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Abstract.

The enforced expression of c-myc is able to block the differentiation of
myeloid cells. More recently, it has been shown that the correct functioning of
c-Myc is not only dependent on the abundance of its dimerization partner, Max, but
also on the levels of two other proteins which complex with Max, Mad and Mxil.
Analysis was made of the levels of their mRNAs, relative to those of c-myc mRNA,
during the induced differentiation of myeloid leukaemic HL60 and U937 cells. This
revealed that, the abundance of mxi/ and max mRNA were largely maintained at
levels comparable to those observed in untreated cells, but the levels of max mRNA
were found to be markedly reduced at the very late stages of differentiation in HL60
cells induced by TPA. In contrast, the levels of mad mRNA were rapidly increased
following differentiation induction by TPA. However, it was found that
differentiation to granulocytes or monocytes/macrophages could also be achieved
without a concomitant increase in the abundance of mad mRNA.

To further investigate the role of Mad during the differentiation of myeloid
cells E-box DNA-binding was analysed. While Myc:Max complexes were lost
rapidly following differentiation induction, no Mad-containing complexes were

~ detected during differentiation to monocytes/macrophages, and those which were

detected during granulocytic differentiation were only evident at the very late stages.
The subsequent analysis of these Mad-containing complexes revealed that they were
also unlikely to be able to antagonise c-Myc function as they did not contain Max.

In light of these findings, it was decided not to study these factors further,
but to focus on the role played by c-myc in the control of differentiation per se.
Although the mechanism by which c-Myc affects this process remains unknown, it is
considered that it might result indirectly as an outcome of the continued cell-cycle
progression invoked by c-Myc in cells which must growth arrest in order to
differentiate. However, it is equally possible that a differentiation blockage occurs
through a mechanism independent of c-Myc’s involvement in cell-cycle progression.
An analysis was therefore made of a differentiation-defective variant of the U937
cell line which, following treatment with TPA, does not differentiate, but rapidly
ceases to proliferate, arresting at the Go/G; phase of the cell cycle. Analysis during
growth arrest revealed that, although this line down-regulated the expression of the
Myc target gene, ornithine decarboxylase, it continued to express high levels of
c-Myc protein, which retained the ability to bind its target sequence, CACGTG.
Consequently, it was hypothesised that the continued expression of c-Myc in these
cells may be responsible for their inability to differentiate in response to treatment
with TPA. In agreement with this, down-regulation of the levels of c-Myc by
antisense oligonucleotides directed against c-myc mRNA resulted in these cells
acquiring characteristics of a terminally differentiated cell.

As Mad, Max and Mxil have all been shown to antagonize c-Myc function,
an analysis was also made for mutations in the genes for these proteins. Both HL60
and HeLa cells were found to be hemizygous for max. Sequencing of the remaining
allele in these cell lines revealed three nucleotide changes, when compared to the
published sequence. However, these changes did not result in any amino acid
change.

The relevance of all these findings to the regulation of myeloid
differentiation, and in particular to the involvement of c-Myc in these processes, is
discussed.
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INTRODUCTION

CHAPTER 1: Biochemistry of the mammalian myc genes.
1.1 Background and historical perspectives.

The majority of the work on the myc gene family has focused on three
members which, when activated, have been shown to be important in the generation
of various human malignancies (Field and Spandidos 1990; Zimmerman and Alt
1990; Spencer and Groudine 1991). The most studied of these, c-myc, was first
discovered through its homology to the transforming gene (v-myc) of the avian
myelocytomatosis virus MC29 (Vennstrom et al. 1982). The other two, N-myc and
L-myc, were later discovered through their homology to v-myc in the amplified
sequences of neuroblastoma cells (Schwab et al. 1983) and a small cell lung tumour
(Nau et al. 1985) respectively. In addition to these three proto-oncogenic family
members, two other myc genes S-myc and B-myc have also been identified. Despite
being only partially characterised, these two genes appear highly interesting since
they are different to c-myc, L-myc and N-myc in that they suppress malignant
transformation (Table 1).

In a variety of species the myc proto-oncogenes have been shown to be
activated by gene amplification (Dalla-Favera et al. 1982), chromosomal
translocation (Magrath 1990), proviral insertion (Payne et al. 1982), and retroviral
transduction (Neil et al. 1987) (Table 2). However, it is most frequently reported
that the level of the c-Myc protein is elevated in many tumour types by a mechanism
that is none of the above and is as yet not understood (Erisman et al. 1985). Early
research into the proteins implicated their expression to be associated §vith cell-cycle
progression (Kelly and Siebenlist 1986) and incompatible with terminal
differentiation in a variety of cell lineages (Ingvarsson 1990; Luscher and Eisenman

1990; Evan and Littlewood 1993). In addition, c-myc was shown to cause cellular



immortalization (Penn et al. 1990) and was able to co-operate with an activated ras

gene in the transformation of rat embryo fibroblasts cells (Land et al. 1983a).

myc gene Functional Characteristics Ref.
Cellular transformation Luscher and
A . Eisenman (1990)
poptosis
c-myc ] Ingvarsson (1990)
Continued cell—cycle Penn et al. (1990)
progression Evan et al. (1992)
L-myc ' ) Luscher and
Cellulaf transformation Eisenman (1990)
Nemye Continued ce‘ll-cwle Ingvarsson (1990)
progression Penn et al. (1990)
Growth suppression Sugiyama et al. (1989)
S-myc ) )
Apoptosis Asai et al. (1994)
Inhibition of R tal, (1993)
B-myc neoplastic transformation esarctal
P-myc
pseudogenes De Pinho et al. (1991)
L-myc y

Table 1. Summary of the mammalian myc genes described to date

In 1985, Eisenman et al. (1985) established that, in cells containing active
¢-Myc or v-Myc protein, the majority of the protein was associated with a nuclear
fraction, termed the "matrix lamin". This observation was later substantiated by the

identification of a domain within the c-Myc prbtein that was found to be effective as

2



a nuclear localization signal (Dang and Lee 1988). As a result of these findings, two

schools of thought were generated as to how the Myc proteins brought about

phenotypic change. It was proposed that they either had a direct role in the DNA

replication machinery (Studzinski et al. 1986) or were involved in the transcriptional

control of genes involved in cellular replication (Kaddurah-Daouk et al. 1987).

Mechanism of

. L. Effects Incidence

c-myc activation

Gastric adenocarcinoma,
Amplification Increased Myc protein small cell lung carcinoma,
of gene abundance. glioblastoma,
carcinoma Qf breast,
carcinoma of colon,
plasma cell leukaemia,
promyelocytic leukaemia,
granulocytic leukaemia.
Leukaemia resulting from
Lo . Deregulated expression of infection by:
Proviral msertion myc by viral long terminal avian leucosis virus,
repeat Moloney murine leukaemia virus

Feline leukaemia viruses e.g.

Retro-viral Deregulated expression of GT3 & FTT

transduction viral Gag-Myc fusion protein. | Avian leukaemia viruses e.g.
MC29 & MH2

Chromosomal Deregulated expression of Burkitts lymphoma

translocations full-length or truncated myc. Mouse plasmacytoma

Table 2: Incidence, mechanism, and effects of myc activation.
(Abstracted from Marcu et al. (1992)).




Evidence for a role in the control of gene expression grew when the
sequence of the c-Myc protein was shown to contain a series of motifs which were
similar to ones previously described for known transcription factors. Leucine zipper
(LZ) motifs, like those found in the onco-proteins v-Fos and v-Jun, were the first to
be identified and were shown to be located in the extreme C-terminus of the protein
(Landschulz et al. 1988) (Figure 1). Subsequently, immediately upstream of the
leucine zipper motif, similarity was then found to a second domain termed the
"helix-loop-helix" (HLH) motif (Luscher and Eisenman 1990). This domain had
already been identified in a number of transcription factors including the
immunoglobulin enhancer binding proteins E12 and E47 (Murre et al. 1989).
However, although both of these motifs had previously been shown to be involved
in the formation of transcription factor complexes, attempts to detect complexes in
which c-Myc was either homo or hetero-oligomerized proved fruitless. In spite of
this, further studies then revealed that the Myc proteins also contained a tract of
basic amino acids upstream of the helix-loop-helix motif (Figure 1). This "basic
region" motif had been previously identified in the myogenic transcription factor
MyoD and was found to be the region involved in determining sequence-specific
DNA binding (Davis et al. 1990). As a final piece of indirect evidence for Myc
family members being involved in the control of gene expression, it was shown that
a region at the N-terminus of c-Myc (Figure 1) had the ability to act as a
transcriptional transactivator. Fusion genes were constructed in which the c-myc
N-terminal region was fused to the DNA binding domain of the gene for the yeast
transcription factor GAL 4. This construct was then transiently co-transfected into
cells, with a reporter construct containing the GAL 4 DNA binding site upstream of
the chloramphenicol acetyl transferase (CAT) gene. The results of these
experiments indicated that the transactivation potential of the fusion protein was
both potent and highly specific for the N-terminal region of c-Myc (Kato et al.
1990).
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1.2 A role as a transcription factor.

1.2.1 Myc as an activator.

As outlined above (section 1.1), many lines of indirect evidence
gccumulated to indicate that the Myc proteins functioned as transcription factors.
However, problems arose in confirming this theory when it was found that Myc
proteins could only form complexes with DNA at very high protein concentrations,
implying that such interactions may not be physiologically significant (Dang et al.
1989). It was therefore considered that Myc might require interaction with a second
protein in order to achieve this. With this in mind, Blackwood and Eisenman
screened a baboon expression library with a ¢-Myc protein labelled with 1251
Subsequent sequencing of hybridising colonies identified a small, novel protein,
which they named Max (Blackwood and Eisenman 1991) (Figure 2). Analysis of
this protein revealed that it was similar to Myc in that it also contained bHLH and
LZ motifs and was therefore considered to be a possible dimerization partner.
Indeed, when assayed in vitro it was found that Max was able to form dimeric
complexes with c-Myc, L-Myc and N-Myc, and at much lower protein
concentrations than had previously been required to achieve Myc homodimerization
(Blackwood and Eisenman 1991). In addition, when a complex of c-Myc and Max
was used to select preferred DNA sequences from a pool of partially randomised
oligonucleotides, it was found that the dimer had specific DNA binding activity for
the sequence CACGTG (Solomon et al. 1993). Further studies of this sequence
using electrophoretic mobility shift assays (EMSA) showed that, although
homodimers of Max were able to bind without the presence of Myc, appreciable
binding of Myc was dependent on it forming a heterodimeric complex with Max

(Prendergast et al. 1991).
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Since the CACGTG motif had previously been identified as the
binding site for other transcription factors containing basic region and
helix-loop-helix (bHLH) motifs, it seemed encouraging that this might be the
transcription target for Myc. This was analysed by a yeast reporter gene assay, in
which Myc and Max were co-expressed with a (-galactosidase gene under the
control of a basal promoter linked to the CACGTG sequence. When c-Myc and
Max were co-expressed in this system, there was a considerable increase in the
activity of the B-galactosidase gene (Amati et al. 1992). The level of activity was
dependent not only on the level of Myc, but also on the presence of the domains
which had previously implicated Myc as a transcription factor. Although it was not
a surprise that expression of c-Myc alone did not activate the reporter construct, it
was intriguing to find that even though Max:Max homodimers bound to the
CACGTG sequence they too did not activate the B-galactosidase gene (Amati et al.
1992)(Figure 3). Titration experiments revealed that if the Max protein was
expressed at high levels in conjunction with c-Myc, the B-galactosidase activity
observed when c-Myc and Max were expressed in roughly equivalent amounts was
repressed. Although it was shown that Max preferentially formed a heterodimer
with Myc as opposed to a homodimer (Blackwood and Eisenman 1991; Prendergast
et al. 1991)(Figure 3), this created a situation whereby the activity of genes
regulated by Myc would not only be dependent on the levels of Myc, but also upon
the levels of Max. The most likely explanation for the apparent lack of
transcriptional activity by Max:Max homodimers has been given by Kato et al.
(1992). In experiments designed to identify a transactivation domain in the Max
protein, they constructed fusion proteins linking regions of Max with the DNA
binding domain of GAL 4. When assayed for their ability to transactivate a reporter
gene linked to the GAL 4 DNA binding site it was found that, unlike the Myc
transactivation domain, no region of Max was effective in activating the gene's

expression.
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Figure 3: Transcriptional consequences of Myc-associated complexes.

Arrow strength indicates preferential complex formation.



Although the CACGTG motif is present in the promoter regions of
various genes, the search for Myc activated genes has been somewhat without
reward. In an attempt to address this problem Eilers et al. (1991) generated a fusion
protein between c-Myc and a portion of the oestrogen receptor. When introduced
into mammalian cells, the activity of the exogenous Myc (Myc-ER) protein becomes
dependent on the presence of the steroid hormone B-oestradiol. cDNA libraries
were then generated corresponding to mRNA species from control cells and from
cells treated with B-oestradiol for 24 hr. Comparison of these two libraries
identified a message which was induced by Myc as encoding o-prothymosin.
Subsequent studies revealed that the gene could be activated by Myc in the absence
of protein synthesis and that its activation was dependent upon the integrity of a
CACGTG sequence found within the first intron of the gene (Gaubatz et al. 1994).
As might be expected for a gene regulated by c-Myc, expression of a-prothymosin
has been associated with proliferating cells (Eschenfeldt et al. 1986, Gomez-
Marquez et al. 1989) and it is expressed in nearly all tissues (Clinton et al. 1989).
However, a role for a-prothymosin is yet to be found and as a result its involvement
in the phenotypes brought about by activated expression of Myc proteins remains a
mystery.

A more appealing target for regulation by c-Myc is the enzyme
ornithine decarboxylase (ODC). This enzyme catalyses the rate-limiting step in the
production of polyamines (Tabor and Tabor 1984). Expression of ODC is regulated
in a cell-cycle-specific manner and is greatly elevated upon cellular transformation
(Pegg 1986). In addition, constitutive over-expression of ODC is able to bring
about morphological transformation and its enhanced activity has been shown to be
essential for transformation induced by the v-src oncogene (Auvinen et al. 1992).
The observation that the ODC gene contains two CACGTG sequences led to the
speculation that it too may be regulated by Myc. Studies using the Myc-ER
chimeric protein revealed that ODC was indeed activated by Myc (Wagner et al.
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1993) and that its activation was dependent on the two Myc:Max binding sites
within the first intron (Bello-Fernandez et al. 1993). Further to these studies, it
must be pointed out that while CACGTG is considered the primary target for the
Myc:Max heterodimeric complex, Blackwell et al. (1993) have also demonstrated
binding to a second canonical site (CATGTG) as well as to a series of non-canonical
sequences. However, unlike the CACGTG sequence, the significance of these

additional sites to the regulation of any genes by Myc:Max is yet to be established.
1.2.2 Myc as a repressor.

The search for direct targets of c-Myc has perhaps been hindered by
the relative difficulty of identifying genes which may be inactivated as opposed to
activated by the protein. In this regard it is well established that the number of
genes which have been shown to be repressed by Myc expression in in vifro reporter
gene studies (Kaddurah-Daouk et al. 1987) or which are repressed in Myc-
transformed cells, is in excess of those which have been reported to be activated.
Recently, upon the discovery that c-Myc could interact with TFII-I (Roy et al.
1993) (Figure 4), a transcription initiation factor that activates core promoters
through a sequence termed the initiator element (Inr) (Smale and Baltimore 1989),
studies were undertaken to determine if Myc ‘might participate in transcriptional
control involving this protein. Ir vitro transcription assays using the adenovirus
major late promoter revealed that, when introduced into a system involving
activation by TFII-I, Myc protein was effective in bringing about transcriptional
repression (Figure 3). Moreover, these effects were shown to be specific for TFII-I
and were not apparent when c-Myc was introduced into systems being initiated by
other factors e.g. TFII-A (Roy et al. 1993). Subsequent analysis of the cyclin D1
gene, which had previously been shown to be repressed in Myc-transformed cells,

indicated that the repression of this gene by Myc might also be mediated through
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TFII-I (Phillip et al. 1994). One might consider that the apparent repression of
cyclin D1 by c-Myc seems paradoxical bearing in mind the'linvolvement that the
Cyclin is known to play in cell-cycle progression. In this regard, it must be pointed
out that an independént study has implicated c-Myc in the activation of cyclin D1
transcription (Daksis et al. 1994). Further work is therefore required to establish
the exact role, if any, that Myc is playing in the regulation of this gene.

Although a model for Myc action involving transcription repression
is at first appealing, the probability of it being involved in the establishment of a
transformed phenotype appears unlikely. Mutational studies of c-Myc and Max by
Amati et al. (1993a) have indicated that cell-cycle progression and transformation by
Myc proteins requires dimerization with Max. In contrast, inhibition of transcription
through interaction with TFII-I occurs independently of Max and is refractory to
forced expression of the Max protein (Phillip et al. 1994). Also, when mutants of
the c-Myc protein were analysed for their ability to repress the promoter of the
cyclin D1 gene, a deletion mutant involving amino acids 92-106 was ineffective in
bringing about transcriptional repression (Phillip et al. 1994), even though this
region was previously shown to be dispensable during Myc-induced transformation
of RAT1A cells (Stone et al. 1987). However, these observations do not mean that
transcriptional repression through TFII-I is artifactual. It would be naive to assume
that the only transcriptional targets of c-Myc are those involved in transformation.
For example, the ability of Myc proteins to inhibit processes of differentiation have
not as yet been shown to be dependent on Max, and are therefore a possible Myc

function in which TFII-I may be involved.
1.3 Other proteins which bind to Myec.

An emerging theme arising from the study of transformed cells is that

onco-proteins are frequently found to be associated with proteins having tumour
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suppressor or anti-proliferative function. Classically this observation comes from
the analysis of the cellular proteins which co-precipitate with the transforming
proteins of DNA tumour viruses. For example, the Adenovirus E1A protein and the
human papillomavirus type 16 and 18 E7 protein have been shown to associate with
the Retinoblastoma protein (Rb-1) (Dyson et al. 1989a; Whyte et al. 1988), while
the respective E1B and E6 proteins of these viruses are believed to form complexes
with p53 (Werness et al. 1990; Sarnow et al. 1982). In addition, it is now becoming
a frequent observation that, within the normal cellular environment, proteins having
potential oncogenic activity are often found complexed to those with known tumour
suppressor function, for example, the association between the cyclin dependent
kinase 4 protein and the recently discovered tumour suppressor protein mtsl/p16
(Serrano et al. 1993). It has now become apparent that the c-Myc protein forms
such an interaction with the Retinoblastoma family member p107 (Beijersbergen et
al. 1994; Gu et al. 1994) (Figure 4). This protein had previously been shown to
form complexes in vivo with the adenovirus E1A protein (Whyte et al. 1989), the
SV40 virus large T antigen (Dyson et al. 1989b) and the human papillomavirus type
16 E7 protein (Davies et al. 1993). Although it was known that this interaction
formed an important part of the transforming ability of these viruses, its
consequences for cellular homeostasis were not understood. Since the interaction
between pl07 and the N-terminus of c-Myc results in the inactivation of the
transactivation potential of the Myc protein, it seems feasible that binding of p107
by DNA tumour viruses might facilitate transformation by freeing the N-terminus of
c-Myc and allowing the protein to interact with the TATA binding protein
(Maheswaren et al. 1994) (Figure 4). This would then allow Myc to transactivate
its target genes. With respect to how this might be important to the establishment of
tumours in vivo, the study included an analysis of mutated c-Myc proteins derived

from Burkitt's lymphoma cell lines. Although these proteins retained an ability to
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form complexes with pl07, they were unlike wild-type Myc in that their
transactivation potential was unaffected by the interaction.

Perhaps more puzzling than the interaction with p107 is the report
that c-Myc also interacts with the zinc finger protein Yin-Yang-1 (YY-1)
(Shrivastava et al. 1993) (Figure 4). Depending on context, YY-1 has been shown
to activate (Riggs et al. 1991), repress (Shi et al. 1991) and initiate transcription
(Seto et al. 1991). However, when the YY-1 protein is bound to c-Myc both its
ability to activate and repress transcription are reported to be inhibited (Shrivastava
et al. 1993). Bearing in mind the work summarised above regarding the association
between Myc and p107, it is interesting to note that among the targets for repression
by YY-1 are the promoters of the adeno-associated virus P5 (Seto et al. 1991) and
the human papillomavirus type (HPV) type 18 (Bauknecht et al. 1992). This
therefore might be a possible reason for a negative regulator of Myc, i.e. pl07,
being a target for inhibition by HPV E7 (Davies et al. 1993). Although this theory is
highly speculative it is somewhat reminiscent of the effect of the Adenovirus E1A
protein upon the interaction between the Rb-1 protein and the transcription factor
E2F (Shirodkar et al. 1992). Binding of Rb-1 by E1A results in the subsequent
release of E2F such that it not only activates transcription of cellular genes involved
in replication, but it also causes activation of the Adenovirus E2 promoter (Kovesdi
1986). Since little is as yet known about the function and mechanism of action of
YY-1 more work is required to establish the significance of its association with

c-Myc and the effect this may have on the replication of DNA tumour viruses.
1.4 Other proteins which bind to Max.

It has been shown more recently that Max also form complexes with
two other proteins, Mad (Ayer et al. 1993) and Mxil (Zervos et al. 1993)(Figure 2).

Whilst Mad:Max and Mxil:Max complexes are similar to Myc:Max in that they
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have also been shown to bind the CACGTG motif, they are more like the Max:Max
homodimer in that they are thought to act as transcription repressors (Figure 3).
However, it has more recently been shown that in contrast to the Max:Max
homodimer, Mad:Max and Mxil:Max are only effective in transcription repression
as a ternary complex with homologues of the yeast transcription repressor Sin3
(Ayer et al. 1995; Schreiber-Agus et al. 1995). Although the role that these two
new complexes may play within the cell is yet to be established, it is reasonable to
assume that, since they are in competition with Myc for available Max protein, that
the levels or activities of Mad or Mxil may have a bearing on the ability of Myc to
transactivate the promoters of its target genes . In fact, when these two genes were
over-expressed in cells transformed by c-myc and ras, the number of cells scoring
positive in an assay of transformation was greatly reduced (Lahoz et al. 1994). In
this regard, it could be quite possible that loss or mutation of either mad or mxil
would result in release of Max protein, which would then be available to co-operate
with Myc in situations where the abundance of Myc was elevated. However, since
these genes have only recently been identified there has only been one report to date
that would indicate that these genes might act as tumour suppressors in the genesis
of human cancer. Eagle et al. (1995) investigated the possibility that the mxi/ gene,
which maps to 10q24-q25, might be involved in a characteristic deletion of this area
that occurs in a small number of cases of carcinoma of the prostate. The study
reported that in five tumours analysed, the mxi! locus was indeed reduced to
hemizygosity. In addition, in four of the five cases the remaining allele involved was
also mutated. This initial finding is highly provocative and it can now be considered
an appropriate time to investigate whether mxi/, and mad, are targets for mutation

in other tissues.
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1.5 Regulation of the abundance of the c-Myc protein.

1.5.1 Transcriptional control.

It is reasonable to assume that the primary control of the abundance
of a protein is largely determined by transcriptional initiation. Workers on Myc have
not ignored this fact and as a result a large amount of information has accumulated
on the regulation of the c-myc promoter. A complex story has evolved in which the
gene is controlled by not just one promoter, but in fact by four. The two major
promoters, P1 and P2 (Figure 1) contribute 75-90% and 10-25% of the cytoplasmic
c-myc mRNAs, respectively (Stewart et al. 1984; Taub et al. 1984). Approximately
1500bp downstream of P1 and P2 and close to the translation start site lies the third
promoter P3. This promoter is thought to be less significant than P1 and P2, as it
only contributes about 5% of c-myc mRNAs (Ray and Robert-Lesenges 1989). Of
similar activity, but only present in the human c-myc gene, is a fourth promoter (P0)
(Bentley and Groudine 1986), which is located around 600bp upstream of the major
sites, P1 and P2 (Figure 1). The significance of having the four promoters is as yet
unknown, but their differential usage has been observed in many cell lineages and
upon the gene's deregulated expression (Siebenlist et al. 1984).

Analysis of this 5' region of the c-myc gene for DNase I
hypersensitive sites (DHSS) revealed multiple regions of potential protein
interaction (reviewed by Marcu et al. 1992). One region of particular note is a
binding site which lies -65 to -58bp upstream of the P2 promoter. Deletion of this
region has indicated that it is essential for the basal activity of P2 (Lipp et al. 1989)
and also for the activation of c-myc induced by the adenovirus E1A protein (Hiebert
et al. 1989). Studies of this region led to the discovery that this region was bound
by the cell-cycle-regulated transcription factor E2F (Thalmeier et al. 1989). In light

of this finding, it is encouraging that it has since been shown that activation of E2F
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is sufficient to direct cell-cycle progression (Johnson et al. 1993), a characteristic
that has also been attributed to the c-Myc protein. However, it is yet be established
whether this function of the E2F protein is, at least in part, mediated through
activation of c-myc transcription.

Whilst it is perhaps not very surprising that a region of the c-myc
promoter is controlled by a cell-cycle-regulated transcription factor, studies of other
regions have proved to be more intriguing. The analysis of a further DHSS situated
approximately 130bp upstream of P2 revealed a region that was highly important for
P1 activation as well as being modestly involved in the- activation of P2 (Hay et al.
1987). Partial fractionation of HeLa cell nuclear proteins by Postel et al. (1989)
revealed a DNA binding activity that was specific for this region and which they
termed PuF. The surprising twist came when the binding site for PuF was used to
screen a HeLa cell cDNA expression library. The subsequent sequence analysis of a
hybridising clone revealed that it was identical to nm23-H2 (Postel et al. 1993).
Surprisingly, the protein product of this gene is one polypeptide of the NM23
nucleotide diphosphate kinase, an enzyme which has been implicated in suppressing
the metastatic spread of certain tumours (Delarosa et al. 1995). Admittedly, it is
difficult to comprehend why a suppressor of metastatic disease should be involved in
the activation of a gene that is frequently elevated in the late stages of human
cancer. Further work is therefore required to establish the role that this protein is
playing not only in the regulation of c-myc, but also in the establishment of a

metastatic state.

1.5.2 Other levels of control.

Perhaps disheartening to the investigators involved in studying the
transcriptional control of c-myc was the finding by Bentley and Groudine (1986)

that the initial control of c-myc mRNA levels during induced differentiation of
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myeloid leukaemic cells was by transcriptional attenuation. Using nuclear run-on
analysis they found that the ratio of exon 1 transcription relative to that of exon 2
was increased from 3 to 15 following induction of the differentiation programme.
Subsequent analysis of the sequences involved in this process identified a 95bp
segment, located at the 3' end of exon 1 (Figure 1), to be the site of the premature
termination (Bentley and Groudine 1988). However, when this site was analysed
for its ability to attenuate the transcription which was directed by other promoters
its effectiveness was highly variable (Bentley and Groudine 1988). In this regard, it
has since been shown the sequences responsible for the premature termination are
not located at the site of attenuation, but are in fact found proximal to the P2
promoter (Krumm et al. 1992). In this study, it was postulated that at this site the
RNA polymerase might undergo a pause at which point it is modified in a way
which determines how it will respond at the site of attenuation.

Although a large number of data have accumulated as to the
transcriptional regulation of the c-myc gene, it must be pointed out that the mRNA
is also subject to post-transcriptional control. Both the mRNA and protein have
been shown to have extremely short half-lives of 15 min (Dani et al. 1984) and 30
min (Rabbitts et al. 1985) respectively. However, it is has been shown that the half-
life of the message is by no means absolute. For example, Lacy et al. (1989)
demonstrated that the half-life of c-myc mRNA in an Epstein-Barr virus (EBV)-
negative lymphoma cell line was increased from less than 36min. to greater than 70
min. following in vifro infection with EBV. However, the significance that these

findings have to the regulation of c-myc in vivo is yet to be established.
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CHAPTER 2: Phenotypic effects of deregulated c-myc expression
2.1 The role of c-myc in tumourigenesis: co-operativity with other oncogenes.

It has become well established that the complete malignant
transformation of any particular cell type can not be achieved through the activation
of only one proto-oncogene (Land et al. 1983b; Vogelstein and Kinzler, 1992). As
a result, one of the main themes in cancer research has been to elucidate which
genes can be considered to be either similar, complementary or synergistic in
function during the establishment of a neoplastic phenotype. Indeed, in light of its
frequent activation in many tumour types (Yokota et al. 1986; Field and Spandidos
1990), the myc oncogenes have been at the centre of many of these studies. For
example, as described previously (section 1.1), initial analyses which used the ability
to form colonies in semi-solid agar as an in vitro 'aSSay‘ of cellular transformation,
revealed that the c-Ha-ras and raf-1 genes were able to co-operate with the c-myc
when co-expressed in rat embryo fibroblasts (Land et al. 1986) and haemopoietic
cells (Principato et al. 1990) respectively. However, while these in vitro studies
have provided great insight into the complementary nature of these oncogenes, the
relevance that they have to Myc-associated tumourigenesis in vivo has more recently
been treated with some caution. In this regard, it was a particularly noteworthy
observation that the enforced expression of the c-Myc protein has markedly different
consequences, depending on the combination of growth factors in which the cells
are maintained (Harrington et al. 1994). In addition, the activity of other oncogenes
has been shown to be dependent on both the genetic and mutational background of
the cell type used (Newbold and Overell 1983). As a result, to overcome these
problems, it was deemed necessary to confirm the effects of an oncogene(s) in vitro
by assaying for its effects on tumour formation in vivo. Although initially this was

effectively undertaken by the use of athymic mice, this approach was later
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superseded by the generation of animals which carried both widespread and also
tissue-specific myc transgenes (Adams et al. 1985; Leder at al 1986). The search for
co-operating factors in Myc-associated tumourigenesis was then primarily
undertaken by either: cross-breeding these transgenic mice with other oncogene-
expressing mice, generating mice carrying two oncogenic transgenes, or by infection
with oncogenic retrovirus. Outlined below are a number of genes which have been
shown to co-operate with the myc oncogenes in the establishment of tumours in

either transgenic or athymic mice.

2.1.1 Oncogenes which are considered to stimulate cell proliferation.

1.abl.

The c-abl gene was first discovered as the cellular homologue of the
oncogene, v-abl, of the Abelson murine leukaemia virus (A-MuLV) (Goff et al.
1980). The role of this gene in the neoplasia of mammals has been highly
documented both through its involvement in A-MuL'V (Kurzrock et al. 1988) and
more importantly as part of the fusion protein (Bcr-abl), which results from the
‘Philadelphia’ chromosomal translocation in chronic myeloid leukaemia (Daley and
Benneriah 1991). The speculation that c-myc and abl may be co-operating factors '
in tumour formation came from the analysis of transgenic mice containing the v-abl
gene under the control of the immunoglobulin enhancer (Eu-v-abl). While these
mice were found to be highly predisposed to the formation of plasmacytomas, closer
analysis of these tumours revealed that they also frequently contained re-
arrangements at the c-myc locus (Rosenbaum et al. 1990). To confirm that c-myc
and abl were co-operating in these mice, cross-breeding was undertaken with mice
carrying the transgenes, Eu-v-abl and Eu-c-myc. Indeed, the progeny of these mice

had a much greater incidence of tumour formation than in either of the parental
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strains (Rosenbaum et al. 1990), therefore confirming the synergistic effects of the

two genes in the formation of plasmacytomas.
2. Cyclin D1.

The first description of the cyclin D1 gene came from the analysis of
an inversion of chromosome 11 which occurs in a small proportion of benign human
parathyroid adenomas (Arnold et al. 1989). This re-arrangement places the cyclin
D1 gene, which normally resides at chromosome band 11q13, under the control of
the regulatory elements of the parathyroid hormone gene on band 11p15 and results
in elevated levels of cyclin D1 mRNA (Rosenberg et al. 1990). Following these
reports it was also found that cyclin D1 was also activated as part of a chromosomal
translocation, BCL/ t(11;14), which had been characterised as a consistent feature
of certain types of B cell lymphoma (Lammie and Peters, 1991; Raffeld and Jaffe,
1991). In this situation, the regulation of the cyclin D1 gene comes under the
control of the immunoglobulin enhancer and again results in increased levels of
cyclin D1 mRNA (Raynaud et al. 1993). Inan attempt to generate an animal model
of this lymphoma mice were generated which contained an Ep-cyclin D1 transgene
(Bodrug et al. 1994). However, it was surprising to find that not only did these
mice not develop lymphoma, but their lymphocytes appeared to have the same
characteristics as those from non-transgenic animals. In light of this confusing
observation, mice were generated which co-expréssed the cyclin D1 gene with
either N-myc or L-myc. In contrast to the animals which expressed the cyclin D1
gene alone, these ‘double-transgenics’ were found to have a greatly increased rate of
lymphomagenesis (Lovec et al. 1994).

In light of the fact that the cyclin D1 gene has been shown to be
transcriptionally regulated by c-Myc (see section 1.2.2), and that they therefore

probably form part of the same signalling pathway in the cell, it is perhaps surprising
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that cyclin D1 can co-operate with myc genes in the establishment of malignant
lymphoma. However, it would be naive to assume that the transforming properties
of the myc genes are solely determined by the aberrant regulation of cyclin D1. For
example, as described previously (Packham and Cleveland 1994), the mitogenic
properties of c-Myc have also been shown to be dependent on the activity of ODC.
Alternatively, it might also be the case, that the synergistic effects of the ‘double-
transgenics’ reflects a capacity of N-or L-Myc that is distinct from any of the

functions of the c-Myc protein.

2.1.2 Oncogenes which suppress apoplosis.

1.bcl-2.

It is now considered that the activation of a proto-oncogene can
contribute to cellular transformation, not only through the stimulation of cell-cycle
progression, but also through the inhibition of programmed cell death (apoptosis)
(Harrington et al. 1994b). One such gene which has become a paradigm for this
type of oncogene is bcl-2 (Reed 1994). This gene was first isolated from the
breakpoint of a chromosomal translocation (t(14;18)), that is a characteristic marker
of the majority of non-Hodgkins’ B-cell lymphomas (Tsujimoto et al. 1985; Cleary
et al. 1986). As a result of this rearrangement the bc/-2 gene, which normally
resides at chromosome band 18q21, is moved so that it comes under the control of
the immunoglobulin heavy chain enhancer (chromosome band 14q32). This has the
effect of producing elevated levels of both dc/-2 mRNA and Bcl-2 protein (Nowell
and Croce 1987). The first indication that bcl-2 might contribute to transformation,
not through the stimulation of proliferation, but through the inhibition of
programmed cell death, was provided in a report by Vaux et al. (1988). They found
that the introduction of bcl-2 into an interleukin 3 (IL-3)-dependent cell line resulted

in prolonged cell survival in the absence of IL3, but without any increase in cell
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proliferation. The proof that this effect was indeed as a result of inhibiting
programmed cell death was then later provided by Hockenbery et al. (1990).

To investigate the importance of bcl-2 in the establishment of
lymphoma in vivo, transgenic mice were generated which carried the bcl-2 gene
under the control of the immunoglobulin (Ep) enhancer. Analysis of these mice
revealed that, although they did not develop lymphoma, they had a considerable
increase in numbers of resting B cells (McDonnell et al. 1989). In light of the
effects of bcl-2 in vitro (Hockenbery et al. 1990), this finding led to the hypothesis
that if this increase in B cell number had also arisen through an inhibition of
programmed cell death then these mice would be likely to be highly susceptible to
further mutation. Indeed, albeit after a long latency period, these mice went on to
develop both lymphomas and plasmacytomas. Moreover, the subsequent analysis of
these tumours revealed that 7 out of 15 had a re-arranged c-myc gene and an
increased abundance of c-myc mRNA (McDonnell and Korsmeyer 1991). However,
as the activation of c-myc may only have been one out of series of mutational events
during the formation of these lymphomas, this finding was insufficient evidence to
prove a role for c-myc in the aetiology of this disease. To clarify this situation,
Strasser et al. (1990) generated mice which carried both bc/-2 and c-myc transgenes.
These ‘doubly-transgenic’ mice developed tumours at a much higher rate than mice
carrying either c-myc or bcl-2 alone and therefore provided a formal indication of
the co-operative nature of these two oncogenes.

In light of the conflicting roles of c-Myc in both cell-cycle
progression and apoptosis (see section 2.3) it is clear that bcl-2 is a highly suitable
co-operating factor in Myc-associated tumourigenesis. As in vitro studies have
shown that bcl-2 is effective in blocking c-Myc-mediated apoptosis (Bissonnette et
al. 1992; Wagner et al. 1993), this creates a situation in which activation of c-myc
would cause increased cell-cycle progression without any adverse effects on cell

survival. It has now been shown that a number of other proliferation-associated
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oncogenes also have the capacity to induce programmed cell death (Debbas and
White 1993; Smeyne et al. 1993; Hiebert et al. 1995). It will be interesting
therefore, to determine if bc/-2 can also co-operate with these factors in processes

of transformation both in vitro and in vivo.

2. Epstein-Barr virus.

The pathogenesis of endemic Burkitt’s lymphoma (eBL), which is
prevalent in Eastern equatorial Africa and New Guinea, is consistently associated
with infection with Epstein-Barr virus (EBV) (Epstein and Achong 1983).
However, as infection is considerably more widespread than the disease, this
indicates that there are other factors, in addition to EBV, that are involved in the
establishment of this lymphoma. In this regard, cytogenetic analysis of eBL revealed
that the cells of the tumour frequently contained re-arrangements of the c-myc gene.
In a similar manner to the activation of bc/-2 in follicular lymphoma, the c-myc gene
(chromosome 8) is brought under the control of the enhancer of one of the
immunoglobulin loci on chromosomes 2, 14 or 22 (Taub et al. 1982; Adams et al.
1983; Pellici et al. 1986). As it had been shown both in vifro (Schwartz et al. 1986)
and in vivo (Langdon et al. 1986) that the deregulated expression of c-myc in B cells
was insufficient to induce lymphoma, it was speculated that there may be a co-
operative effect between c-myc and EBV. To test this, Lombardi et al. (1987)
introduced a c-myc gene under the control of the SV40 enhancer into human non-
BL-derived, EBV-infected, B cells. Indeed, this resulted in the tumourigenic
conversion of these cells as assessed by an ability to form tumours in athymic mice.
As no tumours were formed when cells were injected which contained either EBV
or c-myc alone, this gave a clear indication of the co-operative nature of the two

agents.
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A possible mechanism as to how EBV might co-operate with c-myc
in tumourigenesis was later provided by Gregory et al. (1991). This study reported
that the expression of all eight EBV ‘latent’ proteins resulted in an inhibition of B-
cell apoptosis. Moreover, it was later shown that this effect was solely attributable
to one of these proteins, latent membrane protein 1 (LMP 1), and that this protein
mediates this effect through the transactivation of bcl-2 (Henderson et al. 1991).
Indeed, this scenario is therefore very similar to the co-operativity between c-myc
and bcl-2 that has been described during the formation of follicular lymphoma (see
above). However, there is one caveat. Analysis of the expression of ‘latent’
proteins in samples of established eBL revealed that the only protein expressed was
not LMP-1, but EBNA-1 (Rowe et al. 1987; Rogers et al. 1992). This might
therefore indicate that the suppression of apoptosis by LMP-1 may only function to
render B cells susceptible to mutations which result in the formation and
maintenance of a phenotype in which LMP-1 is not required. It remains to be seen
if this is also a facet of other viruses that have also been implicated in neoplasia, but
are largely found associated with non-pathological latent infection, for example,

HPV (Pfister 1992; Gissmann 1992).

2.1.3 The search for novel factors which can co-operate with myc genes in

tumourigenesis.

It is well established that the formation of lymphoid tumours in Ep-
myc transgenic mice only occurs after a long latency period (Harris et al. 1988;
Schmidt et al. 1988). Since analysis of these tumours revealed that they were clonal
and did not contain alterations of the transgene, it was postulated that they had most
likely arisen through the mutation of other genes which co-operate with c-myc in the
establishment of the disease (Alexander et al. 1987, Webb et al. 1989). However,

although this hypothesis was perfectly valid, the identity of these genes was
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completely unknown. In an attempt to identify these co-operating factors, the
Ep-myc mice were subjected to retroviral-insertional mutagenesis using the
Moloney murine leukaemia virus (Mo-MuLV). The rationale for this approach was
based on the fact that the random integration of Mo-MuLV results in the
deregulation or inactivation of loci throughout the genome. When integration
occurs at a gene which can co-operate with c-myc this may well lead to the
formation of tumours. The sequences of the virus can then be used as a ‘tag’ to
facilitate the identification of the novel factors involved (for reviews see: Peters
1990; van Lohuizen and Berns 1990). As a result of this approach, five loci: pim-1,
bmi-1, emi-1, pal-1 and bla-1, were frequently found at integration sites of Mo-
MuLYV in Myc-associated lymphoma (Haupt et al. 1991; van Lohuizen et al. 1991).
Although four of these loci had not previously been identified, the pim-1 gene had
been reported to be the common site of integration in non-myc-associated, murine
leukaemia virus-induced T-cell lymphoma (Cuypers et al. 1984; Selten et al. 1985).
As a result, much of the follow-up work on these loci has concerned this gene. In
particular, in order to prove the co-operative nature of c-myc and pim-1 in
lymphomagenesis, Verbeek et al. (1991) generated mice that contained both Eu-myc
and Eu-pim-1 transgenes. Analysis of these mice revealed that they develop a
prenatal pre-B cell lymphoma that was not evident when either gene was expressed
individually.

To investigate the functions of pim-1 per se, Laird et al (1995)
inactivated the gene by homologous recombination. As these mice show only subtle
phenotypic alterations, it was postulated that there may be another gene which can
complement for a deficiency in pim-1. Based on these thoughts, Eu-myc/pim™ mice
were infected with Mo-MuLV in an attempt to identify other factors which can
associate with c-myc in tumourigenesis. This led to the identification of a novel
gene, pim-2, which was found to be 53% identical to pim-1 at the amino acid level

(van der Lugt et al. 1995).
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Indeed, while the discovery of these novel factors is extremely
interesting, at present very little is known about their function and the way in which
they can contribute to tumourigenesis. More work ié therefore required not only to
elucidate their role with respect to c-Myc, but also to determine if these factors

function as oncogenes in the establishment of cancer in humans.

2.2 Distinct roles of the two forms of the c-Myc protein in cell growth and

tumourigenesis.

A distinctive feature of the c-myc gene is that it encodes two
alternatively translated protein products (Hann and Eisenman 1984; Ramsey et al.
1986; Dosaka-Akita et al. 1991)(Figure 1). The proteins differ not only in size, but
also in the mechanism by which their translation is initiated (Hann et al. 1988). The
shorter and more predominant form of c-Myc, c-Myc 2, is initiated from a standard
AUG site, whereas the longer protein, c-Myc 1, is initiated from a non-AUG site
(CUG in humans) (Hann et al. 1988). As it was noticed that c-Myc 1 was induced
to levels comparable to those for c-Myc 2 as cells reached high densities during in
vitro culture (Hann et al. 1992), it was considered that the two forms of the Myc
protein may perform different roles. In order to investigate this Hann et al. (1994)
generated clones of COS cells which expressed high levels of either c-Myc 1 or
c-Myc 2. These cells were then transiently transfected with different regions of the
Rous sarcoma virus long terminal repeat, to assess the possibility that the two Myc
proteins possess distinct transcriptional activities (Hann et al. 1994). The study
revealed that one specific enhancer element, EFII, was activated by c-Myc 1, but not
by c-Myc 2 (Figure 5). Surprisingly, when the sequence of EFII was analysed, it
was noticed that it did not contain the consensus Myc:Max binding site (CACGTG)
and that the activation by c-Myc 1 was dependent on a repeat sequence that

contained a consensus binding site for a CCAAT/enhancer binding
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protein (C/EBP). Subsequent EMSA of this binding site showed, however, that it
too was bound by c-Myc 1:Max heterodimers, but not by Max:Max homodimers.
This therefore opens up the possibility of a situation in which Myc:Max and C/EBP
are in competition for the same binding site. However, the consequences that this
might have in vivo are still unknown.

Although any cellular targets for transcriptional regulation by
c-Myc 1 are yet to be discovered, the implications of this protein are extremely
interesting since COS cells in which it is over-expressed display a growth-inhibited
phenotype (Hann et al. 1994). It is also noteworthy that in cases of Burkitt's
lymphoma in which the c-myc gene is translocated to the immunoglobulin locus the
re-arrangement frequently occurs such that only c-Myc 2 becomes activated
(Dalla-Favera et al. 1983; Rabbitts et al. 1983). Also, in cases in which the
translocation results in both c-Myc 1 and c-Myc 2 activation, it has been reported
that the c-Myc 1 protein is frequently mutated (Rabbitts et al. 1984). In addition, in
all cases of Burkitt's lymphoma that display this reciprocal translocation, the
non-translocated c-myc allele has been reported to be silenced (Bernard et al. 1983).
In this regard, it is now perhaps the time to re-investigate whether the c-myc gene is

mutated in other tumours such that only c-Myc 2 becomes activated.

2.3 The involvement of c-Myc in programmed cell death (apoptosis).

Undoubtedly, the most paradoxical revelation from the recent work
on c-Myc was the finding that under certain circumstances the protein is able to
induce programmed cell death (apoptosis). Two separate studies, one in fibroblasts
(Evan et al. 1992) and one in haemopoietic cells (Askew et al. 1991), revealed that
when Myc was constitutively expressed the cells required the presence of exogenous
growth/survival factors in order to replicate effectively. If serum in the case of

fibroblasts, or interleukin 3 in the case of haemopoietic cells, was withdrawn from
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the Myc-expressing cultures the cells continued to enter the cell cycle, but then
underwent apoptosis. Two possible explanations for how the cell might make a
choice between life and death as a result of Myc expression are outlined in Figure 6.
Initially it was thought possible that the absence of exogenous growth/survival
factors was having an effect upon the transcriptional targets of c-Myc (Figure 6a).
As described earlier (section 1.3) this could perhaps occur through a change in the
relative abundances of transcriptional complexes involving the Myc protein, for
example, a change from a predominance of Myc:Max complexes to a predominance
of Myc: TFII-I complexes. However, since it has now been shown that the apoptotic
cell death induced by Myc requires dimerization with Max (Amati et al. 1993b) and
is dependent on an active ODC protein (Packham and Cleveland 1994), it seems
more likely that the same genes are transcribed in both the absence and presence of
growth/survival factors and that the decision between life and death is made
elsewhere (Figure 6b). The observation that the ability of Myc to induce apoptosis
is abrogated in cells lacking a wild-type p53 protein (Hermeking and Eick 1994)
points to an involvement of p53 at some point during the apoptotic programme. In
this regard it is interesting to note that apoptosis induced by the adenovirus E1A
protein is also mediated by p53 (Debbas and White 1993). However, whether the
pS3 protein acts through this mechanism to eradicate cells which contain an aberrant

growth stimulus induced by other oncogenes is yet to be established.

2.4 The role of c-Myec in the control of differentiation.

The first indication that c-myc might be involved in the control of
cellular differentiation came from the observation that the abundance of c-myc
mRNA is markedly decreased during the terminal differentiation of Friend-murine
erythroleukaemia (MEL) cells and murine myeloid leukaemia cells (Gonda and
Metcalf 1984; Lachman and Skoultchi 1984). This effect on c-myc mRNA was then
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later also reported to occur during the differentiation of a number of other cell types
including, F9 teratocarcinoma cells and HL60 promyelocytic leukaemia cells (Griep
and DeLuca 1986; McCachren et al. 1986). This causal association between c-myc
and differentiation was then subsequently confirmed in one of two ways. Firstly, the
constitutive expression of c-myc in MEL cells was found to inhibit the differentiation
programme which normally occurs following treatment with DMSO or
hypoxanthine (Coppola and Cole 1986; Dmitrovsky et al. 1986; Prochownik and
Kukowska 1986). In addition, the introduction of constructs expressing c-myc
antisense RNA into F9 cells and the treatment of HL60 cells with antisense
oligonucleotides directed against the 5’ end of the c-myc mRNA, was found to
cause a programme of differentiation to parietal endoderm and gfanulocytes,
respectively (Griep and Westphal 1988; Holt et al. 1988). However, although it has
now also been shown that the ectopic expression of c-myc can block both
adipogenic and myogenic differentiation (Freytag 1988; Miner and Wold 1988), the
significance of c-myc’s effects on differentiation with respect to its role in
tumourigenesis are as yet unknown. In addition, the mechanism by which c-Myc
negatively regulates differentiation also remains elusive. In this regard, one school
of thought has grown to consider that c-myc indirectly regulates differentiation
through its ability to direct cell-cycle progression in cells which must growth arrest
in order to differentiate. However, as there is little evidence to support this
hypothesis, it is equally possible that c-myc controls differentiation by a mechanism
that is independent of its effects on cell cycle progression (Figure 7). Outlined
below are a number of studies which have attempted to shed light on these

interesting and important questions.
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X genes Y genes Z genes
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Figure 7: Representation of the possible mechanisms
of Myc-induced differentiation blockage.

The mechanism on the left involves one set of genes (X) which
regulate cell proliferation and as a result indirectly affect
differentiation. Alternatively, on the right a model is proposed in
which proliferation and differentiation are regulated by two distinct
sub-sets of genes, Y and Z. See text for details.
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24.1 The significance of the capacity of c-myc to negatively regulate

differentiation to its ability to co-operate in cellular transformation.

In order to define which regions of the c-Myc protein are involved its
ability to induce cellular transformation, Stone et al. (1987) generated variants of
c-Myc which contained either interstitial deletions or point mutations. The genes for
these mutants were then transfected, in conjunction with a mutant ras gene, into rat
embryo cells and, as an assessment of transformed phenotype were then tested for
their ability to grow in semi-solid agar. This revealed that there are two regions of
the protein that are crucial for transforming capacity (amino acids 105-143 and 321-
439), one region which could tolerate small deletions (amino acids 1-104) and one
region which was largely dispensable (amino acids 144-320).

On the basis of these findings, it was considered that any of the
phenotypic characteristics of c-Myc which are important to its transforming
potential would also require the same portions of the protein as described above.
To this end, Freytag et al. (1990) and Bar-Ner et al. (1992) analysed these mutants
for their ability to block the differentiation of 3T3-L1 adipocytes and MEL cells
respectively. This revealed that, in both systems, the regions of the protein that are
essential for transfoﬁnation are also fundamental for its ability to block
differentiation. This therefore indicates that the role of c-Myc in the control of this

process may well be related to its function in the establishment of neoplastic disease.

2.42  Possible mechanisms by which c-myc negatively regulates cellular

differentiation.

Support for the hypothesis that c-myc blocks differentiation as an
indirect effect of its control of the cell cycle has been presented by Freytag (1988).

In this study, 3T3-L1 preadipocyfes were transfected with a c-myc gene under the
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control of the Rous sarcoma virus promoter. These cells were then analysed for
their ability to undergo three important steps in the establishment of a terminally
differentiated adipoblast: a) the ability to growth arrest in G¢/G, as the cells reach
confluence prior to differentiation induction, b) the ability to replicate the genome
following treatment with the differentiation inducers, c) loss of responsiveness to
mitogens after 48hr of differentiation induction. Surprisingly, it was found that the
c-myc-expressing cells were indistinguishable from the non-transfected cells when
analysed for criteria a and b, but were different in that, after 48hr of treatment with
the differentiation inducers, they re-entered the cell cycle and failed to differentiate
when they were treated with 30% serum. These findings led Freytag to conclude
that it was not, as had previously been considered, through the stimulation of cell-
cycle progression that c-Myc prevents terminal differentiation. Instead, it was
proposed that the continued expression of c-Myc precludes an irreversible exit from
the cell cycle that is clearly a prerequisite for differentiation in these cells. In line
with a previous study (Scott et al. 1982), it was formulated that this growth arrest,
through its irreversible nature, was different from that associated with quiescence
and to distinguish between the two, they were termed Gp and Gs, respectively.
Indeed, although these findings are extremely interesting, it must be
pointed out that the culture conditions used for growth of 3T3-L1 are markedly
different from those in which the cells are differentiated. In this regard, as it has
been shown that the activity of c-Myc is highly dependent on external stimuli (Evan
et al. 1992; Harrington et al. 1994), these findings may well indicate functions of
c-Myc that are not involved in adipogenesis in vivo. It will therefore be interesting
to discover if the conclusions drawn by Freytag (1988) are also applicable to other
lineages where\ withdrawal from the cell cycle is considered a pre-prerequisite for

terminal differentiation.
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CHAPTER 3: In vitro models of myeloid differentiation used in this study.

3.1 The HL60 cell line.

The HL60 cell line was derived from a patient with myeloid
leukaemia (Collins et al. 1977). Although it was initially considered that the
classification of this leukaemia was promyelocytic (FAB Class M3), it was later re-
evaluated as acute myeloblastic leukaemia with differentiation (FAB Class M2)
(Dalton et al. 1988). Most notably, this re-evaluation discovered that HL60 cells
do not contain the t(15;17) translocation that is a characteristic marker of FAB
Class M3 (Dalton et al. 1988). The subsequent characterisation of HL60 cells
revealed that they can continuously proliferate in suspension culture and, depending
on sub-line, have a doubling time of ~36 to 48hr (Gallagher et al. 1979). In
addition, attempts to grow the line in serum-free conditions revealed that its growth
was not only dependent on exogenous insulin and transferrin (Breitman et al. 1980),
but also on the presence of an autocrine growth factor which is continuously

produced by the cells (Brennan et al. 1981).

3.1.1 Induction of differentiation of HL60 cells.

When maintained in suspension culture, the majority of HL60 cells
(~95%) exhibit characteristics of cells arrested at the promyelocytic stage of
differentiation. The remaining 5% represent cells which, through spontaneous
differentiation, have progressed past the promyelocytic stage and exhibit
characteristics of more mature cells, including myelocytes, metamyelocytes and
neutrophils (Gallagher et al. 1979). Undoubtedly, the most interesting feature of
HL60 cells is that the percentage of cells which exhibit a more mature phenotype

can be enhanced by treatment with a variety of physiological and chemical inducers
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HL60 U937

DMSO TPA, TPA,
Vit D3 Vit D3
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Figure 8: Schematic representation of the leukaemic cell lines used in this study.

Abbreviations used: DMSO, dimethyl sulphoxide; TPA, 12-O-tetradecanoyl-
phorbol-13-acetate; Vit D3, 1,-a,25-dihydroxyvitamin D3. See text for details.
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(Table 3). Moreover, depending on the inducer used, the cells can be stimulated to

differentiate independently down two pathways to either granulocytes or
monocytes/macrophages (Figure 8) (Tsiftsoglou and Robinson 1985). Analysis of
these cells for terminal differentiation markers following differentiation induction
routinely reveals that in excess of 80% of the cells acquire a mature phenotype.
Also, concomitant with this differentiation, the cells undergo a growth arrest in the
Go/G1 phase of the cells cycle, which is then ultimately followed by a programme of
cell death (Mitchell et al. 1992).

As many of the processes that occur during the induced
differentiation of HL60 cells develop simultaneously with many other events,
analysis of any particular phenotypic change is very difficult. As a result, a number
of HL60 variants have also been isolated which differ in their response to treatment
with the differentiation inducer (Toksoz et al. 1982; Bunce et al. 1983; Anderson et
al. 1985).

3.1.2 Oncogenes and tumour suppressor genes in HL60 cells.

1. c-myc.

The first oncogene to be found altered in HL60 cells was c-myc. Two
reports which analysed the DNA from these cells indicated that the gene was
amplified approximately 30-fold (Collins and Groudine 1982; Dalla-Favera et al.
1982). Moreover, the subsequent analysis of the original tumour material revealed
that this amplification had arisen during the establishment of the disease and not
from the culture of the cells in vitro. This discovery was in fact, the first report of
the amplification of a cellular oncogene in human cancer. However, as the result of
a survey of more than 100 leukaemias by Rothberg et al. (1984), it would appear
that amplification of c-myc is not a common event in haemopoietic neoplasia, with

only one of the samples examined exhibiting this change. It is also clear that the
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Differentiation Induction of (Induction of HL60 | Induction of U937
Inducer HL60 cellsto | cells to monocytes/ | cells to monocytes/
granulocytes macrophages macrophages
TPA * *
DMSO * *
IFN y * *
Retinoic *
Acid
Lymphocyte
conditioned * *
media
1-a,25-dihydroxy- N "
vitamin D3
Teleocidin *
Actinomycin D *

Table 3: Factors known to induce differentiation in HL.60 and U937 cells.

Abstracted from Collins (1987) and Harris and Ralph (1985).

Abbreviations used: TPA, 12-0-tetradecanoyl-phobol-13-acetate; DMSO,
dimethyl sulphoxide; IFNy, interferon gamma.




high level of c-myc amplification in HL60 cells (30-fold) is not an essential change
for the continued survival of the cell line, as a number of sub-lines have been
reported which contain amplifications as low as only 4-fold (Graham et al. 1985;
Donti et al. 1991). However, the consistent finding that expression of c-myc is
incompatible with terminal differentiation (see section 2.4), lends heavy support to
an involvement of myc amplification, even when only 4-fold, in the maturation-

arrested phenotype of HL60 cells.
2. N-ras.

In a study by Murrey et al. (1983), it was found that the transfer of
HL60 genomic DNA into NIH3T3 cells resulted in their transformation. However,
it was discovered that the gene responsible for this effect was surprisingly not
c-myc, but N-ras (Murrey et al. 1983). In addition, in contrast to the situation in
other myeloid leukaemias where the N-ras gene is frequently mutated at codons 12
and 13 (Bos et al. 1985; Needleman et al. 1986), in HL60 cells the gene is mutated
at codon 61 (Bos et al. 1984). However, as little is yet known about the
physiological function of N-ras, more work is now required to establish the role it
plays in both the establishment of myeloid leukaemia and the phenotype of HL60

cells.
3.p53

In light of the fact the p53 gene is the most frequently mutated gene
in human cancer (Hollstein et al. 1991), it is perhaps no surprise that HL60 cells also
cafry mutations at this locus. In a report by Wolf and Rotter (1985), it was found
that the p53 gene, which resides on the short arm of chromosome 17, is largely

deleted in HL60 cells. In addition, the remaining allele of p53 is also deleted as part
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of the monosomy of chromosome 17 that was identified during the initial
characterisation of the line (Gallagher et al. 1979). As a result of these changes the
cells have been shown to be devoid of both p53 mRNA and protein (Wolf and
Rotter 1985). However, it not known how this loss of p53 relates to the
establishment of the original leukaemia or to the maturation-arrested phenotype of
HL60 cells.

3.2 The U937 cell line.

The U937 cell line was originally derived from a patient with diffuse
histiocytic lymphoma (Sundstrom and Nilsson 1976). The line is similar to the
HL60 cell line in that it can be maintained indefinitely in suspension as a population
of blast cells of the myelomonocytic lineage (Harris and Ralph 1985). However, in
contrast to the bipotential nature of HL60 cells, the U937 cell line can only be
stimulated to differentiate to monocytes/macrophages (Figure 8; Table 3). As a
result, U937 cells have not received as much attention as HL60 cells and remain less
well defined. In this regard, there have been no reports relating to any mutational
events in the cells which may have given rise to the original disease. However, it
has been shown that, the constitutive expression of c-myc in U937 cells results in a
block to their ability to differentiate in response to treatment with TPA (Larsson et
al. 1988).
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Initial aims of the project.

It had been known for some time that constitutive expression of
c-myc can block the differentiation of myeloid cells. However, it is also now evident
that the correct functioning of c-Myc is not only dependent on the abundance of its
dimerization partner Max, but also on the levels of two other Max-binding proteins,
Mad and Mxil. In light of this, it was the initial aim of this project to investigate
further the role of c-Myc in the regulation of myeloid differentiation, and with
particular interest being given to any involvement that Max and then subsequently

Mad and Mxil may have in the control of this process.
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CHAPTER 4: MATERIALS

4.1 Tissue culture media and supplies.
Supplier: Beatson Institute Central Services.
Sterile dH,0
Penicillin (7.5 mg/ml).
Streptomycin (10 mg/ml).
Sterile PBS-EDTA.
Sterile PBS.
Sterile glassware and pipettes.
Supplier: Gibco Europe Life Technologies Ltd., Paisley, Scotland.
Special liquid medium (SLM).
200mM glutamine.
100mM sodium pyruvate.
7.5% (w/v) sodium bicarbonate.
2.5% (w/v) trypsin.
Foetal calf serum.
Supplier: A/S Nunc, Roskilde, Denmark.
Tissue culture flasks.
Nunc cryotubes.
Chamber microscope slides.
Supplier: Fisons Scientific Equipment, Loughborough, Leicestershire, England.
dimethyl sulphoxide (DMSO).
Supplier: Biological Industries, Kibbutz Beth, Haemek, Israel.
10x RPMI medium.
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4.2 Plasticware.

Supplier: Becton Dickinson Labware, Plymouth, England.
Falcon tubes.

Supplier: Bibby-Sterilin Ltd., Stone, Staffordshire, England.
30ml universal and 5ml bijou tubes.

Supplier: BDH Chemicals Ltd., Poole, Dorset, England.

Glass microscope slides.

4.3 Bacterial hosts and media.

Supplier: Beatson Institute Central Services.
L-broth, prepared as outlined in Sambrook et al. (1989).
Sterile glassware.

Supplier: Bethesda Research Laboratories, Gibco Ltd., Paisley, Scotland.
DH5a. competent cells.

Supplier: Difco, Detroit, Michigan, USA.
Bacto-agar.

Supplier: Sigma Chemical Co. Ltd., Poole, Dorset, England.
Ampicillin.
Tetracycline.

Supplier: Bibby-Sterilin Ltd., Stone, Staffordshire, England.

Petri dishes.

4.4 Nucleotides, Polynucleotides and DNA.
Supplier: Amersham International plc. Amersham, Buckinghamshire, England,
[a-**P] dCTP ~3000Ci/mmol.
[y-*P] ATP >5000Ci/mmol.
[a->*S] dATP >1000Ci/mmol.
Unlabelled nucleotides.
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Supplier: Pharmacia Ltd., Milton Keynes, Buckinghamshire, England.
Poly [dI-dC]epoly[dI-dC].

Supplier: Sigma Chemical Co. Ltd., Poole, Dorset, England.
Salmon sperm DNA.

4.5 Chemicals.

All chemicals not individually listed were obtained (AnalaR grade)
from BDH Chemicals Ltd., Poole, Dorset, England.
Supplier: Sigma Chemical Co. Ltd., Poole, Dorset, England.

Bromophenol blue. Ethidium bromide.
Dithiothreitol. MOPS.
Polyvinylpyrrolidone. Ficoll.

Bovine serum albumin (Fraction V). TEMED.

Tween 20. TPA.

NBT. NP40.
Spermidine. Chromomycin A3.
OAG. Ponceau S.
PMSF. Putrescine.

Supplier: James Burrough Ltd., Witham, Essex, England.
Ethanol.
Supplier: Rathburn Chemicals Ltd., Walkerburn, Scotland.
Water-saturated phenol.
Supplier: Cinna/Biotecx Laboratories Inc., Houston, Texas, USA.
RNAzol B.
Supplier: Fisons Scientific Equipment, Loughborough, Leicestershire, England.
38% (w/v) Formaldehyde.
Supplier: Fluka Chemika-Biochemika AG, Buchs, Switzerland.

Formamide.
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Supplier: Boehringer Mannheim UK Ltd., Lewes, East Sussex, England.
CsClL
HEPES.
Supplier: Bethesda Research Laboratories, Life Technologies, Inc., USA.
Agarose, ultrapure electrophoresis grade.
Supplier: National Diagnostics, Manville, New Jersey, USA.
Ecoscint A.
Supplier: Calbiochem-Novabiochem (UK) Ltd., Beeston, Nottinghamshire,
England.
1-a,25-dihydroxyvitamin D3
Supplier: Biorad Laboratories Ltd., Hemel Hempstead, Hertfordshire, England.

Bradford protein assay reagent.

4.6 Antisera
Supplier: Santa Cruz Biotechnology Inc., Santa Cruz, California, USA.
Max1 antisera: Rabbit IgG polyclonal (C-17).
Mad antisera: Rabbit IgG polyclonal (C-19).
Supplier: Promega Ltd., Southampton, Hampshire, England.
Goat anti-rabbit IgG horseradish peroxidase conjugate.
The sources of antisera obtained as gifts from other academic laboratories

are listed where quoted.

4.7 Enzymes and enzyme inhibitors.

All DNA modifying enzymes and their buffers, except those listed below,
were obtained from: Bethesda Research Laboratories, Gibco Ltd. Paisley,
Scotland.
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Supplier: Boehringer Mannheim UK, Lewes, East Sussex, England.
Klenow Polymerase
Proteinase K

Supplier: Northumbria Biologicals Ltd., Cramlington, Northumberland, England.
AMY reverse transcriptase.
RNAse A.
T4 polynucleotide kinase.

Supplier: Sigma Chemical Co. Ltd., Poole, Dorset, England.
Diethylpyrocarbonate (DEPC).

Lysozyme.

4.8 Gels, binding matrices and Columns.
Supplier: Severn Biotech Ltd., Kidderminster, England.

Design-a-Gel 29% (w/v) acrylamide, 1% (w/v) bisacrylamide.
solution.

Design-a-Gel 29.6% (w/v) acrylamide, 0.4% (w/v) bisacrylamide.
solution.
Supplier: Pharmacia Ltd., Milton Keynes, Buckinghamshire, England.

Nick columns.
Supplier: Dynal A.S, Oslo,' Norway.

M-280 Streptavidin-labelled Dynabeads.

4.9 Kits.

Supplier: Amersham International plc, Amersham, Buckinghamshire, England.
ECL western blotting detection kit.

Supplier: Boehringer Mannheim UK, Lewes, East Sussex, England.
DNA random priming labelling kit.
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Supplier: Sigma Chemical Co., Ltd, Poole, Dorset, England.
Kit 91-A: a-napthyl acetate esterase detection kit.
Supplier: Bio 101, Stratatech Scientific, Luton, Bedfordshire, England.
Geneclean IT kit.
Supplier: United States Biochemical (USB), Cleveland, Ohio, USA.
Sequenase Version 2.0 kit.
Supplier: Perkin Elmer Cetus, Norwalk, Connecticut, USA.
Geneamp DNA PCR kit.

Automated sequencer ‘Dyedeoxy’ sequencing kit.

4.10 Membranes, Paper and X-ray film.
Supplier: Amersham International plc, Amersham, Buckinghamshire, England.
Hybond N+ nylon membranes.
Supplier: Biorad Laboratories Ltd., Hemel Hempstead, Hertfordshire, England.
Trans-Blot nitrocellulose membranes.
Supplier: Vernon-Carus Ltd., Preston Lancashire, England.
Gauze swabs.
Supplier: Whatman International Ltd., Maidstone, Kent, England.
3MM filter paper.
Supplier: Eastman Kodak Co., Rochester, New York, USA.
X-ray film (X-OMAT AR).
Duplicating film (DUPC-1).
Duplicating film (DUP-1).
Supplier: Presentation Technology Ltd., Clydebank, Scotland.
AGFA Rapitone paper (P1-2, P1-3 and P1-4).
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4.11 Markers:

Supplier: Amersham International plc, Amersham, Buckinghamshire, England.
Prestained ‘rainbow’ protein markers
range 2,350-46,000Da and range 14 300-220,000Da.

Supplier: Bethesda Research Laboratories, Gibco Ltd., Paisley, Scotland.
$X174 RF DNA / Hae III fragments.
A DNA / Hind III fragments.
RNA ladder.

4.12 Water.

De-ionised water (dH,O) for general use and for the preparation of
solutions and buffers was obtained from a Millipore MilliRO 15 system. Water for
enzymic reactions and recombinant DNA work (RQH;0O) was further purified by

reverse osmosis on a Millipore MilliQ system to 18Qcm.
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CHAPTER 5: METHODS

5.1 Cell Culture and induction of differentiation.
5.1.1 Culture of HL60, HL60-Ast4, HeLaS3 and HFF cells.

Passage 25 HL60 cells were kindly provided by Dr. G. Brown (Dept.
of Immunology, University of Birmingham, UK). HeLa S3 cells were obtained from
Beatson Institute stocks. Both cell lines were grown in suspension culture in
Special Liquid Medium, supplemented with 10% foetal calf serum and 2mM
glutamine in an atmosphere of 5% CO3 in air at 370C. Cultures were seeded at a
density of 5 x 107 cells/ml and were passaged every 48hr. Differentiation-defective
HL60-Ast4 cells were also obtained from Dr. G. Brown and were maintained in the
same manner as the parental HL60 cells, except there growth medium was
supplemented with 1.25% Dimethyl sulphoxide. Human Foreskin Fibroblast cells
were a kind gift from Dr. Ken Parkinson of the Beatson Institute and were grown
under the same conditions as those for HL60 and HeLa cells, except the growth
medium was supplemented with 15% serum instead of 10%. Confluent cultures of

these cells were passaged with a maximum of a 1:4 split.

5.1.2 Culture of U937 cells.

U937d+ cells were obtained from The European Collection of
Animal Cell Cultures, Porton Down, UK.. U937d- cells were from stocks within
the Beatson Institute. Both U937 cell lines were grown in suspension culture in
RPMI 1640 medium, supplemented with 10% foetal calf serum, 1mM sodium
pyruvate and 2mM glutamine in an atmosphere of 5% CO> in air at 37°C. These
cultures were also passaged every 48hr and were seeded at a density of 5 x 109
cells/ml.
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5.1.3 Cell Storage.

All of the cell lines used in this study, except HFF cells which were
obtained from Dr. Parkinson as and when required, were stored frozen in liquid
nitrogen. Cultures of growing cells were harvested by centrifugation at 1,100 rpm
for Smin in a MSE benchtop centrifuge. The cell pellets were then resuspended to a
final concentration of 10 cells/ml in a solution of the appropriate growth medium
containing DMSO at a concentration of 10% (v/v). They were then aliquotted into
1-2ml cryotubes and placed in a polystyrene container at -70°C for 24hr. After this
time the vials were placed in liquid nitrogen for long-term storage. Cultures were
recovered by transferring the cryotubes directly from the liquid nitrogen into water
at 37°C. Once thawed the cells were diluted in 20ml of growth medium, pre-
warmed to 37°C, and centrifuged for Smin at 1,200rpm in a MSE benchtop
centrifuge. Cells from one vial were then seeded into 5ml of fresh, pre-warmed

growth medium.

5.1.4 Induction of differentiation.

Prior to induction of differentiation and/or growth arrest, all sublines
of HL60 aﬁd U937 cells were diluted with fresh medium to a concentration of
5x103 cells/ml, 16hr prior to induction. Growth arrest and/or differentiation of these
cells to monocytes/macrophages was achieved by addition of 12-O-tetradecanoyl-
phorbol-13-acetate (TPA) to a final concentration of 1.6 x 10-’M. In addition,
“wild-type” HL60 cells were also induced to differentiate with 1-0,25-
dihydroxyvitamin D3 to a final concentration of 1 x 1077M, to yield populations of
monocytes/macrophages, and with DMSO to 1.5% (v/v) to yield granulocytes.
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5.1.5 Markers of differentiation.

a) Non-specific esterase (NSE): Aliquots of 1 x 106 cells were collected on glass
slides by centrifugation (500rpm for 5 minutes) in a Cyto-tek cytocentrifuge (Miles
scientific). Non-specific esterase activity was assessed using diagnostic kit 91-A
(Sigma) and assays were performed as recommended by the manufacturer. Two
slides were prepared for each time point and 100 cells were examined to determine
the proportion staining positively for NSE.

b) Nitroblue tetrazolium (NBT) reduction: Aliquots of 1 x 100 cells were harvested
by centrifugation at 1200rpm for 5 minutes (MSE benchtop). The cell pellet was re-
suspended in 1 ml of phosphate-buffered saline containing 10uM TPA and 0.2%
(w/v) NBT. Samples were then incubated at 370C for 25mins. followed by
cytocentrifugation onto glass slides. Two slides were prepared for each time point

and 100 cells were examined to determine the proportion staining positively for

NBT reduction.

5.1.6 Treatment of cells with oligonucleotides.

Nuclease-protected  phosphorothioate  oligonucleotides  were
synthesised at the Beatson Institute using standard phosphoramidite chemistry and
were purified as described in the section below relating to purification of
oligonucleotides. They were added daily to the tissue culture medium, for a period
of 5 days at a final concentration of 20uM. The c-myc antisense oligonucleotide
(AACGTTGAGGGGCAT) was targeted against the 5’ of the mRNA and has been
described previously (Wickstrom et al. 1988; Bacon and Wickstrom 1991). The
other two oligos used in the study were: 1) the complementary c-myc sense
oligonucleotide (ATGCCCCTCAACGTT) and 2) a random/degenerate
oligonucleotide of the same length as the c-myc antisense oligonucleotide

(ACTGACTGACTGACT).
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5.2 Recombinant DNA techniques.
5.2.1 Transformation of bacterial cells with plasmid DNA.

DH5a competent cells were slowly thawed on ice and 50ul aliquots
were placed into pre-chilled 2059 tubes (Falcon). Approximately 1ng of plasmid
DNA was added to the cells and gently mixed by stirring with a pipette tip. After
incubation of ice for 30min, the cells were heat-shocked at 42°C for 45sec and then
placed on ice again for a further 2min. 450ul of L-broth was then added to the cells
and this mixture was then incubated at 37°C for 1hr in an orbital shaker at 225rpm,
to allow time for the cells to express the appropriate antibiotic.resistance gene.
After this time, 100ul of the cells was spread onto L-broth plates containing
1.5%(w/v) agar and supplemented with the appropriate antibiotic at a concentration
recommended by Sambrook et al. (1989). Plates were then air-dried for 5 min and

incubated in an inverted position for 16hr at 37°C.

5.2.2 Small scale preparation of plasmid DNA.

A single bacterial colony from an agar plate was picked using a
sterile toothpick and transferred to approximately 5Sml of L-broth medium
containing the appropriate antibiotic. This medium was then incubated overnight at
37°C with shaking at 225rpm. 1.5ml of this culture was transferred to a microfuge
tube and centrifuged at full speed for 30sec at 4°C. After removal of the
supernatant, the bacterial pellet was resuspended in 100l of solution A (50mM
glucose, 25mM Tris. HCI (pH 8.0), 10mM EDTA). The cells were then lysed by
addition of 200ul of freshly prepared solution B (0.2N NaOH, 1% SDS) and the
contents mixed by gently inverting the tube 5 times. 150ul of solution C (2.5M
KAc, 5M acetic acid, pH4.8) was then added to the tube, mixed by gentle vortexing
for 10sec and placed on ice for Smin. The tube was then microfuged at 4°C for
Smin at full speed and the supernatant transferred to a fresh tube. This supernatant

was then extracted with an equal volume of TE-saturated phenol/chloroform as
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recommended by Sambrook et al. (1989) and again placed into a fresh tube. The
nucleic acids in this solution were precipitated by the addition of 2 volumes of
ethanol followed by incubation at room temperature for 2min and tubes were then
microfuged at 14,000rpm for 5 min. The resulting pellet was washed with 70%
ethanol and air-dried for 10min. The nucleic acids were then dissolved in 50ul TE
(10mM Tris.HCI (pH8.0), ImM EDTA) containing DNAse-free RNAse at a final
concentration of 20pg/ml. Typically 10l of this mixture was then used for analysis

in restriction digests.

5.2.3 Large scale preparation of plasmid DNA.

An overnight culture of bacteria, prepared in the same way as
described above, was used to inoculate 500ml of L-broth medium containing the
appropriate antibiotic. This culture was then once again incubated overnight at
37°C with shaking at 225rpm. The cells resulting from this incubation were then
pelleted by centrifugation in a DuPont Sorvall RC3C centrifuge at 5,000rpm at 0°C
for 10min. Pellets were thoroughly resuspended in 25ml solution A (see above)
containing lysozyme at a final concentration of Smg/ml and placed on ice for 30min.
40ml of freshly prepared solution B (see above) was then added to the cells, the
solution mixed and placed again on ice for a further Smin. After this time, genomic
DNA and proteins were precipitated by the addition of 20ml of solution C (see
above), which was mixed into the lysed bacteria by inverting the tube gently 5 times.
After being left on ice for 15min the flocculate resultant from the addition of
solution C was pelleted by centrifugation in a DuPont Sorvall RC3C centrifuge at
5,000rpm for 5 min at 4°C. The supernatant was then filtered through a double
layer of gauze, followed by precipitation of the nucleic acids by the addition of 0.6
volumes of propan-2-ol and incubation at room temperature for 15min. This
solution was then centrifuged at 8,000rpm, 0°C in a Sorvall GSA rotor for 5 min.

After being air-dried for Smin, the pellet was re-dissolved in 5.5ml TE containing
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7.5g CsCl. Once dissolved 0.5ml of 10mg/ml ethidium bromide (Sigma) solution
was added and the salt concentration of the mixture adjusted, by either addition of
more water or more solid CsCl, to give a refractive index of 1.395. Samples were
then transferred to screw-cap ultracentrifuge tubes and, making sure that opposing
tubes were balanced to within 0.1g, centrifuged at 40,000rpm for >40hr. Plasmid
bands were pipetted from the tubes and serially extracted with butan-1-ol to remove
the ethidium bromide. They were then ethanol precipitated twice, washed with 70%
ethanol, air dried and resuspended in approximately 1ml of TE (10mM Tris.HCI
(pH8.0), ImM EDTA).

5.2.4 Storage of bacterial glycerol stocks.

Stationary cultures in liquid medium were mixed with an equal
volume of glycerol, chilled on ice and then stored at -20°C in plastic cryotubes.
Cultures were re-established by inoculation of 5ml of L-broth medium, containing

the appropriate antibiotic, with 20ul of the glycerol stock.

5.2.5 Extraction and purification of mammalian genomic DNA.

Approximately 5 x 107 cells were washed twice in ice cold PBS and
then lysed in 10ml of lysis buffer (10mM Tris.HCl (pH7.8), 0.5% SDS, SmM
EDTA) containing 50ug/ml proteinase K. Incubation was then undertaken with
gentle mixing at 37°C for 16hr. The samples were then purified by extraction as
follows: 2 times with 1 volume of TE-saturated phenol, once with 1 volume of TE-
saturated phenol/chloroform and finally with 1 volume of chloroform/isoamyl
alcohol (29 parts chloroform, 1 part isoamyl alcohol). The nucleic acids were then
precipitated by adding 0.7 ml of 4M KAc and 30ml of ethanol, followed by
incubation overnight at -20°C. The precipitated DNA was hooked from this
solution and air dried before being placed at 4°C overnight in 2ml of resuspension

buffer (50mM Tris.HCl (pHS8.0), 10mM EDTA). DNAse-free RNAse was then
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added to this solution at a final concentration of 0.1mg/ml and the sample incubated
at 37°C for 2hrs. After this time, samples were extracted and precipitated as
described above, air dried and finally resuspended in approximately 1ml of TE

buffer. Samples were stored at 4°C until required.

5.2.6 Synthesis and Purification of oligonucleotides.

Oligonucleotides were synthesised at the Beatson Institute on an
Applied Biosystems model 381A DNA synthesiser according to the manufacturers
instructions. 5’ trityl groups were removed as part of the synthesis and the
oligonucleotides eluted into a solution of 29% (v/v) ammonia. This DNA-ammonia
solution was then incubated at 55°C overnight in order to ‘de-protect’ the
oligonucleotides. The vials containing this solution were then chilled on ice and the
DNA-ammonia solution transferred to Falcon 2059 tubes. Oligonucleotides were
precipitated by the addition of 0.1 volumes of 7.5M ammonium acetate and 3
volumes of ethanol, followed by incubation on dry ice for 30min. The DNA was
then pelleted by centrifugation in a Sorvall HB-6 rotor at 10,000 rpm for 15min.
The pellet was washed in 70% ethanol, air dried and dissolved in 0.5ml of de-ionised
water. DNA concentrations were calculated as described below and the

oligonucleotides were then stored at -20°C until required.

5.2.7 Quantitation of nucleic acid concentrations.

Nucleic acids were quantified with respect to their absorbance of UV
light. Sul of sample was added to 495l of de-ionised water and the absorbance of
the solution measured at 260nm and 280nm in a quartz cuvette, using de-ionised
water as a blank. The concentration of the solution was calculated on the basis that
an optical density of 1 corresponds to a concentration of 50ug /ml for plasmid or
genomic DNA; 40pg/ml for RNA and 20ug/ml for single-stranded oligonucleotide.

The ratio of the readings Ajs0/Azg0 Was used as an estimate of the purity of the
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nucleic acid. Samples with ratios between 1.75 and 2.0 were taken as being

sufficiently pure for all of the techniques undertaken in this study.

5.3 Restriction digests and electrophoresis.
5.3.1 Restriction digests.

Approximately 1pg of plasmid DNA for plasmid analysis or 15ug of
mammalian genomic DNA for Southern analysis was digested in a final volume that
was at least large enough to dilute the volume of enzyme added 10-fold. Plasmid
digests were routinely carried out using 5 units of enzyme per pg (_)f DNA in each
reaction and were incubated at the recommended temperature for at least 1hr.
Digests of genomic DNA were undertaken overnight with 10 units of enzyme being
added for each pug of DNA to be digested. A fresh aliquot of enzyme (10 units/ug
DNA) was added to genomic digests the following morning and the digest
continued for a further 3 hrs, before the reaction was stopped by the addition of 1
volume of TE-saturated phenol/chloroform. Following this extraction, the genomic
DNA was ethanol precipitated as described previously and then air dried prior to
being resuspended overnight in an appropriate volume of TE for subsequent lcading
on an agarose gel. For digests of DNA involving two (or more) restriction
enzymes, either a buffer compatible for both enzymes was used or the DNA was
digested in sequential digests which were separated by phenol/chloroform

extractions and ethanol precipitation.

5.3.2 Agarose gel electrophoresis.

DNA fragments from plasmids or genomic DNA were separated on
non-denaturing agarose gels and visualised by staining with ethidium bromide,
followed by UV transillumination. Typically, gels were prepared by dissolvirg 1%
(w/v) electrophoresis grade agarose in 1x TBE buffer (90mM Tris.HCl, 90mM
bbric acid, 2mM EDTA, pH 8.0) or 1x TAE buffer (40mM Tris.acetate, 20mM
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sodium acetate, 2mM EDTA, pH 7.4), containing 2.5 pg/ml ethidium bromide.
After being heated in a microwave to dissolve the agarose, molten gels were cooled
to approximately 60°C before being poured into an appropriate gel former. Once
solid, gels were placed into electrophoresis tanks containing the appropriate 1x
buffer and ethidium bromide as described above. Samples were mixed with
one-sixth vblume of gel-loading buffer (30% glycerol in water, 0.25% (w/v)
bromophenol blue) prior to being loaded into the wells of the gel. Gels were initially
subjected to 100V for 5-10min in order to run samples into the gel and the voltage
then subsequently reduced to give a desired length of time for electrophoresis. As
an estimation of the size of fragments resolved by electrophoresis, samples were run
alongside molecular weight markers derived from the restriction digest of viral
genomes. For large fragments, aliquots of a Hind III digest of bacteriophage A
were used and for smaller fragments aliquots of a Hae III digest of the
bacteriophage $X174.

5.3.3 Non-denaturing polyacrylamide gel electrophoresis.

Non-denaturing polyacrylamide gels were used for the purification of
DNA fragments and oligonucleotides and for the resolving of complexes in DNA-
binding assays. A 30 % stock solution of acrylamide, comprising 29 parts
acrylamide to 1 part N,N’methyl-bisacrylamide was diluted to give a 6% gel forming
solution containing 0.5x TBE. This solution was polymerised by the addition of
250ul of 10% (w/v) ammonium persulphate and 100pl of TEMED per 50ml of gel
solution. After mixing the solution was poured into vertical plates with 2mm
spacing and allowed to set at room temperature. Gels were run at a constant
current of 25mA and, where required, the DNA visualised by staining with a
solution of 0.5ul/ml ethidium bromide for 10min, followed by washing in de-ionised
water for 10min and UV transillumination. Gels used for DNA-binding assays were

dried under vacuum at 80°C for 45min prior to autoradiography.
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5.3.4 Denaturing polyacrylamide gel electrophoresis.

For the resolution of sequencing reactions, a gel solution was
prepared which contained: 6% (w/v) acrylamide, 0.2% (w/v) bisacrylamide, 1x
TBE, and 8M urea. Once the urea was completely dissolved the solution was
polymerised by the addition of ammonium persulphate to a final concentration of
0.08% (w/v) and TEMED to a final concentration of 0.05% (v/v). This solution
was then poured into plates (20cm x 45cm) which were separated by 0.5mm spacers
and was allowed to set at room temperature. Gels were pre-run at ~1600V for
45min prior to the loading of samples and then the electrophoresis was continued
for a further 2-3hr depending on the size of fragments to be resolved. The plates
were then separated and the gel transferred to a sheet of Whatman 3MM paper,

followed by drying under vacuum at 80°C for 2hrs prior to autoradiography.

5.3.5 Sodium dodecyl sulphate polyacrylamide gel electrophoresis.

The separation of proteins for immuno-blot analysis was undertaken
using polyacrylamide gels containing SDS. The percentage of acrylamide used in
the resolving gel depended on the molecular weight of the protein to be analysed,
but was usually between 7-15%. The desired concentration of acrylamide was
combined with 25ml of 4x gel buffer (1.5M Tris.HCI (pH 8.8), 0.4% (w/v) SDS)
and water to a final volume of 100ml. The polymerisation of this solution was then
initiated by the addition of 500ul of 10% (w/v) ammonium persulphate and 100ul of
TEMED. To allow for the pouring of the stacking gel this solution was then cast to
within ~3cm of the top of two glass plates which were separated by 2mm spacers.
Prior to setting butan-1-ol was poured on top on the gel solution to eliminate any
bubbles that would interfere with the formation of a smooth interface between the
stacking and resolving gels. Once the gel was set, the butan-1-ol was washed away
with de-ionised water. A stacking gel was then prepared which contained 4.8%

(w/v) acrylamide, 0.125M Tris.HCI (pH 6.8), 0.1% SDS, 0.05% (w/v) ammonium
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persulphate and 0.002% TEMED. This was poured on top of the resolving gel, a
comb inserted and the solution allowed to set at room temperature for 15-20min.
After polymerisation, the gel former, comb and gasket were removed and the glass
plates containing the gel transferred to a gel tank containing 1x gel running buffer
(50mM Tris. HCI, 1% (w/v) glycine, 0.25% (w/v) SDS). Unlike other acrylamide
gels, SDS gels were not pre-run prior to the loading of samples as this disrupts the

difference in salt concentrations between the resolving and stacking gels.

5.3.6 Purification of DNA fragments from agarose gels.

Bands were excised from agarose gels using a scalpel with the aid of
UV transillumination. The agarose ‘blocks’ were then chopped into small pieces
and the DNA extracted using a Geneclean kit as advised by the manufacturers. The
purified DNA was then quantified by agarose gel electrophoresis alongside known
quantities of viral DNA markers (e.g. $X174), which were used as stepwise

gradients of DNA concentration.

5.3.7 Purification of DNA fragments from polyacrylamide gels.

Fragments were excised from polyacrylamide gels in the same way as
described above. After excision, the gel slice was placed into a 0.5 ml eppendorf
tube which had previously been pierced at its base with a small hypodermic needle.
This tube was then placed into a 1.5ml tube and centrifuged at full speed for Smin in
a microfuge. Two gel volumes of acrylamide elution buffer (0.5M ammonium
acetate, 0.2% (w/v) SDS) was then mixed with the pulped gel slice and the tube
incubated at 37°C for approximately 16hr. After this time, the tube was vortexed
again and the contents loaded into a pierced 0.5ml eppendorf tube which had been
plugged with a small amount of glass wool. This tube was placed as before in a
1.5ml eppendorf tube and microfuged at full speed for Smin. This effectively results

in the retention of acrylamide in the glass wool, while DNA and elution buffer pass
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through into the 1.5ml tube. The DNA sample was then further purified by a
phenol/chloroform extraction and an ethanol precipitation, prior to being

resuspended in an appropriate volume of TE buffer.

5.4 Polymerase chain reaction and DNA sequencing.
5.4.1 c¢DNA synthesis.

Approximately 5ug of total RNA in H,O was frozen on dry ice and
lyophilised under vacuum. This was then re-dissolved in 18yl of annealing buffer
(250mM KCl, 10mM Tris.HCI (pH8.3), ImM EDTA), to which 1ug of reverse
transcription primef (minus strand primer) was then added. This RNA-
oligonucleotide mixture was then placed at 83°C for 3min in order to denature the
RNA template and then incubated at 70°C for 25min to allow for annealing of the
oligonucleotide to its complementary target sequence(s). After this time the tube
was transferred to a 1000ml glass beaker containing water at 70°C which was then
placed at room temperature and allowed to cool slowly to 45°C. The tube was then
briefly microfuged and the contents combined with 30ul of cDNA buffer (24mM
Tris. HCl, 16mM MgCl, 8mM DTT, 0.4mM of each of the four dNTPs (dATP,
dCTP, dGTP, dTTP)) and 1ul (20 units) of AMV reverse transcriptase. After
incubation at 43°C for 1hr, the cDNA was precipitated by the addition of 0.5
- volumes of 7.5M ammonium acetate and 2 volumes of ethanol, followed by
incubation on dry ice for lhr or at -20°C overnight. Nucleic acids were then
pelleted by centrifugation at full speed in a bench top microfuge for 15min at 4°C
. and were subsequently air dried and re-suspended in 20ul of dH,0O. This reaction
typically gave enough cDNA for 2 PCR reactions. For each ¢cDNA synthesis
reaction a corresponding reaction was also undertaken which did not contain
reverse transcriptase. This reaction was then later used as a control in PCR

reactions to show that any products which were amplified in the reverse
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transcriptase positive reaction had arisen from an RNA template and not from

contaminating DNA in the original RNA sample.

5.4.2 Polymerase chain reactions.

Polymerase chain reactions were undertaken using a Geneamp kit
from Perkin Elmer Cetus. Half of the products (10ul) from a cDNA synthesis
reaction were added to a 100ul PCR reaction which contained 1x PCR buffer (10x
buffer is S00mM KCl, 100mM Tris.HCI (pHS8.3)), 2mM MgCl, 0.2uM forward
primer, 0.2puM reverse primer and 2.5units of 7aq polymerase. The components of
this reaction were mixed and over-layed with ~60ul of paraffin oil to stop
evaporation of the contents of the tube during amplification. Amplifications were
undertaken on a DNA thermal cycler (Perkin Elmer Cetus) for 35 cycles (1 cycle
was typically: denaturation at 94°C for 1min, annealing at 55°C for 1 min, extension
72°C for 2min.), followed by incubation at 72°C for 15min in order to ensure that all
products were completely extended. Reactions were extracted with 1 volume of
chloroform and the products then analysed by agarose gel electrophoresis. If, in
addition to the desired product, many other DNAs were also amplified, the
specificity of the reaction was increased in one of two ways. Either the annealing
temperature was increased to 57°C or 60°C, or the concentration of MgCl, was
reduced in a stepwise manner to as low as 1.25mM. If neither of these two actions
increased the specificity of the reaction a different set of amplification primers were

designed.

5.4.3 Direct sequencing of PCR products.

For the direct sequencing of PCR products, amplifications were
undertaken using primers which had been modified to include a 5’ biotin group.
Biotinylated reverse primers and standard forward primers were used for

amplification of products for which sequence was required in the sense orientation.
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The reverse combination was used when sequencing was required in the antisense
direction. Separation of the two strands from each PCR reaction was undertaken by
binding the product to streptavidin labelled iron beads (Dynal) as recommended by
the manufacturer, followed by melting of the DNA duplex in 0.1M NaOH and
separation of the two strands by magnetic attraction of the iron beads. The
immobilised strand was then annealed to a suitable sequencing primer in a reaction
containing ~1pg of immobilised product, 20ng primer, 0.5% NP40 and 1x annealing
buffer (5x annealing buffer is: 200mM Tris.HC! (pH7.5), 100mM MgCl;, 250mM
NaCl) made up to a final volume of 14ul with dH,O. This mixture was boiled for
Smin and then snap frozen in a dry-ice/ethanol bath for 2min. Products were then
sequenced using a Sequenase kit according to the manufacturer's instructions.
Immediately prior to being resolved by electrophoresis on urea-containing

polyacrylamide gels, samples were denatured by heating to 95°C for Smin.

5.4.4 Automated chain terminator sequencing.

Both cloned DNA and PCR products were sequenced using an
Applied Biosystems ABI 373A automated DNA sequencer. 0.3-0.5ug of plasmid
DNA or 50-100ng of a PCR reaction was mixed with 20ng of sequencing primer
and 8l of ‘Dyedeoxy’ reaction mix in a total reaction volume made up to 20ul with
RQH,0. DNA was amplified in a DNA thermal cycler (Perkin Elmer Cetus) for 25
cycles (1 cycle was: 15sec at 96°C to denature DNA, 1sec at 50°C for annealing and
4min at 60°C to extend), and the products were then precipitated by the addition of
0.1 volumes of 3M sodium acetate (pH 4.5) and 2.5 volumes of ethanol. Pellets
were washed with 70% ethanol and air dried prior to being re-suspended in loading

buffer and subjected to electrophoresis as advised by the manufacturers.
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5.5 Isotopic labelling of DNA probes.
5.5.1 Preparation of random-primed radio-labelled probés.
The probes used in this study for the analysis of Northern and

Southern blots were obtained as follows:

The c-myc probe was the 1.4 kb Clal-EcoR1 fragment of the plasmid
pMC41-3RC (Watson et al. 1983) comprising the third exon and 3' flanking

sequence of the human c-myc gene.

The max probe was a S00bp fragment of the plasmid pSTMax7 (a kind gift
of Drs. D.H. Crouch and D.AF. Gillespie of the Beatson Institute)
containing the entire coding region of the human max gene and has been

described previously (Crouch et al. 1993).

The mad probe was a 1kb fragment of the plasmid pVZMad (a kind gift
provided by Dr. D. Ayer, Fred Hutchinson Cancer Research Center, Seattle,

USA) containing the entire coding region of the human mad mRNA.

The ODC probe, which was gift of Tam Jamieson of the Beatson Institute,
was a full length cDNA clone of the human omnithine decarboxylase gene
and has been described previously by Hickok et al. (1990).

The MRPI4 probe used was a partial cDNA clone that was previously
isolated in our group by Sheila Graham from a chronic granulocytic
leukaemia cDNA library which had been constructed by Drs L. Wiedermann
and R. Tindle, and has been described previously as 2B5 (Graham and Birnie
1988).
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The probe used to analyse the expression of c-myb was kindly provided by
Pierre Schembri-Wismayer of the Beatson Institute and has been described

previously as pMbm I by Clarke et al. (1988).

The mouse GAPDH clone was kindly provided by Max Walker of the
Beatson Institute and comprises 270bp of the coding region of the mRNA.

The Bo-microglobulin probe comprises 97% of the coding region plus 3'
untranslated sequence of the human cDNA which was previously cloned into

the Pst1 site of pBR322 (Suggs et al. 1981).

The 28S ribosomal RNA probe was a 7.4kb EcoR1 fragment of the plasmid
pHR-28-1 and has been described previously by Erickson et al. (1981).

The mxil probe was generated from uninduced HL60 RNA via RT-PCR
using the primers: 5’-GGAGCGAAGAGTGTGAACAT-3’ (forward), 5’-
TACTCAATGTAGTATGAG-3’, which results in the amplification of the
entire coding region of the mRNA.

All probes were radio-labelled with 32P-dCTP via random priming
using a kit supplied by Boehringer Mannheim. Following each labelling reaction,
probes were separated from unincorperated nucleotides by purification on Nick
columns as described in the manufacturers instructions. Before being used in
hybridisation reactions, all double-stranded probes were denatured by heating to

100°C for 5 min and then placed on ice for a further 10min.
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5.5.2 Radio-labelling of oligonucleotides.

Complimentary single-stranded oligonucleotides were combined at
equimolar ratios in TE buffer and heated to 95°C for 5min in a large volume of H,0.
After this time the water bath was allowed to slowly cool to room temperature in
order for effective annealing of the two oligonucleotides to occur. The resulting
double-stranded oligonucleotides were then end-labelled using bacteriophage T4
polynucleotide kinase (PNK). 300ng of oligonucleotide per 50ul reaction was
incubated in 1x T4 PNK buffer (10x PNK buffer is: 0.5M Tris.HCI (pH 7.6), 0.1M
MgCl, 50mM dithiothreitol (DTT), 1mM spermidine, ImM EDTA), containing
50uCi [y-2P] ATP and 20 units of PNK enzyme. Reactions were carried out at
37°C for 1hr and were then stopped by the addition of 2.5ul of 0.25M EDTA.
Probes were subsequently separated from the unincorporated label by
polyacrylamide gel electrophoresis and then purified as described in the section

relating to purification of DNA fragments from polyacrylamide gels.

5.6 Northern and Southern blotting.
5.6.1 Northern blot analysis.

Total cellular RNA was isolated using RNAzol B, as advised by the
manufacturers. RNA was denatured by suspension in 50% formamide, 2.2 M
formaldehyde in 40mM 3-(N-morpholino)propane sulphonic acid, 10mM sodium
acetate, ImM EDTA, pH 7.0 and heating at 65°C for 15 min. 15ug of RNA per
lane was size-fractionated by electrophoresis through 1.25% agarose gels containing
2.2 M formaldehyde. Gels were washed in water (2 x 30min) followed by transfer to
Hybond N+ membranes via capillary blotting using 20 x SSC (1 x SSC is 0.15 M
NaCl, 0.015 M sodium citrate, pH 7). Filters were then rinsed in 2x SSC and the
RNA fixed to the membrane by exposure to UV light in a Stratagene 1800
crosslinker. While still damp filters were sealed in polythene bags and stored at 4°C

until required

67



5.6.2 Southern blot analysis.

DNA which had been digested with the appropriate restriction
enzyme was loaded onto a 1% agarose gel containing 1x TBE, 0.5ug/ml ethidium
bromide. Samples were then subjected to electrophoresis for ~16hr at 30V. Once
photographed using UV transillumination, the gel was soaked in 1.5M NaCl, 0.5M
NaOH for 2x 20min with gentle shaking and then for a further 2x 30min in 1M
ammonium acetate, 0.02M NaOH. This buffer was then used to transfer the DNA
to Hybond N+ nylon membrane overnight via standard capillary blotting as
described by Sambrook et al. (1989). Filters were then washed and crosslinked as
described previously for RNA blots.

5.6.3 Hybridisation.

Nylon membranes were pre-hybridised in a solution of 50%
formamide, 5 x SSPE (1 x SSPE is 0.18 M NaCl, 0.01 M sodium phosphate pH7.4,
0.1mM NajEDTA), 5 x Denhardt's reagent (see Sambrook et al. 1989), 0.5 %
(w/v) SDS and 200pg/ml sonicated salmon sperm DNA at 42°C for 4 hr. Radio-
labelled probe was then added to this solution at a concentration of 1 x 109 cpm/ml
and the incubation continued for a further 16 to 24hr. The blots were then washed
(2 x20 min in 2 x SSC, 0.1% SDS at room temperature; then 45min in 0.1 x SSC,
0.1% SDS at 65°C), and exposed to Kodak X-OMAT ﬁlm with intensifying screens
at -700C. Autoradiographs were quantified by scanning laser densitometry using

apparatus from Molecular Dynamics and software from PDI.

5.6.4 Removal of radio-labelled probe from nylon membranes.

In order that nylon membranes could be re-hybridised with a series of
different probes, bound probe was removed by washing in solutions of boiling SDS.
0.5% (w/v) SDS for Southerns and 0.1% (w/v) SDS for Northerns was boiled and

poured onto membranes which were then shaken at room temperature until the SDS
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solution had cooled to room temperature. Blots were then re-sealed into polythene
bags and stored at 4°C until required. At no point during this procedure were the
blots allowed to go dry as this causes the probe to become irreversibly bound to the

nylon membranes.

5.7 Protein analyses and flow cytometry.
5.7.1 Western blot analysis.

Samples of cells from the various time points indicated were
harvested by centrifugation or scraped from the tissue culture dish and subsequently
washed twice in ice-cold PBS. They were then lysed in SDS-PAGE sample buffer
(1x sample buffer is 20% (v/v) glycerol, 2% (w/v) SDS, 100mM Tris. HC] pH6.8
and added immediately prior to lysis 5% [B-mercaptoethanol) and boiled for Smins
prior to being chilled on ice. Lysates were then sonicated in order to shear high
molecular weight DNA and then centrifuged at 14,000 rev/min for 2min at 4°Cina
microfuge. The resultant supernatants were stored in aliquots at -70°C until
required.

Equal quantities of protein from each time point were separated by
electrophoresis at 30mA for 16hr through 7% SDS-polyacrylamide gels (30%
acrylamide stock solution: 29.6% [w/v] acrylamide, 0.4% [w/v] bisacrylamide).
Pre-stained ‘rainbow’ markers were run alongside samples as a means of assessing
the extent of electrophoresis and for the subsequent calculation of the molecular
weight of proteins detected in the Western blotting. The proteins from these gels
were transferred to Transblot nitro-cellulose membrane via semi-dry electro-blotting
at 180mA for 1hr using layers of Whatman 3MM paper which had been soaked in
semi-dry blot buffer (60mM Tris.HCl, 50mM glycine, 1.6mM SDS, 20% (v/v)
methanol. Before the membranes were taken through the immuno-blot protocol, the
efficiency of transfer and the relative loading per lane was assessed by staining the

membrane with Ponceau S stain. 10ml of 1x stain (10x stain is: 2% (w/v) Ponceau
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S, 30% (w/v) trichloroacetic acid, 30%(w/v) sulphosalicyclic acid in dH,0), was
placed on the membrane for ~3-5min and was then rinsed away with dH,0 until the
protein bands became visible. Once analysed, the remainder of the stain was washed
away with copious amounts of dH,0 before the membrane was probed as outlined
below.

Detection of c-Myc protein on these blots was undertaken using an
antibody raised against human c-Myc, which was a kind gift of Dr. D. Gillespie of
the Beatson Institute and which has been described previously (Crouch et al. 1993;
La Rocca et al. 1994). Blots were first blocked for 16hr in PBS containing 5%
(w/v) non-fat milk powder, 0.05% Tween 20, and then subsequently incubated in
this solution with the c-Myc antiserum for 1hr, then with an a anti-rabbit horseradish
peroxidase conjugated secondary antibody for 1hr. The extent of reactivity against
c-Myc was then ascertained by using the ECL Western blotting system and

exposure to Kodak X-OMAT film.

5.7.2 Electrophoretic mobility shift assays.

Typically 1 x 107 cells were used for the isolation of nuclear proteins
for each sample and were prepared and stored as of the protocol by Andrews and
Faller (1991). To analyse the DNA binding activities during the differentiation
programmes, 10ug of nuclear protein from each time point was incubated with
02ng of 32p  end-labelled 'CM1' double-stranded  oligonucleotide
(5’-CCCCCACCACGTGGTGCCTGA-3’, which has been selected as a consensus
Myc:Max binding site (Blackwood and Eisenman 1991), at room temperature for 20
min, in a buffer consisting of 20mM HEPES (pH 7.2), 50 mM KCI, ImM EDTA,
3mM MgCly and 10% glycerol. 200ng of an unrelated double-stranded
oligonucleotide (5’-TTCCGGCTGACTCATCAAGCG-3") was used as a
competitor in each reaction to sequester non-specific DNA binding proteins. Where

indicated, the binding reactions were also incubated with either competitor DNA or
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antibody for 30 min on ice prior to the addition of the labelled probe. Subsequently,
binding reactions were resolved by electrophoresis through a 6% (0.5x TBE)
polyacrylamide gel for approximately 3hr at 25mA. The gel was then dried and
exposed to Kodak X-OMAT film with intensifying screens at -70°C. Antibodies
used in these reactions were obtained as follows. MadAb and MaxAb1l were from
Santa Cruz Biotechnology, Inc. MaxAb2 and Myc sera were a kind gift from David
Gillespie of The Beatson Institute, Glasgow and have been described previously
(Crouch et al. 1993; La Rocca et al. 1994). MaxAb3 was a kind gift from Trevor
Littlewood and Gerard Evan of the Imperial Cancer Research Fund, London and has
been described previously by Littlewood et al.(1992) as MX.

5.7.3 Flow cytometry.

At the indicated times post-treatment, both adherent and suspension cells
were harvested and washed twice in ice-cold PBS. The cells were then fixed by
resuspension in 70% ethanol to give a final concentration of approximately 106/ml
and stored at 4°C until required. To assess the cell-cycle status of each population
of cells, stored samples were centrifuged and resuspended once again to a
concentration of 106/ml in 15mM MgClp, 0.002% (w/v) Chromomycin A3. After
incubation in this stain at room temperature for 30min in the dark, these samples
were analysed using a Fluorescence-Activated Cell Sorter (FACStar, Becton
Dickinson). Equal numbers of events were analysed for each population of cells and
cell-cycle related DNA profiles and their analyses were undertaken using the

Consort system (Becton Dickinson).
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CHAPTER 6: Analysis of the changes in abundance of the mRNAs for c-myc,

max, mad and mxil during processes of myeloid differentiation.
6.1 Analysis of differentiation in the HL60 cell line.

As described previously in Chapter 3, the HL60 leukaemic cell line
can be maintained in culture as a population of cells arrested at the promyelocytic
stage of differentiation (Birnie 1988). Release of this differentiation block, resulting
in differentiation to either monocytes/macrophages or granulocytes has been shown
to occur as the result of treatment with a variety of physiological and chemical
inducers (Collins 1987). During the course of the study, differentiation to
monocytes/macrophages was achieved by treatment with either TPA for 3 days at a
final concentration of 1.6 x 10”M or with 1-o,25-dihydroxyvitamin D3 (Vit D3) for
5 days at a final concentration of 1 x 10’M. As a quantitative assessment of the
effect of treating the cells with these inducers the cells were stained for the activity
of the terminal differentiation marker, non-specific esterase (NSE). As can be seen
in Figure 9, treating the cells with TPA resulted in a rapid increase of the number of
cells exhibiting an activity for this marker, with in excess of 80% staining positive
after only 24hrs of exposure to TPA. This increased by approximately 5% over the
next 24hr period and was then maintained at this level until the cells ultimately died
72hrs after the addition of the TPA. In contrast, when the cells were differentiated
with Vit D3, the number of cells staining positive for NSE increased much more
slowly (Figure 9). In fact, 5 days of treatment was required to cause the same
number of cells to show activity for the marker (~80%) as was seen following
treatment with TPA for a period of only 24hr.

vDuring this study, differentiation of HL60 cells was also induced to
granulocytes by treatment with DMSO for a period of 5 days. As a measurement of

the number of cells which had terminally differentiated, the cells were assayed for
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Figure 9
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Figure 9: Percentage of cells staining positively for markers of terminal

differentiation during HL60 cell differentiation.

HL60 cells were analysed for their ability to reduce nitroblue
tetrazolium (NBT) during granulocytic differentiation induced by DMSO and for the
activity of non-specific esterase (NSE) during monocytic differentiation induced by
TPA and 1-a, 25-dihydroxyvitamin D3. Analysis of differentiation induced by TPA
was only taken up to 3 days, as the cells die beyond this time point. These findings
were reproducibly seen in at least two individual experiments for each individual

time point.
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their capacity to produce superoxide. This assay, which has been described
previously (Freeman and King 1972), is based on the ability of the cells to reduce
nitroblue tetrazolium which results in the formation of visible NBT-formazan
deposits in the cytoplasm of the cells. Analysis of this marker during the
differentiation programme revealed that the accumulation of terminally differentiated
cellé was a gradual process over the 5 day incubation period (Figure 9). However,
after this time, it was routinely found that more than 80% of the cells scored

positive in this assay.

6.2 Analysis of the changes in the levels of c-Myc protein during HL60

differentiation.

Both ourselves (Mitchell et al. 1992) and others (Westin et al. 1982;
Reitsma et al. 1983) have shown previously that down-regulation of the levels of
c-myc mRNA is a rapid event during induced differentiation of HL60 cells. To
assess whether these observed changes in mRNA abundance were reflected in
changes in the levels of the c-Myc protein, Western blot analysis was undertaken on
protein samples taken at various points during the differentiation programmes. As
can be seen in Figure 10, loss of c-Myc protein was indeed an early event following
treatment with the differentiation inducers. Moreover, the time frame over which
the protein was lost was found to be almost identical to that which was observed for
c-myc mRNA (Mitchell et al. 1992 & Figure 11). During differentiation to
monocytes/macrophages, the levels of the protein initially underwent a transient
increase of approximately 5-fold (as determined by densitometric analysis) after 2hrs
of treatment with the differentiation inducer. The abundance of the protein was then
down-regulated to undetectable levels between 4 and 8 hrs after addition of the
phorbol ester and were then maintained at these levels for the remainder of the

differentiation programme. As indicated above, changes in the levels of the mRINA
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Figure 10
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Figure 10: Western blot analysis of the levels of c-Myc protein during
differentiation of HL60 cells induced by DMSQO and TPA.

Western blot analysis of the levels of c-Myc protein in HL60 cells
treated for the times indicated with TPA at a final concentration of 1 x 1077 M or
DMSO at a final concentration of 1.5% (v/v). Equal quantities of protein from each
time point were resolved through polyacrylamide gels, blotted and assessed for Myc
protein using an antiserum which had been raised against the full-length human

c-Myc protein.
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were very similar, with a transient 2-3 fold increase (as determined by densitometric
analysis) occurring after two hours of treatment, followed by a rapid down-
regulation of the message between the 2 and 4 hr time points.

The analysis of the changes in the abundance of the c-Myc protein
during DMSO-induced granulocytic differentiation revealed a pattern of change that
was again very similar to the changes in the levels of c-myc mRNA. In contrast to
the changes observed during differentiation to monocytes/macrophages, no transient
increase in either the message (Mitchell et al. 1992 & Figure 11) or the protein
(Figure 10) were observed following addition of the differentiation inducer. Both
the abundance of the message and the protein were rapidly down-regulated during
the first hour of the differentiation programme and then remained at this level or

lower for the next 7 days.

6.3 Analysis of the changes in abundance of max mRNA during differentiation in
HL60 cells.

Prior to the start of this study, it had been shown that effective
DNA-binding by c-Myc was dependent on it forming a heterodimeric complex with
a second protein, Max (Blackwood and Eisenman 1991). In addition, it is
considered that c-Myc brings about its phenotypic effects through transactivation of
its target genes (Luscher and Eisenman 1991). Therefore, it was not unreasonable
to assume that any changes in the abundance of Max protein would affect the
correct functioning of c-Myc. We therefore examined the changes in the levels of
max mRNA, relative to those of c-myc, during the induced differentiation of HL6O
cells. Northern blots of RNA isolated from HL60 cells at various times during the
differentiation programmes were hybridised with a full-length cDNA probe of the
coding region of the human max mRNA (a gift from Drs. D.H. Crouch and D.A'F.

Gillespie of the Beatson Institute). This probe was found to hybridise to two RNA
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Figure 11:  Northern analysis of the levels of c-myc and max mRNAs during
differentiation of HL60 cells induced by DMSO and TPA.

Northern blot analysis of RNAs isolated from HL60 cells which had
been treated with either TPA (A) at a final concentration of 1.6 x 10-’M or DMSO
at a final concentration of 1.5% (v/v). RNA was isolated at the times indicated
following addition of the differentiation inducer. The blots were sequentially
hybridised with probes for c-myc, max and Po-microglobulin and sections are
labelled accordingly. Effective detection of the smaller max-hybridising RNA
species routinely required much longer periods of autoradiography than those used

to create the figure shown.
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species as has been described previously (Blackwood at el. 1992). The larger and

more abundant of these two species had an apparent size of 2kb, as compared to

1.8kb for the smaller species which routinely required much longer periods of

autoradiography for effective detection. For comparison, these blots were then ‘
subsequently stripped and sequentially re-hybridised with probes for c-myc and

B,-microglobulin (see Methods 5.5.1).

When analysis was made of the levels of max mRNA during
differentiation to granulocytes following treatment with DMSO (Figure 11), it was
apparent that the message was regulated in a very different manner from that of
c-myc. While, as described previously, c-myc was down-regulated very rapidly
following addition of the differentiation inducer (Mitchell et al. 1992), the levels of
max mRNA fluctuated only slightly and remained evident for the whole of the
differentiation time course. In contrast, when comparison was made between the
patterns of c-myc and max mRNA abundance during TPA-induced differentiation to
monocytes/macrophages a different pattern of changes in the levels max was
observed. After an initial slight decrease in abundance of max mRNA following 1hr
of TPA treatment, the levels were then increased to approximately 2 fold higher (as
assessed by densitometric analysis) than that observed in untreated cells (Figure 11).
Although this increase was very similar to that observed for c-myc mRNA, max
mRNA was not subsequently rapidly down-regulated after this 2hr time point. In
fact, the levels continued to undergo some slight fluctuations and were only
decreased at the late stages (48hr-72hr after TPA treatment) of the differentiation
programme. However, when this decrease was normalised against the levels of
Bo-microglobulin mRNA, it was found that the abundance of max mRNA at the
72hr time point was 9-fold lower than that observed in untreated cells (values were

determined by laser densitometry).
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6.4 Comparison of the stability of max mRNA in untreated and TPA-treated HL60

cells.

To investigate whether the down-regulation of max mRNA in TPA-
treated HL60 cells could be explained, at least in part, by a decrease in mRNA
stability, analysis was made of the stability of max in both untreated cells and cells
treated with TPA for 72hr. Cultures of HL60 cells were incubated in the presence
of either 1.6 x 10’M TPA or a corresponding amount of solvent for 72hr.
Actinomycin D (Act D) was then added to the cultures at a final concentration of
10 pg/ml in order to prevent new mRNA synthesis (Sambrook et al. 1989). Blots of
RNA isolated at the times indicated following Act D treatment were first hybridised
with the max cDNA clone described above and were then stripped and re-probed
with a probe for 285 RNA as assessment of the amount of RNA loaded in each lane.
28S RNA was used instead of B,-microglobulin as ribosomal RNAs are unaffected
by treatment with actinomycin D (Alberts et al. 1989).

Initial analysis of these Northern blots indicated that the stability of
max mRNA appeared to be unaffected by treating the cells with TPA (Figure 12).
To confirm that this was the case the blots were scanned using a laser densitometer
and the values obtained for the abundance of max mRNA at each time point
normalised against the values obtained for 28§ RNA. These values were then
plotted against time as is shown in Figure 13. Interpolation of these graphs showed
that the half-life of max mRNA was 2.3hrs in untreated cells and 2.1hrs in cells
treated with TPA for a period of 3 days. These findings therefore show that the
stability of max mRNA is moderately reduced by treating the cells with TPA.
However, although this decrease in stability may well be a contributing factor in the
down-regulation of the levels of max mRNA, as the difference is so small, it seems
unlikely that it is the sole factor involved in this process. As a result it is tempting to

speculate that the levels of the mRNA are to the greater extent transcriptionally
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Figure 12
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Figure 12: Analysis of the effects of TPA treatment on the stability of max
mRNA of HL60 cells.

Northern blot analysis of RNAs isolated from HL60 cells which had
been maintained for 72hr either in the absence (A) or presence (B) of TPA at a final
concentration of 1.6 x 10-7M and then subsequently treated with actinomycin D to a
final concentration of 10pug/ml for the times indicated. The blots were sequentially

hybridised with probes for max and Bo-microglobulin and sections are labelled

accordingly.
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Figure 13
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Figure 13: Scanning laser densitometric analysis of the Northern blots in

Figure 4.

The blots in figure 4 were scanned using a scanning laser
densitometor and the values obtained for the levels of max mRNA normalised
against the relative levels of 285 RNA in each individual sample. Panel A represents
values obtained from untreated HL60 cells. Panel B represents the values obtained
from HL60 cells treated for 72hrs with TPA prior to being treated with
actinomycin D. The values for the relative abundance of max at each time point is

measured in arbitrary units.
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down-regulated. However, nuclear ‘run-on’ transcription assays would be required

to confirm that this was the case.

6.5 Analysis of max mRNA in murine bone marrow-derived macrophages.

It has been shown that stimulation of murine bone marrow-derived
macrophages (BMM) with M-CSF results in cell-cycle progression and a
concomitant increase in the levels of c-myc mRNA (Hamilton et al. 1989). As we
found that the abundance of max mRNA is markedly decreased during
monocytes/macrophage differentiation in HL60 cells (Figure 11), we wondered if
the levels of max mRNA were also low in BMM and, moreover, whether like c-myc
they were elevated in response to M-CSF. To investigate this the levels of max
mRNA were analysed in both M-CSF-stimulated and unstimulated BMM and also in
the macrophage cell line RAW. This revealed that not only was max mRNA
expressed at detectable levels in both BMM and RAW, but its abundance was also

elevated by treatment with M-CSF (Figure 14).

6.6 Analysis of the changes in the levels of mad and mxil mRNAs during induced
differentiation of HL60 cells.

During the analysis of the levels of max mRNA during HL60
differentiation two other proteins were discovered that could form heterodimeric
complexes with the Max protein, Mad (Ayer et al. 1993) and Mxil (Zervos et al.
1993). As described in the Introduction (section 1.4), the Mad:Max and Mxil:Max
complexes were found to be similar to the Myc:Max complex, in that they also bind
the E-box motif (CACGTG). However, when they were assessed for their
transactivation potential of this site, they appeared to differ in activity from

Myc:Max and are thought to function as transcriptional repressors (Ayer et al.
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Figure 14:  Analysis of the expression of max mRNA in bone marrow derived

murine macrophages.

Northern blot analysis of RNAs isolated from murine
bone-marrow-derived macrophages and RAW cells. Samples were obtained as
follows:

1) Macrophages in standard culture (~10% cycling).

2) Cycling macrophages (stimulated for 24hr with M-CSF.).

3) RAW cells.
The blot was sequentially hybridised with probes for max and GAPDH and sections
are labelled accordingly. RNA samples were kindly provided by Alan Reid of the
Beatson Institute; for details of the growth conditions and treatment of bone

marrow-derived macrophages see Reid (1992).
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1993; Zervos et al. 1993). Therefore as either of these proteins is considered to be
in competition with Myc for both available Max protein and available E-box éites, it
is reasonable to assume that any increase in their abundances could well have a
bearing on c-Myc function. With this in mind an analysis was made for changes in
the levels of mad and mxi/ mRNAs during induced differentiation of HL60 cells.

Re-probing of the blots used in Figure 11 with a probe for mxil/
resulted, in agreement with other reports (Zervos et al. 1993; Larsson et al. 1994),
in hybridisation to an RNA species of approximately 3kb. When the levels of this
RNA were monitored during differentiation to monocytes/macrophages, it was
found that its abundance remained largely invariant during the whole of the
differentiation programme (Figure 15). In a similar manner, when mxi! levels were
analysed during differentiation to granulocytes induced by DMSQ, it was found that
the abundance of the message remained stable for the majority of the time course,
but was moderately decreased at the terminal stages of the differentiation
programme (Figure 15).

In contrast to the findings for mxi/, when analysis was made of
mad-hybridising RNAs, a more interesting pattern of expression was revealed.
Most markedly, during TPA-induced differentiation to monocytes/macrophages, it
was found that the levels of mad undergo a small, but reproducible increase (2-3
fold as determined by densitometry) over the first hour of treatment with the
differentiation inducer. Both the abundance of the 4kb and 7kb bands were
increased over this time period and were then maintained at this elevated level until
24br after the induction of the differentiation programme. After this time the
abundances of both the RNAs were reduced again to the levels observed in
uninduced cells.

When the abundance of mad-hybridising RNAs were monitored
during differentiation of HL60 cells to granulocytes, no increase in abundance was

observed during the first hour of the differentiation programme. In addition, as the
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Figure 15: Northern analysis of the levels of mxil and mad mRNAs during
differentiation of HL60 cells induced by DMSO and TPA.

Northern blot analysis of RNAs isolated from HL60 cells which had
been treated with either TPA (A) at a final concentration of 1.6 x 10-’M or DMSO
at a final concentration of 1.5% (v/v). RNA was isolated at the times indicated
following addition of the differentiation inducer. The blots were sequentially
hybridised with probes for mad, mxil and Bo-microglobulin and sections are

labelled accordingly.
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time course progressed, the levels of the RNAs appeared to fluctuate, particularly in
the case of the smaller RNA, in a manner that was not observed during the

differentiation of the cells to monocytes/macrophages.

6.7 Analysis of the changes in the levels of c-myc, max, mad and mxil mRNAs

during differentiation to monocytes/macrophages in the U937 cell line.

In order to investigate whether any of any of the changes in mRNA
abundances that were observed during differentiation in HL60 cells were truly
associated with the differentiation process and not just a phenomenon of the HL60
cell line, it was decided to analyse the levels of these mRNAs in a second leukaemic
cell line. As the most interesting changes, with respect to the early stages of
differentiation, were observed when HL60 cells were differentiated to
monocytes/macrophages (Figures 11 & 15), it was decided to analyse U937 cells as
they can also be induced to differentiate into monocytes/macrophages in response to
treatment with TPA (Harris and Ralph 1985).

Although U937 cells require 7 days of incubation with TPA, as
compared to 3 days for HL60 (Figure 9), in order to achieve maximum
differentiation, the cells undergo similar changes during the differentiation process.
For example, they form large aggregates which adhere to the plastic of the tissue
culture dish and in the latter stages of the differentiation programme exhibit very
strong staining for the terminal differentiation marker, NSE (Figure 16).

When the relative abundances of c-myc, max, mad and mxil mRNAs

were monitored during the induced differentiation of these cells very different
patterns of change were observed from that seen following TPA treatment of HL60
cells (Figures 11 & 15). In fact, only the expression profile of mxil was identical to
that in HL60 cells, with the levels of the mRNA remaining largely invariant during

the whole of the differentiation programme (Figure 17). In contrast, analysis of the
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Figure 16: Analysis of the terminal differentiation marker, non-specific

esterase, in the U937 cell line following treatment with TPA.

U937 cells were incubated either in the absence or presence of
1.6 x 10'M TPA for a period of 120hr. The cells were then stained for the activity
of the terminal differentiation marker, non-specific esterase (see materials and

methods). Sections of the figure are labelled accordingly.
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Figure 17:  Northern analysis of the levels of c-myc, max, mad and mxil
mRNAs during differentiation of U937 cells to

monocytes/macrophages.

Northern blot analysis of RNAs isolated from U937 cells which had
been treated with TPA at a final concentration of 1.6 x 10-7M. RNA was isolated
at the times indicated following addition of the differentiation inducer. The blots
were sequentially hyBridised with probes for mad, mxil, max, c-myc and

Bo—microglobulin and sections are labelled accordingly.
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levels of c-myc mRNA revealed that, the abundance of the message was not rapidly
down-regulated, as had been seen in HL60 (Figure 11), but was maintained at least
at pre-induction levels until 72hr after treatment with the differentiation inducer.
However, after this time point the abundance of the message was decreased to
undetectable levels (Figure 17). Although in agreement with the study in HL60 cells
(Figure 11), the levels of max mRINA appeared to be moderately decreased in the
very late stages of the differentiation time course (168hr), the abundance of the
message prior to this time point did not appear to fluctuate as was seen in during
HL60 differentiation and no peaks of expression were observed (Figure 17).
Analysis of the pattern of change of mad-hybridising RNAs revealed that, in a
similar manner to what was seen in HL60 cells induced to differentiation by
treatment with TPA (Figure 15), there was an increase in abundance of the both the
4kb and 7kb RNA species during the first hour of the differentiation programme.
However, in contrast to what was observed in HL60 cells, the levels of the mRNAs
did not return to pre-induction levels and were in fact super-induced between 72hr

and 120hr after the addition of the differentiation inducer (Figure 17).

6.8 Analysis of the expression of c-myc, max, mad and mxil in HL60 cells induced
to differentiate to monocytes/macrophages by treatment with the vitamin D3

derivative, 1-a,25-dihydroxyvitamin D3 (Vit D3).

As described above, it was found that the levels of mad mRNA are
induced prior to the down-regulation of c-myc during monocyte/macrophage
differentiation in both HL60 (Figure 15) and U937 cells (Figure 16). This led to the
speculation that the abrogation of the differentiation-blocking activity of c-myc
might not primarily occur through the loss of c-Myc, but through an increase in the
levels of the c-Myc antagonist, Mad. In addition, since we also found that an

increase in mad levels were not required for differentiation of HL60 cells to
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granulocytes (Figure 15), we were interested to know whether the increase was an
essential event during differentiation to monocytes/macrophages and therefore a
possible determinator of this lineage. @ To analyse if differentiation to
monocytes/macrophages could be achieved without an increase in the levels of mad
mRNA, we treated HL60 cells with a different inducer of this differentiation
pathway, 1-ot,25-dihydroxyvitamin D3 (Vit D3) (McCarthy et al. 1983). Following
treatment with this inducer, it was found that, in a similar manner to that which we
observed during induction with DMSO (Figure 11), the cells could be differentiated
(Figure 9), without an accompanying increase in the abundance of mad mRNA
(Figure 18). Therefore, while the importance of the induction of mad expression
during differentiation of HL60 to monocytes/macrophages following treatment with
TPA cannot be discounted, the ability of the cells to undergo a programme of
differentiation to either granulocytes or monocytes/macrophages is not dependent
on an increase in the levels of mad mRNA.

Analysis of the other mRNAs following treatment with Vit D3
revealed once again that the levels of mxil are unaffected by differentiation
induction in HL60 cells (Figure 18). In contrast, the levels of max mRNA were
more similar to what was observed during TPA-induced differentiation in U937
(Figure 17) than those observed during differentiation in HL60 (Figure 11). For the
majority of the differentiation programme, the abundance of the mRNA remained
largely invariant and, if the loading control is to be taken into account, was only
moderately decreased between 48hr and 72hr after the addition of the Vit D3
(Figure 18).

Analysis of the changes in the levels of c-myc mRNA revealed a
profile of expression that was not only different from that which was observed
during differentiation in HL60 cells (Figure 11), but which was also different form
that observed during differentiation in U937 (Figure 17). As can be seen in Figure
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Figure 18: Northern analysis of the levels of c-myc, max, mad and mxil
mRNAs during differentiation of HL60 cells following treatment
with Vit D3.

RNAs were isolated, at the times indicated, from HL60 cells during
monocytic differentiation induced by 1-o,25-dihyroxyvitamin D3 at a final
concentration of 1 x 10-/M. The blot was hybridised sequentially with probes for
mad, mxil, max, c-myc and Bo-microglobulin. Sections of the figure corresponding

to each probing are indicated.
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18, the mRNA appeared to undergo a biphasic decrease in abundance following
treatment with the differentiation inducer. After an initial decrease after only 1hr of
treatment with Vit D3, the abundance of the mRNA was then maintained at an
intermediate level before being decreased again between 24hr and 48hr after the
induction of the differentiation programme.

It was initially considered that this second decrease in c-myc mRNA
could be as a result of natural fluctuations in the levels of the mRNA that occur
prior to the time at which the cells are normally due to be passaged. As a result the
abundance of c-myc was monitored in HL60 cells which were handled in exactly the
same way as cells used in differentiation studies, but which were left untreated and
maintained in culture, without passage for a period of 72hr. Northern analysis of
the levels of c-myc mRNA in these cells revealed that, unlike what was seen
following treatment of HL60 with Vit D3, the abundance of c-myc was not down-
regulated after 24hr of time in culture (Figure 19). Moreover, the levels of c-myc
mRNA did not at any point decrease below that observed at the Ohr time point. This
therefore shows that the second decrease of c-myc mRNA that was observed in
Figure 18, was indeed a result of treating the cells with Vit D3 and was not merely a
change that occurs during the standard culture of HL60 cells.

The speculations about the second stage of c-myc down-regulation
following treatment with Vit D3 resulted in consideration that the decrease in the
levels of mad mRNA that occur in the latter stages of the TPA-induced
differentiation in HL60 cells (Figure 15) could also be affected in a similar manner.
However, when this was assessed, it was found that in a similar manner to c-myc,
the abundance of mad mRNA was also unaffected by simply maintaining cells in

culture for a period of 3 days (Figure 19).
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Figure 19:  Analysis of the levels of c-myc and mad mRNAs in untreated HL60
cells left in culture for a period of 3 days.

Northern blot analysis of RNAs isolated from untreated HL60 cells
which were treated in exactly the same manner as those used in differentiation
studies. The blot was hybridised sequentially with probes for mad, mxil, max, c-myc
and Bo-microglobulin. Sections of the figure corresponding to each probing are

indicated.
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6.9 Analysis of the profiles of change in mRNA abundance of c-myc, max, mad
and mxil following TPA treatment of the differentiation-defective variant of the
HL60 cell line, HL60-Ast4.

The ability to make a specific association between a change in
mRNA abundance and the establishment of the differentiated phenotype is
complicated in leukaemic cell lines due to the concomitant growth arrest that these
cells undergo following induction of the differentiation programme. In order to try
to circumvent this problem, we analysed the levels of c-myc, max , mad and mxil
mRNAs in a variant of the HL60 cell line which differs in its response to treatment
with the differentiation inducer. This variant, HL60-Ast4, is different from the
parental HL60 cell line in that in does not differentiate to monocytes/macrophages
following incubation with TPA at a final concentration of 1.6 x 10”M (Bunce et al.
1983). In addition, not only does this line not show positive staining for NSE
activity (Figure 20), it does not form aggregates and remains as single, unattached
cells in the culture medium. However, in spite of this line's inability to differentiate,
it still responds to the TPA treatment by undergoing a growth arrest that is not
observed when cells are incubated for the same period of time without the addition
of the phorbol ester (Figure 21). Moreover, following this growth arrest the cells
rapidly undergo a programme of cell death and are therefore, unfortunately, similar
to “wild-type” HL60 cells in that they cannot be analysed beyond a period of 72-
96hr after the addition of the phorbol ester.

Due to the phenotype of this line, it was reasonable to consider that
any change in the levels of an mRNA that was seen during “wild-type” HL60
(wt-HL60) differentiation and that was specifically associated with the
differentiation process per se, should not be seen following the TPA treatment of

HL60-Ast4. However, when analysis was made of the patterns of change of mad
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Figure 20: Comparison of the differentiation capacity of HL60 and HL60-Ast4

cells following treatment with TPA.

HL60 and HL60-Ast4 cells were treated for a period of 3 days with

7M. Uninduced cells were incubated for

TPA at a final concentration of 1.6 x 10
the same period of time with an equal amount of solvent that was used in the
phorbol ester treatments. Cells were stained for the activity of the terminal
differentiation marker, non-specific esterase. Photographs of cells were taken at
x40 magnification, except for the picture of HL60 + TPA which, due to the

formation of large cell aggregates, was taken at x10.
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Figure 21:  Analysis of the effects of TPA-treatment on the cell-cycle status of
HL60 and HL60-Ast4 cells.

Analysis by flow cytometry of the DNA content of populations of
HIL60-Ast4 cells either maintained for 3 days in the presence or absence of TPA at a

7M. The x axis of the profiles represents the

final concentration of 1.6 x 10°
fluorescence activity that is proportional to the DNA content of cells within the
sample analysed. The y axis represents the number of cells. Equal numbers of
events (10,000) were analysed for each of the time points indicated. The peak in the
extreme left of each profile represents chicken reticulocytes which were added to
each sample as a reference point. A second line is present on the profiles of the

untreated cells, which was added by the computer during integration calculations.

This line is not shown on the profiles of treated cells.
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mRNAs in Ast4 very few differences were observed. In particular, it was found that
the abundance of mad mRNA, in an essentially identical manner to what was
observed in wt-HL60 cells (Figure 15), was increased over the first hour of TPA
treatment (Figure 22). However, in contrast to wt-HL60 cells, these levels were
then maintained for the remainder of the time course and were not decreased to pre-
induction levels after 24hr of TPA treatment. Although on the basis of the initial
assumption, this finding lends support to the notion that up-regulation of mad
mRNA is not a determining event within this lineage, it can in no way completely
exclude this possibility. For example, it is possible that the mutation which renders
Ast4 cells unable to differentiate lies downstream of signals which results from
increased levels of Mad. Therefore, while in this scenario it is feasible that an
increase in the abundance of mad mRNA in wt-HL60 cells could invoke a
programme of differentiation, no such effect would be seen in Ast4 cells.
Consequently, although this finding is indeed very intriguing, elucidation of the role
of mad in these cells certainly requires and also merits additional investigation.

When the levels of mxil mRNA were monitored following TPA
treatment of Ast4, it was again found that the pattern of change of the RNA was
very similar to what was seen following treatment of “wild-type” cells. Despite a
small decrease in the abundance of the message after approximately 8hr-16hr after
addition of the TPA, the levels of the mRNA remained largely invariant for the
whole of the period examined (Figure 22). In a similar manner, analysis of the levels
of max mRNA also revealed a pattern of change that was not outstandingly different
from the pattern observed in wt-HL60. After an initial transient increase in the
abundance of the message after approximately 1-2hrs of treatment with the phorbol
ester, the levels of the mRNA then underwent moderate fluctuations for the
remainder of the times analysed (Figure 22). However, in contrast to what was
observed during TPA-induced differentiation in HL60 cells (Figure 11), the levels of
max mRNA did not undergo a marked decrease between 48hr and 72hr after the
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Figure 22:  Northern analysis of the levels of c-myc, max, mad and mxil
mRNAs following treatment of HL60-Ast4 cells with TPA.

Northern blot analysis of RNAs isolated from HL60-Ast4 cells which
had been treated with TPA (A) at a final concentration of 1.6 x 10-7M. RNA was
isolated at the times indicated following addition of the differentiation inducer. The
blots were sequentially hybridised with probes for mad, mxil, max, c-myc and

Bo—microglobulin and secticns are labelled accordingly.
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addition of the phorbol ester. However, how this difference relates to differentiation
in wt-HL60 cells remains to be determined.

Undoubtedly the most striking difference between the changes in
mRNA abundance in HL60 and HL60-Ast4 cells, was that which was observed for
the c-myc message. Although in the early stages of treatment (1-4hr) the profiles
were indeed very similar, the levels apparent in the latter stages were very different
(Figure 22). More precisely, while in wt-HL60 the levels remain low after their
down-regulation following the 2hr time point (Figure 11), the levels in HL60-Ast4
were re-established after 72hr of treatment to the those which were evident in

uninduced cells.

6.10 Analysis of the levels of ODC mRNA following TPA treatment of “wild-type”
HL60 cells and HL60-Ast4.

It has been shown that c-Myc can up-regulate the expression of the
mRNA for ornithine decarboxylase (ODC) (Wagner et al. 1993). In addition,
studies have indicated that the activity of ODC is essential for c-Myc’s ability to
cause cell-cycle progression and apoptosis (Packham and Cleveland 1994).
Therefore, intrigued by the finding that the levels of c-myc mRNA are re-established
in Ast4 after 72hr of treatment with TPA (Figure 22), it was decided to analyse if
this increase in c-myc was translated into an increase in the levels of ODC mRNA.
To this end, northern blots of RNA isolated from HL60 and HL60-Ast4 following
treatment with TPA were hybridised with a cDNA probe corresponding to the
coding region of the human ODC mRNA (see Methods 5.5.1). This revealed, in
agreement with previous studies (Rius and Aller 1989), that the abundance of ODC
mRNA is decreased during TPA-induced differentiation in HL60 cells (Figure 23).
However, when analysis was made of ODC mRNA following TPA treatment of

Ast4 cells it was a surprise to find that not only were the levels of ODC message not
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Figure 23:  Northern analysis of the levels of ODC mRNA in HL60 and
HL60-Ast4 cells following treatment with TPA.

Northern blot analysis of RNAs isolated, at the times indicated, from
HL60 and HL60-Ast4 cells following treatment with TPA at a final concentration of
1.6 x 10-7M. The blots was initially hybridised with a cDNA probe for ODC,
subsequently stripped and then as an assessment of loading were re-hybridised with
a probe for Bo—microglobulin. Sections of the figure relating to each probing are

labelled accordingly.
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Figure 24: Western blot analysis of the levels of c-Myc protein in HL60-Ast4

cells following treatment with TPA.

Western blot analysis of the levels of c-Myc protein in HL60-Ast4
cells following treatment with TPA, for the times indicated, at a final concentration
of 1 x 107 M. Equal quantities of protein from each time point were resolved
through polyacrylamide gels, blotted and assessed for Myc protein using an

antiserum which had been raised against the full-length human c-Myc protein.
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re-established in the latter stages of the time course, but they appeared to be
decreased more rapidly than in the “wild-type HL60 cells (Figure 23).

While no easy explanation could be found as to why the levels of
ODC mRNA are decreased rapidly in HL60-Ast4 than in wt-HL60, it seemed
possible that the abundance of the message was not re-established in the latter
stages of the time course because, although the cells re-establish the levels of c-myc
mRNA (Figure 22), this is not translated into increased levels of c-Myc protein. In
order to ascertain if this were the case, protein samples from TPA-treated Ast4 cells
were Western blotted and probed with the an antiserum raised against the full-length
human c-Myc protein (see Methods 5.7.1). This indicated that although there were
substantial amounts of c-Myc protein in untreated HL60-Ast4 cells, no c-Myc was
detectable in the cells after treating them with TPA for either 24hr, 48hr or 72hr
(Figure 24). This finding therefore provides a reason for why HL60-Ast4 cells do
not re-establish the levels of ODC mRNA.

6.11 Analysis of the patterns of change in c-myb mRNA abundance following TPA
treatment of “wild type” HL60 and HL60-Ast4 cells.

Studies have shown that constitutive expression of the c-myb
proto-oncogene is able to block the differentiation of myeloid cells (Clarke et al.
1988). In addition, the protein product of the c-myb gene has been implicated in the
control of transcription of c-myc (Nakagoshi et al. 1992). Therefore, it has become
considered that it is possibly through the transactivation of c-myc that c-myb, at
least in part, brings about these phenotypic effects. In light of this, it was decided to
analyse the changes in the levels of c-myb mRNA following the TPA treatment of
both “wild-type” HL60 and HL60-Ast4 cells. As can be seen in Figure 25, this
showed that, in a agreement with previous studies (Boise et al. 1992) that the

abundance of c-myb mRNA is decreased during TPA-induced differentiation of
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Figure 25: Northern analysis of the levels of c-myb mRNA in HL60 and
HL60-Ast4 cells following treatment with TPA.

Northern blot analysis of RNAs isolated, at the times indicated, from
HL60 and HL60-Ast4 cells following treatment with TPA at a final concentration of
1.6 x 10-7M. The blots was initially hybridised with a cDNA probe for c-myb,
subsequently stripped and then as an assessment of loading were re-hybridised with
a probe for Bo-microglobulin. Sections of the figure relating to each probing are

labelled accordingly.
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HL60 cells. However, when analysis was made of the levels c-myb following TPA
treatment of HL60-Ast4 cells, a very different pattern of change was observed.
Although it was evident that the abundance of the mRNA was transiently decreased
after approximately 4hrs after the addition of the phorbol ester, the levels were then
rapidly re-established to pre-induction levels after 8hrs and then maintained at this
level for the remainder of the period analysed (Figure 25). This finding therefore
shows that c-myb, as well as c-myc, is regulated differently in HL60-Ast4 cells than
it is in wt-HL60 cells. However, further experiments would be required to
determine if this altered regulation of c-myb is indeed the reason for the re-

establishment of the abundance of c-myc mRNA that was observed in Figure 22.

6.12  Analysis of the effects of treatment with the diacylglycerol analogue,
1-oleoyl-2-acetyl-sn-glycerol (OAG), on the abundance of mad mRNA in U937

cells.

Previous experiments had shown that up-regulation of the levels of
mad mRNA was not an essential event for differentiation to either granulocytes
(Figure 15) or monocytes/macrophages (Figure 18) in myeloid leukaemic cells. In
light of this, it was deemed interesting to determine if the abundance of mad
mRNA could be increased without the cells undergoing an accompanying
programme of differentiation. If this proved possible, this would therefore indicate
that an increase in the levels of mad mRNA is neither sufficient nor obligatory for
induced differentiation within these systems. To this end, an analysis was made of
the literature regarding the mechanism of action of each of the differentiation
inducers used. As a result, this revealed a large body of evidence which suggested
that the phenotypic effects of TPA may be mediated through the activation of

protein kinase C (Castagna et al. 1982; Evans and Hassan 1993). Moreover, it is
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Figure 26:  Analysis of the effects of treating U937 cells with the diacylglycerol
analogue OAG.

The effect of OAG treatment on the differentiation status of U937
cells was assessed by staining for the activity of non-specific esterase. The activity
of the marker in cells incubated in the absence and presence of OAG was compared

to that in both untreated cells and cells differentiated by treatment with TPA.
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thought that TPA affects this enzyme by mimicking the effects of its endogenous
activator, diacylglycerol (Nakaki et al. 1984; Sharkey et al. 1984).

Therefore, in an attempt to imitate at least some of the effects of
TPA, we treated U937 cells with a synthetic analogue of diacylglycerol,
1-oleoyl-2-acetyl-sn-glycerol (OAG) (Kaibuchi et al. 1983). When analysis was
made of these cells, it was apparent that, in agreement with a previous report
(Ways et al. 1987), OAG did not cause any differentiation-associated,
morphological change in these cells. In addition, unlike treatment with TPA, it did
not affect the activity of the terminal differentiation marker, NSE (Figure 26).
Nevertheless, in repeated experiments, treatment with this compound seemed to
affect the appearance of the outer membrane and cytoplasm of the cells (Figure
26). However, both the mechanism and consequence of this effect remain
unknown.

In agreement with the initial hypothesis, it was found that the levels
of mad mRNA are indeed increased as a result of treating U937 cells with OAG
(Figure 27). However, this increase, which was observed after 2hr of OAG
treatment, was only transient and the abundance of the message was returned to
pre-induction levels prior to the next time point analysed (24hr). This therefore
shows that an increase in the abundance of mad mRNA is not sufficient for the
induction of differentiation in U937 cells. However, because the pattern of
expression is not identical to that observed following treatment with TPA (Figure
17), it still remains possible that differentiation could well occur if the increased
levels of mad mRNA were maintained for a much longer period of time. Further
studies are therefore required to fully discover the roles played by mad mRNA and

protein in the differentiation of these cells.
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Figure 27: Northern analysis of the levels of c-myc and mad mRNAs following
treatment with the diacylglycerol analogue, OAG.

Northern blot analysis of RNAs isolated from U937 cells which had
been treated daily with OAG to give a final concentration of 20ug/ml. RNA was
isolated at the times indicated following addition of the differentiation inducer. The
blots were sequentially hybridised with probes for mad, c-myc and

Bo—microglobulin and sections are labelled accordingly.
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CHAPTER 7: Analysis of E-box DNA-binding during the induced
differentiation of HL60 cells.

7.1 Loss of Myc:Max DNA binding is an early event during induced differentiation
of HL60 cells.

Although the data presented in Chapter 6 indicate that mad
up-regulation is not an essential event for differentiation of HL60 cells (Figures
15 & 18), it must be remembered that uninduced cells express a detectable basal
level of mad mRNA. This level may be sufficient for translation of effective levels
of Mad protein and therefore the results presented in Chapter 6 cannot discount a
role for Mad in any of the processes that occur following treatment with the
differentiation inducers. As a more direct assay of the possible significance of Mad
activity within this system, and with particular interest being given to its relevance to
Myc and Myc’s target genes, a study was made of the E-box DNA-binding activity
of nuclear proteins isolated from the cells at various points during the differentiation
programmes.

Analysis of nuclear extracts from cells differentiated with TPA and
DMSO (Figure 28 & 29) revealed that a large number of proteins were bound to the
E-box sequence at all of the time points sampled. However, this was not
unexpected as a number of non Myc- or Mad-related proteins have also been shown
to bind this motif (Beckmann et al. 1990; Gregor et al. 1990; Hu et al. 1990). When
comparison was made between the profile of DNA-binding of the complexes in
Figure 28 with the changes in mRNA levels that had been observed during
diﬂ'e_rentiation of the cells with either TPA or DMSO (Figures 11 & 15), it was
apparent that one of the complexes (complex I) had a very similar pattern of binding
to the changes in the levels of c-myc mRNA that occurs during these processes.

Subsequent analysis of complex I with affinity-purified antisera raised against Myc
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Figure 28:  EMSA analysis of E-box DNA-binding during differentiation of
HL60 cells following treatment with TPA.

EMSA analysis of E-box DNA binding activity of nuclear proteins
isolated from HL60 cells following treatment with TPA. Nuclear protein samples
were isolated at the times indicated and equal quantities (10ug) were added to
binding reactions containing a 32P-labelled CM1 double-stranded oligonucleotide,
which contains the Myc:Max-binding CACGTG motif (see materials and methods).

A complex which has been shown to contain Myc and Max is indicated as I.
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Figure 29:  EMSA analysis of E-box DNA-binding during differentiation of
HLG60 cells following treatment with DMSO.

EMSA analysis of E-box DNA binding activity of nuclear proteins
isolated from HL60 cells following treatment with DMSO. Nuclear protein samples
were isolated at the times indicated and equal quantities (10ug) were added to
binding reactions containing a 32P labelled CM1 double-stranded oligonucleotide,
which contains the Myc:Max-binding CACGTG motif (see materials and methods).
A complex which has been shown to contain Myc and Max is indicated as I
Complexes which have been shown to contain Mad (Figure 32)| are indicated by II
and ITa.
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Figure 30:  EMSA analysis of the nature of the Myc:Max-containing complex I.

EMSA analysis to investigate the nature of the complex I that is lost
during induced differentiation of HL60 cells by TPA (Figure 28). Equal quantities
of nuclear proteins (10ug) from uninduced HL60 cells were incubated prior to
addition of CM1 probe with, where shown, either 100-fold excess of unlabelled
double-stranded oligonucleotides or antibodies raised against the proteins indicated

(see materials and methods). PI, pre-immune serum.
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and Max confirmed that this complex was indeed Myc:Max (Figure 30). These data
therefore show that loss of Myc:Max DNA-binding is an early event during
differentiation of HL60 cells to both granulocytes and monocytes/macrophages. In
addition, they provide an example of how changes in c-myc mRNA. abundance can
be rapidly translated into Myc:Max DNA-binding. It is therefore no surprise that
regulation of the expression of c-myc has been shown to be subject to such intricate

control (Marcu et al. 1992).

7.2 The Myc:Max-containing complex I is competed away by the double-stranded
polynucleotide, poly [dI-dC].

During the course of this work, it was found that the ability to detect
the Myc:Max complexes in cellular extracts was highly dependent on the binding
conditions used. In particular, it became apparent that the c-Myc:Max complex
could be completely competed by the double-stranded polynucleotide,
poly[dI-dC]lepoly[dI-dC] (Figure 31). As this factor is a standard constituent of
many EMSA protocols, this may be the reason why many workers have been unable
effectively to detect Myc:Max DNA binding in nascent cellular extracts. Since it
was found that a number of other non-specific double-stranded DNA
oligonucleotides did not affect the Myc:Max complex (see Methods 5.7.2), while
still retaining the capacity to compete away non-specific proteins from radio-labelled
probe, these findings should be a consideration of workers who are planning to

conduct studies of a similar nature.
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Figure 31:  Demonstration of the effects of the double-stranded polynucleotide
poly[dI-dC] on the DNA-binding activity of the Myc:Max

complex.

Nuclear protein samples were isolated from untreated HL60 cells and
equal quantities (10pg) added to binding reactions containing a 32P labelled 'CM1'
double-stranded oligonucleotide which contains the Myc:Max-binding CACGTG
motif (see materials and methods). Binding reactions were incubated where shown
with either 100 fold excess of unlabelled CM1 or 0.15pg/ul poly[dI-dC]. A

complex which has been shown to contain Myc and Max is indicated as I.
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7.3 Mad-containing DNA-binding complexes are detectable in the late stages of
differentiation to granulocytes, but are not seen during differentiation to

monocytes/macrophages.

During the analysis of the DNA-binding complexes that were
detectable following treatment of the cells with TPA, no complexes were detected
that reacted with the antiserum raised against Mad. However, during granulocytic
differentiation of the cells induced by DMSO, two additional complexes were
observed (Figure 29) which were not apparent during differentiation to
monocytes/macrophages (Figure 28). These two complexes, designated II and Ila
(Figure 29), had mobilities slower and faster respectively than that observed for
previously described complex I (Figures 28 & 29) and were, particularly in the case
of II, induced subsequent to the disappearance of this complex(I). The ensuing
analysis of complexes II and IIa using affinity purified antisera (Figure 32) indicated
that these complexes did indeed contain Mad. Therefore, Mad-containing
complexes are induced during the late stages of differentiation of HL60 cells to
granulocytes, but are not induced to detectable levels during differentiation of the
cells to monocytes/macrophages. In addition, as these profiles of DNA-binding do
not mirror the observed changes in mad mRNA during the differentiation of these
cells (Figure 15), this finding indicates that Mad DNA-binding is not solely
determined by the levels of its mRNA.

7.4  Mad-containing DNA-binding complexes induced during granulocytic

differentiation do not contain Marx.

Further analysis of complexes II and Ila revealed that they reacted
with the Mad antiserum, but not with the antiserum raised against Max (Figure 32).

These data are in disagreement with previous results which showed that Mad
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Figure 32: EMSA analysis of the nature of the Mad-containing complexes II
and I1a.

EMSA analysis to investigate the nature of the complexes II and Ila
that are induced during differentiation of HL60 cells (Figure 21). Equal quantities
of nuclear proteins (10pug) from HL60 cells treated for 5 days with DMSO were
incubated prior to addition of CM1 probe with, where shown, either 100-fold
excess of unlabelled double-stranded oligenucleotides or antibodies raised against

the proteins indicated (see materials and methods). PI, pre-immune serum.
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DNA-binding was dependent on dimerization with Max (Ayer et al. 1993). To
confirm these results, other Max antisera were used which had been raised against
different portions of the human Max protein (see Methods 5.7.2). As can be seen in
Figure 33, while each of these antisera was equally effective in recognising Max in a
Myc:Max complex (complex I), they did not react with the Mad containing
complexes II and IIa. Therefore these complexes do indeed contain Mad, but not
Max. Furthermore, in light of the fact that two complexes were detected and that it
has been shown that Mad is by itself ineffective in DNA-binding (Ayer et al. 1993),
it must also be the case that complexes II and ITa contain factors, in addition to

Mad, whose identities are yet to be determined.

7.5 Summary.

From the analysis of max and mxi/ mRNAs during differentiation of
HL60 and U937 cells, it was unlikely from the patterns of change observed that the
proteins translated from these messages were likely to be determining factors in the
control of differentiation in these systems. In contrast, it was a much more
pfovocative observation that the levels of mad mRNA were increased prior to the
loss of c-Myc protein that occurs during differentiation induced by TPA. This
opened up the possibility that the abrogation of the differentiation-blocking activity
of c-Myc in these cells, might not primarily occur through the loss of c-Myc protein,
but through an increase in the abundance of its antagonist, Mad. However, it was
also found that an increase in the levels of mad mRNA was not required for
differentiation induced by other agents. In addition, as EMSA analysis revealed that
E-box DNA-binding by Mad was only detectable in the latter stages of
differentiation, it would seem, akin to Max and Mxil, that Mad is also unlikely to be
a determining factor in the release of the differentiation block of these cells. In light

of these findings, it was decided not to investigate these factors further, but to focus
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Figure 33: EMSA to confirm that complexes II and Ila contain Mad, but not
Mar.

EMSA analysis showing the reactivity of proteins in complexes I, I
and Ia to antiserum raised against Mad1 and a series of antisera raised against Max.
Nuclear proteins are either from uninduced cells or from cells treated for 5 days
with DMSO. Sources of antisera are indicated in materials and methods. PI, pre-

immune serum.
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on the role played by c-myc in the control of the differentiation process per se. It is
therefore the aims of the following chapter to, at least in part, specifically address

this question.
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CHAPTER 8: Analysis of the role of c-Myc in the control of myeloid

differentiation.

8.1 Analysis of the effects of TPA treatment on the growth status and

differentiation capacity of a differentiation defective variant of the U937 cell

line.

In order to gain more insight into the mechanisms by which
c-Myc can abrogate the ability of myeloid cells to differentiate, analysis was
made of a differentiation-defective variant of the U937 cell line. Analysis of this
line, which is described here as U937d-, revealed that it differed from its “wild-
type” counterpart (U937d+), in that it did not undergo a programme of
differentiation to monocytes/macrophages following treatment with the phorbol
ester, TPA. It is obvious from morphological analysis that TPA treatment of
this line does not result in the formation of characteristic aggregates which
adhere to the plastic of the tissue culture dish but, in fact, it leaves the cells
looking exactly like cultures that have not been treated with the differentiation
inducer (Figure 34). Moreover, when analysed histochemically it is clear that
U937d- cells are again different from U937d+ cells, in that treatment with TPA
causes only a small proportion of the cells to have high levels of activity of the
terminal differentiation marker, non-specific esterase (NSE) (Figure 35).
However, in spite of these findings, it was found that U937d- did in fact respond
to the differentiation inducer by undergoing a growth arrest which occurred in a
similar manner, if not even more quickly, than that seen in U937d+ (Figure 36).

Indeed, there are many similarities between U937d- cells and the
previously describéd HL60 variant, Ast4 (see section 6.9). However, unlike

HL60-Ast4, U937d- cells are more amenable for analysis as they do not
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Figure 34: Comparison of the differentiation capacity of U937d+ and U937d-

cells following treatment with TPA.

Morphological appearance of U§37d+ and U937d- cells following
treatment for 5 days with TPA at a final concentration of 1.6 x 10°"M. Uninduced
cells were incubated for the same period of time with an equal amount of solvent
that was used in the phorbol ester treatments. These photographs are representative

of what was observed on at least five separate occasions.
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Figure 35:  Analysis of the activity of the terminal differentiation marker
non-specific esterase, following TPA treatment of U937d+ and
U937d- cells.

U937d+ and U937d- cells were treated with TPA at a final
concentration of 1.6 x 10-7M for a period of 5 days. They were then stained for
NSE activity as described in materials and methods. Sections of the figure are
labelled accordingly.
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Figure 36:  Analysis of the effects of TPA-treatment on the cell-cycle status of
U937d+ and U937d- cells.

Flow cytometry profiles of the DNA content of populations of
U937d+ and U937d- following treatment with TPA at a final concentration of 1.6 x

7M. The x axis of the profiles represents the fluorescence activity that is

107
proportional to the DNA content of cells within the sample analysed. The y axis
represents the number of cells. Equal numbers of events (10,000) were analysed for
the two cell lines at each of the time points indicated. The peak in the extreme left
of each profile represents chicken reticulocytes which were added to each sample as

a reference point. These profiles are indicative of what was observed in three

separate experiments.
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subsequently die after the formation of a TPA-induced G, arrest. In fact, it was
found on a number of occasions that the growth arrest of these cells could be
maintained for up to a period of three weeks without any obvious signs of cell

death and without any decrease in cell numbers.

8.2 Loss of Myc protein expression is not obligatory for growth arrest in

myeloid leukaemic cells.

As down-regulation of the levels of c-Myc protein has been
shown to be a characteristic change that accompanies the induced differentiation
of “wild-type” U937 cells (Eickholt et al. 1993), it was decided to analyse the
levels c-myc mRNA and protein in U937d-. In a similar manner to what was
observed in HL60-Ast4 cells (Figure 22), but in contrast to the situation in
U937d+ (Figure 17), it was found that, the levels of c-myc mRNA were only
transiently decreased following treatment with TPA (Figure 37). Moreover,
after the re-establishment of pre-induction levels of c-myc mRNA after 72hr of
treatment, it was found that these levels were then maintained for the rest of the
period analysed (168hr). The subsequent analysis of c-Myc protein in these
cells, revealed that while the abundance of the protein was decreased in U937d+
cells, the levels of c-Myc in U937d- cells were not decreased and were for the
most part maintained at the levels observed in untreated cells (Figure 38). This
finding, in conjunction with the fact that these cells are growth arrested (Figure
36), therefore indicates that a decrease in the levels of c-myc mRNA and protein

are events not required for the effective withdraw from the cell cycle.
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Figure 37:  Northern blot analysis of the levels of c-myc mRNA during TPA
treatment of U937d+ and U937d- cells.

Northern blot analysis of RNAs isolated, at the times indicated, from
U937d+ and U937d- cells following treatment with TPA at a final concentration of
1.6 x 10-7M. The blots was initially hybridised with a cDNA probe for c-myc,
subsequently stripped and then as an assessment of loading were re-hybridised with
a probe for By—microglobulin. Sections of the figure relating to each probing are

labelled accordingly.
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Figure 38: Western blot analysis of the levels of c-Myc protein during TPA
treatment of U937d+ and U937d- cells.

Western blot analysis of the levels of c-Myc protein in U937d+ and
U937d- cells following treatment with TPA, for the times indicated, at a final
concentration of 1 x 107 M Equal quantities of protein from each time point were
resolved through polyacrylamide gels, blotted and assessed for Myc protein using an
antiserum which had been raised against the full-length human c-Myc protein. The
more slowly migrating second band that is seen in U937d- proteins following
treatment with TPA for 1 day was not consistently seen during these studies and we
therefore feel is artefactual. However, the profiles of c-Myc protein were

consistently reproducible.
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8.3 Myc protein from TPA-treated U937d- cells retains the capacity to bind
DNA.

Since the above findings are in conflict with previous studies
which have indicated that the expression of c-Myc alone is sufficient to direct
cell-cycle progression (Eilers et al. 1991), it was decided to examine further
TPA-treated U937d- cells in order to ascertain whether the Myc protein in these
cells could be considered to have functional capacity. As it has previously been
shown that effective DNA-binding and transcriptional activation by c-Myc is
dependent on it forming a complex with Max (Blackwood and Eisenman 1991;
Amati et al. 1992), analysis was first made of the expression of max mRNA in
U937d- following treatment with TPA. In agreement with reports by a number
of other groups, which have shown that the expression of max is largely
invariant during the induced differentiation of U937 cells (Ayer and Eisenman
1993; Larsson et al. 1994), it was found that the levels of max mRNA were
unaffected by the TPA treatment (Figure 39). Therefore, this indicates that the
¢-Myc protein in U937d- cells should be able to bind DNA at the E-box binding
motif, CACGTG.

As a result, analysis was subsequently made of nuclear protein
extracts from TPA-treated and untreated U937d- cells for their ability to-bind
the previously described consensus Myc:Max binding sequence, CMI
(Blackwood and Eisenman 1991; see section 5.7.2). As can be seen in Figure
40, a large number of protein complexes were found to bind the CM1
oligonucleotide in both treated and untreated cells. However, as described
previously in Section 7.1, this was not unexpected as many non Myc-related
ubiquitously expressed proteins have also been shown to bind this motif
(Beckmann et al. 1990; Gregor et al. 1990; Hu et al. 1990). Nevertheless, only

one of the complexes detected in this assay was found to be reactive
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Figure 39:  Northern blot analysis of the levels of max mRNA during TPA
treatment of U937d+ and U937d- cells.

Max expression in U937d- cells is unaffected by treatment with TPA.
Northern blot analysis of RNAs isolated, at the times indicated, from U937d- cells
following treatment with TPA(A) at a final concentration of 1.6 x 10-7M. The blots
was initially hybridised with a cDNA probe for max, subsequently stripped and then
as an assessment of loading were re-hybridised with a probe for By-microglobulin.

Sections of the figure relating to each probing are labelled accordingly.
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Figure 40:  EMSA analysis to investigate the effects of TPA treatment on

Myc:Max DNA binding in protein extracts from U937d- cells.

EMSA analysis of E-box DNA binding activity of nuclear proteins
isolated from U937d- cells which had been incubated with either 1.6 x 10-7M TPA
or a corresponding amount of solvent. Nuclear protein samples were isolated at the
times indicated and equal quantities (10pg) were added to binding reactions
containing a 32P labelled CM1 double-stranded oligonucleotide, which contains the
Myc:Max-binding CACGTG motif (see materials and methods). The Myc:Max
complex, as determined by antibody reactivity, is indicated as I. Specific and non-
specific competitors were incubated at a concentration which was 100x greater than

that of the labelled probe. PI, pre-immune serum.
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with antisera raised against human Myc and Max peptides (complex I).
Moreover, this complex migrated at exactly the same rate as the Myc:Max-
containing complex which was extensively characterised during HL60 cell
differentiation in Chapter 7. Indeed, as it was found that the DNA-binding
profile of this complex during HL60 differentiation mirrored exactly the
expression patterns of both c-myc mRNA and protein during this process, it is
perhaps no surprise that a DNA-binding activity containing Myc:Max (complex
I) is retained in TPA-treated U937d- cells, which continue to express high levels

of c-Myc protein (Figure 38).

8.4 Expression of ODC is down-regulated in U937d- cells following treatment

with TPA, despite continued c-Myc expression.

It has been shown that the activity of the protein product of the
Myc target gene ODC is essential for cell-cycle progression (Pegg 1986).
Furthermore, it has also been reported that activation of c-Myc alone, at least in
fibroblasts, is sufficient to induce the expression of ODC (Wagner et al. 1993).
However, while the results presented above show that the c-Myc protein in
TPA-treated U937d- cells retains the ability to bind the E-box DNA-binding
motif, through which ODC is transactivated (Bello-Fernandez et al. 1993), this
does not necessarily mean that these cells also maintain expression of ODC. In
order to address this question, analysis was made of the levels of ODC mRNA
in both U937d- and U937d+ cells following incubation with TPA for a period of
7 days. As can be seen in Figure 41, treatment with the phorbol ester down-
regulated the levels of ODC in both U937d+ and U937d- cells. Moreover, it
was found that the levels of ODC mRNA were decreased more rapidly in
U937d- than in U937d+. On the basis of the fact that the protein is extremely
unstable (t1/2=15min)(Pegg 1986; Hayashi and Murakami 1995), it can be
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Figure 41:.  Northern blot analysis of the levels of ODC mRNA during TPA
treatment of U937d+ and U937d- cells.

Northern blot analysis of RNAs isolated, at the times indicated, from
U937d+ and U937d- cells following treatment with TPA at a final concentration of
1.6 x 10-7M. The blots was initially hybridised with a ¢cDNA probe for ODC,
subsequently stripped and then as an assessment of loading were re-hybridised with
a probe for By—microglobulin. Sections of the figure relating to each probing are

labelled accordingly.
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Figure 42:  Analysis of the significance of the decrease in ODC mRNA levels
to the phenotype of U937d- cells following treatment with TPA:

Complementation of ODC activity by exogenous putrescine.

U937d- cells were treated for 5 days with TPA at a final of
1.6x 10"M. The culture was then counted and split in two separate flasks and
incubated either in the absence or presence of 0.1mM putrescine for a further 2
weeks (This concentration has previously been shown to be sufficient to reverse the
effects of the ODC inhibitor DFMO in U937 cells (Tahara et al. 1991)). Cell
numbers were then counted again. A second independent experiment gave identical

results.
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predicted that loss of ODC activity will occur soon after the disappearance of its
mRNA. With this in mind, these findings provide a possible reason why, in spite
of continued c-Myc expression, U937d- cells withdraw from the cell-cycle
following treatment with TPA. However, the mechanism by which the level of
ODC mRNA is down-regulated remains undetermined.

Since it has been shown that the product of the ODC enzyme is
the polyamine, putrescine (Pegg 1986), it was attempted to relieve the growth
arrest of U937d- cells by adding putrescine to complement for the absence of

ODC activity. In this regard, it had previously been shown that addition of
exogenous putrescine directly into the growth medium, was sufficient to induce
cell-cycle progression in cell lines which contain inactivating mutations in the
ODC gene (Pohjanpelto et al. 1985). However, when putrescine was added to
TPA-treated U937d- cells, even in the presence of fresh medium and serum, no
increase in cell numbers was observed (Figure 42). It must therefore be the case
that down-regulation of the expression of ODC is not the only reason why
U937d-, despite continued c-Myc expression, maintain the cell cycle arrest

which occurs as a consequence of treating the cells with TPA.

8.5 The block to differentiation in U937d- cells can be released by antisense

oligonucleotides directed against c-myc mRNA.

The data presented here show that U937d- cells are unlike their
wild-type counterparts in that, following treatment with TPA, they rapidly
withdraw from the cell cycle, without a concomitant programme of terminal
differentiation (Figures 34, 35 & 36). In addition, these cells are able to
undergo this growth arrest without an accompanying decrease in the levels of
c-myc mRNA and protein (Figures 37 & 38). Therefore, on the basis of these
findings it was hypothesised that the block to differentiation of U937d- cells
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Figure 43: Effect of c-myc antisense oligonucleotides on the levels of c-Myc
protein in TPA-treated U937d- cells.

Western blot analysis showing the effects of treating U937d- cells
with antisense oligonucleotides directed against the c-myc mRNA. In addition to
treatment with TPA to a final concentration of 1.6 x 10'7 M, the cells were also
subjected to daily addition of oligonucleotide at a concentration of 20uM, for a
period of 5 days. Control cells (Cont) were treated with TPA alone for the same
period of time. Myc AS, antisense oligonucleotide directed against the 5° of c-myc
mRNA; Myc S, complementary sense oligonucleotide; Degen. oligo, degenerate

oligonucleotide. A second independent experiment gave identical results.
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may be as a result of the continued expression of c-Myc in these cells and yet,
however, dissociated from c-Myc’s ability to direct cell-cycle progression. To
answer this question, the levels of c-Myc protein were down-regulated in TPA-
treated U937d- cells, by using antisense oligonucleotides directed against the
c-myc mRNA. One oligonucleotide, which was found to be particularly
effective, had previously been used to reduce the levels of c-Myc protein, and
subsequently induce growth arrest (Wickstrom et al. 1989) and differentiation
(Bacon and Wickstrom 1991), of HL60 cells. When U937d- cells were
incubated for 5 days with both this oligonucleotide and TPA a marked decrease
in the levels of c-Myc protein was observed when compared to that detected in
cells treated for the same period with TPA alone (Figure 43). Furthermore, this
down-regulation was not observed when the cells were incubated with TPA in
conjunction with either a complementary c-myc sense oligonucleotide or a non-
specific degenerate oligonucleotide (Figure 43).

Following treatment with the oligonucleotides, an assessment
was also made of the differentiation status of the cells. In agreement with the
initial hypothesis, it was found that treatment with c-myc antisense
oligonucleotide, but not with the complementary sense or degenerate
oligonucleotide, resulted in morphological changes in the cells (Figure 44)
which were characteristic of the appearance of U937d+ cells following their
differentiation induced by TPA (Figure 34). To assess whether these
morphological changes resulted from the differentiation of U937d-, the cells
were assayed for an induction in the activity of the terminal differentiation
marker, non-specific esterase. This showed that treatment with the antisense
oligonucleotide reproducibly resulted in approximately 50% of the cells having
high levels of NSE activity. In contrast, only 2-3% of the cells treated with the
sense or degenerate oligonucleotide showed induction of this marker. These

findings therefore show that the block to differentiation in U937d- involves the
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Figure 44:  Effect of c-myc antisense oligonucleotides on the differentiation

capacity of TPA-treated U937d- cells.

Morphological appearance of U937d- cells that have been treated
with anti-sense oligonucleotides directed against the c-myc mRNA. Cells were
treated for 5 days with TPA at a final concentration of 1.6 x x10'7M and, where
indicated, for 5 days with a daily addition of 20uM oligonucleotide. These effects

were reproducibly seen in three independent experiments.
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continued expression of c-Myc protein (Figure 38), but does not involve the
protein product of the Myc target gene, ODC (Figure 41). Moreover, coupled
with the fact that this differentiation blockage is evident when U937d- cells are
growth arrested, it must be the case that c-Myc affects this differentiation
programme by a mechanism dissociated from its capacity to direct cell-cycle

progression.

8.6 Analysis of the changes in the levels of c-myb mRNA following TPA
treatment of U937d+ and U937d- cells.

During the comparison of the changes that occurred following TPA
treatment of HL60 and HL60-Ast4 cells, it was an interesting observation that not
only were the levels of c-myc mRNA regulated differently in the two cell lines
(Figure 11 & 22), but so were the levels of c-myb mRNA (Figure 25). In light of
this, it was decided to analyse the expression of c-myb following TPA treatment of
U937d- cells. As can be seen in Figure 45, while the levels of c-myb mRNA are
markedly decreased after 72hr of TPA treatment of U937d+ cells, the abundance
of c-myb message in U937d- cells was not decreased and remained at least at pre-
induction levels for the whole of the period analysed. When this observation is
coupled with the findings in HL60-Ast4 cells it is indeed highly provocative.
However, while it would have been interesting to have studied further the role of
c-myb, particularly with respect to the role of c-myc, in the control of
differentiation of these cells, this was made impossible due to the lack of suitable

antibodies for the effective detection of c-Myb protein.
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Figure 45:  Northern blot analysis of the levels of c-myb mRNA during TPA
treatment of U937d+ and U937d- cells.

Northern blot analysis of RNAs isolated, at the times indicated, from
U937d+ and U937d- cells following treatment with TPA at a final concentration of
1.6 x 10-7M. The blots was initially hybridised with a cDNA probe for c-myb,
subsequently stripped and then as an assessment of loading were re-hybridised with
a probe for Bo-microglobulin. Sections of the figure relating to each probing are

labelled accordingly.
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CHAPTER 9: Mutational analysis of the genes encoding Max, Mad and
Mxil

9.1 Southern blot analysis of c-myc, max, mad and mxil in a range of both

myeloid and lymphoid leukaemias.

As described previously, it is thought that changes in the levels
and/or activities of Mad, Max and Mxil can have a bearing on the activity of
c-Myc and, therefore, on the levels of c-Myc’s target genes (Blackwood and
Eisenman 1991; Ayer et al. 1993; Zervos et al. 1993). However, although there
are many reports which implicate an involvement of c-Myc in many forms of
malignant disease (Field and Spandidos 1990; Zimmerman and Alt 1990), there is
little evidence to indicate that during this process, c-Myc activity might be affected
by mutation of max, mad and mxil. In order to explore this possibility, and with
particular interest being given to the role of these proteins in haemopoietic
differentiation, an analysis was made of the DNA from a range of myeloid and
lymphoid leukaemias.

In order to increase the potentiality of finding mutations in max,
mad and mxil, samples of leukaemic DNAs were taken from Group stocks, which
had previously not been shown to contain either amplifications and/or re-
arrangements of the c-myc gene (Beatson Institute, Research Group 3;
unpublished observations). In order to confirm that this was the case, Southern
blots of these DNAs, together with DNAs from normal blood samples, were first
hybridised with a probe corresponding to the third exon of the c-myc gene (see
Methods 5.5.1). Indeed, as can be seen in Figure 46, when the levels of c-myc
DNA is compared with that of B,-microglobulin, which was used as a loading
control, it is evident that these samples do not cqntain amplifications or gross re-

arrangements at the c-myc locus.
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Figure 46:

Southern blot analysis of c-myc, max, mad and mxil in a range of

myeloid and lymphoid leukaemias.

DNAs were from the following sources:
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Source

HFF cells.

Normal white blood cells.

Normal lymphocytes.

Normal lymphocytes.

Normal lymphocytes.

K562 cells.

Chronic granulocytic leukaemia (blast crisis).
Acute myeloid leukaemia.

Acute myeloid leukaemia.

Acute myeloid leukaemia.

Acute myeloid leukaemia.

Acute myeloid leukaemia.

Acute myeloid leukaemia.

Acute myeloid leukaemia.

Chronic lymphoblastic leukaemia.
null-Acute lymphoblastic leukaemia.
Acute lymphoblastic leukaemia.
Acute lymphoblastic leukaemia.

DNA was digested with Eco RI and then transferred to Nylon

membranes which were sequentially hybridised with probes for c-myc, max, mad,

mxil and Sr-microglobulin (see Materials and Methods for definition of probes).
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As Mad, Max and Mxil have all been shown to be antagonists of
c-Myc (Amin et al. 1993; Lahoz et al. 1994), it is predictable that any tumour-
associated mutation in the genes encoding these proteins, that is detectable by
Southern blotting, is most likely to be a deletion or an inactivating re-arrangement.
However, when the Southern blots were hybridised with probes for these genes,
not only were no deletions or re-arrangements observed, but there appeared to be
no differences whatsoever between the normal and leukaemic samples analysed
(Figure 46). Indeed, although this indicates that mutation of these genes at the
macroscopic level was not involved in the establishment of the leukaemias
analysed, it remains possible that the activities of the gene products may have been
affected through point mutation. In addition, since only a small number of samples
were analysed, this finding is not sufficient evidence to discount the possibility that
these genes may well be involved in the establishment of other leukaemias or

tumours of an unrelated nature.
9.2 Analysis of the gene encoding Max in HeLa and HL60 cells.

In addition to the study involving a range of leukaemias, the gene
encoding Max was also analysed in HL60 cells. Southern blots were prepared to
compare the amount of max DNA in HL60 cells to that in HeLa cells and primary
human foreskin fibroblasts (HFF) cells (these cells were taken as a control of
normal gene dosage). Surprisingly, when the amount of max DNA in each of the
three samples was normalised against the levels of ,-microglobulin, this appeared
to show that HL60 cells, and possibly also HeLa cells, had a lower gene dosage
than the primary HFF cells (Figure 47A). Indeed, when the blots were quantified
using scanning laser densitometry, it was found that both HeLa and HL60 had

approximately half the amount of max DNA than that in HFF cells (Figure 47B).
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Figure 47: Southern blot analysis to investigate the relative amounts of max

DNA in HFF, HeLa and HL60 cells. Loading was normalised
against oM.

Panel A: DNA was digested with Hind III and then transferred to nylon
membranes which were then sequentially hybridised with probes for max and F.M.
Exposure of blots was undertaken using Kodak X-OMAT film at -70°C with

intensifying screens.

Panel B: Densitometric analysis of the relative amounts of max DNA in HFF,
HeLa and HL60. The values which were obtained from the analysis of the max-

hybridising bands were normalised against the values obtained from the analysis of

BaM.

The decreased levels of max was also seen in two repeats of the

Southern blot which were undertaken using two different control DNAs.
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Figure 48; Southern blot analysis to investigate the relative amounts of max
DNA in HFF, HeLa and HL60 cells. Loading was normalised
against .M.

Panel A: DNA was digested with Hind IIT and then transferred to nylon
membranes which were then sequentially hybridised with probes for max and S,M.
Exposure of blots was undertaken using Kodak X-OMAT film at -70°C without

intensifying screens.

Panel B: Densitometric analysis of the relative amounts of max DNA in HFF,
HeLa and HL60. The values which were obtained from the analysis of the max-
hybridising bands were normalised against the values obtained from the analysis of

MRP14.
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It was initially considered that this observed difference in the
amount of max DNA may be an artefact which had arisen through the non-linearity
of X-ray film when used in conjunction with intensifying screens (Laskey 1984).
In addition, it was also possible that the blots were being misinterpreted and it was
not the amounts of max that was different in the three DNAs analysed, but in fact
the amounts of B,-microglobulin. To exclude these two possibilities, the Southern
blot was repeated in the absence of intensifying screens and the amount of max
DNA in each sample normalised against the gene encoding the calcium-binding
protein, MRP14 (Lagasse and Clerc 1988). The MRP14 gene was particularly
chosen as it is considered unlikely that it would be altered in the establishment of a
transformed phenotype and because it is located on a different chromosome from
B,-microglobulin (data from Human Gene Mapping IT). Indeed, as can be seen in
Figure 48, this revealed that the observed difference in the gene dosage of max had
not arisen through the two possible artefacts described above. Moreover, when
the levels of max were assessed by densitometry and normalised against the levels
of MRP14, it was again found that HelLa and HL60 cells contained approximately
half the amount of DNA as HFF cells. Therefore, as it is known that the max gene
is single copy (Wagner et al. 1992), these data clearly seem to indicate that max is

reduced to hemizygosity in HeL.a and HL60 cells.

9.3 Sequencing of the coding region of the max mRNA from HFF, HeLa and
HL60 cells.

Since it is known that the correct functioning of c-Myc is
dependent on dimerisation with Max, it was a surprise to find that the gene dosage
of max is reduced in cells which are known to have high levels of c-myc mRNA
(Graham et al. 1985; Birnie et al. 1986) and protein (Hann and Eisenman 1984).

One possible reason for this, is that the putative remaining allele of max is mutated
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Figure 49: Comparison of the sequence of the coding region of max in HFF,
HelLa and HL60 cells.

The sequence of the max coding region in HFF, HelLa and HL60
cells was first determined by direct sequencing using ‘Dynabeads’ of cDNAs
generated by RT-PCR from the respective mRNAs. This was then confirmed by the
automated sequencing in both directions of cDNAs generated in a second round of
RT-PCR reactions. The sequences are aligned against the published sequence
(Blackwood and Eisenman 1991), and nucleotides which were found to be different

from this sequence are shown in bold. The stop codon is depicted as *.
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in such a way to either facilitate the functioning of c-Myc or to impede the
function of a Max-dependent Myc-antagonist, for example, Mad or Mxil. To
investigate this, the coding region of max was amplified by RT-PCR from RNA
derived from HFF, HeLa and HL60 cells. The resulting product was then initially
sequenced using ‘Dynabeads’ (see Methods 5.4.3) and then the result obtained
confirmed by sequencing in both directions using the Institute’s Automated
Sequencer Facility. Although somewhat disappointing with respect to the initial
hypothesis, when the sequence of max in HFF, HeLa and HL60 cells were
compared, it was found that they were in fact identical (Figure 49). Nevertheless,
when these sequences were compared to the published sequence, which was from
the Manca cell line (Blackwood and Eisenman 1991), three base pair substitutions
were observed (Figure 49). However, it was again disappointing to find that, each
of these substitutions occurred at the third positions of codons and in these
particular cases did not result in an amino acid change (i.e. gag (Glu)— gaa (Glu);
tca (Ser)—> tcg (Ser)). It seems likely therefore, that these changes do not
represent genuine mutations in the Manca cell line, and are most probably either
polymorphisms or sequencing errors in the original article relating to the cloning of
the max cDNA (Blackwood and Eisenman 1991). However, re-sequencing of the
coding region of max in the Manca cell line would be required to confirm that this

were the case.
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CHAPTER 10: DISCUSSION.

10.1 A role for Mad, Max and Mxil in processes of myeloid differentiation?

In the initial stages of this study an analysis was undertaken to gain insight
into the involvement of Max, Mad and Mxil in processes of myeloid differentiation.
Moreover, as it became clear as each of these proteins was discovered that they can
all having a bearing on c-Myc function (Amin et al. 1993; Lahoz et al. 1994),
particular interest was also given to they way in which any changes in their
abundance or activity may also affect c-Myc. To this end, an analysis was made of
the relative levels of the mRINAs for these proteins during the induced differentiation
of myeloid leukaemic HL60 and U937 cells. As mad and mxil were only
discovered after the instigation of this work, this study was initially undertaken on
max. This revealed that, in contrast to the rapid decrease in c-myc mRNA that
occurs following differentiation in HL60 cells induced by treatment with TPA and
DMSO, the abundance of max mRNA, despite some moderate fluctuations remained
at levels comparable to those observed in untreated cells for the majority of the
differentiation programmes. However, it was apparent that the abundance of the
mRNA was markedly decreased (~9-fold) at the very late stages of differentiation to
monocytes/macrophages (induced by TPA). As it is now known Max protein is
essential for the correct functioning of not just Myc, but also Mad and Mxil
(Blackwood and Eisenman 1991; Ayer et al. 1993; Zervos et al. 1993) it is perhaps
no surprise that the mRNA is found at a relatively consistent level for the majority of
both these differentiation programmes. However, why its abundance is decreased at
the late stages of differentiation to monocytes/macrophages is more difficult to
explain. It might initially be considered that, as this decrease was not observed
following differentiation in HL60 cells induced by Vit D3, and that only a very small

decrease in max mRNA occurred during TPA-induced differentiation in U937 cells,
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this effect might reflect an inducer or cell-type-specific phenomenon. However,
during the course of this work, the levels of max mRNA and protein were
independently also found to undergo a considerable decrease during differentiation
of MEL cells induced by N ,N'-hexamethylene bisacetamide (Dunn et al. 1994).
Taken together these findings indicate that this decrease in the levels of max mRNA
could well be a facet of differentiation in certain situations and may therefore be
worthy of further study. However, since this change occurs so late in the
differentiation programme, it seems extremely unlikely that any inferred decline in
the abundance of Max protein will have any consequence for c-Myc function.

The subsequent analysis of mxi/ mRNA duﬁng differentiation of both
HL60 and U937 cells, revealed that the levels of the message were comparable to
those in untreated cells at all of the time points studied. This finding is in agreement
with an independent study that was published during the course of this work
(Larsson et al. 1994), but is in contrast to what was reported in the article relating to
the original cloning of this gene (Zervos et al. 1993). As part of the latter study, it
was found that the levels of mxi/ mRNA are extremely low in untreated U937 cells,
but undergo a considerable increase following induction of differentiation by
treatment with TPA. One possible explanation for this discrepancy is that this
reflects a clonal difference between the cells used by Zervos et al. (1993) and those
used in this study or by Larsson et al. (1994). In this regard, it is noteworthy that, in
the study by Zervos et al. (1994), the levels of c-myc mRNA were also low in
untreated cells and underwent a marked increase following treatment with TPA.
Not only is this observation again in disagreement with what was observed in the
study presented here and in the report by Larsson et al. (1994), it is also in contrast
to previous studies of c-myc mRNA during differentiation in this system (Einat et al.
1985; Eickholt et al. 1993). However, the observations by Zervos et al. (1993)
cannot be discounted, and as a result the only fair conclusion which can be drawn, is

that the findings of the study presented here indicate that, due to the invariant levels
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of mxil mRNA, it seems unlikely that this gene has a central role in the control of
differentiation in this lineage.

In agreement with the report by Larsson et al. (1994), analysis of mad
mRNA in HL60 and U937 cells revealed that an increase in the abundance of the
message was a rapid event during differentiation induced by TPA. When this
observation is coupled with the finding that this increase can occur without new
protein synthesis (Ayer and Eisenman 1993), it is possible that up-regulation of mad
is a determining event during differentiation in these systems. In addition, as the
increase in mad expression occurs prior to the loss of c-myc mRNA and protein that
occurs during these processes, this opens up the possibility that the induction of mad
expression is the initial and possible primary event involved in the abrogation of
Myc:Max function during the differentiation of these cells. However, when further
analysis was made of the expression patterns of mad during differentiation of the
clone of HL60 cells used in the study presented here, it was found that
differentiation to both granulocytes (using DMSO) and to monocytes/macrophages
(using Vit D3) could also be achieved without a concomitant increase in the levels
of mad mRNA. This therefore precludes the possibility that up-regulation of mad
expression is an essential event for differentiation in these cells. In addition, this
would also indicate that the up-regulation of mad is not a necessary process for the
inactivation of the differentiation-blocking activity of c-Myc. It must be pointed
out, however, that this does not rule out a role for the up-regulation of mad that
was observed during the programme of differentiation induced by TPA.
Furthermore, as HL60 cells, at all of the time points analysed, express a basal level
of mad mRNA, these data cannot exclude a role for Mad protein during
differentiation of these cells induced by either of the three agents used, whether in
the regulation of Myc activity or in a non-Myc-related function.

To investigate further the role of mad during differentiation induced by

TPA, analysis was made of a differentiation-defective variant of HL60 cells, HL60-
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Ast4 (Bunce et al. 1983). This variant, which fails to differentiate in response to
TPA, is similar to “wild-type” HL60 cells in that following treatment it undergoes a
growth arrest in the Go/G, phase of the cell cycle. It was therefore hypothesised,
that if the observed increase in the levels of mad mRNA during TPA-induced
differentiation of “wild-type” cells was intrinsically associated with processes of
differentiation and not with other events that take place following treatment with
TPA for example, cell-cycle arrest, then an increase in the abundance of mad mRNA
should not occur following TPA treatment of Ast4 cells. However, analysis of the
cells revealed that the abundance of mad mRNA did undergo a rapid increase
following treatment with TPA and that these increased levels were then maintained
for the rest of the period analysed. Upon this finding it was speculated that, not
only could myeloid differentiation occur without a concomitant increase in the levels
of mad mRNA (as was observed following differentiation induced by DMSO and
Vit D3), but perhaps the abundance of mad mRNA could be elevated without an
accompanying programme of differentiation. To this end, as it was known that TPA
mediates at least some its functions by mimicking the effects of diacylglycerols on
protein kinase C (PKC) (Nakiki et al. 1984), it was decided to treat U937 cells with
the synthetic diacylglycerol, OAG (Kaibuchi et el. 1983). This cell line and agent
were particularly chosen as it had previously been reported that despite activating
PKC, OAG does not induce differentiation of U937 cells (Ways et al. 1987). In
agreement with the initial hypothesis, it was found that the levels of mad mRNA
were rapidly increased following treatment of U937 cells with this diacylglycerol.
Therefore, when this finding is coupled with the fact that myeloid leukaemia cells
can be differentiated without a concomitant increase in the levels of mad mRNA,
this would seem to indicate that an elevation of mad mRNA abundance is neither
sufficient nor obligatory for differentiation in these systems. However, it must be
pointed out, that as the OAG-induced increase in mad mRNA was different from

that observed following treatment with TPA, in that it was only transient, these
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findings cannot exclude the possibility that a sustained elevation of mad mRNA
abundance may well be sufficient to instigate a programme of differentiation in these
cells. In addition, these data can also not be taken to indicate that, in situations
were mad mRNA is increased, its elevation is superfluous to the accompanying
process of differentiation. In this regard, a noteworthy parallel has been reported
for the c-fos proto-oncogene. It was initially reported that an increase in the levels
of c-fos mRNA was a very early event which occurred during differentiation to
monocytes/macrophages (Muller et al. 1984; Muller et al. 1985), but not during
differentiation to granulocytes (Mitchell et al. 1985). In a similar manner to what
was considered following the analysis of mad mRNA in the study presented here,
these findings led to the speculation that c-fos played a pivotal role during
differentiation of the myelomonocytic lineage. However, again in a similar way to
what was found here in relation to mad, this notion was later revoked upon the
finding that increased levels of c-fos was neither necessary nor adequate for efficient
differentiation to monocytes/macrophages (Mitchell et al. 1986). It was only upon
the disruption of c-fos in mice by homologous recombination that the true role of
this gene was revealed. Although these mice survived to term, they were found to
have multiple defects in the development of both bone and haemopoietic cells,
including those of the myelomonocytic lineage (Wang et al. 1992). Therefore, as
this is a clear indication of the importance of c-fos in these processes, perhaps the
generation of mice which lack mad expression will also shed more light on the role

played by this gene in the control of differentiation to monocytes/macrophages.
10.2 Changes in E-box DNA-binding during myeloid differentiation.

These initial studies were extended to gain greater insight as to the role of
Mad within these systems. As it is known that c-Myc is a key regulator of the

growth and differentiation of these cells, it is reasonable to assume that the
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regulation of c-Myc’s target genes (e.g. ornithine decarboxylase (Wagner et al.
1993) and a-prothymosin (Eilers et al. 1991)) is critical to the way in which c-Myc
controls these processes. Since Mad:Max, Max:Max and Mxil:Max dimers have all
been shown to repress transcription through the same consensus DNA-binding site
through which Myc:Max activates (CACGTG) (Ayer et al. 1993), and upon which
the expression of ornithine decarboxylase and a-prothymosin has been shown to be
dependent (Bello-Fernandez et al. 1993; Gaubatz et al. 1994), an analysis was made
of the proteins which bind to this site during the induced differentiation of HL60
cells. These studies revealed that loss of Myc:Max DNA binding was an early event
during differentiation down both pathways. Moreover, the profiles of Myc:Max
complex levels were extremely similar to the changes in the levels of c-myc mRNA.
In this regard, it is easy therefore to perceive how a signal which affects the
abundance of c-myc mRNA could be rapidly translated into target gene activation
and ultimately phenotypic change. It is perfectly understandable, therefore, why the
levels and activity of c-Myc have been found to be subject to such intricate control
(Marcu et al. 1992).

In contrast to what was observed for Myc:Max, it was found that no Mad-
containing complexes were detectable during differentiation of the cells to
monocytes/macrophages. In addition, those which were observed during the
differentiation of the cells to granulocytes were only detected during the late stages
of the differentiation programme. This therefore indicates that, since these profiles
of DNA binding are in contrast to the observed changes in the levels of mad
message, the regulation of Mad DNA binding during this process is not solely
determined by the abundance of its mRNA. Moreover, as Mad DNA binding is only
detectable subsequent to the down-regulation of the Myc:Max complex, it would
appear that involvement of Mad as a primary factor in the abrogation of c-Myc

function is very unlikely. However, it is impossible to discount that these Mad-
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containing complexes may well have a bearing on the differentiation process by a
mechanism that is distinct from Mad’s ability to antagonise the function of c-Myc.
The most surprising finding from these analyses was the observation thét
the Mad-containing complexes that were found during the differentiation to
granulocytes did not contain Max. However, from the subsequent analysis of these
complexes with three different antisera raised against different portions of the Max
protein, it is clear that there is a genuine absence of Max within these DNA binding
complexes. This finding is in contention with previous data that indicate that all
Myc-related and Mad-related proteins are dependent on dimerization with Max in
order to bind DNA effectively (Amati and Land 1994). After close analysis of the
literature regarding Mad-containing complexes in cellular extracts it was found that
they had only been detected in proteins which had previously been subject to
immunoprecipitation with antisera raised against Max (Ayer and Eisenman 1993).
Therefore, the detection of any complex which contained Mad, but not Max would
not be possible under these conditions. Consequently, as the assay conducted here
was undertaken using unfractionated nuclear proteins the observation of complexes
that contain Mad but not Max, is not in conflict with the current status of
knowledge regarding these proteins. More interestingly, since it is known that Mad
cannot bind the CACGTG motif alone (Ayer et al. 1993), it must be that it is bound
as part of a heterodimeric complex that does not contain Max. In light of this, the
data presented here open up this transcription factor network to include proteins,
which may or may not be related to Max, which can facilitate the binding of Mad in

a sequence-specific manner.
10.3 The mechanism of c-Myc-induced differentiation blockage.

As the results gained from the initial stages of this study indicated that,

Max, Mad and Mxil were unlikely to be determining factors in the differentiation of
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this lineage, it was decided to change the focus of the investigation to anaiyse
further the role played by c-Myc in these processes. In this regard, although it was
clear that c-Myc was able to block the differentiation of a number of cell lineages
(Freytag 1988; Miner and Wold 1988), including myeloid cells (Larsson et al.
1988), the mechanism of how c-Myc achieved this phenotypic effect remained ill-
defined. As it was known that terminal differentiation in these cell types occurs
simultaneously with a withdrawal from the cell cycle and down-regulation of the
levels of c-Myc (Ingvarsson 1990; Zimmerman and Alt 1990), two schools of
thought were generated as to how c-Myc might control this process. Firstly,
constitutive expression of c-Myc could be interfering with the differentiation
machinery by a mechanism distinct from its involvement in cell-cycle progression.
Alternatively, it could be that by invoking cell-cycle progression, c-Myc could
indirectly affect this process, as it is considered that, in general, proliferation and
terminal differentiation are mutually exclusive. In order to address this question, it
was decided to utilise a variant of the U937 leukaemic cell line, U937d-. This line is
similar to HL60-Ast4 cells, but unlike its “wild-type” counterpart, U937d+, in that
although it responds to treatment with the differentiation inducer, TPA, by
undergoing a rapid and irreversible growth arrest, it does not concomitantly
undergo a programme of differentiation. However, the line was more amenable to
study than HL60 -Ast4 in that following the establishment of a growth arrest, it did
not subsequently enter a programme of cell death.

The finding that the levels of c-Myc protein in U937d- cells appeared to
be unaffected by treatment with TPA were in contrast to what was observed during
the induced diﬁ‘erentiqtion of the parental line, U937d+. In addition, this continued
c-Myc expression was also in conflict with the view that c-Myc alone is sufficient to
direct cell-cycle progression (Eilers et al. 1990). However, as it is known that cell-
cycle progression in general (Pegg 1986), including that induced by c-Myec, is

dependant on the activity of the Myc target gene, ODC, the observation that the
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cells do not continue to express ODC serves as a reason for why U937d- cells can
growth arrest even in the presence of high levels of c-Myc protein. Since ODC
activity has also been shown to be essential for c-Myc-induced apoptosis (Packham
and Cleveland 1994), this finding also explains why U937d- cells do not undergo
programmed cell death following treatment with TPA. In addition, since c-Myc-
induced apoptosis is also known to be dependent on the tumour suppressor protein,
p53 (Hermeking and Eick 1994), the discovery that U937 cells are devoid of this
protein (Danova et al. 1990) could also explain why apoptosis did not occur when
putrescine was used to substitute for the down-regulation of ODC.

The continued expression of c-Myc in U937d- cells, without
accompanying cell-cycle progression, resulted in the postulate that the block to
differentiation of these cells was invoked by the Myc protein in a cell-cycle, and also
ODC, independent manner. When the levels of c-Myc protein in U937d- cells were
down-regulated by using antisense oligonucleotides, this indeed resulted in the cells
acquiring a terminally differentiated phenotype. While this is the first observation
that c-Myc can block differentiation by a mechanism dissociated from its ability to
direct cell-cycle progression, it is not the first time that the phenotypic effects of
c-Myc have been shown to arise through divergent mechanisms. La Rocca et al.
(1994) examined the effects of a series of C-terminal truncations of the c-Myc
protein for their ability to transform and/or block the differentiation of primary quail
myoblasts. One of these mutants retained the capacity to transform these cells, but
had no effect upon the ability of the cells to differentiate. However, as it is not
known how the processes of cell-cycle progression in human myeloid cells relates to
morphological transformation in quail myoblasts, it is impossible to predict how
these findings might be related.

The only previous study which would indicate that c-Myc regulates the
processes of cell-cycle progression and differentiation in myeloid cells by two

divergent mechanisms has been presented by Luk et al. (1982). They reported that
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the treatment of human leukaemic HL60 cells with the ODC inhibitor, DFMO,
caused a withdrawal from the cell cycle, but did not affect the differentiation status
of these cells. It has, however, been shown that the down-regulation of the levels
of c-Myc in HL60 cells by antisense oligonucleotides results in their differentiation
(Holt et al. 1988; Bacon and Wickstrom 1991). When considered together, these
two findings indicate that c-Myc regulates this differentiation process via a
mechanism which is not dependent on the activity of ODC.

If the block to differentiation of myeloid cells is neither cell-cycle nor
ODC-dependent, how then might it be considered that c-Myc can bring about this
phenotypic effect? Depicted in Figure 50 are two models which speculate as to
how c-Myc can orchestrate the two processes individually. In scheme A, a simple
explanation is envisaged. Here c-Myc works solely in conjunction with Max to
regulate the expression of its target genes through the E-box motif, CACGTG. The
way in which it independently regulates the processes of cell-cycle progression and
differentiation is explained by having two sets of Myc target genes. One set of
genes regulates cell-cycle progression and will therefore contain ODC. The other
set (X genes), which is shown here to exclude ODC, regulates the control of
differentiation. Indeed, in line with the ideas of Freytag (1988) which were
presented in the Introduction (section 2.4.2), it is possible that the genes which
control differentiation are still involved in the control of the cell cycle, but instead of
stimulating cell-cycle progression, they regulate entry into the distinct
predifferentiation state, Gp. However, as Gp is at present a totally hypothetical
state, it is difficult to predict which genes it might involve. A more appealing
possibility is that set X might contain genes which are involved in the establishment
of a differentiated phenotype and which are repressed by high levels of c-Myc
protein. One interesting gene which falls into this category is the adipogenic
transcription factor C/EBPa (Samuelsson et al. 1991; Yeh and McKnight 1995).

Not only has c-Myc been shown to repress the activity of this gene’s promoter (Li
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Figure 50: Speculative mechanisms of Myc-induced differentiation blockage.

In scheme A it is perceived that the control of cell-cycle progression and the
regulation of differentiation are simply achieved by having two sets of Myc
target genes, which are both regulated by Myc:Max through the E-box motif
(CACGTG). Scheme B is more complicated, as it considers that the control
of differentiation may not involve Max or the E-box and might involve other
as yet unknown factors.  See text for details..
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et al. 1994), but enforced expression of C/EBPa has been shown to overcome the
differentiation blockage induced by c-Myc in the pre-adipocyte cell line, 3T3-L1
(Freytag and Geddes 1992).

An alternative, more complicated, model to explain c-Myc’s effects on
differentiation is represented in scheme B. In this case, as it has been shown that
the ability of c-Myc to affect cell-cycle progression is dependent not only on the
activity of ODC, but also on dimerization with Max (Amati et al. 1993b), the
pathway to cell-cycle progression remains the same as in scheme A. However,
since there is no evidence that c-Myc requires dimerization with Max in order to
block differentiation, it is possible that Myc forms a complex with a different
protein to regulate the set of genes X. In this respect, it is pertinent that, while
c-Myc has been shown to block the differentiation of the nerve growth factor-
responsive PC12 cell line (Maruyama et al. 1987), it has recently been reported that
these cells are devoid of functional Max protein (Hopewell and Ziff 1995). A
number of other proteins have now been shown to interact with c-Myc (e.g. the
transcription factors YY-1 (Shrivastava et al. 1993) and TFII-I (Roy et al. 1993)
and the Rb-related protein, pl107 (Beijersbergen et al. 1994; Gu et al. 1994)).
However, the way in which any of these might affect c-Myc’s ability to affect the
differentiation process is yet to be determined.

The model in scheme B is further complicated by the consideration that
the regulation of the differentiation-blocking genes X may not occur via c-Myc
binding to the E-box motif, CACGTG. The finding that the larger translation
product of c-myc can, in conjunction with Max, activate transcription through the
binding sites of the C/EBP family of transcription factors (Hann et al. 1994) may be
one way in which this could occur. Alternatively, by a Max-independent
mechanism, it has been shown that c-Myc. can repress transcription through the

Initiator element (Inr) (Roy et al. 1993). In this regard, it is noteworthy that the
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repression of the C/EBPa gene by c-Myc has been shown to be dependent on the
integrity of the Inr element within this gene’s promoter (Li et al. 1994) .

It must finally be considered how these findings could relate to the
establishment of neoplasia in vivo. A role in the genesis of leukaemia is particularly
relevant since this disease has become a paradigm for tumours in which a
differentiation blockage is considered to be involved in the establishment of the fully
malignant state (Sawyers et al. 1991). In addition, mutation of the c-myc gene
and/or elevated levels of c-myc mRNA and protein have been shown to be
characteristic events in the blast cell populations of some leukaemic patients (Birnie
et al. 1986). In a similar manner to the situation described for differentiation in
vitro, c-Myc over-expression could give rise to a leukaemia, either directly through
its effects on cellular proliferation or by affecting the differentiation process per se.
In the latter regard, it can also quite easily be perceived how c-Myc, by solely
affecting the differentiation process, could in turn affect cellular proliferation by
restricting cells to a haemopoietic compartment in which proliferation is a
continuous process. However, as at this stage very little is known about the
differentiation of these cells in vivo, more work is required to fully understand the

relationship of c-Myc to the many processes within this system.

10.4 A role for c-myb in the regulation of c-myc and the control of

differentiation?

In addition to the differences observed for c-myc mRNA and protein, it
was also highly provocative to find that the levels of c-myb mRNA were regulated
differently in HL60-Ast4 cells and U937d- cells, than in their normal counterparts.
As it has been proposed that c-myc is a target for c-myb transactivation (Nakagoshi
et al. 1992), it is possible that these observations from the analysis of the

differentiation-defective cell lines are indeed connected. In this regard, it might
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therefore be considered that as the c-myc mRNA has been shown to be very
unstable (Dani et al. 1984), any changes in the abundance of the c-myb mRNA will
be followed by a corresponding change in the levels of the c-myc message. That is
of course provided that the transactivation potential of c-myb is proportional to the
abundance of its mRNA. In line with this notion, analysis of HL60-Ast4 revealed
that a transient decrease in the levels of c-myb mRNA, which occurred following
treatment of the cells with TPA, was subsequently mirrored by a slightly later
transient decrease in the abundance of c-myc message. However, in contrast,
although a transient decrease in the levels of c-myc mRNA was also observed
following TPA treatment of U937d- cells, no such change was observed upon
analysis of c-myb message. Of course, although this finding is in conflict with the
idea that c-myb might block differentiation by transactivation of c-myc, it would be
naive to assume that during this process, the regulation of c-myc mRNA levels was
solely determined by products of the c-myb gene. Further studies are therefore
required not only to determine the role of c-myb in the control of c-myc expression,
but also to discover the way in which the products of the two genes are related both

to each other and to the regulation of differentiation in this lineage.

10.5 Mutational analysis of mad, max and mxil.

Although the mutational analysis undertaken in his study was limited, it
was an intriguing find that the max gene appeared to be reduced to hemizygosity in
HeLa and HL60 cells. However, as the subsequent sequencing of the putative
remaining allele did not reveal any mutations, it is | difficult to predict the relevance
of this change to the establishment of the phenotype of these cells. In this regard, it
does indeed still remain possible that this reduction in gene dosage might affect the
phenotype of the cells, without mutation, by causing a reduction in the cellular pool

of Max protein. However, as it is now impossible to obtain normal material from
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the specific tissue and patient from which these cell lines were derived, whether this
possibility is correct will remain unknown.

It might be cynically considered that this reduction in the gene dosage of
max is in no way involved in the phenotype on these cells, and has arisen either
through a deletion which involves a tumour suppressor gene which maps close to
max or even merely as a result of the increased genome instability that is evident in
transformed cells. However, alterations at the max locus have now also been
detected in PC12 cells which result in the total absence of the full-length Max
protein (Hopewell and Ziff 1995). It might therefore now be pertinent to make a
more extensive search for alterations in max in both transformed cell lines and de

novo tumour material, comparing tumour with normal from the same patient.

10.6 Future Prospects.

It is clear that this work has brought to light some important issues which
are worthy of further study. Firstly, despite an extensive analysis of the role of max,
mad and mxil in processes of myeloid differentiation, the true function of the
protein products of these genes still remains unknown. In this regard, the
generation of myeloid cell lines which contain these genes under the control of both
constitutive and conditional promoters should serve to shed more light on this issue.
In addition, as it was found that Mad can bind DNA in conjunction with factors
other than Max, the identification of these factors would be particularly rewarding.

Although the analysis of the c-Myc protein in the U937d+ and U937d- cell
lines yielded information which indicated that c-Myc’s ability to negatively regulate
differentiation can be dissociated from its ability to direct cell-cycle progression, the
mechanism involved in mediating these two c-Myc functions is yet to be determined.

However, the identification of further c-Myc target genes, and in particular those
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which can be specifically associated with only a sub-set of c-Myc’s ascribed
functions, is almost certainly required before this can be fully achieved.

Lastly, as it is perceived that max, mad and mxil may all function as
tumour suppressor genes, the findings presented here that the max locus is likely to |
be hemizygous in HL60 and HeLa cells add weight to the reports that max and
mxil, respectively, are mutated in PC12 cells and some prostate cancers (Hopewell
and Ziff 1995; Eagle et al. 1995). The time may therefore be right, to aﬁalyse the
extent to which these genes may be contributing factors in the establishment of both

prostate and other types of human malignancy.
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