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ABSTRACT

The two major regulators of parathyroid hormone (PTH) synthesis are
calcium and the steroid hormone, 1,25-dihydroxyvitamin D; (1,25(OH),D;,)
and the aim of this study was to investigate the molecular mechanisms of
regulation by these modulators.

Low extracellular calcium (0.4 mM) had no effect on steady-state
preproPTH mRNA levels, but increased preproPTH mRNA levels associated
with membrane-bound polysomes by 200%. Actinomycin D did not abolish
this rise in polysomal preproPTH mRNA but increased mRNA levels by 1.6-
fold in cells incubated in 0.4 and 1.0 mM calcium. Sucrose density gradient
ultracentrifugation demonstrated that low calcium had no effect on polysomal
size and, in addition, there was no evidence of a pool of non-ribosomal
preproPTH mRNA. These data indicate that low calcium regulates PTH
synthesis post-transcriptionally possibly by increasing the apparent half-life of
preproPTH mRNA on polysomes.

The binding sites for the vitamin D, receptor (VDR) were localised using
Southwestern and gel mobility shift assays which indicated two binding sites
within the -451 to -348 bp and -668 to -452 bp fragments of the bovine PTH
gene. To investigate functional activity of these putative VDRE, plasmids
containing fragments of the -668 to +50 bp region were linked to the reporter
gene, chloramphenicol acetyltransferase (CAT). The effect of 1,25(OH),D,
on these constructs was investigated by transient transfection of oppossum
kidney cells. 1,25(OH),D; suppressed CAT activity of the construct

containing the -668 to +50 bp fragment by 22%, of the -668 to -452 bp



construct by 27% and of the -451 to -348 bp construct was reduced by 25%.
However, 1,25(0OH),D; did not affect the activity of the construct containing
the -347 to +50 bp fragment. These functional assays confirm the presence
of two binding sites within the region -485 to -348 bp.

The study presented demonstrated that low calcium regulates PTH
synthesis post-transcriptionally and VDR binding sites were localised on the

bovine PTH gene.
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CHAPTER 1

INTRODUCTION
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The main work presented in this thesis is concerned with regulation of
parathyroid hormone (PTH) gene expression by calcium and the active form
of vitamin D, 1,25-dihydroxyvitamin D; (1,25(OH),D;) at the levels of
transcription and translation. Thus, it is appropriate in this introductory
chapter to consider the physiological role of PTH, the development of assays
for the measurement of PTH, its synthesis, and the modulators of PTH
secretion. In addition, an outline of protein synthesis and some of the control
mechanisms which may be involved in the regulation of gene expression are
presented.

Calcium homeostasis is modulated primarily by PTH and the steroid
hormone, 1,25(0OH),D;. The maintenance of extracellular calcium within a
narrow range (2.2 to 2.55 mmol/l) is important since a number of metabolic
processes are influenced by small changes in extracellular ionised calcium
concentrations. These include the excitability of nerve function and neural
transmission, muscle cell contraction, mineralisation of newly-formed bone,

blood coagulation, cell proliferation, and cytoplasmic enzyme activities.

Physiological role of PTH

PTH exerts its effects directly or indirectly on three targets: kidney,
intestine and bone as shown in figure 1.1 and thereby raises calcium levels in
the extracellular fluid (ECF). One of the effects of PTH is on the kidney to
increase the reabsorption of calcium from the distal tubules and inhibit tubular
reabsorption of phosphate and bicarbonate reabsorption from the glomerular

filtrate in the proximal tubules. Furthermore, PTH has an indirect effect on
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Parathyroid

gland

1,25 (OH)oD

Ca++

Gut

Figure 1.1. Schematic diagram showing the sites of action of PTH which are
bone, kidney, and the gut. The principal action of the hormone is to raise
calcium levels in the extracellular fluid (ECF) by mobilising calcium from
bone, increasing renal tubular reabsorption of calcium, and increasing
intestinal calcium absorption indirectly by the hydroxylation of 25-
hydrocholecalciferol in the kidney. PTH levels in turn are regulated by
calcium and 1,25(0OH),D;. The + indicates positive effects of PTH whilst the
- indicates negative feedback on the parathyroid gland. This figure has been
adapted from Habener et al. (1984).
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the gastrointestinal tract through the renal 1-c-hydroxylation of 25-
dihydroxyvitamin D; to 1,25(OH),D; (DeLuca & Holick, 1979) which is a
potent inducer of intestinal calcium absorption. PTH affects bone turnover,
increasing rates of bone resorption by increasing osteoclast number and
activity (Raisz, 1965) and also stimulating new bone formation by osteoblasts.
However, PTH appears not to have a direct effect on isolated osteoclasts
(McSheehy & Chambers, 1986), but only when mixed with osteoblasts
suggesting the involvement of cell-cell interactions. It appears that osteoblasts
release a soluble factor after exposure to PTH which then stimulates
osteoclastic bone resorption and a search for the molecule(s) responsible is
currently underway. All these actions increase extracellular calcium levels,
which in turn feed back on the parathyroid glands to inhibit further secretion
of PTH. In addition, 1,25(0OH),D; acts on the parathyroid gland inhibiting
PTH synthesis and thus, keeping the calcium concentrations in the ECF within
very narrow limits.

PTH binds to specific receptors (Potts et al. 1982) which are membrane-
spanning glycosylated proteins of approximately 600 amino acids and are
found in a number of tissues such as the kidney, bone, liver, brain, and
placenta. These receptors are members of the G-protein-linked receptor
family and are shared by a recently discovered factor, PTH-related peptide,
(PTHIP) produced by certain tumours that cause humorally-mediated
hypercalcaemia of malignancy (Broadus et al. 1985). The DNA encoding rat,
opposum, and human PTH/PTHrP receptors has recently been cloned and

enabled the sequence to be deduced (Juppner et al. 1991; Abou-Samra et al.
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1992). Binding of PTH to its receptor on the plasma membrane activates G
proteins which are composed of three subunits, «, 8 and 7 on the inner

surface of the membrane causing the release of guanosine diphosphate (GDP)

from G,. This results in the dissociation of the G, from Gy , subunits and

permits the binding of a molecule of guanosine triphosphate (GTP) to G,
The GTP - G, complex then activates membrane-bound adenylate cyclase to

catalyse the synthesis of cyclic 3’,5’adenosine monophosphatefrom ATP.
cAMP subsequenly binds to the regulatory subunit of cAMP-dependent protein
kinase A causing the regulatory subunit to dissociate from the catalytic subunit
of protein kinase. The free catalytic subunit then phosphorylates specific
serine and threonine residues in target proteins for example, enzymes
requnsible for ion transport.

In order to maintain ionised calcium levels within a narrow range, it is
essential that PTH and 1,25(0OH),D; levels are controlled. Excessive PTH
causes hypercalcaemia and phosphaturia which are most commonly due to a
benign tumour, an adenoma, of one of the four parathyroid glands. This
condition is called primary hyperparathyroidism and is characterised by bone
loss due to osteoclastic resorption of bone and renal calculi. However,
hypercalcaemia and phosphaturia can also be due to hyperplasia or carcinoma.
Secondary hyperparathyroidism occurs due to overactivity of the glands
compensating for long-standing hypocalcaemia which can be caused, for
example, by chronic renal failure. Hypercalcaemia is also seen in non-
parathyroid malignancy, humoral hypercalcaemia of malignancy (HHM), due

to the production of circulating humoral factors such as PTHrP that cause
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hypercalcaemia (Stewart et al. 1980). The malignancies frequently associated
with HHM include squamous cell carcinoma of the lungs, neck and head,
carcinoma of the kidney, ovary and pancreas. The presence of these tumours
is associated with an increase in osteoclastic bone resorption, an increase in
renal tubular reabsorption, and impaired calcium absorption from the gut.
Secretion of PTH from these tumours is rare and this malignancy is
characterised by production of a protein, PTHrP which has been purified
(Burtis et al. 1987; Moseley et al. 1987) and consequently its cDNA was
cloned (Suva et al. 1987; Mangin et al. 1989). Low PTH
(hypoparathyroidism) may be due to diseases in the parathyroid gland causing
impaired synthesis and secretion of PTH and is characterised by
hypocalcaemia and hyperphosphataemia. In addition, it may be due to target
organ resistance to PTH resulting in a condition called
pseudohypoparathyroidism which is characterised by hypocalcaemia and high
PTH levels. These patients are unresponsive to PTH despite high circulating
levels of PTH and the defect may lie in the PTH receptors.

The biologically active vitamin D metabolite, 1,25(OH),Ds, is synthesised
in the kidney by hydroxylation of 25-hydroxyvitamin D, (synthesis of
1,25(0H),D; is described further in chapter 3). It’s primary function is to
enhance calcium absorption from the small intestine and during vitamin D
deficiency, intestinal calcium and phosphate absorption are reduced, causing
hypocalcaemia which leads to defective bone mineralisation. Deficiency of

vitamin D causes rickets in children; in adults the corresponding condition is

osteomalacia. Both conditions are characterised by the failure of calcification
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of osteoid, which is the matrix of bone and the manifestions depend on
whether or not the bone is growing. The serum calcium is low and may lead
to tetany and increases parathyroid gland activity. Deficiency of vitamin D
in the UK occurs in two groups of the population, the elderly and the Asian
immigrants. The deficiency may occur due to a number of causes, including
diet and lack of exposure to sunlight. There are other causes of rickets and
osteomalacia apart from a deficiency of vitamin D; chronic renal failure is one
cause and this is probably because there is a lack of the 1-a-hydroxylase

activity with the loss of functioning renal tissue.

Assays for the measurement of PTH

During the 1960s and 1970s, substantial progress was made in the
understanding of the biochemical and cellular processes involved in the
biosynthesis, secretion, metabolism and mode of action of PTH. These
advances have been due to the application of radioimmunoassay (RIA)
techniques developed for the detection of PTH. A sensitive RIA for bovine
PTH was first reported by Berson et al. (1963) using an anti-bovine PTH
antiserum, "I-labelled bovine PTH as labelled antigen and human PTH
extracted from adenoma as a standard. These RIA were used to detect
endogenous human PTH in plasma samples obtained from two patients with
primary hyperparathyroidism and in normal subjects; the hormone was
undetectable in the plasma of nine patients with clinical hypoparathyroidism.
Extensive use has been made of this assay system in physiological studies in

animals (Sherwood et al. 1966), but these assays were not sensitive enough
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to discriminate low from normal PTH values as well as between normal and
slightly elevated values. Since very little pure human parathyroid hormone
was available for use in assays, antisera raised against bovine PTH which
were specific and sufficiently sensitive to measure endogenous hormone in
humans were used. It wasn’t until later, using parathyroid tissue removed at
surgery, O’Riordan et al. (1971) isolated and purified sufficient human PTH
for use in RIA and for chemical characterisation.

Apart from the structural differences and cross-reactivity between PTH
from bovine and human sources, the main problem in measuring absolute
concentrations of hormone in the circulation was the presence of different
PTH-derived peptides. The first observation suggesting the immunochemical
heterogeneity of PTH in the circulation was reported by Berson & Yalow
(1968) based on the measurement of the half-life of plasma immunoreactive
PTH after parathyroidectomy in patients with secondary hyperparathyroidism
due to chronic renal failure which was slower than in patients with primary
hyperparathyroidism. These differences were demonstrated using two distinct
antisera indicating that PTH in human plasma was immunochemically
heterogeneous and that removal of PTH fragments from the circulation was
probably dependent on renal function. A number of PTH fragments resulting
from proteolysis of the native polypeptide within the parathyroid gland and in
peripheral organs (in the kidneys and liver into amino-terminal and carboxy-
terminal fragments) are found in the circulation (Canterbury et al. 1975). In
addition, parathyroid glands contain cathepsins that are responsible for further

cleavage of PTH into smaller fragments which are secreted (MacGregor et al.
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1979; Morrissey et al. 1980). In normal humans, intact PTH comprises only
5-30% of the circulating immunoreactive hormone, whilst the C-terminal
fragments account for the remaining 70-95%. Thus, the importance of
developing assays for the detection of defined regions of PTH and the
application of these assays to the measurement of the various fragments in the
circulation becomes apparent. This eliminated the difficulty in interpretation
of results obtained with different RIAs for PTH in the clinical assessment of
patients.

Region-specific RIA were thus developed for measuring C-terminal
fragments i.e. those which detect the intact hormone and circulating carboxy-
terminal fragments, and for measuring N-terminal fragments which detect the
intact hormone as well as any circulating amino-terminal fragments.
However, several problems have been encountered, including the susceptibility
of PTH to damage during radiolabelling and the deterioration of labelled
preparations during the assay which may affect the affinity of the antisera. In
order to overcome some of these difficulties, immunoradiometric assays
(IRMA) were developed (Addison et al. 1971). In contrast to RIA in which
labelled and unlabelled antigen compete for binding to specific antibodies, in
IRMAs, the compound to be measured is assayed directly by combination with
specifically labelled antibodies. This method has advantages with regard to
sensitivity and precision and in addition, the labelled antibody preparation is
more stable. IRMA specific for the amino-terminal (Manning et al. 1980) or
carboxy-terminal (Manning et al. 1981) regions have been developed using

immunoadsorbents consisting of fragments of human PTH 1-34 or 53-84
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coupled to cellulose. The assay was used to measure carboxy-terminal
immunoreactive PTH in normal patients, as well as those with primary
hyperparathyroidism, pseudohypoparathyroidism and secondary
hyperparathyroidism. It was of diagnostic value for assessing patients with
chronic hyperparathyroidism since the authors found good discrimination
between normal subjects and patients with primary hyperparathyroidism. A
two-site IRMA for intact PTH was subsequently developed (Nussbaum gt al.
1987), utilising two different antibodies to PTH, mid-region/C-terminal and
N-terminal. The mid-region/C-terminal antisera is bound to a solid phase and
is present in excess, whilst the N-terminal antisera is radiolabelled (**I) and
used as a tracer. This assay showed discrimination of PTH values in patients
with primary hyperparathyroidism from those with hypercalcaemia associated
with cancer, as well as between normals and patients with
hypoparathyroidism. Other methods have been described for the measurement
of PTH in serum or plasma such as cytochemical bioassays (Chambers et al.
1978). Although these assays are very sensitive, they are not used routinely
for clinical diagnosis since the number of samples that can be analysed is
limited.

In order to produce antisera against PTH, it was essential that the peptides
were isolated, purified for immunisation and their structures determined. The
primary structures of the 84 amino acid polypeptides of the porcine (Sauer et
al. 1974), bovine (Niall et al. 1970) and human (1-34 amino acids by Brewer
et al. 1972; amino terminal 37 residues by Niall et al. 1974; residues 44-84

by Keutmann et al. 1977) PTH have been determined. The determination of
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the amino-terminal residues of hPTH has enabled the synthesis of peptide
fragments and analogues, including antagonists and agonists of PTH for
clinical and investigative use. In addition, these synthetic fragments have
enabled the development of antisera directed towards the amino-terminal
region of the hormone and used for measuring PTH in sera from patients with
primary hyperparathyroidism and in normal subjects (Hendy et al. 1974). The
amino-terminal sequences of human PTH extracted from human adenoma
determined by Brewer et al. (1972) and Niall et al. (1974) differed at three
positions in the first 30 residues and on re-examination of the sequences each
confirmed their own findings. Further studies using RIA specific to the
amino-terminal region of PTH were used to study the properties of synthetic
peptides based on the structures proposed by Brewer et al. (1972) and Niall
et al. (1974) compared to extracted human PTH (1-84) from human
parathyroid adenomas (Hendy et al. 1974). These assays revealed that the
peptides based on the structure proposed by Brewer et al. (1972) were less
reactive (100-to 2000-fold) and thus it appears that since the peptides with the
sequence proposed by Niall et al. (1974) behave similarly to purified hPTH
(1-84), this sequence is more likely to be correct. Subsequently, mRNA
nucleotide sequence analysis has confirmed the sequence of the former

group (Hendy et al. 1981).

Determination of PTH gene sequences
Recombinant DNA techniques have enabled the isolation and cloning of

complementary DNA (cDNA) to bovine (Kronenberg et al. 1979) and human
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(Hendy et al. 1981) preproPTH mRNA in bacterial hosts. Bovine mRNA was
isolated from normal parathyroid glands, human mRNA was isolated from
parathyroid adenomas and the sequence of the rat mRNA was established from
rat liver (Heinrich et al. 1984). Kronenberg et al. (1979) initially determined
the sequence of a bovine cDNA clone, pPTHm1, that contained about 60%
of the PTHmRNA, including all of the region coding for preproPTH plus
portions of the 5’ and 3’ noncoding regions of the mRNA. Restriction
analysis of near full-length double-stranded cDNA, synthesized enzymatically
from partially purified bovine PTH mRNA, indicated that about 200
nucleotides from the 3’-untranslated region were missing in the clone (Gordon
& Kemper, 1980). A near full-length clone of bovine PTH mRNA, pPTHi4,
was later sequenced (Weaver et al. 1984) and this showed that the overlapping
sequences of pPTHm1 and pPTHi4 were identical except for the first S0
nucleotides. Analysis of several additional bovine PTH cDNA clones and the
sequencing of the 5’ terminus of PTH mRNA indicated that the first 50
nucleotides of pPTHm1 were an inverted complement of the corresponding
sequence of pPTHi4 (Weaver et al. 1981). This may have occurred in the
process of cloning; the single strand of the cDNA may have folded back on
itself during reverse transcription or during the synthesis of the second strand
by DNA polymerase. cDNA probes have facilitated the study of PTH
biosynthesis proving useful as hybridisation probes for the measurement of
PTH mRNA levels and as probes in screening libraries by filter hybridisation
in the cloning of PTH genes.

The gene for PTH is located on chromsome 11 (Zabel et al. 1985) and is

31



represented only once in the haploid genome of humans (Vasicek et al. 1983),
rats (Heinrich et al. 1984) and cows (Weaver et al. 1984). In all species, the
PTH gene consist of three exons, the 5’- and 3’-flanking regions and two
intervening sequences (introns) and the structure of the gene is described

further in chapter 2.

Synthesis of PTH

The pathway leading to PTH secretion involves a series of proteolytic
cleavages of a large precursor (Cohn & Elting, 1983). The primary
translation product synthesized in the parathyroid gland is a polypeptide of 115
amino acids, preproparathyroid hormone (preproPTH). This is cleaved by a
signal peptidase located on the inner membrane of the endoplasmic reticulum
(ER) (Habener et al. 1975) which removes the signal or ’pre’ sequence as the
protein traverses the membrane of the rough ER, leaving proPTH (90 amino
acids) in the cisternae of the ER (Habener et al. 1978). This cleavage is very
rapid and very little intact preproPTH can be found in parathyroid cells since
preproPTH has a half-life of 15 minutes. The ’pro’ sequence is cleaved from
proPTH in the Golgi apparatus by a trypsin-like endopeptidase, followed by
carboxypeptidase B (Habener et al. 1977) resulting in bioactive PTH. The
’pro’ sequence is subsequently degraded in the parathyroid cell after cleavage
from PTH. The mature hormone is packaged into secretory granules and
stored prior to secretion at which time the membranes of the storage granules
fuse with the plasma membrane, membrane lysis occurs and the contents of

the vesicle are released into the bloodstream. However, some PTH can be
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transported directly to the plasma membrane without incorporation into mature
secretory granules (MacGregor et al. 1975).

The parathyroid gland synthesises another major protein, parathyroid
secretory protein (PSP) or chromogranin A (CgA) which co-exists in the same
secretory granules (Cohn et al. 1982). This is an acidic glycoprotein found
in endocrine cells and co-secreted with the resident hormone (Winkler &
Fischer-Colbrie, 1992). It is possible that CgA serves as a precursor to
bioactive peptides that modulate secretion in an autocrine and/or a paracrine
manner (Huttner & Benedum, 1987; Eiden, 1987) and that regulation of CgA
expression and processing is tissue-specific (Barbosa et al. 1991; Deftos et al.
1990). The secretion of CgA like PTH is regulated by extracellular
concentrations of calcium, such that low calcium stimulates, and high calcium

inhibits secretion (Morrissey & Cohn, 1979).

Modulators of PTH secretion
The availability of cDNA probes for preproPTH mRNA has made studies
possible on the control of synthesis and secretion of PTH. Calcium has been

shown to regulate PTH gene expression both in vitro (Russell et al. 1983;

Brookman ¢t al. 1986) and in vivo (Yamamoto et al. 1989; Naveh-Many et
al. 1989). Short-term experiments (4-7 hours) in isolated bovine parathyroid
cells have shown that high extracellular calcium caused changes in PTH
secretion with no detectable change in preproPTH mRNA levels (Heinrich et
al. 1983; Brookman et al. 1986), whilst longer incubation periods of 16-24

hours resulted in a decrease in mRNA levels with a concomitant fall in
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secretion (Russell et al. 1983; Brookman et al. 1986). In addition, studies in
cultured human adenomas incubated with high calcium have demonstrated a
similar reduction in preproPTH mRNA levels as in normal bovine glands.
However, the continued synthesis of PTH in adenomas compared with the
decrease in bovine glands, implies that regulation may also be post-
transcriptional (Farrow et al. 1988). Incubation of bovine parathyroid cells

in vitro with low calcium resulted in an increase in PTH synthesis with no

change in steady-state preproPTH mRNA levels, also suggesting the existence
of a post-transcriptional site of regulation. The effects of low calcium on
PTH secretion and the possible regulatory mechanisms will be discussed in the
following chapter.

The mechanism whereby calcium regulates secretion and transcription in
the parathyroid cell remains to be determined. Okazaki et al. (1991) have
presented results of transfection studies in which they have identified two
negative regulatory elements between 2.4 and 3.6 kb upstream of the
transcription start site of the human PTH gene and have shown that these
DNA sequences bind nuclear proteins resulting in suppression of transcription.
The authors have postulated that these negative regulatory elements may be
responsible for modulation of transcriptional suppression of the hPTH gene by
extracellular calcium. Although, calcium is the major modulator of PTH
secretion, other agents have been identified such as magnesium (Habener &
Potts, 1976) which causes similar changes as calcium, however, magnesium
is approximately 2.5-times less effective on a molar basis than calcium in

altering the rates of PTH secretion in vitro.
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Another important regulator of PTH synthesis is 1,25(OH),D; and studies

in vitro and in vivo have demonstrated that 1,25(OH),D; decreases PTH

synthesis (Cantley et al. 1985; Silver et al. 1985, Karmali et al. 1989), whilst
Sherwood et al. (1987) have shown that this is a direct effect on PTH gene
transcription. 1,25(OH),D; acts on its target tissue by binding to its receptors,
vitamin D5 receptors (VDR), with binding to specific DNA sequences of target
genes subsequently affecting gene transcription (this will be discussed further
in chapter 3). Glucocorticoids such as dexamethasone have been shown to
stimulate PTH in a dose-dependent manner (Sugimoto et al. 1989) and, in
addition, cortisol has been shown to produce elevated levels of serum PTH
when administered in humans (Fucik et al. 1975). It has been speculated that
cortisol may lower serum calcium levels by reducing intestinal absorption and
renal tubular resorption of calcium. However, Au, (1976) has reported a
direct stimulatory effect of cortisol on the secretion of PTH from rat
parathyroid glands maintained as explants in culture, which suggests
mechanisms independent of changes in blood levels of calcium. Karmali et
al. (1989) have shown that in cultured bovine parathyroid cells, the
suppressive effect of 1,25(OH),D; on PTH gene transcription was abolished
in the presence of cortisol i.e. PTH mRNA levels and secretion remained
unchanged. This effect was reversible, in that withdrawal of cortisol resulted
in the return of the response to 1,25(OH),D;. The effect of cortisol on
preventing this response was at least partly mediated by reducing the number
of VDR and thus possibly reducing the sensitivity to 1,25(OH),D;. Other

potential regulators include oestradiol and progesterone and studies on isolated
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bovine parathyroid tissue suggest that both these hormones directly stimulate
PTH secretion (Greenberg et al. 1987). This study demonstrated that the
effect of the two steroids was stereospecific since 17 a-oestradiol and 20 o-
hydroxyprogesterone had no effect. The mechanism of oestradiol is not clear,
however, it has been suggested that receptors may not be involved since the
antagonist, tamoxifen, did not prevent this increase. In addition, Naveh-Many
et al. (1992) have shown that 178-oestradiol given to ovariectomised rats led
to an increase in PTH gene expression and that this was a direct effect on the
parathyroid glands. Their results appear to show that the parathyroid glands
are target organs for oestrogen leading to increased expression of PTH which

may be helpful in counteracting or preventing bone loss.

PROTEIN SYNTHESIS

It is appropriate at this stage to give an outline of protein synthesis and the
regulatory control mechanisms of gene expression as the main theme of the
studies presented here is regulation of PTH gene expression at the
transcriptional and post-transcriptional levels.

Synthesis of mRNA or transcription is the result of RNA polymerase II
initiation at a promoter sequence and involves the interaction of several
general transcription factors (TF) such as TFIID which recognises the TATA
sequence, and TFIIA, TFIIB and TFIIE which assemble sequentially into a
transcription complex (Matsui et al. 1980; Tsai et al. 1981; Dynan & Tjian,
1983). An initial interaction of TFIID and TFIIA with the TATA-box element

of a promoter gives rise to a template-committed complex (Reinberg et al.
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1987). This complex provides an anchor for subsequent assembly of other
transcription factors including TFIIE and TFIIB and RNA polymerase II into
a complete initiation complex (rapid start complex).

Following transcription, the nucleotide sequence of RNA is translated into
amino acids and this occurs in three stages, initiation, elongation and
termination. The first event of the initiation stage involves the interaction of
the 40S ribosomal subunit, mRNA, and initiation factors with GTP and a
molecule of methionyl-tRNAM* to form an initiation complex. This complex
migrates linearly until it reaches the AUG initiation codon whereupon a large
ribosomal subunit (60S) joins this complex, resulting in hydrolysis of GTP and
detachment of some initiation factors. There are two sites on the ribosome
that are occupied by tRNA molecules, the A and P site, and the methionyl-
tRNAM* bearing the first amino acid binds to the P site whilst the A site
accommodates the incoming aminoacyl-tRNA. The amino acid is transferred
to the P site after the formation of a peptide bond, resulting in a growing
polypeptide chain. Several elongation factors are involved and GTP provides
the energy to position the aminoacyl-tRNA in the A site. Translation is
terminated when the ribosome reaches the UAG codon, recognised by
termination factors, followed by hydrolysis of the peptidyl-tRNA on the
ribosome and the release of the completed polypeptide chain. Subsequently,
the tRNA and the two ribosomal subunits separate from the mRNA. Once
ribosomes have translated mRNA, they preferentially and efficiently reinitiate
protein synthesis on the same mRNA resulting in polyribosomes or polysomes.

The synthesis of proteins destined for secretion such as PTH, insulin and
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prolactin takes place on ribosomes bound to the membrane of the rough
endoplasmic reticulum (RER) (Palade, 1975), whilst intracellular proteins such
as the glycolytic enzymes are translated preferentially on free ribosomes. The
‘pre’ or signal sequence of secretory proteins has been shown to direct the
protein to the RER (Blobel, 1983). As the signal sequence emerges from the
ribosome, it binds to the signal recognition particle (SRP) and this complex
binds the ER membrane through the SRP receptor (Meyer et al. 1982). The
receptor is an integral protein of the ER and this binding is associated with the
release of the SRP into the cytosol. The signal sequence is cleaved in the ER
lumen by signal peptidase which may cause the receptor to be released from
the signal sequence. Elongation of the peptide chain continues and it extrudes
into the lumen where it undergoes post-translational modifications such as
folding, glycosylation, sulphation and phosphorylation. Glycosylation is the
major modification to proteins as they pass through the Golgi apparatus and
involves the addition of oligosaccharide groups either to the amino group of
asparagine (N-linked glycosylation) or to the hydroxyl group of serine,
threonine or hydroxylysine (O-linked glycosylation). Secretory proteins are
directed to secretory vesicles where they are stored before exocytosis and
often undergo proteolytic cleavage, for example, hormones such as insulin are
synthesised as a large precursor which is cleaved to generate the active
hormone (Steiner et al. 1967). Some modifications to proteins occur after
secretion, for example, tropocollagen helices lose the N- and C-terminal
prosequences before being incorporated into collagen fibres (Davidson &

Berg, 1981). In addition, activation of enzymes such as trypsinogen and
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chymotrypsin also occurs by specific proteolytic cleavages after secretion.

CONTROL OF GENE EXPRESSION

Gene expression can be regulated at multiple levels including initiation,
elongation or termination of transcription and post-transcriptionally which
includes a number of mechanisms such as nuclear processing of primary
transcripts and mRNA stability. Each of these will be discussed further, with

a variety of examples.

Transcriptional control
Initiation

Regulation at the transcriptional level involves interaction of specific
regulatory sequences and trans-acting proteins which bind DNA sequences in
the promoter region of genes (Dynan & Tjian, 1985). Promoter sequences lie
within approximately 100 base pairs (bp) of the start site of transcription and
act to increase or decrease the rate of transcription. The activity of many
promoters is modulated by enhancer sequences which are a combination of
discrete, closely spaced sequences found upstream or downstream that can act
over long distances to stimulate transcription (Maniatis et al. 1987).
Regulatory proteins at widely separated sites may influence the activity of
another protein by looping of intervening DNA sequences, thus allowing
protein-protein interactions. This has been demonstrated by Hochchild &
Ptashne (1986) in studies of A-phage repressor. Alternatively, a protein on

recognising a specific site on DNA may 'move’ or ’slide’ along the DNA to
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another specific sequence, interact with another protein and thus initiate
transcription. Silencers are another class of DNA elements which may lie far
upstream from the start site and inhibit transcription, often independently of
their position or orientation (Brand et al. 1985). Silencer sequences have been
reported in various genes, for example, a-fetoprotein (Laimins et al. 1986),
growth hormone (Larsen et al. 1986) and human PTH (Okazaki et al. 1991).

Promoter elements also interact with DNA-binding proteins, such as
stimulatory protein I (SPI) (Dynan & Tjian, 1983), CTF/NF-1 (Jones et al.
1987) and proteins of the AP1 family (Kouzarides & Ziff, 1988; Turner &
Tjian, 1989). These factors function by protein-protein interactions with other
components of the general transcription apparatus, including RNA polymerase
II. Another family of DNA-binding proteins involved in transcriptional
regulation are cAMP response element-binding proteins (CREB) which
recognise the CAMP-response element (CRE) sequence, 5’-TGCCGTCA-3’.
This motif is also recognised by activating transcription factor (ATF) proteins
(Hai et al. 1989). Many promoters respond transcriptionally to elevated levels
of cAMP through cAMP response elements (Montminy et al. 1986; Short et
al. 1986; Silver et al. 1987) and several CREB have been characterised which
are activated by cAMP-dependent protein kinase A (Hoeffler et al. 1988;
Gonzalez et al. 1989). A functional CRE has been identified in the promoter
region of the somatostatin (Montminy et al. 1986), c-fos (Yamamoto et al.
1988) and human PTH gene (Rupp et al. 1990).

Transcription is also influenced by diffusable substances such as steroid

hormone-receptor protein complexes. For example, Bagchi et al. (1992) using
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a cell-free transcription assay have shown that progesterone receptors facilitate
the assembly of a template-committed complex at the TATA box and
subsequently stimulate transcriptional initiation by enhancing the formation of
a rapid start complex containing RNA polymerase II. Steroid hormone
receptors act as ligand-inducible transcription factors which induce or repress
transcription by interacting with short consensus DNA sequences, hormone
response elements (HREs), located in the 5’-flanking region of genes, and
trigger the general transcription machinery to assemble. The steroid hormone,
1,25(0OH),D;, modulates gene transcription via its receptors, vitamin Dj
receptors (VDR), which are members of the steroid/thyroid hormone receptor
superfamily and interact with vitamin D, response elements (VDRE) on target
genes.

HREs usually consist of two closely related or identical copies of a short
sequence motif arranged as palindromes (inverted repeats) immediately
adjacent to each other as seen in the rat growth hormone thyroid response
element, (TRE pal) (Glass et al. 1988) or with a three nucleotide spacing as
in the vitellogenin gene oestrogen response element (ERE) (Klein-Hitpass et
al. 1986) as shown below. The DNA targets for VDR and many other
nuclear receptors are often organised as direct or imperfect repeats of half-site
palindromes with variable spacing as seen in the rat cardiac myosin heavy

chain (MHC) TRE (Izumo & Madhavi, 1988):
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Hormone response element Consensus sequence

Thyroid response element (pal) AGGTCATGACCT
Oestrogen response element AGGTCA nnn TGACCT
Myosin heavy chain TRE AGGTGA nnnn AGGACA

* n denotes nucleotide spacing between half-sites.

HREs are structurally related but functionally distinct, for example,

glucocorticoid receptors (GRs) in_vitro can bind to the consensus sequence

AGAACA nnn TGTTCT but several other receptors such as the progesterone,
mineralocorticoid and androgen receptors also bind this sequence. Likewise,
the glucocorticoid response element (GRE) consensus sequence is similar to
that of the oestrogen response element (ERE), however, the ERE and the GRE
are functionally distinct. Thyroid hormone receptors (TR) also bind to a large

family of related sequences such as the ERE in vitro (Glass et al. 1988).

These studies have shown that although TR bind to both the TRE and the ERE
as a dimer, the formation of a domain competent to activate transcription
requires a response element without nucleotide spacing. This domain is
disrupted when the TR is bound to an ERE and the protein-DNA complex
fails to activate transcription. Thus, these authors suggest that the presence
or absence of a 3 nucleotide gap in the DNA recognition sequence for TR can
dictate negative or positive transcriptional control by thyroid hormone (T5).
Selective hormonal responsiveness is determined not only by the
characteristics of a HRE but also by the presence of their respective ligands

as well as the presence of other proteins or transcription factors that interact
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with an element.

Elongation

Following initiation, the nascent RNA chain is elongated by the addition
of ribonucleoside triphosphates catalysed by RNA polymerase II which is
another site of transcriptional control. Studies by Chinsky et al. (1989) have
demonstrated tissue-specific differences in adenosine deaminase gene
expression associated with processes affecting the synthesis of full length
nascent transcripts. These studies showed that during adenosine deaminase
transcription, a certain portion of the nascent RNA was prevented from being
synthesised into completed primary transcripts i.e. elongation was blocked.
Other examples of genes in which elongation is blocked during transcription
include several proto-oncogenes such as c-myb (Bender et al. 1987), c-fos

(Fort et al. 1987) and c-myc (Bentley & Groudine, 1988).

Termination

Regulation at the level of termination of transcription also occurs, although
there is considerable difficulty in identifying the authentic termination site of
an eukaryotic gene, since it is always possible that the 3’ end has been
generated by cleavage of the primary transcript and, therefore, not the exact
site of termination. However, the sites of transcription termination for RNA

polymerase II in vivo have been localised to regions that lie 3’ to the coding

sequences and downstream of the poly (A) processing site for several genes

(Sato et al. 1986, Proudfoot, 1989). Several groups have indicated the
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presence of a series of thymidine residues (T-runs) in DNA sequences which
are thought to act as termination signals and may be involved in regulation of
gene expression, for example, in the human gastrin gene (Sato et al. 1986),

and c-myc (Bentley & Groudine, 1988).

Translational control

Eukaryotic cells employ translational control mechanisms in addition to
transcriptional control to regulate the synthesis of specific proteins. This is
usually much more rapid than control at the level of transcription. Several
possible mechanisms and sites of post-transcriptional control exist as shown
in the schematic diagram (figure 1.2). Possible sites of regulation include the
addition of a 7-methyl guanosine (m’G) cap to the 5° end, polyadenylation and
splicing of the heterogenous RNA in the nucleus producing mature mRNA
containing the 5°- and 3’- untranslated regions as well as the coding regions
(step 1). The mature mRNA is subsequently transported out into the
cytoplasm where it may be degraded (step 2) without being translated (step 3).
Alternatively, it may interact with proteins forming messenger
ribonucleoprotein particles (mMRNPs) which may exist in an untranslatable
form (step 4). In this case, a suitable stimulus may cause this pool of mRNA
to be released and available for translation, thus increasing translation without
altering steady-state mRNA levels. Increases in protein synthesis may also be
due to an increased rate or efficiency of translation i.e an increase in initiation
and an increase in elongation or an increase in reinitiation relative to the rate

of elongation of polypeptide chains on polysomes (step 5).

44



E E
"%1+4'/-"] 1

1
F 40+ +/1( /14*)0/1( %OO/"/ 1
$1" . *()%1/1! 4%- - *.%011.*%"
/" %10 +-*/4/1(
$ K
-1
4 +:12 8
8G!
0t ("%0%" /gy 12 1"V %4"/ 1 #/"
35" %1+ % /L1 S
$1++11 (1"
19 1)4*1 -t ot
S% At
+
PT:+ 1 v1/7/%7 1 w10 1% 1(%"/ 1
S 10 4 %1+ /1
- 19+ S+
> >
IO s %" #%. L, <"1 +.1" T+/+ 'S (111 "0 1+4/-"
SR 1M[O) ALt T[4 10/4%M1I0 %' L - +4+/9%1 +/"1+ | () *
SUATHH[1( It (11 )+ 24"1- 3 "%l+- " 0§ 1"
4" -*%+$ # 11 /" $%. 91 01("%0!0 2+"1- 3 #/" )" 91/1( "'%1+
CI1TU%AT) 1 #/T - U1+t t$ 9 1)4A*I -t 11 -0t /4%1+
14'1%+1+ /1 =" "1/1 +.1" 1+/+ $%. %*+ 9! 0)! " 4 %1(!+ /1

*1(%"/ 1 , -*.-1-"/0! 4 %/1+ /1 - *.+ $!+ 2+"!- 3:



The possible sites of regulation can include most of these steps and will be
discussed in more detail below under the headings of nuclear processing of
primary transcripts, regulation of mRNA stability, presence of an inactive
pool of mRNA, and changes in the rate of initiation/reinitiation and rates of

elongation of polypeptide chains.

Nuclear processing of primary transcripts

Differential processing of heterogeneous nuclear RNA (hnRNA) such as
addition of a cap structure or polyadenosine (poly(A)) residues and splicing
of introns provides another mechanism of translational control in eukaryotes.
Capping of mRNA is a process that occurs almost immediately after
transcription and involves joining of a residue of 7-methylguanosine (m’G) by
a 5°-5’ pyrophosphate linkage to the initial nucleotide at the 5’ end of mRNA.
These caps contribute to the stability of mRNAs by protecting the 5’ ends
from phosphatases and nucleases and probably facilitate ribosome attachment
to mRNA.

The protein-coding regions of eukaryotic genes are split by intervening
sequences (introns) which are removed from the initial transcript by splicing
to give mature mRNA containing the 5°- and 3’-untranslated regions (UTRs)
in addition to those sequences which are translated. Splicing occurs
exclusively in the nucleus during or after polyadenylation and involves
breaking the phosphodiester bonds at the exon-intron boundaries and forming
a bond between the ends of the exons. RNA transcripts can also be spliced

alternatively in several different tissues resulting in different functional
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mRNAs and are translated to yield different protein products. Alternative
splicing represents a response to a requirement for the production of related,
but different forms, of a gene product in different tissues as seen in the opioid
peptide genes (Garret et al. 1989) and the calcitonin/calcitonin gene related
peptide gene (Amara et al. 1982).

Several hypotheses have implicated poly(A) sequences as having a role in
mRNA stability, protein synthesis and the transport of mRNA out of the
nucleus. Immediately after splicing of the hnRNA primary transcript, nuclear
poly(A) polymerase adds 150-200 nucleotides to primary transcripts that have
a 3’ terminal GC and an AAUAAA sequence 15—30 residues from the 3’ end.
The turnover of mRNA is often related to the presence or absence of poly(A)
tails, for example, stabilisation of human growth hormone mRNA by
glucocorticoids appears to be due to an increase in the length of their poly(A)
tail which is reduced when the mRNA is destabilised by removal of
glucocorticoids (Pack & Axel, 1987). Binding of a poly(A)-binding protein
is thought to be required for protection of the 3’ end of the mRNA and when
the length of poly(A) tract falls below 20-30 nucleotides, the protein may not
bind, resulting in rapid degradation. The role of the poly(A) tail in protein
synthesis has been demonstrated by Rubin & Halim (1993), in which they
showed that the poly(A) tail of globin mRNA shortened during translation.
The addition of aurintricarboxylic acid (ATA), which prevents the binding of
mRNA to the 40S ribosomal subunit, to the components of the translation
reaction mixture resulted in very little incorporation of radiolabelled leucine

into globin and shortening of the poly(A) tail almost ceased when compared
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to the reaction in the absence of ATA. These authors suggest that the poly(A)
tail in translation is to possibly bring the 3’-end in close proximity to the 5°-
end, thus facilitating reinitiation.

Rat pituitary acidophil cells consist of lactosomatomorphs which produce
growth hormone (GH) and prolactin (PRL) (GH+/PRL+), somatomorphs
which produce GH but not PRL (GH+/PRL-) and lactomorphs which produce
PRL only (GH-/PRL+). Studies in a series of pituitary cell lines which are
either GH+/PRL+ or GH+/PRL- have demonstrated that transcription rate
of the PRL gene in the latter was 60-70% of that in the former, but
cytoplasmic mRNA levels were only 2% (Billis et al. 1992). This was shown
to be due to PRL gene transcripts being specifically degraded in the nucleus

rather than being processed and exported into the cytoplasm.

Regulation of mRNA stability

Changes in the rate of degradation of mRNA is another mechanism of
regulation. Certain sequences, AUUUA, in the 3’'UTR are involved in the
degradation of mRNA. The 3’-UTR of the human granulocyte-monocyte
colony-stimulating factor (GMCSF) mRNA contains seven AUUUA sequences
resulting in a short half-life. This was demonstrated when a segment of the
human GMCSF DNA containing these sequences was inserted into the 3’UTR
of the rabbit B-globin gene and decreased the half-life of the 3-globin mRNA
from 2 hours to less than 30 minutes (Shaw & Kamen, 1986). Stability of
specific mRNAs may be affected by hormones such as glucocorticoids, for

example, Diamond & Goodman (1985) reported that dexamethasone and
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thyroid hormone (T) increased the stability of growth hormone mRNA in
pituitary cells. Glucocorticoids have also been shown to decrease the half-life
of 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) reductase mRNA in rat liver,
whilst thyroid hormone had the opposite effect (Simonett & Ness, 1989). In
the presence of dexamethasone, the half-life of the transcripts was reduced
from 12-15 hours to 2-3 hours, suggesting that dexamethasone may stimulate
degradation of HMG-CoA reductase mRNA. Glucocorticoids may induce the
expression of an enzyme that degrades mRNA which contain AUUUA
sequences or alternatively, they may counteract a thyroid-induced protein
which stabilises the mRNA. In contrast, Krane et al. (1991) have reported
that in rat pituitary cells, thyroid hormone (T3) reduced the size and stability
of the TSH B-subunit mRNA and this reduction in size was due to shortening

of the poly(A) tail.

Presence of an inactive pool of mRNA

The recruitment of mRNA from a storage form (untranslatable) in response
to a specific stimulus provides another example of translational control. The
existence of an inactive pool of mRNA has been well-documented with respect
to ferritin synthesis. Iron administration to rats increases hepatic ferritin
synthesis but has little effect on ferritin gene transcription (Aziz & Munro,
1986). Following iron administration, ferritin mRNA was rapidly recruited
from an ’untranslatable’ pool in the cytoplasm bound to mRNP or other
proteins onto polysomes for active translation. This mechanism provides a

rapid response without altering gene transcription or steady-state mRNA
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levels.

Changes in the rates of initiation/reinitiation and rates of elongation of

polypeptide chains

Another possible mechanism of regulation is changing the rates of
initiation, reinitiation and/or elongation. This has been described in the
regulation of bovine parathyroid chromogranin A (CgA) by 1,25(0OH),D; in
which a lack of correlation between CgA gene transcription and CgA protein
levels were due to a decrease in the rate of peptide elongation without a
concomitant decrease in initiation (Mouland & Hendy, 1992). This type of
regulatory mechanism has also been described for orinithine aminotransferase
synthesis in hepatocytes isolated from rat livers in which a high protein diet
resulted in a 100-fold increase in ornithine aminotransferase but only a 2-fold
rise in mRNA (Mueckler et al. 1983). This discrepancy between the
glucagon-induced rise in mRNA levels and the greater increase in enzyme
synthesis was shown to be due to an increase in the rates of initiation and
elongation, that is, an increase in translational yield. In additon, the
polysomal content of orinithine aminotransferase mRNA increased and this

was directly proportional to the increase in the initiation rate.

AIMS OF THIS STUDY

The aims of this study were to investigate the post-transcriptional
regulatory mechanisms in bovine parathyroid cells in the presence of low

calcium. Using differential centrifugation, the distribution of mRNA on
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bound polysomes, free polysomes, free mRNA and mRNA bound to
ribonucleoproteins were analysed by Northern blotting. Furthermore, total
RNA was fractionated using sucrose density gradient ultracentrifugation
followed by Northern analysis. This method gives an indication of a change
in polysomal size as well as the presence of a cytoplasmic pool of mRNA.
The binding site for the receptor for 1,25(0H),D; in the bovine parathyroid
hormone gene was localised using filter binding, Southwestern, and gel
mobility shift assays. In order to investigate whether fragments of the
promoter region were transcriptionally active, plasmids containing these
fragments were linked to the bacterial reporter enzyme gene, chloramphenicol
acetyltransferase (CAT) and the effect of 1,25(OH),D; on these constructs was
investigated by transient transfection into adherent opossum kidney cells.
Studies of the effects of low calcium on PTH synthesis will be described
in chapter 2. This is followed in chapter 3 by a description of the studies of
binding of vitamin D; receptors to the PTH gene followed by CAT assays in
chapter 4. General methods are described in Appendix I, whilst those
methods that were optimised or validated for each study are presented in the
relevant chapters. Finally, regulation of PTH synthesis will be put in context

in the concluding chapter.
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CHAPTER 2

REGULATION OF PTH SYNTHESIS

BY LOW CALCIUM
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INTRODUCTION

The synthesis and secretion of PTH by the parathyroid glands is controlled
by a negative feedback mechanism, regulated by the blood level of ionized
calcium, and is influenced by 1,25(OH),D;. PTH is unlike most secreted
proteins, in that a decrease in intracellular ionized calcium elevates PTH
concentrations whilst an increase in ionized calcium suppresses PTH in the
circulation. Parathyroid cells are thought to sense extracellular calcium
through G-protein-coupled calcium receptors (Racke et al. 1991) and a
calcium receptor clone from bovine parathyroid glands has been characterised
(Brown et al. 1993) which will help elucidate the mechanism involved in
regulating calcium metabolism.

The nucleotide sequence of the bovine PTH gene has been determined
using Southern blot hybridisation of genomic DNA which showed that the
PTH gene in that clone was contained within a 7000 base pairs (bp) EcoRI
fragment. To clone the gene, liver DNA was digested with EcoRI and
fragments in the range of 4,000 to 12,000 bp were isolated by sucrose density
gradient ultracentrifugation (Weaver et al. 1984). The DNA was used to
produce a partial library in A phage Charon 30 and several clones were
isolated by plaque filter hybridisation using PTH cDNA probes. Subsequently
_ the gene was sequenced by the method of Maxam & Gilbert and shown to
consist of three exons (shaded boxes, figure 2.1) separated by two introns
(thin lines). Exon 1 contains 95 bp that codes for the 5’-untranslated region
(UTR) except for the 5 bp preceding the initiator codon. Exon 2 contains 91

bp that correspond to the 5 bp from the 5’-UTR to the region that codes for
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Figure 2.1. The bovine PTH gene consists of three exons I, II, and III, two
intervening sequences (introns), the 5’ and 3’-flanking regions. r—indicates
the transcription start site.
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the pre-sequence and the first four amino acids of the pro-sequence of
preproPTH. Exon 3 contains 486 bp that code for the remainder of the pro-
sequence, PTH and the 3’-UTR. These are separated by two introns of 1714
and 119 bp respectively.

The presence of two adjacent TATA boxes about 30 bp apart in the 5’-
flanking region of the bovine PTH gene which direct initiation of transcription
was demonstrated by S1 nuclease mapping (Weaver et al. 1984).
Transcription is initiated less frequently from the more upstream site, although
both of these appear to be functional, however, only a single band of
preproPTH mRNA is observed by Northern analysis (Brookman et al. 1986).
The 5’ end of rat PTH mRNA was also analysed by S1 nuclease mapping and
transcription was found to be initiated from a single site (Heinrich et al.
1984). Three mammalian genes (human, bovine and rat) resemble each other
at the nucleotide level with overall homology of the nucleotide sequences of
the bovine and human sequences being about 70%; the rat/bovine is 58 % and
the rat/human is 61% (Kemper, 1984). Furthermore, the three proteins coded
for by the gene also share homology in the amino acid sequences, the human
and bovine sequences are identical in 85 % of their amino acid residues, whilst
the rat protein has diverged but still maintains 75% identity with each of the
other two proteins.

Studies of the regulation of PTH synthesis and secretion in_vitro have
indicated that in short-term incubations (4-7 hours), the effect of high
extracellular calcium on bovine parathyroid cells reduced PTH secretion with

no detectable change in preproPTH mRNA levels (Heinrich et al. 1983;
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Brookman et al. 1986), whilst longer incubation periods (16-24 hours),
decreased preproPTH mRNA levels in addition to a fall in secretion (Russell
et al. 1983; Brookman et al. 1986). The decrease in secretion may be
mediated by high extracellular calcium enhancing the intracellular degradation
of PTH in the cell by cathepsin D (Habener et al. 1975) and/or inhibiting the
release of PTH from storage granules or affecting the release of PTH
fragments secreted directly through the membrane. Farrow et al. (1988) have
shown that the reduction was not due to a decrease in release of PTH from
storage granules but due to a significant decrease in PTH synthesis. This was
shown using bovine parathyroid cells pulsed with [**S] methionine, in which
incorporation of [**S] methionine into intracellular proteins in cells incubated
in high calcium was reduced by approximately 50% in 24 hours compared to
cells incubated in normal calcium. Furthermore, there was no evidence of
degradation of newly synthesised hormone, which would have indicated some
regulation by this mechanism. The decrease in mRNA levels seen in the
presence of high calcium may be due to decreased transcription and/or
increased degradation of mRNA and Sherwood et al. (1987) using nuclear run-

off assays in bovine parathyroid cultures in_vitro, have shown that high

calcium directly decreased the rate of transcription by 40%. In contrast, in

cultured human parathyroid adenomas, de novo PTH synthesis continues in the

presence of high extracellular calcium despite a fall in preproPTH mRNA
levels (Farrow et al. 1988). Studies of **S-methionine incorporation into
secreted hormone showed that the continued secretion was not of stored

hormone, but of newly-synthesised hormone, suggesting that translation in
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adenomas is not affected by high calcium.

Studies of bovine parathyroid cells cultured in low calcium have shown an
increase in PTH secretion with no change in steady-state preproPTH mRNA
levels (Brookman et al. 1986). In addition, Sherwood et al. (1987) have
shown that low calcium did not increase PTH gene transcription in normal

bovine glands in vitro after 24 hours. The lack of correlation between

changes in mRNA levels and PTH synthesis suggests the existence of a post-

transcriptional site of regulation in addition to that of gene transcription. This

is in contrast to in vivo results which have demonstrated an increase in steady-
state mRNA levels (Yamamoto et al. 1989; Naveh-Many & Silver, 1990).
Using a dietary model in rats, the latter group have shown that calcium and
1,25(0OH),D;-deficient rats had a 10-fold increase in steady-state mRNA
levels. However, neither group correlated mRNA levels with secretion in
order to determine whether there was a parallel increase in PTH synthesis and
in addition, whether this increase in PTH mRNA levels was due to changes
in gene transcription rates or mRNA half-life. Nuclear transcription run-off
experiments and studies of stability could resolve this question. The exact

mechanisms causing these differences between in vivo and in vitro results are

not apparent. It may be that the basal levels of calcium and 1,25(OH),D; in

vivo are different to that in vitro and in addition are more easily controlled in

vitro.
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AIMS OF THE STUDY

The aims of the study presented here were to investigate post-
transcriptional regulatory mechanisms in bovine parathyroid cells in the
presence of 0.4 and 1.0 mM calcium. In this study, 0.4 mM calcium is
referred to as low and 1.0 mM as normal extracellular calcium levels. The
effect of calcium on steady-state preproPTH mRNA levels was investigated
using dot-blot assays in which cytosolic mRNA was hybridised to cDNA
probes. This assay is widely used and has the advantage of allowing
quantification of mRNA in multiple samples. The various pools in which
cytoplasmic mRNA may exist in a cell namely, that actively being translated
by membrane-bound or free polysomes, that which may not be active, that is,
complexed to ribonucleoproteins (RNP) or present as free mRNA were
investigated using differential ultracentrifugation and analysed by Northern
blotting. The possiblity that the increase in PTH synthesis could be due to
recruitment of preproPTH mRNA present in the cytosol possibly bound to
RNPs or other proteins was also investigated by fractionation of total RNA
from bovine parathyroid glands incubated in 0.4 or 1.0 mM calcium on
sucrose density gradients. This method separates active polysomes from non-
translating monosomes and ribosomal subunits from free mRNPs and free
mRNA. In addition this method gives an indication of changes in polysomal
size.

In this chapter, I will present the methods used and results of the above
studies and discuss the putative control mechanisms with respect to post-

transcriptional regulation of PTH synthesis.
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METHODS

Cell culture of parathyroid tissue

Bovine parathyroid glands were transported on ice from the abattoir in
Waymouth’s medium containing 20 mM Hepes (pH 7.3) and 0.06% (v/v)
sodium bicarbonate to the laboratory. Glands were washed briefly in 70%
ethanol, rinsed in fresh medium, trimmed and minced finely prior to
digestion. Sterile conditions were used thoughout. The minced tissue was
centrifuged briefly and resuspended in Waymouth’s medium containing 20
mM Hepes (pH 7.3), 0.06% (w/v) sodium bicarbonate, and digested with 2.5
mg/ml collagenase and 40 xg/ml DNase for 90 minutes at 37°C. During
digestion, cells were disrupted by pipetting. Cells were washed three times
in phosphate-buffered saline (PBS) and resuspended in Waymouth’s medium
supplemented with 10% (v/v) foetal calf serum, penicillin (100 Units/ml),
streptomycin (100 ug/ml) and mycostatin (25 Units/ml). Aliquots of 1.5 ml
cell suspension were distributed into 35 mm petri dishes in duplicate for
cytosolic RNA and in 15 ml aliquots in 90 mm petri dishes for polysomal
studies and fractionation of total RNA. Plates were incubated at 37°C in 5%
CO, and after 2 days preincubation, medium was replaced with that containing
0.4 and 1.0 mM calcium or with each of these calcium concentrations
containing 5 ug/ml actinomycin D for the polysomal study. In the cytosolic
RNA study, medium was replaced with that containing 0.4 and 1.0 mM
calcium with 2.5, 5.0 and 10.0 ug/ml actinomycin D where appropriate.
During the incubation period, medium was replaced every 24 hours and cells

were incubated in these conditions for 24 or 48 hours after which time they
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were harvested.

Preparation of RNA
Solutions used in the preparation of RNA were from autoclaved stocks and

all glassware and plasticware were treated with 0.1% diethyl pyrocarbonate

(DEPC) in distilled water and autoclaved before use.

Cytosolic mRNA

Cells were harvested, transferred into sterile microfuge tubes and pelleted
at 10 000 g at 4°C for 15 minutes. Cell pellets were homogenised in 50 ul 10
mM Tris-HC1 (pH 7.4) with 5% Nonidet P-40 (NP40) (5 ul) using sterile
miniglass pestles (Jencons) and centrifuged at 10 000g for 10 minutes at 4°C.
The resulting supernatant (25 ul) was denatured with 15 ul 20X SSC and 10
ul 37% formaldehyde (w/v) at 60°C for 15 minutes. Serial dilutions of 1:5,
1:10, 1:20 and 1:40 were made in 20 X SSC before being blotted onto 0.45
pm nitrocellulose filters pre-soaked in 20 X SSC using a filtration manifold
(Schleicher & Schuell). The filters were allowed to dry at room temperature

before being baked at 80°C for 90 minutes.

Preparation of polysomal RNA

Differential centrifugation was used to separate the different pools in which
preproPTH mRNA may exist in the cell. Preparation of polysomal RNA was
optimised using cultured bovine parathyroid cells incubated in 1.0 mM

calcium. Cells were homogenised in 50 mM Tris-HCl1 (pH 7.4) buffer
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containing 0.25 M sucrose, 75 mM KCl, 1 mM DTT, 1 ug/ml cycloheximide
and 0.5 mg/ml heparin. The homogenates were centrifuged at 7 500 g for 30
minutes in a MSE 18 centrifuge and the resulting post-mitochondrial
supernatant was centrifuged at 100000 g for 12 minutes initially in a Beckman
near vertical rotor (NVT 65), subsequently the centrifugation time was
increased to 90 minutes. All procedures were performed at 4°C. After
centrifugation, the pellets which contain the membrane-bound polysomes were
resuspended in 5 ml 50 mM Tris-HCl (pH 7.4) buffer containing 0.25 M
sucrose, 50 mM MgCl,, 250 mM KCl, 1 ug/ml cycloheximide, 1 mM DTT,
2 mg/ml heparin, 0.1% sodium deoxycholate and 0.1% Triton X-100. In
some experiments, MgCl, was replaced by 20 mM EDTA. The resuspended
pellets were left at 4°C for 15 minutes to extract membrane-bound polysomes.
The resuspended pellets and supernatants containing the free polysomes were
layered onto discontinuous sucrose gradients of 1.3 M and 2.0 M sucrose and
centrifugation was performed at 180 000g for 20 hours at 4°C in a Beckman
NVT65 rotor. Further centrifugation at 245 000 g for 2.5 hours at 4°C
resulted in a pellet which contains the ribonucleoproteins (RNPs) and the
supernatant containing the free mRNA. The resulting pellets were
resuspended in 20 mM Tris-HC1 (pH 7.4) containing 0.2 M NaCl, 40 mM
EDTA and 1% SDS at 100°C for 5 minutes, cooled to 30°C and incubated
with 0.5 mg/ml proteinase K at 30°C for 10 minutes. Samples were adjusted
to 0.1M Tris-HC1 (pH 9.0) and SDS to 1% (final concentration) was added
and extracted twice with phenol:chloroform. RNA was alcohol precipitated,

recovered by centrifugation and resuspended in DEPC-water. Purity of the
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preparation was determined by measuring the optical density at 260 nm and
280 nm. Typically, ratios of approximately 1.7-1.9 were obtained.
Absorbance at 260 nm was used to calculate the RNA concentration (A4, of
1.0 = 40 pg/ml).

The microsomal enzyme, glucose-6-phosphatase was used as a marker
enzyme and initially in the optimisation of this method, only 10% of the
glucose-6-phosphatase activity was detected in the microsomal fraction, with
the remainder in the free and mRNP fractions. Thus, subsequently
homogenates were centrifuged at 100 000 g for 90 minutes at 4°C in order to
pellet the membrane-bound polysomes. Northern blot analysis of these
fractions revealed very little mRNA in the membrane-bound polysomal
fraction (figure 2.2) with most being present in the free fraction as well as
complexed to mRNPs. Whilst the free polysome fraction probably contained
some contaminating small vesicles of the endoplasmic reticulum, it is unlikely
to have contained any monosomal matter, as this does not sediment through
2.0 M sucrose (Wettstein et al. 1963). In addition, any RNP species would
have remained in the post-polysomal supernatant and thus would not have
been measured in this study.

The effect of the chelating agent EDTA on preproPTH mRNA associated
with membrane-bound polysomes was investigated. In the presence of EDTA,
mRNA on membrane-bound polysomes were reduced markedly (figure 2.3)
in cells incubated in 1.0 mM calcium, indicating that membrane-bound

polysomes were dissociated resulting in ribosomal subunits.
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Fractionation of total RNA by sucrose density gradient ultracentrifugation

Parathyroid cells incubated in 0.4 mM and 1.0 mM calcium for 48 hrs
were homogenised in 50mM Tris-HCl (pH 7.4) buffer containing 0.25 M
sucrose, 75 mM KCI, 1 mM DTT, 10 mM MgCl,, 10 xg/ml cycloheximide,
0.5 mM heparin and 20 Units RNase inhibitor (Boehringer Mannheim). In
some experiments, MgCl, was replaced by 20 mM EDTA. Homogenates
were centrifuged at 2800 g for 10 minutes at 4°C in a MSE 18 centrifuge.
Sodium deoxycholate (0.1%, w/v) and Triton X-100 (0.1%, w/v) were added
to the homogenates, left on ice for 15 mins and layered onto linear gradients
consisting of 10-50% sucrose in homogenisation buffer without 0.25 M
sucrose. The gradients were centrifuged at 85000g in a Beckman swing-out
rotor (SW 41) for 4 hrs at 4°C. Typically, 28 X 0.5 ml fractions were
collected from the bottom of the tube at 4°C and RNA precipitated by adding
3 M sodium acetate and absolute alcohol at -70°C. RNA was extracted twice
with phenol:chloroform, recovered by centrifugation and resuspended in 12
pl DEPC-water. This was divided for Northern analysis and staining for
ribosomal RNA with ethidium bromide and dried under vacuum. Samples

were resuspended in 1 ul DEPC-water and denatured in glyoxal as described

below.

Glucose-6-phosphatase assay
Extracts (50 ul) were incubated in 20 mM sodium acetate solution (pH 4.6,
400 ul) containing 20 mM glucose-6-phosphate for 20 minutes at 37°C and the

reaction was terminated by the addition of 2 volumes of 10% (w/v)
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trichloroacetic acid. After centrifugation at 1500 g for 15 minutes, the
supernatant was incubated with ascorbic acid (1%) and ammonium molybdate

(0.25%) at 45°C for 20 minutes. The absorbance was measured at 520 nm.

Northern blot analysis

Polysomal RNA samples (20 ug) and 50 ug RNA molecular marker III
(Boehringer Mannheim) were denatured with a mixture of dimethyl sulphoxide
(9 M), glyoxal (2 M) and 0.013 M NaHPO, (pH 7.0) containing tRNA (6
ug/ul) at 50°C for 60 minutes. After cooling on ice, 2.5 ul glycerol was
added and samples were separated on agarose gels (0.1%) in 0.01 M NaHPO,
(pH 7.0) buffer at 90 V. During electrophoresis, the buffer was recirculated
using a peristaltic pump to maintain the pH since glyoxal dissociates from
RNA at pH >8.0. After electrophoresis, RNA was transferred by capillary
blotting to 0.45 pum nitrocellulose filters in 20 X SSC at 4°C for 16 hours.
Filters were baked at 80°C for 1.5 hours before being used for Northern
analysis.

Dot-blots and Northern blots were prehybridised and hybridised according
to the method of Thomas (1980) to a cDNA probe covering the entire coding
region for the bovine preproPTH gene (pPTHmM29) (Kronenberg et al. 1979).
Nitrocellulose filters were prehybridised in 0.05 M NaH,PO, buffer containing
5 X SSC, 50% deionised formamide, 0.02% (w/v) Ficoll, 0.02% (w/v)
polyvinylpyrrolidone (PVP), 0.01% (w/v) BSA and 100 pg/ml denatured
salmon sperm DNA at 42°C for 16 hours and hybridised in the above buffer

containing 10% dextran sulphate and 10° cpm/ml denatured cDNA probe
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labelled with 32P-a-dCTP (3.7 MBq) as described in Appendix I at 42°C for
16 hours. Filters were washed 4 times in 2 X SSC and 0.1% SDS at 20°C for
15 minutes followed by 4 times in 0.1 X SSC and 0.1% SDS at 50°C for 15
minﬁtes. The filters were exposed to X-ray film at -70°C with intensifying
screens. After autoradiography, RNA was quantified by densitometry at 525
nm. All results were expressed as means + S.D. Statistical significance was
determined using the Wilcoxon test with p <0.05 as the lowest level of
significance. Results of dot-blot assays were expressed relative to cytosolic
proteins concentrations determin¢d by the method of Lowry et al. (1951) as
described in Appendix I.

Filters probed with cDNA to PTH were stripped by washing in 5 mM
Tris-HCl (pH 8.0) buffer containing 0.2 mM EDTA, 0.05% sodium
pyrophosphate, 0.02% (w/v) BSA, 0.02% (w/v) Ficoll and 0.02% (w/v) PVP
for 2 hrs at 62°C and re-probed with B8-actin labelled by nick translation as
described in Appendix I. Filters were prehybridised, hybridised and

autoradiographed as described above.

Staining for ribosomal RNA

RNA fractions from sucrose gradients were denatured in glyoxal,
electrophoresed through agarose gels (1%) in 0.01 M NaHPO, buffer (pH 7.0)
and stained with ethidium bromide (1 ug/ml) for 30 mins at 20°C to identify
the distribution of the ribosomes and their subunits. Ribosomal bands were

visualised under UV light.

67



RESULTS

Validation of dot-blot assays

This technique was validated using cytoplasmic mRNA prepared from
bovine parathyroid cells incubated in 1.0 mM calcium. Figure 2.4 (A) shows
an example of an autoradiograph after serial dilutions of denatured cytosol
were hybridised to radiolabelled preproPTH ¢DNA in quadruplicate. This
was scanned on a densitometer and plotted (figure 2.4 B). A linear
relationship between the amount of cytoplasmic extract and the intensity of
signal after hybridisation was observed between 1/5 and 1/40 dilutions. The
intensity of the 1/10 and 1/20 dilution points (in the linear part of the curve

as indicated by the arrows) were used to determine the mRNA levels in each

sample. Proteins were measured by the Lowry et al. (1951) method and

cytosolic mRNA was expressed as densitometer readings/mg protein.

Effect of low calcium 6n steady-state preproPTH mRNA levels

To confirmA that incubation in calcium does not alter steady-state
preproPTH mRNA levels, cells were incubated in 0.4 and 1.0 mM calcium
for 24 or 48 hours and cytoplasmic mRNA prepared. Quantitative analysis
of dot-blot hybridisation after serial dilutions of denatured cytosol revealed
that.incubation in 0.4 mM calcium did not increase cytoplasmic steady-state
preproPTH mRNA levels relative to those in cells incubated in 1.0 mM
calcium (100 + 15% and 100 4 14 % of control, respectively) after 24 hours

(figure 2.5). Similarly, there was no significant difference after 48 hours.
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Effect of calcium and actinomycin D on the stability of steady-state
preproPTH mRNA

In order to assess whether calcium has an effect on the stability of steady-
state mRNA levels, cells were incubated in medium containing 0.4 or 1.0 mM
calcium in the presence and absence of actinomycin D. Cells were harvested
at 24 and 48 hours and cytosolic RNA was quantitated by dot blot analysis.
Figure 2.6 illustrates an example of dot blots after incubation of cells in 0.4
or 1.0 mM calcium for 24 (A) or 48 (B) hours. Quantitative analysis of four
experiments, revealed that actinomycin D had no significant effect on cytosolic
preproPTH mRNA levels in cells incubated in 0.4 mM and 1.0 mM calcium
after 24 hours. However, actinomycin D (5.0 ug/ml and 10.0 ug/ml) reduced
steady-state preproPTH mRNA levels in cells incubated in 1.0 mM calcium
to 54 + 16% and 39 + 12% of control values respectively (figure 2.7).
These reductions were not significantly different to those in cells incubated in
0.4 mM calcium, in which actinomycin D (5.0 pg/ml and 10.0 pg/ml)
reduced preproPTH mRNA levels to 57 + 13% and 45 + 5% of control
values respectively. Actinomycin D (2.5 pg/ml) reduced steady-state
preproPTH mRNA levels in cells cultured in 0.4 mM calcium to 35 + 5%
and in 1.0 mM calcium to 77 4+ 3% of control values after 48 hours. Thus,
actinomycin D (5 ug/ml) reduced steady-state mRNA levels in cells incubated
in both 0.4 and 1.0 mM calcium to about 50% of control after 48 hours,

suggesting similar half-lives in both conditions.
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Distribution of preproPTH mRNA

Differential centrifugation was used to separate some of the cytoplasmic
pools in which preproPTH mRNA may be localised within cells. Northern
blot analysis of RNA extracted from membrane-bound and free polysomes and
mRNP of cells incubated in 0.4 mM, 1.0 mM and 3.0 mM calcium for 48
hours revealed that preproPTH mRNA was detectable only on membrane-
bound polysomes (figure 2.8). In addition, there was no non-ribosomal
mRNA present, that is, associated with mRNP. Furthermore, preproPTH
mRNA distribution was unaffected by incubation in 0.4, 1.0 and 3.0 mM
calcium. Incubation in 0.4 mM calcium increased polysomal preproPTH
mRNA levels relative to those found after incubation in 1.0 mM calcium,
whilst incubation in 3.0 mM calcium reduced mRNA levels. Thus, low
calcium increases polysomal mRNA although it does not have any effect on
steady-state mRNA levels, suggesting a post-transcriptional site of regulation.

The effect of actinomycin D (5 pg/ml) on polysomal distribution of
preproPTH mRNA levels was investigated to determine whether inhibition of
transcription by actinomycin D prevented the increase in mRNA levels in the
presence of 0.4 mM calcium. Figure 2.9 shows a Northern blot of
membrane-bound polysomal preproPTH mRNA prepared from cells incubated
in 0.4 mM or 1.0 mM calcium and in the presence and absence of 5.0 ug/ml
actinomycin D. As described above, there was an increase in preproPTH
mRNA associated with membrane-bound polysomes in the presence of 0.4

mM calcium after 48 hours compared to cells incubated in 1.0 mM calcium.
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This increase was not abolished in the presence of actinomycin D.
Quantitative analysis of a pool of Northerns is shown in figure 2.10. Calcium
(0.4 mM) increased polysomal mRNA levels to 200 + 16%, whereas there
was no change in cells incubated in 1.0 mM calcium after 48 hours, that is,
100 + 1% of control values. Actinomycin D did not abolish this effect
despite reducing steady-state preproPTH mRNA levels to about 50% of
control (figure 2.7) but increased the levels of polysomal preproPTH mRNA
in cells incubated in 1.0 mM calcium to 164 + 13% of control values and 331
4+ 43% of control values in cells incubated in 0.4 mM calcium, that is,

increases of about 1.6-fold in both cases.

Fractionation of total RNA

To investigate if there was a pool of PTH mRNA not associated with
ribosomal RNA, total RNA was fractionated by sucrose gradient
ultracentifugation and analysed by Northern blotting. To validate this method,
parathyroid cells were incubated in 1.0 mM calcium in the absence (A) or
presence (B) of EDTA (20 mM) for 48 hours (figure 2.11). In cells incubated
in 1.0 mM calcium (A), preproPTH RNA was predominantly associated with
the polysomal and ribosomal fractions (1-20, figure 2.11 A). In homogenates
to which EDTA (20 mM) had been added prior to layering onto sucrose
density gradients, preproPTH RNA was recovered in fractions 15-30 (figure
2.11 B). This illustrates that the polysomes present in the heavier fraction (1-
20) as seen in figure 2.11 A, dissociated in the presence of EDTA resulting

in monosomes and free ribosomal subunits.
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Ethidium bromide staining of denatured fractions separated on agarose gels
revealed the presence of ribosomal subunits in fractions 14-18 in this example
(figure 2.12) as indicated by the 18S and 28S ribosomal RNA. The 18S
ribosomal RNA is indicative of the 40S subunit and 28S of the 60S ribosomal
subunit.

An example of Northern analysis of fractions from cells incubated in 1.0
and 0.4 mM calcium and probed for preproPTH RNA and 8-actin RNA are
shown in figure 2.13. This figure is a qualitative profile réther than a
quantitative one since the autoradiographs have been exposed for different
lengths of time. In cells incubated in 1.0 mM calcium (A, upper panel),
preproPTH mRNA was recovered predominantly in the heavier polysomal
fractions, that is, in fractions 1-7, with very little recovered in the light
fractions (15-20). This distribution was not significantly altered in cells
incubated in 0.4 mM calcium (lower panel). In contrast, B-actin mRNA was
present uniformly in all fractions in cells incubated in 1.0 mM calcium (figure
2.13 B, upper panel) and this distribution was also unaffected by incubation
of cells in 0.4 mM calcium (lower panel).

The distribution profile of densitometric scanning of autoradiograph of cells
incubated in 1.0 mM calcium and 0.4 mM calcium are shown in figure 2.14
A and B. Ribosomal RNA as revealed by ethidium bromide, was recovered
in fractions 16-19 and 15-18 in cells incubated in 1.0 and 0.4 mM calcium
respectively, and is indicated by the solid line (figure 2.14). RNA recovered
was designated into three groups; (a) polysomal containing fractions preceding

those in which ribosomal RNA was observed, (b) ribosomal, and (c) those in
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the lightest fractions were designated non-ribosomal. The ribosomal and non-
ribosomal fractions will also be referred to as non-polysomal. In this
example, in cells incubated in 1.0 mM calcium (A), preproPTH RNA was
predominantly recovered (87%) in the polysomal fractions, that is, fractions
1-15. There was no evidence of a non-ribosomal ’pool’ of preproPTH RNA
which would have been present in the non-ribosomal fractions (21-30). This
profile was not significantly altered in cells incubated in 0.4 mM calcium, in
which most preproPTH mRNA was recovered in the polysomal fractions 1-14
(92%). Quantitative analysis of pooled results obtained from four experiments
(table 2.1) confirmed this result in that there was no significant difference in
the distribution of preproPTH RNA associated with polysomes in cells
incubated in 1.0 mM calcium (80.9 + 8.2%) and 0.4 mM calcium (68.4% +
18.5%). These distribution profiles also give information about any changes
in polysomal size in that more preproPTH mRNA would be recovered in the
heavier fractions at the expense of recovery in other fractions. Such an
increase in polysomal size could indicate changes in the rates of initiation
and/or elongation. From figure 2.14, although more preproPTH RNA
appears to be recovered in the large polysomal fractions (1-6) in cells
incubated in 0.4 mM calcium in this example (figure 2.14 B), pooled data
(table 2.1) showed that there was no significant difference in the proportion
of preproPTH RNA recovered in fractions 1-6 in cells incubated in 1.0 and
0.4 mM calcium (31.5% + 9.9% and 33.8% + 4.1%, respectively). In
addition, there was no significant difference whether fractions 1-5 or 1-7 were

assessed. Thus, low calcium does not appear to increase polysomal size.
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Calcium concentration PreproPTH RNA (percentage of total)

(mM)
Polysomal Post-Polysomal
0.4 68.4 + 18.5 31.6 + 185
1.0 80.9 + 8.2 19.1 + 8.2
Fractions 1-6 Fractions 7+
0.4 315 + 9.9 68.5 + 9.9
1.0 33.8 + 4.1 66.2 + 4.1

Table 2.1 illustrating the distribution of preproPTH mRNA between polysomal
and non-polysomal fractions in parathyroid cells incubated in 0.4 or 1.0 mM

calcium.
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