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THESIS SUMMARY

1,25(OH),D, plays important roles in many process such as calcium homeostasis. The vitamin
D hydroxylase enzymes, vitamin D 1-hydroxylase (Ia(OH)ase) and vitamin D 24-
hydroxylase (CYP24) are the key rate limiting enzymes responsible for the bioactivation and
degradation of 1,25(OH),D; respectively. Several physiological factors including PTH,
1,25(0H),D,; and calcitonin interact to regulate the gene expression of the two enzymes
resulting in regulation of serum and tissue levels of 1,25(OH),D,.

The aim of the study in this thesis was to understand the molecular mechanism by which PTH
regulates expression of the human /o(OH)ase gene promoter in the kidney and also the
molecular mechanisms by which 1,25(0OH),D, and calcitonin regulate expression of the rat

CYP24 promoter in kidney and osteoblast cells.

The up-regulation of the gene for /afOH)ase by PTH under hypocalcemic conditions is
fundamentally important for the maintenance of calcium and phosphate homeostasis. The
molecular mechanism that underlies this hormonal response has been investigated in the present
study by transfection analysis of the human / ¢(OH)ase promoter in kidney AOK-B50 cells. It
has been shown that the first 305 bp of promoter sequence can be induced by PTH in transient
transfection assays and also within a chromatin environment when stably integrated.
Mutagenesis of possible transcription factor binding sites within this promoter length has
shown that three sites clustered within the region from —66 to —135 contribute to basal
expression. A likely GC box and a CCAAT box site are particularly important for basal
expression although these sites are not likely to functionally cooperate in a4 major way.
Mutagenesis of the CCAAT box site consistently reduced PTH induction although mutagenesis
of the GC box, EBS and other possible binding sites in the 305 bp of promoter had no

significant effect on the level of PTH induction. Other experiments showed that PTH induction
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but not basal expression was sensitive to the protein kinase inhibitor H89. I have therefore
identified for the first time the sites in the human /a(QOH)ase promoter responsible for basal
expression and provide evidence for the role of a CCAAT box binding protein in a PTH

mechanism of induction that involves an H89 sensitive step.

1,25(OH),D, functions in kidney and osteoblast cells to induce CYP24 gene expression and
enzyme activity, representing an important feedback mechanism to avoid toxicity that may
result from a high level of 1,25(OH),D,. In the rat promoter, a GC box (-114/-101) and a
CCAAT box (-62/-51) were found to strongly contribute to basal and 1,25(OH),D, mediated
induction in kidney HEK-293T cells and osteoblast UMR106 cells. The precsent study has
focused on characterising the two sites and related signalling systems. EMSA using antibodies
for Spl and NF-YB provided evidence for the binding of Spl to the GC box and the binding of
NF-Y to the CCAAT box. Over expression of Spl and NF-Y in Drosophila SL3 cells revealed
that Spl functions at least partially through the GC box and NF-Y acts through the CCAAT

box. Use of the mammalian two-hybrid assay provided evidence for an interaction of Spl with

Ets-1 and also of Spl with RXRa. Over expression of a dominant negative NF-YAm29
resulted in reduced basal expression but did not lower the fold 1,25(OH),D; mediated
induction, suggesting the NF-Y is important for basal expression but not for induction by
1,25(0OH),D,. A model for induction is proposed that involves contributions of Spl and NF-Y
to basal expression with the NE-Y protein being replaced with another unknown protein in
response to 1,25(0OH),D,.

The results in HEK-293T cells, using pharmacological inhibitors (H89, calphostin C, PD98059
and SB203580) demonstrated that PKA, PKC and ERK1/2/5 MAPK pathways are critical for
1,25(0OH),D; mediated induction of the CYP24 promoter. Evidence is presented that the

CCAAT and GC boxes are likely to be target sites for the cAMP/PKA cascade. In addition,



there is evidence that the PKC isoform, PKCZ is important for induction of the promoter by
1,25(0OH),D, but not for basal expression and that this action of PKCE occurs through the GC
box. Hence, it can be proposed that basal expression is driven by Sp1 and NF-Y, both of which
may be phosphorylated by PKA. In the presence of 1,25(OH),D;, NF-Y is replaced by another
protein perhaps following phosphorylation of NF-Y by PKA. At the GC box, Spl in the

presence of 1,25(0OH),D, could be phosphorylated by PKCCE.

Studies were undertaken to determine whether calcitonin could lower circulating 1,25(OH),D;
levels, through induction of CYP24 in kidney cells. It was found that the promoter was
stimulated by calcitonin in transiently transfected HEK-293T cells that stably expressed
calcitonin receptor. A GC box at -114/-101 and a CCAAT box at -62/-51 in the transiently
transfected —298bp promoter predominantly accounted for calcitonin induction. Mutagenesis
of either the GC or CCAAT box resulted in the almost totally loss of induction in stably
transfected in these cells. Over expression of NF-YAm29 in these cells strongly inhibited
basal expression of the CYP24 promoter and moderately inhibited calcitonin mediated fold
induction. ERK1/2 signalling pathways were not involved in the calcitonin-mediated
induction as shown by studies with the pharmacological inhibitor PD98059 and a dominant
negative of ERK1/2 (ERK1K71R). However, both PKA and PKC pathways are involved in
the calcitonin induction mechanism as determined by the inhibitory action of the PKA and
PKC inhibitors. PKCE contributes 50% to calcitonin induction, but not basal expression of
CYP24 promoter expression as shown by over expression of a dominant negative
PKCCK281M. Cotransfection of a dominant negative form of Ras (Ras 17N) resulted in
calcitonin mediated induction being reduced by about 50%. Therefore a Ras-PKCC signalling

pathway was proposed which acts through the GC box.
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Calcitonin and 1,25(OH),D, synergistically induced CYP24 gene promoter activity in both
transient transfected and stably transfected cells. This synergy was almost abolished when the
two VDREs were mutated, but synergy was still evident when the GC and CCAAT boxes
were mutated. The findings have been extrapolated to the in vivo situation where it is
suggested that induction of renal C'YP24 by calcitonin under hypercalcemic conditions could

contribute to the lowering of 1,25(0H),D; levels.
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1.1 Overview of vitamin D metabolism

The biologically active form of vitamin D, 1,25(OH),D3; has many important pleiotropic
functions involved in calcium and phosphate homeostasis, bone mineralization, cell
proliferation and differentiation (Jones et al., 1998), immune modulation (Becker et al., 2002;
Deluca and Cantorna, 2001), and bile acid metabolism (Makishima et al., 2002). Figure 1.1
shows the flow chart for 1,25(OH),D3; metabolism. The first step for 1,25(OH),;D3 synthesis
begins with vitamin Dj;, which is taken up from the diet or synthesized from 7-
dehydrocholesterol in the basal epidermal layer of the skin through exposure to ultra-violet
light (270nm-300nm) (Carlberg and Polly, 1998; Jones et al, 1998). Vitamin D3 is then
transported to the liver as a complex with vitamin D3 binding protein (DBP) (Lowe et al.,
1992). In the liver, vitamin D3 is hydroxylated by vitamin D;-25-hydroxylase at carbon atom
25 to produce 25(OH)Ds;, which is transported to the kidney. The 25-hydroxylation in the
liver appears to be only loosely regulated. The kidney is the major site of production of
circulatory 1,25(OH);D;. In the kidney the metabolic activation of 25(OH)Dj3 to 1,25(0OH),D;
is tightly controlled by the 25-hydroxyvitamin D3 1o-hydroxylase (CYP27B1 or 1ofOH)ase),
which hydroxylates the substrate at carbon atom 1. Further hydroxylation by 25-
dihydroxyvitamin D3 24-hydroxylase (CYP24) initiates degradation of 1,25(OH),D5 through
the C-23/C-24 oxidation pathway (Figure 1.1). Since / fOH)ase and CYP24 catalyze the rate
limiting steps of 1,25(OH),;D; formation and degradation respectively (Omdahl et al., 2002),
they are the two crucial enzymes required for regulating ambient levels of serum and cellular

1,25(0OH),D;.

Circulatory 1,25(OH),D3 can regulate calcium homeostasis through enhancing calcium uptake
by the intestine, stimulating calcium reabsorption by the kidney and increasing calcium
resorption from bone. Besides 1,25(OH),;Ds, parathyroid hormone (PTH) and calcitonin are
the other two major hormones involved in calcium metabolism. This chapter will serve to

introduce the physiological roles of 1,25(OH),Ds, the key proteins involved in vitamin D;
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Figurel.l General diagram of vitamin D, metabolism. Excretion

A flow diagram describes the biosynthesis and metabolism of vitamin D, and its major metabolites, and the
cellular action of 1,25(OH),D;. Parental vitamin D, from sunlight action on the epidermis or dietary sources is
hydroxylated in the liver by 25-hydroxylase and activated in kidney by Ia(OH)ase to give 1,25(OH),D,, which
acts on renal genes or enters the circulation to act on target tissues (intestine, bone, parathyroid). CYP24 plays a
dual role to remove 25(OH)D, from the circulation and excess 1,25(0OH),D, from kidney. Circulating
1,25(0OH),D,; is also be removed by other tissues, notably the intestine (Omdahl et al., 2002).



metabolism (DBP; 25-hydroxylase; 1a(OH)ase; CYP24), the molecular actions of
1,25(0OH),D3, PTH and calcitonin, and the possible mechanisms by which the three hormones

modulate 1,25(OH),D; levels by regulating the enzymes / fOFH)ase and CYP24.

1.2 Actions of 1,25(0H),D,

Classically, 1,25(0OH),D; has been considered to be predominantly involved in calcium and
phosphate homeostasis and bone mineralization. However more recent studies have indicated
that 1,25(OH),D; exhibits antiproliferative and prodifferentiating properties, and also plays a
role in the central nervous system, immune responsiveness and reproduction. Very recently
Makishima et al., (2002) showed that 1,25(OH),D; is also involved in secondary bile acid
catabolism in a protective role against colon cancer. These properties of 1,25(OH);D; will

now be discussed.

1.2.1 Regulation of calcium homeostasis

1,25(OH),D3 is one of the primary regulators of calcium and phosphate homeostasis.
Traditionally, 1,25(OH),D; acts to enhance calcium and phosphate uptake by the intestine, to
increase calcium reabsorption by the kidney, to inhibit renal calcium excretion and to enhance
calcium mobilization from bone to maintain the concentration of these ions (reviewed by
Jones et al, 1998; Brown et al., 1999b). Rickets and hyperparathyroidism in VDR null mice
can be prevented by a high calcium diet (Li e al., 1998; Amling et al., 1999), suggesting that
1,25(OH);Ds at least plays a role in intestinal calcium absorption. 1,25(OH),;D; induces the
calcium-binding proteins, Calbindin-D9K and Calbindin-D28K, involved in the translocation
of calcium in mammalian intestinal and kidney cells respectively (Jones ef al,, 1998; Walters,
1992; Hoenderop ef al., 2002). 1,25(0OH);D; may also stimulate calcium reabsorption in the
distal nephron by increasing expression of the epithelial calcium channel protein (EcaC2),

which is involved in active calcium transport (Hoenderop et al., 2002). There is evidence that



1,25(0OH),D; also stimulates the calcium transport protein (CaT1) that acts as a gatekeeper for
calcium entry into enterocytes in the intestinal cells (Fleet et al, 2002). The expression of
EcaC2 and CaT1 is strongly VDR-dependent and consistently down-regulated in two VDR

knockout strains of mice (Van Cromphaut et al., 2001).

1.2.2 Action of 1,25(OH);D; on bone

A deficiency of vitamin D causes rickets in growing children and osteomalcia in adults but
rickets can be treated either with a supplement of vitamin D or by exposure to ultraviolet light
(Kato et al, 2002). In addition, /afOH)ase and VDR null mice also develop skeletal
abnormalities (Dardenne et al., 2001; Panda et al.,, 2001a; Yoshizawa et al., 1997). Therefore,
1,25(0OH),D; functions in normal bone growth and bone mineralization,

1,25(OH),D5 enhances calcium and phosphate uptake by the intestine and the kidney and this
is important for bone mineralization. Bone remodeling throughout life is a balance of
continuous bone formation by osteoblasts and bone resorption by osteoclasts. Vitamin D
receptor (VDR) is present in osteoblast cells and osteoclast precursor celis (Aubin and
Heersche, 1997) and direct action by 1,25(OH);D; on bone has been extensively studied.
1,25(OH),D3; has a complex effect on bone formation. 1,25(OH),;Ds plays distinct roles at
different maturation stages of osteoblasts. It stimulates differentiation of osteoblasts from
immature proliferating cells to differentiated, nondividing cells that produce matrix protein
for bone mineralization (Aubin and Heersche, 1997). It has been found that 1,25(OH),Ds
enhances the synthesis of osteocalcin by osteoblasts (Skjodt et al,, 1985; Demay et al., 1990)
and also increases expression of type I collagen synthesis, a major protein of the extracellular
matrix (Franceschi ef al.,, 1988). Several other genc products including osteopontin, alkaline
phosphatase and matrix gla proteins, which are mature osteoblast markers, are also up-
regulated by 1,25(OH);D; (Noda et al., 1990; Pols et al., 1986; Aubin and Jeersche, 1997 and

references therein).



Additionally, 1,25(0H),D; is a potent inducer of osteoclast bone resorption by stimulating
both osteoclastogenesis and accelerating mature osteoclast resorption activity. The action of
1,25(OH),D; - enhanced osteoclastogenesis and osteoclast activity is indirect. 1,25(0OH),D;
increases the expression of receptor activator of NF-kB ligand (RANKL), a transmembrane
ligand, in committed preosteoblastic cells (Kitazawa R and Kitazawa S, 2002; Anderson et
al., 1997, Lacey et al., 1998). Through a cell-cell interaction, RANKI. stimulates its specific
receptor RANK on the surface of the osteoclast progenitors (Anderson et al., 1997; Kong Y et
al., 1999) promoting activation of osteoclasts and hence calcium mobilization.

Over all, the actions of 1,25(OH);D3 on bone are complicated and the response to
1,25(OH),D; may be dependent on the stage of proliferation and differentiation of osteoblasts.
The total effect of 1,25(OH);D; on bone would be the balanced outcome resulting from

regulating both osteoblast and osteoclast activities.

1.2.3 Imhibition of cell proliferation and induction of cell differentiation
Several studies have shown that 1,25(OH),;D; is involved in increasing cell differentiation
while reducing cell proliferation in various cell types including osteoblasts, macrophages,

keratinocytes, prostate cancer cells and pancreatic 3 cells (Brown et al., 1999b).

1,25(OH),;D3 and keratinocytes

1,25(OH),D; inhibits proliferation and stimulates differentiation of keratinocytes.
1,25(0OH);D; and analogs (especially, MC903) have been employed in the treatment of
psoriasis, a hyperproliferative disease of the epidermis (Bikle et al,, 1992; Morimoto ef al.,
1985). It has been shown that 1,25(OH),Ds stimulates the assembly of functional adherent
junctions in keratinocytes resulting in cell differentiation (Gniadecki et al., 1997). The locally
synthesized 1,25(OH),D; in the skin promotes the differentiation of keratinocytes through a
calcium-dependent process that involves phospholipases C and D and protein kinase C (PKC)

(Bikle et al., 2001; Bollinger Bollag and Bollag, 2001).



Recent studies have shown that the alopecia in the VDR null mice is not due to an intrinsic
defect in keratinocyte proliferation or differentiation, but rather to an abnormality in initiation
of the hair cycle (Sakai and Demay, 2000). Interestingly alopecia is not observed in
1 o(OH)ase-null mice (Panda et al, 2001a). Therefore VDR is important for prevention of

alopecia in a 1,25(OH),;D3 independent manner (Sakai and Demay, 2001).

1.25(0OH),D; and cancer cells

Epidemiological studies have shown that the incidence of cancer is related to low 25(OH)D;
levels (Ylikomi er al, 2002). Generally /ofOH)ase expression decreases with tumor
progression (Whitlatch et al.,, 2002; Hsu et al,, 2001). In addition, high expression of CYP24
in target cells may result in a complete insensitivity to 1,25(OH),D; and CYP24 was identified
as a potent oncogene in breast carcinogenesis (Albertson et al., 2000). VDR has been also
detected in particular hormone-related cancers such as prostate cancer, breast cancer and
colon cancer (Ylikomi ef al., 2002). The VDR mRNA is expressed in a relatively high level in
well-differentiated cells and thus has been proposed as a useful marker in predicting the
clinical outcome in patients since it correlates with the degree of differentiation in human
colon cancer cells and breast cancer cells (Ylikomi et al., 2002).

For the purpose of cancer treatment, 1,25(OH),Ds; also functions as an antiproliferative,
prodifferentiating, and proapoptotic agent in cancer cells. Studies using cell culture and
animal models have shown that 1,25(OH),D; significantly inhibits the proliferation of
prostate cancer cells and promotes the differentiation of these cells (Moffatt er al,, 2001,
Skowronski et al., 1993; Lokeshwar et al., 1999). Similar results are also observed in other
cancer cells, such as leukemia cells and breast cancer cells (Suda et al., 1989; Hisatake et al.,
1999; James et al., 1996).

The molecular mechanism by which 1,25(OH),D; inhibits the proliferation of cancer cells has

been extensively studied. The antiproliferative effects of 1,25(OH),D; are predominantly



through a G1/S phase block of the cell-cycle, which is involved in the down regulation of
cyclin-dependent kinase (CDK)2 and CDKG6 kinase activity (Scaglione-Sewell et al., 2000;
Wang Q et al., 2000). In addition, 1,25(OH);D3 has an inhibitory effect on cell growth by
inducing the expression of cyclin-dependent kinase inhibitors p21WAF”CIPl (James et al., 1996;
Jensen et al., 2001) and p27KIP1 (Wuer al., 1997, Campbell et al., 1997) in breast cancer cells.
Moreover, 1,25(0OH),D5 could reduce the c-myc protooncogene transcription in breast cancer
cells (Jensen ef al, 2001; Bortman et al, 2002). 1,25(OH),D; has anti-cancer actions in
stimulating tumor suppressor BRCA1 gene expression (Campbell ef al., 2000), inhibiting
telomerase activity (Hisatake et al,, 1999) and inhibiting angiogenic activity (Majeski et al.,
1996). Furthermore 1,25(OH);D; suppresses cell growth also by regulating growth factors
(IGF-1 signaling pathway), parathyroid hormone related protein (PTHrP) and androgen
receptor (Feldman et al., 2000; Omdahl et al, 2002), which all play important roles in the
development of prostate cancer cells. 1,25(OH),D; promotes the differentiation of colon
carcinoma cells by the induction of E-cadherin (a tumor suppressor gene) and the inhibition of
B-catenin (a protooncogene encoding a cytoskeleton-associated protein) signaling (Palmer et
al., 2001). 1,25(0OH),D; has also been shown to induce apoptosis in numerous cancer cell
types by regulating members of the Bcl-2 family (Ylikomi et al, 2002; James et al., 1996).
1,25(0OH),D3 up regulates proapoptotic proteins (bak) and down rcgulates anti-apoptosis
proteins (Bcl-2 and Bcl-Xp) (Guzey et al, 2002; Diaz et al, 2000). Overall a sustained
1,25(0OH),Ds level may play a role as a deterrent to cancer onset and progression.

Though 1,25(0OH);D; has the potential to prevent growth of cancer cells, pharmacological
doses of 1,25(0OH),D; also lead to hypercalcemia ir vivo (Thys-Jacobs et al.,, 1997). Thus, a
number of 1,25(0OH),D analogs have been synthesized which have enhanced antiproliferative
activity and reduced the tendency to cause hypercalcemia and hypercalciuria (Leeuwen and
Pols, 1997). Such analogs of 1,25(0OH);Ds (eg. EB 1089, a dimethyl side-chain analog
(Lokeshwar et al, 1999) ) may be useful in the treatment of cancer (van den Bemd and

Chang, 2002). The possibility of combination therapy has also been suggested since the
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antitumor effect of 1,25(OH),Ds can be modified by interaction with growth factors and other

steroid hormones (Ylikomi et al., 2002).

1.2.4 Modulation of the Immune system

1o(OH)ase is present in peripheral macrophages, precursor monocytes and granulomatoses,
and CYP24 is present in peripheral monocytes (Zehnder et al., 2001; Overbergh et al., 2000;
Dusso et al., 1997). VDR is detected in the T lymphocyte, peripheral macrophage, precursor
monocytes and thymus cells (DeLuca and Cantorna, 2001; Omdahl ef al,, 2002). 1,25(OH),D;
has been shown to have actions on the immune system, especially on T cell-mediated
immunity. It is evident in several animal models that 1,25(OH),D; prevents autoimmune
diseases, extend graft survival and can down regulate immune responses in general (Lemire,
1997; Brown et al., 1999b). 1,25(OH),D; has an inhibitory effect on T-cell proliferation and
also has been reported to suppress the expression of cytokines (i.e. 1L-2 and interferon 7)
(Manolagas et al., 1994; Bhalla et al., 1986; Rigby et al, 1987). In addition, it stimulates
transforming growth factor (TGF) B1 and interleukin 4 (IL-4) production, which may in turn
suppress inflammatory T cell activity (DelLuca and Cantorna, 2001).

1,25(OH),D; plays a significant role as a selective immunosuppressant, as shown in animal
models of autoimmune diseases including encephalomyelitis, rheumatoid arthritis, systemic
lupus erythematosus, type 1 diabetes and inflammatory bowel disease (DeLuca and Cantorna,
2001). The results suggest 1,25(OH);D3; has a clinical potential in treatment of these

autoimmune diseases in humans.

1.2.5 Functions in the nervous system
Accumulating evidence suggests that 1,25(OH),Ds is involved in brain function (reviewed by
Garcion et al, 2002). Vitamin D; 25-hydroxylase, /¢OHjase and CYP24 enzymes were

detected in the central nerve system (CNS) (Zehnder et al, 2001; Naveilhan et al, 1993),



suggesting that both the biosynthetic and the degradative pathways for 1,25(OH),D; exist in
the brain, It is suggested that 1,25(OH),D; may have a neuroprotective effect by modulating
the production of neurotrophins, inhibiting the synthesis of inducible nitric oxide synthase and
increasing glutathione levels (Wang Y et al., 2000; Garcion ef al., 1998; Shinpo et al., 2000).
1,25(0OH);D; may also be useful for treatment of multiple sclerosis, autoimmune and
inflammatory disease of the CNS (i.e., Cerebral ischemia) (Garcion et al., 2002).

However in the VDR or I fOH)ase knock out mice and in patients sutfering from rickets, no
obvious nervous dysfunction has so far been observed which suggests that 1,25(OH),Ds

related functions might overlap with other signaling pathways (Garcion et al,, 2002).

1.2.6 Involvement of secondary bile acid metabolism

More recently it has been shown that activation of VDR by its ligand 1,25(0OH),D5 induces
expression in vivo of CYP3A, a cytochrome P450 enzyme that catabolizes the secondary bile
acid lithocholic acid (LCA) in the liver and intestine. LCA is hepatotoxic and a potential
enteric carcinogen (Makishima et al., 2002). Therefore 1,25(0OH);D3 plays a protective role

against colon cancer in a novel mechanism related to secondary bile acid catabolism.

1.3 Vitamin D binding proteins (DBP)

DBP, the transport protein in the plasma, is a 58-kDa-plasma alpha globulin. DBP is primarily
synthesized in the liver, and DBP mRNA is also found in other tissues such as kidney,
placenta, and testis (McLeod and Cooke, 1989). DBP is ablc to bind the principal vitamin D
metabolites including the major circulating metabolite 25(OH)Ds; and the most active
metabolite 1,25(OH),;D;. One of the major functions of DBP is the binding, solubilization and
serum transport of these vitamin D metabolites (White and Cooke, 2000). 1,25(OH);Ds in the
serum is almost entirely bound to DBP. It seems that there is only a single binding site for all

identified natural vitamin D; metabolites on each DBP molecule. The order of DBP binding



affinity for vitamin D; metabolites is as follows: 25(OH)Di=24,25(OH);Ds>vitamin
D;>1,25(0H),D3>1,24,25(0H);D; (Cooke and Haddad, 1989; White and Cooke, 2000). DBP
binding vitamin Dj; metabolites have limited access to the target cells (Cooke and Haddad,
1989). DBP seems to having a buffer role in preventing the free form of vitamin D3 entering
the target cells (Mendel,, 1989) and therefore prolongs the half-life of vitamin D; and
metabolites in the circulation (Brown et al., 1999b). The role of DBP to maintain stable serum
stores of vitamin D3 metabolites was also supported from the DBP null mice (Safadi et al.,
1999). DBP null mice were found to be normal except that there were lower serum levels of
25(0OH)Ds and 1,25(OH),D3;. When maintained on a vitamin D deficient diet for a brief
period, the DBP null mice developed secondary hyperparathyroidism and the accompanying

bone changes associated with vitamin D deficiency (Safadi et al., 1999).

1.4 Hepatic 25-hydroxylases of vitamin D,

The liver is considered as the major site for vitamin D3 25 hydroxylation, although 25-
hydroxylase activity has also been found in other tissues such as skin, intestine, and kidney
(Gascon-Barré et al, 2001). The enzyme catalyzes the first step in the activation of vitamin
D; through hydroxylation of carbon 25. Two forms of 25-hydroxylase in the liver (a
microsomal and mitochondria form) have been implicated in this process. The microsomal
enzyme uses as substrates, vitamin D3, 1 alpha vitamin Ds, vitamin D, and 1 alpha vitamin D,
and accepts electrons from the NADPH-cytochrome P450 reductase (Armbrecht ef al., 1992).
The pig microsomal 25 hydroxylase has been purified and cloned, and since it shares 70-80%
homology with members of the CYP2D subfamily in primary structure it has been designated
CYP2D25 (Wikvall er al,, 2001). The mitochondrial vitamin D3 25-hydroxylase (CYP27A41)
accepts electrons from NADPH-ferredoxin reductase and ferredoxin (Figure 1.2) (Armbrecht
et al., 1992). Recombinant human CYP27A41 has been shown to catalyze multiple reactions

related to vitamin Ds, including 25-hydroxylation of vitamin D3 (Sawada ez al., 2000). Of the



NADPH Ferredoxin Ferredoxin CYP27A1 25(0H)D,

Reductase (Red) (Ox)
(Ox) H,0
o2
NADP* Ferredoxin Ferredoxin CYP27A1 D,
Reductase (Ox) (Red)
(Red)

Figure 1.2 Cytochrome P450 system for the CYP27A1 enzyme.
Ilustrated is the sequential electron transfer from the NADPH source, through ferredoxin reductase and ferredoxin to

the terminal CYP27A1, which directs the 25-hydroxylation of substrate molecules in mitochondria.



two forms of 25-hydroxylase, the microsomal CYP2D25 functions primarily at the
physiological substrate concentration in the liver while the mitochondria 25-hydroxylase
plays a minor role in contributing to the circulating 25(OH)D; pool (Omdahl et al, 2002).
The microsomal enzyme appears to be the important enzyme in vivo, since serum 25(OH);D4
is not altered in patients with cerebrotendinous xanthomatosis (CTX) resulting from CYP27A41
deficiency (Bjorkhem and Moberg, 1995) or for mice whose CYP27A1 gene is inactivated
(Rosen et al, 1998). However a human microsomal 25-hydroxylase has not yet been
identified (Omdahl et al., 2002).

Liver CYP27A1 synthesis is not considered to be as tightly controlled as CYP27BI
(I fOH)ase), which is discussed later, and the product of 25(OH)Ds reflects the amount of

vitamin D status.

1.5 Synthesis of 1,25(0OH),D; by 1 o(OH)ase

1.5.1 Catalytic properties

l0(OH)ase is a member of the cytochrome P450 family and is a heme-containing protein
designated as CYP27B1 by the Cytochrome P450 Gene Superfamily Nomenclature
Committee. It is localized on the inner mitochondrial membrane as part of an electron
transport chain that performs hydroxylation reactions using molecular oxygen (Figure 1.3)
(Henry, 1997). 10fOH)ase catalyzes the C-1 hydroxylation of 25 hydroxylated vitamin Ds
including 25(OH)D5 and 24, 25(OH),D;. The rate of 1,25(OH),Ds synthesis is greater than
that of 1,24,25(OH);D3; synthesis due to the 10-fold higher concentration of 25(OH)Ds
compared with 24,25(OH),D; though the latter is the preferred substrate for /oqOH)ase

(Omdahl et al., 2002).
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NADPH Ferredoxin Ferredoxin 10(OH)ase 1,25(0H),D,

Reductase (Red) (Ox)
(0x) H,0
0,
NADP* Ferredoxin Ferredoxin 1o(OH)ase 25(0H)D,
Reductase (Ox) (Red)
(Red)

Figurel.3 Cytochrome P450 system for I o(OH)ase.

Ilustrated is the sequential electron transfer from the NADPH source, through ferredoxin reductase and ferredoxin to the

1 a(OH)ase, which directs 1 o hydroxylation of substrate molecules in mitochondria.



1.5.2 Tissue distribution

It was generally considered that /ofOH)ase is mainly expressed in the kidney proximal
convoluted tubule cells (PCT). However, Zehnder et al (1999) have shown that renal
expression of / fOH)ase is not restricted to the PCT, and mRNA and protein are abundantly
expressed in more distal areas of the nephron, including the distal convoluted tubule, cortical
collecting ducts, medullary collecting duct, thick ascending loop of Henle and papillary
epithelium. It is also clear that IofOH)ase activity and expression are also detected in
extrarenal cells including bone cells, intestine, prostate cells, macrophages, keratinocytes,

liver, parathyroid gland, pancreas, placenta, colon and lung cancer cells (Segersten et al,

2002; Panda et al., 2001b; Armbrecht et al., 1992; Miller and Portale., 2000; Zehnder et al.,
2001). However, the physiological significance of /ofOH)ase in extrarenal tissue and cells

remains unclear. Local synthesis of 1,25(OH),D3; may fulfill autocrine or paracrine functions,

such as regulation of cell growth and differentiation.

1.5.3 Molecular cloning

While /a(OH)ase activity was detected in the early-1970s (Fraser and Kodicek, 1973), a
cDNA clone was not isolated until the second half of 1997 because little / ofOH)ase protein is
expressed in the kidney. The 1o(OH)ase cDNA was first isolated from the kidney of mice
lacking VDR where the synthesis of / ofOH)ase is increased ten-fold (Takeyama et al., 1997).
At the same time, three other independent research groups reported the isolation of rat, human
and pig / fOH)ase cDNA clones (Shinki et al., 1997; Fu et al., 1997; Monkawa et al., 1997,
Yoshida T et al., 1999). The human /o(OH)ase gene has been isolated and contains nine

exons and eight introns spanning about 6.5 kb with a 1.4kb 5'-flanking region (Monkawa et

al., 1997; Kong XF ef al.,, 1999).
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1.5.4 Knockout mice and related rickets

As mentioned above [ofOH)ase is the crucial enzyme for controlling the formation of
1,25(0OH);Ds. To investigate the in vivo actions of 1,25(OH),D3, a mouse model deficient in
10(OH)ase has been developed and studied (Dardenne et al.,, 2001; Panda et al., 2001a). In
1 ofOH)ase knockout mice, no circulating 1,25(0OH).D3 could be detected. In addition, altered
non-collagenous matrix protein expression, reduced numbers of osteoclasts and rachitic bone
lesions were evident. The 1ofOH)ase knock out studies also reveal that 1,25(0OH),D; is
important in reproductive physiology and the immune function (Panda et al, 2001a). After
weaning, mice developed hypocalcemia, secondary hyperparathyroidism, retarded growth,
and the skeletal abnormalities, which are similar to those in patient with the genetic disorder
vitamin D dependent rickets type I (VDDRI, also known as pseudo-vitamin D deficiency
rickets) (Dardenne et al,, 2001; Panda et al, 2001a). By linkage analysis, mutations in the
human /ofOH)ase gene were correlated with the VDDRI since both the /a(OH)ase gene
and the VDDRI disease locus were mapped to the chromosomal region 12q13.1-
q13.3 in the human genome (St-Arnaud et al., 1997; Fu et al., 1997). Furthermore
mutations in the coding regions of the /ofOH)ase gene have been identified in VDDRI
patients (Fu et al, 1997; Kitanaka et al, 1998; Yoshida et al, 1998; Wang et al, 2002).
Therefore rickets in VDDRI can be treated by replacement therapy with 1,25(0OH),D;

(Glorieux and St-Arnaud, 1998).

1.6 Degradation of 1,25(OH),D; by CYP24
1.6.1 Tissuc distribution

CYP24 is also a member of the cytochrome P450 family (heme containing proteins) localized
on the inner mitochondrial membrane where as a member of an clectron transport chain it

performs hydroxylation reactions (Figure 1.4) (Omdahl and May, 1997).
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1,24,25(0H),D,

NADPH Ferredoxin Ferredoxin CYP24 [24,25(0H),D,]
Reductase (Red) (Ox)
(Ox) H,0
\ 0,
NADP* Ferredoxin Ferredoxin CYP24 1,25(CH),D
Reductase (Ox) (Red) [ 25(OH)D3i
(Red)

Figure 1.4 Cytochrome P450 system for CYP24.
Illustrated is the sequential electron transfer from the NADPH source, through ferredoxin reductase and ferredoxin

to the terminal CYP24 enzyme, which directs 24-hydroxylation of substrate molecules in mitochondria.



The major site of renal CYP24 activity is the proximal convoluted tubule (PCT) as shown
using microdissected nephron segments (Kawashima et al., 1981). Yang et al. (1999) has also
found CYP24 expression in the distal nephron. While the highest level of CYP24 expression
occurs in the kidney, CYP24 is also found to be widely distributed and may be present in
every cell and tissue that contains VDR including intestine, bone, skin, thymus, and heart
(Akeno et al., 1997). The widespread distribution of CYP24 suggests that the enzyme plays an
important role in regulating the local concentration and action of 1,25(OH),D; as well as

serum levels.

1.6.2 Catalytic properties

CYP24 is a multicatalytic enzyme that catalyzes the side-chain oxidation of 25-
hydroxyvitamin D metabolites such as 25(OH)D; and 1,25(OH),D;. However, the K, value of
the enzyme for 1,25(OH),Ds is one-tenth of that for 25(OH)D; (Akiyoshi-Shibata et al.,
1994), implying that the former is the real substratc for CYP24. The production of
24,25(0OH),Ds is expected to be higher than 1,24,25(OH);D; due to the nearly 1000-fold

higher concentration of 25(OH)D; relative to 1,25(0OH),;D3 (Omdahl and May, 1997).

1.6.2.1 Catabolism of 1,25(OH),D; by CYP24

The catabolic process performed by CYP24 is initiated by side chain hydroxylation of
1,25(0OH),D1 at C-23 or C-24. The C-24 pathway is the main activity of the rat enzyme while
for the human and guinea pig enzymes, the C-23 pathway is preferred (Omdahl et al., 2002).
It is now well established that the C-24 oxidation pathway initiated by CYP24 plays an
important role in inactivating 1,25(OH),D; in such target tissues as the kidney, intestine,
keratinocytes, bone, cartilage and placenta (Jones et al, 1998; Brown et al, 1999b). The
initial step of 1,25(OH),D; 24-hydroxylation results in the production of 1,24,25(OH);D3, a

less active hormone with reduced affinity for VDR. The subsequent steps involve oxidation to
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C24-0XO0 (1,25(0H),-24-0X0-D3), 23-hydroxylation to C23-OH/C24-0XO (1,23,25(0H)s-
24-0X0-Ds) (Figure 1.5) (Akiyoshi-Shibata et al., 1994), side-chain cleavage to the C23-
alcohol, and finally oxidation to the C23-carboxylic acid (Calcitroic acid) (Makin et al, 1989).
Carbon 23(C-23) oxidation pathway is initiated by hydroxylation at C-23, by recombinant
human CYP24 to yield 10,238,25(0OH);D4 (Siu-Caldera et al.,, 1995; Beckman et al., 1996).
The subsequent steps are 26-hydroxylation, formation of 26,23-lacto]l and finally 25VD-

26,23-lactone (Omdahl et al., 2002).

1.6.3 CYP24 null mice and CYP24 transgenic rats

The genes encoding the rat (Ohyama et al,, 1992) and human CYP24 (Chen and Deluca,
1995) have been isolated. The rat gene spans about 15kb and contains 12 exons (Ohyama et
al., 1992). The human CYP24 gene is localized at the chromosomal locus 20q13 (Omdahl and
May, 1997). Apparently no disease that implicates a genetic or acquired disorder has been
related to the CYP24 gene (Omdahl et al., 2002). However homozygous mice null for CYP24
exhibit a high level of circulating 1,25(OH);D3 (St-Arnaud, 1999). This suggests that CYP24
performs a protective role when the level of 1,25(OH),D; becomes high and potentially toxic.
CYP24 null mice have impaired intramembranous bone formation indicating CYP24 functions
in bone development and homeostasis (St-Armaud, 1999). CYP24 also converts 25(OH)D;
into 24R,25-dihydroxyvitamin D (24,25(OH),;D3) (Figure 1.1) and it has been suggested that
24,25(OH),;D3 may be important for bone growth, development and repair (St-Amaud, 1999;
Ono et al., 1996; Seo et al., 1997, Seo and Norman, 1997). However, St Arnaud et al. (2000)
showed that the bone abnormality could be rescued by crossing the CYP24 null mice with
VDR null mice demonstrating that elevated 1,25(OH);D5 and not lack of 24,25(OH),D; leads
to the impaired bone formation.

Recently Kasuga ef al. (2002) generated a line of transgenic rats constitutively expressing

CYP24 to study the biological role of CYP24 in vivo. Surprisingly the transgenic rats showed
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a low-plasma level of 24,25(0OH);D3 and the mechanism for this reduction is not clear. These
rats also unexpectedly developed albuminuria and hyperlipidemia shortly after weaning,
suggesting that CYP24 is involved in functions other than the regulation of vitamin D

metabolism.

1.6.4 Another catabolic pathway for 1,25(0OH);D;----C-3 epimerisation pathway
Analysis of CYP24 knockout mice showed that half the mutant progeny were unaffected by
the CYP24 deficiency (St-Arnaud et al, 2000). Therefore an alternative pathway of
1,25(0OH),D; catabolism was suggested to exist to regulate circulating levels of the hormone
in vivo.

A new metabolic pathway, the C-3 epimerisation pathway, has been revealed in human
keratinocytes (Reddy et al.,, 1994), in rat osteosarcoma cells (UMR-106 and ROS17/2.8 cells)
(Siu-Caldera et al., 1999), in human colon carcinoma cells (Caco-2 cells) (Messerlian et al.,
2000) and in bovine parathyroid cells (Brown et al., 1999a). It seems that C-3 epimenisation
pathway is an alternative pathway to the classic C-23/C-24 oxidation pathway to inactivate
1,25(0OH),D5. The new pathway is initiated by epimerisation of the hydroxyl group at carbon 3
of the A-ring from the [ to o position. The product is 10,25-dihydroxy-3-epi-vitamin Dj
which has a much lower affinity for VDR and less biological activity than 1,25(OH),Ds
(Astecker et al., 2000). It seems that CYP24 is not involved in the process since ketoconazole,
a strong inhibitor of vitamin D hydroxylases and most of the cytochrome P450 enzymes, did
not inhibit the production of 10,25-dihydroxy-3-epi-D; in keratinocytes (Astecher et al.,
2000). Thus the enzyme responsible for the process remains unclear. However, CYP24 seems

to be involved in further metabolizing 1o, 25-dihydroxy-3-epi-D3 (Astecker et al., 2000).
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1.7 Regulation of /of(OH)ase and CYP24

Since / (OH)ase and CYP24 are crucial enzymes for 1,25(OH),;D3; formation and degradation
respectively, regulation of the two enzymes is coordinated through the action of physiological
factors to control the ambient serum level of 1,25(OH),Ds. These factors include 1,25(OH);D3
itself, PTH, calcitonin, serum calcium and phosphate, acidosis, insulin and IGF-I
(Henry,1997; Omdahl et al., 2002 and references therein), dexamethasone (Akeno et al.,
2000) and TGFp (Pedrozo et al., 1999). However the major regulators are considered to be
PTH and 1,25(0OH);Ds3. How I afOIl)ase and CYP24 are regulated by PTH, 1,25(OH),D; and
calcitonin will be described in more detail in later relevant sections. Here 1 will focus on

introducing how the two enzymes are regulated by serum calcium and phosphate levels.

1.7.1 Regulation of /0fOH)ase and CYP24 by serum calcium

Classically serum calcium levels modulate the production of 1,25(OH),D; mainly through
regulating PTH secretion by the parathyroid glands (Akizawa and Fukagawa, 1999). The
process involves a calcium sensing receptor (CaR) (Brown and MacLeod, 2001). CaR is a
member of the G protein-coupled receptor family and is located in several cell types including
parathyroid cells, kidney cells and thyroid C cells (Brown, 2000). Hypocalcemia stimulates
the synthesis and secretion of PTH at transcriptional and posttranscriptional levels (Moallem
et al., 1998; Brown and MaclLeod, 2001). PTH increases 1,25(OH),Ds levels by up-regulating
1o(OH)ase and down-regulating CYP24 in the kidney (Bland et al, 2001; Omdahl et al.,
2002). In hypercalcemia, the secretion of PTH is inhibited and the secretion of calcitonin is
stimulated (Jones et al., 1998).

In vitro studies have indicated a direct effect of calcium on / fOH)ase expression in kidney
and cell lines independent of PTH (Fukase et al., 1982; Bland et al., 1999; Brown and Pollak,
1998). The direct effect of calcium on /fOH)ase in human proximal tubule HKC-8 cells has
been studied by Bland et al. (1999). In this study, cells grown in low calcium medium showed
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a 4.8-fold induction of /cfOH)ase enzyme activity and cells grown in a high level calcium
medium exhibited significant inhibition of 1,25(OH),D3 production. However, the molecular
mechanism of this action remains unclear, but may involve CaR. It is known that CaR is
coupled to several downstream signaling pathways (PKC and MAPK) (Kifor e al, 1997,
Kifor et al, 2001), which may be involved in regulation of /afOH)ase gene expression.
CYP24 enzyme activity was also unexpectedly increased in the presence of low calcium, but
remains to be clarified (Bland et al,, 1999 and 2001). It remains unclear as to whether there is

a direct effect of calctum on these hydroxylases in vivo.

1.7.2 Regulation of 1 ofOH)ase and CYP24 by phosphate

The expression and activities of 1ofOH)ase and CYP24 in the kidney are also tightly
controlled by phosphate. The synthesis of 1,25(OH),Ds by /fOH)ase mainly occurs in the
renal proximal tubule, which is the major site for calcium and phosphate reabsorption. Dietary
phosphate limitation causes serum 1,25(OH);Ds levels to increase (Engstrom et al, 1985;
Tanaka et al., 1983), by upregulating /ofOll)ase and down regulating CYP24 activity and
mRNA (Yoshida et al., 2001; Engstrom ef al., 1985). Despite the large increase in circulating
1,25(0OH);D5 resulting from the increased /ofOH)ase during hypophosphatemia, CYP24
mRNA levels are reduced. The mechanism is not known and probably due to a reduced VDR
content (Wu et al, 1996). The increased 1,25(OH),D; then acts on intestine and bone to
increase the phosphate level to normal. On the contrary, hyperphosphatemia would result in

decreased 1,25(OH),Ds levels to lower the serum phosphate level in the serum (Brown et al.,

1999b).

1.8 Molecular Action of 1,25(OH);D;

In this section, I will describe the molecular actions of 1,25(OH),Ds, the role of VDR and

VDR mediated genomic and non-genomic mechanisms.

17



1.8.1 Nuclear VDR

The nuclear actions of 1,25(OH),D; on target genes are mediated through VDR. The
molecular mass of this VDR has been estimated between 4§KDa (human VDR) and 60KDa
(avian VDR) (Christakos et al., 1996). VDR belongs to the superfamily of nuclear receptors
including the receptors of retinoic acid, thyroid hormone, and peroxisome proliferator
activator {Carlberg and Polly, 1998; Pike, 1997). All the receptors in the family have
similarity in sequence and structure. VDR is composed of several functional domains: an A/B
domain (at the N-terminus), a DNA-binding domain (C domain), a hinge domain (D domain),
and a ligand binding and transactivation domain (E/F domain at the C terminus) (Pike, 1997).
The function of the VDR A/B domain is not known. The DNA-binding domain is the most
conserved region in the superfamily of nuclear receptors for interacting with the specific DNA
sequence in the promoter of target genes, the vitamin D responsive element (VDRE). The
ligand binding domain binds 1,25(OH);D3 and is involved in dimerization with retinoid X
receptor (RXR) (Brown ef a/, 1999b). The ligand-dependent activation function domain (AF2
domain), localized near the COOH terminus of the ligand binding domain, interacts with other
transcription factors or coactivators (such as TFIIB, SRC-1, SKIP/NcoA-62 and CBP/p300)
for both ligand dependent transactivation and transrepression by VDR (Brown et al., 1999b;
Jimenez-Lara and Aranda, 1999; Barry er al., 2003).

The crystal structure of the complex of VDR ligand binding domain (LBD) and 1,25(OH),D;
has been established (Rochel et al 2000). It reveals the three-dimensional arrangement of the
ligand-binding pocket around 1,25(OH);D; and allows an understanding of the different
binding properties of some synthetic analogs (Rochel et al, 2000). Also reported are the
crystal structures of the VDR DNA-binding domain (DBD) complexed with VDRE from
three different promoters: osteopontin, canonial DR3 and osteocalcin (Shaffer and Gewirth,
2002). These structures reveal the chemical basis for the binding affinities of the different

VDREs.
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1.8.2 Vitamin D responsive elements (VDRE)

The predominant form of VDRE is a directly repeated arrangement of the hexameric binding
site with three spacing nucleotides and designated as DR-3 (Toell et al., 2000). The consensus
sequence of the half site is RGKTSA (R=A or G; K=G or T and S=C or G). Besides this type
of VDRE, direct repeats with four or six spacing nucleotides (DR4- and DR6- type VDREs)
and inverted palindromes with nine intervening nucleotides (IP9-type VDREs) have been

reported (Carlberg and Polly, 1998).

1.8.3 VDR and RXR forms a heterodimer

In the absence of ligand, VDR-RXR heterodimer binds to VDRE and recruits a co-repressor
complex, such as RIPS1 (Dwivedi et al, 1998) and Alien (Polly er al., 2000), which repress
basal expression most likely through associated histone-deacetylase to facilitate a closed
chromatin structure (Omdahl et al, 2002). Once 1,25(OH);D; binds to VDR, the
conformation change of the VDR-RXR heterodimer results in the release of the corepressor
complex, and facilitates the intcraction with coactivators. Therefore a “mouse trap”
mechanism has been proposed for VDR activation based on the crystal structure of the human
retinoic acid receptor Y (Renaud et al., 1995); ligand induced conformation transition in the
nuclear receptor LBD results in the modification of AF-2 activating domain whereby the
combination of ¢-helix 12 and o-helices 3 and 5 together creates a docking site for a
coactivator of the pl60 family (Nolte et al, 1998; Rachez and Freedman, 2000). Such
activators with histone acetyltransferase (HAT) activity could modify the chromatin structure.
This type of coactivator is then replaced by another coactivator complex lacking HAT activity
but interacting with RNA polymerase II (such as Vitamin D Reccptor Interacting Protein

(DRIP) complex) to initiate transcription (Chinba et al, 2000). Very recently, Barry et al
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(2003) have shown that the distinct coregulator Ski-interacting protein (SKIP)/NcoA-62

interacts with VDR through o-helix 10 interface, not the AF-2 domain.

1.8.4 Regulation of VDR

Regulation of VDR abundance plays an important role in modulating the cellular response to
1,25(0OH);D; (Shao et al, 2001; Krishnan and Feldman, 1997). VDR mRNA and protein
expression have been shown to be regulated by 1,25(OH);D; and other hormones in a
species-, tissue-, and cell type-specific manner, and the physiological mechanism of this
regulation affects the synthesis of VDR, not the affinity of VDR for 1,25(OH);D3 (Krishnan
and Feldman, 1997). It has been shown that 1,25(OH);D; up regulates the VDR level in renal
and intestinal cells (Costa and Feldman, 1986; Krishnan and Feldman, 1997; Issa et al., 1998).
This makes sense since 1,25(0OH),D; will act more efficiently on target genes if the level of
1,25(0OH),D; is increased. However, the molecular mechanism by which 1,25(0OH),D;
regulates VDR abundance remains unclear (Jehan and DeLuca, 2000; Brown et al., 1999b),
The mouse (Jehan and Deluca, 1997), chicken (Lu et al., 2000) and human (Miyamoto et al.,
1997) VDR promoters and genes have been cloned and thus provide the basis for studying
transcriptional regulation. The VDR promoter from different species contains no TATA box.
The promoter of mouse VDR is driven mainly though Sp1 binding sites (Jehan and DeL.uca,
2000) and in NIH3T3 cells the activity of the promoter increascs 3-5 fold in response to
forskolin, an activator of the protein kinase A (PKA) pathway (Jehan and DeLuca, 1997).
Analysis of the 1.5kb sequence of the mouse VDR promoter failed to find any consensus
VDRE (Jehan and DeLuca, 1997), which suggests that a VDRE might be localized farther
upstream in the promoter or there might be a different sequence from the classical one. The
human VDR (hVDR) has exons 1A, 1B and 1C for the 5’-end noncoding region (Miyamoto et
al., 1997). Since upstream exons of the hVDR incorporated into variant transcripts have been
identified, it suggests that more than one promoter may direct hVDR gene expression leading

to multiple mRNA and protein isoforms (Crofts, 1998; Miyamoto et al., 1997). Crofts et al.
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(1998) have reported that different VDR isoforms are expressed in different tissues. Sunn et
al. (2001) discovered a novel N-terminally variant human VDR that has different
transactivation capacity and subcellular localization. However, no further investigation has

been performed on the molecular regulation of the VDR gene by 1,25(OH),Ds.

1.8.5 Phosphorylation of VDR

In addition to the upregulation of VDR abundance, phosphorylation of VDR can enhance the
VDR-mediated transcription by increasing the interaction between VDR and coactivators
such as DRIP205 (Barletta et al, 2002). VDR can be phosphorylated by PKC (Hsieh et al.,
1991), casein kinase II (Jurutka et af., 1996) and PKA (Jurutka and Hsieh, 1993) in vitro,
however the in vivo role of this phosphorylation is not clear. Since VDR contains no
consensus sequence for MAP kinases (MAPK) (Solomon et al, 1999), it seems that the
MAPK pathway is not involved in VDR phosphorylation. Recent data by Dwivedi et al.
(2002) in our laboratory also agree with this; ERK1/2 could not phosphorylate VDR in an in

vitro kinase assay.

1.8.6 VDR knockout animal and related rickets

The lack of functional VDR leads to an insensitivity to 1,25(OH);Ds in over 30 target tissues,
as shown in patients with hereditary 1,25 dihydroxyvitamin D-resistant rickets (VDDR II) and
VDR knock out mice (Ylikomi ef al., 2002). VDDR 11 is caused by missense mutations in the
VDR DNA binding domain (DBD) (Malloy et al., 1994, Rut et al, 1994) or ligand-binding
domain (LBD) (Malloy ef al., 1990 and 2001) or truncation of VDR through premature
termination codons (Ritchie et al., 1989). In this type of rickets therc is a decrease in intestinal
calcium and phosphate absorption leading to decreased bone mineralization and rickets with
hypocalcemia, hypophosphatemia and elevated serum levels of alkaline phosphatase. After
weaning VDR homozygous knockout mice exhibit growth retardation, impaired bone

formation, and uterine hypoplasia with impaired folliculogenesis (Yoshizawa et al,, 1997). It
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is surprising that a VDR knock out mouse could be born alive and could be rescued with a
high Ca*" diet to appear essentially normal, except for the slow development of alopecia

(Amling ef al., 1999).

1.8.7 Non-genomic actions of 1,25(0OH),D3

1,25(0OH),D; mediated induction of target genes requires nuclear VDR and transcriptional
activation. This response is referred to as the genomic response. A more rapid response to
1,25(0OH),D5 occurs in minutes and this involves activation of signaling pathways such as
PKC and MAP kinases (Nemere et al., 1998; Dwivedi et al, 2002). This is the non-genomic
response.

It has been suggested that the non-genomic response may be due to a plasma membrane VDR
distinct from the classic nuclear VDR. For example, genomic and non-genomic regulations
are achieved by quite different shapes of 1,25(OH),D;, and especially a 6-s-cis locked analog
of 1,25(0OH),D; which preferentially activates the non-genomic response (Norman et al., 2002
and references therein). Furthermore, for the rapid response of transcaltachia (the rapid
hormonal stimulation of intestinal calcium transport), a candidate membrane VDR receptor
was reported which had a different ligand binding affinity and molecular weight from nuclear
VDR (Nemere et al., 1994). However, there has been no further information on this.

Recently, Capiati et al (2002) showed that 1,25(OH),D; induces translocation of the VDR
from the nucleus to the plasma membrane in skeletal muscle cells in a short-term (1-10min),
and the relocation process involves microtubular transport and tyrosine kinases. The result
suggested that nuclear VDR may be the receptor that mediates the non-genomic effect of
1,25(OH),Ds. The rapid nongenomic responses to 1,25(OH),Ds are abrogated in osteoblasts
prepared from VDR null mice in which the first zinc finger for DNA binding was deleted,
further supporting the conclusion that the classical VDR mediates the nongenomic actions of

1,25(0OH);D; (Erben et al., 2002). Erben et al (2002) suggested that the nuclear VDR when
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acting at the plasma membrane interacts with proteins so that its ligand specificity is altered,
thus explaining the apparent selectivity of 1,25(OH),D; analogues for the non-genomic
response. The precise molecular mechanisms by which 1,25(OH),D:; mediates the non-
genomic effects is currently of great interest. There is evidence that 1,25(OH),Ds can in
different cell types activate PKA (Vazquez et al., 1997), PKC (Morelli et al., 1996), ERKs
(Dwivedi et al, 2002), Src (Buitrago et al, 2002) and PI 3K (Buitrago et al., 2002). The
critical 1ssues are whether the nuclear VDR is involved and if so how it couples to the

signaling pathways.

1.8.8 Regulation of 1afOH)ase and CYP24 by 1,25(OH);D;

1.8.8.1 Regulation of / fOHjase by 1,25(0OH),Ds in kidney and keratinocytes

The inhibitory effect of 1,25(OH),D3 on /o(OH)ase gene expression has been studied in the
kidney. A direct inhibitory effect of 1,25(OH),D3 on { ofOH)ase mRNA and activity has been
demonstrated in both cultured kidney cells and intact animals (Murayama et al., 1999; Tanaka
and DeLuca, 1984; Henry and Luntao, 1989). Expression of /o(OFH)ase was suppressed by
1,25(0OH);D; in VDR+/+ mice and VDR+/- mice, but not in VDR -/- mice (Takeyama et al.,
1997). These results suggest that the negative feedback regulation of 7oqOH)ase by
1,25(0OH),D; requires liganded VDR. Negative vitamin D responsive elements (nVDRE) have
been identificd in genc promoters for the human PTH and the rat bone sialoprotein gene
(Mackey et al., 1996; Li and Sodek, 1993). The nVDRE of the human PTH promoter ditfers
from positive VDREs both in sequence composition and in affinity for VDR/RXR
heterodimer. While no nVDRE in the promoter of the /ofOH)ase gene has been identified, a
region that underlies repression has been reported (Murayama et al,, 2000). However, the
VDR does not directly bind to this region in the promoter and the mechanism has not been

fully elucidated (Murayama et af., 2001).
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1,25(OH),D3 mediates inhibition of / ofOH)ase enzyme activity in keratinocytes but does not
affect 1 ofOH)ase mRNA or protein levels (Xie et al., 2002). Xie et al. (2002) found that in
keratinocytes inhibition of /afOH)ase enzyme activity by 1,25(0H),D; was reversed when
CYP24 activity was blocked with a specific CYP24 inhibitor VID 400. The data demonstrate
that the apparent low level of 1 ofOH)ase activity in the presence of 1,25(OH),D; results from
inactivation of the substrate 25(OH)D; and the product 1,25(OH).Ds by induced CYP24.
These authors suggest that studies purporting to establish a negative regulation of / fOH)ase
by 1,25(0OH),;D; need to be reconsidered. For example in VDR null mice, there is increased
1a(OH)ase mRNA (Takeyama et al., 1997) an this may reflect increased PTH rather than an
effect of 1,25(OH),D; (Xie et al, 2002). As described above preliminary data indicates a
repressive region in the 1 fOH)ase promoter that responds to 1,25(0OH),;D3 (Murayama et al.,
2000). Perhaps this inhibitory effect of 1,25(0OH);D; on 1ofOH)ase mRNA production is

tissue specific, occurring in kidney but not in keratinocyte cells.

1.8.8.2 Regulation of CYP24 by 1,25(OH),D; in kidney

1,25(0OH),D5 functions to induce CYP24 gene expression and increase CYP24 enzyme levels
in different tissues including kidney and bone (Omdahl et al., 2002; Jones et al., 1998).

The molecular mechanism by which 1,25(OH),D; increases expression of the CYP24 gene
has been analyzed in great detail since the gene was cloned from rat (Ohyama and Okuda,
1991, Ohyama et al., 1991), human (Chen et al,, 1993) and mouse (Akeno et al., 1997). The
regutation of CYP24 by 1,25(0OH),;D3 requires the VDR as shown by VDR knock out mice
(Takeyama ef al,, 1997). In promoter studies (Hahn et al., 1994; Kerry et al., 1996; Zierold et
al., 1995), two VDREs were identified in the promoter of the rat CYP24 gene and were
responsible for vitamin D activation. These two VDRES act in a synergistic manner. An Ets-1

binding site (EBS) was also identified which interacts with VDR/RXR complex bound to the
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proximal VDRE and assists in the transactivation process (Dwivedi et al, 2000).
1,25(OH),D; apparently activates Ras dependent MAP kinase pathways leading to
phosphorylation of transcription factors Ets-1 and RXRo (Dwivedi et al., 2002). The PKC
pathway is also involved in 1,25(OH),D; mediated induction of CYP24 promoter activity
(Armbrecht ef al.,, 1997; Chen et al, 1993), but the downstream responsive elements have not

been identified.

In the next two sections, I would like to introduce two other important hormones for calcium
regulation, PTH and calcitonin. T would like to deal with their receptors, the elicited signaling

pathways and the regulations of / gfOH)ase and CYP24 expression in kidney and bone cells.

1.9 Molecular action of PTH

1.9.1 PTH

PTH is synthesized and secreted by the parathyroid gland to regulate serum calcium levels.
When the serum calcium level 1s lowered, the production of PTH by the parathyroid is up
regulated through CaR (Brown and MacLeod, 2001). The secreted PTH targets chiefly kidney
and bone.

PTH stimulates / ofOH)ase activity and inhibits CYP24 activity in the kidney (Murayama et
al., 1999; Brenza et al,, 1998; Shigematsu et al., 1986; Zierold et al, 2001) as discussed in
later sections, and this results in an increase of 1,25(OH);D;-mediated calcium uptake by the
intestine and increased reabsorption of calcium by the kidney (Brown et g/, 1999b). Also
1,25(OH);D; together PTH increase calcium mobilization from bone to maintain the
concentration of the ion (Mannstadt et al, 1999). In this process, PTH acts directly on
osteoblasts that possess PTH receptor (PTHR) and indirectly on osteoclasts that lack this
receptor (Swarthout et al, 2002). PTH stimulates production of RANKL on osteoblasts/

stromal cells and enhances the interaction of RANKL with RANK, the transmembrane
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receptor on osteoclast precursor cells, resulting in the stimulation of the maturation of
osteoclasts and consequently of bone resorption (Aubin and Bonnelye, 2000). As mentioned
earlier (see section (1.1.2), 1,25(0OH);D; also participates in the stimulation of

osteoclastogenesis.

1.9.2 Signaling pathway and down stream transcription factors mediated by PTHR

PTHR couples to at least two different types of heterotrimeric G proteins, Gs and Gq (Abour-
Samra et al., 1992). Therefore it activates at least two downstream signaling systems: the
AC/cAMP, and the PLC/inositol phosphate/diacyl glycerol/ intracellular calcium signaling
system (Abou-Samra ef al, 1992). It was recently shown that PTH at low concentrations
stimulates ERK1/2 MAP kinase activity in a PKC-dependent manner in both osteoblastic and
kidney cells (Swarthout et al, 2002). MAPK p38 has been shown to be involved in PTH
mediated regulation of chondrocyte differentiation (Zhen et al, 2001). However, only a
couple of target transcription factors that respond to PTHR signaling are known. PTH induces
the c-fos promoter in bone cells through phosphorylation of cAMP response element (CRE)-
binding protein that binds to the major CRE (Pearman et al.,, 1996). The activator protein-1
(AP-1) and the runt domain binding sites were identified as necessary for PTH-induced rat

collagenase-3 promoter activity in osteoblastic cells (Selvamurugan et al., 1998).

1.9.3 Regulation of 7ofOH)ase and CYP24 by PTH

Abundant evidence has shown that in kidney, PTH plays an important role in 1,25(0OH);D;
metabolism. PTH can up regulate /ofOH)ase and down regulate CYP24 gene expression in
the kidney to control the systemic 1,25(OH),;Dj3 level (Omdahl and May, 1997; Omdahl et al.,
2002; Henry,1997). After parathyroidectomy, serum levels of 1,25(OH),D; decrease but

increase after administration of PTH to the avian and mammalian species (Henry, 1997).
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1.9.3.1 Regulation of ! (OH)ase by PTH in kidney

PTH is considered as the primary up regulator for /ofOH)ase in the kidney. The molecular
action of PTH on /ofOH)ase has been studied. Brenza et al. (1998) demonstrated that PTH
could stimulate the mouse /ofOH)ase promoter-directed synthesis of luciferase by 17-fold in
kidney MCT cells. Kong et al. (1999) reported that PTH could stimulate constructs of the
lofOH)ase promoter (-1.4kb) about two fold in a kidney AOK-BS50 cells. In the human
logOH)ase promoter, the -0.5kb region has been identified as a PTH responsive region
(Murayama et al., 2001). Cyclic AMP (cAMP) and forskolin have been shown to mimic the
induction of 1 cgOH)ase by PTH in cultured kidney cells (Yoshida T et al., 1999; Kong XF et
al., 1999; Korkor et al, 1987). Taken together, these data suggest that the activation of
1c(OH)ase by PTH is mediated by a cAMP dependent pathway. However no PTH responsive
elements in the /fOH)ase promoter have yet been identified. Therefore, one major aim of
my current study is to understand the molecular mechanism by which PTH regulates the
promoter of the human / fOH)ase gene.

PTHR is also found in osteoblasts, but no information has been reported as to whether PTH

regulates ] fOH)ase expression in these cells.

1.9.3.2 Regulation of CYP24 by PTH in kidney and bone

It is well documented that PTH down regulates CYP24 activity and mRNA in kidney
(Armbrecht et al, 1984; Henry et al, 1992). In this event, the level of the circulatory
1,25(0OH);D; will be increased. The molecular mechanism of the regulation has been studied.
PTH is not able to down regulate the CYP24 promoter activity in transfected kidney cells, but
instead modifies CYP24 mRNA stability (Zierold et al., 2000). In transient transfection assays
the PTH action sites for destabilization were not found in either the 5’ or 3’ untranslated

regions and hence must lie in the coding region (Zierold et al., 2001).
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PTH also can partially or completely block the 1,25(OH),Ds;-mediated induction of CYP24
mRNA and activity in the kidney (Shinki ef al., 1992; Armbrecht ef al., 1984; Henry, 19835;
Henry et al,, 1992). The results suggest that the renal expression of CYP24 gene is regulated
by a balance of PTH and 1,25(OH),Ds levels in serum.

The regulation of CYP24 by PTH in bone is different from that in kidney cells. In rats fed a
low calcium diet to increase serum PTH and 1,25(OH),D;, CYP24 activity is increased in
bone but decreased in the kidney (Nishimura et al., 1994). PTH alone has no effect on CYP24
levels in bone UMR-106 cells, but acts synergistically with 1,25(OH),Ds to induce the CYP24
mRNA (Armbrecht et al., 1998), protein (Armbrecht et al., 1998) and activity (Armbrecht and
Hodam 1994). The synergistic induction of 1,25(OH);D; and PTH on CYP24 mRNA is
through the cAMP signaling pathway (Armbrecht ez al., 1998). The molecular mechanism of
the synergistic effect is not understood and the biological rationale of this phenomenon is still

not clear.

1.10 Molecular action of calcitonin

1.10.1 Calcitonin

Calcitonin is a 34-amino acid peptide hormone produced by the C cells or the parafollicular
cells of the thyroid gland, in response to a hypercalcemic signal (Jones ef al., 1998). It directly
acts on osteoclasts through calcitonin receptor (CTR) inhibiting osteoclastic bone resorption
and osteoclast differentiation and reducing the calcium mobilizing activity (Inzerillo et al.,
2002). It also acts on kidney enhancing calcium excretion by inhibition of renal tubular
calcium resorption (Pondcl, 2000). Calcitonin has been used clinically for treatment of a
variety of bone disorders, including Paget's disease, hypercalcemia of malignancy, and

osteoporosis (Martin, 1999; Pondel, 2000).
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1.10.2 Calcitonin receptor (CTR)

Calcitonin binds to its membrane receptor CTR, which like PTHR mentioned above, belongs
to the G-protein coupled receptor superfamily with a seven-transmembrane domain (Pondel,
2000). The cloning of calcitonin receptor has disclosed that multiple isoforms are present in a
tissue-specific and species-specific manner, which result from alternative splicing of
transcripts from a single gene. These isoforms have distinct ligand binding specificity and /or
signal transduction pathway utilization and thus could contribute to the modulation of the
cellular response to calcitonin. At present at least five isoforms of calcitonin receptor have
been identified in different species (Sexton et al, 1999; Shyu er al,, 1996; Ho et al., 1999).
The most common one, Cla, was widely distributed in vivo in different species (eg. rat, pig,
mouse and human). This isoform is also referred to as “an insert negative form™ in chapter 5.
Compared with other isoforms, Cla is the most abundant isoform and occurs at a relatively
constant level in all expressing tissues (Ikegame et al, 1995; Kuestner ef al., 1994; Gorn et
al,, 1995). Another isoform, which contains a 16 amino acid insert in the putative first
intracellular loop, has been reported in pig and human (Pondel, 2000; Gorn et al., 1995). This
isoform appears to be at low levels in most tissues and its expression levels to be much more
variable. Compared to Cla, it has a similar or higher binding affinity for calcitonin, but an
altered G-protein coupling efficiency leading to a loss of Gq mediated intracellular calcium
mobilization and attenuation of Gs-mediated response. It does not signal via PLC/Ca2+-
mediated pathways, although it retains some signaling ability via coupling to AC (Kuestner et

al., 1994; Moore et al., 1995; Gor et al., 1995).

1.10.3 Signaling pathway and down stream transcription factors

The calcitonin receptor isoform Cla is well known to couple to multiple heterotrimeric G
proteins (G;, Gq and Gy), leading to downstream cellular responses (Pondel, 2000; Sexton et
al.,, 1999). 1t is well established that stimulation of CTRs (Cla) results in the activation of the

downstream pathways: the AC/cAMP/PKA pathway (Force et al, 1992), the
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phosphoinositide-dependent PLCP/calcium mobilization/PKC pathway (Chabre et al., 1992;
Force et al., 1992) and the phosphatidylcholine-dependent phospholipase D pathway/ PKC
pathway (Naro et al., 1998). Chen et al. (1998) reported that in HEK 293 cells, Shc tyrosine
phosphorylation and the activation of the serine/threonine kinases ERK1/2 are elicited by
calcitonin.

The downstream transcription factors that respond to calcitonin have not been well
investigated. The only report shows that Spl binding sites are involved in the calcitonin

1WAF1/CIP1

mediated induction of the human p2 promoter activity (Evdokou et al., 2000).

1.10.4 Regulation of 1ofOH)ase and CYP24 by calcitonin in the kidney
Studies have shown that calcitonin is involved in the regulation of vitamin D metabolism
(Galante et al., 1972 and Beckman et al., 1994), but how calcitonin regulates expression of

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

1.10.4.1 Regulation of / ofOH)ase by calcitonin

In early studies, Galante et al. (1972) reported that calcitonin enhances production of
1,25(OH),D;. Calcitonin enhances renal conversion of 25(OH)D; into 1,25(OH),D; in
vitamin D-deficient rats and calcitonin is the major regulator of 7/ ofOH)ase in normocalcemic
rats (Shinki et al.,1999). Calcitonin induces 10fOH)ase mRNA in kidney LLC-PK1 cells,
proximal tubule cells (Yoshida N et al., 1999) and also enhances the /fOH)ase activity in
human cortical collecting ducts HCD cells (Bland et al, 2001). However, Rasmussen et al.
(1972) reported that the /OH)ase activity was actually inhibited by porcine calcitonin in
vitro using isolated renal tubules from vitamin D-deficient chicks. In addition, calcitonin has
no direct effect on I(OH)ase enzyme activity in chick and rat cells (Henry et al, 1997).

Bland et al. (2001) reported that calcitonin has no effect on /fOH)ase enzyme activity in
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proximal convoluted tubules HKC-8 cells. The molecular action of calcitonin on /ofOH)ase
expression has also been analyzed using transient transfection assays. In mouse kidney
proximal tubule MCT cells, a 0.85 kb region (-889/-30bp) upstream of the human I/ ofOH)ase
gene has been identified as a regulating region responding to calcitonin (Murayama et al.,
1998) but the precise calcitonin responsive element has not been identified. Overall, it can be
seen that different groups have reported that calcitonin can either up regulate, down regulate
or have no effect on ! fOH)ase expression in the kidney. These discrepancies may result

from different isolated cells and different experimental condition.

1.104.2 Regulation of CYP24 by calcitonin in kidney

In rat, it has been reported that calcitonin negatively regulates intestinal CYP24 mRNA
expression and activity (Beckman et al, 1994). This implies that calcitonin blocks the
degradation of 1,25(OH);D; and thus potentiates the toxicity of excess vitamin D;. However,
such a proposal does not fit with the use of calcitonin to treat hypercalcemia. Calcitonin does
not affect expression of CYP24 enzyme activity in either the human cortical collecting duct
cell line (HCD) where the hormone induced / ofOH)ase activity or the proximal tubule cell
line HKC-8 where the hormone has no effect on /afOH)ase activity (Bland et al., 2001). At
present there is little information on whether or how calcitonin regulates CYP24 expression in
kidney. Therefore one major aim of the thesis was to study how calcitonin affects CYP24

expression in the kidney and to investigate the relevant molecular mechanism.

1.11 General aim

The general aim of my PhD project is to understand the molecular mechanism by which PTH
regulates ] o(OH)ase promoter expression, and 1,25(OH),D; and calcitonin regulate CYP24

promoter expression in kidney and/or osteoblast cells, target tissues of the three hormones.
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2.1 Materials

2.1.1 Drugs, chemicals and Reagents

Tetrionics, Inc, Madison (W1, USA): 1,25(OH),Ds;

Peninsula Laboratory. INC.: Salmon calcitonin;

Sigma Chemical Co.: Rat PTH (1-34), 40% acrylamide, agarose, ampicillin, bovine serum
albumin (BSA), charcoal (activated), deoxyribonucleotide triphosphates (ANTPs), ethidium
bromide, ethylenediaminetetra-acetic acid (EDTA), N-2-hydroxyethylpiperazine-N'-2-ethane
sulphonic acid (Hepes), salmon sperm DNA, sodium dodecyl sulphate (SDS),
phenylmethylsulfonyl fluoride (PMSF), Tris-base, 8-(4-Chlorophenylthio)-Adenosine 3’; 5°-
Cyclic Monophosphate (8-CPT-cAMP), 3-isobutyl-1-1-methylxanthine (IBMX), Forskolin

and Phorbol 12-myristate 13-acetate (PMA), G418 and Puromycin.

Sources of other important reagents were as follows:

BIOMOL Research Laboratories (INC. USA): H89, calphostin C, SB203580, PD98059,

U0126, LY294002.

Promega (Madison, W1): Dual luciferase assay system and luciferase assay system.

Life Tech. BRL: Lipofect AMINE 2000.

Boehringer Mannheim Biochemicals (Germany): DOTAP liposomal transfection reagent.

Pharmagcia: poly(dI-dC).
Tokyo Kasei: N,N,N',N'-tetramethethylethenediamine (TEMED).

Roche Diagnostics Corp. (Indianapolis, IN, USA): Cesium chloride.

Qiagen Pty. Ltd: DNA gel extraction kit and plasmid preparation kits (Midi and Maxi).

2.1.2 Radiochemicals

[a->2P] dCTP (10uCi/ul) was purchased from Geneworks.
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2.1.3 Enzymes

Geneworks: Restriction enzymes, T4 DNA ligase, Pfu polymerase and E.coli DNA
polymerase [ (Klenow fragment).

Sigma: Ribonuclease A (RNaseA) and Lysozyme.

Boehringer Mannheim: Proteinase K, T4 DNA polymerase and Calf Intestinal Phosphate

(CIP).

2.1.4 Buffers and solutions

TBE: 90mM Tris, 90mM boric acid, 2.5mM EDTA, (pH 8.3).

TE: 10mM Tris-HCI (pH 7.5), ImM EDTA.

GTE buffer: 50mM Glucose, 25mM Tris-HCI (pHS8.0), 10mM EDTA (pH 8.0).
Transformation Buffer I (Tfb I): 30mM KAc, 100nM RbCl, 10mM CaCl, (2H,0), 50mM
MnCl, (4H,0) and 15% Glycerol.

Transformation Buffer II (Tfb II): MOPS (acid), 10mM RbCl, 75SmM CaCl, (2H,0) and
15% Glycerol.

Solution I for plasmid mini-preparation: 50mM Glucose, 25mM Tris'Cl, 10mM EDTA
(pHS.0).

Solution II for plasmid mini-preparation: 0.2M NaOH, 1% SDS.

Solution III for plasmid mini-preparation: SM KAc, 11.5% (v/v) acetic acid.

6XDNA Loading Buffer: 0.25% bromophenol blue, 0.25% xylene cyanol FF, 40% (w/v)
sucrose in water.

Nuclear Extract Lysis Buffer I: 10mM Hepes-KOH, pH7.9, 1.5mM MgCl,, 10mM KCi,
0.5mM DTT and 0.2mM PMSF.

Nuclear Extract Lysis Buffer II: 20mM Hepes-KOH, pH 7.9, 25% Glycerol, 420mM NaCl,
1.5mM MgClp, 10mM KCI, 0.2mM EDTA, 0.5mM DTT and 0.2mM PMSF.

TM-1 Buffer: 25mM Tris-HCI (pH7.6), 100mM KCl, 0.5mM dithiothreitol, SmM MgCl,,

0.5mM EDTA and 10% glycerol.
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10xKlenow Buffer: 70mM Tris-HCI (pH7.5), 70mM MgCl,.

5xAnnealing Buffer: 200mM Tris-HCI (pH7.5), 100mM MgCl,, 250mM NaCl.

S5xLigation Buffer: 250mM Tris-HCl (pH 7.6), 50mM MgCl2, 5SmM DTT, 25% (w/v) PTG-
6000.

One-Phor-All buffer: 100mM Tris-acetate (pH7.5), 100mM magnesium acetate, 500mM
potassium acetate.

All buffers were sterilized by autoclaving or filtration through a 0.2um filter where necessary.

2.1.5 Cloning vector
pGL3 basic vector and PRL-TK-Luc was purchased from Promega.
Gal (0) and pNL-VIP16 (0) were generously provided by Dr. G Muscat, University of

Queensland.

2.1.6 Cloned DNA Sequences

The following cloned DNA sequences were kind gifts from the following:

hCTR and hPTHR were generously provided by Dr. D Findlay (IMVS, Adelaide).
pNF-YAm29 and pNF-YA expression clones were kindly provided by Dr. R Mantovani
(University of Milan, Italy).

pPac-NFYA, B and C were generously given by Dr. T Osborne (University of California,
USA)) (Liang et al, 2001).

Human Sp1 expression clone was from Dr. M Crossley (Children’s Hospital, Boston, USA).
pPac-Spl and pPac-Sp3 were provided by Dr. MR Waterman (Vanderbilt University, USA)
(Ahlgren et al., 1999).

Overexpression clones of C/EBP «, P and & were from Dr. RH Costa (University of Illinois,
USA).

A-C/EBP was kindly provided by Dr. C Vinson (National Institutes of Health, USA).
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NF-kB overexpression clone (pCMVp65+, pPCMVp50+) and dominant negative form of IxkBo
(IxB o S19/23A) were provided by Dr. F Shannon (Australia National University).
pRSV-hVDR, Gal-Spl, VP16-VDR, VP16-Etsl, VP16-VDR, VP16-RXR, pCYP24mEBS-
Luc and pCYP24mGC-Luc were from Dr. P Dwivedi (University of Adelaide).
PEF-IRES-puro6 vector was generously given by Dr. M Whitelaw (University of Adelaide).
pCMV-PKA (Co) was a generous gift from Dr. S McKnight (University of Washington,
Seattle, WA, USA).

PKC-{ dominant negative form, PKCLK281M, was from Dr. JW Soh (Columbia University,
USA) (Soh et al., 1999).

Ras dominant negative form, Rasl7N was from Dr. DA Brenner (University of North
California, USA) (Westwick et al,, 1994).

ERK1 dominant negative form, ERK1K71R was from Dr. C Hii (Women and Children’s

Hospital, Adelaide) (Dwivedi et al., 2002).

2.1.7 Synthetic oligonucleotides

Oligonucleotides for sequencing, site-directed mutagenesis and EMSAs were obtained from
Sigma or Geneworks. (The primers for HUPSF, HUP6F and HUP9R were sent by Professor
John Omdahl, University of New Mexico, USA). The oligonucleotide sequences are as

below:

Sequencing oligonucleotides:

cYpr2d

EALl: 5' GAG CTC CCG GGC CAG CAG CGT GTC GGT 3°
1ofOH)ase

300F: 5" AC GGT ACCTGA CTAGTG TAG CTT GGT C 3'
HUPSF: 5> ACGGTACCATGC CTATTC TGC CAT 3
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HUPGF: 5" TCG GTA CCA ACCCACCTGCCATCT 3’

HUPOR: 5" ATC TCG AGG GTC TGG TTC AGG GTG CTC 3’

Mouse NFYA (to confirm the cDNA sequence of NF-Y and NF-YAm?29)

mNFYAF 5" GAG ACA AGC ACG GGCTAA GCTAGAG

Site directed mutagenesis (SDM) oligonucleotides with the core sequence underlined in
wild type sequence and the mutated oligonucleotides are in bolded letters (F: Forward

primer; R: Reverse primer).

1o(OH)ase AP-1

(WT 5" GCC TTT CCT AGG ATG AGA CTT TGA GGC 3"
SDMF 5" GCCTTT CCT ATT ACA AGA CTT TGA GGC 3'
SDMR 5 GCC TCA AAG TCT TGT AAT AGG AAA GGC 3'
lofOH)ase AP-2

(WT 5" GCA ACA TGA GAC CCA AGGGAGTTG TG 3’)
SDMF 5" GCA ACA TGA GAA ACA AGGGAGTTGTG 3’
SDMR 5" CAC AACTCC CTT GTT TCT CAT GTT GC 3’
1o(OH)ase proximal CRE

(WT 5' CAAGGGAGTTGTGAAGTCAGCCCCAGC 3"
SDMF 5'CAAGGGAGTTGTATGCTCAGCCCCAGC 3'
SDMR 5' GCTGGGGCTGAGCATACAACTCCCTTG 3'

1ofOH)ase distal GC box
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(WT 5" GAAGTCAGCCCCAGCCCCGCCTACTGTTC 3%

SDMF 5' GAAGTCAGCCAAAGCTTTGCCTACTGTTC 3'
SDMR 5' GAACAGTAGGCAAAGCTTTGGCTGACTTC 3'
lofOH)ase EBS

(WT 5' CCCGCCTACTGTTCCTGGGTGCTAATCC 3%)
SDMF 5' CCCGCCTACTGTTTTTGGGTGCTAATCC 3!
SDMR 5' GGATTAGCACCCAAAAACAGTAGGCGGG 3’

1 o(OH)ase proximal GC box

(WT 5' GGAGCTTGGAGAGGGGGCGTCATCACCTC 31
SDMF 5' GGAGCTTGGAGAAGC T TCGTCATCACCTC 3'
SDMR 5' GAGGTGATGACGAAGCTTCTCCAAGCTCC 3

1o OH)ase distal CCAAT box

(WT 5> CATGAGGGTCATTGCAACATGAGAC 3%)
SDMF 5' CATGAGGGICAGATCAACATGAGAC 3
SDMR 5' GTCTCATGTTGATCTGACCCTCATG 3'
1ofOH)ase proximal CCAAT

(WT 5' CAGGAGGAGGGATTGGCTGAGGAGCTTG 3")
SDMF 5' CAGGAGGAGGGAGCTCCTGAGGAGCTTG 3
SDMR 5' CAAGCTCCTCAGGAGCTCCCTCCTCCTG 3

CYP24 CCAAT box

(WT 5" CAGCGTGCTCATTGGCCACTCCAGC 37)



SDMF 5' CAGCGTGCTCAGCTGCCACTCCAGC 3'

SDMR 5' GCTGGAGTGGCAGCTGAGCACGCTG 3'

CYP24 GT box

WT 5’ CCCCGCGTCCCTCCCAGCCGGTCCC 37)
SDMF 5’ CCCCGCGTCCCTTACAGCCGGTCCC 3’
SDMR 5 GGGACCGGCTGTAAGGGACGCGGGGY

Gel shift oligonucleotides (S: sense strand; AS: antisense strand)

Consensus NF-Y binding oligonucleotides (C-NF-Y)

S: 5’ GTCT GGG CGC TGA TTG GCT GTGGACTGC G 3’

AS: 5" G CGC AGT CCA CAG CCAATCAGCGCCCAGAZ

Consensus C/EBP binding oligonucleotides (C-C/EBP)

S: 5>’ GTGC AGATTG CGC AATCTG CA 3°

AS: 5" GTGCAGATTG CGCAATCTGCA ¥

loyOH)ase CCAAT box (pCYPa-CCAAT)

S: 5’ GAG GAG GGA TTG GCT GAG GAG 3°

AS: 5’ GCT CCT CAG CCA ATCCCT CCT 3’

1o(OH)ase mCCAAT oligonucleotide (mCCAAT)

S: 5" GAGG AGG GAG CTC CTG AGG AG 3’

AS: 5’ G CTC CTC AGG AGC TCCCTCCT 3’

Consensus Spl binding oligonucleotides (Cons-Spl)

38



S 5" GAT TCG ATC GGG GCG GGG CGAG ¥

AS: 5 GCT CGC CCCGCCCCGATCGAATDY

latOH)ase distal GC box (pCYPer-GC)

S: 5 GGC CCCAGCCCCGCCTACY

AS: 5" GGT AGG CGG GGC TGG GGC ¥’

CYP24 GC box (CYP24-GC)

S: 5 GCC ACA CCCGCCccececea s

AS: 5" GCG GGG GGC GGG TGT GG ¥’

CYP24 CCAAT box (CYP24-CCAAT)

S 5 GTG CTC ATT GGC CACTCC A 3’

AS 5" GTG GAG TGG CCA ATGAGCA Y

CYP24-mCCAAT (mut-CCAAT)

S 5" GTG CTC AGC TGC CACTCC A 3’

AS 5’ GTG GAGTGG CAGCTGAGCA 3

2.1.8 Bacterial strains and culture medium

a) E.coli DHSo: supE44 AlacU169 (p80 lac ZAMI1S5) hsdR17 recAl endAl gyrA96 thi-1
relA1l. The host bacteria strain for recombinant plasmid DNA was received from the E.coli
Genetic Stock Center, Yale University, New Haven.

Long-term storage of these strains and plasmid-transformed bacteria was performed by
adding equal volume of 80% glycerol to an overnight culture and storing at -80°C until use.

The glycerol stock was streaked onto agar plates to obtain the single colony, which then was
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inoculated into liquid growth medium. The bacteria grew at 37°C with continuous shaking to
provide adequate aeration. Both the agar plates and the liquid growth medium were

supplemented with appropriate antibody (Ampicillin if not mentioned) where required.

b) Bacterial growth media
All the growth media were prepared with miliQ water and sterilised by antoclaving.
Antibiotics were added after the solution had cooled to 50°C.

Luria broth (LB): 1% (w/v) Bacto-tryptone (Difco), 0.5% (w/v) yeast extract (Difco), 1%

(w/v) NaCl, pH7.0.

Agar plates were prepared by adding 1.5 (w/v) Bacto-agar (Difco) to the L broth. 100 pg/ml
Ampicillin were added where required.

Psi (w) Broth: 2% (w/v) Bacto-tryptone (Difco), 0.5% (w/v) yeast extract (Difco), 0.5%
MaSOs, pH 7.6.

SOC: 1% (w/v) Bacto-trypton (Difco), 0.5% (w/v) yeast extract (Difco), 1% (w/v) NaCl,

10mM MgCly, 10mM MgSQOy4, 20mM glucose, pH 7.0.

2.1.9 Tissue culture cell lines and media

a) Cell lines

UMRI106-06: Rat osteosarcoma cell line was received from Dr. TJ Martin, St. Vincent’s
Institute of Medical Research, University of Melbourne.

LLC-PK1: Pig kidney epithelial cell line was received from CSL.

AOK-B50: Proximal tubule cell line derived from porcine LLC-PK1 cells, with stably
expression of opossum PTH receptors, was a kind gift from Professor J] Omdahl, University of
New Mexico, USA.

HEK-293T: Human primary embryonic kidney cell line was from J Health, Oxford

University, UK.
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HR-12: A modified kidney cell line derived from HEK-293T cells with stably expressed
human calcitonin receptors was received from Dr. D Findlay, IMVS, Australia.

JEG-3: Human choriocarcinoma cells were purchased from ATCC (HTB36).

SL3: Drosophila epithelial cell line from Ovegon-Rembryos was a kind gift from P Scotti,

Aukland, New Zealand.

b) Solutions

Phosphate Buffered Saline (PBS): 136mM NacCl, 2.6mM KCl, 1.5mM KH,PO4 and 8mM

Na,HPO4 (pH7.4). The solution was sterilized by autoclaving in 20psi at 140°C for 25 min.

c) Media

Dulbecco's Modified Eagle medium (DMEM), low calcium DMEM, RPMI 1640 and

Schneider's Drosophila medium were purchased from Gibco BRL.

Fetal Calf Serum (FCS) was from CSL.

Trypan Blue was from Sigma.

Trypsin, puromycin and geneticin (G418) were from Gibco BRL.

d) Flasks and plates for culture

Cell culture flasks: 25 cm?, 75 cm” and 125 cm? flasks were purchased from BD Biosciences,

France.
Culture plates (24-well, 6-well and 96-well plates) and Petridishes (10mm, 60mm and

100mm) from Becton Dicklnson Labware, NJ, USA.

2.1.10 Miscellaneous
X-ray film: Kodak, USA
3MM paper: Whatman Ltd.

Pucl19/EcoRI and Sppl/EcoRI DNA markers: Geneworks.
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2.2 Recombinant DNA methods

2.2.1 General methods for DNA manipulation

The following methods were performed essentially as described in "Molecular Cloning: A
laboratory manual” (Sambrook et.al.,1989): Growth, maintenance and preservation of
bacterial; preparations and quantifications of DNA and RNA,; restriction enzyme digestion
and ligation; agarose and polyacrylamide gel electrophoresis; end-filled labelling of DNA
fragments using the Klenow fragment of DNA polymerase and autoradiography.

All manipulations involving in viable organisms that contained recombinant DNA were
carried out with accordance to the regulations and approval of the Australian Academy of
Science Committee on recombinant DNA and the University Council of the University of

Adelaide.

2.2.2 Plasmid DNA preparation

For analytical restriction digestion and sequencing, preparation of plasmid DNA was
performed using mini-preparation procedure (section a). Preparation of plasmid DNA for
transfection of tissue culture cell lines, was generally obtained from midi-plasmid DNA kit
from Qiagen (section b} or by cesium-chloride (CsCl) density gradient centrifugation in a

Beckman TL-100 bend top ultracentrifuge and TLA-100.2 rotor (section c).

a) Mini-preparation

The rapid alkaline hydrolysis procedure of Birnboim and Doly (1979) was used for mini-
preparation of plasmid DNA from 1.5ml overnight culture. Briefly, the bacteria pellet was
lysed by 100 pl of Solution I, 200 ul of Solution II and 150 pl of Solution III subsequently.
After centrifugation, the plasmid was precipitated using 400 ul of isopropanol and further

cleaned up by 70% ethanol.
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b) Midi-preparation using midi-plasmid DNA preparation kit (Qiagen)
Isolation of up to 100 pg plasmid DNA was performed using the midi-preparation kit

according to the manufacturer's instructions.

c) Large scale preparation by cesium-chloride (CsCl) density gradient procedure

Large amount of plasmid DNA used for the transfection of tissue culture cell lines was
routinely obtained using a modified version of Sambrook et af. (1989). 20 ml of desired clone
culture was inoculated into 250ml of LB medium with appropriate antibiotics (Ampicillin)
and incubated at 37°C with shaking. Then the bacterial cells were pelleted at 4°C in a SS-34
rotor at 6000 rpm for 5min. Plasmid DNA was extracted using the alkaline lysis procedure:
10ml of fresh prepared GTE buffer with lysozyme (2mg/ml) was used to lyse the cells on ice
for 20min; 20ml of fresh prepared Solution 11 (0.2M NaOH, 1% SDS) was added and mixed
with the cell lysate by inverting the tubes and then 15ml of NaAc (3M, pH 4.6) was added,
mixed and left on ice for 10min. The supernatant was collected and passed through a funnel
containing cloth band-aid and then the volumec recorded in a 50ml measuring cylinder.
Plasmid DNA was precipitated by the addition of 0.6 volumes of isopropanol and incubated
on ice for 10min. The plasmid DNA was pelleted at 9000 rpm for 20 min and the supernatant
discarded. The pelleted plasmid DNA was allowed to air dry and resuspended in 4 ml of
IXTE. To separate plasmid DNA from RNA and genomic DNA, the plasmid was further
purified by the CsCl/ethidium bromide density gradient procedure. 4.2 grams of CsCl was
mixed with the dissolved plasmid DNA by vortexing thoroughly. 100 ul of 10mg/ml ethidium
bromide was added as the marker of plasmid DNA. The mixture was then centrifuged in a
Beckman TL-100 benchtop ultracentrifuge and TLA-100.2 rotor at 80,000rpm at 20°C for
overnight. Plasmid DNA with ethidium bromide (the lower most central red band) was

obtained using syringe and needles. The ethidium bromide was removed by butanol
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extraction. The plasmid DNA was then precipitated with 2.5 volumes of 100% ethanol, rinsed
with 70% ethanol, resuspended in 1xTE buffer, and quantified by spectrophotometry and

analysed by agarose gel electrophoresis to confirm concentration and supercoiling.

2.2.3 Restriction enzyme digestions of DNA

For analytical restriction digests, 1pg of DNA was incubated with 1 unit each of the
restriction enzyme(s) in the appropriate buffer suggested by the manufacturer for minimum 1
hr or overnight. The digestion was terminated by the addition of 1/6 volumes of the urea DNA

loading buffer and electrophoresed.

2.2.4 Preparation of DNA restriction fragments
Plasmid DNA was digested with the appropriate restriction enzymes as above. The digested
fragment(s) was isolated from 0.8-2.0% agarose gel up to the fragment's size using DNA gel

extraction kit (Qiagen) according to the manufacture’s instruction.

2.2.5 Preparation of cloning vectors

Vector DNA was linearized with the appropriate restriction enzyme(s) and if required then
digested with calf intestinal phosphates (CIP) at 37°C for | hour. Further incubation at 65°C
for 15min was followed to remove 5' terminal phosphate groups. The vector DNA was
isolated by electrophoresis on a 1.0% agarose gel and purified by DNA gel extraction kit
(Qiagen) according to the manufactures suggestions. The DNA was resuspended at a

concentration of 20-50ng for ligation.

2.2.6 Ligation of DNA
A 10pl ligation reaction was set up with 20ng of vector DNA, a 3 molar excess of the insert

DNA, 50mM Tris-HC1 (pH7.4), 10mM MgCl,, ImM ATP and lunit of T4 DNA ligase. The
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reaction was incubated at 14°C for 16 hours. To determine the background level of uncut and
recircularized vector DNA, a control ligation reaction without insert DNA was set up

contemporarily. Both sample and control reactions were followed by transformation.

2.2.7 Transformation into E.coli with recombinant plasmid

a) Preparation of competent E.coli

E.coli cells were made competent by the calcium chloride method describing on “Molecular
Cloning” (Sambrook et al,, 1989). A single colony, obtained by streaking on the LB plate,
was inoculated in 2ml of Psi (y) broth and kept growing at 37°C. The overnight culture was
then subcultured into 200ml of y broth for further growing with continuous shaking until the
ODyggq reached 0.4-0.6. The cells were placed on ice for Smin and centrifuged in a HB-4 rotor
at 4000rpm for 5 min at 4°C. The cells was resuspended in 80ml of Tfb1 and kept on ice for
Smin. After centrifugation, the cells were resuspended in 8ml of Tfb2 and placed on ice for

15min. Aliquots of the competent cells were stored -80°C until use.

b) Transformation of plasmid in competent cells

Aliquot of competent cells was taken out from the freezer and thawed on ice. 100ng of
plasmid DNA was added to 50ul of competent cells and incubated on ice for 30min. After
heat shock at 42°C for 2min, the cells were chilled on ice for 5 min, diluted with 900ul of LB
medium and then kept growing at 37°C for 30min. 200l of the transformed cells was then
plated onto the LB agar plate with Ampicillin and incubated at 37°C for overnight. Individual

colony was now ready for mini-preparation of plasmid DNA.

2.2.8 Polymerase chain reaction (PCR)
To amplify the fragment from plasmid, 10ng of plasmid DNA was used in a standard 50ul of
reaction (Sul of 10 x Pfu bufter, 100uM of each forward and reverse primers and SmM of
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dNTP) using the PCR programme (94°C for 4min and then 30 cycles of 95°C for 1min, 50°C
for 1min and 72°C for 20min) in a PTC-100"™ programmable thermal controller. Before

running the programme, 20 pl of mineral oil was overlaid onto the top of the mixture to

prevent evaporation.

2.2.9 Automatic sequencing of the recombinant DNA

To sequence the recombinant DNA, 20ul of cocktail mixture was set up with 0.5ug of
plasmid DNA, 100ng of primer and 8l of Big Dye reaction buffer. Then 20ul of mineral oil
was overlaid onto the top to prevent evaporation. The reaction mixture then undergoes the
sequencing cycle using the scquencing program (25 cycles of 96°C for 30 seconds, 50°C for
15 seconds and 60°C for 4 min) in a PTC-100™ programmable thermal controller.

To dry the samples, 2pul of 3M NaAc pH4.6 and 50ul of 95% ethanol were added to the
reaction mixture, which were then allowed to precipitate by 80ul of 75% isopropanol at —
80°C for 15 min and pelleted by centrifuging at maximum speed for 20 min. The pellet was
washed by 250ul of 75% isopropanol once. The samples were dried and sent to the IMVS for

Big Dye sequencing analysis using an ABI computer program.

2.2.10 Quikchange site-directed mutagenesis

Site-directed mutagenesis of the 0.3kb, or 1.5kb IofOH)ase or 298bp CYP24 promoter
constructs was carried out using the method by QuikChange site-directed mutagenesis kit
from Stratagene (La Jolla, CA, USA). According to the manufacturer's instruction, the
oligonucleotide primers were designed and temperature cycling was performed. The site-
directed mutagenesis primers designed were shown as 2.1.7. Two complementary
oligonucleotide primers containing the desired mutation were used and the oligonucleotides
were extended upon by the action of Pfu polymerase (2.5u/pl) in a cycling program (95°C for

30sec, 55°C for 1 min and 68°C for 11 min for 18 times). Incorporation of the
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oligonucleotides results in a nicked vector free from methylation. The end product was then
digested with Dpnl, which is sensitive to the methylated and semi-methylated DNA to remove

the parental (non-mutated) DNA. Following digestion, the /ofOH)ase promoter or CYP24

promoter constructs contained desired mutation were then transformed into competent DHS5ox
cells. The recovered transformants were mini-prepared and sequenced to confirm

incorporation of the correct mutation.

2.3 Synthesis of plasmid

2.3.1 Generate the deletion constructs of 10fOH)ase

Human genomic DNA was amplified by PCR with primers designed from the human
10fOH)ase cDNA to generate DNA with 1501 bp and 531 bp of 5° flanking region of the
10(OH)ase gene that terminated at +42 bp in the 5° untranslated region. The primers (HUP9F
and HUPSR for 1495bp constuct; HUP6F and HUPSR for 531bp constructs) shown as section
2.1.7 were flanked by a 5° Kpnl site or a 3’ Xhol site. DNA fragments with 1501 bp of 5’
flanking region and 531 bp of flanking region that terminated at + 42 bp in the 5° untranslated
region, were cloned into the pGL3 basic vector upstream of the firefly luciferase reporter gene
(Promega). The sequence of the PCR products was confirmed by automated sequencing.
Deletions of the /ofOH)ase gene 5’ flanking region with a common termination site at +42
bp were generated using appropriate restriction enzymes. The pGL3 construct with 1501 bp of
flanking region was digested with Kpnl and Sacl at natural sites in the flanking region. The
remaining pGL3 construct was purified, blunt ended and religated to generate 997 bp of
flanking region. To obtain 884 bp of flanking region, the pGL3 construct with 1501 bp of
flanking region was digested with Hind III (at the natural site at 884 Bp in the promoter and
one in the linker) and the fragment was ligated into the Hind 111 site of pGL3-Basic. To
generate 305 bp of flanking region, the pGL3 construct with 1501 bp flanking region was

digested with Kpn I and Spe I, blunt ended and religated and then the putative CRE-d site
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destroyed by Spe I, was recovered by insertion of 5 bp using site directed mutagenesis and the

primer 5° CTATCGATA GGTACTGACTAGTGTAGCTTGG 3°.

2.4 Methods for transient expression of promoter constructs in tissue

culture cell lines.

2.4.1 Maintenance, subculture and storage of mammalian cells

The following cell lines were maintained in DMEM supplemented with 10% FCS: UMR106,
HEK-293T cells and LLC-PK1 cells.

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

HR-12 cells were cultured in DMEM with 10% FCS and 200pg/ml G418.

AOK-B50 cells were maintained DMEM with 7% FCS.

Drosophila SL3 cells were maintained with Revised Schneider’s medium containing10%

FCS.

Cells were subcultured when they reached 70-80% confluence: the medium was gently
poured off and the cells were washed once with PBS. For 75cm? flask, 1 ml of trypsin was
added in the cells and left for 1min with gently mixing at room temperature (LLC-PK1 and
AOK-B50 cells were required for 5 min at 37°C). Cells were detached by tapping the flask,
resuspended in 9 ml of culture medium and pelleted by centrifuging at 1500 rpm for 2 min.
The cells were then resuspended with 1ml PBS, 20ul of which was used for counting cell
number by a Haemocytometer. The required numbers of the cells were seeded into new flask
for maintenance or into 24-well plates for transient transfection and dual-luciferase assay.
Drosophila SL3 cells grew at 25°C incubator without CO, provided, all other cells grew in
37°C incubator with 10% COs.

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

the cells were resuspended with 1 ml of freezing medium (20% DMSO: 80% FCS),
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transferred into 2 ml freezing vials, kept at -80°C overnight and then stored in liquid nitrogen

until further use.

2.4.2 Preparation of stripped foetal calf serum

To strip the foetal calf serum (FCS), 160ml of FCS were mixed with 50ul stripping buffer
containing 125mg Dextran and 1.2g of activated charcoal at 50-60°C for 30min with constant
stirring. The cocktail was chilled on ice and then kept at 4°C overnight. The peliet was
discarded after centrifugation in HB-4 rotor at 10000rpm for 10min. The spinning step was
repeated a few times more until the left charcoal was removed. The stripped serum was
sterilized by filtration through a 0.2um filter and the aliquot of the stripped serum was kept at

—20°C until further use.

2.4.3 Transient transfection of mammalian cells with recombinant DNA

All transfections for mammalian cells were performed with the liposomal transfection reagent
DOTAP following optimisation of conditions. In preparation for transfection, approximately
2x10° cells were seeded into 24 well trays in 400 pl of DMEM containing 10% foetal calf
serum to achieve 60-70% confluence and the cells were allowed to attach for 6-7 h.
Transfections were performed in triplicate and each transfection was performed using 300 ng
of 1 afOH)ase promoter luciferase construct or 200ng of CYP24 promoter luciferase construct
and also 50 ng of the thymidine kinase (TK) promoter-Renilla luciferase (Promega) as a
control for transfection efficiency. Over expression plasmids (eg. C/EBPa, B and 8) and
dominant negative mutants (eg. NFYAm29 and Ras17N) were also cotransfected wherever
indicated. For all the transient transfection performed in chapter 5, 200ng of CYP24 promoter
luciferase construct was only transfected. All plasmid DNA was diluted to a final volume of
5ul and mixed with 1.51g of DOTAP diluted in 5ul of Hepes buffer (20mM, pH7.4). DNA-

DOTAP complex formation was achieved by incubating the mixture for 15-20 min at room
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temperature and transfected into the cells. After transfection overnight, the media was
replaced with either RPMI 1640 containing 10% charcoal-stripped foetal calf serum (for
AOK-B50 cells only) or serum free medium RPMI 1640. Cells were treated with PMA, H89,
calphostin C, PD98509, SB203580, U0126 or LY294002 if required, and then further treated
with PTH (1-34), calcitonin, 1,25(OH),D; or vehicles (2% cysteine hydrochloride, water or
ethanol respectively) for 24 h before harvesting. For the condition of low calcium medium,
the same number of AOK-B50 cells as above was seeded into 24 well plates with DMEM
containing 10% of foetal calf serum. After overnight, the medium was replaced by low
calcium medium with 7% foetal calf serum and the transfection was performed. The next day,
the medium was replaced again by low calcium medium with no foetal calf serum and PTH

was added for further 24 hours treatment.

2.4.4 Dual luciferase assay (DLR assay) system

After the incubation period, the media was aspirated and the wells were washed once with
PBS. Then the cells were lysed using 100ul of 1xpassive lysis buffer for 20min at 25°C. Cell
lysates were transferred into marked eppendort tubes, centrifuged for 30 sec and stored at —
20°C until further use. Dual luciferase activity was measured using a TD-20/20 luminometer.
The first luminescence of reporter firefly luciferase was recorded by adding 25ul of LAR II
substrate into 10pl of cell lysate. The second luminescence of control Renilla luciferase was
quantified by the addition of 25 pl of Stop and Glo substrate to quench the first reaction and
simultaneously initiate the Renilla luciferase reaction. Data are presented as relative luciferase

activity, the ratio of the first luminescence with the second luminescence.

2.4.5 Luciferase assay (LR assay) system
For all the transient transfection assays in chapter 5, the cells were lysed using 100ul of 1x

reporter assay buffer for 20min at 25°C. Cell lysates were subjected to luciferase assay using
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a TD-20/20 luminometer. The luminescence of reporter firefly luciferase was recorded by
adding 25 of luciferase assay substrate into 10l of cell lysate. The data are presented as the

ratio of firefly luciferase activity to total cell protein content by Bradford assay.

2.4.6 Bradford assay to determine the concentration of protein
The protein content from the cell lysate was determined using 2ul of supernatant by the
protein microassay kit (Bio-Rad) according to the manufacturer's instructions. Bovine serum

albumin (BSA) was used as the protein standard.

2.4.7 Transient transfection of Drosophila SL3 cells with recombinant DNA

Transfections for Drosophila SL3 cells were performed using Lipofect AMINE 2000 (Life
Tech. BRL). 2x10° cells were seeded into 24 well plates in 400ul of Revised Schneider’s
medium containing 10% FCS. The cells were allowed to grow for 24 hours before
transfection. Transfections were performed in triplicate and each transfection was performed
using 200ng of CYP24 or 10ofOH)ase promoter luciferase construct and also 10-200ng of
pPac-derived expression vectors. Total amount of DNA was adjusted by an addition of vector.
All plasmid DNA was diluted to a final volume of 50ul and mixed with 2ul of
Lipofect AMINE 2000 diluted in 50 pl of RPMI medium. DNA-Lipofect AMINE complex
formation was achieved by incubating the mixture for 20 min at room temperature and
transfected into the cells. Cells were harvest after 48 h for luciferase assays using the
luciferase assay system (section 2.4.5). The data are presented as fold stimulation where the

value of luciferase activity normalized to total cell protein for the reporter alone set to 1.

2.4.8 Mammalian two-hybrid assay
JEG-3 cells were cultured in 24-well plates in DMEM with 5% charcoal-stripped foetal calf

serum for 24 hours before transfection. Cells of each well were cotransfected with 200ng
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reporter plasmid pG5SE1lb and 50ng of pRL-TK-Luc (transfection efficiency control) with
500ng GAL4-Spl and each of VP16-Etsl, VP16-VDR or VP16-RXR expression plasmid
using DOTAP transfection protocol as mentioned in section 2.4.3. After 24 hours, cells were
cultured with fresh replaced serum free medium, treated with 1,25(OH),D3 for 24 hours and

harvested for DLR assays.

2.5 Methods for making stable cells from kidney HR-12 cells and AOK-

B50 cells

2,5.1 Testing the resistant ability of HR-12 cells and AOK-B50 cells to Puromycin

Cells were seeded into five 10mm-petridishes with 2 ml culture medium (HR-12 cells at
2x10° cells/petridish; AOK-B50 cells at 1x10° cells/ petridish). After the cells were attached,
different concentration of puromycin were added into each plate: 0 pg/ml, 1ug/ml, 10pg/mi,
20pg/ml and 30ug/ml. The cell survival rates after 48 hours were checked and then the right

concentration of puromycin was selected for making the stably transfected cells. For current
studies, the stable cells created from HR-12 cells and AOK-B50 cells were sclected by

1ug/ml puromycin.

2.5.2. Creating stable cell lines

Cells were subcultured into one 60mm-petridish with 5 ml culture medium (HR-12 cells at
1x10° cells/petridish; AOK-B50 cells at 0.5x10° cells /petridish). Once attached, the cells
were transfected with the cocktail of 50ul DNA mixture (10pg promoter construct, 100ng
pEF-IRES-Puro vector) and 50pul DOTAP mixture (30ug DOTAP). The DNA/DOTAP
cocktail was left on room temperature for 20min before being transfected into the cells. The
transfected cells grew at 37°C for about 24 hours until the confluence was almost reached and
then were subcultured into two 100mm-petridish with 8 ml culture medium for further 24

hours. The media was replaced with the fresh medium and 1pug/ml puromycin was added into
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the medium for 4-7 days or the medium colour change into yellow. The step for replacing
medium was repeated once and the cells were left for 4-7 days. The cells were pooled into one
25cm’ flask with the selection medium and grew until the confluence was reached. Then
small amount of cells was counted and subjected into luciferase assay (section 2.4.5) and

Bradford assays for the efficiency of the stable cell lines.

2.6  Gel mobility shift assays

2.6.1 Preparation of nuclear extracts from mammalian tissue culture cells

Nuclear extract was prepared from AOK-B50 cells, HEK-293T as described previously
(Dwivedi et al., 2000). Briefly, mammalian cells in a 75-cm? flask were counted when 70-
80% confluence and resuspended with 400p of cold Lysis Buffer I by gently flicking. Cells
were left on ice for 15 min to swell for hypotonic lysis and then pelleted by centrifuge. The
cells was resuspended in 100l of Lysis Buffer II and incubated on ice for 30 min for high salt
extraction. After centrifugation, the protein concentration of the supernatant was quantified by

performing Bradford assay. The nuclear extract was kept at —80°C until use.

2.6.2 Preparation of end-filled labeling DNA probe with [0-**P] dCTP

2.5ug of sense and antisense oligomers (the relevant sequence as shown in section 2.1.7) was
annealed in a 10ul volume using 2pl of 5x annealing buffer. The oligomers were heated at
95°C for 2 min and transferred to a 65°C heating block. The block was allowed gradually to
cool to room temperature for 30min. The annealed oligomers (0.5)1g) were end filling labeled
by [a-**P] dCTP in 12pl volume containing 1.5ul of 10x Klenow buffer, 2 units of Klenow
fragments and 25uCi [0-"2P] dCTP. The reaction buffer was incubated at room temperature
for 20-30min. For each labeling sample, 1ug of poly (dI-dC), 2ul of 3M NaAc and 40ul of
100% ethanol were used to precipitate the probe on dry ice for 15min. The probes were

pelleted by spinning at maximum speed for 20min and rinsed once with 50ul of 70% ethanol.
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Once air-dried, the probes were dissolved in 10ul of 1x TE buffer and radioactivity were

counted using scilination solution.

2.6.3 Gel mobility shift assays

Double stranded oligonucleotides were designed to contain the specific sequence in the
1ofOH)ase or CYP24 promoter. Oligonucleotides including a known C/EBP binding site
(Con-C/EBP, Santa Cruz), a known Spl binding site (Con-Spl box from Santa Cruz) or a
known NF-Y binding site (Con-NF-Y from rat Hexokinase II promoter, Osawa et al., 1996)
were designed as a control.

Each double stranded oligonucleotide was labelled by end filling with [a-**P] dCTP using
Klenow fragment. DNA binding reactions were carried out using 6ug of nuclear extracts and
1pg poly(dI-dC) in a final volume of 12ul in TM-1 binding buffer on ice for 15-30min.
Radiolabeled probes (200,000cpm) were added and the samples were incubated on ice for
further 20-30min. For supershift assays, polyclonal or monoclonal antibodies were included
in the binding reaction and incubated on ice for 30min prior to addition of probe. Monoclonal
anti-Spl, polyclonal anti-C/EBPoc and C/EBPPB were purchased from Santa Cruz
Biotechnology Inc. and polyclonal anti-NF-YB was generous provided by Dr. R Mantovani
(University of Milan) (Mantovani ef al., 1992). Monoclonal antibody for VDR was purchased
from Affinity BioReagents (NJ, USA). Gel shift competition assays were carried out using the
unlabelled competitor oligonucleotides at molar excess concentration (10-50 fold) by
incubation in the binding reaction. The retarded complex was resolved on a 4% non-
denaturing polyacrylamide gel in a low ionic strength running buffer (0.5x TBE) at 4°C. The

gel was dried and exposed to X-ray film for 2-3 days at —70°C.
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CHAPTER 3

Basal and parathyroid hormone induced
expression of the human 25-hydroxyvitamin D

lo-hydroxylase gene promoter in kidney AOK-
B50 cells
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3.1 Introduction

1 (OH)ase, the key rate controlling enzyme for the synthesis of circulatory 1,25(0OH),Ds, is
mainly expressed in the kidney. A cDNA clone for 10fOH)ase from the kidney of mice
lacking VDR was first reported by Takeyama ef al (1997). Later ¢cDNA and genomic
sequences of 1ofOH)ase were cloned from rat (Shinki et al., 1997) and human (Kong XF et
al., 1999) thus facilitating studies at the molecular level. Renal expression of 10(QH)ase is
controlled by physiological regulators including PTH, CT, calcium, phosphate and
1,25(0OH),Ds itself, but the chief regulators are PTH and 1,25(0OH),D;.

Infusion of a pharmacological dose of PTH (1-34) induces expression of / fOHjase mRNA
in mice by 2-fold (St-Arnaud et al, 1997) and similar studies in rats have resulted in a 3-4
fold induction (Murayama ef al., 1999). In vitro experiments with cultured kidney cells have
established that PTH increases expression of the /ofOH)ase mRNA (Murayama et al., 1999).
However, the molecular mechanism by which PTH upregulates / ofOH)ase gene expression
remains unclear.

PTH receptor belongs to the superfamily of G-protein coupled receptors and is known to
couple to adenylyl cyclase (AC) /cAMP and phospholipasc C (PLC) /inositol
phosphate/diacylglycerol (DAG) signaling systems (Abou-Samra et al., 1992). PTH can also
activate MAP kinase pathways via cAMP (Verheijen and Defize, 1997). The evidence
available to date indicates that protein kinase A (PKA) is involved in PTH action on
1 0(OH)ase expression (Murayama ef al., 1999; Kong XF et al., 1999; Henry, 1985).

The aim of this chapter is to investigate the molecular mechanism as to how PTH regulates
1 c(OH)ase gene expression in kidney AOK-B50 cells and to specifically identify the trans-
acting elements in the human /oafOH)ase promoter which are involved in basal and PTH
induced expression, and to identify the PTH mediated signaling pathways.

Part of this chapter was published as " Gao et al, (2002): Basal and parathyroid hormone

induced expression of the human 25-hydroxylase gene promoter in kidney AOK-B50 cells:
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role of Spl, Etsl and CCAAT box protein binding sites. Int J Biochem Cell Biol. 34: 921-

930",

3.2 Results

3.2.1 PTH mediated induction of 1fOH)ase promoter in LLC-PK1 cells

To determine the etffect of PTH on /ofOH)ase in kidney cells, transient transfection assays
were initially undertaken in porcine proximal tubule LLC-PK1 cells, where ! afOH)ase and
PTH receptor (PTHR) are highly expressed (Mannstadt et al, 1999; Hewison et al, 2000).
Using a DOTAP transfection protocol, LLC-PK1 cells were transiently transfected with a
construct containing 305bp of rat / gfOH)ase promoter fused to the firefly luciferase gene as
reporter and a construct with PRL-TK directed Renilla luciferase as an internal control for
transfection efficiency. The cells were treated with PTH (1-34) at 10”7 M for 24h and luciferase
activity was determined in cell lysates. This concentration of PTH (1-34) has been employed
by others in similar cell culture studies (Brenza et al., 1998; Kong XF et al, 1999). The data
showed that PTH is not able to induce the /ofOH)ase promoter directed luciferase reporter
activity in LLC-PK1 cells (Figure 3.1). It was possible that this cell line might have
insufficient endogenous PTHR. To test this, an expression plasmid for human PTHR was
cotransfected with the /afOH)ase (305bp) construct into LLC-PK1 cells. The data showed
that in the presence of exogenous PTHR, PTH could induce the / (OH)ase promoter about 2-
fold (Figure 3.1). AOK-B50 cells are LLC-PK1 cells stably transfected with opossum PTH
receptor (Bringhust et al, 1993). Therefore in this chapter, AOK-B50 cells have been
employed to study the molecular mechanism by which PTH mediates regulation of the

1o(OH)ase gene.
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Figure 3. 1 Transient expression of wild-type 1fOH)ase construct in LLC-
PK1 cells. The cells were cotransfected with either 200ng of human PTH
receptor (hPTHR) or vectors with wild-type pCYPo-305-Luc in either presence
or absence of PTH (10"M). The relative luciferase activity shown represent the
mean * S.D firefly luciferase /Renilla luciferase ratios of triplicate samples. The

experiment was repeated at least twice and similar results were observed.



3.2.2 Deletion analysis of the 1 fOH)ase 5’ flanking region

Human genomic DNA from a chromosome 12 clone was employed as template in PCR
reactions with appropriate primers, to generate fragments that encompassed 1501 bp and 531
bp of 5’ flanking sequence of the [@(OH)ase gene, and terminated at +42 bp in the 5’
untranslated region. These fragments were inserted upstream of the firefly luciferase cDNA
coding sequence. Using appropriate restriction enzymes, other 5’ deletions of the flanking
region were generated of length 997 bp, 884 bp and 305 bp. The above five deletion constructs
were obtained in conjunction with Prof. J. Omdahl at University of Mexico, USA. Since a
methyltransferase-like gene is located about 1.5kb upstream from the Ia(OH)ase gene
(Omdahl et al., 2001), the luciferase construct with 1501 bp of sequence is assumed to
encompass the entire 5° flanking region of the gene.

These deletion constructs were transiently transfected individually into AOK-B50 kidney
cells. The results in Figure 3.2 show that the 305 bp-promoter construct designated pGL3-
305bp (or pCYPa-305-Luc), exhibited substantial basal expression (compared with the
promoter-less pGL3 vector) and that this expression increased as the promoter length was
extended to -531 bp. Expression remained constant until -997 bp but decreased somewhat
when further extended to —1501 bp. In the presence of PTH peptide at 107 M for 24h,
expression of the 305 bp promoter construct was increased 2.03 * 0.06 fold relative to the
basal and similar levels of fold induction were observed with all deletion constructs but not
with the vector control. This pattern of PTH induction was observed in three separate
experiments performed in triplicate (Figure 3.2). In other experiments, luciferase activity was
measured at 3, 6 and 12 h after PTH treatment and the level of induction was also found to be
about 2-fold (Figure 3.3). It is noteworthy that PTH mediated induction occurs as early as 3h
and stays the same level until 24h. This finding argues against the possibility that endogenous

1ofOH)ase induced at earlier times leads to 1,25(OH),D; production and repression of the

promoter construct measured after 24h since it has been reported that renal /o(OH)ase
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Localization of basal and PTH responsive regions in the

1a(OH)ase promoter in AOK-B50 cells. Five deletion constructs were

generated by PCR and restriction enzyme digestion as described in the

Chapter 2. The relative luciferase activity (RLA) shown represents the mean *

S.D firefly luciferase ratios of triplicate samples. The fold induction is the ratio

of relative luciferase activity from PTH (10"M) treated cells to that from

untreated cells (Basal). The experiment was repeated at least twice and similar

results were observed.
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Figure 3.3 Effect of expression of wild-type pCYPQ-305-Luc by PTH for
different exposure time in AOK-B50 cells. AOK-B50 cells were
transiently transfected with pCYPa-305-Luc and treated with PTH at 10'M
for 3, 6, 12 or 24h. The RLA shown represents the mean + S.D firefly
luciferase /Renilla luciferase ratios of triplicate samples. The experiment was

repeated at least twice and similar results were observed.



expression can be inhibited by 1,25(OH),D; (Omdahl et al, 2002). A series concentration of
PTH was also employed and it was found that 10”M was required for the 2-fold increase of
promoter induction (Figure 3.4). In addition, all transfection experiments were conducted in
media containing charcoal stripped foetal calf serum and hence deficient in 1,25(0OH),D; and
PTH.

The results establish that the first 305 bp of promoter contains a regulatory element(s) that
responds to PTH and studies here focused on this region. It has been reported that endogenous
loOH)ase enzyme activity levels in human proximal tubule HKC-8 kidney cells can be
directly influenced by calcium in the media through the calcium sensing receptor (CaR) with
lowered calcium resulting in enhanced expression (Bland et al., 1999). However, during our
studies it was found that PTH induced expression of pCYP&-305-Luc was not further
increased when cells were cultured in modified DMEM that lacked calcium (Gibco). The cells
were seeded into 24-well trays in 400pl of DMEM with 7% FCS and were left overnight. The
normal medium was replaced with modified DMEM lacking calcium the next day and the
cells were allowed to grow for 24h prior to transfection. After overnight transfection, the cells
were treated with 10"M PTH in the fresh replaced medium without calcium for further 24h
and the dual luciferase activity was determined. The basal expression of pCYP-305-Luc
reduced to 0.52 £ 0.10 from 3.27 + 0.09 when the medium lacks calcium, however PTH
mediated induction still remained around 2-fold.

We next investigated the response to PTH (1-34) at 10" of pCYPo-305-Luc when this
construct was stably transfected into AOK-BS50 cells. Under these conditions, the assembly of
nucleosomes on the plasmid may more closely resemble that in vive compared with
transiently introduced plasmid. We found that the pooled stably transfected cells gave levels
of PTH induction after 24h of about 2-fold (from 1415.5£321.7 to 2944.5+125.6), a result
similar to that seen in the transient expression analysis. This level of induction is comparable

to that determined in vivo in response to PTH (1-34) treatment (St-Armaud et al, 1997,
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Figure 3.4  Effect of a range of PTH concentrations on expression of
wild-type pCYP0-305-Luc in AOK-B50 cells. AOK- B50 cells were
transiently transfected with pCYPx-305-Luc and treated with 10° to 10'M
PTH for 24h. The relative luciferase activity shown represents the mean £ SD
firefly luciferase /Renilla luciferase ratios of triplicate samples. The

experiment was repeated at least twice and similar results were observed.



Murayama et al., 1999). Hence, the lack of chromatin structure likely to be associated with

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

3.2.3 Identification of regulatory elements in the promoter

A number of possible transcriptional activator binding sites have been identified by DNA
sequence analysis in the first 305 bp of the human /ofOH)ase promoter (Kong XF et al.,
1999; Brenza et al., 1998) and several likely PTH responsive sites located including two
cAMP-responsive elements (proximal and distal CREs designated as CRE-p and CRE-d
respectively), two GC boxes (proximal and distal GC boxes designated as GC-p and GC-d
respectively), an AP-1 site and an AP-2 site (Figure 3.5). The relative contribution of each
putative site to basal activity and PTH induction of pCYPx-305-Luc was determined. Each
site was selectively mutated within pCYPa-305-Luc as mentioned in chapter 2. The
constructs were introduced into AOK-B50 cells and luciferase activities were measured. The
data in Figure 3.5 show that the distal putative GC box site (GC-d, 5’CCAGCCCCG 37)
located at -133/~125 and the inverted proximal CCAAT box site (CCAAT-p, S’ATTGGCT
3’) located at —74/-68 are major contributors to basal expression. Mutagenesis of the GC-d
site (5’AAAGCTTTG3’) and the CCAAT-p site (5’AGCTCCT3’), lowered wild type
promoter basal expression by 93% and 88% respectively. The sequence 5S’CTGTTCCTGG 3’
located between GC-d and the CCAAT-p box resembles a consensus Ets protein binding site
located on the antisense strand and containing the Ets core 5’GGAA3’ sequence. This site
contributed to basal expression although to a lesser extent and mutagenesis
(5’CTGTTTTTGG3’) lowered expression to 45% of the wild type. Surprisingly, mutagenesis
of each of the other putative transcription factor binding sites resulted in an increase in basal
expression particularly for the putative AP-2 and CRE-proximal sites. The results shown in
Figure 3.5 are representative of similar data obtained in five independent experiments

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

factor binding sites in the human I/ (OH)ase 305 promoter on basal and

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

in Chapter 2. The mutant promoter constructs were transiently transfected into
AOK-B50 cells and treated with PTH (107M) for 24h. The relative luciferase

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

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

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

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

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

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



The promoter therefore appears to contain both positive and negative regulatory elements that
contribute to overall basal expression. While the putative NF-xB site at —219 bp/-209 bp was
not mutated in these studies, other experiments in which the NF-kB subunits pS0 and p65 and
a dominant negative mutant of the inhibitor IxB o subunit, IkBaS32/36A, were over-
expressed in AOK-B50 cells failed to reveal evidence for NF-xB involvement in basal
expression of the transfected pCYPa-305-Luc construct (Figure 3.6). In these experiments,
exogenous p50 and p65 did not increase basal expression while the dominant negative mutant,
IxB o S19/23A, did not repress expression even when tested at 500ng.

In response to PTH (1-34), all mutant promoter constructs, except the construct containing the
mutated CCAAT-p box, continued to display levels of induction of approximately 2-fold
(Figure 3.5). With the mutated CCAAT-p box, induction was consistently reduced to a low
level (1.28 + 0.10 fold in this experiment). By comparison, mutagenesis of the distal GC box
(GC-d) that resulted in marked basal repression, continued to respond to PTH with a 2.83 +
0.22 fold level of induction. Similar data to that shown in Figure 3.5 were obtained in 5
separate experiments performed in triplicate following PTH treatment. I interpret these data to
demonstrate that the CCAAT box site, but not the nearby Ets or GC-d site, is a contributor to

PTH responsiveness of the 305-bp promoter.

3.2.4 Characterization of the distal putative GC box

To determine the identity of proteins that bind the putative distal GC box site, we performed
electromobility shift assays (EMSAs) with an oligonucleotide encompassing the putative GC
box from the native /oqOH)ase promoter (or pCYPo-GC) and nuclear extracts from AOK-
B50 cells. Double stranded oligonucleotides encompassing the distal putative GC box, or the
consensus Spl binding site (from Santa Cruz) were radiolabeled by end- filling using Klenow
fragment 1. Addition of nuclear extracts from AOK-BS50 cells to an aliquot of the 32p labelled

distal putative GC box oligonucleotide results in the formation of one major and three minor
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Figure 3.6 Cotransfection of NF-xB subunits or a dominant negative of
NF-xB inhibitor IxBo, IxBaS32/36A together with pCYPo-305-Luc in
AOK-B50 cells. The relative luciferase activity represents the mean + S.D
firefly luciferase/Renilla luciferase ratios of triplicate samples. The

experiment was repeated at least twice and similar results were observed.



protein-DNA complexes, which were designated as complexes I, II, III and IV with the major
band being complex III (Figure 3.7A). The four protein-DNA complexes were also observed
using the radiolabelled consensus Spl oligonucleotide (Figure 3.7A, Lane 1), which suggests
that the distal putative pCYPaGC box binds Spl. To determine the specificity of the four
protein-DNA complexes, self-competition experiments were performed with 10 and 50-fold
molar excess of the unlabelled pCYPo-GC. The formation of all four protein-DNA
complexes was totally inhibited. However, 50-fold molar excess of an unlabelled
oligonucleotide containing a VDRE (5° TCGACAGCCACATCCTCTGGAAC 3’) was not
able to compete with any the binding proteins. The results suggest that the four protein-DNA
complexes are specifically binding to the distal putative GC box. To establish the identity of
the trans-acting factors binding to the putative GC box, we carried out supershift assays with
monoclonal antibody specific for Sp1 (Figure 3.7B). The addition of anti-Sp1 antibody results
in a very weak supershift of complex I (Fig 3.7B, Lane2, Band SS) and has no effect on the
other protein-DNA complexes. As a negative control, addition of an antibody specific for
VDR had no effect on the formation of any complex. The data suggest that complex I
contains Spl and that other proteins also can bind to the putative regulatory site. The identity
of the major protein complex III is unknown.

To determine whether Spl activates basal expression of the Io(OH)ase gene promoter
through the distal GC box site, we coexpressed plasmids containing the Spl, or Sp3 ¢cDNA
under the control of the Drosophila melanogaster actin 5C promoter (designated as pPac-Spl
or pPac-Sp3) together with pCYPa-305 in Drosophila SL3 cells. In these cells, Sp family
members are absent. Cotransfection of pPac-Spl (1ng-10ng) leads to activation of pCYPo.-
305-Luc in a dose dependent manner (Figure 3.8). However, cotransfection of 10ng of pPac-
Sp3 has no effect on the pCYPa-305-Luc activity. The data suggest that Spl but not Sp3
specifically acts on the 1 fOH)ase promoter. To test if the Spl functions through the distal

GC box site, I cotransfected the pPac-Spl expression cDNA together pCYPo-305-Luc or
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Figure 3.7 Binding of nuclear proteins to the GC box. A double stranded
oligonucleotide to GC (pCYPa-GC) and a consensus Sp1 binding oligonucleotide
(Spl-cons) were radio labeled by end-filling and incubated with nuclear extracts
from AOK-B50 cells. The major retarded complexes are arrowed and numbered
asIto IV. A, the formation of complexes with labeled pCYPa-GC was competed
with two unlabeled probes (i.e. self or non-specific probe CYP24-VDRE). B, for
supershift assays, nuclear extracts were incubated with or without monoclonal
antibody to Sp1 or VDR prior to addition of the labeled probe pCYPa-GC. A
very weak supershifted band is observed (SS) in Lane 2.
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Figure 3.8 Cotransfection of pCYPa-305-Luc construct with expression
plasmids for Sp1 and Sp3 inte Drosophila SL3 cells. SL3 cells were transiently
transfected by LipofectAmine 2000 with the indicated amounts of Spl, Sp3
together with pCYPa-305-Luc or pmGC-305-Luc. Total DNA was adjusted by an
addition of mock DNA plasmid. Cells were harvest 48 h after transfection and
luciferase activity determined. The results were shown as fold induction, the ratio
of relative luciferase activity from Sp factor transfected cells to that from mock
DNA-transfected cells. Data represent one of three independent experiments

performed in triplicate.



distal Spl mutant construct (designated as pmGC—305-Luc) into SL3 cells. Overexpression of
10ng pPac-Spl results in a fold activation of pmGC-305-Luc around 19.58 + 0.80 comparing
fold activation of pCYPa-305-Luc at 254.63 £ 47.09 (Figure 3.8). The data indicated that
while Sp1 acts mostly through the distal GC box, some other weak Spl binding site may exist

in the 305 region of the I ofOH)ase promoter

3.2.5 Characterization of the CCAAT box

To characterize the inverted CCAAT site in the 10fOH)ase promoter, 1 performed EMSAs
using a radiolabelled double stranded oligonucleotide encompassing the putative proximal
CCAAT site from ofOH)ase promoter (pCYPa-CCAAT) and nuclear extracts from AOK-
B50 cells (Figure 3.9). Two retarded bands were observed designated as complex I and 1I. To
determine the binding specificity of the DNA-protein complexes, competition assays using
unlabelled pCYPa-CCAAT and IofOH)ase mutated CCAAT (mCCAAT) oligonucleotides
were undertaken. The addition of 50-fold molar excess of unlabelled pCYPa-CCAAT
inhibited the formation of complex I, but did not affect complex II (Figure 3.9A, Lane 3). On
this basis, complex Il is considered non-specific. The addition of 50-fold molar excess of
unlabelled mutated CCAAT oligonucleotide had little effect on complex I formation (Figure
3.9A, Lane 5).

A number of transcription factors have been identified that can bind to a CCAAT motif (eg.
C/EBP and NF-Y) and one or more could participate in basal and /or PTH induction of the
10¢(OH)ase promoter. The C/EBP family has at least six isoforms (C/EBP o, B, 7, &, € and {)
and C/EBP dimerisation is a prerequisitc to DNA binding (Lekstrom-Himes and
Xanthopoulos, 1998). NF-Y constitutes a trimer of NF-YA, B and C subunits and either of the
subunits was required for DNA binding (Mantovani, 1999). I therefore tested oligonucleotides
containing the consensus NF-Y binding sequence (5° GTCTGGGCGCTGATTGGCTGTG

GACTGCG 3’, Osawa et al, 1996) or the consensus C/EBP binding sequence (5’
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Figure 3.9 Binding of nuclear proteins to the CCAAT box. A double stranded
oligonucleotide to CCAAT (pCYPu-CCAAT) was radio labeled by end-filling
and incubated with nuclear extracts from AOK-B50 cells. The major retarded
complexes is arrowed. Free probe is arrowed at the bottom of the gel. A, the
formation of complexes with labeled pCYPa-CCAAT was competed with three
unlabeled probes (i.e. self, mutant pCYPa-CCAAT or consensus C/EBP binding
oligonucleotide (C-C/EBP)). For supershift assays, nuclear extracts were
incubated with polyclonal antibody to C/EBPa (Lane 8) or C/EBPf (Lane9) prior
to addition of the labeled probe pCYPa-CCAAT. B, the formation of complexes
with labeled pCYPa-CCAAT was competed with two unlabeled probes (i.e. self
or consensus NF-Y) (lane 6). For supershift assays, nuclear extracts were

incubated with polyclonal antibody to NF-YB.



GTGCAGATTGCGCAATCTGCA 3’, Santa Cruz). Addition of 50-fold molar excess of
either unlabelled consensus C/EBP oligonucleotide (C-C/EBP) or unlabelled consensus NF-Y
oligonucleotide (C-NF-Y) did not lead to inhibition of formation of complex I (Figure 3.9A
and 3.9B). The results indicate that the protein binding to the CCAAT box of the 10fOH)ase
promoter is not C/EBP or NF-Y. To further confirm this, gel mobility shift experiments
employing various antibodies were carried out. The data show that the specific band could not
be affected after addition of either polyclonal antibody to C/EBPa, C/EBPP or NF-YB (Figure
3.9A and 3.9B).

To confirm that the ubiquitous transcription factor NF-Y is not involved in the CCAAT box
activity, 1 investigated the role of NF-Y in PTH mediated induction of the ofOH)ase gene
promoter using transient transfection assays. Of the heterotrimeric complex, NF-YA appears
to play the critical role in activation of the binding activity of NF-Y during cell differentiation
and proliferation (Chang et al, 1994; Marziali et al., 1999; Bolognese et al., 1999; Inoue et
al., 1999). A dominant negative mutant form of NF-YA (pNF-YAm29) with three amino acids
mutated in the DNA binding domain is functionally inactive both ir vitro and in vivo (Jackson
et al, 1995; Mantovani et al., 1994). Overexpression of pNF-YAm29 (at concentrations of
200ng-1000ng) resulted in a dose dependent reduction of pCYPa-305-Luc basal expression
(30-60%) (Figure 3.10A). However, in the presence of PTH peptide the lowered levels of
basal expression, produced by the dominant negative mutant, remained sensitive to PTH and
were increased about 2-fold comparable with wild type induction (Figure 3.10A). These
results suggest that NF-Y is not involved in the PTH induction mechanism. The basal
inhibition possibly represents a non- specific titration of an unknown transcription factor by
pNF-YAm29 and this has not been pursued further.

To determine if the C/EBP family members participate in basal or PTH induction of pCYP o+

305-Luc, I examined the role of the dominant negative mutant of C/EBP, A-C/EBP, that is

known to heterodimerise with all C/EBPs (Krylov et al,, 1995). Overexpression of A-C/EBP
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in AOK-B50 cells resulted in a concentration dependent inhibition of both basal expression
and PTH induced expression, with marked inhibition observed at 11lg of expression vector
(Basal from 2.8 to 0.8; PTH mediated induction from 5.7 to1.2) (Figure 3.10A). This result
indicates that a C/EBP isoform is required for basal expression and also for the PTH mediated
induction process.

There is evidence that C/EBP [ is phosphorylated in response to cAMP raising the possibility
that this isoform may participate in the PTH response. However, overexpression in AOK-B50
cells of wild type C/EBP [ at concentrations of 200ng, did not affect increasc basal or PTH
responsiveness of the transfected /ofOH)ase promoter (Figure 3.10B). Hence, we conclude
that C/EBP [ is most unlikely to be involved in I ofOH)ase promoter activity in kidney cells.
Cotransfection of another C/EBP member, C/EBPJ together with / ofOH)ase actually reduced
basal and PTH mediated induction (Figure 3.10B). The mechanism underlying this is not
understood at this stage. However, the data indicate that C/EBPJ is not involved in PTH
induced expression of / ofOH)ase.

In parallel experiments C/EBP o isoform was also overexpressed. In contrast to C/EBP §,
200ng of C/EBP o lowcred basal expression of pCYPo—305-Luc wild type construct by about
82% (Figure 3.10B). The reason for this is not known and experiments with overexpressed
Spl partially reversed the inhibition perhaps suggesting titration of Sp1 (Data not shown).
Importantly, in the presencc of overexpressed C/EBP o, the observed lowered basal
expression of the wild-type promoter remained sensitive to PTH peptide, and indeed was
consistently elevated to levels of 3-4 fold that were higher than the 2-fold level obtained with
PTH peptide alone (Figure 3.10B). The 3 or 4-fold level of induction was lowered to 2-fold
when the CCAAT box was inactivated suggesting that the additional 2-fold level of induction
was mediated by another CCAAT box site in the promoter (Data not shown). One other site
(TCATTGCAACATGAG) that resembled a CCAAT box at (-73/-59) in the 305bp promoter

was mutated individually and the constructs were transiently transfected into AOK-BS50 cells.
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Figure 3.10 Involvement of C/EBP member or NF-Y in basal or PTH
mediated induction in AOK-B50 cells. A, Effect of dominant negative C/EBPs,
A-C/EBP or a dominant negative NF-Y, NF-YAm29. AOK-B50 cells were
cotransfected with increasing amounts of each above construct together with
pCYPa-305-Luc and treated with 107 M PTH for 24h. B, Cotransfection of
C/EBP isoforms, C/EBPa, 3 and §, with pCYPa-305-Luc into AOK-B50 cells.
The relative luciferase activity represents the mean =+ S.D firefly
luciferase/Renilla luciferase ratios of triplicate samples. Data represent one of

three independent experiments performed in triplicate.



However there was no effect on the high level of induction observed in the presence of PTH
and exogenous C/EBP o (Data not shown). The enhanced PTH induction seen in the presence
of exogenous C/EBP « continued to be seen with each of the mutant promoter constructs
examined in Figure 3.5, establishing that the action of overexpressed C/EBP o is not
dependent on any of these promoter sites (Data not shown).

In conclusion, data from overexpression of A-C/EBP suggested that a C/EBP family member
may be involved in PTH mediated induction. However the known CCAAT binding proteins
C/EBPa, B and & do not appear to be involved. Therefore the identity of the CCAAT binding

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

clear.

3.2.6 Effect of inhibitors on basal and PTH induced expression

To evaluate whether protein kinase A (PKA), protein kinase C (PKC), ERK or p38 mitogen
activated protein (MAP) kinase pathways contribute to basal or PTH-induced expression of
the pCYPa-305-Luc construct in transiently transfected AOK-BS50 cells, the effects of known
specific pharmacological kinase inhibitors (H89, calphostin C, PD098059 or SB 203580
respectively) on promoter activity were determined. The data in Figure 3.11 show that basal
expression of the promoter construct was not affected by the PKA inhibitor H89. However,
PTH-induced levels were completely inhibited, which implicated PKA in the induction
mechanism. Neither the PKC inhibitor calphostin C nor the MAP kinase pathway inhibitors

PD98059 and SB203580 affected basal or PTH induced expression.

3.3 Discussion

The up-regulation of renal / fOH)ase expression by PTH under hypocalcemic conditions is a
key physiological response in vitamin D metabolism resulting in increased 1,25(OH),D3

synthesis and enhanced systemic calcium levels. While this action of PTH has been known for
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Figure 3.11 Effect of PKA, PKC and MAP kinase inhibitors on pCYPo-
305-Luc. AOK-B50 cells were transiently transfected with plasmid pCYPa-
305-Luc and pre-incubated with H89, calphostin C, PD98059 and SB203580
for 1.5h before 24h incubation with PTH or vehicle. The relative luciferase
activity shown represent the mean + S.D firefly luciferase/Renilla luciferase

ratios of triplicate samples from one of three independent experiments.



many years, the molecular mechanism underlying the response has not been elucidated.
Transient expression analysis with mouse and human !/ (OH)ase promoter constructs has
identified regions of PTH responsiveness located within the first 1.4kb of the human promoter
(Kong XF et al,, 1999) and in other studies, further upstream at —4.4kb/-3.2kb (Murayama et
al., 1999). The physiological significance of the latter finding is unclear since this region lies
in an upstream gene. However, no specific transcription factor-binding site that responds to
PTH has been reported in the 5° flanking region of the / fOH)ase gene.

AOK-B50 cells with stably expressed oppossum PTH receptor (Bringhust er al.,, 1993) were
used in the current study and PTH responsiveness was located in the first 305 bp of
10(OH)ase promoter sequence. Within this sequence, I have identified the regulatory control
elements that drive basal expression of the / afOH)ase gene and importantly have identified a
transcription site that contributes to PTH up-regulation. For basal expression, mutagenesis
and expression analysis has identified three functional clustered sites. These sites comprise a
GC box site, a CCAAT box site and a putative site for an Ets family member.

Using Drosophila SL3 cells, I have shown over-expression of Spl but not Sp3 markedly
stimulates basal expression of pCYPa-305-Luc through the GC-d site and on this basis it
seems likely that Spl contributes to basal expression in the AOK-B50 cells. EMSAs
employing an oligonucleotide encompassing the distal GC box site and nuclear extracts from
AOK-B50 cells reveal four specific protein-DNA complexes and the one with the slowest
mobility can be partially supershifted with Spl antibody. The result suggests the involvement
of Sp1 in the basal transactivation of the / afOH)ase promoter.

Multiple proteins are known to bind to CCAAT box sites. In EMSA experiments with nuclear
extracts from AOK-B50 cells, T have identified one major protein complex band that
specifically interacts with the CCAAT box oligonucleotide. Cross-competition assays
demonstrated that neither an excess molar of consensus NF-Y nor C/EBP binding

oligonucleotides affects the formation of the specific protein-DNA complex. In addition,
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supershifting antibody for NF-YB has no significant effect on this specific band. Other
experiments with supershifting antibodies to C/EBP « and 3 also failed to affect this band.
Hence, further work is required to identity the protein that binds to the functional CCAAT
box. We have not as yet investigated the identity of the protein(s) that bind to the putative Ets
protein-binding site.

Importantly, the level of PTH induction was only affected when the proximal CCAAT box site
was mutated in the promoter. When this site was mutated, the level of PTH induction was not
maintained and this finding was seen in repeated experiments. This represents the first report
for the identification of a promoter site in the 1a-hydroxylase gene promoter that is involved
in PTH up-regulation. Over expression of NF-YAm?29, a dominant negative form of NF-Y has
no effect on the level of PTH mediated induction, however over expression of A/CEBP at 1ug
significantly inhibited PTH activation. The data suggests that a C/EBP member is critical for
PTH mediated induction, however the significance is difficult to access particularly since
C/EBP members investigated did not interact with the CCAAT site directly as shown by
supershift EMSAs.

Over expression of C/EBP o further enhances PTH mediated induction of !ofOH)ase
promoter activity but how this is enhanced remains unclear since it apparently is not
dependent on a CCAAT box in the promoter. In this regard, the data presented here resembles
that reported for the over expression of C/EBP o on the promoter of the p8 gene (Vasseur et
al., 1999), where transcriptional activation was apparently independent of any CCAAT box
binding site in the promoter.

In marked contrast to the mutagenesis of the proximal CCAAT box, mutagenesis of the nearby
GC box site resulted in a low level of basal expression similar to that observed with the
mutated CCAAT box but remained sensitive to PTH. A putative EBS (-133/-120) also
contribute to basal expression but not PTH mediated induction. It is not clear whether the three

proteins driving basal expression, Spl, CCAAT binding proteins and Ets that bind in close
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proximity are functionally cooperative. There is evidence from other studies that Spl can
interact with CCAAT box proteins or with Ets proteins (Yamada et al., 2000; Ge ef al., 2001;
Xia and Zhang, 2001). Whether there is cooperation between the three proteins on the
1 ofOH)ase promoter is not clear. Since mutagenesis of either the GC-d or CCAAT-p sites
results in markedly lower levels of basal expression, it can be reasoned that a physical
interaction occurs between these sites. However, the presence of an Ets protein between these
sites makes this unlikely. Moreover, mutagenesis of the Ets site does not affect basal
expression as greatly as mutagenesis of either the flanking GC or CCAAT box sites, which
does not support the proposal that there is significant interaction between these proteins. On
this basis, we propose that the CCAAT binding protein interacts with the promoter and
responds to PTH independently of the nearby functional Spl and Ets proteins, but this
proposal require further investigation.

Experiments with pharmacological inhibitors indicated that MAP kinase pathways and PKC
activitics are not involved in either basal or PTH induced expression of /¢fOH)ase in
transiently transtected AOK-BS50 cells. However, the protein kinase inhibitor H89 completely
prevented PTH induction but did not alter basal expression of the / g(OH)ase promoter. While
H89 shows selective inhibition for PKA it has recently been shown to inhibit a histone kinase
that acts downstream of MAP kinases. Since MAP kinase inhibitors of the ERK1/2 and p38
MAP kinase pathways, PD98059 and SB203580 respectively, have no effect on PTH
induction in our experiments (Figure 3.11), it is most unlikely that the H89 inhibition of
induction reflects inhibition of histone phosphorylation. We suggest the possibility that PTH
may alter the phosphorylation status of the CCAAT box binding protein through a PKA-
dependent mechanism. Future work will therefore focus on characterization of the CCAAT
protein and its phosphorylation status in the presence and absence of PTH.

A model to explain PTH induced expression of the /afOH)ase gene promoter can be

proposed (Figure 3.12). The basal expression of the promoter is predominantly driven by the
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Figure 3.12 A model for transcription regulation of 10f(OH)ase gene by
PTH.



distal GC box and the proximal CCAAT box. Spl binds the distal GC box site but the protein
binding to the CCAAT box is unknown. PTHR belongs to the superfamily of G-protein
coupled seven-transmembrane receptors. Liganded PTHR results in an activation of a G
protein that in turns activates AC, increasing the intracellular concentration of cAMP. cAMP
then activates PKA. We propose that PKA phosphorylates the CCAAT binding protein and
that this affects transcription events through increasing the binding of the CCAAT binding

protein to DNA or by promoting interaction with a coactivator such as p300/CBP.
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CHAPTER 4

Regulation of the rat CYP24 gene expression in
kidney and osteoblast cells: Role of Spl and
CCAAT binding proteins in basal and
1,25(0OH),D, mediated induction of the

promoter.
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4.1 Introduction

1,25(OH),D; is a key physiological regulator of CYP24 expression in the kidney and other
tissues (see Introduction). In a positive feed back response, expression of CYP24 is markedly
up-regulated in the presence of excessive 1,25(OH),D;. In mice null for CYP24, there is
elevated serum 1,25(OH);D; and the mice display symptoms of 1,25(OH),D; toxicity
(Yoshizawa et al., 1997). Hence the physiological role of CYP24 is to modulate the cellular
and circulating levels of 1,25(OH), D3 through catabolism of the hormone.

The molecular mechanism by which 1,25(OH).Ds; stimulates CYP24 gene expression in
kidney has been extensively studied by us and other research groups. In the rat CYP24
promoter, two vitamin D responsive elements (VDREs) were identified (Hahn er al, 1994)
and shown to synergise with each other in the response to 1,25(OH);Ds (Kertry et al., 1996).
The two VDREs were designated as VDREI1 at —150/-136 and VDRE2 at —258/-244. VDREI
shows lower binding affinity of VDR/RXR complex in an electromobility shift assay (EMSA)
but contributes to transactivation of the CYP24 gene promotcer in response to 1,25(0OH),D; to
a greater extent compared with VDRE2. To explain this it was suggested that nearby
transcription factors around VDREI form an enhanceosome to interact with VDR/RXR or
coactivators that would facilitate the transactivation through VDREL. One such site is a
binding site for Ets-1 (EBS) (-128/-119) located downstream of VDRE-1; mutagenesis of this
site markedly lowers induction of the promoter through VDRE-1 with Ets-1 probably
interacting with VDR (Dwivedi et al., 2000).

Further studies in our laboratory have shown that the genomic (ie transcriptional) activation
of the CYP24 promoter is critically dependent on contributions from signaling pathways
including ERK1/2/5 and PKC (Dwivedi et al., 2002). Dwivedi et al. (2002) has shown that
1,25(OH),D5 activates ERK1/2/5 MAPK activity and this leads to phosphorylation of Ets-1
and RXR o. If the activation of these ERKs is inhibited, then 1,25(OH),;D; induction is

severely repressed. A search was undertaken in our laboratory to determine whether there
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were other transcription factor binding sites near VDRET1, in addition to an Ets-1 site (EBS).
A computer programme MatInspector (V2.2) (http://transfac.gbf.de/) revealed a putative GC
box (-114/-101) downstream from the EBS and a putative CCAAT box (-62/-51) located
further down stream on the non-coding strand. The aim of this chapter was to investigate the
functionality of the GC and CCAAT boxes in transiently transfected kidney and osteoblast
cell lines expressing the first —298bp of rat promoter fused to the firefly luciferase reporter
vectors and to determine their contributions to basal and 1,25(OH);D; induced expression.
The EMSAs and some transient transfection assays related to characterization of the GC box

were performed in conjunction with Dr. Prem Dwivedi.

4.2 Results

4.2.1 Identification of functional GC and CCAAT boxes in the CYP24 promoter

As mentioned, analysis of the rat CYP24 promoter sequence between —298bp and +1 bp using
a Matlnspector (V2.2) program revealed a GT box (-100 CGTCCCTCCCAGC -88)
(Bouwman and Philipsen, 2002), a GC box (-114 ACACCCGCCCCCCG-101) immediately
downstream of the EBS and an inverted CCAAT box at (-62 GCTCATTGGCCA -51) (Figure
4.1). A TATA-like box at -30/-24 (ATAAATA) has previously been identified (Hahn ef al.,
1994).

Inoue et al. (1999) have reported that the molecular mechanism of vitamin Dj;-induced
transcription of the P27kipl gene apparently does not involve VDR, but involves a CCAAT
box and GC box in the promoter of the gene. However, the CCAAT box and GC boxes
identified here are not able to respond to 1,25(OH)D; directly since we have demonstrated
that 1,25(0OH),D3 induction of the —298bp rat CYP24 promoter is completely inhibited when
both VDREs are inactivated (Kerry ef al., 1996). To evaluate whether the putative GC, GT
and CCAAT boxes can contribute to basal and/or 1,25(0OH),;Ds-dependent CYP24 promoter

activity, the core sequence of each site was individually mutated in a vector containing -
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-268
AGGCCAGCTGCAGGAGGAGGGCGAGGAGGCGTGC

-258 VDRE-2 -244,

TCGCAGClGCACCCGC ;GAACCCTGGGCTCGACCCG

CCTTTCTCAGGTTATCTCCGGGGTGGAGTCCACCG

GTGCGTCTGCCGGGCCAGCAGCGTGTCGGTCACCG

150 VDRE-1 -13§ ~128
AGGCCCCGGLGCCCTCACTCACCTCGCTGACTCCA
EBS 119, 114 GC ~101 -100 GT
TCCTCTTCCCACACCCGCCCCCCGCGTCCCTCCCAG
-88 -62 CCAAT
CCGGTCCCCCTTGCCCTGCTCAGCGTGCTCATTGGC
-51 -30 TATA -24

CACTCCAGCATGCCCTGCTTCCATAAATACGAGGT

| >+ EXON1
CCCTATGCCTGGAATCTTGGGGAGGTACAACGA

Figure 4.1 Nucleotide sequence of the 5° flanking region (-298) of the rat CYP24

gene . The transcription factor binding sites are boxed and numbered for the location.

The transcription starting site is also arrowed.



298bp of CYP24 promoter sequence fused to the firefly luciferase reporter gene (Figure 4.2).
The wild type and the mutants of GT, GC and CCAAT boxes were designated as
pCYP24WT-Luc, pCYP24mGT-Luc, pCYP24mGC-Luc and pCYP24mCCAAT-Luc
respectively. These mutant constructs and the wild type construct were individually
introduced into either kidney HEK-293T cells or for comparison, rat osteosarcoma UMR106
cells, using the DOTAP transfection protocol. A recombinant vector pRL-TK expressing
Renilla luciferase was also transfected as an internal control for transfection efficiency. Due
to the limited amounts of VDR in kidney HEK-293T cells, 200ng of pRSV-hVDR was over
expressed in all transient transfection assays in this cell line. The transfected cells were treated
with 107M 1,25(0OH),D; for 24 hours, lysed and subjected to the dual luciferase assay.

As seen in Figure 4.3 and 4.4, mutagenesis of the putative GT box does not significantly alter
either the basal or the 1,25(OH),D3; mediated induction of the CYP24 promoter activity in
either cell line. However, the putative GC box contributed to basal expression in both HEK-
293T and UMR106 cells with levels decreasing about 50% from 0.15 to 0.07 (Figure 4.3) and
from 0.25 to 0.14 (Figure 4.4) respectively. In response to 1,25(OH),D;, the pCYP24WT-Luc
gave about a 23-fold level of induction, but this was reduced to about 11-fold when the
mutated GC box was tested in HEK-293T cells. Similar data was obtained in UMR106 cells,
where the inactivated GC box construct showed 34-fold induction compared with 60-fold by
the wild type construct.

The CCAAT box sequence also contributed substantially to both basal and 1,25(OH),D;-
induced expression. When this site was inactivated, basal activity of the promoter decreased
in HEK-293T cells (from 0.15 to 0.05) and in UMR106 cells (from 0.25 to 0.09). The
CCAAT box was found to be more important for 1,25(OH),D; induction in HEK-293T cells
with inactivation of this site resulting in a loss of 75% of induced activity (from 23-fold to 5-
fold) while in UMR106 cells inhibition was about 40% (from 60-fold to 38-fold).

To further confirm that each of the GC and CCAAT box sites contributed substantially to

basal expression and 1,25(OH),Ds responsiveness, the two sites werc mutated simultaneously
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Figure 4.3 Effect of site-directed mutagenesis of the putative GC, GT and
CCAAT sites in the rat CYP24 298bp promoter on basal and the 1,25(OH),D,
response in HEK-293T cells. HEK-293T cells were transiently transfected with
wild-type, pCYP24WT-Luc, pCYP24mGC-Luc, pCYP24mGT-Luc,
pCYP24mCCAAT-Luc or pCYP24mGC+CCAAT-Luc and treated with
1,25(0OH),D, for 24h. The relative luciferase activity (RLA) represents the mean £
S.D firefly luciferase/Renilla luciferase ratios of triplicate samples. The fold
induction shown is the ratio of relative luciferase activity from 1,25(OH),D, treated
cells to that from untreated cells (ethanol). Data are the representative of three

independent experiments performed in triplicate.
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Figure 4.4 Effect of site-directed mutagenesis of the putative GC, GT and
CCAAT sites in the rat CYP24 298bp promoter on basal and the 1,25(0OH),D,
response in UMR106 cells. UMR106 cells were transiently transfected with wild-
type, pCYP24WT-Luc, pCYP24mGC-Luc, pCYP24mGT-Luc, pCYP24mCCAAT-
Luc or pCYP24mGC+CCAAT-Luc and treated with 1,25(OH),D, for 24h. The
relative luciferase activity (RLA) represents the mean * S.D firefly
luciferase/Renilla luciferase ratios of triplicate samples. The fold induction shown is
the ratio of relative luciferase activity from 1,25(OH),D, treated cells to that from

untreated cells (ethanol). Data are the representative of three independent

experiments performed in triplicate.



and transfected into either HEK-293T or UMR106 cells. In HEK-293T cells, basal expression
was further decreased (0.03) and the 1,25(OH),D3; mediated induction of CYP24 promoter
activity substantially reduced to about 3-fold (Figure 4.3). In UMR106 cells, mutagenesis of
the two sites resulted in basal expression being further decreased to 0.06 and 1,25(OH),D;
mediated induction of CYP24 activity reduced to 24-fold (Figure 4.4).

Hence the GC and CCAAT box sequences together contribute substantially to basal
expression with expression inhibited about 75% in both cell lines when both sites are
inactivated. As well, these sequences are important for 1,25(OH),D; induction particularly in
HEK-293T cells where inactivation of both the GC and CCAAT boxes lowering induction by
nearly 90%. In view of this, it was important to characterize the GC and CCAAT boxes by
identifying the binding transcription factors, pursue their relationship with other nearby
binding proteins, and finally to investigate the signaling pathways possibly impinging on the
two sites, Firstly however, the expression of the wild type and mutant constructs were

examined in stably transfected cells.

4.2.2 Functional role of GC and CCAAT boxes in stable cell lines

The roles of GC and CCAAT boxes were next analyzed in stable cell lines created from HEK-
293T cells. Each construct (pCYP24WT-Luc, pCYP24mGC-Luc and pCYP24mCCAAT-Luc)
was cotransfected using a DOTAP transfection protocol with a puromycin resistant vector
(pEF-IRES-puro6) into HEK-293T cells (See 2.5.2). Transfected cells were then cultured in
selection medium with puromycin and the resistant colonies were pooled. These three pooled
stable cell lines were designated as H298, HmGC and HmCCAAT respectively.

The three lines were treated with 107M 1,25(0H),Ds for 24 hours and firefly luciferase
activity was determined in ccll lysates (Figure 4.5). The luciferase activity was normalized by
the protein content in each sample. The basal CYP24 directed luciferase activity was 1.64 in
HmGC cells, only half of that in wild type H298 cells which was 3.38. In response to

1,25(0OH),Ds the luciferase activity in HmGC cells was induced 26-fold and that in H298
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Figure 4.5 Stably transfected HEK-293T cells expressing constructs containing
wild-type, mutated putative GC and CCAAT box in the rat CYP24 promoter.
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cells about 42-fold. These results were comparable with that from transiently transfected cells
(Figure 4.3). When the CCAAT box was mutated, the basal activity of CYP24 promoter was
reduced by 10-fold (from 3.38 to 0.33). With this mutant, the 1,25(OH);D; mediated
induction of 42-fold was lowered to 9-fold, a reduction of 80%. The dependence on the
CCAAT box for 1,25(0OH),;D; induction in the stable cell line is comparable with that in
transiently transfected cells where 1,25(0OH),D3 induction was reduced by 75% in HEK-293T

cells.

4.2.3 Characterization of the GC box binding proteins

It is well known that Sp1 and Sp3, two ubiquitous transcription factors, can bind to GC boxes
(Suske, 1999). To determine if Sp1 can bind to the GC box in the CYP24 promoter, EMSAs
were performed with an oligonucleotide (CYP24-GC) encompassing the CYP24 GC box site
(5> GCCACACCCGCCCCCCG 3’) and nuclear extracts prepared from both HEK-293T cells
and UMR106 cells (Figure 4.6 and Figure 4.7). Retarded DNA nuclear protein compiexes
were analyzed on a 4% non-denaturing polyacrymide gel. Three retarded bands (I, I1 and III)
were detected using radio labeled CYP24-GC oligonucleotide and the nuclear extracts from
HEK-293T cells (Figure 4.6A, Lane 2). Competition experiments showed that 50-fold molar
excess of unlabeled CYP24-GC probe inhibited formation of complexes I-III (Lane 3) and
competition  experiments with a  consensus Spl  binding sequence (5’
GATTCGATCGGGGCGGGGCGAG 3°) also significantly inhibited formation of complexes
I-1II (Lane 4). Formation of complex I however was particularly affected by each competitor
in lanes 3 and 4. A nonspecific inhibitor (an oligonucleotide encompassing the CYP24
VDRE], 5 TCGACAGCCACATCCTCTGGAAC 3’°) had no effect on complexes I-11I (Lane
5). In the profile of DNA binding with the consensus Spl binding sequence, only complex I
was observed with a similar mobility (Figure 4.6A, compare Lane 1 and Lane 2). The results

suggest that complex I contained Spl.
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Figure 4.6 Binding to the GC box in the CYP24 promoter using the nuclear
proteins from HEK-293T cells. A double stranded nucleotide encompassing the
GC box (CYP24-GC) was labeled by end-filling with [0-?P]dCTP and incubated
with nuclear extracts from HEK-293T cells. The major retarded complexes are
arrowed and numbered as I to III. A, the formation of complexes with labeled
CYP24-GC was competed with three unlabeled probes (i.e. self, consensus-GC or
nonspecific probe CYP24-VDRE). B, for supershift assays, nuclear extracts were
incubated with monoclonal antibody to Sp1 or VDR prior to addition of the labeled

probe CYP24-GC.
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Figure 4.7 Binding to the GC box in the CYP24 promoter using the nuclear
proteins from UMR106 cells. A double stranded nucleotide encompassing the GC
box (CYP24-GC) was labeled by end-filling with [a-3?P]dCTP and incubated with
nuclear extracts from UMR106 cells. The major retarded complexes are arrowed and
numbered as I to IV. A, the formation of complexes with labeled CYP24-GC was
competed with three unlabeled probes (i.e. self, consensus-GC or nonspecific probe
CYP24-VDRE). B, for supershift assays, nuclear extracts were incubated with
monoclonal antibody to Sp1 or VDR prior to addition of the labeled probe CYP24-
GC.



To further confirm that Spl interacts with the GC site of the CYP24 promoter, I performed a
supershift assay using monoclonal anti-Sp1 antibody with nuclear extracts from HEK-293T
cells (Figure 4.6B, Lane 2). The antibody against Spl led to the formation of a very weak
supershifted band (Band SS) at the expense of complex 1 (Figure 4.6B, compare Lanes 1 and
2). However, a control antibody against VDR had no effect on the formation of any complex
(Figure 4.6B, Lane 3). The result therefore establishes that Spl present in HEK-293T cells
interacts with the GC box sequence and corresponds to band I.

Similar results were also observed using the nuclear extracts from UMR106 cells (Figure 4.7).
Four major nuclear-protein complexes (I-IV) were consistently detected with a weaker
variable band appearing between III and IV (Figure 4.7A, Lane 2). Competition experiments
with 50-fold molar excess unlabeled CYP24-GC probe resulted in marked inhibition of
formation of complexes I-IV (Figure 4.7A, Lane 3) and competition experiments with the
consensus Spl binding oligonucleotide significantly inhibited formation of complexes I and II
(Figure 4.7A, Lane 4). However, a nonspecific probe containing the CYP24 VDRE had no
effect on complexes -1V (Figure 4.7A, Lane 5). In the profile of DNA binding with the
consensus Spl binding sequence, complexes I, II and III apparently ran with same mobility as
those detected with the CYP24-GC box oligonucleotide (Figure 4.7A, compare lanes 1 and 2).
Addition of the monoclonal antibody against Spl resulted in the almost complete loss of
complex I but only a very weak supershitted band (SS) was seen (Figure 4.7B, compare
Lanes 1 and 2), with the control antibody against VDR having no effect on the formation of
any of the four complexes (Figure 4.7B, Lane 3). The results using nuclear extracts from both
cell lines therefore demonstrate that Spl can bind with the GC box sequence present in the

CYP24 promoter.

4.2.4 Characterization of the CCAAT binding proteins
Many proteins can bind to CCAAT sequences or inverted CCAAT sequences, in particular

C/EBP isoforms (CCAAT enhancer binding protein) (Lekstrom-Himes and Xanthopoulos,
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1998) and NF-Y (Nuclear factor Y) (Mantovani, 1999). To characterize the inverted CCAAT
box in the promoter of the CYP24 gene, EMSAs were carried out using a double stranded
oligonucleotide encompassing the CCAAT box site (5° GTGCTCATTGGCCACTCCA 37)
and nuclear extracts from HEK-293T cells. Eight major nuclear protein-DNA complexes
(Complexes I to VIII) were detected (Figure 4.8). Only complexes I, II and IV appeared
specific since a 50-fold molar excess of unlabeled CYP24-CCAAT oligonucleotide resulted in
the strong inhibition of their formation (Figure 4.8A, Lane3) while a 50-fold molar excess of
unlabeled CYP24-mCCAAT oligonucleotide (5 GTGCTCAGCTGCCACTCCA 3’) had no
effect on their formation (Figure 4.8A, Lane 9). Complex III appears non-specific since its
formation could also be totally inhibited by addition of 50-fold molar excess of CYP24-
mCCAAT oliognucleotide (Figure 4.8A, Lane 9).

Competition experiments showed that tormation of complex II was substantially inhibited
with a 10-fold molar excess of a consensus NF-Y binding oligonucleotide (5’
GTCTGGGCGCTGATTGGCTGTGGACTG CG 3’) compared with complexes I, Il and TV.
(Figure 4.8A, Lane 4). At 50-fold molar excess of the consensus NF-Y oligonucleotide,
formation of I to IV was noticeably inhibited. The data tentatively suggest that complex II
contains NF-Y (Figure 4.8A, Lane 5).

Cross competition experiments with 50-fold molar excess of a consensus C/EBP binding
oligonucleotide (5° GTGCAGATTGCGCAATCTGCA 3°) resulted in strong inhibition of
specific bindng complexes IV and [ (Figure 4.8A, Lane 7). However, it is to be noted that
formation of complex II was not affected at all (Figure 4.8A, Lane 7). NF-Y is a ubiquitous
heterotrimer consisting of three subunits (NF-YA, NF-YB and NF-YC) and all the three are
necessary for DNA binding (Mantovani, 1999). To determine if complex Il is NF-Y, EMSA
experiments were undertaken with polyclonal antibodies specific for NF-YB subunit, C/EBPo.
and C/EBPP. As shown in Figure 4.8B, anti-NF-YB antibody significantly supershifted

complex II (compare Lanes 1 and 4, SS), while anti-C/EBPa. and B antibodies had no effect
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Figure 4.8 Binding to the CCAAT box in the CYP24 promoter using the nuclear
proteins from HEK-293T cells. A double stranded nucleotide encompassing the
CCAAT box (CYP24-CCAAT) was labeled by end-filling with [o->?P] dCTP and
incubated with nuclear extracts from HEK-293T cells. The major retarded
complexes are arrowed and numbered as I to VIII. A, the formation of complexes
with labeled CYP24-CCAAT was competed with four unlabeled probes (i.e. self,
consensus NF-Y binding sequence, consensus C/EBP binding sequence or CYP24-
mCCAAT). B, for supershift assays, nuclear extracts were incubated with polyclonal
antibody to C/EBP a , C/EBPf} and NF-YB prior to addition of the labeled probe
CYP24-CCAAT.



on any of the complexes (Figure 4.8B, Lanes 2 and 3). The results demonstrate that NF-YB
can bind to the CCAAT box of the CYP24 gene promoter but as well, additional factors
present in HEK-293T cells also recognize the element possibly including a C/EBP protein.

Electromobility shift assays (EMSA) using the double stranded oligonucleotide encompassing
the CCAAT box site were also performed with nuclear extracts from UMR106 cells (Figure
4.9). Three major nuclear protein-DNA complexes were detected. Binding complexes II and I
were specific and were competed with a 50-fold molar excess of unlabeled CYP24-CCAAT
(Figure 4.9A, Lane 3) and were also significantly inhibited with a 50-fold molar excess of
unlabeled consensus NF-Y binding oligonucleotide (Figure 4.9A, Lane 5). Complex 111
appears non-specific since its formation could not be inhibited with a 50-fold molar excess of
unlabeled CYP24-CCAAT. The addition of a 50-fold molar excess of unlabeled consensus
C/EBP binding oligonucleotide (Figure 4.9A, Lane 7) or a 50-fold molar excess of unlabeled
CYP24-mCCAAT oligonucleotides (Figure 4.9A, Lane 9) led to the disappearance of the
binding complex II, but had no effect on complex 1. It is concluded from this data, that
complex I not complex II may contain NF-Y. This was confirmed using the polyclonal
antibodics. Incubation with the anti-NF-YB antibody resulted in loss of complex I and
appearance of a supershifted band shown as SS (Figure 4.9B, Lane 2). In contrast, the
polyclonal antibodies to C/EBPo. (Figure 4.9B, Lane 3) and  (Figure 4.9B, Lane 4) had no
cffect. Overall, the data in Figure 4.8 and Figure 4.9 demonstrate that the CCAAT box
sequence binds NF-Y but clearly other protein complexes present in nuclear extracts can also

bind.

4.2.5 Functionality of Spl and NF-Y in basal expression of CYP24 prometer activity

To study the functionality of Spl and NF-Y in vivo, we initially cotransfected expression
clones for Spl or NF-YA with pCYP24WT-Luc (-298) into kidney and bone cells using a
DOTAP transfection protocol. However, basal activity of the transfected promoter was not

altered most likely due to high endogenous levels of these proteins (Data not shown).
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Figure 4.9 Binding to the CCAAT box in the CYP24 promoter using the
nuclear proteins from UMR106 cells. A double stranded nucleotide encopassing
CCAAT (CYP24-CCAAT) was labeled by end-filling with [a-3?P] dCTP and
incubated with nuclear extracts from UMR 106 cells. The major retarded
complexes are arrowed and numbered as I, II and III. A, the formation of
complexes with labeled CYP24-CCAAT was competed with four unlabeled
probes (i.e. self, consensus NF-Y binding sequence, consensus C/EBP binding
sequence or CYP24-mCCAAT). B, for supershift assays, nuclear extracts were
incubated with polyclonal antibody to C/EBP o , C/EBPf and NF-YB prior to
addition of the labeled probe CYP24-CCAAT.



Drosophila SL3 cclls were employed that iack endogenous Sp members (Ahlgren et al,
1999) and NF-Y proteins (Liang et al., 2001). Expression plasmids for Spl, Sp3 and NF-Y
subunits (A, B, C) driven by the Drosophila melanogaster actin 5C promoter [designated
pPac-Spl, pPac-Sp3 and pPac-NF-Y (A, B, C)] were introduced into Drosophila SL3 cells
together with the -298bp CYP24 promoter construct. The data were presented as fold
induction, the ratio of relative luciferase activity from Sp1 factor transfected cells to that from
appropriate vector transfected cells (Figure 4.10 and 4.11).

Figure 4.10 shows that the CYP24 promoter was strongly activated in a dose-dependent
manner by cotransfection of pPac-Sp1 (Ing to 10ng) from 42-fold to 387-fold comparing with
the activity in the absence of pPac-Spl. In contrast expression of Sp3, another member of the
Sp family, from 1-10ng (Figure 4.10) had no effect on expression. Hence Spl, not Sp3, is
likely to function specifically on the CYP24 promoter. To confirm Spl functions through the
GC box, 10ng of Spl was cotransfected with pCYP24mGC-Luc as well as pCYP24WT-Luc.
The results showed that Spl induced-CYP24 promoter activity was decreased from 387-fold
to 105-fold when the GC box was mutated (Figure 4.10). It seems that Sp1 activation is at
least partially dependent on the GC box.

When the three NF-Y subunits were expressed together in different amounts (from 0.1 to
10ng), an increase in expression of luciferase of about 8-fold was consistently observed
(Figure 4.11). However, exogenous NF-Y did not activate the pCYP24mCCAAT-Luc
construct (Figure 4.11) demonstrating that NF-Y mediated activation is entirely through the
CCAAT box. When both Sp1 and NF-Y subunits (at 10ng) were over expressed together no
cooperation was observed but instead, the level of expression was actually decreased
compared with Spl alone (data not shown). This result indicates that there is no synergy
between these sites in the CYP24 promoter and the reduced expression observed could reflect

titration of exogenous regulatory proteins.
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Figure 4.10 Cotransfection of pCYP24WT (-298)-Luc construct or pCYP24mGC
(-298)-Luc with expression plasmid for Sp in Drosophila SL3 cells. Drosophila
SL3 cells were transiently transfected by LipofectAmine 2000 with indicated amount
of Spl or Sp3 together with pCYP24WT-Luc or pCYP24mGC-Luc. Total DNA was
adjusted by an addition of mock DNA plasmid. Cells were harvest 48 h after
transfection and luciferase activity determined. The results are shown as fold
induction, the ratio of relative luciferase activity from Sp factor transfected cells to
that from mock DNA-transfected cells. Data represent one of three independent

experiments performed in triplicate.
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Figure 4.11 Cotransfection of pCYP24WT (-298)-Luc construct with
expression plasmid for NF-Y into Drosophila SL3 cells. Drosophila SL3 cells
were transiently transfected with equal amount of each NF-Y subunit (total
amount as indicated in the figure) together with pCYP24WT-Luc or
pCYP24mCCAAT-Luc. Total DNA was adjusted by an addition of mock DNA
plasmid. Cells were harvest 48 h after transfection and luciferase activity were
determined. The results were shown as fold induction, the ratio of relative
luciferase activity from NF-Y factor transfected cells to that from mock DNA-
transfected cells. Data represent one of three independent experiments performed

in triplicate.



4.2.6 Effects of a dominant negative mutant of NF-YA (NF-YAm29) in HEK-293T cells
As mentioned in chapter 1, of the heterotrimeric complex, NF-YA seems to play the critical
role in activation of the binding activity of NF-Y during cell differentiation and proliferation
(Chang et al., 1994, Marziali et al., 1999; Bolognese et al., 1999; Inoue et al., 1999b). A
dominant negative mutant form of NF-YA (NF-YAm29) with three amino acids mutated in
the DNA binding domain is functionally inactive both in vitro and in vive (Jackson et al.,
1995; Mantovani et al., 1994). The NF-YAm?29 construct (100ng, 200ng and 500ng) together
with 200ng of pCYP24WT-Luc or pCYP24mCCAAT-Luc was introduced into HEK-293T
cells and the relative luciferase activity determined. In the presence of increasing amounts of
NF-YAm?29, the basal pCYP24WT-Luc luciferase activity was consistently reduced, however
the expression by pCYP24mCCAAT-Luc construct was not significantly altered (Figure
4.12A). The data further confirmed that NF-Y functions through the CCAAT box in the
proximal CYP24 promoter and drives basal expression.

However the effect on 1,25(OH),D3 induction of cotransfecting NF-Y Am29 gave a surprising
result. While basal expression was again reduced (by about 40% at 500ng), the level of wild
type 1,25(OH);D; induced activity was not reduced in the presence of the dominant negative
(Figure 4.12B). In fact, 1,25(OH),D4 fold induction levels were slightly increased in the
presence of the dominant negative form construct (Figure 4.12B). The interpretation of this
data is not easy. Firstly, we consider that NF-Y contributes in a positive fashion to basal
expression. However, we suggest that NF-Y is replaced by another CCAAT box binding
protein in response to 1,25 (OH),D;. NF-Y may therefore act negatively in the 1,25(0OH),;D;
induction mechanism so that its removal by the dominant negative mutant will enhance

induction.

4.2.7 Double mutation in GC box and EBS
It can be seen in Figure 4.1 that the known binding site (EBS) for the transcription Ets-1 lies

two turns of the helix immediately upstream from the GC box. There was a strong possibility
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Figure 4.12 Effect of a dominant negative NF-YA mutant on the basal
expression and 1,25(OH),D; mediated induction of CYP24 promoter activity.
A, A dominant negative mutant from of NF-YA (NF-YAm?29) expression plasmid
was cotransfected at increasing amount as indicated into HEK-293T cells with
either the pCYP24WT-Luc and pCYP24mCCAAT-Luc reporter plasmid. The
relative luciferase activity (RLA) represents the mean + S.D firefly
luciferase/Renilla luciferase ratios of triplicate samples. B, the cells transfected
with NF-YAm29 expression construct and pCYP24WT-Luc also treated with
1,25(OH),D,. Results were expressed as fold induction, the ratio of relative
luciferase activity from 1,25(OH),D, treated cells to that from untreated cells.

Data represent one of three independent experiments performed in triplicate.



that these two sites may cooperate in basal and 1,25(OH),D; induced expression. The two
sites  within the 298bp construct were therefore mutated simultaneously
(pCYP24mEBS+mGC-Luc) and introduced into HEK-293T cells and UMR106 cells. As well
the pCYP24WT-Luc, pCYP24mEBS-Luc and pCYP24mGC-Luc constructs were also
examined.

In HEK-293T cells mutagenesis of EBS alone has no effect on basal expression, but reduces
fold induction by 1,25(OH),Ds from 23 to 13-fold (Figure 4.13). When the GC box was
mutated, the basal expression was reduced from 0.15 to 0.07 and 1,25(OH),D; mediated
induction of CYP24 promoter activity was reduced from 23-fold to 10-fold as mentioned in
section 4.2.1. Double mutagenesis of the two sites has no further effect on the basal
expression (0.06) compared to pCYP24mGC-Luc construct (0.07), but 1,25(0OH),D; induced
activity of the CYP24 promoter was further reduced to 8-fold.

Similar results were seen in UMR106 cells (Fig 4.14). Mutagenesis of the EBS results in
reduced fold activation by 1,25(OH);D; (from 60-fold to 36-fold) but has no effect on basal
expression. When the GC box was mutated, the basal expression was reduced from 0.25 to
0.14 and 1,25(0OH),D; mediated induction of CYP24 promoter activity was reduced from 60-
fold to 33-fold as mentioned in section 4.2.1. Compared to the pCYP24mGC-Luc construct,
double mutagenesis of EBS and GC box results in 1,25(OH),D3 induced CYP24 promoter
activity being further decrcased to 6-fold although there was no additional effect on basal
activity of C'YP24 promoter (0.13) (Figure 4.14).

While evidence for synergy between two binding sites has been proposed on the basis that the
value from the double mutation is greater than the sum of each individual mutations (Valor et
al., 2002) that is not the situation here. Over expression studies employing Ets-1 and Spl
could provide cvidence for synergy, but these studies were not undertaken here. Another

approach was employed to determine whether these proteins could interact.
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Figure 4.13 Effect of site-directed mutagenesis of the EBS and GC sites in the
rat CYP24 298bp promoter on basal and the 1,25(OH),D; response in HEK-
293T cells. HEK-293T cells were transiently transfected with pCYP24WT-Luc,
pCYP24mEBS-Luc, pCYP24mGC-Luc or pCYP24mEBS+mGC-Luc and treated
with 1,25(OH),D, for 24h. The relative luciferase activity (RLA) represents the

mean + S.D firefly luciferase/Renilla luciferase ratios of triplicate samples. The fold

induction shown is the ratio of relative luciferase activity from1,25(OH),D, treated

cells to that from untreated cells (ethanol). Data are the representative of three

independent experiments performed in triplicate.
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Figure 4.14 Effect of site-directed mutagenesis of the EBS and GC sites in the
rat CYP24 298bp promoter on basal and the 1,25(OH),D; responses in
UMR106 cells. UMR106 cells were transiently transfected with pCYP24WT-Luc,
pCYP24mEBS-Luc, pCYP24mGC-Luc or pCYP24mEBS+mGC-Luc and treated
with 1,25(0H),D, for 24h. The relative luciferase activity (RLA) represents the
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4.2.8 Protein—protein interactions between Spl, Etsl, VDR and RXR using the
mammalian two-hybrid assay

In work from this laboratory, Dwivedi et al. (2002) have demonstrated using a mammalian
two-hybrid assay that Ets-1 can physically interact with either VDR or RXR. For this
reaction, the ligand 1,25(OH),D3 was not important. It was proposed on this basis, that
VDR/RXR interacts with Ets-1 bound two turns of the helix downstream from VDREI
(Figure 4.1 and Dwivedi et al., 2002). Appreciating that the GC and EBS sites are also in
close proximity (Figure 4.1), a study was undertaken to determine whether Spl could interact
with Ets-1 in the mammalian two-hybrid assay. In these experiments, an interaction between
Spl with VDR or RXR was also investigated. The mammalian two-hybrid system (Dwivedi
et al, 1998) utilizes a plasmid with a firefly luciferase gene downstream of five yeast GAL4
binding sites fused to the E1b promoter (pG5E1b—Luc). In these experiments, the yeast GAL4
DNA binding domain was fused to the full length human Spi (GAL4-Spl) and cotransfected
into JEG-3 cells together with the full length human VDR, RXR or Ets 1 protein linked to the
transactivation domain of herpes simplex virus VP16 (VP16-VDR, VP16-RXR or VP16-
Etsl). Transactivation of pGSElb-Luc is only achieved when the GAL4 fusion protein
interacts with the VP16 fusion protein physically.

The control luciferase activity was regarded as 100% when GAL4-Spl was cotransfected
together with VP16 empty vector (Figure 4.15). A substantial increase in luciferase activity to
580% was observed when VP16-Etsl was cotransfected with GAL4-Spl. The results
demonstrated that Spl interacts with Etsl efficiently. [t was observed that VP16-VDR did not
significantly interact with GAL4-Spl since the pGSE1b luciferase rcporter remains 100%
(Figure 4.15). When VP16-RXR was cotransfected with the fusion protein GAL4-Spl, the
reporter luciferase activity was increased to 350% demonstrating that GAL4-Spl interacts
with VP16-RXR (Figure 4.15). In addition, the interaction between GAL4-Spl and VP16-
RXR was not as strong as the interaction between GAL4-Spl and VP16-Etsl. These

experiments indicate that on the CYP24 promoter an interaction between Spl and Ets-1 seems
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Figure 4.15 An interaction between Spl and Etsl and an interaction between
Spl and RXR in a mammalian two-hybrid assay. JEG-3 cells were
cotransfected with 200ng of each GAL4 chimera and 200ng of either VP16 or
VP16 chimera as indicated, together with 200ng of reporter plasmid, pG5E1b-
Luc. Results shown are the mean = S.D. from at least three independent
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likely suggestive of transcriptional cooperation. The significance of the interaction between

Sp1 and RXR is not clear,

4.2.9 Investigations into the signaling pathways elicited by 1,25(0OH),D; in HEK-293T
cells

Recent studies in our laboratory have emphasized the crucial role played by upstream
signaling pathways in the 1,25(OH),Ds-activated induction of the CYP24 gene in transiently
transfected COS-1 cells (Dwivedi et al, 2002). In this work, the MAP kinase pathways
ERK1/2/5 were shown to be important retlecting a non-genomic response to 1,25(OH);D3
most likely through the interaction of nuclear VDR with signal transduction components at
the membrane (see Chapter 1).

The identities of different signaling pathways involved in the 1,25(OH);D; mediated
induction of the transfected CYP24 promoter activity in HEK-293T cells were explored using
the pharmacological inhibitors H89 (10uM), calphostin C (500nM) and PD98059 (50uM),
which are specific inhibitors of PKA, PKC and ERK1/2/5 respectively. The results in Figure
4.16 showed that H89 and calphostin C do not affect basal expression of the CYP24 promoter
activity, but each reduce the 1,25(0OH),D; mediated induction by 60-70%. The results indicate
that PKA and PKC are not involved in basal expression of CYP24 promoter activity, but
contribute to 1,25(OH),D; responsiveness. PD98059 (50uM) (Figure 4.16) consistently
reduced the CYP24 basal promoter activity by 50% from 1.02 to 0.57, and also markedly
reduced the 1,25(OH),D3; mediated induction from 25-fold to 2-fold. The results imply that
ERK1/2/5 MAP kinases are involved in basal expression as well as 1,25(OH),D; mediated
induction of CYP24 promoter activity.

To further confirm the involvement of the PKA signaling pathway, 100uM concentration of
the cAMP analogue 8-chlorophenyithio-cAMP (8-CPT-cAMP) was cmployed in transiently

transfected HEK-293T cells for 24 h. 8-CPT-cAMP alone activated the CYP24 promoter by

82



30

25 i

20
15
<
-
x 10
5
0 _EAa B i oem Ll E
(] %) %)) O
S .-\\00 ‘béo Q S \(\0 ‘béo
2 S N
\6(\0 QQ ég\o QQ
| P I % |
- 1,25(0H)ZD3

Figure 4.16 Effect of PKA, PKC and ERK1/2 MAP kinase inhibitors on the
pCYP24WT(298)-Luc. HEK-293T cells were transiently transfected with plasmid
pCYP24WT(298)-Luc and pre-incubated with H89, calphostin C and PD98059 for 1.5h
before 24h incubation with 1,25(0OH),D; or ethanol. The relative luciferase activity (RLA)
represents the mean = S.D firefly luciferase/Renilla luciferase ratios of triplicate samples

and similar results were observed in other two independent experiments.



about 3-fold and also could enhance vitamin D mediated induction from 25-fold to 35-fold
(Figure 4.17A). Tt has been reported that both NF-Y and Spl are activated by PKA signal
pathway (Osawa et al., 1996; Zhong et al., 2000). Therefore GC and CCAAT boxes in the
promoter of CYP24 gene are two possible responsive elements that could respond to
¢cAMP/PKA. Forskolin (FSK, another PKA activator) was next employed in transiently
transfected HEK-293T cells together with constructs mutated in the GC and CCAAT box.
The results demonstrated that FSK weakly activated CYP24-298-Luc about 2.33 = 0.06-fold
induction, and this was reduced to 1.18 £ 0.24, 1.21 * 0.28 and 1.01 £ 0.02 fold activation
with  pCYP24-mGC-Luc, pCYP24-mCCAAT-Luc and pCYP24-mGC+CCAAT-Luc
constructs respectively. In an alternative approach, Drosophila SL3 cells were transiently
cotransfected with pCYP24-WT-Luc (-298bp), pCYP24-mGC-Luc or pCYP24-mCCAAT,
and an expression plasmid encoding the PKA catalytic subunit (Cot) under the control of the
cytomegalovirus promoter (pCMV-PKA) (Ahlgren et al, 1999). The results demonstrated
that cotransfection of Drosophila SL3 cells with pCMV-PKA resulted in a 2.05-fold
activation of pCYP24-WT-Luc reporter gene, and this was reduced to a 1.33-fold induction by
pCYP24-mGC-Luc and a 1.48-fold induction by pCYP24-mCCAAT-Luc (Figure 4.17B). The
data overall tentatively indicates that both the GC and CCAAT boxes could be targets of PKA
activity.

It has recenily been shown that the atypical PKC isoform, PKCC, can phosphorylate Sp1 (Pal
et al, 1998). Tt was therefore of interest to determine if a dominant negative clone of PKCC,
PKCC K281M could affect expression of the transfected CYP24 promoter. It should be noted
that calphostin C employed in Figure 4.16 would not inhibit this PKC isoform. PKCE K281M
was cotransfected at 200ng and 500ng with the pCYP24-WT-Luc construct. Over expression
of PKC{ K281M had no effect on basal expression (data not shown). However 1,25(0H),D;
induced CYP24 expression was consistently reduced by the dominant negative mutant (Figure

4.18). When the GC box was mutated, the mutant had no effect on 1,25(OH),D; mediated
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Figure 4.17 PKA signaling pathway which might elicited by 1,25(OH),D, acts
through the GC and CCAAT sites. A, HEK-293T cells transiently transfected
with pCYP24WT-Luc were treated with cAMP or/and 1,25(OH),D, for 24 h. The
results are shown as fold induction, the ratio of relative luciferase activity from
cAMP or/and 1,25(0OH),D, treated cells to that from untreated cells. B, Drosophila
SL.3 cells were transiently transfected with pCYP24WT-Luc, pCYP24mGC-Luc or
pCYP24mCCAAT-Luc, and an expression plasmid containing the PKA catalytic
subunit (Co) under the control of the cytomegalovirus promoter (pCMV-PKA).
The results were shown as fold induction, the ratio of relative luciferase activity
from pCMV-PKA transfected cells to that from mock DNA-transfected cells. Data

are the representative of three independent experiments performed in triplicate.



fold induction (Figure 4.18). The data suggest that the isoform of PKC{ acts solely through

the GC box of the CYP24 promoter to stimulate 1,25(OH),D; mediated induction.

4.3 Discussion

Earlier EMSA studies in this laboratory established that an oligonucleotide encompassing the
proximal VDRE-1 (from the rat CYP24 promoter) bound VDR/RXR heterodimer to a much
lesser extent than an oligonucleotide encompassing the upstream VDRE-2 (Kerry et al.,
1996). However, promoter analysis following mutagenesis of each site demonstrated that
VDRE-1 contributed far more strongly to the 1,25(OH);D; inductive response. To explain this
it was suggested that transcription factors bound nearby to VDRE-1 might interact with either
VDR/RXR or VDR/RXR bound coactivators to enhance the activity of this VDRE. In support
of this hypothesis, an EBS was located immediately downstream from VDRE-1 and was
found to bind Est-1 and to participate in 1,25(OH),D3 mediated induction although it was not
involved in basal expression (See Figure 4.13; Dwivedi et al., 2000). No transcription factor
sites have been detected around VDRE-2. Recent studies have shown that 1,25(OH),D;
activates ERK-5 in COS-1 cells and this leads to phosphorylation of Ets-1 apparently
increasing the activity of the protein and hence the activity of the promoter (Dwivedi et al.,
2002). Since the EBS does not contribute to basal expression, and the CYP24 gene is widely
expressed in different cell types, it was clear that other transcription factors present on the
promoter must drive basal expression. A computer programme Matlnspector (V2.2) revealed
a putative GC box 18 bp downstream from the EBS at -128/-119 and further downstream a
CCAAT box at -62/-51 located on the non-coding strand (Figurc 4.1). The aim of this chapter
was to investigate the functionality of the GC and CCAAT box sites in transiently transfected
kidney and osteoblast cell lines expressing the first —298bp of rat promoter fused to the firefly

luciferase reporter vector.
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Figure 4.18 Effect of a dominant negative PKC{, PKC{K281M, on the
1,25(OH),D; mediated induction of CYP24 promoter activity. HEK-293T cells
were transiently transfected with indicated amount of PKCE K281M together with
pCYP24WT(-298)-Luc or pCYP24mGC-Luc construct and treated with 1,25(0OH),D,
for 24h. The results represent as fold induction, the ratio of relative luciferase activity
from 1,25(0OH),D, treated cells to that from untreated cells. Data are the

representative of three independent experiments performed in triplicate.



Site-directed mutagenesis of each site and both sites demonstrated that the GC and the
CCAAT box sites contributed substantially to basal expression in the two cell lines. This
finding was in keeping with the fact that the CYP24 gene is expressed in most if not all cell
types and that GC and CCAAT box sites are characteristic of house keeping gene promoters.
The common transcription factor binding to GC boxes is Spl. The location at -62/-51, the
sequence and reverse orientation of the CCAAT box is strongly indicative of an NF-Y
binding site (Mantovani, 1999). The consensus sequence for NF-Y binding sites is C G/A
G/A CCAAT C/G A/G C A/C (Bucher er al, 1990) and the CCAAT site in the CYP24
promoter only differs in two positions (bold letter), TGGCCAATGAGC. EMSA using
antibodies for Spl and NF-YB provided evidence for the binding of Sp1 to the GC box and
the binding of NF-Y to the CCAAT box. Both proteins are ubiquitously expressed. NF-Y
contains three subunits NF-YA, NF-YB and NF-YC. NF-YB and NF-YC form a dimer with a
histone-fold like structure (Mantovani, 1999) that NF-YA interacts with and all three are
required for interaction with DNA. Evidence for a functional role of Spl and NF-Y was
demonstrated using the Drosophila SL3 cells which lacks endogenous Sp family members
and NF-Y. In these experiments, exogenous Spl or NF-Y increased basal expression of the
transfected CYP24 promoter. NF-Y activation was entirely dependent on a functional CCAAT
box and that of Spl was only partially dependent on the GC box at -114/-101 suggesting that
there may be another site in the promoter. By analyzing the sequence of the —298 region, I
also found another putative Sp1 binding site, GT box (-100/-88) but mutagenesis of this site
did not alter the basal expression in HEK-293T cells. The finding that the GC and CCAAT
box sites contributed substantially to basal expression (about 75% in both cell lines) was in
marked contrast to the EBS that does not contribute to basal expression (Figure 4.13 and 4.14,
and data in Dwivedi et al, 2000). We have previously presented evidence that a repressor
binds to unliganded VDR/RXR to inhibit basal expression of the transfected CYP24 promoter
(Dwivedi et al., 1998). In support of this a dominant negative VDR that cannot bind to the

repressor allowed Ets-1 to drive basal expression (Dwivedi et al., 2000). We suggest that the
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repressor prevent the nearby EBS from contributing to basal expression, by sterically
interacting with Etsl (Figure 4.19A). We further propose that GC and CCAAT box binding
proteins can however still interact with the promoter and contribute to basal expression.
Studies have shown that Spl interacts with the general transcription machinery, such as
TATA-box binding protein (TBP) (Emili et al, 1994) and some TBP-associated factors of
TFIID (Tanese et al., 1996) while NF-Y also interacts with TFIID through interactions with
TBP (Bellorini ef al., 1997). Hence it is envisaged that in the presence of the repressor bound
on VDR/RXR, basal expression is driven predominantly by Spl and NF-Y through
interactions with TFIID at the TATA box (Figure 4.19A). In TATA less genes the CCAAT
box 1s suggested to play a major role in the assembly of the basal transcription machinery and
is generally located at a mean position of —66 (Mantovani, 1999). It is tempting to speculate
that the TATA box in the CYP24 promoter is weak and therefore requires input from the
CCAAT box identified here to promote basal transcription.

There are numerous reports that a combination of a GC box and CCAAT box are important
for promoter expression and that Spl can interact with NE-Y (Ge ez al., 20001; Roder et al,
1999; Yamada et al., 2000). However in the present work, no evidence was seen for a
cooperative interaction between Spl and NF-Y in their roles as stimulators of basal
expression. Firstly, mutagenesis data in HEK-293T cells (Figure 4.3) does not imply synergy.
Single mutations in the GC and CCAAT box lower the basal expression by 53% and 67%
respectively, while simultaneous mutations in these sites lower expression by 80%. Similar
data were seen in UMR1006 cells (Figure 4.4). Experiments in Drosophila SL3 cells showed
that while both sites stimulated the CYP24 promoter together there was no synergy. The lack
of cooperation may well reflect the distance (55bp) between the GC box and CCAAT box.

In the presence of 1,25(OH),D;, both the GC and CCAAT box sites are important
contributors to induction. Their contribution is particular important in HEK-293T cells where
mutagenesis of both sites lowers 1,25(OH);D; from 23-fold to about 3-fold. In UMR106 cells

the contributions of the GC and CCAAT box sites are not as pronounced with induction being
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lowered from 60-fold to about 24-fold when both sites are mutated. In the presence of
1,25(0OH),D3, we propose that the repressor is released from liganded VDR/RXR and the
subsequently bound coactivator complex then interacts with Ets-1 and Spl and possibly the
CCAAT binding protein (Figure 4.19B). Components of the coactivator complex could
include a p160 family member together with CBP/PCAF.

There is evidence for these proposed interactions. As mentioned earlier EBS and VDRE-1 are
separated by about two turns of the helix in the CYP24 promoter and Ets-1 interacts with
VDR in a two-hybrid assay indicating that a reaction is likely to take place on the promoter
(Dwivedi ef al.,, 2002). Interactions between Spl and Etsl have been reported (Dittmer ef al,,
1997). While in the present study, the two-hybrid assay also provided evidence for an
interaction of Spl with Ets-1. In addition, Etsl and Spl are known to interact with
coactivators, such as p300/CBP (Suzuki et al., 2000; Shetty et al., 1999; Yang et al., 1998).
Hence it is suggested that there are multiple interactions on the promoter where liganded
VDR interacts with Ets-1 that in tumn interacts with Spl generating an enhanceosome-like
arrangement. In this model, it remains uncertain as to whether an interaction between Spl and
RXR (as determined in the two hybrid assay) could take place within the context of the native
promoter.

Whether the CCAAT binding protein can also interact with Spl present in the proposed
enhanceosome-like assembly is not clear but its distance of S5bp downstream may preclude
this. An interesting finding was made which suggests that at this CCAAT binding site, NF-Y
binds initially to drive basal expression but is replaced by another protein in the presence of
1,25(0OH),D;, It was found that the dominant negative clone for NF-Y significantly lowered
basal expression, thus supporting a role for NF-Y, but did not affect 1,25(0OH),D3 induction.
The data raised the possibility that NF-Y may be replaced by an unknown CCAAT box
protein (X) in the presence of hormone. That is, this protein X could be activated by hormone
(eg by phosphorylation} and then compete with NF-Y for binding to the CCAAT box site (Fig

4.19B).
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In this regard, several proteins in nuclear extracts were shown to bind to the CCAAT
sequence in EMSAs (Figure 4.8). It is known that many proteins other than NF-Y can bind to
a CCAAT sequence or inverted CCAAT sequence, such as CTF/NF1 (CCAAT transcription
factor/Nuclear Factor 1) (Santoro et al., 1988); C/EBP isoforms (CCAAT enhancer binding
protein) (Lekstrom-Himes and Xanthopoulos, 1998), CDP (CCAAT displacement protein)
(Barberis et al,, 1987) and YB-1/DbpB (DNA binding protein) (Diamond et al, 2001). It
seems that a C/EBP member is not involved since both C/EBPat and [ antibodies failed to
affect the formation of any binding complex. Interestingly recent preliminary experiments in
our laboratory indicate an involvement of DbpB. It has been found that over expression of
DbpB in HEK-293T cells resulted in a substantial increase in 1,25(OH),D; mediated
induction (from 22.23 + 0.18 fold to 68.43 + 5.57 fold), with no affect on the basal
expression. Whether this protein binds to the CCAAT box remains to be determined.

Overall then the following picture is envisaged. In the absence of 1,25(OH),D; there is basal
expression in both cell lines and the basal expression is limited by a repressor bound to
unliganded VDR/RXR that may sterically interfere with Ets-1 (Dwivedi et al., 1998). Bound
Spl and NF-Y contribute to basal expression through the direct interaction with TBP/TFIID
on the TATA box (Figure 4.19A). In the presence of 1,25(OH),Ds, the repressor is released
allowing the binding of a large coactivator complex that includes CBP/p300 and p160 which
interacts with Ets-1 (Yang et al., 1998; Czuwara-Ladykowska et al,, 2002), Sp1 (Shetty et al,,
1999; Suzuki et al, 2000). The interaction could result in transcriptional synergy. Such
synergy could also result from protein-protein interactions between VDR and Ets-1 and in
turn Ets-1 and Spl.

An interesting question relates to the participation of VDRE-2. As mentioned so far no
transcription factor binding sites have been identified located in the close vicinity of VDRE-2
and we suggest that a second coactivator complex binds to liganded VDR/RXR located on

this VDRE. Previous studics in our laboratory (Kerry ef al., 1996) have noted transcriptional
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synergy between the two VDREs in response to 1,25(OH);D; in COS-1 cells; VDRE-2
contributes 3-fold, VDRE-1 contributes 6-fold, but together the level of induction is 18-fold.
Similar results were also observed in HEK-293T cells and UMR106 cells (Data not shown).
We propose that an interaction between the two coactivators bound on each VDRE in some
way leads to transcriptional synergy with the contributions of the EBS and particularly the GC

and CCAAT box sites critical for coactivator assembly/activation on VDRE-1.

In the final section of this chapter, the possible contributions of PKA, PKC and MAP kinase
pathways to 1,25(OH),Ds induction of the CYP24 —298 promoter were investigated in HEK-
293T cells. In these experiments inhibitors H89 (PK A inhibitor), calphostin C (PKC inhibitor)
and PD98059 (ERK1/2/5 inhibitor) were employed. The results from these inhibitors strongly
suggests that PKA, PKC and ERK1/2/5 MAPK pathways are critical for 1,25(OH);D;
mediated induction of CYP24 promoter in HEK-293T cells. In addition, cotransfection of a
dominant ncgative form of PKC{ (PKC{ K281M), resulted in 1,25(OH),D; mediated
induction being significantly reduced suggesting that this isoform is involved in the induction
process. As described in the introduction, it seems likely that nuclear VDR acting at the
membrane is responsible for the non-genomic responses, that is, for the activation of PKA,
PKC and MAP kinase pathways. There is evidence in muscle cells that nuclear VDR acts at
the cytoplasm membrane and can couple with PKA and PKC pathways through a G protein

(Morelli et al., 1996; Vazquez et al., 1997).

Therefore in the current study it can be proposed that liganded VDR in the cytoplasm
activates G-protein coupled AC to increase the cAMP level and this would activate PKA
(Figure 4.20A). Similarly the liganded VDR could also activate G-protein coupled stimulation

of PLCP as described in muscle cells (Morelli ef al., 1996). It is well known that activation of

PLCP leads to the hydrolysis of phosphatidylinositol bisphosphate (P1P2) and the subsequent
formation of the second messenger, diacylglycerol (DAG) would mediate the activation of

PKC (Figure 4.20B). Whether PLCP is involved in the activation of PKC and activation of
89
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Figure 420 A proposed model for liganded VDR mediated non-genomic
AC/PKA (A) and PLCB/PKC (B) signalling system in HEK-293T cells.



CYP24 expression in HEK-293T cells has not been investigated. Stimulation of the MAP
kinase (ie. ERK1/2) cascade by 1,25(OH);D3; can involve an increase of PKC
activity (Buitrago et al.,, 2003; Morelli ef al, 2000). In addition, activation of Raf-1 via Ras
and PKC mediates 1,25(0OH),D; regulation of the MAP kinase pathway in muscle cells
(Buitrago et al., 2003). Therefore in the current study it is proposed that the 1,25(OH),Ds
activated ERK MAP kinase cascade is dependent on Ras/Raf activated by PKC (Figure

4.20C).

Among all the PKC family members, the atypical member PKC C, belongs to the subfamily
that are non-DAG dependent. Numerous studies have shown that PKC ( is downstream of PI-
3K (Catalti et al., 2003; Calcerrada et al,, 2002; Martin et al, 2001) and can be potently
stimulated in vitro by the product of PI-3K (Diaz-Meco et al., 1994), 3-Phosphoinositide-
dependent kinase —1 (PDK-1) is known to be able to phosphorylated PKCC at threonines 410
(Chou et al, 1998). PDK-1 binds PtdIns 3,4,5-P3, a product of the PI-3K pathway
(Vanhaesebroeck and Alessi, 2000). Therefore we propose that the PKC-PI3K-PDK1-PKC{
signaling transduction pathway exists in HEK-293T cells and is involved in 1,25(OH).;Ds
mediated induction (Figure 4.20D). Activated PKA, PKC isoforms and ERK MAP kinases
resulting from above signaling cascades are then translocated into nucleus to modify the
transcription factors. Clearly, the data obtained so far are only preliminary and more work is

required to test the validity of this model.

An important question relates to the downstream targets of PKA, PKC({ and ERK1/2/5
activities. The GC and CCAAT boxes appear to be cAMP/PKA responsive. In the current
work FSK, an activator of PKA pathways, stimulates weakly through both of these sites. This
is also seen in Drosophila SL3 cells following over expression of CMV-PKA. It is possible
that in response to 1,25(OH),D;, PKA phosphorylates NF-Y resulting in the dissociation of

NF-Y from the CCAAT binding site and replacement by the protein X. Sp1 has been shown

90



csan Ulluo-tvn-vnv-cooa'c:.,06
eoo®
ane

& @ ‘@4q
‘00
v

D i = @y
/ -.

sea e NENACYAVL IV ROLTO, .‘.

Sy

Figure 420 A proposed model for liganded VDR mediated non-genomic
ERK1/2/5 (C) and PI3K/PKC( (D) signalling system in HEK- 293T cells.



to be phosphorylated by PKCC (Pal ef al., 1998) and in the current study evidence is present
for PKCC involvement in 1,25(OH),;D3 induction through the GC box (Figure 4.18). On this
basis, it is suggested that 1,25(OH);D; activates PKC{ which phosphorylates Spl leading to
its activation. Finally the possible targets of ERK1/2/5 pathways, activated by 1,25(0OH),D;
must be considered. Dwivedi et al (2002) showed that in response to 1,25(OH),D; there is a
rapid induction of ERK pathways in COS-1 cells where ERK1/2 phosphorylated RXR and
ERKS5 phosphorylated Ets-1. Other studies have shown that in addition to ERKS, ERK1/2 can
also phosphorylate Ets-1 (Paumelle et al, 2002). Spl is another possible target for the
ERK1/2 MAP kinase signaling pathway since it can be phosphorylated on threonines 453 and
739 by ERK1/2 MAP kinase (Milanini-Mongiat ef al, 2002). Future work would need to
address the phosphorylation status of RXR, Ets-1, Spl and the unknown CCAAT box protein

(possibly DbpB) in response to 1,25(0OH),Ds.

91



S D P PP B R e e e R e s

CHAPTER 5

Calcitonin stimulates expression of the rat
25-hydroxyvitamin D3-24 hydroxylase gene
promoter in HEK-293 cells expressing
calcitonin receptor: identification of signal

pathways.

R R R R R R R i



5.1 Introduction

The ambient level of 1,25(0OH),D; represents a balance between its metabolic activation and
inactivation (Jones et al., 1998; Omdahl and May, 1997; Omdahl et al.,, 2002). Bioactivation
occurs predominantly in the kidney where the mitochondrial cytochrome P450 enzyme, 25-
hydroxyvitamin D3 lo-hydroxylase ({ cfOH)ase) catalyses the addition of a hydroxyl group
at C-1 on 25-hydroxyvitamin D3 (25(OH)Ds) to generate 1,25(OH),D; (Jones ef al., 1998;
Omdahl et al, 2002). Inactivation of 1,25(OH);D; occurs via the C-23/C-24 oxidation
pathways catalyzed by the multifunctional mitochondrial cytochrome P450 enzyme, 25-
hydroxyvitamin D3 24-hydroxylase or CYP24 present in the kidney and most other tissues
(Jones et al., 1998; Brown et al., 1999b). CYP24 initiates the inactivation and degradation of
1,25(0OH),D; through side chain hydroxylation at either C-23 or C-24, depending on the
species (Omdahl et al,, 2002). Whilst 1,25(OH),D; can be¢ synthesized at extra-renal sites
(Segersten et al., 2002; Panda et al, 2001b) where it likely acts in a paracrine/autocrine
fashion, the production of 1,25(OH):D; by the kidney is accepted as the primary source of
endocrine-acting 1,25(OH),;D;.

Circulating 1,25(0OH);D; together with the peptide hormone parathyroid hormone (PTH) are
the key regulators of ambient calcium levels that must be controlled to support bone
mineralization and other cellular processes. Small fluctuations in serum calcium are detected
by the calcium sensing receptor (CaR) present on the cell surface of the PTH secreting
parathyroid cells, with a lowered level of calcium resulting in increased PTH production
(Brown and MacLeod, 2001; Brown, 2000). In turm, PTH through the PTH receptor (PTHR)
located in the kidney cell plasma membrane up-regulates expression of renal / (OH)ase and
hence 1,25(OH);D; synthesis (Jones er al, 1998; Omdahl et al, 2002). The resultant
increased levels of PTH and 1,25(OH),Ds lead to increased serum calcium through enhanced
kidney calcium reabsorption, stimulated bone resorption and intestinal calcium uptake (Brown

and MacLeod, 2001).
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A second peptide hormone, calcitonin secreted by the thyroid parafollicular C cells has been
considered as a possible contributor to the maintenance of serum calcium (Inzerillo et al.,
2002; Pondel, 2000). Production of calcitonin by these cells in response to calcium differs
fundamentally from that of PTH with increased serum calcium levels detected by the CaR
resulting in the stimulation of calcitonin production (Brown and MacLeod, 2001). Calcitonin
has hypocalcemic actions and is well known to inhibit osteoclastic bone resorption and
stimulate renal calcium excretion in human and rodents (Jones et al, 1998; Pondel, 2000).
However, it is uncertain as to whether these actions of calcitonin contribute significantly to
the maintenance of ambient calcium levels in human adults (Brown and MacLeod, 2001).
Alternatively, calcitonin could contribute to calcium homeostasis through regulating
1,25(OH),D; levels. In this regard, Shinki et al. (1999) have presented evidence from
experiments involving hormone administration to rats on dietary calcium, that calcitonin but
not PTH induces renal /ofOH)ase under conditions of normal or high serum calcium.
Administered PTH on the other hand induced /ofOH)ase only under hypocalcemic
conditions. In other experiments Murayama et al. (1999) showed that calcitonin or PTH
treatment of normal rats increased /ofOH)ase mRNA production in the kidney. In vivo
experiments such as these are inherently difficult to interpret because in rodents,
administration of pharmacological doses of calcitonin will result in hypocalcemia with PTH
production, thus requiring parathyroid gland removal and hormone replacement.

In other studies employing transfected kidney cells, it has been shown that the promoter for
human / ofOH)ase is up regulated both by calcitonin and also PTH (Murayama ef al., 1998
and 1999). In spite of the evidence for calcitonin stimulated expression of renal /0(OH)ase,
no plausible physiological role for this finding has been proposed. There is no information on
the regulation of the CYP24 gene expression in kidney following calcitonin treatment

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

rats.
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We have investigated whether rat CYP24 promoter activity can be altered by calcitonin in
transfected kidney cells. We show for the first time that calcitonin stimulates expression of the
rat CYP24 promoter and we have identified signal pathways and responsive promoter
elements. We suggest that the induction of CYP24 by calcitonin could have physiological

relevance in the hypercalcemic state.

5.2 Results

Dual luciferase activity measurements in the presence of calcitonin.

As described earlier in the thesis, the dual luciferase assay can be employed to normalize for
any transfection efficiency. Firefly luciferase activity is expressed relative to Renilla
luciferase activity (driven by the thymidine kinase promoter). However it was repeatedly
found that the level of Renilla luciferase was increased about 2-4 fold in the presence of
salmon calcitonin at the 10nM concentration employed in this study. This concentration has
been routinely used in cell culture expcriments (Raggatt er al., 2000; Evdokiou et al., 2000).
As an alternative control for transfection efficiency, 1 tested SV40-Luc, where Renilla
luciferase is driven by the SV40 promoter, but this was also found to be induced by
calcitonin. Therefore a ratio of luciferase activities could not be used to express CYP24
promoter activity in the presence of calcitonin. For this reason, I have expressed the level of
firefly luciferase activity in cell lysates relative to protein content and refer to this as
luciferase activity (LA). Experiments have been repeated on at least two independent
occasions. Within an experiment, transfections have been performed in friplicate and data

averaged. The data presented in this chapter is from one representative experiment.

5.2.1 Cailcitonin responsiveness of the rat CYP24 gene promoter.
The construct pCYP24WT(298)-Luc contains 298bp of the rat CYP24 gene promoter together

with 74bp of 5° untranslated region, cloned upstream of the firefly luciferase cDNA sequence
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as reporter (Hahn et al.,, 1994). This region of the promoter has been intensively studied and

encompasses two vitamin D response elements (VDREs) at -258/-244 and -150/-136 and a
functional Ets-1 binding site (EBS) at -128/-119 (Kerry et al, 1996; Dwivedi et al, 2002).

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

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

these cells are designated HR-12 (Raggatt et al,, 2000; Evdokiou et al, 2000). The insert
negative isoform of the human calcitonin receptor lacks a 16 amino acid insert present in the
first intracellular loop of the other major expressed insert positive isoform and, as such, can
activate phospholipase C (PLC), adenylate cyclase (AC) (Moore et al., 1995; Pondel, 2000;

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

1998). Transfected cells were treated with salmon calcitonin at 10nM for 24 h (Figure 5.1).

It can be seen that the —298bp promoter construct is induced 4.67 £ 0.29 fold by calcitonin. In
this and other experiments the pGL3 empty vector (promoter-less firefly luciferase construct)
was found to be slightly responsive to calcitonin (about 1.5-fold) and luciferase activities in all
experiments have been corrected for the value of the vector. A construct containing the entire
5 flanking region of -1400bp was also investigated but the level of calcitonin induction was
similar to that for the —298bp construct (result not shown), strongly suggesting that all of the
calcitonin responsive elements lie in the first —298bp of sequence. This region was

investigated in detail.

5.2.2 Identification of calcitonin responsive sites in the —298bp promeoter by transient
transfections.

In addition to the Ets-1 site downstream of the proximal VDRE, an inverted CCAAT box at -

62/-51 (5> GCTCATTGGCCA 3’) and a GC box at -114/-101 (5> ACACCCGCCCCCCG 3’)

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

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

and CCAAT box sequences were particularly important with inactivation of these sites
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Figure 5.1 Transient transfection of wild type and mutant pCYP24-298-Luc
constructs, The wild type and mutant promoter constructs were transiently
transfected into HR-12 cells. The luciferase activity (LA) is the ratio of firefly
luciferase activity normalized to the protein content. Following transfection, the
cells were treated with calcitonin (CT) at 10nM for 24 hours. The luciferase
activity (LA) represents the mean + S.D firefly luciferase/protein content of
triplicate samples. The fold induction shown is the ratio of luciferase activity
from calcitonin treated cells to that from untreated cells. Data are the

representative of two independent experiments performed in triplicate.



individually lowering basal expression from 1.05 to 0.33 and 0.14 respectively (Figure 5.1).
This expression was lowered to 0.13 when both the GC and CCAAT box sites were mutated
together (Figure 5.1). The increase in basal expression (from 1.05 to 1.97) observed when the
two VDREs were mutated (Figure 5.1) has been previously observed in COS-1 cells and
reflects repression by bound unliganded VDR/RXR (Polly et al., 2000; Dwivedi ef al., 1998).

An examination of these mutant constructs in the presence of calcitonin revealed that only the
GC and CCAAT boxes, not the EBS and VDREs, contribute to calcitonin stimulation with
inactivation of each site lowering induction by about 50% (from about 4.67-fold to 2.53 and
2.57-fold respectively) (Figure 5.1). Mutagenesis of both sites further lowered the fold
induction by calcitonin to 1.76 (Figure 5.1). Thus the CCAAT and GC boxes are key elements

underlying calcitonin responsiveness.

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

The functional roles of the GC and CCAAT box elements were also investigated in pooled
HR-12 cells stably expressing the wild type and mutated forms of pCYP24-298-Luc.
Calcitonin induced pCYP24WT-Luc by 14.39-fold, a level higher than that observed in
transiently transfected cells (Figure 5.2). Mutagenesis of the GC box and the CCAAT box
lowered basal expression from 3.38 to 1.64 and 0.33 respectively. Calcitonin induction was
markedly reduced with inactivation of either the GC or CCAAT box sites lowering expression
by 80% and 95% respectively from 14.39 to 2.79 and 1.22 (Figure 5.2). Mutagenesis of both
sites together was not examined in stably transfected cells. Hence, the GC and CCAAT box
sites arc major contributors to calcitonin inductions when stably integrated into the

chromosome, as found in transient transfection analysis.

5.2.4 Characterization of the GC box binding protein
In Chapter 4, it was established that the GC box at -114/-101 binds Spl, as determined by

EMSA supershift analysis employing a monoclonal antibody to Spl (see earlier, Figure 4.6).
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Figure 5.2 Stably transfected wild type and mutant pCYP24-298-Luc

constructs. The procedure to generate stably transfected cells was described in

section 2. 2 x 10° of pooled stably cells were seeded into 24-well plates in 400pl

of DMEM containing 10% fetal calf serum and lpg/ml puromycin and were

allowed to grow overnight. Cells were treated with 10nM calcitonin (CT) in

serum free IPMI 1640 medium for 24 hours. The luciferase activity from the

stably transfected cells was normalized by the protein content in each sample.

The values represent the mean + S.D. of triplicate samples and similar data were

seen in two other independent experiments.



In addition, the results from Drosophila SL3 cells in which Spl was over expressed showed
that Sp1 could activate the CYP24 promoter at least in part through this GC box (see earlier,
Figure 4.10). It is concluded that Sp1 interacts with and functions through the GC box at -

114/-101.

5.2.5 Characterization of the CCAAT box binding protein.

The sequence, orientation and position of the identified inverted CCAAT box at —62/-51,
conforms to those sites shown to bind the ubiquitous transcription factor NF-Y that
constitutes a trimer of NF-YA, B and C subunits (Mantovani, 1999). As described in Chapter
4, EMSA cxperiments have demonstrated that NF-Y present in nuclear extracts of HEK-293T
cells can bind to this CCAAT box although several other proteins can also bind (Figure 4.8).
To determine if NF-Y plays a role in CYP24 promoter expression, NF-YA was over
expressed in HR-12 cells together with pCYP24WT-Luc. However, there was no effect on
promoter activity and this could reflect a high endogenous level (data not shown). Evidence
presented in Chapter 4, clearly showed that over expression of NF-YA, B and C together in
Drosophila SL3 cells increased expression of the promoter and that this was mediated
through the CCAAT box (see earlier Figure 4.11). On this basis it was assumed that the
CCAAT box is responsive to NF-Y.

When the dominant negative mutant for NF-YA, NF-YAm29 (Mantovani et al,, 1994) was
expressed in HR-12 cells at 200ng, basal expression of pCYP24WT-Luc activity was strongly
inhibited (from 0.23 £ 0.01 to 0.06 = 0.01), while calcitonin mediated fold induction was
moderately lowered from 5.33 + 0.30 fold to 3.59 + 0.10 fold (Figure 5.3). However at 200ng
of the NF-YAm?29, basal expression of pCYP24-mCCAAT-Luc was not altered (from 0.03 £
0.001 to 0.03 £ 0.01) while calcitonin-mediated fold induction was not altered significantly
(compare 2.57 + 0.38 with 2.84 1 0.52). The data suggests that NF-Y may play a role in both

basal and calcitonin induced expression of pCYP24WT-Luc.
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Figure 5.3 The effect of a dominant negative form of NF-Y, NF-YAm29 on
basal and calcitonin induction of pCYP24-WT (298)-Luc or pCYP24-
mCCAAT (298)-Luc constructs. HR-12 cells were cotransfected with 200ng
of NF-YAm?29 together with pCYP24-WT(298)-Luc or pCYP24-mCCAAT-
Luc. After transfection overnight, the cells were treated with 10nM calcitonin
for 24 h in serum free IPMI medium. The luciferase activity (LA) represents
the mean * S.D firefly luciferase/protein content of triplicate samples. The fold
induction shown in the bracket is the ratio of luciferase activity from calcitonin
treated cells to that from untreated cells. Data are the representative of two

independent experiments performed in triplicate.



5.2.6 ERK1/2 pathways are not involved in calcitonin stimulation

In a previous study, it was established that treatment of HR-12 cells with calcitonin at 10nM
resulted in a marked activation of ERK1/2 activity (Raggatt et al, 2000). The mechanism of
this activation is not known, but is likely to be PKC dependent (Chabre et al., 1992). We
speculated that ERK1/2 activity may participate in calcitonin stimulation of the —298bp
CYP24 promoter particularly since our recent work has shown that this activity is important
for induction of this promoter by 1,25(OH),D; (Dwivedi et al., 2002). However, the data do
not provide evidence for the involvement of ERK1/2. Firstly, at S0uM, PD98059, a well-
known ERK1/2 inhibitor, had no effect on basal or calcitonin-induced expression of
pCYP24WT-Luc (Figure 5.4). Fold induction in the presence of calcitonin (4.67 £ 0.29) was
not affected by inhibitor (4.42 £ 0.42).

Further support for the non-participation of the ERK1/2 pathway in calcitonin induction was
obtained through over expression of the ERK1/2 dominant negative clone, ERK1K71R in
HR-12 cells. At 200ng the mutant clone had no effect on calcitonin induction measured after
24h (fold induction in the absence and presence of the mutant was 4.67 + 29 and 4.16 = 0.27
respectively). In a control experiment the inhibitory effect of the mutant clone was confirmed.
Induction of pCYP24WT-Luc by 1,25(OH);D; at 10"M measured after 24h was lowered by
ERKI1K71R from 49.24 + 3.90 to 32.87 * 3.74, in keeping with results reported in COS-1

cells (Dwivedi et al., 2002).

5.2.7 Involvement of PKA and PKC in calcitonin stimulation

It is well known that thc activated insert negative isoform of the human calcitonin receptor
can couple to protein kinase A (PKA) and protein kinase C (PKC) pathways through
mechanisms involving G proteins (Shyu et al,, 1999; Chen et al, 1998; Pondel, 2000). The
data in Figure 5.5 show that the PKA inhibitor, H89, and the PKC inhibitor, calphostin C, did
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Figure 5.4 The effect of PD98059 at S0uM on calcitonin mediated induction
of CYP24 promoter activity in HR-12 cells. The cells were pretreated with 50uM
PD 98059 before incubation with 10nM calcitonin for 24 h. The luciferase activity
(LA) represents the mean + S.D firefly luciferase/protein content of triplicate
samples. The fold induction shown is the ratio of luciferase activity from
calcitonin treated cells to that from untreated cells. Data are the representative of

two independent experiments performed in triplicate.
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Figure 5.5 Effect of PKA and PKC inhibitors on calcitonin (CT) mediated
induction of CYP24 promoter activity. Cells were transiently transfected with
pCYP24-WT (298)-Luc in HR-12 cells and after transfection were treated with 10
pM H89 or 100nM calphostin C for 1.5h prior to addition of 10nM CT for a
further 24h incubation. The luciferase activity (LA) represents the mean £ S.D
firefly luciferase/protein content of triplicate samples. The fold induction shown
in the bracket is the ratio of luciferase activity from calcitonin or/and inhibitors
treated cells to that from untreated cells. Data are the representative of two

independent experiments performed in triplicate.



not affect basal activity of pCYP24WT-Luc in HR-12 cells. However, H89 and calphostin C
markedly inhibited calcitonin-induced expression by 60% (from 4.88-fold to 1.96-fold) and
50% (from 4.88-fold to 2.50-fold) respectively (Figure 5.5). Hence PKA and PKC activities
play arole in calcitonin-induced expression but not basal expression.

In support of PKA involvement, the PKA activator forskolin at 10uM moderately stimulated
basal expression by 2.46 + 0.49 fold. When the CCAAT box and GC box were mutated
individually, fold induction by forskolin was lowered to 1.51 = 0.36 and 1.40 * 0.18
respectively; mutagenesis of both sites lowered induction to 1.16 £ 0.15 fold. Hence both the
CCAAT and GC boxes appear to be target sites for PKA signaling, As mentioned in Chapter
4, activation of CYP24 by over expression of CMV-PKA in Drosophila SL3 cells also occurs

through the CCAAT and GC boxes.

5.2.8 PKC{ and CYP24 promoter activity.

As mentioned in Chapter 4, the atypical PKC isoform PKCC can bind and phosphorylate the
zinc finger region of Spl (Pal et al, 1998). Evidence was presented in Chapter 4 for a role of
PKC{ in the 1,25(0OH),D; —dependent induction of the CYP24 promoter in HEK-293T cells.
It was of interest then to investigate whether PKCC was involved in calcitonin-induced CYP24
promoter expression in the HR-12 cells. A dominant negative clone of PKC{, PKC{K281M
(Soh et al, 1999), when over expressed at 200ng, did not alter basal expression of
pCYP24WT-Luc in HR-12 cells (data not shown). However, the dominant negative mutant
consistently inhibited calcitonin induction by about 55% with an approximate 5.5-fold level
of induction being reduced to about 2.4-fold (Figure 5.6). The data indicate that
phosphorylation of Sp1 may be needed for calcitonin induction but not for basal expression of
the CYP24 promoter. PKC{ is known to be a downstream target of phosphoinositide 3-kinase
(PI-3 kinase), (Catalti et af,, 2003; Calcerrada et al., 2002; Martin et al,, 2001). There is

evidence that PI-3 kinase can be activated as a result of interaction with Ras (Rodriguez-
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Figure 5.6 The effect of dominant negative mutants Rasl17N and PKC(
K281M on calcitonin mediated induction of the CYP24 promoter. HR-12 cells
were transiently transfected with pCYP24-WT(298)-Luc or pCYP24mGC(298)-
Luc constructs together either with 500ng of PKCZK281M or Rasl7N and
incubated with 10nM calcitonin. The results are present as fold induction, the ratio
of luciferase activity from calcitonin treated cells to that from untreated cells

(basal). Data are the representative of two independent experiments performed in

triplicate.



Viciana et al., 1994 and 1996) and a dominant negative clone of Ras (Ras17N) when tested at
200ng inhibited calcitonin induction of pCYP24WT-Luc by about 50% from 5.5-fold to 2.1-
fold (Figure 5.6).

When the GC box was mutated in pCYP24mGC-Luc, there was no significant further
lowering of calcitonin induction following over expression of the dominant negative mutant
clone for PKCC or for Ras indicating that these mutants act solely through the GC box (Figure
5.6). The data are compatible with a situation in which cross talk between Ras-PI3K-PKCC

acts on the GC box and contributes to calcitonin-induced but not basal expression of the

CYP24 promoter.

5.2.9 Synergistic effect of calcitonin and 1,25(0OH),D; on CYP24 promoter activity

As mentioned, 1,25(OH),D; markedly up regulates CYP24 promoter expression (Chapter 4)
and since in the current chapter it has been shown that calcitonin also stimulates this
promoter, it was of interest to investigate the effect of simultaneous addition of both
hormones. A marked synergistic response was observed (Figure 5.7). Calcitonin alone
stimulates about 4.7-fold, 1,25(OH),Ds stimulates 34-fold, but together there is about a 117-
fold increase in promoter activity. Synergy was abolished when the two VDREs were mutated
(Figure 5.7). However, a high level of synergy was maintained when the calcitonin responsive
CCAAT and GC boxes, were mutated together (Figure 5.7). Hence the synergistic action is
dependent on the VDRESs. A high level of transcriptional synergy was also observed in cells
stably transfected with pCYP24WT-Luc. Calcitonin alone was found to stimulate 60-fold,
1,25(0H),D; to stimulate 42-fold but together induction levels of about 897-fold were
observed. This 9-fold level of synergy was almost abolished when the two VDREs were
mutated (data not shown). The level of calcitonin mediated induction of wide type construct is
noticed much higher than the 14-fold induction observed in Figure 5.2. The reason for this

difference is not known.
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Figure 5.7 Synergistic effect of calcitonin and 1,25(OH),D, on the induction of
pCYP24-WT-Luc in transiently transfected cells. HR-12 cells were transiently
transfected with pCYP24-WT-Luc and treated with 10nM calcitonin or/and 107'M
1,25(0OH),D, for 24 h. The luciferase activity represents the mean + SD firefly
luciferase/protein content of triplicate samples. The fold induction shown is the
ratio of luciferase activity from calcitonin treated cells to that from untreated cells.

Data are the representative of two independent experiments performed in

triplicate.



5.3 Discussion

In this study, it has been shown for the first time that the —298bp promoter region of the rat
CYP24 gene can be significantly induced by calcitonin at 10nM. In transiently transfected
HR-12 cells expressing the calcitonin receptor, levels of induction of about 4-fold were
observed while in stably transfected cells levels of about 15-fold were seen. Mutagenesis
analysis established the critical importance for both basal expression and calcitonin induction
of a GC box and CCAAT box located at -114/-101 and -62/-51 respectively.

EMSA experiments demonstrated binding of Spl and NF-Y to the GC and CCAAT box
sequences respectively (see chapter 4), while over expression analysis in Drosophila SL3
cells provided evidence for the functionality of these proteins at these sites (see chapter 4).
Further evidence for the involvement of NF-Y in both the basal and calcitonin-induced
expression was obtained using the dominant mutant NF-YAm?29 that strongly inhibited basal
expression and moderately inhibited calcitonin induction. The only transcription factor so far
implicated in calcitonin action is Spl, with calcitonin activation of the human p21 gene
promoter showing a dependency on Spl binding sites (Evdokiou er a/, 2000). Hence, the
involvement in calcitonin-mediated induction reported here of a of a CCAAT box binding
protein, most likely NF-Y, represents only the second target transcription factor to be
identified. Whether in response to calcitonin, Spl and NF-Y bound at the promoter interact
physically as described on other promoters (Yamada ef al., 2000; Ge et al., 2001), is not clear
from the current studies.

As mentioned it has been reported that calcitonin treatment of HR-12 cells leads to a marked
and prolonged activation of ERK1/2 (Raggatt et /., 2000). Hence it was of particular interest
to find that ERK1/2 activity is apparently not involved in calcitonin induction of the CYP24
promoter. Neither the ERKI1/2 inhibitor PD98059, nor the dominant negative mutant

ERKI1K7IR affected calcitonin induction in HR-12 cells. At the concentration of PD98059
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employed (50uM), it has been shown in these cells that the calcitonin activation of ERK1/2 is
strongly inhibited (Raggatt et al, 2000). While in these studies, it is not known whether
calcitonin also activates ERKS5, in addition to ERK1/2. Since PD98059 has been shown to
also inhibit activation of ERKS5 in other cell types (English and Cobb, 2002), it can be
concluded that this MAP kinase is not involved in calcitonin induction of the promoter in HR-
12 cells. In previous studies using COS-1 cells, evidence was presented for the activation of
ERK1/2 and ERKS5 by 1,25(OH),D; treatment (Dwivedi et al., 2002). RXR and Ets-1 were
phosphorylated by ERKI1/2 and ERKS respectively and it was proposed that these
phosphorylated proteins then stimulated expression of the 1,25(OH);Ds— induced promoter
(Dwivedi et al., 2002). However in the present work, neither Ets-1 nor VDR/RXR play any
role in the calcitonin induced expression of the promoter. Overall, it can be concluded that
calcitonin induction of the CYP24 promoter is not dependent on any transcription factors or
regulatory coactivator complexes bound to that promoter that require ERK1/2/5 for activity.
Experiments with specific inhibitors for PKA (H89) and PKC (calphostin C) provided
evidence for the involvement of these signaling pathways in calcitonin induction. However
ncither pathway contributed to basal expression that remained unaftected by these inhibitors.
In the presence of forskolin basal promoter expression was stimulated somewhat with both the
GC and CCAAT box sites being target sites. This finding supported the idea that one action of
calcitonin is to increase PKA activity and hence promoter expression through both the
CCAAT and GC boxes. Perhaps phosphorylation of Spl and NF-Y enhances their activity in
some way.

The role of PKC in calcitonin induction remains unclear but one possibility is that it is
involved in the activation of Ras, PI-3 kinase and hence PKC( as described in other cells
(Vanhaesebroeck and Alessi, 2000; Rodriguez-Viciana et al., 1994 and 1996). The atypical
PKC isoform, PKC{ has received considerable attention recently since it interacts with and

phosphorylates Sp1 and may lecad to its activation (Rafty and Khachigian., 2001; Pal et al,
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2001). A kinase inactive mutant form of PKCC, PKC{K281M (Soh et al, 1999) was
employed to investigate whether this isoform plays a role in CYP24 promoter expression.
Blocking PKCC{ with this dominant negative mutant, had no effect on basal activity but
consistently inhibited calcitonin induction and evidence indicated that this occurred through
the GC site. The data suggest that PKCC dependent- phosphorylation of Sp1 is important for
calcitonin induction but not for basal activity.

As discussed in Chapter 4, PKC( is known to be downstream of both Ras and PI-3 kinase
(Catalti et al, 2003; Calcerrada et al., 2002; Martin et al, 2001; Rodriguez-Viciana et al,
1994 and 1996). There is evidence that PDK-1 (phosphoinositide-dependent protein kinase)
can activate PKCL but for this action, PDK-1 must be translocated to the cytoplasmic
membrane through binding to a lipid product of PI-3 kinase (Vanhacsebroeck and Alessi,
2000). Additionally, PI-3 kinase can interact with Ras and can be activated as a result of this
interaction (Rodriguez-Viciana et al, 1994 and 1996). The finding here that Ras17N lowered
calcitonin induction with this action predominantly occurring through the GC box is in
keeping with the proposal that a Ras-PI-3 kinase-PDK-1- PKC({ pathway acts to
phosphorylate Spl. Future experiments are required to establish whether in fact Spl is
phosphorylated in vivo in response to calcitonin and whether the dominant negative mutant
tor PKCC can inhibit this. Also it will be important to determine whether calcitonin can
activate Ras, PI-3 kinase and PKCC and to establish the involvement of PDK-1.

A model compatible with the experimental findings is shown in Figure 5.8. In the absence of
calcitonin, basal expression of the CYP24 promoter is dependent on Sp1l bound at the GC box
and NF-Y bound at the CCAAT box, as described in Chapter 4 for HEK-293T cells. It is
proposed that calcitonin through a G protein coupled to the calcitonin receptor results in the
activation of PKA, which may then phosphorylate Spl and NF-Y enhancing their
transactivation ability. It is further proposed that activation of PKC occurs through another G

protein coupled to the calcitonin receptor by a mechanism involving PLC B and DAG (Chabre
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et al., 1992). PKC could then activate Ras and in turn the Ras-PI-3 kinase-PDK-1-PKC(
pathway leading to the phosphorylation and activation of Spl. While ERK1/2 is activated by
calcitonin, and possibly also ERKS5, these ERKs play no role in the induction of the CYP24
promoter by calcitonin. It is further proposed that Ets-1, a target for ERK1/2/5, does not
contribute to basal or calcitonin activation because it is sterically prevented by the bound
corepressor complex (see Figure 5.8).

It is interesting to speculate on the possible physiological significance of the finding here that
the CYP24 promoter is induced by calcitonin in kidney cell cultures. It is tempting to suggest
that calcitonin in vivo contributes to the control of circulating calcium levels through
regulating serum 1,25(OH),D; levels. It is well accepted that 1,25(OH),Ds synthesized by the
kidney is important for maintenance of serum calcium (Omdahl ef al., 2002; Jones et al.,
1998). Hence in response to calcitonin an elevated renal CYP24 production would lower the
production of 1,25(OH),Ds by the kidney. Such an action of calcitonin could be important in
the hypercalcemic state when a transient increase in serum calcium triggers the production of
calcitonin by the thyroid C cells (Brown and MacLeod, 2001).

While calcitonin alone induces expression of pCYP24WT-Luc, in the present work it was also
found that there was a marked cooperative effect in the presence of 1,25(OH),D; In
transiently transfected cells an approximate 3-fold level of synergy was observed in the
presence of both hormones. Perhaps this synergy has physiological significance when the
hypercalcemic state is accompanied by elevated circulating 1,25(OH),D;. The synergy would
ensure that there is a rapid lowering of 1,25(OH),D3 production by the kidney commensurate
with lowered calcium intestinal uptake.

The mechanism for the transcription synergy may involve a greater activation of ERK1/2 in
the presence of both calcitonin and 1,25(0OH),D3. Since ERK1/2 is critically important for
1,25(OH),D3 induction most likely through phosphorylation and activation of RXR,VDR or
Ets-1, an increase in ERK1/2 activity will permit a synergistic response. The finding that

synergy is lost when the VDREs are mutated but not when the GC and CCAAT box sites are
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mutated is in keeping with the proposal. Experiments are now required to determine the
relative levels of ERK1/2 (and ERKS5) in the presence of either or both hormones. It should be
noted that calcitonin alone does not activate pCYP24WT-Luc through the VDREs even
though ERK1/2 activities are likely to be increased (Raggatt ef al, 2000) because of the co-
repressor complex bound to unliganded VDR/RXR (see Figure 5.8).

While in the current work, calcitonin induces CYP24 expression in kidney cells, there are

other reports from transient transfection assays that this hormone also induces the 7 ofOH)ase

promoter (Murayama et al., 1998). A situation in which both / fOH)ase and CYP24 activities
are induced by calcitonin seems paradoxical. However as mentioned above calcitonin and
1,25(0OH),D3 together result in a large synergistic activation of CYP24 in kidney cells. This
synergy could be responsible in vivo for ensuring that serum 1,25(OH),D; levels are kept low
in response to calcitonin production in the hypercalcemic state.

A comment should be made regarding the comparative actions of calcitonin and PTH on

1 ofOH)ase and CYP24 expression in kidney cells. As described in chapter 3, PTH action on

kidney cells results in a moderate two-fold induction of the /ofOH)ase promoter through a
CCAAT site (5’AGGGATTGGCTG3’) with the likely involvement of PKA. It might be
expected that the CYP24 promoter will respond to PTH through its active CCAAT box
(5’GCTCATTGGCCA3Z’). However, no PTH induction of the CYP24 promoter in kidney
cells has been observed in our laboratory (data not shown) or elsewhere (Zierold et al., 2000).
Perhaps different proteins bind the CCAAT box sequences in the /ofOH)ase and CYP24
promoter; although there is a common CCAAT sequence on the opposite strand the flanking
regions show no homology ({a(OH)ase: 5S’AGGGATTGGCTG3; CYP24:
5’GCTCATTGGCCAZ’). From a physiological point of view, stimulation of CYP24 by PTH
is not desirable since the role of PTH is to increase serum 1,25(OH),D;. Indeed there is
evidence that PTH markedly lowers CYP24 expression through altering the stability of the

mRNA (Zierold et al., 2000).
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Figure 5.8 Proposed molecular mechanism by which calcitonin induces the
CYP24 expression: the involvement of downstream CCAAT box and GC box
sites in the promoter and PKA, PKC and PKC-Ras-PI-3K-PKC{ signaling
pathways.



In summary, it has been established that the CYP24 gene promoter can be up-regulated in
kidney cells by calcitonin, and this action can be further enhanced in the presence of
1,25(OH),Ds. It is proposed that this regulation could be part of the process in which
calcitonin regulates circulating calcium through controlling the production of renal

1,25(0H),Ds.
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1,25(OH),D; plays important roles in calcium and phosphate homeostasis and bone
mineralisation and recent evidence implicates the hormone in cell proliferation and
differentiation, immune modulation, and bile acid metabolism. 1o(OH)ase and CYP24 are
two crucial enzymes for 1,25(OH),D; synthesis and degradation respectively. Several
physiological factors including 1,25(OH);Ds, parathyroid hormone (PTH) and calcitonin
interact to finely regulate gene expression of the two enzymes resulting in the regulation of
serum and tissue levels of 1,25(OH);Ds.

The study presented in this thesis has focused on the molecular mechanisms by which PTH
regulates / fOH)ase promoter expression , and 1,25(OH);D; and calcitonin regulate CYP24

promoter expression.

It has been known for many years that PTH up-regulates renal /o(OH)ase gene expression
under hypocalcemic conditions, resulting in enhanced 1,25(OH),D; production for the
maintenance of calcium and phosphate homeostasis. However the molecular mechanism for
the PTH response has not been examined in detail. In the current study analysis of the human
lofOH)ase gene promoter in transiently transfected kidney AOK-B5S0 cells, has established
that the first 305bp of promoter is PTH responsive, a result also observed in stably transfected
cells. By mutagenesis, three sites within the region from —66 to —135 were shown to
contribute to basal expression: a distal GC box (GC-d), an EBS site and a proximal CCAAT
(CCAAT-p) box. Spl interacted with the GC-d site physically and functionally as shown
using electrophorctic mobility shift assays (EMSA) and over expression analysis in
Drosophila SL3 cells. However, the protein that binds to the CCAAT-p box site to drive basal
expression remains unknown with EMSA cvidence suggesting that the protein is neither NF-
Y nor a C/EBP protein. Importantly, the CCAAT-p box site only, was shown to contribute to
PTH induction in the transfected cells. While experiments using a dominant negative mutant

A-C/EBP suggested that a C/EBP member may be important for the PTH mediated induction,
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EMSA experiments did not provide evidence for the binding of a C/EBP to the CCAAT site.
However in these experiments, nuclear extracts from cells not treated with PTH were
employed and future work should explore the possibility that a C/EBP protein that binds
could be present in cells treated with PTH.

Studies into the contribution of various signaling pathways showed that while basal
expression was independent of PKA, PKC and ERK1/2 MAP kinase activities, PTH mediated
induction of the /ofOH)ase promoter activity was likely to be dependent on PKA activity.
This conclusion is supported by other findings in kidney cells (Murayama et al.,, 1999; Kong
XF et al., 1999; Henry, 1985). 1t is therefore proposed that PTH binds to the PTHR resulting
in the activation of PKA, subsequent phosphorylation of the CCAAT binding protein, with
enhanced transactivation of the / (OH)ase gene. Identification of the protein that binds to the
CCAAT box site is now required and this would permit an examination of the
phosphorylation status of the protein following treatment with PTH. In the laboratory of our
collaborator Dr Howard Morris, transgenic mice expressing 1500bp of the /ofOH)ase gene
promoter fused to firefly luciferase have been developed. Interestingly, in response to
hypocalcemia and vitamin D deficiency, the expression of the promoter in kidney cells is
increased several fold, in keeping with the data obtained here. The transgenic model system
would in the future permit the direct examination of the contribution of the CCAAT box site

to PTH induction of the / o OH)ase gene promoter.

It is generally agreed that the induction of renal CYP24 gene expression by 1,25(0OH),D; will
regulate serum 1,25(0OH),D; levels through reducing the production by the kidney and
through removal of hormone from the serum. 1,25(OH),D; also induces CYP24 gene
expression and activity in osteoblast cells. In these cells the local production of 1,25(OH),Ds
is likely to be involved in osteoblast proliferation and differentiation and in mineralisation

events. Hence osteoblast CYP24 will be important for regulating the local concentration of
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1,25(OH);D;. In this thesis, I have examined 1,25(OH),Ds induction of CYP24 in kidney
HEK-293T cells and also in osteoblast UMR106 cells. The studies focused on the roles of the
newly identified GC and CCAAT box sites identified in the CYP24 promoter, downstream
from the known functional Ets-1 binding site,

Basal expression of the CYP24 promoter in both cell types was strongly dependent on the GC
and CCAAT box sites. EMSA using antibodies for Spl and NF-YB provided evidence for the
binding of Sp1 to the GC box and the binding of NF-Y to the CCAAT box. Both proteins are
ubiquitous and this finding is in keeping with the fact that the CYP24 gene is widely
expressed. It is envisaged that while a repressor binds to unliganded VDR/RXR (Dwivedi et
al.,, 1998) and sterically interferes with Ets-1, Spl and NF-Y are able to bind to the promoter
and are the major contributors for basal expression perhaps through interactions with TFIID at
the TATA box both in HEK-293T and UMR106 cells.

In the presence of 1,25(OH);Ds, both the GC and CCAAT box sites are major contributors to
induction, as well as the EBS. In the present study, the mammalian two-hybrid assay
provided evidence for an interaction of Spl with Ets-1. Hence it is envisaged that there are
multiple interactions on the promoter where liganded VDR binds coactivators including p160
and CBP/p300. Interactions are then possible between VDR, Ets-1 and Sp1 and also with the
coactivator complex. The CCAAT box binding protein may be too far downstream to interact
with bound transcription factors but could interact with the coactivator complex. Such an
enhanceosome-like interaction on the CYP24 promoter would be expected to contribute to
transcriptional synergy in the presence of 1,25(OH),Ds;. The identity of this CCAAT box
binding protein that contributes to induction is intriguing. While NF-Y appears to play a role
in basal expression it is not involved in 1,25(OH);D; mediated induction in HEK-293T cells
as shown using a dominant ncgative mutant NF-YAm?29. This raises the possibility that
another unknown protein (X) interacts with the CCAAT box in the presence of hormone. It
seems that a C/EBP family member is not involved as shown by the over expression data and

EMSA. The identity of the X protein requires to be further investigated although recent
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preliminary experiments show that DbpB markedly stimulates 1,25(OH),D3 induction raising
the possibility that this protein is involved in the induction process. While NF-Y appears
important for basal expression of the CYP24 promoter in UMR106 cells, the identity of the
CCAAT box protein that is involved in 1,25(OH),D induction has not been investigated here.
Experiments with HEK-293T cells revealed that PKA, PKC and ERK1/2/5 MAPK pathways
are critical for 1,25(OH),D3; mediated induction of the CYP24 promoter as demonstrated by
the use of pharmacological inhibitors. In addition, use of the dominant negative mutant
PKC{ K281M provided evidence for the involvement of PKCC{ (which is non-DAG
dependent) in the induction process and specifically through the Spl site. There is evidence
that liganded nuclear VDR acts at the cytoplasm membrane and couples with AC/PKA and
PLCR/PKC through a G protein (Morelli et al,, 1996, Vazquez et al., 1997). Stimulation of
the ERK1/2 MAP kinase cascade by 1,25(OH);D; can involve an increase of PKC and Ras
(Buitrago et al., 2002; Morelli et al., 2000). Therefore in the current study it is proposed that
the 1,25(OH),D; activated ERK MAP kinase cascade is dependent on Ras/Raf activated by
PKC. It has been shown that PKCC is downstream of PI-3K/PDK-1 (Catalti et «i., 2003; Chou
et al, 1998; Vanhaesebroeck and Alessi, 2001) and therefore it is proposed here that the
PKC-PI-3K-PDK1-PKC{ pathway exists in HEK-293T cells.

In response to 1,25(0OH),Ds, both the CCAAT and GC boxes appear to be two target sites for
cAMP/PKA. The GC box is the only target site for PKCC, and this agrees with recent work by
others who have established that Spl can be phosphorylated by this PKC isoform (Pal et al.,
1998). The fact that PKCC does not contribute to basal expression strongly indicates that
PKC{ is activated by 1,25(0H),D; (via the PKC-PI-3K-PDK1-PKC{ pathway indicated
earlicr). Current studies in the laboratory are exploring this possibility and the involvement of
the proposed pathway. In addition, the GC box could also be a target for ERK1/2 activity
induced by 1,25(OH),D; since Spl has been found to be phosphorylated by ERK1/2 in vitro

and in vivo (Milanini-Mongiat et al., 2002). It would be interesting in the future to learn
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whether the phosphorylation status of Sp1 can be altered by PKA, PKCC and ERK1/2 induced
by 1,25(CH),Ds.

In conclusion, a model can be proposed for the role of the GC and CCAAT box sites in the
inductive process. In response to 1,25(OH),D;, Spl is phosphorylated by PKC( and perhaps
also by PKA or ERKI1/2 activities while NF-Y, involved in basal expression, is
phosphorylated by PKA resulting in its dissociation and replacement by the protein X.
Calcitonin has hypocalcemic actions and is well known to inhibit osteoclastic bone resorption
and stimulate renal calcium excretion (Jones et al, 1998; Pondel, 2000). In an alternative
hypothesis, calcitonin could contribute to calcium homeostasis through regulation of
1,25(0OH),D; level. There is little information on the regulation of the CYP24 gene expression
in kidney following calcitonin treatment although Beckman e al. (1994) reported suppression
of CYP24 mRNA in the intestine of rats.

The current study investigated whether rat CYP24 promoter activity can be altered by
calcitonin in HR-12 cells and the relevant regulation mechanism. I have established that the —
298bp CYP24 promoter fused to luciferase is markedly induced by calcitonin in both
transiently and stably transfected kidney cells. The GC box at -114/-101 and the CCAAT box
at -62/-51 are critically involved in basal expression and calcitonin induction. The only
transcription factor so far implicated in calcitonin action is Spl in the human p21 promoter
(Evdokiou et al., 2000). Hence, the likely involvement of NF-Y in calcitonin induction
reported here would represent a novel finding.

PKA and PXC are involved in calcitonin-mediated induction of the CYP24 promoter activity
as indicated by use of their specific inhibitors H89 and calphostin C. Of particular interest
was the finding that ERK1/2/5 activities were not involved in calcitonin induction of the
CYP24 promoter since calcitonin is known to strongly induce ERKI1/2 activity and
additionally these ERK activities are absolutely necessary for induction of this promoter by

1,25(0H),D;.
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In the current study, evidence was presented for the involvement of Ras and PKC { in the
induction of CYP24 promoter expression by calcitonin. In addition, the data raise the
possibility that the Ras-PI3k-PKC( signaling pathway acts on the GC box, as suggested for
the action of 1,25(0OH),;Ds. A model is proposed where calcitonin binds to calcitonin receptor
resulting in the activation of PKA and PKC. PKA phosphorylates Spl and NF-Y as proposed
in chapter 4, PKC activates Ras and then PI-3K-PDK-1-PKCC{ cascade leading to
phosphorylation of Sp1 and presumably its activation.

Calcitonin and 1,25(OH),Ds; were found act in a synergistic fashion to induce CYP24 gene
promoter activity in both transient transfected and stably transfected cells. This synergy was
almost abolished when the two VDREs were mutated, but was not affected when the GC and
CCAAT boxes were mutated. 1t is suggested that a greater activation of ERK1/2 in the
presence of both calcitonin and 1,25(OH),D; is responsible for the synergy with the actions of
ERK1/2 not involving either the GC or CCAAT box sites. Since ERK1/2 is critically
important for 1,25(OH),D3 induction most likely through phosphorylation and activation of
RXR and perhaps VDR and Ets-1, an increase in ERK1/2 activity will permit a synergistic
response through these target proteins.

In conclusion, I have established for the first time that the promoter of the CYP24 gene can be
markedly stimulated by calcitonin, and this induction could be further enhanced in the
presence of 1,25(OH),D;. These findings are extrapolated to an in vive situation and it is
suggested that induction of renal CYP24 by calcitonin under hypercalcemic conditions could

contribute to the lowering of 1,25(0H),D; levels and hence serum calcium.
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Addendum

1. Chapter 3, p65: It should be noted that AOK-B50 cells were treated with H89
(30uM), calphostin C (0.5uM), PD98059 (10uM) or SB203580 (10uM) prior to PTH

treatment.

2. Chapter 3, p66: The EMSA-based conclusions in this chapter should be
considered preliminary until EMSA experiments with extracts from PTH-treated cells

are undertaken.





