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ABSTRACT.

Enforced expression of c-myc in many cell types is associated with inhibition of
terminal differentiation. However, the mechanism by which this occurs remains
unclear. In order to address this issue we therefore exploited the ability of c-Myc to
block differentiation in the 3T3-L1 cell line, a well characterised in vitro model of
adipogenesis.

Analysis of 3T3-L1 lines constitutively expressing an avian c-myc transgene
revealed an inability to undergo morphological changes or accumulate cytoplasmic
triglyceride, which was dependent upon the integrity of the Myc leucine zipper. In
order to define the point at which adipogenesis was inhibited we analysed patterns
of gene expression during the differentiation programme. This study demonstrated
that the Myc block was associated with repression of the late stage markers
C/EBPa, PPARY2, aP2 and SCD1. C/EBPa and PPARY2 are key transcriptional
regulators of adipogenesis that co-ordinate the expression of genes required for
lipid metabolism, including aP2 and SCD1. Hence, repression of these factors
provides a molecular basis for the inability of Myc-expressing cell lines to undergo
morphological differentiation. Interestingly, a 3T3-L1 clone that had spontaneously
lost the ability to differentiate displayed a similar profile of gene expression.
However, subtle differences indicated that this block occurred via a different
mechanism.

Surprisingly, low levels of c-Myc were sufficient to inhibit 3T3-L1
_ differentiation and this was not associated with transformation or the capacity to
undergo apoptosis. Additionally, the continued presence of c-Myc did not alter the
ability of the 3T3-L1 line to undergo a number of defined cell cycle events during
the early phases of the differentiation programme. Hence, inhibition of
adipogenesis was unlikely to reflect altered cell cycle control.

It had been proposed that c-Myc inhibits adipogenesis by preventing entry
into a differentiation-specific growth arrest (Gp) that is both irreversible and a
prerequisite for terminal differentiation. However, we were unable to characterise
the Gp state by either conventional criteria or by analysis of factors known to
mediate cell cycle withdrawal in other differentiation systems. Indeed, irreversible
cell cycle exit was only apparent in mature adipocytes, suggesting this was a
consequence of terminal differentiation rather than the driving force. Thus, c-Myc
did not inhibit adipogenesis by precluding entry into Gp.

Finally, treatment with 10% foetal calf serum (FCS) was sufficient to rescue
Myc-mediated inhibition of adipogenesis but had no effect on the differentiation-
defective clone. Abrogation of the Myc block was associated with restoration of
the late stage markers, accounting for the ability of the Myc-expressing lines to
accumulate lipid in the presence of FCS. Whilst the active component(s) present in
FCS have yet to be fully defined, it is likely that growth hormone may be partly
responsible for this phenomenon.

We therefore conclude that c-Myc inhibits adipogenesis by repressing the
expression of master transcription factors. However, this effect is dependent upon
external factors, since FCS rescues the phenotype.
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INTRODUCTION.
CHAPTER 1: Adipocyte Development.

1.1 Biological Function of Adipose Tissue.

The primary role of white adipose tissue (WAT) is to store energy in the form of
triglycerides during times of caloric excess, and to mobilise this reserve during
periods of energy deprivation. Mature adipocytes possess all the necessary
enzymes required for de novo lipogenesis and lipolysis, and these processes are
maintained under tight hormonal control (Stryer, 1988). In contrast, brown adipose
tissue (BAT) has a somewhat specialised function, the dissipation of stored energy
as heat, which is achieved by uncoupling mitochondrial electron transport from the
production of ATP (Darnell er al, 1990). This response, known as non-shivering
thermogenesis, is of particular importance in neonates, cold-adapted animals and
hibernating vertebrates. Finally, there is currently a large body of evidence
accumulating to suggest that adipose may also perform an endocrine function

(McGarry, 1995). This is discussed in Section 1.6.

1.2 Adipocyte Development in vivo.

The adipocyte lineage derives from a multipotent embryonic stem cell of
mesodermal origin, that can also give rise to cartilage and muscle cell precursors.
Preadipocytes appear relatively late in embryogenesis, undergoing massive
expansion and differentiation during the neonatal period when the acquisition of an
energy reserve becomes essential to survival (Ailhaud et al, 1992). Some species,
including humans, have macroscopic WAT deposits at birth, whilst in rodents
WAT does not develop until the post-natal period. Mature adipocytes represent
between one and two-thirds of the total WAT cell population, the remainder
comprising the stromal vascular fraction, which in addition to blood and

endothelial cells, contains the preadipocyte population. These preadipocytes retain



the potential to differentiate in response to external cues throughout the life-span of

the animal.

BAT is present in most mammalian species at birth and is thought to be a specific
organ, distinct from WAT. However, the developmental relationship between the
two tissues is not clear. The existence of distinct precursor cells is generally
assumed, but a common progenitor can not be ruled out. Alternatively, it has been
suggested that BAT may be the default pathway of adipocyte development and that
WAT arises by transdifferentiation of pre-existing BAT depots (Ailhaud et al,
1992).

1.3 Cell Culture Models of Adipogenesis.

The study of adipocyte development has been greatly facilitated by the availability
of established preadipocyte cell lines. These can be broadly sub-divided into two
classes: (1) multipotent stem cell lines and (2) lines committed to the adipocyte

lineage.

1.3.1 Multipotent Stem Cell Lines.

Multipotent cell lines, such as 10T1/2 (Reznikoff er al, 1973) and Balb/c 3T3
(Sparks et al, 1986), have not undergone the commitment phase, but may be
induced to do so. Thus, treatment of 10T1/2 cells with 5-azacytidine, an inhibitor
of DNA methylation, generates a number of stable, determined lineages:
preadipocytes, premyocytes and prechondrocytes (Taylor and Jones, 1979;
Konieczny and Emerson, 1984). Additionally, transfection of 10T1/2 cells with
large segments of hypomethylated genomic DNA derived from 5-azacytidine
treated cells was found to result in myogenic conversion at a frequency suggesting
that a single gene was responsible for commitment to this lineage (Lassar et al,

1986). This seminal work led to the isolation of the MyoD family of basic helix-



loop-helix (bHLH) transcription factors, thought to be master regulators of muscle
development (reviewed in Olson and Klein, 1994). However, this approach has so
far proven unsuccessful in the identification of genes that control adipocyte

determination.

1.3.2 Preadipocyte Cell Lines.

Preadipocyte cell lines have passed through the commitment phase and when
appropriately stimulated can differentiate into cells resembling mature adipocytes.
The properties of some of these cell lines are described below. Whilst these lines
display many similar characteristics, their responsiveness to both positive and
negative regulators of adipogenesis varies widely. This probably reflects stage-
specific differences which relate to the point in development at which the lines

were derived.

A. 3T3-L1 and 3T3-F442A Cell Lines. These cell lines are probably the most
extensively characterised cell culture models for preadipocyte development. They
were originally selected from the murine embryonic Swiss 3T3 M cell line for their
ability to spontaneously accumulate triglyceride (Green and Kehinde, 1974; Green
and Kehinde, 1976). The differentiation defective 3T3-C2 cell line was also
derived from the same source. Prior to differentiation these cell lines resemble the
fibroblastic preadipocyte cells found in WAT stroma. Although both the 3T3-L1
and F442A lines can differentiate spontaneously, protocols have been developed
that induce rapid adipogenesis at high frequency (Student et al, 1980). For the
3T3-L1 cell line, the most widely used agents are dexamethasone, supra-
physiological levels of insulin and methyl isobutylxanthine (MIX), a cyclic AMP
(cAMP) phosphodiesterase inhibitor, whilst 3T3-F442A cells are responsive to

insulin and growth hormone.



B. Obl7 Cell Line. The Obl17 preadipocyte cell line was derived from the stromal
cells of epididymal fat pads from C57/BL/6J ob/ob (genétically obese) mice
(Negrel et al, 1978). Various sub-lines with high adipogenic capacity have since
been derived from Obl7, (e.g. Ob1771), which can be induced to differentiate in
serum-free medium containing ‘insulin, growth hormone, triiodothyronine and

either agents that elevate intracellular cAMP concentrations or glucocorticoid.

C. TAl Cell Line. This cell line was derived from 10T1/2 cells treated with 5-
azacytidine in order to pass through the commitment phase (Chapman et al, 1984).
Differentiation is induced with dexamethasone or indomethacin, a prostaglandin

synthesis inhibitor.

D. HIB-1B Cell Line. The HIB-1B cell line represents a model for BAT
development. Originally derived from a cultured murine brown cell tumour
(hibernoma), this line differentiates in response to insulin, triiodothyronine, MIX,
hydrocortisone and indomethacin (Ross et al, 1992). The unique feature of this cell
line is that, once differentiated, it is competent to express the uncoupling protein
(UCP/thermogenin), which is responsible for uncoupling respiration from oxidative

phosphorylation. Expression of UCP is induced by p-adrenergic agents.

1.3.3 Validity of Cell Culture Models for the Study of Adipogenesis.

Considerable evidence exists to suggest that preadipocyte cell lines do, indeed,
represent valid models for adipogenesis. Sub-cutaneous injection of 3T3-F442A
cells into Balb/c athymic mice, at anatomical sites usually devoid of adipose,
results in the formation of apparently normal fat pads at the site of injection (Green
and Kehinde, 1979). Additionally, detailed histological and electron microscopic
studies of mature 3T3-L1 cells revealed structural and ultra-structural features

indistinguishable from adipocytes in situ (Novikoff et al, 1980). Fully



differentiated cells from these lines are also found to mimic the metabolic
properties of WAT-derived adipocytes. Hence, they display appropriate hormone
sensitivity and responsiveness to metabolic effectors, and express the full range of
proteins required for effective lipid metabolism. In addition, studies employing
primary preadipocytes from a variety of sources suggest that such cells are
responsive to the same group of effectors that initiate adipogenesis in established
cultures (Ramsay et al, 1989a; Ramsay et al, 1989b). Finally, with the advent of
transgenic and nullizygous animal technology, it is likely that many of the

conclusions drawn from cell culture systems will be verified in vivo.

1.4 Modulators of Adipogenesis.

Efficient differentiation of the preadipocyte cell lines is achieved by treatment with
external inducers. The most commonly used factors are described below, whilst the
reader is referred to reviews by Smyth et al (1993) and Cornelius et al (1994) for a
comprehensive list of agents that both positively, and negatively, affect

adipogenesis.

1.4.1 Insulin, Insulin-like Growth Factor-1 and Growth Hormone.

Whilst growth hormone and high levels of insulin are known to promote
adipogenesis, it is now apparent that both hormones exert many of their effects
through the insulin-like growth factor-1 (IGF-1) receptor, and that physiological
doses of IGF-1 can substitute for insulin and growth hormone in some cell lines
(Smith et al, 1988). Preadipocytes possess large numbers of IGF-1 receptors, but
relatively few insulin receptors. Thus, when present at supra-physiological levels,
insulin is able to bind to the IGF-1 receptor, and so mimic the effects of IGF-1. In
contrast, growth hormone acts by initiating an autocrine/paracrine loop, whereby

signalling via the growth hormone receptor stimulates increased expression and



secretion of IGF-1, which subsequently binds and signals through its own receptor

(Zezulak and Green, 1986; Kamai et al, 1996).

The IGF-1 receptor is a member of the receptor tyrosine kinase family, which signal
through the Ras pathway in order to transmit extracellular signals to the nucleus
(see Figure 1). Ligand stimulated activation of the IGF-1 receptor results in the
activation of Ras, a small GTP/GDP binding protein, which in turn stimulates a
cascade of serine/threonine kinases, including Raf-1 and the mitogen activated
protein kinase (MAPK), ultimately influencing the expression of a number of target
genes (Khosravi-Far and Der, 1994; Maruta and Burgess, 1994). Evidence for an
involvement of the Ras signal transduction pathway in adipogenesis comes from
several sources. Liao and Lane (1995) demonstrated that over-expression of a
phosphotyrosine phosphatase, HA2, in 3T3-L1 preadipocytes effectively blocked
differentiation, whilst treatment with the phosphatase inhibitor, vanadate, reversed
this effect. Additionally, over-expression of a constitutively active Ras allele in the
3T3-L1 system resulted in differentiation in the absence of inducing hormones
(Benito et al, 1991), as did constitutive activation of Raf-1, (Porras et al, 1994).
Conversely, blocking Raf-1 function with a dominant negative allele inhibited

differentiation (Porras et al, 1994).

An important function of insulin in adipocyte differentiation is the facilitaﬁve up-
take of glucose by specific transport proteins. Whilst Ras mediates the insulin-
stimulated translocation of the ubiquitous transporter, GLUT], it has no effect on
GLUT4, the major glucose transport protein active during adipogenesis (Hausdorff
et al, 1994; van den Berghe ef al, 1994). Insulin-stimulated glucose uptake is now
thought to be mediated by phosphatidylinositol 3-kinase (Okada et al, 1994), which
is linked to insulin receptor activation via the insulin receptor substrate 1 (IRS-1)

protein (Holman and Cushman, 1994). However, recent studies suggest that whilst
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Ras and phosphatidylinositol 3-kinase activity are necessary to mediate the various
effects of insulin, they are not in themselves sufficient to promote the full
adipogenic response, suggesting a requirement for other signal transduction

pathways (Wiese et al, 1995).

This hypothesis is further supported by studies using growth hormone. 3T3-F442A
preadipocytes require growth hormone for differentiation when grown in serum
supplemented conditions, as shown by immunodepletion studies. However, in this
system IGF-1 can not substitute for growth hormone (Nixon and Green, 1984).
Additionally, the ob1771 cell line has a requirement for growth hormone that can
not be met by IGF-1. This suggests that growth hormone functions by more than
one mechanism. Indeed, the growth hormone receptor is a member of the cytokine
receptor superfamily, which has recently been shown to signal via a novel route, the
so called JAK/STAT pathway (Figure 1). Members of the Janus (JAK) kinase
family of soluble tyrosine kinases associate with the cytokine receptor and are
rapidly activated by tyrosine phosphorylation following ligand binding. The
activated JAKs then phosphorylate members of the Signal Transducers and
Activators of Transcription (STAT) family of transcription factors, which
translocate into the nucleus, where they activate transcription of specific target
genes (Thle and Kerr, 1995; Watanabe and Arai, 1996). Growth hormone binding
to its receptor has been shown to activate JAK2 (Argetsinger et al, 1993), and
STATs 1, 3 and 5 (Ram et al, 1996). With respect to the role of growth hormone in
promoting adipogenesis, it is also of interest to note that there may be considerable
cross-talk between the Ras and JAK/STAT signalling pathways (Ihle, 1996;
Winston and Hunter, 1996) and that JAK2 may also be involved in IRS-1 activation

(Argetsinger et al, 1995).



1.4.2 Glucocorticoid and cAMP.

Differentiation of obl771 preadipocytes is poteritiated by glucocorticoid.
Glucocorticoids stimulate the expression of the enzyme, phospholipase A2,
resulting in the release of arachidonic acid for prostaglandin biosynthesis.
Increased levels of prostaglandins in turn lead to an increase in the intracellular
levels of the second messengers, cCAMP and Ca®*, which presumably act via the
protein kinase A and C pathways respectively (Vassaux et al, 1992). However, in
some cell lines, including TAl, arachidonic acid and its metabolites inhibit
adipogenesis (Serrero et al, 1992). In this case, treatment with dexamethasone is
thought to induce an inhibitor of phospholipase A2, whilst indomethacin inhibits
the activity of cyclo-oxygenase, the enzyme which catalyses the initial breakdown
of arachidonic acid. In addition, both dexamethasone and MIX, which increases
cAMP levels by inhibiting the cAMP phosphodiesterase, elevate the expression of
two transcription factors thought to be involved in the early stages of the
differentiation programme: the CCAAT/enhancer binding proteins (C/EBP) & and
B, respectively (Yeh et al, 1995a). The role of these factors in adipogenesis is
discussed in Chapter 2. Finally, cAMP is also implicated in the positive regulation
of at least one gene involved in lipid metabolism, the fatty acid binding protein,

aP2/422 (Yang et al, 1989).

1.4.3 Fatty Acids and Peroxisome Proliferators.

Treatment of preadipocytes with long chain fatty acids stimulates the expression of
several genes involved in lipid metabolism (Distel et al, 1992; Abumrad et al,
1993) and induces differentiation. More recently, it has been demonstrated that
peroxisome proliferators, a diverse class of amphipathic compounds, including
certain herbicides and hypolipidaemic drugs, can induce adipogenesis in the 3T3-
L1 cell line with varying degrees of efficacy (Chawla and Lazar, 1994). Natural

fatty acids and the peroxisome proliferators appear to function by a common



mechanism (Tontonoz et al, 1995a; MacDougald and Lane, 1995a), viz. stimulation
of members of a sub-group of the nuclear hormone recéptor family of transcription
factors, the peroxisome proliferator activated receptors (PPARs). Two PPARs are
implicated in adipogenesis thus far: PPARy2 (Tontonoz et al, 1994a) and the fatty
acid activated receptor (FAAR/PPARS/Nucl), which was recently cloned by Amri

and co-workers (1995). These factors are discussed in Chapter 2.

1.4.4 Inhibitors of Adipogenesis.

The adipogenic programme may be inhibited by a variety of substances, including
growth factors, cytokines, and the product of the c-myc oncogene (Smyth et al,
1993). The mode of action of many of these anti-adipogenic agents remains
unclear. However, in the case of growth factors, inhibition of differentiation is
likely to be an indirect consequence of stimulating proliferation. Both epidermal
growth factor (EGF) and transforming growth factor a (TGFa) are able to inhibit
adipogenesis in vitro and studies with TGFa transgenic mice demonstrate a 50%
reduction in total body fat when compared with non-transgenic controls (Luetteke
et al, 1993). Similarly, sub-cutaneous injection of EGF into neonatal rats decreased
fat pad weight due to a reduced differentiation potential of the adipocyte precursors

(Serrero and Mills, 1991).

The cytokine, tumour necrosis factor o (TNFa), is able to inhibit differentiation of
the TA1 cell line in the presence of inducing agents (Torti et al, 1985). In addition,
treatment of mature adipocytes with TNFa suppresses the expression of a sub-set
of fat-specific genes and is associated with marked delipidation and morphological
changes, a phenomenon known as dedifferentiation. The genes affected by TNFa
appear to be predominantly targets of the transcription factor, C/EBPa, whilst the
expression of other genes such as lipoprotein lipase and malic enzyme is not

obviously deregulated (Weiner et al, 1991) It is now clear that at least some of the



inhibitory effects of TNFa may be mediated by c-myc (Ninomiya-Tsuji et al, 1993).
The role of the Myc oncoprotein as a negative regulator of adipogenesis is

described in detail in Chapter 3.

1.5 The Differentiation Programme.
Adipose cell differentiation is a multistep process, the key features of which are

outlined below and summarised in Figure 2.

1.5.1 Determination.

As described in Section 1.3.1, 5-azacytidine treatment of multipotent stem cell lines
results in the generation of three determined lineages, including preadipocytes
(Taylor and Jones, 1979). This suggests that demethylation is an important trigger
for differentiation, and various mechanisms are proposed to account for this
activity. Firstly, hypomethylation may alter the chromatin structure and so unmask
putative cis-acting regulatory elements. Alternatively, based on the 10T1/2 model
for myogenic determination, expression of a unique transcription factor may
commit the mesodermal stem cell to the adipocyte lineage. Transfection of
genomic DNA derived from 3T3-F442A or human fat cells into the differentiation
defective 3T3-C2 cell line resulted in adipogenic conversion when cultured in the
presence of insulin (Chen et al, 1989), suggesting the presence of a sequence(s)
capable of initiating the differentiation programme. This activity was found to
reside in two non-identical sequences of 1.2 and 2.0kb (Colon-Teicher et al, 1993).
However, the mechanism by which they exeﬁ their effect, or the identity of any

putative gene products, remains unclear.
Postulating that regulatory genes should be expressed early in the differentiation

programme, Sadowski and co-workers (1992) isolated five cDNAs that were

expressed in the correct temporal pattern during induced differentiation of 3T3-L1
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cells. However, these still require further characterisation in order to establish a
role, if any, in the commitment process. Other candidates for the “master
regulator” of adipogenesis include a number of previously described transcription
factors. Under appropriate conditions both C/EBPa and PPARY2 can convert
fibroblastic cell lines with no overt adipogenic capacity (e.g. NIH-3T3) to the
adipocyte phenotype (Freytag et al, 1994; Tontonoz et al, 1994b). In addition, the
adipocyte determination and differentiation factor, ADDI, cloned by Spiegelman’s
laboratory (Tontonoz et al, 1993) and the HNF/forkhead-like factor involved in the
early expression of lipoprotein lipase (Enerback et al, 1992) are also proposed to be
involved in adipocyte commitment. The role of each of these factors during

adipogenesis is described fully in Chapter 2.

1.5.2 Growth Arrest at Confluence: Cell-Cell and Cell-Extracellular Matrix
Communication.

Once determined, preadipocytes in culture proliferate until cell-cell contact at
confluence inhibits further mitosis and the cells enter the Gy phase of the cell cycle.
This appears to be a prerequisite for subsequent differentiation and is associated
with the expression of several “early” marker genes: lipoprotein lipase (Cornelius et
al, 1988), FAAR (Amri et al, 1995) and the a2 chain of Type VI collagen (Dani et
al, 1989). It is likely that these effects are mediated by cell-cell or cell-extracellular
matrix (ECM) interactions, as described in other model systems. Thus, muscle cell
precursors in Xenopus laevis require to interact in groups of at least 100 in order to
induce the expression of MyoD (Holt et al, 1994)-the so-called “community
effect”-whilst P19 embryonal carcinoma cells are induced to differentiate by
cellular aggregation (Skerjanc et al, 1994). However, with respect to adipogenesis,
it is of interest to note that gap-junctional communication between cells is lost as
differentiation progresses, and that down-regulation of Connexin-43 is observed

prior to the expression of certain fat-specific genes (Smas and Sul, 1995).
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The inﬂugnce of ECM components on differentiation and development is well
documented (Adams and Watt, 1993). Laminin mediates the tissue-specific
expression of B-casein in mammary epithelia (Streuli ef al, 1995) and this occurs in
the absence of cell-cell interaction (Streuli et al, 1991). In contrast, fibronectin
inhibits the differentiation of both keratinocytes (Adams and Watt, 1989) and 3T3-
F442A preadipocytes (Spiegelman and Ginty, 1983). In the case of adipogenesis, it
was found that this block could be relieved by cytochalasin D, an agent which
disrupts actin filaments (Spiegelman and Ginty, 1983). During the early stages of
adipocyte differentiation, there are alterations in the expression of various ECM
components and in the ultrastructure of the actin cytoskeleton (Smas and Sul,
1995). 1t is therefore likely that such alterations are involved in initiating or
transducing signals for adipose differentiation, for example via integrin signalling

pathways (Hynes, 1994).

Preadipocyte factor 1 (Pref-1) is a recently cloned transmembrane protein that may
be involved in maintaining the preadipocyte phenotype (Smas and Sul, 1993). This
protein is expressed exclusively in preadipocytes and is down-regulated as
differentiation progresses. Interestingly, its expression is elevated in the 3T3-C2
differentiation defective clone, and enforced expression in 3T3-L1 preadipocytes
inhibited differentiation (Smas and Sul, 1993). This protein is characterised by
large amounts of N-linked glycosylation and the presence of six tandem EGF-like
repeats in the extracellular domain. This motif is found in a number of molecules
involved in protein-protein interactions, including ECM components (Thiery and
Boyer, 1992) and the Drosophila proteins, Notch and Delta, which govern cell fate
decisions (Fehon er al, 1990). It is therefore possible that Pref-1 may inhibit
adipogenesis via ECM interactions, which are disrupted as differentiation

commences due to alterations in the overall composition of the matrix.
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1.5.3 Mitotic Clonal Expansion.

Treatment of the determined preadipocyte culture with external modulators of
adipogenesis results in the initiation of one or more rounds of mitosis, which
appear to be required for subsequent differentiation (Bernlohr et al, 1985). Clonal
expansion is also observed in the L6E9 myoblast line following treatment with
IGF-1 (Engert et al, 1996), suggesting that in general proliferation precedes
differentiation. However, certain mitogens may stimulate post-confluent mitosis
without inducing differentiation. This suggests that DNA replication is necessary,
but not sufficient, for adipogenesis. The function of this clonal expansion is not
clear, but it is possible that replication and accompanying changes in chromatin
structure may make cis-acting elements accessible to transcription factors, which
either activate or derepress genes involved in the acquisition of the adipocyte

phenotype.

1.5.4 The Differentiation-Specific Growth Arrest (Gp).

Following clonal expansion, preadipocytes enter a unique growth arrested state,
designated Gp, which is thought to be permissive for terminal differentiation (Scott
et al, 1982). Gp can be distinguished from other forms of growth arrest by a
number of criteria (Wille and Scott, 1982). Cells arrested at confluence (Gs) or due
to nutrient (e.g. amino acid) deprivation (Gy) retain the ability to respond to serum
mitogens and are unable to undergo adipogenesis, whilst cells arrested in Gp have
the ability to differentiate in the absence of further DNA synthesis and are
unresponsive to serum stimulation. However, Gp cells are responsive to the
mitogenic effects of MIX, whilst cells arrested in the Gs or Gy state remain
unaffected by this treatment. It has been proposed that each of these arrest states
represents a distinct topographical stage in what is more typically referred to as the
Gy phase of the cell cycle, since they can be readily interconverted in the absence of

further genome replication (Wille and Scott, 1982).



The relationship between growth arrest and differentiation has been extensively
studied in the A31T6 preadipocyte model (Wang et al, 1994). A31T6 cells that
have attained the Gp arrest state, but do not yet display the adipocyte phenotype,
can be induced to re-enter the cell cycle by treatment with MIX (Scott et al, 1983).
However, as differentiation proceeds this proliferative potential is progressively
lost and the growth arrest becomes irreversible. This suggests that Gp may initially
be a relatively plastic state and that cells lodged in this phase of the cell cycle may
either progress to terminal differentiation or else remain in a “non-terminally”
differentiated state, depending on the external cues (Yun and Scott, 1983). The
molecular basis for the differentiation-specific growth arrest is not fully understood.
However, as described in Chapter 2, the larger isoform of C/EBPa is reported to
possess anti-mitotic activity (Umek et al, 1991) and so may therefore function in a

manner analogous to MyoD during myogenesis (Crescenzi et al, 1990).

1.5.5 Morphological Changes.

As differentiation progresses, alterations in cellular morphology become apparent:
the spindle-shaped preadipocyte converting to a rounded cell type that rapidly
enlarges as a consequence of cytoplasmic triglyceride accumulation. Changes in
the actin cytoskeleton are involved in this phenomenon. In preadipocytes, actin
filaments are present in a well defined stress fibre pattern which becomes highly
disorganised as the adipocyte morphology is attained. Indeed, treatment with
cytochalasin D is sufficient to rescue adipogenesis in cells blocked by growth on
fibronectin (Spiegelman and Ginty, 1983). Expression of actin and tubulin
decrease during differentiation (Spiegelman and Farmer, 1982) and this precedes

both morphological changes and the expression of adipocyte-specific genes.
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1.5.6 Co-ordinate Changes in Gene Expression.

The terminal stages of adipocyte differentiation are initiated by the induction of
C/EBPa and PPARYy2, both of which are implicated in directing the co-ordinate
expression of many fat-specific genes (see Chapter 2). Acquisition of the adipocyte
phenotype involves changes in expression of a large number of genes (Sidhu,
1979). These encode proteins involved in lipid and carbohydrate metabolism,
hormone signalling, secretory molecules and components of the ECM and
cytoskeleton. A comprehensive list of these proteins has been compiled by

Cornelius et al (1994).

1.5.7 Triglyceride accumulation.

A classical feature of fully differentiated adipocytes is the accumulation of
cytoplasmic triglyceride droplets. A key intermediate of triglyceride biosynthesis is
glycerol-3-phosphate (Stryer, 1988). However, adipocytes lack the kinase required
to phosphorylate endogenous glycerol and so utilise glucose in order to initiate the
biosynthetic pathway. Glucose is taken up by the adipocyte where it enters the
glycolytic pathway. At the branch point of glycolysis, where fructose 1,6-
bisphosphate is cleaved to form dihydroxyacetone phosphate and glyceraldehyde-3-
phosphate, an isomerase reaction occurs which favours the formation of
glyceraldehyde-3-phosphate. However, during de novo triglyceride biosynthesis,
the dihydroxyacetone phosphate is instead converted to glycerol-3-phosphate by the
action of the enzyme, glycerophosphate dehydrogenase (GPD). Glycerol-3-
phosphate then undergoes a number of acylation reactions to form phosphatidate,
which is hydfolysed then re-acylated to form triacylglycerol, the major form of lipid

stored by the adipocyte.
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1.5.8 Terminal Differentiation.

Maintenance of the terminally differentiated state is thought to be a consequence of
continued expression of C/EBPa and is likely to result from combined functional
effects: namely, the capacity to inhibit mitosis and transactivation of fat-specific
genes. Sustained expression of C/EBPa results from autoactivation due to a C/EBP
binding site in the proximal promoter (Lin and Lane, 1992). Agents such as TNFa
cause dedifferentiation and this is associated with the loss of C/EBPa expression
(see Section 1.4.4). Additionally, treatment of fully differentiated 3T3-L1 cells
with either insulin or glucocorticoid resuits in both reduced expression and activity
of the C/EBPa protein (MacDougald et al, 1994; MacDougald et al, 1995a).

However, the physiological relevance of this observation remains unclear.

1.6 Obesity.

Adipocytes represent the major energy reserve of higher species and as such
presumably evolved to aid survival during periods of nutrient deprivation.
However, the lifestyle now prevalent in most western societies has rendered the
requirement for such an energy reserve physiologically obsolete. In consequence,
the availability of high-fat foodstuffs and a sedentary lifestyle are reflected in an
increased incidence of obesity and its attendant syndromes, most notably cardio-

vascular disease and non-insulin dependent diabetes.

Whilst the aetiology of obesity is complex and likely to be multi-factorial, it is
becoming increasingly apparent that in some cases a genetic component potentiates
individuals towards this disease. Recent advances in our understanding of the
molecular biology of obesity have arisen from the cloning and characterisation of a
number of genes associated with murine models of obesity. These include the
genetic lesions associated with the obese (Zhang et al, 1994), diabetes (Tartaglia et

al, 1995), tubby (Kleyn et al, 1996; Noben-Trauth et al, 1996) and fat (Naggert et
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al, 1995) mice. At least one of these genes, obese (leptin), is a target of C/EBPa in
mature édipocytes (MacDougald et al, 1995b; Hwang et al, 1996). Whilst the
precise biological function of the obesity genes requires further investigation, a
picture is emerging whereby the adipose secretes peptides, such as leptin, in
response to feeding. These are targeted to specific receptors, including the product
of the diabetes gene, within the hypothalamus which has been proposed to function
as the “satiety” centre of higher organisms (Flier, 1995). In this manner, adipose is
therefore functioning as an endocrine tissue, initiating a feedback loop in order to
regulate food intake. Hence, the molecular biology of obesity has, in recent
months, become an area of intense activity. Assuming that the observations made
with murine models can be extrapolated to the human disease, the ultimate goal
will be the introduction of therapeutics designed to specifically combat what is fast

becoming one of the major health problems of the late twentieth century.

19



CHAPTER 2: Transcriptional Regulation of Adipogenesis.

2.1 Introduction.

As described in Chapter 1, acquisition of the adipocyte phenotype is associated
with dramatic changes in gene expression. This phenomenon is largely mediated
by the activity of frams-acting factors which either activate or derepress the
transcription of adipocyte-specific genes. Several transcription factors implicated
in adipogenesis have been cloned and characterised and these are discussed in

detail below.

2.2 The CCAAT/Enhancer Binding Protein (C/EBP) Family.

The C/EBP proteins are members of the basic leucine zipper (bLZ) family of
transcription factors (Hurst, 1994), which are characterised by a C-terminal DNA
binding domain rich in basic amino acids, positioned immediately upstream of a
protein dimerisation motif. The prototypic family member, C/EBPa., was originally
characterised as a protein with the ability to bind both the CCAAT pentanucleotide
present in the proximal promoter of many genes (Graves et al, 1986) and the
enhancer core homology region of certain animal viruses (Johnson et al, 1987).
Whilst the consensus DNA binding site is reported to be ATTGCGCAAT, a broad
range of substitutions is tolerated (Osada et al, 1996). Protein dimerisation is
mediated by the leucine zipper, which comprises five heptad repeats with a leucine
residue at every seventh position, that forms an amphipathic o-helical array
(Johnson and McKnight, 1989). Protein-protein interactions occur via the
association of these o-helices to form a parallel, double stranded, coiled-coil
structure, stabilised primarily by hydrophobic interactions. Following dimerisation,
DNA binding is proposed to occur by the “scissors-grip” model (Vinson et al,
1989). In addition to forming homodimers, C/EBP proteins are also able to

heterodimerise with other family members and with unrelated bLZ proteins,
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including those of the ATF/CREB class (Vallejo et al, 1993). This creates
functional diversity, as does the presence of highly divergent transactivation
domains located in the N-terminus of the molecule (Friedman and McKnight,
1990). C/EBP proteins are expressed in a variety of cell types, where they function
as mediators of both differentiation and stress responses. The role of individual

C/EBP proteins during adipogenesis is discussed in Sections 2.2.1-2.2.4.

2.2.1 C/EBPa.

C/EBPa was originally characterised as a heat-stable protein present in rat liver
(Landschulz er al, 1988), capable of binding two cis-regulatory elements (Section
2.2). A single 2.7kb mRNA gives rise to multiple isoforms (Ossipow et al, 1993),
the 42-kDa and 30-kDa proteins being the most abundant. These differ at the N-
terminus and are generated as alternative translation products by leaky ribosomal
scanning (Calkhoven et al, 1994), initiation of the 30-kDa form occurring at an
internal methionine codon located in a more favourable context than that for the 43-
kDa form (Kozak, 1991). Expression of C/EBPa is limited to tissues displaying a
high lipogenic capacity (Birkenmeier ef al, 1989), including WAT, BAT, liver, lung
and intestine, and whilst not strictly adipocyte-specific is probably the best

characterised of all the adipogenic transcription factors.

Evidence for a role in adipogenesis comes from several sources. Expression of
C/EBPa was seen to increase during induced differentiation of the 3T3-L1 cell line
(Christy et al, 1989), due to transactivation of the c/ebpa gene (Christy et al, 1991).
Subsequently, C/EBP binding sites were identified in the promoters of certain
adipocyte-specific genes that are expressed in a temporal pattern suggestive of co-
ordinate regulation by C/EBPa during differentiation. Indeed, co-transfection
studies confirmed the ability of C/EBPa to both bind and transactivate the

promoters of several of these genes, including the fatty acid binding protein,
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aP2/422 (Herrera et al, 1989), stearoyl-CoA desaturase 1 [SCD1] (Christy et al,
1989) and GLUT 4 (Kaestner et al, 1990). Mutation of the C/EBP binding site in
these promoter constructs specifically abolished this effect. However, whilst
persuasive, such experiments do not in themselves provide direct evidence for a

role for C/EBPa during adipogenesis. Thus, an alternative strategy was pursued.

Adopting an antisense approach, two separate groups were able to demonstrate that
specific inhibition of C/EBPa was associated with a concomitant block to
differentiation in 3T3-F442A and 3T3-L1 cells (Samuelsson et al, 1991; Lin and
Lane, 1992). Expression of an antisense C/EBPa vector in these cell lines was
associated with the loss of aP2/422, SCD1 and GLUT4 expression and an inability
to accumulate cytoplasmic triglyceride. Interestingly, early markers such as
lipoprotein lipase were unaffected, suggesting that C/EBPa is required for the
terminal stages of differentiation. Expression of a sense C/EBPa construct in cell

lines already harbouring the antisense vector was able to rescue the adipocyte

phenotype.

Other workers sought to establish a role for C/EBPa in the differentiation process
by transfection into preadipocytes. Assuming that the protein was necessary for
adipogenesis, it was proposed that ectopic over-expression of C/EBPa in the
undifferentiated cell type would result in adipogenic conversion. However, such
studies were hampered by the anti-mitotic activity of C/EBPa, and stable cell lines
expressing the protein could not be propagated. This was partially overcome by the
use of a C/EBPa/oestrogen receptor fusion protein which was only active in the
presence of B-oestradiol (Umek et al, 1991). However, contrary to expectation,
activation of the fusion protein blocked mitosis but did not result in differentiation.
Adipogenesis could only be achieved in the presence of external modulators. In

contrast, Freytag and Geddes (1992) demonstrated that enforced expression of
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C/EBPa in 3T3-L1 cells generated small foci that could not be propagated but
underwent spontaneous adipogenic conversion. The conversion rate was extremely
low (~12%) but provided the first indication that C/EBP« is sufficient for 3T3-L1
adipogenesis. Further studies employing an isopropyl B-D-thiogalactoside (IPTG)
inducible C/EBPa vector in 3T3-L1 cells confirmed this finding (Lin and Lane,
1994). However, the most conclusive evidence that C/EBPa is a key factor in
adipocyte differentiation comes from studies in cell lines that usually display no
adipogenic capacity. Ectopic retroviral expression of C/EBPa was shown to
promote the differentiation programme in a variety of murine fibroblastic cell lines,

(Freytag et al, 1994), and this also occurred in the absence of inducing agents.

As described in Section 1.5.8, C/EBPa appears to have multiple roles in
adipogenesis. Possibly the most intriguing of these is the ability to inhibit mitosis.
This anti-mitotic function has been mapped to the N-terminal 12-kDa portion of the
molecule, since over-expression of the 30-kDa isoform, which lacks this domain, in
3T3-L1 cells does not inhibit proliferation (Lin et al, 1993). Since C/EBPa is
induced at the cessation of clonal mitotic expansion, it has been proposed that it
may be required for cells to enter the differentiation-specific growth arrest, Gp (see
Section 1.5.4). Whilst the mechanism by which C/EBPa exerts this effect remains
unclear, various possibilities exist, with analogies being drawn from the myogenic
lineage. Both MyoD (Halevy et al, 1995) and Myogenin (Andres and Walsh, 1996)
are proposed to mediate cell cycle withdrawal during myogenesis via the induction
of the cyclin-dependent kinase inhibitor (CKI), p21. It is therefore of interest to
note that expression of p21 was induced during growth arrest of a human
fibrosarcoma cell line conditionally over-expressing C/EBPa (Timchenko et al,
1996). Whether C/EBPa employs such a mechanism during adipogenesis remains
unclear. However, in 3T3-L1 cells, C/EBPa was found to induce the expression of

the growth arrest and DNA damage gene, gadd45, with similar kinetics to aP2/422
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and SCD1 (Constance et al, 1996), suggesting a way in which mitotic arrest and
fat-specific gene expression could be coupled. Another candidate is the product. of
the retinoblastoma susceptibility gene, pRb. This protein is both induced and
bound by MyoD (Martelli et al, 1994) and its growth suppressive activity is thought
to be required for myogenesis (Gu et al, 1994). Myocytes lacking pRb accumulate
in the S and G2 phases of the cell cycle and display defective muscle-specific gene
expression (Novitch ef al, 1996). Similarly, lung fibroblasts derived from rb null
mice are unable to undergo adipogenesis (Chen et al, 1996a). In this system, pRb
was found to influence terminal differentiation of wild type cells through direct
interaction with C/EBP family members. However, work by Hendricks-Taylor and
Darlington (1995) suggests that C/EBPa inhibits proliferation in many cell types in
the absence of pRb.

Conclusions drawn regarding the role of C/EBPa during in vitro adipogenesis have
been substantiated in vivo using nullizygous mouse models. Mice homozygous for
a targeted deletion of the c/ebpa gene display abnormalities in both WAT and BAT
(Wang et al, 1995), and have a reduced capacity to accumulate lipids. In addition,
hyperproliferation is observed in the lung and liver, supporting a role for C/EBPa
in cell cycle withdrawal (Flodby et al, 1996). However, the major feature of these
mice is their inability to synthesise and store liver glycogen and, in concert with a
number of other metabolic defects, they rapidly become hypoglycaemic and die
within 8 hours post-partum. Since C/EBPa is known to transactivate a number of
liver-specific genes in addition to those expressed during the terminal stages of
adipogenesis, it has therefore been proposed that this transcription factor acts to co-
ordinate the expression of genes essential for integrative metabolic processes
(Darlington et al, 1995) and hence is a critical regulator of global energy
homeostasis (Yeh and McKnight, 1995).
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2.2.2 C/EBPB.

C/EBPB was cloned by Cao and co-workers (1991) in an attempt to identify factors
that may be involved in adipogenesis, but was later found to be idenﬁcal to a
number of previously characterised proteins, including liver activatory protein
[LAP] (Descombes et al, 1990), NF-IL6 (Akira et al, 1990) and IL-6DBP (Poli et
al, 1990). As described above for C/EBPa, two isoforms of C/EBP are derived
from a single mRNA species by leaky ribosomal scanning, LAP (32-kDa) and a 20-
kDa form referred to as the liver inhibitory protein [LIP] (Descombes and Schibler,
1991). Whilst LAP and LIP possess identical bLZ domains, LIP lacks the N-
terminal transactivation domain. As such, LIP is incapable of transactivating target
genes harbouring C/EBP sites and so may be regarded as a dominant negative
inhibitor of other C/EBP family members. It is proposed that LIP functions either
as an inactive homodimer that competitively occupies the binding site, or else
heterodimerisation generates complexes with impaired transactivation potential.
Interestingly, the LAP:LIP ratio increases during adipogenesis, suggesting that LIP
may be required to modulate the effects of LAP in the earlier stages of the

differentiation programme.

C/EBP is expressed in a number of cell types with high lipogenic or metabolic
capacity, and functions in a variety of biological processes including haemopoiesis
(Muller et al, 1995; Wall et al, 1996) and the acute phase response (An et al, 1996;
Estes et al, 1995). In the 3T3-L1 cell line, C/EBP is induced by MIX during
clonal expansion, the levels declining thereafter (Yeh et al, 1995a). This temporal
expression pattern and the presence of a specific binding site in the C/EBPa
promoter suggested that C/EBPP may induce the expression of C/EBPa., possibly
in combination with C/EBPS (Figure 3). Hence, C/EBP is implicated in a cascade
of regulation during adipogenesis, relaying the effects of external modulators to the

terminal phases of the differentiation programme (Yeh et al, 1995a).

25



MIX Dexamethasone

C/EBPpP C/EBP6
LI | (3/A6
CHOP-10
Lipigs . PPARy?2 » C/EBPa
4 >

FAT-SPECIFIC GENE EXPRESSION

t
TERMINAL DIFFERENTIATION
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During Adipogenesis.
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A role for C/EBPp in adipogenesis has also been demonstrated by transfection
experiments.  Retroviral expression of LAP in 3T3-L1 cells resulted in
differentiation in the absence of inducers (Yeh et al, 1995a), whilst over-expression
of LIP inhibited adipocyte conversion. Previously, work by Freytag and co-workers
(1994) had suggested that retroviral expression of C/EBPp in a range of fibroblastic
cell lines did not result in spontaneous differentiation. However, Yeh er al (1995)
were able to demonstrate that ectopic over-expression of C/EBPJ in the NIH-3T3
cell line was adipogenic, but only in the presence of hormones. This finding was
confirmed by the conditional expression of C/EBPP in NIH-3T3 cells (Wu et al,
1995). Interestingly, in this system, C/EBPP did not induce the expression of
C/EBPa., despite acquisition of the adipocyte phenotype, and a similar finding was
reported by Yeh et al (1995). This suggests that C/EBPP may transactivate
additional genes required to confer tissue specificity. Indeed, Wu et al (1995)
demonstrated that conditional over-expression of C/EBPB in NIH-3T3 cells
specifically induced the expression of the adipocyte specific transcription factor,

PPARY2.

Since C/EBPP is highly expressed during the clonal expansion phase which
precedes terminal differentiation, it is possible that this protein could also play a
role in proliferation. Growth hormone treatment of the 3T3-F442A cell line
induces the expression of the immediate early response genes, c-fos and c-jun, and
this appears to be a consequence of increased C/EBPB DNA binding activity
(Clarkson et al, 1995). However, the C/EBPp nullizygous mouse is characterised
by increased proliferation, particularly within the myeloid and lymphoid
compartments (Screpanti et al, 1995). Finally, C/EBPp has been found to interact
directly with the cell cycle regulator pRb, both in myeloid cells (Chen et al, 1996b)
and lung fibroblasts (Chen et al, 1996a-see Section 2.2.1), and this is associated

with increased DNA binding and transactivation potential. Whether this represents
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a growth suppressive activity or is unrelated to the ability of pRb to mediate cell

cycle withdrawal remains to be determined.

2.2.3 C/EBPO.

C/EBPS was originally isolated as a protein expressed transiently during the early
stages of adipogenesis (Cao et al, 1991) and was later found to be specifically
induced by dexamethasone (Yeh et al, 1995a). The protein is present as a single
species of 29-kDa and is implicated in the transactivation of C/EBPa. Like other
family members, C/EBPS is expressed in a variety of tissues and is involved in the
acute phase response (Ramji et al, 1993). However, the precise role of C/EBPS in
adipogenesis is not well characterised. Retroviral expression in 3T3-L1 cells
results in a modest differentiation potential (Yeh et al, 1995a), whilst over-
expression in NIH-3T3 cells is not adipogenic. However, co-expression of C/EBPf
and § in this cell line has a synergistic effect, both on adipocyte conversion and
expression of PPARy2 (Wu et al, 1996). Since PPARY2 is known to possess two
C/EBP binding sites (Zhu et al, 1995), it is likely that C/EBP and 8 act in concert

to induce the expression of this transcription factor during adipogenesis (Figure 3).

2.2.4 CHOP-10/GADD153.

The C/EBP homologous protein, CHOP-10, was cloned from a 3T3-L1 cDNA
library by its ability to bind C/EBPB (Ron and Habener, 1992) and was later found
to be the murine homologue of the growth arrest and DNA damage gene, gadd153
(Fornace et al, 1989). As such, the activity of CHOP-10 is well documented in the
stress response (Wang et al, 1996; Guyton et al, 1996). Additionally, chromosomal
translocations of CHOP-10 are observed in a number of malignancies (Sanchez-

Garcia and Rabbitts, 1994), most notably myxoid liposarcoma (Crozat et al, 1993).
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Whilst considered a member of the C/EBP family by virtue of sequence similarity,
CHOP-10 is unique in that the basic DNA binding region contains helix-breaking
amino acid substitutions (Ron and Habener, 1992), rendering it incapable of site-
specific DNA binding. However, the protein retains the capacity to heterodimerise
with other C/EBPs and so acts as a dominant negative inhibitor. In certain cases
CHOP/C/EBP dimers may be directed to non-canonical binding sites (Barone et al,
1994), although the biological relevance of this finding remains unclear. CHOP-10
has been shown to inhibit differentiation of the 3T3-L1 cell line, and this phenotype
may be reversed by over-expressing C/EBPa (Batchvarova et al, 1995). However,
it now seems likely that the key role of CHOP-10 during adipogenesis is as a
glucose sensor. CHOP-10 is induced by low concentrations of glucose (Carlson et
al, 1993), whilst maintaining glucose at high levels throughout the differentiation
programme abrogates this effect. This suggests that CHOP-10 may only operate
when cells are stressed, for example by nutrient deprivation, and that under normal

conditions it is not a physiological regulator of adipogenesis.

2.3 The Peroxisome Proliferator-Activated Receptor (PPAR) Family.

The PPAR proteins are members of the nuclear hormone receptor superfamily
(Calkhoven and Ab, 1996), which link lipophilic extracellular signals to gene
expression. These transcription factors are characterised by a conserved DNA
binding domain, containing two zinc finger motifs, and a divergent ligand binding
and dimerisation domain. Increased transactivation of target genes is mediated by
specific binding of endogenous ligand. PPARs were first isolated by virtue of their
activation by peroxisome proliferators (Isseman and Green, 1990), a diverse range
of compounds, classically associated with hepatic peroxisomal proliferation and
induction of the B-oxidation pathway in rodent models. Three family members
have since been cloned from Xenopus (Dreyer et al, 1992), which differ in their

pharmacological responses to the various activators, suggesting distinct biological
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functions. PPARs bind to a specific response element, the PPRE, comprising direct
repeats of the sequence AGGTCA, separated by a single nucleotide, the so-called
DR-1 motif (Dreyer et al, 1992). DNA binding requires heterodimerisation with
members of the retinoid X receptor (RXR) family (Kliewer et al, 1992) and is
associated with the transactivation of several enzymes involved in lipid metabolism

(Tugwood et al, 1992; Castelein et al, 1994).

2.3.1 PPARy2.

Whilst C/EBPa is enriched in adipose, it is also expressed in a variety of other cell
types, suggesting that it is unlikely to be the sole determinant of adipocyte-specific
gene expression during terminal differentiation. Indeed, the portion of the aP2/422
gene which confers tissue specificity in transgenic mice lacks a consensus C/EBP
binding site (Ross et al, 1990). The active region was mapped to a 518bp enhancer
element, located approximately 5kb upstream of the transcriptional initiation site
(Graves et al, 1991) and was found to comprise five protein recognition sites,
designated adipose regulatory elements (AREs). Two of these domains, ARE6 and
7, were bound by an adipocyte-specific factor, ARF6 (Graves ef al, 1992). Binding
of ARF6 was both necessary and sufficient for adipocyte-specific gene expression
and transactivation of ARE6/7 reporter constructs occurred in adipocytes but not
preadipocytes (Graves et al, 1992). Mutation of the ARE6 site abolished this

effect.

The ARF6 target sequence was found to share sequence homology with the DR-1
site bound preferentially by RXR/PPAR heterodimers. Subsequently, Tontonoz
and co-workers (1994a) cloned the murine homologue of Xenopus PPARy from an
adipocyte cDNA library, adopting a polymerase chain reaction (PCR) approach to
identify clones with sequence similarity to RXR and PPAR family members. This

adipocyte-specific form was referred to as PPARy2. Simultaneously, other
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laboratories cloned a second isoform, PPARyl (Kliewer et al, 1994; Zhu et al,
1993). These isoforms were‘found to arise from a single gene (Zhu et al, .1995),
containing two promoters that generate two alternatively spliced gene products,
differing at the N-termini. PPARy!l is expressed at low levels in many tissues,
whilst PPARY2 is present predominantly in adipose and is expressed with similar
kinetics to C/EBPa during differentiation. Subsequently, characterisation of ARF6
purified from the HIB-IB cell line demonstrated that it was a heterodimer,

composed of PPARy2 and RXRa (Tontonoz et al, 1994c).

PPARy2 was originally classified as an “orphan” receptor since the natural ligand
was unknown. As described above, synthetic activation of the PPARs could be
achieved by a number of structurally unrelated chemicals, including fatty acid
analogues. Indeed, treatment of U20S osteosarcoma cells conditionally over-
expressing PPARy2 with eicosanoids resulted in increased transactivation potential
(Yu et al, 1995). This effect was blocked by indomethacin, which inhibits
prostaglandin biosynthesis. Subsequently, the endogenous ligand was shown to be
a prostaglandin J, metabolite (Forman et al, 1995; Kliewer et al, 1995), thus

linking fafty acid stimulation to adipocyte differentiation.

As described for C/EBP family members a role for PPARY?2 in directing adipocyte
differentiation was demonstrated by retroviral expression in NIH-3T3 cells
(Tontonoz et al, 1994b). In this case, the differentiation potential of PPARy2-
expressing cells was stimulated by treatment with various PPAR activators.
However, co-expression of PPARy2 with C/EBPa resulted in differentiation in the
abseﬁce of external stimulants. This synergy suggests that PPARy2 and C/EBPa
may co-operate to orchestrate the events associated with terminal differentiation.
Indeed, co-expression of these transcription factors in myoblasts is sufficient to

cause transdifferentiation to the adipocyte phenotype (Hu et al, 1995). As
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described in Section 2.2.1, expression of both PPARy2 and C/EBPa during the
differentiation programme appears to be under the control of C/EBPS and §, é\nd
there is currently some speculation that PPARy2 and C/EBPo may also cross-
regulate one another. In addition, PPARY2 and C/EBPa share a common set of
target genes, including aP2/422 and phosphoenolpyruvate carboxykinase (Tontonoz
et al, 1995b). Hence, a picture emerges (Figure 3) whereby a cascade of regulatory
signals is channelled towards the activation of C/EBPa and PPARY2, thereby
culminating in the co-ordinate expression of genes required to execute the final

stages of the adipogenic programme.

2.3.2 Fatty Acid Activated Receptor (FAAR).

It is well established that fatty acids influence the early stages of adipogenesis
(Abumrad er al, 1991; Abumrad et al, 1993). In an attempt to understand this
phenomenon, Amri and co-workers (1995) cloned a protein from an ob1771 library
that appeared to mediate the transcriptional effects of fatty acids. This protein was
referred to as the fatty acid activated receptor (FAAR), but was later found to be
identical to human Nucl and PPARS (Kliewer ef al, 1994). Like other PPAR
family members, FAAR binds to DR-1 elements as a heterodimer with RXR
proteins. FAAR is expressed in a wide range of tissues, including adipose, and
whilst undetectable in growing ob1771 cells, is strongly induced at confluence.
This expression is augmented by treatment with palmitate. Ectopic expression of
FAAR in the differentiation defective cell line, 3T3-C2, conferred fatty-acid
responsiveness on both a lipid binding protein, ALBP, and the lipid transporter,
FAT (Amri et al, 1995), and there is some evidence to suggest that FAAR may also
regulate the expression of lipoprotein lipase in response to lipids (Amiri et al, 1996).
However, Schoonjans er al (1996) have recently demonstrated that upregulation of
lipoprotein lipase in adipose is mediated by PPARYy2, whilst in liver, tissue-specific

expression is directed by PPARa. Since the gold standard of adipogenic potential
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appears to be the ability to convert fibroblastic cell lines to the adipocyte
phenotype, it is therefore of interest to note that in a recent study both PPARa and
y2 were able to induce differentiation of NIH-3T3 cells in response to various
PPAR activators, whilst ectopic expression of FAAR was without effect (Brun et
al, 1996). In contrast, FAAR had been previously reported to mediate the
conversion of myoblasts to adipocytes following fatty acid treatment (Teboul et al,
1995). Clearly, the role of FAAR in adipocyte differentiation requires further

investigation.

2.4 Adipocyte Determination and Differentiation Factor 1 (ADD1).

Transcription factors of the basic region-helix-loop-helix (bHLH) class have been
implicated in cell fate determination in a number of lineages, including MyoD in
myogenesis, SCL in haemopoiesis and the achaete-scute complex in neurogenesis
(Jan and Jan, 1993). In addition to the basic DNA binding domain, these proteins
are characterised by a protein dimerisation motif (HLH), typified by two
ampbhipathic o helices joined by an intervening theta form loop, and the ability to
bind the canonical E-box sequence, CANNTG. Reasoning that adipocyte
determination may also be mediated by such a factor, a protein was cloned from a
rat adipocyte library via interaction with the E-box motif of the fatty acid synthase
gene (FAS). This protein was found to be a novel member of the bHLH-leucine
zipper (bHLH-LZ) family and was designated adipocyte determination and
differentiation factor 1 [ADD1] (Tontonoz et al, 1993). ADDI1 is expressed at low
levels in several tissues, including WAT, but is found predominantly in BAT. Both
3T3-F442A preadipocytes and 10T1/2 cells express low levels of the protein, which
is seen to increase dramatically following hormonal induction of adipogenesis,
suggesting that ADD1 may function in a manner analogous to MyoD, which is also
present in the undifferentiated cell type. ADDI1 is able to transactivate the

promoters of two adipocyte-specific genes, FAS (Tontonoz et al, 1993) and
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lipoprotein lipase (Kim and Spiegelman, 1996). Retroviral expression of ADD1 in
NIH-3T3 cells had a modest adipogenic effect, which could be augmented by co-
expression with PPARy2 (Kim and Spiegelman, 1996), whilst expression of a
dominant negative form of ADD]1 in the 3T3-L1 cell line repressed adipogenesis.
The human homologue of ADD1 was independently identified as the sterol
response element binding protein [SREBP1] (Wang et al, 1993), that binds the
motif ATCACCCCAC (Yokoyama et al, 1993), and is implicated in the
transcriptional regulation of cholesterol homeostasis. This suggests that ADD1

may play multiple roles in lipid metabolism.

2.5 HNF-3/Forkhead.

Lipoprotein lipase is one of the earliest genes to be induced during adipogenesis.
Differentiation-linked expression was found to be conferred by two cis-regulatory
elements, LP-a and LP-f, (Enerback et al, 1992), which share sequence homology
to the binding site for members of the HNF-3/forkhead family of transcription
factors, which are implicated in tissue-specific gene expression and developmental
processes (Clevidence et al, 1993; Kaestner et al, 1993). Indeed, a HNF-
3/forkhead-like binding activity was detected in 3T3-F442A cells and this was
found to increase during differentiation. Lipoprotein lipase is induced in
preadipocytes as they reach confluence and appears to be independent of the action
of the adipogenic hormones. At this time, the a2 chain of Type IV collagen is also
being expressed and a dense extracellular matrix (ECM) is deposited. During liver
differentiation, HNF-3 expression and subsequent transactivation of the albumin
gene promoter requires-stimulation by ECM-associated collagen (Liu et al, 1991).
By analogy, it is therefore proposed that the early phases of adipocyte
differentiation are mediated by similar interactions and this explains why growth
arrest at confluence is an absolute requirement for the differentiation programme to

proceed efficiently.
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CHAPTER 3: ¢-Myec: a Multifunctional Transcriptional Regulator.

3.1 Introduction.

The c-myc proto-oncogene is the prototypic member of a highly related gene
family, which is strongly implicated in the genesis of a wide range of human
malignancies. The gene itself encodes an unstable nuclear phosphoprotein
comprising several domains consistent with a role in transcriptional regulation and
is thought to function in a variety of biological processes, including the inhibition

of cellular differentiation.

3.2 Myc Family Proteins.

c-myc was originally identified as the cellular homologue of a gene transduced by
the transforming avian retrovirus, MC29 (Vennstrom et al, 1982). Subsequently,
two further myc family members were isolated from amplified regions detected in
naturally occurring tumours. These were designated N- and L-myc and were
associated with neuroblastoma (Schwab et al, 1983) and small cell lung carcinoma
(Nau et al, 1985) respectively. All myc family members share a characteristic three
exon structure, whereby exons two and three constitute a single open reading
frame, whilst exon one is essentially non-coding (Kelly and Siebenlist, 1986). This
first exon is thought to regulate gene expression. The protein itself comprises
several distinct domains and is a member of the basic helix-loop-helix leucine
zipper (bHLH-LZ) family of transcription factors (Torres et al, 1992), which also
includes ADD1 (Tontonoz et al, 1993) and USF (Gregor et al, 1990).

As described in Chapter 2, the basic region mediates sequence-specific DNA
binding, whilst the HLH and LZ motifs provide a dimerisation interface. Like
ADD1 (Section 2.4), Myc family members bind to the sequence CACGTG

(Blackwell et al, 1990; Prendergast and Ziff, 1991) and protein dimerisation is a

35



pre-requisite for this activity. Whilst Myc is able to bind DNA as a homodimer in
vitro, this is not thought to occur in vivo where the physiologically relevant form is
a heterodimer with a second, but unrelated, bHLH-LZ protein, Max (Blackwood
and Eisenman, 1991). Max is a stable nuclear phosphoprotein, constitutively
expressed in a wide range of cell types and during diverse cellular conditions. Two
major forms are generated by alternative splicing, p21 and p22, which differ only
by a nine amino acid insertion N-terminal to the basic region in p22. These are able
to form both homo and heterodimers with intrinsic DNA binding capacity but the

physiological relevance of the two isoforms is not yet known.

In addition to the C-terminal bHLH-LZ motif, Myc proteins also contain an N-
terminal domain with transactivating potential. This region is characteristically
proline and glutamine-rich, interspersed with acidic regions, and when fused to the
DNA binding domain of the yeast protein GAL4 is able to stimulate expression of a

reporter gene construct (Kato et al, 1990).

3.3 Myc Functions as a Transcription Factor.

3.3.1 Myc as an Activator.

Transactivation is a property of the Myc/Max heterodimer, and requires the Max
bHLH-LZ domain but both the Myc bHLH-LZ and N-terminal regions (Amati and
Land, 1994), suggesting that Max may be required solely for DNA binding.
Indeed, Max contains no obvious transactivation domain and so is likely to be
transcriptionally inert (Kato et al, 1992). Since these regions of Myc are essential
for its growth regulatory properties (Stone et al, 1987), it appears that dimerisation,
DNA binding and transactivation are fundamental to Myc activity. That the
Myc/Max complex is the biologically active form has been verified by genetic
complementation studies (Amati ef al, 1993). In addition, using synthetic promoter

constructs containing the CACGTG binding site, it has been demonstrated that the
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Myc/Max complex can activate transcription in both mammalian and yeast cells
(Kretzner et al, 1992; Amati er al, 1992; Crouch et al, 1993). However, Max
homodimers repress this activity, suggesting that the relative Myc:Max ratio may

also influence the ability of Myc to promote gene expression.

Whilst c-Myc is known to function in a variety of biological phenomena (Section
3.6), the identification of Myc target genes has thus far proven somewhat limited.
Candidates include ornithine decarboxylase [ODC] (Bello-Fernandez et al, 1993;
Wagner et al, 1993), a-prothymosin (Eilers et al, 1991), p53 (Roy et al, 1994) and
ECA39 (Benvenisty et al, 1992), all of which contain one or more CACGTG
motifs downstream of the transcription initiation site (Vastrik et al, 1994). Target
genes most recently identified include an RNA helicase (Grandori et al, 1996), the
eukaryotic initiation factor 4E (Jones et al, 1996) and the cell cycle phosphatase,
cdc25 (Galaktionov et al, 1996). However, the physiological relevance of many of

these genes for Myc function is not entirely clear.

3.3.2 Myc as a Repressor.

The search for direct targets of c-Myc transcriptional activity led investigators to
conclude that Myc may also repress gene expression (Kaddurah-Daouk et al, 1987).
Genes repressed by c-Myc include C/EBPa (Li et al, 1994), collagen (Yang et al,
1991), Cyclin D1 (Philipp et al, 1994), CHOP-10 (Chen et al, 1996), LFA-1
(Inghirami et al, 1990) and c-Myc itself (Grignani et al, 1990; Crouch et al, 1990).
Additionally, N-Myc has been shown to down-regulate neural cell adhesion
molecule (N-CAM) expression in neuroblastoma cells (Akeson and Bernards,
1990). In some cases, repression apparently occurs via an alternative binding site
within the promoter of susceptible genes, known as the initiator element [Inr]
(Smale and Baltimore, 1989) and may involve interaction with proteins other than

Max.
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3.4 Alternative Myc Binding Proteins.

Several alternative Myc binding partners have recently been described. A number
of these are factors involved in transcriptional initiation and include the TATA box
binding protein [TBP] (Maheswaran et al, 1994), TFII-I (Roy et al, 1993) and YY1
(Shrivastava et al, 1993; Shrivastava et al, 1996). TFII-I is thought to be involved
in the Myc-mediated repression of gene expression via the Inr (Roy et al, 1993;
Phillip et al, 1994). Additionally, the Myc transactivation domain contains a region
capable of binding in vitro to the cell cycle regulator, pRb (Rustgi ef al, 1991).
However, work by Gu et al (1994) suggests that in vivo Myc may associate with the
pRb family member, p107, and that this results in suppression of Myc-associated
transactivation (Betjersbergen et al, 1994). Interaction of Myc with TBP overlaps
this p107 binding site (Hateboer et al, 1993). Other proteins found to associate
with c-Myc include AP-2 (Gaubatz et al, 1995), a-tubulin (Alexandrova et al,
1995), and the novel proteins Nmi (Bao and Zervos, 1996) and BIN1 (Sakamuro et
al, 1996).

3.5 Alternative Max Binding Proteins.

Like Myc, Max also has the ability to associate with other proteins, most notably a
family of novel bHLH-LZ factors, designated Madl (Ayer et al, 1993), Mxil/Mad2
(Zervos et al, 1993), Mad3 and Mad4 (Hurlin et al, 1995a). These proteins
dimerise specifically with Max and as such compete with equal affinity to Myc for
Max association and recognition of the consensus binding site. As reported for
Max/Max homodimers, Mad/Max complexes also repress gene expression (Wu et
al, 1996). This activity appears to be dependent on the co-repressor, mSin3, which
binds to the paired a-helical (PAH) region located at the N-terminus of the various
Mad proteins (Ayer et al, 1995; Schreiber-Agus et al, 1995). Since expression of
the Mad proteins is reciprocal to that of c-Myc during a number of cellular

processes, it has been proposed that Mad family function may be to antagonise Myc
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activity. Hence, whilst Myc positively regulates proliferation and apoptosis, Mad1-
4 may be required to proniote differentiation and cell survival (Amati and Land,

1994).

3.6 Biological Functions of Myc.

3.6.1 Proliferation.

Whilst present at low or undetectable levels in quiescent and differentiated cells,
expression of c-myc correlates strongly with cellular proliferation. Myc expression
is induced upon mitogenic stimulation in a manner that is independent of de novo
protein synthesis (Kelly ef al, 1983). Hence, c-myc is classified as an immediate
early response gene. The rapid induction of Myc is a critical event in the Go-G;
transition and it has been demonstrated that conditional activation of a c-Myc-
oestrogen receptor fusion protein is sufficient to mediate cell cycle entry in the
absence of exogenous growth factors (Eilers et al, 1991). However, in contrast to
other genes of this class (e.g. c-fos; c-jun) which are only expressed transiently
during this phase, Myc is required at a basal level throughout the cell cycle (Hann
et al, 1985), suggesting a role in the maintenance of proliferation. In contrast, Mad
proteins are detected in quiescent cells whilst Max is constitutively expressed
regardless of the cell cycle status. Myc presumably exerts its effects on
proliferation by modulating genes required during the cell cycle. For example,
ODC, the rate limiting enzyme of polyamine biosynthesis, and a-prothymosin are
‘both required for S phase. Additionally, Myc may activate the expression of
Cyclins A and E (Jansen-Durr et al, 1993) and more recently has been shown to

positively regulate the expression of cdc25 (Galaktionov et al, 1996).
3.6.2 Transformation.

As described in Section 3.2, c-myc was originally characterised as the cellular

homologue of the transforming component of MC29. The viral gene is composed
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predominantly of sequences derived from the coding regions of chicken c-myc,
suggesting that loss of the first exon correlates with deregulated expression.
Indeed, this appears to be the case in Myc-associated malignancies where
inappropriate expression of an essentially normal protein results in oncoggnesis. ‘
Hence, DNA rearrangements generally lead to quantitative rather than qualitative
differences (Cole, 1986). The transforming potential of Myc in vitro requires the
co-operation of a second activated oncogene, such as Ha-ras (Land et al, 1983),
consistent with the multi-step model of carcinogenesis (Vogelstein and Kinzler,
1993). Thus, in most primary cell lines Myc requires another oncogene for
transformation, whilst in established cell lines Myc can act alone. In contrast, high
levels of Max (Prendergast et al, 1992) or the Mad family proteins (Lahoz et al,

1994) can suppress Myc-mediated transformation.

3.6.3 Apoptosis.

Apoptosis (programmed cell death) is a physiologically relevant cell suicide
mechanism, distinct from necrosis, whereby cells are triggered to die by a range of
stimuli that induce the expression of a novel set of “death genes” (White, 1996).
Paradoxically, whilst Myc is intimately associated with proliferation, it is also able
to induce apoptosis under sub-optimal growth conditions (Evan et al, 1992). This
activity is blocked by a discrete class of cytokine (Harrington et al, 1994). Since
Myc-induced apoptosis has the same requirements as gene activation (Section
3.3.1) it is likely that Myc is modulating the expression of apoptotic genes. A
possible candidate is ODC (Packham and Cleveland, 1994), the activity of which
ultimately results in the generation of reactive oxygen species, thought to be key

modulators of apoptosis.
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3.7 The Role of Myc in Development and Cellular Differentiation.

3.7.1 Development.

The expression pattern of myc family genes during development is well
documented (Downs et al, 1989; Schmid e al, 1989) and correlates with the types
of tumour induced by deregulated expression of each Myc protein. Whilst c-myc is
expressed at all stages and in many tissues during development, expression of N-
and L-myc is restricted to specific stages and cell types. Surprisingly, the
correlation between proliferation and expression of c-myc is not strong in the early
stages of embryogenesis, whilst during organogenesis c-myc is readily detected in
tissues with a high proliferative capacity. There are exceptions to this general rule,
however. Expression of c-myc is maximal in cells of mesodermal origin but low in
endoderm and ectoderm, even though all three tissues are actively proliferating.
Additionally, c-myc has been detected in both proliferating and post-mitotic lens
cells (Harris ef al, 1992) and lens development is unaffected by enforced expression
of a myc transgene (Morgenbesser et al, 1995). In contrast, expression of N- and L-
myc is often associated with the onset of differentiation and appears not to correlate

that well with proliferative potential.

The role of Myc family members in development has been investigated using
nullizygous mouse technology. Mice homozygous for a targeted deletion of c-myc
die between day 9.5 and 10.5 of gestation (Davis et al, 1993) and diéplay retarded
development. Abnormalities included defects of the heart, pericardium and neural
tube. This suggests that c-myc may not be required for the early stages of
development, including embryonic stem cell proliferation, but is essential for
survival after day 10.5. Work by three separate groups showed that N-myc null
mice are also embryonic lethal (Stanton et al, 1992; Charron et al, 1992; Sawai et
al, 1993). These mice die between day 11.5 and 12.5 of development and display

deficiencies in normal organogenesis. In contrast, L-myc null mouse are viable,
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surviving well into adulthood with no obvious abnormalities (Hatton et al, 1996).
Thus it seems likely that Myc proteins have some ovérlapping functions during
normal development, and so may be able to substitute for one another at a given
stage. However, individual proteins also seem to possess discrete functions which
cannot be fulfilled in their absence by other family members. In contrast, Max is
essential for survival at an early stage, null mutations being embryonic lethal at day
3.5 to 6.5 (Henriksson and Luscher, 1996). This suggests that Max function is
unique and cannot be compensated for by another protein. Whilst the effects of
targeted deletions within mad family genes have yet to be reported, the expression
pattern during development is well established, with mad mRNAs being detected
almost exclusively in differentiating cell types (Vastrik et al, 1995; Chin et al,
1995; Hurlin et al, 1995a)

The expression pattern of myc genes in adult tissues has also been determined
(Zimmerman et al, 1986). Expression of c-myc is relatively generalised and
corresponds to tissues that are actively proliferating, for example during liver
(Makino et al, 1984) and muscle (Izumo et al, 1988) regeneration. In addition, c-
myc is also highly expressed in cells that are undergoing apoptosis, such as
mammary tissue during involution (Strange et al, 1992). In contrast, expression of

N- and L-myc is restricted to a subset of differentiated tissues, as are the mad genes.

3.7.2 Differentiation.

Rapid down-regulation of c-myc expression is observed in many cell lines
following exposure to differentiation inducers. These include murine
erythroleukaemia (MEL) cells (Lachman and Skoultchi, 1984), HL60
promyelocytic cells (Westin er al, 1982; Reitsma et al, 1983), U937 monoblastic
cel