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Thesis Summary

The secosteroid 1,25-dihydroxyvitarnin D3 (1,25(OH)zD:) is an important regulator of

calcium homeostasis, cellular differentiation and proliferation. The nuclear actions of
1,25(OH)2D3 are mediated through the intracellular vitamin D receptor (VDR), a member of

the nuclear receptor superfamily of transcription factors. The metabolic inactivation of
1,25(OH)2D3 through the C-24 oxidation pathway is initiated by a rnitochondrial cytochrome

P450 enzyrne (CYP24). The action of CYP24 initiates the conversion of 1,25(OH)2D: to water
soluble rnetabolites.
gene oxpression

It has been well

characterised that 1,25(OH)2D3 acts to stimulate CYP24

in a negative feedback loop.

The work undertaken in this thesis was aimed at understanding at the transcriptional
level how 1,25(OH)2D3 up-regulates CYP24 gene expression. Previous studies with the rat
CYP24 promorer have identified three putative vitamin

D

responsive elements (VDREs),

termed VDRE-I,2 and 3 in the first 298 bp of the CYP24 promoter region. To elucidate how
these putative VDREs function

in the context of the native promoter environment, the putative

VDREs were mutated either individually or in combination by site-directed mutagenesis. The
mutant promoter constructs fused

to the luciferase reporter

gene were then examined in

transient transfection assays in the kidney and bone celllines COS-I,

in the presence or

absence

of

nC-12

and ROS 1712.8

1,25(OH)2D3. These studies have demonstrated that VDRE-I

and VDRE-2 are solely responsible

for the 1,25(OH)2D:

mediated response. VDRE-I

contributes 6-fold and VDRE-2 3-fold to the overall induction of 18-fold for the native 298 bp

promoter construct, thus demonstrating

u 2-foId synergistic relationship

VDREs. VDRE-3, however was unresponsive

to

between these

1,25(OH)zD: even when VDRE-I and 2

were mutated.

The

three VDREs were also investigated at the protein-DNA level by gel-shift

analysis. VDRE-1

&.2

werc shown

to bind a protein

complex

of approximately the

same

mobility as that which binds to the well characterised VDRE of mouse osteopontin (mSPP-1).
The components of this complex were elucidated by the use of supershifting and cornpetitive
monoclonal antibodies and demonstrated to be VDR and its partner factor retinoid-X-receptor

(RXR). Competition analysis revealed that VDRE-2 binds the VDR-RXR heterodimeric
cornplex with

a higher affinity than VDRE-1; this finding is in contrast to the

transient

transfection data where VDRE-1 has greater transcriptional activity. This raises the possibility
of other transcription factors being involved in the 1,25(OH)2D3 response by enhancing VDRE1

activity.

v

The functionality of the characterised VDREs at more physiologically relevant
concentrations of 1,25(OH)2D¡ wâs determined. In COS-1 cells co-transfected with VDR, it
was found that both VDREs were functional, with synergism observed over a wide range of
1,25(OH)2D3 concenrrations 110t-10-11

responsive

to

M). At lower

concentrations only

1,25(OH)2D3 and similar results were obtained

express significant levels of endogenous

VDRE-I

was

in ROS 1712.8 cells which

VDR, thus demonstrating that the synergism observed

may have important physiological consequences. In JTC-12 cells induction was only observed
at

very high concentrations of 1,25(OH)2D3 and may be

a

reflection of low VDR levels.

In summary, the results establish a so far unique synergistic relationship between two VDREs
which is maintained at physiological concentrations of 1,25-(OH)2D¡ with VDRE-1 the major
contributor to induction, particularly at low hormone concentrations'

vi

DECLARATION
This thesis contains no material that has been accepted for the award of any degree or
diploma by any university. To the best of my knowledge

it

contains no material that has been

previously published by any other person, except where due reference has been made in the

text.

I

consent

to this

thesis, when deposited

in the university library, being available for

photocopying and loan.

David Kerry

vÍ
ACKNOWLEDGMENTS
I am grateful to Associate Professor B.K. May and Professor P.D. Rathien for permission to
undertake the research presented in this thesis.

Of the many people who requiré thanking for this thesis I thought that it would be best
tobegin with the members of the BKM lab, without whose help and guidance this would never
have been accomplished. Firstþ

to Brian thanks for giving me a start and providing all the

encouragement over the years!

To Chris Matthews, thanks for the many patient hours of

Computer Tutorials and for being great to be around. Chris Hahn to whom this would never
have even started

I owe a deep debt of gratitude. To the remainder of the Lab past and present

members, Tim S, Satish, Prem, Howard, Michael, Kathy and Ben thanks heaps guys ! Its been

fun (thanks for putting up with me!).

To all the Contiki crew especially, Mark, Tracey (x2), Irene, Wayne(x2) and Anthony
thanks for providing me with such great comparìy and friendship, though

I

am still sick of

hearing 'TVe are young, We are Free"! To all my friends; Brad, Nick, Michael S., Michael
Lees, Mikey B. Sarah B. etc thanks for many happy hours of intense enjoyment of the amber

fluid overs the years !
Lastly and most importantly

I

thank my family, especially Mum and Dad for without

whose hours of endless patience and encouragement this would not have been possible. To my

Big Sister Julie A big thankyou, for showing me that science could be fun ! To the rest of the
Kerry Clan; Anthony, James and Katrina thanks a heap guys

PS GO CRO\ryS!!

!

v1l1

ABBRBVIATIONS

Abbreviations are as described in The Journal of Biological Chemistry "Instructions to
authors" (1989). Additional abbreviations âre listed below'

-dihydroxyvitamin D3

1,25(OH)Ð::

1,25

25(OH)D¡:

25-hydroxyvitamin D3

bp:

base pair(s)

Ci:

Curie

cpm:

counts per minute

CYP24

25

DMEM:

Dulbeccos modified Bagles medium

dNTP:

deoxyribonucleotide triphosphate

DR-3/DR-6:

direct repeat VDREs

kb

kilobase

mSppl:

mouse osteopontm

RAR:

retinoic acid receptor

RXR:

retinoid X receptor

VDR:

vitamin D receptor

VDRE:

vitamin D responsive element

-hydroxyvitamin

D 3 24-hy droxylase
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Introduction
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Chapter One: Introduction
1.1 Overview of Vitamin D Metabolism
Mankind has been aware of the existence of vitamin D since the mid-17th century when
cases

of vitamin D-deficiency or rickets were first described.

It

was not until the early 20th

century however when Sir Edward Mellanby established a link between rickets observed in

dogs raised in the absence

of sunlight and a deficiency of a trace compound in the diet

(Mellanby, 1919). He identified cod-liver

oil as a source of this trace compound,

administration of cod-liver oil reversed the observed rickets.
antirachitic agent was vitamin

It

since

was initially believed that this

A due to its þid soluble nature. However, li/lcColIm et al.

(1922), demonstrated that the antirachitic activity could be separated fiom vitamin A through
exposure of cod-liver oil

to heating and aeration, which destroyed its vitamin A activity but

maintained its antirachitic properties thus demonstrating the identification of a new vitamin,

vitarnin D. Vitamin D is now used to describe a farnily of related compounds which share

a

common antirachitic ability. To date 37 distinct metabolites of vitamin D have been identified

with vitamin D2 (plants) and vitamin D¡ (animals) representing the initial biological metabolites
(Vitamin D minus a subscript, represents all metabolites).
The first direct links between sunlight exposure and vitamin D production were made
by Hess and Unger (1921) who were able to revorse rickets in children upon exposure to ultra

'Weinstock (1924) to
violet radiation or sunlight. This discovery prompted Hess and
demonstrate successfully that irradiation of various foodstuffs including vegetable oils can

convey antirachitic activity.

It

has been subsequently demonstrated that the observed

antirachitic activity in vegetable oils is due to the production of ergocalciferol or vitamin Dz
Sffindhaus et

al., 1936). Despite vitamin D2 being essentially a plant vitamin it is

able to

substitute for its animal counterpart cholecalciferol or vitamin D: in biological processes and is
metabolised in the same manner as vitamin D: (Jones et al., L97 5 and Horst et a1.,1986).

2

The initial step in vitamin D: metabolism was elucidated by Goldblatt and Soames

(Ig23) who observed that upon irradiation of 7-dehydrocholesterol in the skin, a substance of
equivalent antirachitic activity to vitamin

D: was produced. Interestingly, when the chemical

structure of vitamin D¡ was subsequently elucidated
seco-steroid (Brockrnan, 1936). For many years

it was shown not to be a vitamin

it was accepted that the vitamin

but

a

D3 produced

primarily in the skin and vitamin Dz obtained in the diet were the biologically active forms of
vitamin D.
However it was not revealed until the mid 1960s that vitamin D: must undergo further
structural modification to become fully biologically active. The discovery of further metabolites

of vitamin D¡ was demonstrated initially by Lund and Deluca (1966) who

observed that

vitamin D¡ is converted to a more polar metabolite primarily in the liver. The resulting
compound which was later identified as 25-hydroxyvitamin D3 (25(OH)D:) (Blunt et al.,
1968a) exhibits greater physiological activity in promoting calcium homeostasis and bone
development than vitarnin

D¡ (Blunt et al., 1968b) and is

present

at a much higher

concentration in the semm (Preece et al., I915). Subsequently, Lawson et al. (1969) observed
that 25(OH)D: itself is a substrate for further structural modification, occurring primarily in the

kidney. When kidney cells are incubated with tritium labelled 25(OH)D3, the tritium label is
lost from carbon-1 suggested that 25(OH)D3 is modified at this position (Fraser and Kodicek,
1970). Purification and characterisation of this new metabolite clearly demonstrated

it to

be

more polar than 25(OH)D3 due to the addition of an hydroxyl group at carbon-l to form 1,25-

dihydroxyvitamin D3 (1,25(OH)zD¡) (Holick et al., 1911). 1,25(OH)2D¡ exhibits much higher
biological activity than either vitamin D: or 25(OH)D3 and has since been widely accepted
the true biologically active fonn of vitamin D3 (Boyle et a1.,1972 and Holick et a\.,1912).

as

3

1.2 Synthesis of 1,25(OH)2D3
It is now well understood that the first step in the metabolic conversion of vitamin D:

to

1,25(OH)2D3 occurs in the upper epidennal layer of the skin. Absorbed high energy

B ultra

violet light (UVB) of wavelength 290-315 nm photolyses the conversion of ldehydrocholesterol (the imrnediate precursor for cholesterol biosynthesis) to pre-vitamin D3 by
cleavage of the bond between carbons 9 and 10 (Woodward and Hoffina, 1965 and Havinga,

1gi3) (Figure 1.1). The resulting seco-steroid or pre-vitamin D3 is the precursor for vitarnin Dr
biogenesis and is also photolabile, as upon further UVB exposure

it

photoisomerises to two

biologically inactive metabolites, luminestrol and tachysterol (Tian and Holick, 1995). The
remaining pre-vitamin

D¡

thennalises

to vitamin Ds in â temperature

dependent reaction

occurring principally in the membrane fraction (Tian et al., 1993). Vitamin D3 itself exhibits no

significant biological activity,

to do so it must first

reactions in the liver and kidney (Figure 1.1)

undergo two sequential hydroxylation

.

Vitamin Ds and all other vitarnin D: metabolites are transported in the plasrna by

a

transport protein, vitamin D binding protein (DBP). DBP was first purified by Srnithies (1955)
and shown to be

an abundant seruÍr glycoprotein synthesised principally in the liver. Structural

analysis of the protein has revealed a single sterol binding site per molecule which is known to

bind all identified natural vitamin D¡ metabolites (Daiger et aL,1915). DBP exits in the serum

at a 3Q-fold higher concentration with respect to the vitamin D rnetabolites (Haddad et al.,
1976) indicating that transport of the vitamin

D metabolites is not its sole function. Based on

amino-acid and nucleotide analysis DBP shares three internal domains in common with albumin
and cr-fetoprotein (Ray er

form

a

al., 1997) and this has led to a proposal that these three

proteins

family of plasma transport proteins (Mcleod and Cooke, 1989 and Cooke et a1.,1991).

Figure 1.1 Synthesis pathway of Vitamin D¡.
This flow diagram illustrates the steps involved in the biosynthesis of vitarnin D3 and the
organs in which each steP occurs.
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Synthesis of 1,25(OH)2D¡: Role of CYP25
The second step in the activation pathway of vitamin

D: occurs primarily in the liver

and is catalysed by the cytochrome P450 enzyme, vitamin Dz Z1-hydroxylase (CYP25) (Figure

1.1). CYP25 directs the additionof anhydroxyl group to carbon 25 of vitaminD3 to produce

25-hydroxy vitamin D (25(OH)D¡) (Bjorkhem and Holmberg, 1978). CYP25 activity has been
detected in rat, pig, rabbit and human liver and in pig kidney (Masumoto et

al,

1988; Bjorkhem

et al., 1980; Axen et al., 1992; Saarem et al., 1984 and Bergman and Postlind,

1990).

However the subcellular localisation of CYP25 within the liver has been the subject of intense
research

with both microsomal and mitochondrial forms all of which catalyse the 25-

hydroxylation of vitamrnDt in vitro betng isolated (Axen et al., 7992; Hayashi et al., 1986 and
Dahlback and V/ikvall, 1987).

A discrepancy

as

to the role of the microsomal CYP25 activity in rats emerged when it

was discovered that no microsomal CYP25 activity is observed in female rat livers (Hayashi et

at., 1988a). Linked to this observation is the ability of the rat microsomal CYP25 isolated from
male rat liver to catalyse the l6oc-hydroxylation of the male sex steroid testosterone; thus it has
been proposed that microsomal CYP25 expression

aI.,

in rats is sex specific (rnales) (Hayashi

198Sb). However, the rnicrosornal CYP25 purified

er

to homogeneity from pig liver

microsomes, exhibits sirnilar turnover and Krn values for 25-hydroxylation as those reported

for male rat liver microsomal CYP25 (Axen et al., 1992). It however, exhibits no

16cx-

hydroxylation activity towards testosterone and is present in both male and female pig livers

(Axen et

al.,

1992).

A

monoclonal anti-body raised against the CYP25 from pig liver

microsomes, bound a protein of similar mobility in protein extracts from human female liver.
The functionality of this putative human microsomal CYP25 has yet to be investigated.

The raising of polyclonal antibodies directed against rat niitochondrial CYP25 led to

the subsequent isolation of a cDNA clone for the rat mitochondrial CYP25 (Usui et al.,
1990a). Sequence analysis revealed a 1.9 kb cDNA encoding a 501 amino acid protein with a

5

predicted molecular weight of 57 kDa. In common with other mitochondrial proteins the rat
CYP25 contains a putative mitochondrial translocation sequence at its N-terminus (Usui et aI.,
1990b). No mitochondrial or any of the microsomal forms of CYP25 from other species have
been cloned

to date. Subsequent expression studies, in COS-7 kidney cells and yeast

demonstrated that the rat mitochondrial CYP25 is able to catalyse

hydroxyvitamin Dg however its ability

have

the 25-hydroxylation of 1-

to direct the 25-hydroxylation of its major

substrate

vitamin D¡ has not been determined (Usui et al., 1990a; Usui ¿/ al., 1.990b and AkiyoshiShibata et a1.,1991). Analysis of the mature CYP25 amino acid sequence revealed significant

homology with another cytochrome P450 enzyme also isolated from rat liver which catalyses
the 26(2'/)-hydroxylations of 5p-cholestase-3o,7cr,1Zu-triol an intermediate in the conversion

of cholesterol to bile acids (Andersson et aI., 1983). Subsequent research has associated2Thydroxylation with CYP25 activity, as Usni et al. (7990b) could not separate 27 -hydroxylation
activity from CYP25, indicating that both hydroxylation reactions are catalysed by a cornrnon

eîzyme, CYP25. Significantly, Usui
mitochondrial CYP25 was expressed
hydroxylation

et al.

(1990b) demonstrated that when the rat

in COS-7

cells

it is able to catalyse both the 25-

of vitamin D¡ and the }l-hydroxylation of

5B-cholestase-3cr,7cr,12cx,-trio1.

Despite its relatively early isolation, little is known regarding the regulation of CYP25 with

neither the mitochondrial or microsomal forms

of CYP25

appearing

to be regulated

by

circulating 25(OH)D: or 1,25(OH)2D3 levels (Darwish and Deluca,7996).

1.4 Synthesis of 1,25(OH)2D¡: Role of CYP1

The conversion of 25(OH)D3 to the active hormonal form of vitamin D:, 1,25(OH)rD,

occurs princþally in the kidney under the direction of the cytochrome P450 enzyme, 25hydroxy vitamin D3 l-hydroxylase (CYPI). CYP1 is a mitochondrial protein and forms part of

6

a mini-electron transport chain composed of

an iron sulphur protein ferredoxin, NADPH-

ferredoxin reductase and the terminal cytochrome P450, CYPI.
Tissue expression of CYP1 activity appears to be restricted principally to the kidney

with some extra-renal expression being reported in the placenta, bone and macrophages
(Whitsett et

al.,

1981; Howard et a1.,1981 and Dusso et a1.,1991). CYP1 activity within the

kidney is also restricted, as localisation studies with dissected nephron from rat kidney have
detected

CYPl activity only in the proximal convoluted tubules (Kawashima

The conversion of 25(OH)D¡

to

metabolism and as such CYP1 activity

1,25(OH)2D¡

et a1.,1981).

is the pivotal step in

vitamin D:

is tightly controlled by the circulating levels of

1,25(OH)2D: and parathyroid hormone (PTH). The PTH mediated stimulation

of

CYP1

activity has been extensively studied in both experimental animals (Fraser and Kodicek, 1973
and Baksi and Kenny, 7g7g) and

in isolated kidney tubule cells (Henry,

I9l9

and Larkins ¿t

a1.,1974). A gAMP mediated pathway for PTH action has been proposed from several lines of
evidence. Firstly, kidney proximal tubule cells treated with PTH display elevated levels of

cAMP (Hruska et a1.,1986). Also, when thyro-parathyroidectomized vitamin D:-deficient rats
were iîfused with oAMP an increase in the conversion
observed (Horiuchi et

of 25(OH)D: to

al., 1911). Lastly, Korkor et al., (1987)

1,25(OH)2D3 wâs

observed that treatment of

kidney proximal tubule cells with cAMP stimulated 1,25(OH)2Dr production.

However studies have highlighted the ability of PTH to stimulate the plasma membrane
phospholipase C iprotein kinase C (PLCiPKC) pathway in proximal tubule membranes (Hruska
et a1.,1987 and Dunlay and Hruska, 1990). Evidence has been presented both for and against
the PLC/PKC pathway playing a role in modulating CYP1 activity. Ro ¿/ aI. (1992) observed

that co-treatment with PTH and the PKC inhibitor staurosporine inhibited

1,25(OH)2D3

production from rat renal proxirnal tubule cells. These results however, are difficult to
reconcile with an earlier report by Henry and Luntao (1989) who observed that treatment of

1

chick cultured kidney cells with the phorbol ester TPA a known stimulator of the PKC
pathway (Hunter, 1 9S7) inhibited 1,25 (OH)2D: production.

In an attempt to elucidate the functionality of the PKC and PKA pathways in PTH
signalling, Janulis et at. (1993) utilised synthetic fragments of bovine PTH which have been
characterised

to activate specifically the PKA or PKC signalling pathways (Fujimori et al.,

1992 and Jouishomme et al., 1992). These authors observed that stimulation of 1,25(OH)2D3
production was restricted to PTH fragments which specifically activated the PKC pathway in
rat kidney proximal tubule cells and elirnination of the PKA activation domain did not affect
stimulation of CYP1 expression. Treatment of proximal tubule cells with concentrations of
PTH too low to stimulate cAMP production through the PKA pathway were also observed to
be sufficient to stimulate 1,25(OH)2D: production through the PKC pathway (Jarru/ris et al.
1993).

In contrast to PTH, treatment with 1,25(OH)zD, lowers levels of renal CYP1 activity
in whole animal studies (Tanaka and Deluca, 1984) and in cultured chick kidney cells (Henry
and Luntao, 1989). However the mechanism of the 1,25(OH)rD, mediated inhibition of CYP1
expression is yet to be determined. Clearly the isolation of the CYP1 gene and promoter region

will

be pivotal to

fully elucidate its regulation.

of 1,25(OH)2Ds: Role of CYP24
The activity of CYP24 was first noted when the kidney was observed to produce

L.5 Metabolism

a

second distinct 25(OH)D¡ rnetabolite under low calcium conditions (Omdahl et a\.,1972). This

new metabolite was subsequently purified and characterised as 24,25(OH)D¡ (Holick et al.,

lg72). 24-Hydroxylation of 25(OH)D¡ is directed by the mitochondrial P450 enzyne 25hydroxyvitamin D¡ 24hydroxylase (CYP24). CYP24 catalyses the first step in the degradation

pathway of vitamin

D through

the C-24 oxidation pathway (Figure 7,2) and directs the

Figure 1.2 Cytochrome P450 system for the rat CYP24 enzyme'

Illustrated

is the

sequential electron transfer from the NADPH source, through the

ferredoxin reductase and ferredoxin

to the terminal P450u, which directs the 24-

hydroxylation of both 25(OH)Dr and 1,25(OH)2D3 as substrate molecules.

NADP+
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addition of a hydroxyl group to carbon-24 of both 25(OH)D¡ and 1,25(OH)2D3, although
1,25(OH)2D¡ is the preferred substrate based on substrate affinity (Ohyama and Okuda, 199L
and Akiyoshi-shibata et

al., 1994).In common with cYPl , cYP24 is a mixed function lnono-

oxygenaso and is a integral mitochondrial membrane hemoprotein that forms part of a mini-

electron transport chain composed

of iron sulphur protein ferredoxin, NADPH-ferredoxin

reductase and the terminal cytochrome P450zo, (Figure 1.3). Both resultant products
24,25(OH)zD¡ and 7,24,25(OH):D: are further rretabolised by the C-24 oxidation pathway
(Figure 1.2). CYPZ4 catalyses the oxidation of the carbon-24 hydroxyl group to a keto (24-

oxo) group . CYP24 is also involved in catalysing the subsequent 23-hydroxylation of the 24oxo metabolite which is followed by side-chain cleavage between carbons 23 and 24' The C-24

oxidation pathway
carbons

26

for

and 27

1,25(OH)2D, is completed by a series

to produce the water

of further hydroxylations

at

soluble end-product calcitroic acid (Reddy and

Tserng, 1989 and Beckman et al. 7996) sirnilarly, the end product of 25(OH)D¡ oxidation is

a

water soluble COOH compound. Interestingly, the initial product in the C-24 oxidation
pathway for 25(OH)D3;24,25(OH)2D3 has recently been reported to stimulate bone formation

in

a dose dependent

Ítanner (Ono e/ aI. 1996).

The pivotal step

in the isolation of the rat CYP24

gene was the purification to

homogeneity of the rat mitochondrial CYP24 eîzyme (Ohyarra et a|.,1989). The subsequent
raising of polyclonal antibodies led to the isolation of a oDNA clone for rat CYP24 through

immunological screening (Ohyama et al., 1991). Analysis

of the rat CYP24 cDNA

has

revealed a 514 amino acid protein of estimated molecular weight 53 kDa. Full-length cDNA
clones have been subsequently isolated for the human and mouse forms of CYP24 (Chen et

aL,1993a and Itoh et a1.,1995). Amongst the other P450 sequences reported thus far CYP24
shares not more than

CYPz may

30 Vo amino acid homology with other P450 enzymes suggesting that

be part of a novelP450 farnily. The highest homology (30V") CYP24 shares with

Figure 1.3 The C-24 oxidation pathway.

The two pathways for degradation of the vitamin

D:

metabolites are illustrated for

1,25(OH)2D¡ and 25(OH)zD¡ rnetabolism to side-chain-cleaved 23-COOH end products.
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the mitochondrial eîzyme CYP25 which is responsible for the 25- and 27-hydroxylations of

vitamin D, and the 27 -hydroxylation of sterols (Ohyarna et al., 1993).
The cloning of cDNAs for CYP24 has led to the isolation of genomic clones for both
rat and human CYP24 (Ohyama et a1.,1993; Hahn et a1.,7994 and Chen and Deluca, 1995).

The chrornosomal localisation of the human CYP24 gene has been determined
fluorescence

in situ hybridisation to the long arm of

chromosotne 20

af

by

q13.2-q13.3

(Hahn et at. 1993) and in a separate study at q13.l(Labuda et a1.,1993). To date no known
disease states have been attributed

to a defect in the CYP24 gene (Labuda et al., 1993). The

genetic alterations associated with vitamin D-dependency type
hypophosphatemia, the most comlron form

I

rickets and X-linked

of inherited rickets in

humans, are linked

respectively to chromosome I2q14 and the X-chromosome and therefore cannot be linked to
a

defective CYP24 gene.

In contrast to
levels detected

CYP1

,

CYP24 displays a broad tissue distribution, with measurable

in atl 1,25(OH)2D3

responsive tissues and cells. Basal expression levels of

CYP24 have been reported under nonnal physiological conditions for kidney, intestine, bone,

placenta, skin (keratinocytes) and macrophages (Armbrecht and Boltz, 1991; Rubin et al.,
1993 and Chen and Del-uca, 1994).Investigations with cultured cells have revealed induction

of CYP24

gene expression by 1,25(OH)2D3 in many different cell types. CYP24 activity and/or

mRNA analysed by Northern blots has been detected in primary and transfonned cultured cell
lines inclgding chick and rat kidney primary cultures, human colon cancer cells, human prostate
carcinoma cells, osteoblastic cells, lyrnphocytes, and hrunan keratinocytes (Henry et al., 1992;

Tomon et a1.,1990;Kane et a1.,1996; Skowronski et a1.,1,995; Makin et a1.,1989; Morgan et

a\.,1994 and Chen and Deluca,1994). These studies revealed that when cells were incubated
in a serum free rnedia they expressed extremely low basal levels of CYP24 activity or mRNA,
though CYP24 expression levels were significantly induced upon 1,25(OH)2D3 treatrnent.

The induction

of

10

CYP24 in many different cell types is in keeping with the almost

ubiquitous distribution of VDR.
targets

It

appears that a wide range of VDR containing cells are

for 1,25(OH)zD¡ action in which the CYP24

The widespread distribution

of

gene is induced

in response to hormone.

CYP24 supports the contention that a major role for the

enzymeis in regulating the local concentration and action of 1,25(OH)zD¡. The rnajor route of

CYP24 regulation involves the cornbined action

of 1,25(OH)zD:

and VDR

to

modulate

transcription of the CYP24 gene. As a consequence, cellular distribution of CYP24 expression

is tightly linked to the expression of VDR. Most tissttes and cell lines that express VDR,
display a basal level

of CYP24 activity or display an induction of CYP24 biosynthesis upon

1,25(OH)2D3 treatment.

In the human kidney, CYP24 expression is localised predominantly to

the proximal and distal tubules and curiously does not display the more general distribtrtion
observed for

VDR (Kumar et a1.,1994).

1.6 Nuclear Receptor

Superfamily

1.6.1 Nuclear Hormone Receptors

The nuclear receptor superfamily is a family of ligand dependent transcription factors

whose members influence a range of physiological processes including cellular proliferation
and differentiation and developmental pathways (Gudas, 1994; Carlberg, 1996 and Evans,
1938). These receptors exert their biological actions upon binding of their specific þophilic

ligand and modulate the activity of various target genes (Tsai and O'Malley, 1994). They
regulate the expression of their target genes through binding

to specific DNA

sequences in

their promoter regions. These DNA sequences termed hormone response elements (HREs) are
repeats

of a progenitor hexanucleotide sequence, AGGTCA arranged as palindromes or direct

repeats (Ya et aL, 1991and Kliewer et

al., 1992) (Figure 1.4). However there is significant

Figure 1.4 Members of the Nuclear Receptor Superfamily.

This table illustrates the three distinct groups of the nuclear receptor superfamily, the
steroid, non-steroid and orphan receptors. Also illustrated are their cognate ligands and
preferred half-site spacings and binding orientation'
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divergence from the idealised AGGTCA sequence amongst the identified response elements.

The cognate ligands for these nuclear receptors are regarded as horrtones due to their
endocrine mode of action.

The nuclear receptor superfamily is divided loosely into three categories based on
ligand specificities and the sequence and nature of their response elernents (Figure 1.4). The
steroid receptor group composed of glucocorticoid (GR), mineralocorticoid (MR) estrogen

(ER) and progesterone (PR) constitute the oldest members of the receptor superfarnily

and

were first isolated in the mid 1980s (Miesfeld et a1.,1985; Koike et al., 1987; Loosfelt et al.,
1986 and Patel. et a1.,1989). The steroid receptors functionprirnarily as homodimers and bind
exclusively to two copies of a hexanucleotide sequence with consensus AGAACA arranged

as

a palindrome (or inverted repeat) with an intervening spacing of three nucleotides (Klock er
a1.,1987).

The 'non-steroid' members which include the thyroid hormone (T:R), vitamin D,
(VDR) and retinoic acid (RAR) receptors, they are distinct from the steroid members as they
bind to direct repeats of the hexanucleotide sequence AGGTCA (Kliewer et aI., 1992). In
contrast to the steroid members, these receptors function as heterodimers with another nonsteroid member of the nuclear receptor superfamily, the retinoid

X receptor (RXR) (Zhang

et

aL, 1992). The nucleotide spacing between the direct repeats is critical in determining the
nature of the receptor heterodimer which

will bind to a particular

response element. With

VDR:RXR binding to response elements with a three nucleotide spacing, T3R:RXR four

and

RAR:RXR five this led initially to the proposition of the '3-4-5 rule' for nuclear receptor
binding (Umesono et a\.,1991). Subsequently it has been shown that RAR:RXR heterodimers

also recognise
demonstrated

a direct repeat with a

spacing

of two nucleotides while VDR has been

to bind as a homodimer to a direct repeat with six

(Durand et al. 1.992 and Carlberg et

intervening nucleotides

al. 1993). In addition, PPAR as a complex with RXR

12

binds to a response element with a spacing of 1 nucleotide (Castelein et al. 1994) as does the

RXR homodimer (Nishikawa et aL 7994).
The third category of receptors in the nuclear receptor superfamily is comprised of a
rapidly expanding number of receptor proteins, termed orphan receptors due in many cases to

the unknown nature of their physiological ligands. This category contains more than 60
members which represent greater than

7

5

Vo

of the nuclear receptors identified to

date

(Enmark and Gustafsson, 1996). The majority of the orphan receptors have been isolated due

to their homology with existing nuclear receptors, however they display a broader

species

distribution, having been isolated in both vertebrate and invertebrate species suggesting they
are the most ancient evolutionarily of the nuclear receptors. There are currently

9 sub-groups

of orphan receptors, based on their homology to pre-existing nuclear receptors (Enmark

and

Gustafsson , 7996).

The majority of orphan receptors function as homodimers and recognise the HRE
sequence arranged as direct repeats with the spacers ranging from 0-5 nucleotides (Umesono
et a\.,1991). The ability

for some orphan receptors such

as

Rev-Erb and Steroidogenic factor-

1 (SF-1) to bind as monomers has been demonstrated (Wilson et al. 7993 and Harding and

Lazàr, 1995). For these monomers a nucleotide sequence (predominately an A/T-rich)
immediately upstream of the HRE is important for both DNA binding and
between receptors (Harding et

to

al., 1993). Some of the orphan receptors such

discriminate

as COUP-TF,

ARP-1 and NGFI-B (or Nur 77) exhtbit a more promiscuous binding pattern than other orphan
rsceptors as they are able to function as both homodimers and as heterodimers with RXR
(Zetterstrom et
unclear.

al., 1996). The functional significance of this promiscuous binding anay

is

t3
L.6.2 Structure and Function of the Nuclear Receptors
The nuclear hormone receptors share significant structural homology and are composed

of six defined domains A,B,C,D,E and F (Krust et al., 1986) (Figure 1.5). The A/B

domain

located at the N-terminus is highly variable amongst the receptor superfamily and appears
princrpally to be involved in transactivation primarily through the activation function 1 (AF-1)

motif (Green and Chambon, 1983). The AF-1 rnotif is a constitutive activator as its
transactivation function is independent of the ligand binding domain (Lee et al. 1.995a). The
role of the AF-1 transactivation domain in the non-steroid rretnbers, hVDR, T:R and RARü is
unclear due to their extremely short A/B domains, (approximately 20 amino acids compared

with GR). Removal of the AÆ domain in hVDR did not alter its functionality (Sone et al.
1991). The C-domain is the most conserved region amongst the nuclear hormone receptors
and encompasses the DNA-binding domain which is composed of a core sequence of 66-68

amino acids (Beato, 1989 and Evans, 1988). This core sequence contains nine conserved
cysteine residues which tetrahedrally co-ordinate two zinc atoms to fonn the two zinc-finger

DNA-binding motifs (Berg, 1990).
The D-domain is referred to as the hinge region of the receptors as it permits receptor

bending through conformational changes. The D-domain is also involved in receptor-DNA
interactions as the resulting conformational changes provide further stability for the receptor-

DNA interaction (Giguere et aI., 1986). Though poorly conserved across the

receptor

superfamily the D-domain is highly conserved within a subclass, for example between RAR
ø,B, and y. For the steroid members, the D-domain has been implicated in binding of the hsp90

complex (Dalman et a1.,1991) while for the non-steroid members

it

has been proposed

to

be

involved in binding of the co-repressor N-CoR (Horlein et al., 1995) (refer 1.7). The E/F-

domain is the largest

of the domains and

contains the ligand binding domain, a poorly

characterised dimerisation interface composed

of nine

heptad repeats and

various

transactivation domains. The E/F-domain is also the least conserved domain (especiaþ in the

Figure 1.5 Comparison of Nuclear Receptor Structure'
Diagrarnmatic representation of members of the nuclear receptor superfamily. The distinct

functional domains A-F are illustrated.
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ligand binding domain) amongst the nuclear receptors due to the structural diversity amongst

the cognate ligands. The EiF-domain contains the activation function 2 (AF-2) which
composed

is

of an amphipathic o-helical motif and is highly conserved amongst the nuclear

receptors. Durand et at. (1994) showed that the AF-2 domain of RARü,, is important for
transactivation as mutation of the AF-2 motif inhibited induction by all-trans retinoic acid.

These authors observed that the AF-2 dornain

is

interchangeble between receptors,

as

replacement of the RARo AF-2 domain with that from either the T¡Rs or RXRU did not alter

functionality. The AF-2 domain functions in a ligand dependent manner and appears to

be

involved in linking the nuclear receptor complex to the basal transcriptional machinery through
various bridging factors (vom Baur et a1.,1996 and LeDouarin et al., 1995) ( refer 1.7).

1.6.3 Nuctear Receptor Signalling

Both the steroid and non-steroid members of the nuclear receptor superfarnily

share

common features in their transactivation pathways, with both recognising specific response
elements in their target gene promoters and subsequently enhancing transcription. However,

the steroid recaptors are distinct since they are held inert in the cytosol a part of a multþrotein
complex in the absence of ligand (Dalman et

aI., 1991) (Figure 1.64). This multþrotein

complex is composed of a monomer of the steroid receptor associated with various heat shock

proteins such as hsp90 and hsp70 (Smith et al., 1996). The best characterised heat shock

protein (hsp90),

is a highly conserved,

ubiquitously expressed protein which can form

complexes with all the characterised steroid receptors (Lindquist and Craig, 1988). Hsp90

functions as a dimer to mask the ligand binding pocket of the steroid receptor holding it in a
inactive state (Dalman et al., 1991). In the case of GR it has been shown that the multþrotein
complex also contains two further heat shock proteins, hsp70 and hsp56. The assembly of the

steroid receptor:hsp9O complex and the ability of its ability

to

achieve the correct ligand

Figure 1.6 Nuclear Receptor Signalling pathways.
Diagrammatic representation cornparing the signalling pathways for the steroid and nonsteroid members of the nuclear receptor superfamily. A). The Glucocorticoid receptor

(GR) is complexed in the cytosol with hsp90, 70 and 56 upon ligand binding GR
dissociates and translocates

to the nucleus

whereupon

it

binds

to its GRE

response

element as a homodimer. B). The thyroid hormone receptor (T3R) resides in the nucleus
and ligand promotes the formation of T3R and RXR homodimers which bind

to the T:RE

response element. Abbreviations used hsp- heat shock protein, GRE- glucocorticoid

response element,

GR- glucocorticoid receptor, RXR-retinoid-X-receptor and T¡RE

thyroid hormone response element.
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binding conformation requires the presence of hsp70 (Hutchison et al. 1996). In common with
hsp90, hsp70 binds to the ligand binding domain of the steroid receptors though to a distinct
domain (Schener et a\.,1993 and Dahnan et a\.,1989).The role of hsp56 is less clear though
appears

it

to be required for the interaction between hsp90:hsp70 (Czar et al., 1994). Upon

ligand binding, the heat shock protein complex dissociates from the steroid receptor revealing a

nuclear localisation signal sequence that translocates the receptor
entering the nucleus the steroid receptor hornodimerises and binds
elements in their target genes.

to the

nucleus. Upon

to its specific

A number of other proteins have been isolated that

response

are bound to

the receptor and appear to be involved in steroid receptor signalling, and include the heat
shock protein hsp60 and p59, p54, p50 and p23 (Freernan et

al.

7996; Nair et

al. 1996

and

Dittmar and Pratt, 1997). The precise roles for each of these receptor associated proteins in
steroid receptor signalling is unclear. Recently, p60 has been irnplicated as a key component in
PR signalling and has been reported to bind both hsp90 and hsp70 (Chen et al. 7996).

In contrast the non-steroid receptors such as T3R, RAR and VDR are not held in

a

multiprotein complex in the cytosol but appear to be essentially nuclear localised in the absence
of ligand (Fondell et aI. 7993) (Figure 1.6B). The þophilic ligands readily difftrse through the

cell and nuclear

membranes

to

interact with the receptor lronoÍters and promote

heterodimerisation with RXR. These receptor heterodimers, subsequently bind to their specific
response elernents

in their target genes to regulate transcription. The mechanism

through

which both the steroid and non-steroid members of the nuclear receptor superfamily modulate
transcription of their target genes will be discussed in the following section.

1.7 Mechanism of receptor signalling: Role of Accessory Proteins

The mechanisrn through which the nuclear receptors once bound to their respective

response elements influence gene expression is under intense investigation.

Of interest is the

ability of the T¡R and RAR receptors to bind to their respective response elements in
absence

T6

the

of ligand and actively repress basal transcription (Fondell et aI., 1993 and Baninhmad

et at. 1995). Fondell et al. (1993) observed that T:R homodimers and heterodimers with RXR

were able

to actively repress transcription through a T¡R response

element (T3RE). While

Kurokawa et al. (1995) showed that RAR:RXR heterodimers repressed basal transcription
through a RXR response element. Nawaz et al. (7995) subsequently mapped the repression
activity of T¡R to the ligand binding domain as over expression of the TrR ligand binding
dornain relieved T:R mediated repression. This observation led

to

speculation that the

repression activity of T:R and RAR rnay be through an interaction silencing factors.

Three such silencing factors or co-repressors have been isolated- nuclear receptor corepressor (N-CoR) or RXR-interacting protein (RIP13), silencing mediator

for retinoid and

thyroid hormone receptors (SMRT) and Ying Yang 1 (YY1) (Horlein et aI., 1995; Kurokawa
et a1.,7995; Chen and Evans, 1995 and Austen et al., 1991). SMRT and N-CoR were initially
isolated utilising yeast two hybrid assays with the T3R and RXR ligand binding domains as bait

(Horlein et a1.,1995 and Chen and Evans, 1995). SMRT and N-CoR appear to be related

as

they share substantial amino acid homology in their receptor interaction domains (Chen and
Evans, 1995). Both N-CoR and SMRT display an intrinsic repression ability as fusions with the

yeast GAL4
dissociation

DNA binding domain (Zanir et al. 1996). Addition of ligand results in

of N-CoR and SMRT from the nuclear receptor complex enabling gene

transcription (Lee et

al.

7995a). Horlein et

al. (1995) reported that the D-dornain or hinge

region of T:R interacts with N-CoR since amino-acid substitution in this region was able to

inhibit N-CoR binding. From these mutation studies these authors identified an N-CoR binding
region in the D-domain of T¡R which shared arnino-acid homology with the RARu,B and y and
vERBcx nuclear receptor proteins. N-CoR interacts with the nuclear receptors through two N-

terminal repressor domains (interacting domains

ID-I and ID-II) and a C-terminal

receptor

interaction domain (Seol er al., 7996). These authors demonstrated that in yeast two hybrid

assays,

ID-I

and

ID-II

can interact independently with RARa or T¡R and

t7

to a lesser extent

RXR, this interaction being inhibited upon ligand binding. Two splice varients of N-CoR have
recently been identified, RIP-l3a and RIP-13 Ä1. While both contain the
domains, however contains

ID-I

and ID-II

a 720 amino-acid deletion in the ID-II domain which has been

postulated to enable RIP-13 1 to discriminate between the nuclear receptors (Downes et al.
1996).Two interaction dornains have recently been characterised for SMRT, SMRT repressor
domains

1 and

I

and2 (SRD1 and SRD2) which share substantial amino acid homology with the ID-

II domains of N-CoR, suggesting

a conservation of functionality (Nagy et al. 7997).

These authors observed that both N-CoR and SMRT are able to interact with Sin3a, a member

of the sin3 family of repressor proteins. Recently, Laherty et al. (1997) demonstrated that
mSin3A associates with histone deaceytlases HDAC1 and HDAC2. The sin3 repressor
proteins have been shown to be involved in transcriptional repression through the Mad-Max
heterodimer (Schreiber-Agus et al. 1995 and Ayer et al. 1995). Recently, Laherty et al. (7997)

demonstrated that mSin3A associates

with histone

deacetylases,

HDAC1 and HDAC2.

Interestingly, Nagy et al. (1.997) have reported that the co-repressors N-CoR and SMRT are
also able to interact with mSin3a and HDAC1 to mediate transcrþtional repression. These
results have led to the hypothesis that repression of basal transcription by the nuclear receptors

is mediated through a complex between the nuclear receptor co-repressor complex and the
deacetylase (HDAC1 or 2), with the repressor rnSin3a acting as a linking factor

1997) (Figure

I.7). In this model, continued

deacetylation

of

(Nagy et al.

histones would ensure

nucleosome integrity and repression. Upon ligand binding, repressor removal and co-activator
binds as discussed below.
Recently, VDR has also been observed to be able repress basal transcription from both

the idealised DR-3 element and the mouse osteopontin VDRE (Yen et

al.

1996). These

authors demonstrated that the observed repression is alleviated upon ligand binding suggesting

that VDR may undergo a conformational change when ligand binds thus relieving repression.

The contribution of the co-repressors N-CoR or SMRT to
determined. The co-repressor

this repression has yet

to

18
be

YY1 has been recently reported to repress 1,25(OH)2D3

signalling of the rat osteocalcin gene by actively cornpeting for the VDRE sequence with the

VDR:RXR heterodimer (Guo et a1.,1997).

As discussed previonsly, both the steroid and non-steroid nuclear receptors in
presence

of their cognate ligands regulate expression of their target genes. A

the

mechanism

through which the nuclear receptor complex interacts directly with the basal transcriptional
machinery has been suggested for VDR by Macdonald et al. (1995). These authors utilised a
yeast

two hybrid system to characterise a direct protein:protein interaction between the ligand

binding domain of hVDR and a 43 arnino-acid region of TFIIB. Subsequent studies, have
suggested that

VDR may be involved in 'tethering' the TFIIB protein to the vitamin D:

responsive promoter and upon ligand binding

TFIIB dissociates from VDR to form part of the

transcription initiation complex (Masuyama et al., 1991). lll4ay et al. (1996) characterised a
relationship between the activation function 2 (AF-z) dornain of RXR and the TBP-associated
factor TAFtr28 as co-expression of TAFtr28 and the RXRo AF-2 domain resulted in a strong

ligand dependent induction from a rninimal promoter. However, this relationship did not
require direct protein:protein interactions suggesting a role for possible accsssory proteins.
Recently, numerous studies have reported the isolation of a rapidly expanding group of
accessory proteins which appear to play a pivotal role in nuclear receptor signalhng. These
accessory proteins have been termed co-activators due

to their

enhancement

of

nuclear

receptor action. The co-activator family includes T3R interacting factor (TRIP-1), GR
interacting protein (GRIP-1), receptor interacting protein (RIP140), transcrþtion intermediary

factor 1 and 2 (TIFI and TIF2) and steroid receptor co-activator

I

(SRC-1). These proteins

serve to link the nuclear receptor complex with the basal transcriptional machinery, and appear

to be recruited upon ligand binding (Hong et al. 7996 and Ledourain et al. 1995). The action
of these co-activators to enhance receptor signalling appears to be through a direct mechanism
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via interaction with the AF-2 transactivation domain located in the carboxyl-terminal E/F-

domain of the nuclear receptors. Studies by Ledourain et aL (1.995) utilising a yeast two hybrid
system have established a direct protein:protein interaction between the co-activator TIF-1 and

the AF-2 domains of RXR, VDR and T:R (Figure 1.7). Vom Baur et al. (1996) subsequently

isolated and characterised the co-activator mSUG-1, the mouse hornolog

of TIF1, and

observed that rnSUG-1 interacts with RARo in a ligand and AF-2 dependent manner. These
authors utilising a yeast two hybrid system observed that mutations introduced into the AF-2
domain of RARoc impaired its ability to interact with either TIF1 or mSUG-1. Interestingly the

co-activator TRIP-I displays both a ligand dependent and independent activation function,
since

it

has been observed

to

enhance transcription through the N-terminus

absence of the ligand binding domain (Lee et

of T:R in

the

al. 1995b). While the ligand binding domain of

T:R bound TRIP-1 only in the presence of ligand, these observations suggest that TRIP-1 may
function through both the N-terminal AF-1 and C-terminal AF-2 activation domains. The coactivator GRIP-I was originally cloned from mouse and shown to interact with the ligand
binding domains of GR, ER, and AR. (Hong et al., 1996). Subsequent analysis revealed that
GRIP-1 shares 94 % arnino acid homology with TIF2 suggesting that TIF2 is the human form

of mGRIP-1 (Hong et al. l99l ). These authors demonstrated a wide substrate capability for
mGRIP-1 and in yeast two hybrid assays it was able to interact with the AF-2 domains of
VDR, RAR, RXR, T:R and GR and to enhance transcription in a ligand dependent manner.
Another co-activator, the CREB-binding protein (CBP) (and the related p300 protein)
was originally characterised for its role in enhancing transcriptional activation of CREB and

AP-l (Kwok et aI. 1994). From the observation that several
superfarnily have been reported to inhibit

members of the nuclear receptor

AP-l signalling it was postulated that the nuclear

receptor and AP-1 signalling pathways may require a common co-activator protein (Kamei er

aL 1996). It was subsequently shown that over expression of CBP relieved this

repression

strongly arguing that CBP/p300 is involved in both the nuclear receptor and AP-1 signalüng

Figure 1.7 Co-repressor and co-activators and Receptor signalling.
Diagrammatic representation

of the role of co-repressor and co-activator proteins on

nuclear receptor signalling. The T3R:RXR heterodimer binds
response element

to its

respective TRE

in the absence of ligand, to fonn a multi-protein complex with the co-

repressors N-CoR and mSin3A which recruit the deacetylase HDAC1

to

repress basal

transcription. Upon addition of ligand the co-repressor dissociate, through an unknown
mechanism allowing another multþrotein complex

proteins eg GRIP1 and TIF1
promote transcriPtion.

to bind

to bind containing

co-activator

and interact with the co-integrator CBP/p300

Deacetylase

RXR

#

TRE

Tfanscription

I T3(a)
Acetylation

Tfanscription

TRE
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pathways. This was further clarified by Kamei et al. (1996) and Chakravarti et al. (1996).

of

These groups observed that rnicro-injection

anti-CBP antibodies blocked the ligand

dependent activation of RAR, GR and RXR. An interesting aspect to the role of CBP/p300

as

a co-activator is its ability to interact with other co-activator proteins. CBP/p300 has been
shown

to act synergistically with SRC-1 to

receptor (Smith et

enhance transcription driven by the ostrogen

al., 1996). Yao et al. (1996) have subsequently

binding domain at the carboxyl-terminal end
proposed

to act as a co-integrator

of

characterised a SRC-1

CBP/p300. Thus, CBP/p300 has been

between the basal transcriptional machinery and the co-

activator/nuclear receptor complex proteins. CBP/p300 has been shown to recruit a number of

other accessory proteins including CBP/p300 associated factor (P/CAF) and the 56 kinase
pp9Onsr. P/CAF displays

a transacetylase activity with histones H3 and H4 amongst its

substrates and is homologous

to the yeast transacetylase GCN5p (Bannister and

Kouzarides,

1995 and Brownell et al. 1996) implicating piCAF as a possible destabiliser of the nucleosome

structure

to promote transcription.

Interestingly, CBP/p300 also has an intrinsic histone

acetyltransferase activity (Ogryzko et aI. 7996). Interestingly, the pp90nsx kinase may function

as a repressor

of

CBP/p300 as

its recruitment results in the suppression cAMP-CREB

responsive genes (Nakajima et a1.,1996)

1.8

.

Vitamin D Receptor

Isolation
The low abundance of VDR in its target tissues initially hindered its purification

L.8.1. Gene

and

characterisation. The pivotal step in isolation of VDR came with the production of monoclonal
antibodies to the chicken VDR (McDonnelI et

al.,I98l).

This achievement led directly to the

isolation of the first cDNA clone from chicken (Mcdonnell et al., 1987). Subsequent Northern

analysis revealed
expressed

two distinct chicken VDR mRNA species of 2.6 and 3.2 kb which
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are

in the kidney and intestine while only the 3.2 kb form is detected in brain. cDNA

clones have now been reported for the human, rat, mouse and quail VDR (Baker et al., 1.988;
Burmester et a1.,1988; and Kamei et a1.,1995 and Elaroussi et aI.,1994). Recently Eblhara et

al. (1996) cloned a novel rat cDNA isofonn which retains intron 8 thus introducing a stop
codon which results in a truncated protein lacking the last 86 amino acids of the E/F-domain.
The inclusion of the intron 8 sequence results in an extra 19 arnino acids at the c-terminus not
seen

in the wild type VDR. These authors observed that this isoform of VDR can act as a

dominant negative though its physiological role is unclear due to

it

being expressed aI5To of

the wild type in both the kidney and intestine. Interestingly, the mouse VDR gene

and

promoter region have been recently isolated, however no information regarding its regulation
has been presented (Dr B. May, personnel communication).

1.8.2 Tissue Distribution and VDR localisation

The isolation of cDNA clones for VDR enabled a detailed examination of VDR tissue
distribution. VDR expression has been detected in tissues implicated in mineral regulation such

as the kidney, bone, and thyroid/parathyroid gland (Sandgren et
measurable levels of

al.

1991). Interestingly,

VDR have also been reported in tissues outside of the classical regulatory

organs. These authors observed

VDR expression in skin, spleen, heart, lung and liver. With the

proximal small intestine and colon displaying the highest concentration of VDR and greater
than 1000 fmoVmg of VDR was detected. By comparison, the lung, heart, spleen and liver only
trace levels of VDR, (20 fmoVmg) were detected. This broad tissue distribution of VDR in the
body suggests a greater role for both VDR and 1,25(OH)rD, outside mineral regulation.
The intracellular localisation of VDR has been a subject of intensive research. It is well
characterised that the steroid members of the nuclear receptor family such as GR display a

22

predominately cytosolic distribution in the absence of ligand while the non-steroid members eg

T3R are essentially nuclear localised (Figure 1.68). Evidence though has been presented for

both a nuclear and cytosolic localisation for VDR in the absence of ligand. Utilising

a

monoclonal antibody directed against VDR, Bahnain et aI. (7993) irnrnunostained rat cartilage
chondrocytes and observed that VDR localisation is essentially nuclear
ligand. In contrast, Barsony et al. (7990) dernonstrated that in

in the

absence

in the absence of

CV-l kidney fibroblasts grown

of serurn, VDR is essentially cytosolic. However upon serlun addition VDR

exhibited a slow migration to the nucleus (18h). This translocation was rapidly enhanced (1-3

min) upon addition

of 1,25(OH)p.,

agglutinin an inhibitor

and was blocked by co-treatment with wheat germ

of protein transport

across the nuclear pore. Jakob et

al.

(1992)

observed from pulse chase experiments with tritium labelled 1,25(OH)p. that in the absence of

ligand, VDR resides in the cytosol since translocation of VDR to the nucleus could be blocked
by excess unlabelled 1,25(OH)rD.. The cornposition of the VDR transport mechanism has been

elucidated by Kamimura et al. (1995) who observed that disruption of the microtubules by
treatment with colchinine prevented stimulation

of CYP24 mRNA/activity by

1,25(OH)"D3.

These results suggest that at least half of the VDR molecules reside in the cytosoi in the
absence

of 1,25(OH),D. and

are rapidly translocated via the microtubules

1,25(OH)rD3 treatment. Recently, Barsony

into the nucleus upon

et al. (1991) utilising a fluorescently

labelled

1,25(OH)rD. ligand, examined the subcellular distribuúon of this ligand in skin fibroblasts and
concluded that the majority of VDR was initially localised in the cytosol but translocated to the

nucleus. Additionally, mutations introduced into the ligand binding domain

of the VDR

resulted in inhibition of localisation of the labelled 1,25(OH),D, to the nucleus indicating thar

ligand is required for translocation. In other studies, Whitfield et al.(1995) demonstrated that

VDR does not associate with hsp90. Therefore the rnechanism by which VDR is rnaintained in
the cytosol is unclear.
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1.8.4 Role of Phosphorylation in Regulating VDR Function

It is widely known that transcription factors are the targets of post-transcriptional

modifications such as phosphorylation which influence their transactivation ability. Numerous
studies have implicated phosphorylation as a major regulator of nuclear receptor mediated
gene expression (Goldberg et

al., 1988; Orti et al., 7992

and Brown and Deluca, 1990). Pike

and Sleator (1985) observed that mouse VDR must undergo
phosphorylation event in 3T6 fibroblasts

analysis

by

Haussler

et al. (1988)

a

ligand

dependent

to become active. Subsequent phosphoamino

demonstrated

that the VDR was

acid

predominantly

phosphorylated at serine residues. Subsequently Hseih et al. (1991) identified three putative
target PKC phosphorylation residues serines 51, 119 and 125 in the human VDR. Selective
mutagenesis of these serine residues to non-phosphorylated glycine residues demonstrated that

serine-51 is phosphorylated in CV-1 cells. The conversion of serine-51

to a glycine inhibited

transactivation by 1,25(OH)rD3suggesting that serine-S1 and PKC are involved in 1,25(OH),D,
signalling. Ensuing studies by Hsieh et al. (L993) where the role of serine -51 was re-evaluated
by mutation to an alanine residue (the corressponding residue in the steroid receptors GR, PR,

MR and AR)

abolished phosphorylation by PKC but did

not affect DNA binding

and

transactivation of the receptor. Hence, the phosphorylation of serine-51 does not seem to be
important for VDR function.
Studies by Jurutka et al. (7993) identified a further serine residue at position 208 in the
human VDR as a target of phosphorylation by caisen kinase

II (CK-II). Interestingly the rat

VDR lacks the corresponding serine residue at position 208 thereby questioning its role in
transactivation. Hilliard et al. (1994) mutated serine-2O8 to either an alanine, aspartic acid or

glutamic acid residue and found that while these mutations prevented phosphorylation of the

VDR though they did not affect the transactivational potential of VDR.
Desai et

al. (1995) have suggested that two

mediated by protein kinase

C (PKC)

independent phosphorylation events

and serine-threonine phosphatases influence both

VDR:RXR heterodimerisation and transactivation. Treatment of rat osteosarcoma ROS

cells with the PKC inhibitor staurosporine was shown
enhancement

of

to inhibit 1,25(OH)rD,

osteocalcin gene expression. The eff'ect

of
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mediated

staurosporine treatment was

independent of heterodimersation and DNA-binding of the VDR:RXR complex and did not

significantly alter the nuclear levels of VDR. Similar results were obtained with another PKC

inhibitor H-7. These results suggest that

a

phosphorylation event

is important

for

transactivation.

1.8.5 Receptor Dimerisation
Three important ø-helical motifs have been recently characterised in the DNA binding

domain of members of the nuclear receptor superfamily. Termed the proximal box (P-box),

distal box (D-box) and T-box they have been observed to be vital for correct target gene
specificity (P-box), half-site spacing (D-box) and heterodimerisation (T-box). The P and D
boxes were first characterised by Umesono and Evans (1989) who demonstrated the inter-

conversion

of DNA binding

specificity

for

glucocorticoid receptor (GR) between

a.

glucocorticoid responsive element (GRE) and a oestrogen responsive element (ERE) by the
conversion of the GR P-box to the oestrogen receptor (ER) P-box. The P-box is defined as the
three amino acids which surround the fourth cysteine in the first zinc-finger. The amino acid
sequence of the P-box defines the nature of the response element

to which the nuclear receptor

will bind. For all the steroid receptors except ER the P-box is GS-CKV and specifies

a

palindromic HRE (Zilliacus et al., 1994). For the non-steroid receptors and the majority of
orphan receptors the sequence is EGCKG and specifies direct repeats of the HRE sequence.

Alteration of the GR D-box to the thyroid hormone receptor (T3R) D-box by a 5 amino acid
mutation resulted in binding of the GR to a thyroid hormone responsive element (T3RE) with

a spacing of four nucleotides. From previous work with the mouse RXRp it has been
demonstrated that the region immediately C-tenninal of the second zinc-finger rnotif (T-box) is
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essential

in the binding of RXR hornodimers to DNA. It had been proposed from the crystal

structure of the RXRoc-TRp heterodimer bound to DNA that the T-box plays a critical role in
heterodimerisation of RXR:T¡R by the formation of salt bridges between residues in the T-box

TRp of and the D-box of RXRcr. The T-box region has also been recently characterised in
VDR by Hsieh et aI. (1995) (Figure 1.8) these authors observed that mutation of the Lysine-91
and Glutamine-92 residues in the T-box region prevented heterodimersation.

It is widely

to modulate gene

accepted that

VDR functions as a heterodirner with the retinoid X receptor

expression. The VDR:RXR heterodirner binds

elements (VDREs) a direct repeat

to Vitamin D

of the HRE sequence with a three

response

nucleotide spacer.

VDREs have been characterised in the promoter regions of numerous 1,25(OH)rD.regulated
genes. As RXR
heterodimers

is also involved in a number of other

with other nuclear receptors the

heterodimerises

signalling pathways by forming

mechanism

by which RXR

specifically

with VDR and selects the correct response element is under

intense

investigation. Nakajima et al. (1994) have irnplicated the arnphipathic heptad repeats within the

E/F-dornain

in

VDR:RXR heterodirnerisation. Utilising truncated VDRs and

rnutants

generated by site directed mutagenesis they observed the region between arnino acids 382 and

402 encornpassing heptad 9 contributed to protein-protein contacts which are required for both
heterodimerisation and correct DNA recognition. Two rnore regions in the E/F domain have
been partially characterised, Rosen et al. (7993) identified a 20 amino acid motif (244-263)

which is important for heterodirnerisation and interestingly they showed this region
conserved amongst other members

of the nuclear recoptor superfamily. Studies in yeast

is

by

He-Jin et aL (7996) using VDRs containing mutations in the E/F dornain generated by error
prone PCR identified two regions 239-269 and3ll-401 in the E/F-domain which are involved

in both dimerisation with RXR and efficient transactivation. Interestingly neither of
regions contains the well characterised AF-2 activation dornain.

these

Figure 1.8 Structure of the DNA'binding domain for VDR.
Diagrammatic representation of the DNA-binding domain of the human VDR. The three
important a-helical region D, P and T-boxes are highlighted in reference to the two zincfinger DNA-binding motifs.
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1.9 Retinoid Receptors

Acid Receptors
Vitamin A is important

1.9.1 Retinoic

for

numerous biological activities including embryonic

development, bone developrnent and metabolism (Gudas, 1994 and Leid et
mechanism by which vitamin

A

al., 1992). The

and its derivatives (the retinoids) exert their effects on such a

diverse range of cellular processes has been the subject of intense research. Studies performed

in the last decade have established a link between vitamin A, especially the retinoic

acid

derivatives and modulation of gene expression (Mangelsdorf 1994; Rottrrann et a1.,1991 and
Zhang et a1.,1992). An added complexity to the action of the retinoids is how they are able to
regulate such a wide range of biological processes.

It

was first suggested in the mid 1980s that

due to the lipophilic nature of the retinoids that they may act in similar fashion to the already

well established lipid-soluble hormones such as vitamin D3 (Giguere et aL, 1987 and Evans,
1e88).

1.9.2 Retinoic Acid Receptor Structure and Function

The purification of the first receptor protein which responded to all-trans retinoic acid,
was achieved by independently by Giguere et al. (1987) and Petkovitch et al. (1987). Analysis
of the nucleotide sequence of this receptor termed the retinoic acid receptor (RARø) displayed

structural features in comrron with other nuclear receptor superfamily members such as ærd
zinc-ftnger DNA binding domain and ligand binding dornain. Transient transfection analysis
revealed that RAR responded specifically

to

all-trans retinoic acid as ligand. Subsequent

studies have led to the discovery of two further RAR sub-types RARB and RARy (Brand et

al., 1988; ZeIent et al., 1989 and Krust et al., 1989). Three RAR sub-types exhibit high amino-

acid homology in their ligand binding domains (>75Vo), suggesting they arose from
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gene

duplication. Each of these RAR genes identified to date also generate multiple isoforms which
differ in their A/B regions (Giguere et a1.,1990 and Kastner et al., 1990). Several mechanisms
are utilised to produce these isoforms including the use

of multþle transcrþtion initiation

sites

within each gene, altemative exon splicing and the use of an internal translational initiation
codon (Leroy et al., 1997; ZeIent et al., 1991 and Nagpal et al., 7992). The existence of
rnultþle isoforms has been hypothesised as an explanation for diverse actions attributed to the
retinoid receptors (Leid et a1.,1992).
Each of the three subtypes of RAR identified to date display wide tissue expression
patterns. RARo isoforms are abundant in skin, muscle, heart, brain, kidney, lung and liver,
while RARB is expressed at high levels in pituitary, prostate and kidney (Leroy et a1.,1991 and

de The et al., 1989). RARy in contrast displays a more restricted expression pattern being
predominantly found in lung and skin (Kastner et a1.,1990). The RARs have been implicated in

the regulation of their own synthesis as each of the RAR gene promoters contains functional

retinoic acid response elements (RAREs) which bind a heterodimeric complex of RAR and

RXR (Hoffmaîn et aI., 1990; Sucov et al., 1990 and Leroy et al., 1990). The RAR:RXR
complex recognises two distinct RAREs in response to all-trans retinoic acid, composed of

a

direct repeat of the hexanucleotide HRE with either a two or five intervening nucleotides
(Umesono et a1.,1991 and Predki et a1.,1,994). (As discussed earlier in Figure 1.4)

1.9.3 Retinoid X Receptor Structure and Function

A second subtype of retinoid responsive receptors first characterised by Mangelsdort et
al., (1990) have been isolated. These authors demonstrated the ability of the orphan receptor
retinoid X receptor (RXR) to mediate transcriptional activation in response to all-trans retinoic
acid treatment. As the RXRs displayed a low binding afïìnity

for all-trans retinoic acid it led to

speculation that the true physiological ligand

of RXRs may be
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an unidentified retinoid

derivative (Mangelsdorf et al., 1990). Subsequent studies indeed demonstrated that RXR
bound with high affinity an isomer of all-trans retinoic acid, 9-cis retinoic acid (Heyman et al.,
1992 and Levin et a1.,1992).9-cis'retinoic acid was demonstrated to be a potent activator of

RXR activity conveying a 4O-fold higher transcriptional activation compared with

all-trans

retinoic acid (Allenby et a1.,1993).

As with RAR, three subtypes of RXR have been characterised o(,p,T though
RXRT has been demonstrated thus far to produce

muþle

only

isoforms through the use of

multþle transcription initiation sites (Liu and Linney,1993). The RXR subtypes ø and

B

exhibit wide tissue expression patterns with RXRU being expressed at high levels in the
visceral tissues lung, kidney, muscle and liver and the skin (Mangelsdorf et aL, 1992). RXRB is

ubiquitously expressed while RXRy displays

a more restricted

expression pattern being

detected in the lung, kidney and liver (Mangelsdorf et aI., 1,992). The wide tissue distribution

of both RXR and RAR subtypes results in at least one isoform of each being expressed in every
tissue.

In coniunction with its role in RAR signalling RXR has been shown to fonn functional
homodimers

in the presence of its cognate ligand (Zhang et aI.,

homodimers recognise retinoid

X

1992). These RXR

receptor response elements (RXREs) composed of a HRE

direct repeat with single base pair intervening sequence (Figure 1.). RXREs have

been

characterised in the promoter regions of a number of genes involved in retinoid metabolism

including the cellular retinol binding protein-Il (CRBP-II) and cellular retinoic acid binding

protein-Il (CRABP-II) (Mangelsdorf ¿/ al., 7991 and Durand et al., 1992). The function of the

RXRs in not limited

to retinoid rnetabolism

as the RXRs are important components of

numerous hormone signalling pathways. RXR has been demonstrated

to form

functional

heterodimers with a number of other nuclear hormone receptors including VDR and T:R and a
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number of orphan receptors such as PPAR, ARP-I and NGFI-B (Leid et aL, 1992; Kliewer et

a1.,7992; Keller et aI.,1993 Zetterstrom et a1.,1996 and Widom et al.,1992). The ftrnctional
role of RXRs in T3R and VDR signalling is unclear as both of these responses are independent

of retinoids. Indeed, two studies have suggested an inhibitory role for 9-cis retinoic acid in
thyroid hormone and 1,25(OH)rD, signalling (Lehmann et al., 1993 and Macdonald et al.,
1993). Both studies proposed a mechanisrn through

which 9-cis retinoic acid

treatment

promotes the preferential fonnation of RXR heterodimers, therefore reducing the pool of
RXRs available for heterodimerisation.

1.10 Regulation of

Vitamin D¡ Metabolism

1.10.1 Regulation of CYP24 and CYP1 by Vitamin D3

The most potent regulator of vitamin D. metabolism is the end product 1,25(OH)p..

In conjunction with VDR, 1,25(OH)rD. functions in target cells to induce transcription of the
CYP24 gene (OmdahI et al. 1980). These authors observed that the CYP24 activity in chick

kidney tubular cells detected several hours after 1,25(OH)rD3 treatment was blocked by cotreatment with either actinomycin D or cyclohexirnide. Similar studies in prirnary cultures of

rat renal tubular cells demonstrated that the induction of CYP24 rnRNA by 1,25(OH)zD:

is

prevented by co-treatment with actinomycin D indicating the regulation of CYP24 mRNA is at

the level of gene transcription (Chen et al., 1993b). Such an increase in the level of CYP24

activity results in a greater turnover of 1,25(OH)rD, via the C-24 oxidation pathway,

thus

demonstrating a hormone feedback action in regulating cellular 1,25(OH)rD. concentration.
The mechanisrn by which 1,25(OH).D. regulates its own synthesis involves the rnodulation of

CYP1 and CYP24levels. 1,25(OH)rD, is a potent stimulator of CYP24 in both the classical
calcium regulatory organs such as bone, kidney and gut but also in macrophages and skin.

Consistent with its broad tissue distribution the cellular expression of
a wide range
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CYP24, is modulated by

of regulatory agents. While, the most potent regulator of the CYP24 expression

is its major substrate, 1,25(OH)2D3 high levels of other vitamin D3 metabolites such as
24,25(OH)zD: and 7,24,25(OH)¡D:, have been documented

to induce CYP24

expression

(Chen et aL.,1993b).

The induction

of

CYP24 by 1,25(OH)2D3 treatment has also been noted by Shinki et

al. (1992) in whole animal studies. These authors observed that rat kidney and intestinal
CYP24 mRNA levels are induced upon treatment with 1,25(OH)2D¡. Interestingly, induction
of renal CYP24 expression required a 100-fo1d higher concentration of 1,25(OH)2D: than that
observed for intestinal CYP24. Recently, Demers et
studies that acute administration

al.

(1997

) reported from rat whole animal

of a range of 1,25(OH)zD¡ concentrations resulted in a rapid

stimulation of CYP24 mRNA in the intestine. While in the kidney, however the maximal
induction of CYP24 rnRNA was only 30 7o of that in the intestine and was only observed at
the maximal 1,25(OH)2D3 concentration.

Mechanistic studies on the action

of 1,25(OH)P, to up-regulate CYP24

expression

have implicated a role for the protein kinase C (PKC) pathway. Treatment of kidney cells

with a PKC stimulator, the phorbol ester 12-O-tetradecanoylphorbol-13-acetate (TPA or
PMA), while having no effect alone, enhanced the action of 1,25(OH),D. to induce CYP24
expression (Chen et a1.,1993b). Also, Arrnbrecht et al. (1997) recently observed in renal cell
cultures that TPA potentiated 1,25(OH)rD, mediated induction of CYP24 rnRNA and this was

blocked by co-treatnient with the PKC inhibitor H-7. These authors also observed that the

stimulation of CYP24 expression in kidney cells required ongoing protein synthesis which
contrasts

with results observed in intestinal cell cultures where TPA enhanced CYP24

induction by 1,25(OH),D, however co-treatment with cycloheximide had no effect (Koyama
et

al., 1994).Interestingly, Armbrecht and Hodarn (1994) observed that in rat

osteoblasts co-

treatment with phorbol esters had no effect on 1,25(OH)p. mediated stimulation of CYP24
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mRNA. The action of 1,25(OH)rD. to induce CYP24 gene expression may also be augmented
by the honnone's function to lower protein kinase inhibitor (PKI) activity (Henry et al. 1983).

PKI is an inhibitor of oAMP protein kinase (PKA) and, therefore, a decrease in its activity
could function to alter PKA pathway activity.

1,25(OH)rD. also acts to down regulate its own synthesis through rnodulation of

CYPI levels of activity. Omdahl et al. (1980) reported a decrease in CYP1 activity in chick
renal tubular cells upon 1,25(OH)rD3 treatment though the mechanism of this regulation is yet

to be determined. It can be postulated that 1,25(OH)rD. mây act through a negative VDRE
sequence

in the CYP1 promoter

as has been described

for the PTH

gene promoter refer

(1.1 1.1).

1,10,2 Regulation of CYP24 and CYP1 by Parathyroid Hormone

It is evident from a number of in vivo studies that parathyroid

functions to increase 1,25(OH)rD, production by suppression

hormone (PTH)

of CYP24 expression in the

kidney. Production of 24,25(OH)p, is increased in thyroparathyroidectomized rats and could
be reversed through adrninistration of parathyroid extract demonstrating a negative regulatory

role for PTH on CYP24 expression. The inhibitory action of PTH on basal and 1,25(OH),D.
induced-expression

of CYP24 has also been demonstrated in kidney cultures. For example,

PTH addition to rat renal slices or cultured chick kidney ce1ls decreased basal 24,25(OH)Ð,
production while

in monkey kidney cells PTH treatment lowers the induction of

CY24

activity following 1,25(OH),D3 treatment (Arrnbrecht et a\.,1984; Henry, 1985; Henry et al.,
1992 and Matsumoto et al., 1985). PTH and 1,25(OH)rD, therefore function in a reciprocal
manner to regulate renal CYP24 expression with the observed level
representing a net regulatory action of the two hormones.

of CYP24

expression
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The proximal convoluted tubules have been shown to be the major site for
1,25(OH),D, production during low calcium and hence high PTH conditions (Iida et al.
1995). These authors observed that in rats fed on either a low calcium diet or a 1,25(OH)zD:

deficient diet, CYP1 activity was stimulated while CYP24 activity was inhibited in the proxirnal
convoluted tubules of the kidney but was not observed in the cortical collecting ducts. The
question arises as to how rnajor synthesis

induction

of CYP24 by

of 1,25(OH)rD.

proceeds in these cells where the

1,25(OH),D, can potentially occur. The evidence suggests that in

response to elevated PTH levels, the synthesis of

VDR and hence CYP24 mRNA expression

in proximal tubular cells is repressed (hda et al. 1995). Thus the limiting VDR
leads to a suppression

expression

of CYP24 expression specifically in the proximal tubular cells. How

PTH functions to inhibit VDR expression in these cells remains unclear. Importantly, VDR
and CYP24 expression are not suppressed

in the adioining cortical collecting ducts under the

same conditions even though they have been shown to express the PTH receptor (hda et al.,

1995; Kawashima et a1.,1981 and Arnizuka et al. 1997).

In

1,25(OH)rD, target organs such as intestine PTH

is

unable

to

suppress the

1,25(OH),D, mediated induction of CYP24 mRNA due to the lack of the PTH membrane
receptor. The rnajor regulators of CYP24 expression in the intestine are endogenous VDR
levels and alterations in the 1,25(OH)rD, status within the cell. Cellular calcium concentration
does not appear to play a role

in modulating intestinal CYP24 expression (Lemay et al.

1995). As intestinal CYP24 expression does not appear
overall circulating levels of 24,25(OH),D,

it

to contribute significantly to

the

appears that the stimulation of intestinal CYP24

activity may act to suppress transient increases in cellular 1,25(OH)p. concentrations via the

C-24 oxidation pathway. Such an action is consistent with the transient expression of
intestinal CYP24 in response to acute changes in 1,25(OH),D, levels.

Interestingly, in bone osteoblasts which contain receptors for both PTH and VDR,

PTH does not function to down-regulate CYP24 expression

in a similar

fashion to that
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observed in the kidney proximal convoluted tubules. For instance, in rat calvaria displaying
elevated PTH levels CYP24 mRNA is not repressed (Nishimura et al., 1994).Indeed, studies

have shown PTH

to act in a synergistic manner with 1,25(OH)p, to stimulate

CYP24

expression in bone cells as Armbrecht and Hodam (1994) observed that co-treatment of rat

UMR-106 osteoblastic cells with PTH and 1,25(OH)rD, resulted
induction

of

in a marked synergistic

CYP24 mRNA. As this action of PTH can be mirnicked by treatment with

forskolin, PTH may be acting via cAMP to increase transcription of the CYP24 gene possibly
through a cAMP-response element (Mandla and Tenenhouse, 1992). Alternatively, PTH has

been suggested

to act by up-regulating VDR

expression

in

bone cells through a post-

transcrþtional mechanism (Krishnaî et aL, 1995), and the subsequent increase

in

VDR

expression was suggested as a cause for the observed increase inCYP24 expression.

The physiological implications

of a synergistic

relationship between PTH and

1,25(OH)rD. to induce CYP24 expression in bone is difficult to reconcile with the renal
actions of PTH to suppress CYP24 activity. It could be postulated then an apparent synergism
between PTH and 1,25(OH)rD. could result in elevated level of 24,25(OH)P'in bone and a
subsequent increase

in bone mineralisation and this activity may function to counter the bone

resorptive functions of PTH through osteoclasts.

1.11 Actions of

Vitamin D¡

1.11.1 Regulation of Calcium Homeostasis

Calcium plays a key role

in a number of body

processes such as ionic movement,

transmission of nerve impulses, formation of bone mineral and muscle contraction (Brown,
1991 and Hurwitz, 1996). Therefore maintaince of extracellular calcium levels within a strict

concentration range is physiologically vital. The extracelltrlar calcium concentration of plasma

in a normal individual is maintained between 1.1 to
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1.3 nm and seldom falls outside of this

range (Kurokawa,1994).If the extracellular calcium concentration in the plasma falls below

this range, calcium deficiency or hypocalcaemia occurs while

if

the converse occurs

and

calcium levels rise above this range calcium overload or hypercalcaemia results (Anderson,
re96).

The maintaince of plasma calcium concentrations within this physiological

range

requires the interplay of PTH and 1,25(OH)rD.. These hormones act on the kidney, gut and

bone

to regulate calcium homeostasis and form the calcium homeostatic

system (Hurwitz,

1996). Fluctuations in serum calcium levels act as a trigger for both short term Qninutes) and

long term (days) effects (Roden and Martin, 1981 and Kurokawa, 1994). Alterations in
extracellular calcium levels are transmitted to the parathyroid gland via a membrane receptor

protein, the calciurn sensing protein (CaR) (Brown et

al. 1993). The recently

characterised

CaR is a transmembrane protein and a member of the guanine nucleotide (G-protein)-coupled

family of receptor proteins (Brown et al. 7993). When the level of extracellular calcium falls its
prompts the release of preformed PTH from chief cells in the parathyroid (Chattopadhyay et

aI. 1996). This is followed by an overall increase in PTH production through the reduced
degradation of PTH; stimulation of PTH gene transcrþtion and an increase in mRNA stability

(Naveh-Many and Silver, 1990 and Hawa et al. 1993).

Upon secretion, PTH acts directly to regulate calcium levels in the plasma through

a

receptor on the surface of bone and kidney cells, the PTH receptor (PTHr) (Kurokawa, 1994).
The PTHr has been demonstrated to stimulate both the phospholipase C and adenylate cyclase
second messenger pathways (Hruska et aL,1986 and Dunlay and Hruska, 1990) (refer 1.10.2).

The action of PTH in the kidney leads to a rapid in calcium reabsorption from the distal tubules

(Kurokawa,1994). As discussed previously, PTH also acts to regulate plasma calcium levels
through stimulation of 1,25(OH)2D3 synthesis (refer 1.70.2).
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In the gut, it has been shown 1,25(OH)2D3 acts on the brush border enterocytes in the
intestinal villi, to increase calcium absorption through up-regulation of calcium binding protein
expression (Clark et al. 1989) (refer

l.Il.2).In

a negative feedback

loop 1,25(OH)2D3 acts on

the chief cells of the parathyroid to suppress PTH expression this is believed to be mediated

through a negative vitamin D responsive element in the PTH promoter (Hawa et al. 1994).
Down regulatory VDRE sequences have been identified in the human, bovine and chicken PTH
promoter regions (Hawa et al. 1994; Liu et al. 1996 and Mackey et aI. 1996).The bovine and
chicken VDRE sequences have been shown to have a direct repeat with a three nucleotide
spacer as observed

(Hawa et

for upregulatory VDREs; and shown to bind the VDR:RXR

al. 1996; Liu et al.

complex

1996). Interestingly, Mackey et al. (1996) observed that the

VDRE in the promoter region of the human PTH gene consists of a single copy of
hexameric sequence

AGGTIC which these authors observed to bind a VDR

the

monomer

independently of RXR. The mechanism through which these VDRE sequences down regulate

PTH gene expression is unclear.

l.ll.2

Regulation of Calcium Binding Proteins
Of the wide array of genes regulated by 1,25(OH)2D3 the most extensively studied to

date are those involved in the regulation of calcium homeostasis. In particular, the vitamin D¡dependent calcium binding proteins (CaBP) or calbindins which are believed to act to regulate

the transport and storage of calcium (Bronner and Stein, 1988). In the kidney and small
intestine, two sub-classes of calbindins have been isolated based on molecular weight, a 9-kDa

protein (calbindin-D9k) and a 28 kDa form (calbindin-D28k). A structural motif shared by the
calcium binding proteins is a helixloop-helix high afTinity Ca2* binding motif termed the E-F
hand (Veenstra et al. 1997).

1,25(OH)2D3 is a potent up-regulator

of both calbindin-D9k and 28k

36

gene expression

(Clark et al. 1989). This up-regulation appears to be mediated at the transcriptional level

VDRE sequences have been identified elements within the promoter regions of both

as

the

calbindin-D9k (rat) and D-28k (mouse) gene promoters and shown to respond to 1,25(OH)zD:
treatment (Darwish and Deluca,1992 and Gill and Christakos, 1993).

1.11.3 Regulation of Bone Proteins

Bone formation is initiated by cells of the osteoblast lineage, which lay down a fibrous
extracellular matrix (also known as the osteoid matrix) and is composed principally of type
collagen (90%) with the remainder a mixture

of proteoglycans and other matrix

1

proteins

(Denhardt and Guo, 1993). The osteoid matrix is converted to bone through the deposition of
calcium phosphate mineral (apatite) (Denhardt and Guo, 1993). 1,25(OH)2Dr plays a key role

in regulating bone mineralisation through the regulation of a number of genes involved in bone
metabolism such as osteocalcin and osteopontin.

Of these two bone proteins, osteocalcin or bone gla-protein is the best characterised
and a known marker of bone formation (Aronow et aI. 1990).

It is a small 49 amino acid (6

kDa) non-collagenous protein which is expressed primarily in osteoblasts post-proliferatively
(ref). While the exact role of osteocalcin in bone formation is yet to be defined

it has been

postulated to be a marker of late osteoblast differentiation (Owen et aI., 1990). Osteocalcin
gene expression is known to be stimulated by 1,25(OH)2D: in osteoblast cell cultures (Price
and Baukol, 1980). This up-regulation appears to be rnediated at the transcrþtional level

as

actinomycin D treatment has been observed to inhibit 1,25(OH)2D3 mediated induction of the

rat osteocalcin gene (Theofan and Price, 1989), Subsequently, VDRE sequences have

been

identified in the rat and hunan osteocalcin gene promoter regions and observed to respond to
1,25(OH)2D¡ treatment (Demay et a1.,1990 and Morrison et a1.,1991).
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1,25(OH)2D3 is also a potent up-regulator of the bone matrix protein, osteopontin

(Chang

et al. 1994). Osteopontin is a 44 kDa glycoprotein

osteoblasts and osteocytes (Butler, 1990).

expressed predominantly in

In common with osteocalcin, osteopontin

is

produced with a 16 amino acid hydrophobic leader sequence for export into the extracellular

matrix (Denhardt and Guo, 1993). While the exact physiological function of osteopontin in
bone formation is unclear; it has been suggested that as osteopontin is expressed during early

osteoblast development

it

provides

a

framework

for

attachment

of

osteoblasts which

subsequently go on to secrete the constituent proteins of the osteoid matrix (Butler, 1990). In
common with osteocaIcin,\,25(OH)2D3 regulation of osteopontin gene expression is mediated

at the transcriptional level (Chang et al. 1994). Noda et al. (1990) identified a functional
VDRE in the promoter region of the Írouse osteopontin gene. VDRE sequences have also
been identified

in the promoter regions of the rnouse and pig osteopontin genes (Zhang et al.

1992).

l.ll,4

Non-Genomic Actions of Vitamin D¡
The possibility of non-genomic actions of steroid hormones were first described by

Pietras and Szego (1977) with the isolation of plasma membrane receptors for oestrogen. The
existence of a cell membrane receptor

for 1,25(OH)zD: was postulated in the early

1980s by

Nemere and Szego (1981a and b ) to explain rapid biological responses to 1,25(OH)2D3. Two

of these rapid events have been well characterised, rapid stimulation of intestinal calcium
transport or transcaltachia and the opening of voltage gated calcium channels. Both of these
responses are observed

within minutes of 1,25(OH)2D3 treatment which is in contrast to the

estimated 60 minutes required for the genomic response to be observed (Norman et al. 1992).

The phenomsnon of transcaltachia was first described by Nemere et al. (1984) who
showed that the transport of

4sC** ions across chick intestinal epithelium was stimulated

rapidly; within 2-4 mtnutes

of

1,25(OH)2D3 treatment and occurred

in a
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1,25(OH)zD¡

concentration dependent manner. Selles and Boland (1991) observed a similar phenomenon
where 1,25(OH)2D¡ treatment of chick cardiac muscle resulted in a rapid 1-10 min uptake of
4sC;:+

ions. From inhibitor studies

it

was shown that both the microtubules and calcium

transport channels play key roles in transcaltachia.

It has been suggested that the putative

1,25(OH)2Dr plasma membrane receptor may be linked

stimulation

of

adenylate cyclase. Evidence

to

phosphorylation events by the

for a plasma membrane

receptor has

been

demonstrated by treatment with staurosporine a known protein kinase C inhibitor abolished

transcaltachia (Civitelli et

al., 1990 and Farach-Carson et al., 1991). IGm et al.

(1996)

reported an association between a tritium labelled 1,25(OH)2D3 complex and the plasma
membrane

or the endoplasmic reticulum in ROS 1712.8 cells. This association could be

successfully competed

for with

unlabelled 1,25(OH)2D::VDR

but not by VDR

alone.

Incubation of a monoclonal antibody directed against VDR was able to block VDR binding to
the plasma membrane and the endoplasrnic reticulum. Interestingly, however Barsony et al.

(1997) utilising fluorescently labelled 1,25(OH)2D¡ were unable

to detect any VDR in

the

plasma membrane.

1.11.5 Vitamin D¡ and Cancer

The reporting of significant levels of VDR in tissues outside the classical calcium

homeostatic organs has indicated vitamin D may play important roles in other physiological
processes. The ability

of 1,25(OH)2D3 to act

as an antiproliferative agent was demonstrated by

Tanaka et al. (7983) and Dodd et al. (7983) these authors observed that treatment of the
human myeloid leukemic cell lines HL-60 and U937 with physiological concentrations of

1,25(OH)2D¡ inhibited the proliferation

of

these cell lines. These authors observed

a

corresponding increase in the differentiation of the cells to macrophage-like cell types was also

39

observed, indicating that 7,25(OH)zD¡ may be a useftrl treatment for rnyeloid leukemia. From

patient trials with 1,25(OH)2D3 a major lirnitation with 1,25(OH)rD¡ acting as a therapeutic
agent has been observed. Leukemic patients treated with supraphysiological 1,25(OH)zD:
doses, developed symptoms of hypercalceamia before a therapeutic dose

be attained. This has led to the production

of 1,25(OH)2D3 could

of 1,25(OH)zD: analogues which still possess

antþroliferative properties while displaying reduced calcium mobilising activities. Osfrem et al.
(1987) reported that extension of the side chain length at carbon 24 was able to elevate the
differentiative ability with a parallel reduction in calcium mobilising activity. One such analogue
produced by Perlman et aI. (7990),24,24-dlhorno-1,25(OH)2D, contains

a2

carbon extension

at carbon 24 and exhibits a 10-fo1d increase in differentiative ability. While demonstrating a 10-

fold decrease in calcium absorption ability from the intestine and a 1000-fold drop in calcitun
mobilisation from the skeleton.

The mechanism for the antiproliferative properties
associated

with alterations in gene expression (Reichel

et.

of

1,25(OH)zDr appears

to be

al. 1989).In HL-60 cells expression

of the proto-oncogeîe c-myc, a marker of cellular proliferation is rapidly repressed upon
1,25(OH)2D3 treatment (Simpson et
expression in these cells

aI. 1987). There is a corresponding

up-regulation of

of a number of genes associated with cellular differentiation npon

1,25(OH)2D3 treatment; including the proto-oncogene

c-frns which encodes for the monocyte-

colony stimulating factor recaptor (M-CFS-R) (Brevli and Studzinski, 1986). Up-regulation of
M-CFS-R promotes further differentiation through the action

of

monocyte-colony stimulating

factor (M-CFS) (Yen et aI. 1993). The expression of a number of other proto-oncogenes

is

upregulated by 1,25(OH)2D3 treatment, such as c-fos and c-fes. As up-regulation of c-fos and
c-fes occurs at a late stage their role in 1,25(OH)2D3 mediated differentiation is unclear (Kolla
and Studzinski, 1993).

1,25(OH)2D¡ has also been suggested as a possible treatment for breast carcer, due to
the correlation between improved prognosis for patients with breast cancer and increased VDR

levels (Colston et

al.
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may
suppress
act
to
postulated
that
1,25(OH)zD,
7989). These authors

breast carcinoma growth through VDR mediated actions. Epidemiological studies have
suggested that 1,25(OH)zD¡ deficiency may be a contributing factor

in promoting prostate

cancer (Schwartz and Hulka, 1990 and Corder et aI. 7995). Subsequently, Skowronski et al.

(1995) have observed an anti-proliferative effect of 1,25(OH)zD: treatment on three prostate
cancer celllines. Interestingly, Blutt et al. (1.997) observed that co-treatment of 1,25(OH)zD:
andg-cis retinoic acid led to a synergistic inhibition

of proliferation of prostate

cancer cells.

1.12 Thesis Aims

The 1,25(OH)zD¡ mediated regulation of CYP24 function represents an important control loop
through which 1,25(OH)2D3 regulates its own synthesis through the up-regulation of the C-24

oxidation pathway. The mechanism

of

1,25(OH)2D: mediated regulation

of CYP24 gene

expression has previously been shown to be at the transcriptional level (Omdahl et

Chen et

al.

1993). Therefore

it

al. 7980 and

was of considerable interest to elucidate the mechanism

through which 1,25(OH)2D3 up-regulates CYP24 gene expression.

The aims of this thesis therefore were two-fold. Firstly, to identify and subsequently
characterise a VDRE sequenco

Secondly, as the

in the proximal promoter region of the rat CYP24

fat CYP24 gene has

subsequently been observed

to

gene.

represent a unique

1,25(OH)2D3 regulated gene through the identification of three VDRE sequences.

It

was of

considerable interest to examine both the functionality of these VDRE sequences in the context

of the native promoter environment and to elucidate amy transcriptional relationship between
the VDRE sequences in response to 1,25(OH)zD¡ treatment.

Chapter TWO:

MATERIALS AND METHODS.
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CHAPTER TWO: MATERIALS AND METHODS.
2.1 MATERIALS.

2.1.1 Drugs, Chemicals and Reagents.

1,25(OH)2D3 was a kind gift from Hoffman-la Roche (Nutley, NJ). The following
products were obtained from Sigma Chemical Co: Acrylamide, agarose (Type 1), ampicillin,

bisacrylamide (N,N'-methylene-bis-acrylamide), bovine serum albumin (BSA), charcoal
(activated), chloramphenicol, deoxyribonucleotide triphosphates (dNTPs), dextran, ethidium

bromide, ethylenediaminetetra-acetic acid (EDTA), N-2-hydroxyethylpiperazine-N'-2-ethane
sulphonic acid (Hepes), salmon sperm DNA, sodium dodecyl sulphate (SDS), spermidine,
spermine, Tetracycline, Tris-base.

Sources of other important reagents were as follows : phenol: Wako pure chemicals;
polyethylene glycol 6000: BDH chemicals;N,N,N',N'- tetramethethylethenediamine (TEMED)

Tokyo Kasei; Luciferin was from Promega Corp, Madison, WI; VDR monoclonal antibody
designated IgG2b:

(4RX-1D12)

Atrinity BioReagents Inc., Neshanic Station NJ; RXR monoclonal antibody

was kindly

Sequanase Version

provided by

Dr Pierre Chambon, Strasbourg Cedex, France.

2.0 sequencing kit was purchased from United States Biochemical

Corporation. Al1 other chemicals and reagents were of analytical grade.

2.l.2Radiochemicals.

to-35s1 dATp (1800 cilmmol), to-32p1dcrp (1800 ci/rnrnot)
Cilmmol) were purchased from Bresatec.

and ly-3zp1dATp

(>2000
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2.1.3 Enzymes.

Restriction enzymes were purchased from Pharmacia or New England biolabs
Other enzymes were obtained from the following sources:
Calf intestinal phosphatase : Boeringher Mannheim.

E. coli DNA polymerase I (Klenow fragment) : Bresatec.
ribonuclease A (RNase A) : Sigma. The stock solution (10mgim1 ) was incubated at 100oC for
10 min to inactivate any DNase activity.

T4 Polynucleotide Kinase : Bresatec
T4 DNA ligase : Bresatec.
T4 DNA polymerase : New England Biolabs

2.1.4 Buffers.

Denhardt's solution :0.lVo(wlv) Ficoll, 0.1%(wlv) polyvinylpyrrolidine, 0.1%(w/v) BSA.
SSC : 150mM NaCl, 15mM sodium citrate.
SSPE : 150mM NaCl, 10mM NaH2PO4, 1mM EDTA.

TAE : 40mM Tris-acetate, 20mM sodjum acetate, lmM EDTA, (pH 8.2).

TBE: 90mM Tris,90mM boric acid, 2.5mM EDTA, (pH 8.3).
TE : 10mM Tris-HCl (pH 7.5), 0.1mM EDTA.
TBS : 25mM Tris-HCl (pH 8.0), 10mM EDTA, 15% sucrose.
3x urea loading buffer : 4 M urea, 507o sucrose, 50 mM EDTA, O.T%obromophenol blue

Transformation Buffer One :- 30 mM KAc, 100 mM RbCl, 10 mM CaClr(2HrO), 50 mM

MnCl, (4FLO) and ISVo Glycerol
Transformation Buffer Two :- MOPS (acid), 10 mM RbCl, 75 mM CaCI2(ZH'O) and
Glycerol

75Vo

Luciferase Measuring Buffer :- 51.9 mM Glycylglycine and 31.1 rnM MgSO. (7 FIrO)
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Nuclear Extract Lysis bufler :- 10 mM Tris-HCl pÍl'J.9,10 mM KCl, 1 mM dithiothreitol, 1.5 mM

MgCl, and}S%o Nonidet NP40
Buffer A :- 10 mM Tris-HCIpH7.9,10 mM KCl, 1 mM dithiothreitol and 1.5 mM MgClz

Buffer B :- 50 mM Tris-HClpH7.5, 500 mM KCI,2 mM dithiothreitol, 5 mM MgClz, 0.1 mM

EDTA,

107o sucrose and2ÙVo glycerol

TM-l bufier :- 25 rnM Tris-HCl pH7.6, 100 mM KCl, 0.5 mM dithiothreitol, 5 mM

MgClz, 0.5

mM EDTA and lïVo glycerol
Electroporation Buffer:- 20 mM Hepes (pH 7.05) containing 137 mM NaCl, 5 mM KCl, 0.7

mM NazHPO¿, 6 mM dextrose

All

buffers were sterilised by autoclaving or, where necessary, by filtration through

a

SartoriusrM Minisart NML 0.2¡rm filter.

2.1.5 Cloning Vectors.

pBluesript SIIKS were purchased from Statagene.

2.1.6 Cloned DNA Sequences.

The following cloned DNA sequences, used as probes throughout this study, were
generous gifts from the

following

:

Clones 14 and 833 containing the 4.5 kb EcoRI fragment of the Rat 24-hydroxylase cDNA in

pBluescript* were obtained from Dr Chris Hahn.

pGl2-Basic and pGl3-Basic
Promega.

:

the luciferase reporter gene vector was purchased from

Vitamin D3 receptor clone pVDR-1 was obtained from Chris Hahn.
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pRSVN.06 was produced by Dr. A. Robbins (Bresatec Ltd.).
pRShRXRo( was obtained from Ron Evans (Salk Institute for Biological Studies, La Jolla
California)

2.1.7 Synthetic Oligonucleotides.

Oligonucleotides

for primers, EMSAs and site-directed

mutagenesis were obtained

from Bresatec Ltd. The oligomer seqllences are listed below

Mutagenesis oligomers, nrutation of VDRE, A, B and C sequences.

WT (-17 li-123) sequence:
5'-TCGACTGTCGGTCACCGAGGCCCCGGCGCCCTCACTCACCTCGCTGACTCCATCC- 3'
3',-

5'

M7 (-77 1l -723) sequence:
5'-TCGACTGTCGG
Jãl

GACAGCCAGTGGCTCCGGGGCCGCGGGAGTGAGTGGAGCGTTCGAAGTAGGAGCT- 5'
MZ (-17

1l -1

23) sequence:

5'-TCGACTGTCGGTCACCGAGGCCCCGGCGCCCTCACTC
3'-

AAGCTTCTGACTCCATCC-3'

GACAGCCAGTGGCTCCGGGGCCGCGGGAGTGAGTTCGAAGACTGAGGTAGGAGCT

-5'

M3 (-I7 ll -I23) sequence:
5'-TCGACTGTCGGTCACCGAGGCCCCGGCGCCAAGCTTCACCTCGCTGACTCCATCC-3'
3'-

GACAGCCAGTGGCTCCGGGGCCGCGGTTCGAAGTGGAGCGACTGAGGTAGGAGCT

-5'

M4
VDRE site-directed mutagenesis oligomers, with the altered necleotides shown in bold type.
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P1 5'-CGC CCT CAC TCA AGC TTC TGA CTC CAT CCT CTT CCC ACA CCC-3';
P2 5'-GTG CTC GCA GCG

CAT GCG CTG AAC CCT GGG CTC GAC CCG CCT-3';

P4 S'-GTG CTC GCA GCG

CAT GCG CAC TAC CCT GGG CTC GAC CCG CCT-3';

P5 s'-GTG CTC GCA GCG CAC CCG CTG AAC CCT GGG CTA TAC CCG CCT-3'

EMSAOligomers:
VDRE- IA/DRE-B sequence:
5'-TCG AGC GGC GCC CTC ACT CAC CTC GCG-3'
3'-CGC CGC GGG AGT GAG TGG AGC GCA GCT-s'

VDRE-2 sequence:
s'-TCG ACC AGC GCA CCC GCT GAA CCC TGC-3'
3'-GGT CGC GTG GGC GAC TTG GGA CGA GCT-s'

VDRE-3 sequonce:
s'-TCG ACG CTG AAC CCT GGG CTC GAC CCG C-3'
3'-GCG ACT TGG GAC CCG AGC TGG GCG AGC T-5'
mSPP-1 VDRE sequence:

s'-TCG ACG CTC GGG TAG GGT TCA CGA GGT TCA CTC GAC TCG C-3'
3'-GC GAG CCC ATC CCA AGT GCT CCA AGT GAG CTG AGC GAG CT-5'

Sequencing primers:
M1 3 Universal sequencing primer

(

17mer)' 5'-dGTAAAACGACGGCCAGT-3'

M1 3 Reverse sequencing primer (25mer) :
SP6 primer :

5'-dCACACAGGAAACAGCTATGACCATG-3'

5'-dGATTTAGGTGACACTATAG-3'

T3 primer : 5'-dATTAACCCTCACTAAAGGGA-3'

T7 primer : 5'-dTAATACGACTCACTATAGGG-3'

2.L.8 Bacterial Strains.

The following E.coli K12 strains were used
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:

(7) E.coli DH5ø: supE44 ÀlacU169 (p80 lacZÄMls) hsdR17 recAl endAl gyrA96 thi-1

relAl host for recombinant plasmids, obtained from the E. coli Genetic Stock Centre, Yale
University, New Haven.
(2) E.coli XLl-Blue : supE44 hsdRl7 recAl endAl gyr&46 thi relAl lac- F'[ proAB+ 1acl9

IacZLlll4lí Tn10 (tetÐl host for recombinant plasmids was purchased from Stratagene.
(3) E. coli CJ236: dut, ung, thi, rel A; pCJ105 (Cmr)
Stock cultures of these (and plasmid transformed bacteria) were prepared by dilution of
an overnight culture with an equal volume of 80Vo glycerol and stored at either -20oC, or -

80oC for long term storage. Single colonies of bacteria, obtained by streaking the glycerol
stock onto agar plates of suitable mediurn (Section 2.1.9) were used to inoculate liçúd growth

medium, and the bacterial cultures were grown at 37oC with continuous shaking to provide
adequate aeration.

2.1.9 Bacterial Growth Media.

Growth media wore prepared in double-distilled water and sterilised by autoclaving,
anúbiotics and other labile chemicals were added after the solution had cooled to 50oC.

(i) Luria (L) broth : contained lVo (wlv) Bacto-tryptone (Difco), 0.57o (wiv) yeast extract
(Difco),
7.5Vo

7Vo

(wlv) NaCl, adjusted to pH 7.0 with NaOH. Agar plates were prepared by adding

(wlv) Bacto-agar (Difco) to the L broth. Ampicillin (50 ¡rg/ml) or tetracycline (10 pg/ml)

were added where appropriate for growth of transformed bacteria,

to

maintain selective

pressure for the plasmid.

(ii) FTB : contained lVo (wlv) Bacto-tryptone (Difco),0.5Vo (w/v) yeast extract (Difco),

(iii)
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2x

YT Medium

: 7.6Vo Bacto-trypÍone, IVo yeast extract,0.5Vo NaCl, adjusted to pH 7.5

with NaOH.

(iv) Psi (r¡r) Broth :2Vo Bacto-tryptone, 0.5Vo yeast extract, 0.5% MgS04 ,adjusted to pH 7.6
with 0.1M KOH.

2.1.10 Tissue Culture Cell Lines.

The ROS 1112.8 cell line was a kind gift of N.Morrison, Garvin Institute of Medical
Research, St. Vincent's Hospital, Sydney.

COS-I cells, an adherent monkey kidney cell line was obtained from the American Type
Culture Collection (ATCC).
JTC-12 cells, an adherent monkey kidney proximal tubular cell line were kindly supplied by

Dr T. Matsumoto, University of Tokyo School of Medicine, Japan.

2.l.ll

Tissue Culture Media.

Phosphate buffered saline (PBS)

:

136mM NaCl, 2.6mM KCl, 1.5mM KHZPO4 and

8mM Na2HPO4, (pH 7.4),was sterilised by autoclavtng (20 psi for 25 rninutes at 140oC)

TrypsinÆDTA solution : 0.7% trypsin (Difco) and 1x EDTA Versene buffer solution (CSL),
was sterilised by filtration through a 0.2¡rm

filter (IMhatman).

Dulbecco's minimal essential medirun, (DMEM) (Gibco), 2SmmoUl NaHCO3, l9mmoVl
glucose, and 2Ommol/l Hepes, (pH 7.3), was supplemented with 50,000 Units/l of Gentamycin

(Gibco), and filter sterilised

as

described above.

Ham's F12 with L-glutamine (Gibco), and 2SmmoVl NaHCOg (pH 7.4), was supplemented

with 50,000 Units/l of Gentamycin (Gibco), and filter sterilised

as described above.
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RPMI 1640 (Gibco), and 28mmol/l NaHC03, (pH 7 .4), was supplemented with 50,000 Units/i
Gentamycin and was filter sterilised as described above.
Foetal Calf Serurn : CSL

2.1.12 Miscellaneous.

DNA Markers
3MM paper : Whatman Ltd.
Nytran 0.45¡rm : Schleicher and Schuell.

DMW-S1: EcoRI digested SPP1 phage (360 bp- 8.51 kb): Bresatec Ltd
DMW-P1: Hpa I digested pUC19 (26-501bp): Bresatec Ltd
X-ray film : either Fuji Photo Film Co. Ltd, Tokyo, Japan or Kodak Diagnostic film X-Omat
AR, USA.

2.2 RECOMBINANT DNA METHODS

2.2.1 General DNA Methods.

The following methods were performed essentially as described in "Molecular Cloning;

A

laboratory Manual" Maniatis et aI. (1982)

: Growth, maintenance

and preservation of

bacterial; quantitation of DNA and RNA; autoradiography; agarose and polyacrylamide gel
electrophoresis;
end labelling of

DNA and RNA precipitation's; phenoUchloroform extractions; end-filling or
DNA fragments using the Klenow fragment of E.coli DNA polymerase I.

All rnanipulations involving viable organisrns which contained recombinant DNA
carried out

in

accordance with the regulations and approval

Science Committee on Recornbinant
Adelaide.

were

of the Australian Academy of

DNA and the University Council of the University of
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2.2.2 Plasmid DNA Preparation.

The rapid alkaline hydrolysis procedure of Birnboim and Doly (1979) was used for the
isolation of plasmid DNA from 2m1 overnight cultures for analytical restriction digests.

DNA used for transfection of tissue culture cell lines, were routinely grown up in
250m1cultures inoculated with 100p1 from a 5ml overnight culture. The plasmid was extracted

using the alkaline lysis procedure described above and further purified by caesium-chloride
density gradient centrifugation in a Beckman TL-100 benchtop ultracentrifuge and TLA-100.2

rotor.

2.2.3 Restriction Enzyme Digestions of DNA.

In

analytical digests, 0.5-1pg

of DNA was incubated with 2-5units each of

the

appropriate restriction enzyme(s) for a minimum of 2 hours in the buffer conditions specified

by the manufacturer. Reactions were terminated by the addition of a 113 volume of urea load
buffer and electrophoresed on lVo mini-agarose gels in TBE buffer

In preparative digests, 5 pg of DNA was restricted in a reaction volume of

30¡11, and

the desired DNA fragments were isolated as detailed below

2.2,4 Pr eparation of Cloning Vectors.

Plasmids were linearized with the appropriate restriction enzyme(s). To prevent self-

ligation of the vector, 5' terminal phosphate groups were removed by incubation in 50mM Tris-

HCI (pH 9.0), lmM MgCI2,0.lmM ZnCl2, with
a

final volume of 50¡rl for

1 units

of calf intestinal phosphatase (CIP), in

I hr at37oC for sticky ends, or 15 rninutes at37

oC followed by 15

50

minutes at 56oC for blunt ends. The vector DNA was isolated after electrophoresis on a 7.0Vo

TBE gel using a GenecleanrM II kit according to the manufacturers' instructions. The

agarose

DNA was resuspended at a concentration of 20-50 ngi¡rl, for use in ligation reactions.

2.2.5 Pr eparation of DNA Restriction Fragments.

DNA was incubated with the appropriate restriction enzyme(s) as described above
(Section 2.2.3) and restriction fragments were isolated from either a horizontal 0.8%-2.07o
agarose gel

or a vertical 8% polyacrylamide gel, depending on the size of the restriction

fragment(s). Bands representing restriction fragments were visualised under UV light following

staining with ethidium bromide, and the appropriate fiagment(s) excised from the gel. DNA
fragments from agarose gels were isolated using the GenecleanrM

II

protocol. Fragments

isolated from polyacrylamide gels were eluted from the gel slice by incubation in 400p1 of

0.5M ammoniurn acetate,0.1% SDS, at3JoC for 16 h. The DNA was precipitated by the
addition of 2.5 volumes of 700Vo ethanol, washed n7UVo ethanol, air dried and resuspended in
10-20¡11

of 0.1mM EDTA.

2.2.6Ligation of DNA.

A

10¡rl reaction contained 20ng of vector DNA, a 3 molar excess of the insert DNA,

50rnM Tris-HCl (pH 7.4), 10mM MgC12, lmM DTT, lmM ATP, and lunit of T4 DNA ligase.

The reactions were incubated for either 4 hours at room temperature, or overnight at 4oC. A
control ligation with vector only was sot up and included in the subsequent transformation to
determine background levels of uncut or recircularised vector DNA.
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2.2.7 Transformation of E.coli with Recombinant Plasmids.

E. coli cells were made competent by the method the rubidium chloride method, briefly

a single colony of the E.coli host strain was inoculated into 5ml of Psi ( y) broth (where
appropriate the y-broth was supplernented with an antibiotic) and the culture incubated
overnight at 3loC with continuous shaking. 3.3m1 of the overnight was subcultured into 100

ml of r¡ broth an incubated at 37oC until the culture reached an O.D. of

- 0.6. 50mls of this

culture was then used to inoculate 1.0L of y-broth and again the culture was grown up to an
O. D. of

-

0.6. The cells were then chilled on ice for 5 minutes before being pelleted at 2500x

g for 5 minutes at 4oC. The cells were then resuspended in 0.4 volumes of

Tfbl (30mM KAc,

100mM RbCl, 10 mM CaCI2,50mM MnCl, 757o glycerol, adjusted to pH 5.8, with 0.2M
acetic acid), incubated on ice for 5 minutes and pelleted at 2500x9, at 4oC for 5 minutes. The
cells were then resuspended

in .04 volumes of Tfb2 (10mM MOPS free acid, 10mM RbCl,

75mM CaCI2,15% glycerol adjusted to pH 6.5, with 0.1 M KOH ), and incubated on ice for a

ftrrther 15 minutes, before being stored at -80oC in 500¡rl aliquot's. 100-150¡rl of this cell
suspension was mixed

with

10¡11

of the DNA ligation reaction rnix (Section 2.2.6) and left on

ice for 40 minutes. The cells were then heat shocked at 42oC for 2 minutes, L-broth containing

20mM glucose was added (lml if the overlay method of plating was used or 100¡rl if the cells
were spread directly onto the agar plates), and the cells were incubated at 37oC for at 20

minutes. The transformed cells were then plated onto L-agar containing 100¡rg/ml of
ampicillin, either by spreading with a wire spreader, or the cells were mixed with 3rnl o10.7%
L-agar overlay, and poured onto the plates. The agar plates were routinely incubated at 37oC
overnight.
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2.2.8 Dideoxy-Chain Sequencing Analysis.

Sequencing was performed by the Sanger et

al. (7977) dideoxy method, using the

sequencing reagents supplied in the USB Sequerrur"@ V2.0 kit.

Double stranded sequencing was performed using plasmid DNA purified by alkaline
lysis. 5-10pg of plasmid was used per reaction. The DNA was denatured in 0.2M NaOH,
0.2mM EDTA for 15 minutes at37oC. The mixture was then neutralised by passage through

TE equilibrated spin-column (Murphy and Kavanagh, 1988).
used

in a

sequencing reaction using t35Sl-¿nfp

in

7¡r1

of the elutant (-2pg)

accordance

with the

a

was

protocol

accompanying the Sequenase@ V2.0 kit.

2.2.9 Gel electrophoresis of DNA for Sequence Analysis.

Sequencing reactions (1pl) were electrophoresed on 67o polyacrylamide gels containing

7M urea in 1 x TBE buffer at 1800 V. After electrophoresis, gels were transferred
whatman@

3MM chromatography paper and dried down under vacuurn. Autoradiography

to

was

for 16-24 hours at roorn temperature.

2.2.10 Preparation of ¡32'pl-Labetled DNA Probes.

(i) Kinasing

The synthetic DNA oligonucleotides used to screen mutagenesis clones were [32p1
labelled at the 5' end using ¡y-32P1 ATP and T4 polynucleotide kinase. The reaction mixture

contained 10mM MgC12 50mM Tris-HCl (p}J7.4),5mM DTT, 0.1mM spermidine, 0.1mM

53

EDTA, 100¡rCi ly-3zplATP and

2 units of

T4 polynucleotide kinase in

a

final volume of

20¡11.

This was incubated at37oC for 30 minutes.

(ii) End-filling

The synthetic DNA oligonucleotides used as probes were [32P] hbelled at the 5' end

using [cr-32p] ¿Cfp and the Klenow Polymerase fragment. The reaction mixture contained
10mM MgCI2 50mM Following the addition of
was run ona207o polyacrylamide gel at

10¡11

formamide loading buffer, the reaction

l8mAfor 60 minutes to separate the ¡32p1-labelled

oligomer from unincorporated label. The labelled oligomer was localised by autoradiography,
excised from the gel and eluted in TE buffer at 37oC

for 16 h. This solution was then used

directly in EMSA reactions

2.2.11 Oligonucleotide Site-Directed Mutagenesis.

Site directed mutagenesis was performed on double stranded DNA, using
modification of the Uracil selection method of Kunkel et al. (7987). Briefly, plasmids to

a

be

mutagenised were transformed into the E. coli strain CJ236 dut-, ung- and incubated ovemight

in 2YT

supplemented

with 33pg/ml Chloramphenicol, 100¡rg/ml Ampicillin and

5¡rg/ml

uridine. The plasmid was then isolated via the alkaline lysis method resulting in DNA that
contained several uracil residues in place of thymidine residues.

5-10¡rg of the template was then denatured as for double stranded sequencing in a final

concentration

of 0.2M NaOH, 0.2mM EDTA, for 15 minutes at 37oC ,

before being

neutralised by passing through TE equilibrated spin columns (section

2.2.8.).
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7p1

(-1-2pg) of

the resulting elutant was incubated with 100ng of cold kinased mutagenic primer, 2pl of 5x
Sequenase

buffer [200mM Tris-HCl (pH 7.5), 100mM MgCI2, 250mM NaCl], in a total

volume of 10¡rl. The reaction was heated to 68oC for 2 minutes, the heating block was then
turned off and the reactions allowed to cool slowly to roorn temperature. The reaction was
placed on ice and made to 500¡rM dNTP,

lmM ATP, 1mM DTT, 60mM Tris-HCl (pH 7.5),

10mM MgCI2, 25mM NaCl with 3U T4 DNA polymerase and 3U T4 DNA ligase. The
reactions were

left on ice for 5 minutes, transferred to 24oC for 5 minutes before

being

incubated for 90 minutes at 3loC. 5- 10¡11 of the mutagenesis reaction was used to transform

XL-1-Blue cells. Positive clones were isolated by colony-screen hybridization

using

tetramethylammonium chloride washes (as describedn2.2.13). Mutant clones were verified
by sequence and restriction-enzyme analysis. All mutants were sequenced for both the desired

mutation as well as for any random mutations introduced during the synthesis reaction.

2.2.12 Polymerase Chain Reaction

For PCR from plasmids : 10ng of plasmid was used in a standard 50pl PCR reaction for 30
cycles (5 minutes 96oC, 55oC 45s,72oC lmin 45s, followed by 29 cycles 96oC 45 seconds,
55oC 45 seconds , andJ2oC lminute 45 seconds).

2.2.13 Colony Screnning.

Rapid screening
according

of

bacterial colonies was perforrned using NytranrM membranes

to the "microwave lysis" protocol

(Buluwela

et al., 1989). Screening

for

recombinant clones used tetramethylammoniumchloride (TMACL) washes as described by

Wood et al. (7985). Briefly, After overnight hybridisation, filters were washed three times in

6XSSC for 5min, then rinsed in 3.0

M TMACL for 5 rnin at 3'7"C. The filters were
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then

washed at 5oC below melting temperature for 5 min then dried on whatmann and exposed to

Kodak X-Omat AR film overnight.

z.z,l4lsolation of Nuclear Extracts from Mammalian Tissue Culture Cells.
COS-1 cell lysates were prepared essentially as described by Schreiber et al. (1989). COS-1
cells (2

x

107 cells) were either transfected by electroporation

with 5 pg of the expression plasmid

pRSV-hVDR or mock transfected and plated into a six well plate containing 4 ml DMEM-l0%
FCS. After overnight incubation, these cells were treated with 1,25-(OH)2D3 (10t M) and further
incubated for 24 h. The cells were washed twice with PBS, harvested by scraping
pelleted in an Eppendorf tube, washed

with 1 ml of PBS and

resuspended

in 1 ml of PBS,

in 800 ml of ice cold

Lysis buffer (10 mM Tris-HCl p}J7.9,10 mM KCl, 1 rnM dithiothreitol, 1.5 mM MgCl, and 0.5Vo
Nonidet NP40). After 15 min on ice to allow for the cells to swell and lyse, the nuclei were pelleted

for

1 min at 4"C and then washed

with 800 ml of ice cold Buffer A (10 mM Tris-HCl pH7.9, 10

mM KCl, 1 mM dithiothreitol and 1.5 mM MgCþ). Nuclei were resuspended in 400 ml of ice cold
Buffer B (50 mM Tris-HCl pH7.5, 500 mM KCl,2 mM dithiothreitol, 5 mM MgClr, 0.1 mM

EDTA, 10% sucrose and 20Vo glycerol) and agitated for

t

h at 4"C to extract the nuclear proteins.

Following centrifugation (12,000 x g) for 15 min at 4"C, the supernatant was dtalyzed twice with at
least 50 volunes of TM-1 buffer (25 mM Tris-HCl

pÍU.6,100 mM KCl, 0.5 rnM dithiothreitol,

mM MgCþ, 0.5 mM EDTA and l0% glycerol) for

t

h at

5

4oC. The dialysate was centrifuged

(12,000 x g) for 5 rnin at 4"C to pellet nuclei and nuclear remnants and the supernatant assayed for

protein. Nuclear extracts were aliquoted and stored at -80'C. Protease inhibitors were added to the
above buffers just prior

to use as follows: leupeptin (1 rngirrl), aprotinin (1 mg/url), pepstatin

mg/ml) and phenylrnethylsulfonyl fluoride (100 mM).

(1
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2.2.15 EMSA Analysis

Binding reactions for each assay contained 5 ¡rg of nuclear protein, 1 ¡rg of poly(dl-dC)

to

a final volume

of

72 p,l in binding buffer (25 mM Tris-HCl

pH 7.6, 100 mM KCl, 0.5 mM

dithiothreitol, 5 mM MgC12, 0.5mM EDTA and lÙVo glycerol) and were incubated on ice for
10

min. Radiolabelled probe (200,000 cpm) was added and sarnples incubated on ice for a

further 20 min. For neutralisation assays, a VDR monoclonal antibody designated IgG2b
(Affinity BioReagents Inc., Neshanic Station NJ) was employed. While, for supershift

assays,

an RXR monoclonal antibody (4RX-1D12, refl. 47), kindly provided by Dr Pierre Chambon,

Strasbourg Cedex, France, was employed. These antibodies were included
reactions and incubated on ice
assays were performed
concentrations

in the binding

for 10 min prior to addition of probe. Gel shift

competition

with unlabelled competitor oligonucleotide at molar excess

in the binding reaction.

Retarded

DNA nuclear protein complexes

were

resolved on a 4Vo non-denaturing polyacrylamide gel in a low ionic strength running buffer (0.5

x TBE) af 4oC for 90 rnin. The gel was dried and exposed to Kodak X-OMAT AR film with
an intensifying screen at -70 C.

2.3 METHODS FOR TRANSIENT EXPRESSION OF PROMOTER CONSTRUCTS

IN TISSUE CULTURE CELL LINES

2.3.1 Maintenance of ROS 1712.8 cells.

The ROS 1712.8 cell line was a kind gift of N.Morrison, Garvin Institute of

Medical Research, St. Vincent's Hospital, Sydney. They were maintained

in Dulbecco's

modified Eagles medium (DMEM) and Hams F-12 (1:1) supplemented with l07o fetal calf
serum. Cells were routinely sub-cultured every 4-5 days
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2.3.2 Harvesting of ROS 1 7/2.8 cells

Cells were harvested when they reached 80 Vo confluency. The medium

was

poured off gently and the cells washed generously in PBS twice. Trypsin was added (2.5 ml

in75 cm2 flask) and the cells left, with gentle mixing for 3 min. Cells were dislodged by
tapping the flask and then medium added to 10 ml. Cells were then centrifugated at 1800 rpm

for

1

min and resuspended in 5 ml of PBS.

2.3.3Transfection of ROS 1712.8 cells
Transfections were performed using electroporation, after harvested cells were
resuspended

in an appropriate amoLrnt of electroporation buffer (5 mM KCl, 0.7 mM

Na2HPO4, 20 mM HEPES pH 7.0, 137 mM NaCl and 6mM dextrose)

to give

3x106

cells/electroporation. Cells were pulsed àt 200 volts with 960 pF capacitance in the prescence

of 3 pmol construct DNA and 250 pg of salmon sperm carrier DNA. Cells were then split
equally into two 60 cm2 petri-dishes in 3 ml of medium and incubated overnight to recover.

The medium was replaced the following day and 1,25(OH)2D3 added to the
concentration. After 24

h induction, the cells were harvested and assayed for

desired

luciferase

activity.

2.3.4Nl¿l,ntaince of COS-I cells

COS-I cells, an adherent rnonkey kidney cell line was obtained from

American Type Culture Collection (ATCC). These cells were maintained

in

the

DMEM

supplemented with 70 Vo feLaI calf serum. Cells were routinely sub-cultered every 2-3 days.

2.3.5 Harvesting of COS -1 cells
Same method as described for ROS 1712.8 cells (see 2.2.2)
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2.3.6Transfection of COS-I cells
Transfections were performed using electroporation, after harvested cells were
resuspended

in an appropriate

amount

of electroporation buffer

(see 2.2.3)

to give

5x106

cells/electroporation. Cells were pulsed at 300 volts with 960 pF capacitance in the prescence

of 1 pmol of target DNA, 1 pg of VDR expression construct pRSV-hVDR and 250 1t"g of
salmon sporm carrier DNA. Cells were then split equally into two 60 cmZ petri-dishes with 3

rnl of medium and incubated overnight to recover. The next day medium was poured off and
replaced with RPMI supplemented with 10 % charcoal stripped f'etalcalf serum (this removed
any endogenous steroids). The cells were left for

I

hour and then 7,25(OH)2D3 was added to

the desired concentration. After 24 hours induction, the cells were harvested and assayed for
luciferase activity.

2.3,7 Maintaince of JTC-L2 cells

JTC-72 cells (kindly supplied by Dr T. Matsurnoto, University of Tokyo School of Medicine,

Japan) were maintained

in Dulbecco-Modified-Eagle Medium (DMEM) supplemented with

10% fetal calf serum (FCS).

2.3.8 Harvesting of JTC-12 cells
Same method as described for ROS 1112.8 cells (see 2.2.2)

2.3.9 Transfection of JTC-12 cells

In

preparation

for electroporation, cells were grown to

80-90Vo conflaency, removed by

trypsinization, washed once in phosphate buffered saline (PBS) and resuspended at (6x106
cells/ml) in 20 mM Hepes (pH 7.05) containing 137 mM NaCl, 5 mM KCl, 0.7 mM NazHPO¿,
6

mM dextrose (39) and 500 ¡rglml sheared salmon sperm DNA.

Ce1ls (3x106) and 1 pmol

of
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construct DNA were electroporated at 280 V and 960 pF using a Bio-Rad Gene Pulser.

Following electroporation, the samples were placed on ice for 10 min and divided (1.5 x106
cells) into two wells of a six well plate containing DMEIW1O% FCS (for COS-I and JTC-12
cells) or DMEM:Hams-Fl2l70Vo FCS (for ROS 17i2.8 cells). Cells were allowed to recover

for 20 h and then the media replaced with RPMI medium (without phenol red) supplemented
with 12% charcoal-stripped FCS. Ethanol carrier or 1,25-(OH)rD, was added at the indicated
concentration and the cells incubated for 24 h prior to harvesting,

2.3.10 Bradford Protein Assay.
The protein content of the cell extracts was determined using 2p,l of cell extract and the

Bio-Rad protein microassay procedure according to the manufacturer's instructions. Bovine
serum albumin was used as the protein standard.

2.3.11 Luciferase Ass ay

Cells were washed once with PBS and treated with 200 ¡rt

of Cell Culture

Lysis

Reagent (Promega) for 10 min at room temperature. The cells were harvested with a rubber
policeman, frozen on dry ice, thawed on ice and vortexed vigorously. After centrifugation, the
supernatant was removed and assayed

determined using

for protein concentration. Luciferase activity was

a Luciferase Assay System (Promega)

measurements made with a Berthold model

n

25

LB 9502 Luminometer.

pg of lysate protein and

Chapter 3:

Identification of a VDRE in the rat CYP24 Promoter
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Chapter 3: Identification of a VDRE in the rat CYP24 Promoter
3.1 Introduction

As described in chapter one, CYP24 is an important regulatory coÍlponent in

the

vitamin D. metabolic pathway (refer 1.5). The action of CYP24 results in the targeting of
1,25(OH)2D3

to the C-24 oxidation pathway by the hydroxylation at carbon-24. CYP24

activity also results

in the production of 24,25(OH)zD, which in

osteoblasts, has been noted

prirnary cultures of

to lead to an increase in the level of intracellular

(Lieberherr, 7981). Recently, Seo and Norman (1997) have described
24,25(OH)zDg in the early stages of bone repair. These nuclear actions

calcium

a role for

of 1,25(OH)zD¡

are

rnediated by the modulation of transcription of target genes, through the VDR a member of the

nuclear receptor superfamily of transcrþtion factors. The heterodimeric complex formed by

VDR and RXR functions through specific response elements, VDREs, in the promoter regions

of target

genes (Carlberg, 1996). VDREs have been identified and characterised

in

the

promoter regions of numerous 1,25(OH)2D3 regulated genes such as osteocalcin, osteopontin
and the calbindins. The isolation

of a CYP24 cDNA and subsequent isolation of

genomic

clones have been pivotal steps in elucidating the transcriptional mechanism through which
1,25(OH)2D3 regulates CYP24 gene expression. A genomic clone for the rat CYP24 gene has
been isolated

in our laboratory and 1.5 kb of the promoter region sequenced (Hahn et al.,

1994). Computer database analysis of the rat CYP24 sequence revealed a number of putative

control elements including GC, CAATT and AP-1 like sequences in both the promoter region
and intron one (Figure 3.1). Transient transfection studies

with ratCYP24 promoter constructs

have demonstrated that the initial 298 bp of the CYP24 prorroter directs a substantial increase

in transcription upon 1,25(OH)2D3 treatment (Hahn et aL, 1994). Therefbre the aim of

the

Figure 3.1 Sequence of the

rut

CYPIìA gene including the S'-flanking region and first intron.

Diagrammatic representation of the rat CYP24 gene. The transcrþtion start site is located at +1.
putative CCAAT, GC and

AP-l binding

sites are indicated together with a

TATA box

sequence

(sequences are boxed). The translation initiation codon (underlined) is located at +357. The first

exon is shown in bold+ype. The asterisk indicates the T that replaces the CC in the sequence of
Ohyama et al (1994).

HincII

G6¿14)

CCAAT

GTCAACCCGAÄ,GCATCGAGGA.ATCTGGTÀAGGAAÃTTCTGCAÀACCGC

CTTTCTTGCCTAÀ,TTTAÄ,GACCCAAGGTAAGAÀ,GAT

TATTTCCTCTCCCCCTCCCCTCTTTTTGGTATAGCCTAGTAAGTTTCAÀGTCCTCTCTTCCTTCAGAÀGCTC.AAAÀAGGCAÀCTTTCATC
CAAGGGAÄGTCTGGC TCAGGCTGCGAAÄÀCC

-

TGTCTC

cct

CTTCCGCGCTGTC CTCAGGGACCTTGC

P¡gIL(4,9Ð
GCATGGCGATTGTGCAAGCGCAGCTTTGGGC TCCTGCAAGGCCAGCTGCAGCCTGC

AGGAGGAGGGCGAGGAGGCGTGCTCGCAGCGCACCCGCTGAÄ,CCCTGGGCÎCGACCCGCCTTTCTCAGGTTATCTCCGGGGTGGAGTCCA

-

CCGGTGCGTCTGCCGGGCCAGCAGCGTGTCGGTCACCGAGGCCCCGGCGCC
C CGCGTCCCTCCCAGCCGGTCCCCCTÉGCCCTGCTCAGCGTGCT

CCCTATGC C TGGAÀ,T

CCNO'

CTCG

P-l

CCTCTTCCCACAC
TATA

CACTCCAGCATGCCCTGCTT

GC

ACGAGGT

*rl*
ThGGGGAGGTÀCÀÀCGÀGrc'Î ACÀTCÀ.AÀCCTGTICG'GICATCCCTTCGÀCCCTCCTTGÀTTCCCCCGTGiGiCTTTÀG

C

-

Exon

1

+357

GTCGCCTGCTACTATGÀGCTGCCCCJA,TTGÀC.à.åÀCGGCGCÀCCCTGATCGCTTTTCTG'CGCCGÀCTGCGCGACCTG¡GGÀCÀGCCCCCÀÀG

-

GTCGGTGiACÀTCC.åÀGGCGÀGrcGCTTCCCGCGCTCCÀ.AÀÀGAGGTGCCCCTCTGCCCGCTGÀTGÀCÀGÀCGGTGå,GACTCGÀ.AÀCGTCÀC
CTCCTTGCCTGIGGCCCÀCCAÀCTG'GICCÀCTGCTÀGIGIGÀGTCTÀCTGGAGÀTTTTTTGGAÀÀGIG'TG¡GCCTGÀÀGÀåÀCAGrcÀCGÀEACGCT

-cc+

GiGTAAATAGTTTGTTTCCTATTCCCGIATTGTCCCCTGTîCCCTATTCCTTCCCATC CAGGGCGÀGCTTAGGTGATCCGTCAG
CAGC GCAÃGGCAGAGCGCC CTGGGCACCAGAGGATGCGCGC

TGATGGCA TTTGGC

+

PslI-(+769)

CGCTGCAG

I

Intron I
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work presented in this chapter is to investigate the initial 298 bp of the ràt CYP24 promoter
region through mutational analysis to characterise putative VDRE sequences

3.2 Results

3.2.1 Synthesis of CYP24 promoter constructs with mutations introduced into putative

VDREs

Sequence analysis of the promoter region between -298 bp and +1

bp

revealed three

overlapping sequences between (-1,711-123) with homology to known VDREs (Figure 3.2).II
has been previously observed that when this region

thymidine kinase promoter (TK)

it

(-l7ll-123) was fused to the heterologous

directed a 4-fold induction in response

to

1,25(OH)2D3

treatment (Hahn et a1.,1994). These putative VDREs termed VDRE-A (-1271-141), VDRE-B (1361-1,50) and

VDRE-C (-1401-753) unlike all other reported VDREs are located on the anti-sense

strand (Figure 3.2). They were delineated due to their homology to the idealised VDRE sequonce

(AGGTCAnnnAGGTCA). As can be seen in figure 3.2, VDRE-A and VDRE-B share a comlnon
half-site while the VDRE-C sequence overlaps VDRE-B. To examine this putative 1,25(OH)2D3
responsive region in isolation, the promoter region between

-I77

and +14

n

the 5' untranslated

region was recreated by fusing a double stranded oligomer encompassing the (-1111-123) region

to the rat CYP24 promoter region between -122 to

+1

4. The promoter region from -122 to +74, is

termed the minimal promoter. The minimal promoter region was amplified by polymerase chain
reaction (PCR) using the wild type -298 bp construct as template (Figure 3.3). The resultant PCR
product containing ternnalXho

I and Hind III

end,s was

cloned into Xho

IlHindlll

digested pGLZ-

Basic upstream of the luciferase reporter gene. To this construct, termed pGL2-BP, was fused a

single copy of a double-stranded oligomer encompassing the promoter region between -771to
-123 bp; this oligomer contained either the wild type sequence or mutations introduced into the

Figure 3.2 Proximal promoter region of the rat CYP24 gene promoter.
Diagrammatic representation of the initial 298 nucleotides

of the rat CYP24 promoter

region'

Illustrated are the transcriptional initiation site and putative CCAAT and GC sites' The promoter
sequence between -171 and -123 is expanded

termed VDRE-A, B and C.

to illustrate the three putative VDRE

sequences,

-298

I

-t7t

-123

TGTCGGTCACC GAGGC CC CGGCGCCCTCAC TCACCTC GCTGACTC CATC
ACAGC CAGTGGC TC C GGGGC C GC GGGAGTGAGTGGAGC GAC TGAGGTAG
ilii:iiiìrir:ii¡ VDRE-A
ii:ltiiiiijä:,,ti RE-B
VDRE.C

Figure 3.3 Construction of the pGL2-BP minimal CYP24 promoter construct.

A flow diagram illustrating the strategy used in the construction of the rut CYP24

minimal

promoter construct. In brief, a 2lO bp region of the rat CYP24 promoter between -123 and

+74 was produced by PCR amplification from the pGL2-298 construct. The PCR fragment
containing terminal Xho

I

and

Hind

111

restriction sites was cloned into Xho 1 and Hind

digested pGl2-basic to produce the pGL2-BP construct.

III

Hin¿IlI

Xhol

¡,

-

c cacc cACAC c c cc c c c c c cc -3'r
recc-r

_
?'
TTCCC -5,
-l AGGGGGAGGTAGC GAGCffiC

-122

pGL2-298

+14
PCR Amplify

XhoUHindII
Digest

7

XhoI

HindlII
2IObp
CYP24

Minimal

Promoter

III
Xho I/ Hind

pGL2-Basic

Luciferase

III

Luciferase

Ligate
pGL2-BP
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putative VDRE sequences (Figure 3.4). Both the wild type and mutant oligomers contained
terminal SaI

Xho

I

I

and

Xho

I

restriction sites to aid in determining orientation and were cloned into

digested pGL2-BP. The pGL2-BPWT construct re-created the first 171 bp of the native

promoter except for the replacement of three base pairs at position -119
introduced Xho

I

to -117 due to

the

cloning site. This alteration did not create or destroy any known transcription

factor binding site. In the mutant promoter constructs pGL2-BPM1, pGL2-BPM2 and pGL2-

BPM3 the VDREs A, B and C were altered by mutation of the proximal half-site to

a

Hind

III

restriction site. Construct pGL2-BPMI disrupts the proximal half-site of VDRE-A leaving
VDREs-B and C intact. The pGL2-BPM2 construct mutates the shared half-site of VDRE-A
and VDRE-B leaving the VDRE-C sequence unaltered. Both VDRE-B and C are disrupted in

construct pGL2-BPM3 which mutates the overlapping proximal haH-site of VDRE-C and the
distal half-site of VDRE-B while leaving VDRE-A intact. In construct pGL2-BPM4 mutations
were introduced which selectively mutated the distal half-site of VDRE-B leaving VDRE-A intact
ærd only changing the non-essential intervening sequence of

VDRE-C

.

3.2.2Bxpression and response to 1,25(OH)2D3 of the mutant CYP24 promoter constructs

in COS-I cells

The resulting promoter constructs were evaluated by transient transfection analysis in

COS-1 kidney cells.

In these transient

constructs (3 pmol) in the presence

transfection assays the mutant promoter-luciferase

of 500 þglml of salmon sperm DNA as carrier

transfected in triplicate into 3x106 COS-1 cells by electroporation at 280

V

were

and 960 pF.

A

VDR expression vector (pRSV-hVDR) containing the hVDR oDNA under the control of the

Rous Sarcoma Viral promoter was co-transfected with the mutant-promoter/luciferase
constructs to compensate for the deficiency of endogenous VDR in COS-I cells. Following
transfection each sample was split and plated into two 60 mm2 petri-dishes. The transfected

Figure 3.4 Mutant VDRE oligomerþGl2-BP promoter constructs.
Diagrammatic representation

of the mutant VDRE oligomerþGLz-BP promoter constructs.

Double stranded oligomers were produced containing either the wild type -l7ll-123 sequence

or with mutations introduced into the putative VDRE sequences, VDRE-A, B and C. These
double stranded oligomers were linked to the pGL2-BP luciferase construct containing l22bp of

CYP24 promoter. The mutations in constructs pGL2BP-M1, pGL2BP-M2, pGL2BP-M3 were
introduced as a Hind

III

site and the altered nucleotides are aligned

The mutated nucleotides are shown in bold type.

with the wild-type

sequence.

-l7r
pGL28P-\ryT

-723 -t22

*

*

-

-

TTCATC
AGTGGAGCGTTCGAAGTAG

pGL2BP-M1

T CAC C T C G C.A.A,GC

*

pGL2BP-M2

-r22

CYP24 Minimal Promoter

+74

(-

VDRE-A

TCAAGCTTCTGACTCCATC

r22

CYP24 Minimal Promoter

+'l 4

AGTTCGAÀGACTGAGGTAG
VDRE-B

pGL2BP-M3

*
pGL2BP-M4

+74

TGTCGGTCACCGAGGCCCCGGCGCCCTCACTCACCTCGCTGACTCCATC
ACAGCCAGTGGC TC CGGGGC C GCGGGAGTGAGTGGAGCG4C TGAGGTAG

-

C

CA.A,GCTTCACC TC GC TGAC TC CATC

GAC TGAGGTAG
GGTTCGAAGTGGAGC
VDRE-C
GGTTTCAC TCACCTCGCTGACTC CATC
ACTGAGGTAG

\¡DRE.B

-122

Promoter

-122 cYP24MinimalPromoter

+74

+74
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cells were then cultured overnight in DMEM medium supplemented with 70 Vo foetal call
serum. After overnight culturing the medium was changed

to RPMI (lacking phenol

red)

supplemented with I2Vo (charcoal treated) foetal calf serum to remove endogenous steroids.

1,25(OH)2D: wâs added to a final concentration of 10 t M to one of each pair and an equal
volume of 700% ethanol control added to the other. After a further 24 h ncubation, the cells
were harvested, lysed and assayed for luciferase activity (as described in section 2.2.5).

The construct pGL2-BP containing the minirnal CYP24 promoter region from -722 to
+7

4 was unresponsive to 1,25(OH)2D3 treatment, with no significant induction observed (0.9-

fold) (Figure 3.4). The wild-type promoter construct pGL2BP-WT responded signif,canrly to
1,25(OH)2D3 treatment, producing a 7.5-fold stimulation of luciferase activity (Figure 3.5).

Trmsient expression of the construct pGL2BP-M1 which altered the proximal half-site of

VDRE-A, exhibited a 4.8-fold increase in lucfèrase activity upon 1,25(OH)Ð, treatment,
decrease

a

of 367o compared with the wild type construct pGL2BP-WT. This result suggests that

this half-site is involved but not critical for the 1,25(OH)2D3 response. However, mutagenesis of the

coÍlmon half-site of VDRE-A and B in construct pGL2-BPM2 resulted in the almost complete
abolition of induction by 1,25(OH)2D3 (1.3-fold). The mutations introduced into pGL2BP-M2,
which abolished 1,25(OH)2D3 induction,left the VDRE-C sequence intact, which strongly indicates

that the putative VDRE-C (-1401-153) is not responsive

to

1,25(OH)2D3. Muragenesis

of the

proximal half-site of VDRE-C and the overlapping distat half-site of the VDRE-B response element
in construct pGL2BP-M3 resulted in the almost complete loss of 1,25(OH)2D3 responsiveness (1.5-

fold). The mutations introduced into the pGL2BP-M3 construct, while abolishing 1,25(OH)Ð3
induction, did not affect the VDRE-A sequence, suggesting that the putative VDRE-A
sequence alone is

(-12]l-l4l)

not capable of responding to 1,25(OH)2D:. To confirm the primary role of

VDRE-B, the construct pGL2BP-M4, with the distal halÊsite of VDRE-B selectively mutared was
used. Expression of this construct resulted in the complete abolition

(l.l-fold). It is evident from

of 1,25(OH)2D3

these mutant promoter studies that mutagenesis

responsiveness

of both half-sites of

Figure 3.5 Effect of mutated VDRE sequences on 1,25(OH)zD¡ mediated induction of the rat
CYY24 promoter.
Transient expression of constructs containing wild+ype and mutated putative VDREs in the CYP24

gene

in COS-1 cells.

Transfections were performed with

3 pmol of the promoter-luciferase

constructs in the presence of 500 pglrnl of salmon sperm carrier. After overnight recovery the half

the cells were exposed
presented

to 10t M

1,25(OH)2D¡ the remainder with ethanol control. The data

in both in both graphical and table form is the ratio of

luciferase activity from

I,25(OH)2D3 treated cells versus untreated cells -+ the standard error. Data are an average of three
experiments performed in triplicate.

I

pGL2BP

pGL2BP-WT
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Fold Induction
(+l- L,2S(OH),D,)

pGL2BP

0.9 + 0.1

pGL2BP-WT

7.5 + 0.8
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pGL2BP-}l42

1.3 + 0.3

pGL2BP-M3

1.5 + 0.7

pGL28P-M4

l.I ¡0.2

pGL2BP-M1

pGL2BP-NI2

pGL2BP-M3

pGL2BP-M4

1.0

0

t
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8
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VDRE-B (-150 to -136) results in the abolition of the 1,25(OH)Ð3 mediated response from the (-

lTIl-123) region in the ral CYP24
reduction

of

gene. Mutagenesis of the (-1321-121) half-site results

1,25(OH)2D3 responsiveness indicating

na

36Vo

it is involved in the 1,25(OH)2D¡ mediated

induction. These results suggest that the VDRE-B sequence while involved in the 1,25(OH)2D3
response may require addition factors to function.

3.2.3 Gel-shift Analysis of the putative VDRE-B

From the transient transfection data (refer figure 3.5), VDRE-B at position (1361150) is at
least in part responsible for the observed 1,25(OH)Ð: mediated induction in the

intial}9ï

bp of the

ratCYP24 promoter. To examine what proteins bind to this putative VDRE sequence electro-

mobility shift assays (EMSA) were performed with a double stranded oligomer from position 150

to -136 (VDRE-B). The VDRE-B probe was radioactively labelled by end-filling with

Klenow fragment and ¡32P1dCTP and incubated with nuclear protein extracts isolated from

COS-1 cells either transfected with the VDR expression vector pRSV-hVDR or mock
transfected. Transfections were performed essentially as previously described (3.2.2); after
overnight culturing, cells were treated with 10-7

M

1,25(OH)2D3

or ethanol control for 24

h

prior to harvesting and isolation of nuclear protein extracts. The COS-1 cell nuclear extracts
were incubated with 1 pg of poþ(dl-dC) prior to addition of the radioactive probe to irhibit
non-specific binding to the probe (refer 2.). The resulting retarded complexes were resolved on
a 4Vo p oly

acrylamide gel.

The mouse osteopontin VDRE previously shown to bind VDR:RXR was used as control
(Noda et a1.,1990). The major retarded complex observed for the mouse osteopontin VDRE was

unique

to

COS-1 nuclear protein extracts transfected with the VDR expression vector

pRSV-hVDR (Figure 3.6).

A

complex

of sirnilar mobility, though lower intensity, is

also

observed for the VDRE-B probe suggesting that this cornplex contains VDR as a component.

Figure 3.6 EMSA analysis of VDRE-B
Double-stranded oligomers corresponding to the VDRE-B mouse osteopontin VDRE (mSppl-

VDRE) sequence were labelled by end-filling with [32P1-dCTP and incubated with nuclear
protein extracts of COS-I cells either mock transfected (-) or transfected with 5 pg of pRSV-

hVDR (+). The resulting complexes were resolved on a 4Vo non-denaturing polyacrylamide
gel. The major retarded complex (arowed) observed with both oligomers is unique to
pRSV-hVDR transfected cells.

rnsPP -1 VDRE-B

+

pRSV-hvDR

-

Major Retarded

ComPlexl

Free

Probe+

-

analysis

of this sequence using 293T kidney cell nuclear protein extracts, enriched for
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AP-1

bound
(performed by Dr p.Dwivedi, unpublished data) was not able to resolve any protein complex

to this sequence and it

appears that this

is not a functional AP-1 site. Recent analysis in our

site of sequence
laboratory has revealed a previously unidentified Ets transcription factor binding

(3'-AGGTAGGAGA-5). The nrutations introduced in construct pGL2-BPM1 alter the flanking
protein (Dr P.Dwivedi,
region of this Ets binding site and is responsible for reduced binding of Ets
unpublished data).

It is cunentþ suggesred rhat an Ets farrily member plays a role in 1,25(OH)Ð3

mediated
induction and the rnutations introduced in construct pGL2-BPMI lower 1,25(OH)Ð:

may form
induction through reducing binding affinity of the Ets protein. The (-132 l-t27) sequence

part of the flanking sequence of the putative Ets site, therefore the f,rnctional role of

this

transcriptional element is still under investigation'

EMSA reactions were ernployed to characterise proteins that bind to the putative VDRE-B
sequence. When an radioactively labelled oligomer encompassing

VDRE-B

wa"s incubated with

a rnajor
crude nuclear protein extracts from COS-I kidney cells (transfected with pRSV-hVDR),
retarded complex was identified. This band exhibited similar mobility to the major retarded complex
(Noda et al',1990).
observed with the well-defined VDRE in the mouse osteopontin gene promoter

As the major retarded complex obtained with VDRE-B is observed using nuclear extracts from
pRSV-hVDR transfected COS-I cells and not from COS-I cells not transfected with this clone, it
the can be concluded that VDR is a component of the protein complex and strongly suggests that

150

to -136

sequence

is a VDRE. Direct confinnation of a frrnctional VDR-RXR heterodimer

binding to the VDRE-B sequence will be discussed in chapter five utilising antibodies directed
against

VDR and RXR in EMSA reactions. These results are supported by data obtained by

Ohyama et at. (1994) who observed that the VDRE-B sequence bound a complex of in vitro
rranslated
sequence.

VDR:RXR of sinilar mobility to that observed for the idealised (AGGTCA) VDRE

Numerous VDRE sequences have been identified

in the promoters of

6l

genes whose

expressionis upregulated by 1,25(OH)zD: including osteopontin, osteocalcin and fibronectin (Noda

et aI., 1990; Demay et aI., 1990 and PolTy et al., 1997). Transfection studies with reporter-gene
constructs and EMSA analysis have been used to identiff specific halÊsite sequences and spacing.

However, the VDRE identified in this study conforms to the classical DR-3 type VDRE structure,
which is consistent with an upregulatory action for the VDRE in the rat CYP24 gene promoter
Chen and Deluca (1995) have recentþ cloned the human CYP24 gene and promoter region and
characterised a similar VDRE with three half-sites àt (-1431-172) though the role of the extra HRE
àt (-1431-748) in the human promoter has yet to be determined. Interestingly
As the initial298 bp of the ratCYP24 promoter provided a24-foldinductionin response to

1,25(OH)2D: treatment (Hahn et al., 1994) it can be inferred that other control elements between
-298 and -171 will contribute to promoter induction by 1,25(OH)zD:. Indeed, two other putative

VDREs have been identified (Kalrlen and Carlberg, 7994 and Zierold et al., 1994) and their role in
the 1,25(OH)2D3 mediated response examined (see chapter 4)
The action of 1,25(OH)2D3 to regulate its own ambient concentration represents a control

loop, with the major factor in this feedback control represented by the transcriptional action of
1,25(OH)2D:

to

enhance

its own metabolic inactivation. This occurs through the

1,25(OH)zD¡

induction of the CYP24 gene and the associated increase in the hormone's side-chain oxidation. It is

now clear that this action of 1,25(OH)zD¡ is mediated in part through an up-regulatory VDRE
sequence (-136i-150) in the early promoter region of the CYP24 gene.

Chapter 4:
Synergistic Action of VDREs in the rat CYP24 Promoter
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Chapter 4: Synergistic Action of VDREs in the rat CYP24 Promoter
4.1 Introduction

In the

preceding chapter a DR-3 type VDRE (-1361-150) was identified

in the

promoter region of the rat CYP24 gene. This VDRE designated as VDRE-B in chapter 3 is
now termed VDRE-1. The contribution of this VDRE to the 1,25(OH)2D3 rosponso (7.5-fold)

did not equal that observed for the 298 bp promoter construct, suggesting the presence of
further VDREs upstream. Indeed, subsequent studies in other laboratories have led to the
identification of a further VDRE also of the DR-3 type at position -2581-244 designated here

VDRE-2 and a possible DR-6 type VDRE at -2491-232 designated here as VDRE-3 (Zierold
et a1.,7994 and Kahlen and Carlberg,1994). These VDRE sequences are homologous

to other

VDRE sequences identified in the promoter regions of other 1,25(OH)2D3 regulated

genes

(Figure 4.1). Interestingly, as shown in figure 4.2, VDRE-2 and VDRE-3 overlap sharing

common half site

at

(-2441-249). Thus the

1,25(OH)2D3 regulated genes since

rat

CYP24 promoter

a

is unique amongst

it contains multþle putative VDREs which are located

on

the anti-sense strand (Figure 4.2).

Both VDRE-2 and VDRE-3 are able to direct 1,25(OH)2D3 responsiveness to

a

heterologous promoter and convey a similar level of induction (4-fo1d) (Zierold et al., 1994

and Kahlen and Carlbery, 1994). These functionality studies have been undertaken in the
context of a heterologous promoter and therefore do not reflect native promoter architecture
and function (Ohyama et

al., 1994; Kahlen and Carlberg, 7994

elucidate the role of the three VDREs (VDRE 7,

2

and Zterold et

al., 1994). To

and 3) in the 1,25(OH)2D3 mediated

response and to examine any possible interaction between them a series of mutant promoter

constructs were produced which contained mutations

in the individual VDREs and in

combination, These mutant promoter constructs were examined by transient transfection

Figure 4.1 Identified VDRE Sequences.
are
Diagrammatic representation of characterised VDRE sequences. The VDRE sequsnces
distinguished by the number of intervening nucleotides ie DR-3 or DR-6 type. The nucleotide
sequences of the individual

VDREs are illustrated with their promoter locations relevant to the

transcriptional initiation site.

Position

Rat Osteocalcin

DR3 - type
GGGTGA ATg AGGACA
GGGTGA ACg GGGGCA

-500 to -486

ouse Osteopontin

GGTTCA CgA GGTTCA

-757 to -743

Cgg

AAGCCC

-488 to -472

AGGGCG

-136 to -150

Gene

t Calbindin-D9k
Rat CYP24
Rat CYP24
Human CYP24
Human CYP24

Gene
Rat CYP24

GGGTGT

AGGTGA

gLg

gcg GGTGCG
AGGTGA gcg AGGGCG
GGTTCA

GAGTTC ACC GGGTGT

DR6.

.Jt

gcccag
ATGCGA acgccg

-455 to -441

-244 to -258

-155 to -L69
-276 to -290

Position

GGTCGA

GGTTCA -232

to -249

Human CYP24
[Iuman Osteocalcin TGGTGA

GAGTTC -264

to -28I

Mouse Fibronectin

ctcacc
GGGTGA cgtcac

to -493
GGGGTA -150 to -167

GGGTGA -51.0

Figure 4.2RatCYP24 proximal promoter region.

Diagrammatic representation of the initial 298bp of the rtrtCYP24 promoter.Illustrated are
the transcriptional initiation site and putative TATA, CCAAT and GC sites. The three identified

VDRE sequences thus far VDRE-I, VDRE-2 and VDRE-3 are displayed.

-298

ATGGC GATTGTGCAAGCGCAGC TTTGGGC T C C TGCAAGGC CAGC TGCAGG

AGGAGGGCGAGGAGGC GTGC T C GCAGCGCAC
ry

-Ð--

VDRE-2

C C GC

TGAAC

VDRE-3
CC

TGGGC T C G

ACCC GCCTTTC TCAGGTTATCTCCGGGGTGGAGTCCACCGGTGCGTCTGC

T

-

CGGGCCAGCAGCGTGTCGGTCAC CGAGGC

GCTGACTCCATCC TCTTC
TC

CCC

C

VDRE-1

C

CCGGCGCC CTCACTCACCTC

GC

CACAC CCGCCCCCC GCGTC CCTC
CCAAT

C

CAGCCGG

CTTGC CCTGC TCAGCGTGCTCATTGGCCACTC CAGCATGC CC TGC
TATA

TTC CAT NV\TAC GAGGTC

CC

TATGC

C

TGGAAT C

Exon
+1

1

analysis in kidney and bone cell lines,

to investigate their effect on
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1,25(OH)zD, mediated

induction and to determine whether there is any co-operative interaction between the VDREs.

4.2 Results

4.2.1.

Construction of Mutant VDRE CYP24 Promoter Constructs

To yield a suitable template for site-directed mutagenesis, a 365 bp fragment containing
298 bp of

5' flanking

and 74 bp of

5'

genomic clone by digestion with Pvu

untranslated region was excised from the rat CYP24

II

and Stu

I

(Figare 4.3). This promoter fragment was

ligated ínto Hinc 11 digested pBluescript KS* vector in the reverse orientation, in order to
rescue the non-coding strand. The resulting construct pBKS-298 was used as the template for

subsequent mutagenesis reactions. Single stranded DNA was isolated by a method derived

from Kunkel et al. (1987). pBKS-298 was transformed into the E.coli strain C1236

and

superinfected with M13K07 helper phage and single-stranded DNA was purified by NaCUPEG

precipitation as described in (2.2.11).

To introduce mutations into the rat CYP24 promoter, single stranded oligomers were
designed which contained mutations in the individual VDREs and these were used

to

generate

a series of mutant promoter constructs. These mutagenesis primers were annealed to pBKS298 single-stranded DNA and the second DNA strand completed by T4 DNA polymerase and

T4 DNA ligase. Positive clones were confirmed by colony screen hybridisation and sequencing

of the promoter fragment in pBKS-298 (see section 2.2.11 for details). Successfully mutated
promoter fragments were excised from pBKS-298 by digestion with Xho

cloned into Xho 1 and Sma
reporter gene.

I

I

digested pGl3-basic (Promega) upstream

and Eco

of the

ÃV

and

luciferase

pGL3 mutant CYP24 promoter construct'
A flow diagram illustrating the strategy used in the construction of the rat CYP24 mutant
and
pfomotef construct. In brief, a 365 bp region of the rut CYP24 promoter between -298

Figure 4.3 Construction of the

+74 was removed from the rat CYP24 genomic clone by Pvu

II

and Stu 1 digestion' The

to produce the pBKS-298
as the template for mutagenesis

promoter fragment was cloned into Hinc 11 digested pBKS+
construct. Single stranded DNA was produced and used

in the VDRE sequences.
by Eco RV and Hind III digestion

reactions with single stranded oligomers containing mutations
Successfully mutated clones were excised from pBKS-298
and cloned into Xho 1 and Sma

constructs

I

digested pGl3-basic to produce pGl3-rat CYP24 promoter

Hinc

il

I
RI

Eco RI

rat cYP24
(Genomic Clone)

pGL3-WT

Pvu II/ Stu

I

il

Digestion

Stu

I

Ligation

pBKS-298

pBKf
Digested wlthHinc

Ligation
pGL3-basic
Digested with
Xho I and Sma I

RY

H

M

II

Hind III / Eco RV
Digestion

Mutagenesis

Mutational analysis was used

to
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investigate the functionality and cooperativo

interaction of the three VDREs in the raLCYP24 gene promoter. The three VDREs (VDRE-1,

VDRE-2 and VDRE-3) were altered, either individually or in combination. (Figure 4.4). The
proximal half-site of VDRE-I and the distal half-site of VDRE-2 wete each mutated in the
constructs pGL3-M1 and pGL3-M2, respectively, while only the proximal half-site of VDRE-3

was rnutated in construct pGL3-M3. In construct pGL3-M4, half-sites in both VDRE-I and

VDRE-2 were mutated leaving VDRE-3 intact. Both half-sites of VDRE-2 (which included

a

common half-site with VDRE-3) were mutated in construct pGL3-M5 leaving VDRE-1 intact'

Mutations were introduced into all three VDREs in construct pGL3-M6, The effect of the

VDRE mutations on 1,25(OH)2D3 mediated induction from the CYP24 proûIoter was initially
evaluated in COS-1 cells.

4,2,2Transient expression of promoter constructs in COS-I cells

In transient transfection assays, the CYP24 prornoter-luciferase constructs (1 pmol) in
the presence of 500 Wúml of salmon sperm DNA as carrier were transfected in trþlicate into
3x106 COS-1 cells by electroporation at 280

V

and 960 pF. The VDR expression vector

(pRSV-hVDR) was cotransfected with the promoter-luciferase constructs as described
previously (3.2.2). Following transfection, each sarnple was split and half of the cells were
plated into each

of two wells in a 6 well plate. The transfected cells were then cultured

overnight in DMEM medium supplemented with 70 % loetal calf serun. Media was changed

to RPMI (lacking phenol red) supplemented with 12% charcoal treated foetal calf serum.
1,25(OH)2D¡ wâs added to a final concentration

volume

of 10 -7 M to one of each pair and an equal

of 100% ethanol added to the other. After a further 24 h íncubation,

harvested, lysed and assayed for luciferase activity (as described section 2.2.11).

the cells were

Figure 4.4 Mutations introduced

into the vDREs located in the rat cYP24 gene

The numbers
promoter. sequence of the native promotef encompassing the three vDREs'
initiation site' Arrows indicate
above the lines indicate the distance relative to the transcription

VDRE hexameric half-siæs. Different mutations introduced into

VDRE-I (M1),

vDRE-3 (M5) and
VDRE-2 (M2), VDRE-3 (M3), VDRE-I and VDRE-} (M4),VDRE-2 and
all three VDREs (M6),
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In response to 1,25(OH)2D3 treatment, the wild type construct (pGL3-WT) provided

a

17.8-fold level of induction over basal expression in COS-1 cells (Figure 4.5). When VDRE-1
alone was mutated (pGL3-M1), leaving the distal VDRE-2 and VDRE-3 intact, the level of

1,25(OH)2D¡ induction was reduced

conrribution

ro

to only 2.8-fold, which demonstrated a substanúal

1,25-(OH)2D3 regulation by VDRE-I.

A 6.6-fold level of induction

was

observed with the pGL3-M2 construct in which only VDRE-2 was mutated. However when

VDRE-3 alone was mutated by alteration of the proximal half site (pGL3-M3), wild type levels

of induction (18.4-fo1d) were observed in response to 1,25(OH)zD¡. These findings indicate
that VDRE-3 does nor respond

to

1,25(OH)2D3 and this was confirmed by the pGL3-M4

construct in which both VDRE-I and VDRE-2 were mutated leaving VDRE-3 intact. No

significant 1,25(OH)2D¡ mediated induction (0.9-fo1d) was observed with this construct,
illustrating that VDRE-3 alone is inactive in the presence of ligand. When both VDRE-Z and

VDRE-3 were rnutated in pGL3-M5 they showed essentially the same level of induction (6.4-

fold) to that obtained when VDRE-2 alone was mutated (pGL3-M2). These findings
established that both

VDRE-1 and VDRE-2 are functional and suggested that VDRE-3

does

not significantly contribute to induction even when the overlapping VDRE-2 is inactivated.
There was no significant response

to

1,25(OH)2D3 (1.3-fold) by the construct pGL3-M6 in

which all three VDREs were inactivated. Thus when evaluated in COS-1 cells, VDRE-I and

VDRE-2 were solely responsible for the I,25-(OH)2D¡ mediated induction of the wild type
promoter region. The inducúon seen for the wild-type construct (17.8-fo1d) was greater than

the sum of the individual contributions of VDRE-I (6.6-fold) and VDRE-2 (Z.8-foId), thus
demonstrating a so far unique synergistic relationship between the two VDREs.

4.2.3 Transient expression of promoter constructs in JTC-12 cells

in
type and mutant cYP24 promoter constructs
Figure 4.5 Transient expression of wild
VDREs
containing wild-type and mutated putative
CoS-1 cells. Transient expression of constructs
were performed with 1 pmol of the promoterin the cypz4gene in cos-r cells. Transfections
cells were also
500 pg/rnl of salmon spefm carrier' cos-l
luciferase constructs in the presence of
to
After overnight recovery half the cells were exposed
co_transfected with 1 ¡rg of pRSV-hVDR.
form
presented in both in both graphical and table
10t M 1,25(OH)Ð3 or ethanol control. The data
treated cells versus untreated cells -+ the
is the ratio of luciferase activity from 1,25(oH)Ð,
separate experiments performed in triplicate'
standard error. Data are an average of three
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and VDRETo determine whether the synergistic response observed between VDRE-1

not
2 in COS-1 cells is also observed in a cell line in which overexpression of VDR was

required,

the rat

CYP24 promoter-luciferase constructs were examined

by

transient

has been previously
transfection analysis in the kidney proximal tubule cell line JTC-I2 which

demonstrated

to

express substantial levels

of

endogenous

VDR in transient

transfections

(Matsumoto et al., 1986). Transient transfection assays in JTC-12 cells were carried out
essentially as described for

CoS-l cells, except the cells were not co-transfected with pRSV-

over
hVDR (see 3.2.2). The wild rype promoter construct (pGL3-WT) responded 14.3-fold
basal expression

in response to treatment with

10-?

M

1,25(OH)2D3 (Figure 4.6). Mutagenesis

of VDRE-1 alone in construct pGL3-M1, resulted in a substantial reduction of 1,25(OH)zD:
mediated induction

to 2.Z-fold which again demonstratos the substantial

contribution to

1,25(OH)2D3 mediated induction by VDRE-I. When VDRE-2 was mutated

pGL3-M2 a 5.6-fo1d level of induction in response to 107

M

in construct

1,25(OH)zD: was observed.

(13.4Mutagenesis of vDRE-3 in construct pGL3-M3 resulted in a similar level of induction

fold) to rhat observed for the wild typo construct (pGL3-WT) in response to 1,25(OH)zD¡
treatment. Mutation

of both VDRE-1 and VDRE-2 in the construct pGL3-M4

gave no

is
significant 1,25(OH)2D¡ mediated induction (1.1-fold), illustrating that VDRE-3 alone
is
inactive in the presence of ligand. These results strongly suggest that the VDRE-3 sequence

not involved in 1,25(OH)2D: mediated induction. Mutagenesis of both the VDRE-2

and

VDRE-3 sequences in construct pGL3-M5 resulted in essentially the same level of induction

(5.2-fold) as rhar obtained when VDRE-2 alone was mutated (pGL3-M2). These findings
established that both

VDRE-I

and

VDRE-2

are functional and suggested that

VDRE-3 does

No
not significantly contribute to induction even when the overlapping VDRE-2 is inactivated'

induction (g.9-fold) to 1,25(OH)2D3 was observed
three VDRE sequences were mutated.

for

the construct pGL3-M6 in which all

promoter constructs in
Figure 4.6 Transient expression of wild type and mutant cYP24
JTC-L2 cells.

putative VDREs in the CYP24
Transient expression of constructs containing wild-type and mutated
gene

in

ITC-IZ cells. Transfections were performed with 1 pmol of the promoter-luciferase

recovery half the
constructs in the presence of 500 pg/ml of salmon sperïn carrier. After overnight
cells were exposed

to

l0-7

M 1,25(oH)Ð¡ or ethanol control.

The data presented in both in both

versus
graphical and table form is the ratio of luciferase activity from 1,25(oH)zDs treated cells

performed
untreated cells -+ the standard error. Data are an average of three separate experiments
in triplicate.
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4.Z.4Transient expression of promoter constructs in ROS 1712.8 cells
Results from transient assays in COS-1 and JTC-12 cells suggested that the rat CYP24

promoter region is upregulated in various kidney cell lines. To examine if the rat CYP24 gene
promoter is regulated in a similar fashion in extra renal tissues the mutant promoter constructs
were tested in ROS 1712.8, a bone osteosarcoma cell line which is known to express significant
levels of VDR (Monison et a1.,1990). As can be seen (Figure 4.7), upon treatment with

M

10-7

1,25(OH)zD¡ the wild type promoter exhibited a 17.8-fo1d level of induction over basal

expression. When VDRE-1 alone was mutated (pGL3-M1), leaving the distal VDRE-2 and

VDRE-3 intact, the level

of

1,25(OH)2D3 induction was reduced

demonstrates a substantial contribution

to

to only 1.7-fold, which

1,25(OH)2D3 regulation by VDRE-1.

A

7.8-fold

level of induction was observed with the pGL3-M2 construct in which only VDRE-2 was
mutated. As observed in COS-1 and JTC-12 cells, mutagenesis of the VDRE-3 yielded similar

levels of induction (17.3-fo1d) to that observed with the wild type promoter construct when
treated with 1,25(OH)zDs. The inactivity of the VDRE-3 sequence was confirmed through the

mutation

of both the VDRE-I

and VDRE-2 sequences

construct was essentially unresponsive

to

in

construct (pGL3-Ma). This

1,25(OH)2D3 treatment (0.9-fold), illustrating that

VDRE-3 alone is inactive in the presence of ligand. \When both VDRE-2 and VDRE-3 were
mutated in pGL3-M5 essentially the same level of induction to that obtained when VDRE-2
alone was mutated (pGL3-M2). These findings established that both
are functional in

VDRE-I and VDRE-2

ROS 1712.8 cells, and as observed in COS-I and JTC-12 cells exhibit a2-ÏoId

synergistic relationship in response to 1,25(OH)zD:. VDRE-3 does not significantly contribute

to

1,25(OH)2D3 mediated induction evon when both VDRE-1 and VDRE-2 are mutated.

Mutagenesis of all three VDRE sequences in construct pGL3-M6, resulted in the complete loss

of

1,25(OH)2D3 mediated induction (l.2-fold) thus confirming that

together are responsible for the observed response.

VDRE-I and VDRE-2

and mutant cYP24 promoter constructs in
Figure 4.7 Transient expression of wild type
ROS 17.2.8 cells.

and mutated putative vDREs in the cYP24
Transient expression of constructs containing wild+ype
with 1 pmol of the promoter-luciferase
gene in Ros 17l2.S cells. Transfections were performed
sperm canier. After overnight recovery half the
constructs in the presence of 500 þgnrof sarmon

cells were exposed

to

10-7

M

in both in both
1,25(oH)2D3 or ethanol contror. The data presented

from 1,25(OH)Ð¡ treated cells versus
graphical and table form is the ratio of luciferase activity
of three separate experiments performed
untreated cells -+ the standard error. Data are an avefage
in triplicate.
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4.3 Discussion

Expression of the rat CYP24 gene is regulated by treatment with 1,25(OH)2D: in a
transcriptional manner (Omdahl,7978; Shinki et

al., 1992 and Iæmay et al., 1995). Three

putative VDREs have been identified in the first 298 bp of the rat CYP24 promoter region and
have been implicated in the 1,25(OH)2D¡ mediated up-regulation of the rat CYP24 gene (Hahn
et a1.,1994;Zierold et

aL,1994

and Kahlen and Carlberg, (1994). The other putative VDREs

(VDRE-2 and VDRE-3) were originally characterised when attached to the heterologous
thymidine kinase promoter a situation which clearly did not reflect native promoter architecture
and function (Zierold et a1.,1994 and Kahlen and Carlberg, 1994). Using constructs containing

the first 298 bp of the CYP24 geno promoter,

it is now clear from

the present work that

VDRE-I and VDRE-2 of the DR-3 type are functional honnone-response elernents. Upregulation of the CYP24 promoter regulation observed in three different cell lines is consistent

with the operation of a general modulatory-loop that functions in 1,25(OH)zD¡ resPonsive cells
expressing the CYP24 gene. A very similar regulatory pathway appears

to also be present in

the human CYP24 promoter, which has been shown to contain two VDREs of the DR-3 type
at approximately the same position as the VDRE-1 and VDRE-2 in the rat promoter (Chen and

Deluca, 1995).

VDRE-3 with a 6 bp spacing however was not responsive to 1,25(OH)2D¡ when
examined

in these cell lines following

obtained

from these transient transfection

selected mutagenesis

of VDRE haH-sites. The

data

promoter-expression studies convincingly

demonstrates that VDRE-3 is not functional in the context of the native promoter environment.
These findings regarding VDRE-3 are in contrast to those of Kahlen and Carlberg (1994) who

reported that the VDRE-3 sequence responds moderately

to

1,25(OH)ID3 (4-6 fold) when

15

fused to the thymidine kinase promoter and expressed transiently in ROS 1112.8 cells. Thus the

promoter environment

of the VDRE-3 in the rat CYP24 promoter is not

1,25(OH)2D3 rosponsiveness,

conducive to

at least in the cell types examined here, and these results

underline the importance of investigating the functional role of a VDRE in the context of its
native promoter architecture. It is possible however that VDRE-3 may be functional in a more

appropriate cellular environment, as the sequence has been shown by electro-mobility shift
analysis

to bind both VDR homodimers and heterodimers of VDR and RAR (Kahlen

and

Carlberg, 1994).In the human CYP24 promoter the sequence 5'ATGCGAacgccgGAGTTC 3'
corresponds to the rat VDRE-3, though its functionality has yet to be investigated (Chen and

Deluca, 1995). Other DR-6 type VDREs have been identified in the promoters for osteocalcin
and fibronectin (Carlberg,1995 and Polly et

al., 1996) with the human osteocalcin DR-6 motif

conferring 1.,25-(OH)¡D¡ inducibility when fused to the thymidine kinase promoter (CarIbery et

al., 1993). To date it has not been established whether the osteocalcin or fibronectin DR-6
response elements contribute

A
between

to 1,25(OH)2D3 responsiveness in their natural promoters.

significant finding in the present work is the transcriptional synergistic response

VDRE-I and VDRE-2, which results in an overall 18-fo1d level of

induction.

Transient studies of CYP24 promoter constructs in COS-1 cells under non-limiting conditions

for VDR or 1,25(OH)2D3 showed that the transactivation level was about twice the sum of the

level

of

hormone-dependent transactivations

separately.

for VDRE-1 and VDRE-2 when evaluated

A similar level of synergism between

these VDREs was also seen in JTC-12 and

ROS 17i2.8 cells in which VDR is expressed endogenously. The mutations introduced into
VDRE-1 or VDRE-2 inhibited completely the response of each site to 1,25(OH)2D¡ induction.

In

previous work, mutated VDRE-I prevented 1,25(OH)2D¡ induction from

promoter that contained this VDRE but not VDRE-2 (Hahn et
mutagenesis

of VDRE-I

and VDRE-2,

in the current work,

a CYP24

al., 1994). Combined

prevented induction and

demonstrated the effectiveness of both mutations. Hence, a coordinated interaction between

basis for the observed synergism. In
VDRE_I and VDRE_2 appears to be the sole

76
agreement

in
evaluated the role of VDRE-1 and VDRE-2
with these results, Ohyama et al' (1996), also
promoter by site-directed mutagenesis' These
the 1,25(OH)zD, response from the rut CYP24
greater transcriptional activator, while interestingly
authors also observed that VDRE-I is the

to the 1'25(OH)zDt response to be
their results indicated that the contribution of VDRF'-Z
these authors only observed an additive
minimal. In contrast to the present results however,
sequences in response
interaction between the vDRE-1 and VDRE-2

to 1,25(OH)Ð¡.

The

reason for this finding is not clear'

SynergisticinductionoftheratCYPz|promoterisoneofthehigheststimulations
observed so far

to be the only
for any 1,25(OH)2D3 responsive promoter and would appear

regulatory region

native
in which two VDREs have been shown to be functional in the

VDREs may be at the level of enhanced
promoter. The synergism observed between the two
protein complexes' Liu and Freedman (1994) have
cooperative DNA binding of the VDRiRXR
demonstrated cooperative binding of dimeric

vDR complexes to two VDRE

sites separated by

zierold et at' (1995) were unable to
50-bp in an artificial promotor. In contrast however,
complexes bound to sequences encornpassing
detect any co-operative binding between protein

VDRE-IandVDRE-2byEMsAanalysis.Thesedatasuggestanotherpossiblemechanism
wherebyindependentbindingoftheVDR:RXRheterodimericcomplextoeachVDRE,with
between these complexes and the basal
the resulting synergism a consequence of an interaction
Chi et at., 1995)' This latter mechanism
transcription machinery (Liu and Freedman, 1994 and
such as the recently characterised GRIP-1
may incorporate transcriptional co-activator proteins

and TIF1. Both

of

these co-activators have been shown

to

interact with the AF-2

and may enable the VDR:RXR complex
transactivation domains of nuclear hormone receptors

stimulate CYP24 gene expression (Onate
to interact with the basal transcriptional machinery to

etal.,l995;HongetaI.,I99'TandChakravertietal''1996)'
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in the promoter of CYP24 may
The transcriptional synergism between the two VDREs
previously' the indgction of CYP24 by
have important biological consequences' As discussed
mechanism through which 1,25(OH)2D3 acts to
1,25(OH)2D3 repfesonts an important feedback

its arnbient concentration. Increased
regurate its metaboric clearance rate, thereby influencing
levels

of cyp24 activity wilr result in erevated

side-chain oxidation

of

1,25(oH)zD¡ and

pathway to the wâter soluble calcitroic acid
ultimately conversion through the c-24 oxidation

and Makin et aI., 1989)' under
which is subsequentry excreted (Reddy and rserng, 1989
predominantly in the kidney although it
normal physiological conditions, cYP24 is expressed

can be induced

by

1,25(OH)2D¡ treatment

in other tissues such as the intestine

bone(Armbrecht and Bol1z,1991 and shinki et al., Igg2)'
CYP24 expression

in extra-renal

It

and

therefore seems probable' that

of
tissues not only protects these tissue from the effects

levels by stimulation of the C-24
excessive 1,25(OH)2D: but also regulates serum 1,25(OH)2D¡

rapid removal of 1,25(OH)2D: when
oxidation pathway. A synergistic response would ensure
accelerated bone resorption.
levels have risen sufficiently high to cause hypercalcemia and

Chapter 5:
Investigation of protein complexes that bind to VDREs

identified in the rat CYP24 Promoter
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Chapter 5: Investigation of protein complexes that bind to VDREs identified in the rat
CYP24 Promoter

5.1 Introduction

Mutational analysis has idenúfied two DR-3 type elements (VDRE-I and VDRE-2) at

positions (-1361-150) and (-2441-258) in the

rù1"

CYP24 promoter that are responsive to

1,25(OH)2D¡ (refer 4.2.2). Another VDRE, VDRE-3 of the DR-6 type did not contribute to

the 1,25(OH)zD¡ response in the native promoter context. Results obtained in chapter three
clearly demonstrated that VDRE-1 can bind a complex from COS-1 cell nuclear protein
extracts enriched for VDR. In this chapter, the composition of this complex has been further
analysed and

in addition the affinities of VDRE-2 and VDRE-3 to bind nuclear protein

complexes has been investigated. Electro-mobility shift assays (EMSAs) experiments were
performed in conjunction with Dr P. Dwivedi. Double stranded oligomers encompassing each

of the three

putative VDREs were synthesised (Figure 5.1). The VDRE from mouse

osteopontin (mSpp-l) was used as a control and it has been shown to strongly bind a complex
of VDR and RXR (Noda et at. (1990). To elucidate the nature of the complexes which bind to
three VDREs in the rat CYP24 promoter, COS-1 and ROS 1712.8 cell nuclear protein extracts

and VDR

or RXR specific

monoclonal anti-bodies were utilised

in

super-shift and

neutralisation assays. Furthermore, the question of whether the mutations introduced into the

VDREs (and which inhibit transcriptional activation) in chapter 4 also prevent the binding of
nuclear receptor complexes to the VDREs has been examined. The previous transient data
demonstrated that the contribution of VDRE-1 to the 1,25(OH)2D3 response is much greater
than thar of VDRE-2, 6-fo1d compared to 3-fo1d (refer 4.2.2). Therefore the relative affinity of
these VDREs

for the VDR:RXR complex has been investigated by the use of competition

Figure 5.1 Oligomers Used in EMSA analysis
half-sites
Diagrammatic representation of VDRE sequences used in EMSA reactions. VDRE
are underlined.

3'

VDRE-1

5,

-TCGAGCGGCGCCCTCACTCACCTCGCG_

VDRE-2

5'

_TCGACCAGCGCACCCGCTGAACCCTGC-3'

VDRE-3

5,

-TCGACGCTGAACCCTGGGCTCGACCCGC - 3'
3, -GCGACTTGGGACCCGAGCTGGGCGAGCT-

mSppl

s'

3t

3r

_ GGTCGCGTGGGCGACTTGGGACGAGC T _5'

+

3,

5t

-

GC

5'

GAGGTTCACTCGACTCGC - 3'
GAGCCCATCCCAAGTGCTCC AA,GTGAGCTGAGCGAGC T -

5'

79

the
between VDRB-I and VDRE-2 attd against
binding analysis using both cross competition

mspp-l VDRE as Probe'

5.2 Results

5.2.

exes
1 Char acteris ation of protein'VDRE compl

ToexaminewhetherproteinsbindtotheidentifiedVDREsequencos'EMSAreactions
encompassing each of the VDRE sequences
were performed with double stranded oligomers
aS Seen

in figure 5.1.

a four nucleoúde 5,These double stranded oligomers containing

with Klenow fragment and [cx-32P]dCTP
overhang were radioactively labelled by end-filling
isolated from COS -1 kidney cells (refer 2'4'1)
and incubated with nuclear protein extracts
transfected. Transfections were performed
either transfected with pRSV-hVDR or mock

After overnight culturing' cells were treated
essentially as previously described (refer 3.3.2).
with

10-7

harvesting
M 1,25(oH)2D3 or ethanol as a controrfor 24 h prior to

and isolation of

(5pg) were incubated with the radioactive
nuclear protein extracts. The nuclear extracts
oligomers(probes)withtheresultingretardedcomplexesresolvedon'4Zonon-denaturing
polyacrylamide gels.

mspp-l VDRE (Figure 5'2) is unique
The rnajor retafded complex observed with the

vDR expression vector (pRSV-hvDR)'
to the nuclear protein extfacts transfected with the
as seen earlier in figure 3.6. A complex of
indicating the presence of vDR in this complex
VDRE-1 and VDRE-2 probes when incubated
similar mobility is also observed for both the
with

coS-l

vDR

that these complexes contain
cell nuclear extracts enriched for vDR, suggesting

and most likely RXR as the

mspp-l VDRE has been previously shown ro bind the

bound by vDRE-2 is of similar
vDR:RXR complex (Noda et al., 1990). The complex

80

previously (refer 3.2.5)
intensity to that observed with the mspp-l VDRE, while as observed

the
VDRE-I binds a cornplex of lower intensity. Comparing the intensities of

observed

binds this
protein-DNA complexes for the two VDREs therefore indicates that VDRE-2

in contrast to the transient
complex with greater affinity than VDRE-I. This observation is
a very faint band is
data, where VDRE-1 exhibited greater transactivation response. Only
72 h when incubated with
observed for the VDRE-3 probe upon prolonged film exposure for
COS-1 cell nuclear extracts enriched for VDR (Figure 5'2)'

To determine whether the rrajor protein complexes observed with the COS-I cell
nuclear protein extracts enriched
endogenous

for VDR are also observed with cell lines expressing

VDR, EMSA reactions were performed with radioactively labelled

double

ROS 1712.8 ceIIs
stranded oligomers and incubated with nuclear protein extracts isolated from

(refer 2.4.L) either treated with 10-7 M 1,25(OH)2D3 or an ethanol control. The resulting
gel (Figure 5.3)'
retarded complexes were resolved on a 4Vo non-denaturing polyacrylamide

A

enriched
control reaction utilising the rnspp-1 VDRE with COS-1 cell nuclear protein extracts

for VDR was mn as a reference. As shown in figure 5.3, a retarded complex was not observed

for any of the probes, mspp-1 VDRE, VDRE-1 or VDRE-2 when incubated with ROS

1712.8

nuclearprotein extracts treated with ethanol control (Figure 5.3 lanes 2,3 and 4). However,
complex

of

similar mobility

to that

observed

a

in the COS-I nuclear extract control was

extracts
observed with vDRE-1 and VDRE-2 probes when incubated with nuclear protein

isolated from

Ros 17l2.8cel1s

rreated

with 10r M 1,25(OH)2D3 (Figure 5.3lancs 5,6,7).

Self-competition experiments were canied out

to examine the specificity of the

protein:DNA complexes observed with the VDRE oligomers (refer 5.2.1). EMSA assays were
performed with VDR enriched COS-1 cell nuclear protein extracts incubated with either
radiolabelled VDRE-1 or VDRE-2but prior to addition of probe the nuclear extracts were
incubated

with 5, 10 or 20 fold molar excess of unlabelled

self. With self-competition, binding

of the major protein complex ro VDRE-I and VDRE-2 was totally abolished with a 5-fold

Figure 5.3 Gel shift analysis using oligomers

to VDRE-I, VDRE-2 in ROS

1712.8

A), Double-stranded oligomers to VDRE-1, VDRE-2 and mSppl-VDRE were labelled by
end-filling with [cr-32P]dCTP and incubated with nuclear extracts of ROS ll12.8 cells either
treared with 10-7

M 1,25(OH)2Dr (+) or ethanol control (-) for 24 h. Lane

1: mSppl-VDRE

incubated with COS-1 cell nuclear extract transfected with 5 pg of pRSV-hVDR. Lanes 2,3,4:

mSppl-VDRE, VDRE-1 and VDRE-2 oligomers incubated with ROS 1712.8 nuclear extract
treated with ethanol control. Lanes 5,6,7: mSppl-VDRE, VDRE-1 and VDRE-2 oligomers
incubated with ROS 1712.8 nuclear extract treated with 10-7

M 1,25(OH)2D:.

1

234

561

1,25(OH)2D3

I

mSPP-1+(COS-1

Nuclear Extract)
2 mSPP-1

VDRE-I
4 VDRE-2

3

5 mSPP-1

VDRE-I
7 VDRE.2

6

Major
Retarded

+

Complex
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(Figure
confirming the specificity of protein binding
excess of the corresponding oligomer,
s.4).

with monoclonal anti-bodies
5.2.2 Characterisation of protein-vDRE complexes
observed for both VDRE-1
As seen in figure 5.2 the major retarded complexes

and

from cos-1 cells enriched for vDR or frorn
VDRE-2 are only observed with nuclear extracts

Ros 17l2.g

cells pre-treated with 10-?

retarded complex observed

M

the
1,25(oH)2D3. They have a similar mobility to

for the rnSppl VDRE, which

suggests that these complexes

with RXR' To elucidate the exact nature of
contain vDR possibly as a heterodimeric complex
as described previo'sly with nuclear protein
this complex, EMSA reactions were performed

pRSV-hVDR. However, prior to the addiúon of the
extracts frorn COS-I cells transfected with
the n'clear protein extracts were incgbated with
lcr-rrp]dctp labelled VDRE oligorners,

either

IgG2b) directed towards the DNA binding
a neutralising monoclonal antibody (designated
domain of

öf
vDR, which prevents DNA binding and results in a ne'tralisation

observed

antibody (4RX1D12) directed against the D
retarded complex of a supershifting monoclonal
and E domains

of protein
of all RXR subtypes which and resurts in a supershifting

complexes

containing RXR (Rochette-Egly et aI' 1994)'

Pre-incubaúonwiththelgG2banti-VDRmonoclonalantibodycompletelyprevented
for msppthe fonnation of the maior retarded complex
and therefbre confirmed the presence

1

,

VDRE- 1 and vDRE-2 (Figure

5

'

5A)

of vDR in the observed complex for vDRE-1 and

VDRE-2.Inaddition,pre-incubationwiththesuper-shifting4RXlDl2anti-RXRantibody
retarded complex' observed for VDRE-1'
clearly resulted in the supershifting of the maior

VDRE-2andosteopontinVDRE(Figure5'58)demonstratingthepresenceofRXRinthe
conclusively show that the major retarded
observed comprexes. These results taken together

complexobservedwithbothVDRE-IandVDRE-2containsbothVDRandRXR.

A

VDR mAb
msnn-l VDRE-2 VDRE-I

-

a

o

+

ì

Neutralised
Complex

>

ul'

I

Supershifted
Complex
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Interestingly, similar results were obtained with the faint complex observed for VDRE-3

(Figure 5.6). The faint complex was successfully neutralised or supershifted by the anti-VDR

or anti-RXR antibodies respectively. This data illustrates that the VDR:RXR
complex is also able to bind

heterodimer

to a DR-6 type element though very weakly. This result is in

contrast to those presented by Kahlen and Carlberg (1994) who observed that the VDRE-3
sequence bound

5.2.3 Mutated

VDR homodimers, using in vitro translated VDR.

VDRE-I and 2 inhibits binding of VDR:RXR

To confirm that the mutations introduced into the VDREs which successfully inhibited
their transactivation properties (section 3.2.2) would disrupt the ability of these VDREs to
bind the VDR:RXR complex (refer 5.2.2), EMSA reactions were performed with the mutated

double-stranded oligomers encompassing

VDRE-I and VDRE-2. The double

stranded

oligomers were radioactively labelled as described previously (5.2.1) and were incubated with
nuclear protein extrâcts isolated from COS -1 cells (ref'er 2.4.1) transfected with pRSV-hVDR.

The mutant VDRE oligomers were compared with the wild type VDRE sequences. It is clear

that the rnutations introduced into the VDREs successfully prevent the binding of

the

VDR:RXR complex observed with the wild type VDRE sequences (Figure 5.74 and B).
Mutation of the VDRE-1 sequence results in increased binding of a complex of lower mobility
than the VDR:RXR complex (see Figure 5.74). Neutralisation and supershift assays with VDR
and RXR monoclonal antibodies (refer 5.2.2), demonstrate that this complex is not composed

of a VDR:RXR heterodimer and its identity remains unknown (Figure

5.7

was observed with the mutated VDRE-2 seqllence (Figure 5,7B).

S.Z.4Determination of VDR:RXR affinity for VDRE-I and VDRE-2

A). No such complex

Figure 5.6 EMSA Analysis of VDRE'3 Oligomer'

A). A double-srranded oligomer ro vDRE-3 was labelled by end-filling with [ü-32P]dcTP,
(-) or transfected with
incubated with nuclear extracts of COS-I cells either mock transfected
4vo non-denaturing
5 ¡rg of pRSV-hVDR (+).The resulting complexes were resolved on
polyacrylamide gels. The faintly retarded complex is arrowed.

B). nuclear protein extracts from COS-I cells transfected with 5 pg of pRSV-hVDR were
(VDR mAb) or the
incubated wirh (+) either the IgG2b anti-VDR monoclonal antibody
4RX1D12 anri-RXR monoclonal antibody (RXR mAb) prior

to

addition

VDRE-3 probe. The neutralised and supershifted complexes are arrowed'

of the

labelled

VDR
mAb
pRSV-hVDR

+

++

RXR
mAb

:r

Super-shifted
Complex

+

Retarded
Complex

VDRE sequences on vDR:RXR binding
Figure 5.7 Effect of Mutations introduced into
ability.

mutated VDRE-I
A). Double-stranded oligomers to wild type VDRE-I and

sequence were

with nuclear protein extracts from
rabeled by end_filling with [cr-3rp]dcrp, incubated

cos-l

were incubated with (+) or without (leither
cells transfected with 5 pg of pRsv-hvDR. And

the ÍgG2b anti-vDR

monoclonal antibody (vDR mAb)

of the 4RX1D12

anti-RXR

of the labeiled probe. The upper arrow (x)
monocronar antibody (RXR mAb) prior to addition
indicates the supershifted complex'

B). Double-stranded oligomers to wild type vDRE-2

and mutated

VDRE-2 sequence were

with nuclear extracts of
labelled by end-filling with lcx-3',p]dcTp and incubated
either mock rransfected

(-) or

transfected

with

5

cos-l

cells

pg of pRSV-hVDR (+)' The resulting

gels'
complexes were resolved on 4Vo non-denaturing polyacrylamide
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in the EMSA reactions
From the intensities of the protein:DNA complexes observed
(Figure 5.2),

it

appears that

the
VDRE-2 has a greater binding affinity than VDRE-1 while

or VDRE-2' To investigate
msppl-vDRE has a higher binding afTinity than either VDRE-1
competition studies were
the binding affinities of vDRE-1 and vDR-2 in more detail,
underraken between radiolabelled

msppl VDRE and excess unlabelled VDRE-1

and

vDRE-2.

as probe were performed
competitive EMSA reacúons using the radiolabelled msppl-vDRE

unlabelled vDRE-1 or VDRE-2 wete
essentially as previously described (5.2.1), except that
added ar 10, 25,50,100 and 200

fold rnolar

excess compared

with the labelled mspp-1 VDRE

bound by the mSpp-l
probe (Figure 5.8). The results showed that the VDR:RXR complex

vDRE-2 competitor
VDRE was efficiently compoted for by a 1O-fold excess of unlabelled
required for significant competition'
while a 50 to 100-fold excess of unlabelled VDRE-1, was
These results confìrmed that the complex containing

affinity for VDRE-2thanVDRE-l at least

vDR

as determined

and RXR has a stronger binding

in EMSA assays'

radiolabelled
Further cfoss competition experiments were also carried out using

VDRE-1 or VDRE-2

as probes and each

of these oligonucleotides as competitors (Figure 5.9)'

prevented protein
With VDRE-1 as probe, a lO-fold molar excess of VDRE-2 effectively

molar excess of vDRE-1 was
complex formation while in the reverse experiment, a S0-fold
required

to inhibit the formation of the vDRE-2

complex' These experiments further

VDR:RXR complex compared to
demonstrated the greater binding affimty of VDRE-2 for the
VDRE-1

5.3 Discussion

the VDREs
BMSA analysis was used to investigate the protein complexes bound by
identified in the ratcypz4promoter region. utilising vDR enriched

cos-1

and 1,25(oH)zD,

Figure 5.8 EMSA Competition analysis of rat CYP24 VDREs and mSppl VDRE.

A double-stranded oligomer to mSppl-VDRE was labelled by end-filling with [a-32P]dCTP,
incubated

with nuclear protein extracts from COS-I cells

transfected

with

5

pg of

pRSV-hVDR and competed with unlabelled VDRE-I or VDRE-2 at 10,25,50, 100 or 200

fold molar

excess.

The resulting complexes were resolved on 4Vo non-denaturing

polyacrylamide gels. The major protein complex containing VDR/RXR is arrowed.

Figure 5.9 EMSA Cross competition analysis between vDREs
Double-stranded origomers

I

anù2'

for vDRE-1 and vDRE-2 were labelled by end-filling with

transfected with 5 pg of
[a-3rp]dcTp, and incubated with COS-1 nuclear extracts

VDRE-2 oligomer
pRSV-hVDR. The oligomers were cross competed with cold VDRE-I or

at 10, 50 and 100 fold molar

excess The resulting complexes were resolved on 4Vo non-

denaturing polyacrylamide gels. The VDR/RXR complex is arrowed

VDRE-2

VDRE.l

10x 50x 100x

VDRE.1
VDRE.2

10x 50x 100x

Major Retarded

Complex+

a
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for the DR-3 type
treated ROS 17i2.8 nuclear extracts, a major retarded band was identified
the
vDREs, VDRE-1 and vDRE-2 which exhibited similar mobility to that obtained with

mspp-l VDRE. Furthermore, neutralisation and supershift assays were performed
monoclonal antibodies directed against either VDR or RXR and

VDRE-I

and

with

it was confirmed that both

VDRE-2 bind a complex which contains vDR and RXR

as

its components, A

nuclear
complex of similar mobility was observed for VDRE-I and VDRE-2 incubated with

protein extracts from ROS 1712.8 cells treated with 1,25(OH)2D:. Interestingly, no complex
was observed with ROS 17.2.8 cell nuclear protein extracts treated with ethanol control
suggesting that VDR is upregulated in this cell line and in keeping with this 1,25(OH)2D3

treatment has been previously observed

to stimulate VDR

expression

in ROS l1l2'8

cells

(Sriussadpom et a\.1995 and van Leeuwen et aI. 1996)'

From the transient transfection studies, VDRE-3 is unresponsive to 1,25(OH)2D3 (refer
4.2.2). The VDRE-3 sequence was examined by EMSA analysis to determine if

it could bind

any protein complex as Kahlen and Carlberg (1994) observed that VDRE-3 strongly bound

VDR homodimers and heterodimers of VDR with RAR, T:R and RXR. Results presented in
this chapter show that the VDRE-3 sequence does bind a very weak complex composed of

VDR and RXR. However the physiological significance of this binding is unclear
VDRE does not respond

to

1,25(OH)2D3 treatment

because this

in the corresponding cell types (refer

4.2.2). This highlights the advantages of examining the functionality of VDRE sequences in
their native promoter environment. The effect of the mutations introduced into the individual

VDRE sequences for use in transient transfection
analysis and the mutations were shown

to

ass¿tys (chapter

4) was examined by EMSA

successfully inhibit binding

of the VDR:RXR

complex to VDRE-1 and VDRE-2 thus explaining their inability to respond to 1,25(OH)2D3'

Of major interest from the transient transfection data was the higher transcriptional
contriburion of VDRE-1; 6.6-fo1d compared with the 3-fo1d of VDRE-2. Competition EMSA
analysis, between the VDREs and against the mSPP-1 VDRE revealed an approximately 5-fold
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This finding is
higher affinity of VDRE-2 for rhe VDR:RXR complex compared with VDRE-I'

of the
of considerable interest as it is the revorse of the observed transcriptional contributions

vDREs.

It

could be postulated that other nearby transcription factors may influence the

transactivation ability

of

VDRE-1

in the native promoter,

making

its

transcriptional

contribution greater than VDRE-2.Litt and Freedman (1994) have demonstrated substantial
transcriptional synergism between VDR and various classes

of non-receptor transcription

factors when the DNA binding sites for these proteins are positioned closely in a reporter
its
plasmid. Such a situation may explain the greater transactivation of VDRE-1 in which

atrinity

for vDR/RXR (cornpared with VDRE-2) is

enhanced through

a

cooperative

interaction with a nearby, and as yet unidentified, promoter-bound transcription factor(s). One
possibility is the Ets binding site immediately 3' to the VDRE-1 sequence and this is currently
under investigation. It is also possible that the low 1,25(OH)2D¡ transactivation contributed by

VDRE-2 arises from the greater distance of this VDRE from the transcriptional machinery.
This seems unlikely, however, since deleting the promoter region between the two VDREs
does not alter transactivation by 1,25(OH)zDz (Zierold et

al. 1995). Interestingly, Chen

and

Deluca (1995) observed that rhe 33 bp immediately upstream of VDRE-1 in the human CYP24

promoter is important for 1,25(OH)zD¡ responsiveness as removal of this sequence results in a
3-fo1d decrease

in

1,25(OH)2D3 induction. However, the corresponding region

in the rat

CypZ4 promoter shares little nucleotide homology, so the significance of this region in the
human gene remains to be determined'

In summary, the data presented in this chapter has determined that the two DR-3 type
VDREs bind a complex containing VDR and RXR.

In

contrast

to their transcriptional

contributions, VDRE-2 displays a S-fold greater binding affinity for the VDR:RXR complex
compared with VDRE-I. Furthermore, the DR-6 type VDRE element can also bind the

VDR:RXR complex, though very weakly. The significance of this binding is not clear
VDRE-3 sequence is not responsive to 1,25(OH)zD¡ treatment in the cell lines examined.

as the

Chapter 6:
Analysis of the rat CYP24Promoter at near Physiological
Concentrations of Vitamin D3
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Chapter 6: Analysis of the rat CYP24 Promoter at near Physiotogical Concentrations of
Vitamin D¡

6.L Introduction

Data presented in preceding chapters have established that the dramatic response of the

rat CyP24 prornoter (17.8-fold induction) upon treatment with 107

M

1,25(OH)zD:

is

rnediated through two VDREs in the proximal promoter region through which there is a
synergistic effect. The concentration

of

1,25(OH)2D3 employed

in this study and in other

studies reported in the literature (10-? M) far exceeds that present in cells (15x10-1r
x10-11

M to

5

M) (Nordin and Morris ,1992).
To examine how the ràtCYP24 promoter and its constituent VDREs respond at rnore

physiologically relevant concentrations of 1,25(OH)2D¡, the CYP24 promoter was tested over
a range
and

of 1,25(OH)2D3 concentrations.

'Whether

the synergistic relationship between VDRE-1

VDRE-2 existed at such concentrations of 1,25(OH)2D¡ was of particular interest. In other

experiments, the possible inpact of cellular VDR concentration on the synergistic interaction
between VDRE-1 and VDRE-2 was evaluated in COS-1 cells co-transfected with a range of

VDR arnounts. At these concentrations of 1,25(OH)2D: and VDR the responsiveness of the rat
CYP24pfomoter was compared in the cell lines COS-I,ÏlC-12 and ROS 1112.8.

6.2 Results
6.2.1.

Expression of wild type and mutant promoter constructs in COS-I cells
To exarnine both the functionality of the raf CYP24 promoter and the responsiveness

of the identified VDRE sequences, the wild type and mutant VDRE promoter constructs were
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pRSV-hVDR.
investigated by transient transfection analysis in COS-1 cells co-transfected with
(3'2.2).
The transient transfection assays were performed essentially as described previously

However, after overnight recovery, the cells were treated with a range
concentrations from 10-?

M to

10-12

M in decreasing lO-fold

promoter constrLlct (pGL3-wT) exhibited

a

substantial level

observed earlier (refer 4.2.2.) in response to 10-7

induction were also observed at 10-8, 10-e and

of

1'25(OH)zD:

incrernents. The wild type

of induction

(17.8-fold)

as

M 1,25(oH)2D3 (Figure 6.1). Similar levels of

10-10

M 1,25(oH)2D: with 77.3, 17.7 and 19.6-

fold induction observed respectively. Induction of the wild type promoter construct however
was significantly reduced when exposed to 10-11 M 1,25(oH)zD¡ with only an 8.3-fold level of

induction.

A further substantial decrease in induction

hormonal challenge tested,

10-12

M

was observed at the lowest level of

1,25(OH)2D¡ with only a 3.7-fold level of induction being

observed.

In transient transfection

assays responsiveness

of the individual VDRE

sequencos was

next evaluated at these lower 1,25(OH)2D3 concentrations utilising the mutant VDRE
constructs (see chapter 4)

in COS-I cells co-transfected with pRSV-hVDR (refer 4.2.I)

(Figure 6.2). The contribution
construct pGL3-mVDREl

of VDRE-2 was determined through examination of

in which VDRE-1 is inactivated, (refer 4.2.1). As

the

previously

observed rhis construct displays a 2.8-fold level of induction at 10-7 M 1,25(OH)2D3 (Figure

6.2). The responsiveness of VDRE-} lo 1,25(OH)zD¡ remained essentially unaltered with 2.4,

2.2

and

2.8-fold levels of induction being observed for 10-8, 10-e and

respectively. However,

at lower 1,25(OH)2D3

10-10

M

1,25(OH)2D3

concontrations VDRE-2 induction was

significantly reduced with 1.5-fold and l.2-fold levels of induction being observed at
1,25(OH)2D¡ and 10-12

M

1,25(OH)2D3 rospectively. The responsiveness

sequence was examined through the use of the

10-11

M

of the VDRE-1

pGL3-mVDRE2 construct in which VDRE-2

is

mutated (refer 4.2.1). As previously observed this construct displayed a 6.6-fold level of

induction at 10-7

M

1,25(OH)2D3 (Figure 6.2). The responsiveness

of VDRE-I

to

Figure 6.1 Effect of a range of 1,25(oH)zD¡ concentrations

on

expression of wild type

CYP24 promoter in COS'1 cells.

of a construct containing the wild-type -298 promoter region of the CYP24
gene in COS-I cells. Transfections were performed with 1 pmol of the promoterluciferase
were also
constructs in the pfesence of 500 þLglml of salmon spefm carrier COS-I cells

Transient expression

co-transfected with
range

I ¡rg of pRSV-hVDR. After overnight recovery the cells were exposed

of 1,25(OH)Ð3

concentrations

from

10-7

M to

10-12

to

a

M 1,25(OH)Ð¡ in lO-fold increments

or ethanol control. The data presented in both in both graphical and table form is the ratio of
Data
luciferase activity from 1,25(OH)Ð¡ treated cells versus untreated cells -+ the standard error.
are an average of three separate experiments performed in triplicate.
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Figure 6.2 Effect of a range of 1,25(OH)2D3 concentrations

on

expression of mutant

CYP24 promoter constructs in COS'1 cells.
Transient expression

of

constructs containing the mutated VDREs of the CYP24 gene in COS-I

cells. Transfections were performed with 1 pmol
presence of 500 trg/ml

of the promoter-luciferase

constructs in the

of salmon sperm carrier COS-I cells were also co-transfected with

1 ¡rg

of pRSV-hVDR. After overnight recovery the cells were exposed to a range of 1,25(OH)Ð3
concentrations

from

10-7

M to

1012

M

1,25(OH)zDs

in lO-fold increments or ethanol control. The

data presented in both in both graphical and table form is the ratio of luciferase activity from
1,25(OH)2D¡ treated cells versus untreated cells -+ the standard error. Data are an average of three
separate experiments performed in trþlicate.
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1,25(OH)2D3 remained steady with 5.5, 5.8 and 5.5-fold induction being observed

and

10-10

M

10-8, 10-e

1,25(OH)2D3 respectively. However, at lower 1,25(OH)2D3 concentrations, the

responsiveness
10-11

for
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of VDRE-I was reduced with a 3.3-fold level of induction being observed at

M 1,25(OH)2D¡ which was maintained (3.6-fold) at 10-12 M

1,25(OH)2D3.

It can be seen from this data that the 2-fold level of synergism observed earlier between

VDRE-I and VDRE-2 at

70-1

M

1,25(OH)rD, is maintained over

1,25(OH)2D: concenrrations (from 107

M to

10-10

a

1000-fold range of

M), Additionally, there is a significærtly

greater transcriptional contribution from VDRE-1. Interestingly, at the lowest concentration of

1,25(OH)2D¡ tested 10-12

M, VDRE-1

appears

to be responsible for the overall

observed

induction while VDRE-2 does not respond significantly to 1,25(OH)2D¡ at this concentration.

6.2,2Mampulation of VDR Levels in COS-I cells

To

investigate whether

the results seen above with different

1,25(OH)2D3

concentrations could be mimicked by reducing the amount of liganded VDR:RXR complex,

VDR levels in COS-1 cells were manipulated by co-transfection with a range of concentrations

of the pRSV-hVDR expression vector at 0, 100, 500 ng or 1 pg (Figure 6.3). Transient
transfections were performed with these concentrations of VDR expression vector and the wild
type promoter construct. As can be seen in figure 6.3, utilising either 500 ng or 1 pg of pRSV-

hVDR yields similar results to those previously described, with the wild type promoter
construct exhibiting a 76.4 and 17.0 fold level of induction in response to 10-7 M 1,25(OH)2D3
respectively. However, co-transfection

of

100 ng of pRSV-hVDR resulted

in a substantial

reduction in the level of induction (8.0-fold). When endogenous VDR levels were examined in
COS-1 cells only a 5.6-fo1d level of induction was observed for the wild type promoter at

M 1,25(OH)zD¡. The mutant VDRE promoter constructs were also examined utilising

10-7

100 ng

of co-transfected pRSV-hVDR and displayed similar induction levels to those observed with

Figure 6.3 Manipulation of VDR levels in COS'L cells
Transient expression of a construct containing the wild-type -298 promoter region of the CYP24
gene

in COS-1 cells.

constructs

Transfections were performed

in the presence of 500 púnl of

with 1 pmol of the

promoter-luciferase

salmon sperm carrier COS-1 cells were also

co-transfected with either 0, 100 ng, 500 ng or 1 ¡rg of pRSV-hVDR. After overnight recovery
the cells were exposed to 10-7 M or ethanol control. The data presented in both in both graphical
and table form is the ratio of luciferase activity

from 1,25(OH)2D3 treated cells versus untreated

cells -+ the standard error. Data are an average of three separate experiments performed in
triplicate. (ND:- not determined).
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10-tt M 1,25(OH)2D¡ with the pGL3-mVDREl and pGL3-mVDRE2 constructs exhibiting

1.6

and 3.9-fold induction respectively since the wild type promoter 8.0-fold. This data shows, that

the synergistic relationship observed between the VDRE sequences is maintained at the lower
level of VDR with VDRE-1 maintaining its greùter transcriptional contribution.

6.2.3 The Effect of 1,25(OH)zD¡ on promoter expression in ROS'17/2.8 Cells

As discussed previously (refer 4.2.3), the functionality of the wild type and mutant
promoter constructs was evaluated in ROS ll12.8 cells with the transient transfection assays
being supported by endogenous VDR. The expression of the wild type rat CYP24 promoter
construct (pGL3-WT) was induced 22.5-fold by 10-7

M 1,25(OH)zD¡ in these assays

(Figure

6.4). The wild type and mutant promoter constructs were examined by transient transfection
analysis

with a range of 1,25(OH)2D3 concentrations

as described above (6.2.1).

As observed

in COS-1 cells, the maximum level of induction in response to 1,25(OH)¡D3 (22.5-fo1d)

is

maintained at lower 1,25(OH)2D3 concentrations with a 19.4-fold level of induction observed

at

10-10

M 1,25(OH)zD¡ (Figure 6.4). However, induction was substantially

at 10-11 M 1,25(OH)zD¡ while at

10-12

reduced to 3.7-fo1d

M the responsiveness of the wild type promoter

was

almost abolished (1.3-fold).

The contribution to the 1,25(OH)zD, mediated induction in ROS 1712.8 cells of the
two VDREs (VDRE-I and VDRE-2) was also determined. As for in COS-1 cells, the mutant

VDRE promoter constructs pGL3-mVDREl and pGL3-mVDRE2 were tested with
1,25(OH)2D3 concentrations from 10-7

to

10-1r

M (Figure 6.5). Examination of the VDRE-2

mutant construct (pGL3-mVDRE2) demonstrated that VDRE-1 contributed 7.8 fold at 10t M
1,25(OH)2D3 as observed previously (refer 4.2.3). The responsiveness
maintained at 10-8, 10-e and

10-10

of VDRE-I

M 1,25(OH)2D: with 6.0, 6.3 and 6.6-fold induction

respectively. Induction through

VDRE-I was rnarkedly reduced however af

was

observed
10-11

M

Figure 6.4 Effect of a range of 1,25(OH)zD¡ concentrations

on

expression of wild type

CYP24 promoter ROS 1712.8 cells.
Transient expression of a construct containing the wild-type -298 promoter region of the CYP24
gene in ROS 1712.8 cells. Transfections were performed

with 1 pmol of the promoter-luciferase

constructs in the presence of 500 þglml of salmon sperm carrier. After overnight recovery the cells
were exposed to a range

of 1,25(OH)2D3 concentrations from

10-7

M to

10-12

M 1,25(OH)Ðs in

lQ-fold increments or ethanol control. The data presented in both in both graphical and table form is
the ratio of luciferase activity from 1,25(OH)Ð, treated cells versus untreated cells -+ the standard

enor. Data are an average of three separate experiments performed in triplicate.
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Figure 6.5 Effect of a range of 1,25(OH)2D3 concentrations

on

expression of mutant

CYP24 promoter constructs ROS 1712.8 cells.
Transient expression

of

constructs containing the mutated VDREs of the CYP24 gene in ROS

I712.8 cells. Transfections were performed with 1 pmol of the promoter-luciferase constructs in the
presence of 500 ÞLgrr;rl of salmon sporm carrier. After overnight recovery the cells were exposed to
a range

of 1,25(OH)2D3 concentrations from

10-7

M to

10-12

M 1,25(OH)Ð: in

1O-fold increments

or ethanol control. The data presented in both in both graphical and table form is the ratio of
luciferase activity from 1,25(OH)rD¡ treated cells versus untreated cells -+ the standard error. Data
are an average of three separate experiments performed in triplicate.
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1,25(OH)2D3 and only a Z.2-foLd level of induction was observed. In the rnutant VDRE

construct pGL3-mVDREl, the contribution

of

VDRE-2 was examined.

At 10t

M

1,25(OH)2D:, VDRE-2 exhibited a 2.0 fold level of induction which was maintained at lower
1,25(OH)2D3 concentrations with
10-10

and

10-11

M

l.g, I.J,2.7

1,25(OH)2D3 respoctively.

essentially unresponsive

to

were not examined below

10-12

10-11

M

and 1.7-fo1d induction observed

at 10-8, 10-e,

As the wild type promoter constrLlct

was

1,25(OH)zD¡ (Figure 6.4) the mutant VDRE constructs

M 1,25(OH)zD:.

As shown in COS-1 cells (refer 6.2.I) and now demonstrated in ROS 1112.8 cells

a

2-loId synergistic relationship is observed between VDRE-I and VDRE-2 over a broad range

of 1,25(OH)zD: concentrations with the greater transcriptional contribution from VDRE-1.
However, in ROS 1712.8 cells treated with

10-11

M

1,25(OH)2D¡, while both VDREs are

functional (VDRE-1 contributing 2.2-fold and VDRE-2 1.7 fold)

it

appears that the

contribution of the VDREs to the overall induction level of 3.7-fold is additive rather than
synergistic.

6.2,4ThLe

Effect of 1,25(OH)2D3 on CYP24 promoter expression in JTC-12 Cells

As the proximal tubular cells are the principle site of 1,25(OH)2Da synthesis in kidney it

was of interest

to

investigate expression

of the wild type and mutant VDRE

promoter

constructs in JTC-12 cells (Masumoto et al., 1986). As described for COS-1 and ROS 1712.8
cells, the wild type promoter construct was examined by transient transfection analysis over a
range of 1,25(OH)2D3 concentrations (10-7

to

10-12

M¡ in

construct (pGL3-WT) responded rnaximally (14.3-fold)

these cells. The

to

wild type promoter

1,25(OH)2D3 at 10-7 M. However

8
only a weak response was observed at lower 1,25(OH)2D3 concentrations (1.6-fold) at 10 M

1,25(OH)zD:, and

no significant

1,25(OH)2D3 lower than 10-8

promoter activity was detected

af

concentrations of

M (Figure 6.6). As mentioned previously the mutant

promotor

Figure 6.6 Effect of a range of 1,25(OH)2D3 concentrations

on expression of wild type

CYP24 promoter JTC-12 cells.
Transient expression of a construct containing the wild-type -298 promoter region of the CYP24
gene

in ITC-I2

cells. Transfections were performed with

I

pmol of the promoterJuciferase

constructs in the presence of 500 trglml of salmon sperm carrier. After overnight recovery the cells

were exposed to a range of 1,25(OH)2D3 concentrations from 10-7 M to

10-12

M 1,25(OH)Ð: in

lQ-fold increments or ethanol control. The data presented in both in both graphical and table formis
the ratio of luciferase activity from 1,25(OH)Ð¡ treated cells versus untreated cells -+ the standard

error. Data are an average of three separate experiments performed in trþlicate.
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constructs pGL3-mVDREl and pGL3-mVDRE2 were also examined in JTC-12 cells at

10-7

M

1,25(OH)2D¡ wirh VDRE-1 contributing 5.6-fold and VDRE-2 2.2-foId thus demonstrating a
synergistic relationship at this concentration of 1,25(OH)2D3. However, the wild type promoter

did not respond

to

1,25(OH)2D3 concentrations below 10-7 M therefore the mutant promoter

constructs were not examined at these 1,25(OH)2D3 concentrations.

6.2,5 Over expression of VDR and RXR in JTC'12 Cells

The transient transfection results in JTC-I2 cells described above indicated that CYP24

promoter is only weakly responsive
determine

if

to

1,25(OH)zD: at concentrations below 10-7 M. To

this phenomenon is linked to a relatively low level of endogenous VDR

expression, the wild type promoter CYP24 construct was examined

in JTC-12 cell co-

transfected with the pRSV-hVDR expression vector (Figure 6.7). Interestingly, while cotransfection of 1 pg of VDR increased induction levels at 10-7, 10{ and 10-e M for the wild
type promoter, induction levels of (6.6 and 2.1-fold) were still markedly reduced, at the lower

(10e and

10-10

M¡

1,25(OH)2D3 concentrations compared

with the wild type promoter

construct in COS-1 cells (Figure 6.7). Furthermore, substantial over-expression of VDR by cotransfection of 10 pg of pRSV-hVDR produced similar induction levels to those observed with

I pg of VDR. These results were not altered by co-transfection of both pRSV-hVDR and the
pRSV-RXRo expression construct containing the RXRu oDNA under the control of the Rous
Sarcoma Virus promoter (Figure 6.8).

The above results contrast with those observed in COS-1 cells not co-transfected with
the pRSV-hVDR expression vector. The level of induction of the wild-type promoter construct

in COS-1 cells not co-transfected with pRSV-hVDR was considerably reduced compared with
COS-1 cells co-transfected with pRSV-hVDR; with only 5.4-fo1d level of induction observed

Figure 6.7 F:ffect of a range of 1,25(OH)zD¡ concentrations on overexpression of VDR in

JTC-L2 cells
Transient expression of a construct containing the wild-type -298 promoter region of the CYP24
gene

in

nc-n

constructs

ceils. Transfections were performed with 1 pmol of the promoter-luciferase

in the presence of 500 Fg/ml of salmon sperm carrier JTC-1.2 cells were

also

co-transfected with either 0, 1 pg or 10 pg of pRSV-hVDR. After overnight recovery the cells
wero exposed to a range of 1,25(OH)Ð¡ concentrations from 1O7 M

to

1010

M 1,25(OH)Ð¡ in

COS-I cell transfections were performed with

1 pmol of the

promoter-luciferase constructs in the presence of 500 ll,grrtl of salmon sperm carrier.

COS-I cells

10-fo1d increments or ethanol control.

were also co-transfected with either 0 or 1 pg of pRSV-hVDR. After overnight recovery the
cells were exposed to a range of 1,25(OH)zD¡ concentrations

in

from

10-7

M to

10{o

M

1,25(OH)2D3

1O-fold increments or ethanol control.. The data presented in both in both graphical and table

form is the ratio of luciferase activity frorn 1,25(OH)zD: treated cells versus untreated cells -+ the
standard error. Data are an average of three separate experiments performed in trþlicate. (ND:- not

determined).
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Figure 6.8 Bffect of a range

of 1,25(OH)zDs concentrations on overexpression of VDR

and RXR in JTC-12 cells
Transient expression

gene

in IlC-12

constructs

of a construct containing the wild{ype -298 promoter region of the CYP24

cells. Transfections were performed with 1 pmol

in the presence of 500 pglml of

co-transfected

of the promoter-luciferase

salmon sperm carrier JTC-12 cells were also

with either 0, 1 ¡rg pRSV-hVDR alone or 1 ¡rg pRSV-hVDR and

pRSV-RXRg. After overnight recovery the cells were exposed to 1,25(OH)Ð, at either
10-8

M

10-7

1 pg

M or

1,25(OH)2D¡ or ethanol control. The data presented in both in both graphical and table form

is the ratio of luciferase activity from 1,25(OH)2D3 treated cells versus untreated cells -+ the
standard error. Data are an average of three separate experiments performed in triplicate.
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induction were observed. However, compared with JTC-L} cells, when COS-1 cells are cotransfected with

VDR (refer 4.2.2) and illustrated in figure 6.6 the wild type promoter

responds dramatically at 10-7 M 1,25(OH)zD¡

induction levels are observed at

10-8

with 18-fold induction observed while similar

and 10-e M.

6.2.6 EMSA Analysis of JTC-12 cell Nuclear Extracts

It

was next important to determine whether a protein complex bound to VDRE-1 atld

VDRE-2 using nuclear extracts from

nc-n

ce[s. EMSA reactions were performed with

extracts isolated from JTC-12 cells (refer 2.4.1) either treated with 10-7 M 1,25(OH)2D3 or an

ethanol control. The resulting retarded cornplexes were resolved on a 47o non-denaturing
polyacrylamide gel. (Figure 5.3). A control reaction utilising the mSpp-1 VDRE with COS-1
cell nuclear protein extracts enriched for VDR was run as a control to indicate the position of
the VDR:RXR complex (Figure 6.9 lane 1). No retarded complex was observed for the mSpp-

1 VDRE or VDRE-I and VDRE-2 with JTC-12 nuclear protein extracts from cells treated

2,3

with the ethanol control (Figure 6.9 lanes

and

4). Similarly, no complex was observed for

these probes incubated with nuclear protein extracts from JTC-12 cells treated with 10-7 M
1,25(OH)2D3 (Figure 6.9lanes

5,6 andT).

EMSA reactions were also performed with nuclear protein extracts prepared from

nc-12 cels transfected with 1 pg of pRSV-hVDR

(Figure 6.10). Again the mSpp-1 VDRE

incubated with COS-I cell nuclear protein extracts enriched for VDR was run as a control
(Figure 6.10 lane 1). No major retarded complex was observed for VDRE-1 and VDRE-2 or

mspp-1 VDRE incubated with JTC-12 nuclear protein extracts transfected with the VDR
expression vector (Figure 6.10 lanes

2,3

and 4).

The apparent lack of a retarded complex with nuclear extracts from JTC-12
treated with 10-7

M 1,25(OH)zD:is in contrast to the observed transcriptional response

cells

where

Figure 6.9 EMSA analysis of VDRE-I, VDRE-2 oligomers in JTC-12 Nuclear Extracts

Double-stranded oligomers

to VDRE-I, VDRE-2 and mSppl-VDRE were labelled

by

end-filling with [ "P1-dCTP and incubated with nuclear extracts of JTC-12 cells either treated

M 1,25(OH)2D3 for 24h.Lane 1: mSppl-VDRE incubated with COS-1 cell nuclear
extract transfected with 5 pg of pRSV-hVDR. Lanes 2,3,4: VDRE-I, VDRE-2 and

with

10-7

mSppl-VDRE oligomers incubated with JTC-12 nuclear extract treated with ethanol control.
Lanes 5,6,J: VDRE-1, VDRE-2 and mSppl-VDRE, oligomers incubated with JTC-12 nuclear

extract treated with 10r

M

1,25(OH)2D3.
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Figure 6.10 EMSA analysis of VDRE-I, VDRE-2 oligomers in JTC-12 Nuclear Extracts

transfected with pRSV'hVDR
Double-srranded oligomers

to VDRE-I, VDRE-2 and mSppl-VDRE were labelled by

[ "P]-dCTP

and incubated with nuclear extracts of JTC-12 cells transfected

end-filling with

with 1 Fg of pRSV-hVDR (+). Lane l: mSppl-VDRE incubated with COS-1 cell nuclear
extract transfected with 5 pg of pRSV-hVDR. Lanes 2,3,4:, VDRE-I VDRE-2 and

mSppl-VDRE oligomers incubated with JTC-12 nuclear extract treated with 10t M
1,25(OH)2D3.
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the CYP24 wild type promoter construct responds significantly (14.3-fold) in these cells with
endogenous VDR and 10-7

M

1,25(OH)2D3 (refer Figure 6.6).

6.3 Discussion

Results from this chapter highlight

a

number

of interesting

points. Firstly, the

synergistic relationship observed in previous chapters between VDRE-1 and VDRE-2 at

M 1,25(OH)2D3, is maintained in COS-1
1712.8 cells

1011

70-1

cells (with exogenously expressed VDR) and ROS

(with endogenous VDR) at relatively low concentrations of 1,25(OH)2D,

(10-to,

M). Thus it can be concluded that as the synergism is observed at noar physiological

concentrations of 1,25(OH)2D3 it is physiologically important. In an altemative approach, VDR
levels were lowered at a constant 1,25(OH)2D¡ concentration. The overall level of induction
was reduced as VDR levels were lowered and synergism was still observed in keeping with the
data obtained by altering 1,25(OH)2D¡ levels.

Interestingly, VDRE- 1 maintained its role as the more potent transcriptional activator
(refer 4.2.2) compared with VDRE-2 in terms of both sensitivity and transcriptional activity at

these lower concentrations

of

1,25(OH)zD:. When examined

exogenous VDR treated with 10-12

M

1,25(OH)2D3,

in

COS-1 cells containing

VDRE-I appears solely responsible for

the induction seen with the wild type promoter construct. Suggesting that at very low
1,25(OH)2D¡ concentrations (10-12

M) only VDRE-I is

active and as the 1,25(OH)zD,

concentration rises VDRE-2 responds resulting in a substantial increase

n CYP24 expression

through a synergistic interplay.

While in ROS 1712.8 cells in the presence of endogenous VDR, 1,25(OH)2D: induction
was maintained
endogenous

from

10-7

M to

10-10

M, this situation was not observed in JTC-12 cells where

VDR was unable to support transcriptional activation of the CYP24 promoter by

1,25(OH)2D3 at concentrations below

10t M. To investigate this,

94
JTC-1.2 cells were co-

transfected with 1 pg of pRSV-hVDR; this increased the CYP24 promoter response, but did
8
not alleviate the insensitivity of JTC-12 cells to lower 1,25(OH)2D¡ concontrations (10 M and

10-e

M). No effect was observed even with pRSV-hVDR tested at (10 pg). These results with

ITC-12 cells suggested that the VDR:RXR heterodimeric complex rnay still be limiting even
following co-transfection of pRSV-hVDR.

cells where co-transfection

of 1 pg of

It is of interest to

compare this data with COS-I

pRSV-hVDR resulted

in induction levels being

maintained over 1,25(OH)rD¡ concentrations from 10-7 M to 10-10 M.

To investigate whether the insensitivity of JTC-12 cells to 1,25(OH)2D¡ evoî when cotransfected with a VDR expression vector

is reflected at the protein:DNA level, EMSA

reactions were performed with nuclear protein extracts from JTC-12 cells treated with 10-7 M
1,25(OH)2D3 or transfected with pRSV-hVDR. No retarded complex for the control mSpp-1

VDRE or VDRE-I and VDRE-2 was observed with JTC-12 cell nuclear protein

extracts

prepared either from cells treated with 1,25(OH)2D3 or transfected with pRSV-hVDR. By
comparison, a retarded complex was seen with ROS 1112.8 cell nuclear extracts treated with
1,25(OH)2D3 (refer 5.2.2). This finding indicated that the level of VDR:RXR is so low in
nuclear extracts from JTC-I2 cells that it is below the level of detection by EMSA analysis.

Overall, these results suggest CYP24 expression may be differentially regulated not

only in kidney and bone, but also between different kidney cell types. The results may

be

important since JTC-12 cells represent a cell type implicated as the major site of 1,25(OH)zD¡
synthesis in the kidney and as such the major site in the body. The lack

cells

to 1,25(OH)2D¡ mây have physiological

of sensitivity of

these

relevance since increased CYP24 expression in

these cells when newly synthesised 1,25(OH)2D3 levels are raised would be undesirable. By

contrast, for the 1,25(OH)2D3 target tissues such as bone and other kidney cell types the
converse might be expected; 1,25(OH)2D3

is a potent hormone and stimulation of CYP24

expression would be required to remove any excess 1,25(OH)zD:.

95

Demers et at. (1997) have reported from whole animal studies that administration of
1,25(OH)2D3 resulted in a rapid stimulation of rat CYP24 mRNA in the intestine, however the

maximal response observed in the kidney was only 30 Vo of that in the intestine and only seen
at the highest 1,25(OH)2D: concentration. Iida et al. (1995), observed that under low calcium

(ie high PTH levels) or 1,25(OH)rD¡ depletion, CYPI activity is stimulated while both VDR
and CYP24 are inhibited in the proxirnal convoluted tubules, but there was no effect on these
genes

in the cortical collecting duct. These studies in conjunction with the results presented

here illustrate how the CYP24 gene is differentially regulated between the site
synthesis and the site
as

of 1,25(OH)2D¡ action. In physiological terms this

of 1,25(OH)zD:

mechanism is logical

it would be deleterious for CYP24 to be highly active in the proximal tubular

cells of the

kidney.

Therefore CYP24 gene expression appears to be regulated differently in the kidney
compared to the classical 1,25(OH)2D3 target tissues such as the intestine and bone.

to

to

It

can be

a higher rate

of

VDR degradation compared to other cell types in the kidney. This degradation may

be

speculated that the insensitivity

1,25(OH)2D3 of ITC-12 cells may be due

stimulated by 7,25(OH)rDr. The cellular removal

of VDR would explain why no protein

complex is observed with the VDRE oligomers incubated with JTC-12 ceII nuclear extracts
prepared from cells presumably over expressing VDR. An alternative explanation

for

the

EMSA data is that the transfection efficiency of JTC-12 cells is very low so that there
insufficient VDR present in nuclear extracts. This seems unlikely since

is

it is evident from

luciferase activity per pg of protein that the transfection efficiency for COS-1 and JTC-12 cells

is similar. Nevertheless,

B-galactosidase staining following RSV-Bgal transfection

will

be

required to confirm this. Initial attempts to determine VDR levels in JTC-12 cells has been
attempted through the equilibrium binding assay as described by Nakada et aI. (1984) and

performed
detected

in conjunction with Dr H. Momis, IMVS. No significant levels of VDR

in JTC-12 cells, this assay

being determined

was

in J"îC-12 cells not treated with
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1,25(OH)2D3. In a control experiment, VDR was readily detected in ROS I712.8 cell extracts
not treated with 1,25(OH)zDr.

While inadequate VDR levels in JTC-12 cells seems the most likely explanation for

poor transactivation at low 1,25(OH)2D3 concentrations and the lack of binding of nuclear
extracts

to a control VDRE

and

to VDRE-1 and VDRE-2, otht

possibilities exist. For

example, in JTC-12 cells there maybe a deficiency in a transcription factor which aids binding

of the VDR:RXR complex to the VDRE sequence, particularly at low 1,25(OH)2D¡ levels. In
this regard

it would

be interesting to investigate whether the phenomenon observed here (ie

insensitivity to low 1,25(OH)2D3 concentrations) is also seen with another VDRE fused to a
heterologous promoter (thymidine kinase)and introduced into JTC-12 cells.

Chapter: 7
Summary and Concluding Discussion
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The secosteroid 1,25-dihydroxyvitamin D3 (1,25(OH)zD¡) is an important regulator of

calcium homeostasis, cellular differentiation and proliferation. The nuclear actions of
1,25(OH)2D: are mediated through the intracellular vitamin D receptor (VDR), a member of

the nuclear receptor superfamily of transcription factors. The rnetabolic inactivation of
1,25(OH)2D3 through the C-24 oxidation pathway is initiated by a rnitochondrial cytochrome

P450 enzyrne (CYP24).

The work presented in this thesis has focused on the mechanism through which the
1,25(OH)2D3 regulates CYP24 gene expression. The induction

of CYP24 by

1,25(OH)2D3

represents an important feedback mechanism through which 1,25(OH)2D: âcts to regulate its

own rnetabolic clearance rate, and thereby, influence its ambient concantration. CYP24
catalyses the

first step in the C-24 oxidation pathway which leads to the conversion of

7,25(OH)2D:

to the inactive water soluble metabolite calcitroic acid. Increased levels of

CYP24 activity therefore result in an increase in side-chain oxidation
ultimately conversion through the C-24 oxidation pathway

of

1,25(OH)2D3 and

to the calcitroic acid which

subsequently excreted in the urine (Reddy and Tserng, 1989) and Makin et

is

aI., 1989). Under

normal physiological conditions, CYP24 is expressed predorninantly in the kidney and can be
further induced by 1,25(OH)2D3 treatment in this tissue, and the intestine and bone (Armbrecht
and Boltz, 1991 and Shinki et a1.,1992).

Prior to the commencement of the work described in this thesis the rat CYP24 gene
and promoter were cloned and sequenced. Utilising deletion promoter constructs in transient
transfection assays it was determined that the initial 298 bp of the rùt CYP24 promoter is able to

direct a substantial induction in response

to 1,25(OH)2D¡

treattnent (Hahn et

al.

1994).

Detailed sequonce analysis of this promoter region revealed three overlapping putative DR-3

type VDRE sequences located on the anti-sense strand between -171 and -123. Subsequent
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mutational analysis of these putative DR-3 type VDRE sequences and their analysis in transient
transfection assays revealed that the VDRE identified at position -150 to -136 is absolutely required

for 1,25(OH)zD¡ induction. Mutation of both the proximal (136 to -141) and distal (-145 to -150)
half-sites resulted in the complete abolition
analysis revealed, that the

of

1,25(OH)zD¡ mediated induction. Initial EMSA

VDRE (subsequentþ referred to as VDRE-1) bound a major retarded

complex from crude nuclear protein extracts isolated from COS-1 kidney cells enriched for VDR
and the rnobility of this complex was the sarne as that observed with the VDRE in the mSPP-1

promoter (Noda et a1.,1990). Ensuing EMSA analysis utilising monoclonal antibodies directed

either against VDR or RXR determined that the VDRE-1 sequence bound a nuclear protein
complex which contains both VDR and RXR.

Further VDREs were predicted in the 5' flanking region since the VDRE-I sequence
provided only 7.5-fold of the overall 24-fold induction observed for the llir1tra1298 bp ìn response

to

1,25(OH)2D¡ treatment (Hahn

et al., 1994). Subsequent promoter

analysis

in

other

laboratories revealed a further two VDRE sequences. These putative VDREs (a DR-3 type)

VDRE-2 and (a DR-6 type) VDRE-3, in common with VDRE-I were located on the antisense strand. Interestingly the VDRE-2 and

3

sequences share

a common half-site. The

functionality of these three VDRE sequences was analysed by mutational analysis and transient

transfection assays

in kidney and bone cell lines. Mutations introduced into the VDRE

sequences both singularly and

in combination, demonstrated that the VDRE-I and VDRE-2

(DR-3 type sequences) are not only functional

in the contoxt of the native promoter

environment but appear to contribute to the bulk of the 1,25(OH)2D¡ induction observed. The

DR-6 type VDRE-3 sequence however was not responsive

to 1,25(OH)2D:

when examined

even when the overlapping VDRE-2 sequence was mutated. The data obtained from these
transient transfection promoter-expression studies convincingly demonstrated that VDRE-3 is

not functional in the context of the native promoter environment. Interestingly, ensuing EMSA
analysis of the VDRE-3 sequences demonstrated that

it poorly

bound a complex of sirnilar
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mobility to that observed with the two DR-3 type VDREs. However, this complex was at

a

much lower intensity and could be neutralised and supershifted with monoclonal antibodies for

VDR and RXR suggesting that this sequence also bound a VDR:RXR complex though

its

physiological role remains questionable.

A significant finding from the transient transfection data was the greater transcriptional
contribution of VDRE-I in all cell lines examined. In COS-1 cells VDRE-1 and VDRE-2
contribute 6-fold and 3-fold respectively to the overall induction of 17.8-fold observed in the
presence of both VDREs.

In agreement with these results, Ohyama et al. (1996), evaluated the

role of VDRE-I and VDRE-2 in the 1,25(OH)2D3 response from the rat CYP24 promoter by

site-directed mutagenesis. These authors also observed

that VDRE-1 is the

greater

transcrþtional activator, compared with VDRE-2. The relative affinities of the VDREs were
determined by competition EMSA analysis either between the VDRE-I and 2

or

against the

mSPP-1 VDRE. This data revealed an approximately 5-fold higher affinity for the VDR:RXR

complex

of VDRE-2 compared to VDRE-1. As this result is opposite to the observed

transcriptional contributions from these VDREs and

it is suggested that other nearby

transcription factors may influence the transactivation ability
possibility remains to be investigated although

a

of VDRE-1. However,

this

nearby Ets site seems a likely candidate.

Of most intorest however from these studies was the unique synergistic relationship
between the VDRE-1 and VDRE-2 sequences in response

to 1,25(OH)2D3. Transient studies

of CYP24 promoter constructs in COS-I cells under conditions of non- limiting VDR or
1,25(OH)2D3 showed that the overall induction capacity was approximately twice the sum of

the independent transactivation potential's of VDRE-1 and VDRE-2 in response

to

1,25(OH)2D¡. A similar (2-fold) level of synergism between these VDRE sequences was also
observed in JTC-12 and ROS 1712.8 cells which expross significant levels of endogenous VDR

(Matsumoto et al., 1986 and Morrison et al., 1990). Mutagenesis of both the VDRE-I and

VDRE-2 sequences resulted in the complete loss

of

1,25(OH)2D3 responsiveness therefore

demonstrating that the coordinated interaction between VDRE-I and VDRE-2
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appears

to

be

the sole basis for the observed synergism. In contrast to the present results Ohyama et aI.

(1996) did not observe any synergistic relationship between the VDRE-1 and VDRE-2
in response to 1,25(OH)2D3 and the reason for this finding is not clear..

sequences

The molecular mechanism underlying the observed synergism observed in the current

work between VDRE-I and VDRE-2 however remains unclear. Zierold et aI. (1995) were
unable

to detect any co-operative binding between protein complexes bound to

encompassing the VDRE-1 and VDRE-2 sequences by

oligomers

EMSA analysis. This suggests another

possible mechanism through which the independent binding of the VDR:RXR heterodimers to

individual VDRE sequences, results in a synergistic interaction between these complexes and

the basal transcription machinery. This mechanism may utilise co-activator proteins such as

TIF-1 and Ledouratn et aI. (1995) have established a direct interaction between the

co-

activator TIF-1 and the AF-2 domain of VDR to enhance transcriptional activation. The action
of TIF-1 or other co-activators such as CBP/p300 also interacts with the AF-2 transactivation
domains

of nuclear hormone receptors may function as a bridge between the VDR:RXR

complexes the basal transcriptional rnachinery and transmit the synergistic response.

The functionality of the characterised VDREs was also exarnined under

more

physiologically relevant conditions in which either 1,25(OH)2D¡ or VDR were non-limiting.
Transient transfection assays were performed with the wild type and mutant VDRE promoter
constructs and were examined over a range of 1,25(OH)zD¡ concentrations. The results clearly

demonstrated that the synergistic relationship observed between the VDRE sequences at
higher 1,25(OH)2D3 concentrations in both COS-1 and ROS 1112.8 cells is also maintained at

relatively

low

concentrations

of

1,25(OH)zD¡ (10-10

to

10-11

M).

Significantly, VDRE-I

maintained its role as the more potent transcriptional activator compared to VDRE-2 in terms

of both sensitivity and transcriptional activity at all7,25(OH)2D3 concentrations tested. In deed

I
1

at the lowest concentration of 1,25(OH)2D¡ usod (10-12 M) in COS-1 cells,
responsible for the entire induction observed for the wild type promoter

Interestingly, while the synergistic relationship between VDRE-I and VDRE-2
observed

in

JTC-12 cells

at

10-7

M, endogenous VDR levels were

unable

is

to support

transcriptional activation of the wild type CYP24 promoter by 1,25(OH)2D3 at concentrations

below

10-7

M. It was investigated whether this may be a similar situation to that

COS-1 cells which respond poorly

to

1,25(OH)2D3 concentrations below 10t

observed in

M due to low

levels of endogenous VDR. However overexpression of either VDR or RXR while increasing

the CYP24 promoter response did not produce similar induction levels to those observed for

COS-I cells and did not alleviate
concentration

( 10-10

nC-Iz cells insensitivity to the lower 1,25(OH)2D3

M).

In conclusion, the work presented in this thesis describes the identification of a DR-3
type VDRE sequence in the rat CYP24 promoter which respond significantly to 1,25(OH)rD,
treatment in a variety of cell lines. EMSA analysis of this sequonce has confirmed that it binds
a heterodimeric complex composed

relationship

of VDR and RXR. The functionality of this VDRE and its

with other VDREs identified in the rat CYP24 promoter was examined by

mutational analysis in the context of the native promoter environment. The results clearly
demonstrate a unique transcriptional synergism between the two DR-3 type VDREs in the rat

CYP24 promoter. This transcriptional synergism between the VDREs is maintained under
conditions of both low 1,25(OH)zD, and VDR in various kidney and bone cells. Overall, these
results indicate CYP24 expression may be differentially regulated not only in kidney and bone

but also in different kidney cell types namely kidney fibroblasts and kidney proximal tubular
cells. The inability of JTC-12 cells

to respond to low

1,25(OH)2D3 concentrations may be

physiologically significant since increased CYP24 expression in these cells, the major site of
1,25(OH)2D3 synthesis would be undesirable. However the molecular basis
responsiveness of JTC-12 cells at

for the non-

lower 1,25(OH)2D3 concentrations is not clear and

remains

to be investigated.
bone

It

t02

seems probable, that CYP24 expression in extra-renal tissues such

not only protects these tissues from the effects of excessive 1,25(OH)zD: but

as

also

regulates semm 1,25(OH)2D: levels through stimulation of the C-24 oxidation pathway. A
synergistic response by the VDREs would ensure rapid removal of 1,25(OH)2D¡ when levels
are

sufficientþ high to cause hypercalcemia and accelerated bone resorption.
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ABSTRACT
Mitochondrial cytochrom e P450 24 expressio n i n th e
vitamin D-degradatio n pathwa y i s induce d b y 1,25 dihydroxyvitamin D 3 [1,25-(OH) 2D3]. Th e molecula r
basis o f thi s enzym e regulatio n wa s investigate d b y
isolating th e ra t P450 24 gen e an d examinin g th e
5'-flanking regio n fo r possibl e c/s-actin g regulator y
elements involved in the induction process. Constructs
containing different length s of 5'-flanking region of the
gene wer e linke d t o a luciferas e reporte r gen e an d
transiently co-transfecte d wit h a huma n vitami n D
receptor (hVDR) expressio n vecto r (pRSV-hVDR ) int o
COS-1 cells . Thes e experiment s showe d tha t th e
flanking region from - 2 9 8 t o - 1 2 2 directe d a 24-fold
increase i n luciferas e activit y i n respons e t o 1,25 (OH)2D3 provide d tha t th e cell s wer e co-transfecte d
with pRSV-hVDR . Withi n thi s region , th e sequenc e
from positio n - 1 7 1 t o - 1 2 3 conferre d 1,25-(OH) 2D3
responsiveness t o bot h th e nativ e P450 24 promote r
and th e heterologou s thymidin e kinas e promoter .
Mutagenesis revealed that the sequence from position
- 1 5 0 t o - 1 3 6 i s require d fo r inductio n b y 1,25 (OH)2D3 an d tha t thi s sequenc e share s similarit y t o
other vitamin D responsive elements (VDREs) reported
for other genes. Gel shift mobility assays showed this
region specifically boun d a nuclea r protei n comple x
from 1,25-(OH) 2D3 treate d COS- 1 cell s tha t ha d bee n
co-transfected wit h pRSV-hVDR . Th e retarde d ban d
was specifically competed with the well characterize d
VDRE fro m th e mous e osteoponti n gene . A VDRE a t
position - 1 5 0 t o - 1 3 6 i n th e promote r o f th e ra t
P45024 gene is identified i n this study and found to be
important in mediating the enhanced expression of the
gene b y 1,25-(OH) 2D3.
INTRODUCTION
Cytochromes P450 direct the bioactivation and metabolic
degradation of the vitamin D secosteroid through sequential
hydroxylations ( 1 - 4 ) . The vitamin D pathway begins with a
25-hydroxylation step that is localized predominantly in the liver.
Subsequent bioactivation occurs principally in the kidney where
*To whom correspondence should be addressed

the 1-hydroxylation of 25-hydroxyvitamin D [25-(OH)D3]
results in production of the hormonally active metabolite
1,25-dihydroxyvitamin D 3 [ 1,25-(OH)2D3] (4). This hormone
functions in the control of calcium homeostasis and also regulates
cellular growth and differentiation in a number of normal and
malignant hematopoietic cells (1,5—7). In addition, 1,25(OH)2D3 acts as an immunohematopoietic regulatory hormone
(8). Lowered bioactivity has been reported for other hydroxylated
metabolites of 25-(OH)D3; however, 1,25-(OH)2D3 occupies the
central role as mediator of the biological functions of vitamin
D (9). Most known cellular actions of 1,25-(OH)2D3 are
transcription dependent and occur through the specific highaffinity binding of the hormone to the vitamin D receptor (VDR).
The VDR most likely functions as a heterodimer complex with
retinoid X receptor (RXR); a sub-member of the nuclear receptor
family that binds 9-cis retinoic acid as its ligand (10-15). RXR
may facilitate binding of the VDR to the vitamin D response
element (VDRE) in the promoter of genes that respond to
1,25-(OH)2D3 and the resulting heterodimer then activates gene
transcription.
The steady-state level of 1,25-(OH)2D3 is determined by the
balance between biosynthesis and degradation. The rate
controlling step in the biosynthesis occurs through the action of
25-hydroxy vitamin D 3 1-hydroxylase (cytochrome P450,)
whereas degradation is initiated through the C-24 oxidation
pathway that directs subsequent 1,25-(OH)2D3 side-chain
oxidation and cleavage (16,17). Entry into the C-24 oxidation
pathway is directed by 25-hydroxyvitamin D3 24-hydroxylase
(P45024), a mitochondrial enzyme that is known to be upregulated by 1,25-(OH)2D3 (17,18). The action of 1,25-(OH)2D3
to feedback activate its own degradation is initiated at the
transcriptional level (19) and results in increased expression of
P45024 mRNA in target tissues (20). In order to understand this
action of 1,25-(OH)2D3 at the molecular level, we have isolated
a genomic clone for rat P45024 and characterized 5'-flanking
region sequence together with the first exon and intron. A
regulatory element was identified that responds to 1,25-(OH)2D3
and participates in the up-regulation of P45024 gene expression.
This identified VDRE is located about 150 bp upstream of the
transcription start site and has a imperfect-direct-repeat motif that
is characteristic of vitamin D-dependent genes.
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MATERIAL AN D METHOD S
Materials
The luciferase plasmid pGL2-Basic, luciferase assay kit and cell
culture lysis regent were obtained from Promega. Stratagene was
the source of pBluescript KS + and the X EMBL3-SP6/T7 rat
genomic library was obtained from Clontech. The pBLCAT2
vector was a gift from Gunther Schutz (Heidelberg, FRG) (21)
and a VDR cDNA clone (pAXVD) was kindly supplied by Nigel
Morrison, St Vincent's Hospital (Sydney, Australia).
1,25-(OH)2D3 was generously supplied by Hoffmann LaRoche
(Nutley, NJ). A Sequenase Version 2.0 sequencing kit was
obtained from United States Biochemical Corporation. Synthetic
oligonucleotides were obtained from Bresatec (Adelaide,
Australia), Protein Chemistry Laboratory at the University of
New Mexico (Albuquerque, NM) and IDT Technologies
(Coralville, IA).
Isolation, characterization an d sequencing of genomic clones
Oligonucleotide primers were designed for PCR amplification
of the 5'-end of the rat P45024 gene. The oligonucleotides
5 '-GCGGGATCCCTTCGACCCTCCTTG-3' and 5'-CCGGATCCGTGGCCAGTTGGTGGG-3' were derived from the rat
P45024 cDNA sequence and were located at nucleotide positions
19-42 and 524-547 (22). They contained BamHl sites
(underlined bases) and were designed to give a 529 bp fragment.
The PCR fragment was cut with BamWl, cloned into pBluescript
KS + and sequence verified. The radiolabeled 529 bp fragment
(Mega-Prime Kit, Amersham) was used to probe a rat genomic
X EMBL3-SP6/T7 library (Clontech) using standard hybridization
techniques (23). Five positive phage plaques were purified and
restriction mapped by Southern analysis. One clone contained
~ 4 kb of 5'-flanking region and a 4.5 kb £coRI fragment that
hybridized to the 529 PCR product. This £coRI insert was
sequenced, extensively restriction mapped and used in subsequent
promoter studies. The nucleotide sequence data of rat P45024
will appear in the EMBL Data Library (accession number
Z28351).
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construct containing 122 bp of rat P45024 gene 5'-flanking
region designated pGL24Hprom. The thymidine kinase promoter
was subcloned from pBLCAT2 (flawHI/fig/II) into the BgM site
of pGL2-Basic (pGLTKprom).
pGL24HWT, pGL24HMl, pGL24HM2, pGL24HM3 and
pGLTKWT. A series of double-stranded oligonucleotides were
made to the putative vitamin D responsive region from —171
to —123 and to mutated half-sites within this region. Sequences
for these oligonucleotides are given in the following list in which
WT represents the wild-type oligonucleotide from -171 to -123
and Ml, M2 and M3 have mutations (mutated bases underlined)
in putative VDRE half-sites within WT (underlined on
complementary strand). The double-stranded oligonucleotides
contained terminal Sail and Xhol sites for use in determining
insert orientation and were cloned into the Xhol site of
pGL24Hprom or pGLTKprom as a single copy in the native
orientation.
WT: 5'-TCGACTGTCGGTCACCGAGGCCCCGGCGCCCTCACTCACCT CGCTGACTCCATCC-3'; 3 '-GACAGCCAGTGGCTCCGGGGCCGCGGGAGTGAGTGGAGCGACTGAGGTAGGAGCT-5'
M1: 5 '-TCGACTGTCGGTCACCGAGGCCCCGGCGCCCTCACTCACCTCGCAAGCTTCATCC3'; 3 -GACAGCCAGTGGCTCCGGGGCCGCGGGAGTGAGTGGAGCGTTCGAAGTAGGAGCT-5'
M2: 5'-TCGACTGTCGGTCACCGAGGCCCCGGCGCCCTCACTCAAGCTTCTGACTCCATCC-3'; 3 '-GACAGCCAGTGGCTCCGGGGCCGCGGGAGTGAGTTCGAAGACTGAGGTAGGAGCT-5'
M3: 5'-TCGACTGTCGGTCACCGAGGCCCCGGCGCCAAGCTTCACCTCGCTGACTCCATCC-3'; 3-GACAGCCAGTGGCTCCGGGGCCGCGGTTCGAAGTGGAGCGACTGAGGTAGGAGCT-5'

The rec A~ host E.coli DH5a was used for plasmid cloning in
order to prevent multimeric-insert cloning. Plasmid DNA was
prepared by alkaline lysis and CsCl/ethidium bromide equilibrium
density gradients (23). All construct DNA was quantified by
spectrophotometry followed by 1 % agarose-gel analysis to ensure
consistency between preparations with regard to quantity and
supercoiling.
Oligomer DN A construct s
Two double-stranded oligonucleotides (AWT and OSP) were
prepared for use in gel retardation assays. AWT is a shortened
WT fragment from -153 to - 1 3 3 and OSP is the VDRE from
the mouse osteopontin gene promoter (24) (half sites are
underlined on their respective strands). Each double-stranded
oligonucleotide contained terminal Stul and Xhol sites for cloning
applications.

Plasmid construct s
pGL24H-298, pGL24H-644 and pGL24H-1401. A series of
constructs were made in which various lengths of the P45024
gene 5'-flanking region were cloned upstream of the luciferase
reporter gene in pGL2-Basic. The nested set of luciferase
constructs began at +74 and contained 298, 644 and 1401 bp
fragments of 5'-flanking region. The fragments were produced
by cutting with Stul (+74) and either PVMII (-298), MncII
(-644) or Stul (-1401) and blunt-end cloned into the Smal site
of pGL2-Basic.

AWT: 5'-TCGAGCGGCGCCCTCACTCACCTCGCG-3'; 3'-CGCCGCGGGAGTGAGTGGAGCGCAGCT-5'
OSP: 5'-TCGACGCTCGGGTAGGGTTCACGAGGTTCACTCGACTCGC-3':
3'-GCGAGCCCATCCCAAGTGCTCCAAGTGAGCTGAGCGAGCT-5'

pGL24Hprom and pGLTKprom. A construct containing the
P45024 minimal promoter was made by PCR amplifying the
promoter region using oligonucleotides 5'-TAGCTCGAGCCACACCCGCCCCCCGC-3' and 5 '-GCCAAGCTTGCTCGCTACCTCC-CCCT-3' and pGL24H-298 as DNA template. The
first oligonucleatide contains sequence from -116 to -100 of
the P45024 promoter (see Fig. 4). The second oligonucleotide
hybridizes to the polylinker of pGL2-Basic (Promega) so the last
6 nucleotides incorporate the Smal/Stul(+14) cloning interface
between pGL-Basic and the P45024 gene promoter. The 222 bp
PCR product was restricted with Xhol and HindUI (underlined
bases) and directionally cloned into pGL2-Basic resulting in a

Culture an d transfectio n o f COS- 1 cell s
COS-1 cells were maintained in Dulbecco-Modified-Eagle
Medium (DMEM) supplemented with 10% fetal calf serum
(FCS). In preparation for electroporation, cells were grown to
80-90% confluency, collected by trypsinization, washed once
with phosphate buffered saline (PBS) and resuspended (1 x 107
cells/ml) in ice cold 20 mM HEPES (pH 7.05) containing 137
mM NaCl, 5 mM KC1, 0.7 mM Na2HPO4, 6 mM dextrose (25)
and 500 /tg/ml of sheared salmon sperm DNA. COS-1 cells
(5 x 106) and 3 pmol of construct DNA were electroporated at
300 V, 960 jtF using a Bio-Rad Gene Pulser with Capacitance
Extender. Following electroporation, the samples were placed
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on ice for 10 min and aliquoted (2.5 x 106 cells) into two 60 mm
diameter petri dishes containing 5 ml of DMEM-10% FCS.
COS-1 cells were allowed to recover at 37 °C for 20 h and then
switched to RPMI medium supplemented with 12% charcoal
stripped FCS for 2 h. Paired samples were treated with
1,25-(OH)2D3 (10~6 M) or carrier ethanol and farther incubated
for 24 h before harvesting.
Luciferase assay
COS-1 cells were washed once with PBS and treated with 200
fi\ of Cell Culture Lysis Reagent (Promega). The cells were
scraped off immediately, transferred to an Eppendorf tube and
placed on ice for 15 min. To aid lysis, the cells were frozen on
dry ice for 5 min, thawed on ice and vortexed vigorously. After
centrifugation for 5 sec, the supernatant was removed and assayed
for protein concentration. Luciferase activity was determined in
50 \i% of lysate protein using a Luciferase Assay Kit (Promega).
Pure Photinus pyralis luciferase (Boehringer Mannheim) was used
as a positive control to verify assay linearity.
Gel mobility shift assay
COS-1 cell lysates were prepared essentially as described by
Schreiber et al. (26). COS-1 cells (3 cuvettes each with 1 x 107
cells) were either transfected by electroporation as described
above with 3 ng of the expression plasmid pRSV-hVDR or simply
plated untransfected into 100 mm diameter petri dishes containing
12.5 ml DMEM-10% FCS. After overnight incubation, these
cells were treated with 1,25-(OH)2D3 (10~6 M) and further
incubated for 24 h. The cells were washed twice with PBS,
harvested by scraping in 1 ml of PBS, pelleted in an Eppendorf
tube, washed with 1 ml of PBS and resuspended in 800 ix\ of
ice cold Lysis buffer (10raMTris-HCl pH7.9, 10 mM KC1,
1 mM dithiothreitol, 1.5 mM MgCl2 and 0.5% Nonidet NP40).
After 15 min on ice to allow for the cells to swell and lyse, the
nuclei were pelleted for 1 min at 4°C and then washed with 800
/*1 of ice cold Buffer A (10 mM Tris-HCl pH7.9, 10 mM KC1,
1 mM dithiothreitol and 1.5 mM MgCl2). Nuclei were
resuspended in 400 fi\ of ice cold Buffer B (50 mM Tris-HCl
pH7.5, 500 mM KC1, 2 mM dithiothreitol, 5 mM MgCl2, 0.1
mM EDTA, 10% sucrose and 20% glycerol) and agitated for
1 h at 4°C to extract the nuclear proteins. Following
centrifugation (12,000x#) for 15 min at 4°C, the supernatant
was dialyzed twice with at least 50 volumes of TM-1 buffer (25
mM Tris-HCl pH7.6, 100 mM KC1, 0.5 mM dithiothreitol,
5 mM MgCl2, 0.5 mM EDTA and 10% glycerol) for 1 h at
4°C. The dialysate was centrifuged (12,000X£) for 5 min at 4°C
to pellet nuclei and nuclear remnants and the supernatant assayed
for protein. Nuclear extracts were aliquoted and stored at -80°C.
Protease inhibitors were added to the above buffers just prior
to use as follows: leupeptin (1 jig/ml), aprotinin (1 /ig/ml),
pepstatin (1 ^g/ml) and phenylmethylsulfonyl fluoride (100 mM).
Binding reactions were carried out as described by Liao et al.
(27) at room temperature with approximately 1 ng (i.e.
70,000-100,000 cpm) of radiolabeled probe, 1 ng of poly(dldC) and 5 ng of nuclear protein in Binding buffer (25 mM
Tris-HCl pH7.9, 15 mM HEPES, 40 mM NaCl, 5.5 mM KC1,
0.5 mM dithiothreitol, 3 mM MgCl2, 4.5 mM EDTA, 6%
glycerol and 0.08% Tween 20). DNA/protein complexes were
separated on a 5 % non-denaturing polyacrylamide gel run at 8
V/cm in 50 mM Tris/380 mM glycine buffer, pH 8.2 at 4°C.
Shifted oligonucleotide probes were detected by autoradiography
for 1—3 days.

RESULTS
Isolation of genomic clones for rat P45024
A PCR clone encoding 5'-sequence upstream from the
transcription start site of the rat P45024 gene (Materials and
Methods) was used to screen 1.2 x 106 plaques from a X
EMBL-3 SP6/T7 rat library and identify five positive clones.
The PCR probe was then used to isolate a 4.5 kb £coRI fragment
from one of the clones that contained a 15 kb genomic DNA
insert. This fragment was restriction mapped (Fig. 1) and
sequence analyzed. Sequence was determined from the Hindi
site at -644 to the Pstl site at +769 in the first intron as shown
in Figure 2. The sequenced fragment encompassed 5'-flanking
region, the first exon (translation initiation AUG codon located
at +357) and part of intron 1. The transcription start site was
determined by RNase protection analysis using total RNA from
rat kidney and a transcript generated from the Mscl fragment

EcoRI Stu

EcoRI

I Hind i

PCR product

Figure 1. Restriction map of the 4.5 kb EcoRI fragment from the rat P45024
genomic clone. The gene transcription start site (+1) and the ATG initiation start
codon (asterisk) are shown together with the first exon and intron. The sequences
corresponding to the PCR product used as a probe to screen for this gene and
the portion of the gene used as a template for RNase protection analysis are
indicated.
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Figure 2. Sequence of the rat P45024 gene including the 5'-flanking region and
first intron. The transcription start site is located at + 1 . Putative CCAAT, GC
and AP-1 binding sites are indicated together with a TATA box sequence
(sequences are boxed). The translation initiation codon (underlined) is located
at +357. Thefirstexon is shown in bold-type. The asterick indicates the T that
replaces the CC in the sequence of Ohyama et al. (28).
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at - 5 3 to +144 (data not shown). A sequence resembling a
TATA box was located 28 bp upstream of the start site. The
sequence in Figure 2 extends that reported recently by Ohyama
et al. (28) by 131 bp upstream and within the first intron, and
agrees with these authors except that at position - 7 7 where there
is a T instead of CC. Several possible ds-acting motifs were
present in the 5'-flanking region and in the first intron. These
include putative GC boxes at -379, - 3 4 5 , -105, +672 and
+758; CCAAT boxes at - 5 9 5 , -419 and - 5 4 ; AP-1 binding
sites at -139 and -126 (Fig. 2).
Transient transfectio n o f promote r deletio n construct s i n
COS-1 cell s
The promoter activity of the 5'-flanking region of the P45024
gene was investigated by deletion analysis. Increasing lengths
of 5'-flanking region of the gene were inserted upstream of the
firefly luciferase reporter gene (Fig. 3). These chimeric constructs
contained -122, -298, -644 and -1401bp of 5'- flanking
region and all terminated at a common StuI site at +74 in the
5'-untranslated region of the P45024 gene (Fig. 3). Constructs
were co-transfected into COS-1 cells together with a VDR
expression vector (pRSV-hVDR). The cells were incubated in
charcoal-treated media, treated with 1,25-(OH)2D3 (10~6 M) or
ethanol carrier and assayed 24 h later for luciferase activity (Fig.
3). The transient expression analysis demonstrated that the first
122 bp of 5'-flanking sequence did not respond to
1,25-(OH)2D3, but a 24-fold induction was observed when the
sequence was extended to -298 bp. With the other two plasmids
there was a further increase in the response to 1,25-(OH)2D3
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and a 47-fold level of induction was seen with the longest
construct. In separate experiments, expression of the constructs
containing —298 and —1401 bp of 5'-flanking sequence were
examined in COS-1 cells that had not been transfected with pRSVhVDR (Fig. 3). There was a substantial decrease in the response
to 1,25-(OH)2D3 with both constructs and the induction
observed was only 2.4- and 2.9-fold compared with 24- and
47-fold, respectively, when assayed in VDR transfected cells
(Fig. 3). These experiments, therefore, established that the region
from -298 to -122 of the P45024 gene was required for
induction by 1,25-(OH)2D3. Examination of this region
indicated possible VDREs between position -171 to - 1 2 3 ,
which was investigated further.
Transient analysis of a putative vitamin D responsive region
A double-stranded synthetic oligonucleotide containing the
—171/—123 sequence was inserted in the pGLTKprom construct
(i.e. pGLTKWT) and analyzed for responsiveness to
1,25-(OH)2D3. In three separate experiments, the pGLTKWT
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Figure 3. Transient expression of P45024 constructs in COS-1 cells. (A)
Diagrammatic representation of the 5'-flanking region of the 24-hydroxylase
(P45O24) gene. (B) Induction of luciferase expression by l^-COH^Dj in COS-1
cells following transfection of 5'-flanking deletion constructs of the P45024 gene
linked to luciferase reporter gene (Luc). (C) Expression of the construct with
-298 and -1401 bp of flanking region in the presence of 1,25-(OH)2D3 but
absence of transfected pRSV-hVDR. The levels of induction are shown as the
ratio of luciferase activity from 1 ^ - ( O H ^ D j treated cells versus untreated cells.
Data in B are averages of three experiments; data in C are averages of two
experiments.

Figure 4. Transient expression of constructs containing wild-type and mutated
putative VDREs in the P45024 gene. (A) Wild-type (WT) and mutant (Ml, M2
and M3) double-stranded oligonucleotides span position —171 to -123 of the
P45024 gene. Mutations were introduced into the first half-sites at -127 (Ml),
- 1 3 6 (M2) and and -140 (M3). The mutations were introduced as a Hindm
site and the altered nucleotides in Ml, M2 and M3 are aligned with the wildtype sequence by the vertical dotted lines. (B) Oligonucleotides from -171 to
— 123 were linked to the pGL24Hprom luciferase construct containing 122 bp
of P45024 promoter. The levels of induction in the control pGL24Hprom and
oligomer-pGL24Hprom constructs are the ratio of luciferase activity from
1,25-(OH)2D3 treated cells versus untreated cells. Data are an average of two
experiments.
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plasmid showed a 4.1-fold induction to 1,25-(OH)2D3treatment
when coaansfected with pRSV-hVDR into COS-1 cells (data
not shown). The response of the - 1711- 123 sequence was next
investigated in the context of the native promoter. The
pGL24HWT construct consistently gave a 7.5-fold stimulation
of luciferase activity following 1,25-(OH)2D3 treatment (Fig. 4).
The pGL24HWT construct re-created the first 171 bp of the
native promoter except for the replacement of 3 bp at position
- 119 to - 117 due to the introduced XhoI cloning site. This
alteration did not create or destroy any known transcription factor
binding site. Since the native -298 construct gave a 24-fold
induction (Fig. 3), it becomes apparent that an additional
upstrearn~~ntrol-region
exists between -298 and - 171 that
contributes to the promoter induction by 1,25-(OH)2D3.
Within the region from position - 171 to - 123, three
sequences with similarity to known VDREs were located on the
complementary strand beginning at positions - 140 (GAGTGAgggCGCCGG), - 136 (AGGTGAgtgAGGGCG) and - 127
(GAGTCAgcgAGGTGA) (Fig. 4). The order of best-to-poorest
match to previously identified VDREs is - 136, - 127 and - 140.
To investigate their possible roles, three mutant double-stranded
synthetic oligonucleotides (M 1, M2 and M3) were synthesized
from position - 171 to - 123 with the first half-site of each
VDRE mutated separately (Fig. 4). These oligonucleotides
together with the wild-type oligonucleotide (WT) were fused to
pGL24Hprom (Materials and Methods) and used to measure
1,25-(OH)2D3induction of the transfected luciferase-mutantOSP

WT

AWT

constructs. Transient expression of pGL24HMl showed that
mutagenesis of the putative VDRE at -127 lowered the
1,25-(OH)2D3 induction of luciferase activity by 36%.
However, mutagenesis of the putative VDRE at -136
(pGL24HM2) resulted in the almost complete loss of induction
by 1,25-(0H)2D3. The construct pGL24HM3 contained
mutations (5'-AGGTGAgtgAGGGCG-3' to 5'-AGGTGA~J@TGGCG-~'),
which altered the putative second half-site
for the VDRE beginning at position - 136. Transfection of this
construct resulted in a marked inhibition of 1,25-(OH)2D3
induction similar to that seen with pGL24HM2. It is evident from
these mutation results that the sequence from - 150 to - 136
contains a potential VDRE, which confers 1,25-(OH)2D3
responsiveness to the P45024 gene. The mutations introduced
into pGL24HM2, which virtually abolished 1,25-(OH)2D3
induction, did not alter sequence in the distal - 140 half-site.
Therefore, it can be coocluded that the putative VDRE beginning
at - 140 is not responsive to 1,25-(OH)zD3.

In v h DNA binding studies
Double stranded synthetic radio-labelled oligonucleotides with
sequence from position - 171 to - 123 0 and from - 150
to - 136 (AWT) were used as probes in mobility gel shift assays
to determine if the potential VDRE can bind nuclear proteins.
These oligonucleotides were incubated with nuclear extracts
prepared either from 1,25-(OH)2D3 treated COS- 1 cells
transfected with pRSV-hVDR or from COS-1 cells that were not
transfected with this VDR expression vector. Several retarded
bands were seen with the longer WT oligonucleoti&, but a unique
band (i.e. band 3) was consistently observed only with the nuclear
extract from COS-1 cells transfected with pRSV-hVDR (Fig. 5).
A major retarded-band with the same mobility was also seen with
the shorter AWT oligonucleotide but only when nuclear extracts
were employed from VDR transfected cells (Fig. 5). The intensity
of this band was not increased by the inclusion of 1.25-(OH)zD3
at
M in the binding assay (result not shown). The major
band detected with the AWT oligonucleotide (band 3) was of
similar electrophoretic mobility to the unique VDRdependent
band seen with the longer oligonucleotide and also to the single
band generated by the well charaderized VDRE present in mouse
osteopontingene (24). Competition experiments were undertaken
using a lo-, 30- and 100-fold excess of unlabelled mouse
osteopontin VDRE oligonucleotide. The addition of this
oligonucleotide at lcfold excess effectively and specifically
competed with the major band observed for the AWT
Mouse cabindin-D28k
Rat calbindin-D9k
Rat osteocalcin
Mouse ostcopontin
Rat 24-hydroxylase

nplr 5. Gel shift analysis us& oligomrs to the P454, pnrmra. OLigomr
for position -171 to -123 (WT), digomr to the putative VDRE at position
-1U)to -136(AWT)anddigomrforthe VDRE from theoacopa*ingene
(OSP)wac labeled by end6Uing with [ar-"p]d~TP and hrubaced with nuclear
extraas of 1,25-(OH)2D3 treated COSl cells either mock transfsted (-) or
trplfffsted with 2 rcg of pRSV-hVDR (+) at 24 h earlier. RaeinlDNA ca@exes
seen with digomr (WT) are shown as 1-4. Compkx *3 is unipw to pRSVhVDR transfeaed COSl cells. The b m d q of prorein compkx 3 to oligoayrs
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Figure 6. A comparison of the kht&d VDRE in the rat 24-hydroxylase
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The molecular regulation of the rat P45024 gene has been
investigated by transient transfection analysis. We have
determined that the 5'-flanking region from -298 to -122 can
respond dramatically to 1,25-(OH)2D3 resulting in a 24-fold
induction in the presence of the hormone. A further induction
of up to 47-fold was seen with 1401 bp of 5'-flanking region
indicating that there are transcription factor binding sites between
position —298 to —1401, which can enhance expression. Further
analysis showed that the proximal regulatory region from position
-171 to -123 can confer 1,25-(OH)2D3 D responsiveness
when attached to a either a heterologous thymidine kinase
promoter or to native P45024 gene promoter sequence. A nearly
2-fold higher level of induction was seen with the native-promoter
construct compared with the thymidine-kinase promoter
construct. The increased level of induction with the native
promoter may be related to the much lower basal expression of
luciferase activity observed with this promoter compared with
the thymidine kinase promoter (data not shown). Possible VDREs
in the 5'-flanking sequence of the P45024 gene (-171 to -123)
were investigated by transient expression analysis in COS-1 cells.
From these studies, a potential VDRE was located in the
complementary strand at position -150 to —136. The mutated
putative VDRE half-sites at -141 to -136 or -150 to -145
resulted in the almost complete loss of 1,25-(OH)2D3 induction.
A more proximal putative VDRE half-site at position —132 to
-127 is contained within an AP-1 like element (5'-GGAGTCA-3'). Mutagenesis of this sequence partially inhibited (36%)
the 1,25-(OH)2D3 induction response. The possibility that AP-1
binds to this site and participates in the mechanism of induction
is currently being investigated.

studies with reporter-gene constructs and in vitro gel shift analysis
have been used to identify specific half-site sequences and
spacing, as delineated in Figure 6. The VDREs can be considered
as two purine-rich half-sites that are direct imperfect repeats and
are separated by 3 bp of non-specific sequence. In contrast to
the classical direct-repeat half-site paradigm for upregulatory
VDREs, a motif with only a single VDRE half-site (GGTTCA)
is observed in the downregulatory VDRE of the human
parathyroid hormone promoter (32). However, the VDRE
identified in this study conforms to the classical VDRE structure,
which is consistent with an upregulatory action for the VDRE
in the rat P45024 gene promoter. Based on the available halfsite sequence and spacing data, we propose that the consensus
sequence for a VDRE is GGGTGAnnn(G/A)(G/A)GNCN in
which the second half-site can be considered as a degenerate copy
of the first 5'-GGGTGA-3' half-site.
The spacing between half-sites of hormone responsive elements
in gene promoters is critical for expression of hormone
specificity. For example, a spacing of either 3, 4 or 5 bp
determines a selective response to vitamin D, thyroid hormone
or retinoic acid receptors, respectively (33). There is evidence
that the retinoid/thyroid hormone/vitamin D subfamily of nuclear
receptors bind to their response elements as heterodimers with
the same nuclear factor retinoid X receptor (RXR ). Carlberg
et al. (10) have shown that the mouse osteopontin VDRE binds
VDR and RXR in gel shirts and that expression of this VDRE
is enhanced synergistically by these receptors in the presence of
1,25-(OH)2D3 and 9-cis retinoic acid. These workers also
provided evidence that a VDRE in the human osteocalcin gene
consists of two half-sites separated by 6 bp and binds a
homodimer of VDR rather than a heterodimer of VDR-RXR (10).
In the present work, the identified VDRE consists of two halfsites separated by 3 bp and, therefore, it seems reasonable to
assume that the VDRE: nuclear-complex contains VDR and the
co-activator RXR. Such an occurrence is consistent with VDR
being absent in COS-1 cells while sufficient transactivated RXR
exist for 1,25-(OH)2D3 induction of transfected constructs.
Direct confirmation of a functional VDR-RXR heterodimer in
the P45024 VDRE will require purified proteins and their
attendant antibodies. Nevertheless, it is evident from this study
that the rat P45024 gene contains a functional VDRE in its
proximal promoter region. From the transient expression analysis,
it can be inferred that other upstream control elements will
contribute to promoter induction by 1,25(OH)2D3 and the
identity of such elements is currently being pursued.

Gel shift mobility assays were employed to further investigate
the potential VDRE at position - 1 5 0 to -136. When an
oligonucleotide encompassing this region was incubated with
crude nuclear extracts from COS-1 cells (transfected with pRSVhVDR), a major retarded-band was identified. This band had the
same mobility as the band seen with the well-defined VDRE in
the mouse osteopontin gene promoter (24). In addition, the major
retarded band seen with oligonucleotide (—150 to -136) was
specifically eliminated in competition experiments using the
mouse osteopontin VDRE. Since the band seen with the
oligonucleotide from - 1 5 0 to -136 was only observed using
nuclear extracts from pRSV-hVDR transfected COS-1 cells, we
conclude that VDR is required for interaction in a gel shift assay
and that the -150 to -136 sequence is a VDRE.
Several VDREs have been identified in the promoters of genes
whose expression is upregulated by 1,25-(OH)2D3. Transfection

The action of the secosteroid hormone 1,25-(OH)2D3 to
feedback regulate its own ambient concentration is an unusual
control loop for physiological cytochromes P450. A major factor
in this feedback loop is the transcriptional action of
1,25-(OH)2D3 to enhance its own metabolic inactivation. This
occurs through the 1,25-(OH)2D3 induction of the P45024 gene
and the associated increase in the hormone's side-chain oxidation.
It is now clear that this action of 1,25-(OH)2D3 is mediated in
part through the upregulatory VDRE in the early promoter region
of the P450 24 gene. The documentation of additional
upregulatory elements and the presence of yet-to-be-defined
downregulatory elements all contribute to a multi-factorial system
whereby the P45024 gene is controlled in response to cellular
regulatory signals. Defining the interactions between the different
control components is fundamental to understanding the genelevel regulation of P45024 expression.

oligonucleotide from position —150 to -136 and with the unique
VDR-dependent band seen with the WT oligonucleotide from
position -171 to -123 (Fig. 5). Conversely, an excess of
unlabelled AWT oligonucleotide effectively competed with
radiolabelled mouse osteopontin VDRE for protein binding
whereas a nonspecific-DNA oligonucleotide did not mimic
osteopontin in the competition experiments (result not shown).
These experiments demonstrate: 1) the presence of promoter
sequences in the P45024 gene that can bind a specific nuclearprotein-complex in the nuclear extract of cells expressing VDR
and 2) the identification of a proximal VDRE in the region from
position - 1 5 0 to -136.
DISCUSSION
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