


























































































phosphoinositide-dependent PlCB/calcium mobilization/PKC pathway (Chabre et al., 1992;

Force et al., 1992) and the phosphatidylcholine-dependent phospholipase D pathway/ PKC

pathway (Naro et al., 1998). Chen et al. (1998) reported that in HEK 293 cells, Shc tyrosine

phosphorylation and the activation of the serine/threonine kinases ERKI/2 are elicited by

calcitonin.

The downstream transcription factors that respond to calcitonin have not been well

investigated. The only report shows that Spl binding sites are involved in the calcitonin

mediated induction of the human p2lwAFtrcnl promoter activity (Evdokou et at.,2000).

1.10.4 Regulation of [a(OH)øse and CYP24 by calcitonin in the kidney

Studies have shown that calcitonin is involved in the regulation of vitamin D metabolism

(Galante et al., 1972 and Beckman et al., 1994), but how calcitonin regulates expression of

1a(OH)ase and CYP24 is still not well understood.

1.I0.4.I Regulation of 1a(OH)asebycalcitonin

In early studies, Galante et al. (1972) reported that calcitonin enhances production of

1,25(OH)2D3. Calcitonin enhances renal conversion of 25(OH)D¡ into 1,25(OH)2D3 in

vitamin D-deficient rats and calcitonin is the major regulator of I a{OH)ase in normocalcemic

rats (Shinki et a1.,I999). Calcitonin induces 1a(OH)ase mRNA in kidney LLC-PKI cells,

proximal tubule cells (Yoshida N et al., 1999) and also enhances the 1a(OH)ase activlty in

human cortical collecting ducts HCD cells (Bland et a1.,2001). However, Rasmussen ¿/ a/.

(1912) reported that the 1a(OH)ase activity was actually inhibited by porcine calcitonin in

vitro using isolated renal tubules from vitamin D-deficient chicks. In addition, calcitonin has

no direct effect on I a(OH)qse enzpe activity in chick and rat cells (Henry et al., 1997).

Bland et al. (2001) reported that calcitoninhas no effect on la(OH)ase enzyme activityin
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destroyed by Spe I, was recovered by insertion of 5 bp using site directed mutagenesis and the

primer 5' CTATCGATA GGTACTGACTAGTGTAGCTTGG 3'.

2.4 Methods for transient expression of promoter constructs in tissue

culture cell lines.

2.4.1 Maintenance, subculture and storage of mammalian cells

The following cell lines were maintained in DMEM supplemented with 10% FCS: UMR106,

HEK-293T cells and LLC-PKI cells.

JEG-3 cells were cultured in DMEM with 5% FCS.

HR-12 cells were cultured in DMEM with 10% FCS and 200¡tglml G418.

AOK-850 cells were maintained DMEM with 7% FCS.

Drosophila SL3 cells were maintained with Revised Schneider's medium containinglOo/o

FCS.

Cells were subcultured when they reached 10-80% confluence: the medium was gently

pouredoff andthecellswerewashedoncewithPBS. For75cm2 flask, l mlof trypsinwas

added in the cells and left for lmin with gently mixing at room temperature (LLC-PKI and

AOK-850 cells were required for 5 min at 37"C). Cells were detached by tapping the flask,

resuspended in 9 ml of culture medium and pelleted by centrifuging at 1500 rpm for 2 min.

The cells were then resuspended with lml PBS, 20pl of which was used for counting cell

number by a Haemocytometer. The required numbers of the cells were seeded into new flask

for maintenance or into 24-well plates for transient transfection and dual-luciferase assay.

Drosophila SL3 cells grew at 25'C incubatorwithoutCOz provided, all other cells grew in

37oC incubator with l0o/o COz.

Cells were trypsinized as above when they reached 70-80% confluence. After centrifugation,

the cells were resuspended with I ml of freezing medium (20% DMSO: 80% FCS),

48













Once air-dried, the probes were dissolved in 10pl of lx TE buffer and radioactivity were

counted using scilination solution.

2.6.3 Gel mobilify shift assays

Double stranded oligonucleotides were designed to contain the specific sequence in the

la(OH)ase or CYP24 promoter. Oligonucleotides including a known C/EBP binding site

(Con-C/EBP, Santa Cruz), a known Spl binding site (Con-Spl box from Santa Cruz) or a

known NF-Y binding site (Con-NF-Y from rat Hexokinase II promoter, Osawa et al., 1996)

were designed as a control.

Each double stranded oligonucleotide was labelled by end filling with [ø-32P] dCTP using

Klenow fragment. DNA binding reactions were carried out using 6pg of nuclear extracts and

lpg poly(dl-dc) in a final volume of l2¡tl in TM-l binding buffer on ice for 15-30min.

Radiolabeled probes (200,000cpm) were added and the samples were incubated on ice for

further 20-30min. For supershift assays, polyclonal or monoclonal antibodies were included

in the binding reaction and incubated on ice for 30min prior to addition of probe. Monoclonal

anti-Spl, polyclonal anti-C/EBPcr and C/EBPP were purchased from Santa Cruz

Biotechnology Inc. and polyclonal anti-NF-YB was generous provided by Dr. R Mantovani

(University of Milan) (Mantovani et al., 1992). Monoclonal antibody for VDR was purchased

from Affinity BioReagents (NJ, USA). Gel shift competition assays were carried out using the

unlabelled competitor oligonucleotides at molar excess concentration (10-50 fold) by

incubation in the binding reaction. The retarded complex was resolved on a 4o/o non-

denaturing polyacrylamide gel in a low ionic strength running buffer (0.5x TBE) at 4"C. The

gel was dried and exposed to X-ray film for 2-3 days at-70'C.
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Figure 3. 1 Transient expression of wild-type la(OH)øse construct in LLC-

PKI cells. The cells were cotransfected with either 200ng of human PTH

receptor (hPTHR) or vectors with wild-type pCYPc¡¿-305-Luc in either presence

or absence of PTH (10-7M). The relative luciferase activity shown represent the

mean + S.D firefly luciferase lRenilla luciferase ratios of triplicate samples. The

experiment was repeated at least twice and similar results were observed.
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Figure 3.3 Effect of expression of wild-fype pCYPa-3OS-Luc by PTH for

different exposure time in AOK-850 cells. AOK-B5O cells were

transiently transfected with pCYPcr-3O5-Luc and treated with PTH at 10-7M

for 3, 6, 12 or 24h. The RLA shown represents the mean + S.D firefly

luciferase lRenilla luciferase ratios of triplicate samples. The experiment was

repeated at least twice and similar results were observed.
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Figure 3.4 Effect of a range of PTII concentrations on expression of

wild-type pCYPcl-305-Luc in AOK-850 cells. AOK- 850 cells were

transiently transfected with pCYPcr-3O5-Luc and treated with 10-e to 10-7M

PTH for 24h.The relative luciferase activity shown represents the mean * SD

firefly luciferase lRenilla luciferase ratios of triplicate samples. The

experiment was repeated at least twice and similar results were observed.
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Murayama et al., 1999). Hence, the lack of chromatin structure likely to be associated with

the transiently transfected promoter plasmid does not appear to alter PTH responsiveness.

3,2.3 Identification of regulatory elements in the promoter

A number of possible transcriptional activator binding sites have been identified by DNA

sequence analysis in the first 305 bp of the human I a{OH)ase promoter (Kong XF et al.,

1999; Brenza et al., 1998) and several likely PTH responsive sites located including two

cAMP-responsive elements þroximal and distal CREs designated as CRE-p and CRE-d

respectively), two GC boxes (proximal and distal GC boxes designated as GC-p and GC-d

respectively), an AP-l site and an AP-2 site (Figure 3.5). The relative contribution of each

putative site to basal activity and PTH induction of pCYPo-3O5-Luc was determined. Each

site was selectively mutated within pCYPcr-3O5-Luc as mentioned in chapter 2. The

constructs were introduced into AOK-850 cells and luciferase activities were measured. The

data in Figure 3.5 show that the distal putative GC box site (GC-d, 5'CCAGCCCCG 3')

located at -1331-125 and the inverted proximal CCAAT box site (CCAAT-p, 5'ATTGGCT

3') located at -741-68 are major contributors to basal expression. Mutagenesis of the GC-d

site (5'AAAGCTTTG3') and the CCAAT-p site (5'AGCTCCT3'), lowered wild type

promoter basal expression by 93o/o and 88% respectively. The sequence 5'CTGTTCCTGG 3'

located between GC-d and the CCAAT-p box resembles a consensus Ets protein binding site

located on the antisense strand and containing the Ets core 5'GGAA3' sequence. This site

contributed to basal expression although to a lesser extent and mutagenesis

(5'CTGTTTTTGG3') lowered expression Io 45o/o of the wild type. Surprisingly, mutagenesis

of each of the other putative transcription factor binding sites resulted in an increase in basal

expression particularly for the putative AP-2 and CRE-proximal sites. The results shown in

Figure 3.5 are representative of similar data obtained in fìve independent experiments

performed in triplicate.
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Figure 3.5 Effect of site-directed mutagenesis of the putative transcription

factor binding sites in the human Ia (OH)øse 305 promoter on basal and

the PTH responses. The site-directed mutagenesis was performed as described

in Chapter 2. The mutant promoter constructs were transiently transfected into

AOK-850 cells and treated \¡/ith PTH (10-zl'A; for 24h. The relative luciferase

activity (RLA) represents the mean + S.D firefly luciferase/.¿Renilla luciferase

ratios of triplicate samples. The experiment was repeated at least five times and

similar results were observed. The fold induction shown is the ratio of relative

luciferase activity from PTH treated cells to that from untreated cells (basal).

The distal putative CRE (pmCRE-d-Luc) was not mutated but was destroyed by

digestion with SpeI to generate a promoter length of 300bp.



The promoter therefore appears to contain both positive and negative regulatory elements that

contribute to overall basal expression. While the putative NF-rB site at -219 bpl-209 bp was

not mutated in these studies, other experiments in which the NF-rB subunits p50 and p65 and

a dominant negative mutant of the inhibitor kB cr subunit, kBcrS32/364, were over-

expressed in AOK-850 cells failed to reveal evidence for NF-rB involvement in basal

expression of the transfected pCYPo-305-Luc construct (Figure 3.6). In these experiments,

exogenous p50 and p65 did not increase basal expression while the dominant negative mutant,

IrB a Sl9l23A, did not repress expression even when tested at 500ng.

In response to PTH (l-34), all mutant promoter constructs, except the construct containing the

mutated CCAAT-p box, continued to display levels of induction of approximately 2-fold

(Figure 3.5). With the mutated CCAAT-p box, induction was consistently reduced to a low

level (1.28 + 0.10 fold in this experiment). By comparison, mutagenesis of the distal GC box

(GC-d) that resulted in marked basal repression, continued to respond to PTH with a 2.83 +

0.22 fold level of induction. Similar data to that shown in Figure 3.5 were obtained in 5

separate experiments performed in triplicate following PTH treatment. I interpret these data to

demonstrate that the CCAAT box site, but not the nearby Ets or GC-d site, is a contributor to

PTH responsiveness of the 305-bp promoter.

3.2.4 Characterization of the distal putative GC box

To determine the identity of proteins that bind the putative distal GC box site, we performed

electromobility shift assays (EMSAs) with an oligonucleotide encompassing the putative GC

box from the native 1a(OH)ase promoter (or pCYPa-GC) and nuclear extracts from AOK-

850 cells. Double stranded oligonucleotides encompassing the distal putative GC box, or the

consensus Sp1 binding site (from Santa Cruz) were radiolabeled by end- filling using Klenow

fragment I. Addition of nuclear extracts from AOK-850 cells to an aliquot of the 32P lab"ll"d

distal putative GC box oligonucleotide results in the formation of one major and three minor
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Figure 3.6 Cotransfection of NF-tcB subunits or a dominant negative of

NF-KB inhibitor hcBct, IrBaS32/364 together with pCYPa-3OS-Luc in

AOK-850 cells. The relative luciferase activity represents the mean + S.D

firefly luciferase/Renilla luciferase ratios of triplicate samples. The

experiment was repeated at least twice and similar results were observed.
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protein-DNA complexes, which were designated as complexes I, II, III and IV with the major

band being complex III (Figure 3.7A). The four protein-DNA complexes were also observed

using the radiolabelled consensus Sp1 oligonucleotide (Figure 3.7 A, Lane 1), which suggests

that the distal putative pCYPø-GC box binds Spl. To determine the specificity of the four

protein-DNA complexes, self-competition experiments were performed with l0 and 5O-fold

molar excess of the unlabelled pCYPU-GC. The formation of all four protein-DNA

complexes was totally inhibited. However, SO-fold molar excess of an unlabelled

oligonucleotide containing a VDRE (5' TCGACAGCCACATCCTCTGGAAC 3') was not

able to compete with any the binding proteins. The results suggest that the four protein-DNA

complexes are specifically binding to the distal putative GC box. To establish the identity of

the trans-acting factors binding to the putative GC box, we carried out supershift assays with

monoclonal antibody specific for Spl (Figure 3.78). The addition of anti-Spl antibody results

in a very weak supershift of complex I (Fig 3.78, Lane2, Band SS) and has no effect on the

other protein-DNA complexes. As a negative control, addition of an antibody specific for

VDR had no effect on the formation of any complex. The data suggest that complex I

contains Spl and that other proteins also can bind to the putative regulatory site. The identity

of the major protein complex III is unknown.

To determine whether Spl activates basal expression of the la(OH)ase gene promoter

through the distal GC box site, we coexpressed plasmids containing the Spl, or Sp3 cDNA

under the control of the Drosophila melanogaster actin 5C promoter (designated as pPac-Spl

or pPac-Sp3) together with pCYPcr-3O5 in Drosophila SL3 cells. In these cells, Sp family

members are absent. Cotransfection of pPac-Sp1 (1ng-1Ong) leads to activation of pCYPo-

305-Luc in a dose dependent manner (Figure 3.8). However, cotransfection of 10ng of pPac-

Sp3 has no effect on the pCYPcr-3O5-Luc activity. The data suggest that Spl but not Sp3

specifically acts on hhe I a(OH)ase promoter. To test if the Spl functions through the distal

GC box site, I cotransfected the pPac-Spl expression cDNA together pCYPo-3O5-Luc or
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However there was no effect on the high level of induction observed in the presence of PTH

and exogenous C/EBP cr (Data not shown). The enhanced PTH induction seen in the presence

of exogenous C/EBP ø continued to be seen with each of the mutant promoter constructs

examined in Figure 3.5, establishing that the action of overexpressed C/EBP cr is not

dependent on any of these promoter sites (Data not shown).

In conclusion, data from overexpression of A-C/EBP suggested that a C/EBP family member

may be involved in PTH mediated induction. However the known CCAAT binding proteins

C/EBPø, B and õ do not appear to be involved. Therefore the identity of the CCAAT binding

protein remains unknown and whether it is in fact of member of the C/EBP family is not

clear.

3.2.6 Effect of inhibitors on basal and PTH induced expression

To evaluate whether protein kinase A (PKA), protein kinase C (PKC), ERK or p38 mitogen

activated protein (MAP) kinase pathways contribute to basal or PTH-induced expression of

the pCYPcx,-305-Luc construct in transiently transfected AOK-850 cells, the effects of known

specific pharmacological kinase inhibitors (H89, calphostin C, PD098059 or SB 203580

respectively) on promoter activity were determined. The data in Figure 3.11 show that basal

expression of the promoter construct was not affected by the PKA inhibitor H89. However,

PTH-induced levels were completely inhibited, which implicated PKA in the induction

mechanism. Neither the PKC inhibitor calphostin C nor the MAP kinase pathway inhibitors

PD98059 and 58203580 affected basal or PTH induced expression.

3.3 Discussion

The up-regulation of renal 1a(OH)ase expression by PTH under hypocalcemic conditions is a

key physiological response in vitamin D metabolism resulting in increased 1,25(OH)2D3

synthesis and enhanced systemic calcium levels. While this action of PTH has been known for
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Figure 4.2 Diagrammatic representation of the proximal region of the rat

CYP24 promoter. Illustrated are the transcriptional initiation site, VDREI,

VDRE2, EBS, putative GC, GT and CCAAT sites. Regions of the promoter

sequence are expanded to illustrate the three putative sites and their

conesponding mutated sequences (mutated nucleotides as bold type).
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Figure 4.10 Cotransfection of pCYP24WT (-298)-Luc construct or pCYP24wGC

(-298)-Luc with expression plasmid for Sp in Drosophila SL3 cells. Drosophila

SL3 cells were transiently transfected by LipofectAmine 2000 with indicated amount

of Spl or Sp3 together with pCYP24WT-Luc or pCYP24mGC-Luc. Total DNA was

adjusted by an addition of mock DNA plasmid. Cells were harvest 48 h after

transfection and luciferase activity determined. The results are shown as fold

induction, the ratio of relative luciferase activity from Sp factor transfected cells to

that from mock DNA-transfected cells. Data represent one of three independent

experiments performed in triplicate.
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A second peptide hormone, calcitonin secreted by the thyroid parafollicular C cells has been

considered as a possible contributor to the maintenance of serum calcium (Inzerillo et al.,

2002; Pondel, 2000). Production of calcitonin by these cells in response to calcium differs

fundamentally from that of PTH with increased serum calcium levels detected by the CaR

resulting in the stimulation of calcitonin production (Brown and Macleod, 2001). Calcitonin

has hypocalcemic actions and is well known to inhibit osteoclastic bone resorption and

stimulate renal calcium excretion in human and rodents (Jones et al., 1998; Pondel, 2000).

However, it is uncertain as to whether these actions of calcitonin contribute significantly to

the maintenance of ambient calcium levels in human adults (Brown and Macleod, 2001).

Alternatively, calcitonin could contribute to calcium homeostasis through regulating

1,25(OH)2D3 levels. In this regard, Shinki et al. (1999) have presented evidence from

experiments involving hormone administration to rats on dietary calcium, that calcitonin but

not PTH induces renal [a(OH)ase under conditions of normal or high serum calcium.

Administered PTH on the other hand induced la(OH)ase only under hypocalcemic

conditions. In other experiments Murayama et al. (1999) showed that calcitonin or PTH

treatment of normal rats increased la(OH)øse mRNA production in the kidney. In vivo

experiments such as these are inherently difhcult to interpret because in rodents,

administration of pharmacological doses of calcitonin will result in hypocalcemia with PTH

production, thus requiring parathyroid gland removal and hormone replacement.

In other studies employing transfected kidney cells, it has been shown that the promoter for

human la(OH)ase is up regulated both by calcitonin and also PTH (Murayama et al., 1998

and 1999). In spite of the evidence for calcitonin stimulated expression of renal Ia(OH)ase,

no plausible physiological role for this finding has been proposed. There is no information on

the regulation of fhe CYP24 gene expression in kidney following calcitonin treatment

although Beckman et al. (1994) reported its suppression of CYP24 mRNA in the intestine of

rats.
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as reporter (Hahn et al., 1994). This region of the promoter has been intensively studied and

encompasses two vitamin D response elements (VDREs) at -2581-244 and -1501-136 and a

functional Ets-l binding site (EBS) at -1281-119 (Kerry et al, 1996; Dwivedi et al,2002).

pCYP24WT-Luc was transiently transfected into human embryonic kidney cells (HEK-293T)

stably expressing the insert-negative isoform of the human calcitonin receptor (CTR) and

these cells are designated HR-12 (Raggatt et al., 2000; Evdokiou et ql., 2000). The insert

negative isoform of the human calcitonin receptor lacks a 16 amino acid insert present in the

first intracellular loop of the other major expressed insert positive isoform and, as such, can

activate phospholipase C (PLC), adenylate cyclase (AC) (Moore et al., 1995; Pondel, 2000;

Sexton et al., 1999) and MAP kinase ERK1/2 pathways (Raggatt et al., 2000; Chen et al.,

1998). Transfected cells were treated with salmon calcitonin at 1OnM for 24 h (Figure 5.1).

It can be seen that the -298bp promoter construct is induced 4.67 + 0.29 fold by calcitonin. In

this and other experiments the pGL3 empty vector (promoter-less firefly luciferase construct)

was found to be slightly responsive to calcitonin (about 1.5-fold) and luciferase activities in all

experiments have been corrected for the value of the vector. A construct containing the entire

5' flanking region of -1400bp was also investigated but the level of calcitonin induction was

similar to that for the -298bp construct (result not shown), strongly suggesting that all of the

calcitonin responsive elements lie in the first -298bp of sequence. This region was

investigated in detail.

5.2.2 Identifìcation of calcitonin responsive sites in the -298bp promoter by transient

transfections.

In addition to the Ets-l site downstream of the proximal VDRE, an inverted CCAAT box at -

621-51(5' GCTCATTGGCCA 3') and a GC box at -ll4l-101 (5' ACACCCGCCCCCCG 3')

(Figure 5.1) have also been identified as described in Chapter 4. Site directed mutagenesis

showed that while the EBS did not contribute to basal expression of pCYP24WT-Luc, the GC

and CCAAT box sequences were particularly important with inactivation of these sites
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individuallyloweringbasal expression from 1.05 to 0.33 and 0.14 respectively (Figure 5.1).

This expression was lowered to 0.13 when both the GC and CCAAT box sites were mutated

together (Figure 5.1). The increase in basal expression (from 1.05 to 1.97) observed when the

two VDREs were mutated (Figure 5.1) has been previously observed in COS-I cells and

reflects repression by bound unliganded VDR/RXR (Polly et al., 2000; Dwivedi et al., 1998).

An examination of these mutant constructs in the presence of calcitonin revealed that only the

GC and CCAAT boxes, not the EBS and VDREs, contribute to calcitonin stimulation with

inactivation of each site lowering induction by about 50% (from about 4.67-fold to 2.53 and

2.51-fold respectively) (Figure 5.1). Mutagenesis of both sites further lowered the fold

inductionby calcitonin to 1.76 (Figure 5.1). Thus the CCAAT and GC boxes are key elements

underlying calcitonin responsiveness.

5.2.3 Functional role for the GC and CCAAT box in stably transfected cells.

The functional roles of the GC and CCAAT box elements were also investigated in pooled

HR-12 cells stably expressing the wild type and mutated forms of pCYP24-298-Luc.

Calcitonin induced pCYP24WT-Luc by 14.39-fold, a level higher than that observed in

transiently transfected cells (Figure 5.2). Mutagenesis of the GC box and the CCAAT box

lowered basal expression from 3.38 to 1.64 and 0.33 respectively. Calcitonin induction was

markedly reduced with inactivation of either the GC or CCAAT box sites lowering expression

by 80% and 95%io respectively from 14.39 to 2.79 and 1.22 (Figure 5.2). Mutagenesis of both

sites together was not examined in stably transfected cells. Hence, the GC and CCAAT box

sites are major contributors to calcitonin inductions when stably integrated into the

chromosome, as found in transient transfection analysis.

5.2.4 Characteruation of the GC box binding protein

In Chapter 4, it was established that the GC box at -lI4l-I01 binds Spl, as determined by

EMSA supershift analysis employing a monoclonal antibody to Spl (see earlier, Figure 4.6).
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