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Abstract

Calcitonin (CT) is a 32 amino acid peptide hormone, known to inhibit
osteoclastic bone resorption by direct interaction with cell surface calcitonin receptors
(CTR). Several CTR isoforms have been identified in human tissues other than
bone, including primary breast cancers, and these isoforms are known to induce
different intracellular signalling responses. This evidence, in conjunction with the
finding that CT can modulate the growth of breast cancer cell lines in vitro, has
prompted this comparison of two human CTR (hCTR) isoforms, and their ability to
influence cellular proliferation. The aim of the study was to define the intracellular
mechanisms by which CT treatment results in decreased cellular proliferation.

Stable HEK-293 transfectants expressing the insert-negative human CTR
(insert —ve hCTR) or the insert-positive human CTR (insert +ve hCTR) were
established. The transfected cells were characterised for their ability to bind CT,
elevate intracellular calcium and activate adenylate cyclase and ERK1/2 intracellular
signalling cascades. CT treatment of clonal cell lines expressing the insert —ve hCTR,
but neither vector transfected HEK-293 cells nor cells expressing the insert +ve
hCTR, induced a concentration dependent decrease in cell growth, compared with
untreated cells. The CT-induced reduction in cell proliferation could not be attributed
to necrosis or apoptosis. However, analysis by fluorescent activated cell scanning
showed that CT-treatment of cells expressing the insert —ve hCTR receptor was
associated with an accumulation of cells at the G2/M transition. Subsequent analysis
of the chromosomal alignment showed that CT induced a specific block in G2,
preventing cells from progressing into mitotic division. This G2 phase arrest was
dependent on an up-regulation of nuclear p21 mRNA and protein. The p21-mediated

G2 arrest was shown to be due to a maintenance of tyrosine 15 phosphorylation on
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cdc2 and thus inactivation of cyclin B1/cdc2 kinase activity, however it was not
possible to detect p21 protein bound to the cyclin B1/cdc2 complex.

To determine whether p21 induction was due to increased transcription of the
p21 gene, and further explore the specific CT responsive elements within the p21
promoter, luciferase reporter constructs were used. CT was able to stimulate
transcription from a p21 promoter attached to a luciferase reporter gene. Using
deletion and mutation analysis of the p21 promoter, we identified that transcriptional
activation of p21 by CT was p53 independent and is mediated through specific
activation of Sp1 binding sites in a region of the promoter between —82 and —69,
relative to the transcription start site. This CTR-mediated transcriptional activation of
p21 was specific for the insert —ve isoform of the hCTR. In addition treatment of cells
expressing the insert —ve hCTR with butyrate, which has been previously shown to
activate the same Sp1 sites, synergised with CT to increase further p21 promoter
activity.

The possible intracellular signalling pathways through which CT is mediating
these nuclear events were also investigated. Treatment of cells expressing the insert
—ve hCTR, but not the insert +ve hCTR, with CT induced a delayed and sustained up
to (72h) phosphorylation of p44/p42 MAP kinases (Erk1/Erk2). Treatment of cells
expressing the insert -ve hCTR with the MAP kinase kinase (MEK) inhibitor,
PD98059, inhibited the phosphorylation of Erk1/2 and abrogated the growth inhibitory
effects of sCT, the accumulation of cells in G2, and the associated induction of
p21WAF1/ClP1'

These results show for the first time that the growth regulating actions of CT
are receptor isoform specific. In addition, CT inhibition of cellular proliferation occurs
by arresting cells in the G2 phase of the cell cycle via a p21 mediated mechanism,

which is at least partially activated through the Erk1/2 Map Kinase pathway.
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Chapter 1 0N

1.1 Calcitonin \f,f_- Oy
1.1.1 Discovery of calcitonin

Calcitonin (CT) was first described by Copp et al., as the factor secreted in
response to perfusion of the thyroid-parathyroid glands of dogs with hypercalcaemic
blood (Copp et al., 1962). This initial report suggested that the hypercalcaemic factor
was produced by the parathyroid gland, as perfusion of the thyroid gland failed to
induce production of CT (Copp et al, 1962). A similar rapidly acting factor was
coincidentally reported by Hirsch et al. in acid extracts of rat thyroid glands and was
shown to induce hypocalcaemia when injected into rats (Hirsch et al., 1963). This
second factor was named “thyrocalcitonin” and was extractable from the thyroid
glands of several species. It soon became clear that calcitonin and thyrocalcitonin
were the same molecule. Confirmation of the thyroid gland as the origin of CT
secretion came from perfusion studies performed in dogs (Kumar et al., 1963) and
goats (Foster et al, 1964). These studies allowed complete perfusion of the
parathyroid gland alone, or together with the thyroid glands, and showed this
hypocalcaemic factor to be thyroidal in origin. Further, when the thyroid extract was
injected into the goats systemically, serum calcium decreased rapidly (Foster et al.,
1964). Electron microscopy studies suggested the specific site of production of CT to
be the parafollicular or C cells of the thyroid (Foster et al, 1965). This was
subsequently confirmed with immunofluorescence (Polak et al, 1974),
immunohistochemistry (Wolfe et al, 1973) and finally with in situ hybridization
(Jacobs et al., 1983). C cells originate from the ultimobranchial bodies (Pearse et al.,
1967), which are neural crest in origin. In lower vertebrates, ultimobranchial bodies
remain as distinct structures, while in mammals they fuse with the thyroid glands and

give rise to calcitonin secreting cells. The detection of immunoreactive CT in the

Literature Review
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serum and urine of thyroidectomised monkeys (Becker et al, 1980) and humans
(Silva et al., 1978) suggested that the hormone may be produced in extrathyroidal
sites. Subsequently it has been shown that the prostate gland contains the second
highest levels of human CT- (hCT)- immunoreactivity (Davis et al., 1989), while there
are extractable quantities of CT in the gastrointestinal system, thymus, bladder, lung
and central nervous system (CNS) (Becker et al., 1979). Immunoreactivity to CT has
subsequently been localized to the hypothalamus and pituitary glands of the CNS
(Flynn et al., 1981).

In addition to the identification of extrathyroidal CT, cross-species CT-like
immunoreactive material has been identified in a range of animals spanning all
animal classes (Fischer et al., 1983; Henke et al., 1983). Specifically, in the human
there are significant amounts of salmon CT- (sCT)- like immunoreactive material,
primarily in the hypothalamus where high concentrations of calcitonin receptors
(CTR) are also found (Fischer et al., 1983) (refer section 1.2.2.2). Similarly, in the rat
brain a biologically active sCT-like peptide has been identified (Sexton et al., 1992).
The existence of hCT-immunoreactivity in the nervous system of pre-vertebrate
animals, which do not have a bony skeleton (Fritsch et al., 1979; Schot et al., 1981,
Girgis et al., 1980), and the presence of sCT-immunoreactive compounds in
vertebrate brains, indicates a potential role of these materials beyond calcium
homeostasis and skeletal protection, for example as neurotransmitters and
neuromodulators (discussed in section 1.2.4.3).

1.1.2 Calcitonin isolation and structure

Porcine CT was the first CT to be sequenced (Kahn 1968; Potts et al., 1968),

salmon CT followed (Niall et al., 1969) and human was isolated from a medullary

thyroid carcinoma (MTC) (Neher et al., 1968), which led to its sequencing. The CT

Literature Review
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molecules which have been isolated from salmon (Niall et al., 1969), eel (Otani et al.,
1976), goldfish (Sasayama et al., 1993), chicken (Homma et al., 1986), porcine
(Brewer et al., 1968), ovine (Potts et al., 1968), human (Neher et al., 1968) and rat
(Raulais et al., 1976) have been identified as 32 amino acid peptides with a carboxy
terminal proline amide, that is important for activity, a disulfide bridge between
cystine residues 1 and 7, and a predicted alpha helix between amino acids 8-22.
Based on the amino acid sequences, the CTs from different species have been
classified into 3 groups; artiodactyl, that includes porcine, bovine and ovine CT,
which differ by 4 amino acids; primate /rodent group, that encompasses human and
rat CT, which differ by 2 amino acids; teleost/avian group of salmon, eel, goldfish and
chicken, which differ by 4 amino acids. The three-CT groups have different
potencies in different systems. Generally teleost CT has greater potency than
artiodactyl with respect to activating intracellular signalling pathways, with human
being the least effective activator of CTR. However, the observed potency depends
on the particular combination of CT and CTR, with respect to both species and
isoform (Sexton et al., 1991; Houssami et al., 1994).
1.1.3 Calcitonin gene organization and calcitonin synthesis

Following the cloning of hCT cDNA from MTC cells, a second mRNA transcript
was discovered when serially transplanted rat MTC cells spontaneously changed
from states of high to low CT production (Roos et al., 1979). This switch was
associated with the appearance of a new mRNA species from the CT gene
(Rosenfeld et al., 1982), termed calcitonin gene-related peptide (CGRP) (Amara et
al, 1982). CGRP is produced by alternative splicing of the primary RNA transcript

through the use of alternative polyadenylation sites (Amara et al., 1982) and the

Literature Review



Chapter 1 5

tissue mRNA expression of CT and CGRP have been found to indicate the protein
produced in the tissue (Zaidi et al., 1987).

The human CT gene (Calc-l) is located on the short arm of chromosome
11p14 qter (Przepiorka et al., 1984, Hoovers et al., 1993) and is one of 4 members of
the gene family Calc-I-IV. Calc-l encodes both CT and calcitonin gene related
peptide 1 (CGRP1) (Jonas et al., 1985), Calc-ll encodes calcitonin gene related
peptide 2 (CGRP2) (Wind et al., 1993), Calc-lll is believed to be a pseudo-gene
without known function and Calc-1V, located on chromosome 12 (Mosselman et al.,
1988) encodes another calciotropic hormone, islet amyloid polypeptide or amylin
(Born et al., 1993). Amylin is a 37aa peptide hormone with a number of actions,
including modulation of glycogen synthesis and glucose uptake in skeletal muscle
cells (Sheriff et al., 1992). Although CGRP and amylin have distinct biological effects
from CT, at high concentrations they are able to mediate CT-like actions, for example
inhibition of bone resorption (Alam et al., 1993b). This is partly due to the cross
reactivity of the receptors, and partly because of receptor modulation by accessory

proteins (discussed in section 1.2.5.7).

1.2 Calcitonin receptors (CTR)

1.2.1 CTR structure

Cloning of the human CTR (Gomn et al, 1992) permitted homology
comparisons to be performed and led to the classification of the receptor as a
member of a sub family of the seven transmembrane domain (7TMD) G-protein
coupled receptor (GPCR) class, which now includes receptors for parathyroid
hormone (PTH), parathyroid hormone related peptide (PTHrP), secretin, growth

hormone releasing hormone (GHrH), vasoactive intestinal polypeptide (VIP),
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glucagon-like peptide-l, pituitary adenylate cyclase activating peptide (PACAP),
gastric inhibitory polypeptide, and corticotrophin releasing factor. The CTR cDNA
has an open reading frame of approximately 500 amino acids, depending on the
species (Lin et al., 1991a; Gom et al., 1992) and receptor isoform (Lin et al., 1991a;
Gorn et al., 1992; Kuestner et al., 1994). Hydrophobic plots of the CTR were
consistent with 7 transmembrane domains and a signal peptide at the far N-terminus.
Four potential N-linked glycosylation sites were identified in the human CTR (hCTR)
and rat CTR (rCTR) cDNA, which agreed with previous reports of N-acetyl-D
glucosamine residues associated with the receptor (Moseley et al, 1983).
Comparison of the predicted receptor size of 50kDa with the 80kDa product identified
from western blot and ligand cross-linking, confirmed that the receptor was modified
post-translationally (Quiza et al., 1997).

Cloning of the CTR from different species led to the identification of CTR
isoforms and confirmed the receptor heterogeneity proposed from cross-linking
studies. The first evidence of structural heterogeneity within the CTR came with the
isolation of the hCTR from a small cell ovarian carcinoma cell line (Gomn et al., 1992).
The hCTR amino acid sequence was 73% homologous with the porcine CTR clone,
the major structural difference being the presence of a 16 amino acid insert in the
first putative intracellular loop, which is not present in the porcine CTR. This receptor
will be referred to hereafter as the insert positive hCTR (insert +ve hCTR). Following
cloning of the insert +ve hCTR, a second hCTR clone was isolated from cells of the
T47D human breast cancer cell line (Kuestner et al., 1994), which lacked the 16
amino acid insert. This isoform will be referred to as the insert negative hCTR (insert
—ve hCTR). The insert -ve and +ve hCTR are the dominant isoforms expressed in

human tissues. The relative abundance of the insert +ve and —ve isoforms is highly
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tissue specific (see section 1.2.3). Subsequently a number of receptor isoforms have
been identified, which arise from alternative splicing of the primary mRNA transcript.
Two human isoforms have been cloned from giant cell tumors of the bone (GCT)
(Gorn et al., 1995) GC10 (+ve) and GC2 (-ve). These are identical to the insert +ve
hCTR and insert —ve hCTR, respectively, except that they both lack 18 amino acids
in the extracellular NH.-terminal sequence due to the absence of a 5 in-frame
initiation codon (ATG/AUG). Another isoform has been cloned from human breast
carcinoma MCF7 cells, which lacks both the 16 amino acid insert in the first
intracellular domain, as well as the first 47 amino acids of the amino terminus
extracellular domain (Albrandt et al., 1995).

CTR isoforms have also been identified in other species (Sexton et al., 1993;
Albrandt et al., 1993; Yamin et al., 1994). Two rat CTR’s have been identified from a
hypothalamic library (Sexton et al., 1993) and subsequently from a rat nucleus
accumbens library (Albrandt et al, 1993). The isoform termed Cla has 67%
homology with the amino acid sequence of the porcine CTR (Lin et al., 1991b) and is
78% homologous to theramino acid sequence of the insert —ve human CTR. It lacks
the 16 amino acid insert in the first putative intracellular loop of the insert —ve hCTR.
A second rat receptor, designated C1b, has been described, and is identical to Cla
except that it contains a 37 amino acid insert in the first putative extracellular loop
between the second and third transmembrane domains. Two CTR isoforms have
been identified from screening of a rabbit osteoclastic cDNA library (Shyu et al.,
1996). The first is a C1a isoform homologous to the rat receptor and the second is a
novel variant known as CTRDeltae13 (CTRA13). This second receptor isoform lacks

exon 13 that encodes the 14 amino acids of the seventh transmembrane domain
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Figure 1.1 Schematic representation of human, rat and rabbit CTR isoforms. (discussed in section 1.2.1)
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(Shyu et al., 1996). Figure 1.1 shows a schematic representation of the human, rat
and rabbit CTR isoforms described above.
1.2.2 Tissue Distribution of CTR

CT binding sites have been identified using radioactively labeled calcitonin,
usually iodinated salmon calcitonin (['**1]sCT). sCT has been the CT of choice, as it
has greater potency than the mammalian CTs in in vitro binding assays and in cell
culture receptor binding and activation studies (Findlay et al., 1983). In addition hCT,
unlike sCT, has a methionine at position 8, which becomes oxidized during
iodination, resulting in the peptide’s biological activity being lost. Using direct binding
studies, CTR’s have been identified in bone, kidney and the central nervous system,
where their location and physiological significance has been characterised
(discussed in section 1.2.4). In addition CT binding has been shown in other body
tissues where its function has yet to be delineated (discussed in section 1.2.5.7).
Described below, are specific tissues and cell lines where CTR’s have been
identified.
1.2.2.1 Bone

Three bone cell populations are found in mineralized bone, osteoblasts,
osteocytes and osteoclasts. Multinuclear bone resorbing osteoclasts were identified
to be the primary CTR expressing cells in rat bone, using direct binding assays
(Warshawsky et al., 1980). Binding of ['®®l]sCT was also observed on mononuclear
bone cells, which were believed to be developing mononuclear osteoclasts and not
bone forming osteoblasts (Warshawsky et al., 1980). These conclusions have been
subsequently confirmed using immunohistochemistry in rat bone (Rao et al., 1981).
Definitive proof that the osteoclast is the CTR expressing cell in bone came with the

ability to isolate viable rat osteoclasts. Autoradiography was used to identify CTR on
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multinuclear osteoclasts and mononuclear cells (presumed to be osteoclast
precursors) in isolated rat osteoclast-containing cell populations (Nicholson et al.,
1986b).

To date the osteoclasts are the only human bone cell confirmed to express
CTR. However CTR have been identified on osteoblastic and osteocytic rodent cell
lines. The CTR was identified on late stage passages of a rat osteogenic sarcoma,
which has subsequently been sub cloned and is known as UMR106-06 (Forrest et
al., 1985). The relevance of these osteoblastic cells acquiring CTR expression is not
known and may simply reflect phenotypic drift due to long-term culture. Alternatively
these cells may represent a phenotype along the osteoblast differentiation pathway,
as ['®1)sCT binding assays on the mouse osteocyte cell line, MLO-Y4, also indicate
the presence of CTR (Plotkin et al., 1999). Controversy remains over the presence
of CTR on bone cells other than osteoclasts. Evidence exists for the presence of
CTR on osteocytic and osteoblastic cell lines, together with proposed actions (as
discussed in section 1.2.4), however the expression and functional significance of
CTR in osteoblasts and osteocytes in vivo has yet to be confirmed.
1.2.2.2 Kidney

CTR have been identified in the rat kidney using ['?*1]sCT binding (Marx et al.,
1972; Sexton et al., 1987). Binding was most intense in the medulla over the thick
ascending limb of the loop of Henle, in the cortex and in the proximity of the distal
convoluted tubule (Sexton et al., 1987). These findings have subsequently been
confirmed by polymerase chain reaction (PCR) performed on mRNA extracted from
different regions of the rat nephron (Firsov et al., 1995). More recently, studies have
addressed the CTR distribution in the primate kidney using radioligand ['*°I]sCT

(Chai et al., 1998). The CTR distribution is preserved across the rodent and primate
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species, with high density binding of ['*I]sCT in the primate cortex over the distal
tubule, and low density binding in the medulla in the region of the thick ascending
limb of the loop of Henle and at the juxtaglomerula apparatus (Chai et al., 1998).
1.2.2.3 Central nervous system

['21]sCT binding studies performed on human (Fischer et al., 1981b), monkey
(Christopoulos et al., 1995), rat (Koida et al., 1980; Rizzo et al., 1981; Fischer et al.,
1981a; Nakamuta et al., 1981, Henke et al., 1983; Henke et al., 1985), sheep
(Sexton et al., 1991) and cat (Guidobono et al., 1987) brain preparations indicated
the existence of CT-binding sites in the brain. Comparison of binding distribution
between different species revealed a great deal of similarity, with the highest CT
binding being located in the hypothalamus. More recently, the localization of CTR
mRNA in the mouse brain has been confirmed using in situ hybridization (Nakamoto
et al., 2000).
1.2.2.4 Primary cancers and cancer cell lines

Binding studies have identified CTRs in numerous transformed cells and cell

lines, including cell lines derived from human breast (Findlay et al., 1980b; Martin et
al., 1980), lung (Findlay et al., 1980a; Hunt et al., 1977), prostate (Shah et al., 1994)
and bone (Nicholson et al., 1987) cancers. In addition CTR expression has been
shown by reverse transcription polymerase chain reaction (RT-PCR) in primary
breast cancers (Gillespie et al., 1997) and via ['**l]sCT binding in prostate tumors
(Shah et al., 1994).
1.2.2.5 CTR expression in other tissues

CTR have been identified using receptor binding assays in a number of other
sites including the human lymphoid system (Marx et al., 1974), placenta (Nicholson

et al., 1988) and testicular Leydig cells (Chausmer et al., 1982). In addition receptor
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expression has been investigated using RT-PCR and CTR mRNA reported in a
range of human tissues (Kuestner et al., 1994). The physiological significance of the
CTR/CT system in these tissues is currently unknown. However the recent evidence
showing that receptor activity modifying proteins (RAMPS) are able to modify the
CTR, such that it has increased affinity for amylin, indicates that the CTR may
respond physiologically to a peptide hormone other than CT (discussed in section
1.2.5.7).
1.2.3 Differential expression of CTR isoforms

Heterogeneous CT binding sites, were initially identified when two apparent
receptor populations were identified in the rat brain from binding studies using helical
and non-helical sCT and hCT analogues (Nakamuta et al., 1990). Cloning of the rat
C1a and C1b isoforms (discussed in section 1.2.1), followed by RT-PCR analysis
(Sexton et al., 1993), confirmed the presence of both of these CTR isoforms in rat
brain. Binding studies using sCT had failed to distinguish these two receptor
populations, as both receptor isoforms demonstrate high affinity for this ligand, but
were found to vary significantly in their affinity for hCT (Houssami et al., 1994). The
use of alternative ligands in binding studies made it possible to identify two receptor
populations with respect to their binding specificity and kinetics. The C1a receptor
isoform has reduced affinity for hCT compared with sCT, while the C1b isoform fails
to bind hCT (Houssami et al., 1994). In addition to the C1a and C1b CTR receptors,
sCT has high affinity for the C3 amylin receptor in the rat brain (Beaumont et al.,
1993). The C3 amylin receptor has until recently been an unidentified receptor
known to couple to cAMP (Sheriff et al., 1992). The identification of RAMPS and
their ability to change the affinity of the CTR for calciotropic peptides, suggests the

amylin receptor is a modified CTR (discussed in section 1.2.5.7). Binding studies
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Figure 1.2 Tissue specific distribution of hCTR receptor isoforms

This figure is reproduced from Kuestner et al., 1994. cDNAs prepared
from the indicated human tissues were PCR amplified using primers
that flank the cDNA region containing the hCTR insert. Panel A and B
are Southern blots; panel A was hybridized with a probe that recognizes
both forms of the hCTR receptor, and panel B was hybridized with a
probe that is specific for the insert +ve hCTR. The size of the product
amplified from the insert -ve hCTR was 408 base pairs and the product

from the insert +ve hCTR was 456 base pairs.
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show the C3 amylin receptor is co-expressed in the rat brain with the Cla CTR,
supporting the proposal that the C3 amylin receptor is a modified CTR. However the
C3 amylin receptor is also expressed uniquely in regions of the accumbens nucleus
and fundus striati of the rat brain (Hilton et al., 1995), suggesting that the identity of
the amylin receptor remains to be fully elucidated.

In the human there is tissue specific expression of CTR isoforms, although they
are different molecular species from those in the rat. As mentioned previously, two
isoforms of the CTR predominate in the human, the insert -ve isoform (Kuestner et
al., 1994) and the insert +ve isoform (Gomn et al., 1992) (discussed in section 1.2.1).
RT-PCR analysis of human tissues identified CTR expression in a wide range of
tissues and organs (figure 1.2) (Kuestner et al., 1994). Interestingly, the ratio of CTR
isoform expression varied significantly across the different tissues investigated. The
insert —ve hCTR was more abundantly expressed in most tissues compared with the
insert +ve isoform (Kuestner et al., 1994). The two notable exceptions to this were in
the reproductive organs, the placenta and ovaries, which show comparable levels of
expression of both the insert —ve and +ve isoforms (Kuestner et al., 1994). The
physiological significance of this differential receptor isoform expression has yet to be
determined, but the ability of RAMPS to alter the binding characteristics of the CTR
(discussed in section 1.2.5.7) and receptor cross modulation (discussed in chapter 9)
are possibilities that remain to be investigated.

1.2.4 Actions of calcitonin

The best known action of CT is its ability to lower serum calcium by inhibiting
bone resorption. This hypocalcaemic effect of CT was originally tested in rats and
was reported to decrease with increasing animal age (Cooper et al., 1967). In adult

humans the hypocalcaemic effect of CT appears to be limited to individuals
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experiencing high bone turnover for example Paget's disease (Martin et al., 1969).
Thus CT may not be a vital calciotropic hormone in adult physiology, however may
be essential to calcium homeostasis during times of rapid bone metabolism i.e.
growth, pregnancy and lactation.

The CT/CTR system has been identified in a number of other cell types and
tissue sites, both in developing (Jagger et al., 1999) and mature animals (Kuestner et
al., 1994), which are not involved in calcium homeostasis. Thus it appears possible
that CT has physiological roles outside those of calcium metabolism. Specific
examples are discussed below that illustrate the diversity of the known and potential
actions of the CT/CTR system.
1.2.4.1 Bone

The initial experiments performed in rats, showed that CT treatment reduced
hydroxyproline excretion (a by-product of collagen degradation), indicating that CT
reduced bone resorption (Martin et al., 1966). Subsequent in vitro and in vivo
studies, reviewed by Martin et al. (1997), have identified that CT inhibits bone
resorption by acting directly on bone resorbing osteoclasts. For example, CT
induces loss of the osteoclastic ruffled border (Kallio et al., 1972; Singer et al., 1976)
and cytoplasmic retraction (Chambers 1982).

The actions of CT on osteoclasts are accepted. However controversy remains
over the effects of the hormone on osteoblasts. An early in vivo experiment in adult
rats, involving pre-loading of the animals with “*Ca and then treatment with CT,
showed that CT treatment lowered plasma calcium, but failed to alter the plasma
levels of “*Ca (Robinson et al., 1967). This finding suggested that the physiological
calcium-regulating action of CT in bone is specific for inhibition of bone resorption,

with no effect on osteoblastic bone formation. This theory was subsequently
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supported by the finding that CT did not increases bone formation in the adult rat
skeleton (Kalu et al., 1971). However, in vitro experiments have shown that CT can
increase the alkaline phosphatase activity and stimulate proliferation of both chicken
and murine osteoblastic cell lines (Farley et al., 1988), in addition to human
osteoblast cell lines (Farley et al., 1991). The current lack of evidence confirming the
presence of CTR on osteoblast cells in vivo (discussed section 1.2.2.1), makes it
difficult to understand how CT influences these cells.

The influence of CT on osteocytes also remains controversial. There is an
historic report that CT is able to act on osteocytes (Matthews et al., 1972),
differentiated osteoblastic cells that are embedded in the mineralized matrix at
regularly spaced intervals. As mentioned above, a recent report shows the
expression of the CTR by an osteocyte cell line (Plotkin et al., 1999), in which the
authors claimed that CT has an anti-apoptotic effect on osteocytic cells. The
implication of these findings is that CT protects the osteocyctic network and thus its
ability to detect and instigate repair of microdamage. The end result of this would be
maintenance of bone integrity and strength that is independent of bone mineral
density. This mechanism may explain how CT treatment decreases fracture risk
without increasing bone mineral density.
1.2.4.2 Kidney

A number of actions of CT in the kidney have been reported and are reviewed
in (Martin et al., 1998). These in vivo studies suggest that CT has many effects on
the kidney, however the CT concentrations and the experimental conditions used in
these studies were often pharmacological, and thus the specific physiological
significance of these findings is not clear. However, CT was found to increase renal

clearance of calcium by inhibiting reabsorption of calcium in the ascending limb of the
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loop of Henle and the distal collecting duct (Cochran et al., 1970), a mechanism
agreed to be important in the CT reversal of hypercalcaemia of malignancy (Hosking
et al., 1984). These findings suggest that this renal action of calcitonin is biologically
relevant.

CT has been reported to stimulate expression of the 25-hydroxyvitamin Dz 10
hydroxylase in the rat and mouse kidney (Kawashima et al., 1981; Murayama et al.,
1999; Shinki et al., 1999), suggesting that CT is involved in the regulation of vitamin
D production in these animals. Shinki et al. (1999) showed that this effect was
occurring in the proximal tubule of the kidney, however CTRs have not been detected
in this region of the kidney by either autoradiography (Sexton et al., 1987) or RT-PCR
(Firsov et al., 1995) so that the mechanism of this CT-mediated action is not clear.
1.2.4.3 Central nervous system

The CT/CTR system has a number of different components in the CNS. For
example in humans, there are several hCTR isoforms (section 1.2.2), sCT-like
immunoreactive material (section 1.1.1) and various molecular species of circulating
hCT. The presence of these components indicates the potential for diverse
interactions between the CTR and their potential ligands, and thus varied biological
actions of this hormone in the CNS.

Central administration of sCT induces significant analgesic (Morimoto et al.,
1985) and anorexic (Yamamoto et al., 1982) effects in rats, indicating a potentially
important role for this hormone centrally. However, to date, these functional studies
of CT in the rat CNS have principally used sCT, which binds with high affinity to C1a,
C1b and the C3 amylin binding sites (Beaumont et al., 1993; Sexton et al., 1994),
thus blurring whether CT or amylin mediate the reported effects in vivo (refer section

1.2.5.7).
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With respect to the analgesic actions of CT, these appear to be specifically
CT-mediated, as amylin is unable to mimic the effect of sCT (Sexton et al., 1994). In
addition to this ligand specific functional response, the central localization of CTR in
the periaqueductal grey, an important region in the central regulation of pain,
indicates that these analgesic actions are CT-mediated (Guidobono et al., 1986;
Fabbri et al., 1985). The recent identification of mouse CTR mRNA in serotonergic
neurons, which are known to project into the spinal cord, forming a decending
inhibitory system against pain transmission, also strongly supports a central
analgesic role of CT (Nakamoto et al., 2000).

Anorexia is not exclusively induced by sCT, but is also an action of amylin
(Chance et al., 1992). In the rat brain, amylin binding sites have an almost 100%
overlap with C1a CTR binding sites (Sexton et al 1994; Hilton et al., 1995). These
findings, together with the now recognized role of RAMPs in altering the CTR's
phenotype, such that it can preferentially bind amylin (refer section 1.2.5.7), strongly
suggest that the anorectic effect observed with sCT administration may be
pharmacological and that amylin is the physiological ligand at these receptor sites in
the mammalian brain.
1.2.4.4 Proliferation

There are several reports of regulation by CT of cell proliferation, in a variety
of cell types, including porcine kidney cell line LLC-PK (Dayer et al., 1981; Jans et
al, 1987), human osteoblastic cells (Farley et al, 1991) and human gastric
carcinoma KATO Il (Nakamura et al., 1992), breast (Ng et al., 1983), and prostate
(Shah et al., 1994; Ritchie et al., 1997) cancer cell lines. The direction of regulation
appears to be cell type-specific. The influence of CT on prostate cancer cells may be

dependent on androgen receptor status, with CT decreasing proliferation of androgen
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receptor-negative PNCaP cells (Shah et al, 1994) but inducing proliferation in
androgen receptor-positive Du145 and Pc3 cell lines. Treatment of porcine LLC-PK
(Dayer et al., 1981; Jans et al., 1987) and human breast cancer (Ng et al., 1983) cell
lines with CT inhibits cell proliferation, but the same treatment is mitogenic in
osteoblast-like osteosarcoma cells (Farley et al., 1991). The specific physiological
significance of these findings are unknown, but in the instances where CT treatment
is anti-proliferative, a greater understanding of the mechanisms involved, may pave
the way to use the hormone in cancer therapy.

1.2.4.5 Calcitonin involvement in blastocyst implantation

Extrathyroidal production of CT has been reported in the rat uterus (Zhu et al.,
1998a). Blocking CT function in the uterus with CT antisense oligonucleotides
significantly decreased the number of blastocysts that successfully implanted into the
mouse uterus, suggesting a direct role for CT in regulating blastocyst implantation
(Zhu et al., 1998a). In addition, CT treatment of isolated blastocysts induced an
elevation in intracellular calcium that is involved in blastocyst differentiation (Wang et
al., 1998). Taken together, these data provide evidence that CT is able to regulate
cell decisions associated with growth and differentiation in vivo.

1.2.5 Regulation of the CTR “phenotype” by receptor activity modifying
proteins (RAMPS)

As discussed previously, identification of the gene encoding the receptor for
the calciotropic hormone amylin, has been elusive. The identification of human
receptor activity modifying proteins (RAMPs), which are single transmembrane
proteins involved in the transport of the calcitonin receptor-like receptor (CRLR) to
the cell surface, revealed a class of proteins able to interact with this receptor and

change the CRLR “phenotype” to that of an adrenomedullin receptor (McLatchie et
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al., 1998). The use of chimeric RAMPs showed that the receptor glycosylation status
of CRLR was altered with RAMP association and that this correlated with the
receptor phenotype, as assessed by radioligand binding (Fraser et al., 1999).

The involvement of RAMPs in altering the CTR phenotype has been
addressed. Specifically, co-transfection of rabbit aortic endothelial cells with the
insert —ve hCTR and RAMP 1 or 3 decreased the binding of ['*°I] hCT to the cells,
while increasing the binding of ['**[lamylin (Muff et al., 1999). These results implied a
potential action of RAMPs in changing the insert —ve hCTR from a CTR phenotype to
that of an amylin receptor. Subsequently, these findings have been confirmed in
COS-7 cells (Christopoulos et al., 1999). In addition, Christopoulos et al. (1999)
performed cross-linking experiments with ['?[Jamylin, which suggested a cell surface
association of RAMP 1 and the insert —ve hCTR (Christopoulos et al., 1999).
Chimeric proteins of the amino and carboxy terminals of RAMP proteins have been
used to identify the specific RAMP domains, which determine the receptor phenotype
(Zumpe, et al., 2000).

Currently, the published data on RAMP-induced phenotypic changes relate to
the insert —-ve hCTR. However co-transfection of RAMP 1 or 2 with the insert +ve
hCTR dramatically improves binding of ['®®llamylin (Dr Patrick Sexton, personal
communication).  Similarly, the Cla rCTR, when co-expressed with RAMP 1,
produces an amylin receptor phenotype (Dr Patrick Sexton, personal
communication). The ability of RAMPs to change the CTR phenotype has
implications for identifying functions of the CTR receptors, as the possibility exists
that these receptors have a modified phenotype and respond to ligands in addition to,

or other than, CT.

Literature Review



Chapter 1 19

1.2.6 Regulation of CTR

Regulation of the CTR has been studied in cell lines endogenously expressing
the CTR (Findlay et al., 1981), transfected cell lines (Houssami et al., 1994;
Houssami et al., 1995, Findlay et al., 1996; Moore et al., 1995) and cultured mouse
(Wada et al., 1994; Wada et al., 1996a; Wada et al., 1996b) and human (Wada
ASBMR 1999) osteoclasts. In addition to regulation by ligand-independent agents,
for example glucocorticoids (Wada et al., 1994; Wada et al., 1997), the CTR is also
regulated by CT itself. Ligand activation of the CTR induces a reduction in the
specific binding of ['®I]sCT on the surface of osteoclastic, non-osteoclastic and
transfected cells expressing the CTR. The specific mechanism of receptor
internalization by CT is still unknown, but is likely to involve clathrin-coated pit
endocytosis, as described for other GPCRs, reviewed in Blinemann et al, (1999).
The initial event in GPCR desensitization involves phosphorylation of the agonist
occupied receptor by a G-protein coupled receptor kinase (GRK). Receptor
phosphorylation promotes the binding of B-arrestin proteins to the receptor, which
results in the uncoupling of the receptor from G-protein complexes, thus terminating
the receptor signalling. In addition, B-arrestins initiate receptor internalisation,
targeting the receptor to clathrin coated pits (Biinemann et al., 1999). The process of
clathrin-coated pit endocytosis has not been confirmed for the CTR, however the C-
terminal tail of the CTR is important for receptor internalisation. Specifically, C-
terminal truncation of the porcine CTR inhibited receptor internalisation (Findlay et
al., 1994), and ligand activation of the hCTR induced phosphorylation at the receptor
C-terminus (Nygaard et al., 1997). The specific kinases responsible for
phosphorylation of the hCTR are unknown, but the PKA and PKC kinases activated

by ligand binding are apparently not directly involved (Nygaard et al., 1997). The
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GRK2 protein influences cell surface expression of the CTR and regulates the
receptors signalling ability in chinese hamster ovary cells (Horie and Insel 2000).
This recent finding provides strong evidence to suggest that the ligand regulation of
the CTR may involve clathrin-coated pit endocytosis.

CT activates PKA- and PKC-mediated signalling pathways, which are involved
in receptor regulation. In the mature mouse osteoclast, the loss of CTR expression
on the cell surface was PKA-mediated and the process was associated with a
decrease in CTR mRNA levels (Wada et al., 1996a). Recent studies by Inoue et al,,
suggested that the reduction in CTR mRNA, was not due to reduced mRNA stability,
but rather suppression of receptor transcription (Inoue et al., 1999). This mechanism
of CTR regulation is not universal, since in non-osteoclastic cells, ligand induced loss
of CTR expression on the cell surface was shown to be independent of PKA and of
changes in steady state levels of CTR mRNA (Findlay et al., 1996). The signalling
pathway involved in the regulation of hCTR in human osteoclasts has recently been
reported, and unlike the mouse system, CTR mRNA levels are regulated through the
PKC pathway (Samura et al., 1999). These findings indicate that the mechanism of
ligand induced CTR regulation is dependent on the species from which the receptor
originates and the cellular context in which the receptor is expressed. In addition, the
specific CTR isoforms influence the ability of CT to regulate receptor internalization
(as discussed in chapter 3).

1.2.7 Signal transduction
1.2.7.1 G-Proteins

Figure 1.3 depicts schematically the events involved in extracellular ligand
activation of G-protein signalling pathways, reviewed in Binemann et al., (1999). G

proteins are heterotrimeric molecules that bind to guanine nucleotides on the inner
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side of the plasma membrane and consequently transfer signals from the cell surface
receptors to various intracellular effector molecules. G proteins consist of a, § and y
subunits, as shown schematically in figure 1.3A. Binding of the receptor ligand
changes the conformation of the transmembrane helices, in turn altering the
conformation of the intracellular loops and exposing the G-protein binding sites.
Binding of the trimeric G-protein to the receptor-binding site induces exchange of
GDP for GTP on the o subunit and thus dissociates the o subunit from the By dimer,
simultaneously activating it (figure 1.3B). The o and Py subunits are free to activate
intracellular effectors within the cell (figure 1.3C), for example adenylate cyclases,
phospholipases, phosphodiesterases, ion channels and ion transporters.
Termination of this activation state occurs following hydrolysis of GTP by the intrinsic
GTPase activity of the o, sub-unit (figure 1.3D) and hence re-association of the a-
GDP to the By dimer (figure 1.3E) (Blinemann et al., 1999).

Currently, over 16 distinct o sub-units have been identified and they are divided
into 4 classes, Gas, Gai/o, Gog, Ga12, each of which contain multiple isoforms.
Similarly, there are multiple different § and y sub-units described (Gutkind 1998).
The initial proposed action of the By dimer was to increase the affinity of the o sub-
unit for GDP and induce de-activation of the stimulated o-GTP. However there is
now abundant evidence that indicates that the By dimer has signalling ability and
independently activates cellular effector proteins (Sternweis 1994), for example K*
channels (Logothetis et al, 1987), adenylate cyclase (Taussig et al, 1993),
phospholipase C (Camps et al., 1992) GPCR kinases (Boekhoff et al., 1994) and the
MAPK pathway. It is the multiplicity of these a, B and vy sub-units, which allows for
much diversity and specificity of signal transduction within eukaryotic cells.

1.2.7.2 CTR activation of G-proteins
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1.2.7.2.1 CTR activation of the adenylate cyclase / cAMP pathway
Two classes of G-proteins regulate adenylate cyclase activity, Gos and Go;
subunits. Goas subunits elevate intracellular cAMP via activation of adenylate cyclase

(figure 1.4 & 1.5) and Go; subunits negatively regulate adenylate cyclase, and inhibit
cAMP accumulation (figure 1.4 &1.5).
1.2.7.2.1.1 Involvement of Gas subunits

In bone, CT binds to the CTR on the surface of osteoclasts causing an
elevation in intracellular cAMP (Nicholson et al., 1986a). Simultaneously there is a
decrease in cell motility and bone resorbing activity (Chambers 1982; Su et al.,
1992). The cAMP analogue dibutyryl cAMP and the adenylate cyclase activator
forskolin, had previously been shown to mimic the CT inhibition of bone resorption
(Chambers et al., 1983). These findings confirm the involvement of the cAMP
pathway in transducing the anti-resorptive CT effect.

CT-mediated cAMP production has also been reported in a number of kidney
cell preparations (Murad et al., 1970; Marx et al., 1975) and in renal epithelial cells
(Chao et al., 1983). CT-induced adenylate cyclase activity has been reported in the
medullary and cortical areas of the thick descending limb of the Loop of Henle, and in
the proximal end of the collecting duct, of the human nephron (Chabardes et al.,
1980). Experiments performed in preparations of isolated distal tubules from rabbit
kidneys suggest that the CT-mediated elevation of cAMP in kidney cells is required
for CT-mediated calcium re-absorbtion in the kidney (Zuo et al., 1997).

In the central nervous system there have been reports of CT-induced cAMP
activation, which are species specific. In rat, but not mouse membrane preparations
of brain cells, high concentrations of hCT stimulated cAMP (Loffler et al., 1982). sCT

was unable to activate cAMP in these rat brain preparations, and inhibited cAMP
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production when used at high concentrations (Rizzo et al., 1981; Nicosia et al.,
1986). In contrast, experiments performed on fetal rat hypothalamic cells have
convincingly reported an increase in cellular cAMP in response to sCT treatment
within the same concentration range. The authors suggested that these divergent
results may be due to the different experimental preparations used, and that intact
cells may be required for functional activation of adenylate cyclase. Alternatively the
recent reports on the ability of RAMPS to change the CTR phenotype to that of an
amylin receptor (as discussed previously in section 1.2.5), provide a possible
explanation for the lack of cAMP accumulation in response to physiological
concentrations of sCT.

CT-induction of cAMP has also been reported in a number of cell lines
including human cancer cell lines of the lung (Findlay et al., 1980a), breast
(Michelangeli et al., 1983; Ng et al., 1983) and prostate (Shah et al., 1994) and
UMR106-06 rat osteosarcoma cells (Forrest et al., 1985). There is evidence that the
cAMP-dependent protein kinase type I isoenzyme (PKA 1), is involved in the
regulation of cell growth, while differential activation of PKA II promotes cell
differentiation (Cho Chung 1990). CT treatment of BEN and UMR106-06 cells
activated both cAMP isoenzymes (Zajac et al., 1984, Forrest et al., 1985). However
in T47D breast cancer cell lines, CT was found to activate only the type 2 isoenzyme
of PKA, which correlated with a reduction in cell proliferation (Ng et al., 1983). cAMP
accumulation was also reported to initiate the transduction pathway, by which sCT
inhibits cell growth in LLC-PK1 epithelial renal cells (Jans et al., 1987). The growth
inhibitory effect observed in LLC-PK1 cells was not seen in a cell clone which lacked

cAMP dependent protein kinase activity or another clone that lacked CTR, indicating
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that the growth response was receptor mediated and dependent on cAMP-dependent
protein kinase in these cells (Jans et al., 1987).

Generation of hybrid insulin-like growth factor Il and CT receptors, in which the
insulin-like growth factor Il receptors Gi-interacting domain was substituted with either
the C-tail residues 404-418 or third intracellular domain of the porcine CTR, identified
that these regions of the CTR are involved in activation of the cAMP pathway (Orcel
et al., 2000). This technique provides an alternative approach to the conventional
deletion analysis of CTR’s. The use of an alternative ligand and ligand-dependent
binding sequence in the receptor, eliminates the issues of altering CT binding kinetics
and allows the sequences signalling potential to be assessed independently.
1.2.7.2.1.2 Involvement of Gai subunits

Intracellular cAMP accumulation is negatively regulated by Go; protein, as
indicated in figures 1.4 & 1.5. Several CT-induced effects have been reported to be
insensitive to PTX, for example the CT-mediated elevation in cAMP in human breast
cancer cells (Michelangeli et al., 1984) and the anti-nocioceptive activity of CT in the
CNS (Guidobono et al., 1991). Interestingly in LLC-PK1 renal epithelial cells Goy
proteins have been shown to be selectively activated by CT during the S phase of the
cell cycle (Chakraborty et al., 1991). Thus, in the LLC-PK1 cell system, the specific
activation of G-protein signalling pathways by CT was dependent on the phase of the
cell cycle. When cells were synchronised in the G2 phase of the cell cycle, CT-
treatment elevated intracellular cAMP, an effect that could be replicated using
artificial activators of adenylate cyclase and cAMP analogues. When the LLC-PK1
cells were synchronised in S phase of the cell cycle, the CT-induced elevation in
cAMP was dramatically reduced. Co-treatment with CT and PTX during S phase

restored the cAMP response, indicating that CT was able to activate Gi proteins

Literature Review



CT

J U U

%

GTP

L/

Adenylate
cyclase

cAMP

P\

PKATl pya |

Figure 1.4 G-protein subunit and second

GTP

* PIP,
PLC
L ~» [P,

/ o/

PKC

messenger systems that

the CTR was known to couple to or activate, prior to 1997.



Chapter 1 25

during S phase (Chakraborty et al., 1991). Taken together, these studies indicated
that the hCTR can couple to the Gi signalling pathway (as shown in figure 1.4). This
was the extent of evidence describing CT activation of Gi G-proteins prior to
commencement of the present study in 1997.

Understanding of the activation of Gi G-proteins by CT has developed in the
last few years and the current understanding is summarised in figure 1.5. CT
dependent activation of Erk1/2 has now been reported in HEK-293 cells stably
transfected with C1a rabbit CTR. This effect was partially sensitive to PTX (Chen et
al., 1998). In this system, activation of adenylate cyclase was not involved in the
phosphorylation of Erk1/2. However, the authors used a dominant negative
approach to inhibit activity of the By subunits of the Gi protein complex, and showed
convincingly the involvement of this subunit in the activation of the Erk1/2 signalling
pathway (Chen et al., 1998). Further investigation into the CT activation of Go
subunits, using myc-tagged rabbit CTRs, has confirmed the ability of CTR to directly
interact with the Go; subunit (Shyu et al., 1999). Interestingly, the simultaneous
activation of PKC by CT in HEK-293 cells, was found to inhibit the Go; subunit ability
to negatively regulate adenylate cyclase (Shyu et al., 1999). This negative regulation
of the Goy subunit via PKC is likely to explain why some cAMP-mediated actions of
CT are insensitive to PTX.
1.2.7.2.2 CTR activation of PKC

Receptor mediated activation of the Gog family of G-protein subunits activates
PLC (Lee et al., 1992), which in turn mediates the hydrolysis of inositol phospholipids
to diacylglycerol (DAG) and inositol triphosphate (IPs) (Dunlay et al., 1990), as shown

in figure 1.4 and 1.5. DAG increases the affinity of the PKC enzyme for calcium and
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phospholipids, leading to activation of the multifunctional serine/threonine kinase
PKC.

The ability of CT to elevate inositol phosphate (IP) production was initially
demonstrated in mouse MC-3T3 cells (Force et al., 1992) and human HEK-293 cells
(Chabre et al., 1992) transfected with the porcine CTR. These reports implied that
CT was a potential activator of PKC. Functional evidence showing that CT activation
of PKC induced biological actions, came from a study on isolated rat osteoclasts,
where the use of specific synthetic inhibitors and activators of PKC were found to
respectively block and mimic, the CT-induced inhibition of bone resorption (Su et al.,
1992). The specific G-protein mechanism by which CT activates the PLC-PKC
pathway was only confirmed recently (Offermanns et al., 1996). Co- transfection of
Gogq and CTR cDNA constructs into COS-7 cells dramatically increased the ligand
dependent inositol phosphate production, suggesting that the CTR was able to
directly interact with the Gog subunit to induce activation of the PLC signalling
pathway (Offermanns et al., 1996). The specific PKC isoenzymes responsible for the
CT-mediated effects are currently unknown, however some of the PKC isoenzymes
activated by CT have been identified. Specifically CT is known to induce significant
membrane translocation of PKCa, and to a lesser extent PKC{ isoenzmes, but not
the PKCS isoenzyme (Naro et al., 1998). Additionally, it now appears that CT-
mediated activation of phospholipids is not restricted to PLC, but also includes PLD
(Naro et al., 1998) (as shown schematically in figure 1.5).
1.2.7.2.3 CTR mobilisation of Intracellular calcium

Mobilization of intracellular calcium in response to ligand binding involves a
rapid transient increase in intracellular calcium due to 1,4,5-inositol triphosphate (IP3)

induced release of calcium from intracellular stores (Berridge et al., 1989).
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Treatment of osteoclasts with CT, induces a biphasic elevation of intracellular
calcium (Moonga et al., 1992). This initial CT-induced elevation in intracellular
calcium occurs independently of extracellular calcium (Malgaroli et al., 1989).
However, the second phase of the CT-mediated calcium flux is a longer sustained
increase in intracellular calcium due to the influx of calcium from the extracellular fluid
(Moonga et al., 1992). The use of transfected cell systems has subsequently shown
that the CTR participates in receptor- activated calcium inflow, in which depletion of
intracellular calcium pools leads secondarily to influx of extracellular calcium (Findlay
et al., 1995; Stroop et al., 1995). Initially, the involvement of extracellular calcium in
the CT-induced elevation of intracellular calcium led to the hypothesis that the CTR
may be a calcium sensing receptor (Stroop et al., 1993). However this theory has
subsequently been disproven (Teti et al., 1995), and the observations are likely to
reflect the receptor-activated calcium channel operation described for other receptor
systems (Findlay et al., 1995; Lu et al., 1996).

In bone, the anti-resorptive properties of CT are partially due to the
intracellular calcium fluxes (Zaidi et al., 1990; Alam et al., 1993a). CT-induced
calcium fluxes have also been reported in the thick ascending limb of the rabbit renal
tubule (Murphy et al., 1986). However in mouse brain synaptosome preparations CT
treatment has been reported to paradoxically increase and decrease intracellular
calcium under different experimental conditions (Welch et al., 1991). These studies
show a functional role for calcium signalling in bone and suggest a potential role for
CT in regulating biological actions via intracellular calcium signals in both the kidney

and the CNS.
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1.2.7.3 hCTR isoform activation of G-Proteins

As discussed in section 1.2.3, most human tissues and cells express both
isoforms of the hCTR (Kuestner et al., 1994). In order to understand the biology of
the individual receptors, it is therefore necessary to use model systems, in which
cloned receptor isoforms are transfected into cells. These experimental systems
have shown that the hCTR isoforms have different signalling potential. The insert —
ve hCTR is able to activate the adenylate cyclase/cAMP pathway, when it is
expressed in COS (Nussenzveig et al., 1994), BHK (Moore et al., 1995), and HEK
cells (chapter 3). Activation of this signalling pathway by the insert +ve hCTR is,
however, dependent on the particular transfected cell model used. CT was unable to
induce a cAMP signal when the insert +ve hCTR was expressed in HEK-293 cells
(chapter 3). However, when expressed in COS (Nussenzveig et al., 1994) and BHK
(Moore et al., 1995) cells, the insert +ve hCTR produced a CT-dependent elevation in
cAMP, albeit with an ECso for CT stimulation of adenylate cyclase much greater when
compared to the same cells expressing the inset —ve hCTR. The cell type also
influences the maximal activation of adenylate cyclase induced by the CTR isoforms.
Expression of the insert +ve hCTR in COS cells resulted in a greatly reduced
maximal CT-stimulated adenylate cyclase activation compared to COS cells
expressing the insert —ve hCTR (Nussenzveig et al., 1994). In comparison, the
maximal activation of adenylate cyclase by CT was the same in BHK cells
transfected with either the insert +ve or -ve hCTR (Moore et al., 1995).

The ability of the hCTR isoforms to elevate intracellular calcium is not
dependent on cell type. The insert —ve hCTR is able to mediate an elevation of
intracellular calcium when expressed in HEK (chapter 3) and BHK (Moore et al.,

1995) cells and increase production of IP in the context of COS cells (Nussenzveig et
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al., 1994). However, the insert +ve hCTR is unable to mediate increased intracellular

calcium or activation of IP in any transfected cell model examined to date.

1.3 Cell growth

There is extensive literature pertaining to cell growth, and the following account
is a brief summary highlighting the information relevant to the studies undertaken
here.

1.3.1 The cell cycle

In the process of replicating itself, a mammalian cell progresses through a “cell
cycle”, as shown schematically in figure 1.7. Prior to replication, a cell contains a
single copy of its nuclear DNA in GAP phase 1 (G1). Extracellular signals induce cell
cycle progression and DNA synthesis, such that replication ensues in synthesis (S)
phase. Chromatid separation follows and division of the cell into two daughter cells
takes place in Mitosis (M) phase. The S and M phases are separated by intervals of
cytoplasmic growth and re-organization GAP phases (G1 and G2). Having
completed mitosis, cells may exit cell cycling and enter a quiescent state called Go,
reviewed in Pestell et al,, (1999).
1.3.2 Regulation of the cell cycle

Progression through the cell cycle is regulated by at least two independent
mechanisms (figure 1.6). The cell is propelled forward through the cell division cycle
by a cascade of protein phosphorylations, which regulate the timing of progression
(Collins et al., 1997). Cyclins are regulatory molecules expressed periodically during
the cell cycle, that bind to and activate cyclin dependent kinases (CDKs). The active
CDK/cyclin complexes then alter gene transcription to allow the cell to progress

through the cell cycle (Sherr 1994). For example, in G1 phase of the cell cycle, cyclin
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D1 binds to and activates CDK4 and CDK6, and phosphorylation of the
retinoblastoma protein Rb follows. Subsequent to this initial phosphorylation of Rb,
the cyclin E/CDK2 complex further phosphorylates Rb, allowing release of the E2F
transcription factors, which promote transcription of genes required for the cells to
progress into S phase (shown schematically in figure 1.7) (Pestell et al., 1999).

The cell cycle is also negatively regulated by cellular checkpoints that delay
progression through the cell cycle. The G1/S and G2/M checkpoints are shown
schematically in figure 1.7. Delay of cell cycle progression can be instigated in
response to DNA damage (Weinert 1998). However cessation of DNA replication
and cell proliferation are also required for cellular differentiation to occur (Coffman et
al., 1999). Thus physiological regulatory molecules, such as cyclin dependent kinase
inhibitors (CKI’s) (discussed in section 1.3.2.1 and chapter 6) and non-physiological
stimuli, for example DNA damaging agents (Weinert 1998) can block cell proliferation
at the G1/S and G2/M boundaries.
1.3.2.1. The G1/S check-point

Arrest at the G1/S cell cycle interface is perhaps the best understood
cell check-point. The CKI p21, can induce G1/S cell cycle arrest via several different
mechanisms. Firstly, binding of p21 to the CDK2/cyclinD1 and CDK4/cyclinD1
complexes inactivates them (Harper et al., 1995) and prevents the phosphorylation of
retinoblastoma (Rb) protein (Weinberg 1995). Hypophosphorylated Rb binds to and
represses the activity of transcriptional factors, for example E2F, thus blocking
expression of genes required for progression into S phase (Almasan et al., 1995).
Alternatively the CKI p21 can associate with the proliferating cell nuclear antigen
(PCNA), which is required for DNA polymerase & activity, and inhibit DNA replication

(Chen et al., 1995) or block nucleotide excision repair of DNA (Pan et al., 1995).
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1.3.2.2 The G2/M check-point

The G2/M checkpoint is poorly understood in comparison to the G1 checkpoint
and is important in halting cell cycle progression following DNA damage during
replication (Aguda 1999). For a cell to progress from G2 into mitosis (M phase) the
cyclin dependent kinase (CDK) cdc2 must be activated, an event that has several
pre-requisites. The priming of cdc2 requires it to bind to cyclin B1, which is
expressed during late G2, and to become phosphorylated on threonine 161 (Desai et
al., 1992) (figure 1.8A). Cdc2 activation then requires the de-phosphorylation of both
threonine 14 and tyrosine 15 (Krek et al., 1991). The phosphorylation and de-
phosphorylation of threonine 14 and tyrosine 15 is performed respectively by the
kinase wee1 and the phosphatase cdc25 (Sebastian et al., 1993), as shown in figure
1.8B. As a critical amount of cdc25 becomes active the cdc2/cyclin B1 complex is
activated, which inhibits the activity of wee1. The current theory suggests that these
events are self-perpetuating, continuing until there is sufficient active cdc2/cyclin B1
present, when the cell proceeds from G2 into mitosis (M phase) (Aguda 1999)
(figure 1.8B).

The specific mechanisms involved in a G2/M arrest are currently under
investigation, however the G1/S CKI, p21, has been implicated in G2 cell cycle arrest
(Bunz et al., 1998), as discussed in chapter 6.

1.3.3 Cell surface receptor-mediated regulation of cell growth

Regulation of cellular growth has historically been understood to be a
function of tyrosine kinase (TK) “growth factor’ receptors, such as EGF and PDGF
receptors (Johnson et al, 1994). Activation of these receptors in turn activates
mitogen-activated protein kinase (MAPK) pathways. MAPK’s are serine threonine

kinases that transduce environmental signals from cell surface to the nucleus.
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Several MAPK subfamilies have been identified, including Erk, p38 and c-Jun N-
terminal kinase (JNK). Perhaps the most well characterised of these MAPK
pathways is the extracellular signal regulating kinase (Erk1/2 p44/p42), which
influences a wide variety of cellular functions, including normal cell proliferation
(Powers et al., 1999), tumorigenesis (Mansour et al, 1994), cell differentiation
(Herrera et al., 1998) and development (Alessandrini et al, 1997). Seven
transmembrane G-protein coupled receptors, the largest known family of cell surface
receptors, have also been shown more recently to regulate cellular growth via
activation of the Erk1/2 pathway (van Biesen et al., 1996).
1.3.3.1 Tyrosine kinase receptor activation of Erk1/2

Classical TK receptors are single membrane spanning subunits with intrinsic
TK activity and their ability to activate the Erk1/2 signalling pathway is well
characterised. The specific events involved in Erk1/2 activation outlined below are
reviewed by van Biesen et al., (1996). Ligand binding and dimerisation of receptors
leads to autophosphorylation on specific tyrosine (Y) residues. Figure 1.9 shows the
MAPK pathway involved in the activation of the Erk1/2. Phosphorylation of specific
tyrosine residues converts them into high affinity binding sites for Src homology 2
(SH2) domain sequences, which are encoded in different proteins. The binding of
the SH2 domain protein Shc to TK receptors leads to recruitment of Sos, a Ras
guanine nucleotide exchange factor that complexes with Grb2 via an SH3 domain.
The Grb2/Sos complex is then translocated to the plasma membrane where Sos is
able to interact with the membrane bound Ras-GDP and activate it by catalyzing the
exchange of GDP for GTP. Active Ras-GTP interacts with and activates the serine-
threonine protein kinase Raf-1, the first of three protein kinases in the MAPK

cascade. Raf-1 activates the mitogen activated protein kinase kinases (MAPKK)
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MEK1/2, which in turn phosphorylate the MAPK Erk1/2. Once activated, Erk1/2 are
translocated to the nucleus where they interact with transcription factors to alter gene
expression and thus regulate cell proliferation. The signal is ultimately terminated by
de-phosphorylation of Erk1/2 by specific phosphatases (van Biesen et al., 1996).
1.3.3.2 G-protein coupled receptors

In the late 1980’s the observation that the proliferative response of thrombin
was sensitive to PTX (Chambard et al., 1987) suggested that G-protein coupled
receptors, and specifically the Gi proteins, were involved in the regulation of cell
growth. The identification of G-protein gain-of-function mutations in human
endocrine tumors and in other human diseases, reviewed in Dhanasekaran et al,,
(1995), further implicating a role for these GPCR in growth regulation.

Initial studies investigating the signal transduction pathways involved in GPCR
growth regulation focused on the classical GPCR second messenger systems, for
example adenylate cyclase (Chabre et al., 1995). Evidence discussed extensively in
reviews by van Biesen et al., (1996) and Gutkind (1998) confirm that these GPCR
signalling pathways are able to “cross-talk” with, and activate, MAPK pathways to
regulate cell growth and differentiation.
1.3.3.2.1 G-protein coupled receptor activation of MAPK

Several GPCR induced growth effects are sensitive to PTX, indicating the
involvement of the Gi protein complex in this response. For example, the GPCR
ligands, substance P and substance K (Nilsson et al., 1985), thrombin (Vouret
Craviari et al., 1993) and bombesin (Letterio et al., 1986) induce PTX-sensitive
growth responses in cell culture systems. Subsequently, Gi-coupled GPCR have
been shown to activate molecules within the Erk1/2 cascade (van Biesen et al.,

1995), in a similar manner to the tyrosine kinase receptors, by phosphorylating the

Literature Review



Chapter 1 34

Shc adaptor protein (refer section 1.3.3.1). For example, the PTX-sensitive Gi
coupled G beta gamma and alpha 2-C10 adrenergic receptors (AR) phosphorylate
Shc in response to ligand activation (Touhara et al., 1995).

Recently, interaction between Shc, Grb and Erk1/2 activation has been
shown for the CT/CTR system. CT activation of the rabbit CTR was shown to induce
phosphorylation of She, Shc/Grb association and Erk1/2 phosphorylation in HEK-293
cells (Chen et al., 1998). These events were partially sensitive to PTX and use of the
B-adrenergic receptor kinase 1 (BARK1ct) inhibitor, which prevents Gpy signalling,
prevented the CT-mediated Erk1/2 phosphorylation. However activation of Erk1/2
was not exclusively dependent on the GPy subunit, but also required the Gog
signalling pathways, PKC and calcium. Chemical activation of the PKC and
intracellular calcium fluxes significantly dampened the CT-induced phosphorylation of
Erk1/2, but was unable to completely abrogate the effect (Chen et al., 1998). Thus
the ability of the CTR to activate Erk1/2 in HEK-293 cells is dependent on multiple G-
protein coupled pathways, which interact with the MAPK signalling cascade. Despite
these investigations into the CT-induced activation of Erk1/2, there is no evidence as

to the cellular consequences of this pathway with respect to growth.,

1.4 Aims of this thesis

This chapter has outlined the current knowledge of the CT/CTR system with
respect to its biological actions and the intracellular pathways activated by ligand
binding. The concept of the cell cycle, and the mechanisms by which it is regulated
have been introduced. GPCR regulation of growth has been discussed and evidence
presented showing that GPCR, and in particular the CTR, activate the MAPK

pathway. At the commencement of this project the CTR was known to regulate the
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growth of several human cancer cell lines. Initial investigations of the signalling
pathways involved in these specific cellular systems had been reported. However
the specific receptor isoforms involved in this process were unknown. Thus there
were three aims for this project.

1. To develop and characterise transfected human cell models that express
the insert +ve and insert -ve hCTR, independently.

2. To use this transfected system to investigate the ability of the insert +ve
and insert -ve hCTR to regulate cell growth.

3. To assess the cellular and molecular mechanisms by which CT-mediated

growth inhibition occurs.
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2.1 Materials
2.1.1 General chemicals and reagents

2.1.1.1  The chemicals and reagents listed below were obtained from Sigma

Chemical Co. Ltd., St Louis, MO, USA.

Ampicillin

B-glycerophosphate
B-mercaptoethanol

Bovine serum albumin (BSA)
Bromophenol Blue

Chloramine T

Dextran Sulphate

Dithiothreitol (DTT)

Ethylene Glycol-bis (f-aminoethyl
Ether) (EGTA)

Ethylenediaminetetraacetic acid Sephadex Gso
(EDTA) SDS

Ethidium Bromide Sodium bicarbonate
Formamide Sodium chloride
Giemsa Sodium Vanidate
Hepes Triton-X-100
Herring sperm DNA Tris-HCI

2.1.1.2 The general chemical and reagents listed below were obtained
from BDH Laroratory Supplies

Acetic acid Glycerol

Ethanol Methanol
Chloroform Sodium Bicarbonate

Dimethyl Sulphoxide (DMSO)
formaldehyde

MOPS

Magnesium chloride
PolyoxyethyleneSorbitanMonolaerate
(Tween 20)

Potassium chloride

Potassium lodine

Phenol

Phenylmethylsulfaonyl Fluoride
(PMSF)

Propidium iodide

Sodium Hydroxide
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2.1.1.3 Sources of other routinely used chemicals:

Agarose DNA grade Progen Industries, QLD, Aust

Low melt agarose

ATP Roche Diagnostic, Castle Hill, NSW, Aust
Fura-2AM Calbiochem, La Jolla, CA, USA

Histone H1 Roche Diagnostic, Castle Hill, NSW, Aust
Lipofectin Gibco BRL, Glen Waverly, Vic, Australia
Protein A-sepharose Amersham Pharmacia Biotech,

Buckinghamshire, UK

Diploma Instant Skim Milk Bonlac Foods Ltd, Vic, Australia

TRIZOL Reagent Gibco BRL, Glen Waverly, Vic, Australia
QUSO North American Silica Company, NJ, USA
2.1.2 Intracellular signalling chemicals

The following chemicals used in the intracellular signalling experiments where
purchased from Sapphire Bioscience Pty. Ltd. NSW, Australia. The manufacturer is
listed below.

BIOMOL Research Laboratories Inc., PA, USA.
8-Br cAMP

Chelerythrine chloride

Cytochalasin D

Forskolin
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H-89 N-[2-(p-Bromocinnamylamino) ethyl] -5-isoquinolinesulfonamide-2HC
LY-294002 2-(4-Morpholinyl)-8-phenyl-4H-1-benzopyran-4-one

PD-98059

U7-3122 1- (6-((17B-3-methoxyestra-1,3,5(10)-trien-17-yl) amino) hexyl) —1H-
pyrrole-2,5-dione

W7 N- (6-Aminohexyl) -5-chloro-1-naphthalene-Sulfonamide-HCI

List Biological Laboratories Inc., CA, USA

Pertussis toxin

Tocris, MO, USA
U1026

2.1.3 Synthetic peptides

Human CT, salmon CT and 8-32 salmon CT were all purchased from Peninsula
Laboratories Inc. CA, USA. The peptides were stored lypholised at 4°C on arrival.
Prior to use, the peptides were dissolved in 0.01 M acetic acid and then stored in 10
ul aliquots at -20°C, until required.

2.1.4 Enzymes

The enzymes used in this study were obtained from the following companies

Calf intestinal phosphatase New England Biolabs, MA, USA

Proteinase K Roche Diagnostic, Castle Hill, NSW, Aust

RNAse Roche Diagnostic, Castle Hill, NSW, Aust

T4 DNA ligase Promega Biosciences Inc. Madison, WI,
USA
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Hind 1lI

Xba |

2.1.5 Antibodies

Mouse monoclonal antibodies
Erk1/2 phosph (# 91058S)
Cdc2 phospho Tyr15 (#9111S)

Erk1 (clone E16220)
P21 (clone C24420)
P27 (clone K25021)

P53 (clone PAB18001)

Rabbit polyclonal antibodies
Cyclin B1 (H-433)

Cdc2 (C-19)

Rb (C-15)

P21

Anti-mouse and Anti-rabbit

Alkaline phosphotase conjugate

New England BioLabs, Beverly, MA, USA

New England BioLabs, Beverly, MA, USA

New England BioLabs, Beverly, MA, USA

Transduction Laboratories Inc., Lexington,
KY, USA

Zymed Laboratories Inc., San Fancisco, CA,
USA

Santa Cruz Bio-technology Inc., Santa
Cruz, CA, USA

Amersham Pharmacia Biotech,

Buckinghamshire, UK
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2.1.6 Radionucleotides

[a-32P] dCTP, 3000Ci/mM, [y-**P] dATP, 3000Ci/mM, were all purchased from

GeneWorks, SA, Australia.

['25]]), 100mCi/ml was purchased from Amersham Pharmacia Biotech,

Buckinghamshire, UK
2.1.7 Kits

B-Galactosidase Enzyme Assay

System

Luciferase Assay System
Purification of PCR products
(Wizard PCR preps

DNA purification system)

Oligolabelling of DNA
(Giga prime kit)

Plasmid Isolation Kit

Measurement of intracellular cAMP

CAMP enzyme immunoassay kit

Vistra ECF reagent kit

Promega Biosciences Inc. Madison, W],
USA

Promega Biosciences Inc. Madison, WI,
USA

Promega Biosciences Inc. Madison, WI,

USA

GeneWorks, SA, Australia

GeneWorks, SA, Australia

Amersham Pharmacia Biotech,

Buckinghamshire, UK

Amersham Pharmacia Biotech,

Buckinghamshire, UK
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2.1.8 Solutions and buffers

HeBes (10x) 5 g Hepes, 8 g NaCL, 0.125 g
Na,HPO4.2H.0, 1 g glucose, make to 100ml

DNA lysis solution 10 mM Tris (pH8.0), 5 mM EDTA, 100 mM
NaCl, % SDS, 10 mg/ml proteinase K, 200
ng/ml RNase A

DNA loading buffer (6X) 0.25% bromophenol blue,

40% (w/v) sucrose in H20

Binding buffer DMEM, 0.1% BSA
Elution buffer 0.15 M NaCl, 0.05 M glycine (pH2.5)
RNA loading buffer (2X) 50% formamide, 6.2% formaldehyde,

10% glycerol, 30 ug/ml ethidium bromide

MOPS buffer (10X) 0.2 M MOPS, 50 mM Na acetate, 10mM
EDTA
0.3M NayP0y4 buffer 8ml 0.6M NaH2P042H,0 , 42ml

NazHPO4.12H20 and 50ml Hgo

SSC 3 M NaCl, 0.3 M Na citrate, (pH7.0)
Protein lysis solution 25mM MOPS (pH 7.2), 60mM (-

Greatful thanks are extended to glycerolphosphate, 15mM MgCl,, 5mM

Dr Mathew O’Connell for providing EGTA, 1imM DTT, 0.1mM Na Vanidate, 1%
this protocol. Triton X-100, 1ImM PMSF
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Western sample buffer

Western running buffer (10X)

Western transfer buffer

Western blocking solution

Western washing solution

Kinase assay buffer

2.1.9 Bacterial media

L-broth

L-agar plates

L-amp

12mM Tris-HCI (pH 6.8), 6% SDS,
10% B-mercaptoethanol, 20% glycerol,
0.03% bromophenol blue

29.0g Tris Base, 1449 Glycine, 10.0g SDS
in a 11 of H,0

1.45¢g Tris Base, 7.21g Glycine,
200ml methanol in 11 of H>0

PBS (1X), 0.1% Tween 20, 5% skim milk

powder

PBS (1X), 0.1% Tween 20

50 mM Tris-HCI (pH 7.4), 10 mM MgCls,
1 mM Dithiothreitol

obtained from Media Production IMVS

L-broth, 1.5% Bacto agar

Poured into culture plates and allowed to set
L-broth, 1.5% Bacto agar, Ampicillin
(50ug/ml)

Poured into culture plates and allowed to set

Experimental materials and methods



Chapter 2 44

2.1.10 Antibiotics

G418 sulphate Bibco BRL, Glen Waverley, Vic, Australia

(Geneticine, Neomycine)

Penicillin and Streptomycin Obtained from the IMVS media production
area

2.1.11 Bacterial strains
JM109 Promega Biosciences Inc. Madison, WI,
USA

2.1.12 Plasmid vectors
pRc/CMV Invitrogen, Carlsbad, CA, USA

Zem 228CC vector containing the A kind gift from Zymogenetic Inc. WA, USA
insert-negative human calcitonin

receptor

pHz1 expression vector containing the A kind gift from Zymogenetics Inc. WA, USA
insert positive human calcitonin

receptor

pGL2-Basic vector Promega Biosciences Inc. Madison, WI,
USA

2.1.13 Plasmid reporter constructs

Plasmid reporter constructs used in this study are listed below and the source from
which they were obtained is indicated. Specific details on the constructs are
discussed in chapter 7 section 7.2 and where applicable diagrams indicate the

specific deletion and mutation sites.

Experimental materials and methods



Chapter 2

45

WWQP-Luc

PwwP

pWP124

pWP101
pWPdel-Sem1
pWP101-mt Sp1-3
pWP101-mt Sp1-4
pWP101-mt Sp1-5-6
pWP101-mt TATA
Sp1-mut

Sp1-wild

pRcCMV-Bgalactosidase

A kind gift from Dr B Vogelstein, John
Hopkins Medical School.

Kind gifts from Dr Sowa, Kyoto
Prefectural University of Medicine, Kyoto.

A kind gift from Dr Peggy J Farnham
McArdle Laboratory for Cancer Research,

University of Wisconsin, Madison.

A kind gift from J Woodcock, Hanson Centre

for Cancer Research

2.1.14 Cloned DNA sequences used as Northern blot probes

Human p21WAF1/CIP1 cDNA

Human P53 cDNA

A kind gift from Dr Helena Richardson
The University of Adelaide, SA, Australia

A kind gift from the Dr Rodger Reddel,
Childrens Medical Research Institute, NSW,
Aust.
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2.1.15  Synthetic oligonucleotides

HCTR 1 5-TGCAATGCTTTCACTCCTGAGAAA-3’
5pRcCMV 5-GAACCCACTGCTTAACTGGCTTAT-3
3pRcCMV 5-TGATCAGCGAGCTCTAGCATTTAG-3

Phosphorothioate oligodeoxynucleotides purchased from Gibco BRL, Glen
Waverley, Vic, Australia

p21 antisense 5-TCCCCAGCCGGTTCTGACAT-3’

p21 sense 5-ATGTCAGAACCGGCTGGGGA-3'

2.1.16 Tissue culture solutions

Dulbeccos minimum essential medium ICN, OH, USA

(DMEM)

Foetal calf serum (FCS) Trace Bioscience PTY. LTD, Nobel Park,
Vic, Aust

Glutamine and trypsin-EDTA Obtained from the IMVS media production
unit

2.1.17 Cell lines

Parental HEK-293 Department of Medicine, St Vincent’s

(Human Embryonic Kidney cell line) Hospital, Melbourne

D11 Department of Medicine, St Vincent’s
(HEK-293 transfected with C1a rat CTR)Hospital, Melbourne
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MCF7 and T47D

(Human breast cancer cell line)

2.1.18 Miscellaneous

4-20% polyacrylamide gels

PVDF membrane

Hybond H* nylon membranes

Renal Laboratory, Hanson Centre for

Cancer Reseach

Novex, Ca, USA

Novex, Ca, USA

Amersham Pharmacia Biotech,
Buckinghamshire, UK
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2.2 Methods

2.2.1 Cell culture

Human embryonic kidney (HEK-293) cells, MCF7 and T47D breast cancer cell
lines were maintained in Dulbecco’s Modified Eagles medium (DMEM) supplemented
with 10% heat inactivated fetal bovine serum (FCS), 2 mM glutamine, 100 U/mi
penicillin, and 0.1 mg/ml streptomycin, 40 mM sodium bicarbonate and 20 mM hepes
buffer. Stably transfected HEK-293 cells were maintained in 200 pg/ml G418, which
was removed prior to commencement of experiments. Cells were grown at 37°C in a

humidified atmosphere with 5% CO,.

222 Generation of hCTR insert +ve expression vector

The hCTR insert +ve cDNA ligated into the pHz1 expression vector was
transfected into HEK-293 cells, using the protocol described below. Three
consecutive transfection attempts were unsucessful, failing to generate any neomycin
resistant colonies three weeks following transfection. Consequently, a 1.9kB
fragment corresponding to the open reading frame (ORF) of the insert +ve hCTR was
excised from the pHz vector using the unique restriction sites Hind 11l and Xba | (refer
chapter 3). Bands representing the restriction fragments, were visualised under UV
light following staining of the gel with ethidium bromide, and the 1.9kb fragment
corresponding to the insert +ve hCTR ORF was excised from the gel using a sterile
scalpel blade. The insert +ve hCTR DNA insert was purified by placing the gel slice
at 70°C until it melted and purified using the Wizard (PCR preps) DNA purification kit
according to the instructions supplied by the manufacturer (Promega Bioscience Inc,

Madison, WI, USA).
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2.2.2.3 Preparation of the cloning vector

The pRcCMV vector DNA was linearised using Hind 1l and Xba | restriction
enzymes and the complete digestion of the DNA confirmed on an agarose gel. To
prevent self-ligation of the vector, 5’ terminal phosphate groups were removed by
treatment with 10 units of calf intestinal phosphatase (CIP) in a total volume of 100 pl
and in the buffer supplied by the manufacturer. The reaction was incubated at 37°C
for 30 min, followed by a further addition of 10 units of CIP and an additional
incubation for 45 min at 55°C. The vector was then purified using the Wizard (PCR
preps) DNA purification kit according to the instructions supplied by the manufacturer
(Promega Bioscience Inc, Madison, WI, USA). The amount of vector DNA recovered
was estimated by agarose gel electrophoresis stained with ethidium bromide.
2.2.2.4 Ligation of insert +ve hCTR DNA fragment into pRc-CMV vector

The 1.9kB insert +ve hCTR DNA and 100 ng of the pRc-CMV vector were
combined in a 1:1 molar ratio, in a 20 ul reaction with 15 units of T4 DNA ligase and
in the buffer supplied by the manufacturer. The reaction was incubated over night at
4°C.
2.2.2.5 Transformation of E.coli

10-50 ng of the ligated plasmid was mixed with 200 ul of transformation
competent JM109 bacteria and incubated on ice for 30 min. The cells were then heat
shocked at 42° C for 2-5 min, placed in 1 ml of L-broth and incubated at 37° C with
shaking for 30 min. Cells were pelleted and re-suspended in 100 ul of L-broth and
plated using a sterile spreader onto L-agar plates containing 50 ug/ml of ampicillin.

The agar plates were then incubated overnight at 37° C.
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2226 Plasmid DNA mini-preparation

Plasmid minipreps were prepared using a Plasmid Isolation Kit (section 2.1.7).
Briefly, six single ampicillin resistant colonies were grown overnight in 5 ml of L-broth
containing 50 ug/ml of ampicillin. Cells (2mi) were pelleted by centrifugation at
12,000 g for 1 min and the pellet was re-suspended in 100 ul of plasmid isolation kit
BRP solution to re-suspend the pellet. Cell were then lysed using 200 ul of plasmid
isolation kit BPL solution, mixed by inversion and incubated for 5 min before the
addition of 150 ul of the neutralisation plasmid isolation kit BPN solution. The
solution was then vortexed and the cellular debris and bacterial DNA pelleted by
centrifugation at 12,000 g for 5 min. The supernatant was removed and the DNA
extracted using an equal volume of phenol/chloroform, followed by precipitation in 2
volumes of ethanol. The DNA pellet was washed in 70% ethanol dried and re-
suspended in 30 ul of sterile water. The plasmid preparations were digested with the
restriction endonuclease Hind Il as described above, to linearise the plasmids. The
plasmids were then electrophorised on a 1% agarose gel to identify clones that
contained the insert +ve hCTR DNA. Once identified, a clone was digested using
both Hind Ill and Xba 1 restriction enzymes, as described above and the DNA
fragments separated on a 1% agarose gel to confirm the presence of the 1.9 kb

fragment corresponding to the insert +ve hCTR DNA.

223 Plasmid DNA preparation
For a large-scale plasmid preparation, the recombinant clone was grown
overnight in 50 ml of L-broth supplemented with 50 ug/ml of ampicillin. The cells

were pelleted by centrifugation at 4,000 rpm for 30 min at 4°C and the plasmids
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isolated using the Midi protocol of the Plasmid Isoloation kit according to the

instructions supplied by the manufacturer (Geneworks, SA, Australia).

2.24 Sequencing of the hCTR insert +ve expression vector

The newly generated insert +ve hCTR expression plasmid was sequenced
using the QIAGEN Dye Terminator Protocol in the IMVS DNA Sequencing facility.
DNA primers specific for the pRc-CMV vector (section 2.1.15) were used to confirm
the presence and integrity of the initiation and termination region of then insert +ve
hCTR gene. In addition, a primer specific for the insert +ve hCTR (section 2.1.15)
was used to confirm the presence of the 48 bp insert of the insert +ve hCTR. The
sequences obtained from the pRc-CMV insert +ve hCTR vector were aligned with the
published insert +ve hCTR cDNA sequence (Gom et al, 1992), using the

Genejockey DNA analysis software package (shown in chapter 3). The raw data

obtained from the sequencing reactions is shown in appendix 1,2 and 3.

2.25 Stable transfection of HEK-293 cells

To enable comparison of the independent growth effects of the insert —ve and
insert +ve hCTR, HEK-293 cell lines stably transfected with either the insert —ve or
insert +ve hCTR isoform of the human CTR were established. The insert -ve hCTR
cDNA ligated into the mammalian expression vector Zem228CC (a gift from
Zymogenetics Inc, Seattle, WA) and the insert +ve cloned into the mammalian
expression vector pRc-CMV (described above), were transfected into HEK-293 celis
using a modified calcium phosphate transfection protocol (Wigler et al., 1977). Cells

at approximately 50% confluence were transfected with 10 pg plasmid DNA, together

with 20 pg of herring sperm DNA, in 25-cm? culture flasks. Twenty-four hours after
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transfection, G418 selection was commenced with the addition of 400 pg/ml of G418
and maintained for two weeks. Neomycin-resistant colonies were picked manually,
propagated in the continual presence of G418 (200 ug/ml), and screened for binding
of ['®1] sCT. A number of clones were obtained with different levels of receptor
expression.

Parental HEK-293 cells were transfected with the mammalian expression
vector Zem228CC alone, using the above protocol. In this case a pool of G418

resistant clones was used in the growth experiments described.

2.2.6 Receptor binding assays

2.2.6.1 lodination of salmon calcitonin

Salmon CT was iodinated by Dr DM Findlay using the Chloramine T method,
as previously described (Findlay et al., 1980). 5 pg of chloramine T in 0.1M NazPO4
was used to oxidize 1 mCi of Na'?| for approximately 1 min. 2.5 ug sCT and 20 pl
0.1 M Ko,PO4 were added and allowed to react for 10 sec before the reaction was
terminated by the addition of 1 ml 0.1 M KPO, containing 1 mg/ml Kl and 5 mg /ml
bovine serum albumin (BSA). To remove unincorporated ['?°l], the reaction mixture
was added to 10 mg QUSO silica and allowed to bind for 1 min. Following
centrifugation for 2-3 min, the supermatant containing the free iodine was removed
and the pellet was washed twice with distilled water. Labeled sCT was the eluted
form the QUSO with 1ml elution buffer (20% v/v acetone, 0.1% v/v glacial acetic
acid). The supernatant containing the labeled sCT was collected and the aliquots

stored at -20°C.
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2.2.6.2 Assessment of cell surface CTR expression following transfection

Cells were grown in 24-well plates until confluent, growth media was removed
and binding buffer (DMEM containing 0.1% BSA refer section 2.1.8) was added.
Cells were incubated with '*°I-sCT ; ~80 pM alone or '®|-sCT and 100 nM unlabeled
sCT for 1 h at 37°C in 5% CO.. Following incubation, cells were washed twice in
PBS (to remove unbound radioactivity) and solubilised with 0.5 ml 0.5 M NaOH.
Samples were counted in a Packard y counter to determine cell bound radioactivity.
2.2.6.3 Receptor binding dissociation curves

Cells were grown in 24-well plates until confluent, growth media was removed
and binding buffer (DMEM containing 0.1% BSA refer section 2.1.8) added.
lodinated salmon calcitonin ('?°-sCT ; ~80pM) was added to all wells in the absence
(total binding) and presence of increasing concentrations of unlabeled salmon
calcitonin (sCT) ligand. Non-specific binding was defined as the binding in the
presence of 107M, unlabelled sCT. Cells were incubated for 1h at 37°C in 5% CO,
then washed twice with PBS to remove unbound radioactivity and solubilized in 0.5 M
NaOH. Samples were counted in a Packard y counter to determine cell bound
radioactivity.
2.2.6.4 Receptor internalisation assay

Cells were grown in 24-well plates until confluent, growth media was removed
and binding buffer added (DMEM containing 0.1% BSA refer section 2.1.8). lodinated
salmon calcitonin ('*1-sCT ; ~80pM) was added to all wells in the absence (total
binding) and presence of 107 M sCT ligand (non-specific). After 30 min at 37°C in
5% CO,, the medium was removed and replaced with fresh binding buffer containing
no sCT. At the times indicated, the cells were washed with PBS to remove residual

unbound '?°|-sCT, followed by ligand elution buffer (0.5 ml ice cold 0.15 M NaCl -
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0.05 M glycine [pH 2.5] refer section 2.1.8), added for 1 min, which was collected to
measure the cell surface bound or acid elutable fraction of *°l-sCT. To determine
the cell-associated radioactivity, the cells were solubilised as described above. The
acid-eluted and cell associated fractions were then counted in a Packard vy counter.
Internalisation was determined by calculating the acid-eluted counts as a percent of

specifically bound cell associated radioactivity.

2.2.7 cAMP assay

To measure the ability of the two hCTR isoforms to activate adenylate cyclase,
intracellular cAMP was measured using an enzyme immunoassay kit. 2x10* cells
were plated in 96 well plates for 3 days prior to performing the assay. Cells were
exposed to the indicated concentrations of sCT for 15 min at 37°C in 5% CO,. Media
was then removed and cells were lysed, using the lysis buffer provided, to release
intracellular cAMP. The assay was then performed as per the manufacturer's

instructions (Amersham Pharmacia Biotech, Buckinghamshire, England).

2.2.8 Intracellular calcium assay

The quantification of CT induced changes in intracellular calcium was
performed as described previously (Halliday et al., 1993). Cells were grown in a 75
cm? culture flask until confluent, trypsinised and re-suspended in serum-deplete
DMEM containing 1.0 uM Fura-2AM. Cells were incubated in Fura-2AM for 30 min at
37°C in 5% CO.. Excess and non-hydrolysed Fura-2AM was removed by washing
the cells twice in PBS. Cells were finally re-suspended at a concentration of 1x10°
cells/m! in Hanks solution containing 1.25 mM Ca', at 37°C. 2 ml of cells was

pipetted into a glass cuvette, maintained in suspension with a magnetic stirrer and
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placed in a Perkin-Elmer LS-50 fluorospectrophotometer. Using excitation and
emission wavelengths of 340 and 510 nm, respectively, and slit widths of 5 mm,
fluorescence was measured under basal and CT-stimulated conditions. Maximal and
minimal fluorescence of each sample was established by addition of 0.1% Triton X-
100 and then by simultaneous addition of 2 mM EGTA and 25 mM Tris-HCI,
respectively. The free intracellular calcium concentration was calculated using the

dissociation constant of 220 nM for Fura-2AM (Grynkiewicz et al., 1985).

2.2.9 Protein isolation and western blot analysis

Cells were lysed in lysis buffer containing 25 mM MOPS pH 7.2, 60 mM §-
glycerophosphate, 15 mM MgCl,, 5 mM EGTA, 1 mM DTT, 0.1 mM Sodium
Vanadate, 1% Triton X-100, 1 mM PMSF. Lysates were centrifuged for 5 min at
12,000 rpm, the supernatant fraction of the lysate was then removed and stored at -
70 °C until ready to use. 25pl of cell extracts, containing approximately 50ug of
protein, were mixed with an equal volume of sample buffer containing 12 mM Tris
HCl pH 6.8, 6% SDS, 10% B-mercaptoethanol, 20% glycerol, and 0.03%
bromophenol blue. Protein samples were boiled for 5 min and electrophoresed
under reducing conditions in 4-20% polyacrylamide gels. Separated proteins were
electrophoretically transferred to PVDF transfer membrane and blocked in PBS
blocking solution containing 1x PBS, 0.1% Tween 20 and 5% skim milk powder for 1h
at room temperature. Immunodetection was performed overnight at 4°C in
PBS/blocking solution, using mouse monoclonal antibodies to phospho-ERK1/2
MAPK protein to the non-phosphorylated ERK1 MAPK protein, p21, p27, p53
(section 2.1.5) or rabbit polyclonal antibodies to cyclin B1 or cdc2 (section 2.1.5

Filters were rinsed several times with PBS containing 0.1% Tween 20 and incubated
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with anti-mouse or anti-rabbit alkaline phosphatase-conjugate for 1h. Antibody
labelled protein was detected using the Vistra ECF substrate reagent kit and

quantified using a Fluorimager (Molecular Dynamics Inc., Sunnyvale, CA, USA).

2.2.10 Measurement of extracellular pH

Cells transfected with the insert —ve hCTR, insert +ve hCTR or vector alone,
were plated at 1.5x10° cells per well in 6 well plates and incubated in complete DME
media, as described, which contained 40 mM sodium bicarbonate and 20 mM hepes
buffer. 48 h after plating, cells were left untreated or were treated with 10 nM sCT.
The extracellular pH in medium from triplicate wells was measured 12, 24, 36, 48 and

72 h after the commencement of treatment, using a pH electrode.

2.2.11 Cell growth analysis

2.2.11.1 Effect of calcitonin concentration on cell proliferation

To determine the effect of CT concentration on cell proliferation, cells were
seeded at 5x10* cells per well in 24 well plates and incubated for 72 h in the
presence of increasing concentrations (10" M — 10® M) of sCT, hCT or the 8-32 sCT
analog, as indicated in the figures and tables. Cells were then harvested by
trypsinisation and were counted manually in triplicate using a haemocytometer. To
determine the effect of sCT treatment on cell number results were analysed by one-
way analysis of variance and the level of significance was determined from a
Duncan’s Post Hoc test, using SPSS for windows version 10.0.5 on a PC compatible

computer.

Experimental materials and methods



Chapter 2 57

2.2.11.2 Time course of the calcitonin induced anti-proliferative effect

To determine the effect of sCT on the rate of cell growth, cells were plated
under the conditions described in the figure legends. 48 h after plating cells
remained untreated or were treated with 10 nM sCT. At the indicated times after
treatment, the cells were harvested by trypsinisation and counted manually in
triplicate using a haemocytometer. To determine the effect of sCT treatment on cell
number over time, results were analysed by two-way analysis of variance. Where a
significant interaction was identified, the data was split on the basis of time and re-
analysed using a Duncan’s Post Hoc test to identify the significant differences. The
analysis was performed using SPSS for windows version 10.0.5 on a PC compatible
computer.
2.2.11.3 Growth recovery experiments

To investigate the ability of CT-treated cells to recover from the growth
retarding effect of the ligand, cells were plated at 3x10° cells per flask in T25 cm?
culture flasks. 48 h after seeding 3 flasks remained untreated (control) and 6 were
treated once with 10 nM sCT (treated) for 3 days. On day three cells were washed
once with 2 ml of elution buffer (0.15M NaCl — 0.05 M glycine (pH 2.5)), to remove alll
cell bound sCT and then 2 mi of 1x PBS to remove residual acid. Growth media was
then replaced such that control cells again remained untreated for a further 3 days.
However, the treated cells were divided into 2 groups of three and one was re-treated
with 10 nM sCT (sCT), while the other remained untreated (sCT wash) for the final 3
days. At the end of this, 6 day period, cells were harvested by trypsinisation and
counted manually using a haemocytometer. To determine the ability of cell growth to
recover following sCT treatment, results were analysed by an analysis of variance

(ANOVA). Where a significant interaction was identified, the data was split on the
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basis of time and re-analysed using a Duncan’s Post Hoc test to identify the
significant differences. The analysis was performed using SPSS for windows version
10.0.5 on a PC compatible computer.
2.2.11.4 Identification of important intracellular signalling pathways involved
in the calcitonin growth effect

To determine the intracellular signalling pathways involved in transducing the
CT-mediated inhibition of cell growth, cells were plated at the indicated density and
allowed to adhere to the plastic for the specified time. Following adherence, cells
remained untreated or were treated in triplicate with the specified molecules which
activated or inhibited the indicated intracellular signalling pathways, for 72 h.
Following incubation cells were photographed using a Nikon Eclips TE300
microscope and a Nikon F70 camera under monochromatic light using Kodak
Technical Pan film. Cells were then harvested by trypsinisation and counted
manually using a haemocytometer. Data are expressed as mean cell number per
well £ SEM. To determine the effect of treatment on cell number results were
analysed by one-way analysis of variance and the level of significance was
determined from a Duncan’s Post Hoc test, using SPSS for windows version 10.0.5

on a PC compatible computer.
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2.2.12 Cell viability assay

D11 cells expressing the C1a rat CTR and Hr12 cells expressing the insert —ve
hCTR were plated into 12 well plates at 2x10° cells per well and allowed to adhere.
48 h after plating the cells either remained untreated or were treated with 10 nM sCT.
At the times indicated cells were harvested by trypsinisation and mixed in a 1:1 ratio
with 0.4% trypan blue. Viable, cells able to extrude the trypane blue dye and non-

viable cells, blue celis, were then counted using a haemocytometer.

2.2.13 Apoptosis assay

Cells were harvested by washing twice with PBS, after 72 h in the presence or
absence of 10 nM sCT, and incubated overnight at 37°C in lysis buffer containing 10
mM Tris (pH 8.0), 5 mM EDTA, 100 mM NaCl, 1.0 % SDS and 200 pg/mi proteinase
K. DNA was extracted twice with equal volumes of phenol-chloroform-isoamylalcohol
(25:24:1) and then precipitated in ethanol. Samples were electrophoresed in a 1.2%

agarose gel, stained with ethidium bromide and visualized under UV light.

2.2.14 Cell cycle analysis

Cells were trypsinisation and collected by centrifugation, re-suspended in ice-
cold PBS and then fixed in absolute methanol for at least 30 minutes. Cells were
then washed in PBS containing 0.5% Tween 20, followed by two washes in PBS
containing 2% FCS and re-suspended in PBS/2% FCS containing 40 pg/ml RNase A
and incubated for a further 20 min at 37°C. Cells were washed in PBS/2%FCS and
were finally re-suspended in PBS containing propidium iodide (Pl) at a final

concentration of 20 pug/ml. The stained nuclei were analysed using a flow cytometer
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(Epics Profile, Coulter, Hialeah, FL). Cell cycle distribution was based on 2N and 4N

DNA content.

2.2.15 Mitotic index analysis

Cells treated or not with 10 nM sCT for 24 h were trypsinised, collected by
centrifugation, washed in 1x PBS and treated with hypotonic solution of 0.075 M KCl
at 37°C for 30 min. Following centrifugation, cells were fixed by the dropwise
addition of freshly prepared fixative (methanol:acetic acid, 3:1), re-centrifuged, and
re-suspended in fixative. Cells were dropped onto clean microscope slides and
stained with a 1:25 dilution of Giemsa stain in 1x PBS for 30 min. Mitotic indices
were calculated as the number of cells with condensed chromosomes with at least

3000 cells being examined from ten different fields of view.

2.2.16 RNA extraction and Northern blot analysis

For Northern blot analysis, cells were seeded at a density of 1x10° cells/25
cm? flask, allowed to attach for 48 h and then incubated for various times in the
absence or presence of 10 nM sCT. Total RNA was isolated using the TRIZOL
Reagent, according to the manufacturer’s instructions. Total RNA (10 pg per lane)
was electrophoresed in formaldehyde/1% agarose gels, transferred to Hybond N*
nylon membranes, and immobilised by UV cross-linking. Membranes were
prehybridised for 3 h at 42°C in 1 M NaCl, 1% SDS, 10% Dextran sulphate, 50%
formamide, 100 pg/ml of heat-denatured herring sperm DNA and hybridised with
human p21%AF“CP1 cDNA, or p53 cDNA radiolabeled with [0-**PJdCTP by random
priming using the Giga prime kit. To allow quantitation of mRNA signals, the same

filters were stripped. To remove the radioactive probe, filters were shaken vigorously
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for 10 min in boiling stripping solution (0.1x SSC and 0.1% SDS) three times.
Following the final wash the filters were rocked at room temperature in 2x SSC for 15
min. The filter was then re-probed with a 450 bp **P-labelled PCR-generated DNA
fragment of human glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Signals
were analysed using the Phosphorlmager SF (Molecular Dynamics Inc., Sunnyvale,

CA,USA).

2.2.17 Transfection of antisense oligonucleotides

Phosphorothioate oligodeoxynucleotides (2 pg/ml) and lipofectin (10 pg/ml)
were incubated in serum free DMEM for 45 min at room temperature. The
oligonucleotide-lipofectin mixture was diluted with serum-containing medium and
added to the cells. Following 4 h of pre-incubation with the oligonucleotide mixture,
cells were treated with 10 nM of sCT for up to 72 h. To confirm that the antisense
oligonucleotide had the desired effect of blocking p21 up-regulation by sCT, p21
mRNA was monitored by Northern blotting at 24 and 48 h following treatment with
sCT. At the indicated times cells were trypsinised from plates and counted. The
antisense oligonucleotide (p21AS) was based on the p21 coding sequence, which is
complementary to the region of the initiation codon (5-TCC CCA GCC GGT TCT
GAC AT-3) and the sense oligonucteotide (Sp21) was identical to the initiation

sequence (5'-ATG TCA GAA CCG GCT GGG GA-3).
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2.2.18 Immunoprecipitation and kinase activity

For immunoprecipitation and for kinase activity determination, 5pg/ml of rabbit
polyclonal antibodies to p34°®, p21, Rb or cyclin B1 (section 2.1.5) were attached to
25ul of protein A-sepharose slurry and 400ul of PBS by incubation at 4°C for 24 h.
500yl of cell lysate was simultaneously pre-cleared by incubation with 25ul of protein
A-sepharose slurry at 4°C for 24 h. The pre-cleared cell lysate was then added to
the antibody-attached sepharose and incubated for a further 24 h at 4°C on a rotating
platform. Immune complexes were recovered and washed three times with lysis
buffer. For immunoprecipitation, immune complexes were separated on 4-20% SDS-
polyacrylamide gels as described above and a mouse monoclonal p21 antibody or
rabbit polyclonal p34°*? was used for immunoblot analysis. For p34°** kinase
activity, immune complexes were washed three times with kinase assay buffer (50
mM Tris-HCI pH 7.4, 10 mM MgCly, 1 mM dithiothreitol). Phosphorylation of histone
H1 was measured by incubating the beads with 40 pl of a reaction mixture
containing 25 pM ATP, 2 g histone H1 and 2.5 pCi [**PIy-ATP in kinase assay buffer
for 30 min at 37°C. The reaction was stopped by boiling the sample in 2 X SDS
sample buffer for 5 min and samples were resolved by SDS-PAGE. Gels were

analyzed using the Phosphorlmager SF (Molecular Dynamics Inc.).

2.2.19 Luciferase and pB-galactosidase assays
2.2.19.1 Reporter constructs

The human wild type full-length p21 promoter luciferase fusion plasmid, WWP-
Luc, was a kind gift from Dr B Vogelstein (Johns Hopkins Medical School). A series
of p21 promoter deletion constructs (P\WWP, pWP 124, pWP 101, pWPdel-Sma 1),

shown schematically in figure 7.3 and mutant constructs (pWP101-mt Sp1-3,
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pWP101-mt Sp1-4, pWP101-mt Spi1-5-6 and pWP101-mt TATA) shown
schematically in figure 7.4 were generated and provided by Dr Sowa (Kyoto
Prefecturnal University of Medicine). Briefly, the 2.4-kilobase pair genomic fragment
containing the transcription start site was subcloned into the luciferase reporter
vector, PGL3-basic, to generate pWWP. The construct termed, pWWP-124 consists
of sequences corresponding to the region of the promoter between —124 and the
start of transcription and contains all six Sp1 consensus binding sites. PWWP-101
consists of a minimal promoter region between —101 relative to the transcriptional
start site and contains four Sp1 binding sites termed Sp1-3, Sp1-4, Sp1-5-6. The
construct termed pWP-del-Smal was generated by digesting pWWP with Smal and
by religating. The wild type luciferase-reporter plasmid Sp1-luc, consisting of three
consensus Sp1 binding sites was a kind gift from Dr Peggy J Farnham, whereas the
mutant type-Sp1-luc construct was constructed by Dr Sowa (Kyoto Prefectural
University of Medicine). A vacant vector pGL3-Basic was purchased from Promega
and was used as a control reporter plasmid. The pRcCMV-Bgalactosidase reporter
construct was used to standardize for transfection efficiency.
2.2.19.2 Transient and stable transfections of reporter constructs

Cells were seeded at a density of 1x10° cells/25 cm? flask, and were allowed
to attach for 2 days. Cells were transfected by a calcium phosphate co-precipitation
technique using 10 ug of each of the reporter plasmid DNA together with 20 ug of
sheared herring sperm DNA. Twenty-four h after transfection, cells were incubated
for a further 24 h with various treatments, as indicated in the figure legends, and cell
lysates were collected for luciferase assay. For stable transfections, 10 ug of each
reporter plasmid DNA construct was co-transfected with 20 ug of herring sperm DNA.

Twenty-four h after transfection, G418 was added to the medium at a final
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concentration of 400 pg/ml. The medium was changed every three days and about
three weeks later G418 resistant colonies were selected. For luciferase assay mass
cultures of G418 resistant colonies were expanded and cells were seeded at a density
of 2x10° cells/flask. Cells were allowed to attach for two days, before treatment with
sCT, butyrate or a combination of both and cell lysates were collected for
measurement of luciferase activity, as indicated.
2.2.19.3 Luciferase and 3-galactosidase assays

The luciferase and 3-galactosidase activities of the cell lysates were measured
24 hr after the various treatments, as indicated in the figure legends. Luciferase and
B-galactosidase were analyzed using the same cell extracts as per the
manufacturer’s instructions (Promega Bioscience Inc, Madison, W1 USA). Luciferase
activities were normalized for the amount of protein in cell lysates or B-galactosidase

activity as indicated.

Experimental materials and methods



Chapter 3 65

Chapter 3
Generation and characterisation of
HEK-293 cells stably expressing either

the insert —ve or insert +ve hCTR.

Generation and characterisation of HEK-293 cells stably expressing either the insert —ve or insert
+ve hCTR



Chapter 3 66

3.1 Introduction

CT is a 32 amino acid peptide, best known for its ability to inhibit osteoclastic
bone resorption (Chambers et al., 1982). CT acts through its seven transmembrane
domain G-protein coupled cell surface receptor, the CTR, to inhibit osteoclast bone
resportive function (Chambers et al, 1982). The identification of CTR in many extra-
skeletal cell types and tissue sites (Martin et al., 1998) indicates that the CT/CTR
hormone receptor system also has effects other than those involved in calcium
homeostasis. Accordingly, CT induces receptor-mediated effects as disparate as
blastocyst differentiation (Wang et al., 1998) and implantation (Zhu et al., 1998a) and
appetite regulation (Yamamoto et al., 1982) and analgesia (Morimoto et al., 1984) in
the CNS. Expression of CTR has also been shown in human cancer cell lines
(Findlay et al., 1980a; Findlay et al., 1980b; Findlay et al., 1981; Shah et al., 1994)
and in primary cancer tissues (Shah et al., 1994; Gillespie et al., 1997).

Multiple isoforms of the rat and human CTR have been reported (as discussed
in section 1.2.1), which arise from alternative splicing of the primary mRNA species
(Moore et al., 1995; Nakamura et al., 1995; Nussenzveig et al., 1995). In the case of
the rat CTR, two isoforms, C1a and C1b, have been identified (shown schematically
in figure 1.1), which differ structurally by a 37 amino acid insert in the putative second
extracellular domain, which is present in the C1b variant but not the C1a isoform
(Sexton et al., 1993). The presence of the 37 amino acid insert in the extracellular
domain decreases the CT binding affinity of the receptor (Sexton et al., 1993). The
human CTR has two predominant isoforms, the insert -ve (Kuestner et al., 1994) and
the insert +ve (Gomn et al., 1992) (as discussed in section 1.2.1). A 16 amino acid
insert in the first putative intracellular loop is present in the insert +ve isoform but not

the insert -ve hCTR isoform (Kuestner et al., 1994; Gom et al, 1992) (shown
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schematically in figure 1.1). When expressed in a number of cell types, the insert
+ve isoform displays similar affinity for CT as the insert -ve receptor but has different
G-protein coupling efficiency (Moore et al., 1995; Nussenzveig et al., 1994). The 16
amino acid insert prevents CT stimulation of the insert +ve hCTR from mobilising
intracellular calcium when it is expressed in BHK cells (Moore et al., 1995). The
ability of the insert +ve isoform to activate cAMP via Gs is cell type specific, CT
having reduced potency in BHK (Moore et al., 1995) and COS (Nussenzveig et al.,
1994) cells.

In addition to adenylate cyclase and PLC activation, CTR’s activate other
intracellular signalling pathways, involving phospholipase D (Naro et al., 1998) and
tyrosine kinases (Zhang et al., 1999; Chen et al., 1998). In particular, activation of
the rabbit CTR transfected into HEK-293 cells caused a rapid, but transient activation
of MAP kinase via Gi and PTX-insensitive PKC activation (Chen et al., 1998). There
are no published reports of the ability of the hCTR isoforms to activate the Erk1/2
MAP kinase pathway.

The insert +ve and -ve isoforms of the hCTR are co-expressed in variable ratios
in a number of tissues and cell types (Kuestner et al., 1994). Therefore, in order to
study separately the biology of the isoforms it has been necessary to establish cell
models, which specifically express either one of the hCTR isoforms. Previously, the
C1ia rCTR has been expressed in HEK—293 cells (Houssami et al., 1994), while the
insert -ve and +ve hCTR isoforms have been separately expressed in baby hamster
kidney (BHK) cells (Moore et al., 1995). When expressed in the HEK-293 cells, the
Cla rCTR isoform responded to CT by inducing growth suppression (DM Findlay,
personal communication). However no effect on growth was seen when BHK cells

expressing the insert —ve hCTR were treated with CT (DM Findlay, personal
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communication). In order to determine if the effect of CT on cell proliferation was a
receptor- or cell-specific effect, and thus to develop an understanding of the growth
regulating action of the hCTR isoforms, it was necessary to generate and
characterise stably transfected HEK-293 cell lines expressing either the insert —ve or
+ve hCTR. Cell lines expressing either the insert -ve or +ve hCTR isoform showed
comparable CT binding kinetics. Single clones expressing either the insert positive
or insert negative hCTR were chosen and characterised in terms of CT activated
intracellular signalling. Cells expressing the insert —ve hCTR were able to elevate
intracellular cAMP, elevate intracellular calcium and activate Erk1/2 MAP kinase. In
contrast, cells expressing the insert +ve hCTR were unable to initiate intracellular
signalling. However clones expressing either the insert —ve or +ve hCTR responded
to CT by induction of a novel secretion of hydrogen ions. This latter result provided
evidence that the insert +ve hCTR was capable of inducing intracellular effects and

was not simply a decoy receptor.

3.2 Results

3.2.1 Generation of insert +ve hCTR expression plasmid
Removal of the insert +ve hCTR cDNA from the original pHZ1 plasmid and re-
ligation into a pRc-CMV vector (described in section 2.2.2) was carried out by Dr
Andreas Evdokiou, and is included here, as the construct was vital to achieving the
objectives of this study.
3.2.1.1 Excision of the insert +ve hCTR cDNA from the pHZ1 plasmid
The unique restriction sites, Hind Ill and Xba 1, were used to remove a 1.7kb

fragment from the pHz1 plasmid, which contained the insert +ve hCTR DNA (figure
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Figure 3.1 Excision of the insert +ve hCTR cDNA from the pHZ1

vector.

The insert +ve hCTR ORF was excised from the Phz1 plasmid using a

Hind 11l and Xba | digest.



95bp Insert +ve hCTR

5UTR coding region 830p pHz1
SNy vector
! NN NOREIMNMNR

e ]

Vector Xba 1
HIND Il 3poly A tail

Ligation of insert

CMV HIND 1l

promoter

Xba 1

Insert +ve hCTR

pRc CMV vector

SV40 promotor
and ori

Neomycin resistance

Figure 3.2 Ligation of the Insert +ve hCTR cDNA into the pRcCMV
vector.
The isolated insert +ve hCTR ORF was ligated into a CMV expression

plasmid using Hind Il and Xba | restriction sites.
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3.1). The fragment containing the insert +ve hCTR DNA was then religated into Hind
Il and Xba | sites of the pRc-CMV vector (figure 3.2).
3.2.1.2 Sequencing of the insert +ve hCTR pRc-CMV expression plasmid

To confirm the integrity of the insert +ve hCTR cDNA, the newly generated
expression plasmid was sequenced (described in section 2.2.4) (raw sequencing
data can be found in appendix I, Il and Ill). The generated sequences were then
compared to the published sequence of the insert +ve hCTR (Gom et al., 1992).
Figure 3.3A shows alignment of the insert +ve hCTR sequence with the sequence
generated using the 5 CMV primer and indicates the presence of the ATG initiation
codon and approximately the first 260 base pairs of the sequence. A sequence was
also generated using a 3 CMV primer. This was aligned with the published insert
+ve hCTR sequence and was shown to contain a TGA termination codon and
approximately 220 base pairs of the 3’ sequence (Figure 3.3B). The size of the
excised insert +ve hCTR insert together with sequencing from the initiation codon to
the stop codon in the newly generated expression vector indicate the presence of the
entire open reading frame. To confirm the presence of the 48 bp insert, unique to the
insert +ve hCTR, in this ORF an internal 5 hCTR primer was used to sequence this
internal region of the newly generated plasmid. Figure 3.3C shows the alignment of
the insert +ve hCTR sequence and the sequence generated using the internal hCTR
primer, and it includes approximately 600 bp of sequence, including the underlined
48 bp insert.
3.2.2 Binding assessment of the insert +ve and insert —ve clones

HEK-293 cells were transfected with hCTR insert-ve and hCTR insert +ve
vectors (described in 2.2.5). Following antibiotic selection of individual HEK-293

clones, binding experiments were performed (described in section 2.2.6.2) to assess
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Figure 3.3A Sequence alignment of published insert +ve hCTR

sequence [top] (Gorn et al., 1992) with the insert +ve hCTR pRcCMV
expression vector sequence, generated using a primer complementary

to the 5’ region of the CMV vector [bottom].
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Figure 3.3B Alignment of the published insert +ve hCTR sequence (Gorn

et al, 1992) with the sequence generated from the insert +ve hCTR CMV

vector, using a primer complementary to the 3’ CMV vector.
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Figure 3.3C Alignment of the published insert +ve hCTR sequence
(Gorn et al,. 1992) with the sequence generated using a 5’ primer
complementary to the internal region of the hCTR. The sequence
complementary to the primer is underlined, as are the 48-bp

corresponding to the hCTR insert.



Published insert +ve hCTR sequence (top), sequence generated from insert +ve
hCTR pRc-CMV expression plasmid (bottom).
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receptor expression on the cell surface. Several clonal cell lines were generated that
had varying ability to bind ['?°1] sCT, when compared to the previously described D11
cell line (Houssami et al., 1994), which expresses the rat C1a isoform of the rat CTR
(Table 3.1). To compare ligand-receptor interactions in HEK-293 clones stably
expressing either the insert —ve or insert +ve hCTR, binding competition curves
(described in section 2.2.6.3) were constructed using ['®I] sCT as the radioligand,
with increasing concentrations of unlabeled sCT. Binding competition in two cell
lines expressing the insert —ve form of the hCTR (designated HR12 and HR9) were
compared to D11 cells expressing the rat C1la CTR. There were no consistent
differences between the binding ability of the insert —ve hCTR isoform or the rCTR
isoform (Figure 3.4). Scatchard analysis was performed to determine the number of
receptors expressed by each clone and the binding affinity (Kd) of the receptors
(Figure 3.4 insert). The HR12 cell line expressed 1.4+0.4x10° receptors per cell
(mean + SEM, n=3), and bound ['?®[]sCT with a Kd of 2.0+0.4nM (mean + SEM, n=3).
A second cell line investigated, HR9, had similar binding kinetics to the HR12,
expressing 1.2x10° receptors per cell (n=2), with a Kd of 2.6nM (n=2).

Similarly, ligand-receptor interactions were compared between clones
expressing the insert —ve and insert +ve hCTR, using binding competition curves
(figure 3.5). Binding competition of the HR12 cell line expressing the insert —ve
hCTR was compared with two cell lines stably transfected with the insert +ve hCTR
(designated Hi12 and Hi5). There were no significant differences between the
binding ability of these hCTR isoforms (figure 3.5). Scatchard analysis showed that
the Hi12 cells expressed 2.3x10° receptors per cell (n=2) and bound ['#*1]sCT with a

Kd of 3.3nM (n=2) (figure 3.5 insert). The Hi5 cell line had comparable binding

Generation and characterisation of HEK-293 cells stably expressing either the insert —ve or insert
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Comparison of ['2°1] sCT binding in parental HEK-293 cells or individual HEK-
293 clones expressing
either the insert —ve hCTR or Cla rCTR.

Experiment 1

Clone CTR expression Specific Binding
Counts per 10° cells
HEK - 1621
D11 rCTR 23815
HR3 insert -ve hCTR 13516
HR8 insert -ve hCTR 13733
HR1 insert -ve hCTR 14837
HR2 insert -ve hCTR 14163
HR5 insert -ve hCTR 13434
Experiment 2
Clone CTR expression Specific Binding
Counts per 10° cells
HEK - 550
D11 rCTR 27372
HR12 insert -ve hCTR 37405
HR13 insert -ve hCTR 48323
HR11 insert -ve hCTR 25844
HR10 insert -ve hCTR 53819
HR9 insert -ve hCTR 13408

Table 3.1 Clonal cell lines stably expressing either the C1a rCTR or the insert —ve

hCTR were incubated with ['2°1] sCT alone or ['?°I] sCT and 100 nM unlabeled sCT
for 1h at 37°C. Cells were then washed twice with PBS and solublised with 0.5 ml of
0.5 M NaOH. Cell associated radioactivity was determined by counting in a y-

counter. Results are means of duplicate determinations from two independent

experiments.
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Figure 3.4 Binding of ['*I]sCT in HEK-293 cells expressing the C1a
rCTR or the insert —ve hCTR.

Cells stably expressing the C1a rCTR D11 clone (® ), the insert —ve hCTR
HR12 clone (® ), HR9 clone (e ) were incubated with ['®1]sCT and
increasing concentrations of unlabeled sCT for 1 h at 37° C. Cells were
then washed twice with PBS and solublised in 0.5ml of 0.5M NaOH. Cell
associated radioactivity was determined by counting in a y-counter.
Results are mean + SEM of triplicate determinations, expressed as a
percent of maximal bound ['%51]sCT, and these results are representative
of three independent experiments for D11 and HR12 cells and two
independent experiments for the HR9 cells. The insert is a representative
example of the Scatchard analysis of sCT binding to HEK-293 cells
expressing the insert —ve hCTR, HR12 clone, performed as described in

the Experimental materials and methods.
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Figure 3.5 Binding of ['?°I]sCT in HEK-293 cells expressing the insert
—-ve or the insert +ve hCTR.

Cells stably expressing the insert —-ve hCTR HR12 clone (e), the insert +ve
hCTR Hi12 clone (=), or Hi5 clone (=) were incubated with ['251]sCT and
increasing concentrations of unlabeled sCT for 1 h at 37°C. Cells were
then washed twice with PBS and solubilised in 0.5 ml of 0.5 M NaOH. Cell
associated radioactivity was determined by counting in a fy-counter.
Results are mean = SEM of triplicate determinations expressed as a
percent of maximal bound ['?°[]sCT, and these results are representative
of two independent experiments. The insert is a representative example of
the Scatchard analysis of sCT binding to HEK-293 cells, expressing the
insert +ve hCTR, Hi12 clone, performed as described in the Experimental

materials and methods.
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kinetics, expressing 3.6x10° receptors per cell (n=2) and binding ['#1]sCT with a Kd
of 3.3nM (n=2).
3.2.3 Internalisation of hCTR isoforms

The internalisation of the ligand receptor complex is known to occur following
the binding of ['?*1]sCT to rat (Houssami et al., 1994), pig (Findlay et al., 1994) and
human (Moore et al., 1995) CTR receptors. On the cell surface, receptor-bound CT
is sensitive to removal by low pH buffer, but in a time and energy dependent manner
translocates to an acid resistant state, which is consistent with receptor
internalisation (Findlay et al., 1984). Previously, the insert —ve and insert +ve hCTR
receptor isoforms have been shown to internalise at very different rates in response
to binding of ['?®1]sCT, when stably expressed in BHK cells (Moore et al., 1995).
Those data indicated another clear functional difference between these receptor
isoforms, and suggested a link between the ability of the receptor to signal and to
induce down regulation. In the current experiments (described in section 2.2.6.4) the
pattern of internalisation observed in HEK-293 cells expressing either the insert —ve
or +ve hCTR was different from that previously observed in the BHK cells. The
amount of cell surface-bound ['?°l]sCT was assessed by the ability of an acidic buffer
to remove the radioactivity from the surface of intact cells. To assess the ligand-
induced receptor internalisation, cells were first incubated for 30 min with ['*I]sCT,
prior to measurement of acid elutability at the different time points thereafter. Figure
3.6 shows 22% and 28 % of the insert —ve and +ve hCTR, respectively, were
internalised during the incubation process. During the 240 min following the ['*°I]sCT
incubation, the insert +ve hCTR maintained a relatively constant sensitivity to acid
elution. A maximum of 30% of surface-associated radioactivity was internalised by

cells expressing the insert +ve hCTR during the experimental time frame, most of

Generation and characterisation of HEK-293 cells stably expressing either the insert —ve or insert
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Figure 3.6 Acid elution of ['?°l]sCT from cells expressing either
the insert —ve or +ve hCTR.

Cells were incubated with ['*1]sCT for 30 min at 37 C, the medium
was removed, cells were washed once with 1x PBS and fresh medium
containing no sCT was added. At the times indicated, the cells were
washed with 1x PBS, followed by 0.5ml ice cold 0.15 M NaCl-0.05
glycine (pH 2.5). The cells were then solubilised in 0.5ml of 0.5 M
NaOH. The elutable and cell associated radioactivity was then
measured using a y-counter. The results show the percentage of cell
associated radioactivity eluted by acid at each time. Each Data point
is the mean + SEM of triplicate determinations and the experiment is

representative of two experiments.
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experimental time frame, most of which occurred in the first hour following the
incubation. The HEK-293 cells expressing the insert —ve hCTR exhibited a similar
pattern of receptor internalisation to the Hi12 cells, with a greater amount of cell
surface receptor internalised. The amount of acid-elutable radioactivity increased
from 28%-40% during the first hour post ['*°l]sCT incubation, and then plateaued and
remained approximately at this level over the next 240 min. Thus a qualitatively
similar functional difference between the internalisation of the receptor isoforms was
seen in HEK-293 cells as BHK cells although with a reduced magnitude.
3.2.4 cAMP accumulation

CT stimulates cAMP accumulation in BHK cells transfected with either the insert
-ve or the insert +ve hCTR (Moore et al., 1995). However BHK cells transfected with
the insert +ve hCTR cells responded with greatly reduced sensitivity (Moore et al.,
1995). The results of experiments performed in HEK-293 cells (described in section
2.2.7) were quite different. Treatment with sCT resulted in an accumulation of cAMP
in cells expressing the insert —ve hCTR, with an ECsy of approximately 3x10°M
(Figure 3.7). In contrast, insert +ve hCTR transfected cells were essentially
unresponsive to CT, even at concentrations that were saturating or near-saturating
for the insert -ve hCTR (Figure 3.7).
3.2.5 Free calcium mobilisation

Nanomolar concentrations of sCT have been shown to induce a transient rise in
intracellular calcium in BHK cells transfected with the insert-ve hCTR (Stroop et al.,
1993), and HEK-293 cells stably transfected with fhe rat Cla CTR (Houssami et al.,
1994). However, BHK cells expressing the insert +ve hCTR (Moore et al., 1995)
were found to be unresponsive to CT with respect to Ca®* mobilisation. It was

therefore of interest to compare the ability of the hCTR isoforms to induce
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Figure 3.7 CT induction of intracellular cAMP accumulation.

HEK-293 cells stably expressing the insert —ve (o) or insert +ve hCTR (n)
were treated with the indicated concentrations of sCT for 15 min at 37°C.
Cells were then lysed and assayed for intracellular cAMP content as
described in the Experimental materials and methods. The results are
mean + SEM of triplicate determinations and are representative of two

independent experiments.
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Figure 3.8 Intracellular calcium mobilisation.

Suspensions of fura-2AM loaded HEK-293 cells, expressing the insert —ve
hCTR HR12 clone (#) or insert +ve hCTR Hi12 clone (1), were exposed to
increasing concentrations of sCT. Cytoplasmic free calcium was
calculated as described in the Experimental material and methods. This

data is representative of two independent experiments.
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intracellular calcium in HEK-293 cells (as described in section 2.2.8). Treatment of
cells transfected with the insert-ve hCTR with sCT induced a rapid, dose-responsive
increase in intracellular calcium, similar to that shown in BHK cells (Figure 3.8). This
increase in intracellular calcium was receptor isoform specific since concentrations of
CT that were maximally effective for the insert —ve hCTR had no effect on
intracellular calcium concentrations in cells transfected with the insert +ve hCTR
(Figure 1.8). As expected in HEK-293 cells transfected with the vector alone, CT had
no effect on intracellular calcium concentration (data not shown).
3.2.6 Sustained activation of Erk1/2 MAPK by CT

To examine the effect of CT on activation of the Erk1/2 MAPK pathway, we
determined the effect of CT on phosphorylation of Erk1/2 in HEK-293 cells stably
expressing either the insert —ve or insert +ve hCTR (described in section 2.2.9).
Treatment with CT resulted in a minor and transient phosphorylation of Erk1/2 in the
first hour of treatment. However, a marked induction of Erk1/2 phosphorylation was
seen at 24h that was sustained for up to 48h and 72h in cells stably expressing the
insert —ve hCTR (Figure 3.9A and Figure 8.8). Cells expressing the insert +ve hCTR,
or vector alone, showed no change in the phosphorylation state of Erk1/2 in
response to CT treatment (Figure 3.9B & C). Phosphorylation of Erk1/2 by CT was
ligand-dependent and was not seen in cells incubated in the absence of CT (Figure
3.9A, Band C).
3.2.7 Changes in extracellular pH

An interesting phenomenon was observed after CT treatment of HEK-293 cells
transfected with either the insert -ve hCTR or the insert +ve hCTR. Despite the
presence of both sodium bicarbonate and hepes buffering agents, there was a time-

dependent increase in the acidity of the growth media, in response to sCT treatment

Generation and characterisation of HEK-293 cells stably expressing either the insert —ve or insert
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Figure 3.9 CT activation of ERK1/2 is CTR isoform specific.

Sub-confluent HEK-293 cells stably expressing the insert —ve hCTR,
HR12 clone, (panel A), insert +ve hCTR Hi12 clone (panel B) or vector
alone (panel C) were treated for the indicated times with 10 nM sCT, or
for 5 min with 10 ng/ml EGF as a positive control. Cells were washed
once in PBS and lysed in lysis buffer. Total cell extracts were processed,
as described in the Experimental materials and methods, for
immunoblotting with anti-phospho-Erk1/2 antibody to determine the
phosphorylation state of Erk1/2 (upper panel) or anti-Erkl antibody, to
determine the total amount of protein in each sample (lower panel).

These results are representative of three independent experiments.
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Figure 3.10 CT-induced extracellular acidification.

HEK-293 cells stably expressing the insert —ve hCTR clone HR12 (0),
the insert ve hCTR clone Hi12 () or vector alone (A) were treated 48
h after plating with 10 nM sCT. At the indicated times the media pH of
triplicate wells was measured. These results are mean + SEM, with
error bars obscured by the data points, and the data is representative

of 3 independent experiments.
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(described in section 2.2.10) (figure 1.10). This novel effect was of greater
magnitude for cells transfected with the insert —ve hCTR. Treatment of cells
transfected with the vector alone showed no change in extracellular pH after sCT

treatment (figure 1.10).

3.3 Discussion

In reconsidering the physiology of CT, it is necessary to understand the
significance of the CTR isoforms that result from alternative splicing of the primary
transcript and that are expressed in a tissue-specific manner (Kuestner et al., 1994).
In particular, transcripts corresponding to the insert +ve isoform of the hCTR are
expressed as a minor product in most tissues examined, relative to the insert -ve
transcript and not at all in stomach and brain, but are well expressed in ovary and
placenta (Kuestner et al., 1994). Interestingly, the insert +ve isoform appears to be
always expressed together with the insert -ve isoform, although the converse is not
true (Kuestner et al., 1994). This pattern of expression would make possible
modulation of the insert —ve isoform by the insert +ve isoform. Although there is no
evidence for such an action as yet, this possibility is discussed in chapter 9.

Two HEK-293 clones expressing the insert —ve hCTR isoform displayed
similar binding characteristics for ['*I]CT to the previously reported D11 clone, which
expresses the C1a isoform of the rat CTR. The C1a isoform bears 78% homology
with the insert -ve hCTR (Gorn et al., 1992), and has similar binding kinetics to the
human homologue. The second isoform of the rat CTR contains an extracellular
insert, which consequently reduces the affinity of the receptor for ['*°]sCT (Sexton et
al, 1993). The insert +ve hCTR has a 16 amino acid insert in the first intracellular

loop of the receptor (Gorn et al., 1992). The insert did not alter the binding ability of

Generation and characterisation of HEK-293 cells stably expressing either the insert —ve or insert
+ve hCTR



Chapter 3 75

the two HEK-293 clones expressing the insert positive hCTR, as they have binding
characteristics indistinguishable from the HR12 clone. This observation agrees with
previous reports on the binding kinetics of these receptors in non-human BHK cells
(Moore et al., 1995).

The pattern of ligand mediated receptor internalisation for both the insert +ve
and -ve hCTR isoforms in the HEK-293 transfection model, was different from that
observed in the BHK system (Moore et al, 1995). However the pattern of
internalisation for the insert —ve hCTR was similar to that reported when the C1a
rCTR was expressed in HEK cells (Houssami et al., 1994), where acid elutability
plateaued following internalisation of 40% of surface radioactivity. Interpretation of
receptor internalisation kinetics in HEK cells is confounded by a recent report that
this cell line is deficient in the molecular machinery required for agonist-induced
receptor internalisation (Barlic et al., 1999). Internalisation of the CXCR1 receptor in
response to IL-8 activation was shown to require GPCR kinase 2 (GRK2), B-arrestins
and dynamin. HEK-293 cells have significantly reduced endogenous levels of (-
arrestin 2 and GRK2 and thus have impaired internalisation of CXCR1 receptor
(Barlic et al., 1999). With the abundant cell surface expression of hCTR in a
transfected cell model, it is probable that the internalisation machinery becomes
saturated when all (GRK2) and B-arrestin molecules are in use, thus inducing the
plateau effect observed when C1a rCTR and hCTR are expressed in these cells.

Although the presence of the 16 amino acid insert does not alter the binding
capacity of the hCTR receptors, the signalling ability was affected (Moore et al.,
1995). The results shown here suggest that the insert -ve hCTR isoform, when
expressed in HEK-293 cells, couples to as and aqgq G-proteins inducing a rise in

intraceliular cAMP and cytosolic calcium. In contrast, the insert +ve hCTR isoform
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did not activate as or aq mediated signalling pathways in HEK-293 cells. This resulit,
together with previous reports on the ability of the insert +ve hCTR isoform to activate
Gas-mediated signalling pathways (Moore et al., 1995), indicates that this activity is
cell-type dependent. For example, when the insert +ve hCTR was expressed in COS
(Nussenzveig et al., 1994) and BHK (Moore et al., 1995) cells, the ECso for CT to
stimulate adenylate cyclase was several orders of magnitude greater than that
required for the same cells expressing the insert —ve hCTR. In addition to the
relative ability of the isoforms to activate adenylate cyclase being cell type
dependent, the maximal activation of adenylate cyclase by the insert +ve hCTR was
also cell specific. In COS cells expressing the insert +ve hCTR, the maximal
activation of adenylate cyclase by CT was greatly reduced compared to COS cells
expressing the insert -ve hCTR (Nussenzveig et al., 1994). However in BHK cells
there was no difference in the maximal activation of adenylate cyclase by the insert —
ve or +ve hCTR (Moore et al., 1995). These differences in hCTR receptor signalling
are not fully understood at present, but are likely due to the species specificity of the
transfected cells used. To date, human, hamster and monkey transfected models
have been used. Knowledge of the molecular complexes involved in GPCR
signalling, for example G-proteins, arrestins, receptor kinases and RAMPS, is
increasing and thus the specific pattern of expression a cell has of these proteins is
likely to dictate the signalling pathway ultimately activated by a receptor.

In addition to investigating the ability of the insert —ve and +ve hCTR
isoforms to activate classical signalling pathways in HEK cell, we have explored the
ability of CT to activate the MAPK pathway. CT treatment of HEK-293 cells
expressing the hCTR induced a delayed and sustained phosphorylation of Erk1/2 in

an isoform specific manner. In response to CT treatment, cells expressing the insert
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—ve hCTR phosphorylated Erk1/2, while CT treatment of cells expressing the insert
+ve hCTR or vector transfected cells alone failed to phosphorylate Erk1/2. Recently
CT was reported to cause transient activation of Erk1/2 in HEK-293 cells transfected
with the rabbit CTR (Chen et al., 1998), although the authors did not link this
activation with later events in the cells, in particular cell growth. It is important to note
that the experiments performed by Chen et al. (Chen et al., 1998) using the rabbit
CTR were performed in low serum (0.5%) conditions. The experiments described
here were conducted under optimal mitogenic conditions, in medium containing 10%
FCS. In the current experimental conditions we observed a minor early and transient
activation of Erk1/2, followed by a delayed and prolonged activation.

Thus far, the insert +ve hCTR isoform appears to be relatively inert with
respect to activation of signalling pathways in the HEK system, however CT
treatment of HEK-293 cells stably transfected with either hCTR isoform lowered
media pH. This suggests that the insert +ve hCTR is not simply a decoy receptor but
has functional significance in the cells. The mechanism of this acidification is
unknown, however this finding suggests that the insert +ve hCTR may activate
previously unrecognised signalling pathways. The action by which CT induces
acidification of the extracellular media may be similar to the reported extracellular
acidification by the parathyroid hormone receptor in SaOS2 cells. PTH induces a
receptor-mediated, concentration dependent increase in extracellular acid, which was
mediated through the PKC signalling cascade (Barrett et al., 1997). Alternatively the
mechanism of hCTR extracellular acidification may be independent of G-protein
activation. Recently the Bp-adrenergic 7TMD receptor was shown to interact with the
Na*/H* exchanger regulatory factor (NHERF), a protein, which activates the Na*/H*

exchanger 3 (NHE3) (Hall et al., 1998b). The NHERF interacts with the cytoplasmic
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tail of the P receptor through a direct binding of a PDZ-domain. Site-specific
mutagenesis of the B, terminal tail has identified the optimal NHERF binding motif to
be D-S/T-X-L (Hall et al., 1998a). Replacement of the terminal leucine with an
alanine abolished P interaction with NHERF, uncoupling the B2- receptor regulation
of NHE3 without altering the Bo-receptor activation of adenylate cyclase. Although
the hCTR terminal cytoplasmic tail sequence, Glu-S-S-A, shows only 50% homology
to the required NHERF binding motif, the exact sequence requirements for this
function have not been determined, allowing the possibility that the hCTR mediates
extracellular acidification through NHERF regulation of NHE or via an as yet

unidentified mechanism. 0
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Chapter 4

Growth inhibitory effects of CT on HEK-
293 cells transfected with either the
C1a rCTR, the insert —ve or insert +ve

hCTR.
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4.1 Introduction

Cell growth regulation has until recently been viewed primarily as an action of
phosphotyrosine kinase receptors such as the EGF receptor (discussed in section
1.3.2). The intracellular kinase domain of these single transmembrane spanning
receptors has intrinsic catalytic activity, which is activated upon extracellular ligand
binding (discussed in section 1.3.3.1). The CTR is a member of a subclass of the
large seven transmembrane domain (7TMD) G-protein coupled receptor (GPCR)
family, that includes receptors for the parathyroid hormone/parathyroid hormone
related peptide PTH/PTHrP, glucagon, vasoactive intestinal peptide and pituitary
adenylate cyclase activity peptide (Spengel and Eva 1994). The implication of GPC
receptors in growth regulation is relatively recent, beginning with the identification of
gain-of-function mutations in both the receptors themselves and the G-protein
subunits they activate (Dhanasekaran et al., 1995; Dhanasekaran et al., 1998). The
thyroid stimulating receptor (TSH) is an example, as approximately 30% of
hyperfunctioning thyroid adenomas have GTPase inhibiting mutations in the Gos
subunit that increase cAMP production. A similar frequency of thyroid adenomas
have mutated (TSH) receptors, inducing constitutive activation of adenylate cyclase,
and thus continuous cAMP production. In addition to transducing growth promoting
signals, GPC receptors can transfer growth inhibitory signals. For example in
Jansen’s metaphyseal chondrodysplasia, constitutive activity of the PTH/PTHrP
receptor results in impairment of chondrocyte growth and differentiation in the
developing long bone growth plates (Schipani et al., 1995).

CT is best known for its ability to inhibit osteoclastic bone resorption
(Chambers 1982). However the identification of CTR and CT production in

extraskeletal sites implies that the CT/CTR system may have additional actions,
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unrelated to calcium homeostasis, including regulation of cell growth (as discussed in
1.2.4.4). Particularly relevant to the present studies, are the previous reports that CT
regulates the growth of human breast (Ng et al, 1983) and prostate (Shah et al.,
1994; Ritchie et al., 1997) cancer cells in vitro. These findings were paradoxical, in
that CT down regulated the growth of T47D breast cancer cells (Ng et al., 1983) and
up regulated the growth of prostate cancer cells (Shah et al., 1994). These reports
highlight this less considered action of CT in regulating cell proliferation and the more
general involvement of the 7TMD GPCR family in cell growth regulation.

A confounding factor in understanding the growth modulating actions of the
CTR, is the expression of multiple human CTR isoforms (discussed in section 1.2.1)
throughout the body tissues and cells (discussed in section 1.2.3). The human CTR
is principally expressed as two functionally different isoforms, the insert —ve form and
a form that contains 16 additional amino acid inserted into the first putative
intracellular loop, known as the insert +ve isoform. The receptor isoforms result from
the alternative splicing of the primary mRNA transcript (Moore et al., 1995) and are
expressed in a tissue-specific manner (refer to figure 1.2) (Kuestner et al., 1994).
Transcripts corresponding to the insert +ve hCTR are expressed as a minor product
in most tissues examined, relative to the insert -ve transcript and not at all in the
stomach and brain, but are well expressed in ovary and placenta (Kuestner et al.,
1994). Interestingly, the insert +ve isoform appears to be always expressed together
with the insert —ve isoform, although the converse is not always true (Kuestner et al.,
1994).

The aims of the present experiments were to use HEK-293 transfected cell
models to investigate the actions of the insert —ve and +ve hCTR, independently, on

growth regulation. The CTR-mediated growth suppression was found to be isoform

Growth inhibitory effects of CT on HEK-293 cells transfected with either the C1a rCTR, the insert —ve
or the insert +ve hCTR



Chapter 4 82

specific, occurring in cells expressing the hCTR insert —ve hCTR and C1a rCTR, but

not the insert +ve hCTR.

4.2 Results

4.2.1 Anti-proliferative actions of sCT in transfected HEK-293 cells

sCT treatment of parental HEK-293 cells (described in section 2.2.11.1), which
do not endogenously express the CTR, did not influence the proliferation of the cells
at any concentration of sCT used (figure 4.1A). A single addition of sCT in vitro
under optimal mitogenic conditions (10%FCS) profoundly inhibited the subsequent
proliferation [p<0.001] of HEK-293 cells stably transfected with either the C1a isoform
of the rCTR (D11 clone) or the insert —ve isoform of the hCTR (clone HR12), in a
concentration dependent manner (figure 4.1A & B). Interestingly the EDso of sCT,
while in the nM range for both receptors, was 10-fold higher for the insert —ve hCTR
compared to the Cla rCTR. Consequently a treatment concentration of 10 nM,
which significantly inhibited cell proliferation of cells expressing either the C1a rCTR
orinsert —ve hCTR, was used in the subsequent growth experiments.

The sCT-induced inhibition of growth was time dependent, as shown in figure
4.2A & B. Treatment of parental HEK-293 cells (described in section 2.2.11.1) with
10 nM sCT over a 96 h period did not effect the growth of the cells (figure 4.1A). In
comparison, HEK-293 cells stably transfected with either the C1a rCTR or the insert
—ve hCTR showed a significant decrease in growth [p<0.001] 48 h following a single
treatment with 10 nM sCT (figure 4.1A &B respectively). It is notable that while sCT
significantly inhibited the growth of cells in all experiments, the specific time at which
the inhibition was detectable varied between experiments. For example, growth

inhibition was significant 24 h after sCT addition in the experiment shown in figure
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Figure 4.1 The effect of salmon calcitonin concentration on cell
proliferation.

A.  HEK-293 cells transfected with the rat C1a CTR (D11) (m), or
untransfected HEK-293 cells (), were plated at 5x10* cells per well in 24
well plates. After 24 h, sCT was added once at the indicated
concentrations and cells were incubated for a further 72 h. % signifies
significantly different from treatment with 0.01 nM and 0.1 nM sCT
(p<0.001) and # indicates significantly different from treatment with 0.01,
0.1 and 1 nM of sCT (p<0.001), as determined by one—way ANOVA.

B. HEK-293 cells transfected with the human CTR (HR12) (@) were
treated with sCT as described in A. Cells were harvested and counted
using a haemocytometer. Each data point indicates the mean % SEM of
triplicate determinations and these results are representative of 4
independent experiments. % denotes significantly different from treatment
with 0.01, 0.1 and 1 nM sCT (p<0.001) and # denotes significantly different
from treatment with all other concentrations of sCT (p<0.001) as

determined by one-way ANOVA.
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Figure 4.2 The effect of salmon calcitonin on cell proliferation.

HEK-293 (), D11 (W) and HR12 (@) cells were seeded at 2x10* cells per
well in 24 well plates. 24 hours after seeding, cells remained untreated
(open symbols) or were treated with one addition of 10 nM sCT (closed
symbols). Cells were harvested and counted using a haemocytometer at
24, 48, 72 and 96 h after sCT addition. Data points represent the mean +
SEM of triplicate determinations, and the results are representative of 3
experiments. a, b, ¢, signify significant difference from the respective
control at each time point, with p<0.001, as determined by two-way

ANOVA.
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4.2A & B, but was not detectable until 48 h post treatment in the experiments shown
in figure 4.5A & B. The difference in the time at which growth inhibition was detected
in the experiments may have been due to variability in the lag phase of cell growth,
which occurred between experiments.
4.2.2 Recovery of cells from CT-induced growth suppression

At later times (72-96 h) of the growth experiments (figure 4.2A & B), it
appeared possible that the cells were recovering from the CT-induced growth
inhibition and this effect was explored further. sCT has a very low dissociation rate
once bound to the Cla rCTR (Houssami et al., 1994) or the insert —ve hCTR
(Kuestner et al., 1994). Thus, to investigate the ability of the D11 cells to recover
from sCT treatment, an acid wash protocol was used (described section 2.2.11.3).
The acid wash removes the sCT from the receptor and thus signalling by the ligand
(Wada et al., 1995). In figure 4.3, the control cells remained untreated over the 6 day
time course, the sCT treated cells were exposed to 10nM sCT for the 6 day period,
the sCT wash cells were treated with sCT for 3 days before the sCT was removed by
acid wash, so that they remained untreated for the final 3 days of the experiment.
Removal of the sCT appeared to partially reverse the growth inhibitory effects of sCT,
as there were significantly more cells (p<0.001) on day 5 and 6 in the sCT wash
compared to the sCT treatment (figure 4.3). Due to experimental constraints, in
particular the confluency of the control cells, it was not possible to extend the
experiment to days 7 & 8, which may have established more clearly the ability of the

cells to recover from sCT exposure.
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Figure 4.3 Growth recovery following the removal of salmon
calcitonin.

HEK-293 cells transfected with the C1arat CTR (D11), were seeded at
3x10° cells per flask in T25cm? culture flasks. 48 hours after seeding
(day 0), the cells remained untreated (M) or were treated with one
addition of 10 nM sCT (m, m). On day 3 all cells were washed once
with 2mi of acid wash solution (0.15 M NaCl-0.05 M glycine (pH 2.5)),
followed by 2ml PBS, and media was then replaced such that cells
remained untreated (M, M) or were treated once with one addition of
10nM sCT (m). Atday 6, the cells were harvested and counted using a
haemocytometer. Data points represent the mean + SEM of triplicate
determinations, and the results are representative of 3 experiments. %
denotes significant difference from sCT and sCT wash treated cells
p<0.001 and # denotes significant difference from continuously sCT
treated cells p<0.001, as determined by the ANOVA described in the

Experimental materials and methods.
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4.2.3 The CT-induced inhibition of cell growth occurred in a number of HEK-
293 clones expressing the insert —-ve hCTR

A number of HEK-293 clones expressing the insert —ve hCTR were generated
and screened for surface receptor expression using iodinated sCT (see Table 3.1).
sCT treatment of the HR11, HR9 and HR10 clones significantly inhibited the growth
of these cells in a concentration dependent manner [p<0.001 (figure 4.5A, B & C)],
confirming that the growth inhibitory action of sCT on the HR12 cells was not a clonal
artefact. The growth inhibition was qualitatively evident in all clones, however the
extent of inhibition did vary between cell lines and between experiments. Under the
experimental conditions used here, a significant decrease in cell growth [p<0.001]
was consistently recorded following a 72 h treatment with 0.1nM sCT (HR9 and
HR11 clones) and 1nM sCT (clone HR10) (figure 4.3). This growth inhibitory effect in
these clones occurred at 10-100 fold lower concentrations of sCT than was required
to produce a similar effect in HR12 clone (figure 4.2B). In addition to confirming this
growth inhibitory effect in several HEK-293 clonal lines expressing the insert —ve
hCTR, a second HEK-293 clone expressing the C1a rat CTR (F12) also displayed
growth inhibition in response to sCT treatment (data not shown). The growth
suppressive actions of sCT in multiple HEK-293 cells transfected with either the rCTR
or the insert —ve hCTR, show that the ability of the CTR to modulate cell growth is not
species dependent, with respect to the CTR.
4.2.4 Anti-proliferative actions of other hCT and sCT[8-32] analogues

The growth suppression observed was dependent on receptor activation since
the sCT[8-32] analog, which binds to rat and human CTR’s but does not elicit
intracellular signalling (Houssami et al., 1995), had no effect on the rate of cell growth

(Table 4.1). Interestingly, human CT (hCT) treatment, even at very high
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Figure 4.4 Salmon calcitonin inhibition of HEK-293 cells expressing
the insert —ve hCTR is not a clonal artefact.

Three HEK-293 cell lines expressing the insert —ve hCTR, HR9, HR10,
HR11 were seeded at 5x10* cells per well in 24 well plates. After 24 h,
sCT was added once at the indicated concentrations and cells were
incubated for a further 72 h. Cells were harvested and counted using a
haemocytometer. Each data point indicates the mean + SEM of triplicate
determinations. These results are representative of 2 independent
experiments. % denotes significantly different from control (p<0.001), #
denotes significantly different from 0.1 nM and 1 nM p<0.001 and §
denotes significantly different from 0.1nM p<0.001, as determined by one-

way ANOVA.
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Comparison of sCT, hCT, and [8-32]sCT on cell proliferation

Cell Count (% Untreated)

HEK D11 HR12
(Clarat CTR) (insert —ve
hCTR)
Untreated 100 100 100
sCT 92.7+7.7 53.9+24"* 61.2+65"
hCT 92.7+1.4 951+25 86.0+28"
[8-32]sCT 98.2+3.7 948+24 99.0+1.9

Table 4.1 HEK-293 cells, D11 cells, or HR12 cells were plated at 2x10* cells per well
in 24-well plates.
added, and cells were incubated for a further 72 h.
counted in triplicate using a haemocytometer. Cell numbers in each case are mean *
SEM of triplicate determinations, represented as a percent of untreated (control) cell

numbers. These results are representative of three similar experiments. % denotes

significant difference from untreated cells p<0.001.

After 24 h, sCT (10nM), hCT (1uM), or [8-32]sCT (10nM) was

Cells were harvested and



Figure 4.5 Salmon calcitonin-induced growth suppression is
calcitonin receptor isoform-specific.

HEK-293 cells transfected with the insert —ve (0,8), insert +ve hCTR (o,m),
or vector alone (4, A) were plated at 2x10° cells per T25 flask. 48 h
following plating, cells remained untreated (closed symbols) or were
treated once with 10 nM sCT (open symbols). At the indicated times
following commencement of treatment, cells were harvested and counted.
Panel A shows vector alone Vs insert —ve hCTR cells and panel B
compares insert —ve and insert +ve hCTR cells. Data points represent the
mean + SEM of triplicate determinations and this data is representative of
3 independent experiments. a and b denote significant difference from the
respective control at each time, with p<0.001, as determined by two-way

ANOVA.
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Effect of sCT on growth of HEK-293 clones expressing the insert +ve hCTR

Cell Count (% Untreated)

Hi12 Hi8 Hi5
Untreated 100 100 100
10 nM sCT 96.1+1.4 101.5+4.0 101.7£2.8
100 nM sCT 99.7 £ 3.0 108.2 £4.3 96.1+4.7
1 uM sCT 100 £ 3.8 102.3+5.6 98.5+ 1.9

Table 4.2 Three HEK-293 clones expressing the insert +ve hCTR, designated Hi12,
Hi8 and Hi5 were plated in 12 well plates at a density of 3x10* cells. After 72 h cells
remained untreated or were treated once with 10 nM, 100 nM or 1 uM of sCT, and
incubated for a further 72 h. Cells were harvested and counted in triplicate using a
haemocytometer.  Cell numbers in each case are mean = SEM of triplicate
determinations, represented as a percent of untreated (control) cell numbers. These

results are representative of two similar experiments.
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concentration (1 uM), had no effect on the growth of D11 cells. However hCT had a
significant anti-proliferative effect on HR12 cells (Table 4.1) despite being a potent
activator of adenylate cyclase activation at both the rat and human CTR (Houssami
et al.,, 1995).
4.2.5 Anti-proliferative action of sCT on hCTR is isofoms specific

To compare the mitogenic effect of sCT on the insert +ve and —ve isoforms of
the hCTR, HEK-293 cells stably transfected with the insert-ve (HR12 clone) or insert
+ve (Hi12 clone) isoforms of the hCTR, were treated with sCT under conditions of
optimal mitogenic stimulus (10 % foetal calf serum - FCS) (described section
2.2.11.2). Consistent with figure 4.1B, a single addition of sCT to cells expressing
the insert —ve hCTR profoundly inhibited cell proliferation, while cells transfected with
vector alone were not influenced by sCT (figure 4.3A). In contrast to cells expressing
the insert-ve hCTR, CT-treatment had no effect on the growth of cells expressing the
insert +ve hCTR isoform (Figure 4.3B). In confirmation of this result, sCT also failed
to alter the growth of other cell clones stably expressing the insert +ve hCTR (Table
4.2).
4.2.6 Anti-proliferative actions of CT in breast cancer cell lines

The original demonstration of the anti-proliferative effect of CT was in the
T47D human breast cancer cell line (Ng et al, 1983). In that report, a significant
decrease in cell growth was observed 5 days after treatment with 0.3 nM sCT.
Interestingly, these experiments were performed in sub-optimal mitogenic conditions,
in the absence of FCS with 0.1% BSA supplement. In considering CT as a potential
therapeutic cancer agent, it is important to address the anti-proliferative actions of the

hormone under mitogenic conditions, more relevant to the physiological environment.
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Figure 4.6 CT-induced growth suppression of breast cancer cell
lines.

A. T47D and MCF7 cells were plated at 2x10* cells per well in 6 well
plates. After 24 h cells remained untreated (open symbol) or were treated
once with 10 nM sCT (closed symbol). At the indicated times following
treatment, cells were harvested and counted using a haemocytometer
Each data point represents the mean + SEM of triplicate determinations
and the results are representative of 2 experiments. a denotes significant
difference from the respective control at each time, with p<0.001 by two
way ANOVA.

B. MCF7 cells and T47D cells were incubated with ['*°I]-sCT alone, (total
binding, T), or in the presence of 100 nM sCT, (non-specific binding, NS),
for 1 h at 37 C. Cells were washed twice with PBS and solubilised in 0.5
ml of 0.5 M NaOH. Cell-associated radioactivity was counted in a y-
counter. Results are mean + SEM of triplicate determinations, expressed
as ['?%I]-sCT bound per 10° celis, and are representative of 2 independent
experiments. % denotes significant difference from NS treatment, P<0.001,

by students t-test.
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Experiments were performed in T47D and MCF7 cells, nominally the same as
those used in the original experiments, albeit from different sources. Although we
found that both cell types expressed hCTR mRNA by RT/PCR, the T47D cells had
very low binding capacity for ['%I]-sCT (figure 4.6B). Both cell lines expressed
multiple isoforms of the hCTR (data not shown). Cells were treated with 10nM sCT
under conditions of optimal mitogenic stimulus (10 % FCS) (Figure 4.6A) (described
in section 2.2.11.2). CT treatment inhibited the growth of both MCF7 and T47D
breast cancer cells. The growth inhibitory effect of CT was delayed in comparison to
the transfected HEK cells, only becoming evident after 4 or more days exposure to
CT. However the growth inhibitory effect of CT was more pronounced in the MCF7
than the T47D cells, consistent with the greatly reduced receptor expression in T47D

cells (figure 4.6B) (protocol described in section 2.2.6.2).

4.3 Discussion

The present study showed that sCT treatment of HEK-293 ceils stably
transfected with the rat Cla CTR, or the insert —ve hCTR isoform, dramatically
decreased cell proliferation. This reduction in cell growth in response to treatment
with sCT appeared partially reversible, as cells re-established growth following the
removal of the sCT stimulus by acid washing. The growth inhibitory effect observed
with CT treatment was dependent on the CT ligand used. The teleost CT, sCT,
potently inhibited the growth of cells expressing either the C1a rCTR or the insert —ve
hCTR. However treatment with hCT had a minimal effect on the growth of D11 cells
expressing the rat C1a CTR and a significant but a much lesser effect than sCT, on
the growth of HR12 cells, expressing the insert —ve hCTR. There are several

possible implications of this finding. Firstly, human CT may be antiproliferative only
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at the hCTR, as seen also in T47D breast cancer cells (Ng et al., 1983). In those
experiments, hCT was added repeatedly and inhibition of cell growth occurred over a
longer time course than the present experiments. The species-specific ligand
activation of intracellular signalling pathways, specifically cAMP, supports this data
and the possibility of species-specific ligand/receptor functions. The potency of hCT
as an activator of cAMP is indistinguishable from sCT when acting through the insert
-ve hCTR (Moore et al., 1995). However hCT is 100 fold less effective than sCT in
stimulating cAMP when coupling to the Cla rCT (Houssami et al., 1994). This
highlights the potential for species-specific ligand and receptor interactions inducing
species-specific cellular responses. Secondly, the teleost or fish-like CTs may be
more potent than hCT in terms of growth inhibition. This potency effect may be
related to the higher affinity of sCT for both the C1a rCTR and insert —ve hCTR,
compared to hCT (Moore et al., 1995; Houssami et al., 1994). The increased affinity
of sCT for the CTR would prolong G-protein signalling, which might in turn modify the
cellular response. The relevance of this is that there is good evidence for the
presence of fish-like CTs in several mammalian tissues, including brain (Sexton et
al., 1992) and pituitary (Hilton et al., 1998), although their physiological role in these
tissues is not yet understood.

These data show for the first time that the growth inhibitory effect of sCT is
specific with respect to the CTR isoform, occurring only in cells expressing the Cla
rCTR and the homologous insert —ve hCTR. Cells expressing the insert +ve hCTR
showed no change in growth rate in response to treatment with sCT.

Our attempts to confirm the anti-proliferative actions of sCT in the T47D breast
cancer cell line showed a greatly reduced response from that previously reported by

Ng et al (1983). The present experiments were performed using different conditions
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to those of Ng et al. Specifically we utilized optimal mitogenic conditions, in order to
more closely mimic the physiological in vivo environment. All previous investigations
on the growth regulating actions of sCT have been performed in low mitogenic
conditions, without FCS. These altered conditions are unlikely to be responsible for
these divergent results, as we were able to demonstrate CT-induced growth inhibition
in the MCF7 breast cancer cell line. On investigation, the T47D cells were shown to
express only low levels of CTR as assessed by [*°I]-sCT binding studies, while
MCF7 cells displayed plentiful cell surface CTR. Thus it appeared the T47D cells
used here had a different phenotype to those used by Ng et al (Ng et al., 1983). This
divergence of phenotype is a common experience when using cell lines from different
sources, many years apart.

The characteristics of CT-induced growth inhibition differed between the MCF7
cells and those observed in HEK-293 cells transfected with the insert —ve hCTR.
Specifically, the required ligand exposure time was increased and the magnitude of
the growth inhibition was reduced. The difference in the cellular response to CT
exposure was perhaps due to the different levels of surface CTR expression with
HR12 cells having a 9-fold greater binding capacity for ['*I]-sCT compared to MCF7
cells. Alternatively, or in conjunction with this, it may be that the reduced
responsiveness of MCF7 cells to sCT is associated with the ratio of expression of
their CTR isoforms (Gillespie et al., 1997). There is growing evidence that cell
surface receptors are able to cross-talk and cross-modulate each other’s activity (Liu
et al., 2000). This, taken together with the inability of sCT to regulate cell growth
through the insert +ve hCTR, suggests that the latter receptor isoform may be able to
modulate the activity of the insert —ve isoform, although there is no direct evidence

for such an action as yet (discussed further in chapter 9).
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5.1 Introduction

The cellular mechanisms by which 7TMD receptors influence cell growth are
not well understood. Work to date has focussed on the involvement of immediate
post-receptor signalling events and the subsequent G-protein pathways that regulate
cell growth and differentiation, reviewed in van Biesen et al (1996) and Gutkind
(1998) and discussed in chapter 8. There has been only limited work to identify the
mechanisms by which 7TMD G-protein coupled receptor/ligand signalling alter more
distal events, including those controlling the eukaryotic cell cycle, in order to regulate
cell growth.

There are a number of mechanisms by which the growth of eukaryotic cells
can be regulated. There may be induction of cell death via cellular necrosis or
apoptosis (programmed cell death) (Auer et al., 1998). Alternatively, cell cycling may
be prevented, producing quiescence, or cells may undergo the phenotypic changes
of differentiation (Coffman et al., 1999). There are now reported examples, including
those in the family of receptors to which the CTR belongs, demonstrating such
changes in cell growth patterns mediated by 7TMD G-protein coupled receptors. For
example, the PTHrP deficient mouse showed an important role for the PTHrP
receptor, a member of the same subfamily of the 7TMDR as the CTR, in regulating
the growth of chondrocytes in the endochondral bone plate (Lee et al., 1996). The
PTHrP deficient animals have shorter endochondral bones than their wild type litter
mates, indicating a reduction in the number of chondrocytes in the proliferative zone
of the growth plate (Lee et al., 1996). Analysis of the cells in the proliferative zone
failed to identify changes in the distribution of cells through the cell cycle. However
an increase in chondrocyte differentiation, assessed by the amount of cellular

hypertrophy, apoptosis and mineralisation, was evident in the PTHrP deficient mice.
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These findings show a specific requirement for PTHrP in delaying chondritic
differentiation and thus allowing elongation of the endochondral bones during
development of the mouse (Lee et al., 1996). Alternatively, the PTH/PTH receptor
system can cause cell cycle arrest. Treatment of osteoblast-like UMR106 osteogenic
sarcoma cells with PTH caused cells to accumulate in the G1 phase of the cell cycle,
an event that may be physiologically relevant to the process of osteoblastic
differentiation and bone formation (Onishi et al., 1997). Thus, the ability of the PTHrP
and PTH ligands to induce either cell cycle arrest or cell proliferation shows that the
regulation of cell growth by 7TMDR is dependent on the cellular context.

VIP and PACAP receptors, which are also in the same sub-family as the CTR,
regulate cell growth and differentiation. Both VIP and PACAP inhibit proliferation of
the glioblastoma cell line T986 (Vertongen et al., 1996). The specific mechanism by
which these peptides inhibit cell growth has not been determined. However
treatment of cells with either VIP or PACAP did not change the distribution of cells in
the cell cycle, indicating that there was no induction of cell cycle arrest. The authors
did not investigate the possibility that VIP or PACAP were inducing apoptosis
(Vertongen et al., 1996). The possibility that PACAP was inducing apoptosis in T986
cells, highlights the cellular specificity of these growth regulating events. PACAP can
also activate anti-apoptotic pathways in human pituitary adenoma cells (HP75) to
prevent induction of apoptosis (Oka et al., 1999). Alternatively, PACAP can induce
growth inhibition and cellular differentiation in rat embryonic cortical brain precursor
cells (Lu et al., 1997). In the broader context of GPCR, these findings again highlight
the importance of these receptor/ligand systems in directing cellular decisions

relating to growth and differentiation.
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To date the cellular process by which CT inhibits cellular proliferation has not
been characterised. Thus the aim of the experiments reported in this chapter was to
identify how CT changes the eukaryotic cell cycle to inhibit cell proliferation in HEK-

293 cells stably expressing different hCTR isoforms.

5.2 Results

5.2.1 Morphological changes associated with CT treatment

Treatment of HR12 cells with CT was associated with a distinct set of
morphological changes. After 24 h of treatment with 10 nM sCT, HR12 cells took on
a more retracted appearance (figure 5.1 panel B) having lost the sharp fibroblastic
shape that is characteristic of untreated HR12 cells (figure 5.1 panel A). As was
expected from growth studies, there were fewer HR12 cells visible in a given field of
view of cells treated with sCT for 48 h compared to untreated cells (figure 5.1 panel C
& D). In addition, the treated cells appeared to be detaching from the substratum, as
indicated by the arrows in figure 5.1 panel D. After 72 h of exposure to sCT, the
number of loosely attached cells was dramatically increased (figure 5.1 panel F).
Significant agitation was required to remove these rounded cells from the remaining
attached cells, indicating they were not free floating in culture, but loosely attached to
the substratum and to the remaining attached cells. These morphological changes
observed for cells expressing the insert -ve hCTR were also observed in D11 cell
expressing the rat C1a CTR (data not shown).
5.2.2 Apoptosis Analysis

In order to determine whether the CT-mediated growth suppression was due
to induction by CT of apoptosis, cellular DNA was isolated and separated on an

agarose gel (described in section 2.2.13). When cells were grown in optimal
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Figure 5.1 Morphological changes associated with sCT
treatment.

HR12 cells were plated at 3x10* cells per well in 12 well plates and
allowed to adhere. 48 h after plating, the cells remained untreated
or were treated with 10 nM sCT. Cells were photographed, 24, 48
and 72 h after treatment as described in the Experimental material
and methods to record cell morphology. The white arrows indicate
the rounded cell morphology induced by sCT treatment. This is a

view of the cells when using a 20x objective and 10x binoculars.
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Figure 5.2 Detection of DNA fragmentation after treatment with CT.

Parental HEK-293 cells, D11 and HR12 cells were untreated or treated once
with 10 nM sCT, hCT or sCT[8-32]. After 48 h, DNA was isolated and
subjected to agarose electrophoresis. No internucleosomal DNA
fragmentation was observed when cells were grown in the presence of 10%
serum. However, a low molecular-size DNA ladder, which is characteristic
of cells undergoing apoptosis, was observed when in D11 and HR12 cells

grown in the presence of sCT and 0.5% serum.
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mitogenic conditions of 10% FCS and treated with either the inactive 8-32 sCT
peptide or the active hCT or sCT peptides, no nucleosomal DNA fragmentation was
detected in HEK-293 cells transfected with the C1a rCTR (figure 5.2). Treatment of
parental HEK-293 cells under the same conditions also failed to induce the
characteristic DNA “ladder”, which is visible when cells are undergoing apoptosis.
Under optimal growth conditions, CT-treatment inhibited cell proliferation (figure 5.2),
however no evidence of apoptotic DNA “laddering” was detected, indicating that an
alternative mechanism was responsible for the CT-induced growth suppression.

When D11 and HR12 cells grown in low serum (0.5% FCS) conditions were
treated with sCT, DNA fragmentation, indicative of apoptosis, was observed (figure
5.2 lanes 13 and 16 respectively). This was CTR-mediated, since no apoptosis was
detected in parental HEK-293 cells grown in low serum conditions with sCT (figure
5.2 lane 7). These data indicate that sCT does not induce apoptosis in HEK-293
cells expressing CTR when they are grown in serum replete conditions. However,
sCT was able to increase the susceptibility of the cells to apoptosis when used in
conjunction with growth factor deprivation.
5.2.3 Evaluation of cell viability following CT-treatment

To assess the effect of sCT treatment on cell viability, cells were stained with
0.4% trypan blue following sCT treatment (described in section 2.2.12). Viable cells
are able to exclude the dye, where as non-viable cells are unable to do so and thus
become blue in colour. There was no change in the percent of viable D11 (figure
5.3A) or HR12 (figure 5.3B) cells following 24 h or 48 h treatment with sCT. In
contrast, a 72 h exposure to sCT decreased the percent of viable D11 (figure 5.3A)
and HR12 (figure 5.3B) cells by 6.6% and 11.7% respectively. The reduction in

viable D11 and HR12 cells was unable to account for the difference in cell numbers
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Figure 5.3 The effect of CT on cell viability.

D11 cells expressing the Cla rCTR (panels A & C) and HR12 cells
expressing the insert —ve hCTR (panels B & D) were plated at 2x1 0° cells
per well in 12 well plates. After 48 h the cells either remained untreated
(closed bars) or were treated with 10 nM sCT (spotted bars). At the time
points indicated the cells were harvested, stained with 0.4% trypan blue
such that viable and non viable cells could be counted using a
haemocytometer. In panels A and B the data is representative of the
percent of viable cells at the indicated time points and the mean + SEM of
triplicate determinations is shown. In C and D the mean + SEM of the total
number of cells counted at each time point is recorded. These results are
representative of two independent experiments in which similar results

were obtained.
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observed after 72 h exposure to sCT, which were 63% and 57.9%, respectively
(figure 5.3C and 5.3D). These results indicate that CT suppressed cell growth via a
mechanism that did not primarily involve cellular necrosis.
5.2.4 CT effects on cell cycle

Since CT only minimally influenced the viability of cells, this suggested that it
might inhibit passage of the cells through the cell cycle. To examine the quantity of
nucleosomal DNA in each cell and thus the relative distribution of cells in each phase
of the cell cycle, cell nuclei were stained with propidium iodide and fluorescence-
activated cell scanning (FACS) was performed (as described in section 2.2.14).
Figure 5.4 shows the FACS histogram analysis of D11 and HR12 cells, expressing
the Cla rCTR or the insert —ve hCTR receptor, respectively, which were treated with
10nM sCT for 48 h. Each histogram represents a scan of at least 50,000 cells,
showing the number of cells at each level of fluorescence. The fluorescence is an
indicator of the cellular DNA content, increasing as cells progress from G1 to G2/M
phase of the cell cycle replicating their nuclear DNA. The first and second peaks
denote cells in the G1 and G2/M phase, respectively (figure 5.4), while the
intermediate region represents S phase cells currently undergoing DNA replication
(figure 5.4). The proportion of cells in each phase of the cell cycle is represented as
a percent of the total number of cells scanned (figure 5.4). There was a prominent
accumulation of cells in G2/M phase of the cell cycle and a concomitant reduction in
the number of D11 and HR12 cells in the G1 phase of the cell cycle in response to
sCT treatment (figure 5.4). In comparison parental HEK-293 cells showed no
change in the distribution of cells through the cell cycle (figure 5.4). These data
indicate that CT-treatment caused arrest of the cells in the G2/M phase of the cell

cycle. To characterise the time course of the cell cycle changes in response to CT-
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Figure 5.4 Fluorescence activated cell scanning (FACS) analysis of sCT-treated cells.

HEK-293, D11 and HR12 cells remained untreated or were treated with one addition of sCT (10nM).
Cells were harvested 72 h later, fixed, stained and analyzed for DNA content, as described in the
Experimental materials and methods. Shown is the distribution and percentage of cells in the G1, S, and

G2 phase of the cell cycle, respectively.
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Figure 5.5 The effect of CT on the progression of HEK-293 and D11
cells through the cell cycle.

HEK-293 (¢,¢ ) and D11 (m,0) cells were plated in six-well plates at 8x1 0*
cells per well. 48 h after plating, the cells were left untreated (open
symbols) or were treated once with 10 nM sCT (closed symbols). Cells
were harvested and fixed at the indicated times after sCT addition, then
stained and analysed for DNA content, as described in the Experimental
materials and methods. Each data point represents the percent of cells in
the G1, S or G2 phase of the cell cycle, respectively, from a scan of
approximately 50,000 cells. The results are representative of two

independent experiments.
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Figure 56 The effect of CT on the progression of vector-
transfected HEK-293 cells and HR12 cells through the cell cycle.

Vector transfected HEK-293 cells — zem (4, A) and HR12 (®,0) cells
were plated in six-well plates at 8x1 0* cells per well. 48 h after plating
the cells were left untreated (open symbols) or were treated once with
10 nM sCT (closed symbols). Cells were harvested and fixed at the
indicated times after sCT addition, then stained and analysed for DNA
content, as described in the Experimental materials and methods. Each
data point represents the percent of cells in the G1, S or G2 phase of
the cell cycle, respectively, from a scan of approximately 50,000 cells.

The results are representative of two independent experiments.
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treatment, the percent of cells in each phase of the cell cycle was plotted as a
function of time. Figures 5.5 and 5.6 show characterisation of the time course of the
cell cycle changes in response to CT-treatment. Once again, untransfected HEK-293
cells showed no change in cell cycle distribution in response to CT-treatment over 96
h (figure 5.5). In contrast, D11 cells expressing the rCTR experienced substantial
changes in the cell cycle distribution in response to sCT-treatment. Figure 5.5
illustrates a dramatic increase in the percent of D11 cells in G2/M, a decrease in the
percent of cells in G1, but an unchanged S phase population of cells. The increase
in G2/M and decrease in G1 paralleled each other, commencing at 24 h post-
treatment and continued consistently over the next 48 h, with a peak occurring 72 h
post sCT treatment. This CT-induced arrest in G2/M was CTR-dependent because
cells transfected with vector alone (figure 5.6), like parental HEK cells (figure 5.5),
failed to respond to CT treatment and thus showed no change in the distribution of
cells through the cell cycle in response to CT. However the response was not a
species-specific phenomenon, with respect to the CTR, as HEK-293 cells expressing
the insert —ve hCTR also accumulated in G2/M in response to CT treatment (figure
5.6).
5.2.5 CT-induced G2/M cell cycle arrest is CTR isofom specific

Cells expressing the insert +ve hCTR did not experience growth changes in
response to CT-treatment (figure 4.5), consequently CT was not expected to change
cell cycle parameters of these cells. In order to confirm this, cell cycle distribution of
cells expressing either the insert —ve or +ve hCTR were compared. In contrast to
HEK-293 cells transfected with the insert —ve hCTR, those expressing the insert +ve
hCTR showed no significant changes in cell cycle distribution in response to CT

treatment (figure 5.7). Thus, the inability of CT to alter the cell cycle distribution of
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Figure 5.7 The effect of CT on the cell cycle progression of cells
transfected with the insert —-ve hCTR (HR12) or insert +ve hCTR
(Hi12).

HR12 cells expressing the insert -ve hCTR (e,0) and Hi12 cells expressing
the insert +ve hCTR (m,0) were plated in six-well plates at 8x1 0* cells per
well. 48 h after plating the cells were left untreated (open symbols) or
were treated once with 10 nM sCT (closed symbols). Cells were
harvested and fixed at the indicated times after sCT addition, then stained
and analysed for DNA content, as described in the Experimental materials
and methods. Each data point represents the percent of cells in the G1, S
or G2 phase of the cell cycle, respectively, from a scan of approximately
50,000 cells. The results are representative of two independent

experiments.
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Figure 5.8 The effect of sCT treatment on mitotic index of HR12 cells.
HR12 cells stably expressing the insert —ve hCTR were treated for 24 h
with 10 nM sCT. Celis were then trypsinised, and fixed onto glass slides,
as described in the Experimental materials and methods. This is a view of
the cells when viewed using a 40x objective and 10x binoculars. Cells that
have progressed from G2 and entered mitosis have condensed
chromosomes (metaphase chromosomes), as indicated by the arrows in
panel A. The mitotic indicies are expressed as the average number of
cells + SEM with condensed chromosomes per 3000 cells, calculated from
10 random fields of view. These results are representative of two

independent experiments.
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cells expressing the insert —ve hCTR, is consistent with the growth data discussed in
Chapter 4, specifically the lack of anti-proliferative activity shown in HEK-293 cells
expressing the insert +ve hCTR in response to CT-treatment.

5.2.6 CT-effect on mitotic index

To investigate whether the CT-induced G2/M accumulation was due to a specific
block in G2 or in M phase, the mitotic index of CT-treated cells was evaluated 24 h
after CT treatment (described in section 2.2.15). Figure 5.8A shows a characteristic
metaphase spread of chromosomes, observed when cells leave G2 phase of the cell
cycle and enter mitosis. The number of mitotic cells, as determined by the number of
cells with chromosomes in metaphase, was 10-fold lower in the CT-treated cells
compared with controls (figure 5.8B), indicative of a specific block in G2 and failure of

cells to enter mitosis.

5.3 Discussion

The data presented in this chapter showed that the CT-mediated
inhibition of HEK-293 cells over 72 h is not due to an induction of apoptosis and
involves minimal cell death. However, the anti-proliferative action of CT was due
to induction of cell cycle arrest. CT-treatment arrested cells in the G2/M phase of
the cell cycle, following DNA replication and prior to mitotic division. Associated
with the timing of the CT induced G2 arrest, was an increase in the number of
rounded loosely attached cells. Loss of cell adherence in some cells, leads to
reduced cell viability (McGill et al., 1997; Okuda et al., 1999). The loss of
adherence in HR12 cells following 72 h of treatment with sCT is therefore a
possible explanation for the observed reduction in cell viability. However further

investigation is required to confirm this proposal.
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The G2/M check-point is not characterised or understood as well as the
G1/S check-point. The G2 arrest is described as a DNA damage check—point,
which is activated in response to the cell detecting DNA damage (Aguda 1999).
The use of DNA damaging agents to induce G2 arrest in human cancer cell lines
has been reported (Lallemand et al., 1999; Li et al., 1999; Panagiotou et al., 1999),
and may be a potential therapeutic approach to cancer treatment. The G2 cell
cycle arrest also has a role in cell development and differentiation, being employed
in the process of oocyte maturation (Cross et al., 1998). It has been suggested
that the G2 arrest is involved in the differentiation of megakaryocytes and
osteoclasts (Coffman et al., 1999). This opinion is in contradiction to the current
understanding, which indicates that osteoclasts are formed by a process of cell
fusion. Despite cell fusion being an “accepted” mechanism of osteoclast
formation, there is limited published material documenting the process of
multinucleation, and thus it remains possible that both endoreduplication and cell
fusion are involved in the generation of osteoclasts.

In agreement with the CT-induced G2 cell cycle arrest presented in this
chapter, the G-protein coupled alpha-1B- adrenergic receptor (a1BAR) was also
able to induce G2/M arrest in a transfected cell model of human hepatoma cells
(Auer et al., 1998). The authors speculated that the ability of this receptor to
induce such an arrest may explain the lack of a1BAR expression in transformed
hepatocytes. In searching for a physiological significance of this observed G2
arrest, it cannot be disregarded that the effect seen with both the o1 BAR and CTR
is non-physiological, and simply due to the over-expression of the receptors in the
transfected cell model. However, the CTR has a reported role in influencing

cellular decisions, being essential in the process of blastocyst implantation in the
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mouse endometrium (Wang et al., 1998; Zhu et al., 1998a; Zhu et al., 1998b).
These reports provide evidence that CT has an in vivo role in growth regulation
and cellular differentiation.

The observation that sCT-treatment can induce apoptosis when cells
are grown in sub-optimal mitogenic conditions, suggests a potential
pharmacological use for the peptide, in cancer therapy. Primary cancers
commonly express CTR (as discussed in section 1.2.2.4) and the growth of cancer
cell lines can be regulated by CT (as discussed in section 1.2.4.4). Therefore it
may be possible to induce apoptosis in cancer cells by treating the cells with CT in
conjunction with a chemotherapeutic agent, instead of using the low serum
conditions. The potential may exist to use CT as an adjunct cancer therapy and

while not explored further here, this is a fertile area of future study.
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Chapter 6
Molecular mechanisms for the CT-

induced G2 arrest in HEK-293 cells
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6.1 Introduction

Proliferation of eukaryotic cells requires progression through the cell cycle,
which is regulated by proteins that act at cell cycle check-points (discussed in section
1.3.2). Specifically, the cyclin dependent kinase (CDK) inhibitors (CKis) are involved
in regulating cell growth, arrest and differentiation at cell cycle check points. CKis
are classified into two groups on the basis of their sequence homology (Pines 1997).
The INK4 family specificallly inhibit CDK4 and CDK6 activity (Hirai et al., 1995), by
disrupting their ability to bind cyclin D (Hall et al., 1995). The control of cyclin D
CDK4 (Tam et al., 1994) / CDK6 (Meyerson et al., 1994) complexes is vital to
controlling progression through the G1 phase, thus the INK4 inhibitors have well
recognised roles in the G1/S phase check-point. The second CKI category is the
Kip/Cip family which includes p21°P"WAFISPN no7"IP} and ps7 KIP2 (Pines 1997). The
Kip/Cip CKls inhibit a wider variety of CDK-cyclin complexes by directly binding to the
complex (Hall et al., 1995) and thus have been associated with G1/S (discussed in
section 1.3.2.1) and the G2/M check-points.

Growth inhibition specifically, has been reported to be accompanied by a rapid
and sustained increase in the CKls p21 and p27 (Coats et al., 1996). Both p21 and
p27 have been extensively studied with respect to their inhibition of G1 CDK/cyclin
complexes, cyclin D/CDK and cyclin E/CDK (LaBaer et al., 1997; Santra et al., 1997,
Toyoshima et al., 1994), and thus induction of G1 cell cycle arrest. In comparison to
the G1 checkpoint, considerably less is known about the G2/M cell cycle checkpoint,
particularly the CKls involved. However the initial reports described p21 as a
universal inhibitor of cyclin kinases (Xiong et al., 1993), implying a potential
regulatory role throughout the cell cycle. In addition, p21 mRNA has a biphasic

periodicity in human fibroblasts, peaking in both G1 and G2/M (Li et al., 1994),
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suggesting a role for p21 in both the G1 and G2/M cell cycle check Pi%iﬁ'.‘S-‘ .R_ece‘n;r
reports have implicated p21 in G2/M cell cycle arrest. Niculescu et al overexpressed
p21 in a diverse panel of cell lines and found that this induced both G1 and G2 cell
cycle arrest (Niculescu et al., 1998). In a more physiological setting, using non-
transformed fibroblasts, ionising radiation induced an accumulation of nuclear p21.
This p21 accumulation occurred prior to the G2/M phase transition and was
associated with cyclin A-CDK and cyclin B1-CDK complexes (Dulic et al., 1998). The
involvement of p21 in the G2/M pause is further supported by the p21 gene knock out
mouse. Murine embryonic fibroblasts from the p21 -/- animals have a significantly
reduced proportion of premitotic cells containing cyclin B1 compared to cells from
wild type littermates.

In the G1 checkpoint, induction of p21 is frequently found to be dependent on
up-regulation of p53 (Polyak et al, 1996), but has also been reported to occur
independently of p53 (Michieli et al., 1994). The p21/p53 relationship is equally
ambiguous in the G2 checkpoint, as p21 has been shown to be both p53-dependent
(Bunz et al., 1998) and independent (Bates et al, 1996). In addition to the
mechanism of p21 regulation being multi dimensional, there are at least two methods
by which p21 can control the G2-M transition. The transition of a cell from G2 to M
phase requires activation of the cdc2-cyclin B1 complex (discussed in section
1.3.2.2.2). Current evidence indicates that p21 can prevent activation of the cdc2-
cyclin B1 complex either through direct association with the complex (Bunz et al.,
1998) or via an indirect mechanism (Bates et al., 1996).

The aim of the experiments described in this chapter was to elucidate the
nuclear mechanisms by which CT induces a G2 cell cycle arrest in transfected HEK-

293 cells expressing the insert —ve hCTR. | would like to acknowledge Dr Evdokiou’s
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guidance, supervision and involvement in the experiments presented in this chapter.
The results indicated that CT up-regulates p21 via a p53-independent mechanism to
induce a G2 cell cycle arrest. This block in cell progression was due to inhibition by
CT of cdc2 kinase activity. However we were unable to conclude that this involved

direct interaction between p21 and the cdc2/cyclin B1 complex.

6.2 Results

6.2.1 CT elevates p21 mRNA and protein

To examine the nuclear events underlying CTR-mediated growth arrest in
G2/M, the effect of CT on the expression of the cyclin-dependent kinase inhibitor p21
was examined by northern blot (described in section 2.2.16) (figure 6.1) and western
blot (described section 2.2.9) (figure 6.2) analysis. Acknowledgement and thanks are
extended to Dr Helena Richardson for kindly providing the human p21WA7/“F1 cDNA,
used in the Northern blot analysis. D11 cells expressing the C1a isoform of the rCTR
showed an increase in p21VAFCP' MRNA in response to a 4 h treatment with 10nM
sCT. This single addition of CT induced a further increase in p21"*""“"' mRNA,
which was sustained over the 48 h treatment period. A similar effect was seen in the
HR12 cells expressing the insert -ve hCTR isoform, with slightly altered kinetics, as
p21 mRNA levels did not increase until 24 h following CT-treatment. There was no
effect of CT on the p21 mRNA levels in untransfected HEK-293 cells, however in all
cells there was an increase in p21 mRNA with increasing cell density, independent of
CT-treatment. Western blot analysis allowed determination of whether the increase
in p21 mRNA was reflected in the cellular p21 protein. Corresponding to the mRNA
levels, a large increase in p21 protein was also observed in D11 cells, after treatment

with CT (figure 6.2A). This elevation in p21 protein decreased 24 h post-treatment,

Molecular mechanisms for the CT-induced G2 arrest in HEK-293 cells



Figure 6.1 Expression of p21 and p53 mRNA following treatment with
calcitonin.

Parental HEK-293 cells and cells stably transfected with either Cla
isoform of the rat CTR (clone D11) or the insert negative isoform of the
human CTR (clone HR12) were cultured for the times indicated in the
absence or presence of 10 nM sCT, added once. Total RNA was
extracted and Northern blot analysis performed. Panel A: 10 ug of total
RNA was electrophoresed through a 1% agarose formaldehyde gel,
transferred to nylon membrane and hybridised with cDNA probes for p21
and p53 as indicated. Blots were rehybridised with a cDNA probe specific
for GAPDH to indicate RNA loading. Results were analysed by
densitometry and expressed as a ratio of p21 mRNA/GAPDH mRNA,

panel B and p53 mRNA/GAPDH mRNA, panel C.



48 h

24 h

4 h

¢ldH

La

M3H

¢ldH

Lid

M3IH

¢ldH

LHd

M3H

-+ -+ -+ -+ + + -+ - 4+ -+

sCT

- p21

--"-n-“---------- GAPDH

- sCT
+ sCT

odlax

© b+ O -
(suun Aresygue)
VYNdW HAdvo/gd

¢ldH
La
M3H
N_,N_I-
Lid

AT

24 h

4 h

¢ldH

Fd

M3H

¢ldH

Lid

A3H

— - ¢ldH
ON®)
w w
C o+ LLa
| | 1]
M3aH
2 & o

(syun Aeayigie)
vNYW Hadvo/esd

@

48 h

24 h

4 h



Figure 6.2. Western blot analysis of p21 and p27 protein following
treatment with calcitonin.

Parental HEK-293 and D11 cells were untreated or treated once with 10
nM sCT for the times indicated. Total cell lysates were prepared and
equal amounts of total cell protein (50 ng) were separated by SDS-PAGE,
transferred to PVDF membrane and immunoblotted with mouse
monoclonal antibodies against p21 protein, panel A, p27 protein, panel B
and p53 protein panel C. In each case, results were analysed by

densitometry and are expressed as bar charts.
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but remained higher than untreated cells (Figure 6.2A). CT-treatment did not
influence the p21 levels in untransfected cells. The protein level of p27, another CDK
inhibitor belonging to the cip/kip family, was also examined, and no appreciable effect
was seen with CT-treatment (figure 6.2B). In several cell systems, the mechanism of
p21 inhibition of cell cycle is dependent on the p53 protein. Elevation of the p53
transcription factor increases p21 levels, such that p21 can then inhibit the activity of
the CDK2/cyclin B1 complex. Analysis of steady-state levels of p53 mRNA in both
D11 and HR12 cells following CT-treatment showed a consistent decrease in p53
mRNA levels (Figure 6.1C). The decrease in the steady-state levels of p53 mRNA
occurred within 2 h of CT-treatment and persisted for up to 48 h. The obvious
change in cellular p53 levels was reflected in the amount of cellular p53 protein,
which decreased rapidly within 2 h of CT treatment of HR12 cells (Figure 6.2C).
6.2.2 Effects of p21 on cell growth following CT-treatment

The up-regulation of p21 mRNA and protein occurring early after CT-
treatment, suggested that p21 may be involved in the CT-induced G2 arrest. To
investigate this, antisense oligonucleotide experiments were performed (described in
section 2.2.17). The ability of CT to induce growth inhibition was assessed in the
presence of p21 sense or antisense oligonucleotide. The sense oligonucleotide had
no effect on the CT-induced increase in p21 mRNA (Figure 6.3A), protein (Figure
6.3B) or the CT-mediated inhibition of cell growth. In contrast, treatment of the cells
with p21 antisense oligonucleotides substantially prevented the CT-induced p21
mRNA increase at 24 and 48 h (Figure 6.3A), as well as the protein increase at 48 h
(figure 6.3B). Most convincing, however, was the ability of antisense oligonucleotides
to completely reverse the CT-induced growth suppression (Figure 6.3C). There was

no significant difference between cell numbers in the control, sense or antisense

Molecular mechanisms for the CT-induced G2 arrest in HEK-293 cells



Figure 6.3 Effect of antisense p21 on the growth of HR12 cells after
CT treatment.

HR12 cells were untreated (-) or treated (+) with CT in the presence or
absence of either the sense or antisense p21 oligonucleotide. Northern
blot analysis was performed to assess the levels of p21 mRNA at 24 and
48 h after treatment with CT, panel A. Cell extracts were collected 48 h
after CT treatment and p21 protein levels were assessed by western
blotting using a p21 specific antibody, panel B. HR12 cells were
trypsinised and counted 48 h post CT treatment, panel C. These results

are representative of four independent transfection experiments.
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oligonucleotide treated cells in the absence of CT, indicating that the oligonucleotides
were not having any non-specific toxic effects. The results suggest a causative
relationship between CT-induction of p21 and CT-mediated growth suppression.
6.2.3 The effect of CT on cdc2/cyclin B1 kinase activity

To further define the molecular mechanisms of CT-induced growth arrest, the
properties of the G2-specific cyclin dependent kinase/cyclin complex (cdc2/CyclinB1)
in HEK-293 cells expressing the insert —ve hCTR were investigated. The generation
of the cdc2/CyclinB1 complex requires an accumulation of cyclin B1 as the cells
approach M phase (Nurse 1990), and thus levels of cyclin B1 protein in HR12 cells in
the presence and absence of sCT were determined (described in section 2.2.9). As
shown in figure 6.4A, the cyclin B1 levels increased with increasing sCT exposure,
such that at 48h, a time coinciding with maximal accumulation of cells in late G2
(Chapter 5 Figure 5.5), there was significantly more cyclin B1 protein present.
Progression of cells from G2 into M phase requires an accumulation of cdc2/cyclin
B1, but is dependent on activation of the cdc2 kinase activity (refer section 1.3.2.2.2
& figure 1.9B). Thus we examined the kinase activity of the cdc2/cyclin B1 complex
in response to sCT treatment (described in section 2.2.18). Figure 6.4B, upper
panel, shows cdc2-immunoprecipitate resolved by electrophoresis and assayed for
cdc2 by western blotting. Cdc2 was detected in all immunocomplexes and its levels
were not changed with CT-treatment. The kinase activity of cdc2 was evaluated
following CT-treatment, by analysing the ability of cdc2 (figure 6.4B) and cyclin B1
(figure 6.4C) immunoprecipitates, from HR12 cells, to phosphorylate the substrate
histone H1. Cdc2 cyclin B1 kinase activity increased transiently in the first 24 h after
CT-treatment, then declined dramatically and was lowest at 48 and 72 h, times when

the G2 arrest was prominent (Chapter 5 figure 5.5). In contrast, when HR12 cells

Molecular mechanisms for the CT-induced G2 arrest in HEK-293 cells



Figure 6.4. Effect of CT on cyclin B1 protein levels and on Cdc2
protein kinase activity in HR12 cells.

HR12 cells were untreated or treated with sCT for different times and
total cell extracts (50 pug) were assayed for cyclin B1 by western blotting,
using a Fluorimager (panel A). To determine cdc2 kinase activity, cells
were treated with CT for the indicated times or treated with the drug
nocodazole for 24 hr. Immune complexes were resolved by
electrophoresis and assayed for cdc2 by western blotting using a
Fluorimager (panel B, Upper panel). The cdc2 immunoprecipitated
complexes were also assayed for their ability to phosphorylate histone
H1 in vitro using a phosphorlmager (panel B lower panel). For cyclin B1
associated kinase activity, extracts were immunoprecipitated with a
cyclin B1 polyclonal antibody and kinase activity assessed as previously
described in the Experimental material and methods (panel C).
Phosphorylation of Cdc2 Tyr15 in total cell lysates (50 pg) treated with
CT or nocodazole was detected by western blotting using a phospho-

Cdc2 (Tyr15) specific antibody, on a Fluorimager (panel D).
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were treated with the microtubule-depolymerising drug, nocodazole, which
specifically arrests cells in mitosis, the kinase activity associated with cdc2 (figure
6.4B) and cyclin B1 (figure 6.4C) immunoprecipitates was dramatically higher than in
CT-treated cells. The specific activation of cdc2 occurs through de-phosphorylation
of the tyrosine 15 residue (Tyr15). To investigate the inactivation of cdc2 by CT on
Tyr15 phosphorylation, cell extracts were immuno blotted with a phospho-cdc2Try15
antibody that detects cdc2 when it is catalytically inactivated by phosphorylation at
Try15. As shown in figure 6.4D, CT treatment resulted in a modest but reproducible
increase in cdc2-Tyr15 phosphorylation, which occurred at 48 and 72 h post-
treatment, consistent with inactive cdc2 and G2 arrest. In contrast, cells treated with
Nocodazole had unphosphorylated cdc2-Tyr15. These data indicate that when M
phase was blocked by activation of the spindle microtubule-assembly checkpoint
using nocodazole, cdc2 complexes were held in an active state manifested by the
lack of cdc2-Tyr15 phosphorylation (figure 6.4D). However, when cells were arrested
in G2 with CT, the kinase activity of cdc2 complexes was low and cdc2 Tyr15 was
maintained in the phosphorylated and inactive state. Taken together, these results
clearly demonstrate that CT inhibits the kinase activity of the cdc2/cyclin B1 complex
which may therefore block progression into mitosis.
6.2.4 p21 interaction with cdc2/cyclin B1

The CDK-inhibitor p21 has been reported to inhibit activation of cdc2/cyclinB1,
via direct association with the complex. To explore the kinetics of p21 up-regulation,
western blot analysis of p21 immunoprecipitates isolated from HR12 cells were
assayed for p21 protein (described in section 2.2.18). p21 was barely detectable in
immunoprecipitates of untreated cells but increased significantly within 2 h after CT-

treatment, peaking at 4 h, but remaining elevated in CT-treated cells (figure 6.5A).

Molecular mechanisms for the CT-induced G2 arrest in HEK-293 cells



Figure 6.5 The effect of CT-treatment on the interaction of p21 with
the cdc2/cyclin B1 complex.

HR12 cells remained untreated or were treated with CT for the indicated
times, and total cell lysates were prepared. Aliquots of cell lysate were
immunoprecipitated with p21 or cdc2 polyclonal antibody, and the
immune complexes were resolved by electrophoresis and assayed for
p21 panel A. Aliquots of the same lysates were immunoprecipitated
with p21 or Rb (in the case of the —ve control [-ve]) polyclonal antibody.
The immune complexes and one track of total cell lysate [lysate], were
resolved by electrophoresis and assayed for cdc2 immunoreactivity

panel B.
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This induction of p21 prior to the G2 arrest indicated that p21 may be binding to, and
inhibiting the activation of cdc2/cyclin B1 complex. Thus cdc2-immunoprecipitates
from cells were assayed for p21 protein using p21 monoclonal antibody (figure 6.5B).
There was no detectable p21 protein associated with the cdc2 immunoprecipitates.
In the converse experiments we were unable to detect cdc2 protein in p21
immunoprecipitates (figure 6.5C). The inability to detect p21 associated with the
cdc2-cyclin B1 complex indicates that the CT-inactivation of cdc2 kinase activity and
consequent G2 arrest does not involve direct interaction between p21 and the
cdc2/cyclin B1 complex. Alternatively the affinity of p21 for binding to the cdc2/cyclin

B1 complex may be too low to survive the immunoprecipitation process.

6.3 Discussion

In the present experiments, we found that CT treatment of HEK-293 cells
expressing insert -ve hCTR resulted in a prominent increase in p21 mRNA and
protein, which occurred concomittantly with the G2 arrest. The CT induced elevation
of the p21 CKI was highly specific, as CT treatment had no appreciable effect on
another CIP family CKIl, p27. The CIP family of CKl’s, are up-regulated by a number
of GPCR to induce cell cycle arrest. For example the PTH receptor, which is in the
same sub-family of 7TMDR as the CTR, is able to induce osteoblast differentiation in
response to ligand stimulation (discussed in chapter 5). The osteoblast differentiation
process is accompanied by inhibition of cell proliferation, elevated levels of the CDK
inhibitor p27", and accumulation of cells in G1 phase of the cell cycle (Onishi et al.,
1997). This association between p27 up-regulation and G1 arrest is not restricted to

the CT sub-family of 7TMDR, but has also been reported to occur via activation of the
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number 2 human somatostatin receptor (1[SSTR 2) in chinese hamster ovary cells
(Pagés et al., 1999).

The p21 anti-sense oligonucleotides were able to prevent the increase in p21
protein and the G2 arrest induced by CT, indicating a causative relationship between
the two events. There are many reports in the literature, which support this
association between p21 and the G2 arrest. For example, treatment of breast cancer
cell lines with conditioned media from myoepithelial cells significantly inhibited the
proliferation of the cancer cells, via induction of a G2/M cell cycle arrest. Associated
with the G2/M arrest was an increase in cellular p21 levels (Shao et al,, 1998).
Similarly the sodium butyrate-induced G2 arrest in MDA-MB-231 breast cancer cells
was associated with an elevation in p21 protein (Lallemand et al., 1999). However to
date this is the first report of a 7TMDR up-regulating p21 to induce a G2 cell cycle
arrest. Although there are reports of 7TMDR inducing G1 cell cycle arrest (discussed
in chapter 5), for example the human somatostatin receptor number 5 (hSSTR5)
induces a G1 arrest, which is associated with an increase in cellular p21 (Sharma et
al., 1999).

The p21 promoter contains several p53-response elements (Nakano et al,,
1997) and p21 up-regulation in G1 arrest was first reported to be p53-dependent (Wu
et al., 1997; Sheikh et al., 1994). Subsequently, p21 induction has also been shown
to occur independently of p53 (Li et al., 1994). In HEK-293 cells transfected with the
insert —ve hCTR, the increase in p21 mRNA and protein is unlikely to depend on p53,
as p53 mRNA levels decreased in response to CT-treatment. This inverse
relationship between p21 and p53 regulation by CT is interesting and the specific
involvement of reduced p53 levels in response to a G2 arrest remains to be

investigated. In some cells, up-regulation of p53 is associated with induction of
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apoptosis (Bates et al., 1996). In the present experiments the CT induced G2 arrest
in serum replete conditions did not precede cell apoptosis (discussed in chapter 5). It
is speculative to propose, but possible, that the decrease in p53 levels is a protective
mechanism allowing the cells to avoid apoptosis.

The activation of cdc2/cyclin B1 complex is critical in allowing mammalian cells
to progress from G2 into M phase (Pines 1993). The activity of the cdc2 kinase is
dependent on it being phosphorylated on threonine 161 (Norbury et al., 1992) and
de-phosphorylated on tyrosine 15 and threonine 14 (Nurse 1990). The phosphatase
cdc25 removes the inhibitory phosphates on Tyr 15 and Thr 14 and allows the cell to
commence mitotic division. The results presented here show that CT blocked mitosis
in HEK-293 cells by preventing activation of the cdc2/cyclin B1 complex by
maintaining phosphorylation on Tyr 15. P21 has been reported to inhibit activation of
cdc2/cyclin B1 kinase activity (Guadagno et al., 1996). However there was no
evidence to indicate a direct interaction between p21 and cdc2/cyclin B1 complex in
HEK-293 cells, despite the dramatic decrease in kinase activity. These results
indicate that p21 has a causative role in the CT-induction of G2 arrest, however we
were unable to conclude whether this was due to the direct interaction of p21 with the
cdc2/cyclin B1 complex. It is possible that p21 prevents activation of cdc2/cyclin B1
via direct interaction with the complex, but that this association is too weak to survive

the cell lysis and immunoprecipitation process.
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7.1 Introduction

In most cases, the mechanism by which CT exerts its effects has not been
elucidated. The action most intensively studied to date is the CT-induced receptor
down regulation in mouse (lkegame et al., 1996; Wada et al., 1995; Wada et al.,
1996a; Rakopoulos et al, 1995) and human osteoclasts (Takahashi et al., 1988;
Inoue et al., 1999) (discussed in section 1.2.6). In mouse osteoclasts, CTR activation
caused a rapid and sustained down regulation of the CTR mRNA, due to a cAMP-
mediated destabilization of receptor mMRNA (Rakopoulos et al., 1995) with perhaps an
effect on transcription also (Inoue et al., 1999). In contrast, glucocorticoid treatment
of osteoclasts increased their expression of the CTR, by increasing transcription from
the CTR gene (Wada et al., 1997). There is currently no information on the manner
by which CT affects gene transcription, and no identification of the promoter elements
involved.

The promoter of the p21 gene contains multiple p53-response elements and
induction of p21 has been shown to occur under p53 dependent conditions (Wu et
al., 1997; Li et al., 1994). However, a number of diverse agents have been described,
which activate transcription of p21 by p53-independent mechanisms. These include
phorbol esters, okadaic acid, transforming growth factor B (TGFp), extracellular
calcium, butyrate, histone deacetylase inhibitor, trichostatin A and NGF (Biggs et al.,
1996; Datto et al., 1995, Prowse et al., 1997; Nakano et al., 1997; Sowa et al., 1997;
Yan et al., 1997). These agents act through multiple signal transduction pathways,
which modulate transcription of p21 by facilitating binding of different transcription
factors to specific elements located within the p21 promoter. The proximal region
between —122 and the start of transcription of the human p21 promoter contains

multiple binding sites for members of the Sp1 family of transcription factors and plays
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an important role in the p53-independent regulation of p21 transcription (Gartel et al.,
1999). Sp1 is a member of a multigene family of GC box-binding transcription factors
that include Sp1, Sp2, Sp3 and Sp4, which share extensive structural and sequence
homology, reviewed in Courey et al (1992). Three members of this family recognize
the same DNA response motif, while Sp2 recognizes a distinct site. Whereas Sp1 is
exclusively an activating transcription factor, Sp3 was shown to act as either a
transcriptional activator or repressor in a manner dependent on the particular
promoter and cell type (Kennett et al., 1997). The Sp1 transcription factor is found in
glycosylated and phosphorylated forms, but little is known about how these
modifications affect function. Because Sp1 is constitutively expressed and Sp1
binding sites have been described in many promoters, it was long thought that its
activity is necessary only for basal transcription (Courey et al., 1992). However, the
increasing number of studies demonstrating that Sp1-dependent transcription is
regulated by activation of different signaling pathways, in response to a variety of
signals, suggests that it may regulate expression by facilitating the interaction of
other differentially expressed transcription factors.

To determine the mechanism, by which CT activates p21 expression and thus
exerts its antiproliferative effect, detailed deletion and mutational analyses of the p21
promoter were performed. | would like to acknowledge Dr Evdokiou for his
involvement in and supervision of the experiments presented in this chapter. The
results show that transcriptional activation of p21 by CT is p53-independent and is
mediated by a region of the promoter between —82 and —69, relative to the
transcription start site. This sequence contains two binding sites for the transcription
factor Sp1, which are required for transcriptional activation of the p21 gene. Further,

the CTR-mediated transcriptional activation of p21 was shown to be receptor-isoform

p21wafi/cipl
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specific in that the presence of a 16 amino acid insert in the first intracellular loop of

hCTR abolished promoter activity in response to CT.

7.2 Results

7.2.1 Transcriptional activation of p21 by calcitonin

The induction of p21 mRNA by CT in HEK-293 cells stably transfected with the
insert —ve hCTR (refer chapter 6) could be due to altered mRNA stability and/or
increased transcription of the p21 gene. To determine whether CT stimulates
transcription from the p21 promoter, a construct containing the wild type full-length
p21 promoter cloned in front of a luciferase reporter gene pWWP-Luc plasmid (kindly
provided by Dr B Vogelstein, John Hopkins Medical School) was transiently
transfected (as described in section 2.2.19.2) into D11 and HR12 cells. Each set of
transfected cells was split into equal aliquots that were treated with sCT or left
untreated as controls. As shown in figure 7.1A, treatment with 10 nM sCT for 24 h
resulted in a significant increase in luciferase activity (more than 5.0-fold in D11 cells
and up to 6-fold in HR12 cells) when compared to untreated cells or untransfected
parental HEK cells. In agreement with the p21 Northern blot data (figure 6.1B), there
was no increase in luciferase activity in cells treated with [8-32]sCT. These results
indicate that the up-regulation of p21 by CT in HEK-293 cells is due, at least in part,
to transcriptional stimulation. In addition, these experiments demonstrated that
transcriptional activation of the p21 promoter by CTR is independent of the receptor
species, since p21 promoter activation was seen equally in both the rat (D11) and
human (HR12) CTR-expressing cells. To determine if p21 transcriptional activation is
receptor-isoform specific, the effect of CT on p21 promoter activity was compared in

cells expressing either the insert -ve hCTR isoform or the insert +ve hCTR isoform.
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Figure 7.1 p21 promoter activity in D11 and HR12 cells treated with
sCT.

Parental HEK-293, D11 and HR12 cells (panel A) were plated at 1x1 0°
cells per well in six well plates. After 48 h, cells were transiently
transfected with the WWP-Luc reporter plasmid containing the full-length
p21 promoter and luciferase activity was analyzed 24 h after treatment
with 10 nM sCT or [8-32]sCT. Untreated cells indicate basal activity.
Relative luciferase activity is shown as raw light units (RLU) in cell lysates
standardized to protein concentration. These results are representative of
three independent experiments. These data represent the means + S.D.
(bars) of triplicate samples. Experiments using stably transfected cells
produced similar results (not shown).

Parental HEK-293, HR12 and Hi12 cells were plated and transiently
transfected with pWWP-Luc reporter plasmid, as described above.
Luciferase activity was analysed 24 h after treatment with 10 nM sCT.
Untreated cells indicate basal activity. Relative luciferase activity is shown
as raw light units (RLU) in cell lysates standardized to protein
concentration. These results are representative of three independent
experiments. These data represent the means + S.D. (bars) of triplicate

samples.
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Figure 7.2 Comparison of p21 promoter activity in HR12 cells treated
with sCT, hCT and sCT[8-32].

HR12 cells were plated at 2x10* cells per well in 24 well plates. After 48 h,
cells were transiently transfected with the WWP-Luc reporter plasmid
containing the full length p21 promoter. Cells were treated for 24 h
treatment with increasing concentrations of sCT, hCT or sCT[8-32] as
indicated and cell lysates were then prepared for analysis of luciferase
activity. Untreated cells were also used as a control for basal activity.
Relative luciferase activity is shown as raw light units (RLU) in cell lysates
standardized to protein concentration. These results are representative of
2 independent experiments. These data represent the means + S.D. (bars)
of triplicate samples. Experiments using stably transfected cells produced

similar results (not shown).
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As shown in figure 7.1B, CT-treatment consistently activated the p21 promoter by
about 5 fold in HR12 cells, whereas CT treatment of Hi12 cells failed to cause
activation of the p21 promoter.

The dose response relationship with respect to sCT or hCT treatment was
determined in HR12 cells transiently transfected with the full-length p21 promoter
construct, pWWP-Luc. As shown in Figure 7.2, the luciferase activity increased in a
dose-dependent manner, up to 6-fold, by treatment with sCT when compared to
untreated cells. The ECs, for sCT was approximately 10 M. Similarly, treatment with
hCT, also resulted in a dose-dependent increase in luciferase activity with a
maximum stimulation 3-fold above basal at the highest concentration used. The
ECso for hCT was also approximately 10° M. [8-32]sCT showed no effect on p21
promoter activity, even at high concentrations of peptide.

7.2.2 Deletion analysis of the p21 promoter

To determine the regions of the p21 promoter that respond to CT via CTR-
mediated activation, we used a series of 5’ deletion promoter constructs (figure 7.4)
which were kindly provided by Dr Sakai Sowa, Kyoto Prefectural University of
Medicine, Kyoto). The deletion series, which spanned the 2.4 kb full-length p21
promoter, were transiently transfected (as described in section 2.2.19.2) into HR12
cells and luciferase activities (as described in section 2.2.19.3) were measured 24 h
following treatment with sCT. The full-length p21 promoter construct, pWWP-Luc,
was activated 8.0 fold by sCT when compared to untreated cells (figure 7.3). The
promoter for the p21 gene contains two p53-response elements in close proximity
and induction of p21 has been shown to occur under p53-dependent conditions (Wu
et al.,, 1997; Li et al., 1994). However, induction in other situations appears not to
require p53 (Sheikh et al., 1994). The pWP124-Luc construct, which lacks the two

p53 binding sites, was consistently activated by sCT up to 10-fold, a level slightly
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Figure 7.3 Deletion analysis of the p21 promoter.

Full-length pWWP and deletion p21 promoter reporter constructs pW124, pWP101 and pWPdel-Smal were transiently
transfected into HR12 cells stably expressing the insert negative isoform of the human CTR. Luciferase activities were
measured after 24 h treatment with 10 nM sCT. Fold induction shown on the right was calculated by comparing the luciferase
activity of cells treated with sCT and untreated controls. In each experiment triplicate transfections were performed. These
results are from a representative experiment. These data represent the means = S.D. (bars) of triplicate samples All
transfections included a cytomegalovirus/B-gaIactisidase plasmid; cell extracts were assayed for p-galactisidase activity to
ensure equal transfection efficiency and luciferase activities were normalized to protein concentration and galactosidase activity
as described in Experimetnal materials and methods. The constructs are shown schematically on the left highlighting the p53,

Sp1 sites and TATA box.
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higher than the full length p21 promoter (P\WWP), suggesting that activation of p21
promoter by CT is independent of p53 activity. This finding is consistent with the
earlier observations, which showed that CT treatment of CTR-expressing cells in fact
decreases the levels of p53 mRNA (chapter 6, figure 6.1). Similarly, the pWP101-Luc
construct, which contains the promoter fragment 101-bp up-stream of the
transcription initiation site, was also activated by CT up to 5-fold (figure 7.3). In
contrast, the minimal promoter construct, pWPdel-Smal, which contains a fragment
spanning 60-bp from the transcription start site, was significantly less activated by CT
(1.8-fold). Furthermore, the basal promoter activity of pWPdel-Smal decreased to
only 6.5% of pWWP, whereas that of pWP124 and pWP101 were comparable to that
of the full length promoter construct ((WWP). These results suggest that the region
from 101 bp to the transcription start site harbors a putative CT response element
and defines the minimal region of the p21 promoter responsible for induction by CT.
7.2.3 Mutational analysis of the p21 promoter

The 101-bp fragment, which defines the minimal region of the p21 promoter
for induction by CT, contains two independent and two overlapping consensus Sp1
binding s‘ites (Nakano et al., 1997). These are termed Sp1-3, Sp1-4 and Sp1-5-6
(figure 7.4). To define precisely the region of the p21 promoter necessary for
induction by CT, and to determine whether these Sp1 binding sites are involved in
activation, a series of constructs carrying mutations (developed and provided by Dr
Sakai Sowa, Kyoto Prefectural University of Medicine, Kyoto) in each of the Sp1
consensus binding sites was used. In addition, a construct containing mutations in
the TATA box was included. The mutant constructs are shown schematically in figure
7.5 and are identical to the wild type pWP101 except for the mutations indicated in
lower case letters. The mutant constructs were transiently transfected (as described

in section 2.2.19.2) into HR12 cells and CT-induced luciferase activity was measured
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Figure 7.4 Mutational analysis of the p21 promoter.

Mutants pWP101-mt Sp1-3, pWP101-mt Sp1-4, pWP101-mt Sp1-5-6 and pWP101-mt TATA are identical to the wild type
pWP101 with the exception of the sequences shown for each mutant construct. These constructs were transiently transfected into
HR12 cells and sCT-induced luciferase activity was measured 24 hr later. Luciferase activity was normaljvé;a to protein
concentration and B-galactisidase activity. Fold induction shown on the right was calculated by comparing the luciferase activity of

cells treated with 10 nM sCT and untreated controls. In each experiment triplicate transfections were performed. These results are

representative of three independent experiments. These data represent the means * S.D. (bars) of triplicate samples
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(as described in section 2.2.19.3) 24 h after CT treatment. All mutant constructs had
decreased basal activity in the absence of CT when compared to the wild type
PWP101 construct. In addition only one of these Sp1 mutant constructs, pWP101-mt-
Sp1-4, retained the ability to be activated by CT in a manner similar to that of the wild
type pWP101. pWP101-mt-Sp1-3, pWP101-mt-5-6 and pWP101-mt-TATA had
completely lost the ability to be activated by CT. These results suggest that the
sequence of the p21 promoter between —77 and —82 relative to the transcription start
site, and which comprises the Sp1-3 binding site, is required for activation by CT.
However, the two overlapping Sp1 binding sites (pWP101-mt-Sp1-5-6) between —60
and =51 and TATA box may also be required for induction by CT, because mutation
of these completely abolished sCT-induced luciferase activity. Furthermore, the
effect of mutation in the two overlapping Sp1 consensus sites and the TATA box
resulted in complete loss of activity even in the absence of CT, suggesting that
transcription factor(s) binding to these sites are important in both CT-mediated
transcription and basal activity of the p21 promoter.
7.2.4 CT regulates transcription of the p21 promoter through Sp1

The above results suggest that Sp1 transcription factors are important in the
activation of the p21 promoter in response to CT. To confirm that Sp1 elements are
indeed activated by CT, a wild-type reporter plasmid, pGL2-Sp1-luc, which contains
only three consensus Sp1 binding sites derived from the SV40 promoter and no
TATA box (kindly provided by Dr Peggy J Farnham, McArdle Laboratory for Cancer
Research, University of Wisconsin, Madison) was used. A reporter construct, pGL2-
mt-Sp1-luc that contains mutations in these Sp1 sites (developed and provided by Dr
Sakai Sowa, Kyoto Prefectural University of Medicine, Kyoto), and a vacant vector
pGL2-Basic lacking Sp1 sites, were used as controls. When transiently transfected

(as described in section 2.2.19.2) into HR12 cells, the wild-type construct was
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Figure 7.5 Transcription of a reporter plasmid containing three Sp1
binding sites and no TATA box is induced by sCT in HR12 cells.

HR12 cells were transiently transfected with either the Sp1-luc reporter
plasmid, mt-Sp1-luc or control reporter plasmid pGL2-Basic. Luciferase
activities were calculated by comparing the luciferase activity of celis
treated with 10 nM sCT and untreated controls 24 hr after treatment.
Luciferase activity was normalized to protein concentration. These resuits

are representative of two independent experiments. These data represent
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significantly activated by CT about 6-fold, whereas, neither the vacant vector nor the
Sp1 mutant construct, were activated by CT above background levels. In fact, the
latter two constructs demonstrated near complete loss of promoter activity in the
presence or absence of CT (figure 7.5). These results strongly suggest that Sp1
plays important roles in both the basal transcriptional and CT-induced activity of the
p21 promoter.

7.25 CT co-operates synergistically with butyrate to activate p21
transcription.

The results thus far clearly demonstrate that Sp1-3 is critical for the CT-
induced promoter activity, whereas Sp1-5 and Sp1-6 are required for basal activity.
Similarly, this GC-rich region has also been shown previously to be required during
p53-independent induction of p21 by a number of other agents. Recently, Nakano et
al (1997) demonstrated that the same region containing Sp1-3 is also critical for
butyrate-mediated activation of p21 promoter in colorectal cancer cells. To determine
whether butyrate also activates transcription of p21 via the same mechanism, HR12
cells were transiently transfected with each of the p21 promoter constructs and
luciferase activity was measured 24 h after treatment with 4 mM butyrate. Figure
7.6A shows that in HR12 cells, butyrate activated the p21 promoter in a manner
similar to CT. In fact, when compared to the CT-induced pattern of promoter
activation (figure 7.3 and 7.4), butyrate displayed an identical pattern across all
promoter constructs. These findings suggest that CT and butyrate may work through
common signaling pathways that converge onto the same Sp1-3 binding site to
activate transcription of p21. To determine if both agents work through the same or
alternate signaling pathways to induce p21 transcription, HR12 cells were transfected
(as described in section 2.2.19.2) with the full-length p21 construct and luciferase

activity was compared following treatment with either CT or butyrate alone or in
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Figure 7.6 Combination of CT and butyrate results in co-operative
transcriptional activation of the p21 promoter.

HR12 cells were transiently transfected with each of the luciferase p21
constructs as indicated (panel A) and luciferase activity was measured 24
hr after treatment with 4.0 mM sodium butyrate. Luciferase activity was
normalized to protein. Fold induction shown on the right was calculated by
comparing the luciferase activity of cells treated with 4 mM butyrate and
untreated controls. These data represent the means + S.D. (bars).

HR12 cells (panel B) were transiently transfected with the full length p21
promoter construct pWWP-luc. Following transfection, cells were treated
with either 10 nM sCT, 4 mM sodium butyrate or a combination of both
and luciferase activity measured 24 hr after treatments. Luciferase activity
was normalized to protein concentration and B-galactosidase activity. Fold
induction shown on the right was calculated by comparing the luciferase
activity of treated cells and untreated controls. In each experiment
triplicate transfections were performed. These results are representative of
at least three independent experiments. These data represent the means

+ S.D. (bars) of triplicate samples.



Fold induction

PWWP 62
PWP 124 78
pWP 101 [ 33
' o- butyrate
pWPdel-sma Ii B butyrate 1.7
0 2000000 4000000 6000000 8000000

Relative luciferase activity (RLU)

Fold induction

pWP 101 mt sp1-3 1.1
pWP 101 mt sp1-4 3.3
pWP 101 mt sp1-5-6 o- butyrate

B butyrate
pWP101-mt TATA

20000 40000 60000 80000 100000

Relative luciferase activity (RLU)

B Fold induction

control 10

sCT 5.0
butyrate 11.6
butyrate + sCT 19.0

100,000 200,000 300,000 400,000
Relative luciferase activity (RLU)




Chapter 7 117

combination. The rationale for this was that if each agent alone maximally activates
the same pathway, then additional activation by the combined treatment through this
mechanism would be impossible. Alternatively, if each agent activates separate
signaling pathways, then the combined treatment of CT and butyrate should result in
a synergistic effect on p21 promoter induction. Figure 7.6B shows that while CT and
butyrate when used individually were able to activate the p21 promoter (5 fold for CT
and 11 fold for butyrate), a combination of CT and butyrate consistently resulted in a
more than additive response of up to 20 fold. These findings suggest that the
synergistic activity may result from the differential expression and interplay of
additional transcription factors mediated by alternate signaling mechanisms that

converge onto the same Sp1 binding site to increase p21 transcription.

7.3 Discussion

To determine the mechanisms by which induction of p21 mRNA expression
occurs during CT-treatment in CTR expressing cells, a detailed functional analysis of
the p21 promoter was performed. Through deletion analysis it was shown that
induction of p21 by CT occurs via a p53-independent mechanism since deletion of
the two p53 response elements upstream of the promoter did not influence promoter
activity. It was also shown that the minimal region of the p21 promoter required for its
induction maps to a stretch of 77 bp relative to the transcriptional start site. This GC-
rich region harbors two independent (Sp-1-3, Sp1-4) and two overlapping (Sp1-5-6)
binding sites for the transcription factor Sp1, as well as a TATA box. By mutation
analysis of each of these Sp1 sites, a major CT-responsive element was identified,
defined by one of the four Sp1 binding sites (Sp1-3) present in this region. In

addition, the finding that CT is capable of activating transcription from a wild-type
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reporter plasmid, which contains only three consensus Sp1 binding sites derived from
the SV40 promoter and no TATA box, provides further evidence that Sp1 or Spf
related proteins are involved in the transcriptional activation of the p21 promoter in
response to CT.

The same region comprising Sp1-3 was previously shown to be critical for p21
induction by a number of other agents including, transforming growth factor p (TGF-B
calcium, NGF, the histone deacetylase inhibitors, trichostatin A and butyrate (Datto et
al., 1995; Prowse et al., 1997, Nakano et al, 1997; Sowa et al, 1997). Taken
together, these findings suggest that regulation of Sp-1-related factors could be part
of a common mechanism to induce expression of p21. However, since each of these
agents activate distinct signal transduction pathways, it is likely that several
differentially expressed transcription factors, including activators and co-activators,
may converge onto the same Sp1-3 binding site to regulate p21 transcription. The
interplay of such factors and the way in which they interact with the general
transcriptional machinery is likely to be important in determining the degree of
activation. The observation that CT cooperates synergistically with butyrate to
increase p21 promoter activity further supports this notion.

The mechanisms by which Sp1 or Spi-related transcription factors mediate
p21 induction are largely unknown. Regulation of Sp1-dependent transcription was
shown previously to be affected by phosphorylation and glycosylation events.
Phosphorylation has been shown to influence DNA binding and transactivation
activities (Black et al., 1999), whereas glycosylation confers resistance 1o
proteosome-dependent degradation by increasing the stability of the Sp1 protein
(Han et al., 1997). In addition, Sp1 was shown to associate directly with members of

the general transcriptional machinery such as TFIID and the co-integrator CBP/p300

p21wafi/cip1
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(Gill et al., 1994, Owen et al., 1998). Furthermore, Sp1 physically interacts and
functionally cooperates with several other transcription factors including NF-kB,
GATA, YY1, E2F1, SREBP-1 pRb, Smad proteins (Lee et al., 1993, Udvadia et al.,
1995: Lin et al., 1996; Hirano et al., 1998; Kardassis et al., 1999) and more recently
c-jun (Moustakas et al., 1998). Therefore, Sp1-regulated p21 gene transcription by
multiple signaling pathways appears to be mediated by the interaction of several
differentially expressed factors.

The human CTR is primarily expressed as two functionally different isoforms,
comprising an insert-negative form and a form that contains 16 additional amino
acids inserted in the first intracellular loop (Kuestner et al., 1994; Gorn et al., 1992).
Unlike the insert-negative form, which was shown to mediate transcriptional
activation of p21 in response to CT, the insert-positive form did not. This finding is
consistent with earlier observations (chapter 4) showing that CT induces growth
inhibition, specifically in cells expressing the insert negative isoform of the hCTR,
whereas cells expressing the insert positive isoform are essentially resistant to the
antiproliferative effects of CT (Chapter 4). This is despite the fact that both cell lines
display similar binding characteristics for CT (Chapter 3).

In summary, the results support the conclusion that CT induces p21
transcription via a p53 independent mechanism, mediated through specific activation
of Sp1 binding sites in the promoter of the p21 gene. The main CT-response element
is defined by the Sp1-3 site in the p21 promoter and this sequence is essential for the
CT-mediated p21 transcription. Further, the CTR-mediated activation of p21 promoter
is receptor-isoform specific and the presence of the 16 amino acid insert in the first
intracellular loop of the hCTR, which comprises the insert positive isoform, was
without effect on p21 promoter. There is currently no information on the manner by

which CT affects gene transcription, and no identification of the promoter elements
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involved. Therefore, this is the first demonstration that CT induces gene transcription
through the constitutively expressed transcription factor Sp1 and suggests that other
Sp1 responsive genes might be similarly regulated by CT. These findings, together
with the potent antiproliferative function of CT mediated by induction of the cyclin

dependent kinase inhibitor, p21, defines a novel signaling pathway for CT.
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Chapter 8
Investigation of the intracellular
signalling pathways involved in the

inhibition of cell growth by CT
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8.1 Introduction

The CTR activates heterotrimeric G-proteins, specifically the os, o and ogq,
subunits and their subsequent second messenger systems, as discussed in section
1.2.6.2. Both the cAMP and calcium intracellular signalling pathways have been
implicated in CT-mediated cell growth. CT activation of the type II cAMP dependent
PKA isoenzyme was shown to be associated with growth inhibition of the T47D
human breast cancer cell line (Ng et al., 1983). Both intracellular cAMP and free
calcium are increased by CT treatment of prostate cancer cells, in association with
the CT-mediated growth of prostate cell lines (Shah et al., 1994). It has been shown
that the CTR can activate additional intracellular signalling pathways, including
phospholipase D (Naro et al., 1998) and tyrosine kinases (Zhang et al., 1999). In
particular, activation of the rabbit CTR transfected into HEK-293 cells caused a rapid,
but transient activation of the MAPK pathway, by mechanisms involving Gi and
pertussis toxin-insensitive PKC activation (Chen et al., 1998). However CT activation
of the Erk1/2 MAPK pathway has not been associated with any cellular function,
including regulation of cell growth.

Activation of the Erk1/2 MAPK signalling pathway is centrally involved in cell
growth regulation (Gutkind 1998). Initially, activation of the MAPK pathways was
shown to be a function of the membrane bound tyrosine kinase receptors (refer to
section 1.3.3). However the CTR and other GPCRs are now recognised as activators
of MAPK pathways, through a number of G-protein-mediated mechanisms (refer
section 1.3.3.2). These findings, together with the paradoxical reports that activation
of the Erk1/2 MAPK pathway can lead to either cell proliferation (Mansour et al.,

1994) or growth suppression (Pumiglia et al., 1997), have identified the potential

Investigation of the intracellular signalling pathways involved in the inhibition of cell growth by CT



Chapter 8 123

importance of the Erk1/2 MAPK pathway in mediating the suppression of growth by
CT.

The aim of the experiments in this chapter was to develop an understanding of
the intracellular signalling pathways involved in the CT-induced inhibition of growth,
and specifically the involvement of the Erk1/2 MAPK pathway in CTR-mediated
growth suppression. HEK-293 cells transfected with the insert —ve hCTR, were
treated with chemical activators and inhibitors of specific signalling molecules.
Chemical inhibitors of Erk1/2 activation abrogated both the CT-induced induction of
p21WAFIICP1 and cell growth suppression, suggesting that the Erk1/2 MAPK pathway

has an integral role in the CT-regulation of cell growth in HEK-293 cells.

8.2 Results

8.2.1 Involvement of the adenylate cyclase and cAMP signalling pathway in
the CT-growth cascade

The CTR activates the cAMP signalling pathway in many cellular systems,
including the current transfected system (refer chapter 3 figure 3.7), and has been
implicated in the CT-inhibition of growth in T47D cells (Ng et al., 1983). To
investigate the involvement of the o G-protein signalling pathways in the CT-induced
inhibition of cell growth, cells expressing the insert —ve hCTR (HR12) were treated
with specific activators or inhibitors of these pathways in an attempt to mimic or
reverse the inhibition of growth. sCT treatment of HR12 cells significantly reduced
cell proliferation [p<0.001 (figure 8.1C)], however treatment of HR12 cells with the
synthetic cAMP analogue 8-Br cAMP  (figure 8.1A) did not alter the growth of the
HR12 cells (figure 8.1C). The adenylate cyclase activator, forskolin (figure 8.1A) was

also used. Although forskolin did slow cell growth significantly p<0.001, the
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Figure 8.1 Involvement of the adenylate cyclase and cAMP signalling
pathway in the CT-growth inhibition in HEK-293 cells.

A. Schematic diagram of the CT-induced regulation of the adenylate
cyclase/cAMP pathway, and the chemical activators and inhibitors used.
Forskolin activates adenylate cyclase and 8-Br cAMP mimics cAMP to
activate PKA without ligand activation. H-89 is a chemical inhibitor that
blocks activation of PKA.

B. HEK-293 cells transfected with the insert —ve hCTR (HR12 cell) were
plated at 3x10* cells/well in 12 well plates, and allowed to adhere. 4 days
following plating the cells remained untreated or were treated with 10 nM
sCT, 10 mM 8-Br cAMP, 200 uM Forskolin, 10 pM H89, 10 pM H89 and 10
nM sCT, 1 ng/ml PTX or 1 ng/ml PTX and 10 nM sCT. 72 h after
treatment cells were harvested and counted. Data points represent mean
+ SEM of triplicate determinations and are representative of 3 separate
experiments. % indicates significantly different from control [p<0.001], and

# indicates significantly different from all other treatments [p<0.001].
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C. Following treatment, and prior to the trypsinisation process
described in B, cells were photographed as described in the
Experimental materials and methods, to record cell morphology. The
cell treatment is recorded above each photograph. This is a view of

the cells when viewed using a 20x objective and 10x binoculars.
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magnitude of this effect was much less than that of CT (Figure 8.3B). Neither 8-Br
cAMP nor forskolin induced the changes in cell morphology seen with CT-treatment
(figure 8.3C). To confirm that the Gos signalling pathways were not involved in the
CT-induced growth changes, CT treatment was applied in the presence or absence
of a chemical inhibitor of PKA, H89 (Figure 3.1A). Treatment of HR12 cells with the
PKA inhibitor H89 alone did significantly reduce the growth of HR12 cells [p<0.001
(figure 8.1B)], and in conjunction with exposure to 10 nM sCT the growth inhibition
was significantly greater [p<0.001 (figure 8.1B)] than when cells were treated with
sCT alone. However when the slight growth retarding influence of H89 was
accounted for, the cumulative effect of H89 and sCT was comparable to that of sCT
alone, sCT reducing cell growth by 77% when used alone and by 79% when used in
combination with H89. Thus, disruption of the o G-protein signalling pathway did not
alter the growth regulating action of CT, indicating that the signalling cascade by
which sCT regulates growth is independent of the cAMP and PKA pathway.

CT also activates the o; G-protein and is able consequently to inhibit activation
of adenylate cyclase (figure 8.1A). PTX is a potent and specific inhibitor of the oy
complex, preventing dissociation of the trimer and the subsequent activation of o;
subunit.  Treatment of HEK-293 cells expressing the insert -ve hCTR with PTX
alone, had no effect on the growth of HR12 cells (figure 8.1B), indicating this pathway
is not involved in normal proliferation of these cells. However, co-treatment of the
cells with sCT and PTX significantly prevented the CT-induced inhibition of cell
growth [p<0.001 (figure 8.1B)]. This finding implies that either a; or By subunits of this
G-protein complex are involved in the CT growth cascade. Although, treatment of
HR12 cells with PTX alone did not alter the growth of the cells, the chemical inhibitor

dramatically altered the morphology of the cells (figure 8.1C). PTX treatment
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stopped the cells growing in a monolayer and induced them to grow in cellular
colonies (figure 8.1C). The joint treatment of HR12 cells with the PTX and sCT
almost completely reversed this clonal cellular growth, with the cells growing once
again in a monolayer and appearing much flatter in morphology (figure 8.1C). These
morphological changes complicate interpretation of the growth effects of PTX, as
discussed below.
8.2.2 Involvement of the PLC signalling transduction pathway in the CT
growth cascade

CT mediates cellular actions through the PLC signalling pathway (as
discussed in section 1.2.7.2.2). Chemical inhibitors of the aq G-protein signalling
pathway were used (described in section 2.2.11.4) to investigate the relationship of
this pathway to the growth inhibitory actions of CT. As expected, treatment of HR12
cells with sCT, significantly decreased cell growth [p<0.001 (figure 8.2B)] and
induced the characteristic rounding up and semi-detachment of cells from the
monolayer (figure 8.2D). Treatment of HR12 cells with the specific PLC inhibitor,
U73122 alone (figure 8.2A), also significantly decreased the growth of these celis
compared to control [p<0.001 (figure 8.2B)]. The PLC inhibitor did not alter the
morphology of the HR12 cells (figure 8.2D), despite the slight but significant reduction
in cell growth. Importantly, the PLC inhibitor was unable to reverse the inhibitory
growth actions of sCT (figure 8.2B). Activation of PLC initiates signalling through the
PKC and calcium second messenger pathways (figure 8.2C). The PLC inhibitor
U73122 did not abrogate the CT induced growth response, consequently the PKC
signalling pathway was not expected in be involved in this growth response. A
chemical inhibitor of PKC, chelerythrine chloride (CC) was used to confirm this

hypothesis. As expected, treatment of HR12 cells with sCT alone reduced the
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Figure 8.2 Involvement of the PLC signalling transduction pathway
in the inhibition of cell growth by CT.

A. A schematic representation of the Gq proteins involved in the CT
activation of the PLC pathway, and the two compounds used to explore
the involvement of this pathway in the CT-mediated growth response.
U73122 is a specific inhibitor of PLC and Chelerythrine chloride is a
specific and potent inhibitor of PKC.

B. HR12 cells were plated at 2 X10* cells/well in 12 well plates and
allowed to adhere. 4 days following plating, cells remained untreated or
were treated with 10 nM sCT, 10 uM U73122, 10 pM U73122 and 10 nM
sCT. 72 h cells were harvested and counted. Data points are
representative of mean + SEM of triplicate determinations and are
representative of 3 separate experiments. % indicates significant
difference from control [p<0.001].

C. HR12 cells were plated at 3x10* cells/well in 12 well plates and
allowed to adhere. 3 days after plating the cells remained untreated or
were treated with 10 nM sCT, 1 uM Chelerythrine chloride (CC) or 10 nM
sCT and 1 pM CC. 72 h after treatment cells were harvested and
counted. Data points represent the mean = SEM of triplicate
determinations and are representative of 3 separate experiments. %

indicates significant difference from control (p<0.001).
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D. Following treatment, and prior to the trypsinisation process
described in B, cells were photographed as described in the Experimental
materials and methods, to record cell morphology. The cell treatment is
recorded above each photograph. This is a view of the cells when viewed

using a 20x objective and 10x binoculars.
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growth of the cells by approximatly 60 % (figure 8.2C) and altered the cell
morphology (figure 8.2C). Treatment of HR12 cells with CC alone, had no effect on
the growth of the cells, indicating that the inhibitor, at the concentration used was not
toxic to the cells (figure 8.2C). The PKC inhibitor CC was unable to abrogate the
growth inhibition (figure 8.2B) induced by sCT, confirming that the PKC pathway was
not transducing the CT growth signal.
8.2.3 Involvement of other growth-regulating pathways in the CT growth
cascade

The actin cytoskeleton is essential to the process of cell division (Hall 1998)
and thus extracellular agents target actin in order to regulate cell growth (Moustakas
et al., 1999). Other intracellular signalling pathways are also able to regulate cell
growth, for example, the calcium calmodulin pathway (Sewing et al., 1997; Woods et
al., 1997) and the PI-3 kinase pathway (Cross et al., 1997; Yuan et al., 2000 May;
Ballou et al., 2000 ; Sato et al., 1996). Consequently, calcium calmodulin, PI-3 kinase
and actin were assessed for their involvement in the CT-mediated inhibition of cell
growth, by using specific chemical inhibitors (described in section 2.2.11.4). W7
binds to calmodulin, preventing activation of calmodulin regulated enzymes (figure
8.3A). Treatment of HR12 cells with W7 alone significantly reduced the growth of the
cells [p<0.001 (figure 8.3B)], however this reduction was not as dramatic as
treatment with sCT alone (figure 8.3B) and did not alter cell morphology (figure 8.3C).
Treatment of HR12 cells with both sCT and W7 did not prevent the sCT-mediated
inhibition of growth. Instead, when the cell number after treatment with sCT and W7
was compared with that after W7 alone, the combination was found to reduce cell
growth to a significantly greater extent than sCT alone [p<0.001 (figure 8.3B)].
Similar results were obtained when the PI-3 kinase inhibitor LY-294002 (LY) (figure

8.3A) was used to investigate the possible involvement of this pathway in facilitating
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Figure 8.3 Involvement of other growth-regulating pathways in the
CT growth cascade.

A. A schematic representation showing that calcium calmodulin, PI-3
kinase and actin polymerisation can be involved in cell proliferation.

B. HR12 cells were plated at 3X10* cells/well in 12 well plates and
allowed to adhere. 4 days following plating, cells remained untreated or
were treated with 10 nM sCT, 10 pM W7, 10 uM W7 and 10 nM sCT, LY-
94002 (LY), LY and 10 nM sCT, cytochalasin D (cytoD), or cytoD and 10
nM sCT. After 72 h of treatment the cells were harvested and counted.
Data points are representative of mean + SEM of triplicate determinations
and are representative of 3 separate experiments. % indicates significant
difference from control [p<0.001] and # indicates significant difference

from treatment with sCT alone [p<0.001].
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C. Following treatment, and prior to the trypsinisation process
described in B, cells were photographed as described in the Experimental
material and methods, to record cell morphology. The cell treatment is
recorded above each photograph. This is a view of the cells when viewed

using a 20x objective and 10x binoculars.
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the anti-proliferative actions of CT. Treatment with LY-294002 alone, produced
similar results to W7, significantly reducing the growth of HR12 cells p<0.001.
Comparison of cell numbers following treatment with sCT alone and both sCT and
LY-294002 found that the co-treatment reduced cell growth to a significantly greater
extent then sCT alone p<0.001(figure 8.3B). HR12 cells were also treated with
cytochalasin D (CytoD), a chemical inhibitor of actin polymerisation. Treatment with
CytoD alone significantly inhibited the growth of the HR12 cells (figure 8.3B), in
addition to altering the morphology of the cells (figure 8.3C), making results difficult to
interpret. However, unlike W7 and LY-294002, co-administration of CytoD and sCT
had no further effects on cell growth than that of sCT alone. Treatment with sCT
reduced cell growth by 75%, while co-treatment with both sCT and CytoD reduced
cell growth by 74%.
8.2.4 Inhibition of Erk1/2 MAPK pathway abrogates the growth inhibitory
effects of CT

A number of pathways have been implicated in the CT activation of Erk1/2
(Chen et al., 1998), which are shown schematically in figure 8.3A. To investigate the
involvement of the Erk1/2 MAPK pathway in the regulation of cellular proliferation,
HR12 cells were treated with the specific MEK inhibitor PD-98059 (figure 8.3A).
Proliferation of HR12 cells was significantly decreased by 73%, following a 72 h
exposure to 10 nM sCT [p<0.001 (figure 8.3B)]. Growth (figure 8.3A) and
morphology (figure 8.3D) of the HR12 cells was not altered when the cells were
treated with vehicle or PD-98059 alone, however simultaneous treatment with sCT
and PD-98059 significantly abrogated (by 33%) the growth inhibitory effects of sCT
[P<0.001 (figure 8.3B)]. In addition to partial prevention of the inhibition of growth by
CT, the cell morphology in the presence of sCT and PD-98059 was more similar to

that in control cells, with more cells remaining attached to the culture substrate (figure
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Figure 8.4 Inhibition of Erk1/2 MAPK pathway abrogates the growth
inhibitory effects of calcitonin.

A A schematic representation of the G protein second messenger
pathways putatively involved in the CT activation of the Erk1/2 MAPK
pathway, (discussed in section 1.3.3.2.1), and the two compounds used to
explore the involvement of this pathway in the CT-mediated growth
response. Both PD-98059 and U1026 are specific inhibitors of Mek in the
Erk1/2 cascade.

B. HEK-293 cells transfected with the insert —ve hCTR were plated at
1x10° cells/well in 6 well plates. 48 h after plating, cells were treated with
vehicle (0.05% DMSO), 10 nM sCT, 50 uM PD-98059 or 50 pM PD-98059
and 10 nM sCT. 72 h after treatment cells were harvested and counted.
Data points represent mean + SEM of triplicate determinations and are
representative of three independent experiments. % denotes significant
difference from control [p<0.001]: # denotes significant difference from
sCT treated [p<0.001].

C. HR12 cells were plated at 2x10* celis/well in 12 well plates and
allowed to adhere. 4 days after plating the cells remained untreated
(control) or were treated with 10 nM sCT, 50 uM U1026 or 10 nM and 50
uM U1026. 72 h after plating the cells were harvested and counted. Data
points represent mean + SEM of ftriplicate determinations and are

representative of three independent experiments. % denotes significant
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D. Following treatment, and prior to the trypsinisation process
described in B, cells were photographed as described in the
Experimental materials and methods, to record cell morphology. The
cell treatment in recorded above each photograph. This is a view of

the cells when viewed using a 20x objective and 10x binoculars.
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8.3D). None of these treatments altered the growth of cells expressing the insert +ve
hCTR or those transfected with vector alone (data not shown). HR12 cells were also
treated with a second MAPK inhibitor U1026 (figure 8.3). Treatment of cells with
U1026 alone significantly inhibited the growth of HR12 cells (figure 8.4C). U1026 did
not inhibit cell growth to the same degree as sCT treatment alone (figure 8.3A) and
did not alter the morphology of the cells. Co-treatment of HR12 cells with both sCT
and U1026 (figure 8.3B) produced a similar profile to those cells treated with PD-
98059 and sCT (figure 8.3C). U1026 was able to abrogate (by 30%) the CT-induced
inhibition of cell growth [p<0.001 (figure 8.3C)], and prevented detachment of cells
from the substrate (figure 8.3D), further supporting the involvement of this signalling
pathway in this CT-mediated action.
8.2.5 Inhibition of Erk1/2 MAPK pathway prevents the CT induced
accumulation of cells in G2

To establish the involvement of Erk1/2 MAPK in the CT-induced accumulation
of cells in the G2 phase of the cell cycle, HR12 cells were collected 72h after
treatment and analysed by FACS (described in section 2.2.14). As shown in figure
8.5A & B, treatment with sCT dramatically altered the cell-cycle parameters,
increasing the proportion of cells in the G2 phase. PD-98059 alone did not alter the
percentage of cells in G2 (figure 8.5A & B). However simultaneous treatment of cells
with PD-98059 and sCT partially prevented the CT-induced accumulation of cells in
G2 (Figure 8.5A & B).
8.2.6 Effect of calcitonin on expression of p21 is dependent on Erk1/2 MAPK
activation

sCT was previously shown to increase the mRNA levels of p21"A"/“"! in cells
expressing the insert —ve hCTR, as early as 4 h following sCT treatment (chapter 6

figure 6.1). This elevation of p21WA""®F!" mRNA was causally related to the CTR
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Figure 8.5 Effect of PD-98059 on CT-induced changes in cell cycle
progression.

HEK-293 cells transfected with the insert —ve hCTR were plated at 1x10°
cells/well in 6 well plates. 48 h after plating, cells were treated with vehicle
(0.05% DMSO), 10 nM sCT, 50 uM PD-98059 or 50 uM PD-98059 and 10
nM sCT. 72 h after treatment, cells were harvested and fixed, stained and
analysed for DNA content, as described in the Experimental materials and
methods. Panel A shows the distribution of cells in the cell cycle in
response to the indicated treatment. Panel B summarises the percent of

cells in the G2 phase of the cell cycle in two separate experiments.
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Figure 8.6 Expression of p21 mRNA after treatment with CT.

HEK-293 cells stably transfected with the insert -ve, insert +ve hCTR, or
vector alone were cultured for the indicated times in the absence or
presence of 10 nM sCT, added once 48 h after plating the cells. At the
indicated times, total RNA was extracted for Northern blot analysis. RNA
was electrophoresed in a 1% agarose formaldehyde gel, transferred to
nylon membrane and hybridised with a 32p-labeled p21 cDNA probe.
Blots were rehybridised with a cDNA probe for GAPDH to indicate RNA
loading. Signals were analysed by denistometry and expressed in the
lower panel as a ratio of p21 mRNA/GAPDH mRNA. These results are

representative of 2 independent experiments.
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Figure 8.7 Effect of PD-98059 on p21 mRNA expression.

HEK-293 cells stably transfected with the insert —ve hCTR were cultured
for the indicated times with vehicle (0.05% DMSO), 10 nM sCT, 50 uM
PD-98059 or 50 uM PD 98059 and 10 nM sCT. At the indicated times,
total RNA was extracted and Northern blot analysis performed. RNA was
electrophoresed in a 1% agarose formaldehyde gel, transferred to nylon
membrane and hybridised with a **P-labeled p21 cDNA probe. Blots were
rehybridised with a cDNA probe for GAPDH to indicate RNA loading.
Signals were analysed by densitometry and expressed in the lower panel

as a ratio of p21 mRNA/GAPDH mRNA.
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Figure 8.8 Effect of PD-98059 on CT-induced Erk1/2 phosphorylation.
HEK-293 cells stably transfected with the insert —-ve hCTR were treated for
the indicated times with vehicle (0.05% DMSO), 10 nM sCT, 50 uM PD-
98059 or 50 pM PD 98059 and 10 nM sCT. Total cell extracts were
collected, electrophoresed on SDS-page gel, transferred to PVDF
membrane as described in the Experimental material and methods.
Immunoblotting with antiphospho-Erk1/2 was performed to determine the
phosphorylation status of Erk1/2 (upper panel) and antiErk1 antibody to

determine the total amount of Erk1 protein in each sample (lower panel).
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mediated growth inhibition of HEK-293 cells, as p21 antisense oligonucleatides were
able to abrogate the inhibition of growth (figure 6.3). This effect of sCT at the insert -
ve hCTR is shown again in figure 8.6, which also shows that sCT did not affect the
steady state levels of p21WATVCP1 MRNA in cells expressing the insert +ve hCTR at
any time point investigated. Similarly there was no change in p21VAFY?"T mRNA in
cells transfected with vector alone (figure 8.6).

To establish the involvement of ERK1/2 MAPK in the calcitonin-induced
elevation of p21WATCP1 MRNA levels, cells expressing the insert -ve hCTR were
treated with PD-98059. As shown in figure 8.7, sCT treatment of these cells again
induced a prolonged increase in the steady state levels of p21WAF"CP! mMRNA. PD-
98059 prevented the CT-induction of p21WAFCP1 mRNA at 24 h, although the
inhibition was partial at 48 h and was overcome by 72 h.

To determine the ability of PD-98059 to inhibit Erk1/2 activity in culture, cell
lysates were analysed for Erk1/2 phosphorylation (described in section 2.2.9). Figure
8.8 shows that PD-98059 completely inhibited the sCT induced Erk1/2
phosphorylation at 24 and 48 h time points. However at the later time point of 72 h,
PD-98059 inhibition of the sCT-induced phosphorylation of Erk1/2 was partial (figure
8.8). PD-98059 alone did not affect Erk1/2 phosphorylation compared with control
cells (data not shown).

8.2.7 The growth abrogating effect of the Mek inhibitor PD-98059 and PTX are
not cumulative

Previously, CT activation of Erk1/2 has been shown to be dependent on
multiple secondary signalling pathways (Chen et al., 1998). Shc phosphorylation and
the subsequent Shc/Grb2 association was shown to require activation of the PTX-
sensitive and the PKC G-protein-mediated pathways. In addition, phosphorylation of

Erk1/2 was also dependent on mobilisation of the calcium signalling pathway, all of
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Figure 8.9 The effect of PD-98059 and PTX on the inhibition of
growth by CT are cumulative.

A. A schematic representation of the G protein second messenger
pathways involved in the CT activation of the Erk1/2 MAPK pathway,
(discussed in section 1.3.3.2.1), and the two compounds used to explore
the involvement of this pathway in the CT-mediated growth response.
Both PD-98059 and U1026 are specific inhibitors of Mek in the Erk1/2
cascade.

B. HR12 cells were plated at 3x10* cells/well in 12 well plates and
allowed to adhere. After 4 days, the cells remained untreated or were
treated with 10 nM sCT, 1 ng/ml PTX, 1 ng/ml PTX and 10 nM sCT, 50 uM
PD-98059, 50 pM PD-98059 and 10 nM sCT, 1 ng/ml PTX and 50 uM PD-
98059, or 1 ng/ml PTX, 50 uM PD-98059 and 10 nM sCT. 72 h later cells
were harvested and counted. Data points represent mean + SEM of
triplicate determinations. % denotes significant difference from control
[p<0.001]: # denotes significant difference from sCT alone treatment

[p<0.001].
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which are depicted schematically in figure 8.9A. As an initial investigation to
determine if the growth inhibitory PTX-sensitive intracellular signalling cascade was
responsible for the MAPK growth inhibition, cells were treated with both PTX and PD-
98059. Teatment of cells with sCT and PTX, or PD-98059 alone abrogated the
growth inhibitory effect of sCT to the same degree [p<0.001 (figure 8.8B)]. Co-
treatment with both PTX and PD-98059 was not cumulative, as it did not abrogate
[p<0.001 (figure 8.8B)] the growth effect significantly more than treatment with the

individual agents alone.

8.3 Discussion

The experiments presented in this chapter aimed to explore the intracellular
signalling pathways through which the CT growth-regulated signalling is transduced.
In the HEK-293 transfected model used here, both the cAMP and PLC pathways are
activated in response to CT (refer to chapter 3). However artificial activation or
inhibition of these pathways did not mimic or inhibit the CT inhibition of growth,
indicating that neither of these signalling cascades is likely to be involved in this
growth response. Similarly, no involvement of the PI-3 kinase or calcium/calmodulin
pathways was detected, despite both of these pathways being growth regulating.
However, activation of Erk1/2 was shown to be important for the insert —ve hCTR-
mediated growth effects, since growth suppression of cells expressing the insert —ve
hCTR (HR12 cells) by CT was partially blocked by the MEK inhibitor PD-98059. The
observation (refer chapter 3, figure 3.2) that CT does not activate Erk1/2 in HEK-293
cells transfected with the insert +ve hCTR isoform (Hi12 cells), coupled with the
results (chapter 4) that CT does not affect the growth of Hi12 cells, is consistent with

an important role for the Erk1/2 pathway in the growth inhibitory action of CT in HR12
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cells. The CT-induced activation of Erk1/2 (chapter 3 figure 3.7) occurred in the
same time frame as the induction of p21VAFYCP1 (chapter 6 figure 6.1) which was
shown to be causally related to the inhibition of cell growth (chapter 6 figure 6.3). The
work presented in this chapter provides evidence that Erk1/2 activation is in tumn
responsible for the CT-induced growth suppression and is upstream of p21VA™/C!
induction, since inhibition of Erk1/2 abrogated both of these responses.

Although activation of Erk1/2 MAPK is usually associated with growth
promotion (Mansour et al., 1994), a number of reports show that activation of Erk1/2
MAPK is also able to arrest cell cycling, and induce cellular differentiation (Pumiglia
et al., 1997; Cowley et al., 1994). For example, nerve growth factor (NGF) induces
the activation of Erk1/2 MAPK and up-regulates expression of p21"WAF/¢®1 in NIH
3T3 cells, resulting in the inhibition of cellular proliferation (Pumiglia et al., 1997).
These effects were reversed by direct inhibition of MEK with PD-98059. When an
inducible activated form of the Raf-1 protooncogene was expressed in these cells, it
resulted in a prolonged increase in Erk1/2 MAPK activity and growth arrest, with a
concomitant induction of p21WAFYCPY (pumiglia et al., 1997). However, these events
are clearly dependent factors other than just cell type, since transformation of NIH
3T3 cells with a constitutively active MEK induced cellular transformation, allowing
the cells to grow on soft agar and to form tumours in nude mice (Mansour et al.,
1994). The ability of a signal transduction pathway to induce these conflicting cellular
responses in the same cell type has been proposed to depend on the duration of
Erk1/2 MAPK activation, with acute activation leading to growth stimulation and DNA
synthesis, and chronic activation inhibiting cell cycle progression (Cowley et al.,
1994; Tombes et al., 1998). In addition to the duration of the signal being important,
there are reports that the intensity of the Erk1/2 MAPK signal may dictate the cellular

response. For example, NIH 3T3 cells, expressing an inducible Raf protein that could
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be progressively activated, resulted in a G1 arrest and p21"A"""! induction in
response to a strong Raf signal. However, cellular proliferation was evoked in
response to a moderate induction of Raf (Sewing et al., 1997; Woods et al., 1997).
Thus it is becoming clear that the ultimate cellular response to activation of the
Erk1/2 MAPK pathway is determined by the strength and duration of Erk1/2 MAPK
signalling and also by the cellular context (Traverse et al., 1994).

In seeking a mechanism for the sustained activation of Erk1/2 MAPK, several
issues need to be addressed. In the experiments reported here, a number of
intracellular signalling molecules were targeted with chemical activators and inhibitors
in an attempt to identify the signalling pathway/s mediating the CT inhibition of cell
growth. These experiments required exposing cells for 72 h in cell culture to
chemicals that globally activate and inhibit fundamental signalling pathways. In an
effort to avoid the complicating effects of long term exposure to these chemicals, we
first attempted to use a luciferase reporter system. Chapter 7 showed that CT was
able to act on the p21 promoter and activate an attached luciferase reporter gene.
Using this system, an attempt was made to modulate the CT-induced luciferase
response using chemical activators and inhibitors of intracellular signalling molecules.
However the CT-induction of luciferase was not prevented by any of the inhibitors
used, and importantly, no effect was observed with the Mek inhibitor PD-98059.
Consequently, it was decided to use longer-term growth experiments, although the
disadvantage of this was that some chemical treatments alone altered cell growth,
making results difficult to interpret. For example, the long term treatment of HR12
cells with PTX alone, dramatically affected the morphology of the cells. Co-treatment
of HR12 cells with PTX and sCT also influenced the morphology of the cells
compared to that seen with PTX treatment alone. Consequently, it is possible that

the ability of PTX to partially reverse the CT inhibition of growth was secondary to the
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morphological changes produced by the chemical. Alternatively, as discussed below,
the PTX pathway may be fundamental to transducing the CT growth signal.

Elevation of cAMP levels has long been associated with regulation of cell
proliferation and differentiation (Cho Chung 1990), and previously it has been shown
that inhibition by CT of T47D cell growth occurred in parallel with a selective and
sustained activation of the type Il isoform of PKA (Livesey et al., 1984). No evidence
was found for the involvement of the PKA pathway in the CT-induced early induction
of Erk1/2 MAPK activation (Chen et al., 1998). In addition, there was no apparent
involvement of the PKA signalling pathway in the CT-inhibition of cell growth in the
present experiments. However, the Gi protein inhibitor PTX was found to abrogate
the CT-mediated growth effect. Co-treatment of HR12 cells with both PTX and
MAPK inhibitor PD-98059 did not abrogate the sCT growth inhibition more than either
agent alone, suggesting that they may be acting through a common pathway. This
observation, taken together with the previous report that the By inhibitor (BARK1ct)
was able to partially inhibit the CT-induced phosphorylation of Erk1/2 (Chen et al,
1998), suggests that this G-protein subunit may be integral in the CT-mediated
inhibition of growth. However specific targeting of the By subunit in growth
experiments is required to confirm this proposition (as discussed in chapter 9).
Recent reports of a novel mechanism by which G; proteins can activate the Erk1/2
MAPK pathway (Auer et al., 1998; Mochizuki et al., 1999; Shefler et al., 1999) also
leaves open the possible involvement of the Go; subunit. In particular, Mochizuki et
al (Mochizuki et al., 1999) have shown that, in addition to the free By subunits of
activated G; proteins interacting with the Erk1/2 MAPK pathway, the free activated
Ga; subunit can independently activate this pathway by binding to and blocking the

tonic Erk1/2 inhibitory action of a small GTPase called Rap1. It is possible that
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binding at the CTR activates both pathways in HEK-293 cells to control the duration
and intensity of the signal through the Erk1/2 MAPK pathway.

In addition to activation of Erk1/2 MAPK via the classic tyrosine kinase
receptor cascade (refer section 1.3.3.1), phosphorylation of Erk1/2 can occur in
response to the assembly of focal adhesion complexes and the subsequent
activation of focal adhesion kinases (FAK). GPCR agonists have been reported to
phosphorylate FAK. These findings present an alternative explanation for the
activation of the Erk1/2 signalling pathway responsible for CT-inhibition of cell growth.
As shown in chapter 3, CT treatment of HEK-293 cells transfected with the insert —ve
hCTR caused a delayed and sustained activation of Erk1/2 in these cells figure 3.7A.
This delay in Erk1/2 phosphorylation is difficult to explain but does correlate with
morphological changes observed in the insert —ve cells after CT treatment (Chapter 3
figure 3.8). Cells that accumulated in G2 at 24 and 48 h post-treatment displayed a
rounded morphology and were loosely attached to the substratum. It is thus possible
that Erk1/2 phosphorylation is a secondary effect of CT treatment following the
primary morphological changes, and that focal adhesion complexes initiate the
Erk1/2 activation cascade. Interestingly, CT was recently shown to activate focal
adhesion kinases and several FAK-associated proteins in HEK-293 cells (Zhang et
al., 1999), suggestive of an alternative pathway for CT-activation of Erk1/2 (refer

chapter 9).
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The development of an HEK-293 transfected cell model expressing either the
insert —ve or the insert +ve hCTR (chapter 3) has allowed the growth regulating
actions of these receptor isoforms to be assessed (chapter 4). CT activation of the
insert —ve hCTR inhibited cell proliferation by arresting the cells in the G2/M phase of
the cell cycle (chapter 5). This growth regulating action was isoform-specific, as the
insert +ve hCTR did not affect cell growth (chapter 4). The CT-mediated inhibition of
cell growth was dependent on an increase in the CKI p21WAFVCIP! (chapter 6). The
specific mechanism by which p21 inhibited activity of the cdc2/cyclin B1 complex was
not identified, and possible explanations for this were discussed in chapter 6. In the
current study experiments were limited to seeking an association between p21 and
the cdc2/cyclin B1 complex. However, p21 has also been reported to interact with
other cellular proteins, for example PCNA (Zhang et al., 1993; Chen et al., 1995,
Cayrol et al., 1998), to induce cell cycle arrest. An investigation into the association
of p21 with PCNA and other cellular proteins, in response to CT treatment, is
therefore warranted.

The use of the p21 promoter/luciferase reporter constructs indicated that CT
regulates cellular p21 levels via regulation of p21 gene transcription (chapter 7). CT
elevated p21 transcription independently of p53 and through the constitutively
expressed transcription factor Sp1. This finding identifies a number of areas of future
study. Firstly, the potential exists for other Sp1 responsive genes to be regulated by
CT. Alternatively, it is possible that the regulation of the p21 gene by CT, via Sp1 is a
specific mechanism and that the specificity arises from one or several co-factors,
which either binds directly to Sp1 or to an upstream response element.

The use of chemical activators and inhibitors of intracellular signalling
molecules, showed that the Erk1/2 MAPK pathway is an important signalling cascade

in transducing the CT-growth inhibition (chapter 8). However inhibition of the Erk1/2
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pathway did not completely inhibit the CT-induced inhibition of growth, suggesting
that other intracellular signalling pathways may be involved. The PKA, PLC, PI-3 and
calicum-calmodulin pathways were investigated in the current study, but appeared
not to be involved (chapter 8). However, a limited group of artificial activators and
inhibitors were used in this study and a more comprehensive investigation is required
to confirm these findings. The preliminary study with PTX suggested that the Erk1/2
activation was via the Gi G-protein. Co-treatment of cells with both the Gi inhibitor
PTX and the Mek inhibitor PD-98059 did not abrogate the CT-inhibition of growth any
more than either agent alone. However a more targeted assessment of the
interaction of these two pathways is required to confirm the involvement of Gi in the
activation of MAPK, as the approach used here had inherent problems relating to
changes in cell morphology, which were discussed in chapter 8. The recent use of
conjugated membrane-permeable peptides to identify the G-proteins activated by the
apa adrenergic receptor (Chang et al, 2000), is an example of an altemative
approach that may have greater specificity for dissecting intracellular growth signals.
The problem with inhibitors of intracellular signalling pathways is that they are rarely
completely specific and target normal cellular processes as well as those activated
by, in this case CT.

In addressing the other factors which may be involved in the CT-mediated
growth inhibition reported here, it will be important to explore further the
morphological changes associated with the Erk1/2 activation and the subsequent
growth inhibition. CT interacts with FAK (Zhang et al., 1999), which activates Erk1/2
(Tang et al., 1998; Tapia et al., 1999). The possibility therefore exists that the Erk1/2
growth inhibition is actually secondary to the observed morphological changes, which

occur with CT-treatment. A study investigating the activation of FAK's by CT using

Future research directions



Chapter 9 138

the optimal mitogenic experimental conditions described here (10% FCS), as
apposed to the 0.5% FCS conditions that have been previously used (Zhang et al,
1999), would be required initially. If CT was found to activate FAK, targeting of
specific proteins would identify their direct involvement in activating Erk1/2 and the
subsequent inhibition of cell growth. Although not reported for the CTR, ligand-
independent autophosphorylation of epidermal growth factor receptors (EGFR) is
involved in MAPK activation by some GPCR, for example the angiotensin |l (Eguchi
et al., 1998) and Py, (Soltoff 1998) receptors. Trans-activation of the EGFR by a
GPCR, allows the EGFR to act as “scaffolding” where Ras complexes can assemble
prior to MAPK activation. The PTH receptor is a member of the CTR sub-family of
receptors, and regulates MAPK activation via a number of signalling pathway,
including phosphoylation of the EGFR (Cole 1999). An assessment of the
phosphorylation status of the EGFR, in response to CT-treatment, is required to
determining the involvement of this mechanism in the activation of MAPK by CT, that
is reported here.

The results in chapter 4 identified that the CTR-mediated regulation of cell
growth was CTR isoform specific in HEK-293 cells, and raised the question of
isoform function. Despite the documented variation in hCTR isoform expression
(discussed in section 1.2.1) and signalling potential (discussed in section 1.2.7.3), the
physiological function of the hCTR isoforms is currently unknown. There are
however, several possibilities. There is now growing evidence to suggest that
GRCR’s cross-talk and cross-modulate each other's function. For example, non-
functional GPCR can heterodimerize to form functional receptors (Maggio et al.,
1993; Monnot et al., 1996), suggesting that multimelff%ation is necessary for receptor - ™
function. Truncated fragments of the muscurinic ac\(’etylcholine receptor form active

receptor complexes, able to bind agonists and activate intracellular signalling
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pathways when co-expressed in COS-7 cells (Schoneberg et al., 1995). Co-
expression of mutant and wild-type platelet-activated factor receptors caused altered
ligand binding, cell surface expression and intracellular activation of the wild type
receptor (Le Gouill et al., 1999), indicating modulation of the wild-type receptor by the
mutant. In addition, heterodimerisation and functional regulation between fully
functional GPCR has also been reported (Jordan et al., 1999). Therefore, a potential
action for the apparently inert insert +ve hCTR, with respect to signalling, might be to
down regulate the activity of the insert -ve hCTR (shown schematically in figure 9.1).
This hypothesis, that the insert +ve hCTR may negatively regulate the insert —ve
hCTR, is worth investigating because of a recent report showing that hCTR isoform
expression varies between healthy postmenopausal women and clinically
osteoporotic women (Beaudreuil et al., 2000). Specifically, the postmenopausal
women had significantly more insert -ve hCTR mRNA than insert +ve hCTR mRNA
in their mononuclear leucocytes, whereas there was no significant difference
between the mRNA levels of either hCTR isoform in mononuclear leucocytes isolated
from osteoporotic women. It is likely that the significant difference between the
mRNA levels of the insert +ve and insert —ve hCTR in postmenopausal women would
be reflected in the relative density of cell surface receptors. If, as was postulated
above, the insert +ve hCTR negatively regulates the insert —ve hCTR, then a relative
increase in the quantity of the insert +ve hCTR receptor isoform may limit the anti-
resorptive effect of CT, resulting in a weaker signal from the insert —ve hCTR. In the
context of bone, a weaker CTR signal would both decrease the innate protection
against bone loss, as well as demonstrating the physiological significance of the
CT/CTR system on the skeleton. Rigorous in vitro studies addressing the possibility
of receptor isoform interactions are required. To date, this has been difficult due to

the similarity of the receptor isoforms and the lack of agents able to distinguish them.

Future research directions
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For example, immunoprecipitation studies have not been possible, as they require
antibodies that recognise the individual CTR isoforms. Even with such reagents, the
question remains as to whether the postulated interaction between the two receptor
isoforms would survive immunoprecipitation. An alternative approach to identifying
interactions between cell surface receptor, on living cells has recently been reported
for the TNF receptor family (Chan et al., 2000) and the B2-adrenergic GPCR (Angers
et al., 2000). The fluorescence resonance energy transfer technique (FRET) (Siegel
et al., 2000) involves generating fusion proteins between the receptor of interest and
variants of the green fluorescent pro{eins. Transfection and expression of these
constructs in cells, is followed by FACS analysis to identify receptor interactions on
the surface of the cells. This technique would be an appropriate way to investigate
the postulated interaction between the insert +ve and —ve hCTR isoforms.

The recent identification of molecules that modulate the “phenotype” of GPCR,
for example RAMPS (discussed in section 1.2.5 and shown schematically in figure
9.1) is another area of investigation, which may identify novel physiological actions
for the specific CTR isoforms.

In summary, the studies presented here have identified novel actions of the
CTR with respect to growth regulation, however these growth relationships remain to
be examined in other CTR-cells, in particular cancer cells (as discussed in chapter Sl
A full understanding of the specific biological significance of the CTR isoforms,
including their ability to regulate cell growth within the body, will require a greater
appreciation for how the CTR interacts with the increasing number of accessory
proteins that regulate GPCR, for example RAMPS, arrestins and GRK’s, as well as

other yet to be identified molecules.

Future research directions
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Appendix 1

Raw sequencing data of the 5’ region of the insert +ve hCTR cloned into the pRc-

CMV expression plasmid.
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Raw sequencing data (sense direction) of the 5’ region of the insert +ve hCTR sequenced using the 5pCMV primer (described in section 2.1.15)
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Appendix 2

Raw sequencing data of the 3’ region of the insert +ve hCTR cloned into the pRc-

CMV expression plasmid.
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Raw sequencing data (sense direction) of the 3’ region of the insert +ve hCTR sequenced using the 3pCMV primer (described in section 2.1.15)
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Appendix 3

Raw sequencing data of the 16 amino acid insert of the insert +ve hCTR cloned into

the pRc-CMV expression plasmid

Appendix 3
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Raw sequencing data (sense direction) of the 5’ region of the insert +ve hCTR sequenced using an internal 5’hCTR primer (described in section 2.1.15)





