1998). Prep-1
does not seem to form a complex with HOXB1 protein directly, but it cooperates
with Pbxl.

HOX proteins from paralog groups 1 to 10 bind cooperatively to DNA with
Pbx la, an alternatively spliced form of Pbxl (Chang et al., 1996; Shen et al.,
1997b). The preferred binding site contains the sequence ATGATTNATNN
where ‘N ’ is variable or ATGAT(TTAC/TTAT)GAC. depending on the PbxHOX complex. HOX proteins from paralog groups 9 to 13 bind cooperatively
with Meisl to DNA targets containing a Meisl binding site (TGACAG) and an
AbdB-like HOX binding site (TTTTAÇGAC) (Shen et a l, 1997a,b).

For example, using the electrophoretic mobility shift assay, Pbxl and Pbx2
proteins were found to bind cooperatively with either Hoxb-7 or Hoxb-8
proteins, to a DNA sequence known to be optimal for Pbxl and Ubx binding
(van Dijk et a l, 1995). Pbxl protein also binds cooperatively with the Hoxa-5,
Hoxb-7, Hoxb-8, Hoxc-8 and Hoxd-4 proteins (Lu et a l, 1995). Hoxb-4 induced
Rat-1 fibroblast transformation was enhanced by PBXlb, as assessed by colony
formation in soft agar and by tumour formation after subcutaneous injection of
immunodeficient mice (Krosl et a l, 1998). Human PBXl and HOXAl, H0XA2
or HOXB 1 proteins can cooperate to activate transcription of the HOXBl
autoregulatory element (Di Rocco et a l, 1997). The correct pattern of Hoxb-2
expression in the rhombomere is regulated by the Hoxb-1 and Pbx proteins
(Jacobs et a l, 1999; Maconochie et a l, 1997).

HOXA9, HOXD4, HOXD9 and HOXD 10 proteins can form trimeric complexes
with MEISl and PBXl (Shanmugam et a l, 1999; Shen et a l, 1999). The
transcriptional activity of a luciferase reporter gene, which was placed
downstream of a Hoxb-2 enhancer element, was enhanced 16-fold by the
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presence of the three proteins, HOXA9, PBX2 and MEISla, in comparison to
transcription levels observed with HOXA9 and PBX2 (Schnabel et a l, 2000).

Despite the inability of MEISl to bind to HOX proteins of paralogs 1 to 8, it
seems to be able to influence their transcription regulation activities by forming
trimeric complexes in the presence of PBXl.
1.1.6 Haematopoietic cells
As mentioned in section 1.1.2, Hox genes are expressed in haematopoietic cells
and appear to be important for haematopoietic cell proliferation and
differentiation. Haematopoietic cells arise from pluripotent haematopoietic stem
cells, which are capable of self-renewal and multilineage differentiation
(Weissman, 2000). A commonly used model for haematopoietic development
shows that the haematopoietic stem cells give rise to common lymphocyte
progenitors (CLPs), which are progenitors for the T lymphocyte, B lymphocyte
and natural killer cells, and common myeloid progenitors (CMPs), which are
progenitors for the myeloid and erythroid lineages. CMPs give rise to
granulocytic/monocytic progenitors (GMPs or granulocyte/monocyte-colony
forming units) and megakaryocytic/erythroid progenitors (MEPs). GMPs give
rise to progenitors committed to the formation of either granulocytes or
monocytes, the MEPs give rise to progenitors committed to the formation of
either megakaryocytes or erythrocytes. A schematic model for the differentiation
of haematopoietic stem cells into the various haematopoietic lineages is shown in
Fig 1.2.

The CD34 cell surface adhesion molecule is used as a convenient marker for
haematopoietic stem cells. Mouse and human CD34 are expressed on
haematopoietic stem cells and early progenitors in the haematopoietic system as
well as on vascular endothelial cells and some fibroblasts (Bonnet, 2002).
CD34^ cells have been shown to have colony-forming potential in short-term
assays, maintain long-term colony-forming potential in cultures in vitro and to
establish multilineage haematopoietic engraftment in models in vivo. However,
recent studies suggest that haematopoietic stem cells that do not express CD34
also exist (Engelhardt et al., 2002).
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1.1.7 Expression of Hox genes in primary haematopoietic cells
Hox genes are expressed in haematopoietic cells and are important regulators of
gene transcription. Various studies have been conducted to identify which Hox
genes are expressed in which cell types. The results of these studies are
summarised in Fig 1.2.

Sauvageau et a l (1994) studied HOXA and HOXB expression in highly purified
subpopulations of human bone marrow CD34^ cells. They found that some of
the 3’ genes of the HOXA and B clusters were expressed at elevated levels in the
more primitive subpopulations of CD34^ cells (Sauvageau et a l, 1994). HOX
genes at the 5’ end of the cluster were found to be expressed at similar levels in
all the CD34^ subpopulations analysed. H0XA4, H0XA5, H0XA6, HOXBl,
H0XB3, H0XB4, H0XB5, H0XB7 and H0XB8 were expressed predominantly
in the most primitive bone marrow cells. HOXA9 and HOXAIO mRNA
expression was slightly higher in the most primitive CD34^ cell population, and
HOXB9 mRNA expression levels were similar in all the CD34^ cells.

H0XA5 mRNA expression was detected in human bone marrow mononuclear
cells stimulated with GM-CSF (Fuller et a l, 1999). As reported by Sauvageau et
a l (1994), H0XA5 expression decreased in purified CD34^ cells after treatment
with GM-CSF.

Lawrence et a l (1997) found that H0XA9 mRNA is expressed at high levels in
CD34^ cells isolated from human bone marrow, particularly in ones enriched for
long-term colony-initiating cells (LTC-ICs) (Lawrence et a l, 1997). LTC-ICs
are primitive cells capable of giving rise to colony-forming cells after 5 weeks of
culture on feeder layers. High levels of H0XA9 mRNA expression were also
detected in myeloid progenitors but expression levels were low in erythroid
progenitors. In murine bone marrow, Hoxa-9 mRNA expression is strong in the
primitive scal^ (a marker for haematopoietic stem cells in mice) cells and weak
in the developing T and B cell lineages.
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HOXAIO mRNA expression has also been studied in human bone marrow, and
was found to be higher in CD34^ cells than in CD34 cells (Lawrence et al.,
1995).

HOX gene expression in haematopoietic blast cells from patients with chronic
myeloid leukaemia has been analysed by RT-PCR (Vieille-Grosjean et al.,
1992a). Circulating blast cells are found at higher numbers in chronic myeloid
leukaemia patients than in normal bone marrow. These patients still produce
mature blood cells, so the authors considered these cells to have a normal
differentiation process. In these blast cells, expression of HOXAl, H0XA3,
H0XA4, H0XA5, H0XA6, H0XA7, H0XB2, H0XB3 and H0XB6 was detected.

Giampaolo et al. (1994) described coordinate expression of HOXBl through to
H0XB9 genes in human progenitor cells (HPCs) purified from peripheral blood
and induced to differentiate along erythroid or granulopoietic lineages in culture
(Giampaolo et al., 1994). These HOX genes were not expressed in quiescent
HPCs with the exception of H0XB3 which is initially expressed in quiescent
HPCs, after which the expression declines temporarily for one to three hours and
then remains expressed throughout erythroid and granulocytic differentiation.
H0XB4 and H0XB5 mRNA were expressed in both the erythroid and
granulocytic lineages. HOXBl mRNA showed low transient expression during
days 2 to 9 of granulopoiesis and in terminal erythropoiesis. H 0XB6 mRNA was
expressed in the later stages of granulocytic differentiation. H0XB7, HOXB8
and H0XB9 mRNA were not detected except for a transient expression of
H 0XB7 mRNA in cells differentiating along the erythroid pathway. In another
study, Giampaolo et al. (2002) analysed H0XB6 mRNA expression in human
adult peripheral blood progenitor cells induced to differentiate along the
monocytic lineage (Giampaolo et ah, 2002) and found that H0XB6 mRNA is
expressed during the initial stages of monocytic differentiation.

H 0XB7 mRNA expression can be detected in human bone marrow cells
stimulated with GM-CSF, indicating that it is expressed in early myelomonocytic
cells (Lill et al., 1995). No H 0XB7 mRNA expression could be detected in
monocytes purified from peripheral blood, or in monocytes induced to
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differentiate into macrophages by treatment with agents known to induce
differentiation, such as IFNy or CSF-1. H0XB6 and H 0XB7 mRNA were
detected by RT-PCR in human bone marrow mononuclear cells stimulated with
GM-CSF in a different study (Fuller et al., 1999).

Expression of HOXB genes has been investigated in lymphoid cells. A lack of
HOXB gene expression in resting T cells, NK cells, B cells, granulocyte and
monocytes has been reported by Petrini et al. (Petrini et al., 1992). Care et al.
(1994) have reported that except for very low levels of HOXBl expression,
HOXB genes are not expressed in quiescent T cells (Care et al., 1994).

H 0XB7 mRNA expression cannot be detected in normal T and B lymphocytes
(Deguchi et al., 1991). However, expression was induced in B cells activated
with Staphylococcus aureus Cowan strain I and PMA, and in T cells activated
with phytohaemagglutinin (PHA) and PMA.

In another study, the expression of all of the genes in the HOXB cluster was
analysed in quiescent and PHA-activated T cells isolated from normal adult
peripheral blood (Care et ah, 1994). In PHA-activated T cells, all the HOXB
genes except for H0XB8, which remained unexpressed, were rapidly activated in
a coordinate manner in the 3’ to 5’ direction, i.e., the genes at the 3’ of the cluster
were induced earlier than genes at the 5’end.

NK cells do not express any HOXB genes until they are activated by IL-ip and
IL-2 which induces expression of H0XB2, H0XB3, H0XB4, H0XB5, H 0XB6
and H 0XB7 (Petrini et al., 1992).

The expression of H0XC4, H0XC5 and H0XC6 genes have been studied in
CD34^ cells isolated from human bone marrow (Bijl et al., 1996). H0XC4
mRNA is expressed in these cells but no expression of H0XC5 or HOXC6 could
be detected. Daga et al. (2000) also detected HOXC4 protein in human CD34^
cells (Daga et al., 2000). Mature B cells derived from human peripheral blood
and tonsillar tissues, and T cells derived from peripheral blood, express H0XC4
and H 0XC6 mRNA (Bijl et al., 1996; Bijl et al., 1998). HOXC4 is also
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expressed in monocytes and cells of the megakaryocytic lineage express both
H0XC4 and H 0XC6 (Bijl et a l, 1998).

Expression of HOXD genes has not been detected in haematopoietic cells
(Moretti e ta l, 1994; van Oostveen e ta l, 1999).

To summarise, HOXA and HOXB genes at the 3’ end of the cluster appear to be
expressed at the highest levels in the primitive haematopoietic stem cells. Cells
of the myeloid lineage predominantly express the HOXA and HOXB genes, while
cells of the lymphoid lineage express the HOXC genes. The studies described
above showed that H0XA7, which is one of the genes studied in this thesis, and
H0XB7, a paralog of H0XA7, were expressed in primitive haematopoietic cells
and HOXB7 mRNA expression was also detected in early myeloid cells but not
in mature myeloid cells. The expression pattern of H 0XB7 mRNA may indicate
a role of H0XB7 in myeloid cell growth and differentiation.
1.1.8 HOX gene expression in haematopoietic cell lines
HOX gene expression appears to be lineage- and stage-specific in primary
haematopoietic cells. To verify if this is also the case in cell lines, HOX gene
expression has been studied in haematopoietic cell lines. Table 1.1 summarises
the expression of HOX genes in haematopoietic cell lines.

Magli et a/. (1991) analysed the expression of the genes of the four HOX clusters
by northern blotting in four haematopoietic cell lines. These were K562 and
0CIM2, which are erythroleukaemic cell lines, HL60, a promyelocytic cell line,
and U937, a monocytic cell line (Magli et a l, 1991). They discovered that the
K562 and OCIM2 cell lines expressed HOXB and HOXC genes while the HL60
and U937 cell lines expressed HOXA and HOXC genes.

The expression of HOXA and HOXB genes in human haematopoietic cell lines
from the lymphoid, myelomonocytic and erythromegakaryocytic lineage was
examined by semi-quantitative RT-PCR (Vieille-Grosjean et a l, 1992b).
Expression of ten out of the eleven HOXA genes was investigated, and all were
found to be predominantly expressed in the myelomonocytic cell lines KOI,
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H O X gene cluster
A
B
C
D (D3 andD13)

Cell line
Myeloid, some pre B cell
Erythroid and lymphoid.
Lymphoid. Some myeloid and erythromegakaryocytic
Erythromegakaryocytic

Table 1.1 General summ ary of HOX gene expression in haematopoietic cell
lines.
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KG la, U937 and THP-1. HL60 is also a myelomonocytic cell line but showed
only weak expression of three HOXA genes, namely HOXAl, HOXAl and
HOXAl L In the lymphoid and erythromegakaryocytic cell lines these HOXA
genes were expressed at low levels or not at all. On the other hand, HOXB genes
were found to be expressed in the erythromegakaryocytic cell lines K562, HEL
and MEGOl, and were generally not expressed, or only expressed at low levels,
in the lymphoid and myelomonocytic cell lines.

The expression of the HOXB genes in erythroid, myelomonocytic, T lymphoid
and B lymphoid cell lines has been investigated by northern blotting and RNase
protection (Mathews et al., 1991). HOXB genes, with rare exception, were found
to be expressed in erythroid cell lines but not in myelomonocytic or lymphoid
cell lines. The exceptions included HOXBl, which was expressed in two
myelomonocytic cell lines (KOI and KOI a), H0XB4, which was expressed at
very low levels in four out of six myelomonocytic cell lines and all the lymphoid
cell lines, and H0XB7, which was expressed in one myelomonocytic cell line,
one T cell line and two B cell lines.

The expression of HOXAl, HOXA3 and H0XA6 was studied in pre-B and B cell
lines (Vieille-Grosjean et al., 1992b). These three HOXA genes were expressed
in two pre-B cell lines (REH and KM3) but not in B cell lines with a more
mature B cell phenotype (Raji, Daudi and Balll). PMA treatment of REH cells
induces them to differentiate, and this resulted in the downregulation of
expression of HOXAl and H0XA6. In contrast to these HOXA genes, the
H 0XB7 gene was expressed in the three B cell lines but not in the pre-B cell
lines. This expression pattern suggests that the HOXA and HOXB genes are
differentially regulated during the B cell maturation pathway.

In the same study, the myelomonocytic KGl and U937 cell lines were treated
with PMA to induce differentiation towards a more mature macrophage-like
phenotype. The levels of expression of some HOXA genes before and after PMA
treatment were compared. In the KGl cell line, H0XA5, H 0XA6 and H 0XA7
mRNA levels were lower after PMA treatment of the cells. In the U937 cell line,
HOXAl, H0XA4, H0XA5, H 0XA6 and H 0XA7 mRNA levels were also lower
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after PMA treatment of these cells. This may indicate a role for these HOX
genes in myeloid differentiation.

Expression analysis of HOXB genes in human T-acute lymphoblastic leukaemia
(ALL) and B ALL cell lines showed that H0XB4 and HOXB7 were expressed in
four B ALL cell lines (8392, SB-CCRF, GM 1500 and ALL-202)(Petrini et al.,
1992). Three T-ALL cell lines express various HOXB genes: PEER cells
expressed HOXBl, H0XB3, H0XB4, H0XB5, H0XB6, H0XB7, H0XB9\
SEZ627 cells expressed H0XB4, H0XB6 and H0XB9', CEM cells expressed
H0XB4 and H0XB7. In the same study, the expression of HOXB genes in AML
cell lines was analysed. Only the K562 erythroleukaemia cell line and the KGl
myeloblastic cell line expressed HOXB genes {HOXBl, H0XB4, H0XB7,
H 0XB9 in K562 and H0XB3, H0XB6, H0XB7, H0XB9 in KGl).
Promyelocytic HL60, AML-193 and MV4-11 cell lines, and monocytic U937
and AML-1 cell lines did not express any HOXB genes.

The GM-CSF-dependent erythroid MB02 cell line exhibits erythroid
differentiation in response to erythropoietin (Shen et al., 1992). This results in
marked down-regulation of H0XB6.

Hoxb-7 gene expression has been studied in murine haematopoietic cell lines and
was found predominantly in macrophage cell lines (Kongsuwan et al., 1988).

The H 0XB7 gene is not constitutively expressed in the HL60 cell line but
expression is induced by treatment with vitamin D 3 , which induces monocytic
differentiation (Lill et al., 1995). Treatment of the cells with PMA to induce
macrophage differentiation, or with DMSG to induce granulocytic
differentiation, did not induce H 0XB7 expression.

H 0XB7 mRNA is present in the human B-cell lymphoma cell line BJA-B, in the
pre B cell line Nalm-6 , in human T cell leukaemia lines SupTl, Jurkat, Molt3
and in the human T-lymphotropic virus I transformed T cell lines Hut 102 and
MT2 (Deguchi et al., 1991). Baier et al. (1991) have also shown that H 0XB7
mRNA is expressed in T and B cell lines (Baier et a l, 1991). They detected
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expression in the T cell lines Molt-4, Jurkat and HPB-ALL and B cell lines BJAB, JY and Clone 13.

H0XC4, H0XC5 and H0XC6 mRNA expression have been analysed in cell lines
(Bijl et a l, 1996). B and T cell lines representing the maturation stages from
pre-B cell to plasma cells and from thymocyte stage to mature T cells,
respectively, expressed all three HOXC genes. The signal obtained by semiquantitative RT-PCR was stronger in the more mature B and T cell lines than in
the immature ones, indicating that these genes were expressed at higher levels in
the more mature B and T cell lines. All six myeloid cell lines examined (KGla,
K G l, HL60, THP-1, K562, M-07e) expressed H0XC6 mRNA, all except KG la
expressed H0XC4 mRNA, and three (HL60, THP-1 and K562) expressed
H0XC5 mRNA (Bijl et a l, 1998).

Genes of the HOXD cluster are not expressed in primary haematopoietic cells
(Moretti et a l, 1994; van Oostveen et a l, 1999). However, H0XD13 mRNA has
been detected in the erythroleukaemic cell line OCIM2 and in the promyelocytic
cell line HL60 (Magli et a l, 1991). H0XD3 mRNA expression has been
detected in two erythroleukaemic cell lines (HEL and K562) but not in the
promyelocytic cell line HL60 (Taniguchi et a l, 1995). Therefore, HOXD
deregulation is present in some haematopoietic cell lines.

It appears that HOX gene expression in haematopoietic cell lines is dependent on
the cell lineage as is the case in primary haematopoietic cells although it is
expressed in different lineages in comparison to primary cells.
1.1.9 Class II / divergent homeobox genes in haematopoietic cells
Various class U homeobox genes have also been found to be expressed in CD34'*'
cells from bone marrow.

The human HB24 gene encodes a diverged homeodomain that is approximately
80% identical to the diverged Drosophila homeodomain, H2.0, and identical to
the murine Hlx homeodomain (Deguchi et a l, 1992b). HB24 mRNA can be
detected in CD34^ cells in bone marrow, and expression becomes undetectable
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after DL-3-induced differentiation (Deguchi and Kehrl, 1991; Deguchi et al.,
1992a). Antisense oligonucleotides to the HB24 gene impaired the proliferation
of CD34^ cells in response to lL-3 and GM-CSF. Transfection of CD34^ cells
with a plasmid expressing HB24 inhibited the differentiation of the cells in
response to IL-3 and GM-CSF as shown by sustained expression of CD34 on the
cell surface and the failure of a higher percentage of cells to acquire CD 13 or
CD 14 expression when compared to control cells. HB24 is also expressed in
activated T and B lymphocytes (Deguchi et a l, 1992b). These results suggest
that HB24 expression is required for proliferation of CD34^ cells.

Hlx is a murine homeobox gene with a homeobox domain that is divergent from
the Class I homeobox domain and, as mentioned above, identical to that of HB24
(Allen et a i, 1991). Expression of Hlx was detected in all ten myeloid cell lines,
including four macrophage lines, investigated, and in seventeen out of nineteen
cell lines representing the early stages of B cell development. There was no
detectable expression in ten erythroid, twelve T cell and three mast cell lines
examined. Hlx expression was not confined to the haematopoietic system and
was detected in most tissues examined, including skeletal muscle, lung, heart,
intestine and uterus.

B P l, DLX7 and DLX4 appear to be isoforms of a common gene belonging to the
Distal-less class of homeobox genes (Haga et al., 2000). Expression of all three
isoforms was detected in normal bone marrow, B cells and PHA-stimulated T
cells by semi-quantitative RT-PCR, but mRNA levels were very low. BPl
mRNA levels were is higher in the CD34 subpopulation of bone marrow cells
than in the CD34^ population.

The Pitx2 gene is a bicoid-\ik& gene of the paired-like class of homeobox genes
(Gage and Camper, 1997; Gehring et al., 1994). It is expressed in
haematopoietic cell lines and bone marrow cells, and it has been suggested that it
is a target gene for MLL. This gene will be discussed in detail in section 1.3 of
this chapter.
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These studies suggest that both Class I and Class H HOX genes are important in
haematopoiesis.

1.1.10 Modulation of H OX gene expression and haematopoietic effects
The function of HOX genes in haematopoiesis has been investigated in vivo in
mouse models with targeted disruption of various Hox genes or mice
transplanted with bone marrow cells transduced with Hox genes. Studies in vitro
have been performed using cells from murine bone marrow, murine foetal liver,
human bone marrow, human cord blood or haematopoietic cell lines which were
transduced with a plasmid encoding Hox genes to overexpress the gene or treated
with antisense oligonucleotides to downregulate Hox mRNA. Tables 1.2, 1.3
and 1.4 summarise the effects of modulating HOX gene expression in
haematopoietic cells, which are described in this section.

(i) HOXA5
Following the detection of H0XA5 mRNA in human CD34^ cells, the role of this
gene in haematopoiesis was investigated further (Fuller et aL, 1999). An
antisense oligonucleotide to H0XA5, which downregulates H0XA5 mRNA
expression, was used to reduce the levels of expression in human CD34^ cells by
approximately 50%. The effect of H0XA5 suppression on progenitor cell
expansion was analysed in ex vivo expansion cultures, where pre-colony-forming
cells were cultured in the presence of cytokines (IL-3, IL-6 , G-CSF, SCF, Epo)
that permit the differentiation of cells into burst-forming unit-erythroid (BFU-E)
cells, which give rise to erythroblasts, or colony-forming unit-granulocyte,
macrophage (CFU-GM) cells, which give rise to granulocytes and macrophages.
This revealed that in cells treated with the antisense oligonucleotide, there was a
doubling of the number of BFU-E but no significant change in the number of
CFU-GM. However, subsequent colony formation from these CFU-GM was
blocked. In the same study, the erythroleukaemic K562 cell line, which can
differentiate along the monocytic, megakaryocytic and erythroid lineage, was
transfected with a vector expressing H0XA5. Overexpression of H0XA5 mRNA
resulted in approximately 50% inhibition of erythroid differentiation induced by
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Hox gene________________________ Phenotype______________________
Hoxa-9
Presence of poorly differentiated cells of myeloid lineage.
Develop acute myeloid leukaemia (AML) within 7 months.
Hoxa-10
Increased megakaryocytic/blast cell colonies. Increased
number of myeloid progenitor cells. Block in B cell/
macrophage development. AML with 19 to 50 week latency.
Hoxb-3
Block in T/B cell development. Myeloproliferative disorder,
accumulation of granulocyte/macrophage progenitors.
Hoxb-4
Increase in proliferative capacity of stem cells.
Hoxb-8
IL-3-dependent immortalisation of progenitor cells, increase in
progenitor numbers. Acute leukaemia with 29 to 51 week
latency. Co-transduction with IL-3 results in AML with 16 to
2 1 day latency.
Table 1.2 The phenotype of haematopoietic cells in mice transplanted with
bone m arrow cells transduced with various Hox genes.

Hox gene
Hoxa-9

Hoxa-10
Hoxb-4
Hoxc-8

Phenotype
Reduced T, B, granulocyte cell count. Defect in early T cell
development. Reduced myeloid, erythroid and pre-B
progenitor cell number.
Increased granulocytes. Myeloid colonies show increased
primitive myeloblasts.
Transient macrocytic anaemia in late foetal life. Normal adult
haematopoiesis.
Decreased erythroid progenitors in foetal liver. Normal blood
counts in neonatal life.

Table 1.3 The phenotype of haematopoietic cells in mice with targeted
disruption of various H ox genes. Hoxb-4 and Hoxc-8 data from Magli et a l,
1997.
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HOX
gene

H0XA5

H0XA9

M ethod of
gene
modulation
Antisense
Overexpression

Cell type

Effects

Human
CD34^
K562

Doubling of BFU-E numbers. CFUGM colony formation blocked.
50% inhibition of erythroid
differentiation
Shift towards myeloid lineage and
less towards erythroid. Reduction of
BFU-E.
Block in granulocytic and monocytic
differentiation in GM-CSF.
Large colonies with megakaryocytes
and blast cells. Decrease in CFUGEMM, -G. No CFU-M. Increase in
progenitor cells.
Block in erythroid differentiation.
LTC-IC assay gives high proportion
of blast or granulocytic precursors.
Partial block of erythroid and
granulocyte colony formation.
Inhibition of T cell proliferation in
response to PHA.
Increase in CFU-E and -GEMM.
Higher growth rate of progenitors.

Overexpression

Human
CD34^

Overexpression

Murine
BM
Murine
BM

Overexpression
HOXAIO

Human
CD34^
Antisense

Human
CD34+

Overexpression
Overexpression
Overexpression

ES cells
Murine
BM
K562

Antisense

K562

Overexpression

HEL

Antisense
Overexpression

HEL
NB4

Overexpression

HL60

Antisense

Murine
BM
Human

H0XB4

H 0XB6

H 0XB7

Antisense
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Loss of erythroid features. Increase
in markers of myelomonocytic
differentiation.
Decrease in percentage of cells
expressing monocytic markers. Loss
of responsiveness to phorbol esters.
Loss of some erythroid features
(globin mRNA).
Increase in globin mRNA.
Inhibition of granulocytic
differentiation in response to retinoic
acid.
Inhibition of monocytic
differentiation in response to vitamin
D.
Inhibition of myeloid colony
formation.
Inhibition of myeloid colony

Overexpression

formation
Inhibition of CDl lb upregulation in
response to DMSO or retinoic acid.
Increase in CFU-GM, -G, -M.
Enhanced growth and delay in
differentiation of CFU-G, -M.

BM
HL60

Overexpression

Human
CD34+

Overexpression

Murine
BM

Overexpression

HL60

Overexpression

32Dcl3

H0XC4

Overexpression

H0XC6

Antisense

H0XD3

Overexpression

Human
CD34+
Human
BM
HEL

Cells dependent on higher IL-3
concentration for proliferation.
Lower IL-3 concentrations lead to
cell differentiation along
myelomonocytic, megakaryocytic
and mast cell lineage.
Inhibition of granulocytic
differentiation in response to DMSO.
G-CSF treatment leads to apoptosis
rather than differentiation. Cells able
to differentiate along monocytic
lineage with GM-CSF rather than
limited proliferation.
Expansion of LTC-IC. Increase in
CFU-GM, -G, -M, BFU-E.
Inhibition of CFU-E-derived
colonies.
Increased aggregation and adherence

H0XB8

Table 1.4 The phenotype of prim ary haematopoietic ceils and
haematopoietic cell lines after modulation of H O X genes.
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sodium butyrate, as analysed by haem content and expression of the surface
marker glycophorin A.

The same group also transduced CD34^ cells isolated from human cord blood
and bone marrow with a retroviral vector directing expression of H0XA5
(Crooks et aL, 1999). After two to four weeks of culture, the cells expressing
H0XA5 mRNA were found to be shifted towards myeloid differentiation and less
towards erythroid differentiation as assessed by CD 11b (myeloid) and
glycophorin (erythroid) expression. The presence of HOXA5 mRNA reduced
the number of BFU-E colonies even in culture conditions that normally produce
BFU-E (i.e. in the presence of IL-3, IL-6 , SF and Epo) and also resulted in a
higher number of undifferentiated cells.

These results suggest that the H0XA5 gene may act to repress the development
or differentiation of erythroid progenitors and to shift the cells towards
myelopoiesis.

(ii) H 0X A 9
The constitutive expression of Hoxa-9 in murine bone marrow cells blocked
granulocytic and monocytic differentiation of myeloid progenitors cultured in
GM-CSF (Calvo et aL, 2000). The cells could still differentiate along the
granulocytic pathway in response to G-CSF and along the monocytic pathway in
response to M-CSF. Hoxa-9 induced a cytokine-selective block in
differentiation. When Meisl a was coexpressed in these cells, G-CSF-induced
granulocytic differentiation was also inhibited (Calvo et aL, 2001). The cells
were also able to proliferate in response to stem cell factor rather than die, which
happens in cells expressing Hoxa-9 alone. These results suggests that Hoxa-9
and M eisl a cooperate to achieve a more complete differentiation block. Mice
transplanted with bone marrow cells transduced with the Hoxa-9 gene develop
leukaemia within 7 months (Kroon et aL, 1998).

Mice with a targeted disruption of the Hoxa-9 gene have been generated to
examine the role of Hoxa-9 in haematopoiesis (Izon et aL, 1998; Lawrence et aL,
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1997). These mice appear healthy with no predisposition to leukaemia or
infection during a year’s observation period. However, subtle haematological
effects could be seen. Homozygous knockouts had a reduction in the number of
peripheral blood T cells, B cells and granulocytes compared to control groups.
The spleen and thymus were smaller. There was a reduction in the number of
primitive thymocytes in adult and foetal mice, reduced expression of CD25 (IL2R a chain), which is normally upregulated transiently during thymocyte
development, and reduced expression of the adhesion molecule E-cadherin.
Analysis of foetal thymic organ cultures showed that there was a defect in early
T cell development, at the point of progression of double negative CD4 CDS
thymocytes to the double positive CD4^CD8^ stage. There was also a marked
downregulation of Bcl-2 expression in the thymocytes, accompanied by an
increase in apoptosis. The fact that the block in T cell development was not
complete indicates that paralogous Hox genes might partially compensate
partially for the defect in Hoxa-9 expression. Myeloid, erythroid and pre-B
progenitor numbers in the bone marrow were reduced, but there were no effects
on more primitive precursors (eg. LTC-IC or day 12 spleen colony forming units
(CFU-S), which are the number of progenitors that can produce colonies in the
spleen 12 days after injection into irradiated mice). The effects on
haematopoietic cells were due to an intrinsic defect in the haematopoietic cells
rather than in the microenvironment, as the haematopoietic defects were
transplantable to normal mice.

(iii) HOXAIO

Retroviral transduction of the HOXAIO gene into murine bone marrow cells
results in the generation of large colonies containing megakaryocytes and blast
cells in vitro, which are not detected in control colonies (Thorsteinsdottir et aL,
1997). The proportions of multilineage GEMM (granulocy, erythroid,
megakaryocyte, macrophage), granulocyte-macrophage, and granulocyte
colonies were decreased and no unilineage macrophage colonies could be
detected. HOXAIO overexpression also increased the day 12 CFU-S frequency,
indicating that the number of progenitor cells was increased. Lethally irradiated
mice transplanted with 7/(9X470-transduced cells had a significantly increased
number of myeloid progenitor cells which could form a unique colony type
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containing megakaryocytes and blast cells in vitro. Cells forming unilineage
macrophage colonies in vitro cannot be found in the bone marrow. The number
of progenitors was increased at least 35-fold compared to control mice.
//OXA70-transduced cells were unable to contribute to B lymphopoiesis, but
untransduced cells seem to compensate for this so that the absolute B cell
numbers in these mice were within the normal range. There was no effect of
HOXAIO overexpression on T cell development. A significant proportion of
mice overexpressing HOXAIO developed acute myeloid leukaemia (AML) with a
19 to 50 week latency. This study suggests that HOXAIO, amongst other HOX
genes, may be important in megakaryocytic differentiation and that HOXAIO
target genes may include genes that interfere with normal B cell and macrophage
development. The relatively long latency period of AML development suggests
that a secondary mutation is required to provoke the uncontrolled proliferation of
blast cells.

Human cord blood or foetal liver CD34^ cells have also been transduced with
HOXAIO (Buske et aL, 2001). The number of colony-forming cells (CFCs) that
formed in vitro from transduced cord blood cells was

21

-fold higher than that

from controls after 2 weeks. However, CFCs detected immediately after
transduction were reduced in number in the 77OXA70-transduced cells due to an
almost complete block of erythroid differentiation. The number of secondary
colonies generated by replating these cells was over 100-fold higher in HOXAl0transduced cells than in controls, and approximately 80% of these had the
morphology of blasts. 770XA70-transduced colonies generated from cells
cultured under LTC-IC assay conditions for 6 weeks generated a high proportion
of blasts or granulocyte precursors in comparison to control cells, which mainly
generated mature granulocyte-macrophage colonies. This indicates that
HOXAIO overexpression enhances proliferation of progenitor cells and
significantly affects myeloid differentiation and, in particular, erythroid
differentiation.

7Î70XA70-transduced cells were injected into NOD/SCID mice to determine
whether these cells were capable of repopulating the bone marrow. HOXAIOtransduced cells were capable of populating both the lymphoid and myeloid
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compartment. The size of the lymphoid compartment in the bone marrow
transplanted with control cells was approximately 4-fold greater than the size of
the myeloid compartment. In the

OXA70-transduced bone marrow, the size of

the lymphoid compartment was similar to the size of the myeloid compartment as
a result of a 70% reduction in the number of B cells.

A transgenic murine model with regulatable HOXAIO expression utilising the
tetracycline inducible system was generated by Bjomsson (Bjomsson et al.,
2001). As was found in //OX470-transduced murine and human CD34^ cells,
bone marrow cells harvested from transgenic mice expressing HOXAIO formed
colonies containing megakaryocytes and blast cells. Such colonies were not
generated from the bone marrow of transgenic mice that did not have the
HOXAIO expression induced, or from the bone marrow of control mice. CFUGM and CFU-GEMM (which can give rise to granulocytes, erythrocytes,
macrophages or megakaryocytes) colonies were found at a lower frequency and
there was an absence of unilineage macrophage colonies. The day 12 CFU-S
content of cells induced to express HOXAIO was increased approximately 3-fold,
but this increase was reversible if the cells were cultured in the presence of
doxycycliné for 5 days immediately before injection into mice to repress
HOXAIO expression.

Mice that bear mutations of the Hoxa-10 gene have increased numbers of
granulocytes (Magli et at., 1997). Although there is no increase in myeloid
colony numbers, the colonies consist of more primitive myeloblasts in
comparison to controls. However, these mice have not been reported to develop
AML. Lymphoid development in these mice is normal.

These studies indicate that HOXAIO is involved in the proliferation of progenitor
cells and significantly affects myeloid differentiation.

(iv) HOXB3

Mice transplanted with bone marrow overexpressing H0XB3 showed an almost
complete block in T cell maturation from CD4 CD 8 ' double negative thymocytes
to the CD4^CD8^ double positive population (Sauvageau et at., 1997). H0XB3
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overexpression also inhibited B cell development as measured by the absence of
HOXB3-transduced B cell progenitors in mice. These mice also developed a
myeloproliferative disorder with splenomegaly and accumulation of progenitors
with granulocyte and/or macrophage differentiation potential.

(v) HOXB4
Overexpression of H0XB4 in murine bone marrow cells by retroviral-mediated
gene transfer resulted in bone marrow progenitor cells that did not become
growth factor independent (Sauvageau et aL, 1995). However, cells
overexpressing H0XB4 formed significantly larger granulocyte-macrophage
colonies in methylcellulose culture than control cells and had an increased
proliferative capacity as assessed by the ability to generate secondary colonies in
methylcellulose culture from a primary culture. These cells also maintained bone
marrow repopulating ability, demonstrated by serial transplantation of the
H0XB4 transduced cells into mice, whereas control cells did not. The recipients
of H0XB4-\xmsduccd bone marrow did not develop leukaemia during a 12
month post-transplantation observation period. Using a competitive repopulation
unit (CRU) assay to determine the frequency of long-term repopulating cells in
HOXB4 primary mice, it was found that the levels of CRU in the H0XB4 mice
were on average 14-fold higher than in control mice up to 52 weeks after
transplantation (Thorsteinsdottir et al., 1999b). However, once the
haematopoietic stem cell compartment had been reconstituted, the H0XB4transduced haematopoietic stem cells did not expand to levels above normal.
This suggests that H0XB4 influences stem cell renewal but does not override the
regulatory mechanisms that maintain the haematopoietic stem cell pool size
within normal limits. //0XR4-transduced cells show no effect on lineage
commitment or terminal differentiation of haematopoietic stem cells.

Interestingly, inhibition of H0XB4 expression with an antisense oligonucleotide
partially blocked erythroid and granulocytic colony formation from peripheral
blood progenitor cells (Giampaolo et aL, 1994) and inhibited T cell proliferation
in response to PHA activation (Care et aL, 1994).
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When H0XB4 was overexpressed in ES cells by retroviral transduction, it led to
an increase in the number of erythroid colony-forming CFU-E and mixed-lineage
CFU-GEMM progenitors compared to control ES cells (Helgason et aL, 1996).
This suggests that H0XB4 enhances the proliferative capacity of erythropoietic
cells and, possibly, of a more primitive progenitor cell.

H0XB4 overexpression in murine adult bone marrow cells by retroviral
transduction also showed that the growth rate of the //OXB^-transduced cells
was higher in vitro and in vivo as assessed by cell counts in vitro and by
competitive reconstitution of haematopoietic cells in vivo (Antonchuk et aL,
2001). More recent work on H0XB4 has shown that overexpression in murine
bone marrow resulted in a 41-fold expansion of cell number over a period of 14
days, while control cultures had a 58-fold reduction in cell number (Antonchuk
et aL, 2002). Marrow repopulating ability was maintained by these cells for at
least 4 months. This was demonstrated by the ability of the H0XB4 transduced
bone marrow from mice transplanted 4 months previously to reconstitute both
lymphoid and myeloid lineages. The H0XB4 transduced cells were found to
give highly polyclonal reconstitution, as mice that received the transduced cells
have varied proviral integration patterns determined by Southern blotting of
genomic DNA. On the other hand, mice transduced with a control vector
showed common banding patterns. This is an indication that a high number of
H0XB4 transduced bone marrow cells were able to survive.

(y\)H0XB6
To examine the role of H0XB6 in erythropoiesis, two cell lines that express
primitive erythroid features (K562 and HEL) were transfected with a plasmid
directing H 0XB6 expression (Shen et aL, 1992). K562 cells overexpressing
H 0XB6 showed a dramatic loss of erythroid features including a reduction in
alpha and gamma globin mRNA levels and decreased expression of the
erythroid-specific surface marker, glycophorin A. Concomitantly, these cells
showed an increase in markers of myelomonocytic differentiation such as an
increase in phagocytic activity and an increase in CD 14 surface antigen
expression. K562 cells transfected with a plasmid directing expression of
antisense H0XB6 mRNA showed no change in erythroid features while showing
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a decrease in the percentage of cells expressing the CD 13 and CD 14 cell surface
markers and the loss of responsiveness to phorbol esters. HEL cells
overexpressing H0XB6 also showed a small reduction in globin mRNA levels,
while antisense H0XB6 mRNA expression led to an increase in globin mRNA
levels. There was no change in the erythroid or myeloid-specific surface markers
with either sense or antisense H 0XB6 constructs. Overexpression of H0XB6
was associated with loss of erythroid features in both cell lines.

Enforced expression of H0XB6 in myeloid cell lines has been studied to evaluate
the possible role of this gene in granulocytic and monocytic differentiation
(Giampaolo et al., 2002). In promyelocytic NB4 cells, granulocytic
differentiation in response to all-trans retinoic acid was inhibited, as determined
by the lack of CD54, CDl lb and CD 18 expression normally associated with
granulocytic differentiation in this cell line. Vitamin Dg-induced monocytic
differentiation of the myeloblastic HL60 cells was also inhibited. In this case,
expression of CDl lb, CD 18, CDl la and CD 14 was not upregulated as much as
in control cells. These studies suggests that the silencing of HOXB6 is required
for granulocytic, monocytic and erythroid differentiation.

(vii) HOXB7
Wu gr al. (1992) cultured murine bone marrow cells in the presence of sense or
antisense Hoxb-7 oligodeoxynucleotides to examine the role of Hoxb-7 in
haematopoiesis (Wu et al., 1992). Cells with the antisense oligodeoxynucleotide
showed a selective inhibition of myeloid colony formation with no significant
effect on erythroid and megakaryocytic colony formation.

Using an antisense oligonucleotide to inhibit H 0XB7 gene expression, Lill et al.
(1995) showed that it dramatically inhibited the colony formation from human
bone marrow mononuclear cells stimulated with GM-CSF (Lill et al., 1995).
Cells treated with either sense or nonsense oligonucleotides showed no effect.
This study also suggests that H 0XB7 expression is necessary for the proliferation
and maturation of CFU-GM.
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The role of H 0XB7 in myelomonocytic differentiation was also studied by
overexpressing H 0XB7 in HL60 cells (Lill et aL, 1995). The constitutive
expression of the H0XB7 gene dramatically reduced the upregulation of CD lib
expression, relative to control cells, in response to DMSO or all-trans retinoic
acid to induce granulocytic differentiation. H 0XB7 overexpression had no effect
on monocyte / macrophage differentiation induced by vitamin D 3 or PMA.

When human peripheral blood CD34^ cells were retrovirally transduced with the
H 0XB7 gene, the number of CFU-GM, CFU-G and CFU-M in methylcellulose
cultures increased (Care et a l, 1999). There were no differences in the number
of CFU-GEMM, BFU-E or CFU-Meg colonies. In liquid suspension culture, the
CFU-G and CFU-M showed enhanced growth and a delay in differentiation.

These studies suggest that Hoxb-7, a paralog of Hoxa-7, has an important role in
myeloid development.

(viii) HOXB8
Murine bone marrow cells were transduced with retrovirus to overexpress Hoxb8 to study its role in haematopoiesis (Perkins and Cory, 1993). This resulted in
cells that were dependent on higher concentrations of IL-3 than required by other
IL-3-dependent myeloid cell lines. When the levels of IL-3 were lowered, cells
overexpressing Hoxb-S differentiated along the myelomonocytic,
megakaryocytic and mast cell lineage. Mice that were transplanted with the
//ojc^-S-transduced bone marrow cells remained healthy for many months. The
spleen and bone marrow cells from these mice had enhanced self-renewal
capacity as higher numbers of colony-forming cells were observed in vitro in soft
agar cultures. Four HojcZ?-8 -transduced mice out of 18 eventually developed
acute leukaemia (three myeloid and one erythroid) after a latency period of
between 29 and 51 weeks. Three of these mice were found to have deregulated
IL-3 expression acquired as an additional somatic mutation.

When murine bone marrow cells were transduced with retroviruses bearing the
genes for IL-3 and Hoxb-8 and transplanted into mice, it resulted in a very
aggressive myeloid leukaemia and the animals became terminally ill within 16 to
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21 days (Perkins et al., 1990). These results suggest that the leukaemogenic
action of Hoxb-8 derives from its ability to enhance the expression of IL-3.

Ectopic HOXBS expression in the myeloid leukaemia cell line M l, the IL-3
dependent haematopoietic progenitor line 32Dcl3 and the myeloblastic HL-60
cell line has been studied (Krishnaraju et a i, 1997). There was no detectable
effect on the monocytic differentiation of M l cells induced by IL- 6 treatment as
assessed by cell morphology, growth and induction of Fc and C3 receptors. The
PMA-induced monocytic differentiation of HL-60 was also unaffected, as
assessed by cell morphology and non-specific esterase (NSE) staining. However,
the granulocytic differentiation of HL-60 cells in response to DMSO was
blocked by HOXBS expression, as demonstrated by the appearance of fewer NET
positive cells. In the 32Dcl3 cell line, G-CSF induced differentiation along the
granulocytic lineage was perturbed by HOXBS expression and cells underwent
apoptosis instead of differentiation. HOXBS expression in 32Dcl3 cells also
made the cells capable of differentiation along the monocytic lineage in response
to GM-CSF, whereas GM-CSF normally induces limited proliferation of these
cells. Thus, ectopic expression of HOXBS appears to negatively regulate
granulocytic differentiation while positively regulating monocytic differentiation.

(ix) H 0X C 4
CD34^ cells purified from human bone marrow cells were transduced with a
retroviral vector expressing H0XC4 to study the role of this gene in
haematopoiesis (Daga et a l, 2000). This resulted in an expansion of both
clonogenic and long-term progenitors. The number of CFU-GM, CFU-G, CFUM and, in particular, BFU-E colonies was significantly higher than in control
cells. The number of LTC-IC also increased to almost ten times the number
found in control cells. This study suggests that HOXC4 has an important role in
the proliferation of progenitor cells.

(x) HOXC6
An antisense oligonucleotide that specifically inhibits H0XC6 expression was
found to inhibit the formation of CFU-E derived colonies but not BFU-E-derived
or myeloid-derived colonies in a primary human in vitro bone marrow progenitor
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assay system (Takeshita et a l, 1993). This suggests that H0XC6 is required for
the proliferation or survival of only the committed erythroid progenitor, CFU-E.

(xi) HOXD3
The H0XD3 gene is not expressed in normal haematopoietic cells but expression
was detected in the erythroleukaemic HEL cell line (Taniguchi et al., 1995). A
plasmid carrying the H0XD3 coding region was used to overexpress the H0XD3
gene in HEL cells to study the role of this gene in cell proliferation and
differentiation. HEL cells overexpressing the H0XD3 gene had an increased
ability to form aggregates with each other and to adhere to the tissue-culture
flask and fibronectin, after only 15 minutes. This was due to an increase in
expression of integrin (33 accompanied by increased expression on the cell
surface of the human platelet integrin 0tIIbp3 (GPIIb-HIa) complex which acts as
a fibrinogen and fibronectin receptor. This study suggests that the H0XD3 gene
is involved in the regulation of cell adhesion processes.
1.1.11 Homeobox genes in leukaemia
It is evident that homeobox genes are expressed in a cell- and stage-specific
manner in the haematopoietic system. Overexpression or inhibition of
homeobox gene expression affects the survival, proliferation or differentiation of
haematopoietic cells, which suggest that homeobox genes may show aberrant
expression in leukaemia. Studies on homeobox gene expression in leukaemia are
described in this section.

Expression of HOXAIO has been investigated in AML (Lawrence et a l, 1995).
It appears to be expressed at higher levels in AML-Ml and M2 subtypes
compared to M3, M4 and M5 subtypes that are more differentiated. There seems
to be a lack of HOXAIO expression in acute and chronic lymphocytic leukaemia.
The samples studied included six cases of pre-B ALL, two of B-cell ALL, six
cases of T-ALL and one case of CLL. This study suggests that the expression of
this gene in some AML subtypes may be due to the expansion of primitive
haematopoietic cells that are still at the stage of expressing HOXAIO, or that the
deregulated HOXAIO is contributing to the proliferation of immature blasts.
There is no expression of this gene in the lymphoid lineage. HOXAIO seems to
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be a marker of primitive myeloid cells in both normal and leukaemia
haematopoiesis.

HOXA9, HOXAIO, HOXBS and H0XB4 were found to be expressed in the
majority of 20 AML samples, whilst in normal bone marrow H0XA9 and
HOXAIO expression was detected at lower levels and HOXBS and H0XB4
expression was undetectable (Kawagoe etaL, 1999). MEISl expression was also
undetectable in normal bone marrow, but was found in 13 out of 20 AML
samples. The four HOX genes were expressed at over 10 fold higher levels in the
most primitive CD34'^CD38‘ subpopulations of normal haematopoietic stem cells
than in the CD34 population. However, in nine out of twenty AML samples
tested, there was a lack of significant downregulation of at least one of the four
HOX genes. In seven of these samples, there was no significant downregulation
of any of the four HOX genes.

In a study of H0XB6 expression in leukaemia blasts from AML patients,
approximately 35% of AMLs lacking major translocations were found to be
positive for H0XB6 expression while AMLs characterised by fusion genes
showed that HOXB6 expression was absent (Giampaolo et a l, 2002). The
difference in frequency of H 0XB6 expression between the two groups was
statistically significant. The expression pattern of this gene did not seem to be
related to the differentiation potential of the leukaemia blasts as it was expressed
at similar frequencies in different subtypes of AML. The H0XB6 status did not
seem to affect clinical outcome.

H0XC4, H0XC5 and H0XC6 mRNA expression has been investigated in
leukaemias and lymphomas (Bijl et a l, 1996). RT-PCR studies of B and TALLs showed expression of H0XC4 and H0XC6 but not of H0XC5. This is in
contrast to the expression in B and T cell lines, which represent slightly more
mature stages of B and T cell development and which express all three HOXC
genes. Three B-non-Hodgkin’s lymphomas (NHL) that reflect a more mature
stage of differentiation than the B or T-ALLs expressed HOXC5 mRNA at high
levels and also expressed H0XC4 and H0XC6. As normal lymphocytes do not
express H0XC5, whilst mature lymphoid cell lines (see section 1.1.8) and
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lymphomas do, it was hypothesised that H0XC5 plays an important role in
lymphomagenesis.

H0XC4, H0XC5 and H0XC6 gene expression in myeloid leukaemias have also
been studied (Bijl et a i, 1998). H0XC4 and H0XC6 gene expression was
detected in all the different types of AML. In contrast, H0XC5 gene expression
was restricted to AMLs of the granulocytic, early monocytic and early erythroid
lineage. No H0XC5 mRNA expression was detected in AMLs of the late stage
of monocytic and megakaryocytic lineages.

A deletion of one copy of the Hoxd-3 gene has been described in mouse myeloid
leukaemias (Blatt and Sachs, 1988). This deletion seems to occur frequently, as
it was found in six out of seven independently arising mouse myeloid
leukaemias. This suggests that the deletion of Hoxd-3 plays a role in the
development of myeloid leukaemia.

In 5-10% of T-cell ALLs, the t(10;14) translocation is observed (Lichty et al.,
1995). This translocation involves the T-cell receptor delta chain gene on
chromosome 14 and H O X ll on chromosome 10, and results in the aberrant
expression of the H O X ll gene in T cells. This is thought to play a role in the
transformation of the T cells into a leukaemic phenotype.

The t(l;19) translocation that is seen in approximately 25% of paediatric pre-B
ALL results in a fusion between the amino-terminal transactivation domain of
E2A on chromosome 19 and a homeobox gene, PBXl, on chromosome 1 (Kamps
et al., 1991; Kamps et al., 1990). In the majority of cases, the fusion product
containing the carboxy terminal of E2A is not retained (Mellentin et al., 1989).
The expression of the E2A-PBX fusion gene can transform NIH-3T3 cells to
permit the growth of cells as colonies in agar, and to form tumours when the cells
were injected into mice (Kamps et al., 1991). When the E2A-Pbx fusion gene in
a retroviral vector was transduced into murine bone marrow cells and
transplanted into mice, these mice developed AML after a latency period of three
to eight months (Kamps and Baltimore, 1993). The fusion gene can also induce
ectopic gene expression of genes that are tissue specific or developmentally
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regulated (Fu and Kamps, 1997). It is thought that the fusion protein contributes
to the development of pre-B ALL by activating

-responsive genes by the

E2A activation domain in pre-B cells or their progenitors. Pbxl is not normally
expressed in early or mature T or B cells (Kamps et al., 1990).

E2A-Pbxla can also synergise with Hoxa-9 in inducing leukaemia
(Thorsteinsdottir et a l, 1999a). Mice transplanted with marrow cells
coexpressing E2A-Pbx and Hoxa-9 develop leukaemia after a shorter time period
in comparison to mice transplanted with cells expressing E2A-Pbx or Hoxa-9
alone.

The rare but recurrent t(7 ;ll) translocation associated with AML fuses the amino
terminus of NUP98 on chromosome 11 in-frame to the carboxy terminus of the
H 0XA9 gene on chromosome 7 (Borrow et al., 1996; Nakamura et al., 1996b).
The NUP98 gene encodes a nucleoporin protein, a component of the nuclear pore
complex, which functions in the transport of protein and RNA between the
cytoplasm and the nucleus. The leukaemogenic potential of the NUP98-HOXA9
fusion gene has been studied by retroviral transduction and transplantation of
bone marrow cells into mice (Kroon et al., 2001). This induced a
myeloproliferative disease, characterised by an increase in peripheral monocytes
and neutrophil number, platelet size and spleen CFU-GM. After at least a four
month latency, the myeloproliferative disease progressed into AML. When the
M eisl gene was coexpressed, the latency period before the development of AML
was shortened.

In murine bone marrow progenitor cells transduced with a retrovirus encoding
NUP98-Hoxa-9, it has been shown by western blotting that there is an
upregulation of Hoxa-9 and Meisl proteins, and by northern blotting, an
upregulation in Hoxa-9, M eisl and Hoxa-7 mRNA levels (Calvo et al., 2002).
Upregulation of these genes was not detected in progenitor cells immortalised by
the expression of the E2a-Pbx or Hoxb-8 genes, which suggests that NUP98Hoxa-9 activates or maintains transcription of these genes. Interestingly, these
are the genes that are often upregulated by viral integration in the BXH-2 mouse
leukaemias.
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The BXH-2 recombinant inbred strain of mice expresses high levels of ecotropic
murine leukaemia virus that has integrated into various sites within the genome
(Bedigian et al., 1984; Buchberg et a l, 1990). When this occurs, the regulatory
control elements present within the viral long terminal repeat (LTR) can activate
expression of adjacent genes that are otherwise silent. Nearly all of the BXH-2
mice develop myeloid leukaemias. Nakamura et a l (1996) identified viral
integration sites by Southern blot analysis of DNA from BXH-2 mice using a
probe specific for ecotropic virus (Nakamura et a l, 1996c). Viral integration
was found to enhance the expression of the Hoxa-7, Hoxa-9 and Meisl genes.
95% of leukaemias with viral integration at M eisl also had integration at either
Hoxa-7 or Hoxa-9. This study suggests that Hoxa-7 and Hoxa-9 cooperate with
M eisl in leukaemia formation.

It has been shown that transplantation of mice with murine bone marrow cells
that overexpress both the Hoxa-9 and M eisla genes, the mice develop AML
more rapidly than mice transplanted with cells expressing Hoxa-9 or M eisla
alone (Kroon et a l, 1998). Hoxb-3 has also been found to collaborate with
M eisl to accelerate the induction of AML (Thorsteinsdottir et at., 2001).

H0XA9 mRNA was found to be expressed almost exclusively in myeloid
leukaemias, with the exception of promyelocytic leukaemias, in a study of 80
myeloid and lymphoid leukaemia samples investigated (Lawrence et a l, 1999).
MEISl mRNA expression followed a similar myeloid-restricted pattern of
expression. This study supports the concept that the coactivation of H0XA9 and
MEISl is a common event in AML.

1.1.12 Establishment of the expression pattern of Hex genes
The genetic control of Drosophila embryogenesis is initiated by genes that are
expressed maternally and determine both the anterior-posterior and dorso-ventral
axes of the embryo (Duboule, 1994). The anterior-posterior axis is mainly
determined by the maternally expressed bicoid and nanos mRNAs at the anterior
and posterior poles of the egg, respectively. These mRNAs are translated into
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protein after fertilisation and form a concentration gradient from the opposite
poles.

The gradient patterns along the anterior-posterior axis are then converted into a
periodic pattern of segments by the segmentation genes that can be subdivided
into the gap, pair-rule and segment polarity genes. The gap genes are required in
regions that are several segments wide, the pair-rule genes are expressed in
alternate segments and the segment polarity genes are active in parts of every
segment. These genes are involved in establishing the correct expression pattern
of the homeotic genes, which then give each segment its unique identity.

The maintenance of the correct pattern of HOM-C gene expression during later
stages of development is dependent on the trithorax {trx-G) and Polycomb group
(Pc-G) genes (Gould, 1997). These proteins are thought to act in an antagonistic
manner and to alter chromatin structure in order to ‘freeze’ the expression status
of a target gene. The trx-G and Pc-G proteins maintain an active and repressed
state of homeotic gene expression, respectively. The Polycomb Response
Elements (PRE) and Trithorax Response Elements (TRE) in the HOM-C cluster
and are thought to bind the Pc-G and trx-G proteins (Mahmoudi and Verrijzer,
2001). They have been shown to coincide with binding sites for Pc-G and trx-G
proteins by formaldehyde cross-linking immunoprécipitation experiments.

The Drosophila trithorax {trx) gene is the “founding member” of the trx-G gene
family (Mahmoudi and Verrijzer, 2001). It was identified as a mutation that
mimics a loss-of-function mutation in genes of the ANT-C and BX-C. The trx
protein is required during embryogenesis through to the late larval stages and
maintains the expression of many homeotic genes (eg. Abd-B, Scr, abd-A, Ubx,
Antp, Dfd) (Breen and Harte, 1993; Breen, 1999) and several other
homeoproteins such as the fork head gene (Kuzin et a/., 1994).

Mammalian homologues of trx-G and Pc-G proteins have been identified. MLL
(Mixed-Lineage, or Myeloid-Lymphoid, Leukaemia), also known as Htrx
(Djabali et a l, 1992), Hrx (Tkachuk et ah, 1992) and ALL-7 (Cimino et ah,
1991), shares significant homology with the trx gene. Proposed target genes of
58

MU that have been identified so far in mice are Hoxa-7, Hoxa-9, Hoxa-10 and
Hoxc-9 (Yagi et al., 1998; Yu et al., 1998; Yu et al., 1995). In mice
heterozygous for an MU gene disruption, the anterior boundaries of Hoxa-7 and
Hoxc-9 expression are shifted caudally. Their expression is abolished in MU null
embryos. RT-PCR studies of RNA extracted from whole embryos showed lower
expression of Hoxa-7 and Hoxc-9 mRNA in the MU null embryos. When RNA
extracted from the foetal liver was used for RT-PCR, the expression of Hoxa-7,
Hoxa-9 and Hoxa-10 was found to be decreased in MU null mice. This suggests
that MU may act as a maintenance factor for the Hoxa-7 and Hoxc-9 genes and
possibly other Hox genes in mice in a similar way to trx (Yu et al., 1998).

1.2 The Mixed Linease Leukaemia (MLL) gene
1.2.1 The Mixed Linease Leukaemia gene
MLL is a gene located on chromosome band 1 lq23 that is frequently involved in
reciprocal translocations in myeloid and lymphoblastic leukaemias, and
secondary acute myeloid leukaemias in patients that have been treated with
topoisomerase E-inhibitors (Felix et al., 1995; Pui et al., 1989; Pui et al., 1991b;
Ziemin-van der Poel et al., 1991). There is also an unusually high incidence (up
to 75%) of MLL involvement in infant acute lymphoblastic leukaemias (Chen et
al., 1993; Kaneko et al., 1988). These patients with MLL rearrangements have a
very poor prognosis (Arthur et al., 1982; Pui et al., 1991a). The leukaemic cells
are often biphenotypic, carrying both lymphoid and myeloid markers (Katz et al.,
1988; Mirro et al., 1986).

1.2.2 MLL protein
MLL has an open reading frame of nearly 12kb and codes for a 3968 amino acid
protein with a predicted size of 431kDa (Gu et al., 1992; Tkachuk et al., 1992).
Various functional domains have been identified. (See Fig 1.3)
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show homology to Drosophila Trx are the regions indicated with ‘Trx homology”, zinc fingers and SET domain.

From the N terminus, these are:

(i) Three AT-hook motifs with similarity to those found in high-mobility group
HMG-I(Y) proteins (Reeves and Nissen, 1990). HMG-I(Y) proteins are
important components of active chromatin structure and the AT-hook motif has
been shown to bind AT-rich sequences in the minor groove of DNA. The motif
in MLL binds cruciform DNA, recognising structures rather than a particular
target sequence (Zeleznik-Le et a l, 1994). MLL3AT, a truncation mutant of
MLL that contains the three AT-hook motifs, appears to colocalise with
topoisomerase II, a known component of the chromosomal scaffolding as shown
by immunofluorescence of HeLa cells expressing MLL3AT (Caslini et al.,
2000). This suggests that the AT-hook motif can target MLL to the chromosome
scaffold and affect chromatin structure, thereby exerting control over gene
expression.

(ii) A domain with homology to DNA methyltransferase (DNA MTase) (Ma et
al., 1993) which is considered to be involved in methylating cytosines in DNA
(Bestor et al., 1988; Yen et al., 1992). Homology is also seen with the U1 small
nuclear ribonucleoprotein particles in this region (Domer et al., 1993). The
MTase domain was shown to specifically recognize unmethylated CpG
dinucleotide sequences in gel mobility shift assay (Birke et al., 2002).

(iii)Transcriptional repression and activation domains, 5’ and 3’ to the breakpoint
cluster region respectively (Zeleznik-Le et al., 1994). The transcriptional
repression domain overlaps with the region that contains the DNA MTase
homology domain.

(iv) Two plant homeodomain (PHD)-type zinc-finger domains, as found in
Drosophila trx (Aasland et al., 1995; Mazo et a l, 1990; Tkachuk et a l, 1992). It
has been suggested that this domain may be involved in chromatin-mediated
transcriptional regulation or that it may be a DNA or RNA binding domain.
Recently, it was shown that the MLL PHD finger domain could mediate
homodimerisation in vitro by GST pulldown experiments and yeast two-hybrid
(Fair et al., 2001). A nuclear cyclophillin Cyp33 was also found to interact with
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the PHD finger domain by yeast two hybrid. Cyclophillins can bind to
transcription factors and modulate gene regulation by the transcription factors
(Yang etal., 1995).

(v) A SET domain at the carboxyl terminal, which is the region of MLL that has
highest homology to Drosophila trx. The domain is termed “SET”, as similar
domains are found in Drosophila Suppressor o f variegation, Enhancer o f zeste
and trx (Tschiersch et a l, 1994). This domain is considered to be involved in
chromatin remodelling through interaction with INIl, a constituent of the
SWI/SNF complex, as shown by yeast two hybrid screening (Rozenblatt-Rosen
et a i, 1998). The SET domain in human SUV39H1 and mouse Suv39hl have
been shown to encode histone H3-specific methyltransferase activity (Rea et at.,
2000). Recent studies showed that MLL is present within a large multiprotein
complex bound directly to promoter sequences that regulates transcription and
that the SET domain has histone H3 lysine 4-specific methyltransferase activity
(Milne et al., 2002; Nakamura et al., 2002). This histone methyltransferase
activity was associated with Hox gene activation.

MLL is proteolytically processed in vivo into two fragments, MLL^ and MLL^
(Yokoyama et al.,

2002

). MLL^ and MLL^ interact with each other and display

opposite transcriptional properties: MLL^ has repressive activity and MLL^ has
transactivation properties. The authors proposed that MLL processing may
regulate its transcriptional properties.

1.2.3 Function of M LL
MLL is widely expressed in the majority of cell types including haematopoietic
cells (Butler et al., 1997). It has a nuclear punctate distribution. Analysis of
heterozygote MU knockout mice have shown that it is required for normal
skeletal, haematopoietic and neural development (Hess et al., 1997; Yu et al.,
1998; Yu et al., 1995). Homozygous knockout of the MU gene is lethal from
stage 10.5 (Yu et al., 1995) to 14.5 (Yagi et al., 1998) during embryonic
development.
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The effects of MU ablation on the haematopoietic system have also been studied
by in vitro differentiation. MU knockout ES cells were shown to develop
immature and/or biphenotypic colonies at a higher frequency compared to the
wild type ES cells (Fidanza et al., 1996). Foetal liver and yolk sac colony
forming assays with cells from MU knockout mice resulted in decreased colony
numbers and slower colony growth (Hess et a l, 1997; Yagi et a l, 1998). From
the above results, it seems likely that MU is involved in some aspect of
haematopoiesis that is important.

1.2.4 C h ro m o so m e tra n s lo c a tio n s in v o lv in g M L L

There are over 25 fusion partners reported in MLL translocations (Corral et al.,
1996; Gu et al., 1992; McCabe et al., 1992; Tkachuk et al., 1992; Ziemin-van der
Poel et al., 1991) as well as tandem duplication of parts of MLL itself
(Schichman et a l, 1994). The breakpoint in MLL clusters between exons 5 and
11 (Gu et al., 1994; Hunger et al., 1993). As there is a huge variety of
translocation partners with no common structural or functional features, the only
consistent feature seems to be that the AT-hook motifs and the transcriptional
repression domain at the amino terminal of MLL are separated from the carboxyl
terminal of the gene which harbours the SET domain. Whether leukaemogenesis
occurs through loss of function of MLL due to the disruption of the gene, gain of
function of the fusion partner due to its ability to bind to inappropriate target
genes, or a dominant negative activity of the fused MLL sequences is still
unknown.

1.2.5 T a r g e t genes o f M L L

As mentioned in section 1.1.12, expression of several Hox genes {Hoxa-7, Hoxa9, Hoxa-10 and Hoxc-9) is perturbed in mice with disruption of the MU gene.
PITX2 has also been suggested as a putative target gene of MLL (see section 1.3).
As discussed in sections 1.1.7 to 1.1.11, Hox genes have been shown to be
involved in the regulation of haematopoiesis. MLL is frequently rearranged in
leukaemias, so it is likely that the rearrangement results in the deregulation of
Hox genes that contribute to leukaemogenesis. Recent studies have
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demonstrated that MLL binds directly to promoter sequences of Hox genes, that
the SET domain of MLL has histone H3 lysine 4-specific methyltransferase
activity and that this methyltransferase activity was associated with activation of
Hoxa-7, Hoxa-9 and Hoxc-8 genes (Milne et a l, 2002; Nakamura et a l, 2002).

In this project, I have focused on two putative target genes of MLL, namely
PITX2 and H0XA7.

1.3 PITX2
1.3.1 T h e PITX2 gene

The PITX2 gene (also known as ARPl, Rieg, Otlx, Brxl) on chromosome 4q25
was initially identified by positional cloning as the causative gene for the
autosomal dominant human disorder Rieger syndrome (Semina et a i, 1996).
Rieger syndrome is characterised by abnormal ocular anterior chamber
formation, dental hypoplasia, craniofacial dysmorphism and failure of umbilical
cord involution.

Pitx2 was also isolated in a screen for novel homeobox genes expressed in the
adult pituitary gland and due to its high homology to Pitxl, was named Pitx2
(Gage and Camper, 1997). Pitxl is a pan-pituitary regulator of transcription
(Tremblay et al., 1998) that is expressed through pituitary development, in all
lineages in the adult pituitary, and in the intestine (Lamonerie et at., 1996).

Pitx2 is a bicoid-xéldXQÔ. homeobox gene of the paired-Wke, class of genes (Gage
and Camper, 1997; Gehring et ah, 1994). This family is characterised by a lysine
residue at position 9 in the third helix of the homeodomain. Other members of
this family include the Drosophila gene orthodenticle (otd) (Finkelstein et a l,
1990), and the vertebrate genes Otxl, Otx2 (Simeone et al., 1992; Simeone et al.,
1993), goosecoid (gsc) (Blum et a i, 1992), Pitxl (Lamonerie et al., 1996; Szeto
et al., 1996) and PitxS (Semina et al., 1997). The Drosophila Bicoid and genes
of the ^/coiW-related homeobox gene family are required for anterior structure
formation. Homologues of Pitx2 have been identified in mice (Gage and
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Camper, 1997), rats (Lindberg et al., 1998), chick (Logan et al., 1998; St Amand
et al., 1998), zebra fish (Essner et al., 2000) and Xenopus (Ryan et al., 1998).

There are three isoforms of Pitx2 named a, b and c (Arakawa et al., 1998; Gage
and Camper, 1997) and a fourth isoform d discovered only in humans during the
course of this study (Cox et al., 2002) (see Fig. 1.4). The translation initiation
codon for isoforms a and b is in exon 2 and mRNAs encoding these isoforms are
transcribed from the same promoter. Isoform c expression is under the control of
a downstream promoter with the translation initiation codon being in exon 4
(Arakawa et al., 1998; Gage et al., 1999). Isoform d also has the translation
initiation codon in exon 4 but it is 230 bp upstream of the initiation codon for
isoform c (Cox et al., 2002). Isoform d only has a partial sequence of exon 5,
which produces a truncated homeodomain, and a complete exon 6 . The Pitxla,
b and c isoforms have identical C termini including the homeodomain but have
different N termini. The isoforms share a domain rich in serine, threonine and
proline (Lindberg et al., 1998). It has been suggested that these domains are
involved in transcriptional regulation (Mitchell and Tjian, 1989).

1.3.2 PITX2 expression
Pitx2 gene expression has been studied in mice, chick and Xenopus by in situ
hybridisation. Expression is detected in the mesenchyme around the eye,
Rathke’s pouch, maxillary and mandibular areas, dental lamina, limb
mesenchyme, vitelline and umbilical vessels in mouse and chick embryos (Logan
et al., 1998; Semina et al., 1996). In adult mice, expression is seen in the
pituitary gland, brain, eye, kidney, lung, testis and tongue (Gage and Camper,
1997). The expression pattern of the Pitx2 gene in embryos is consistent with the
areas of phenotypic abnormality seen in Rieger syndrome.

As well as being bilaterally expressed in tissues as described above, Pitx2 mRNA
is expressed asymmetrically on the left side of the lateral plate mesoderm, heart,
gut and body wall in the chick, mouse and Xenopus embryos. In mice, Pitx2
mRNA has been shown to be expressed on the left-hand side of the lung. With
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Fig 1.4 T h e genom ic s tr u c tu r e o f Pitx2 (adapted from Arakawa et a/. 1998) The exons, AT-hook binding site and the

homeodomain are depicted by boxes. Exons that are included in the four Fitx2 transcripts are also shown.

the development of an antibody against the Pitx2 protein, it has been
demonstrated that Pitx2 protein is expressed in the various tissues and organs
reported previously (Hjalt et a l, 2000). In chick, mouse and Xenopus, Pitxl
mRNA expression is induced by Nodal, a member of the TGF-p family, and
Sonic hedgehog (in the chick) (Levin et a l, 1995; Piedra et al., 1998; Ryan et a l,
1998). There is evidence that the Pitxl gene is downstream of these signalling
molecules and specifies “leftness” as it is expressed asymmetrically in organs
that display left-right asymmetry. Misexpression of Pitxl on the right hand side
of the heart, gut and body wall (which normally express Pitxl mRNA on the lefthand side) reverses heart looping and changes left-right asymmetry of the gut and
the direction of body rotation during embryonic development. In P itxl knockout
mice and an allelic series of Pitxl gene mutants, creating a partial to complete
loss of function of the gene, it is only the lung that shows right isomerism and
not the heart or gut (Gage et al., 1999). There is abnormal morphogenesis of the
heart but normal looping in knockout mice, suggestive of a role of Pitxl in heart
morphogenesis but not formation of the left-right asymmetry (Lin et al., 1999;
Lu et al., 1999). Other phenotypes of Pitxl knockout mice are arrested
embryonic rotation, defects in mandibular and maxillary development, arrested
teeth development, defective body-wall closure, a block in the determination of
pituitary cell lineage and proliferation of pituitary cells. Recent studies have
shown that it is the c isoform that is expressed asymmetrically, while isoforms a
and b are expressed symmetrically (Kitamura et al., 1999; Schweickert et al.,

2000).

1.3.3 The function of PITX2
Pitx2 has been shown to activate a variety of pituitary-specific gene promoters.
One of the promoters that can be activated by Pitx2, synergistically with another
transcription factor Pit-1, is the prolactin gene promoter as shown by transfection
assays with HeLa and COS-7 cell lines (Amendt et al., 1998).

Deletion analysis of Pitx2 showed that the 39 amino acids at the C-terminus
represses DNA binding to the bicoid probe (Amendt et al., 1999). These 39
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amino acids are also required for Pitx2-Pitxl interaction and synergism with Pit-

1.

Two genes outside of the pituitary have now been identified as being regulated
by Pitxl. The first gene is the mouse procollagen lysyl hydroxylase (Plod)-2
gene (Hjalt et al., 2001). The Plod-2 gene was enriched for by chromatin
precipitation with a Pitx2-specific antibody. The human PLOD-1 gene promoter
fused to a luciferase reporter gene was also found to be activated by PITXla.
Mutations or rearrangements of the PLOD-1 gene is causative for the EhlersDanlos syndrome type VI (EDVI), characterized by ocular, muscular and skin
defects. EDVI involves similar organ systems as Rieger syndrome, supporting
the theory that PLOD-1 is a target of PITX2 that is mutated in Rieger syndrome.

The second gene is Dlx2, a transcription factor expressed in the mandibular and
maxillary regions (Green et a i, 2001). Pitxl activated the D lxl promoter fused
to a luciferase reporter gene in the Chinese hamster ovary CHO cell line.

Since P itxl is important in the development of anterior structures and in the
determination of left-right asymmetry during embryogenesis, it is likely that
P itxl is involved in the regulation of cell differentiation and proliferation.
Therefore, transcriptional effects of ectopic expression of Pitxla was
investigated in HeLa cells (Wei and Adelstein, 2002). Ectopic expression of
Pitx2a resulted in activation of the Rho GTPase proteins Racl and RhoA, which
are required for modulation of the actin cytoskeleton. Cells expressing Pitx2a
showed increased cell spreading and strengthening of cell-cell adhesion as a
result of the upregulation of the adhesion molecules p-catenin and N-cadherin.
Pitx2a expression induced a cell cycle arrest at Gq/G i . These results suggest that
P itxl is capable of inducing changes in cell morphology, cell migration and
inhibition of cell cycle progression, further adding to the evidence that P itxl is
important in organogenesis.
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1.3.4 T h e PITX2 gene in h a e m a to p o ie sis

The first suggestion that the PITX2 gene is involved in haematopoiesis was made
by Arakawa et a l (Arakawa et a l, 1998). They isolated Pitx2 mRNA using the
differential display method by comparison of wild type and MU knockout ES
cells and designated this gene ARPl (ALL-1 <MLL> responsive protein 1). To
determine if MLL regulates PITX2 expression through direct protein-DNA
interaction, MLL-binding sites were searched within the PITX2 locus. Two
domains of MLL (AT hook and methyltransferase homology domain) were
synthesized in bacteria, spotted on to nitrocellulose filters and subjected to
binding-site selection by hybridisation with restriction fragments of a cosmid
containing the entire PITX2 gene. A 0.5kb DNA fragment was found to bind the
AT hook domain but not the methyltransferase homology domain of MLL. This
0.5kb DNA fragment was found by sequence analysis to reside upstream of the
PITX2 transcription start site.

Arakawa et a l (1998) also analysed the expression of PITX2 mRNA in
haematopoietic cell lines by northern blotting and demonstrated that it was not
detectable in six cell lines with an MLL rearrangement but present in two cell
lines lacking an MLL rearrangement. They also demonstrated that there was
strong PITX2 mRNA expression in normal bone marrow. The authors suggested
that PITX2 is actively regulated by MLL and is therefore not expressed in cell
lines with MLL rearrangements.

In this thesis, a more extensive investigation of PITX2 expression in normal and
leukaemic haematopoiesis was carried out as described in Chapter 3.

1.4 HOXA7
1.4.1 HOXA7 e x p re s s io n

The mouse Hoxa-7 gene encodes a nuclear protein with a molecular weight of 31
kDa (Kessel et a l, 1987). It is expressed in a spatial and temporal-specific
manner along the anterior-posterior axis and at the peak of expression in
embryos, which is at day 12.5, it is primarily expressed in regions of the
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developing central and peripheral nervous system and in the axial skeleton
(Mahon et al., 1988). Hoxa-7 transcripts are detected in the neural tube, the
prevertebrae from T3 to T13, the spinal ganglia beginning at the fourth cervical
ganglion (C4 to S4), and in the developing kidney and stomach.

1.4.2 The function of H 0X A 7
The function of the Hoxa-7 gene during embryogenesis has been investigated by
studying the phenotype of mice with a homozygous mutation in the Hoxa-7 gene
or mice with ectopic expression of the gene.

Mice with a homozygous mutation in the Hoxa-7 gene are healthy, fertile and
show no abnormality in the gross anatomy or histological sections (Chen et a l,
1998). No analysis was performed on the haematopoietic system of these mice.
Mice with a homozygous mutation in the paralog, Hoxb-7, also appear outwardly
normal and are fertile. However, three out of 26 mice tested (12%) had abnormal
rib patterning in the upper thoracic region. When these mice were crossed to
obtain mice with homozygous mutations in both Hoxa-7 and Hoxb-7, 71% of
these mice showed rib defects. This result suggests that these two genes function
together in the upper thoracic region to form the correct patterning. In mice with
homozygous Hoxa-7 mutation, the loss of Hoxa-7 function appears to be
compensated by Hoxb-7.

Transgenic mice that ectopically express the Hoxa-7 gene from the chicken pactin promoter have been generated (Balling et al., 1989). In these mice, Hoxa-7
was expressed almost ubiquitously. Expression was detected in the lung, heart,
brain, stomach and bladder, low levels of expression were detected in the kidney,
gut and thymus, and no expression was seen in the liver. These mice all died by
14 days after birth. They displayed multiple craniofacial abnormalities such as
open eyes at birth, non-fused pinnae and cleft palate. These mice also had an
extra cervical vertebrae, a proatlas, as a result of a posterior transformation of the
occipital segment (Kessel et al., 1990).
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The areas affected by ectopic Hoxa-7 expression are predominantly derived from
cranial neural crest cells and somites, and this suggests that these cells are
possible targets of Hoxa-7 transgene expression.

The H0XA7 protein contains several domains (Fig 1.5) (Schnabel and AbateShen, 1996). From the N-terminus, there is a region that has a high percentage of
proline and alanine residues, which are frequently associated with transcriptional
regulatory domains (Mitchell and Tjian, 1989), followed by a hexapeptide motif
shared by HOX proteins in paralogous groups 1 to

8

that mediates interactions

with PBX proteins (Chang et ah, 1995; Phelan et a/., 1995), the homeodomain,
and an acidic region at the C-terminal that has a stretch of glutamic acid residues.

H0XA7 was found to function as a transcriptional repressor in transient
transfection assays with NIK 3T3 cells, using a plasmid containing the H 0XA7
coding sequence directed by the CMV promoter (Schnabel and Abate-Shen,
1996). The reporter plasmid contained a luciferase gene directed by the SV40
promoter with a Wnt-1 enhancer situated upstream. The Wnt-1 enhancer
contains a homeodomain binding site which has previously been shown to be
required for appropriate expression of a Wnt-1 transgene in vivo. The
transcriptional repressor function was also confirmed with a fusion protein of
HOXA7 with the GAL4 DNA binding domain, which repressed a reporter
plasmid containing the GAL4 DNA binding site.

The expression of H 0XA7 in haematopoietic cell lines is discussed in Chapter 3.
Further studies on H 0XA7 are discussed in Chapters 5 and 6 .
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Fig 1.5 Structure of the HOXA7 protein. The various domains that have been described are shown. Pro-Ala: region containing a
high percentage of proline and alanine residues; HP: hexapeptide motif, a sequence of six amino acids that is shared among the HOX
proteins of paralogous groups 1 to 8 ; Acidic: region that contains a stretch of glutamic acid residues. This figure is extracted from
Schnabel et aL, 1996.

1.5 Monocytes and macrophages
1.5.1 Monocytes and macrophages
Monocytes and macrophages are haematopoietic cells of the myeloid lineage.
They arise from the common myeloid progenitors (see section 1.1.6) which then
give rise to the myelomonocytic progenitors from which differentiation results in
monoblasts, circulating monocytes, and eventually tissue macrophages
(Friedman, 2002) (Fig 1.6).
Monocytes and macrophages have an important role in defence against infection
(Roitt et ah, 1993). Monocytes can be recruited from the circulation into the
tissue as a result of inflammation, infection or tissue injury. Monocytes respond
to chemotactic factors released by microorganisms or by the complement system.
They adhere to the adhesion molecules on the endothelium (eg. ICAM-1,
VC AM) via their cell surface receptors (eg. LFA-1 (CDl 1a/CD 18), VLA-4
(CD49d/CD29)) and migrate out of the capillaries into the surrounding tissues.
In the tissues monocytes interact with the adhesion molecules of the extracellular
matrix, such as collagen, laminin and laminin via the VLA receptors to move to
the sites of inflammation/infection and also differentiate into macrophages.

Macrophages are capable of recognising, phagocytosing and destroying foreign
organisms. Recognition of foreign organisms can occur via mannosyl-fucosyl
receptors on the surface of monocytes and macrophages that bind to certain
carbohydrates of the bacterial cell wall. Indirect recognition of foreign
organisms can occur via the binding of immunoglobulin G (IgG) or complement
to the Fc and complement receptors on monocytes and macrophages.

Macrophages can also act as accessory cells in the immune response by
degrading antigen fragments into peptides and presenting them to T cells on
major histocompatibility complex (MHC) molecules and secreting a wide range
of cytokines such as interleukin-1 (IL-1) and IL- 6 (Johnston, 1988; Unanue and
Allen, 1987).
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In addition to the role of macrophages in infection and immune response, they
play a role in tissue repair by secreting elastase, collagenase, fibroblast
stimulating factors and angiogenesis factors that assist in tissue reorganisation
and revascularisation (Roitt et a l, 1993).

1.5.2 The U937 cell line as a model system for monocvte-macrophage
differentiation
Cell lines are frequently used as model systems for investigating cell function
and differentiation. They are homogeneous populations of cells that can be
cultured continuously and are easier to obtain than primary cells.

The U937 cell line was derived from the pleural effusion of a patient with
histiocytic lymphoma (Sundstrom and Nilsson, 1976). It is a cell line that is
often used as a model to study the monocyte-macrophage lineage of
haematopoietic cell differentiation (Harris and Ralph, 1985).

U937 cells phenotypically resemble monoblasts or promonocytes, which are
committed progenitors of monocytes. They contain fluoride-inhibitable non
specific esterases and p-glucuronidase, two enzymes conunon to monocytes
(Sundstrom and Nilsson, 1976; Yam gr ah, 1971). They release lysozyme into
the culture medium, which is a monocyte-specific characteristic (Ralph et ah,
1976). Microorganism and tumor cell killing capacity is absent (Larrick et ah,
1980; Ralph et ah, 1982). They express Fey receptors, such as CD32 and CD64
(Duits et ah, 1992), complement receptors such as CRl (CD35) and CR3
(CDl lb/CD 18) (Dodd et ah, 1983; Sundstrom and Nilsson, 1976), tumour
necrosis factor receptor (TNF-R) (Tsujimoto et ah, 1986), adhesion molecules
such as LFA-1 (CDlla/CD18), lCAM-1 (CD54), VLA-3 (CD49c/CD29), VLA4 (CD49d/CD29) and VLA-5 (CD49e/CD29) (Arroyo et ah, 1992; Bohbot et ah,
1993; Duits et ah, 1992; Hemler, 1990; Kovach et ah, 1992; Pedrinaci et ah,
1990; Pucillo et ah, 1993). CD 14 is also expressed at low levels (Pedrinaci et
ah, 1990).
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U937 cells can be induced to differentiate into more mature macrophage-like
cells with various agents such as phorbol myristate acetate (PMA) (Duits et al.,
1992; Hass et a l, 1989), interferon-y (IFN-y) (Testa et al., 1988), tumour
necrosis factor-a (TNF-a) (Schutze et al., 1988), retinoic acid (Olsson and
Breitman, 1982), granulocyte-macrophage colony stimulating factor (GM-CSF)
(Cannistra et a l, 1987), and the vitamin D3 metabolite 1,25dihydroxycholecalciferol (1,25-DHCC, also known as l,25-dihydroxyvitaminD3)
(Dodd et a l, 1983; Hewison et al., 1989a; Hewison et al., 1989b; Hewison et al.,
1992). When U937 cells are induced to differentiate, the cells increase in size,
the nucleus becomes lobulated, and the cytoplasmic granules are replaced by
vacuoles (Harris and Ralph, 1985). The cells stop proliferating as the cells
differentiate, and the cells become adherent to plastic. There is an increase in the
expression of Fey receptors, adhesion molecules and CD 14 (Pedrinaci et al.,
1990). There is an increase in expression of non-specific esterases, an
enhancement of phagocytic ability and production of reactive oxygen species,
which are characteristic of macrophage differentiation (Harris and Ralph, 1985;
Kelsey et al., 1990). Differentiated U937 cells can secrete TNF-a (Bhalla et al.,
1991; Cannistra et a l, 1987), interleukin-1 (IL-1) (Palacios et al., 1982) and
interleukin- 6 (IL-6 ) (Taimi et al., 1993).

PMA and DHCC can activate various signal transduction pathways in the U937
cell line. This results in the expression of transcription factors that are required
for monocytic differentiation.

1.5.3 Mitogen-activated protein (MAP) kinase signalling cascades
Mitogen-activated protein (MAP) kinases are evolutionary conserved
serine/threonine protein kinases that transduce the signals detected by cellsurface receptors to changes in gene expression (Chang and Karin, 2001). They
can phosphorylate other cytoplasmic proteins and translocate from the cytoplasm
to the nucleus where they regulate the activity of transcription factors that control
gene expression. They are involved in many cellular programmes such as cell
proliferation, cell differentiation, cell movement and cell death.
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Mammals express at least four distinctly regulated groups of MAPKs. These are
extracellular signal-related kinases (ERK) 1/2, BRK5, Jun amino-terminal
kinases (INK 1/2/3, also known as stress-activated protein kinases, SAPKs) and
p38 proteins (p38 MAPK cx/p/y/ô) (Hagemann and Blank, 2001; Liebmann,
2001) (Fig 1.7). ERK, JNK and p38 MAPK can all be activated by a variety of
stimuli, but the ERKl/2 proteins are most highly activated by mitogenic signals,
whereas ERK5, JNKs and p38 MAPKs are more strongly activated by cellular
stress.

Each MAPK is a member of a three-protein kinase cascade: a MAP kinase kinase
kinase (MKKK), a MAP kinase kinase (MKK) and the MAP kinase itself
(Carrington and Johnson, 1999). The MKKKs are serine-threonine kinases that
receive activating signals from receptors that span a membrane. MKKKs then
phosphorylate MKKs and activate them. MKKs are dual-specificity kinases that
have the potential to phosphorylate critical threonine and tyrosine residues in
their substrate protein, MAPKs. MAPKs are activated by specific MKKs: for
example, MEKl/2 for ERKl/2, MKK3/6 for p38 MAPK and MKK4/7
(JNKKl/2) for JNKs (Chang and Karin, 2001). Each MKK can be activated by
more than one MKKK, however, which allows for complexity and diversity of
responses to signalling.

MEKKl seems to be involved in NFkB activation. NF kB transcription factors
are homo- and hetero-dimers of related family members, which are regulated by
the IKK (inhibitor of NF kB [IkB] kinase) signalsome (Mercurio and Manning,
1999). MEKKl has been shown to be part of this complex and to bind and
phosphorylate two kinases within it, named IKKa and IKK|3 (Nakano et al.,
1998; Nemoto et al., 1998). Phosphorylation of IKKa and p results in
phosphorylation of IkB, which leads to its ubiquitination and degradation by the
proteasome. IkB proteins inhibit NFkB by masking its nuclear localisation
signal so that it is retained in the cytoplasm. When IkB is phosphorylated, NFkB
is released and activated.
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Garrington et al, 1999.

Cell surface receptors such as G-protein coupled receptors (GPCR) can stimulate
the MAPK cascade through activation of protein kinase C (PKC) proteins, a
family of serine/threonine protein kinases (Toker, 1998) (Fig 1.8). Members of
the PKC family have been divided into three groups based on their structure and
cofactor requirements. These groups are termed conventional, novel and
atypical. Phospholipase C (PLC), which is coupled to receptors, is activated
when the receptor binds an agonist. PLC hydrolyses phosphatidylinositol 4,5bisphosphate (PIP2 ) in the membrane and this leads to the generation of 1 ,2 -sndiacylglycerol (DAG) and soluble inositol 1,4,5- triphosphate (IP3 ). IP 3
stimulates release of calcium from intracellular stores, which is required for
conventional PKC (cPKC) activation. DAG binds to the C l domain of PKC
together with the cofactor phosphatidyl-L-serine (PS) that activates the enzyme
by promoting a conformational change. PKC phosphorylates and activates Raf
(Kolch et al., 1993), which leads to the activation of ERK. PKC can also
phosphorylate and activate MEKKl which leads to activation of the JNK
(Kaneki et a l, 1999).

The signal transduction pathways that can be induced by PMA and DHCC are
shown in Fig 1.9. PMA mimics the action of DAG (Toker, 1998) and therefore
activates PKC and subsequently activates MAPKs in the absence of receptor
agonists. It has been shown that PMA activates ERK and JNK activity in U937
cells and other myeloid cell lines, ML-1 and HL-60 (He et a l, 1999; Kaneki et
a l, 1999; Pulverer gr aZ., 1993).

DHCC (also known as la,25-dihydroxyvitamin D3) is the biologically active
form of vitamin D 3 (Carlberg, 1995). It mediates a biological response by
binding to intracellular vitamin D receptors (VDR), which are ligand-dependent
transcription factors that bind to specific DNA sequences. VDR alone or in
heterodimers with retinoid-X-receptor-alpha (RXR-alpha) or retinoid acid
receptors (RAR) can bind to vitamin D response elements (VDRE) (Carlberg et
a l, 1993; Schrader era/., 1994).
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Fig 1.9 A schematic diagram to show the signalling pathways that PMA and DHCC can activate. This does not show
all the intermediate kinases and cofactors that are required but gives an overview of the complex pathways.

DHCC has also been shown to increase PKC transcription and activity in the
promyelocytic HL-60 cell line (Obeid et al., 1990). PKC is required for
activation of ERK in HL-60 (Marcinkowska et at., 1997). DHCC has been
shown to activate the protein tyrosine kinase Src which can lead to activation of
Raf and hence to ERK activation in kératinocytes (Gniadecki, 1998). It has also
been shown that phosphoinositide 3-kinase (PI3-kinase), a lipid signalling
enzyme, and VDR are required for the DHCC-induced upregulation of
monocyte/macrophage cell surface markers (C D lib and CD 14) in the myeloid
cell line THP-1, and that a complex containing both PI3-kinase and the VDR is
detected in cells after DHCC treatment (Hmama et ah, 1999b). PMA-induced
differentiation in THP-1 cells is resistant to a P13-kinase inhibitor (Hmama et ah,
1999a) indicating that P13-kinase activity is not required for PMA-induced
differentiation while it is required for DHCC-induced differentiation. P13-kinase
activity has also been found to be required for the induction of superoxide
production by DHCC-treated THP-1 cells infected with Mycobacterium
tuberculosis (Sly et al., 2001).

P13-kinase phosphorylates Akt (also known as protein kinase B, PKB), a
serine/threonine kinase, in combination with phosphoinositide-dependent kinase1 (PDK-1). This in turn activates PKC which can then activate NF kB (Kandel
and Hay, 1999; Toker, 2000). Other transcription factors that may be indirect
targets of Akt include E2F and cAMP-responsive element binding protein
(CREB). Akt can also activate the ERK and JNK signalling pathway via PKC,
although this pathway has not yet been shown to be activated in U937 cells or
any other myeloid cells (Toker, 1998).

1.5.4 Transcription factors involved in monocytic development
There are numerous transcription factors that are involved in haematopoietic
stem cell differentiation. A model has been suggested where specific
transcription factors are activated stochastically or by processes that are not yet
defined, which then leads to the expression of lineage-restricted cell surface
receptors (Skalnik, 2002; Tenen et al., 1997). Cells are then able to respond to
appropriate external growth factor signals, and the response is augmented by the
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upregulation or downregulation of other differentiation genes regulated by the
transcription factor. In this section, several transcription factors that are involved
in myeloid development are discussed and summarised in Fig 1.10.

The myeloid developmental program is orchestrated by cooperative gene
regulation, synergistic and inhibitory protein-protein interactions, promoter auto
regulation and cross-regulation of transcription factor levels. The upregulation
of the transcription factors PU.l and GATA-1 leads to commitment of
haematopoietic stem cells to CMPs (Zhu and Emerson, 2002). PU. 1 is a member
of the Ets family of transcription factors, also expressed at low levels in primitive
haematopoietic stem cells (Skalnik, 2002). PU.l is also required for lymphoid
development. PU. 1 has been found to bind to CBP, the cyclic AMP response
element-binding protein (CREB) binding protein, which functions as a
coactivator for PU.l (Yamamoto et al., 1999). CBP and the related p300 are
thought to bridge between sequence-specific transcriptional activators and the
general transcription factors of the basal transcription machinery (Janknecht and
Hunter, 1996). CBP/p300 is believed to enhance transcription by targeted
acétylation of specific chromatin domains with their intrinsic histone
acetyltransferase (HAT) activities (Ogryzko et a l, 1996). Ets-1 (Yang et a l,
1998), GATA-1 (Blobel et a l, 1998), CREB (Kwok et a l, 1994), AP I
(Bannister and Kouzarides, 1995), NFkB (Gerritsen et a l, 1997) and nuclear
hormone receptors (RAR, RXR and glucocorticoid receptors) (Chakravarti et a l,
1996; Kamei et a l, 1996) have also been reported to bind CBP/p300 which acts
as a transcriptional coactivator. CBP is available in limiting amounts (Tanaka et
a l, 1997), so competition or sequestration of CBP may allow for negative cross
talk between different signalling pathways.

The expression of GATA-1, the master regulator of erythroid development,
decreases in granulocytic/monocytic differentiation while PU.l expression
decreases in megakaryocytic/erythroid differentiation. The lineage choice of bipotent granulocyte/macrophage precursors (GMPs) seems to be influenced by the
differential expression of C/EBPa (Zhu and Emerson, 2002). This is a member
of the CCAAT/enhancer binding protein (C/EBP) family of transcription factors

83

C-Jun
PU.l

CLP
MafB

HSC
CFU-M
ICSBP
PU.l
GATA-1

GMP

CFU-G

CMP
C/EBPa

MEP
GATA-1

Fig 1.10 Summary of transcription factors involved in myeloid development that is discussed in section 1.5.4..
Abbreviations are HSC - haematopoietic stem cell; CLP - common lymphocyte progenitor; CMP - common myeloid
progenitor; GMP - granulocyte monocyte progenitor; MEP - megakaryocytic erythroid progenitor; CFU-M - colonyforming unit myeloid; CFU-G - colony-forming unit granulocyte.

that also includes C/EBPp, which is upregulated during myeloid cell
development. C/EBPa was found to be preferentially expressed in and required
for granulocytic development. The interferon consensus sequence binding
protein (ICSBP, also designated interferon regulatory factor 8 or IRF-8) is a
putative transcriptional partner of PU.l and was found to be essential for
monocytic development and the inhibition of granulocytic development in the
GM-CSF-dependent myeloid cell line Tot2 and the granulocytic progenitor cell
line 32D (Tamura et al., 2000).

Spl is a ubiquitous transcription factor which is expressed at particularly high
levels in myeloid cells (Skalnik, 2002). It is necessary for the expression of a
number of myeloid-specific genes.

Monopoiesis can be induced by Maf-B, c-Jun or Egr-1 (Friedman, 2002). Maf-B
is a member of a family of basic region-leucine zipper DNA-binding domain
protein. c-Jun is a component of the AP I transcription factor and cooperates
with PU.l to regulate several monocytic genes. Egr-1 (Early growth response
gene-1) is a member of a family of zinc-finger transcription factors. Introduction
of ICSBP into Tot2 cells (myeloid progenitor cell line) results in the upregulation
of Egr-1.

PU.l target genes include CDl lb, CD 18, F c '^ l, Fc^^HIA, M-CSF receptor and
myeloperoxidase (Tenen et a l, 1997). C/EBPa target include genes encoding
IL-6 receptor, CDl Ic, CD 14, myeloperoxidase, M-CSF receptor, GM-CSF
receptor, G-CSF receptor and PU.l (Skalnik, 2002). Spl is necessary for the
expression of myeloid-specific genes such as CD 14, CD 18, CDl lb and CDl Ic.
The expression of the M-CSF receptor is also regulated by c-Jun. The
combinatorial action of multiple transcription factors regulates gene expression.

1.5.5 MAPKs and transcription factors
c-Jun is component of the AP I (activator protein 1) transcription factor
(Shaulian and Karin, 2002). AP I is a dimeric transcription factor consisting of
basic region-leucine zipper (bZIP) proteins that belong to the Jun (c-Jun, JunB,
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JunD), Fos (c-Fos, FosB, Fra-1 and Fra2), Maf (c-Maf, MafB, MafA, MafG/F/K
and Nrl) and ATF (ATF2, LRF1/ATF3, B-ATF, JDPl, JDP2) sub-families.
ERKs activate AP I in response to serum and growth factors. AP I induction by
proinflammatory cytokines and genotoxic stresses is mostly mediated by the JNK
and p38 MAPK cascade.

PMA and DHCC can induce the expression of various genes that are upregulated
during monocytic differentiation by activating, for example, kinases such as
MAPK or PKC (section 1.5.3). The activation of these kinases result in the
induction of transcription factors that are required for the expression of
monocyte-specific genes.

PU.l is phosphorylated in vitro by JNK kinases (Mao et al.y 1996). c-Jun also
cooperates with PU. 1 to regulate several monocytic genes (Friedman, 2002). cJun, JunB and JunD levels increase during monocytic differentiation and
exogenous c-Fos or c-Jun can induce partial monocytic differentiation in the
WEHI-B D^ cell line and in U937 cells. The phorbol ester-responsiveness of
U937 cells was also increased. Phorbol esters can also induce the JunB
promoter.

AP-1 antisense oligonucleotides, which inhibit AP I mRNA expression, and
double-stranded phosphorothioate oligonucleotides containing AP-1 binding
sites, which sequester AP-1, have been added to U937 cells treated with PMA.
The results show/ed that AP-1 is not necessary for U937 cell adherence to plastic
or for the up-regnilation of CDl 1 or CD 18 gene expression that follows PMA
treatment (Garcia et ah, 1999). In contrast, PU.l and NFkB sequestration by
oligonucleotides revealed a role for PU.l and NFkB in mediating CDl lb and
CD 18 expression and cell adhesion to plastic. Putative NFkB binding sites have
not been found im the CDl lb promoter region. Sokoloski (1993) showed that
antisense oligonucleotides that inhibit mRNA expression of the p65 subunit of
NFkB reduced C D l lb expression on the surface of HL-60 cells that had been
induced to differentiate into granulocytic cells by treatment with DMSO
(Sokoloski et al.„ 1993). The rapid upregulation of CDl lb on the cell surface of
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differentiated cells in response to PMA or the chemotactic factor formyl-met-leuphe (fMLP), presumably due to the release of intracellular stores of the protein,
was inhibited by the p65 antisense oligonucleotides. The upregulation of CDl lb
mRNA levels was not affected. There were no effects on production of reactive
oxygen intermediates or phagocytosis of the cells. This suggests that the p65
subunit of NFkB is required for CDl lb transport from intracellular stores, but
that the activation of granulocytes does not required this subunit.

PMA treatment of myeloid cell lines upregulates Egr-1 (Tenen et al., 1997) and
also activates NFkB (Ghosh and Baltimore, 1990). PMA treatment of U937 cells
results in phosphorylation of PU.l and increases its binding capacity (Carey et
al., 1996). PKC activation by PMA increases PU.l binding to an oligonucleotide
containing the sequence GAGGAA as shown by electrophoretic mobility shift
assay (EMSA) with nuclear extracts of primary murine macrophages (Xue et al.,
1999). PKC activation may play a role in increasing PU.l binding in
macrophages.

DHCC treatment of U937 cells upregulates C/EBPa and C/EBPp protein levels
(Pan et al., 1999). These two transcription factors form a heterodimer and
interact with and activate the CD 14 promoter in U937 cells. p21 contains a
VDRE within its promoter region and is a direct target of DHCC (Liu et al.,
1996). HOXAIO has also been identified as a target gene of DHCC induction
(Rots et al., 1998).

1.6 Aims
The MLL gene is frequently rearranged in leukaemias. Several homeobox genes
have been suggested as target genes of MLL. The purpose of this project was to
investigate the expression of MLL target genes in haematopoiesis and to
determine if their deregulation is associated with leukaemogenesis. Two putative
target genes of MLL were selected for this study: PITX2 and H0XA7.
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At the start of the work in this thesis, PITX2 had been identified by differential
display as a gene that is down-regulated in MLL knockout embryonic stem cells
(Arakawa et aL, 1998). To investigate if PITX2 is involved in haematopoiesis,
the expression pattern in normal and leukaemic cells was studied by RT-PCR and
northern blotting (Chapter 3).

The expression of H 0XA7 mRNA was also studied in haematopoietic cell lines
by RT-PCR (Chapter 3). Previous studies of H0XA7 gene expression in the
U937 cell line showed that this cell line expressed H 0XA7 mRNA but that its
expression is down-regulated upon differentiation. We hypothesised that the
downregulation of H 0XA7 gene expression was required for the differentiation
of this cell line, and that upregulation of H 0XA7 gene expression in leukaemic
cells contributes to the leukaemic phenotype.

The U937 cell line was used as a model system to study the role of H 0XA7 in
monocyte-macrophage differentiation. A regulatable gene expression system
was established in this cell line for this purpose (Chapter 4).

HOXA7 was overexpressed during U937 differentiation and changes associated
with the cell cycle and proliferation were studied to ascertain whether H 0XA7
overexpression affected these. Chapter 5 discusses the changes associated with
the cell cycle and proliferation of U937 cells. Chapter 6 discusses the changes
associated with differentiation of U937 cells.
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2 Materials and Methods
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2.1 Reagents
All reagents were purchased from Sigma Aldrich unless otherwise stated.

2.2 Buffers and solutions
ALAS (Aprotinin. leupeptin. antipain and soybean trypsin inhibitor protease
inhibitor cocktail)
2 |Xg/ml aprotinin, 2 p g /m l leupeptin, 2 }lg /m l antipain and 20 |Lig/ml
soybean trypsin inhibitor gives a lOOx stock
50 X Denhardt’s solution
5 g Ficoll, 5 g polyvinylpyrrolidone, 5 g BSA in 500 ml deionised water
(dHzO)
6 X

DNA

lo a d in g b u ffer

0.25% (w/v) bromophenol blue, 30% (v/v) glycerol
FACS staining buffer
1 X PBS, 1% (w/v) BSA, 0.01% (w/v) sodium azide
Gev’s haemolvtic balanced salt solution
Solution A: 35 g NH4CI, 1.85 g KCl, 1.5 g Na2HP0 4 (12H20), 0.119 g
KH2PO4, 5 g glucose, 0.005 g phenol red and 25 g gelatin
made up to 11 with dH20
Solution B: 4.2 g MgCl2.6H20, 1.4 g MgS0 4 .7H20 and 3.4 g CaCL made
up to 1 1 with dH20
Solution C: 22.5 g NaHCOs made up to 11 with dH20

Mix 7 volumes of dH20 with 2 volumes of solution A (warmed to 37°C),
0.5 volumes of solution B and 0.5 volumes of solution C.
Kinase buffer for kinase assav
50 mM Tris-HCl, pH 7.4, 10 mM MgCL, 1 mM DTT (added prior to use)
Luria-Bertani (LB) broth
5 g bactotryptone, 2.5 g yeast extract, 5 g NaCl in 500 ml dH20
LB Agar
1.2% (w/v) agar in LB
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4

X

Lower gel buffer
1.5

M Tris-HCl, pH8.8, 0.4% (w/v) SDS

Lysis buffer for kinase assav
50 mM Tris-HCl, pH 7.4, 0.5% (v/v) NP40, 150 mM NaCl, 20 mM
EDTA, 1 mM DTT (added prior to use)
5 X MOPS
0.1 M MOPS (pH 7), 40 mM NaOAc, 5 mM EDTA
Northern hybridisation buffer
5 X SSPE, 0.5%

(w /v )

SDS, 10%

( w /v )

dextran sulphate, 5 x Denhardt’s

solution and 100 }ig/ml denatured salmon sperm DNA
Phosphate-buffered saline (PBS)
1 tablet in 100 ml dHzO (Oxoid)
10 X Protein running buffer
30.3

g Tris, 10 g SDS, 144.2 g glycine in 11 dHzO. pH adjusted to 8.3

with HCl
2 X Protein sample buffer
1 ml glycerol, 0.5 ml P-mercaptoethanol, 3 ml 10% (w/v) SDS, 1.25 ml 1
M Tris-HCl, pH 6.7, 1-2 mg bromophenol blue in 100 ml dH20
4

X

Protein sample buffer
2 ml glycerol, 1 ml P-mercaptoethanol, 6 ml 10% (w/v) SDS, 2.5 ml 1 M
Tris-HCl, pH 6.7, 2-4 mg bromophenol blue in 100 ml dH20

RIPA buffer
1 X PBS, 1% (v /v ) Nonidet P-40, 0.5%
( w /v )

(w /v )

sodium deoxycholate, 0.1%

SDS

RNA loading buffer
50% (v/v) glycerol, 1 mM EDTA, 0.4% (w/v) bromophenol blue
RNA sample buffer
10 ml deionised formamide, 3.5 ml 37% (w/v) formaldehyde, 2 ml 5 x
MOPS
R P M I1640 holding medium
R P M I1640 with no sodium bicarbonate, 2 mM glutamine, 25 mM
HEPES, 5% (v/v) foetal calf serum, pH 7.2
20 X SSC
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87.7 g NaCl, 44.1 g sodium citrate in 500 ml dHzO, pH adjusted to 7.2
with HCl
20 X SSPE
174 g NaCl, 24 g NaH 2 ? 0 4 , 7.4 g EDTA in 1 litre dHaO
Southern hybridisation buffer
5 X SSPE, 5 X Denhardt’s solution, 0.5% (w/v) SDS
TAE
50x TAE solution (National Diagnostics) diluted to Ix with dH20
TBE
lOx TBE solution (National Diagnostics) diluted to Ix with dH20
10 X TBS (Tris buffered saline)
50 mM Tris-HCl, pH 8, 9% (w/v) NaCl
4 X Upper gel buffer
0.5 M Tris-HCl, pH 6.8, 0.4% (w/v) SDS
10 X Western Transfer buffer
100 mM CAPS, pH adjusted to 1 1 with NaOH
Western stripping buffer
10 ml 10% (w/v) SDS, 3 ml 1 M Tris-HCl, pH 6.8, 390 pi pmercaptoethanol in 50 ml.

2.3 Primary haematopoietic cells
2.3.1 Bone marrow, foetal haematopoietic stem cells, peripheral blood and
placenta
Bone marrow samples were obtained from patients and donors at Great Ormond
Street Hospital, via Professor Judith Chessells and Dr. John Anderson. Foetal
haematopoietic stem cells were obtained from liver or blood of foetuses between
the ages of 8 and 16 weeks after informed consent, via Dr Gurmit Pahal.
Placental samples were also obtained at the same time. Normal peripheral blood
was obtained from healthy donors in the laboratory.
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2.3.2 Separation of mononuclear cells
Mononuclear cells from the above samples were separated by density gradient
centrifugation over Histopaque-1077. A volume of Histopaque-1077 that was
equal to the volume of blood or bone marrow sample was warmed to room
temperature. The sample was layered on to Histopaque-1077 and centrifuged at
400 xg for 30 minutes at room temperature with the brake off. The interphase
containing mononuclear cells was transferred to a new tube and washed twice in
serum-free RPMI 1640 (Gibco BRL) by centrifugation at 250 xg for 10 minutes.
The cell pellet was frozen at -80°C until use.

2.3.3 CD34^ cells from bone marrow
CD34^ cells were separated from bone marrow mononuclear cells using
magnetic cell sorting (MACS).

10^ mononuclear cells were resuspended in 300 pi of buffer (2mM EDTA in
PBS). 100 pi of reagent A1 (human Ig blocking agent) were added and mixed
well. 100 pi of reagent A2 (monoclonal hapten-conjugated CD34 antibody)
were added, mixed and incubated for 15 minutes at 6 - 12°C. The cells were
washed in 5ml of buffer, centrifuged and the supernatant removed completely.
The cells were resuspended in 400 pi of buffer. 100 pi of reagent B (colloidal
super-paramagnetic MACS MicroBeads conjugated to an anti-hapten antibody)
were added to the cells, mixed well and incubated for 15 minutes at 6 - 12°C.
The cells were washed and resuspended in 500 pi of buffer. The cells were then
passed through a 30 pm mesh to remove clumps. The cells were applied to a
positive selection column that had been rinsed with buffer and were placed in the
magnetic field of the MACS separator. The cells were allowed to pass through
and the column was washed with buffer. The column was removed from the
separator while it was held above a suitable tube, buffer was applied to the top of
the column and the retained cells were eluted off with the aid of a plunger
supplied with the column.
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The cells were stained with CD34‘^-FITC (fluorescein isothiocyanate) and
analysed by flow cytometry to check for purity (Fig 2.1). 94% of cells were
positive for CD34^. Cells were also stained with isotype matched control
antibody as a negative control.

2.3.4 Isolation of T cells by E-rosetting
T cells were isolated from peripheral blood mononuclear cells by E-rosetting
with sheep red blood cells (SRBCs) (Oxoid). SRBCs specifically bind T cells in
human blood and therefore can be used to separate them from the total
mononuclear cell population.

Sterile 0.9% (w/v) NaCl was added to the SRBC and centrifuged at 200 xg. The
huffy coat was removed, and the cells were washed until the saline became clear.
4 volumes of sterile AET (3-(2-Aminoethyl) isothiouranium bromide
hydrobromide) at 40.2 mg/ml, pH 9.0, were added to 1 volume of blood and
mixed. The mixture was incubated at 37°C for 15 minutes. The cells were then
washed with 0.9% (w/v) NaCl again. A 10% (v/v) SRBC solution was made up
in RPMI 1640 holding medium to maintain the pH at 7.2. The cells were stored
for a maximum of 4 weeks at 4°C before they were used.

2.5 ml of 10% (v/v) SRBC were added for every 50 x 10^ mononuclear cells.
The cells were centrifuged at 200 xg for 15 minutes at 4°C with the brake off.
The rosettes were allowed to form while incubation on ice for an hour. The
pellet was resuspended gently by rotating the tube and overlaid on to 10 ml of
Percoll with a specific gravity of 1.080. This was centrifuged at 1000 xg for 20
minutes at room temperature with the brake off. Gey’s haemolytic balanced salt
solution at 37°C was added to the cell pellet to lyse the SRBC and incubated for
1-2 minutes. A final wash was performed in RPMI 1640 and centrifuged at 200
Xg

for 10 minutes.
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Fig 2.1 CD34-FITC and CD38-PE staining of CD34^ and CD34 cells purified
from total bone marrow by MACS. Approximately 94% of cells eluted from the
CD34 positive selection column were positive for the CD34 cell surface marker, and
96% of cells that did not bind the column were negative for the CD34 cell surface
marker.

2.3.5 T cell activation
Concanavalin A (ConA) was added at a concentration of 25 )ig/ml to RPMI 1640
supplemented with 10% (v/v) foetal calf serum (PAA or Globepharm), 2 mM
glutamine (Gibco BRL), lOOU/ml penicillin and 100 pg/ml streptomycin (Gibco
BRL). Primary T cells were activated by culture in this medium for 72 hours in a
humidified incubator at 37°C.

2.3 .6 3 -(4 .5 -d im e th v lth ia z o l-2 -v l)-5 -(3 c a rb o x v m e th o x v p h e n v l)-2 (4 -su lp h o D h e n v l)-2 H -te tra z o liu m (MTS) a ssa v

The MTS assay was used to measure the number of viable cells in culture. 100
p,l of cells at a concentration of 2 x lOVml were plated in a 96 well plate in
triplicate. Immediately before use, 100 pi of phenazine ethosulfate (PES,
Promega) (0.92 mg/ml) were added to 1ml of Cell Titer 96 Aqueous MTS
reagent (2 mg/ml, pH 6.0-6.5, Promega). 20pl of this mixture were added to
each well and incubated in a 37°C humidified incubator with 5% CO 2 for 4
hours. A negative control with only RPMI 1640 in the wells was always used.
The absorbances of the samples were measured at 490 nm and background
absorbance at 595 nm which was deducted from the 490 nm reading.

2.4 Mice
Bone marrow and blood were obtained from adult CD-I mice. For embryonic
haematopoietic stem cells, embryonic liver was taken on embryonic day 15 from
CD-I mice with help from Maggie Corbo in the laboratory. Mononuclear cells
were separated as described above.
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2.5 Cell lines
2.5.1 Culturing of cell lines
All cell lines were obtained from Professor C. Kinnon and Dr. C. Price at the
Institute of Child Health, except for RS4;11 (American Type Culture Collection)
and THP-1 and K562 (European Collection of Cell Cultures). RS4;11 was
maintained in alpha-Modified Eagle Minimal Essential Media. All other cell
lines were cultured in RPMI 1640 (Gibco BRL). Medium was supplemented
with 10% (w/v) foetal calf serum, 2 mM glutamine, lOOU/ml penicillin and 100
|ig/ml streptomycin. Medium for THP-1 cells was also supplemented with 0.05
mM 2-mercaptoethanol. All cell lines were maintained at 37°C in a humidified
incubator with 5% CO2 .

For treatment with phorbol 12-myristate 13-acetate (PMA), the cells were split to
2X

loVml on the previous day to allow the cells to be in log phase. The cells

were resuspended at 2 x lOVml and PMA dissolved in DMSO (at 100 |ig/ml)
was added to a final concentration of 10 ng/ml. An equal volume of DMSO was
always added to control cells in parallel.

For treatment with la,25-dihydroxycholecalciferol (DHCC), cells were prepared
in the same way as for treatment with PMA, and DHCC dissolved in EtOH (at
100 p,M) was added to a final concentration of 100 nM.

For treatment with cadmium chloride, cells were prepared in the same way as for
PMA treatment and cadmium dissolved in PBS (at 1 mM) was added to the cells
at various concentrations - 1,5,10 or 20 pM.

2.5.2 Electroporation and transfection of DNA into cells
Plasmid DNA was prepared with the Plasmid Maxi kit (Qiagen). The cells were
split to 2 X 10^/ml on the day before transfection and washed in serum-free RPMI
1640 medium before resuspending at a concentration of 2xl0^/ml in serum-free
RPMI 1640 mixed with 20 pg of DNA. This mixture was incubated at room
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temperature for 5 minutes. Electroporation was performed at 220 V, 960 jiE in a
4mm electroporation cuvette (Biorad). After placing the cuvette on ice for 10
minutes, the cells were transferred to RPMI 1640 at 37°C. After 48 hours, the
EGFP-N1 (a vector encoding the enhanced green fluorescent protein)-transfected
cells were used to check the transfection efficiency with an inverted fluorescent
microscope, or if the CMV-luciferase vector (a vector encoding the Firefly
luciferase gene and used as a positive control for luciferase assays) had been
used, a luciferase assay was performed.

The cells that had been transfected

with pREP4-tTA (a plasmid for the tetracycline-regulatable system) were
transferred to selection medium with conditioned medium containing 400pg/ml
Hygromycin B (CalBiochem) until stable transfectants were obtained. Double
transfectants with pREP4-tTA and pR9TRE-A7-FLAG (also a plasmid for the
tetracycline-regulatable system) were cultured in 400 |ig/ml Hygromycin B and
800 pg/ml G418 (Gibco BRL).

For transfection of Cos7 cells with Eugene 6 transfection reagent (Roche), 2ml of
cells were plated out in 6 well plate at a concentration of 2 x lOVml. 94 jil of
serum-free media, 6 pi of Eugene 6 and 2 pg of plasmid DNA were added to an
Eppendorf tube in that order and incubated at room temperature for 15 minutes.
This mixture was added to the cells dropwise, ensuring that it was distributed
evenly around the well and the cells were then transferred to the incubator and
left for 48 hours.

2.5.3 Single cell sorting
U937 cells were cultured as described in section 2.5.1 for 48 hours after which
the media was centrifuged at 250 x g for 5 minutes and the supernatant passed
through a 0.22 pM filter. This was added to 4 volumes of fresh RPMI 1640
media supplemented with 20% (w/v) foetal calf serum, 2mM glutamine, 100
U/ml penicillin and 100 pg/ml streptomycin to make conditioned media.

The cells were cultured in selection medium for two weeks to obtain stable
transfectants after which they were sorted using the fluorescence activated cell
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sorter (FACS) (Coulter, Epics Altra) into single cells in the wells of 96-well
plates, each containing 100 jil of conditioned media with 20% (v/v) PCS. The
clones were allowed to grow in conditioned media with 20% (v/v) PCS until
further analysis.

2.5.4 Induction of FLAG-tagged HOXA7 protein
To induce PLAG-tagged HOXA7 protein expression in the Tet-Off system, the
cells were washed in RPMI 1640 (Gibco BRL) three times, resuspended at 2 x
10^/ml in RPMI 1640 and left for 24 hours at 37°C in a humidified incubator
with 5% CO2 .

2.5.5 Counting live cells by trypan blue exclusion
An equal volume of trypan blue solution (0.4% w/v) and media containing cells
were mixed together and live cells that exclude trypan blue were counted using
an improved Neubauer counting chamber (BDH) on an inverted microscope
(Olympus CK30).

2.6 RNA
2.6.1 RNA preparation
(i) Total RNA
Total RNA was prepared with RNAzol B (Biogenesis). 1x10^ cells were
resuspended in 700 pi of RNAzol and passed through a 21 gauge needle (BD) to
disrupt the cell membrane. 70 pi of chloroform (BDH) were added and the
mixture was vortexed and incubated on ice for 5 minutes. The tubes were
centrifuged for 15 minutes at 13,000 xg while maintaining the temperature at
4°C. The upper aqueous phase was transferred to another tube. 350 pi of
isopropanol (BDH) were added and the mixture incubated on ice for 45 minutes
to precipitate the RNA. After a 30-minute centrifugation at 4°C at 13,000 xg, the
supernatant was removed and the pellet was washed with ice-cold 70% (v/v)
ethanol and centrifuged briefly. The ethanol was removed, and the RNA pellet
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was resuspended in 50 p.1 of diethyl pyrocarbonate (DEPC)-treated dH20. After
measuring the absorbance at 260 nm and 280 nm to calculate the concentration
and the purity of the RNA, aliquots were stored at -80°C.

(ii) PolvA^RNA
Poly A^ was purified using the Oligotex mRNA Midi Kit (Qiagen). Up to 1 mg
of total RNA was used per sample and DEPC-treated dHiO was added to take the
volume up to 500 \lI. 500 \il of Buffer OBB and 30-55 |il of Oligotex
Suspension were added to this mixture which was then heated for three minutes
at 70°C. After a 10-minute incubation at room temperature, the OligoteximRNA
complex was pelleted by centrifugation for 2 minutes at 13,000 xg and the
supernatant removed. The pellet was then resuspended in 400|il of Buffer OW2
by vortexing and this mixture was pipetted on to a small spin column placed in a
1.5 ml microcentrifuge tube. This column was centrifuged for 1 minute at
13,000

Xg.

The spin column was transferred to a new 1.5ml microcentrifuge

tube and 400 |xl of Buffer OW2 were applied to the column and centrifuged for 1
minute at 13,000 xg. To elute the mRNA, the spin column was transferred to a
new 1.5 ml microcentrifuge tube and 100 |xl of Buffer OEB (70°C) were added to
the column and pipetted up and down to resuspend the resin. The spin column
was centrifuged at 13,000 xg for 1 minute. This was repeated again to yield 200
|il of poly A^ RNA in 200 jil of Buffer OEB.

To concentrate the poly A"^ RNA, 20 |xl of 3 M sodium acetate (pH 5.2), 500 |xl
of ethanol and 1 |il of glycogen carrier (20 mg/ml, Boehringer Mannheim) were
added to the tube, placed on ice for 30 minutes and centrifuged at 13,000 xg for
30 minutes. The poly A"^ RNA pellet was resuspended in 10-50 |il of DEPCtreated dH 2 0 .

2.6.2 RT-PCR
5 |ig of RNA were used for cDNA synthesis in a total volume of 40

|Lil with

200

U of Superscript U (Gibco BRL), 4 jig of random hexamer (Boehringer
Mannheim)), 2 jil of 10 mM dNTP (Promega), 0.4 jil of 0.1 M DTT and 5 |il of
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first strand buffer (Gibco BRL). This mixture was incubated at 37°C for an hour
after which the reverse transcriptase was inactivated at 95°C for 5 minutes.

4 |il of cDNA were used for each PCR reaction in a total volume of 50 |xl. This
contained 5 |il of NH4 buffer (Bioline), 0.5 |il of 25 mM dNTP, 3 - 7 jil MgCL,
1 jxl each of the forward and reverse primers (100 ng/|il) and 2.5 U of Taq
polymerase (Promega). RT-PCR was performed to detect Pitx2 RNA, to detect
p-actin RNA as a check for RNA integrity and to detect Wiskott-Aldrich
Syndrome Protein (WASP) RNA as a positive control for haematopoietic stem
cells. For Pitx2 and /3-actin PCR, the reaction time consisted of an initial
dénaturation at 95°C for 1 minute followed by 35 cycles of 95°C for 1 minute,
annealing at 51-59 °C for 1 minute and 72°C for 1.5 minutes. The final extension
was at 72°C for 10 minutes. PCR for WASP cDNA was performed at 95°C for 3
minutes, 47°C for 30 seconds, 72°C for 1 minute for the first cycles and
subsequent 35 cycles at 95°C for 1 minute and 68°C for 3 minutes.

The primer sequences that were used are listed in Table 2.1.

For analysis of Pitx2 RNA in leukaemic cell samples from patients, HotStarTaq
DNA polymerase (Qiagen) was used to improve the specificity of the reaction.
The reaction mixture consisted of 5 pi of lOx PCR buffer, 1 pi of 25 mM MgCL,
0.5 pi 25 mM dNTP, 1 pi of each primer (100 ng/pl), 1.25 U HotStarTaq DNA
Polymerase in a total volume of 50 pi. This Taq polymerase was activated at 95
°C for 15 minutes before the usual Pitx2 PCR conditions were used.

10 pi of each PCR product were run on a 1.5% (w/v) agarose gel and visualised
with ethidium bromide.

2.6.3 RNA gel
Poly (A)^ RNA was prepared with the Oligotex mRNA Midi kit (Qiagen) from
total RNA. Approximately 2 pg of Poly (A)'^ RNA samples and an RNA ladder
(New England Biolabs) were each mixed with 2 volumes of sample buffer and
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FORWARD (5’-3’)

PRIMER

REVERSE (5’-3’)

P-actin

cct cgc ctt tgc cga tcc

gga tet tea tga ggt agt eag te

Pitx2

gag aaa gat aaa age cag ca

tae tgg eaa gea etc agg ttg gag

etc age agt gae agg egt e

tea eae ggg eeg gte eae t

Pitx2 for
probe

Pitx2 a/b

ggg gte gae gga tee atg gag

ate agg gae gte ata agg ata agg eae

aee aae tge ege aa

Pitx2c

WASP

ggg gte gae gga tee eta eag get gge ata

ggg eeg gte eae tge ata

ggg gte gae gga tee atg aae
tge atg aaa gge eeg

ggg gte gae gga tee eta eag get gge ata
ate agg gae gte ata agg ata agg eae
ggg eeg gte eae tge ata

etg atg gat eeg aaa gea eea tga

etg atg aat tet etg tet eea ett tge e

gtgg
MLL

eet eag eea eet act aea gga ee

agt tea eae aag tgt agg

HOXA7

atg agt tet teg tag atg tga ae

agg gea ggt tge egt agg e

FLAG-

ggg gaa tte atg agt tet teg tat

ggg gga tee tea ett gte ate gte gte ett

HOXA7

tat gtg

gta ate tte etc etc gte tte etc

t(4 ;ll)

gag gat eet gee eea aag aaa ag

tga get gaa get ggt ett ega ge

t(9 ;ll)

tga gee eaa gaa aaa gea gee
tee a

tea ega tet get gea gaa tgt gte t

mP-actin

atg eee tga gge tet ttt eea g

gae aae act gtg ttg gea tag

mPitx2

aga gaa aga taa ggg eea gea

tae tgg eaa gea etc agg ttg gag

mWASP

atg aat agt gge eet gge eet

ttg att ggt get ggt ggt ggt

Table 2.1 Primers used for PCR.
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heated at 65°C for 5 minutes to denature the RNA. This was quenched on ice
and after adding 2 jiil of RNA loading buffer (50% (v/v) glycerol, 1 mM EDTA,
0.4% (w/v) bromophenol blue), the RNA was separated on a 1% (w/v) gel
containing 1 part 12.3 M formaldehyde, 3.5 parts agarose in DEPC-treated dHiO,
and 1.1 part 5 x MOPS. The gel was run at 4 V/cm with 1 x MOPS as the
running buffer.

2.6.4 Transfer of RNA and Northern hybridisation
After the RNA had been separated, the gel was soaked in 0.05 N NaOH for 20
minutes to hydrolyse the RNA and improve efficiency of transfer. The gel was
rinsed in DEPC-treated dH20 and soaked in 10 x SSC for 45 minutes.

GeneScreen Plus (NEN) membrane was used for the transfer of RNA by
capillary transfer. A support was placed in a tray filled with transfer buffer (10 x
SSC). Whatman 3MM paper was placed on the support. The gel, surrounded by
Saran Wrap, was then placed on top. The membrane was wet in 2 x SSC and
placed on the gel, followed by a stack of paper towels weighed down by 500 g to
1 kg of weight. The RNA was transferred overnight, the membrane dried, and
the RNA was cross-linked using a UV cross linker (OS Gene Linker, Biorad).

For Northern hybridisation, the membrane was placed in a hybridisation bottle
with 5 ml of hybridisation buffer and prehybridised for a minimum of 2 hours at
65°C.

To obtain cDNA probes, cDNA was amplified by RT-PCR from the U937 cell
line using the Pitx2 primers for the Pitx2 probe, p-actin primers for the p-actin
probe and H 0XA7 primers for the H 0XA7 probe.

Between 25 ng and 50 ng of PCR products were randomly labelled with [a^^P]dCTP (10 mCi/ml, Amersham Pharmacia Biotech) using Ready To Go DNA
Labelling Beads (Amersham Pharmacia Biotech) at 37 °C for 30 minutes. The
probe was passed through a Sephadex G50 colunrn (Amersham Pharmacia
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Biotech) to remove unincorporated radionucleotides, denatured with 1 M NaOH,
neutralised with 1 M Tris (pH 8.5) and added to the hybridisation bottle to give a
final concentration of 5 - 10 x 10^ cpm/ml. This was allowed to hybridise
overnight at 65®C.

The membrane was washed with 2 x SSC, 0.1% (w/v) SDS at room temperature,
then twice at 55°C for 10 minutes each. When further washes were necessary,
they were performed for 10 minutes at 65 °C with 0.1% (w/v) SDS buffer with
decreasing concentrations of SSC (Ix, 0.5x, 0.2x and O.lx).

After the membrane was exposed to Kodak Biomax MS autoradiography film or
the phosphorimager screen and scanned on the Typhoon 8600 (Molecular
Dynamics), it was stripped for further use by boiling in O.lxSSC, 1% (w/v) SDS.

2.6.5 Human Multiple Tissue Expression (MTE) array
The protocol that accompanied the MTE array (Clontech) was followed.

15 ml of Express Hyb Hybridisation solution (Clontech) were prewarmed at
65°C. 1.5 mg of salmon sperm DNA were denatured at 95°C for 5 minutes and
placed on ice for 5 minutes after which this was added to the prewarmed Express
Hyb solution. The MTE array was placed in a hybridization bottle with 10ml of
prewarmed Express Hyb solution and prehybridised at 65°C for at least 30
minutes.

50 ng of Pitx2 cDNA amplified by RT-PCR were labeled with a^^P-dCTP
(Amersham Pharmacia Biotech) using Ready To Go DNA Labelling Beads
(Amersham Pharmacia Biotech) at 37 °C for 30 minutes. The probe was passed
through a Sephadex 050 column (Amersham Pharmacia Biotech) to remove
unincorporated radionucleotides.

The probe was mixed with 30 |ig of Cot-1 DNA, 150 |Xg of salmon sperm DNA
and 50 |il of 20 x SSC. This mixture was boiled at 95°C for 5 minutes followed
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by a 30-minute incubation at 68°C. The probe was added to the remaining 5 ml
of Express Hyb Hybridisation solution that was prewarmed to give a final
concentration of 5 - 10 x 10^ cpm/ml and the prehybridisation solution was
replaced with this. The probe was hybridised to the array overnight at 65°C.
Four washes were performed at 65°C with Wash Solution 1 (2 x SSC, 1% (w/v)
SDS) after which 2 washes were performed at 55°C with Wash Solution 2 (0.1 x
SSC, 0.5% (w/v) SDS). The array was exposed to a phosphorimager screen and
analysed on the phosphorimager using the Total Lab Array software (Amersham
Pharmacia Biotech).

2.7 DNA
2.7.1 Agarose gel electrophoresis
6 X

DNA loading buffer was added to the DNA, run on a 1- 1.5% (w/v) agarose

gel and visualised with ethidium bromide on a UV transilluminator.

2.7.2 Transfer of DNA and Southern Hybridisation
After the RT-PCR products had been visualised and photographed, the gel was
soaked in denaturing solution (1.5 M NaCl, 0.5 N NaOH) for 45 minutes with
constant, gentle agitation. The gel was rinsed with distilled water and soaked in
neutralising solution (1 M Tris, pH 7.4, 1.5 M NaCl) for 30 minutes on a shaker.
The solution was changed and the gel was soaked for a further 15 minutes. The
DNA was transferred from the gel to a Hybond-N^ nylon membrane (Amersham)
by capillary transfer. A support was placed in a tray filled with transfer buffer
(20 X SSC). Whatman 3MM paper was placed on the support. The gel
surrounded by Saran Wrap was then placed on top. The membrane was wet in 2
X

SSC and placed on the gel, followed by 2 sheets of Whatman 3MM paper and

a stack of paper towels weighed down by approximately 500 g of weight. This
was left overnight for the DNA to transfer. The following day, the membrane
was air-dried and the DNA was cross-linked using a UV cross linker.
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For Southern hybridisation, the membrane was prehybridised in 10 ml of
prehybridisation solution (5 x SSPE, 5 x Denhardt's solution, 0.5% (w/v) SDS)
for at least an hour at a temperature 12 °C lower than the Tm of the
oligonucleotide probe. The Tm was calculated according to the following
formula: Tm= 4°C x (C + G) + 2°C x (A + T).

The sequences of the oligonucleotide probes that were used were:
Pitx2: 5’ tat gea aga atg get teg gg 3’
P~Actin'. 5’ atg age tgc gtg tgg etc ccg 3’

The oligonucleotide probe was end-labelled with T4 polynucleotide kinase
(Promega) and [y^^PJ-dATP (lOmCi/ml, Amersham Pharmacia Biotech) at 37 °C
for an hour. The labelled probe was added to 5ml of hybridisation solution that
had been pre-warmed to the same temperature as the prehybridisation buffer. The
probe was allowed to hybridise for an hour at a temperature 12°C lower than the
Tm. The membrane was briefly washed twice with 5 x SSC, 0.1% (w/v) SDS
solution at room temperature, then for 10 minutes with the same buffer at a
temperature 5 °C lower than the Tm of the probe. The membrane was wrapped in
Saran Wrap and was exposed to Kodak Biomax MS autoradiography film.

2.7.3 Cloning
The cDNA was amplified by RT-PCR. For the PCR reaction, Bio-X-Act DNA
polymerase (Bioline) was used as this has 3’ to 5’ proof-reading activity. The
product was run on a 1.2% (w/v) agarose gel and gel-purified with the QIAquick
Gel Extraction Kit (Qiagen).

To digest the cDNA and vector with the appropriate restriction enzyme, 5 |il of
cDNA or 2-3 pg of the vector were incubated with 5 pi of restriction enzyme
buffer, 1 pi each of the appropriate restriction enzyme, 0.5 pi of BSA in a total
volume of 50 pi and incubated at 37°C for one to four hours.
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The cDNA was gel-purified again. The vector was treated with 1 jil of alkaline
phosphatase (Promega) at 37°C for 30 minutes and the reaction stopped by
incubating with a tenth of the volume of 0.5 M EDTA at 70°C for 10 minutes.
The vector DNA was then extracted with phenol/chloroform. An equal volume
of phenol/chloroform (pH8) was added and vortexed. After centrifugation at
maximum speed for 5 minutes, the upper phase was transferred to a new tube. A
tenth of the volume of 3 M NaOAc at pH 5.2 and 2 volumes of 100% (v/v) BtOH
were added, incubated on ice for 10 minutes and centrifuged at maximum speed
at 4°C for 20 minutes to precipitate the DNA. The DNA pellet was washed in
70% (v/v) EtOH once and resuspended in 30 jil of dH20.

To ligate the cDNA into the vector, the vector and insert were added in a molar
ratio of 1:3 to a ligation reaction consisting of 1 fxl of T4 DNA ligase (Promega)
and 1 pi of ligase buffer in a total volume of 10 pi. The ligation reaction was
carried out at 4°C overnight.

Library efficiency DH5a competent cells (Gibco BRL) or JM109 High
Efficiency competent cells (Promega) were transformed with plasmid. For
DH5a cells, 1 pi of the ligated DNA was added to 50 pi of competent cells and
left on ice for 30 minutes. The cells were then heat-shocked for 45 seconds at
42°C, left on ice for 2 minutes and 500 pi of LB were added. This mixture was
incubated at 37°C for an hour with shaking. For JM109 cells, 1 pi of the ligated
DNA was mixed with 100 pi of competent cells, incubated on ice for 10 minutes
and heat-shocked at 42°C for 45 seconds. The tube was immediately placed on
ice for 2 minutes and 900 pi of cold LB were added and incubated at 37°C for an
hour with shaking.

The transformed bacteria were plated out on LB agar plates with ampicillin (100
pg/ml) and incubated at 37°C overnight.

Colonies were picked the following day and cultured in 2 ml of LB media with
ampicillin (100 pg/ml) overnight at 37°C. To identify colonies that contained the
correct insert and plasmid, PCR was performed directly on the bacterial culture.
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or miniprep DNA was prepared using the QIAprep Spin Miniprep Kit (Qiagen)
according to the manufacturer’s instructions. For the PCR screen, 5 |il of culture
were used instead of DNA in a normal PCR reaction. The reaction was heated at
95°C for 10 minutes to lyse the bacteria before the normal PCR cycle was
started. Positive clones were confirmed by preparing miniprep DNA using the
QIAprep Spin Miniprep Kit.

Miniprep DNA was digested with the appropriate restriction enzyme to confirm
that the insert and plasmid gave the correct restriction pattern.

Maxiprep DNA was prepared by inoculating 500 ml of LB media with the
bacterial culture with the insert and plasmid that gave the positive restriction
pattern. After an overnight culture, maxiprep DNA was prepared with Qiagen
Plasmid Maxi Kit, according to the manufacturer’s instructions.

2.7.4 Sequencing
The ABI Prism BigDye Terminator Cycle Sequencing Ready Reaction Kit (PE
Applied Biosystems) was used for the sequencing reaction. 200 to 500 ng of
DNA were added to 4 jil of sequencing mix, 4 jil of dilution buffer (200 mM
Tris/HCl pH 8, 5 mM MgCli) and 1 )Lil of primer at 25 ng/|Lil, and dHiO was
added to 20 pi. The sequencing reaction was performed as follows: 96°C for 30
seconds, Tm-5°C for 30 seconds and 60°C for 4 minutes for 25 cycles on the PCR
machine.

The primers that were used for sequencing are listed below.
H0XA7-FLAG

(From 5’) 5’ ttt gac etc cat aga aga cac c 3’
(From 3’) 5’ ttt tea etg cat tet agt tgt gg 3’

T7

5’ gta ata cga etc act ata ggg c 3’

SP6

5’ att tag gtg aca eta tag 3’

The sequencing reaction was precipitated by adding 50 pi of 95% (v/v) EtOH
and 2 pi of 3M NaOAc, pH4.6. The tube was vortexed and left at room
temperature for 15 minutes. The tube was centrifuged for 20 minutes at
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maximum speed. The EtOH was removed with a pipette and the pellet was
washed with 250 pi of 70% (v/v) EtOH and centrifuged for 10 minutes. The
pellet was air dried for 10 to 15 minutes and stored at -20°C until it was ready to
be loaded on to the sequencing gel which was run in an ABI Prism 377 DNA
Sequencer.

2.8 Proteins
2.8.1 Immunofluorescence
U937 cells, at a concentration of 5 x 10^ cells/ml, were induced to differentiate
with PMA (10 ng/ml) in a plastic chamberslide (Nunc) so that the cells would
adhere to the surface. The cells were fixed with 4% (w/v) paraformaldehyde in
PBS for 10 minutes at room temperature and washed twice in PBS. To
permeabilise the cells, they were treated with 0.1% (v/v) TritonX-100 in PBS at
room temperature for 5 minutes. Two washes in PBS were performed and non
specific binding of antibody to cell surface markers were blocked by incubating
with 1% (w/v) BSA in PBS for 30 minutes at room temperature. The primary
antibody, anti-tetR antibody (ClonTech), was added at a dilution of 1:500 in PBS
and incubated for an hour at room temperature with constant agitation. Three
washes were performed with PBS after which the secondary antibody, anti
mouse Ig-FTTC (Sigma, F2012), was added at a dilution of 1:100 in PBS and
incubated for an hour at room temperature with constant agitation in the dark.
Controls with secondary antibody alone, as well as parallel staining of
untransfected cells were always performed concurrently. Three washes were
performed in PBS and once with distilled water. The plastic divider for the wells
was removed from the slide and the slide was air dried for 5 minutes. A few
drops of Cityfluor with 0.05% (w/v) DAPI (4’,6-Diamindine-2’-phenylindole
dihydrochloride, Boehringer Mannheim) to stain the nuclei were used to mount
the glass coverslip. The slides were stored in the dark at 4 °C until they were
analysed with a fluorescent inverted microscope (Zeiss Axiovert SlOO).
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Photographs of cells were taken under the same microscope with a Kodak Digital
Camera DC 120, magnification x 200 by Dr Cathy Price or Dr Helena Kempski
(for the immunofluorescence).

2.8.2 Protein preparation
2x10^ cells were collected by centrifugation and washed in PBS. 1 ml of ice cold
RIPA buffer with freshly added protease inhibitors (10 pi of 10 mg/ml PMSF
and 30 pi of aprotinin per ml of RIPA buffer) were added to the cells and mixed
gently with a pipette. After incubating on ice for 30 minutes, the cells were
homogenised by passage through a 21-gauge needle. A further 10 pi of PMSF
were added and the cells were incubated for a further 30 minutes on ice. The
total cell lysate was collected after centrifugation at 10,000 xg for 10 minutes at
4 °C. The concentration of the protein was measured using the Biorad Protein
Assay solution.

The Biorad Protein Assay solution was diluted 1:5 with dH20. A range of
concentrations of BSA (0 to 1.4 mg/ml) were made in a total volume of 10 pi as
a standard. 500 pi of the diluted reagent were added to 10 pi of the standard or
the sample and the absorbance at 595 nm was measured.

2.8.3 Protein eel and western blotting
A 12.5% (w/v) SDS-polyacrylamide gel was prepared by mixing 8.3 ml ProtoGel
(National Diagnostics), 6.7 ml dH20, 5 ml 4 x Lower gel buffer, 100 pi 10%
(w/v) APS and 10 pi TEMED. This mixture was poured into the assembled gel
plates and was overlaid with 0.1% (w/v) SDS to prevent exposure to oxygen
which inhibits polymerisation. When the separating gel had set, the SDS was
poured off and replaced with the stacking gel. The comb was placed in position.
The stacking gel was composed of 1.3 ml ProtoGel (National Diagnostics), 6.1
ml dH20, 2.5 ml 4 x Upper gel buffer, 50 pi 10% (w/v) APS and 10 pi TEMED.
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2 X or 4 X protein sample buffer was added to at least 20 pg of protein and boiled
for 5 minutes. The proteins were loaded in the wells alongside the Kaleidoscope
Prestained standard (BioRad) and separated by electrophoresis at 100 - 200 V in
1 X running buffer. When the dye front had reached the bottom of the gel, the
gel plates were removed from the tank. The gel was prepared for the transfer of
proteins on to a PVDF membrane, Immobilon-P (Millipore).

1 sheet of PVDF membrane and 4 sheets of Whatman 3MM paper were cut to
the size of the gel. The membrane was pre-soaked in methanol for
approximately 1 minute and then soaked in transfer buffer. The transfer
‘sandwich’ was assembled in a tray full of 1 x CAPS (100 mM CAPS) in 10%
(v/v) methanol (BDH). This was placed in the transfer tank with the membrane
towards the positive electrode and proteins were transferred at 100 V for an hour.
An ice pack was placed inside the tank to keep this apparatus cool.

The transfer of proteins on to the membrane was confirmed by staining with
Ponceau S. The solution was poured on to the membrane, incubated for 1 minute
with agitation and poured off. The membrane was washed with several changes
of distilled water until the protein bands were visible on the membrane.

The list of primary and secondary antibodies used and the species they were
raised in are listed below:
TetR monoclonal antibody (mouse, Clontech)
FLAG (mouse. Sigma)
p21 (goat, Santa Cruz SC-397-G)
p27 (goat, Santa Cruz SC-528-G)
Cyclin A (rabbit, Santa Cruz)
cdk2 (rabbit, Santa Cruz)
alpha Tubulin (rat, Serotec)
Anti-mouse Ig horseradish peroxidase conjugate (sheep,
Amersham)
Anti-rabbit Ig horseradish peroxidase conjugate (donkey,
Amersham)
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Anti-goat Ig horseradish peroxidase conjugate (rabbit, Dako)
Anti-rat Ig horseradish peroxidase conjugate (goat, Santa Cruz)

For western blotting, non-specific binding to the membrane was blocked in 5%
(w/v) non-fat milk (Marvel) in PBS containing 0.2% (v/v) Tween-20, pH 7.4 for
an hour at room temperature, or alternatively, overnight at 4°C. The membrane
was then incubated with TetR Monoclonal Antibody (Clontech) diluted 1:500 or
1:2000 dilution of all other primary antibodies in PBS containing 5% (w/v) non
fat milk and 0.2% (v/v) Tween-20 for 2 hours at room temperature on a shaker.
After washing the membrane twice in PBS containing 0.2% (v/v) Tween-20 for
10 minutes each, the membrane was incubated with the secondary antibody at a
dilution of 1:2000 in PBS containing 5% (w/v) non-fat milk and 0.2% (v/v)
Tween-20 for an hour at room temperature on a shaker. PBS containing 0.2%
(v/v) Tween-20 was used for the final washes, which were performed for 3
minutes each, 5 times.

For anti-FLAG Westerns, the membrane was blocked in 5% (w/v) non-fat milk
in TBS for an hour at room temperature or overnight at 4°C. The membrane was
then incubated with a 1:800 dilution of the anti-FLAG antibody in 5% (w/v) non
fat milk/TBS for 2 hours. After two washes with 5% (w/v) non-fat milk in TBS,
the membrane was incubated with a 1:2000 dilution of secondary antibody in 5%
(w/v) non-fat milk/TBS for an hour. Two washes with 5% (w/v) non-fat
milk/TBS were followed by four washes in 5% (w/v) non-fat milk/0.1% (v/v)
Tween/TBS.

ECL Plus western blotting detection reagent (Amersham Pharmacia Biotech) was
used for the detection of HRP-conjugated antibodies. The detection solutions A
and B were mixed in a ratio of 40:1 and were pipetted on to the membrane and
incubated for a few minutes at room temperature. The excess detection reagent
was drained off and the membrane was wrapped in Saran Wrap and exposed to
Kodak Biomax Light film.

If the membrane was needed for further detection of proteins, it was stripped
with stripping buffer at 50°C for 30 minutes with agitation.
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2.8.4 Luciferase assay
The Dual-Luciferase Reporter Assay System (Promega) was used for all assays.
The luminometer (TD20e luminometer, Jencons) was set to perform a 2-second
pre-measurement delay, followed by a 10-second measurement period for each
assay. Cells were lysed in 1 x Passive Lysis Buffer at a concentration of 1 x 10^
cells/ml.

Up to 20 fil of lysate were added to 100 pi of Luciferase Assay Reagent II (LAR
n) and mixed. The tube was placed in the luminometer and the Firefly luciferase
reading was recorded. 100 pi of Stop & Glo Reagent were added to the mixture
and the Renilla luciferase reading was recorded.

2.8.5 Cdk2 kinase assay
The cell pellet was resuspended in 100 pi of lysis buffer plus the protease
inhibitors ALAS and PMSF (200 pg/pl) and left on ice for 20 minutes after
which it was centrifuged at 12,000 rpm at 4°C for 15 minutes. The supernatant
was transferred to a new tube and the protein concentration was measured using
the Biorad Protein Assay Reagent. 50 pg of protein were required per sample.

Gamma Bind G sepharose beads (Amersham) were washed three times in lysis
buffer and resuspended in double the starting volume of lysis buffer plus ALAS.
The IP cocktail was made up with 2 pi of cdk2 antibody (Santa Cruz, SC-163),
20 pi protein G beads and 120 pi lysis buffer plus ALAS, PMSF and 1 mM DTT
per sample. 120 pi of the IP cocktail were added to each tube containing 50 pg
of protein. 10 pi of cdk2 blocking peptide (cdk2 M2, SC-163P, Santa Cruz)
were added to the control tube. The tubes were rotated overnight at 4°C.

The beads were centrifuged at maximum speed for 12-13 seconds and the
supernatant removed. The beads were washed three times with 600 pi of lysis
buffer and DTT. The beads were then washed with kinase buffer and
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resuspended in 15 |il kinase reaction mix (2 jxg histone HI (Boehringer
Mannheim), 20 ^iM ATP, 1 mM DTT, 10 pCi of [y^^-P]dATP made up to 15 pi
with kinase buffer). This was incubated for 30 minutes at 30°C. 5 pi of 4 x
protein sample buffer were added and the beads were boiled for 10 minutes at
95°C. The samples were loaded on to a 12% (w/v) SDS-polyacrylamide gel and
ran until the bromophenol blue was about to leave the gel. The gel was dried for
2 hours and exposed to Kodak Biomax MS autoradiography film.

2.9 Analysis of cell surface markers, cell cycle and respiratory
burst
2.9.1 Flow cytometry
Adherent cells were detached from the tissue culture flask using Accutase
(Insight Biotechnology). 10^ cells were washed twice with FACS staining
buffer. The cells were then incubated in 100 pi of staining buffer and 5 pi of
antibody (CD14-FITC, CD llb-PE, mouse IgG2 a-FITC and mouse IgGi-PE, BD
Pharmingen) on ice for 20 minutes to an hour. All subsequent steps were
performed at 4°C. The cells were centrifuged at 200 g and the antibody
supernatant removed. The cells were washed twice in staining buffer and once in
PBS/sodium azide (0.01% (w/v) azide) and fixed in 1% (w/v) paraformaldehyde
and kept at 4°C in the dark until analysis.

The cells were analysed on a Beckman Coulter X2 flow cytometer and analysed
on the Expo2 software. A 488 nm laser was used with a 525 nm filter for FH'C,
575 nm filter for PE. 10,000 cells were analysed per sample.

2.9.2 Cell cycle analysis
Adherent cells were detached from the tissue culture flask using Accutase
(Insight Biotechnology). 5x 1 0 ^ cells were centrifuged at 200 g for 5 minutes at
room temperature, washed in PBS and resuspended in 200 pi PBS. The cells
were added dropwise to 2 mis of ice cold 70% (v/v) EtOH to be fixed and left on
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ice for an hour. This was stored at 4°C up to a week before staining with
propidium iodide (PI) and analysed.

For PI staining, cells were centrifuged at 200 g for 5 minutes at 4°C and the cell
pellet resuspended in 600 |il of PBS/PI/RNase A solution (50 |ig/ml PI, 80 pg/ml
RNase A). This was incubated at room temperature for 10 to 15 minutes and
analysed on the flow cytometer. A 499 nm laser with a 675 nm filter was used.
30,000 cells were analysed per sample.

2.9.3 Dihvdrorhodamine (DHR) assay
A dihydrorhodamine 123 (DHR, Orpegen Pharma) substrate disk was left in I ml
of Washing Solution (provided with the DHR) for 30 minutes to dissolve the
DHR. 10*^ cells were washed with PBS and resuspended in 100 pi PBS. PMA
was added to a concentration of 10 ng/ml to activate the NADPH oxidase and
incubated at 37°C for 10 minutes. 20 pi of DHR was added per tube and
incubated for a further 10 minutes at 37°C. The cells were analysed immediately
on the flow cytometer. A 488 nm laser was used and 30,000 cells were analysed
per sample.
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3 PITX2 and H 0XA7 Expression in
Haematopoietic cells
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3.1 Introduction
3.1.1 Pitx2
A recent study by Arakawa et al. suggested that PITX2 was a target gene of MLL
(Arakawa et a l, 1998). As described in Chapter 1, Pitxl was isolated using the
differential display method by comparison of wild type and MU knockout
embryonic stem cells. Arakawa et al. analysed the expression of the Pitxl gene
in haematopoietic cell lines by northern blotting. They demonstrated that PITX2
mRNA was not detectable in six cell lines with an MLL gene rearrangement but
that it was present in two cell lines lacking an MLL gene rearrangement. They
also demonstrated that PITX2 mRNA was expressed in normal bone marrow.
The authors suggested that PITX2 gene expression is positively regulated by
MLL and that therefore the PITX2 gene is not expressed in cell lines with MLL
gene rearrangements. However, the study was performed with a limited number
of haematopoietic cell lines, and normal haematopoietic cells equivalent to the
cell type that the cell lines represent were not included in the study. We
therefore decided to conduct a more thorough investigation on a larger panel of
haematopoietic cell lines and primary haematopoietic stem cells.

3.1.2 H 0X A 7
The H0XA7 gene was initially considered to be a target of MLL from studies on
MLL null mice (Yu et al., 1998; Yw et al., 1995). As discussed in Chapter 1,
MLL is a mammalian homologue of the Drosophila trithorax gene, which is
required to maintain expression of the HOM-C homeotic genes during
Drosophila development. The changes in Hox gene expression in MLL null mice
have shown that MLL has a similar role in mammalian cells. Probable target
genes of the MLL gene that have been identified so far in mice are Hoxa-7,
Hoxa-9, Hoxa-10 and Hoxc-9 (Yagi et al., 1998; Yu et al., 1995). In MLL
heterozygote mice, the anterior boundaries of Hoxa-7 and Hoxc-9 gene
expression are shifted caudally. Their expression is abolished in MLL null
embryos. The MLL gene also seems to act as a maintenance factor for the Hoxa7 and Hoxc-9 genes and possibly other Hox genes in mice, since these genes are
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activated in the appropriate way in the absence of the MLL gene but the presence
of the MLL gene is required for their sustained expression (Yu et al., 1998).

The studies suggest that the H 0XA7 gene is involved in leukaemogenesis. In the
BXH-2 strain of mice, which develop myeloid leukaemia spontaneously, viral
integration at the M eisl gene locus is found in 15% of cases (Moskow et a i,
1995), and 95% of the leukaemias with viral integrations at Meisl also have viral
integrations at Hoxa-7 or Hoxa-9 gene locus (Nakamura et al., 1996c). Viral
integration enhances expression of these genes as shown by northern blotting.

In an analysis of 59 patients, 21 with acute lymphoid leukaemia (ALL) and 38
with acute myeloid leukaemia (AML), Afonja et al. (2000) found that there was
a significant correlation (P=0.00044) between MEISl gene expression and the
myeloid phenotype (Afonja et al., 2000). There was significant correlation
(P=0.03) between MEISl and H 0XA7 gene expression also. Only one out of the
21 patients with ALL expressed the MEISl mRNA in their leukaemic cells,
while 19 (50%) of AML patients expressed MEISl mRNA in their leukaemic
cells. The same authors also examined the relationship between expression of
the H0XA7 mRNA and response to induction chemotherapy. Seven out of seven
non-responding patients expressed H 0XA7 mRNA in comparison to 14 out of 26
patients that responded to chemotherapy. In an analysis that was not adjusted for
age, gender, and FAB subclass, the odds for complete response were
significantly lower for those expressing H0XA7 mRNA in their leukaemic cells
compared to those who did not. However, in a multi-variate analysis that
adjusted for age, gender and subclass, the association was not statistically
significant.

Another study found that multiple HOXA family members {A3-A 10) tended to be
expressed at higher levels in AML patients with unfavourable cytogenetic
features based on chromosomal deletions or rearrangements, than in patients with
favourable cytogenetics (Drabkin et al., 2002). This study also found a
significant correlation between event-free survival (with an event defined as
either no response to induction chemotherapy, relapse or death after 1 month)
and low expression of H 0XA7 mRNA.
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There are also studies to suggest that MLL fusion proteins can affect HOX gene
expression. The 32Dcl3 cell line transfected with the MLL-AF9 fusion gene
show a down-regulation of Hoxa-7 as well as Hoxb-7 and Hoxc-9 (Joh et al.,
1999). MLL-AF9 gene expression also suppressed the G-CSF induced
upregulation of these Hox genes. In another study, THP-1 cells treated with an
antisense oligodeoxy-ribonucleotide (ODN) to down-regulate the expression of
MLL-AF9 mRNA, showed decreased levels of expression of H 0XA7 and
HOXAIO mRNA (Kawagoe et al., 2001). A different MLL fusion protein, MLLENL, strongly transactivates several promoters, one of which is the murine
promoter for Hoxa-7 in the REH cell line (Schreiner et al., 1999).

The studies on patients with leukaemia suggest that H 0XA7 gene expression is
associated with AML and a poor prognosis. However, some of the studies on
haematopoietic cell lines transfected with MLL fusion genes suggest that the
presence of MLL fusion genes downregulate H 0XA7 gene expression. This is
likely to reflect the differences in the stage of differentiation and lineage of the
cell lines.

Previous studies of H 0XA7 gene expression in the U937 cell line show that this
cell line expresses H 0XA7 mRNA but that its expression is down-regulated upon
differentiation. We hypothesised that the downregulation of H 0XA7 gene
expression is required for the differentiation of this cell line, and that
upregulation of H 0XA7 gene expression in leukaemic cells contributes to the
leukaemic phenotype.

3.1.3 Aims
The aim of the experimental work described in this chapter was to investigate the
expression of the two homeobox genes, PITX2 and H0XA7, in haematopoietic
cells and to determine if their deregulation is associated with leukaemogenesis.
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3.2 Results
3.2.1 Expression of Pitx2 in haematopoietic cell lines
To carry out a more extensive investigation of PITX2 gene expression in
haematopoietic cell lines, a panel of cell lines representing different
haematopoietic lineages were used to analyse the expression of PITX2 mRNA.
The cell lines are listed in Table 3.1.

PITX2 mRNA expression was analysed by RT-PCR using RNA isolated from the
above cell lines (Fig. 3.1). To check the integrity of the RNA, RT-PCR was
performed to detect P-actin mRNA and Wiskott-Aldrich Syndrome Protein
(WASP) mRNA. P-actin mRNA is present at approximately equal levels in all
the cell lines studied, and WASP mRNA is expressed exclusively in
haematopoietic cells (Parolini et al., 1997). MLL mRNA expression was also
investigated by RT-PCR to see if germline MLL was expressed in the cell lines
and to see whether MLL mRNA expression correlated with PITX2 mRNA
expression.

In contrast to the report of Arakawa et at., (1998), PITX2 mRNA was not
detectable in all haematopoietic cell lines without an MLL gene rearrangement.
In fact it was not detectable in any of the myeloid or B cell lines. However, it
was expressed in all four T cell lines that were tested (Fig. 3.1). Although RTPCR is not a quantitative method, the PITX2 bands seen on the agarose gel were
more intense than in lanes 1 (SEM K2) and 3 (THP-1), which could be a possible
indication that PITX2 mRNA is in more abundance in these T cell lines than in
the SEM K2 and THP-1 cell lines. Since normal resting or activated T cells do
not express PITX2 (Fig 3.5) and as all four cell lines are T cell leukaemia cell
lines, this could indicate a role for this gene in T cell acute lymphoblastic
leukaemia (T-ALL) (See section 3.2.4).
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Cell line
SEMK2

Cell type
Biphenotypic

RS4;11

M LL status
t(4 ;ll)
t(4 ;ll)

THP-1

t(9 ;ll)
Promonocytic

MonoMac6

t(9 ;ll)
Erythro-

K562

megakaryocytic

HL60

Promyelocytic

K G la

Myelomonocytic

U937

Promonocytic

Jurkat
Molt4
Tcell

No Rearrangement

GEM
JM
ACVA-1

Pre-B cell

Nalm6
Daudi
HS-Sultan

B cell

Raji

Table 3.1 Haematopoietic cell lines used in this study.
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MLL
rearranged
Kb

M

1 2 3 4 5 6

Pre-B/B
7 8 9 10 11 12 13 14 15 16 17

1.6
1.0

Pitx2

0.5

p-actin
L_^
WASP
MLL

Fig. 3.1 Piùc2 mRNA expression in haematopoietic cell lines. RT-PCR
was performed with P//jc2-specific primers. RT-PCR was also performed to
detect P-actin, WASP and MLL mRNA. Lanes 1-4 are cell lines with MLL
rearrangement- SEM K2 (1), RS4;11 (2), THP-1 (3), MonoMac-6 (4).
Lanes 5-8 are myeloid (M) cell lines - K562 (5), HL60 (6), KGla (7), U937
(8). Lanes 9-12 are T cell lines - Jurkat (9), Molt4 (10), CEM (11), JM
(12). Lanes 13-17 are preB and B cell lines-ACVA-1 (13), Nalm6 (14),
Daudi (15), HS-Sultan (16), Raji (17).
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Also in contrast to the previous study by Arakawa et a l, PITX2 mRNA
expression was detected in two out of four cell lines carrying MLL gene
rearrangements (Fig 3.1). These were THP-1 (t(9;l 1)) and SEM K2 (t(4;l 1)).
The cell lines with MLL gene rearrangements all express MLL mRNA from the
normal allele (Fig. 3.1). These results indicate that the presence of an MLL
rearrangement does not abolish PITX2 mRNA expression, as was previously
suggested.

To confirm the presence of an MLL gene rearrangement in the four cell lines that
were thought to carry it, RT-PCR was performed on RNA isolated from the four
cell lines with primers specific for the MLL fusion gene: t(4;l 1) for SEM K2 and
RS4;11 and t(9;l 1) for THP-1 and MonoMac-6. RT-PCR products were
obtained, run on an agarose gel (Fig 3.2), gel purified and cloned into pGEM-T
Easy (Promega). The cloned inserts were sequenced using the T7 and SP6
primers in the vector and the sequence of the expected MLL fusion was verified.
Fig 3.3 shows the sequence analysis of the RT-PCR products from the four cell
lines.

3.2.2 Pitx2 isoforms in the haematopoietic cell lines
As there are three isoforms of PITX2 - a , b and c - and there is some evidence to
suggest that some of the isoforms have different functions, we decided to study
which isoforms were expressed in the six haematopoietic cell lines that were
found to express PITX2. This was done by RT-PCR using isoform-specific
primers. The primer set containing the primer specific for exon 2 detects
isoforms a and b, which results in 905 bp product for isoform a and a 1048 bp
product for isoform b (Fig 3.4). The primer set containing the primer specific for
exon 4 detects isoform c which results in a 1069bp product. The RT-PCR
products were run on an agarose gel. Products for isoforms a and b were not
visible on the gel and were therefore analysed by Southern blotting with a
P/7X2-specific probe. Placental RNA was used as a positive control for the a
and b isoform RT-PCR and Southern blot.
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Fig 3.2 RT-PCR to check for the presence of MLL rearrangements in
haematopoietic cell lines. MLL fusion-specific primers for the t(4;l 1) and
t(9;l 1) translocation were used as indicated. The lanes marked with
indicate the lanes with no reverse transcriptase. The arrows show the
relevant bands.
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A.
MLL, sequenced from 5'
GAGGATCCTGCCCCAAAGAAAAGCAGTAGTGAGCCTCCTCCACGAAAGCCCGTCGAGGAAA

M M M M M I I M M M M M M M M M M M I M M M M M M I I I M I I M M M I

GAGGATCCTGCCCCAAAGAAAAGCAGTAGTGAGCCTCCTCCACGAAAGCCCGTCGAGGAAA

AGAGTGAAGAAGGGAATGTCTCGGCCCCTGGGCCTGAATCCAAACAGGCCACCACTCCAGC

llllllllllilllMIIIIIIIIIIMIIIMIIIIIIIIIIIIIIIIIIIIIIIIIill
AGAGTGAAGAAGGGAATGTCTCGGCCCCTGGGCCTGAATCCAAACAGGCCACCACTCCAGC

TTCCAGGAAGTCAAGCAAGCAGGTCTCCCAGCCAGCACTGGTCATCCCGCCTCAGCCACCT

llllllllllllillllllllllllllllllllllllllllllllllllllllllllllll
TTCCAGGAAGTCAAGCAAGCAGGTCTCCCAGCCAGCACTGGTCATCCCGCCTCAGCCACCT

AF4, sequenced from 3'
AAACAAAAACCAAAAGAAAAGCAGACCTACTCCAATGAAGTCCATTGTGTTGAAGAGATTC

lllllllllllllllllllllllllllllllllllilllllllllllllllllllllllll
AAACAAAAACCAAAAGAAAAGCAGACCTACTCCAATGAAGTCCATTGTGTTGAAGAGATTC
TGAAGGAAATGACCCATTCATGGCCGCCTCCTTTGACAGCAATACATACGCCTAGTACAGC

MIIIMIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIillllllllllllllllllllMI
TGAAGGAAATGACCCATTCATGGCCGCCTCCTTTGACAGCAATACATACGCCTAGTACAGC
TGAGCCATCCAAGTTTCCTTTCCCTACAAAGGACTCTCAGCATGTCAGTTCTGTAACCCAA

IIIIIIIIIIIIIMIIIIIIIIIIillllilllllllllllllllllllllllllllMI
TGAGCCATCCAAGTTTCCTTTCCCTACAAAGGACTCTCAGCATGTCAGTTCTGTAACCCAA
AACCAAAAACAATATGATACATCTTCAAAAACTCACTCAAATTCTCAGCAAGGAACGTCAT

IIIIIIIIIIIIIIIIIMIIIIIIIIIIIIIIIIilllllllllllllllMIIIIIIII
AACCAAAAACAATATGATACATCTTCAAAAACTCACTCAAATTCTCAGCAAGGAACGTCAT
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B.
MLL, sequenced from 5'
TGAGCCCAAGAAAAAGCAGCCTCCACCACCAGAATCAGGTCCAGAGCAGAGCAAACAGAAA

lllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll

TGAGCCCAAGAAAAAGCAGCCTCCACCACCAGAATCAGGTCCAGAGCAGAGCAAACAGAAA
AAAGTGGCTCCCCGCCCAAGTATCCCTGTAAAACAAAAACCAAAAGAAAAGCAGACCTACT

IIIIIIIIIIIIIIIIIIIIIIIIIMIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

AAAGTGGCTCCCCGCCCAAGTATCCCTGTAAAACAAAAACCAAAAGAAAAGCAGACCTACT
CCAATGAAGTCCATTGTGTTGAAGAGATTCTGAAGGAAATGACCCAT

llllllllllllllilllMIIIIIIMM IM M IIIIIIIIIIII
CCAATGAAGTCCATTGTGTTGAAGAGATTCTGAAGGAAATGACCCAT

AF9, sequenced from 3'
TCCACCACCCTTACTAAAAACCAACAACAACCAGATTCTTGAAGTGAAAAGTCCAATAAAG

lllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll

TCCACCACCCTTACTAAAAACCAACAACAACCAGATTCTTGAAGTGAAAAGTCCAATAAAG
CAAAGCAAATCAGATAAGCAAATAAAGAATGGTGAATGTGACAAGGCATACCTAGATGAAC

IIMIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIillll
CAAAGCAAATCAGATAAGCAAATAAAGAATGGTGAATGTGACAAGGCATACCTAGATGAAC
TGGTAGAGCTTCACAGAAGGTTAATGACATTGAGAGAAAGACACATTCTGCAGCAGATCGT

IIIIM IIIIIIIIIIIIIIilllllllllMlllllllllllllllilllllllllllll

TGGTAGAGCTTCACAGAAGGTTAATGACATTGAGAGAAAGACACATTCTGCAGCAGATCGT

Fig 3.3 Sequencing of M LL fusion genes to confirm its presence in cell lines. The
RT-PCR produis obtained from the MLL fusion-specific RT-PCR were cloned into
pGEM-T Easy and sequenced with T7 and SP6 primers. Sequences homologous to
MLL and AF4 were obtained from the RT-PCR products amplified from the SEM K2
and RS4;11 cell lines that carry a t(4;l 1) translocation. A representative portion of the
sequence is shown (A). Sequences homologous to MLL and AF9 were obtained from
the RT-PCR products amplified from the THP-1 and MonoMac-6 cell lines that carry a
t(9;l 1) translocation. A representative portion of the sequence is shown in (B). The
sequenced products were aligned to MLL (GenBank accession number D 14540), AF4
(GenBank accession number LI 3773) or AF9 (GenBank accession number NM004529).
The sequence on the top row is the one obtained from the RT-PCR products, the one on
the bottom row is from published sequences. All sequences shown are in the 5’ to 3’
direction.
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CM

LU
CO

Q.
X
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J)C

s
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LU

Ü

5
c
<D
U
iS
Q.
b

Pitx2 a/b

a

Pitx2c

6-actin

Fig. 3.4 Piix2 iso form mRNA expression in haematopoietic cell lines. A ll
the cell lines that were found to express PHx2 in Fig 3.1 were analysed for the
expression of the three isoforms of Pitx2 {a, b and c) by RT-PCR using isoformspecific primers. Pitx2a and Pitx2b RT-PCR products were detected by
hybridisation of a Southern blot with a P/Yjc2-specific probe. Placental RNA
was used as positive control for the Pitx2a and Pitx2b isoform-specific RTPCR. P-actin RT-PCR was used to check RNA integrity.
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As shown in Fig 3.4, the haematopoietic cell lines expressed PITX2 isoform c but
not isoforms a or b.

3.2.3 Expression of Pitx2 in primary human haematopoietic cells
Of the cell lines that lack an MLL gene rearrangement, only the T cell lines
expressed PITX2 mRNA. However, Arakawa et al. (1998) had reported that
PITX2 mRNA was expressed in all haematopoietic cell lines without an MLL
gene rearrangement and in normal bone marrow cells. To determine if the
expression pattern in primary haematopoietic cells reflected the pattern found in
the cell lines as shown in Fig 3.1, and to identify which haematopoietic
compartments PITX2 mRNA is expressed in, mononuclear cells were purified by
density gradient centrifugation from the following:
• six bone marrow samples (normal adult, ages 2 and 15, leukaemic and
remission samples)
• CD34^ and CD34 cells purified by MACS from a normal adult bone
marrow
• six peripheral blood mononuclear cells (PBMN) from healthy volunteers
• resting and ConA-activated T cells from one healthy volunteer purified
by E-rosetting with sheep red blood cells
• foetal mononuclear cells purified from blood or the liver between eight to
sixteen weeks of gestation.

Foetal mononuclear cells were obtained from the liver as haematopoiesis occurs
in the liver at that particular stage of foetal development (Kelemen et a l, 1987).
The RNA prepared from these cells was used for PITX2 RT-PCR and subsequent
Southern blotting with a P/7X2-specific probe. Southern blotting of the RT-PCR
products was performed to increase the sensitivity of PITX2 detection as very
little RNA was extracted from these primary haematopoietic cells. Controls with
P-actin and WASP mRNA were also performed as before (see section 3.2.1).
MLL gene expression was also investigated. As shown in Fig 3.5, P-actin and
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1
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Bone
marrow
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7

8

PBMN
T cells
9 10 1 1 12 13 14 15 16

PITX2

p-actIn
WASP
MLL

Foetal
mononuclear
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+ve

PITX2

P-actin
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Fig. 3.5 Expression of PITX2 mRNA in primary haematopoietic cells.
RT-PCR was performed with f/7%2-specific primers and the products
analysed by Southern blot with a f/7%2-specific probe, p-actin RT-PCR was
used to check for RNA integrity. MLL and WASP RT-PCR was also
performed. Lanes 1- 8 are bone marrow - adult (1), age 15 (2), age 2 (3),
leukaemic (4,5), remission sample (6), FACS-sorted CD34^cells (7), CD34’
cells(S). Lanes 9-16 are peripheral blood mononuclear cells (PBMN) - six
normal adults (9-14), resting adult T cell (15), ConA-activated adult T cell
(16). Lanes 17-21 are foetal mononuclear cells isolated from blood (17) or
liver (18-21). The positive control is the Molt4 cell line.
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WASP mRNA was detected in all samples and MLL mRNA was detected in all
samples except for mononuclear cells isolated from foetal liver at 16 weeks (Fig
3.5, lane 19).

PITX2 mRNA was present at levels detectable only by Southern blotting of RTPCR products in human bone marrow mononuclear cells from children (Fig 3.5,
lanes 2 and 3 - ages 15 and 2), from one of the leukaemic samples (lane 4) and in
two out of four samples of mononuclear cells from foetal liver (lanes 18 and 21).
A positive control for PITX2 expression was performed in parallel using RNA
isolated from Molt 4 cells, which has previously been reported to express PITX2
(Arakawa et a l, 1998).

Expression of PITX2 could not be detected even after Southern blotting in
MACS-sorted CD34^ and CD34" cells isolated from adult bone marrow (Fig 3.5,
lanes 7 and 8), in total bone marrow mononuclear cells from an adult (lane 1) or
in one leukaemic (lane 5) and one remission (lane 6) sample, in peripheral blood
mononuclear cells (lanes 9 - 14) or in resting and ConA-activated T cells
isolated from adult peripheral blood (lanes 15 and 16).

3.2.4 Expression of Pitx2 in leukaemic blasts
As only the T cell lines exclusively expressed PITX2 mRNA, as described in
section 3.2.1, we decided to investigate this further to identify if this was due to
the involvement of this gene in T-ALL. Mononuclear cells from bone marrow,
blood or lymph node from 39 leukaemic patients subdivided into 4 groups were
analysed for the expression of PITX2 mRNA. RT-PCR and subsequent Southern
blotting of the products was performed. The four patient groups were
• Patients with T-ALL
• Patients with Pre-B leukaemia or Non-Hodgkin’s lymphoma (NHL)
• Patients with acute myeloid leukaemia
• Infants with leukaemias with an MLL gene rearrangement, as
determined by RT-PCR and/or cytogenetic analysis.
The details of the patients are shown in Table 3.2.
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U)

Patient
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27

Dx
T-ALL
T-ALL
T-ALL
T-ALL
T-ALL
T-ALL
T-ALL
T-ALL
T-ALL
T-ALL
c/Pre-B ALL
c/Pre-B ALL
c/Pre-B ALL
c/Pre-B ALL
B-NHL
B-ALL
B-ALL
Pre-B ALL
B-NHL
c/Pre-B ALL
AML M3
AMLM5
AMLM5
AML M3
AMLM7
AML M2
AML MO

Sex
M
F
M
F
F
F
F
M
F
F
M
F
M
M
M
F
M
F
F
M
M
F
M
M
F
F
M

%
WBC
Age
Karyotype
blasts (x10^9/1)
4yr 7m
dup(lq)
5
008.4
4yr 11 m
Mot analysable^
100
174.2
3yr 4m
Inv(11)(q13q23)
143.4
58
ly r 11m
del(7p)
65
096.6
4yr 9m
t(11;19)(q23:p13)
95
049.8
8yr 8m
026.6
t(7;14)(p14:q22)
95
l ly r 10m
t(15;17)(q22:q21)
29
045.0
11m
t(X:11)(q25;p11)
91
049.7
8yr 6m
t(3;6)(q23:q27)
59
038.0
2yr 11 m
del(8q)
>90
030.8
3yr 11m
Unidentified marker chrom®
97
043.8
3yr 6m
t(11:19)(q23;p13)
80
027.7
9yr 3m
del(11)(q22)
84
032.5
ly r 11m
N/D
43
016.9
9yr 5m
t(14;19)(q32;q13)
N/E
N/E
ll y r 11m
Not analysable^
3
006.1
6yr 9m
t(11;19)(q23:p13)
>95
009.4
8yr 3m
t(1;19)(q23;p13)
61
021.9
3yr 9m
N/D
0
005.3
3yr 1m
High HyperdiploidyZ
64
011.6
8yr 8m
0
t(15;17)(q22;q21)
002.9
2yr 9m
t(9;11)
25
010.9
7yr 8m
t(3;5)(q21;q31)
99
224.0
8yr 7m
80
047.2
t(15;17)(q22;q21)
2yr 3m Complex translocation of #11^ 78
048.2
3yr 11m
70
015.7
t(8;21)(q22:q22)
lOyr 8m
Aneuploidy
89
037.6

Sample
type
BM
PB
PB
PB
PB
BM
BM
PB
PB
PB
BM
BM
BM
BM
LN
PB
BM
BM
LN
BM
PB
BM
PB
BM
BM
BM
BM

MLL
status'*
-

N/D
-

+
-

-

-

N/D
+
N/D
-

+
N/D
-

Pitx2
Y
Y
Y
Y
N
N
N
N
N
N
N
N
N
N
Y
Y
Y
N
N
N
N
Y
N
N
Y
Y
N

28
29
30
31
32
33
35
36
37
38
39
40

AMLM7
AML M2
AML M3
Infant Null ALL
Infant Null ALL
Infant Null ALL
Infant Null ALL
Secondary Null ALL (PNET)
Infant Pre-B ALL
Infant Null ALL
Infant Null ALL
Infant Null ALL

M
M
M
F
F
M
M
F
F
F
F
F

1yr3m
1yr 3m
13yr 7m
6m
3m
8m
11m
ly r 6m
ly r 6m
9m
5m
3m

Aneuploidy
No detectable abnormality
t(15:17)(q22;q21)
t(4;11)(q21;q23)
t(4;11)(q21;q23)
t(11;19)(q23:p13)
t(11;19)(q23;p13)
t(4;11)(q21;q23)
t(9;11)(p22:q23)
t(4;11)(q21:q23)
t(11:19)(q23;p13)
t(4:11)(q21;q23)

95
22
>99
99
93
38
90
93
95
68
100
86

007.8
013.7
129.6
763.0
174.4
049.8
319.0
065.7
048.8
010.5
914.0
035.1

BM
BM
BM
PB
PB
BM
PB
BM
PB
BM
PB
BM

-

N/D
+
+
+
+
+
+
+
+
+

N
Y
N
N
N
N
N
N
N
Y
N
Y

w
N)

Table 3.2 Clinical details of the patient samples used in this study together with their MLL and Pitx2 expression status. The highlighted
patients are the ones that had detectable Pitx2 expression by RT-PCR and subsequent Southern blot. The diagnosis, sex, age when the sample was
taken, karyotype, MLL status, percentage of blasts, white blood cell count and the type of tissue from which the sample was taken is included in this
table. Abbreviations used : Dx - diagnosis,N/D - not done, N/E - not entered, PB - peripheral blood, BM - bone marrow, LN - lymph node, Y- yes,
indicating that Pitx2 mRNA is expressed, N - no, indicating that Pitx2 mRNA is not expressed. The numbers indicate the following: 1 - due to poor
morphology 2 - more than 50 chromosomes, 3 - more than two chromosomes involved, 4 - positive indicates the presence of a rearrangement, 5 abnormal chromosome and karyotype, cannot be identified due to poor morphology

As shown in Fig 3.6, leukaemic cells from a number of patients from each of the
four groups expressed PITX2 mRNA. The samples were taken from bone
marrow, peripheral blood or lymph node depending on the patient. However,
samples that expressed PITX2 mRNA and samples that did not, include examples
of all three tissue types. This suggests that the expression of PITX2 mRNA does
not correlate either with the type of leukaemia or with the expression pattern
found in the haematopoietic cell lines. Patients 17, 22, 38 and 40 are patients
with MLL gene rearrangements who also express PITX2 mRNA. This suggests
again that the PITX2 gene is not a target of MLL and that its deregulation does
not seem to be required for leukaemogenesis as a result of MLL rearrangement.

3.2.5 Expression of Pitx2 - MTE array
As the cell lines and the primary cell samples used in this study were mainly
haematopoietic cells, we thought it would be of interest to use a conunercially
available array (Clontech MTE array) that contains polyA^ RNAs from a broad
spectrum of adult and foetal tissues to determine the expression of PITX2 mRNA
across different tissues and developmental stages. With this method, it is
possible to determine the relative expression levels of PITX2 mRNA expression
between tissues.

A northern hybridisation with a P/7X2-specific probe was performed. The
hybridised membrane was exposed to a phosphorimager screen for the required
length of time and the screen was then scanned on the phosphorimager. Total
Lab Array software was used to set the grid so that each spot of mRNA was
contained within the grid, a background subtraction was set with column 12 as
background, and once the membrane was scanned, the volume of all the spots on
the image was taken into account and the threshold between positive and
negative was estimated by the software. The positive spots were indicated by the
software.

As shown in Fig 3.7 and Fig 3.8, the strongest signals were seen in the pituitary
gland (D3), left atrium (C4), oesophagus (A5), jejunum (D5), ilocecum (F5),
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Fig.3.6 PITX2 mRNA expression in leukaemic blasts from patients.
Leukaemic cells isolated from four groups of patients were analysed for
FITX2 expression by RT-PCR and subsequently by Southern blotting
with a P/7X2-specific probe. The four groups were; (A) T-acute
lymphoblastic leukaemia (T-ALL), (B) Pre-B leukaemia or nonHodgkin’s lymphoma (NHL), (C) Acute myeloid leukaemia (AML) and
(D) Infant leukaemias with MLL gene rearrangements, p-actin RT-PCR
was was used to check for RNA integrity. WASP and MLL RT-PCR were
also performed. See Table 3.2 for details of the patients from where the
samples were isolated
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Fig 3.7 A. Human Multiple Tissue Expression (MTE) Array
hybridised with a A’itc2-specific probe. Columns 1-11 contain poly
RNA samples. Column 12 are controls- yeast total RNA (12A), yeast
tRNA (12B), E. col I rRNA (12C), E. coli DNA (12D), poly r(A) (12E),
human Cot-1 DNA (12F), human genomic DNA lOOng (12G) and human
genomic DNA 500ng (12H). B. Human MTE Array hybridised with a
human ubiquitin cDNA control probe (photograph was copied from the
Clontech MTE Array User Manual). A relatively consistent hybridisation
signal is obtained for all samples as eight housekeeping genes were used to
normalise the quantity of poly A^ RNA to load on to the array. The source
of poly A^ RNA that is crosslinked to each spot is shown in Fig. 3.8.
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Fig 3.8 Clontech Human MTE Array. The range of poly
RNAs
crosslinked on to the membrane is shown above. Columns 1-11 are poly A^
RNA samples. Column 12 are controls - yeast total RNA (12A), yeast tRNA
(12B), E. coll rRNA (12C), E. colt DNA (12D), poly r(A) (12E), human Cot1 DNA (12F), human genomic DNA lOOng (12G) and human genomic DNA
500ng (12H). (Copied from the Clontech MTE Array User Manual)
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appendix (G5), ascending colon (H5), skeletal muscle (B7), placenta (B8),
bladder (C8) and A549 lung carcinoma cell line (HIO). There was also weak
expression in the substantia nigra (A3), heart (A4), right atrium (D4), duodenum
(C5), ileum (E5), transverse colon (A6), descending colon (B6), kidney (A7),
prostate (E8) and testis (F8).

The PITX2 probe also hybridised weakly to one of the negative controls (D12)
which is E. coli DNA. This is likely to be due to the presence of sequences in the
PITX2 probe that have homology to E. coli sequences as some E. coli sequences
are homologous to mammalian mRNA sequences (MTE Array User Manual,
2001 ).

3.2.6 Expression of Pitx2 in primary murine haematopoietic cells
Mononuclear cells were purified from murine adult bone marrow, blood and
embryonic liver for comparison with results found in human mononuclear cells
(Fig 3.9). RT-PCR with P/?x2-specific primers was performed as above using
RT-PCR for y^actin and WASP as controls. Pitx2 mRNA was detected in
mononuclear cells from adult bone marrow and embryonic mononuclear cells
from the liver but not in peripheral blood mononuclear cells. RNA isolated from
brain was used as a positive control for Pitx2 expression as it has been reported
previously that brain expresses Pitx2 mRNA (Gage and Camper, 1997)

3.2.7 Expression of HOXA7 in haematopoietic cell lines
To investigate H0XA7 mRNA expression in haematopoietic cell lines, RT-PCR
was performed with primers specific for this gene. As shown in Fig 3.10,
H0XA7 mRNA expression was detected in some but not all of the cell lines
tested. It was detected in the biphenotypic cell lines (SEM K2 and RS4;11), in
all five myelomonocytic cell lines (THP-1, MonoMacô, HL60, KG la and U937),
in three out of four T cell lines (Jurkat, Molt4 and JM), and in one out of five B
cell lines (Daudi). Expression was not detected in the K562 cell line which is an
erythro-megakaryocytic cell line.
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Pitx2

/3-Actin

WASP

Fig. 3.9 Expression of Pftc2 mRNA in murine mononuclear cells. RTPCR was performed with murine Pitx2~, p-actin- and
-specific primers
on mononuclear cells from adult bone marrow (BM), adult blood and
embryonic liver (EL). mRNA isolated from murine brain tissue was used as
a positive control for Pilx2 RT-PCR.
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Fig. 3.10 HOXA7 mRNA expression in haematopoietic cell lines. RTPCR was performed with
7-specific primers. Lanes 1-4 are cell lines
with M l± rearrangement- SEM K2 (1), RS4;11 (2), THP-1 (3), MonoMac-6
(4). Lanes 5-8 are myeloid (M) cell lines - K562 (5), HL60 (6), KG la (7),
U937 (8). Lanes 9-12 are T cell lines - Jurkat (9), Molt4 (10), GEM (11),
JM (12). Lanes 13-17 are preB and B cell lines - AC VA-1 (13), Nalm6
(14), Daudi (15), HS-Sultan (16), Raji (17). Controls with no reverse
transcriptase were also performed and are shown in the lane immediately to
the right of the RT-PCR for each cell line. The last lane on the right is a
negative control with no RNA.
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3.2.8 H 0X A 7 expression in the U937 cell line
The level of expression of H 0XA7 mRNA in U937 cells has been reported to go
down after PMA treatment (Vieille-Grosjean et al., 1992b). We therefore
wanted to look at the expression of H 0XA7 mRNA in the same cell line after
PMA treatment to see if the same expression pattern could be observed.

U937 cells were cultured in the presence of lOng/ml of PMA for 24, 48 and 72
hours. As a control, cells were treated with DMSO, which was the solvent used
to dissolve the PMA. 5 jig of polyA^ RNA extracted from these cells were run
on a formaldehyde gel and analysed by northern blotting with a //(9X47-specific
probe. The membrane was stripped and reprobed with a p-actin-specific probe.
The northern blot showed that H 0XA7 mRNA is expressed in the U937 cell line
and that its expression is downregulated as the cells are induced to differentiate
with PMA (Fig 3.11). The lowest level of expression was seen after 72 hours of
PMA treatment. DMSO had no effect on the expression levels of H0XA7
mRNA.

The densities of the H 0XA7 and p-actin bands were measured on a
phosphorimager. The density of each H 0XA7 band was normalised against the
corresponding p-actin and plotted on a graph (Fig 3.12). The level of H 0XA7
mRNA was decreased to approximately 60% after 24 hours of PMA treatment, to
approximately 50% after 48 hours of PMA treatment and to approximately 38%
after 72 hours of PMA treatment. The percentage of down regulation seen after
72 hours seems to correspond to the level of down regulation reported by VieilleGrosjean et al. (Vieille-Grosjean et al., 1992b).

141

PMA

U

24

48

DMSO

72

~24

48

72

hrs

HOXA7

p-Actin

Fig 3.11 HOXA7 mRNA expression in PMA-treated U937 cells. Untreated
U937 cells (U) and U937 cells cultured in the presence of lOng/ml of PMA for
24, 48 and 72 hours were analysed for the expression of HOXA 7 mRNA by
northern blotting of poly (A)^ RNA. DMSO-treated cells were also analysed as
a control. The blot was stripped and re-probed with a p-actin probe to assess
the quantity of poly (A)^ RNA that was loaded.
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Fig 3.12 Down regulation of HOXA7 mRNA expression in PMA-treated
U937 cells. Untreated U937 cells (Time 0) and U937 cells cultured in the
presence of 1Ong/ml of PMA for 24, 48 and 72 hours were analysed for the
expression of HOXA 7 mRNA by northern blotting of poly (A)^ RNA as
shown in Fig 3.11. The blot was stripped and re-probed with a p-actin probe
to assess the quantity of poly (A)^ RNA that was loaded. The densities of the
//OX47 bands from the northern blot were measured on a phosphorimager
and normalised against the density of the corresponding p-actin bands. The
graph shows the mean ± SEM of 3 independent experiments.
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3.3 Discussion
3.3.1 Pitx2 expression in haematopoietic cells and in various tissues
Arakawa et al. (1998) analysed the expression of the Pitx2 gene in ES cells with
and without an MU gene rearrangement, normal bone marrow cells and
haematopoietic cell lines. They found that Pitxl mRNA was expressed at much
lower levels in the ES cells that carry an MU gene rearrangement in comparison
to wild type ES cells, and not expressed in haematopoietic cell lines that carry an
MLL gene rearrangement at all, as determined by northern blotting. The authors
suggested that PITX2 gene expression was positively regulated by MLL and
therefore, the cell lines that carry an MLL gene rearrangement do not express
PITX2 mRNA. We decided to carry out a more extensive study of PITX2 gene
expression in primary haematopoietic cells, haematopoietic cell lines and
leukaemic blasts from patients and also to look at PITX2 mRNA expression in a
range of different tissues by using an array.

PITX2 was found to be expressed in a range of normal tissues as shown in Fig
3.7. Most of the tissues that were found to express PITX2 mRNA on this array
correspond to previous reports of tissues that were found to express Pitx2 mRNA
in mice: pituitary gland (Gage and Camper, 1997; Hjalt et al., 2000), brain
(Degar et a l, 2001; Gage and Camper, 1997), left and right atrium (Hjalt et a l,
2000), kidney (Degar et a l, 2001), gut (Hjalt et a l, 2000), lung (Gage and
Camper, 1997; Hjalt et a l, 2000), testis (Degar et a l, 2001; Gage and Camper,
1997) and skeletal muscle (Degar et a l, 2001; Gage and Camper, 1997).
Arakawa et al. also detected PITX2 expression in human placenta, skeletal
muscle, bone marrow (Arakawa et a l, 1998). We expected to detect PITX2
mRNA expression in the foetal liver, adult bone marrow and the Molt4 cell line
as PITX2 mRNA was detected in these cells in Fig 3.1, Fig 3.5 and by Arakawa
et al. However, PITX2 mRNA was not detectable in these cells by northern
blotting on the MTE array, suggesting that the expression levels are very low in
haematopoietic cells.
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PITX2 mRNA is expressed in normal human and murine haematopoietic cells as
shown in Fig 3.5 and Fig 3.9. PITX2 mRNA was detectable by RT-PCR and
subsequent Southern blotting in normal bone marrow from children (aged 2 and
15), human foetal liver mononuclear cells, murine adult bone marrow and murine
embryonic liver mononuclear cells. We could not detect PITX2 mRNA in our
human adult bone marrow sample by this method although it was detectable in
murine bone marrow. It is likely that this is due to the extremely low abundance
of PITX2 mRNA in haematopoietic cells as indicated by the results shown by
hybridising a P/7X2-specific probe on to the MTE array. Although Arakawa et
al. (1998) reported high levels of PITX2 mRNA expression in their human bone
marrow sample, Degar et al. (2001) could not detect PITX2 mRNA in RNA
prepared from total murine bone marrow mononuclear cells by RT-PCR, a more
sensitive method. However, they could detect PITX2 mRNA by RT-PCR from
RNA prepared from CD34^ cells. Our results differ from those of Degar et al.
(2001) in that we could not detect any PITX2 mRNA in the human CD34^ cell
fraction by RT-PCR and subsequent Southern blotting. The results here show
that PITX2 mRNA is expressed in normal haematopoietic stem cells albeit at low
levels and is not expressed in peripheral blood mononuclear cells, suggesting that
the Pitx2 gene is preferentially expressed in the primitive haematopoietic cell
population, a result also supported by Degar et al. (2001).

In contrast to the study of Arakawa et al. (1998), the results shown in this chapter
do not support the hypothesis that PITX2 is an important target gene of MLL in
leukaemogenesis as PITX2 mRNA is expressed in two cell lines that carry an
MLL gene rearrangement (Fig 3.1). PITX2 mRNA was not expressed in myeloid
cell lines or B cells lines but was expressed in all four T cells lines studied.
Since normal resting or activated T cells do not express PITX2 mRNA (Fig 3.5),
we thought that this could indicate a role for this gene in T cell acute
lymphoblastic leukaemia (T-ALL). A study on leukaemic blasts from patients
shown in Fig 3.6, suggests that the expression of PITX2 mRNA does not
correlate either with the type of leukaemia or with the expression pattern found
in the haematopoietic cell lines. Patients 17, 22, 38 and 40 are patients with MLL
gene rearrangements who also express PITX2 mRNA. This suggests again that
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the PITX2 gene is not a target of MLL and that its deregulation does not seem to
be required for leukaemogenesis as a result of MLL rearrangement.

As shown in Fig 3.4, the haematopoietic cell lines expressed P/7X2 isoform c but
not isoforms a or b. Degar et al. (2001) have also reported that only isoform c
was detected in the primitive murine haematopoietic stem cells. The isoform
detected in this work is consistent with this observation and confirms that
isoform c is the only isoform expressed in haematopoietic cells.

Isoform c has a different 5’ segment to the other two transcripts and is known to
be the only isoform expressed asymmetrically to control the development of leftright asynunetry during embryogenesis. It is possible that only isoforms a and b
are regulated by MLL, since isoform c is probably under the control of a different
promoter. However, Degar et at. (2001) have reported that all three isoforms of
Pitx2 are expressed in murine ES cells and Arakawa et al. (1998) showed that in
MU -/- ES cells, all the bands detected by northern blotting for Pitx2 mRNA are
downregulated in comparison to wild type ES cells. This suggests that all three
isoforms of Pitx2 have downregulated mRNA expression in the MU -/- ES cells.
Further analyses on ES cells are needed to clarify this.

Possible future experiments include an analysis of the exact expression pattern of
the PITX2 gene in haematopoietic compartments to identify which cell type the
PITX2 gene is expressed in during haematopoietic cell development. This would
require more cells than used in this project or a more sensitive technique such as
single-cell RT-PCR. Although the PITX2 gene does not seem to be a target of
MLL in haematopoietic cells, it will be of interest to characterise its expression
pattern during haematopoiesis. It would also be interesting to see if there is an
MLL-dependent transcription of the isoforms a and b. This could be done by
cotransfecting an MLL construct with the region upstream of the transcription
start site for RNA encoding these Pitx2a and b isoforms fused to a reporter gene
such as luciferase in an MLL knockout cell.

During the course of this study, a fourth isoform d was found in a human
craniofacial cDNA library (Cox et al., 2002). Isoform d has the translation
146

initiation codon in exon 4 as does isoform c, but it is 230 bp upstream of the
initiation codon for isoform c. The isoform d has a truncated homeodomain.
The expression pattern of this isoform has not yet been determined. Isoform d
was shown to inhibit the PITXla and PITX2c activation of the Dlx2 promoter. If
this isoform is expressed in haematopoietic cells, it may act to suppress the
activity of isoform c, thereby providing an additional control mechanism for
Pitx2 transcriptional activity.

Since the purpose of this project was to investigate the expression of MLL target
genes in the haematopoietic system and our results from the PITX2 expression
studies suggested that PITX2 was not a target for MLL, we decided not to
continue further with the PITX2 study.

3.3.2 HOXA7 mRNA expression in haematopoietic cell lines
The H 0XA7 gene is also a putative target gene of MLL. As shown in Fig 3.10,
results of H0XA7-specific RT-PCR suggest that it is predominantly expressed in
myeloid and T cell lines. Previous reports of HOXA gene expression have been
contradictory in that some report predominantly myelomonocytic expression of
the H 0XA7 gene (Magli et al., 1991; Vieille-Grosjean et al., 1992b) whilst others
have reported that it is expressed in all lineages (Lawrence and Largman, 1992).
The results here suggest that the H 0XA7 gene is predominantly expressed in the
myeloid and T cell lineages.

As all four cell lines that carry an MLL gene rearrangement expressed HOXA7
mRNA (Fig 3.10), the presence of an MLL-fusion protein does not abrogate the
expression of H 0XA7 mRNA. It is possible that MLL fusion proteins upregulate
the expression of the H 0XA7 gene as found in some studies using
haematopoietic cell lines (see section 3.1.2). However, as RT-PCR is not a
quantitative technique and we do not know the levels of H 0XA7 gene expression
in normal haematopoietic cells, this cannot be determined here. During the
course of this study, Rozovskaia et al. (2001) reported that there was no
correlation between an MLL gene rearrangement and upregulation of H0XA7
gene expression in leukaemia, although upregulation of M eisl and H0XA9 was
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found in cases of ALL and AML with MLL gene rearrangements. When H 0XA7
gene expression was compared in patients with B-precursor ALL carrying an
MLL rearrangement and patients with conventional B-precursor ALL that lack
this translocation, it was found that H0XA7 gene expression was equivalent in
both patient populations (Armstrong et al., 2002). The H0XA4, H0XA5 and
H0XA9 genes were expressed in cases of ALL with MLL rearrangement but
rarely or not at all in conventional ALL. This study suggests that the H0XA7
gene is not specifically involved in leukaemias with MLL rearrangements, but
perhaps with leukaemias in general. The normal expression pattern of H 0XA7
must also be considered for comparison.

All this taken together suggests that the H0XA7 gene is not a target for MLL or
MLL fusion proteins in leukaemogenesis.

3.3.3 HOXA? mRNA expression in the U937 cell line
As shown in Fig 3.11, northern blotting to study the levels of H 0XA7 mRNA
expression in U937 cells confirmed the previous study that H 0XA7 mRNA is
downregulated in U937 cell differentiation. We thought that H 0XA7 may have a
role in myeloid cell development and differentiation.

In the course of this study, the H 0XA7 gene was shown to repress the
transcriptional activity of a differentiation-specific gene, transglutaminase 1
(TGM-1), in primary neonatal human kératinocytes (NHKs) (La Celle and
Polakowska, 2001). In NHKs, H 0XA7 mRNA is expressed and the expression is
downregulated as the cells are induced to differentiate with PMA. It was
hypothesised that downregulation of H 0XA7 mRNA during differentiation
allows TGM-1 to be expressed and the NHKs to differentiate. Therefore, the
downregulation of H 0XA7 gene expression is required for NHK differentiation.

The above study shows that the H 0XA7 gene is involved in cell growth and
differentiation of at least one cell type. We therefore shifted the focus of the
subsequent work to the possible role of the H 0XA7 gene in U937 cell
differentiation.
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3.4 Conclusions
The results here show that PITX2 mRNA is expressed in normal haematopoietic
stem cells albeit at low levels and is not expressed in peripheral blood
mononuclear cells, suggesting that the PITX2 gene is preferentially expressed in
the primitive haematopoietic cell population. The specific function of PITX2
has not been determined yet. However, the significance of this gene during
embryogenesis suggests that it may also play an important role in
haematopoiesis.

The H 0XA7 gene is predominantly expressed in the myeloid and T cell lineage.
The results discussed in this chapter also suggest that the H 0XA7 gene is not
specifically involved in leukaemias with MLL rearrangements, but perhaps with
leukaemias in general. Northern blotting to study the levels of H 0XA7 mRNA
expression in U937 cells confirmed the previous study that H 0XA7 mRNA is
downregulated in U937 cell differentiation. We hypothesised that H 0XA7 may
have a role in myeloid cell development and differentiation.
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4 A Model System for Studying the Role of
H 0X A 7 in Myelomonocytic Differentiation -

Tet-Off System in U937 cells
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4.1 Introduction
4.1.1 H 0 X A 7 in the U937 cell line
As shown in Chapter 3, the H 0XA7 gene is expressed in the U937 cell line and
its expression is down regulated as the cells are induced to differentiate in vitro
with PMA (see section 3.2.8). It is possible that U937 cells require the
downregulation of H 0XA7 gene expression in order to differentiate, in a similar
way as has been shown for NHKs (La Celle et a l, 2001) (see section 3.3.3).

To study the potential role of H 0XA7 in U937 differentiation, a regulatable gene
expression system was required in this cell line. Using a regulatable system, the
expression of the H0XA7 gene could be maintained during PMA-induced
differentiation and the effects on the changes associated with PMA treatment of
these cells analysed.

4.1.2 pMEP4 system
In our group, the pMEP4 vector (Invitrogen) has been used previously for the
inducible expression of exogenous genes in the U937 cell line (Brown et al.,
1997; Hewison et a l, 1994; Hewison et a l, 1996). Gene expression in this
vector is driven by the human metallothionein Ha (MTIIa) promoter, which is
inducible by treatment with heavy metals such as cadmium or zinc (Jahroudi et
a l, 1990; Takeda et a l, 1995). This is not an ideal system, however, as heavy
metals can have pleiotropic effects. For example, there may be induction of the
metallothionein gene in the cell line even at the concentration used (10|iM of
cadmium chloride). In the promonocytic THP-1 cell line, metallothionein
mRNA is induced with treatment of the cells with IjiM of cadmium chloride
(Leibbrandt and Koropatnick, 1994). Cadmium ions can also induce the
expression of heat shock protein 70 as well as metallothionein-IIa in the CEMC12 human T cell line at concentrations of 6 and 18 [iM respectively (Pellegrini
e ta l, 1994).

In our group, using U937 cells from a different source from the ones that we used
previously, we found that cadmium chloride treatment of the cells at
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concentrations required for the induction of the MTIIa promoter (10 |iM) in
pMEP4 led to an inhibition of cell proliferation (see section 4.2.1). Other groups
have successfully used the metallothionein inducible system in U937 cells with
no reported inhibition of cell proliferation (Franklin and Kraft, 1995; Franklin
and Kraft, 1997; Kawamura et ah, 1989). We cannot account for this difference
in sensitivity to cadmium ions of U937 cells from different sources. However, it
has been reported that cadmium chloride can induce cell death in vitro in other
cells. Cadmium chloride can induce apoptosis in three T cell lines, CCRF-CEM,
Molt-3 and Raji (Tsangaris and Tzortzatou-Stathopoulou, 1998), and also in the
HeLa cell line and bovine aorta endothelial cells (BAECs) (Szuster-Ciesielska et
a i, 2000) even at the concentration of lOpM. We have therefore looked for
other regulatable promoter systems for use in U937 cells.

4.1.3 Tet-Off gene expression system
The tetracycline inducible gene expression system (“Tet-Off’ and “Tet-On”
system) was established by Gossen and Bujard (Gossen and Bujard, 1992;
Gossen et aL, 1995). “Tet-Off’ is a system that enables expression of genes in
the absence of tetracycline or its derivative, doxycycline, but not in the presence
of the substances. “Tet-On” is a system that enables expression of genes in the
presence of tetracycline or its derivative, doxycycline, but not in their absence.
This system is based on the regulatory elements of the tetracycline-resistance
operon on the TnlO transposon of E. coli in which the tetracycline repressor
(TetR) protein negatively regulates transcription of the resistance-mediating
genes (Hillen and Wissmann, 1989). In the presence of tetracycline, TetR cannot
bind to its operators (tetO) within the promoter region of the operon due to a
conformational change, and allows transcription of tetracycline resistancemediating genes. There are two components to the tetracycline inducible gene
expression system as shown by the schematic diagram (Fig 4.1).
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Fig 4.1 Schematic diagram of the Tet-Off and Tet-On system. (Copied from the Clontech Tet-Off and Tet-On Gene
Expression System Users Manual)

The first component of this system is the regulatory protein based on TetR. In
the Tet-Off system, the first 207 amino acid sequences of TetR are fused inframe with the C-terminal 127 amino acids of the Herpes Simplex Virus Virion
Protein 16 (VP 16) activation domain, known to be required for transactivation of
immediate early genes (Triezenberg et aL, 1988). This converts the TetR from a
prokaryotic transcriptional repressor to a eukaryotic transcriptional transactivator
(Gossen and Bujard, 1992). This TetR-VP16 hybrid protein is known as the
tetracycline-controlled transactivator (tTA). tTA binds to tetO only in the
absence of tetracycline, or its analogue doxycycline. In the Tet-On system, four
amino acids in the TetR protein have been mutated, which reverses the binding
properties so that the presence of tetracycline is required for the binding of TetR
to tetO (Gossen et aL, 1995). The fusion of this mutated TetR protein to the
VP 16 activation domain is known as rtTA (reverse tTA). tTA or rtTA is placed
downstream of the CMV promoter/enhancer for constitutive expression.

The second component to this system is the tTA/rtTA-dependent promoter. For
this promoter, seven repeated copies of the tetO sequence, known as TRE
(tetracycline response element), are placed upstream of a minimal CMV
promoter that has the upstream enhancer region removed (Gossen and Bujard,
1992). This modified promoter is known as PhcMv* !- Because the enhancer
elements from the CMV promoter are not present, the transcription of the gene
downstream of PhCMV*-i only occurs when tTA or rtTA binds to the TRE.

The advantage of the tetracycline inducible system over the pMEP4 system is
that the regulatory proteins that are used are entirely prokaryotic. This minimises
any pleiotropic effects as TetR acts specifically on its target sequence, tetO,
presumably because these regulatory DNA sequences are non-existent in
eukaryotic genomes. The inducers that are used, namely tetracycline and its
derivatives such as doxycycline, have no cytotoxic effects on eukaryotic cells at
the concentrations at which they are used (tetracycline at l-2|Xg/ml and
doxycycline at lOng - l|ig/ml). Higher concentrations of these substances do
affect eukaryotic cells. For example, natural killer cell mediated cytotoxicity
against K562 cells is inhibited by doxycycline at concentrations of 10|ig/ml (Gob
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and Ferrante, 1984). The mitogenic response of primary human T and B
lymphocytes and protein synthesis in unstimulated lymphocytes can also be
inhibited by doxycycline at concentrations of 10|ig/ml and above (Banck and
Forsgren, 1979). Culturing U937 cells in the presence of 25|ig/ml of
doxycycline leads to approximately 30% apoptosis (Bettany and Wolowacz,
1998).

The disadvantage of the tetracycline inducible system is that if it is used to
generate a clonal cell line or a transgenic animal line that displays low
background expression and significant induction of the gene of interest, it often
requires the screening of a large number of individual cell clones or animals.
Potential reasons for this are that the tTA and rtTA proteins are mildly toxic, so
that cells expressing them at high levels have a growth disadvantage (Rossi and
Blau, 1998). Alternatively, this could be due to the repressive effect of multiple
homologous copies of a transgene within a concatameric array (Garrick et aL,
1998). Another drawback is that if the system is used to induce exogenous gene
expression in transgenic animals, tetracycline is deposited in bone so the rate of
disappearance is slow and the response of different organs to doxycycline
treatment varies, so that there are differences in the time-course of transgene
regulation and the dose of doxycycline required for induction (Saez et aL, 1997).

4.1.4 Modifications of the Tet-Off system
Swenarchuk et a l developed a modified tetracycline inducible vector system for
use in U937 cells (Swenarchuk et aL, 1999).

In this modification, the tTA gene was subcloned into the pREP4 vector
(Invitrogen) as shown in Fig 4.2A. The tTA gene is under the control of the
constitutive Rous Sarcoma Virus long terminal repeat (RSV LTR)
enhancer/promoter. This circumvents the problem of having a gene under the
control of the CMV promoter in the U937 cell line. Genes under the control of
the cytomegalovirus (CMV) immediate early (IE) promoter, which controls tTA
expression in conventional tetracycline inducible systems, cease to be expressed

155

B

PR9TRE-X
10400 bp
ON

0
Fig 4.2 The modified Tet-Off vectors that were used in U937 cells. (A) The pREP4 vector (Invitrogen) containing
the tTA gene under the control of the constitutive RSV promoter. (B) pR9TRE-X. This is a pREP9-based vector.
The RSV promoter was removed and the gene of interest is subcloned under the control of the PhcMv*-i promoter.

in stably transfected U937 cells after a few weeks and expression can only be
detected after culturing the cells with PMA (unpublished observations by R. Ley,
E. O’Sullivan and M. Hirako). Therefore, vectors of the conventional
tetracycline inducible system that were commercially available that use the CMV
IE promoter to drive tTA gene expression could not be used.

pREP4 also carries the Epstein-Barr Virus replication origin (oriP) and nuclear
antigen encoded by the EBNA-1 gene to permit extrachromosomal replication of
the plasmid (Yates et aL, 1985). There is a hygromycin B resistance gene for
selection of stable transfectants.

As shown in Fig 4.2B, the gene of interest under the control of PhCMv*-i (the
modified CMV promoter with the TRE (tetracycline response element) placed
upstream of a minimal CMV promoter that has had the upstream enhancer region
removed as described in section 4.1.3) is cloned into the pREP9 vector
(Invitrogen) after removal of the RSV promoter. Like pREP4, this plasmid also
carries the oriP and EBNA-1 gene but it has a neomycin resistance gene as the
selectable marker.

We used this modified Tet-Off system in U937 cells for the inducible expression
of FLAG-tagged HOXA7. The pREP4-tTA vector and the modified pREP9
vector that had the RSV promoter removed was a kind gift from Dr A. Cochrane.

4.1.5 Steps involved in using the Tet-Off system
An overview of the steps involved in using the Tet-Off system is shown in Fig
4.3.

The first step is to electroporate the tTA vector (pREP4-tTA) into the U937 cell
line. These cells are then selected in the presence of hygromycin to obtain stably
transfected cells. The cells are then sorted into single cells using the FACS
sorter and the clones expanded.
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Fig 4.3 An overview of the steps required for establishing the Tet-Off System.
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Each clone can be first screened for the expression presence of tTA by western
blotting using an anti-tTA antibody. The clones are then screened for the
presence of functional tTA by transient transfection with PhCMv*-i lue (see Fig
4.4A for vector map). This is a vector that carries the luciferase genes under the
control of PhCMv*-i. The level of luciferase expression in cells cultured in the
presence and absence of doxycycline is then compared. The criteria for a good
clone are that it has a low background of luciferase expression in the presence of
doxycycline and high levels of induction of luciferase expression in its absence.

Clones with a low background and high induction of luciferase expression are
expanded and the gene of interest under the control of PhCMv*-i is transfected into
the cells. Double stable cell lines expressing both tTA and the gene of interest
under the control of PhCMv*-i are selected with the appropriate antibiotics in the
culture media. These double stable cell lines are tested again for low background
and inducibility of the gene of interest in the absence of doxycycline and then
cloned using the FACS.
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Fig 4.4 The pUHC-13-3 (PhCMvil"c) vector that was used to screen for tTA clones (A) and pcDNA3.1 (B) that
was used to clone the FLAG-tagged HOXA7 as a positive control.

4.2 Results
4.2.1 pMEP4 system
As our group had previous experience of the pMEP4 system for the purpose of
inducing gene expression in U937 cells, this system was tested in the U937 cells
available in the laboratory. U937 cells were electroporated with the empty
pMEP4 vector (referred to as pMEP4 cells) and hygromycin-resistant stable
transfectants were selected. Untransfected U937 cells and pMEP4 cells were
cultured in the presence of 1,5, 10 or 20|iM of cadmium chloride, the inducing
agent required for the induction of the MTIIa promoter in this vector. The
concentration of cadmium chloride that is required for the induction of gene
expression is between 10 and 20p.M (Brown et aL, 1997; Hewison et aL, 1994;
Hewison et aL, 1996). An MTS assay was used to assess the viability of the cells
cultured with cadmium chloride. This is a colorimetric assay that produces an
absorbance at 490nm that is proportional to the number of cells present. Fig 4.5
shows the standard curve for the absorbance of MTS. A range of numbers of
cells were resuspended in lOOpl of R P M I1640 media, placed in a 96-well plate
and the absorbance of MTS was measured.

When U937 cells and pMEP4 cells were cultured in the presence of cadmium
chloride, there was reduced cell growth seen with concentrations of 5fxM and
above as indicated by the reduced absorbance in comparison to cells grown in the
absence of cadmium chloride (Fig 4.6). With 20|iM cadmium chloride, there
was no increase in the absorbance over the 72 hour time period, indicating that
there was no increase in cell number, i.e. no cell growth. Therefore, we could
not use the pMEP4 system in U937 cells.

4.2.2 Transfection of pREP4-tTA into the U937 cell line
As the U937 cells available in our laboratory were sensitive to cadmium
chloride, another inducible gene expression system was required. The
tetracycline inducible gene expression system was used.
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Fig 4.5 Standard curve for the absorbance of the MTS assay. Known
numbers of cells were plated in 96-well plates and the absorbance of the
MTS was measured. This is a representative curve. The absorbance in the
experiments used are all between 0.3 and 2.3 which is in the approximately
linear range. The error bars represent mean ± SEM (n=3)
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Fig 4.6 MTS assay of cadmium chloride-treated U937 cells (A) and
U937 cells with empty pMEP4 vector (B). Cells were treated with 0, 1,5,
10 and 20 pM of cadmium chloride for 24, 48 and 72 hours and the
absorbance of MTS was measured. The mean ± SEM of the value obtained
from triplicate wells from a representative experiment are plotted on this
graph.
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pREP4-tTA was electroporated into U937 cells, and stable transfectants were
selected by the addition of hygromycin to the media. Anti-tTA
immunofluorescence was performed to determine whether tTA was expressed in
the stably transfected cells (Fig 4.7). The nuclei were visualised in blue by
staining with DAPI. Positive cells that were fluorescent green could be seen
under the fluorescent microscope. The percentage of fluorescent cells was 18%
out of 300 cells that were counted. Controls where only the secondary antibody
was used showed that there was no non-specific binding of the secondary
antibody. Another control using untransfected U937 cells showed that the
primary antibody was specific to tTA. To obtain clones from the heterogeneous
population of tTA transfected cells, the cells were sorted into single cells in a 96well plate using the FACS sorter and the clonal populations were expanded.

4.2.3 Screening of inducible tTA clones
At first, we attempted to screen the clones that expressed tTA by western blotting
with an anti-tTA antibody. tTA expression was not detectable in any of the
clones that were tested (data not shown). Unfortunately there was no positive
control for the tTA protein available so we could not be certain that the western
had been successful. Gossen and Bujard (Gossen and Bujard, 1992) have
reported that the tTA protein is barely detectable by western blotting although
enough of the protein is expressed for induction of transcription. It is possible
that higher levels of expression are toxic to the cells (Shockett et aL, 1995).

Therefore, we decided to transiently transfect a PhCM v*-i-luciferase construct (Fig
4.4) into the tTA clones and compare the luciferase activity before and after the
withdrawal of doxycycline. This is a functional test for tTA expression. The
clones that would be most useful would be the ones that had a low background of
luciferase expression in the presence of doxycycline and high levels of induction
of luciferase expression in the absence of doxycycline.

Over a 100 clones were transiently transfected with the PhCMv*-1 -luciferase
construct together with a Renilla luciferase vector by electroporation. The
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pREP4-tTA cells with
primary + secondary
antibody

pREP4-tTA cells with
secondary antibody
only

Untransfected U937
cells with primary and
secondary antibody

Fig 4.7 Anti-tTA immunofluorescence on U937 cells that have been
stably transfected with the pREP4-tTA construct. A mouse anti-tTA
primary antibody and an anti-mouse Ig-FITC secondary antibody was used.
Nuclei were stained with DAPI. Negative controls using (i) secondary'
antibody alone on tTA-transfected cells and (ii) primary and secondary
antibody on untransfected cells were performed in parallel.
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Renilla luciferase vector allows the normalisation of luciferase reading to the
amount of DNA that entered each cell. The cells were split into two flasks, one
with and one without doxycycline. After 48 hours, the cells were harvested and
luciferase activity was assayed. Fig 4.8 shows representative luciferase assays
from five clones.

The induction of luciferase ranged from 1.2 to 9-fold. This induction is
considerably lower than in other cell lines. For example, a Jurkat-tTA cell line
transfected at the same time showed induction of luciferase of up to 150-fold
(data not shown). It is possible that higher levels of luciferase induction would
have been obtained if the

P h c M v * -i-lu c

vector was stably transfected. However,

since we obtained a 9-fold induction of luciferase activity in one clone (Fig 4.8,
clone 47) and a 3.5-fold induction in another (clone 2), this was taken as an
indication that it was possible to detect highly inducible clones. Therefore, we
proceeded with transient transfections with the PhCMv*-i-luc vector.

4.2.4 Cloning and transfection of pREP9-HOX A7-FLAG into the U937 tTA
cells
Twenty tTA clones that had the highest levels of luciferase induction ranging
from 1.2- to 9-fold were selected.

H 0XA7 cDNA with a FLAG tag at the C- terminus was cloned under the control
of PhCMv*-i in the pREP9TRE vector (see Fig 4.2B) to give the pR9TRE-A7FLAG shown in Fig 4.9C.

The H 0XA7 cDNA was amplified by RT-PCR from RNA prepared from U937
cells using the forward primer 5’- ggg gaa ttc atg agt tct teg tat tat gag - 3’ and
reverse primer 5’ - ggg gga tec tga_ctt-&t£-atc_gtC-gtC.£ttgta.8tC.ttc etc etc gtc
ttc etc - 3’. The forward primer incorporated an EcoRI restriction site (gaajttc)
and the reverse primer incorporated a BamHI restriction site (ggajçç), a FLAG
tag (ctt gtc atc_gtc_gtc_ctt^a^c) and a stop codon (tga) in between. As there
were no commercial anti-H0XA7 antibodies available when this project started,
we placed a FLAG epitope tag at the C terminus of the gene to enable the
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Fig 4.8 L u c ife ra se assa y o f tT A -tra n s fe c te d U 937 cells. To identify
clones that have a low background and high inducibility of TRE, a PhCMv*1-luciferase construct was transiently transfected into these clones which
were then cultured in media both with and without doxycycline and assayed
for luciferase expression (expressed as Relative Light Units, R.L.U.). The
values were normalised for Renilla luciferase expression and expressed as
the mean ± SEM (n=3).
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Fig 4.9 The pUHDlO-3 vector used for the cloning of HOXA7 and the HOXA7 vectors that were cloned.
(A) The pUHDlO-3 vector constructed by Gossen and Bujard (1992 and 1995) (B) pREP9A. (C) pR9TRE-A7FLAG.
This is a pREP9-based vector. The RSV promoter was removed and HOX A7-FLAG was subcloned under the control
of the PhCMv*-i promoter. (D) pcDNA3.1-H0XA7-FLAG which was used to transfect Cos? cells to express FLAGtagged H0XA7 protein as a positive control.

induced protein to be detected by western blotting. The pUHDlO-3 vector (Fig
4.9A) and the amplified H 0XA7 cDNA were digested with the EcoRI and
BamHI restriction enzymes and the cDNA was cloned into the vector. This
placed the FLAG-tagged H 0XA7 downstream of the TRE. The TRE-HOXA7FLAG construct was cut from this vector using the Xhol and BamHI restriction
enzymes and cloned into the pREP9A vector (Fig 4.9B) which was also cut with
the same two restriction enzymes to give pR9TRE-A7-FLAG (Fig 4.9C). This
plasmid has the FLAG-tagged H 0XA7 under the control of TRE.

At the same time, for the purpose of checking that the construct is capable of
expressing the FLAG-tagged HOXA7 protein, HOXA7-FLAG was cloned into
the pcDNAS.l vector (Fig 4.4B). The pR9TRE-A7-FLAG plasmid was digested
with the EcoRI and BamHI restriction enzymes and ligated into the pcDNAS.l
which was digested with the same restriction enzymes. This placed the H0XA7FLAG construct under the control of a constitutive CMV promoter and the
plasmid was named pcDNAS.l-HOXA7-FLAG (Fig 4.9D).

As shown in Fig 4.10, the sequence of the HOXA7-FLAG gene was verified by
sequencing and alignment to a published HOXA7 sequence, GenBank accession
number AJ005814.

The pR9TRE-A7-FLAG construct was transfected into the U9S7-tTA clones by
electroporation. After 48 hours, G418 and hygromycin were added together for
selection of stable transfectants.

Only two out of the 20 tTA clones transfected with the pR9TRE-A7-FLAG
construct survived the selection with G418. These two heterogeneous
populations of cells will be referred to as “mixed population 1 (MPI)” and
“mixed population 2 (MP2)”.

The expression of the FLAG-tagged HOXA7 protein in MPI and MP2 cells with
and without doxycycline was investigated by western blotting. As we are using
the Tet-Off system, we hoped to see no expression of the protein in the presence
of Ipg/ml of doxycycline (highest concentration recommended in the Clontech
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Fig 4.10 HOXA7-FLAG (top ) aligned to HOXA7 GenBank accession no.
AJ005814 with FLAG sequence (bottom).
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Tet-Off and Tet-On Gene Expression Systems User Manual) and induction of
protein expression when doxycycline was removed.

In both MPI and MP2, there was constitutive expression of FLAG-tagged
H0XA7 protein in the presence of doxycycline (Fig 4.11). There were similar
levels of FLAG-tagged HOXA7 protein expression in the presence of
doxycycline (lane 1), and 24 hours (lane 2), 48 hours (lane 3), 72 hours (lane 4)
and 96 hours (lane 5) after doxycycline withdrawal. The size of this protein was
approximately 37kDa as estimated from the protein markers. A positive control
(Cos7 cells transfected with pcDNA3-H0X A7-FLAG, see Fig 4.9D) was run
alongside the MPI lysates. The negative control was U937 tTA cells stably
transfected with an empty pREP9 vector with PhCMV*-i replacing the RSV
promoter. There is a faint band detectable in the negative control lane (Fig 4.11
MPI lane 1) as well as below all the HOXA7-FLAG bands which are non
specific bands.

Constitutive expression in the presence of doxycycline could be the result of the
doxycycline not being active for some reason (e.g. freeze-thawed too many
times) or if the concentration was incorrect. Different aliquots of doxycycline
that had already been tested in the Tet system were also used to see if it was a
problem with the doxycycline. Constitutive expression was seen with all the
different doxycyclines tested. It is also possible that MPI and MP2 are a mixture
of cells, some with constitutive expression and some without. Therefore we
cloned these cells to obtain ones that had no constitutive expression and were
inducible for FLAG-tagged H0XA7 protein expression. Single cells were
placed into each well of a 96-well plate using the FACS sorter and clonal
populations were expanded.

Clones of MPI and MP2 were screened for FLAG-tagged HOX A7 expression
by western blotting with an anti-FLAG antibody. The clones that we were
looking for were ones that had a low background of FLAG-tagged HOX A7
expression in the presence of doxycycline in the media and high levels of
induction of FLAG-tagged H0XA7 protein expression when doxycycline was
removed.
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The majority of clones were found to have leaky expression of FLAG-tagged
HOXA7 in the presence of doxycycline. However, two clones were found to
have no leaky expression of FLAG-tagged HOX A7 in the presence of
doxycycline but had inducible expression when it was removed from the culture
media (Fig 4.11 clones 4 and 22). The anti-FLAG western shows that in the
presence of doxycycline there is no detectable expression of FLAG-tagged
HOXA7 protein in these two clones and that 24 hours (lane 2), 48 hours (lane 3)
and 72 hours (lane 4) after doxycycline withdrawal, the FLAG-tagged H0XA7
was detected.

4.2.5 FLAG-tagged HOXA7 expression in PMA-treated cells
For every experiment that was set up, the doxycycline was withdrawn for 24
hours before the addition of PMA or DMSO as a control. An aliquot of cells
were taken each time an experiment was set up to confirm the induction of
FLAG-tagged HOXA7 protein.

As the purpose of establishing a H0XA7-inducible system in U937 cells was to
maintain HOXA7 expression during differentiation of the cells by treatment with
PMA, it was necessary to confirm that FLAG-tagged HOXA7 expression was
maintained during PMA treatment of these cells.

M PI, MP2 and clones 4 and 22 were treated with either PMA, or DMSO as a
control for 24 hours, 48 hours or 72 hours. The expression of FLAG-tagged
HOXA7 protein was analysed by anti-FLAG western blotting. As shown in Fig
4.12, this confirmed that the FLAG-tagged HOXA7 protein was expressed after
24 hours of doxycycline withdrawal and continued to be expressed in M PI, MP2
and clones 4 and 22 during treatment with PMA or DMSO for 24,48 and 72
hours. There are numerous bands above and below the HOXA7-FLAG band
indicated by the arrow. These are non-specific bands.
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Fig 4.11 Induction of FLAG-tagged HOXA 7. Expression of FLAG-tagged
HOXA7 \n mixed population (MP) 1, 2, clones 4 and 22, before and after
doxycycline withdrawal from the culture media was analysed by western blotting
with anti-FLAG antibody. “Vec” indicates a lane with lysates from a empty
vector-transfected control. Lane 1 - lysates from cells cultured in the presence of
doxycycline, lanes 2-5 are cells cultured in the absence of doxycycline for
various lengths of time - 24 hours (2), 48 hours (3), 72 hours (4), 96 hours (5).
The positive control is a lysate prepared from Cos? cells transfected with a
pcDNA3.1-HOX A7-FLAG construct. An anti-tubulin western was performed
on the same blot to assess the quantities of protein that were loaded.
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Fig 4.12 Expression of FLAG-tagged HOXA7 protein in mixed
population (MP) 1 and 2, clones 4 and 22 treated with PMA or DMSO.
Anti-FLAG western blotting was performed on lysates prepared from cells
cultured in the presence of PMA or DMSO for 24,48 and 72 hours. Arrows
indicate the band for FLAG-tagged HOX A7. Lane 1 - cells after 24 hours of
doxycycline withdrawal, lanes 2-4 are cells cultured in the presence of PMA
for 24 hours (2), 48 hours (3) and 72 hours (4), lanes 5-7 are cells cultured in
the presence of DMSO for 24 hours (5), 48 hours (6) and 72 hours (7). Lane
8 is a positive control for HOXA7-FLAG which is a lysate from Cos7 cells
transfected with a pcDNA3.1H0XA7-FLAG construct. An anti-tubulin
western was performed on the same blot to assess the quantities of protein
that were loaded. The arrows indicate the H0XA7-FLAG band.
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4.3 Discussion
As cadmium chloride, the inducer required for the pMEP4 system, resulted in
inhibition of cell proliferation, we looked for other regulatable promoter systems
for use in U937 cells. The tetracycline regulatable system was chosen and an
inducible gene expression system was successfully established in U937 cells.
FLAG-tagged H0XA7 protein was constitutively expressed in two
heterogeneous populations of cells, MPI and MP2, while clones 4 and 22
showed no leaky expression of FLAG-tagged H0XA7 in the presence of
doxycycline in the media but had inducible expression when doxycycline was
withdrawn.

As mentioned by Rossi (1998), a large number of clones had to be screened
(approximately 150) to obtain the two clones with inducible FLAG-tagged
HOXA7 expression. We could not detect tTA expression by western blotting
either although it was detectable by inununofluorescence with an anti-tTA
antibody. Gossen and Bujard (1992) also reported that the tTA protein is barely
detectable by western blotting even if enough of the protein is expressed for
induction of transcription.

With increasing numbers of cell lines that are conunercially available with stably
transfected tTA or itTA that have also been tested for high induction of a reporter
gene, it is possible to shorten the time it takes to establish a tetracycline inducible
system. tTS, tetracycline-controlled transcriptional silencer, has also been
developed (Freundlieb et aL, 1999). This is a fusion between the tetracycline
repressor (TetR) protein and the KRAB (Kruppel-associated box)-AB domain of
the Kid-1 protein, a zinc finger-containing protein found in the rat kidney. In the
absence of doxycycline, tTS binds to tetO sequences of TRE, and prevents gene
expression. tTS actively represses transcription of genes. In the presence of
doxycycline, the system switches from one that is actively silenced by tTS to one
that is induced by rtTA. This has been shown to reduce the background
expression levels in the Tet-On system (Freundlieb et aL, 1999).
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4.4 Conclusions
A tetracycline regulatable system to induce FLAG-tagged H0XA7 expression
was successfully established in U937 cells. FLAG-tagged H0XA7 protein was
constitutively expressed in two heterogeneous populations of cells, MPI and
MP2. Clones 4 and 22 showed no leaky expression of FLAG-tagged H0XA7 in
the presence of doxycycline in the media but had inducible expression when
doxycycline was withdrawn.

177

5 Cell Cycle Analysis of U937 Cells
Overexpressing HOXA7
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5.1 Introduction
In order to ascertain whether maintenance of H0XA7 expression affected U937
differentiation, the changes associated with PMA treatment of U937 were
separated into effects associated with the cell cycle and proliferation and effects
associated with the differentiation of U937 cells (Fig 5.1). Both these changes
occur concurrently, but growth arrest of haematopoietic precursor cells is
insufficient to induce differentiation (Kiyokawa et aL, 1993; Yen and Forbes,
1990).

The aim of the work in this chapter was to investigate whether H0XA7
overexpression during PMA-induced U937 differentiation affects the cell cycle.

5.1.1 Cell cycle regulators and haematopoiesis
The cell cycle is the sequence of events that results in the division of the cell
(Lewin, 1994). The cycle is divided into a number of phases. Go is the non
cycling state, Gi is the phase when RNA and protein is synthesized and the cell
monitors its environment before committing to DNA replication, S phase is when
DNA replication occurs, and Gz is the gap in the cell cycle between the S and the
M phase, which allows the cell to ensure that DNA replication is complete. M
phase is the period of actual cell division, corresponding to mitosis. The
progression of eukaryotic cells through the cell cycle is mediated by sequential
activation and inactivation of cyclin-dependent kinases (CDKs), which are a
family of serine/threonine protein kinases (Morgan, 1995). Monomeric CDKs
have low protein kinase activity and they require binding of regulatory subunits
termed cyclins to become activated.

Fig 5.2 shows the cell cycle control mechanism pertinent to haematopoiesis.
Haematopoietic stem cells are thought to be primarily in the Go phase of the cell
cycle (Steinman, 2002). The pl30-E2F4 complex may be essential to maintain
haematopoietic stem cell quiescence (Mayol et a i, 1996). When quiescent cells
enter the cell cycle, genes that encode the D-type cyclins are induced in response
to mitogenic signals (Sherr and Roberts, 1999). The predominant D cyclins in
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Fig 5.2 The cell cycle control mechanism pertinent to haematopoiesis. The numbers in the green square represent
cyclin dependent kinases (cdks), the orange squares represent the cyclins and the pink circles represent the cdk
inhibitors (cdki). This figure was taken from Steinman, 2002.

haematopoietic cells are D2 and D3 (Steinman, 2002). Cyclin D complexes with
cdk4 and cdk6 as cells progress through the Gi phase, which is the initial step of
CDK activation (Sherr and Roberts, 1999). The complex then enters the nucleus,
and becomes phosphorylated by a CDK-activating kinase (CAK) before it is able
to phosphorylate protein substrates. The cyclin D/cdk6 and cyclin D/cdk4
complexes phosphorylate Rb during mid-Gi, cyclin E/cdk2 complexes then
become active and phosphorylates Rb on additional sites in late Gi. This leads to
the release of E2F from the repressive Rb-E2F complex, which leads to
activation of genes by E2F that encode proteins required for entry into S phase,
such as cyclins A and E. The cyclin A/cdk2 complex then becomes activated
and together with the cyclin E/cdk2 complex, is required for the Gi/S transition.
Cyclin A/cdkl (cdc2) and cyclin B/cdkl complex promote the onset of mitosis
(not shown in Figure 5.2) (Arellano and Moreno, 1997).

The activities of the cyclin/cdk complexes are opposed by the activity of cdkinhibitors (CKIs) (Vidal and Koff, 2000). These are grouped into two gene
families, Ink4 and Cip/Kip, according to their structural similarities. The Ink4
family (for inhibitor of cdk4 family) consist of pl6^^"^^, pl5^^"^^, p i a n d
pl9iNK4d They can all inhibit cyclin D-associated kinase activity, generally by
competing with cyclins for binding to the cdks. The Cip/Kip family consists of
p21^^\ p27™’^ and p57™^ that can bind to cdk4 and cdk2 complexes. They act
preferentially on cdk2 complexes in vivo. An additional role of the Cip/Kip
family genes is to promote the cyclin D/cdk4 complex assembly (LaBaer et aL,
1997).

p21 has been implicated as the CKI that plays the predominant role in
maintaining haematopoietic stem cell quiescence (Steinman, 2002). This role in
maintaining cell quiescence is thought to be the result of the ability of p21 to
disrupt cdk2 away from pl30-E2F4 complexes, and thereby maintaining stable
pl30-E2F4 association required for the Go state. On the other hand, p21 is also
highly expressed in replicating haematopoietic progenitor and precursor cells.
This could be a result of p21 being sequestered away from cdk2, or of the
binding of additional proteins that can sustain the p21-cdk complex activity
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(Cheng et aL, 1999; Estanyol et aL, 1999). p27 is thought to provide a
checkpoint for progenitor cell expansion.

5.1.2 HOX genes and cell cycle
HOX genes have generally been found to be predominantly expressed at high
levels in haematopoietic progenitor cells and at lower levels in more committed
cells (see section 1.1.7). They show a temporal and lineage specific expression
that suggests that they are involved in the control of haematopoietic development
and differentiation.

In U937 cells, HOXAIO protein over-expression leads to an increase in GDI lb
and CD 14 positive cells, both of which are markers of monocyte/macrophage
differentiation, and also to Gi arrest (Bromleigh and Freedman, 2000). HOXAIO
protein was found to have a very strong inductive effect on the p21 promoter,
and putative HOXAIO binding sites were also found in the p21 promoter.
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5.2 Results
5.2.1 Cell proliferation
U937 cells induced to differentiate with PMA show a decrease in proliferation.
One aspect of differentiation that could be inhibited by maintaining H 0XA7 gene
expression during PMA treatment is the proliferation of these cells. To
determine if there are any effects on cell proliferation, the MTS assay was used.
The MTS assay is a colorimetric assay that can be used to assay for the number
of viable cells in culture (see chapter 4, section 4.2.1). There is a linear
relationship between the absorbance of the reagent at 490nm and the number of
viable cells in culture.

The proliferation of U937 cells, of control cells electroporated with empty vector
(termed ‘vector’ cells), of the two heterogeneous populations of U937 cells
expressing FLAG-tagged HOXA7 protein (MPI and MP2), and of the two
FLAG-tagged HOXA7-inducible clones (clone 4 and clone 22) were analysed in
the presence or absence of doxycycline and PMA. For the induction of FLAGtagged HOXA7 protein, the cells were washed in serum-free medium and
resuspended in R P M I1640 medium without doxycycline for 24 hours. At this
point, PMA was added to the culture medium and the cells were then analysed
24, 48 and 72 hours after the addition of PMA. At each time point, the cells were
analysed in triplicate and the absorbance of MTS at 490nm was measured. The
absorbance of untreated cells either in the presence or absence of doxycycline
was taken as 100% and the absorbances at 24, 48 and 72 hours were expressed as
a percentage of the absorbance of untreated cells. All the experiments were
repeated three times. The results are shown in Figures 5.3 to 5.7.

The results for the MTS assay of U937 cells cultured in the presence and absence
of PMA and doxycycline are shown in Fig 5.3. When U937 cells were cultured
without PMA, the cells proliferated and increased in number over the time period
examined as indicated by the increase in absorbance. The percentage increase in
the absorbance of MTS at these time points was similar in the presence of
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doxycycline. A Student’s t-test (unpaired, 2-tailed) showed that there were no
statistically significant differences between the absorbance of MTS in the
presence and absence of doxycycline.

When PMA was added to the medium at a concentration of lOng/ml, there was
hardly any increase in absorbance between the 24 and 72 hour time points. This
indicates that the rate of increase in cell number (i.e. cell proliferation) was
reduced in the presence of PMA. The percentage increase in absorbance seen in
the cells cultured in the presence of both PMA and doxycycline was similar to
that seen in the absence of doxycycline. The presence of doxycycline did not
appear to affect the reduction in cell proliferation following PMA treatment.
Again, the Student’s t-test showed that there were no statistically significant
differences between the absorbances after PMA treatment with and without
doxycycline.

Fig 5.4 shows the result of the MTS assay of U937 cells electroporated with an
empty vector as a control and of the heterogeneous population of cells (MPI)
expressing FLAG-tagged HOXA7 protein. MPI cells expressed the FLAGtagged HOXA7 protein constitutively both in the presence and absence of
doxycycline (see Chapter 4, section 4.2.4). Therefore, to analyse the effect of
overexpressing HOXA7 protein expression during PMA-induced differentiation,
MPI cells with doxycycline need to be compared to the empty vector control
with doxycycline, and MPI cells without doxycycline need to be compared to the
empty vector controls without doxycycline. The control cells cultured with
doxycycline showed an increase in absorbance over time. MPI cells treated with
doxycycline also showed an increase in absorbance over time. There were no
statistically significant differences between the absorbances of these two
populations at each time point.

Empty vector control cells and MPI cells cultured in the absence of doxycycline
showed increased absorbance over time. There were no statistically significant
differences between absorbances of the two populations. Therefore, the
expression of FLAG-tagged HOX A7 protein did not affect the proliferation of
MPI cells in the absence of PMA.
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When the control cells electroporated with empty vector or MPI cells were
cultured in the presence of PMA, there was a smaller increase in cell
proliferation in comparison to cells cultured in the absence of PMA, reflected by
the lower MTS absorbance. There were no statistically significant differences
between any of the absorbance of these two populations.

A similar picture was seen with PMA-treated empty vector control cells and MPI
cells grown without doxycycline. There were no statistically significant
differences between the absorbance at each of the time points between these two
populations. These results indicate that H0XA7 overexpression in the presence
of PMA in MPI cells did not affect the decrease in cell proliferation.

Fig. 5.5 shows the MTS absorbance of the other heterogeneous population of
cells, MP2, in the presence and absence of doxycycline and PMA. MP2 cells
have constitutive overexpression of FLAG-tagged HOXA7 protein both in the
presence and absence of doxycycline (see Chapter 4, section 4.2.4). The
absorbances of MP2 cells were compared to the corresponding absorbances of
the empty vector controls. The MTS absorbance of MP2 cells grown in the
presence or absence of PMA was significantly lower at the 72 hour time point
than in the empty vector controls (P<0.01) as indicated by the two asterisks in
Fig 5.5. There were no other significant differences in the behaviour of vector
control cells and MP2 cells.

The results of the MTS assay of empty vector controls and clone 4, which has
regulatable FLAG-tagged H0XA7 protein expression (see Chapter 4 section
4.2.4) is shown in Fig. 5.6. In the presence of doxycycline there is no expression
of the HOXA7 protein but expression is induced when the doxycycline is
withdrawn from the culture medium. Therefore, the absorbances between the
same cells with and without doxycycline can be compared directly to assess the
effect of HOXA7 expression during the PMA-induced differentiation of these
cells. There were no statistically significant differences between the behaviour
of vector control cells and clone 4 cells in the presence or absence of
doxycycline. This indicates that H0XA7 overexpression did not affect the
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proliferation of U937 cells in this clone. Similar results were obtained for clone
22 cells (Fig 5.7).
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Fig 5.3 Proliferation of U937 ceils cultured in the presence or absence of PMA
or doxycycline. An MTS assay was performed to measure the number of viable
cells at various time points after addition of PMA. The absorbance of MTS was
measured at 490nm and the values at 24,48 and 72 hours were expressed as a
percentage of the value of untreated cells. The graph shows the mean ± SEM (n=3)
of an experiment performed in triplicate.
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Fig 5.4 Proliferation of vector control cells and MPI cells cultured in
the presence or absence of PMA or doxycycline. An MTS assay was
performed to measure the proliferation of the cells at various time points
after addition of PMA. The absorbance of MTS was measured at 490nm and
the values at 24, 48 and 72 hours were expressed as a percentage of the
value of untreated cells. The graph shows the mean ± SEM (n=3) of an
experiment performed in triplicate.
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Fig 5.5 Proliferation of vector control cells and MP2 cells cultured in the
presence or absence of PMA or doxycycline. An MTS assay was performed to
measure the proliferation of the cells at various time points after addition of PMA.
The absorbance of MTS was measured at 490nm and the values at 24, 48 and 72
hours were expressed as a percentage of the value of untreated cells. The graph
shows the mean ± SEM (n=3) of an experiment performed in triplicate. The two
asterisks indicate a statistically significant difference (P<0.01).
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Fig 5.6 Proliferation of vector control cells and clone 4 cells cultured in
the presence or absence of PMA or doxycycline. An MTS assay was
performed to measure the proliferation of the cells at various time points after
addition of PMA. The absorbance of MTS was measured at 490nm and the
values at 24, 48 and 72 hours were expressed as a percentage of the value of
untreated cells. The graph shows the mean ± SEM (n=3) of an experiment
performed in triplicate.
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Fig 5.7 Proliferation of vector control cells and clone 22 cells cultured in the
presence or absence of PMA or doxycycline. An MTS assay was performed to
measure the proliferation of the cells at various time points after addition of PMA.
The absorbance of MTS was measured at 490nm and the values at 24, 48 and 72 hours
were expressed as a percentage of the value of untreated cells. The graph shows the
mean ± SEM (n=3) of an experiment performed in triplicate.
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5.2.2 Cell cycle profile
During mitosis, cells go through the Gi, S, G2 and M phase to replicate their
DNA and divide. Propidium iodide (PI) is a fluorophore that intercalates
between the bases in double-stranded nucleic acids (Ormerod, 1994). The DNA
content of cells in G2 and M are double that of the cells in Go and Gi, and the
cells in S phase have a DNA content that lies in between these extremes.
Therefore, when the DNA in these cells is stained with PI, each cell will
fluoresce at a different intensity depending on the amount of DNA within it.
SubGi cells are cells with a DNA content of less than 2n, which is the normal
amount of DNA in cells, and therefore these are dead cells. These are not
necessarily apoptotic cells, as cells that have died by necrosis or mechanically
damaged cells also display a subGl peak. Cells can be assigned to a particular
phase of cell cycle based on DNA content as defined by fluorescent intensity.
The Pl-stained cells can be sorted according to their fluorescent intensities and
plotted on a graph to give the cell cycle profile for that particular cell population.
It is important to ensure that only single cells are analysed as cell aggregates will
result in additional peaks in the histogram and interfere with the peaks from the
single cells. Fig. 5.8 is a representative dot plot of forward scatter against PI
fluorescence intensity from one of the experiments to show that single cells have
been gated for analysis of the cell cycle.

U937 cells that are induced to differentiate with PMA treatment undergo a G l
arrest (Hass et aL, 1989). One of the ways in which H 0XA7 overexpression
could inhibit differentiation would be to allow the U937 cells to carry on
proliferating after PMA treatment. Therefore, the cell cycle profile of MPI,
MP2, clone 4 and clone 22 cells before and after PMA treatment was studied by
PI staining and analysis of the cells by FACS. The results of representative
experiments are shown in Fig 5.9 to Fig 5.15. The results of three independent
replicates of each experiment are shown in Table 5.1.
Fig.5.9 shows the cell cycle profile of untransfected U937 cells grown in the
presence or absence of doxycycline and treated with PMA for 24, 48 and 72
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hours. The G% arrest observed in response to PMA treatment correlates with
previously published results (Hass et aL, 1989). As shown in Fig 5.9 and Table
5.1, there were no statistically significant differences between the cell cycle
profiles of U937 cells cultured in the presence and absence of doxycycline.

Fig 5.10 shows the cell cycle profile of U937 cells treated with DMSO alone in
the presence and absence of doxycycline as a vehicle control. DMSO alone had
no effect on the cell cycle profile of these cells.

The cell cycle profiles of mixed populations MPI and MP2 were studied next.
These heterogeneous populations of cells expressed similar levels of the FLAGtagged H0XA7 protein both with and without doxycycline (see chapter 4,
section 4.2.4) so cells cultured in the presence of doxycycline could not be used
as controls in this case. Therefore, the cell cycle profiles of MPI and MP2 cells
grown in the absence of doxycycline were compared to the cell cycle profile of
empty vector controls cells, and the cell cycle profiles of MPI and MP2 cells
grown in the presence of doxycycline were compared to that of empty vector
control cells grown in the presence of doxycycline. Fig 5.11 and Table 5.1 show
the cell cycle profiles of M PI, MP2 and empty vector control cells cultured in
the presence of doxycycline. Statistically significant differences in the behaviour
of MPI and MP2 cells in comparison to the empty vector control cells are
indicated by asterisks. The percentage of untreated MP2 cells in subGi was
significantly higher than controls (P<0.05). The percentage of untreated MPI
cells in G% was significantly lower than controls (P<0.05). The percentage of
MP2 cells in Gi after 24, 48 or 72 hours of PMA treatment was significantly
lower than controls (P<0.05). The percentage of MP2 cells in S phase after 72
hours of PMA treatment was significantly higher than controls (P<0.05). There
were no statistically significant differences in the percentages of cells in Gz/M
phase. In the G2/M region of the histogram for MP2 cells, a slightly lower peak
was observed than for MPI or U937 cells. This may have been due to cell death
of the cells in G2/M, which have started to lose their DNA, resulting in a shift in
the histogram to the left. This may be the reason why the percentage of MP2
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cells in S phase after 72 hours of PMA treatment is significantly higher than
controls.

Fig 5.12 shows the cell cycle profiles of MPI, MP2 and the empty vector control
cells grown in the absence of doxycycline. Statistically significant differences in
the behaviour of MPI and MP2 cells in comparison to empty vector control cells
are indicated by asterisks. The subGi population of untreated MP2 cells was
significantly larger than controls (P<0.01). The percentage of cells in Gi was
significantly lower for MPI cells at the 24 and 48 hour time points as well as for
MP2 cells at the 24 hour time point (P<0.05). The percentages of MP2 cells in S
phase cells at the 24 and 72 hour time points were also significantly higher
(P<0.05). There were no significant differences in the percentages of cells in
Gi/M. Again, the G2/M peak of the MP2 cells after PMA treatment had shifted
slightly to the left, which may have been due to cell death occurring in cells in
the G2/M phase.

Fig 5.13 shows the cell cycle profiles of empty vector control cells grown in the
presence or absence of doxycycline. No significant differences were found with
the exception that withdrawal of doxycycline resulted in a significantly higher
percentage of cells being found in S phase after 48 and 72 hours of PMA
treatment (P<0.01).

Cells of clone 4 and clone 22 have regulatable FLAG-tagged HOXA7 protein
expression. In the presence of doxycycline there is no detectable FLAG-tagged
HOXA7 protein expression. When doxycycline is withdrawn from the media,
protein expression is induced. The percentage of cells in each phase of the cell
cycle could therefore be compared directly between the cells grown with and
without doxycycline.

Fig 5.14 and Fig 5.15 show the cell cycle profiles of clone 4 and clone 22 grown
in the presence and absence of doxycycline. Removal of doxycycline resulted in
significantly higher percentage of clone 4 cells in subGi at the 48 and 72 hour
time points (P<0.05) and of clone 22 cells in sub Gi at the 72 hour time point
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(P<0.01). There were no significant differences in the percentages of cells in Gi.
The percentage of cells in S phase at the 72 hour time point was significantly
higher in clone 4 cells following doxycycline withdrawal, but the empty vector
controls at this time point also had a significantly higher percentage of cells in S
phase following doxycycline withdrawal. The possibility that the observed effect
was due to doxycycline withdrawal could therefore not be excluded. There were
no significant differences in the percentage of cells in G2/M.
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Fig 5.8 A dot plot to show that single cells were gated for cell cycle
analysis after staining with propidium iodide (PI). (A) Dot plot to
show the forward scatter (x-axis) and side scatter (y-axis). (B) DNA
content is on the x-axis and the peak fluorescence intensity is on the y-axis.
95.5% of cells were gated here.
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Fig 5.9 Cell cycle analysis of untransfected U937 cells. U937 cells were
cultured in the presence or absence of doxycycline, treated with PMA for 24,
48 or 72 hours and stained with PI for analysis of the cell cycle.
Representative histograms are shown. Peaks B, C, D and E represent subGj,
G;, G 2/M and S phase cells, respectively.
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Fig 5.10 Cell cycle analysis of untransfected U937 cells treated with
DMSO as a vehicle control. U937 cells were cultured in the presence or
absence of doxycycline, treated with DMSO for 24, 48 or 72 hours and
stained with PI for analysis of the cell cycle. Representative histograms
are shown Peaks B, C, D and E represent subG,, G,, GjfM and S phase
eells, respectively.
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Fig 5.11 Cell cycle analysis of empty vector controls, M PI and MP2 in the
presence of doxycycline. Empty vector controls, MPI and MP2 were
cultured in the presence of doxycycline, treated with PMA for 24, 48 or 72
hours and stained with PI for analysis of the cell cycle. The asterisks indicate
a statistically significant difference. Representative histograms are shown
Peaks B, C, D and E represent subGj, G,, G2/M and S phase cells, respectively.
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Fig 5.12 Cell cycle analysis of empty vector controls, MPI and MP2 in the
absence of doxycycline. Empty vector controls, MPI and MP2 were cultured in
the absence of doxycycline, treated with PMA for 24,48 or 72 hours and stained
with PI for analysis of the cell cycle. The asterisks indicate a statistically
significant difference. Representative histograms are shown. Peaks B, C, D and E
represent subG,, G,, G2/M and S phase cells, respectively.
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Fig 5.13 Cell cycle analysis of empty vector controls. Empty vector
controls were cultured in the presence or absence of doxycycline, treated with
PMA for 24, 48 or 72hours and stained with PI for analysis of the cell cycle.
The asterisks indicate a statistically significant difference. Representative
histograms are shown. Peaks B, C, D and E represent subG,, Gj, G2/M and S
phase cells, respectively.
202

Clone 4
- Dox

+D ox
î

B

Untreated

%

£

P M A 24h rs

6

E

P M A 48h rs

5

P M A 72h rs

Fig 5.14 Cell cycle analysis of clone 4. Cells from clone 4 were cultured in the
presence or absence of doxycycline, treated with PMA for 24, 48 or 72 hours and
stained with PI for analysis of the cell cycle. The asterisks indicate a statistically
significant difference. Representative histograms are shown. Peaks B, C, D and E
represent subG,, 0 ,, G2/M and S phase cells, respectively.
203

Clone 22
- Dox

+D ox

Untreated

s

s

P M A 24h rs

s

P M A 48h rs

B

PM A 72hrs

Fig 5.15 Cell cycle analysis of clone 22. Cells from clone 22 were cultured in
the presence or absence of doxycycline, treated with PMA for 24, 48 or 72hours
and stained with PI for analysis of the cell cycle. The asterisks indicate a
statistically significant difference. Representative histograms are shown. Peaks B,
C, D and E represent subG,, G,, G2/M and S phase cells, respectively.
204

U937 + doxycycline

SubGi
Gi
S
G2 /M

Ohrs
20.1 ±3.6
44.9 ±4.7
36.8 ± 6.9
19 ±2.0

24hrs
25.2 ±5.2
85.2 ±4.9
8.8 ±2.5
7.0 ±1.8

48hrs
40.1 ±3.1
85.0 ±5.7
10.6 ± 4.6
5 ± 1.4

72hrs
39.5 ± 6.6
86.7 ± 2.8
9.4 ± 2.5
4.6 ± 0.3

24hrs
22.7 ±4.9
87.4 ±1.7
6.0 ± 0.2
7.0 ±1.8

48hrs
42.7 ± 3.7
85.7 ±0.1
10.4 ±2.1
4.6 ± 0.3

72hrs
40.6 ± 7.5
90.3 ±0.6
6.4 ± 0.5
4.0 ± 0.5

48hrs
34.6 ± 5.3
92.1 ±0.3
3.0 ±0.1
4 ±0.1

72hrs
47 ±4.0
89.6 ±0.1
5.7 ±0.1
4.1 ±0.4

48hrs
37.5 ± 3.7
91.3 ± 0.6
4.4 ± 0.5*
4.2 ± 0.6

72hrs
48.6 ±5.1
87.8 ± 2.5
7.3 ±0.2*
4.9 ± 0.9

U937 - doxycycline

SubGi
Gi
S
G2 /M

Ohrs
19.5 ±2.6
47.8 ± 6.4
34 ±4.2
19.2 ±2.9

Empty vector controls + doxycycline

SubGi
Gi
S
G2 /M

Ohrs
14.6 ±1.0
45.6 ± 1.2
31.5 ±0.1
20.4 ±1.7

24hrs
17.3 ±5.9
87.8 ±1.1
4.0 ± 0.2
7.2 ±0.6

Empty vector controls - doxycycline

SubGi
Gi
S
Gz/M

Ohrs
16.8 ±3.9
40.4 ± 2.9
34.1 ±1.1
23.4 ±3.3

24hrs
20.9 ± 5.5
87.8 ±0.1
5.1 ±0.3
7.4 ±1.8

Table 5.1 Percentages of cells in each cell cycle phase after analysis by PI
staining. The results are shown as mean ± SEM (n=3) of three independent
experiments. The percentages of the G i, S and G2/M cells were calculated as a
percentage of the live cells, as in some populations there were significant
differences in the subGi population and if this population of dead cells was not
excluded from the percentage calculations, the percentages of the live cells
would have been under- or overestimated. The percentages of cells at each time
point in each phase from three independent experiments were compared using
the Student’s t-test (2-tailed, unpaired). Statistically significant differences are
indicated by the asterisk.
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MPI + doxycycline

SubGi
Gi
S
G2 /M

Ohrs
23.6 ± 5.6
39.4 ±1.6*
36.8 ±1.9
24.3 ± 0.5

24hrs
24.3 ± 5.0
82.3 ±4.3
7.6 ±1.3
10.3 ± 2.7

48hrs
38.5 ±8.1
82.7 ± 9.2
11.1 ±7.4
6.5 ±1.7

72hrs
41.3 ±4.3
84.1 ±7.8
10.3 ±5.9
6.2 ±1.8

24hrs
21.9 ±8.6
77.5 ± 2.0*
9.6 ± 0.4
13.3 ±2.1

48hrs
25.2 ±6.9
83.5 ±1.8*
9.8 ± 1.1
7.1 ±0.5

72hrs
48.5 ± 12.4
74.3 ± 8.4
18.6 ±6.3
7.6 ±1.6

24hrs
29.2 ±4.4
65.7 ± 4.2*
12.1 ±3.5
22.5 ± 8.0

48hrs
35.9 ± 6.4
64.0 ±7.8*
13.4 ±4.9
23.0 ± 9.2

72hrs
48.2 ±10.1
65.9 ±4.5*
15.3 ± 3.0*
19.2 ±7.8

24hrs
23.4 ±6.7
72.1 ±4.2*
13.9 ±0.4*
14.7 ± 3.2

48hrs
30.8 ± 10.0
69.6 ±9.7
14.4 ± 3.2
16.7 ± 5.9

72hrs
42.8 ± 12.0
66.9 ± 9.7
18.7 ±3.5*
15.2 ±5.4

MPI - doxycycline

SubGi
Gi
S
G2 /M

Ohrs
20.15 ±6.9
40.9 ±1.3
39 ± 3.0
21.2 ±3.5

MP2 + doxycycline

SubGi
Gi
S
G2 /M

Ohrs
30.9 ±4.2*
37.3 ±4.6
35.8 ±1.6
27.15 ±2.9

MP2 - doxycycline

SubGi
Gi
S
Gz/M

Ohrs
22.7 ±2.8**
38.4 ±5.3
37.6 ±0.7
24.9 ± 5.2

Table 5.1 continued
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Clone 4 + doxycycline

SubGi
Gi
S
Gz/M

Ohrs
18.8 ±8.3
47.6 ±1.6
33.4 ±6.2
19.3 ±4.4

24hrs
24.5 ±4.1
78.5 ± 8.7
14.6 ±8.3
7.4 ±1.8

48hrs
34.1 ±8.4
85.7 ±4.4
10.5 ±3.8
4.3 ± 0.5

72hrs
41.6 ± 5.3
83.0 ±5.5
11.4 ±3.8
6.3 ± 2.2

24hrs
38.2 ±11.2
79.4 ± 8.4
12.6 ±2.2
11.1 ±5.6

48hrs
51.5±4.1*
74.5 ± 10.9
16.9 ±5.4
9.4 ± 10.0

72hrs
54.6 ±1.9*
70.0 ±9.6
20.7 ± 2.7*
9.8 ±7.2

24hrs
24.7 ± 4.4
78.6 ±8.6
11.6±6.8
10.3 ±5.8

48hrs
32.7 ± 8.0
85.9 ± 2.3
8.9 ±1.9
5.0±1.1

72hrs
42.2 ± 2.0
82.7 ±7.6
11.6 ±4.8
6.8 ±3.3

24hrs
32.4 ± 6.4
72.9 ± 10.7
13.6 ±2.7
13.7 ±9.1

48hrs
49 ± 8.5
82.6 ± 0.6
11.6±1.6
6.2 ± 0.8

72hrs
60.9 ± 4.4*
81.8 ±5.2
12.5 ±4.3
6.8 ±1.0

Clone 4 - doxycycline

SubGi
Gi
S
Gz/M

Ohrs
23.1 ±7.8
54.0 ±13.0
22.2 ± 6.6
19.9 ±7.1

Clone 22 + doxycycline

SubGi
Gi
S
Gz/M

Ohrs
20.3 ± 7.4
49.9 ± 7.7
31.8±7.1
19.5 ±2.1

Clone 22 - doxycycline

SubGi
Gi
S
Gz/M

Ohrs
26.9 ± 9.8
55.6 ±7.9
23.7 ± 3.6
21.3 ±5.0

Table 5.1 continued
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5.2.3 Kinase activity
Another change that occurs following PMA treatment of U937 cells is the
downregulation of cdk2 kinase activity. This can be measured by
immunoprecipitating the cdk2 present in the cell with an anti-cdk2 antibody and
then measuring the activity of cdk2 by means of a kinase assay, using histone HI
as a substrate.

Fig 5.16 shows a representative cdk2 kinase assay for U937 cells cultured in the
presence or absence of doxycycline. The band indicated by the arrow is the
histone HI band that has been phosphorylated by cdk2 and has therefore
incorporated [y-^^P] ATP. The other bands are likely to be non-specific proteins
that were immunoprecipitated and then phosphorylated by cdk2. As shown in
the upper panel, untreated U937 cells (lane 1) have cdk2 activity as indicated by
the phosphorylated histone HI band. Lane 2 is a negative control lane that had a
blocking peptide for cdk2 added at the immunoprécipitation step. The blocking
peptide has the same amino acid sequence as the epitope of the target protein so
it binds to the antigen-binding site of the antibody, preventing the antibody from
binding to its target protein. Lane 2 does not have a phosphorylated histone HI
band, indicating that the phosphorylated histone HI band in lane 1 is due to the
kinase activity of cdk2 that was immunoprecipitated by the cdk2 antibody.
Lanes 3, 4 and 5 are U937 cells cultured in the presence of PMA for 24, 48 and
72 hours, respectively. In these lanes, there are no visible phosphorylated
histone HI bands indicating that there was no detectable cdk2 activity in these
cells. The faint band seen in lane 5 is due to leakage of the sample from lane 6.
These results correlate with previously reported down-regulation of cdk2 kinase
activity in PMA-treated U937 cells (Asiedu et al, 1997). Lanes 6,7 and 8 are
U937 cells cultured in the presence of DMSO alone and show histone HI bands
of similar intensities to those in untreated cells. This means that DMSO alone
has no effect on cdk2 kinase activity. In the presence of doxycycline (Fig 5.16,
lower panel), the kinase activity of cdk2 is essentially the same as the activity in
the absence of doxycycline. Therefore, doxycycline has no effect on cdk2 kinase
activity in U937 cells.
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Fig 5.16 Cdk2 kinase assay of U937 cells cultured with and without
doxycycline. Cells were cultured in the presence of either PMA or DMSO
(control) for 24,48 or 72 hours and assayed for cdk2 kinase activity. Lane 1,
untreated cells; lane 2, control (with cdk2 blocking peptide in the
immunoprécipitation step); lanes 3,4 and 5, cells treated with PMA for 24,
48 and 72 hours respectively; lanes 6, 7 and 8, cells treated with DMSO for
24, 48 and 72 hours respectively. The arrows indicate the phosphorylated
histone HI band.
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Fig 5.17 shows representative results of cdk2 kinase assays for M PI, MP2 and
empty vector control cells grown in the presence or absence of doxycycline.
Panels a to f, lane 1, show histone HI phosphorylation in immunoprecipitated
cells without PMA. In all the samples, there were detectable levels of
phosphorylated histone HI. Panels a to f, lane 2, show inununoprecipitation of
untreated cells performed in the presence of a cdk2 blocking peptide. These
lanes did not show a phosphorylated histone HI band, indicating that the histone
HI phosphorylation was due to the kinase activity of cdk2 that was
immunoprecipitated with the cdk2 antibody. Panels a to f, lanes 3, 4 and 5, show
histone HI phosphorylation in immunoprecipitated cells that were treated with
PMA for 24,48 and 72 hours, respectively. Both MPI and MP2 cells had a more
intense histone HI band at 24 hours (panels d and f, lane 3) when cultured
without doxycycline than when cultured with doxycycline (panels c and e, lane
3). MP2 cells also had a visible histone HI band at 48 hours (panel f, lane 4),
showing that there was cdk2 kinase activity in these cells for a longer period after
PMA treatment in comparison to the same population of cells cultured with
doxycycline and PMA for 48 hours (panel e, lane 4). However, since the empty
vector controls cultured without doxycycline but treated with PMA for 24 hours
(panel b, lane 3) have a stronger kinase activity than cells cultured in the
presence of doxycycline and PMA for 24 hours (panel a, lane 3), it is likely that
doxycycline withdrawal was responsible for this effect. Therefore, the effect
seen in MPI and MP2 cells is also likely to have been due to doxycycline
withdrawal.

Fig 5.18 shows representative results of cdk2 kinase assays for clones 4, 22 and
empty vector control cells grown in the presence or absence of doxycycline.
These two clones induce expression of FLAG-tagged H0XA7 protein when
doxycycline is withdrawn from the media. The samples in panels a to f, lane 1,
show histone HI phosphorylation in immunoprecipitated cells without PMA. In
all six samples there were detectable levels of cdk2 kinase activity. Panels a to f,
lane 2, show immunoprécipitation of untreated cells performed in the presence of
a cdk2 blocking peptide which eliminates the histone HI band, indicating that the
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Fi g 5.17 Cdk2 kinase assay of vector controls and mixed populations MPI
and MP2 cultured with or without doxycycline. Cells were cultured in the
presence of either PMA or DMSO (control) for 24,48 or 72 hours and assayed
for cdk2 kinase activity. Lane 1, untreated cells; lane 2, control (with blocking
peptide in the immunoprécipitation step); lanes 3, 4 and 5, cells treated with
PMA for 24, 48 and 72 hours respectively; lanes 6, 7 and 8, cells treated with
DMSO for 24, 48 and 72 hours respectively. The arrows indicate the
phosphorylated histone HI band.
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Fig 5.18 Cdk2 kinase assay of vector controls, clone 4 and clone 22 cells
cultured with or without doxycycline. Cells were cultured in the presence
of either PMA or DMSO (control) for 24,48 or 72 hours and assayed for
cdk2 kinase activity. Lane 1, untreated cells; lane 2, control (with blocking
peptide in the immunoprécipitation step); lanes 3, 4 and 5, cells treated with
PMA for 24,48 and 72 hours respectively; lanes 6, 7 and 8, cells treated with
DMSO for 24, 48 and 72 hours respectively. The arrows indicate the
phosphorylated histone HI band.
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histone HI phosphorylation was due to the kinase activity of cdk2 that was
immunoprecipitated with the cdk2 antibody. Panels a to f, lanes 3, 4 and 5 show
cells treated with PMA for 24,48 and 72 hours, respectively. In clone 4, there
were no detectable levels of cdk2 kinase activity in any of the samples treated
with PMA, either in the presence or absence of doxycycline (panels c and d,
lanes 3 to 5). In clone 22 after doxycycline withdrawal, there was detectable
cdk2 kinase activity in the sample treated with PMA for 24 hours (panel f, lane
3) but not in the same cells treated with PMA in the presence of doxycycline
(panel e, lane 3). However, in the empty vector control treated with PMA for 24
hours there was also detectable cdk2 kinase activity in the absence of
doxycycline (panel b, lane 3) but none in cells in the presence of doxycycline
(panel a, lane 3). Therefore, we cannot exclude the possibility that the effect
seen in clone 22 is due to doxycycline withdrawal. Panels a to f, lanes 6, 7 and 8,
are lysates from cells treated with DMSO for 24,48 and 72 hours, respectively.
In these lanes, the level of cdk2 kinase activity is comparable to the levels seen in
the untreated cells, which indicates that DMSO alone did not have an effect on
the cdk2 kinase activity.

5.2.4 p21. p27. cdk2 and cvclin A protein levels
During PMA-induced differentiation of U937 cells, it has been reported that
levels of the cdk2 and cyclin A proteins decrease and that levels of the cdk
inhibitors p21 and p27 increase. We therefore investigated whether the
expression of H0XA7 protein during PMA treatment affected the expression of
any of these proteins.

Western blotting with antibodies specific for p21, p27, cdk2 and cyclin A was
performed to analyse the amount of these proteins present in untransfected U937
cells, in empty vector control cells and in M PI, MP2, clone 4 and clone 22.

Fig 5.19 shows p21 and p27 western blots for cells treated with doxycycline,
above a tubulin western blot as a loading control. Expression of both p21 and
p27 protein was induced when the cells were treated with PMA for 24, 48 or 72
hours (lanes 2 to 4). In all four cell populations, the levels of p21 protein
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Fig 5.19 p21 and p27 protein expression in cells treated with PMA analysed by western blotting. U937 cells,
vector controls and mixed populations MPI and MP2 were cultured in the presence of doxycycline and treated with
PMA or DMSO for 24,48 or 72 hours. Lane 1, untreated cells; lanes 2, 3 and 4, cells treated with PMA for 24, 48 and
72 hours respectively; lanes 5, 6 and 7, cells treated with DMSO as a vehicle control for 24, 48 and 72 hours respectively.
An anti-tubulin western blot was also performed to check for equal loading of protein in all lanes.

decreased at 48 (lane 3) and 72 hours (lane 4) after initiation of PMA treatment
in comparison to levels detected after 24 hours (lane 2). Levels of p27 protein
have previously been reported to be low in untreated U937 cells and to increase
following PMA treatment (Asiedu et al., 1997). In Fig 5.19, p27 protein was not
detected in untreated cells (lane 1) from all four cell populations, in contrast to
the report of Asiedu et al. (1997). However, levels of p27 protein remained
constant throughout the time course of PMA treatment as shown previously
(lanes 2 to 4). Lanes 5, 6 and 7 contain lysates from cells treated with DMSO
alone, and in these cells there was no detectable expression of p21 or p27,
indicating that DMSO alone had no effect on the expression of these proteins.
The bands present above the p27 band in the blot for MP2 cells and below the
p27 band in U937 cells are non-specific bands.

Fig 5.20 shows the p21, p27 and tubulin western blots for U937 cells, empty
vector control cells, MPI cells and MP2 cells grown in the absence of
doxycycline. p21 and p27 expression was induced when the cells were treated
with PMA. In all four cell populations, the levels of p21 protein expression
decreased slightly at 48 (lane 3) and 72 hours (lane 4) after the initiation of PMA
treatment in comparison to levels seen at 24 hours (lane 2). The p27 protein
levels were more or less constant throughout the time course of PMA treatment
in all four cell populations (lanes 2 to 4). Lanes 5, 6 and 7 contain lysates from
cells treated with DMSO alone as a vehicle control. Expression of p21 and p27
was not induced in these cells, showing that the upregulation of these proteins
was due to PMA treatment, and not to the effect of the DMSO in which the PMA
was dissolved.- The band that was present uniformly-in all seven lanes-in-the p27
blot for U937 cells, the band below the p21 band in U937 cells and above the
p27 band in MP2 cells were non-specific bands.

Comparison between Fig 5.19 and Fig 5.20 shows that there appeared to be no
significant difference in p21 and p27 expression in U937 cells, empty vector
controls and MPI and MP2 cells grown either in the presence or absence of
doxycycline.
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Fig 5.20 p21 and p27 protein expression in cells treated with PMA analysed by western blotting. U937 cells,
vector controls and mixed populations MPI and MP2 were cultured in the absence of doxycycline and treated with PMA
or DMSO for 24, 48 or 72 hôurs. Lane 1, untreated cells; lanes 2, 3 and 4, cells treated with PMA for 24, 48 and 72 hours
respectively; lanes 5, 6 and 7, cells treated with DMSO as a vehicle control for 24, 48 and 72 hours respectively. An
anti-tubulin western blot was also performed to check for equal loading of protein in all lanes.

Fig 5.21 shows p21, p27 and tubulin western blots for U937 cells and empty
vector control cells grown in the presence or absence of doxycycline. Both p21
and p27 expression was induced when the cells were treated with PMA. There
were no effects of doxycycline withdrawal on the expression levels of these
proteins.

Fig 5.22 shows p21, p27 and tubulin western blots for clones 4 and 22 grown in
the presence or absence of doxycycline. In these clones, FLAG-tagged H0XA7
protein expression is induced when doxycycline is withdrawn from the culture
media. A direct comparison between the same clone in the presence and absence
of doxycycline will reveal any effects of H0XA7 protein expression on the
induction of p21 and p27 proteins. As in Fig 5.21, the withdrawal of
doxycycline had no effect on the levels of p21 and p27. p21 was induced after
PMA treatment in all four cell populations. Levels of p21 appeared to decrease
at 48 (lane 3) and 72 hours (lane 4) after initiation of PMA treatment in both
clones 4 and 22, cultured with or without doxycycline. The p27 proteins levels
remained constant after 24 hours (lane 2) of PMA treatment in both clone 4 and
clone 22, cultured with or without doxycycline. Lanes 5, 6 and 7 contain lysates
from cells treated with DMSO alone. In these lysates, no p21 or p27 proteins
were detectable, indicating that DMSO alone did not have an effect on the
induction of these proteins.

Fig 5.23 shows western blots of cyclin A, cdk2 and tubulin proteins for U937
cells, empty vector control cells, MPI cells and MP2 cells grown in the presence
x)f-doxycycline. Both cyclin A and cdk2 proteins were expressed in untreated *
cells (all panels, lane 1) and cells treated with DMSO alone for 24,48 and 72
hours (all panels, lanes 5 to 7). Cyclin A protein expression levels were reduced
dramatically after PMA treatment of all four cell types as shown previously for
untreated U937 cells (Asiedu et a l, 1997; Kwon et al., 2000). Cyclin A
expression was undetectable after 48 (lane 3) and 72 hours (lane 4) of PMA
treatment in all cells. In U937 cells and empty vector control cells, there were
faint bands at 48 (lane 3) and 72 hours (lane 4) after the initiation of PMA
treatment. These are probably non-specific bands as they are slightly smaller
than the cyclin A bands. Cdk2 protein levels gradually decreased over the time
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Fig 5.21 p21 and p27 protein expression in cells treated with PMA analysed by western blotting. U937 cells and
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Fig 5.22 p21 and p27 protein expression in cells treated with PMA analysed by western blotting. U937 cells,
vector controls, clone 4 and clone 22 cells were cultured in the presence or absence of doxycycline and treated with PMA
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Fig 5.23 Cyclin A and cdk2 protein expression in cells treated with PMA analysed by western blotting. U937 cells,
vector controls and mixed populations MPI and MP2 were cultured in the presence of doxycycline and treated with PMA
or DMSO for 24,48 or 72 hours. Lane 1, untreated cells; lanes 2, 3 and 4, cells treated with PMA for 24, 48 and 72
hours respectively; lanes 5, 6 and 7, cells treated with DMSO as a vehicle control for 24, 48 and 72 hours respectively.
An anti-tubulin western blot was also performed to check for equal loading of protein in all lanes.

course of PMA treatment in all the cells examined, which also correlates with
previously published results for untransfected U937 cells (Asiedu et aL, 1997).
There were no differences in the levels of protein expression in MPI cells and
MP2 cells, compared to untransfected U937 cells or empty vector control cells.

Fig 5.24 shows cyclin A, cdk2 and tubulin western blots for U937 cells, empty
vector control cells, MPI cells and MP2 cells grown in the absence of
doxycycline. Cyclin A and cdk2 proteins were expressed in untreated cells (all
panels, lane 1) and in the DMSO treated vehicle controls (all panels, lanes 5 to
7). The levels of cyclin A protein decreased rapidly after 24 hours of PMA
treatment in U937 cells and empty vector control cells and there was no
detectable protein at the 48 (lane 3) and 72 hour (lane 4) time points. In MPI
and MP2 cells, the levels of cyclin A protein decreased only slightly after 24
hours (lane 2) of PMA treatment and there was some detectable cyclin A protein
at 48 hours (lane 3) after initiation of PMA treatment. There was no cyclin A
protein detectable in MPI and MP2 cells after 72 hours (lane 4) of PMA
treatment. Cdk2 protein levels decreased gradually after initiation of PMA
treatment in all four cell types. There were detectable levels of the protein in
cells treated with PMA for 72 hours (lane 4) in all four cell types. There were no
differences in cdk2 protein levels between the empty vector control cells and the
MPI and MP2 cells. These results suggest that the overexpression of HOXA7
during PMA-induced differentiation of U937 cells prolonged the expression of
cyclin A in comparison to untransfected U937 cells and empty vector control
cells.

Fig 5.25 shows western blots for cyclin A, cdk2 and tubulin in U937 cells and
empty vector control cells grown in the presence or absence of doxycycline.
Both cyclin A and cdk2 were detectable in untreated cells (all panels, lane 1) and
in the DMSO-treated vehicle control cells (all panels, lanes 5 to 7). Cyclin A
protein levels decreased rapidly when these cells were treated with PMA. In
U937 cells and empty vector control cells both in the presence and absence of
doxycycline, there was a faint cyclin A band detectable after 24 hours of PMA
treatment (lane 2). However, in the empty vector control cells in the absence of
doxycycline, there was less downregulation of cyclin A protein levels at 24 hours
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Fig 5.25 Cyclin A and cdk2 protein expression in cells treated with PMA analysed by western blotting. U937 cells
and vector controls were cultured in the presence or absence of doxycycline and treated with PMA or DMSO for 24, 48 or
72 hours. Lane 1, untreated cells; lanes 2, 3 and 4, cells treated with PMA for 24,48 and 72 hours respectively; lanes 5, 6
and 7, cells treated with DMSO as a vehicle control for 24, 48 and 72 hours respectively. An anti-tubulin western blot was
also performed to check for equal loading of protein in all lanes.

after PMA treatment (lane 2) compared to the same cells in the presence of
doxycycline. This effect may be due to the withdrawal of doxycycline. After 48
and 72 hours of PMA treatment (lanes 3 and 4) there was no detectable cyclin A
expression in any of the cells. There were visible bands in lanes 3 and 4 in the
U937 cells and empty vector controls but these migrated slightly faster and were
therefore probably non-specific bands. Cdk2 protein levels gradually decreased
after initiation of PMA treatment. There were detectable levels of cdk2 protein
still present in all cell populations after 72 hours of PMA treatment (lane 4).

Fig 5.26 shows cyclin A, cdk2 and tubulin western blots of clone 4 and clone 22
cells cultured in the presence or absence of doxycycline. Cyclin A and cdk2
were expressed in untreated clone 4 cells (lane 1) and in DMSO-treated clone 4
cells (lanes 5 to 7), both in the presence and absence of doxycycline. Cyclin A
protein levels rapidly decreased after 24 hours of PMA treatment (lane 2) and
became undetectable after 48 hours (lane 3) in cells cultured with or without
doxycycline. Cdk2 levels gradually decreased when the cells were treated with
PMA but were still detectable after 72 hours of PMA treatment (lane 4) in cells
cultured with or without doxycycline.

In clone 22 cells, cyclin A and cdk2 were also expressed in untreated cells (lane
1) and in cells treated with DMSO (lanes 5 to 7). Cyclin A was undetectable in
clone 22 cells cultured with doxycycline and treated with PMA (lanes 2 to 4).
However, in clone 22 cells after doxycycline withdrawal, cyclin A was
detectable after 24 hours (lane 2). Although the prolonged expression of cyclin
A may be a result of H0XA7 overexpression during PMA treatment, we cannot
exclude the possibility that the effect was due to the doxycycline withdrawal
because the empty vector control cells cultured in the absence of doxycycline
also had slightly higher levels of cyclin A expression at the same time point (Fig
5.25). Cdk2 protein levels gradually decreased when clone 22 cells were treated
with PMA, both in the presence and absence of doxycycline.
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Fig 5.26 Cyclin A and cdk2 protein expression in cells treated with PMA analysed by western blotting. Clone 4
and clone 22 cells were cultured in the presence or absence of doxycycline and treated with PMA or DMSO for 24, 48 or
72 hours. Lane 1, untreated cells; lanes 2, 3 and 4, cells treated with PMA for 24,48 and 72 hours respectively; lanes 5, 6
and 7, cells treated with DMSO as a vehicle control for 24, 48 and 72 hours respectively. An anti-tubulin western blot
was also performed to check for equal loading of protein in all lanes.

5.3 Discussion
When U937 cells are induced to differentiate by treatment with PMA, various
changes occur (see Fig 5.1). In this chapter, the changes associated with the cell
cycle were studied.

5.3.1 Ceil proliferation after PMA treatment
U937 cells treated with PMA show a decrease in proliferation (Hass et al., 1989).
To determine whether maintaining HOXA7 expression during PMA-induced
differentiation of U937 cells had an effect on the decrease in cell proliferation,
the MTS assay was used.

As the H0XA7 regulatable system uses doxycycline as the agent that represses
HOXA7 protein expression, U937 cells were cultured in the presence or absence
of doxycycline to see if doxycycline alone had an effect on the proliferation of
U937 cells, before and after PMA treatment. There were no statistically
significant differences between the proliferation of U937 cells cultured in the
presence or absence of doxycycline (Fig 5.3). There have been no reported
effects of doxycycline at the concentration used (Ipg/ml) and the result shown
here supports this.

The proliferation of MPI cells was compared to that of empty vector control
cells (Fig 5.4). There were no statistically significant differences in proliferation
between MPI cells and controls cells, either in the presence or absence of
doxycycline. It seems that in MPI cells, maintaining H0XA7 protein expression
during PMA treatment had no effect on proliferation.

The proliferation of MP2 cells was compared to that of empty vector control
cells (Fig 5.5). There were no statistically significant differences in the
proliferation between MP2 cells and controls cells in the presence of
doxycycline. However, in the absence of doxycycline, the number of MP2 cells
after 72 hours of culture with or without PMA treatment was significantly lower
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than the number of control cells at this time (P<0.01). This was due to decrease
in cell number between 48 and 72 hours. Although the MP2 cell population as a
whole constitutively expresses FLAG-tagged H0XA7 protein even in the
presence of doxycycline (see chapter 4), the cells are a heterogeneous mix and
we do not know what is happening at the single cell level. It is possible that
when doxycycline is withdrawn, some cells that did not express HOXA7 in the
presence of doxycycline now begin to express it, and that overexpression of
H0XA7 leads to a decrease in cell proliferation or cell survival after 72 hours.

To investigate this further, two clonal populations (clone 4 and clone 22) that
show regulatable HOXA7 expression were studied (Fig 5.6 and Fig 5.7). Neither
clone 4 nor clone 22 showed any statistically significant differences in cell
proliferation in the presence or absence of doxycycline, indicating that H0XA7
overexpression in either the presence or absence of PMA has no effect on the
proliferation of U937 cells.

5.3.2 Cell cycle profile
To investigate whether HOXA7 overexpression affected the cell cycle profile of
U937 cells with or without PMA treatment, the cells were stained with PI and
analysed by flow cytometry (Fig 5.9). When the cells were treated with PMA,
they arrested in Gi phase and this arrest continued throughout the 72 hour time
course. There were no statistically significant differences between cells cultured
with or without doxycycline, indicating that doxycycline has no effect on the cell
cycle profile of U937 cells.

The cell cycle profile of MPI and MP2 cells in the presence or absence of
doxycycline was studied (Fig 5.11 and Fig 5.12). The results suggest that
H0XA7 overexpression leads to a partial inhibition of the Gi arrest that is
normally seen in untransfected U937 cells, and also an increase in the S and
subGi phase. These changes in the cell cycle profile could be one of the ways
that H0XA7 overexpression could contribute to a leukaemic phenotype of
monocytic cells. The MPI and MP2 cells are a heterogeneous mixture of cells,
and therefore it is difficult to interpret the results obtained here. Therefore,
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analysis of the two clones (clone 4 and clone 22) was performed to obtain a
clearer picture of what effect H 0XA7 overexpression had on the cell cycle
profile.

First of all, the empty vector control cells in the presence or absence of
doxycycline were compared to see if the doxycycline withdrawal had an effect
on the cell cycle profile (Fig 5.13). Withdrawal of doxycycline significantly
increased the percentage of S phase cells at 48 and 72 hours after PMA treatment
in comparison to cells cultured with doxycycline (P<0.01). This effect was
surprising, as it has not been reported by others who have used the tetracyclineregulatable system in U937 cells.

Cell cycle analysis was performed on clone 4 and clone 22 cells in the presence
or absence of doxycycline (Fig 5.14 and Fig 5.15). In both clones, PMA
treatment in the absence of doxycycline resulted in increased cell death
compared to cells cultured in the presence of doxycycline. However, no
difference in cell number was detected in clone 4 and clone 22 cells cultured with
PMA in the presence or absence of doxycycline (Fig 5.6 and Fig 5.7). Although
there was a significantly higher percentage of cells in the subGi phase using flow
cytometry, which is a very sensitive technique, it is likely that the number was
not high enough to detect a difference by MTS assay.

From PI staining alone, it cannot be determined if this cell death is due to
apoptosis. Further analyses are necessary, for example, by annexin V staining, to
determine if there is increased apoptosis.

The percentage of cells in S phase in clone 4 cells after 72 hours of PMA
treatment was significantly higher than the corresponding doxycycline-treated
cells. However, the percentage of S phase cells in the vector controls after
doxycycline withdrawal was also significantly higher at this time point, and
therefore, the possibility that this effect was due to the doxycycline withdrawal
cannot be excluded.
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From the results for clone 4 and clone 22, therefore, there was no evidence to
suggest that the overexpression of HOXA7 affects the cell cycle profile of U937
cells.

5.3.3. Cdk2 kinase activity
Cdk2 is considered to be a key protein in the onset of DNA replication (Arellano
and Moreno, 1997; Fang and Newport, 1991). It is sequentially activated by
Cyclin E and Cyclin A to drive cells into S phase. The cdk2 kinase assay
measures the activity of cdk 2 and therefore reflects the number of cells in late Gi
and S phase.

The empty vector controls without doxycycline in Fig 5.17 and Fig 5.18 had
detectable cdk2 kinase activity after 24 hours of PMA treatment while the same
cells cultured in the presence of doxycycline had no detectable kinase activity at
the same time point. In the presence of doxycycline the cdk2 kinase activity was
downregulated more rapidly after PMA treatment than when there was no
doxycycline. There are no previously reported effects of doxycycline on cell
cycle regulatory proteins. Vector control cells grown in the absence of
doxycycline had higher percentages of cells in S phase after 48 and 72 hours of
PMA treatment (Fig 5.13). These results correlate with each other.

Although M PI, MP2 and cells from clone 22 had higher cdk2 kinase activity
after 24 hours of PMA treatment than the same cells grown in the presence of
doxycycline, the possibility that this is due to the doxycycline withdrawal cannot
be excluded. To test if the maintenance of cdk2 kinase activity 24 hours after
PMA treatment is due to the expression of HOXA7, an H 0XA7 antisense
construct could be electroporated into these cells so that even in the absence of
doxycycline, H0XA7 protein will not be expressed. If the cdk2 kinase activity is
still detectable in these cells after 24 hours of PMA treatment, it is likely that this
is due to the effect of doxycycline withdrawal.
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5.3.4 p21, p27. cdk2 and cyclin A protein levels
p21 and p27 are cdk inhibitors. They are able to associate in vivo with cdk
complexes (cyclin E/cdk2 and cyclinA/cdk2) and inhibit their activity, thereby
preventing the cells to enter the S phase (Arellano and Moreno, 1997; Steinman,
2002). The expression of these proteins suggest that the cells are under growth
arrest.

Cdk2 is inactive on its own until it is activated by binding to cyclin A or E. The
cyclin E/cdk2 and cyclin A/cdk2 complex is required for DNA replication.
Therefore, the presence of these proteins alone does not indicate that the cells are
undergoing DNA replication.

From Fig 5.19, 5.20, 5.21 and 5.22, it seems that there are no differences in the
p21 and p27 protein upregulation in response to PMA treatment of the MPI,
MP2, clone 4 and clone 22 cells in comparison to the controls. The expression of
p21 and p27 are generally thought to indicate cell cycle arrest. The ectopic
expression of p21 mRNA and protein in U937 cells have been shown to induce
monocytic differentiation in U937 cells as demonstrated by Gi arrest, GDI lb and
CD 14 cell surface marker expression, decrease in cyclin A and B expression and
loss of cyclin E-, A- and B- associated kinase activities (Asada et a l, 1998). p27
overexpression in U937 cells also results in the cell surface expression of
monocyte/macrophage-specific markers (Liu et al., 1996). However, there are
also other roles for p21, and p27 expression alone does not indicate that the cells
are undergoing cell cycle arrest.

p21 has been reported to have an apoptosis inhibitory activity in U937 cells that
have undergone monocytic differentiation by vitamin D 3 treatment or ectopic
expression of p21 (Asada et a l, 1999). During the initial phase of U937
differentiation (e.g.

1

day after vitamin D 3 treatment), p 2 1 was located in the

nucleus but in the later stages of differentiation when monocytic differentiation
was evident, it was mainly localised to the cytoplasm. The cytoplasmic
expression of p 2 1 conferred resistance to various apoptogenic signals such as
hydrogen peroxide and TNFa. p21 was shown to form a complex with the
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apoptosis signal-regulating kinase 1 (ASKl) and this inhibits the ability of ASKl
to induce a stress-activated MAP kinase activity. Normal peripheral blood
monocytes also showed cytoplasmic p21 expression. Therefore, p21 and ASKl
association is thought to have a physiological role in protecting monocytes from
apoptogenic stimuli.

p21 has a nuclear localisation signal at the C-terminus. The cytoplasmic p21 has
not lost this signal as it is still reactive to an antibody specific for the C-terminal
of p21 that is unreactive to p21 with a deletion of the nuclear localisation signal.
Therefore, the differentiation-associated cytoplasmic p21 may employ a
mechanism distinct from deletion or mutation of the nuclear localisation
sequence. It has been speculated that the nuclear import or export signal for p21
is involved in monocytic differentiation.

p21 expression has been detected in total cell lysates in this work. It is likely that
it is not present in the cytoplasm as the number of cells in subGi is significantly
higher in clones 4 and 22 after PMA treatment (Fig 5.14 and 5.15).

Haematopoietic cells can overcome p27-mediated growth arrest by sequestering
p27 into cytoplasmic complexes. Cdk complexes become fully active after they
have been transported into the nucleus, and therefore, p27 is required to be in the
nucleus to have an inhibitory effect. The relocalisation of p27 into the cytoplasm
of progenitor cells undergoing myeloid (Yaroslavskiy et a l, 1999) and lymphoid
(Yaroslavskiy et aL, 2001) differentiation has been demonstrated. This means
that the presence of p27 in a total cell lysate, as in this case, does not necessarily
mean that p27 is inhibiting the activity of the cdk2 complexes to prevent S phase
progression. However, from the cell proliferation results and the cell cycle
analysis, the cell proliferation is inhibited and cells are undergoing Gi arrest. It
seems likely that p27 is in the nucleus and inhibiting cdk2 complexes although
immunofluorescence analysis or preparing nuclear lysates for a western blot
analysis is required for conclusive results.
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Fig 5.23 and Fig 5.24 show that there are no differences in the expression pattern
of the cdk2 and cyclin A proteins in MPI and MP2 cells with and without
doxycycline in comparison to controls.

Fig 5.26 shows that in cells from clone 22 after doxycycline withdrawal, there
seems to be detectable levels of cyclin A protein present after 24 hours of PMA
treatment, while the same cells in the presence of doxycycline do not have
detectable cyclin A protein at the same time point. Although it is tempting to
conclude that H0XA7 overexpression is maintaining cyclin A expression for 24
hours after PMA treatment, this is also seen in the vector controls after
doxycycline withdrawal (Fig 5.25). Therefore, it seems that this effect is due to
doxycycline withdrawal.

Generally, haematopoietic differentiation occurs concurrently with decrease in
proliferation and eventually growth arrest (Steinman, 2002). However, growth
arrest of haematopoietic cells is insufficient to induce differentiation (Kiyokawa
et aL, 1993; Yen and Forbes, 1990). The forced expression of p l 6 in U937 cells
slowed the proliferation of U937 cells, but were less sensitive to vitamin D 3 or
ATRA-induced differentiation as assessed by NBT reduction despite an
enhanced tendency to accumulate in Gq/Gi (Bergh et aL, 2001). It is possible
that H0XA7 overexpression does not affect the cell cycle, but it may still inhibit
the U937 differentiation. This question is investigated in the next chapter.

5,4 Conclusions
H 0XA7 overexpression does not seem to affect cell proliferation, either before or
after PMA treatment. Cell cycle analysis of clone 4 and clone 22 showed that the
subGi population was significantly higher in cells after PMA treatment,
suggesting that H 0XA7 overexpression leads to a decrease in cell survival during
PMA-induced differentiation in U937 cells. There seemed to be no effect of
H 0XA7 overexpression on cdk2 kinase activity or on the expression of p21, p27,
cyclin A and cdk2 protein levels during PMA treatment.
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6 Differentiation analysis of U937 cells overexpressing
HOXA7
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6.1 Introduction
The aim of the work described in this chapter was to investigate whether H 0XA7
overexpression affects phorbol 12-myristate 13-acetate (PMA)- or la,25dihydroxycholecalciferol (DHCC)-induced U937 differentiation. The
differentiation-associated changes that were studied in the U937 cell line, namely
cell adherence, upregulation of the cell surface markers CDl lb and CD 14 and
respiratory burst, are also introduced.

6.1.1 C D llb an d C D 14
CDl 1/CD 18 (Mac-1) leukocyte adhesion molecules are members of the P2
integrin family of cell surface glycoproteins. The CDl lb/CD 18 heterodimer is
also known as complement receptor type 3 (CR3). It binds to the iC3b
complement component, fibrinogen, factor X and ICAM-1 (CD54). Interaction
with iC3b mediates phagocytosis of opsonised targets. CDl lb/CD 18 is also
thought to be involved in the transendothelial migration of monocytes and
neutrophils. CDl lb/CD 18 has also been shown to be required for adherence of
cells to plastic (Hamada et aL, 1998).

CDl lb/CD 18 is exclusively expressed on the cell surface of myeloid cells and is
upregulated during myeloid differentiation (Hickstein et a l, 1989; Pahl et a l,
1992; Rosmarin et a l, 1989). CD 11b expression and upregulation are controlled
at the level of transcription in PMA treated U937 cells (Pahl et al., 1992).

CD 14 is a phospholipid-anchored plasma membrane glycoprotein whose
expression is induced in mature monocytes (Simmons et aL, 1989). It is a
receptor for the complex between lipopolysaccharide and its binding protein, and
recognition of this complex is a crucial step in triggering macrophage function
during bacterial infection (Wright et aL, 1990; Ziegler-Heitbrock and Ulevitch,
1993). CD 14 has also been shown to mediate the recognition and phagocytosis
of apoptotic cells (Devitt et aL, 1998).
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6.1.2 Respiratory burst
Macrophages, neutrophils and eosinophils play an important role in immune
surveillance by killing microorganisms and destroying apoptotic and necrotic
cells by phagocytosis (Forman and Torres, 2001). These cells have a NADPH
oxidase that is activated when the cells are stimulated. Activation of this enzyme
complex is characterised by the marked increase in O2 consumption and
therefore the term ‘respiratory burst’ is used to describe this process (Vignais,
2002). NADPH oxidase catalyses the production of superoxide anion O2
according to the reaction;
NADPH + 2 O2

2

O2 + NADP^ + H^

The superoxide anion O2 is rapidly converted inside the cell to hydrogen
peroxide (H2 O2 ) and the hydroxyl radical (*OH) can also be produced by the
interaction of O2 and H2 O2 . These oxygen dérivâtes are called reactive oxygen
species (ROS) due to their potent antibacterial properties.

In the resting cell, the components of the NADPH oxidase are found in two
separate compartments, the plasma membrane and the cytosol (Vignais, 2002).
Membrane-bound flavocytochrome 6 is a heterodimer of gp9P*^°^ (for
phagocytic oxidase) and p22^*’°^ and the cytosolic components are p47^^°^,
pôTP*^®", p40P‘'°^ and the small GTPase Rac.

There is evidence that the expression of genes required for the production of the
respiratory burst is regulated separately from CDl lb expression. Antisense
NFkB affected CDl lb expression but not ROS production in HL-60 cells
induced to differentiate along the granulocytic lineage (Sokoloski et aL, 1993).

HOXAIO can repress transcription of the NCF2 and CYBB genes, which code for
pbyP^ox and gp9lP^°^, respectively (Eklund et aL, 2000).
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6.2 Results
6.2.1 Adherence of U937 cells
One of the most obvious changes that occur after PMA treatment of U937 cells is
that the cells become adherent to the tissue culture flask (Garcia et aL, 1999).
Therefore, the adherence of U937 cells, empty vector control cells, M PI, MP2,
clone 4 and clone 22 was investigated.

Cell adherence was observed under the microscope. Fig 6.1 shows
representative photographs of cells cultured in the presence of PMA for 24 hours
in the absence of doxycycline. Both U937 cells and empty vector control cells
adhere to the tissue culture flask after PMA treatment and flatten out and clump
together as shown in the figure. The same cells after PMA treatment in the
presence of doxycycline also adhered to the flask, clumped together and were
phenotypically indistinguishable from cells cultured in the absence of
doxycycline (photographs not shown), indicating that doxycycline alone does not
affect the adherence of cells after PMA treatment. Cells from M PI, MP2, clone
4 and clone 22 cultured without doxycycline express FLAG-tagged HOXA7.
When these cells were treated with PMA for 24 hours, they did not adhere to the
flask as much as U937 cells and empty vector control cells did and also did not
clump together. Clone 4 and clone 22 cells cultured in the presence of
doxycycline do not express FLAG-tagged HOXA7. When these cells were
treated with PMA, they adhered to the flask and clumped together and were
indistinguishable from U937 cells and empty vector control cells (photographs
not shown). This suggests that H 0XA7 overexpression during PMA treatment
inhibits the adherence of the cells to the tissue culture flask.

To quantify the number of non-adherent cells in each population, the numbers of
non-adherent cells were counted by trypan blue exclusion and expressed as a
percentage of the total number of cells that were plated. Three independent
experiments were done and the results are shown in Figs 6.2 to 6.4. Fig 6.2
shows the percentages of non-adherent U937 cells after treatment with PMA for
24, 48 and 72 hours in the presence and absence of doxycycline. The presence of
doxycycline did not affect the number of non-adherent cells significantly.
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Fig 6.1 Photographs of U937 cells that have been treated with PMA. All the cells shown here have been cultured in
the absence of doxycycline. The photographs were taken by Dr Cathy Price, (x 200)
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Fig 6.2 Percentages of non-adherent U937 cells. U937 cells were cultured
in the presence of PMA for 24, 48 and 72 hours with or without doxycycline.
The number of non-adherent cells were expressed as a percentage of the total
number of cells plated. The results of three independent experiments are
shown. Error bars represent mean ± SEM (n=9).
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Fig 6.3 shows the percentages of non-adherent empty vector control cells, MPI
and MP2 cells after PMA treatment in the presence or absence of doxycycline.
MPI and MP2 cells express FLAG-tagged HOXA7 protein in both the presence
and absence of doxycycline. Both MPI and MP2 cultures treated with PMA in
the presence of doxycycline showed a higher percentage of non-adherent cells
compared to the vector controls at all the time points. Comparison of the
percentages of non-adherent cells of MPI and MP2 cells cultured in the presence
of PMA and doxycycline with the percentages of the controls at 24,48 and 72
hours was made using a Student’s t-test. This revealed that the percentages at the
24 and 48 hour time points in MPI and MP2 cells were significantly higher than
controls (P<0.05), indicated by the asterisk in the figure. MPI and MP2 cultures
treated with PMA in the absence of doxycycline also had a higher percentage of
non-adherent cells compared to control cells grown in the absence of
doxycycline. The percentages of non-adherent cells of MPI and MP2 cultured
with PMA were compared to the percentages in the control cells using a
Student’s t-test. This showed that the percentages at the 24 and 48 hour time
points in both MPI and MP2 cells were significantly higher than the controls
(P<0.05) as indicated by the asterisk. These results suggest that overexpression
of H 0XA7 results in lower levels of adhesion in response to PMA treatment.

Fig 6.4 shows the percentages of non-adherent cells in the two H0XA7regulatable clones, 4 and 22, and the empty vector control cells that have been
cultured with PMA in the presence or absence of doxycycline. In clones 4 and
22, FLAG-tagged HOXA7 protein expression is induced in the absence of
doxycycline.

Empty vector control cells treated with PMA in the presence or absence of
doxycycline showed very few non-adherent cells. The withdrawal of
doxycycline alone did not have an effect on the adherence of these cells. Clone 4
and clone 22 cells expressing FLAG-tagged H0XA7 (i.e. cells that were cultured
in the absence of doxycycline) showed a higher percentage of non-adherent cells
than clone 4 and clone 22 cells that did not express FLAG-tagged HOXA7 (i.e.
239

24hrs

<0 60

□ 48hrs
□ 72hrs

+

Vector

+

+

MPI

Dox

MP2

Fig 6.3 Percentage of non-adherent empty vector control cells, MPI and
MP2. Vector control cells, MPI and MP2 cells were cultured with or without
doxycycline in the presence of PMA for 24,48 and 72 hours. The number of
non-adherent cells were expressed as a percentage of the total number of cells
plated. The results of three independent experiments are shown. Error bars
represent mean ± SEM (n=9). The asterisks indicate statistically significant
differences (P<0.05).
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cells that were cultured in the presence of doxycycline). Statistical analysis
showed that the percentages of non-adherent cells of clones 4 and 22 that
expressed FLAG-tagged H0XA7 were significantly higher at the 24 and 48 hour
time points than in the same cells that did not express FLAG-tagged H0XA7
(P<0.05). This is indicated by the asterisk in the figure. These results also
suggest that H 0XA7 overexpression results in less adhesion of cells in response
to PMA treatment.

The percentages of non-adherent cells in M PI, MP2, clone 4 and clone 22 cell
cultures treated with PMA for 72 hours were not significantly higher in
comparison to control cell cultures that did not express HOXA7. Here the
number of non-adherent cells that exclude trypan blue were counted so the
number of adherent cells may have increased and therefore resulted in the
reduction of non-adherent cells. However, observations under the microscope
and the cell cycle analysis in Chapter 5 (Fig 5.11, 5.12, 5.14, 5.15) suggested that
there is an increase in cell death that is contributing to the reduction in viable
non-adherent cells.

6.2.2 Cell surface markers
Another change that occurs with PMA-induced differentiation of U937 cells is
the upregulation of expression of various cell surface markers that are indicative
of monocytic differentiation, such as CDl lb and CD 14. Untreated cells and
cells treated with PMA for 24, 48 and 72 hours were analysed for expression of
these two cell surface markers by flow cytometric analysis. Cells were also
treated with DMSO alone to ensure that DMSO did not have an effect on the
expression of these cell surface markers.

Fig 6.5 shows how the cells were initially gated according to their forward scatter
(x-axis) and side scatter (y-axis). Clumps, debris and dead cells with a low
forward scatter were excluded. This figure is a representative dot plot to show
how the cells were gated for each experiment.

242

Side scatter

Forward scatter

Fig 6.5 Gating for flow cytometric analysis. The dot plot shows how the
cells were gated for CDl Ib-PE and CD14-F1TC staining according to their
forward and side scatter. 93.8% of cells were gated here.
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Fig 6.6A shows an isotype control using antibodies of the same immunoglobulin
isotype raised against an irrelevant antigen and using the same fluorochrome as
the antibody specific for the cell surface markers to be used. This gives an
estimate of non-specific binding of the monoclonal antibody to the cell surface so
that it can be subtracted from the fluorochrome reading obtained from the test
antibodies. The CDl Ib-PE and CD14-FITC antibodies are of the IgGi and IgG2 a
isotype, respectively, so the controls used were IgGi-PE and IgG2 a-FITC,
respectively. The quadrant used for analysis was set so that approximately 1% of
the cells were in the FITC- or PE-positive quadrant. This ensured an accurate
analysis for cells exhibiting weak staining by the antibodies.
Compensation was also set by staining U937T cells treated with PMA for 24
hours with CD14-FH C or CDl Ib-PE separately as shown in Fig 6.10B. This
enables overlap between the FITC and PE emission spectra to be corrected for by
setting the compensation on each dye separately. U937T cells are U937 cells
stably transfected with the tTA plasmid and were a kind gift from Dr Jay Hess
(Caslini et aL, 2000). U937T cells were used to set the compensation and also
to act as a positive control for both markers, as the U937 cells used for the work
in this thesis did not have detectable CD 14 expression even after PMA treatment.
This will be discussed later.

Fig 6.7 to Fig 6.12 show the results from representative experiments in which
cells were stained with CDl Ib-PE and CD14-FITC in the presence or absence of
PMA and doxycycline. Each experiment was repeated in triplicate and the
results are shown in Table 6.1.

Fig 6.7 shows the CDl Ib-PE and CD14-FITC staining of U937 cells. There
were no statistically significant differences between the numbers of CDl lb
positive U937 cells grown with or without doxycycline at any of the time points.
Therefore, doxycycline withdrawal did not affect the percentage of CDl lb
positive U937 cells. CD 14-positive cells were undetectable in U937 cell cultures
after PMA treatment. This was not due to problems with the CD 14- FITC
antibody, as CD 14-positive cells could be detected in U937T cells using the
same antibody as shown in Fig 6.6. It is interesting that the cell surface
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phenotype of the U937T cells was very different to that of the U937 cells used
for the rest of the work in this thesis. Fig 6.6B shows the cell surface phenotype
of PMA-treated U937T cells stained with CDl Ib-PE and CD14-FITC separately
for compensation purposes. PMA-treated U937T cells were positive for both
CDl Ib-PE and CD14-FITC. 99% and 98% of untreated U937T cells were also
positive for CDl lb and CD 14, respectively, even before PMA treatment as
shown in Fig 6.6C. This is in stark contrast to U937 cell cultures, which were
approximately 20% positive for CDl lb before PMA treatment and had no CD 14
positive cells. After PMA treatment, U937T cells were almost 100% positive for
CDl lb and approximately 99% positive for CD 14. The mean fluorescence
intensity also increased, as shown by the shifts of the histograms to the right.

Fig 6.8 shows CDl Ib-PE and CD14-FH C staining of U937 cells treated with
DMSO alone. DMSO alone did not upregulate the percentage of CDl lbexpressing cells.

Fig 6.9 shows the dot plots for CDl Ib-PE and CD14-FH C staining of empty
vector control cells, MPI cells and MP2 cells grown in the presence of
doxycycline. The percentages of CDl lb-positive cells in the control cultures
were similar to the percentages in U937 cell cultures before and after PMA
treatment (see Fig 6.7). MPI and MP2 cell cultures had lower percentages of
CDl lb-positive cells in both untreated and PMA-treated populations throughout
the time course. The percentages at each time point were compared statistically
with a Student’s t-test to those of controls. The percentages of CDl lb-positive
cells in untreated MPI cultures, MPI cultures at 24 and 72 hours after PMA
treatment and MP2 cultures after 24 hours of PMA treatment were found to be
significantly lower than the corresponding percentages of the control cell cultures
(P<0.05). This is indicated by the asterisk next to the FACS plot. No CD 14positive cells were detected.

Fig 6.10 shows representative dot plots of empty vector control cells, MPI and
MP2 cells grown in the absence of doxycycline stained with CDl Ib-PE and
CD14-FITC. The percentages of CDl lb-positive cells in the control cell cultures
grown with and without PMA were similar to the percentages seen in U937 cell
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cultures (see Fig 6.7). The percentages of CDl lb-positive cells in MPI and MP2
cell cultures were lower than in the control cultures throughout the time course.
However, statistically significant differences were found only at the 24 hour time
point (P<0.05 for MPI cells, P<0.01 for MP2 cells).

The results with the heterogeneous MPI and MP2 cell populations suggest that
the overexpression of H0XA7 leads to a lower percentage of CDl lb-positive
cells in the presence and absence of PMA.

Fig 6.11 shows representative dot plots for the empty vector control cells grown
with or without doxycycline. Doxycycline withdrawal did not affect the
percentages of CDl Ib-postive cells. No CD 14-positive cells were detected.

Fig 6.12 shows the representative dot plots of cells from clones 4 and 22 grown
in the presence and absence of doxycycline. The clone 4 and clone 22 cell
cultures grown in the presence of doxycycline had similar percentages of
CDl lb-positive cells to the vector control cell cultures. Statistically significant
differences in the percentage of CDl lb-positive cells were found in clone 4 and
clone 22 cell cultures grown in PMA but without doxycycline for 24 or 48 hours
and in clone 4 cell cultures grown in PMA but without doxycycline for 72 hours
(P<0.05). This is indicated by the asterisks in the figure. These results suggest
that overexpression of H 0XA7 results in a lower percentage of CDl lb-positive
cells.
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Fig 6.6 Controls for flow cytometric analysis of CDl lb and CD14 cell
surface markers. (A) shows U937 cells stained with the isotype controls.
(B) shows the compensation set by staining PMA-treated U937T cells
separately with CDl Ib-FITC and CD14-FITC. (C) shows the CDl lb and
CD 14 expression in untreated U937T cells.
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as a vehicle control. U937 cells grown in the presence and absence of doxycycline
were treated with DMSO for 24, 48 and 72 hours and analysed for expression of the
two cell surface markers.
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Fig 6.9 CDllb-PE and CD14-FITC staining of empty vector control cells,
MPI and MP2 cells grown in the presence of doxycycline. Vector controls
and MPI and MP2 cells grown in the presence of doxycycline were treated
with PMA for 24, 48 and 72 hours and analysed for expression of the two cell
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representative experiment from 3 independent experiments that gave similar
results.
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Fig 6.12 C D llb-P E and CD14-FITC staining of clone 4 and 22. Cells
from clones 4 and 22 grown in the presence and absence of doxycycline were
treated with PMA for 24, 48 and 72 hours and analysed for expression of the
two cell surface markers. These FACS plots show a representative
experiment from 3 independent experiments that gave similar results. The
asterisks indicate the time points with a statistically significant difference in
CDl lb-positive cell percentages (P<0.05)
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U937

0 hrs
24 hrs
48 hrs
72 hrs

+ doxycycline
14.5 ± 7.5
74.5 ± 6.5
71.0 ±10.0
74.5 ± 6.5

- doxycycline
14.0 ± 4.9
77.0 ±3.7
73.3 ± 1.1
80.0 ±1.2

Empty vector controls

0 hrs
24 hrs
48 hrs
72 hrs

+ doxycycline
15.0 ±2.0
80.0 ± 1.0
84.5 ± 1.5
73.5 ± 8.5

- doxycycline
6.2 ± 2.4
71.3 ±5.2
81.0 ±5.6
74.0 ± 6.9

+ doxycycline
4.5 ± 2.5
50.5 ±11.5*
54.5 ± 5.5
40.5 ± 3.5*

- doxycycline
3.3 ±0.6
41.7 ±3.8*
69.3 ±8.1
48.7 ±9.2

+ doxycycline
6.5 ±4.9
42.5 ± 8.5*
42.0 ± 14.0
29.5 ± 9.5

- doxycycline
3.7 ±4.6
43.7 ± 1.2**
58.0 ±9.8
57.0 ± 7.4

MPI

0 hrs
24 hrs
48 hrs
72 hrs

MP2

0 hrs
24 hrs
48 hrs
72 hrs
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Clone 4

0 hrs
24 hrs
48 hrs
72 hrs

+ doxycycline
19.7 ± 12.4
64.0 ±7.5
75.7 ± 5.5
74.0 ± 7.4

- doxycycline
16.0 ±8.0
27.5 ± 7.5*
35.5 ±4.5*
31.5 ±2.1*

+ doxycycline
20.0 ±12.9
64.0 ±7.5
76.0 ±4.9
69.7 ± 8.4

- doxycycline
4.5 ±2.1
35.0 ± 6.0*
42.5 ± 6.5*
35.5 ± 8.5

Clone 22

0 hrs
24 hrs
48 hrs
72 hrs

Table 6.1 Percentages of CDllb-positive cells. The results shown are
the mean ± SEM of three independent experiments. Statistically significant
results are indicated by asterisks.
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To determine whether H 0XA7 overexpression also affects CDl lb upregulation
during the differentiation of U937 cells induced by another differentiating agent,
DHCC was used to induce differentiation of cells of the two clones, 4 and 22.
Clones grown in the presence and absence of doxycycline were treated with
DHCC for 24,48 and 72 hours. The percentage of cells that was positive for the
expression of CDl lb and CD 14 cell surface markers was measured by staining
with a CD llb-PE and CDl 4-El IC antibody and analysed by FACS. Fig 6.13A
shows how the cells were gated according to their forward scatter and side
scatter. Clumps, debris and dead cells with a low forward scatter were excluded.
Fig 6.13B shows a negative control using isotype control antibodies. The
CDl Ib-PF and CD14-FITC antibodies are of the IgGi-PF and IgGia-FITC
isotype, respectively, so the controls used were IgGi-PF and IgG2 a-FTTC,
respectively. The quadrant used for analysis was set so that approximately 1% of
the cells were in the FITC- or PF-positive quadrant. This was the standard for
comparison when determining which cells were CDl lb- or CD 14-positive.
Fig6.13C shows the compensation set by staining U937T cells treated with PMA
for 24 hours with CD14-FITC or C D llb-PF separately. These samples also
acted as a positive control for both antibodies to show that the antibody staining
was successful.

Fig 6.14 to Fig 6.16 show the results from a representative experiment in which
cells were stained with CDl Ib-PF and CD14-FITC in the presence or absence of
DHCC and doxycycline. Each experiment was repeated twice and the results are
shown in Table 6.2.

Fig 6.14 shows the representative dot plots for C D llb- PF and CD14-EHC
staining of U937 cell cultures and empty vector control cell cultures grown with
DHCC for 24, 48 and 72 hours in the presence or absence of doxycycline. No
CD 14-positive cells were detected. These results suggest that the withdrawal of
doxycycline did not affect the percentages of CDl lb-positive cells in untreated
or DHCC-treated U937 cell cultures.
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Fig 6.15 shows CDl Ib-PE and CD14-FITC staining of U937 cell cultures grown
for 2 4 ,4 8 o r7 2 hours with ethanol in the presence or absence of doxycycline as
a control. Ethanol alone does not affect upregulation of either CDl lb or CD 14
cell surface markers in these cells.

Fig 6.16 shows CD llb-PE and CD14-FITC staining of clone 4 and 22 cell
cultures grown with DHCC in the presence or absence of doxycycline. No
CD14-postive cells were detected. The percentages of CDl lb-positive cells
were similar in the presence and absence of doxycycline. This suggests that
H 0XA7 overexpression during DHCC treatment of U937 cell cultures does not
affect the percentages of CDllb-positive cells.
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A. Gating

Side scatter

Forward scatter

B. Isotype control

IgG,-PE

'"L.

V

>lgG ^-FITC
C. Compensation and positive control
C D llb

CDllb-PE

CD14-FITC

-► CD14

Fig 6.13 Gating and controls for the DHCC experiment. (A) The cells
that were gated in this experiment are shown. (B) Isotype controls (C)
Compensation for CDl Ib-PE and CD 14 -FITC which also acts as positive
controls for these antibodies.
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Vector

U937
+Dox

-Dox

+Dox

-Dox

Untreated

DHCC 24hrs

DHCC 48hrs

C D llb

DHCC 72hrs

>► CD14

Fig 6.14 CDllb-PE and CD14-FITC staining ofU937 cells and vector
control cells treated with DHCC. The cells in the presence and absence of
doxycycline were treated with DHCC for 24, 48 and 72hours and analysed
for expression of the two cell surface markers. These FACS plots show a
representative experiment from 2 independent experiments that gave similar
results.
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EtOH controls
U937

U937 +Dox

Untreated

EtOH 24hrs

EtOH 48hrs
5

à

Î

C D llb
EtOH 72hrs

CD14
Fig 6.15 CDllb-PE and C D l4 FITC staining of U937 cells treated with
EtOH as a vehicle control. U937 cells grown in the presence and absence
of doxycycline were treated with EtOH for 24, 48 and 72hours and analysed
for expression of the two cell surface markers. These FACS plots show a
representative experiment from 2 independent experiments that gave similar
results.
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Fig 6.16 CDllb-PE and CD14-FITC staining of cells from clone 4 and
22 treated with DHCC. Clone 4 and 22 ceils grown in the presence and
absense of doxycycline were treated with DHCC for 24,48 and 72hours and
analysed for expression of the two cell surface markers. These FACS plots
show a representative experiment from 2 independent experiments that gave
similar results.
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U937 cells

+Dox
-Dox

24hrs
53.6 ±0.4
54.6 ±0.3

48hrs
82.9 ±0.8
85.2 ±0.6

72hrs
84.6 ± 0.6
87.3 ±0.5

Ohrs
3.4 ±0.4
4.9 ±0.3

24hrs
34.1 ±0.4
35.0 ±0.2

48hrs
61.4 ±0.5
63.7 ±0.3

72brs
45.7 ±0.2
54.0 ± 0.6

Ohrs
4.3 ±0.6
6.6 ± 0.2

24hrs
34.6 ± 0.4
32.0 ±0.2

48hrs
69.7 ±0.3
53.6 ±0.6

72hrs
54.2 ±0.3
46.7 ± 0.4

Ohrs
4.1 ±0.2
1.8 ±0.3

24hrs
32.0 ±0.4
47.2 ±0.3

48hrs
59.8 ±0.6
64.2 ± 0.7

72hrs
43.2 ±0.7
51.3 ±0.4

Ohrs
1.4 ±0.6
1.8 ±0.4

c) Vector control cells

+Dox
-Dox

e) Clone 4

+Dox
-Dox

g) Clone 22

+Dox
-Dox

Table 6.2 Percentages of CDllb-postive U937 cells after treatment with DHCC.
The mean ± SEM of an experiment performed in duplicate is shown.
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6.2.3 Respiratory burst
Another change that occurs during PMA treatment of U937 cells is the induction
of a respiratory burst which is required for destroying the foreign organisms that
monocytes phagocytose. This results in the production of various reactive
oxygen species, which can be measured by the conversion of dihydrorhodamine
123 (DHR) to fluorescent rhodamine.

Fig 6.17 shows the positive control for the experiment performed with
neutrophils isolated from peripheral blood. Fig 6.17A shows how the neutrophils
were gated from the mononuclear cell populations based on the forward and side
scatter. Fig 6.17B shows the rhodamine fluorescence of neutrophils treated with
PBS and rhodamine fluorescence of neutrophils activated with PMA for 10
minutes. PMA treatment is required to activate the neutrophils and initiate the
respiratory burst. There is a large shift in the histogram to the right following
PMA treatment, indicating that these neutrophils had induced a respiratory burst.

Fig 6.18 shows how the optimum conditions for testing the respiratory burst of
U937 were set. Panel (A) shows how the cells were gated. Panel (B) shows two
conditions tested with untreated U937 cells and U937 cells treated with PMA for
24 hours. Condition 1 was to add DHR to the U937 cells without activating the
cells with PMA for 10 minutes. Condition 2 was to activate the cells with PMA
for 10 minutes before the addition of DHR as required for neutrophils.
Therefore, the cells that had been treated with PMA for 24 hours had additional
PMA stimulation for 10 minutes. The percentage of rhodamine-positive cells for
untreated U937 cell cultures tested under condition 1 was set to approximately
1%. 0.6% of untreated U937 cell cultures tested under condition 2 were DHRpositive. The percentage of rhodamine-positive cells in U937 cell cultures
treated with PMA for 24 hours tested under condition 1 was 4.3%. The
percentage of rhodamine-positive cells in U937 cell cultures treated with PMA
for 24 hours tested under condition 2 was 5.7%. The percentage of rhodaminepositive cells were slightly higher in U937 cell cultures treated with PMA tested
under condition 2. Therefore, condition 2 was used for all DHR assays.
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Rhodamine
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Fig 6.17 Positive control for the DHR assay using neutrophils from
peripheral blood mononuclear cells. The neutrophil population was
gated from the mononuclear cell population (j^. There was a shift in
fluorescence intensity when the neutrophils were stimulated with PMA
( ^ . The dotted line shows the negative controls which were neutrophils
incubated with phosphate-buffered saline (PBS).
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A. Gating
Side scattef

"► Forward scatter

B. Setting up the conditions
1. Without activating
with PMA

2. With lOminsofPMA
activation

U937

Rhodamine
fluorescence
U 937PMA 24hrs

Fig 6.18 Establishing the optimum conditions for the DHR assay. (A)
The cells were gated according to their forward and side scatter. (B)
Untreated U937 cells and cells treated with PMA for 24 hours were used
to optimise the conditions for the DHR assay. Two conditions were
compared : without activation with PMA immediately before adding
DHR (1) and with 10 minutes of activation with PMA (2).
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Fig 6.19 to Fig 6.21 show the results from representative experiments in which
cells were cultured in the presence or absence of PMA and doxycycline and
DHR added. Each experiment was repeated twice and the results are shown in
Table 6.3.

Fig 6.19 shows the dot plots for U937 cell cultures and vector control cell
cultures treated with PMA in the presence and absence of doxycycline. The
rhodamine-positive cells are indicated by the blue population of cells in the plot.
The percentages of rhodamine-positive cells in the untreated cells were set at
approximately 1%. U937 and vector control cell cultures had similar percentages
of rhodamine-positive cells, and doxycycline withdrawal did not seem to affect
the percentages. The y-axis on the dot plots for the 72 hour time point is
different to the rest of the dot plots as the cells from this time point were
analysed on a different flow cytometer. This does not affect the percentages of
rhodamine-positive cells obtained as negative controls were used at each time
point to be used as a reference to determine the rhodamine-positive cell
population.

Fig 6.20 shows the DHR assay for U937 cell cultures treated with DMSO alone.
This had no effect on the percentage of rhodamine-positive cells.

Fig 6.21 shows the representative dot plots for clones 4 and 22 treated with DHR
in the presence or absence of PMA and doxycycline. The percentage of
rhodamine-positive cells in clone 4 cell cultures grown with and without
doxycycline were very similar at all time points. The percentage of rhodaminepositive cells in clone 22 cell cultures grown without doxycycline at the 24 hour
and 48 hour time points were lower in comparison to cultures grown with
doxycycline. However, the percentages that were compared were too small for
an accurate analysis.
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Fig 6.21 also shows the percentage of rhodamine-positive cells in U937 cell
cultures grown in DHCC for 72 hours. Only 1% of cells were rhodaminepositive.
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Fig 6.19 DHR assay on U937 cells and vector control cells with and without
doxycycline. Untreated cells and cells cultured in the presence of PMA for 24, 48 or
72 hours were assayed for the capacity to produce a respiratory burst. These are
representative plots of an experiment performed in duplicate.
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Fig 6.20 DMSO controls for the DHR assay. U937 cell cultures were
treated with DMSO for 24, 48 or 72 hours.
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Fig 6.21 DHR assay on clones 4 and 22 with and without doxycycline.
Untreated cells and cells cultured in the presence of PMA for 24, 48 or 72 hours
were assayed for the capacity to produce a respiratory burst. These are
representative plots of an experiment performed in triplicate. A DHR assay of
U937 cells cultured for 72 hours in the presence of DHCC is also shown.
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U937 cells

+Dox
-Dox

24hrs
6.5 ±0.3
6.3 ± 0.2

48hrs
6.4 ±0.2
5.7 ±0.1

72hrs
11.1 ±0.3
9.7 ±0.4

Ohrs
1.0 ±0.1
1.0 ±0.1

24hrs
5.2 ± 0.3
4.8 ±0.1

48hrs
5.4 ±0.1
4.7 ±0.2

72hrs
10.4 ± 0.4
11.6±0.9

Ohrs
1.0 ±0.1
1.0 ±0.1

24hrs
5.3 ±0.3
5.0 ±0.1

48hrs
3.9 ±0.3
4.0 ±0.1

72hrs
9.9 ±0.1
8.9 ± 0.9

Ohrs
1.0 ±0.1
1.0 ±0.1

24hrs
3.9 ±0.1
0.8 ±0.1

48hrs
2.1 ±0.1
1.4 ±0.1

72hrs
8.6 ±0.3
10.7 ±0.6

Ohrs
1.0 ±0.1
1.0 ±0.1

c) Vector control cells

+Dox
-Dox

e) Clone 4

+Dox
-Dox

g) Clone 22

+Dox
-Dox

Table 6.3 Percentages of rhodamine-postive U937 cells. The mean ± SEM of an
experiment performed in duplicate is shown.
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6.3 Discussion
6.3.1 Adherence
H 0XA7 overexpression in M PI, MP2, clone 4 and clone 22 cells led to a
statistically significant reduction in the percentage of adherent cells after PMA
treatment (Fig 6.3, 6.4). An increase in cell adherence is one of the most obvious
changes that occur during U937 differentiation. A reduction in the percentage of
adherent cells after PMA treatment in U937 cells overexpressing H0XA7
suggests that cell differentiation is affected by H0XA7.

There is evidence that homeobox gene expression can affect cell adhesion of
haematopoietic cells (Allen and Adams, 1993). When the Hlx gene is ectopically
expressed in the immature T cell line, Tikaut, the cells in liquid culture were non
adherent, more uniformly round and did not aggregate while control cells were
semi-adherent, pleomorphic in shape and aggregated at high density. Hlx
expression also decreased the cell surface expression of CD44 and CD54.

The percentage of non-adherent cells at 24 and 48 hours after PMA treatment in
cells overexpressing H0XA7 was significantly higher than in cells that did not
express H0XA7. The percentage of non-adherent cells at 72 hours was not
significantly different as it had decreased in comparison to the percentages at the
earlier time points. It has been reported that apoptosis represents alternative fate
for U937 cells unable to engage a normal maturation program after PMA
treatment (Wang et a l, 1998). Apoptosis in PMA-treated U937 cells that are
non-adherent, when adherence is inhibited or in adherent cells that are detached
has been reported (Hamada et ah, 1998). HL60 cells induced into monocytic
differentiation with PMA that never became adherent or were secondarily
detached becomes apoptotic (Solary et al., 1994). It is possible that the non
adherent cells are undergoing apoptosis in this study and therefore a reduction in
the number of viable non-adherent cells was observed.
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6.3.2 C D llb and CD14 expression
The percentage of CDl lb-positive cells was significantly less in U937 cell
cultures overexpressing H 0XA7 compared to the control cell cultures that did not
(Fig 6.9, 6.10 and 6.12). CDl lb/18 is required for adherence of U937 cells
(Hamada et aL, 1998) so this will explain the decreased in U937 cell adherence
seen in Fig 6.3 and Fig 6.4. U937 cells transfected with a plasmid encoding the
C D llb gene in an antisense orientation to reduce the expression levels of the
C D llb mRNA resulted in the inhibition of cell adhesion and of monocytic
differentiation and also in progressively increasing levels of apoptosis due to the
failure to undergo normal monocytic differentiation (Prudovsky et aL, 2002).
These results correlate with the increase in subGi cells (Chapter 5, Fig 5.11, 5.12,
5.14, 5.15) and decrease in viable non-adherent cells (Fig 6.3 and 6.4) seen in
U937 cell cultures overexpressing H 0XA7 and therefore showing a lower
percentage of CDllb-positive cells.

H 0XA7 overexpression in U937 cells did not affect the percentages of CDl lbpositive cells after DHCC treatment. H 0XA7 overexpression affected the
C D llb upregulation only during PMA-induced differentiation of U937 cells
although there is substantial overlap between signalling pathways induced by
PMA and DHCC (Chapter 1, Fig 1.9). This suggests that H 0XA7 affects a
pathway that is induced only by PMA. This is discussed further in section 6.3.4.

Upregulation of C D llb on the cell surface after PMA treatment of U937 cells
seems to be controlled at the level of transcription (Pahl et aL, 1992). CDl lb is
stored in intracellular storage vesicles, which are then translocated to the cell
surface in blood monocytes and neutrophils (Hughes et aL, 1992; Miller et aL,
1987). The CDl lb transport from the intracellular stores to the cell surface was
reduced in HL60 cells differentiated with DMSO and treated with antisense
oligonucleotides to the p65 subunit of NFkB, but the CDl lb mRNA
transcription was not affected in these cells (Sokoloski et aL, 1993). This
suggests that the p65 subunit of NFkB is required for the expression of a factor
that is necessary for the transport of CDl lb from the intracellular stores to the
cell surface. It is possible that the presence of H0XA7 during PMA treatment in
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U937 cells is inhibiting the transport of CDl lb from the intracellular pools,
rather than inhibiting CDl lb mRNA transcription. To determine which of these
processes H 0XA7 affects, it will be necessary to analyse the intracellular CDl lb
by permeabilising the cells before staining with an anti-CD li b antibody, or to
look at the CDl lb mRNA levels.

CD 14 was not upregulated on the cell surface of U937 cells used in this project
but was expressed in U937T cells, which are U937 cells stably transfected with
tTA. U937T cells were less adherent than U937 cells after PMA treatment and
therefore did not require Accutase (a reagent that detaches adherent cells from
the tissue culture flask) treatment to detach cells as was necessary in U937 cells.
It is possible that Accutase was cleaving the CD 14 marker from the cell surface.
CD 14 can also be cleaved by phospholipases or proteases to release soluble
CD 14 (sCD14) (Ziegler-Heitbrock and Ulevitch, 1993).

It may also be possible that the U937 cells did not upregulate CD 14. There are
contradicting reports on whether CD 14 is upregulated in PMA-treated U937 or
not. Caslini et al. (2000) reported an upregulation of CD 14 using U937T cells
(Caslini et al., 2000). These U937T cells were also found to upregulate CD 14 in
the work for this thesis. Pedrinaci et al. (1990) also showed that their U937 cells
treated with PMA showed upregulation of CD14 (Pedrinaci et al., 1990). Hass et
al. (1989) and Koehler et al. (1992) have reported that CD 14 was not
upregulated with PMA treatment of U937 cells (Hass et al., 1989; Koehler et a l,
1992).

6,3.3 Respiratory burst
Approximately 10% of U937 cells treated with PMA for 72 hours as a positive
control were positive for rhodamine fluorescence. This percentage was lower
than expected.

The percentage of rhodamine-positive cells in the DHR assay showed high
correlation with the percentage of nitroblue tétrazolium (NET) positive cells in
granulocytes (Richardson et al., 1998; Vowells et al., 1995). The NET assay
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measures the reduction of NBT by NADPH oxidase while the DHR assay
measures the oxidisation of DHR to rhodamine by hydrogen peroxide.

The NBT assay has been used to measure U937 differentiation. Therefore the
DHR assay was considered to be appropriate for measuring the percentage of
cells in the U937 culture that could induce a respiratory burst in the work for this
thesis. The percentage of U937 cells that was reported to be NBT positive after
96 hours of DHCC treatment was approximately 75% (James et al., 1997). This
was measured by counting the number of cells that contained black formazan
deposits under the microscope. In contrast, Nakajima et al. (1996) showed that
U937 cells treated with DHCC for 96 hours did not result in an increase in
absorbance of solubilised formazan deposits formed in the cells (Nakajima et al.,
1996). These contradicting reports may be due to the differences in U937 cells,
but it may be due to the differences in sensitivity of the two NBT methods.

It is possible that the DHR assay is not as sensitive as the NBT assay in U937
cells, although it appears to be in granulocytes, and therefore we could not detect
many rhodamine-positive cells.

PMA induces the respiratory burst of neutrophils after 15-30 minutes of
incubation, so it is possible that the continuous presence of PMA in the media
depleted the capacity of U937 cells to produce the respiratory burst in the
experimental model used in this project. However, U937 differentiated with
DHCC for 72 hours also did not show rhodamine-positive cells, suggesting that
is was either the cells that were not capable of generating a respiratory burst or
that this method was not viable in U937 cells.

Antisense CDl lb has been reported to attenuate monocytic differentiation
markers such as NBT reduction capacity in U937 cells (Prudovsky et al., 2002).
The effects of H 0XA7 overexpression on the capacity of the U937 cells to induce
a respiratory burst after PMA treatment could not be determined in this work as
the DHR assay did not show many positive cells even in the positive control.

276

It would be interesting to look at other genes that are upregulated during U937
differentiation, such as other cell surface markers, to see if H 0XA7 affects the
upregulation of other monocyte differentiation markers.

6.3.4 Possible mechanisms of HOXAZ-mediated inhibition of C D llb
expression
The Hoxa-7 protein has been shown to repress transcription of a luciferase
reporter plasmid in NIH 3T3 cells through binding to the Wnt-1 enhancer
element that has previously been shown to contain a homeodomain binding site
(Schnabel and Abate-Shen, 1996). Hoxa-7 fused to the GAL4 DNA binding
domain also functioned as a transcriptional repressor of a reporter plasmid that
contained five copies of the GAL4 DNA binding site upstream of the SV40
promoter.

How does H 0XA7 affect the expression of CDl lb on the cell surface of PMAtreated U937 cells? The first question that needs to be answered is whether or
not H 0XA7 overexpression is affecting the expression of the CDl lb protein or
affecting the transport of C D llb to the cell surface. The next question is
whether or not H 0 X A 7 is directly affecting C D llb expression or transport, and
whether any cofactors, such as PBX, are binding to H0XA7.

H 0XA7 may be inhibiting the binding of a factor that is required for CDl lb
transcription. Spl and PU.l are two transcription factors that have been shown
to bind to the CDl lb promoter region and are required for CDl lb transcription
(Skalnik, 2002; Tenen et al., 1997). MS-2 is a putative transcription factor that
has not yet been identified, but which is thought to be induced during U937
differentiation and is also thought to be required for C D llb expression
(Farokhzad et a l, 1996).

CBP has been found to be a transcriptional coactivator for PU.l, although it is
not known if it is required for C D llb transcription (Yamamoto et a l, 1999).
The p65 subunit of NFkB may be required for CDl lb transport to the cell
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surface (Sokoloski et a l, 1993). CBP is also thought to enhance NFkB
transcription through its binding with the p65 domain (Gerritsen et al., 1997).
HOXB7, a paralog of HOXA7, has also been shown to physically interact with
CBP which enhanced its transactivating potential (Chariot et al., 1999). It is
possible that HOXA7 can also bind to CBP, sequestering it away from the
transcription factors that require it.

H0XA7 could also be inducing the expression of a transcriptional repressor for
CDl lb. The Kriippel-like zinc finger transcription factor ZBP-89 has been
found to be a repressor for C D llb transcription during the later stages of
monocytic differentiation resulting in the reduction of C D llb expression on the
surface of mature macrophages (Park et a l, 2002). ZBP-89 was only found to
repress CDl lb expression in macrophages and not U937 cells differentiated with
PMA (which represents early differentiation), which led the authors to conclude
that it can only act as a repressor in mature macrophages. There may be other
repressors that have not yet been identified that act to repress CDl lb
transcription in monoblasts or immature monocytes.

It was surprising that overexpression of H 0 X A 7 did not affect C D llb
upregulation during DHCC-induced differentiation of U937 cells. It is possible
that a factor that antagonises the effect of H 0 X A 7 on C D llb expression is
induced in DHCC-treated cells. Comparing the signalling pathway induced by
PMA and DHCC should give some clues as to how H 0XA7 is having its effect.
There is substantial overlap between signalling pathways (Chapter 1, Fig 1.9).
PI3-kinase is only induced by DHCC and not PMA (Hmama et al., 1999a).
DHCC is also a ligand for the VDR which can then act as a transcription factor
that binds to VDRE (Carlberg et a l, 1993; Schrader et al., 1994). HOXAIO as
well as p21 have been shown to be direct targets of DHCC induced transcription
(Liu et al., 1996; Rots et al., 1998).

The VDR has been shown to interact with Smad3, one of the effectors for the
TGF-P signalling pathway (Subramaniam et al., 2001; Yanagisawa et al., 1999).
VDR has also been found as a complex with PI3-kinase (Hmama et al., 1999b).
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It is possible that the VDR or the PI3-kinase-VDR complex is inducing the
expression of a factor not expressed in PMA-treated cells or is inducing higher
levels of it. A couple of interesting papers have been published describing
transcriptional activities of HOX genes that are affected by other proteins. The
first one is the interaction between Hoxa-9 and Smad3 (Shi et al., 2001). After
binding of TGF-p, activin or bone morphogenic proteins to their receptor, Smad2
or Smad3 forms a complex with Smad4 that translocates to the nucleus and
activates target gene transcription. Hoxa-9 binds to the osteopontin (OPN)
promoter and represses the activation of an OPN promoter-reporter construct in
response to TGF-p while Smad3 can bind to this promoter and activate it. When
Smad3, Smad4 and Hoxa-9 were coexpressed in COS-1 cells, Smad4 was found
to inhibit the binding of Hoxa-9 to the OPN promoter and to be
coimmunoprecipitated with Hoxa-9. It was hypothesized that Smad4 interacts
with Hoxa-9 to displace it from the OPN promoter to allow access for Smad3.

The second paper describes the switching of a HOX-PBX complex from a
repressor to activator (Saleh et a l, 2000). The HOX-PBX complex is thought to
represses transcription from the Hoxbl autoregulatory element (ARE) by
recruiting histone deacetylases. The HOX-PBX complex can be converted to an
activator by associating with CBP that is phosphorylated in response to protein
kinase A (PKA) signalling, suggesting that cell signalling is an important
determinant of HOX-PBX function.

DHCC may be inducing a cofactor that functions like Smad4 that is displacing
H 0XA7 from the promoter, or inducing a factor that converts the repressive
actions of H0XA7 that acts in a similar way to CBP on HOX-PBX complexes.

Possible future experiments include looking for H 0XA7 targets using the
Affymetrix Gene Chip and chromatin immunoprécipitation to confirm the
binding of HOXA7 to a particular DNA sequence.
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6.3.5 Homeobox gene targets include adhesion molecules
Homeobox genes control the formation of segment identity and haematopoietic
cell development. What is not known yet is how the homeobox proteins carry
this out. It has been hypothesised that to convert the homeobox genetic signal to
the resulting phenotype, homeobox genes must be able to target genes that
control the interaction of cells and tissues (Edelman and Jones, 1993). Cell
surface adhesion molecules and extracellular matrix glycoproteins have been
reported to affect morphogenesis and the formation of cell collectives (Edelman
and Crossin, 1991). This raises the possibility that cell adhesion molecules may
be targets of homeobox genes. Supporting this idea, various putative homeobox
target genes have been identified to date.

Using the chromatin immunopurification approach, target sites for the
Drosophila Ultrabithorax gene were isolated (Gould and White, 1992). A target
site was found on the regulatory element of connecting a cell adhesion molecule,
in Drosophila (Nose et al., 1992). This gene is expressed on the surface of two
groups of muscle fibres (two ventral and six lateral muscles) out of 30 in the
Drosophila abdominal segment, motoneurons that innervate these muscles and
several glial cells along the peripheral pathways that lead up to them. It is
thought to be involved in target identification during the generation of
neuromuscular specificity.

The cytotactin/tenascin gene promoter is activated by Evx-1 in NIH 3T3 cells and
chicken embryonic fibroblasts (Jones et a l, 1992a). Cytotactin is an
extracellular glycoprotein that is thought to modulate neuronal, smooth muscle
and chondrocyte cell migration and morphogenesis (Edelman and Jones, 1992).

The murine N-CAM (neural cell adhesion molecule) promoter has also been
shown to be activated by cotransfection of Xenopus laevis Hox genes with the NCAM-CAT construct in NIH 3T3 cells. HoxB9 was shown to activate the
promoter, while cotransfection with HoxBS blocked the activation (Jones et al.,
1992b). HoxC6 was also shown to activate the N-CAM promoter in
cotransfection experiments in NIH 3T3 cells (Jones et al., 1993).
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Hoxd-9 has also been shown to activate the chicken liver cell adhesion molecule
(L-CAM) promoter in cotransfection experiments in NIH 3T3 cells (Goomer et
a l, 1994).

Cadherin 6 has also recently been suggested as a target gene of Hoxa-1, isolated
by cDNA subtractive hybridisation (Shen et a l, 2000).

Isolation of Hoxc-8 targets in the mouse spinal cord was performed where the
DNA sequence that the HOX protein was bound to in native chromatin was
isolated by fixing the spinal cord in paraformaldehyde and passing through the
sonicated product through an anti-Hox-c8 antibody affinity column (Tomotsune
et a l, 1993). The DNA that bound to the column was digested with a restriction
enzyme so that it could be cloned into a vector. 2x10"^ independent clones were
obtained. The 5’ flanking region of Hoxa-7 was present in 80 independent
clones, indicating that this is a candidate target gene of Hoxc-8. Another
candidate target gene was the mammalian homologue of the Drosophila tumoursuppressor genes, lethal (2) giant larvae {1(2)gl), which the authors termed mgl-1
(mammalian homologue of Drosophila 1(2)g l. The 1(2)gl localisation on the
cell surface and amino acid sequence homology to cadherin, a family of calciumdependent adhesion molecules, suggest that this may also be a cell adhesion
molecule (Klambt et a l, 1989).

6.4 Conclusion
As discussed in section 6.3.5, it is becoming evident that numerous cell adhesion
molecules are targets of homeobox genes. The work presented in this chapter
suggests that CDl lb may be a target of H0XA7, adding to a growing list of HOX
target genes. H0XA7 is thought to be upregulated in leukaemias, so further
studies may reveal how this may be contributing to a leukaemic phenotype.
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7 General conclusions
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Results presented in Chapter 3 indicate that PITX2 is expressed during normal
haematopoiesis and may be preferentially expressed in the primitive
haematopoietic cell population, a result supported by Degar et al. (2001).
Results presented in Chapter 3 did not support the hypothesis of Arakawa et al.
(1998) that PITX2 is involved in leukaemogenesis following MLL gene
rearrangement. As described in Chapter 1 a number of MLL target genes have
now been identified. However, the role of these in leukaemogenesis following
MLL gene rearrangement remains unclear.

Studies of H 0XA7 gene expression described in Chapter 3 suggest a possible role
in myeloid cell development and differentiation. To study this potential role, a
tetracycline-regulatable gene expression system was established in U937 cells as
described in Chapter 4.

The results indicate that H 0XA7 overexpression did not affect cell proliferation,
either before or after PMA treatment as described in Chapter 5. Cell cycle
analysis showed that the subGi population was significantly higher in cells
overexpressing HOXA7 after PMA treatment, suggesting that H 0XA7
overexpression leads to a decrease in cell survival during PMA-induced
differentiation in U937 cells. There was no effect of H 0XA7 overexpression on
cell cycle regulatory proteins that were studied during PMA treatment.

The work presented in Chapter 6 suggests that CDl lb may be a target of H 0XA7
gene regulation. As described in Chapter 6 further work is required to determine
if C D llb is a direct target of H 0XA7 and if there are other targets of H 0XA7 in
U937 cells.

The work described in this thesis has therefore excluded the role for PITX2 in
leukaemias with an MLL gene rearrangement but has suggested a role for
H 0XA7 in myelopoiesis that merits further investigation.
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